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ABSTRACT 

Scenario development is an integral part of the iterative Performance Assessment (PA) process 
for the Waste Isolation Pilot Plant (WIPP). Scenario development for the WIPP has been the 
subject of intense external review, and is certain to be the subject of continued scrutiny as the 
project proceeds toward regulatory compliance. This document summarizes key features of 
scenario development in the 1991 and 1992 WIPP P As, and initiates a new process for future 
WIPP PAs. 

The principal means of increasing confidence in the development of the modeling system for 
WIPP P As will be a systematic and thorough procedure to develop the scenarios and conceptual 
models on which each assessment is based. Early and ongoing interaction with project reviewers 
can assist with confidence building. Quality of argument and clarity of PA presentation will be 
of key concern. Risks associated with future human actions are of particular concern to the 
WIPP project, and early discussions with WIPP regulators, stakeholders, and international 
programs on the principles for incorporation of future human actions in assessments would be 
valuable. 
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Note 

Th.is is Version 4. 2 of document 9203d-10. Version 1.1 of this position paper was sent 
to SNL on June 30, 1994, and written comments, primarily focusing on methodological aspects 
in Sections 1-4, were received from an internal SNL working group on scenario development. 
Version 1.1 was also reviewed by A.E. Galson of Galson Corporation. Version 2 was 
completed on July 29, .1994 and was widely reviewed within the WIPP project. Written 
comments were received from SNL, Westinghouse, Department of Energy/Carlsbad Area Office 
(DOE/CAO), and contractors to these organizations, and the comments were discussed at a 
meeting on August 23, 1994. Version 3 of this paper was distributed to project stakeholders and 
the Environmental Protection Agency (EPA) for comment. The paper was discussed at a 
technical exchange meeting with project stakeholders on September 28-29, 1994. In addition, 
a technical exchange meeting on scenario development took place with the EPA on September 
22-23, 1994. 

Version 4 of the paper was completed on December 1, 1994. It incorporated responses 
to written comments received from project stakeholders and the EPA on Version 3 through 
October 1994, including comments made during the two technical exchange meetings. It was 
accompanied by a comment response document 9203d-23 (Version 2, November 26, 1994), 
which formed the basis for a written response from the DOE to stakeholder and EPA comments 
received on Version 3. Version 4 was distributed informally within and outside the project. 

The current draft of this paper (Version 4.2) reflects a modest update to Version 4, 
essentially incorporating additional and revised screening arguments prepared in late 1994 and 
early 1995. No further comments were received from project stakeholders or the EPA since the 
preparation of Version 4. This version has received S_NL and DOE management review, and 
is being rereleased to project reviewers as part of the Systems Prioritization Method - Second 
Iteration (SPM-2) documentation. 

Written comments and responses form part of the document record for this position 
paper. 
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EXECUTIVE SUMMARY 

Background 

This position paper is one of several papers being prepared within the Waste Isolation 
Pilot Plant (WIPP) project as an integral part of the Systems Prioritiz.ation Method (SPM) effort. 
SPM is a decision-analysis methodology that will attempt to identify relationships among 
schedule constraints, resource constraints, current and proposed technical programs, and the 
likelihood of demonstrating compliance within these constraints. This paper is concerned with 
determining phenomena potentially relevant to the performance of the WIPP repository and 
components of the disposal system that should be modeled in future performance assessments. 
As such, it forms the basis for, and integrates information from, all of the other position papers. 

. Various methods are available to aid progression from site characterization to a well-
structured performance assessment. In the radioactive waste disposal literature, this progression 
is often referred to as scenario development, and the phenomena and system components to be 
modeled have been referred to as features, events, and processes (FEPs). For purposes of the 
WIPP P As, "scenarios" are broad descriptions of alternative futures of the waste disposal 
system. Multiple scenarios have been used where it is not possible or convenient to describe 
the disposal system using a single integrated model. 

Calculations for the current SPM will build upon the modeling system used in the 1992 
WIPP PA. Future WIPP P As will use the results contained in this paper. Different models, 
codes, and data may also be used, as the project needs are identified. This paper draws a clear 
distinction between FEPs that have been included in the 1992 WIPP PA, FEPs that can be 
defensibly screened out of future assessments, and FEPs that may need to be considered in 
future PAs. 

Regulatory Framework 

Environmental protection standards for the disposal of transuranic (fRU) and high-level 
radioactive wastes (HL W) are provided in 40 CFR Part 191. Environmental protection 
standards for the disposal of specified nonradioactive hazardous constituents are provided in 40 
CFR Part 268. Both of these regulations contain provisions that require an assessment of long
term system performance. 

39 40 CFR Part 191 (U.S. EPA, 1993) contains three criteria relating to long-term 
40 protection of the environment and human health: 
41 

42 

43 

§191.13 

Scenario Development 

Cumulative releases to the accessible environment over 10,000 years. 

ES-I March 17, 1995 
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§191.15 

§191.24 

Individual dose limitation for undisturbed performance over 10,000 years. 

Protection of special sources of groundwater for undisturbed performance 
over 10,000 years. 

As defined in 40 CFR Part 191, "undisturbed performance" is the predicted behavior of 
the natural and engineered systems, and includes the variabilities in these systems and the 
uncertainties in characterizing them. Undisturbed performance does not take into account 
disruptions caused by future human actions or the occurrence of unlikely natural events. 

The Land Disposal Restrictions ( 40 CPR Part 268) of the Resource Conservation and 
Recovery Act (RCRA) regulate releases of specified nonradioactive hazardous constituents from 
the repository to the disposal-unit boundary under reasonably likely conditions (see in particular 
§268.6, U.S. EPA, 1986). For the WIPP, these hazardous constituents include heavy metals . 
and semivolatile and volatile organic compounds (VOCs) in both liquid and vapor phases. The 
current project assumption is that inadvertent and intermittent future human intrusion will not 
need to be considered in evaluation of compliance w.ith 40 CFR §268.6. 

Methodological Aspects 

Definitions 

Scenario development is one starting point of a system assessment (and of the SPM), and 
generates inquiry, in the broadest sense, about how the system may evolve with time. This 
inquiry aims to ensure that all FEPs are considered appropriately in the assessment. The 
Organization for Economic Cooperation and Development/Nuclear Energy Agency 
(OECD/NEA) (1992) definitions of "scenario" and "scenario development" are adopted here. 

Scenario development is: 
the identification, broad description, and selection of alternative futures relevant 
to a reliable assessment of the safety of a disposal system. 

A scenario: 
specifies one possible set of events and processes, and provides a broad-brush 
description of their characteristics and sequencing. 

Thus, this document, consistent with NEA usage, uses the word "scenario" to denote the 
set of possible futures that could be constructed by considering a particular combination of FEPs. 
As discussed in the position paper on PA methodology, a scenario is defined more precisely as 
a set of occurrences drawn from a sample space that includes all 10,000-year futures of the 
WIPP that remain under consideration following the screening process described in this paper. 
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Scenario development has several roles in the WIPP project: 

Providing the context in which PAs are performed. 

Influencing model development and data collection efforts by identifying which 
phenomena require examination. 

Providing an important vehicle for communication between proponents, regulators, and 
others with an interest in safety of the disposal system. 

Providing a means of organizing, documenting, and presenting the information bases for 
assessments. 

In particular, project reviewers need to be able to understand what decisions and 
assumptions were made in an assessment, why they were made, what alternative assumptions 
might also have been made, and the potential effects of these alternative assumptions on the 
assessment. The actual set of assumptions made in an assessment will be closely related to 
decisions regarding the treatment of the various uncertainties in all long-term assessments. 

Scenario development 

(i) 

(ii) 

Scenario development involves four basic steps: 

Identification and classification of all phenomena (i.e., FEPs) potentially relevant to the 
performance of the repository and site. 

Elimination of phenomena according to well-defined screening criteria. 

(iii) Identification or formation of scenarios relevant to the performance of the repository and 
site. 

(iv) Specification of scenarios for consequence analysis. 

The procedure outlined above can also be used to develop (steps i and ii) and refine 
(steps iii and iv) the sample space for an assessment. The construction of scenarios (step iii) 
provides a means for partitioning the sample space in a manner that provides clarity and insight 
into the behavior of the disposal system, while allowing for calculational efficiency. The 
individual scenarios specified for consequence analysis (step iv) can be considered as subsets of 
the sample space defined in the earlier stages of the procedure. 
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In this document, emphasis is on the identification, classification, and screening of 
phenomena, and the outlining of scenarios of concern (steps i, ii, and iii). In discussing 
phenomena of potential concern, it is necessary to evaluate the way in which these phenomena 
might be modeled and the relevant data, both of which have associated uncertainties. It should 
be· noted, however, that the different sources. of uncertainty may need to be identified in 
undertaking system performance analyses. The means of separating different uncertainties in 
the quantitative system analyses, and the detailed specification of scenarios for consequence 
analysis (step iv) are discussed in the position paper on PA methodology. 

The Multibarrier Concept for the WIPP 

Scenario development for a particular site and disposal concept depends on the purpose 
of the . assessment and the barrier system that isolates the radioactive waste after disposal. 
Recent PAs for the WIPP indicate that long-term containment of wastes will be provided by a 
multibarrier system comprising three principal components: 

(i) 

(ii) 

Engineered barriers {principally seal systems). Although the waste canisters themselves 
are assumed to be crushed by salt creep relatively soon after the repository is. 
decommissioned, other components of the repository system are considered to evolve 
more gradually and to provide a barrier function over the regulatory period. In 
particular, under undisturbed conditions (defined below), long-term performance of the 
shaft seal systems is important in limiting releases. Engineering modifications that could 
improve the long-term performance of the repository are under consideration.* 

1he 600-m thick halite host rock (Salado Formation). This unit has extremely low 
permeability, and is not expected to provide a pathway for radionuclide transport to the 
accessible environment in the next 10,000 years. Possible gas-phase transport of 
hazardous constituents regulated under 40 CFR §268.6 is currently under investigation. 
The possibility of the positive physical characteristics of the Salado changing with time 
is also being considered. 

(iii) The geologic units underlying and overlying the Salado. Given a breach of the Salado 
by a future borehole, it is possible that significant delay and retardation of radionuclides 
will occur in units underlying or overlying this Formation. The historical focus of the 
project has been strongly on the Culebra Dolomite Member of the Rustler Formation, the 

* Note that the DOE has recently determined that salt backfill placed over the waste at the time 
of emplacement for the purposes of filling voids or mitigating fires is not needed and, as a 
result, has deleted this material from the base facility design for the purposes of current SPM 
calculations. However, this position paper assumes backfill will form part of the eventual 
WIPP design. 
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most transmissive water-saturated unit overlying the repository. However, additional 
hydrological units above and below the repository are now being considered in more 
detail. 

For the WIPP, the undisturbed performance scenario represents the expected behavior 
of the natural and engineered systems, including the variability in these systems and uncertainties 
in characterizing them. This scenario does not take into account disruptions caused by future 
human actions or the occurrence of unlikely natural events. 

Approach to Scenario Development for WIPP PAs 

Scenario development for WIPP P As is an iterative process. Each iteration of this paper 
must be reviewed for accuracy and to ensure that it properly addresses the concerns of 
stakeholders. Nevertheless, although it is likely that revisions will be needed, the basic approach 
is considered to be sound. The scenario development is based broadly on the methodology 
outlined in Cranwell et al. (1990), and reflects a more systematic implementation than that 
conducted for the 1991 and 1992 \¥1PP PAs. The current work differs from the 1991/92 work 
in three ways: 

An attempt has been made to ensure that the initial list of FEPs is as comprehensive as 
possible. 

Screening of the FEP list has led to suggestions for treating several FEPs differently than 
in the earlier WIPP PAs. 

FEPs for which the final screening decision can not yet be made (because of limited 
information or limited time to complete this activity) have been clearly identified. For 
many of these FEPs, work is underway to improve understanding of their potential 
importance. For other FEPs, additional time is needed to properly formulate the 
screening argument. 

Some screening decisions have been made in light of current modeling capability within 
the project. As modeling capability evolves, screening decisions will need to be reevaluated. 

FEP Screening Categories 

A three-tiered classification for screening WIPP FEPs was established, as follows: 

FEPs included in 1992 system-level PA (and, therefore, in the SPM). 

FEPs that can be defensibly excluded from PAs. 

Scenario Development ES-5 March 17, 1995 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

• FEPs retained for evaluation that have no curiently defensible screening argument, but 
that were not included in the 1992 PA. Some of these were included in the SPM. 

There are two differences between the 1992 WIPP PA and SPM that could affect 
screening in future versions cf this document: 

(i). 

(ii) 

The current SPM modeling differs from that used in the 1992 WIPP PA. For examp~e, 
a number of FEPs concerning radionuclide transport not explicitly considered in 1992 
(and not defensibly screened out) have been incorporated in the SPM baseline (e.g., 
colloid transport). Such FEPs are retained for evaluation. 

The SPM baseline calculations suggest the possibility of releases to units beyond the 
Salado under undisturbed conditions. However, the 1992 WIPP PA demonstrated that 
such releases are extremely unlikely to occur. Therefore, the FEP screening described 
in this document is based on the assumption that future WIPP PAs will also demonstrate 
that such releases are extremely unlikely to occur. 

These differences affect only a few of the screening decisions presented here. In any 
event, it is expected that external reviewers will foeus on the comprehensiveness of the screening 
exercises and the argumentation used to screen out FEPs from PA modeling. 

The scheme adopted for classifying FEPs is as follows: 

FEPs Included in 1992 PA 

UNDISTURBED BASE-CASE FEPS FOR 1992 WIPP PA 

BC FEPs included in the base-case modeling system of the 1992 WIPP PA, for evaluating 
compliance with 40 CFR §191.13 (radionuclide containment), §191.15 (individual dose), 
and §191.24 (groundwater protection). 

BC2 FEPs that are relevant to base-case modeling of the WIPP disposal system for 
comparison with 40 CFR §268.6 (RCRA). 

DISTURBED-CASE FEPS FOR 1992 WIPP PA 

BCD FEPs included in the modeling system of the 1992 WIPP PA for all events leading to 
releases to units overlying the Salado Formation, for evaluating compliance with 40 CFR 
§191.13. 
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RA FEPs with an uncertain probability of occurrence that were considered in quantitative 
assessment of disturbed-case scenarios in the 1992 WIPP PA for evaluating compliance 
with 40 CFR §191.13. These FEPs pertain to exploratory drilling that intersects the 
repository. 

FEPs Retained for Further Evaluation 

RB FEPs not included in the 1992 PA, but for which there is no currently defensible 
screening argument. Some of these FEPs may need to be considered in system 
performance modeling for future performance assessments. There are efforts underway 
to increase understanding of the potential importance of these FEPs, and to arrive at a 
defensible treatment (either inside or outside the system model). 

RC FEPs screened as RC are similar to FEPs screened as RB, except that a lower priority 
has been accorded to their further evaluation. The only sharp distinction between FEPs 
classified as RB and RC is the extent to which they have been a focus of review 
comments on scenario development for the 1991 and 1992 WIPP PAs. Like RB FEPs, 
exclusion of RC FEPs from the performance assessment modeling is not currently 
defended, and they were not included in the 1992 WIPP PA. However, it is likely that 
most RC FEPs will be screened out on the basis of low consequence using relatively 
straightforward arguments. 

FEPs Screened Out 

FEPs Related to Design Changes and Screened Out 

RD 

RE 

Disposal-phase events that represent significant deviations from the WIPP design 
specifications. 

Design modifications that may be required if the baseline SPM does not demonstrate 
compliance. 

FEPs screened out on the basis of regulation, consequence, or probability 

FEPs were assessed against each criterion in the order presented below. The first, if 
any, criterion was used for classification, although many FEPs could be excluded on the basis 
of more than one criterion. 

SO-R FEPs that can be screened out on the basis of regulatory guidance concerning future 
human actions provided in Appendix C of 40 CFR Part 191 (U.S. EPA, 1993) . 
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SO-C FEPs that can be screened out on the basis of insignificant consequence, and the 
screening argument is currently well defended. 

SO-P · FEPs that can be screened out on the basis of low probability, and the screening 
argument is currently well defended. 

FEPs screened out on the basis of relevancy 

NR FEPs eliminated because they are considered irrelevant to an evaluation of the WIPP 
disposal system performance. However, if the disposal concept for the· WIPP should 
change, for example as an outcome of the SPM, many FEPs on this list would need to 
be reconsidered. 

DU FEPs eliminated because they are unclear, or because it is unclear how they could affect . 
the performance of a radioactive waste disposal system. 

MD FEPs eliminated because they represent decisions that need to be made as part of the 
modeling of all FEPs; they do not form part of scenario development. 

Results of FEP Screening 

FEP screening in this paper is directly related to the currently proposed engineered 
barrier system, i.e., the system used as a basis for the 1992 WIPP PA. One purpose of the 
SPM is to consider the possible needs for enhanced engineering of the near-field environment. 
Modifications to the engineered barriers may be necessary if analyses indicate that significant 
release of contaminants to either the disposal-unit boundary (40 CFR §268.6) or the accessible 
environment (40 CFR Part 191) could occur under the existing engineered design. Engineering 
modifications might also be made to provide additional assurance of safety. Reconsideration of 
PEP screening would be required in the event of modification to the engineered barriers. 

Undisturbed conditions for 40 CFR Parts 191 and 268 

The potential for releases outside the Salado is of particular concern for evaluating long
term system performance for both 40 CFR Part 191 and 40 CFR §268. 6. In the 1992 WIPP 
PA, no FEPs other than future human actions were identified that could result in liquid-phase 
releases of contaminants. Furthermore, no naturally occurring far-field or external 
geologic/climatic FEPs were identified that could enhance or create transport pathways from the 
Salado in the next 10,000 years. 

Gas-phase releases may be possible under undisturbed conditions, but transport modeling 
for gaseous contaminants (VOCs) was not undertaken for the 1992 WIPP PA. Preliminary voe 
transport modeling is in progress for future evaluations of compliance with 40 CFR §268.6. 
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For undisturbed conditions, future work, if required, should focus on building confidence 
in the containment capacity of the Salado. Work is underway to improve understanding of gas 
generation rates, pressure-induced fracturing, repository and shaft disturbed zones, and seal 
degradation. There are also a number of FEPs that have not been modeled in the undisturbed 
case, but for which screening documentation has not yet been developed (for example, nuclear 
criticality): Work is underway to understand the potential impact on system assessment 
modeling for many of these FEPs. 

Future human actions for 40 CFR §191.13 

Future human actions could result in breaches of the Salado Formation, and this paper 
is in agreement with event and process screening work in previous WIPP P As that suggests that 
this is the only credible means for impairing the barrier function of the Salado Formation host 
rock. There are several FEPs of potential concern. The most important such FEP is deep 
drilling that intersects the waste panels. In addition, under undisturbed conditions, it is possible 
that radionuclides could move gradually through interbeds in the Salado, effectively increasing 
the area to be considered in evaluating deep drilling events. 

Deep boreholes could provide connections directly to the surface, and with hydraulically 
conductive layers above (Rustler and Dewey Lake Formations) and below (Bell Canyon and 
deeper formations) the Salado. It is uncertain whether such boreholes would intersect 
pressurized zones in the Castile or deeper units that may contain pressurized brine or 
hydrocarbons, and whether the flow in boreholes interconnecting the formations above and below 
the Salado would be upward or downward. Fluid flowing upward could travel either directly 
to the surface, or to hydraulically conductive zones in the Rustler and Dewey Lake Formations 
and from there laterally to the accessible environment, or via pathways that short-circuit the 
barrier effect of these formations. Fluid flowing downward could reach hydraulically conductive 
pathways in the Bell Canyon Formation, and, from there, could travel laterally to the accessible 
environment. 

Other future human actions of concern are activities that would potentially affect the 
hydrogeology of the non-Salado Formations. Such effects include: 

Extraction of fluid from near-surface water-bearing zones (such as the Culebra 
Dolomite). Note that this activity could also impair the barrier function of the aquifer. 

Fracturing of the upper portions of the Salado and overlying Formations resulting from 
potash mining. 

Leakage from fluid injection wells into hydraulically conductive zones. 

Surface activities that could affect recharge conditions. 

Scenario Development ES-9 March 20, 1995 



·2 

3 

4 

s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

None of these activities were modeled in the 1992 WIPP PA. 

Far-field modeling for 40 CFR §191.13 

There are several FEPs that were not included in far-field flow and transport modeling 
in the 1992 WIPP PA, for evaluating compliance with 40 CFR § 191.13, but for which screening 
documentation has not yet been developed. Examples include colloid-facilitated transport, and 
the effects.of salinity and other geochemical processes on radionuclide transport. The need for 
further work on these topics is being evaluated as part of the SPM effort. For example, if a 
compliance case can be made without accounting for the potential barrier effect of near-field 
aquifers, then further consideration of these processes would not be needed. 

Summary 

The principal means of increasing confidence in the modeling system for WIPP PAs will 
be a systematic and thorough procedure for developing the scenarios and conceptual models on 
which each assessment is based. :Early and ongoing interaction with project reviewers can assist 
with confidence building. Quality of argument and clarity of presentation in performance 
assessments will be of key concern. Risks associated with future human actions are of particular 
concern to the WIPP project, and early discussions with WIPP regulators, stakeholders and 
international programs on incorporating future human actions in assessments would be valuable. 

The current scenario development work in support of WIPP PA efforts has received 
review within the project, by the EPA, and by project stakeholders. Additional calculations and 
documentation are underway to support screening arguments for a number of FEPs that have not 
yet been included in PA modeling. In addition, the screening work will need to be reevaluated 
in response to changes in regulation (e.g., 40 CFR Part 194, proposed rule), changes in system 
design, and future comments from the EPA and project stakeholders. 
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1. INTRODUCTION 

The U.S. Department of Energy (DOE) is preparing to apply to the U.S. Environmental 
Protection Agency (EPA) for certification of compliance with the disposal standards found in 
40 CFR Part 191 for the Waste Isolation Pilot Plant (WIPP). The DOE will also need to 
demonstrate compliance with other state and federal standards, including the Land Disposal 
Restrictions of the Resource Conservation and Recovery Act (RCRA). The WIPP project has 
been conducting iterative performance assessments to provide guidance on the technical activities 
required to determine long-term performance of the WIPP disposal system. The most recent PA 
was conducted in 1992 by Sandia National Laboratories (SNL) (Sandia WIPP Project, 1992; 
WIPP PA Department, 1992a; 1992b; 1993a; 1993b). 

1.1 The Systems Prioritization Method (SPM) 

An effort is underway to prioritize the activitie~ needed to demonstrate, with reasonable 
expectation, that the WIPP will satisfy all relevant long-term performance requirements. This 
effort is referred to as the Systems Prioritization Method (SPM). SPM is a decision analysis 
methodology that will identify relationships among schedule constraints, resource constraints, 
current and proposed technical programs, and the likelihood of demonstrating compliance within 
these constraints. In particular, the SPM will estimate the probability that specific combinations 
of activities will lead to a successful demonstration of compliance with long-term performance 
regulations. These activities include experimental programs designed to reduce uncertainty in 
data and models that characterize the disposal system for long-term performance assessment, and 
also include potential modifications to the waste acceptance criteria, waste form, and repository 
design. The Department of Energy's Carlsbad Area Office (DOFJCAO) will use the SPM 
results and information about time and cost of the various activities to set priorities for WIPP 
activities and to select activities that will form the basis for a compliance determination. Key 
long-term performance measures for the WIPP are discussed in Section 2. 

This position paper is one of several being prepared as an integral part of the SPM effort. 
It is concerned with determining phenomena potentially relevant to the performance of the WIPP 
repository and components of the disposal system that should be modeled in future PAs. As 
such, it forms the basis for, and integrates information from, all of the other position papers. 

Various methods aid progression from the site characterization to a well-structured 
performance assessment. In the radioactive waste disposal literature, this progression is referred 
to as scenario development, and the phenomena and system components to be modeled have been 
referred to as features, events, and processes (FEPs). "Scenarios" are broad descriptions of 
alternative futures of the waste disposal system. Multiple scenarios have been used where it is 
not possible or convenient to describe the disposal system using a single integrated model. 

Scenario Development 1-1 March 17, 199S 



2 

3 

4 

s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

2S 

26 

27 

28 

29 

30 

31 

32 

33 

34 

3S 

36 

37 

38 

39 

40 

41 

42 

43 

1.2 Relationship of the Position Paper to SPM 

The first iteration of the SPM was completed in September 1994, and served primarily 
as a means of demonstrating the methodology. Calculations for the initial SPM (SPM-1) were 
buil.t directly on the modeling system used in the 1992 WIPP PA. The second iteration of SPM 
is currently scheduled for completion in March 1995. It will also be built upon the modeling 
system used in the 1992 WIPP PA, but the calculations will be based on the technical baseline 
information presented in the position papers. 

. This paper, of necessity, ·has adopted a different approach from the other papers to 
defining the "defensible baseline" for SPM-2 calculations. A key objective of the other papers 
was to develop defensible project technical positions on the conceptual models and data to be 
used in calculating measures of system performance as part of the SPM. In contrast, the . 
baseline defined in this paper essentially relates to system performance expected on the basis of 
results of the 1992 WIPP PA (and earlier WIPP PAs), that suggested compliance with the 
applicable long-term performance criteria for the WIPP. 

In this paper, a clear distinction is drawn between FEPs that were included in the 1992 
WIPP system-level PA modeling (and, therefore, in the baseline for SPM-1 and SPM-2), FEPs 
that can be defensibly screened out of future assessments, and FEPs that may need to be 
considered in future PAs. Numerous FEPs have been identified for which defensible screening 
arguments do not yet exist, but which were not explicitly included in the 1992 WIPP system 
modeling (nor in the SPM-2) calculations. One such example is nuclear criticality. To have 
included all such FEPs in the baseline SPM system calculation would have rendered the 
calculation impracticable. Rather, the baseline SPM calculation can be considered to have 
validity only to the extent that defensible screening arguments are developed in the future for 
the FEPs still requiring such arguments. 

Thus, the "baseline" adopted in this paper (to the extent the term applies) can be 
considered to reflect the successful implementation of an activity set that includes the 
development of defensible FEP screening arguments where required. It should be stressed that 
additional screening arguments will be required whatever activity set is chosen and even if the 
baseline SPM-2 calculation were to show compliance. The exact set of screening arguments 
requiring development will depend on the intended means of demonstrating that" the WIPP 
complies with the applicable long-term performance criteria. 

In summary, this paper has been developed as a draft document that requires further 
revision in conjunction with future PA system calculations. It will need to be revised to reflect 
the activity set selected by DOE management for achieving a demonstration of regulatory 
compliance, and to incorporate the required screening arguments, when available. 
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1 .3 Plan of the Report 

This position paper is divided into nine sections. A review of key concepts concerning 
performance assessment and scenario development is provided in Section 2. A summary of 
WIPP PA and scenario development activity through 1992 is provided in Section 3. This 
summary is based on work presented in the 1991 WIPP PA. No new scenario development 
work was reported in the 1992 PA. Section 4 describes work undertaken recently by Galson 
Sciences Limited to support scenario development for the WIPP. Sections 5, 6, and 7 discuss 
in detail the screening of far-field FEPs, waste-induced and repository-induced FEPs, and human 
actions, respectively. Combinations of FEPs considered in the 1992 WIPP PA and in the 
current SPM are outlined in Section 8. References are provided in Section 9. 

The scenarios described in Section 8 are derived from an initial independent analysis and 
a list of FEPs derived from an international review. This FEP list was screened based on 
current understanding of the site and disposal concept. The material in Sections 4, 5, 6, 7, and 
8 requires continued input from within the project and ongoing review by stakeholders. 
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2. PERFORMANCE ASSESSMENT AND SCENARIOS 

••• 4 Before discussing scenario development for the WIPP, it is useful to examine the overall 
regulatory ~ntext of the performance assessment process and the consideration of uncertainty, 
where scenario development fits into the PA process, and the various roles that scenario 
development plays in disposal programs. 
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2. 1 Regulatory Framework 

Environmental protection standards for the disposal of transuranic (TRU) and high-level 
radioactive wastes (HLW) are provided in 40 CFR Part 191 (U.S. EPA, 1985; 1993). 
Environmental protection standards for the disposal of specified nonradioactive hazardous 
constituents are provided in 40 CFR Part 268. Both of these regulations contain provisions that 
require an assessment of long-term system performance. The regulatory framework for scenario 
development is outlined in this section. 

20 2. 1 . 1 40 CFR Part 191 
21 

22 40 CFR Part 191 contains three criteria relating to long-term protection of the 
23 environment and human health. 
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§191.13 

§191.15 

§191.24 

Cumulative releases to the accessible environment over 10,000 years 
(containment requirements). 

Individual dose limitation for undisturbed performance over 10,000 years 
(individual protection requirements). 

Protection of special sources of groundwater for undisturbed performance 
over 10,000 years (groundwater protection requirements). 

As defined in 40 CFR Part 191, "undisturbed performance" is the predicted behavior of 
the natural and engineered systems, and includes the variabilities in these systems and the 
uncertainties in characterizing them. Undisturbed performance does not take into account 
disruptions caused by future human actions or the occurrence of unlikely natural events. The 
following discussion will focus on § 191..13, because analyses required for § 191.15 and § 191.24 
constitute a subset of those required for § 191. 13. 

40 CFR §191.13 (Subpart B) requires that a disposal system must provide a reasonable 
expectation, based on performance assessments, that cumulative releases of radionuclides to the 
accessible environment for 10,000 years after disposal have (i) a likelihood of less than one 
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chance in ten of exceeding specified quantities (provided in Appendix A of 40 CPR §191.13), 
and (ii) a likelihood of less than one chance in 1,000 of exceeding ten times the specified 
quantities. The accessible environment is defined as the atmosphere, land surfaces, surface 
waters; oceans, and all of the lithosphere beyond the controlled area (§ 191.12(k)). The 
controlled area for the 1992 WIPP PA was the 41-km2 "land-withdrawal area." This is the area 
reserved for activities associated with WIPP that was transferred to the jurisdiction of the DOE 
under the WIPP Land Withdrawal Act (LWA) (U.S. Congress, 1992). 

Subpart B defines "performance assessment" as an analysis that identifies processes and 
events that might affect the disposal system, examines their effects on system performance, and 
estimates cumulative releases of radionuclides, including uncertainties, caused by all significant 
events and processes. The term "scenario" is not defined in the regulations. For purposes of 
the WIPP PA, a scenario represents a combination of events and processes that determine a 
possible future of the disposal system, consistent with the internationally accepted definition (see. 
Section 2.2). An individual scenario may be named for a key disruptive event or process being 
considered. For example, human intrusion scenarios consider the consequences of inadvertent 
future drilling (or other human actions) that breach the engineered barriers. A glaciation 
scenario would consider the potential consequences of glaciation on repository performance. 

In order to determine compliance with the Containment Requirements (40 CFR §191.13), 

A sample space must be defined that describes possible states of the disposal system, 
within the bounds of the regulatory guidance. Scenarios can then be defined as subsets 
of this sample space. Scenarios are screened to identify those that have little or no effect 
on the performance estimate, to leave a set of representative scenarios for system level 
consequence analysis. 

The likelihood of occurrence of each representative scenario must be estimated. 

The consequences of each representative scenario must be determined. 

In the 1991 and 1992 WIPP PA methodology, it was also assumed that the scenarios used 
to construct complementary cumulative distribution functions (CCDFs) and evaluate compliance 
with 40 CFR §191.13 must be mutually exclusive. 

Substantial guidance is provided in 40 CFR Part 191 concerning the treatment of future 
human actions in the assessment (in Appendix C of U.S. EPA, 1993). For example, with regard 
to scenario development, the EPA suggests that the prop0nent need not consider human intrusion 
events more severe than exploratory drilling for resources. 

Additional criteria for the WIPP are being developed by the EPA, and will be 
promulgated in final form in 1995 as 40 CPR Part 194. The new criteria will require 
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reconsideration of the scenario development work. One specific area where changes may be 
needed is the treatment of human actions in the assessment (Section 7). 

2. 1. 2 40 CFR Part 268 

The Land Disposal Restrictions ( 40 CFR Part 268) of the RCRA regulate releases of 
specified nonradioactive hazardous constituents from the repository to the disposal-unit boundary . 
under reasonably likely conditions (see, in particular, §268.6, U.S. EPA, 1986). For the WIPP, 
these hazardous constituents include heavy metals and semi volatile and volatile· organic 
compounds (VOCs). The disposal unit for the WIPP is defined as the entire volume of the 
Salado Formation within the WIPP land-withdrawal area (U.S. EPA, 1990). The length of the 
regulatory period will be a waste-specific and site-specific determination; a 10,000-year period 
has been used for the purpose of interim long-term performance analyses (Sandia WIPP Project, 
1992; WIPP PA Department, 1992a; 1992b; 1993a; 1993b). The current project assumption is 
that future human intrusion will not need to be considered in evaluating compliance with 40 CFR 
§268.6 (see Section 7). 

2. 1.3 National Environmental Policy Act (NEPA) 

Provisions of the National Environmental Policy Act (NEPA) (U.S. Congress, 1970) 
require that an Environmental Impact St.atement (EIS) be completed for the WIPP. The EIS may 
require that dose calculations are undertaken for both undisturbed and disturbed conditions. 
Dose calculations for disturbed conditions (40 CFR §191.13) have been undertaken in the past, 
at the suggestion of the National Academy of Sciences. The scenario development work 
reported here does not consider the need for dose calculations in disturbed conditions (i.e., 
assuming a future human intrusion), as there is not currently an applicable dose standard. Dose 
calculations would require the consideration of biosphere modeling in disturbed conditions, 
which in tum would require a reevaluation of the screening of biosphere FEPs in this document. 

2.2 Performance Assessment Method 

As discussed in the companion paper on PA methodology, risk is represented by the 
answers to the following three questions (Kaplan and Garrick, 1981): 

What can happen? (scenarios) 

How likely are things to happen? (scenario probabilities) 

What are the consequences of these things happening? (scenario consequences) 
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This paper emphasizes the first question: u5e of a systematic procedure to identify a 
comprehensive set of scenarios for consequence analysis. For this paper, the terms "scenario 
development" and "scenario" are used consistently with the following Organization for 
Economic Cooperation and Development (OECD/NEA) (1992) definitions: 

Scenario development is: 
the identification, broad description, and selection of alternative futures relevant to a 
reliable assessment of the safety of a disposal system. 

A. scenario: 
specifies one possible set of events and processes, and provides a broad-brush description 
of their characteristics and sequencing. 

. Thus, consistent with NEA usage, this document uses the word "scenario" to denote the 
set of possible futures that could be constructed by consideration of a particular combination of 
events and processes. As discussed in the position paper on PA methodology, a scenario is 
defined more precisely as a set of occurrences drawn from a sample space that includes all 
10,000-year futures of the WIPP that remain under consideration following the screening process 
described in this paper. 

The scenario development procedure used here is modified from that proposed by 
Cranwell et al. (1990) (described in more detail in Sections 3 and 4). Four basic steps are 
involved in the scenario development procedure (OECD/NEA, 1992): 

(i) 

(ii) 

Identification and classification of all phenomena (i.e., FEPs) potentially relevant to the 
performance of the repository and site. 

Elimination of phenomena according to well-defined screening criteria. 

(iii) Identification or formation of scenarios relevant to the performance of the repository and 
site. 

(iv) Specification of scenarios for consequence analysis. 

The procedure outlined above can also be used to develop (steps i and ii) and refine 
(steps iii and iv) the sample space for an assessment. The construction of scenarios (step iii) 
provides a means for partitioning the sample space in a manner that provides clarity and insight 
into the behavior of the disposal system, while allowing for calculational efficiency. The 
individual scenarios specified for consequence analysis (step iv) can be considered as subsets of 
the sample space defined in the earlier stages of the procedure. This procedure is discussed in 
more detail in Section 3.2. 
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It is important to be as comprehensive and imaginative as possible during the initial stage 
of identifying FEPs, even if some of these FEPs may be eliminated in later stages of the 
screening process. This ensures that interactions between FEPs are not overlooked and that a 
well-documented response to possible "wliat-if" questions is available. 

In this document, emphasis is on the identification, classification, and screening of 
phenomena, and the outlining of scenarios of concern (steps i, ii, and iii). In discussing 
phenomena of potential concern, it is necessary to examine the ways in which these phenomena 
might be modeled and the relevant data, both of which have associated uncertainties. However, 
the different sources of uncertainty may need to be identified in undertaking system performance 
analyses. The means of separating different uncertainties in the quantitative system analyses and 
the detailed specification of scenarios for consequence analysis (step iv) are discussed in the 
position paper on PA methodology. 

2.3 The Role of Scenario Development 

Scenario development has several roles in the WIPP project: 

Providing the context in which PAs are performed. 

Influencing model development and data collection efforts by identifying which 
phenomena require examination. 

Providing an important vehicle for communication between proponents, regulators, and 
others with an interest in safety of the disposal system. 

Providing a means of organizing, documenting, and presenting the information bases for 
assessments. 

Catalogs of FEPs are being developed in many national radioactive waste disposal 
programs (e.g., Guzowski and Newman, 1993; Prij et al., 1993; Stenhouse et al., 1993) as well 
as internationally (e.g., OECD/NEA, 1992; 1995), with the aim of assembling relevant decisions 
and assumptions concerning the phenomena to be modeled. The catalogs can be used as an aid 
to organize and track assumptions for modeling requirements during the assessment process, and 
between cycles of an iterative set of assessments to be conducted over several years. 
Computerized systems for retaining and using this information are being developed, as are 
graphical means for illustrating the relationships between FEPs. Such catalogs and computerized 
databases .can also play a vital role in communicating project understanding of the disposal 
system to regulators and other stakeholders in the assessment process. 
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A list of FEPs has been developed for the WIPP project (described in Section 4), and 
work is underway to show the relationships between important FEPs graphically, and to develop 
a user-friendly relational database of FEPs on a personal computer (PC) system. 

The central role of scenarios in assessment programs leads to rigorous requirements for 
scenario development. In particular' the scenario development process should be: 

Based on a structured and systematic identification and screening of FEPs. 

Auditable and well documented. 

Flexible and reproducible. 

Repeated regularly in connection with system performance assessments over the time . 
required for site characteriz.ation and repository development. 

Comprehensive. 

Structured to lead to a final representative set of scenarios amenable to consequence 
analysis and probability estimation. 

These aspects are discussed more fully in subsequent sections of this report. The 
requirements cannot be quantified, and an assessment of whether they have been achieved must 
rely upon continuing review within the project, by the EPA, and by project stakeholders. 
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3. SCENARIO DEVELOPMENT FOR THE 1991 AND 1992 WIPP PAs 

3. 1 Introduction 

Scerulrio development for a particular site and disposal concept depends on the purpose 
of the assessment and the barrier system that isolates the radioactive waste after disposal. 
Recent performance assessments for the WIPP indicate that long-term containment of wastes will 
be provided by a multibarrier system comprised of three principal components: 

(i) Engineered barriers (principally seal systems). Although the waste canisters themselves 
are assumed to be crushed by salt creep relatively soon after the repository is 
decommissioned, other components of the repository system are considered to evolve 
more gradually and to provide. a barrier function over the regulatory period. In 
particular, under undisturbed conditions, long-term performance of the shaft seal systems 
is important in limiting releases. Engineering modifications that could improve the long
term performance of the repository are under consideration. 

(ii) The 600-m thick halite host rock (Salado Formation). This unit has extremely low 
permeability, and is not expected to provide a pathway for radionuclide transport to the 
accessible environment in the next 10,000 years. Possible gas-phase transport of 
hazardous constituents regulated under 40 CFR §268.6 is currently under investigation. 
The possibility of the positive physical characteristics of the Salado changing with time 
is also being considered. 

(iii) The geologic units underlying and overlying the Salado. Given a breach of the Salado 
by a future borehole, it is possible that significant delay and retardation of radionuclides 
will occur in units underlying or overlying this Formation. The historical focus of the 
project has been strongly on the Culebra Dolomite Member of the Rustler Formation, the 
most transmissive water-saturated unit overlying the repository. However, additional 
hydrological units above and below the repository are now being considered in more 
detail. 

Combinations of events and processes that could lead to short circuits of these barriers 
are of particular concern to the WIPP assessment. 

This section outlines previously adopted performance assessment and scenario 
development procedures and their .results, and provides an indication of the comments on 
scenario development from WIPP oversight groups. · 
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3.2 Approach to Scenario Development 

F.arly scenario development for the WIPP used an event-tree approach (e.g., Hunter, 
. 1989) .. The event-tree approach is an inductive method to identify possible outcomes for an 
initiating event. The events that can occur after a failure at the upper level are identified at 
successive bifurcations within a tree. Pathways through the tree define event sequences 
associated with an initiating event, and each pathway represents a distinct scenario. 

In recent years the procedure developed by Cranwell et al. (1990) at SNL (on behalf of 
the U.S. Nuclear Regulatory Commission) has been used, as described below: 

(i) Compilation or adoption of a comprehensive set of events and processes that could affect 
the disposal system and their classification, to aid completeness arguments. Events and 
processes considered in the 1991 and 1992 WIPP PAs (Table 3-1) are based on those 
lists in Cranwell et al. (1990) that reflect the results of discussions of experts who met 
in the late 1970s. The 1991/ 1992 WIPP list is restricted to potential disruptions that may 
arise externally to the disposal system, or that. are caused by human activity, including 
emplacement of the radioactive wastes. Note that the terms "feature" and "FEP" were 
not used by Cranwell et al. (1990) and were not used in scenario development for past 
WIPP PAs (in keeping with the language of 40 CFR Part 191). The term, however, is 
used for SPM scenario development work. The distinctions between "feature,." "event," 
and "process" are in any case not always clear; moreover, they are only useful to the 
extent that they help with structuring the performance assessment calculations. 

(ii) Screening the events and processes according to documented criteria, to identify those 
that can be eliminated from consideration in the performance assessment. Examples of 
screening criteria are low probability, negligible consequence, physical reasonableness, 
and regulatory guidance on the treatment of future human actions. 

(iii) Developing scenarios by combining events and processes that remain after screening. 
Most of these events and processes will form part of a base-case scenario that includes 
all events and processes reasonably likely to occur. After formation of the base-case, a 
logic diagram is used to illustrate the possible combinations of the events and processes 
that are not included directly in the base case (see Figure 3-1). At each junction within 
the diagram, a yes/no decision is made as to whether the next event or process is added 
to the scenario. Parameter values, time of occurrence, and location of occurrence are 
generally not used to define these events and processes. Parameter uncertainty is 
incorporated directly into the assessment database. One exception for the WIPP concerns 
exploratory drilling for resources, which has been divided into two distinct categories of 
events, based on uncertainty concerning the distribution of pressurized brine reservoirs 
in the Castile Formation (see Section 3.3). Each scenario consists of a combination of 
all events and processes selected from those that survived screening and that are not 
already considered in the base case. 
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Table 3-1. Potentially Disruptive Events and Processes Considered in the 1991 and 1992 
WIPP P As. This includes events and processes presented in Cran well et al. 
(1990), and several additional processes of concern to the WIPP. 

Category 

Natural 

Human
Induced 

Repository
and Waste
Induced 

Scenario Development 

Type 

Celestial Bodies 

Surficial 

Subsurface 

Inadvertent 
Intrusions 

Hydrologic 
Stresses 

3-3 

Event or Process 

Meteorite Impact 

Erosion/Sedimentation 
Glaciation 
Pluvial Periods 
Sea Level Variations 
Hurricanes 
Seiches 
Tsunamis 
Regional Subsidence or 

Uplift . 
Mass Wasttng 

·Flooding 

Diapirism 
Seismic Activity 
Volcanic Activity 
Magmatic Activity 
Formation of Dissolution 

Cavities 
Formation of Interconnected 

Fracture Systems 
Faulting 

ExP.losions 
Drilling 
Mining 
Injection Wells 
Withdrawal Wells 

Irrigation 
Damming of Streams and Rivers 

Caving and Subsidence 
Shaft and Borehole Seal 

Degradation 
Thermally-Induced Stress 

Fractunng in Host Rock 
Excavation-Induced Stress 

Fracturing in Host Rock 
Gas Generation 
Explosions 
Nuclear Criticality 
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54 = TS c n El n £2 en E3 c 

55 = TSCnE1n£2CnE3 
5s = TS c n E1 n £2 n E3 c 
S, = TS c n El n E2 n E3 

5a = TS n E1 c n E2 c n E3 c 
Sg = TS n E1 c n E2 c n E3 

510 = TS n El c n E2 n £3 c 

511 = TS n E1 c n E2 n £3 

512 = TS n E1 n E2 c n £3 c 
s,3 = TS n E1 ('\ £2Cn £3 
s" = TS n E1 n E2 n £3 c 
515 = TS n E1 n E2 n £3 

Superscript c (e.g., TS c) Denotes Set Complement 

. Figure 3-L Scenarios considered in the 1991 and 1992 WIPP PAs (after WIPP PA 
Department, 1992a). Consequence analysis was undertaken only for those 
scenarios shown in boxes. F.ach scenario is defined by a set of similar 
occurrences and represents a subset of all possible 10,000-year histories beginning 
at decommissioning of the WIPP. · 
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(iv) Screening scenarios to identify those that have little or no effect on the performance 
estimate, and establishing a final set of representative scenarios for detailed modeling and 
consequence analysis. Criteria for screening scenarios should be explicit and may be 

·similar to those used for screening events and processes. Scenarios were not screened 
in the 1991 and 1992 WIPP PAs. 

The general procedure described by Cranwell et al. (1990) provides an auditable and 
documented means for identifying and screening events and processes of concern. Events and 
processes remaining after screening can be combined to form a distinct set of scenarios for 
consequence analysis. At the end of the screening, a base-case scenario will remain, along with 
additional scenarios that incorporate all the events and processes of the base case, plus additional 
relevant events and processes. The likelihood of a scenario occurring may be estimated directly, 
or by combining the likelihood of the occurrence of its constituent events and processes, with . 
the likelihood of the nonoccurrence of events and processes that have survived screening but that 
are excluded from the scenario and not considered in the base case. 

Comparison of international scenario development methodologies (Galson, 1994) indicates 
that similar methodologies for scenario development are being used in other radioactive waste 
disposal programs, although different terminology may be employed. In addition, previous 
reviews of WIPP PAs have not questioned this methodology (EEG, 1992). Its essential features 
were therefore retained in scenario development work conducted here. 

3.3 Application to the 1991 and 1992 WIPP PAs: Discussion 

As implemented in the 1991 and 1992 WIPP PAs, scenario development methodology 
focused on evaluating "potentially disruptive" events and processes, that is, phenomena that will 
lead to changes in the repository and/or the natural environment that may result in the initiation 
or modification of the release and transport of radionuclides. Events and processes evaluated 
were screened in one of three ways: 

Screened out of the assessment. 

Retained for scenario construction, screened into the base case, and modeled explicitly 
or shown to have negligible impact on the base-case system model. 

Retained for scenario construction independently from the base case. 

All natural events and processes retained for scenario development were considered to 
form part of the base-case scenario. · 
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Future human actions were considered to be the only disruptive events requmng 
additional system assessment outside the base-case scenario. These events were combined with 
the base case to form additional scenarios that could give rise to releases within 10,000 years. 
lit the scenario development work conducted in the 1991 and 1992 WIPP PAs, four disruptive 
events were considered, leading to the construction of 16 scenarios (Figure 3-1). The four 

6 events were: 
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. . 

El - Inadvertent drilling of one or more exploratory boreholes that intersect a waste-filled 
room or drift, and a hypothetical pressurized brine reservoir in the underlying Castile 
Formation. Some waste will be brought directly to the ground surface during ·drilling. 
The borehole(s) forms a long-term flow path to the overlying Culebra Dolomite. Flow 
paths to other formations were not considered. 

E2 - Inadvertent drilling of one or more exploratory boreholes that intersect a waste-filled · 
room or drift, but not a brine reservoir, in the underlying Castile Formation. Some 
waste will be brought directly to the ground surface during drilling. The borehole(s) 
forms a long-term flow path to the overlying Culebra Dolomite. 

E3 - Drilling of wells to extract water from aquifers in formations overlying the Salado. 
Target formations could be the Culebra Dolomite and the Dewey Lake. 

TS - Mining for potash by either conventional or solution methods in areas beyond the 
boundaries of the waste panels. The mining leads to subsidence, with potential for 
degraded performance of the geosphere system. 

None of the resulting scenarios were screened out of the assessment. However, scenarios 
involving TS and E3 have not yet been modeled. It was assumed in the 1991and1992 PAs that 
detailed modeling of these scenarios is unlikely to affect significantly the overall conclusions of 
the assessment. 

Of the scenarios that were modeled, the E1E2-type lead to the largest consequences. 
These have two or more boreholes (at least one of each type) that penetrate a single waste panel, 
creating a flow path for Castile brine through the waste from one hole to the other and then 
upward to the Culebra Dolomite. 

The scenarios retained for quantitative examination are referred to as "summary 
scenarios" in the assessment documentation, because of the broad level of description. In 
consequence modeling of the El, E2, and E1E2 scenarios, multiple deterministic calculations 
were conducted to cover a range of possible occurrences. This range is constrained by 
regulatory guidance. Each simulation represents one complete 10,000-year history, including 
specification of the time(s) of occurrence of all intrusive events. Sets of similar 10,000-year 
histories are referred to in the assessment documentation as "computational scenarios." 
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Modeling assumptions for the ElE2 scenario in the 1991 and 1992 PAs need to be 
considered against the regulatory guidance proposed by the EPA as 40 CFR Part 194, and the 

· DOE's interpretation of that and other EPA criteria and guidance. For example, one 
interpretation of the guidance in 40 CFR Part 191, Appendix C (U.S. EPA, 1993) might be that 
ElE2 scenarios need not be considered in regulatory compliance analyses (see Sections 7 and 
8). In addition, there is a need to consider explicitly several other events, including the creation 
of short circuits for fluid flow and, potentially, contaminant migration from subsurface aquifers 
to the accessible environment in the controlled area (e.g., extraction of groundwater), leakage 
from fluid injection wells into subsurface aquifers, and drilling into a zone of contamination 
within the Salado Formation. · 

3.4 Review of WIPP Scenario Development 

Because WIPP PAs have been conducted and documented iteratively, external reviewers 
and WIPP oversight groups have had several opportunities to provide input to the PA. 
Reviewers have expressed concern about the logic behind various screening arguments (EEG, 
1992), because: 

Certain events and processes have been screened out due to low consequence, with 
insufficient attention paid to a quantitative demonstration that this was indeed the case. 

Existing site information has not always been fully considered in screening events and 
processes, and in framing the models used in PA. 

Not all potentially significant interactions between events and processes have been 
considered in screening arguments. 

Reviewers have also questioned the comprehensiveness of the initial list of events and 
processes used in the 1991 and 1992 WIPP PAs (fable 3-1), and the documentation of the 
screening process. For example, the list cannot be considered comprehensive because many 
events and processes that form part of the base case are not included on the list (e.g., near-field 
degradation, and hydrological and geochemical processes). There was no clear discussion in the 
PA documentation of which events and processes were included in the base case, the.reasoning 
behind this selection, and the linkages between them. 

Almost all of the reviewers' concerns pertained to the presentation of the available 
information instead of the broad selection of scenarios to be modeled or to the basic 
methodology for developing scenarios. 

The WIPP review process indicates that external reviewers will focus on the 
comprehensiveness of the scenario development exercise, and the quality of the argument used 
to exclude particular events and processes from the quantitative system assessment and to 
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develop the assessment basis. Decisions to exclude particular events and processes need to be 
consistent with . regulatory requirements, and well defended, using quantitative argument 
whenever possible. 

Review comments provided by the EPA and project stakeholders on scenario development 
for the 1991 and 1992 WIPP PAs have been addressed in Sections 4-7. Comments received at 
and subsequent to technical exchange meetings conducted in September 1994 with the EPA and 
project stakeholders have also been addressed within the scope of this document. 
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4. SCENARIO DEVELOPMENT OVERVIEW FOR FUTURE WIPP PAs 

4. 1 Introduction 

Scenario development for WIPP P As is an iterative process. F.ach iteration of this paper 
must be reviewed for accuracy and to ensure that it properly addresses the concerns of 
stakeholders. Nevertheless, although it is likely that revisions will be needed, the basic approach· 
to scenario development is considered to be sound. The approach is based broadly on the 
methodology outlined in ·Cran well et al. ( 1990), and reflects a more systematic implementation 
than that conducted for the 1991 and 1992 WIPP PAs. The current work differs from the 
1991/92 work in three ways: 

An attempt has been made to ensure that the initial list of FEPs is as .comprehensive as 
possible. 

Screening of the FEP list has led to suggestions for treating several events and processes 
differently than in the earlier WIPP P As. 

FEPs for which the final screening decision can not yet be made (because of limited 
information or limited time to complete this activity) have been clearly identified. For 
many of these FEPs, work is underway to improve understanding of their potential 
importance. For other FEPs, additional time is needed to formulate their screening 
argument properly. 

Some screening decisions have been made in light of current modeling capability within 
the project. As modeling capability evolves and further P As are conducted, screening decisions 
will need to be reevaluated. 

This section summarizes the methodology adopted to identify and screen FEPs, and to 
develop scenarios. Sections 5, 6, and 7 consider the screening arguments for many of the FEPs 
in more detail. However, the work presented in Sections 5, 6, and 7 was limited by resource 
constraints, and will need to be reconsidered as further information becomes available. 

4.2 Development of an Initial FEP List 

4.2.1 Possible Approaches 

As noted in Section 3, the list of events and processes used for scenario development in 
the 1991 and 1992 WIPP PAs was based largely on work conducted in the 1970s. This early 
work did not aim at comprehensiveness; rather, it was limited to developing a list of potential 
disruptions to a specific disposal system. Therefore, an initial step was to start developing a 
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comprehensive list of FEPs with potential relevanee to the WIPP disposal system. Several 
alternative approaches were available, including: 

(i) 

(ii) 

Adoption or adaptation of the more extensive FEP lists already in use in other radioactive 
waste disposal programs. 

Development of a WIPP FEP list through review and compilation of lists developed in 
other programs. 

(i#) Independent compilation of a WIPP-specific list, based on detailed review of the WIPP 
literature and assumptions made in previous WIPP PAs. 

(iv) Use of a formal expert elicitation process, involving individuals from outside the project, 
to develop, or ensure comprehensiveness of, an initial FEP list. 

Given sufficient time and resources, each of these approaches could have been taken. 
This work has relied on a combination of approaches (i) and (iii). 

There have been several recently completed studies in which a variety of national project 
FEP lists were compiled (approach ii) in order to help ensure comprehensiveness (e.g., in the 
Netherlands (Prij et al., 1993), Sweden (Stenhouse et al., 1993), Switzerland (Sumerling et al., 
1993), and the United States (Guzowski and Newman, 1993)). In addition, work is underway 
at the NEA to develop a comprehensive international PEP list; however, this list will not be 
available until 1996. In the meantime, there was no need to adopt approach (ii), because it was 
sufficient to consider one or more of the existing national compilations (approach i). The list 
developed here was based on the work conducted in Sweden, because it was the best documented 
and most comprehensive. 

Key project documents (approach iii), such as the 1991 and 1992 PAs, the March 1994 
Compliance Status Report (U.S. DOE, 1994b), and the SPM position papers were reviewed. 
This review illustrated the need to expand the list developed in Sweden, and to revise initial 
screening arguments. A more systematic review of these and other key documents will help to 
ensure that all potentially relevant FEPs were treated appropriately in the scenario development 
work. Equally valuable will be continued input to the screened FEP list from project staff and 
review by stakeholders. 

Approach (iv) was not pursued because of lack of time and resources. However, given 
extensive review by project staff and stakeholders of the current work, approach (iv) is unlikely 
to identify additional FEPs or scenarios of concern. Nonetheless, formal use of expert judgment 
for the initial identification and screening of FEPs could add further credibility and defensibility 
to the entire scenario development process. · 
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The Swedish FEP study (Stenhouse et al., 1993) was conducted by the Swedish Nuclear 
Power Inspectorate (SKI) as part of the SITE-94 performance assessment exercise. This exercise 
considered the disposal of spent nuclear fuel in crystalline bedrock at a hypothetical site with 
characteristics based on the Asp(> Hard Rock Laboratory site. The purpose of the Swedish FEP 
study was to ensure that all relevant natural and human-induced FEPs were considered early in 
the SITE-94 assessment. Only limited screening of FEPs was done, and the work was not used 
to develop scenarios for assessment. 

For the Swedish study, an initial raw FEP list was compiled based on nine different FEP 
identification studies. Table 4-1 shows the studies, the country where each study was carried 
out, and the number of FEPs that were identified. 

In the Swedish study, FEPs from these lists were divided into eight primary (Level 1) 
categories based on location of occurrence (six categories) and cause (two categories). The eight 
categories were waste, canister, buffer/backfill, repository/near-field, far-field, biosphere, 
geological/climatic evolution, and human influences. FEPs were eliminated on the basis of 
irrelevancy to the Swedish disposal concept and site, assessment scope, and incomprehensibility 
of the FEP. Duplicate entries were removed from the final list of FEPs, and a few FEPs were 
added at this stage. 

Because of the way the FEPs are categorized, many FEPs appear more than once on the 
list. For example, a process such as sorption may occur in the backfill, the near-field, the far
field, and the biosphere, and it would be included on the lists for all of these Level 1 categories. 
In addition, each Level 1 category was subdivided into between seven and twelve Level 2 
subcategories. Some FEPs appear several times within a single Level l category if they belong 
in more than one of the Level 2 subcategories. 

4.2.3 Development of the WIPP FEP List 

The WIPP FEP list was developed by taking the final consolidated Swedish list and 
reinserting all FEPs that were screened out in the SKI study. Numerous FEPs of particular 
concern to the WIPP were added (see below), and several FEPs on the SKI list were subdivided 
to facilitate screening. Finally, some duplicate FEPs were eliminated for clarity of presentation, 
although many other duplicate FEPs were retained if a particular FEP could affect more than 
one part of the disposal system, or could interact with FEPs in more than one subcategory. The 
titles of all FEPs on the SKI list were retained, although some were vague or poorly stated for 
the situation at the WIPP. 
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Table 4-1. FEP Identification Studies Used in the Swedish Study. 

Number of FEPs 
Study Country Identified 

Atomic Energy of Canada Limited Canada 275 • (AECL) study of disposal of 
spent fuel in crystalline rock 

• 
SKI & Swedish Nuclear Fuel ·and Sweden 157 

Waste Management Company 
(SKB) study of disposal of spent 
fuel in crystalline rock 

•• 
National Cooperative for the Switzerland 44 • 

Storage of Radioactive Waste 
(NAGRA) Project Gewahr study 
of disposal of HL W in 

.. 
crystalline rock "'' .. , 

Department of the Environment UK 305 
Dry Run 3 study of deep .,, 
disposal of Low and .. 
Intermediate Level Waste 
(UILW) 

•• 
Department of the Environment UK 79 

assessment of L/IL W disposal in 
volcanic rock at Sellafield ... 

"'' Nuclear Industry Radioactive UK 131 
Waste Executive (NIREX) study 
of the deep disposal of L/IL W 

... 
SNL study of disposal of spent USA 29 

fuel • 

NEA Working Group on International 122 
Systematic Approaches to 
Scenario Development 

International Atomic Energy International 56 
Agency Safety Series 
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The structure of the WIPP FEP list, showing the FEPs and their screening classifications 
organized by Level 1 categories and Level 2 subcategories, is provided in Table 4-2. The 
·complete FEP list appears in Appendix A. This structure largely follows that of the SKI study. 
The most notable difference is the creation of a new Level 1 category called "seal systems." 
This new category reflects the importance of the seal systems to the WIPP safety concept. On 
the SKI list, seal degradation appeared only in the Level 2 subcategory "repository degradation" 
(see Table 4-2, item 5.2). The subcategories and FEPs in the SKI Level 1 backfill category 
appear in the new seal systems category. Radionuclide transport was also broadened to include 
all contaminants of concern (e.g., heavy metals and VOCs). 

The structure in Table 4-2 can be related to that described by Cranwell et al. (1990), in 
which events and processes were categorized as (i) waste- and repository-induced, (ii) human
induced, and (iii) naturally occurring. Cranwell 's category (i) can be considered to include FEPs 
relevant to the Level 1 categories waste, canister, backfill, 1 seal systems, and near-field (see 
Table 4-2, categories 1-5). Cranwell's category (ii) is identical to Level 1 category 9 in 
Table 4-2, but could also be considered to include some of the biosphere (WIPP FEP list 
category 7) FEPs. Category (iii) is similar to the WIPP category 8, geology/climate changes, 
in Table 4-2, but also includes far-field (WIPP category 6) and biosphere (WIPP category 7) 
FEPs. 

The list provided by Cranwell et al. (1990) was limited to potential disruptions, whereas 
the SKI list, in common with many other similar lists developed in the past five years, includes 
a full listing of all potentially relevant FEPs. Therefore, there are many more FEPs on the 
current WIPP list than on the list developed by Cranwell et al. (1990). 

The discussion in Sections 5, 6, and 7 reflects the categories used in Cran well et al. 
( 1990) and previous WIPP P As, because this categorization provides a logical framework for 
discussing FEPs and their interrelationships. However, the FEP list developed here serves as 
a useful check for ensuring that all relevant phenomena have been considered in the performance 
assessment, and in the discussion in Sections 5, 6, and 7 of this report. 

No attempt has been made here to draw a sharp distinction between what has been 
defined as "stochastic" and "subjective" uncertainty in previous WIPP PAs. As pointed out in 
Section 2, when discussing phenomena of potential concern, it is necessary to examine the ways 
that these phenomena might be modeled and the relevant data, both of which have associated 

1 The DOE has determined that the base facility design used for current SPM calculations does 
not require salt backfill to be placed over the waste for operational or geomechanical reasons. 
However, this position paper assumes backfill will form part of the eventual WIPP design. 
This should be borne in mind when examining the results of FEP classification presented in 
this section. 
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Table 4-2. Structure of the WIPP FEP List. 

. Level 1 (Category) 

1. Waste 

2. Canister 

3. Backfill 

Scenario Development 

Level 2 (Subcategory) 

1.1 Initial characteristics 
1.2 Radionuclide decay and ingrowth 
1.3 Radiological/radiation effects 
1.4 Gas generation and effects 
1.5 Heat generation 
1.6 Thermomechanical effects 
1. 7 Thermochemical effects 
1. 8 Electrochemical effects 
1.9 Waste degradation/corrosion/ 

dissolution 
1.10 Geochemical. reactions/regime 
1.11 Radionuclide and contaminant (e.g., heavy 

metal) chemistry 
1.12 Others 

2.1 Materials/construction 
2.2 Corrosion/degradation processes 
2.3 Gas production and effects 
2.4 Microbiological effects/microbial 

activity 
2.5 Thermomechanical effects 
2.6 Electrochemical effects 
2. 7 Stress/mechanical effects 
2.8 Geochemical reactions/regime 
2.9 Radionuclide and contaminant (e.g., heavy 

metal) transport through canisters 
2.10 Others 

3 .1 Backfill characteristics 
3. 2 Resaturation/ desaturation 
3.3 Mechanical effects 
3 .4 Thermal effects 
3. 5 Electrochemical effects 
3. 6 Gas effects and transport 
3. 7 Microbiological effects/ microbial 

activity. 
3. 8 Degradation 
3. 9 Geochemical regime 
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Table 4-2. Structure of the WIPP FEP list (Continued). 

p 

ilf'4¥ Level I "(Category) Level 2 (Subcategory) 

~~ j. '; 

let'' 3. Backfill (Cont.) 3.10 Radionuclide and contaminant (e.g., heavy 
metal) transport processes 

3.11 Radionuclide and contaminant (e.g., heavy 
~*'(I.$ metal) chemistry 

3.12 Others 

4. Seal Systems 4.1 Characteristics 
'rt"· 

4.2 Resaturation/ desaturation 
4.3 Mechanical effects 
4.4 Thermal effects 
4.5 Electrochemical effects 
4.6 Gas effects and transport 
4.7 Microbiological effects/ microbial 

i"l;J~ activity 
4.8 Seal degradation 
4.9 Geochemical regime 

h;i; 4.10 Radionuclide and contaminant (e.g., heavy 
metal) transport processes 

4.11 Radionuclide and contaminant (e.g., heavy 
hi~ metal) chemistry 

4.12 Others 

'iii: if,,; 5. Near-field 5.1 Elements/ materials 
5.2 Degradation 
5.3 Hydraulic effects/groundwater flow 

lW;~ 5.4 Mechanical effects 
5.5 Thermal effects 
5.6 Gas effects and transport 

l•il<i 5.7 Microbiological/ microbial activity 
5.8 Geochemical regime .... 5.9 Radionuclide and contaminant (e.g., heavy 

jiilff 
metal) chemistry 

5.10 Radionuclide and contaminant (e.g., heavy 
l\iHI•\ metal) transport processes 

5.11 Others 
!t~ 

p•"1'. 

ili•1' 

jfb''J;,~ 

li!i,.J 
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Table 4-2. Structure of the WIPP FEP list (Continued). 

Level 1 (Category) 

6. Far-field 

7. Biosphere 

8. Geology/Climate Changes 

Scenario Developmen& 

Level 2 (Subcategory) 

6.1 Rock properties 
6.2 Hydrogeological effects 
6.3 Physical/mechanical effects 
6.4 Thermal effects 
6.5 Gas effects and transport 
6.6 Microbiological/microbial activity 
6. 7 Geochemical regime 
6.8 Radionuclide and contaminant (e.g., heavy 

metal) chemistry 
6. 9 Radionuclide and contaminant (e.g., heavy 

metal) transport processes . 
6.10 Others 

7.1 
7.2 
7.3 
7.4 
7.5 
7.6 
7.7 
7.8 
7.9 

7.10 

7.11 
7.12 

8.1 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
8.9 
8.10 
8.11 

Human considerations 
Ecological factors 
Soil/sediment effects 
Surface/near-surface water processes 
Coastal water/ocean processes 
Gas effects and transport 
Microbiological/microbial activity 
Geochemical regime (general) 
Radionuclide and contaminant (e.g., heavy 
metal) chemistry 
Radionuclide and contaminant (e.g., heavy 
metal) transport processes 
Radiological factors 
Others 

Seismic events/major land movement 
Rock deformation 
Metamorphic and igneous processes 
Erosion/weathering (surface) 
Groundwater flow and effects 
Surface water flow and effects 
Sea level effects 
Magnetic effects 
Glaciation/ glacial effects 
Climate effects (natural) 
Others 
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Table 4-2. Structure of the WIPP FEP list (Continued). 

Level 1 (Category) Level 2 (Subcategory) 

9. Human Influences 9.1 Inadvertent intrusion into repository 
9 .2 Surface activities 
9.3 Subsurface activities 
9.4 Water use 
9 .5 Agriculture and fisheries practices 
9. 6 Radiological factors 
9.7 Others 

Scenario Development Man:b 17, 1995 



2 

3 

4 

5 

6 

7 

8 

9 

IO 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

uncertainties. The different sources of uncertainty, however, may need to be distinguished when 
undertaking system performance analyses. 

4.3 Screening Criteria 

4.3. 1 Criteria for Elimination of FEPs 

Recent assessment exercises have recognized the need for explicit criteria for screening 
out FEPs from the main system assessment modeling. PEP screening criteria proposed by 
Cranwell et al. (1990) include physical reasonableness, probability of occurrence, and 
consequence of the occurrence. Additional screening criteria may be provided in regulatory 
guidance documents, or may be appropriate for a specific assessment scope or purpose. Four 
basic criteria are discussed below. 

Regulation, or, more broadly, scope and purpose of the assessment. Specific screening criteria 
are supplied within several federal regulations. In particular, 40 CFR Part 191 provides a 
10,000-year cut-off for quantitative assessment, and specific guidance on the consideration of 
future human actions in the assessment (U.S. EPA, 1993). The scope and purpose of an 
assessment may allow particular FEPs to be eliminated from consideration. 

Potential consequences associated with the occu"ence of the FEPs. This criterion can be used 
in two ways. First, FEPs with similar consequences could be grouped together for modeling 
purposes, provided their probabilities are combined appropriately. Grouping. FEPs on 
consequence grounds has not been done formally within the WIPP project. Second, FEPs can 
be eliminated on the basis of insignificant consequence. Consequence can refer to effects on the 
repository or site (in the early stages of screening FEPs) or to radiological consequence (when 
screening scenarios). This screening criterion must be used with caution: potentially important 
interactions with other FEPs need to be considered when eliminating FEPs on this basis. 

Physi.cal reasonableness of the FEPs being considered. This criterion can be used to eliminate 
FEPs that are irrelevant to the disposal concept and site under consideration. For example, any 
FEP pertinent to only vitrified HLW can be screened out for WIPP PAs, because the DOE does 
not intend to dispose of HL W at the WIPP. 

Probability of occurrence of a FEP leading to significant release of radionuclides. Low
probability events can be exduded. In 40 CFR Part 191, the EPA assumes that events and 
processes having a likelihood of occurrence of less than 1(}" over 10,000 years (equivalent to 
an annual probability of less than 10-S) can be excluded (U.S. EPA, 1993). The physical 
reasonableness criterion can also be considered a subset of the probability criterion, in which 
the probability is assumed to be zero. 
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"Winnowing" of FEPs - the selection of FEPs for scenario development - will 
inevitably rely on a combination of informed judgment and formal analysis, regardless of the 
method used to combine FEPs into scenarios. For this reason, regulatory and peer review of 
scenario development work often focuses on the screening process. This part of the assessment 
should be documented with thoroughness and clarity. 

Criteria similar to those used for FEPs can be used for screening scenarios. However, 
care must be taken when screening individual scenarios on the basis of low probability. This 
is because a large number of scenarios, each with a very small likelihood of occurrence, could, 
when considered in combination, have a cumulative likelihood of occurrence sufficient to affect 
the estimation of repository performance. In WIPP P As, this potential problem was avoided by 
placing a bound of 10-8 per year on the cumulative probability of all scenarios that were 
eliminated on the basis of low probability. Probabilities for such scenarios were not estimated, 
because qualitative asSessment showed them to be so unlikely as to be physically unreasonable 
(see Section 5). 

4.3.2 Screening of FEPs - Detailed Consideration and Classification 

In the time available, it was not possible (or reasonable) to construct detailed screening 
arguments for all FEPs identified. However, because the WIPP FEP list was adapted from the 
Swedish list, many FEPs could be screened out without further detailed consideration. For 
example, a FEP may be clearly irrelevant to the WIPP disposal system or potentially irrelevant 
to a long-term performance assessment. A range of arguments was developed for further 
screening and classification of FEPs. The broad classification is as follows: 

FEPs included in the 1992 WIPP PA undisturbed base-case system modeling for 
evaluating compliance with 40 CFR Part 191 (BC) and Part 268 (BC2). 

FEPs included in the 1992 WIPP PA disturbed-case system modeling for evaluating 
compliance with 40 CFR §191.13 (BCD, RA, BC). 

FEPs not included in the 1992 WIPP PA, but for which there is no currently defensible 
screening argument, and which are retained for evaluation (RB, RC). 

FEPs defensibly screened out for all scenarios (SO-R, SO-C, SO-P), or irrelevant to 
scenario development for the WIPP {NR, DU, MD), or the design concept prepared in 
the 1992 WIPP PA (RD, RE). 

An overview of the WIPP FEP screening classification appears in Figure 4-1. The 
screening classification codes are explained in more detail below. Appendix B contains the 
complete WIPP FEP list arranged by screening classification. 
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4.3.2.1 Undisturbed base-case FEPs for 1992 WIPP PA 

BC FEPs considered in the base-case system modeling in the 1992 WIPP PA were classified 
· as BC.· The base case explicitly excluded consideration of potentially disruptive future 
human actions. This was required to allow evaluation of compliance with the individual 
dose criterion in 40 CFR §191.15 and the groundwater protection requirements in 40 

CFR §191.24. The base-case modeling system also forms part of the modeling system· 
for evaluating compliance with 40 CFR §191.13 (see also BCD). The base-case 
modeling conducted in the 1992 WIPP PA suggests that there will be no release· of 
radionuclides outside those portions of the Salado Formation within the controlled area 
in the 10,000-year time frame. Thus, all FEPs pertaining to the base-case modeling 
system relate to the near-field environment, which is defined here as the waste, canisters, 
backfill, repository structures, shaft and panel seal systems, and the host-rock formation .. 
No biosphere, geological or climatic evolution, or human-induced FEPs were explicitly 
considered in the base case in the 1992 WIPP PA. Table 4-3 shows FEPs screened as 
BC, arranged by Level 1 categories. 

BC2 FEPs that are relevant to base-case modeling of the WIPP disposal system for 
comparison with 40 CFR §268.6 have been classified as BC2. These were included in 
the 1992 WIPP PA in modeling brine and gas flow for evaluation against 40 CFR 
§268.6. Table 4-4 shows FEPs screened as BC2, arranged by Level 1 categories. 

11 4.3.2.2 Disturbed-case FEPs for 1992 WIPP PA 

• 

• 
• 
• 

... 

• 

18 11111' 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

BCD Assuming that a pathway is created from the Salado to surrounding formations (via future 
human actions or unlikely natural events and processes), there are a number of associated 
FEPs that will be pertinent to all modeling for evaluating compliance with 40 CFR 
§191.13. FEPs included in the 1992 WIPP PA and associated with releases to units 
overlying the Salado Formation were classified as BCD. The acronym BCD reflects the 
need to develop a second system model for all scenarios that include a pathway through 
the Salado (the "D" stands for Disturbed case). These FEPs relate to radionuclide 
transport out of the Salado, far-field flow and transport, and the potential effects of 
climate change on flow in the Culebra. Most of these FEPs are actually present· in the 
undisturbed base case but, for reasons of computational efficiency, not all were explicitly 
modeled. Those FEPs not modeled in undisturbed conditions are also considered to be 
of no consequence to undisturbed performance o.f the disposal system. Table 4-5 presents 
FEPs screened as BCD, arranged by Level 1 category. 

RA FEPs with an uncertain probability of occurrence, which were considered in quantitative 
assessment of disturbed-case scenarios in the 1992 WIPP PA for evaluating compliance 
with 40 CFR §191.13, have been classified as RA. They pertain to the potential 
disruptive effects of exploratory drilling intersecting the repository. These FEPs could 
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Figure 4-1. Overview of the WIPP FEP Screening Classifications. 
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Table 4-3. · FEPs Screened as BC. Duplicate Entries and Level 2 Subcategories are •, 
Omitted. 

Level 1 category 

Waste 

Canister 

Backfill 

Seals 

FEP 

Inventory: radionuclides 
Gas effects: pressurization 
Hydrogen by metal corrosion · 
Methane/carbon dioxide; microbial degradation 

(cellulose/other organic wastes) 
Methane/carbon dioxide production; aerobic degradation 
Methane/carbon dioxide production; anaerobic degradation 
External stress 

Inventory 
Container failure (early) 
Corrosion (including partial corrosion) 
Hydrogen: corrosion of container steel 
Mechanical canister damage (failure) 
Release of radionuclides 

Backfill characteristics (e.g., hydraulic conductivity) 
Long-term physical stability 
Backfill: resaturation/desaturation 
Groundwater flow due to gas production 
Gas effects: pressurization 
Groundwater and gas flow 
External stress 

Seal characteristics (e.g., hydraulic conductivity) 
Long-term physical stability 
Groundwater flow due to gas production 
Gas effects: pressurization 
Sealing of cracks; concrete (grouting) 
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Level 1 Category 

Seals (Cont.) 

Near-field 

'··l< 

Far-field 

Table 4-3. FEPs Screened as BC (Continued). 

Resaturation/desaturation 
External stress 
Groundwater and gas flow 

Disposal geometry 

PEP 

Rock properties (porosity, permeability, hydraulic head, 
conductivity) 

Rock property changes (hydraulic conductivity, fractures, 
pore blocking, channel formation/closure) 

Creeping of rock mass 
Caving/Roof collapse 

. Groundwater flow due to gas production 
Resaturation 
Repository-induced changes in groundwater flow direction 
Formation of cracks 
Nonelastic response 
Excavation-induced stress/fracturing in host rock 
Gas effects: pressurization 
Groundwater and gas flow 

Rock properties (porosity, permeability, discharge zones, 
fractures) 
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Table 4-4. FEPs Screened as BC2. Duplicate Entries and Level 2 Subcategories are .., , 
Omitted. 

. Level 1 Category 

Waste 

Canister 

Backfill 

Seals 

FEP 

Inventory: huardous constituents (e.g., voes, heavy 
metals) 

Gas effects: pressuriz.ation 
Hydrogen by metal corrosion 
Methane/carbon dioxide; microbial degradation 

(cellulose/other organic wastes) 
Methane/carbon dioxide production; aerobic degradation 
Methane/carbon dioxide production; anaerobic degradation 
External stress 

Inventory 
Container failure (early) 
Corrosion (including partial corrosion) 
Hydrogen: corrosion of container st.eel 
Mechanical canister damage (failure) 
Release of contaminants 

Bac.kfill characteristics (e.g., hydraulic conductivity) 
Long-term physical stability 
Bac.kfill: resaturation/ desaturation 
Groundwater flow due to gas production 
Gas effects: pressurization 
External stress 
Groundwater and gas flow 

Seal characteristics (e.g., hydraulic conductivity) 
Long-term physical stability 
Groundwater flow due to gas production 
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Level 1 Category 

Seals (Cont.) 

Near-field 

Far-field 

Scenario Development 

Table 4-4. FEPs Screened as BC2 (Continued). 

FEP 

Gas effects: pressurization 
Sealing of cracks; concrete (grouting) 
Resaturation/desaturation 
External stress 
Groundwater and gas flow 

Disposal geometry 
Rock properties (porosity, permeability, hydraulic head, 

conductivity) 
Rock property changes (hydraulic conductivity, fractures, 

pore blocking, channel formation/closure) 
Creeping of rock mass 
Caving/Roof collapse 
Groundwater flow due to gas production 
Resaturation 
Repository-induced changes in groundwater flow direction 
Formation of cracks 
Nonelastic response 
Excavation-induced stress/fracturing in host rock 
Gas effects: pressuri7.ation 
Groundwater and gas flow 

Rock properties (porosity, permeability, discharge zones, 
fractures) 
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Table 4-5. FEPs Screened as BCD. Duplicate Entries and Level 2 Subcategories Titles are 
Omitted. 

_Level 1 category FEP 

Waste 

Canister 

Backfill 

Inventory: radionuclides 
Heterogeneity of waste forms (chemical, physical) 
Waste: radionuclide decay and ingrowth 
Gas effects: pressurization 
Source terms 
Hydrogen by metal corrosion 
Methane/carbon dioxide; microbial degradation 

(cellulose/other organic wastes) 
Methane/carbon dioxide production; aerobic degradation 
Methane/carbon dioxide production; anaerobic degradation 
External stress 
Leaching 
Speciation 
Dissolution 

Inventory 
Container failure (early) 
Corrosion (including partial corrosion) 
Hydrogen: corrosion of container steel 
Mechanical canister damage (failure) 
Release of radionuclides from the failed container 

Backfill characteristics (e.g., hydraulic conductivity) 
Long-term physical stability 
Backfill: resaturation/ desaturation 
Groundwater flow due to gas production 
Gas effects: pressurization 
Speciation 
External stress 
Groundwater and gas flow 
Dissolution 
Advection/dispersion: radionuclides 
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Level 1 Category 

Seals 

Near-field 

Far-field 

Geology/ 
Climate Changes 

Table 4-5. FEPs Screened as BCD (Continued). 

FEP 

Seal characteristics (e.g., hydraulic conductivity) 
Long-term physical stability 

Disposal geometry 
Rock properties (porosity, permeability, hydraulic head, 

conductivity) 
Creeping of rock mass 
Caving/Roof collapse 
Groundwater flow due to gas production 
Resaturation . 
Excavation-induced stress/fracturing in host rock 
Gas effects: pressuri7.ation 
Groundwater and gas flow 

Rock properties (porosity, permeability, discharge zones, 
fractures) 

Sorption (linear, nonlinear, irreversible) 
Dilution (mass, isotopic, species) 
Groundwater flow, advection/dispersion (saturated 

conditions) 
Diffusion (bulk, matrix, surface) 
Groundwater flow: fracture 
Groundwater recharge 
Changes in driving forces of the flow system 

Formation of interconnected fracture systems 
Climate change 
Variation in groundwater recharge 
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Table 4-6. FEPs Screened as RA. Duplicate Entries and Level 2 Subcategories are Omitted. 

Level 1 Category 

Far-field 

Biosphere 

Human Influences 

FEP 

Borehole - well 

Loss of integrity of borehole seals: seal failure or 
degradation 

Loss of records 
Exploratory boreholes (oil, gas) 
Undetected past intrusions 
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have been screened into the BCD and considered directly in the probabilistic performance 
modeling. They have, however, been classified separately for consistency with the presentation 
used in previous WIPP PAs. Table 4-6 presents FEPs screened as RA, arranged by Level 1 
a.tegory. 

4.3.2.3 FEPs retained for funher consideration 

FEPs retained for further consideration prior to reaching a final screening decision were 
classified as RB or RC. Exclusion of these FEPs from the performance assessment modeling 
f~r .compliance with applicable EPA regulations is not currently defended, but they were not 
included in the 1992 WIPP PA. Some of these FEPs may need to be considered in system 
performance modeling for future PAs, although all were assumed to be of sufficiently low 
consequence or low probability to be excluded from the 1992 WIPP PA. 

Screening arguments for some of these FEPs may have been documented in previous 
WIPP reports, but not as part of scenario development activity; the required screening argument 
is thus not readily available in the 1991 and 1992 WIPP PAs. FEPs classified as RB are 
discussed in Sections 5, 6, and 7. FEPs classified as RC are listed in Appendices A and B. 

Table 4-7 presents FEPs screened as RB, arranged by Level 1 category.. Most of the 
waste- and repository-induced and naturally occurring FEPs screened as RB will be present in 
the disposal system, but are of uncertain consequence. All future human actions screened as RB 
are of uncertain consequence and likelihood. Several of the FEPs in this table were identified 
in the 1991 and 1992 WIPP PAs as requiring additional evaluation, but this work has not been 
completed. Further distinctions between classification codes RB, and RC are provided below: 

RB FEPs not included in the 1992 PA or in the current SPM modeling, but for which there 
is no currently defensible screening argument. There is currently calculational or 
experimental work underway within the project to increase understanding of the potential 
importance of these FEPs, and to develop defensible screening arguments. The results 
of additional analyses and/or reference to supporting material will be required to support 
a screening decision. 

RC FEPs screened as RC are similar to FEPs screened as RB, except that their evaluation 
has been implicitly accorded a lower priority. The only sharp distinction between FEPs 
classified as RB and RC is the extent to which they were a focus of review comments 
in the 1991 and 1992 WIFP PAs. Similar to RB FEPs, exclusion of RC FEPs from the 
performance assessment modeling is not currently defended, but they were not included 
in the 1992 WIPP PA. Although most of the FEPs classified as RC are likely to be 
screened out on the basis of low consequence, the project has been unable to develop 
arguments for the SPM in the time available. 
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Table 4-7. 

Level 1 
Category 

Waste 

Canister 

Backfill 

FEPs Screened as RB. Duplicate Entries and Level 2 Subcategories are Omitted. 

FEP 

Active methane, carbon dioxide, radon, 
tritiated hydrogen, and other active gases 

Radiolysis 
Chemical changes due to metal corrosion 
Complex formation: wastes 
Colloid formation: wastes 
Rinse 

. Source terms (hazardous constituents) 
Solubility, speciation, precipitation: 

hazardous constituents 
Radioactive decay: heat 
Precipitation 

Chemical changes due to metal corrosion 
Container corrosion products 
Dissolution 

Transport of active gases 
Unsaturated transport 
Solubility effects (pH and Eh, ionic strength, 

complexing agents, colloids) 
Sorption effects (pH and Eh, ionic strength, 

complexing agents, colloids) 
Colloid transport (inorganic and organic) 
Diffusion: radionuclides 

Screening 
Classification 

RB 

RB 
RB 
RB 
RB 
RB 
RB 
RB 

RB 
RB 

RB 
RB 
RB 

RB 
RB 
RB 

RB 

RB 
RB 
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Level 1 
Category 

Backfill 
(Cont.) 

Seals 

Table 4-7. FEPs screened as RB (Continued). 

FEP 

Gas effects - disruption 
Preferential pathways in the backfill 
Gas transport as gas phase and in solution 
Advection/dispersion: haz.ardous constituents 
Diffusion: hazardous constituents 
Sorption 
Dissolution speciation, sorption, 

precipitation: hazardous constituents 
Nuclear criticality: heat 
Precipitation, reconcentration 
Convection 

Transport of active gases 
Unsaturated transport 
Solubility effects (pH and Eh, ionic strength, 

complexing agents, colloids) 
Sorption effects (pH and Eh, ionic strength, 

complexing agents, colloids) 
Advection/ dispersion: radionuclides, 

hazardous constituents 
Speciation 
Diffusion: radionuclides, hazardous 

constituents 
Cracking: concrete 
Colloid transport (inorganic and organic) 
Nuclear criticality: heat 
Gas effects - disruption 
Preferential pathways 
Gas transport as gas phase and in solution 
Investigation borehole seal failure 
Shaft seal failure 
Precipitation, reconcentration 
Convection 

4-23 

Screening 
Classification 

RB 
RB 
RB 
RB 
RB 
RB 
RB 

RB 
RB. 
RB 

RB 
RB 
RB 

RB 

RB 

RB 
RB 

RB 
RB 
RB 
RB 
RB 
RB 
RB 
RB 
RB 
RB 
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Table 4-7. FEPs screened as RB (Continued). • .. 

Level 1 Screening • 
Category PEP Classification • 

Near-field Colloids RB • 
Unsaturated transport RB .. 
Transport of active gases RB 
Solubility effects (pH and Eh, ionic RB • 

strength, complexing agents, colloids) • 
Sorption effects (pH and Eh, ionic strength, 

complexing agents, colloids) 
. RB .. 

Advection/ dispersion: radionuclides, RB • 
hu.ardous constituents • 

Disturbed zone (hydromechanical) ~ffects RB ... 
Gas transport as gas phase and in solution RB 
Diffusion: radionuclides, hu.ardous RB • 

constituents ... 
Speciation RB 
Gas effects - disruption RB • 
Nuclear criticality: heat RB ... 
Caving RB 
Repository thermally-induced groundwater RB • 

transport .... 

Convection RB .. 
Precipitation, reconcentration RB -

Far-field Precipitation, dissolution, recrystalfu.ation, RB 
reconcentration • 

Speciation RB .. 
Solubility effects (pH and Eh, ionic RB • 
strength, ... 

complexing agents, colloids) RB 
Sorption effects (pH and Eh, ionic strength, • 

complexing agents, colloids) RB ... 
Colloids: formation and effects (including 

inorganic and organic colloid transport) • 
Changes in groundwater flow direction RB • 
Groundwater flow; effects of solution RB 

channels (preferential pathways) • 
• 

• .. 
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Table 4-7. FEPs screened as RB (Continued). 

•k·iM 
Level 1 Screening 

Category FEP Classification 
J#IH 

Far-field Nuclear criticality RB 
\J,:;&:d; 

(Cont.) Subsidence RB 
ft«,(< Dewatering RB 

11tl;t<W Effects at saline-freshwater interface RB 
Salinity effects on flow RB 

•l¥·1J'q\ Saline groundwater intrusion RB 
lilii'oi Fresh groundwater intrusion RB 

Groundwater composition changes (pH, Eh, RB 
•'I!~·~ chemical composition) 
liil'.~W Changes in sorptive surfaces RB 

Wilt~ Biosphere Precipitation, temperature and soil water RB 
l\!ljj!l' balance 

Boreholes - unsealed RB 
J4·11'_,, 

j!j,>lj'f Geology/ Precipitation, temperature and soil water RB 
Climate balance 

fPH 

Changes Anthropogenic climate change drought RB 
;.,., (greenhouse effect) 

Greenhouse-induced effects (e.g., sea level RB 
change, precipitation, temperature) 

i-r-n 

Human Exploratory boreholes (water, potash) RB 
f!\l,Jli't 

Influences Potash mining RB 
.lih*1'1 Groundwater extraction (e.g., for ranching RB 
ft-<11< or fish farming) 

Borehole-induced solution and subsidence RB 
1~ .. 

Resource exploitation (intersection of zone RB 
•!111#1'1 of contamination) 

1ihl'11 

~Jl1H• 

''*" 

'"'"'a 

l~-''* 

~"<! $ 

·~iilf 
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Level 1 
Category 

Human 
Influences 
(Cont.) 

Table 4-7. FEPs screened as RB (Continued). 

FEP 

Irrigation 
Hydrologic stresses: damming of streams 

and rivers 
Drilling/fluid injection: enhanced oil/gas 

production: nonintrusive 
Undetected boreholes (existing): 

nonintrusive 

Screening 
Classification 

RB 
RB 

RB 

RB 
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4.3.2.4 FEPs related to design changes 

Two groups of FEPs have been identified that are related to modifications in the design 
of the disposal system. These FEPs are irrelevant to the performance assessment of a specific 
design and can be. screened out. 

RD FEPs classified as RD are events that represent significant deviations from the WIPP 
· design specifications. Quality control procedures will ensure that the repository is 
constructed, operated, and de.commissioned as described in the compliance documentation 
and within appropriate design tolerances. 

RE The classification RE is used for design modifications that may be made in the future. 
Engineering alternatives for the waste form, backfill composition, and seal design are . 
examples of such design changes that would require a new or modified performance . 
assessment. 

4.3.2.5 Potentially relevant FEPs screened out based on regulation, consequence, or probability 

FEPs classified as RB and RC are those for which defensible screening arguments cannot 
currently be presented. A structured approach to screening established those FEPs that could 
be defensibly excluded. The criteria used are described in Section 4.3.1. Each FEP was 
assessed against each criterion in the order presented below. Although many FEPs were 
excluded on the basis of more than one criterion, the first applicable screening criterion was used 
for classification. 

SO-R FEPs that could be screened out on the basis of regulatory guidance concerning the 
treatment of future human actions were classified as SO-R. Defensible screening 
arguments for these FEPs have been developed. 

SO-C FEPs that may occur, but that could be screened out on the basis of insignificant 
consequence for all scenarios were classified as SO-C. Defensible screening arguments 
for these FEPs have been developed. 

SO-P FEPs that are extremely unlikely to occur and could be screened out on the basis of low 
probability were classified as SO-P. Defensible screening arguments for these FEPs have 
been developed. In most cases, it is not possible to estimate a probability; in the absence 
of quantitative estimates, a strong qualitative argument is provided. 
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4.3.2.6 FEPs Screened out on the basis of relevancy 

NR Where evaluation of disposal system perfonnance clearly does not rely on consideration 
of a particular FEP, the FEP was screened out, often without further discussion. The 
classification NR (not relevant) indicates that the FEP is not relevant to the WIPP site 
and the disposal concept outlined in the 1992 WIPP PA. FEPs with this classification 
may relate to lil.,W, long-lived waste canisters, alternative host-rock geologies, and 
future human actions. Should substantial revisions to the disposal concept be made, or 
long-term performance criteria change, FEPs classified as NR may need to be 
reconsidered. 

DU There were a small number of FEPs on the Swedish list whose titles were 
incomprehensible in that it was not clear how the FEPs could be relevant to an 
assessment of a radioactive waste repository. These FEPs were classified as DU, and 
eliminated from consideration without further discussion. 

MD FEPs that related directly to modeling decisions, and were irrelevant to scenario 
development were classified as MD. These were eliminated from consideration without 
further discussion. 

4.4 Overview of Results of FEP Screening 

FEP screening in this paper is directly related to the currently proposed engineered 
barrier system, i.e., the system used as a basis for the 1992 WIPP PA. One purpose of the 
SPM is to consider the possible needs for enhanced engineering of the near-field environment. 
The assumptions on which the SPM was based are outlined below: 

The remotely handled (RH)- and contact handled (CH)-waste canisters are not assumed 
to provide any physical containment. RH- and CH-waste canisters are, however, 
assumed to provide a significant source material for gas generation. 

Multi-material seals will be used, relying primarily on concrete for short-term sealing 
( < 100 years after decommissioning) and crushed salt for long-term sealing ( > 100 
years). Seal degradation was considered in previous WIPP PAs by varying the 
permeability of seals in the modeling of brine flow, but it is not clear if the range of 
permeabilities used reflects all possible alternative seal designs. 

U~der undisturbed conditions, the Salado Formation is assumed to be the principal 
barrier to prevent or mitigate contaminant transport from the repository to the accessible 
environment. The only engineered systems assumed to act as barriers to flow and 
transport are the shaft and panel seals. 
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Modifications to the engineered barriers may be necessary if analyses indicated that 
significant release of contaminants to either the disposal-unit boundary (40 CFR §268.6) or the 
accessible environment (40 CFR Part 191) could occur under the existing engineered design. 
Modifications might also be made to provide additional assurance of safety. 

4.4.1 Undisturbed Conditions for 40 CFR Parts 191 and 268 

The potential for releases outside the Salado is of particular concern in the evaluation of 
long-term system performance for both 40 CFR Part 191 and 40 CFR §268.6. In the 1992 
WIPP PA, no FEPs other than future human actions were identified that could result in liquid
phase releases of contaminants. Furthermore, no naturally occurring far-field or external 
geologic/climatic FEPs were identified that could enhance or create transport pathways from the 
Salado in the next 10,000 years. 

. Gas-phase releases may be possible under undisturbed conditions, but transport modeling 
for gaseous contaminants (VOCs) .was not undertaken for the 1992 WIPP PA. Preliminary VOC 
transport modeling is underway for future evaluations of compliance with 40 CFR §268.6. 

For undisturbed. conditions, future work, if required, should focus on building confidence 
in the containment capacity of the Salado. Work is underway to improve understanding of gas 
generation rates, pressure-induced fracturing, repository and shaft ·disturbed zones, and seal 
degradation. There are also a number of FEPs that have not been modeled in the undisturbed 
case, but for which screening documentation has not yet been developed (for example, nuclear 
criticality). Work is underway to understand the potential impact on system assessment 
modeling for many of these FEPs. 

The undisturbed base-case scenarios for 40 CFR Parts 191 and 268 are presented in 
Section 8. 

4.4.2 Future Human Actions for 40 CFR §191.13 

Future human actions could result in breaches of the Salado Formation, and this paper 
is in agreement with event and process screening work in previous WIPP PAs that suggests that 
this. is the only credible means for impairing the barrier function of the Salado Formation host 
rock. There are several FEPs of potential concern. The most important is deep drilling that 
intersects the waste panels. In addition, under undisturbed conditions, it is possible that some 
radionuclides could move gradually into the near-field and through interbeds in the Salado, 
effectively increasing the area that needs to be considered in evaluating deep drilling events. 

Deep boreholes could provide pathways directly to the surface, and to hydraulically 
conductive layers above (Rustler and Dewey Lake Formations) and below (Bell Canyon and 
deeper formations) the Salado. It is uncertain whether such boreholes would intersect 
pressurized zones in the Castile (brine reservoirs) or deeper units that may contain pressuri7.ed 
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brine or hydrocarbons, and whether the flow in boreholes interconnecting the formations above 
and below the Salado would be upward or downward. Fluid flowing upward could travel either 
directly to the surface, or to hydraulically conductive mnes in the Rustler and Dewey Lake 
Formations ana from there laterally to the accessible environment, or via pathways that short
circuit the barrier effect of these formations~ Fluid flowing downward could reach hydraulically 
conductive pathways in the Bell Canyon Fonnation, and, from there, couid travel laterally to 
the accessible environment. 

Other future human actions of concern arc activities that could affect the hydrogeology 
of the non-Salado Formations. Such effects include: · 

Extraction of fluid from near-surface water-bearing mnes (such as the Culebra 
Dolomite). 

Fracturing of the upper portion of the Salado and .overlying formations resulting from 
potash mining. 

Leakage from fluid injection wells into hydra.Ulically conductive mnes. 

Surface activities that could affect recharge conditions. 

None of these activities were modeled in the 1992 WIPP PA. The scenarios modeled 
in the 1992 WIPP PA and included in the current iteration of the SPM are described in Section 
8. 

4.4.3 Far-field Modeling for 40 CFR § 191.13 

There are several FEPs that were not included in far-field flow and transport modeling 
in the 1992 WIPP PA, for evaluation of compliance with 40 CFR §191.13, but for which 
screening documentation has not yet been developed. Examples include colloid-facilitated 
transport, and the effects of salinity and other geochemical processes on radionuclide transport. 
The need for further work on these topics should be evaluated as part of the SPM effort. For 
example, if a compliance case can be made without accounting for the potential barrier effect 
of near-field aquifers, then further consideration of these processes would not be needed. 
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5. FAR-FIELD FEPs 

5. 1 Introduction 

The WIPP disposal system will rely on the salt deposits of the Salado Formation to 
prevent significant migration of contaminants. These deposits are relatively thick at the WIPP 
site, are of low permeability, and are ductile (i.e., any fractures will tend to self heal with time). 
This section includes a discussion of natural events and processes that could potentially affect 
the repository and the near-field, and thus result in releases of contaminants in excess of 
regulatory limits at the disposal-unit boundary (40 CFR §268.6) or to the accessible environment 
(40 CFR Part 191). If contaminants are released from the Salado, either through natural events 
and processes, through repository- or waste-induced processes, or as a result of future human 
actions, their further transport will depend on the properties of the overlying and underlying 
formations, and the processes that govern retardation or accelerate transport. 

This section also discusses far-field FEPs concerned with radionuclide chemistry, 
radionuclide transport processes, gas effects and transport, and microbiological/biological 
activity. Most of the processes relevant to transport of radionuclides as dissolved species are 
classified as BC, BCD, or RB, and modeling capability for these processes was developed within 
the WIPP project. Which processes will be accounted for in future performance assessments 
will depend on the results of ongoing laboratory and field experiments and modeling studies. 
We highlight several FEPs that were not modeled in past performance assessments, but that may 
warrant greater attention when modeling scenarios that lead to releases from the Salado. 
Screening arguments are presented for FEPs that could change the present characteristics of the 
system, and that might require changes in the boundary conditions or the parameter values for 
transport process modeling. 

Scenario development for the 1991 WIPP PA focused on potentially disruptive events and 
processes. The far-field events and processes that were evaluated are presented in Table 3-1. 
The list of events and processes evaluated in the 1991 WIPP PA (WIPP PA Department, 1991) 
was modified here to include additional FEPs and highlight the subsystems in which they 
originate. Note that some FEPs may affect other subsystems, and that the subsystem 
classification used here is not unique. As noted above, the discussion in this section describes 
both potentially disruptive FEPs and nondisruptive FEPs operative within the far-field that may 
affect contaminant transport. 

Section 5 is organized into the following topical subheadings, derived from the FEPs 
discussed in Section 4 and the FEP list in Appendix A. 

Sconario Dcvelopmelll S-1 March 17, 199S 



2 

3 

" s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

2S 

26 

27 

28 

29 

30 

31 

32 

33 

34 

JS 

36 

37 

38 

39 

40 

41 

42 

43 

Extraterrestrial effects 
Meteorite impact 

Geological effects 
Regional tectonics 
Volcanic activity 
Magmatic activity 
Fault movement 
Fracture development 
Seismic activity 
Salt deformation 
Deep dissolution 
Mineralogical changes 

Cfunatic effects 
Climate change - natural 
Climate change - anthropogenic 
Glaciation 

Geomorphological effects 
Erosion/ sedimentation 

Surface and near-surface hydrological effects 
Flooding 
Soil development and shallow dissolution 
Infiltration/recharge changes 

Ecological effects 
Vegetational changes 

Coastal effects 
Marine and estuarine processes 

Far-field flow and transport 
Groundwater flow 
Groundwater geochemistry and radionuclide transport 
Thermal effects 
Gas effects 
Microbiological effects 

Biosphere effects 
Biosphere geochemistry and radionuclide transport 
Surface sediment transport 
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Biological activity 
Plant and animal uptake 
Radiological exposure pathways 

Although it can be classified as a human action, anthropogenic climate change was 
included in the above list so that it can be discussed alongside natural climate change. Similarly, 
seismic activity arising from human activities is. discussed alongside natural seismic activity. 

Table 5-1 shows the far-field FEPs considered in Section 5 and their screening 
c~sifications. The subsection headings in the table indicate where the FEP screening decisions 
are discussed in Section 5. FEP subcategory numbers correspond to those in Table 4-2 and 
Appendices A and B. Coastal effects and biosphere FEPs (PEP List Category 7, Appendix A) 
have been omitted because they were all classified as NR. A full list of these FEPs is presented 
in Appendix B. 

The screening of the FEPs in Table 5-1 is discussed in the following sections. The 
methodology and categories described in Section 4 were used to screen the far-field FEPs. 
Several were screened out on the basis of a low probability of occurrence at the WIPP site. In 
general, these are events for which there is no geological evidence within the Delaware Basin 
for at least 0.5 million years. Quantitative probabilities for such events, based on numbers of 
occurrences, cannot be ascribed without considering regions much larger than the Delaware 
Basin, thus neglecting established geological understanding of the processes and events that occur 
within particular geological provinces. There are also examples, notably deep dissolution, where 
the particular geological setting of the WIPP site (in contrast to other parts of the Delaware 
Basin) is used to establish a low probability screening argument. 

The overall geological setting of the Delaware Basin also forms the basis for classifying 
a number of events and processes as low consequence; the history and setting of the region are 
such that processes are likely to continue throughout the next 10,000 years at rates similar to 
those deduced for the past 0.5 million years. Processes that have had little effect on the 
characteristics of the region in the past are expected to be of low consequence in the future. 

5.2 Extraterrestrial Effects 

5.2. 1 Meteorite Impact 

Screening Decision: Meteorite impact can be eliminated from consideration in performance 
assessments on the basis of low probability. 

Disc~ion: Meteorites frequently collide with the Earth, but the majority of these are too small 
to reach the ground before burning up. Of those that reach the ground, most produce only 
small-impact craters that would have no effect on the long-term integrity of a repository 650 m 
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Table 5-1. Far-field FEPs, their screening classifications, FEP subcategory numbers, and 
corresponding subsection headings. 

Subsection 
Heading. 

S.2.1 Meteorite impact 

s .3.1 Regional tectonics 

S.3.2 Volcanic activity 

S .3 .3 Magmatic activity 

S.3.4 Fault movement 

S .3 .S Fracture 
development 

5.3.6 Seismic activity 

5.3. 7 Salt defonnation 

5.3.8 Deep dissolution 

S.3.9 Mineralogical 
changes 

S.4.1 Climate change 

Scenario Develop-.. 

PEPI 

Meteorite impact 

Regional uplift and aubaildence 
(e.g. orogenic, iloatalic) 

Metamorphic ac:tivity 

Volcanism 

Magmatic activity 

Movements at faults 
Fault activation 
Fonnation of new faults 

Faulting/fracturing: change of 
propcrtioa - natural 

Fonnation of interconnected 
fncturc •}'lteml 

Earthquakoa 
Natural aeiamicity 
Extcmally-induced acismicity 
Difforcntial olutic response 
Non-elaatic rcsponae 

Salt defonnation/diapiriam 

Fonnation of dissolution cavities 

Diagcncais 
Fracture minerali7.ation 
Dissolution of fncturo fillings, 

precipitation 
Natural rock property changes 

(porosity' permeability' 
fractures, pore blocking) 

Salinity: implications of 
evaporite dcpoaita/minerala 

Changes in sorptive surfaces 

Climate change 

PEP Subcategory 
Screening Number 

Cluaification 

SO-P 8.11 

SO-P i.1 

SO-P 8.3 

SO-P 8.3 

SO-C 8.3 

SO-P 8.2 
SO-P 6.3 
SO-P 8.2 

SO-P 8.2 

BCD 8.2 

SO-C 8.1 
SO-C 8.1 
SO-C 6.3,8.1 
SO-C 6.3 
RC 6.3 

SO-P 8.2 

SO-P 8.11 

RC 8.11 
SO-C 6.7 
SO-C 6.7 

SO-C 6.2 

RC 6.7 

RB 6.8 

BCD 8.10 
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·!'?~" Table 5-1. Far-field FEPs, their screening classifications, FEP subcategory numbers, and 
corresponding subsection headings (Continued). 

FEP Subcategory 
SublCdion Screening Number 

Heading PEPI Clulification 

S.4.1 Climalc chanp Anthropop:njc climate chanp RB 8.11 
(Cont.) drought (grccnbouac effect) 

Grecnho~induced effccta (e.g., RB 8.11 
1e& level change, precipitation, 
temp.) 

Grecnho~induccd atonn surges RC 8.11 
Ozone layer (failure) SO-C 8.10,7.12 
Acid rain SO-C 8.10,7.4,9.7 

~!II·~ ~ 5.4.2 Glaciation Glaciation SO-P 8.9 
Erosion: glacial SO-P 8.4 
Extreme erosion and denudation: SO-P 8.4 

glacial-induced (e.g., couta1/ 
atrcam erosion) 

Glacial/interglacial cycling effects SO-P 8.9 
(including sea level changes) 

Penna frost SO-P 8.9 
l.o!;;e Accumulation of guca under SO-P 8.9 

permafrost 
Snow melt SO-P 8.6 

S.S.1 Erosion/ Erosion - wind SO-C 7.3 
Sedimentation Stream erosion SO-C 8.4 

IW ij ~. Mus wuting SO-C 8.4 
Soli1luction SO-C 8.4 
Sedimentation SO-C 8.4 

,,,~, 
Landslide SO-C 8.4 
Major incision SO-P 8.2 

h!:;;i·e Changes in topography SO-C 8.4 
Lake infilling SO-C 7.3 

~o!-l!l"i Surface flow characteristics: SO-C 7.4 
sediment transport 

·~ij.• Surface flow characteristics: SO-C 7.4 
meander migration or other 
fluvial response 

l:n>f') 
Surface flow characteristics: 

lake formation/sedimentation 
SO-C 7.4 

l~lJ.·t 
Surface water bodies: water flow SO-C 7.4 
Surface water bodies: suspended SO-C 7.4 

l1L..u acdimc:ntl 
Surface water bodies: bottom SO-C 7.4 

fif>I» sediments 
Surface water bodies: effccta on SO-C 7.4 

t1t;11d vegetation 
Surface water bodies: effects of SO-C 7.4 

J~Ci'A fluvial system development 

lbi:M" 
Surface water mixing SO-C 7.4 
Freshwater sediment transport and SO-C 8.4 

,_Jl1 deposition 
Rivcrcounc meander SO-C 7.4,8.6 .... 
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Table 5-1. Far-field FEPs, their screening classifications~ FEP subcategory numbers, and 
corresponding subsection headings (Continued). 

SublOCtioQ • 
· HOiding 

S.6.1 Flooding 

S.6.2 Shallow diuolution 
and IOil deveJopmcat 

S.6.3 Changes in infiltra
tion and n:chargc 

S. 7 .1 Vegctational 
change 

· 5.9.1 Groundwater flow 

Flooding 

Soil and surface water cbcmiacry 
(pH, Eh) 

Fluid interac:tiona: diuolution, 
precipitation 

Watbering, mincnlization 
Altered 10il or surface water 

cbemiatry (pH, Eh) 
Weathering 
Alkali flats 
Capillary rise in IOil 
Soil properties (type, depth, poro-

water pH, moisture, 10rption) 
Soil leaching 
Ionic exchange in 10il 
Pedogcaeaia 

Variation in groundwater rcchargc 
Precipitation, temperature and IOil 

waler balance 
Surface hydrological change 
Near-surface runoff proceuca: 

overland flow, intertlow, rmim 
flow, macroporc flow 

Near-surface runoff proceaaea: 
variable 10urcc area response 

Surface Oow chanctcriatica: 
atream/river Oow 

River Oow and lake level changes 
Groundwater discharge (to surface 

water) 
Groundwater diachargc (springs) 

Land uac changes 
Terrcatrial ecological development: 

natural and agricultural syatcma 
Tem:atrial ecological development: 

cffccta of succcasion 

Rock properties (porosity, pcnno-
ability, diacharge zones, 
&acturca) 

Dewatcring 

PEP Subcatqory 
Senleaing Number 

Cluaification 

SO-C 8.6 

SO-C 7.8 

SO-C 7.8 

SO-C 7.8,6.7 
SO-C 7.8 

SO-C 8.4 
RC 8.6,7.3 
RC 7.3 
RC 7.3 

RC 7.3 
RC 7.3 
RC 7.3 

BCD 8.S 
RB 8.6 

SO-C 8.6 
SO-C 7.4 

SO-C 7.4 

SO-C 7.4 

SO-C 8.6 
SO-P 7.4 

SO-P 7.4 

SO-C 7.1 
SO-C 7.2 

SO-C 7.2 

BC 6.1 

RB 6.2 
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Table 5-1. Far-field FEPs, their screening classifications, FEP subcategory numbers, and 
corresponding subsection headings (Continued) . 

Sublcction 
Headin1 

S.9.1 Groundwater flow 
(cont.) 

S.9.2 Groundwater geo
chemistry and radio
nuclide transport 

Scenario Devclop-m 

Salinity effects on ftow 
Slblratcd groundwater flow 
Groundwater rcchargc 
Saline groundwalu intluaion 
Frah groundwater intluaion 
Groundwater conditions (aaturatcd/ 
unuturatcd) 

Cbanps in geometry of the Oow 
•)'lt.Clll 

Cbanps in driving forcct of the 
flow •yatcm 

Changes in groundwater Oow 
direction 

Groundwater Oow: fracture 
Groundwater Oow: effec:ta of 

aolution channclt (preferential 
pathway•) 

Groundwater compo1ition chanps 
(pH, Eb, c:hemical compo1ition) 

Far field hydrochemistry - acids, 
oxidants, nitralcl 

Effcc:ta at talinc-frcshwatcr 
interface 

Chemical gradicntl (clcctro
chcmical effec:ta and 01mo1is) 

Non-radioactive aolute plume in 
geoaphcre (effect on rcdox, effect 
on pH, aorption) 

Colloids: formation and effec:ta 
(including inorganic and organic 
colloid transport) 

Complcxation by organics (in
cluding humic and fulvic acids) 

Precipitation, disaolution, 
rccryltalliution, rcconccntration 

Sorption (linear, non-linear, 
irrevcniblc) 

Speciation 
Solubility cffec:ta (pH and Eh, 

ionic ttrcngth, complexing 
agents, colloids) 

Sorption effec:ta (pH and Eb, ionic 
ttrcngth, complexing agents, 
colloids) 

Dilution (mau, isotopic, species) 
Groundwater flow advection/ 

dilpenion (wuratcd conditions) 
Diffusion (bulk, matrix, 1urfacc) 
Unsaturated transport 

5-7 

Scm.cning 
Cluaific:ation 

RB 
BCD 
BCD 
RB 
RB 
BCD 

SO-P 

BCD 

RB 

BCD 
RB 

RB 

RC 

RB 

RC 

RC 

RB 

RC 

RB 

BCD 

RB 
RB 

RB 

BCD 
BCD 

BCD 
SO-C 

FEP Subcategory 
Number 

6.2 
6.2 
6.2 
6.2 
6.2 
6.2 

6.2 

6.2 

6.2 

6.9 
6.9 

6.7 

6.7 

6.7 

6.7 

6.7 

6.9 

6.8 

6.8 

6.8 

6.8 
6.8 

6.8 

6.8 
6.9 

6.9 
6.9 
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Table 5-1. Far-field FEPs, their screening classifications, FEP subcategory numbers, and 
cmresponding subsection headings (Continued). 

SublCC:Cioa 
Heading 

S.9.3 Gu eff'cctl 

S.9.4 Microbiological 
cffccta 

5.9.S Thermal effccta 

FEP 

Gu-induced groundwat.cr' transport 
Gu tramport into and tluoup the 

far.field (gu pbue and in 
IOlution) 

Muhiphuc 6ow and gu-drivca 
flow 

Effects of natural guea 
Transport of active guea 
Gu-mcdWed tramport 

Microbial activity 
Biogcochcmical changes 
Transport of radionuclidca bound 

to microbca 

Geothermal gradient effects 
Variations in groundwater 

temperature 
Thermal effects: ftuid praaurc, 

density, viscosity changes 
Thermal effects: ftuid migration 
Thermal diffcrcntial elutic 

rcaponac 
1bcrmal no~lutic response 
Sora effect 

PEP Subcatcaory 
Scncnin1 Number 

Clauification 

SO-C 6.2 
SO-C 6.5 

SO-C 6.5 

RC 6.5 
RC 6.S 
SO-C 6.9 

RC 6.6 
RC 6.6 
RC 6.6 

SO-C 6.4,6.2 
SO-C 6.2 

SO-C 6.2 

SO-C 6.2 
SO-C 6.4 

SO-C 6.4 
SO-C 6.9 
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below ground surface. While the depth of a crater may be only one-eighth of its diameter, the 
depth of the disrupted and brecciated material is typically one-third of the overall crater diameter 
(Grieve, 1987 ,. p. 248). Direct disruption of waste at the WIPP would only occur with a crater 
larger than 1.8 km in diameter. Even if waste were not directly disrupted, a large meteorite 
could create a zone of fractured rocks beneath and around the crater. The extent of such a zone 
would be dependent on the rock type. For sedimentary rocks, the zone may extend to a depth 
of half the crater diameter or more (Dence et al., 1977, p. 263). The impact of a meteorite 
causing a crater larger than 1 km in diameter could thus fracture the Salado Formation above 
the repository. 

Geological evidence for meteorite impacts is uncommon because many meteorites fall iilto 
the oceans, and erosion and sedimentation serve to obscure craters that form on land. Dietz 
(1961) estimated that meteorites that cause craters larger than 1 km in diameter strike the Earth 
at the rate of about one every 10,000 years (equivalent to about 2 x 10-13 impactsfkm2/yr) .. 
Using. observations from the Canadian Shield, Hartmann (1965) estimated a frequency of 
between 0.8 x 10·13 and 17 x 10·13fkm2/yr for impacts causing craters larger than 1 km. 
Frequencies estimated for larger.impacts in studies reported by Grieve (1987, p. 263) can be 
extrapolated to give a rate of about 1.3 x 10-121km2/yr for craters larger than 1 km. It is 
eommonly assumed that meteorite impacts.are randomly distributed across the Earth's surface, 
although Halliday (1964) calculated that the rate of impact in polar regions would be some 50-
60 % of that in equatorial regions. The frequencies reported by Grieve would correspond, on 
the basis of a random distribution, to an overall rate of about one per 1,000 years. 

Assuming the higher rate of 17 x 10.;13 impacts/km2/yr for impacts leading to fracturing 
of sufficient extent to affect a deep repository, and assuming a repository footprint of 1.4 x 1.6 
km for WIPP, yields a frequency of about 4 x io-12 1mpactslkm2/yr for a direct hit above the 
repository. If meteorite impacts are distributed at random throughout time and space, this 
frequency corresponds to a probability of fewer than 4 x 10·8 for an impact over the next 10,000 
years. This probability is several orders of magnitude below the screening limit of 10-8 per year 
(104 over 10,000 years) provided in 40 CFR Part 191. 

Meteorite hits directly above the repository footprint are not the only impacts of concern, 
however, because large craters may disrupt the waste panels even if the center of the crater is 
outside the repository area. It is possible to calculate the frequency of meteorite impacts that 
could disrupt a deep repository such as the WIPP by using the conservative model of a cylinder 
of rock fractured to a depth equal to one-half the crater diameter shown in Figure 5-1. The area 
within which a meteorite could impact the repository is calculated first, as follows: 

D D SD = (L + 2x-) x (W + 2x-)(1) 
2 2 

S-9 March 17. 1995 

= 
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Figure 5-1. The critical region for meteorite impacts that could result in fracturing of the 
. repository horizon. 
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where 

= 

length of the repository footprint (km) 
width of the repository footprint (km) 
diameter of the impact crater (km) 
area of the region where the crater 
would disrupt the repository (km2). 

There is insufficient data on meteorites that have struck the Earth to derive a distribution 
function for the size of craters directly. Using the Moon as an analogy, however, Grieve ( 1987, 
p. · 257) derived the following distribution function: 

where 

F oc D -1.1 (2) 
D 

frequency of impacts resulting in 
craters larger than D (impacts/km2/yr). 

If f(D) denotes the frequency of impacts giving craters of diameter D, then the frequency 
of impacts giving craters larger than D is: 

and 

where 

f(D) -

-
FD = f f(D')dD (3) 

D 

frequency of impacts resulting in 
craters larger than 1 km (impacts/km2/yr) 
frequency of impacts resulting in 
craters of diameter D (impacts/km2/yr). 

The overall frequency of meteorite impacts that could disrupt or fracture the repository 
is thus given by: 

-
N = f f(D)xSD dD (5) 

211 
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where 
h = depth to repository (km) 
N = frequency of impacts leading to 

disruption of the repository (impacts/yr) 

and 

If it is assumed that the repository is located at a depth of 650 m and that meteorites 
creating craters larger than 1 km in diameter (F1) hit the earth at a frequency of 17 x io- 13 

impacts/km2/yr, then Equation 6 gives a frequency of approximately 1.3 x 10-11 impacts/yr for 
impacts disrupting the repository. If impacts are randomly distributed over time, this 
corresponds to a probability of 1.3 x io-7 over 10,000 years. 

Similar calculations have been used to derive rates of impact of between io-12 and 10-13 

per year for meteorites large enough to disrupt a deep repository (Hartmann, 1979; 
Kambranslesakerhet, 1978; Logan and Berbano, 1978; Claiborne and Gera, 1974; Cranwell et 
al., 1990; Thome, 1992). Meteorite impact can thus be eliminated on the basis of low 
probability. 

Assuming a random or nearly random distribution of meteorite impacts, cratering at any 
location is inevitable given sufficient time. Although repository depth and host-rock lithology 
may reduce the consequences of a meteorite impact, there are no siting decisions or engineered 
systems that can reduce the probability of impact. Any disruption of a disposal system will 
increase the risk only incrementally if considered alongside the potential consequences of a major 
meteorite impact; hence, the probability of impact need. not be considered in an assessment. 

5.3 Geological Effects 

5.3.1 Regional Tectonics 

Screening Decision: The effects of regional tectonics are considered to be of low consequence 
to the performance of the WIPP disposal system. The Delaware Basin is in a tectonically stable 

. region where only slow rates of uplift are expected. Regional-scale uplift on the order of 1 m 
over the next 10,000 years will neither disrupt tl_le repository nor significantly change 
groundwater flow and transport pathways. 

Discussion: Regional tectonics encompasses two related issues of concern: the level of regional 
stress, and whether any significant changes in the stress field might occur over the regulatory 
period. The overall distribution of stress in the coterminous US is in accord with a global 
tectonic model with a single North American lithospheric plate (Richardson and Reding, 1991; 

Seeoario Deveiopmeal 5-12 Mardi 17' 1995 

... 

... 

• 
• 
• 

• 
• 
• 
• 

• 

• 
.... 

• 

.. 

.... 

• 
..,, 

.. 



li\"'f-{ 

~ O;f it-~ 

,~~ ... 

j/t·)l~ 

~~·"' 

~i}.j.,t; 

if<fM. 

Mi:;.'# 

••• 
..... 

~·'ll 

... 

. .,. 

. .,, 

•!ti!!"' 

··~ 
,.if" 

ffllf,, 

2 

3 

4 

s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

lS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

2S 

26 

27 

28 

29 

30 

31 

32 

33 

34 

3S 

36 

37 

38 

39 

40 

41 

42 

43 

Zoback and Zoback, 1991). The Delaware Basin lies within the Southern Great Plains stress 
province, as shown in Figure 5-2. This province is a transition zone between the extensional 
stress regime to the west and the region of compressive stress to the east.· The available data 
indicate that the level of stress in the Southern Great Plains stress province is low (Zoback and 
Zoback, 1991, p. 350). Changes to the tectonic setting, such as the development of subduction 
zones and a consequent change in the driving forces, would take much longer than 10,000 years 
to occur. 

To the west of the Southern Great Plains province is the Basin and Range, or Cordilleran 
Extension, province, where normal faulting is the characteristic style of deformation (Zoback 
and Zoback, 1991, p. 353). The eastern boundary of the Basin and Range is marked by the Rio 
Grande Rift (RGR) which, as a geological structure, extends beyond the relatively narrow 
geomorphological feature seen at the surface, with a magnetic anomaly at least 500 km wide 
(Sanford et al., 1991, p. 230). On this basis, the RGR can be regarded as a system of axial 
grabens along a major north-south trending structural uplift (a continuation of the Southern 
Rocky Mountains). The magnetic anomaly extends beneath the Southern Great Plains stress 
province, and regional-scale uplift of about 1000 m over the past 10 m.y. also extends into 
eastern New Mexico. 

To the east of the Southern Great Plains province is the large Mid-Plate province that 
encompasses central and eastern regions of the conterminous United States and the Atlantic basin 
west of the Mid-Atlantic Ridge. The Mid-Plate province is characterized by low levels of paleo
and historic seismicity. Where Quaternary faulting has occurred, it is generally strike-slip and 
appears to be associated with the reactivation of older structural elements (Zoback and Zoback, 
1981). 

Despite the large number of boreholes drilled in the Delaware Basin, there are no 
reported stress measurements (Zoback et al., 1991). The stress field in the Southern Great 
Plains stress province has been defined from borehole measurements in west Texas and from 
volcanic lineaments in northern New Mexico. These measurements indicate that the least 
principal horizontal stress (Shmin) is oriented NNE-SSW, and that most of the province is 
characterized by an extensional regime (Zoback and Zoback, 1991, p. 353). 

There is an abrupt change between the orientation of the least horizontal stress in the 
Southern Great Plains and the west-northwest orientation of Shmin characteristic of the Rio 
Grande Rift. Despite the geological indications for a transition mentioned above, there is also 
evidence for a sharp boundary between these two provinces (Zoback and Zoback, 1980, p. 
6134). This is reinforced by the change in crustal thickness from about 40 km beneath the 
Colorado Plateau to about 50 km or more beneath the Southern Great Plains east of the Rio 
Grande Rift (Thompson and Zoback, 1979, p. 153). The base of the crust within the· Rio 
Grande Rift is poorly defined, but appears to be at a depth of about 35 km (Thompson and 
Zoback, 1979, p. 158). There is also markedly lower heat flow in the Southern Great Plains 
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(typically < 60 mwm-2) (Blackwell et al., 1991, p. 428) compared with that in the RGR 
(typically > 80 mwm-2) (Reiter et al., 1991, p. 463). 

On the eastern boundary of the Southern Great Plains province there is only a small 
rotation in the direction of Shmin. There is, however, a change from an extensional, normal 
faulting regime to a compressive, strike-slip faulting regime in the Mid-Plate province. The 
available data indicate that this change is not abrupt and that the Southern Great Plains province 
can be viewed as a marginal part of the Mid-Plate province (Zoback and Zoback, 1980, p. 
6134). 

The distribution of stress orientation across the conterminous United States has been used 
to test a series of plate tectonic models (Richardson and Reding, 1991). The different models 
used different assumptions about the forces acting on the North American plate, especially the . 
role of basal drag generated by the absolute motion of the lithospheric plate across the mantle .. 
The stUdy concluded that distributed ridge push is the dominant cause of the stress pattern in the 
North American plate, that only small stresses are transmitted across the Pacific and Caribbean 
plate boundaries, and that only limited basal shear traction is required to generate the observed 
stresses. If these conclusions are correct, then the tectonic stresses across the plate, averaged 
over the thickness of the lithosphere, range from 20-40 MPa. 

It should be emphasized that the plate models outlined above do not simulate all the 
features of the observed stress pattern. In particular, the extensional regime of the Southern 
Great Plains province, with a stress orientation distinct from that in the Basin and Range 
province, is not reproduced. The Southern Great Plains, however, is small in comparison to the 
other provinces, and the necessarily coarse nature of the continental-scale finite element grid 
may preclude the accurate representation of transition zones. The overall conclusions of the 
modeling study (that the stress pattern is in accord with current understanding of tectonic plate 
motions and that tectonic stresses are low) remain valid despite these shortcomings. 

There is no geological evidence for Quaternary regional tectonic activity in the Delaware 
Basin. The eastward tilting of the region has been dated as mid-Miocene to Pliocene (King, 
1948, pp. 120-121), (associated with the uplift of the Guadalupe Mountains to the west). Fault 
zones along the eastern margin of the basin, where it flanks the Central Basin Platform, were 
active during the Permian (with displacement of the Rustler Formation) (Holt and Powers, 1988, 
p. 4-14) and thinning of the Dewey Lake Formation (Schiel, 1994). There is, however, no 
surface displacement along the trend of these fault zones, indicating that there has been no 
significant post-Permian movement. Other faults identified within the evaporite sequence of the 
Delaware Basin are inferred to be the result of salt deformation, rather than regional tectonic 
processes (Barrows, in Borns et al., 1983, p. 58-60). The nearest faults on which Quaternary 
movement has been identified lie to the west of the Guadalupe Mountains (Muehlberger et al., 
1978, p. 338), and are of minor regional significance. 
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In summary, there are no stress measurements from the Delaware Basin, and the location 
of this basin within a transitional province is not defined by regional scale modeling. 
Nevertheless, the lack of Quaternary tectonic activity and the inferred low level of regional 
stress indicate that regional tectonics will be of low consequence to the performance of the WlPP 
disposal system. Even if rates of uplift experienced over the past 10 m. y. continue, the extent 
of uplift over the next 10,000 years will be on the order of one meter. This amount of uplift 
would not lead to a breach of the Salado Formation because it would deform plastically. to 
accommodate this slow rate of movement. Uniform regional uplift or a small increase in 
regional dip consistent with this past rate could give rise to downcutting by rivers and streams 
in the region. The extent of this downcutting would be little more than the amount of uplift, and 
reducing the overburden by one or two meters would have no significant effect on· groundwater 
flow or contaminant transport in units above or below the Salado. 

Metamorphic activity, that is, changes to rock properties and geologic structures through. 
the effects of heat and/or pressure, requires depths of burial much greater than that of the 
repository. Regional .tectonics over the next 10,000 years that would result in the burial of the 
repository at the depths required for metamorphic activity have a very low probability of 
occurrence. 

5.3.2 Volcanic Activity 

Screening Decision: Volcanic activity is eliminated from WIPP performance assessments on 
the basis of low probability. 

Discussion: The Paleozoic and younger stratigraphic sequences within the Delaware Basin are 
devoid of locally-derived volcanic rocks (Powers et al., 1978a). Volcanic ashes (dated at 13 
m.y. and 0.05 m.y.) do occur in the Gatuiia Formation, but these are not locally derived. 
Within eastern New Mexico, and northern, central, and western Texas, the closest Tertiary 
volcanic rocks with notable areal extent or tectonic significance to the WIPP are approximately 
170 km to the south in the Davis Mountains volcanic area. The closest Quaternary volcanic 
rocks are 250 km to the northwest in the Sacramento Mountains. No volcanic rocks are exposed 
at the surface within the Delaware Basin. 

Volcanic activity is associated with particular tectonic settings: constructive and 
destructive plate margins, regions of intra-plate rifting, and isolated "hot-spots" in intra-plate 
regions. The tectonic setting of the WIPP site and the Delaware Basin is remote from plate 
margins, and the absence of past volcanic activity indicates the absence of a hot-spot in the 
region. Intra-plate rifting has taken place along the Rio Grande some 200 km west of the WIPP 
site during the Tertiary and Quaternary (Barker, 1977). Igneous activity along this rift valley 
is comprised of sheet lavas intruded by a host of small to large· plugs, sills, and other intrusive 
bodies. This tectonic setting allows volcanic activity in the region of the WIPP repository to be 
screened out on the basis of low probability within the regulatory period. 
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Screening Decision: The effects of magmatic activity are considered to be of low consequence 
to the performance of the WIPP disposal system. 

Disc~ion: Magmatic activity describes the subsurface intrusion of igneous rocks into country 
rock. Deep intrusive igneous rocks, such as granites, form at depth and have no surface or 
near-surface expression until after considerable erosion has taken place. Alternatively, intrusive 
roeks may form from magma that has risen near to the surface, or in the vents that give rise to 
volcanoes and lava flows. Magma rising near to the surface may be intruded along subvertical 
and subhorizontal discontinuities (forming dikes and sills, respectively), and magma in volcanic 
vents may solidify as plugs. The formation of such features close to a repository, or the 
existence of a recently intruded rock mass, could impose thermal stresses inducing new fractures 
or altering the hydraulic characteristics of existing fractures. 

The principal area of magmatic activity in New Mexico is the Rio Grande Rift~ where 
extensive intrusions have taken place during the Tertiary and Quaternary. The Rio Grande Rift 
is, however, a distinct tectonic province from the Delaware Basin (Section 5.3.1), and its 
magmatic activity is related to the extensional stress regime and high heat flow in that region. 

Within the Delaware Basin, there is a single identified outcrop of a larnprophyre dike 
about 70 km southwest of the WIPP site as shown in Figure 5-3. Nearer the site, similar rocks 
have been exposed within potash mines some 15 km to the northwest, and igneous rocks have 
been reported from petroleum exploration boreholes in the same region (Powers et al., 1978, 
p. 3-78). Material from the subsurface exposures have been dated at around 35 m.y. (Powers 
et al., 1978, p. 3-80). Some recrystalli:zation of the -host rocks took place alongside the 
intrusion, and there is evidence that minor fracture development and fluid migration also 
occurred along the margins of the intrusion. However, the fractures have been sealed, and there 
is no evidence that the dike acts as a conduit for fluid flow at present (Powers et al., 1978, p. 
3-80). 

Aeromagnetic surveys of the Delaware Basin have shown anomalies that lie on a linear 
SW-NE trend that coincides with the surface and subsurface exposures of magmatic rocks. 
There is a strong indication, therefore, of a dike or a closely related set of dikes ex-tending for 
at least 120 km across the region. The aeromagnetic survey conducted to delineate the dike 
(Powers et al., 1978a, p. 3-79) showed a magnetic anomaly that is several kilometers wide at 
depth, and narrows to a thin trace near the surface. This pattern is interpreted as the result of 
an extensive dike swarm at depths of 3500-4000 m, ·near the Pre-Cambrian basement, from 
which a limited number of dikes have extended towards the surface. If magmatic activity is 
continuing at depth, this could potentially lead to the extension of another dike or dike swarm 
towards the surface. Continuing magmatic activity would lead to a heat flow anomaly in the 
region, but measurements from the AEC-8 borehole (Mansure and Reiter, 1977) show a 
geothermal heat flux of around 44 mwm·2• This heat flux is typical of regional heat flows in 
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Figure 5-3. Evidence for the location of an igneous dike near the WIPP site. 
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the Southern Great Plains (Section 5.3.1), and significantly less than that in regions of active or 
recent magmatic activity, such as the Rio Grande Rift. 

. Magmatic activity has taken place in the· vicinity of the WIPP site in the past, but the 
· igneous rocks have cooled over a long period of time, and any enhanced fracturing or conduits 

for fluid flow have been sealed by salt creep and mineraliz.ation. The existence of a broad 
magnetic anomaly at depth suggests that the dike found near the surface is derived from a larger 
dike swarm at depth, but heat flow measurements indicate that this magmatic activity has. 
ceased. Continuing magmatic activity in the Rio Grande Rift is too remote from the WIPP to 
be of consequence over the next 10,000 years. 

5.3.4 Fault Movement 

Screening Decision: Naturally-induced fault movement of sufficient magnitude to significantly 
affect the performance of the WIPP is screened out on the basis of low probability. 

Discussion: Faults are present in the Delaware Basin in the units underlying the Salado 
Formation and in the Permian evaporite sequence. There is evidence that movement along faults 
within the pre-Permian units affected the thickness of early Permian strata (Powers et al., 1978a, 
p. 4-57), but these faults did not structurally influence the deposition of the Castile, Salado or 
Rustler Formations. Fault zones along the margins of the basin were active during the late 
Permian. Along the eastern margin, where the Delaware Basin flanks the Central Basin 
Platform, there is displacement of the Rustler Formation (Holt and Powers, 1988, p. 4-14) and 
thinning of the Dewey Lake Formation (Schiel, 1994). There is, however, no surface 
displacement along the trend of these fault zones, indicating that there has been no significant 
post-Permian movement. The nearest faults on which Quaternary movement has been identified 
lie to the west of the Guadalupe Mountains (Muehlberger et al., 1978, p. 338). 

The absence of Quaternary fault scarps, and the general tectonic setting and the 
understanding of its evolution (Section 5.3.1) indicate that large-scale, tectonically-induced fault 
movement within the Delaware Basin can be screened out on the basis of low probability. The 
stable tectonic setting also means that the generation of large, new faults within the basin over 
the next 10,000 years can be screened out on the basis of low probability. Such evidence does 
not eliminate small-scale movement, or repository- and human-activity-related movement. 
Subsidence occurring above dissolution features could lead to the formation of, and movement 
along, faults. However, significant dissolution in the region of the waste panels is screened out 
on the basis of low probability (Section 5.3.8), and, therefore, faults arising from dissolution 
can also be screened out. The potential for faults forming as a consequence of repository 
construction or other human activities is discussed in Sections 6 and 7. 
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5.3.5 Fracture Development 

Screening Dec~ion: Naturally-induced changes in fractures that may affect groundwater flow 
or radionuclide transport in the region of the WIPP can be screened out on the basis of .low 
probability. 

Disc~ion: Groundwater flow in fractures is a possible mechanism for radionuclides to reach 
the accessible environment. The rate of flow and the extent of transport will be influenced by · 
the characteristics of the fractures within the Salado (Marker Beds and anhydrite layers) and 
surrounding formations. The characteristics of concern include orientation, aperture,· asperity, 
fracture length and connectivity, and the nature of any linings or infills. These properties are 
taken into account within the base case. This FEP category is concerned with the possibility of 
new fracture sets forming or the properties of existing fractures changing over time. 

The regional tectonic setting of the Delaware Basin is assumed to be stable for the period 
of regulatory concern (Powers et al., 1978a). Changes in fracture characteristics resulting from 
a disruption of the regional stress field can thus b~ eliminated as a low-probability event. 
Incorporating fuller descriptions of the structural setting and a history of the region will provide 
support to this screening decision. Changes in fracture characteristics resulting from 
mineralogical and geochemical events and processes are discussed elsewhere in this section. 
Fracture development caused by local changes in stress associated with repository construction 
or mining activity is discussed in Sections 6 and 7. 

5.3.6 Seismic Activity 

Screening Decision: Seismic activity can be eliminated on the basis of low consequence. 

Disc~ion: This subsection discusses the effects of seismic activity away from the source 
region. These effects are ground shaking and changes in hydrogeology. Other sections discuss 
the direct effects of fault movement and human-induced seismic activities near the site. 

Causes of seismic activity: Seismic activity describes transient ground motion that may be 
generated by a variety of energy sources. There are two possible causes of seismic activity that 
could potentially affect the WIPP site: natural and human-induced. Natural seismic activity is 
caused by fault movement (earthquakes) when the buildup of strain on either side of a fault is 
released through sudden rupture or movement. Induced seismic activity may result from a 
variety of surface and subsurface activities, such as explosions, mining, fluid injection, and fluid 
withdrawal. Changes in fluid pressures cause seismic activity by altering the local stress field 
to the extent that movement takes place on existing planes of weakness, or new fractures are 
formed. In petroleum reservoirs, for example, fluid injection may be used to fracture the rock 
to increase permeability (hydrofracturing). 
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Explosions may be used to enhance petroleum recovery, excavate mines and other 
underground cavities, or test weapons. Screening arguments for these activities in the region 
of the WIPP are presented in Section 7. 7. Potash mining and fluid injection into hydrocarbon 
reservoirs currently take place outside the controlled area. The ·immediate effects of fluid 
injection and mining are discussed in Sections 7.4.2 and 7.5.1., respectively. The potential for 
these. operations to generate seismic activity at the site of the WIPP is addressed below. 

Ground shaking: Ground vibration and the consequent shaking of buildings and other 
structures are the most obvious effects of seismic activity. Once the repository and shafts have 
~n sealed, however, existing surface structures will be dismantled. Perfonnance assessments 
are concerned with the effects of seismic activity on the decommissioned repository. The 1992 
WIPP PA assumed that a crushed salt backfill will be emplaced around the waste canisters, and 
that a void space will remain above the backfill at the time of decommissioning (see Section 
6.2.2). This void space will be closed by salt creep (Section 6.5.2). Prior to closure of the void. 
space,· there is a potential for a disturbed rock zone (DRZ) to develop (Section 6.5.3) through 
failure of joints and fractures induced around the repository during excavation. Seismic activity 
could contribute to this development by loosening or dislodging blocks from the DRZ in the 
initial postclosure period. Once salt creep has reduced the void space, and compaction of the 
waste and backfill has occurred, there will be no opportunity for spalling or similar failure . 
mechanisms to occur. 

An assessment of the extent of damage in underground excavations caused by ground 
shaking is largely dependent on observations from mines and tunnels. Because such excavations 
tend to take place in rock types more brittle than halite, these observations cannot be related 
directly to the behavior of the WIPP. The DRZ in brittle rock types is likely to be more highly 
fractured, and hence more prone to spalling and rockfalls, than an equivalent zone in salt 
(Wallner, 1981, p. 244). Relationships between ground shaking and subsequent damage 
observed in mines will therefore be conservative with respect to the extent of damage induced 
at the WIPP by seismic activity. 

Dowding and Rozen (1978) classified damage in underground structures following seismic 
activity and found that no damage (cracks, spalling, or rockfalls) occurred at accelerations below 
0.2 g, and that only minor damage occurred at accelerations up to 0.4 g. Lenhardt (1988) 
derived an empirical relationship to show that a magnitude 3 earthquake would have to be within 
1 km of a mine to result in falls of loose rock. The probability of seismic activity in the region 
of the WIPP reaching these thresholds is discussed below. 

Hydrological effects: A variety of hydrologic phenomena can arise after an earthquake. Some 
of these, such as changes in surface water flow directions, result directly from fault movement. 
Others, such as changes in subsurface water chemistry and temperature, probably result from 
changes in flow pathways along the fault or fault zone. Further away from the region of fault 
movement, two types of changes to groundwater levels may take place as a result of changes in 
fluid pressure (Brederhoeft et al., 1987): 
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• The passage of seismic waves through a rock mass causes a volume change, which 
induces a transient response in the fluid pressure and a short-lived fluctuation of the 
water level in wells. 

Changes in volume strain can cause long-term changes in water level. A buildup of 
strain occurs prior to rupture, and is released during an earthquake. The consequent 
change in fluid pressure may be manifested by the drying up or reactivation of springs 
some distance from the epicentral region. 

Fluid pressure changes induced by the transmission of seismic waves C:an ·produce 
changes in well levels up to several meters even at distances of thousands of kilometers from 
the epicenter. These changes are temporary, however, and levels typically return to pre
earthquake levels in a few hours or days (Brederhoeft et al., 1987). Changes in fluid pressure 
arising from changes in volume strain persist for much longer periods, but they are only likely 
to be of consequence in tectonic regimes where there is a significant buildup of strain 
(Brederhoeft et al., 1987). The regional tectonics of the Delaware Basin (see Section 5.3.1) 
indicate that such a buildup has a low probability of occurring over the next 10,000 years. 

The expected level of. seismic activity in the region of the WIPP will be of low 
consequence in terms of groundwater flow or contaminant transport. Changes in groundwater 
levels resulting from more distant earthquakes will be of too short a duration to be significant. 

Seismic activity in the region of the WIPP: Prior to the introduction of a seismic monitoring 
network in 1960, the majority of recorded earthquakes in New Mexico were associated with the 
Rio Grande Rift,· although small earthquakes were felt in other parts of the region. In addition 
to continued activity in the Rio Grande Rift, the instrumental record has shown a significant 
amount of seismic activity originating from the Central Basin Platform, and a number of small 
earthquakes in the Los Medaiios area, as shown in Figure 5-4. Seismic activity in the Rio 
Grande Rift is associated with extensional tectonics in that area (Section 5.3.1). Seismic activity 
in the Central Basin Platform is most likely associated with both natural earthquakes and oil-field 
activities such as fluid injection (Powers et al., 1978, p. 5-25). Earthquakes in the Los Medaiios 
region have not been well located, but at least some have been interpreted to have resulted from 
mining activity in the region (Powers et al., 1978, p. 5-28). 

The instrumental record was used as the basis of a seismic risk study primarily intended 
for design calculations of surface facilities rather than for performance assessments (Powers et 
al., 1978, Section 5.3). The use of this study to define probable ground accelerations in the 
WIPP region over the next 10,000 years is based on the assumptions that hydrocarbon extraction 
and potash mining will continue in the region and that the regional tectonic setting precludes 
major changes over the next 10,000 years (Section 5.3.1). 
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Figure 5-4. F.arthquakes located within 300 km of the WIPP site detected after installation of 
Station CLN. 
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Three source regions were used in calculating seismic risk; the Rio Grande Rift, the 
Central Basin Platform, and part of the Delaware Basin province, including Los Medafios. 

· Using conservative assumptions with regard to the maximum magnitude event in each mne, the 
study showed a return period of about 10,000 years (annual probability of 10-4) for events giving 
ground accelerations of 0.1 g, as shown in Figure 5-5. Ground accelerations of 0.2 g would 
have an annUal probability of about S x 10~. An extrapolation of the curves shown in Figure 
5-S indicates that a return period of 108 years (annual probability of 10-8) would correspond to 
ground accelerations of greater than 0.35 g. 

Combining the results of the seismic risk study with the observations of damage in mines 
described above gives an estimated annual probability of between 10~ and 10-8 for events that 
could cause minor damage to the DRZ. The existence of the DRZ is accounted for within the 
undisturbed case (Sections 6.5.1). The parameters describing the permeability of the DRZ 
account for the potential effects of caving to maintain this damaged zone (Section 6.5.3). A 
rock fall after a seismic event will thus be of no consequence to the expected collapse and creep 
closure of the repository, and hence of no consequence to the performance of the 
decommissioned disposal system. 

5.3. 7 Salt Deformation 

Screening Decision: Natural salt deformation severe enough to alter existing patterns of 
groundwater flow or the behavior of the disposal system over the regulatory period can be 
screened out on the basis of low probability. 

Discussion: Deformed salt in the lower Salado and upper Castile Formations has been 
encountered in a number of boreholes around the WIPP site (Powers et al., 1978a). These areas 
of deformation often coincide with areas of pressurized brine (Griswold, 1977), and Borns et 
al. (1983) concluded that foundering of more dense anhydrites into underlying less dense halite 
is the principal factor in salt deformation around the WIPP site. Rock mechanics indicates that 
the timescale for salt deformation is such that no significant natural deformation will occur at 
the site over the next 10,000 years (Borns et al., 1983). 

5.3.8 Deep Dissolution 

· Screening Decision: Deep dissolution can be eliminated on the basis of a low probability of 
occurrence at the WIPP site. Deep dissolution features have been identified within the Delaware 
Basin, but only in marginal areas underlain by the Capitan Reef. There is a low probability that 
deep dissolution will occur sufficiently close to the waste panels to affect groundwater flow or 
radionuclide transport over the regulatory period. 
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Figure S-S. Seismic activity from earthquakes in three source regions around the WIPP site. 
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1 Discussion: Deep dissolution refers to the dissolution of salt or other evaporite minerals in a 
2 formation at depth. Deep dissolution is distinguished from shallow dissolution not only by 
3 depth, but also by the origin of the water. Dissolution by groundwater from deep aquifers can 
4 lead to the formation of cavities. Collapse of overlying beds leads to the formation of breccia 
5 beds if the overlying rocks are brittle, or to defonnation if the overlying rocks are ductile. If 
6 dissolution is extensive, breccia pipes or chimneys may form above the cavity. These pipes may 
1 reach the surface, or pass upwards into fractures and then into microcracks that do not propagate 
8 to the surface. Breccia pipes may also form through the downward percolation of meteoric· 
9 waters; this process is discussed under the heading of shallow dissolution. Deep dissolution is 

10 of concern because it could accelerate contaminant transport through the creation of vertical flow 
11 paths that bypass low-permeability units in· the Rustler Formation. If dissolution occurred within 
12 or beneath the waste panels themselves, there could be increased circulation of groundwater 
13 through the waste as well as a breach of the Salado Formation host rock. 
14 

15 Features identified as the result of deep dissolution are present along the northern and 
16 eastern margins of the Delaware Basin. In addition to features that have a surface expression 
17 or that appear within potash mine workings, deep d.issolution has been cited as the cause of 
18 lateral variability within evaporite sequences in the lower Salado Formation (Anderson et al., 
19 1972). 
20 

21 Solution chimneys: Exposures of the McNutt potash zone of the Salado within a mine adjacent 
22 to Nash Draw have shown a solution pipe containing cemented brecciated fragments of 
23 formations higher in the stratigraphic sequence. At the surface, this feature is marked by a 
24 dome, and similar domes have been interpreted as dissolution features. The depth of dissolution 
25 has not been confirmed, but the collapse structures led Snyder and Gard (1982) to postulate 
26 dissolution of the Capitan Limestone at depth, collapse of the Salado, Rustler, and younger 
21 formations, and subsequent dissolution and hydration by downward percolating waters. San 
2s Simon Sink, some 35 km east-southeast of the WIPP site, has also been interpreted as a solution 
29 chimney. Subsidence has occurred here in historical times (Nicholson and Clebsch, 1961), 
30 suggesting that dissolution at depth is still taking place. Whether this is the result of 
31 downwards-percolating surface water, or of deep groundwater, has not been confirmed. The 
32 association of these dissolution features with the inner margin of the Capitan Reef suggest that 
33 they owe their origins, if not their continued development, to groundwaters derived from the 
34 Capitan Limestone (Anderson and Kirkland, 1980). Dissolution features west of WIPP, in the 
35 region where the Salado and Rustler Formations are absent, are inferred to have developed 
36 .through a similar mechanism. In these instances, however, it is dissolution of the Castile by low 
37 salinity water from the Delaware Mountain Group that has caused the breccia pipes (Anderson 
38 and Kirkland, 1980). 
39 

40 

41 

42 

43 

D~olution within the Castile and lower Salado Formations: The Castile Formation contains 
sequences of varved halite (that is, laminae deposited on a seasonal basis) that can be correlated 
between several boreholes (Anderson et al., 1972). On the basis of these deposits, a basin-wide 
uniformity in the depositional environment of the Castile Formation evaporites was assumed. 
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The absence of varved halites from all or part of a sequence and the presence of brecciated 
anhydrite beds has been interpreted as evidence of dissolution (Anderson et al., 1972). Holt and 
Powers (1988). have questioned the assumption of a uniform depositional environment, and 
contend that the anhydrite beds are lateral equivalents of halite sequences without significant 
post-depositional dissolution. Wedges of brecciated anhydrite along the margin of the Castile 
Formation (Anderson et al., 1972) have been iitterpreted by Robinson and Powers (1987) as a 
gravity-driven elastic deposits, rather than the result of deep dissolution. 

Localized depressions at the top of the Castile Formation and inclined geophysical marker 
u~ts at the base of the Salado Formation have been interpreted as the result of deep dissolution 
and subsequent collapse or deformation of overlying rocks. Additional boreholes (notably 
WIPP-13, WIPP-32 and DOE-2) and geophysical logging led Borns and Shaffer (1985) to 
conclude that these features are the result of irregularities at the top of the Bell Canyon 
Formation rather than the result of dissolution. These irregularities led to localized depositional . 
thickening of the Castile and lower Salado sediments. 

Collapse breccias at Basin margins: Collapse breccias are present at several places around the 
margins of the Delaware Basin. Their formation is attributed to relatively fresh groundwater 
from the Capitan Limestone that forms the margin of the basin. Collapse breccias corresponding. 
to features on geophysical records that have been ascribed to deep dissolution have not been 
found in boreholes away from the margins. These features have been reinterpreted as the result 
of early dissolution prior to the deposition of the Salado Formation. 

In summary, deep dissolution that may affect groundwater flow or radionuclide transport 
in the immediate region of the WIPP is considered to. have a low probability of occurrence. 

5.3.9 Mineralogical Changes 

Screening Decision: Natural changes in mineralogy are screened out on the basis of low 
consequence. Natural changes will take place over the next 10,000 years, but the extent of these 
will be small in comparison to existing variability and uncertainties in mineral distributions. 
Changes in mineralogy arising from the injection of brines or other fluids as a result of human 
actions are retained for further consideration (see Section 5.9). 

Discussion: Groundwater geochemistry in the Culebra Dolomite (and in other units of concern) 
has an effect on contaminant transport through its control of partitioning between dissolved and 
sorbed phases, colloid stability, and the nature of mineral linings and inf ills in fractures. The 
distribution of minerals is a function of the depositional environment and post-depositional 
changes (diagenesis and weathering). Post-depositional changes can affect both the original 
mineralogy and minerals present as fracture linings or infills. Natural heterogeneities within the 
original sediments, fractures, and changes in groundwater since deposition will lead to spatial 
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variability in the present-day distribution of minerals. Future changes must be assessed in tenns 
of this variability and the uncertainties in its characterization. 

Dissolution of evaporite minerals from the units of the Rustler Formation is discussed in 
Section 5.3.8. Changes in groundwater chemistry or flow paths may cause hydration, 
replacement, and precipitation, and there is evidence in the Rustler of all of these processes 
(Holt and Powers, 1988). Some or all of these processes have been active since deposition ~f 
the rocks at about 250 Ma, but others may be the result of more recent changes in groundwater 
geochemistry. 

There are two contrasting studies of stable isotope geochemistry in the Rustler Fonnation 
(Chapman, 1986; Lambert, 1987). Both are aimed at understanding the extent of recharge, but 
also provide infonnation on mineral stabilities in these strata. Chapman (1986) has argued that 
the stable isotope ratios in Rustler groundwaters suggests that geochemical reactions are not 
taking place during groundwater flow. Further, since the stable isotope ratios in Rustler 
groundwaters are similar to those in verifiably younger groundwaters, Chapman infers that the 
Rustler groundwaters are young, and so are responsive to changes in recharge. On the other 
hand, Lambert (1987) has interpreted stable isotope ratios as an·indication of older groundwater 
in the Rustler that was introduced during periods of wetter climate, and has inferred that the 
system does not receive recharge under present conditions. The difference in these 
interpretations arises from their assumptions about isotopic enrichment in the near-surface; 
neither suggests that isotopic fractionation resulting from significant mineralogical changes in 
the subsurface has taken place over timescales relevant to the assessment of the disposal system. 

Both Chapman (1986) and Lambert (1987) imply that the mineralogical characteristics 
of units above the Salado have been stable or subject to only minor changes under the various 
recharge conditions that have existed.during the past 0.6 m.y. - the period since the formation 
of the Mescalero caliche and the establishment of a pattern of climate change and associated 
changes in recharge that lead to present-day hydrogeological conditions. No changes in climate 
are expected other than those experienced during this period, and for this reason, no changes are 
expected in the mineralogical characteristics other than those expressed by the existing variability 
of fracture infills and diagenetic textures. 

The groundwater geochemistry of the Bell Canyon Fonnation and deeper units will 
respond slowly, if at all, to changes in recharge (Lambert, 1983). The geological setting of the 
Delaware Basin is such that no new sources of groundwater flowing into the Bell Canyon can 
be anticipated over the next 10,000 years. Thus, present-day conditions can be expected to 
continue with no significant changes. Wood et al. (1982) concluded that, even at the maximum 
potential ·dissolution rate at the top of the Bell Canyon, these conditions would not result in 
significant evaporite dissolution at the WIPP site for at least 1 ~,000 years. 
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5.4 Climatic Effects 

5.4. 1 Climate Change 

Screening Decision: Apart from glaciation, which can be screened out on the grounds of a low 
probability of occurrence, climate change (including temperature changes, precipitation changes, 
and consequential vegetational changes) can be expected to occur during the regulatory period, 
and is included in the modeling system for disturbed-case scenarios. 

Discussion: Climate changes are instigated by changes in the Earth's orbit, which affects the 
amount of insolation received, and a ·variety of feedback mechanisms within the atmosphere and 
hydrosphere (Berger, 1988). Models of these mechanisms, combined with interpretations of the 
geological record, suggest the climate will become cooler and wetter in the WIPP region during 
the next 10,000 years as a result of natural causes (Swift, 1993). Other changes, such as . 
fluctuations in radiation from the sun and variability within the many feedback mechanisms, will 
modify this climatic response to orbital changes. The available evidence suggests that these 
changes will be less extreme than those arising from orbital fluctuations (Imbrie et al., 1989; 
Swift, 1993). 

Human activities may also cause climate changes. Such changes may be on a local to 
regional scale (e.g., acid rain) or on a regional to global scale (e.g., ozone-layer destruction and 
greenhouse-gas warming). Of these anthropogenic effects, only greenhouse-gas warming could 
influence groundwater recharge in the WIPP region. Other activities that can affect climate, 
such as deforestation, are not relevant to the WIPP site. Changes in vegetation that could result 
from irrigation would have a limited effect on regional climate, although there would be a more 
direct influence on recharge. These local human activities are discussed in Section 7. 

General circulation models (GCMs) suggest slight decrease in precipitation in the 
southern United States in response to postulated increases in greenhouse gas concentrations 
(Mitchell, 1989; Swift, 1993). A small decrease in precipitation would be of low consequence 
in terms of recharge, which is already low under existing climatic conditions. GCM calculations 
also indicate an increase in seasonality through modification of storm tracks. This could lead 
to an increase in recharge if the annual precipitation were concentrated over a short period. The 
effects of such a change can be assessed, along with other FEPs affecting recharge, through the 
three-dimensional groundwater flow model currently under development (Corbet and Wallace, 
1993; Systems Prioriti:zation Method - Iteration 2 Baseline Position Paper: Non-Salado Flow 
and Transport, Section 3.4.3) . 

5.4.2 Glaciation 

Screening Decision: Glaciation is eliminated from WIPP performance assessments on the 
grounds of low probability. 
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Discussion: No evidence exists to suggest that the northern part of the Delaware Basin has been 
covered by continental glaciers at any time since the beginning of the Paleozoic Era. During 

· the maximum extent of continental glaciation in the Pleistocene Epoch, glaciers extended into 
northeastern Kansas at their closest approach to southeastern New Mexico (Swift, 1993). There 
is no evidence that alpine glaciers formed in the region of the WIPP during the Pleistocene 
glacial periOds. 

According to the theory that relates the periodicity of climate change to perturbations in. 
the Earth's orbit (lmbrie and Imbrie, 1980; Berger, 1988), a return to a full glacial cycle within 
the next 10,000 years is highly unlikely. Based on the extent of previous glaciations.and the 
unlikelihood of a future glaciation occurring within the next 10,000 years, glaciation is 
eliminated from WIPP performance assessments. 

In addition to ·eliminating glaciation, the screening argument above can be used to 
eliminate from consideration a number of processes associated with the proximity of an ice sheet 
or valley glacier, such as permafrost and accelerated slope erosion (solifluction). 

5.5 Geomorphological Effects 

5.5. 1 Erosion/Sedimentation 

Screening Decision: Erosion and sedimentation occur in the region of the WIPP at the present 
time and can be expected to continue. The rates and consequences of these processes are low, 
and are not expected to change significantly over the next 10,000 years. Erosion and 
sedimentation can thus be screened out on the basis of low consequence. 

Discussion: The geomorphological regime on the Mescalero Plain (Los Medaiios) in the region 
of the WIPP is dominated by aeolian processes (Powers et al., 1978a). Dunes are present in the 
area, and although some are stabilized by vegetation, they can be expected to migrate across the 
area. Old dunes will be replaced by new dunes, and no significant changes in the overall 
thickness of aeolian material are likely to occur. Vegetational changes during periods of wetter 
climate may further stabilize the dune fields, but no significant changes are expected in the 
overall thickness of the superficial deposits. 

Presently, precipitation in the region of the WIPP is seasonal and too low (280 to 340 
mm/yr (Hunter, 1985)) to cause perennial streams, and the relief in the area is too low for 
extensive sheet flood erosion during storms. An increase in precipitation to around 600 mm/yr 
in cooler climatic conditions could result in perennial streams, but the nature of the relief and 
the presence of dissolution hollows and sinks (Powers et al., 1978a) will ensure that these 
remain small. Neither extensive fluvial deposits nor significant fluvial erosion are expected 
during the next 10,000 years. 
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Mass wasting - the downslope movement of material caused by the direct effect of 
gravity - is only important in terms of sediment transport in regions of steep slopes. Even 
limited mass wasting may be significant if it results in dams or modifies streams. In the vicinity 
of WIPP, mass wasting will be insignificant under the climatic conditions expected over the next 
10,000 years. In the region around the WIPP, the Pecos River forms a significant water course 
some 24 km away. The broad nature of its valley, however, precludes either significant mass 
wasting or the formation of large impoundments. 

Erosion and sedimentation from wind, water, and mass wasting will continue in the WIPP 
region throughout the next 10,000 years at rates similar to those occurring at present. These 
rates are too low to affect significantly the performance of the disposal system. 

Inclusion of quantitative estimates of erosion and sedimentation in the WIPP region or 
in regions with similar climate and geomorphology will provide support to this screening 
argument. It is anticipated that such data will be derived from the literature and any existing 
measurements. Additional measurements at the site could not be conducted within available 
timescales. 

5.6 Surface and Near-Surface Hydrological Effects 

5.6. 1 Flooding 

Screening Decision: Flooding can be screened out on the basis of low consequence to the 
groundwater system. 

Discus.sion: Flooding caused by rivers or streams overflowing their banks is a relatively short
term phenomenon. No perennial streams or standing bodies of water are present at the WIPP 
site, and there is no evidence in the literature indicating that such features existed at this location 
duringorafterthePleistocene(e.g., Powers et al., 1978a,b; Bachman, 1974, 1981, 1987). The 
Pecos River is approximately 24 km from, and more than 90 m lower, than the elevation of the 
land surface above the waste panels. In Nash Draw, lakes and spoil ponds associated with 
potash mines are located at elevations 30 m or more lower than the elevation of the land surface 
at the location of the waste panels. There is no evidence in the literature to suggest that Nash 
Draw was formed by stream erosion, or was at any time the location of a deep body of standing 
water, although shallow playa lakes have existed there at various times. 

Flooding of streams and the formation of shallow lakes will occur in the WIPP region 
over the next 10,000 years. Many of these floods will be too short-lived to affect the deep 
groundwater systems that may transport radionuclides to the accessible environment. Playa lakes 
or other longer-term floods will be remote from the WIPP, and will have little consequence in 
terms of groundwater flow. Inclusion of additional figures to illustrate the regions that may be 
flooded, such as Nash Draw, would support this screening argument. 

Scenario Developmeal S-31 March 17, 1995 

= 



2 

3 

.. 
s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

2S 

26 

27 

28 

29 

30 

31 

32 

33 

34 

JS 
36 

31 

38 

39 

40 

41 

42 

5.6.2 Shallow Dissolution and Soil Development 

. 
Screening Decision: In the region of ·the WIPP, shallow dissolution has taken place and 
extensive caliche development has occurred. The presence of these features is accounted for in 
the modeling of ·scenarios that lead to releases from the Salado through an appropriate 
description of the hydrogeological boundary conditions. Continued dissolution and soil 
development will take place over the next 10,000 years, but can be screened out on the basis of · 
low consequence. 

Disc~ion: Shallow dissolution occurs when halite and other evaporite minerals are dissolved 
by the action of infiltrating surface waters. In an arid or semiarid region dominated by 
evaporitic rocks, and where shallow dissolution has taken place, reprecipitation of evaporite 
minerals will contribute to soil development. Shallow dissolution may aff~t the hydrologic 
properties of units containing soluble minerals, and overlying units. Dissolution will initially 
enhance porosities, but continued dissolution may lead to compaction of the affected units with 
a consequent reduction in porosity. Compaction may result in fracturing of overlying brittle 
units, and to increased permeability. Extensive dissolution may create cavities (karst) and result 
in the total collapse of overlying units. The development of extensive evaporitic soils will affect 
the amount of infiltration that reaches underlying aquifers. 

Nash Draw, 8 km west of the WIPP site, is the most prominent shallow dissolution 
feature in the region. It was formed through collapse of the Rustler Formation where the upper 
part of the Salado Formation has been dissolved. An average lateral dissolution rate of 10 to 
13 krn/m.y. has been calculated for the Salado (Bachman and Johnson, 1973), based on the 
assumption that the edge of the salt has moved from the Capitan Reef to its present position over 
a period of 7 to 8 m.y. A vertical dissolution rate of0.1 krn/m.y. has similarly been calculated 
using dated ash layers (Bachman, 1980; 1981). Although these are average rates and may be 
exceeded during particular climate states or by advancing tongues ahead of the main dissolution 
front, these rates indicate that dissolution of the Salado at the edge of the WIPP site would not 
take place for some 225,000 years (Chaturvedi, 1993). A further 2 to 3 m.y. would be required 
for dissolution to reach the repository horizon (Chaturvedi, 1993). 

There is debate over the extent to which shallow dissolution has affected the Rustler 
Formation. In the vicinity of Nash Draw, halite is absent from all the units of the Rustler. 
~urther east, towards the WIPP site, halite progressively appears in younger units. This has led 
many authors to conclude that halite has been dissolved from the Rustler Formation by 
percolating groundwater (Lambert, 1983; Bachman, 1984; Lowenstein, 1987). A 
sedimentological analysis of the Rustler Formation led Holt and Powers (1988) to conclude that 
halite had either not been formed or had dissolved soon after deposition, and, therefore, that 
only limited shallow dissolution has occurred since Permian times. Even if post-depositional 
dissolution has taken place, the period over which it occurred is longer than the regulatory 
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period. Shallow dissolution of the Rustler Formation over the next 10,000 years will therefore 
be of lt>w consequence in terms of patterns of groundwater flow and contaminant transport. 

The Mescalero caliche is a well-developed calcareous remnant of an extensive soil profile 
present across the WIPP site and adjacent areas (Powers et al., 1978a). Although this unit may 
be up to 3 m thick, it is not continuous, and does not prevent infiltration to the underlying 
formations. At Nash Draw, this caliche, dated at 510,000 to 410,000 years old (Lappin et al., 
1989), is present in collapse blocks, indicating some growth of Nash Draw in the late 
Pleistocene. Localized gypsite-spring deposits some 25,000 years old occur along the eastern 
fl~ of Nash Draw, but the springs are not currently active. The Berino soil, about 250,000 
years old (Bachman, 1985), is a thin soil horizon above the Mescalero caliche. The persistence 
of these soils on the Livingstone Ridge indicates the relative stability of the WIPP region over 
the past half-million years (Lappin et al., 1989). 

·The soils appear to have formed during wetter climates than the present, and there is no 
evidence of current evaporitic soil. development in the region. Continued growth of caliche may 
occur during future wetter climates, but will be of low consequence in terms of its effect on 
infiltration. 

5.6.3 Infiltration/Recharge Changes 

Screening Decision: Changes in infiltration and recharge will affect groundwater flow and, 
potentially, radionuclide transport in units such as the Culebra and Magenta Dolomites. 
Analyses of scenarios that lead to releases from the Salado thus need to consider the potential 
effects of these changes. 

Discussion: Changes in the surface environment are expected to occur over the next 10,000 
years. These will be driven by both natural climate change and by changes in human activities 
in the region. Changes in land use as well as climate will affect the surface and near-surface 
water balance, so that not only will the amount of precipitation change, but so too will the 
proportion that infiltrates into the soil. Even in arid and semiarid environments, a proportion 
of rainfall may infiltrate to the water table, thereby providing recharge to the groundwater 
system. The greater the amount of recharge, the more influence it has on the directions and 
rates of flow in the groundwater system. If there is insufficient infiltration to result in recharge, 
groundwater flow may still occur through drainage of the aquifer. Radionuclide transport is a 
function of groundwater flow, so processes that change flow rates and directions need 
consideration (Systems Prioriti7.ation Method - Iteration 2 Baseline Position Paper: Non-Salado 
Flow and. Transport, Section 3.4.2). 

In the 1991 and 1992 PAs, changes in recharge were not explicitly modeled, but the 
fixed-head boundary condition along one edge of the two-dimensional groundwater flow model 
for the Culebra Dolomite was varied in order to simulate such a change (WIPP PA Department, 
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1991; l 992b). A three-dimensional model of flow in the saturated zone of the entire 
groundwater basin (that is, an area bounded by groundwater divides) is under development (U.S. 
DOE, 1994b; Corbet and Wallace, 1993). Preliminary results from this model indicate that an 
increase in recharge can lead to a change in flow direction within the Culebra Dolomite and 
other permeable units within the Rustler Formation. A full assessment of these results awaits 
further studies using both the three-dimensional model and radionuclide transport codes (U.S. 
DOE, 1994a). 

The three-dimensional groundwater flow model considers only flow within the saturated 
zone, although it does model free surfaces and seepage faces so that changes in the height of the 
water table can be simulated (Corbet and Wallace, 1993). The upper boundary condition for 
the model is thus recharge, rather than infiltration. Measurements of recharge to the water table 
under present-day conditions are difficult to make, and no direct data are available to show how 
recharge has changed in the past or might change over the regulatory period, although isotopic 
ratios have been interpreted as indicating changes in recharge (Chapman, 1986; Lambert, 1991). 
One-dimensional models of near-surface hydrology may be adequate for assessing the 
relationship between precipitation and recharge. Data on the properties of the unsaturated zone 
and the variability of these properties across the basin are unavailable, and are likely to remain 
so because of the size of the groundwater basin. Subjective judgment will therefore be required 
to define these properties. Such judgments, made by comparison with regions for which data 
are available, may be easier to make than direct estimates of recharge. 

5. 7 Ecological Effects 

5. 7. 1 Vegetational Change 

Screening Decision: Vegetational changes likely to occur in the region of the WIPP, whether 
they result from natural succession or from human activities, can be screened out on the basis 
of low consequence. 

Discussion: The vegetation in a region provides an important control on the overall water 
balance. Sparse vegetation may allow a large proportion of precipitation to infiltrate, whereas 
dense vegetation intercepts rainfall and increases the rate of evapotranspiration, thereby reducing 
infiltration. 

The region around the WIPP is sparsely vegetated. The climate, soil quality, and lack 
of suitable water sources all militate against agricultural development of the region. Wetter 
periods are expected during the regulatory period, but botanical records indicate that, even under 
these conditions, dense vegetation will not be present in the region (Swift, 1993). 
Anthropogenic climate change may result in a slight decrease in precipitation, and a possible 
increase in seasonality. Again, vegetational change under these conditions will occur, but will 
not be extensive enough to significantly affect the groundwater system. 
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5.8 Coastal Effects 

5.8.1 Marine and Estuarine Processes 

Screening Decision: The WIPP site is some 1050 m above sea level, and is more than 800 km 
from both the Pacific Ocean and the Gulf of Mexico. Therefore, the effects of both short-term 
and long-term variations in sea level can be screened out on the basis of irrelevancy to the 
behavior or evolution of the environment at the WIPP. 

Discussion: Global sea level may fall as much as 140 m below that of the present day during 
glacial periods (Chappell and Shackleton, 1986). This can have marked effects on coastal 
aquifers. During the next 10,000 years, the global sea level can be expected to drop towards 
this glacial minimum, but this will not affect the groundwater system in the vicinity of the 
WIPP. Short-term changes in sea level, brought about by events such as meteorite impact, 
tsunamis, seiches and hurricanes, may raise water levels by several tens of meters. Such events 
have a maximum duration of a few days, and will have no effect on the surface or groundwater 
systems at the WIPP site. Anthropogenic-induced global warming has been conjectured to result 
in longer-term sea level rise (Warrick and Oerlemans, 1990). · The magnitude of this rise, 
however, is not expected to be more than a few meters,. and such a variation will be irrelevant 
to the groundwater system in the WIPP region. 

5.9 Groundwater Flow and Contaminant Transport 

5.9.1 Groundwater Flow 

Screening Decision: Groundwater flow modeling was undertaken as part of the 1992 WIPP PA 
for the Culebra Dolomite Member of the Rustler Formation. This modeling was undertaken for 
scenarios that result in releases of radionuclides from the Salado Formation, but did not consider 
the effects on flow of brine injection. FEPs that account for the effects of repository- and 
Castile-derived brines on flow within the Culebra Dolomite, other units of the Rustler 
Formation, and the Bell Canyon Formation were not included in past performance assessments, 
and need further evaluation before a screening decision can be made (Systems Prioritization 
Method - Iteration 2 Baseline Position Paper: Non-Salado Flow and Transport). 

Discussion: A conclusion of the 1992 WIPP PA scenario development, is that there are no 
natural events or processes that could lead to a release of radionuclides beyond the Salado 
Formation over the period of regulatory concern. Future human actions have been identified, 
however, that could result in the transfer of contaminants from the Salado Formation to the 
surface, or to units within the underlying (Bell Canyon) and overlying (Rustler) formations. In 
the case of transfer to underlying or overlying horizons (such as the Culebra Dolomite), 
groundwater flow and transport modeling is required to demonstrate whether these units could 
provide an additional barrier to transport to the accessible environment. 
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The only FEPs identified in the 1992 WIPP PA as potentially leading to releases are 
those involving future human actions and, in particular, the drilling of boreholes through the 
repository or a zone of contamination in the Salado Formation and possibly into prcssuriz.ed 
reservoirs in ·underlying formations. Any transfer of contaminants to other units may be 
accompanied, therefore, by the injection of brine. Transfers to underlying units may also arise 
from downWard flow of water from the Rustler Formation through the repository. In either 
event, future human actions may be marked by changes in the physical (e.g.; density, pressure) 
and geochemical (e.g., salinity, presence of colloids) characteristics of groundwater beyond the 
Salado Formation. 

Groundwater flow modeling of the non-Salado units in the 1992 WIPP PA was based on 
the present characteristics of these units, as determined through site investigation. For the 
Culebra Dolomite, spatial variability of these characteristics was considered in the 1992 WIPP 
PA by defining a range of transmissivity fields in accord with observational data. The potential 
for preferential pathways existing within the Culebra and other units by way of undetected 
channels within fractures or other undetected features cannot, however' be screened out on the 
basis of low probability or low consequence, and requires further consideration (U.S. DOE, 
1994a; Systems Prioritization Method - Iteration 2 Baseline Position Paper: Non-Salado Flow 
and Transport, Section· 3. 2. 6). 

The effects of brine injection and freshwater intrusion and the existence of preferential 
pathways were not modeled in past performance assessments, and require further evaluation 
before a screening decision can be made. This will provide assurance that the barrier function 
of the non-Salado rocks is not overestimated. 

Section 5.6 describes possible future changes in infiltration and recharge. Relatively 
small changes in recharge, either natural or human-induced, could cause a significant rise in the 
water table. The three-dimensional groundwater flow model used to assess these FEPs could, 
through its treatment of the water table, also simulate conditions in which there is groundwater 
discharge to surface waters (base flow) or the surface (springs). 

Future human activities that result in groundwater extraction are described in Section 7. 
The effect of this extraction (dewatering) on groundwater flow is retained for evaluation. 

5.9.2 Groundwater Geochemistry and Radionuclide Transport 

Screening Decision: Radionuclide transport through the Culebra Dolomite was included in the 
1992 WIPP PA for future human action scenarios that led to releases from the Salado 
Formation. Changes in the geochemical regime arising from these transport scenarios need 
further evaluation before a screening decision can be made. Laboratory and field experiments 
aimed at better characterizing the properties and processes controlling transport are underway 
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(Systems Prioritiz.ation Method - Iteration 2 Baseline Position Paper: Non-Salado Flow and 
Transport, Section 3.3). 

Discumon: The only FEPs identified in the _1992 WIPP PA as potentially leading to releases 
are .those involving future human actions and, in particular, the drilling of boreholes through the 
repository or a potential zone of contamination within the Salado Formation and possibly into 
overpressurized reservoirs in underlying formations. Radionuclides may then travel to the 
accessible environment either directly to the surface, or via hydraulically conductive units in 
overlying or underlying formations. In the 1992 PA, only transport within the Culebra Dolomite 
was considered, because scoping calculations suggested longer groundwater travel times in other 
units. Retardation of radionuclides within the Culebra Dolomite was considered using a dual
porosity model with both physical retardation (diffusion into the matrix) and chemical retardation 
(sorption on fracture surfaces). 

Laboratory and field studies investigating radionuclide transport through the Culebra 
Dolomite are underway (U.S. DOE, 1994a). These are intended to support the derivation of 
retardation factors for future assessments, and include studies of solubility, adsorption, colloid 
formation, and precipitation. 

The transfer of radionuclides from the repository and the Salado Formation to the 
Culebra Dolomite, or to other pathways to the accessible environment would be accompanied 
by the injection of brines from the repository or from pressurized reservoirs in deeper-lying 
formations. Changes in the geochemical regime of the Culebra Dolomite and other units from 
such brine intrusion were not modeled in past performance assessments, and require further 
consideration before a screening decision can be made. These changes could affect retardation 
factors through changes in ionic strength and the stability of colloids, or in the stability and 
sorption characteristics of corrensite (a chlorite-smectite mixed-layer clay mineral found in some 
units) and other clay minerals. Similar changes in geochemistry and mineralogy would arise 
wherever drilling encounters deep brine reservoirs if the same assumptions regarding borehole 
permeabilities are made. The effect of brines on the sorptive properties of the Culebra Dolomite 
(and other units of potential concern) needs to be considered when modeling the effects of 
drilling within and outside the controlled area. 

5.9.3 Gas Effects 

·Screening Decision: The effects of waste-generated gases on radionuclide retardation in the 
Culebra Dolomite, and other fractured units of the Rustler Formation, are screened out on the 
basis of low consequence. 

Discus.sion: Corrosion of wastes and canisters, and microbial degradation of cellulosic material 
will generate gases within the repository (see Section 6). Two-phase brine and gas flow within 
the Salado Formation is included in the base case (Section 6.6.1). Under certain conditions of 
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seal perfonnance or after penetration of the repository by a future exploration borehole, gases 
may be transported to overlying units such as the Culebra Dolomite. Fracture-matrix flow could 
be significan~y affected by the introduction of gas due to the capillary pressure differences 
between the phases. This would cause· brine to be driven into the matrix, and gas to flow 
primarily in the fractures. Radionuclide transport in the brine phase would thus be slower in 
the presence of gas where there is a dual porosity system (Systems Prioritization Method -
Iteration 2 Baseline Position Paper: Non-Salado Flow and Transport). 

5.9.4 Microbiological Effects 

Screening Decision: The possible effects of microbes on the transport of contaminants were not 
considered in the 1991 and 1992 WIPP PAs. The consequences of microbial activity are thought 
to be low, but a screening argument for the exclusion of this FEP cannot yet be presented. 

Discussion: Microbial activity will break down cellulosic and other organic materials in the 
repository and produce potentially efficient complex colloids leading to enhanced radionuclide 
and heavy metal transport. The different environmerital conditions in the repository and in the 
far-field mean, however, that even if contaminated brines or gases from the repository are 
transported to the far-field, this microbial activity is likely to cease. Nevertheless, microbes and 
waste degradation products will be present in the repository and possibly in the far-field, and 
contaminants sorbed to them may be transported at relatively faster rates. Similar arguments 
hold for colloid-facilitated transport of contaminants. 

5.9.5 Thermal Effects 

Screening decision: Thennal effects in the far-field can be eliminated on the basis of low 
consequence. This screening decision is applicable to both naturally occurring temperature 
gradients and those arising from the repository or future human actions. 

Discussion: The geothennal gradient in the region of the WIPP has been measured at about 
30°C/km (Thorne and Rudeen, 1980). Given the generally low penneability in the region, any 
naturally occurring convection cells that arise will be too restricted to affect radionuclide 
transport. 

In Section 6.4.1, the effects of thennal loading by radioactive decay are discussed. This 
FEP has been retained for further evaluation of the temperature rise expected in the repository 
from both RH-TRU waste and CH-TRU waste. However, it is unlikely to be significantly 
greater than the rise of l.6°C after a period of 80 years calculated on the basis of RH-TRU 
waste alone (Thorne and Rudeen, 1980). In any event, the thickness of the Salado Fonnation 
suggests that the increase in temperature beyond the Salado Fonnation will be too small to affect 
the properties of the rock matrix, the groundwater, or radionuclide transport. 
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In Section 7, possible future human actions· that could affect the disposal system are 
discussed. Exploration boreholes that penetrate the repository and permit brine flow and 
radionuclide transport from the Salado Formation to the surface or to overlying or underlying 
formations are identified as future human actions of concern. Radioactive decay within the 
repository will cause repository-derived brines to have a temperature higher than that of naturally 
occurring groundwater. Injection of these brines into the overlying formations will result in a 
local temperature gradient. The absence of a permanent heat source, and the relatively low 
permeabilities of the units overlying the Salado will restrict convection to a small volume, and 
there will be no significant effect on radionuclide transport. Transfer of repository-derived 
btjn_es to the underlying formations will give similarly small thermal gradients. 

Under certain circumstances, temperature gradients can cause changes in concentration 
gradients without fluid flow (the Soret effect). The limited spatial scale of this effect and the 
high temperature gradient required allow its elimination on the basis of low consequence. 

5. 10 Biosphere Effects 

The development of a_ comprehensive set of FEPs has led to the identification of many. 
FEPs relating to the biosphere (FEP List Category 7, Appendix A). A number of these FEPs, 
such as erosion, surface run-off, and land-use changes, are relevant to the amount of infiltration 
and recharge that could occur to the Rustler and overlying formations, and are discussed in 
Sections 5.5 and 5.6. The majority of the biosphere FEPs, however, relate to transport of 
contaminants within the biosphere. Examples of these FEPs include the movement of 
radionuclides in surface waters or bound to soil and sediment particles, the uptake of 
radionuclides from soil by plants, and the inhalation and ingestion of radionuclides in air, dust, 
food, and water. 

The biosphere is important for evaluating compliance with the EPA's individual dose 
standards in 40 CFR §191.15; however, compliance with this criterion need only be shown for 
undisturbed conditions (i.e., no human intrusion), and past performance assessments have 
concluded that no radionuclides will escape from the Salado in the undisturbed case. Therefore, 
FEPs relating only to transport of contaminants within the biosphere are not relevant and have 
been classified as NR. 

If future performance assessments (using new or revised models, data, or assumptions) 
demonstrate that radionuclides could escape from the Salado under undisturbed conditions, it will 
be necessary to reconsider biosphere FEPs classified as NR. It may also be necessary to 
reconsider such biosphere FEPs if there are changes in the applicable EPA regulations. 
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6. WASTE- AND REPOSITORY-INDUCED FEPS 

6. 1 Introduction 

The waste- and repository-induced FEPs discussed in this section specifically relate to 
the . waste material, waste canisters, shaft, drift and panel seals, backfill, the Salado rock 
containing the repository, and the investigation boreholes. The combination of these subsystems 
is also referred to as the "near-field." Parameters for the properties of the near-field are 
described in detail in the position papers concerned with fluid flow and transport in the Salado 
Formation, rock mechanics, the engineered barrier system, the disposal room, and sour~ terms. 

The seals in panels, drifts, shafts, and boreholes form the engineered barrier systems 
designed to prevent brine from entering the repository and the migration of contaminants through 
the repository and through shafts and boreholes. The seal system assumed in this document is 
consistent with the initial reference seal system design described by Nowak et al. (1990), and 
With that assumed in past WIPP performance assessments. At present, the WIPP repository 
engineered barrier system does not assume that the waste form, waste canisters, and backfill play 
a role in retarding transport of contaminants in undisturbed conditions after closure of the 
repository. Currently, backfill (crushed salt) is intended only to reduce initial void space in the 
repository2• The Salado forms a natural barrier to contiminant migration from the repository. 
The natural system, in combination with the current set of engineered barriers, is expected to 
ensure that the repository meets all applicable environmental standards. However, if required 
by the results of SPM or PA analyses, modifications could be made to the waste acceptance 
criteria, waste form, canisters, seals, backfill, and design of the waste emplacement area, to 
reduce the potential for contaminant migration from the repository. 

The completed excavation of the repository and the consequent changes in the stress field 
in the rock surrounding the opening will result in the creation of a disturbed rock zone (DRZ) 
of fractures around the repository. The mechanical and hydrological properties of the rock in 
the vicinity of the repository, including the nearby anhydrite layers and marker beds, will be 
affected. 

Following decommissioning of the repository, other processes will begin to influence rock 
characteristics, alter fluid flow paths, and change the fluid flow distribution in the vicinity of the 
repository. Most significantly, 

2 The DOE has determined that, for the purposes of current SPM calculations, the base facility 
design does not require salt backfill to be placed over the waste for operational or 
geomechanical reasons. This position paper assumes backfill will form part of the eventual 
WIPP design. However, the potential effects of not placing backfill over the waste and 
associated modifications to FEP screening, are noted in this section. 
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Salt creep will tend to heal fractures and reduce the permeability of the crushed salt in 
the backfill and long-term seals to near that of the host rock salt. 

• Gas generation within the waste-filled rooms and drifts may result in pressures sufficient 
to both maintain or develop fractures, and to change the fluid flow direction around the 
repository. 

Nonconsolidation or degradation of seals emplaced in shafts, drifts, panels, and/or 
investigation boreholes may result in pathways for flow to or from waste-filled rooms. 

Potentially, radionuclides and chemically haz.ardous constituents, such as heavy metals, 
released from the waste canisters will migrate with groundwater by advection, diffusion and 
dispersion through the repository and fractured rock. voes present in the waste will be 
transported from the repository as a result of gas flow or, possibly, dissolved in liquids. 

Section 6 first examines the features of the host rock, repository, waste, and canisters 
(subs _,m characteristics). Then the processes driven by the presence of the waste and 
repository, that directly affect the temperature distribution (heat generation), pressure distribution 
(gas generation), and stress distribution (rock mechanics) are described. Section 6.5, Rock 
Mechanics, discusses the potential effects of changes in temperature, pressure, and stress on the 
integrity of the components of the disposal system (such as fracturing, ·and changes in 
permeability and porosity). The processes that affect fluid flow in the repository are discussed 
in Section 6.6, Fluid Dynamics. Finally, contaminant transport is discussed in Section 6. 7, 
Mass Transport, along with a discussion of the geochemical processes that affect contaminant 
transport. The FEPs discussed in each section are: 

Subsystem characteristics 
Host-rock characteristics 
Repository characteristics 
Waste and canister characteristics 
Engineering alternatives 

Gas generation 
Gas generation processes 

Heat generation 
Radioactive decay 
Nuclear criticality 

Rock mechanics 
Excavation induced host-rock fracturing 
Salt creep 
Caving 
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Mechanical effects of gas generation 
Thermally induced stress 
Effects of explosions 
Repository and investigation borehole seal performance 

Fluid dynamics 
Two-phase brine and gas flow 
Thermal convection 
Wicking 

MJm transport 
Radionuclide transport 
Transport of chemically hazardous waste constituents 

Far-field interactions 
Subsidence 

Table 6-1 shows the waste- and repository-induced FEPs and their screening 
classifications. The subsection headings listed in the table indicate where the FEP screening 
decisions are discussed in Section 6. FEP subcategory numbers correspond to the Level 2 
subcategories in Table 4-2 and Appendix A. 

6.2 Subsystem Characteristics 

6.2.1 Host-rock Characteristics 

Screening Decision: The geological characteristics and rock and fluid properties of the Salado 
Formation, which contains the WIPP repository, form an integral part of the base-case system 
model. 

Discussion: The WIPP repository is located in the bedded salt of the Salado Formation 
(approximately 600 m thick). Due to its low permeability, the Salado Formation, which is 
mostly impure halite, forms a natural barrier to the migration of radionuclides and other 
hazardous constituents (such as heavy metals and VOCs) of the waste from the repository. 
Under undisturbed conditions the halite in the Salado Formation is brine saturated, has a low 
porosity, and undergoes natural creep, which results in an absence of open fractures. Further, 
pore fluid pressure is high, and approaches lithostatic pressure in anomalous gas-charged 
granular salt zones. 

The Salado Formation also contains anhydrite and polyhalite marker beds, and thiruier 
interbeds of anhydrite, clay, and polyhalite. The anhydrite interbeds are more permeable and 
brittle than the halite. Natural or induced fracturing within the anhydrite layers near the 
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Table 6-1. Waste- and repository-induced FEPs, their screening classifications, FEP 
subcategory numbers, and corresponding subsection headings. 

Subsection 
Heading 

6.2.1 Host-rock 
cbaractcristics 

6.2.2 Repository 
characteristics 

6~2.3 Waste and canister 
characteristics 

6.2.4 Engineering 
alternatives 

6.3.1 Gas generation 
processes 

Scenario Developmem 

PEPI 

. Rock properties; Salado Fonnation 

Disposal geometry 
Inventory; disposal system 
Backfill charactcrilltics 
Seal charactcrilltics 
Long-term physical stability; 

backfill 
Long-term physical stability; seals 
Sealing of cracks; concrc::tc 

(pouting) 

Inventory; radionuclidca 
Inventory: hazardous conlltitucntl 

(e.g., voes, heavy metals) 
Heterogeneity of waste forms 
Radionuclide decay and ingrowth 
Inventory; caniatcr 
Container failure (early) 
Corrosion; caniatcr 
Mechanical caniatcr damage 

(failure) 
External stress; waste 

Design modifications; geometry 
Design modifications; backfill 

(e.g., buffer additives, bcntonitc) 
Design modifications; seals 
Design modifications; DRZ (e.g., 

grouting) 
Design modifications; waste (e.g., 

buffer additives, grouting) 
Design modifications; caniatcr 

Hydrogen by metal corrosion; 
container steel 

Hydrogen by metal corrosion; 
waste 

Microbial degradation of 
cellulose/other organic wutcs 

FEP 
Screc:ning Subcategory 

Clusification Numbers 

BC,BC2,BCD S;l 

BC,BC2,BCD S.1 
BC,BC2,BCD S.1 
BC,BC2,BCD 3.1 
BC,BC2,BCD 4.1 
BC, BC2, BCD 3.1 

BC, BC2, BCD 3.1 
BC,BC2 4.3 

BC, BCD 1.1 
BC2 1.1 

BCD 1.1 
BCD 1.2 
BC,BC2,BCD 2.1 
BC, BC2, BCD 2.2 
BC,BC2,BCD 2.2 
BC,BC2,BCD 2.7 

BC,BC2,BCD 1.9 

RB 5.11 
RB 3.12 

RB 4.12 
RB 5.11 

RB 1.12 

RB 2.10 

BC,BC2,BCD 2.3 

BC, BC2, BCD 1.4 

BC, BC2, BCD 1.4 
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Table 6-1. Waste- and repository-induced FEPs, their screening classifications, FEP 

subcategory numbers, and corresponding subsection headings (Continued). 
l;t;;;• 

'lf!t1~ FEP 
Subsection Screening Subcategory 

ti.110'!' 
Heading FEP Clauification Numben 

j#\J•j\ 6.3.1 Gu generation MctbancJcarbon dioxide produc- BC,BC2,BCD 1.4 
processes (Cont.) tion: aerobic degradation 

Methane/carbon dioxide produc- BC,BC2,BCD 1.4 
lion: anaerobic degradation 

Jf1!':!M 
Radiolysis RB 1.3 
He production RC 1.4 
Gu generation from concrete; RC 4.6 

short tcnn seals 
Gu from microbial degradation: RC 1.4 

h~,,' . effects of temperature 
Gu from microbial degradation: RC 1.4 

effects of lithostatic 
pressure 

Gu from microbial degradation: RC 1.4. 
effects of biofilms 

6.4.1 Radioactive decay Radioactive decay: heat generation RB 1.5 

6.4.2 Nuclear criticality Nuclear criticality: heat generation RB 1.5,3.12, 
:f!l!l~o; 4.12,5.11 

••""!'' 6.5 .1 Excavation-induced Rocle property changes BC,BC2.BCD 5.2 
host-rock fracturing Formation of cracks BC,BC2,BCD 5.4 

'~'*" Non-elastic response BC,BC2,BCD 5.4 
Excavation-induced strcu/ BC,BC2,BCD 5.4 

fracturing in host rock 
Disturbed zone (hydromcchanical) RB 5.3 

,,~,,.- effects 
Repository induced 1eismicity SO-C 5.4 . ., 

6.5.2 Salt creep External stress: wutc, backfill, BC, BC2, BCD 1.9,3.3, 
!IA\11" seals 4.3 

Creeping of rock mus BC,BC2,BCD 5.2 
.j1.1;~,' 

6.5.3 Caving/Roof Caving (effects on near-field) BC,BC2,BCD 5.2 
.,'* collapse 

ff'?li- 6.5.4 Mechanical effects Gu effects - prcssuri7.ation; wutc, BC,BC2,BCD 1.4,3.6, 
of gas generation backfill, host-rock 5.6 

j~'fi Gu effects - prcs1uri7.ation; seals BC,BC2 4.6 
Gu effects - disruption; backfill, RB 3.6,4.6, 

·•i~ .... j 

seals, host-rock 5.6 

~~_,., 6.S.5 Thermally induced Thcnnally-induced ltl'Cll/- RC 5.4 
stress fracturing in host rock 

h'<i" 
Thermo-hydro-mechanical effects RC 5.3 

if!t'~ 6.5.6 Effects of Gu effects - explosions; backfill, SO-C 3.6,4.6, 
explosions seals, host-rock 5.6 

ftf;i· 

Nuclear criticality - explosions; SO-P 1.12,2.10, 
waste, canister, backfill, seals, 3.12,4.12, 

iJ!ll'f% 

host-rock 5.11 

"/j~{ 
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Table 6-1. Waste- and repository-induced FEPs, their screening 'Classifications, FEP 
subcategory numbers, and corresponding subsection headings (Continued). 

SublCCtion 
Heading 

6.5.1 Repository and 
investigation borehole 
seal pcrfonnancc 

6.6.1 Two-phase brine 
and gas flow 

6.6.2 Thcnnal 
convection 

6.6.3 Wicking 

6.7.1 Radionuclide 
transport 

Scenario Developmea 

PEP 

Shaft seal failure/degradation 
Prcfcrcntial pathways in scala 
Mechanical effects: local fractma/ 
cracks (preferential pathways) 

Seals: rcuturation/dculura&ion 
Backfill: rcsaturation/dcuturation 
EDcmal streu 
Cracking: concrete 
Uneven aw1:lling of bcntonitc 
Differing thcnna1 expansion (seal-

backfill-host rock) 
Thcnnal effects on the seal 

material (concrc:tc hydration) 
Hydrogen: effects of microbial 

growth on concrc:tc 
Degradation of bcntonitc by 

chemical reactions 
Coagulation of bcntonitc 
RadiatiOn effects on bcntonitc 
Erosion of seal 
Alkali-aggregate reaction 
Investigation borehole seal failure/ 

degradation 

Groundwater flow due to gu 
production; backfill, bolt rock 

Groundwater flow due to gu 
production; seals 

Repository-induced changes in 
groundwater flow direction 

Groundwater and gu flow: back-
fill. host rock 

Groundwater and gu flow: 11e&ls 

Convection; backfill, seals, host-
rock 

Repository thermally-induced 
groundwater transport 

Capillary action: backfill 

Source terms 
Re1c:ue of radionuclides from the 

failed container 
Leaching: waste 
Rinse 

PEP 
Screening Subcaregory 

Clauification Numbers 

RB 4.12 
RB 4.3 
RB 4.3 

BC,BC2 4.2 
BC,BC2,BCD 3.~ 
BC,BC2 4.3 
RB 4.3 
RC 4.3 
RC 4.4 

RC 4.4 

RC 4.7 

RC 4.8 

RC 4.8 
RC 4.8 
RC 4.8 
RC 4.8 
RB 4.12 

BC,BC2,BCD 3.6.S.3 

BC,BC2 4.6 

BC, BC2, BCD 5.3 

BC, BC2 BCD 3.10,5.10 

BC,BC2 4.10 

RB 3.4,4.4, 
5.5 

RB 5.3 

RC 3.12 

BCD 1.9 
BCD 2.9 

BCD 1.9 
BCD 1.9 
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Waste- and repository-induced FEPs, their screening -classifications, FEP 
subcategory numbers, and corresponding subsection headings (Continued). 

PEP 

Spccialion; wut.c, backfill 
Sorption; backfill 
Diuolution; wutc, 

backfill 
Solubility; wut.c 
Rcdox front; backfill, acala, boll-

rock 
Solubility effects (pH and Eh, 

ionic strength, complexing 
agents, colloids), backfill, seals, 
boll rock 

Sorption effects (pH and Eh, 
ionic strength, complexing 
agents, colloids), backfill, seals, 
boll rock 

Speciation; scall, host-rock 
Sorption; acala, host-rock 
Diffusion; backfill,. acala, host-

rock 
Unsaturated transport; backfill, 

acala, host-rock 
Transport of radionuclidcs bound 

to microbes; backfill, seals, 
host-rock 

Colloid transport 

Active methane, carbon dioxide, 
radon, tritiatcd hydrogen, and 
other gucs 

Transport of active gucs; backfill, 
scab, host-rock 

Chemical kinetics 

Chemical changes due to metal 
corrosion; waste, canister 

Chemical changes due to gu 
production 

Spcciation of corrosion products 
Soret effect 

Thermally-induced chemical 
changes (water chemistry) 

Precipitation 

Rcconccntration 

6-7 

Screening 
Clauification 

BCD 
RB 
BCD 

BCD 
RC 

RB 

RB 

RB 
RB 
RB 

RB 

RC 

RB 

RB 

RB 

RC 

RB 

RC 

RC 
RC 

RC 

RB 

RB 

PEP 
Subcategory 
Numbers 

1.11,3.11 
3.11 
1.10,3.11 . 

1.11 
3.9,4.9, 

S.8 
3.11,4.11, 

S.9 

3.11,4.11, 
S.9 

4.11,S.9 
4.11,S.9 
3.10,4.10, 

S.10 
3.10,4.10, 

S.3 
3.10,4.11, 

S.10 

.1.12,3.12, 
4.12,S.10 

1.4 

3.6,4.6, 
S.6 

1.10,2.8, 
3.9,4.9,S.8 

1.10,2.2 

1.10,3.9, 
4.9 

1.10,2.8 
3.4,4.4, 

S.10 
1.7 

1.11,3.11, 
4.11,S.9 

3.11,4.11, 
S.9 
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Table 6-1. Waste- and repository-induced FEPs, their scrCening classifications, FEP 
subcategory numbers, and corresponding subsection headings (Continued). 

Subsection · 
Heading 

6. 7 .1 Radionuclide 
transport (ConL) 

6. 7 .2 Transport of chem
ically hazardous wutc 
constituents 

6.8.1 Subsidence 

Scenario DcveloplDClll 

FEP 

Advcction/dispcnion; radio
nuclidca; backfill 

Diuolution: scala, host rock 
Advcction/dispcnion: radio

nuclides; scala, host rock 
Rccrystamntion 

Electrochemical cradicnts 
Blcctrical effccta of mc:tal 

corrosion 
Galvanic coupling 

Source: terms 
Advcction/dispcnion: hazardous 

constituents: backfill, seals, host 
rock 

Gas transport in the near field as 
gu phase and in solution: 
backfill, seals, host rock 

Unsaturated transport; backfill, 
seals, host-rock 

Diffusion; hazardous constituents; 
backfill, seals, host rock 

Dissolution, spcciation, sorption, 
precipitation; hazardous 
constituents; wutc, backfill, 
seals, host rock 

Release of hazardous constituents 
from the failed container 

Degradation of plastics and 
cellulosics 

Release of sorbcd VOCs 

Subsidence; far field 

Screening 
Cl&uification 

BCD 

RB 
RB 

RC 

RC 
RC 

RC 

RB 
RB 

RB 

RB 

RB 

RB 

RB 

RB 

RB 

RB 

FEP 
Subcat.cgory 

Numbers 

3.10 

4.11,S.9 
4.10,5.10 

1.10,3.11, 
4.11,S.9 

1.8 
1.8 

1.8 

1.9 
3.10,4.10, 

s.10 

3.6,4.6, 
S.6 

3.10,4.10, 
5.3 

3.10, 4.10, 
S.10 

1.11, 3.11, 
4.11, S.9 

2.9 

1.9 

1.9 

6.3 
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repository horizon could provide pathways for lateral migration of contaminants from the 
repository. Anhydrite layers a and b and Marker Beds 138 and 139 (MB138 and MB139) are 
near the repository horizon, and are of concern in assessing the long-term performance of the 
disposal system (Sandia WIPP Project, 1992; WIPP PA Department, 1992a; 1992b; 1993a; 
1993b). In the vicinity of the WIPP repository the lithologic layers dip approximately 1 • to the 
southeast. The stratigraphy of the Salado Formation is discussed further in the Systems 
Prioritization Method - Iteration 2 Baseline Position Paper: Salado Formation Fluid Flow and 
Transport Containment Group, Section 2.1.1.1. 

The extent of interconnectivity of the pore space in the Salado Formation is uncertain. 
E.Xperimental results suggest an absence of interconnected pore space in very pure halite, but 
also that anhydrite interbeds and impure halite intervals contain interconnected pore space. The 
issue of interconnectivity of pore space in the Salado Formation, and associated fluid-flow model 
uncertainty, is addressed in the position paper concerned with Salado fluid flow and transport. 

The high thermal conductivity of the Salado Formation, coupled with low rates of 
advective heat transfer, indicates that heat transport in the Salado Formation is conduction 
dominated under natural conditions (e.g., Molecke et ·al., 1993; Systems Prioritization Method -
Iteration 2 Baseline Position Paper: Salado Formation Fluid Flow and Transport Containment 

Group,, Section 2.1.1.6). 

6.2.2 Repository Characteristics 

Screening Decision: The WIPP repository geometry, the seal and backfill characteristics, and 
the waste disposal locations are included in the base case. 

Discus.sion: The WIPP repository is located in the Salado Formation 655 m below the land 
surface and 200 m above the base of the Formation. The repository level contains an 
experimental region, an operations region, and a disposal region. The disposal region is being 
excavated at a constant stratigraphic horizon so that all waste panels will share the same local 
stratigraphy. Four cylindrical shafts (for air intake, exhaust, salt-handling, and waste) connect 
the underground facility to the land surface. In addition, many boreholes have been drilled at 
the WIPP site as part of the investigation and characteriz.ation program. Several of these 
boreholes terminate in or below the Salado Formation. 

Upon completion, the disposal region for CH-TRU waste will consist of eight panels with 
seven rooms and two access drifts in each panel. The drifts providing access to the waste panels 
will form two additional waste disposal panels. The total excavated volume in the disposal 
region will be 4.36 x lOS m3• The reported design capacity for CH-TRU waste is about 40% 
of the excavated volume (Bechtel National, Inc., 1986). RH-TRU waste canisters will be 
emplaced horizontally in the drift and room walls. 

Scenario Develop..- March 17, 1995 
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Crushed salt may be used to backfill the waste-filled regions and to fill the operations 
region and experimental region. 3 However, a ventilation space above the waste must be 
maintained whµe each room is being filled, with an allowance for salt creep closure (Bechtel 
National Inc., 1986). Seals will be placed at the entrances to the waste disposal panels, and in 
selected access drifts (Nowak et al., 1990). All four shafts will be sealed upon decommission
ing. In addition, boreholes drilled in the vicinity of the repository will be sealed. The sealing 
system comprises components that provide barriers to fluid flow and contaminant migration for 
the operational phase (during which waste is emplaced), and for the short- and long-term periods· 
following decommissioning. The seals use preconsolidated crushed salt as a long-term seal 
material, which should consolidate further after emplacement as a result of salt creep. · Concrete 
plugs and grouting will provide short-term seals in the panels and drifts, while salt creep 
consolidates the long-term seals. Composite barriers of concrete, bentonite, and consolidated 
crushed salt will provide short-term seals in the shafts. The DRZ in the non-salt lithologies near 
the shafts in the Rustler Formation and in the interbeds near the shafts in the Salado Formation 
will be sealed by grouting. The borehole sealing strategy is currently under consideration (Van 
Sambeek et al., 1993; see the Systems Prioritiz.ation Method - Iteration 2 Baseline Position 
Paper: Repository Seals Program). WIPP repository design alternatives relating to the 
engineered barrier system are discussed in Section 6.2.4. 

6.2.3 Waste and Canister Characteristics 

Screening Decision: The waste and canister inventories are included in the base case. 

Discussion: The disposal phase, projected to last approximately 25 years, will involve the 
emplacement of TRU and TRU-mixed waste in the repository (see the Systems Prioritiz.ation 
Method - Iteration 2 Baseline Position Paper: Actinide Source Term). The TRU wastes fall into 
two categories: CH-TRU waste, which has a dose rate of less than 200 mrem/hour, and RH
TRU waste, which has a dose rate between 200 mrem/hour and 1000 rem/hour. According to 
the WIPP Land Withdrawal Act (LWA) (U.S. Congress, 1992), only 5% oftheRH-TRU waste 
may exceed 100 rem/hour. VOCs, heavy metals, and other chemically hazardous constituents 
will also be present in the waste, and their consideration is important in demonstrating 
compliance with 40 CFR §268.6. The CH-TRU and RH-TRU radionuclide inventories, and 
currently identified hazardous constituents ofTRU-mixed waste, are listed in U.S. DOE (1994b). 

CH-TRU waste will be contained in either steel drums or metal standard waste boxes 
(SWBs). A steel drum has a capacity of 0.2082 m3 of waste and an SWB has a capacity of 

3 The DOE has determined that, for the purposes of current SPM calculations, the base facility 
design does not require salt backfill to be placed over the waste. On this basis, FEPs relating 
to the emplacement of backfill are irrelevant to performance assessments of the WIPP~ 
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1.8 ml of waste (U.S. DOE, 1990a). RH-TRU waste will be contained in carbon steel plate 
cylinders. A cylinder has a capacity of about 0.89 ml of waste (U.S. DOE, 1990b). 

. -

The LW A sets the maximum capacity for the WIPP at 1. 756 x 105 ml for all waste. The 
d~gn capacity for the disposal ofRH-TRU waste is 7.08 x 103 ml (Sandia WIPP Project, 1992; 
WIPP PA Department, 1992a; 1992b; 1993a; 1993b). 

6.2.4 Engineering Alternatives 

Screening Decision: Design modifications to the waste form, waste canisters, backfill, seal 
systems, and geometry are screened out as irrelevant. 

Disc~ion: Compliance documentation will be prepared on the basis of a single design concept 
selected from a number of possible designs evaluated during the repository design phase. Design · 
changes in response to changes to the inventory or waste forms, for example, will require re
evaluation and submission of revised compliance documents. For the purpose of a particular 
performance assessment that is based on a certain repository design, however, alternative designs 
that were not selected can be screened out as irrelevant. 

Alternative designs for the WIPP repository seal system have been discussed in Van 
Sambeek et al. (1993). Design alternatives include the use of chemical seal rings or asphalt for 
short-term shaft seals, and grouting to decrease the permeability of the DRZ around the waste
filled regions and drifts. Designs for WIPP investigation borehole seals include the use of a 
cementitious grout, crushed salt, bentonite, or asphalt. Modifications to the seal system design 
are under investigation. 

The selection of any alternative design for the WIPP repository is likely to impact the 
screening of many FEPs related to the design alternative. For example, modification to the 
canister requirements and design would necessitate rescreening all FEPs associated with canister 
performance. 

6.3 Gas Generation 

6.3.1 Gas Generation Processes 

Screening Decision: Gas generation will take place in the waste-filled regions of the repository, 
and is included in the base-case system model. 

Disc~ion: After the rooms and drifts at the WIPP are filled and sealed, various gases will be 
formed, principally by the corrosion of metals in the waste and canisters, and also by microbial 
decomposition of organic material in the waste and radiolysis (Brush and Anderson, 1988; 
Systems Prioritiz.ation Method - Iteration 2 Baseline Position Paper: Gas Generation in the 

Scenario Development 6-11 Man:b 17, 1995 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 

22 
23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

Waste Isolation Pilot Plant). Potential gas consumption processes are the reaction of gases with 
constituents of cementitious materials, and the dissolution of gases in brine. 

The amount of water available for reactions and microbial activity will have a major 
impact on· the amounts and types of gases produced. WIPP waste is prohibited from containing 
any free liquid. Waste storage sites that have no facilities to repackage wastes may obtain 
pennission from the DOE to ship waste with residual liquids if it does not exceed 1 % of the 
volume of the container. Few such containers are expected. Additional water may be 
introduced by the influx of brine from the Salado Formation. Anoxic corrosion of the waste 
d~ms and metallic waste is expected to be the dominant producer of gas (hydrogen), although 
microbial breakdown of celltilosic material, and possibly of plastics and other synthetic 
materials, is also likely to occur in significant amounts. For waste representative of the expected 
CH-TRU waste in rooms and drifts, radiolysis is not expected to contribute significant amounts 
of gas to the total amount produced (U.S. DOE, 1994b). 

Gas generation is important in terms of its effects on the mechanical behavior of the host
rock and engineered barriers, chemical conditions and brine flow, and, as a result, the transport 
of radionuclides, VOCs, heavy reetals, and other chemically hazardous waste~ Gas generation 
is included in the base-case system model. 

6.4 Heat Generation 

6.4. 1 Heat from Radioactive Decay 

Screening Decision: Radioactive decay of the CH- and RH-TRU waste emplaced in the WIPP 
repository will generate heat. The screening decision for heat generation depends on the effects 
of the induced temperature changes on mechanics and fluid flow. The effects of temperature 
changes on mechanics and fluid flow are retained for evaluation, as discussed in Section 6.5.5 
and Section 6.6.2, respectively 

Discussion: Radioactive decay of the waste will cause temperature increases, which could 
result in thermally-induced fracturing, regional uplift, or thermally-driven flow of gas and brine 
in the vicinity of the repository. 

According to the Waste Acceptance Criteria (WAC) (U.S. DOE, 1991), the design of 
the WIPP requires that thermal loading does not exceed 10 kilowatts per acre. RH-TRU waste 
canisters, CH-TRU waste drums, and CH-TRU standard waste boxes have an average estimated 
thermal power of 60 watts, 0.5 watts, and 0.8 watts respectively (U.S. DOE, 1990c). The 
WAC states that the majority of the RH-TRU waste canisters emplaced in the WIPP repository 
. will have a thermal power of less than 1 watt and that individual canisters could generate up to 
300 watts of thermal power without exceeding the thermal loading limit for the WIPP. The 
WAC requires that thermal power generated by waste in a RH-TRU canister does not exceed 
300 watts. 
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The potential temperature increase in the repository caused by radioactive decay of 
emplaced waste was investigated through numerical analysis and experimental studies. The 
results of these studies are summarized below. 

A numerical study to calculate induced temperature distributions and regional uplift was 
undertaken by Thome and Rudeen (1980). The background of this study is presented in U.S. 
DOE (1980). The Thome and Rudeen (1980) analysis assumed: 

All CH-TRU waste drums and boxes contain the maximum permissible quantity of 
plutonium. According to the WAC, the fissionable radionuclide content for CH-TRU 
waste containers shall be no greater than 200 grams per 0.21 cubic meter drum, and 350 
grams per 1.8 cubic meter standard waste box (in Pu-239 fissile gram equivalents). 

The plutonium in CH-TRU waste containers is weapons-grade material producing heat 
at 0.0024 watts per gram. Thus, the thermal power of a drum is approximately 0.5 
watts, and is approximately 0. 8 watts for a box. Such values for thermal power of 
containers are reported in U.S. DOE (1990c). 

Approximately 3.7 x H>5 m3 of CH-TRU waste is distributed within a repository 
enclosing an area of 7 .3 x H>5 m2• This is a conservative assumption in terms of 
quantity and density of waste because the maximum capacity of the WIPP is 1. 756 x 1 c>5 
m3 for all waste (6.2 x 106 ft3, as specified by the WIPP Land Withdrawal Act) to be 
placed in an enclosed area of approximately 5.1 x Ic>5 m2 (Sandia WIPP Project, 1992; 
WIPP PA Department, 1992a; 1992b; 1993a; 1993b). 

Half of the CH-TRU waste volume is placed in drums, and the other half in boxes, so 
the repository will contain approximately 9 x 1<>5 drums and 1C>5 boxes. Thus, a 
calculated thermal power of 0. 7 watts of heat per square meter (2.8 kilowatts per acre) 
is generated by the CH-TRU waste. 

RH-TRU waste emplaced in the repository is insufficient to influence the total thermal 
load. Note, however, that a canister of RH-TRU waste has an estimated average thermal 
power of 60 watts. The 7.08 x 1<>3 m3 of RH-TRU waste to be emplaced in the WIPP 
repository (see Section 6.2.3), within an enclosed area of approximately 5.1 x Ic>5 m2, 

will generate a thermal load of approximately 0.9 watts per square meter (3.8 kilowatts 
per acre) of the repository. Thus, the Thome and Rudeen (1980) analysis underestimates 
the potential thermal load of the repository. 

Under these assumptions, Thome and Rudeen (1980) estimated the long-term temperature 
response of the disposal system to waste emplacement. Calculaf:ions assumed an initial uniform 
power density of 0.7 watts per square meter, decreasing with time. Thome and Rudeen (1980) 
estimated the maximum rise in temperature at the center of a repository to be 1.6· Cat 80 years 
after waste emplacement. Although the calculations did not include the effects of RH-TRU 
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l waste, the expected thermal load of approximately 0.9 watts per square meter from RH-TRU 
2 waste would approximately double the average estimated temperature increase in the repository. 
3 . · However, temperature increases will be much greater where the thermal power of RH-TRU 
4 canisters approaches 300 watts. 
5 

6 An Cxperimental study of the temperature response of the repository to emplaced RH-
7 TRU waste has formed part of the WIPP Simulated RH-TRU Waste Experiments (Molecke et 
a al., 1993). The experiments involved the emplacement of eight nonradioactive, but heated, RH-. 
9 TRU containers in boreholes in the WIPP experimental region. The spacing approximated the 

lO anticipated geometrical spacing of RH-TRU containers in the WIPP disposal rooms. A 
l l maximum heater power output of approximately 300 watts was used in the experiments, 
12 providing a good approximation of the local maximum heat levels likely to be reached. Other 
13 experiments involved heating simulated RH-TRU waste canisters to approximately 120 watts, 
14 about double the expected average thermal output of RH wastes in the WIPP. 
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Molecke et al. (1993) reported that the 300-watt heater generated a maximum heater
thermocouple temperature of 58 • C. The 120-watt heater generated a maximum heater 
temperature of 42 • C. The observed initial ambient temperature of the salt was approximately 
2s·c. 

In summary, numerical analysis showed that the average temperature increase in the 
WIPP repository due to radioactive decay of the emplaced CH- and RH-TRU waste, is likely 
to be 3-4 ·c. However, experimental studies have shown that temperature increases in the 
repository will be much greater where RH-TRU waste containers of maximum allowable thermal 
power output are located. An evaluation of the mechanical and fluid flow responses to such 
temperature increases is required, as discussed in Section 6.5.S and Section 6.6.2, respectively. 

6.4.2 Nuclear Criticality 

Screening Decision: A more detailed analysis of the potential for nuclear criticality and the 
resultant heat generation would assist with development of a screening argument. 

Discussion: Nuclear criticality refers to a sufficiently high concentration of radionuclides for 
a sustained fission reaction to occur. This type of reaction produces heat, or, under a specific 
set of conditions, causes an explosion. The WAC limit the fissionable radionuclide content of 
CH- and RH-TRU waste canisters, so that a concentration process would be required after 
decommissioning to create a critical mass. In the event of canister failure and subsequent 
transport of contaminants, radionuclides. could precipitate or sorb in the waste or backfill, at 
certain components of the seal system, within intrusion boreholes, or within hydrologic units in 
the far-field, resulting in high radionuclide concentrations. 
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For credible geometries of material, a neutron moderator (such as hydrogen in water) 
would be required for criticality to occur. In the event of criticality occurring, the heat 
generated would result in self-shutdown of the reaction via a combination· of thermally-induced 
flow, . voiding~ and a rise in the temperature of the fissile material. 

A more detailed analysis of the potential for nuclear criticality and the resultant heat 
generation, through scoping calculations or radionuclide transport modeling, would enable 
development of a screening argument. Estimates of the temperature rise due to nuclear 
criticality may be used to estimate the potential for thennally-induced fracturing and thermal 
convection. · 

6.5 Rock Mechanics 

6.5.1 Excavation-induced Host-rock Fracturing 

Screening Decision: Excavation-induced host-rock fracturing 1s included as part of the 
conceptual model for the undisturbed base case. 

Discussion: Excavation of the repository has caused local stress redistribution in the 
surrounding rock. This has led to failure of intact rock around the opening, creating a DRZ of 
fractures (Stormont et al., 1987). 

On completion of the WIPP excavation, the extent of the induced stress field perturbation 
will be sufficient to have caused fracturing in the anhydrite layers a and b, MB139, and, 
possibly, MB138 (Sandia WIPP Project, 1992; WIPP PA Department, 1992a; 1992b; 1993a; 
1993b). The creation of the DRZ around the completed excavation and the disturbance of the 
anhydrite layers and marker beds will alter the permeability and effective porosity of the rock 
around the repository, providing enhanced pathways for flow of gas and brine between the 
waste-filled rooms and the nearby interbeds (Systems Prioritization Method - Iteration 2 Baseline 
Position Paper: Salado Formation Fluid .Flow and Transport Containment Group, Section 2.1.2; 
Systems Prioritization Method - Iteration 2 Baseline Position Paper: Rock Mechanics: Creep, 
Fracture, and Disturbed Rock Zone (DRZ), Section 4). The DRZs around repository shafts 
could provide pathways for flow from the repository to hydraulically conductive uni~ above the 
repository horizon. The effectiveness of long-term shaft seals is critically dependent upon the 
seals providing sufficient backstress for salt creep to heal the DRZ around them rapidly, so that 

. connected flow paths out of the repository horizon will cease to exist (Sandia WIPP Project, 
1992; WIPP PA Department, 1992a; 1992b; 1993a; 1993b; Systems Prioritization Method -
Iteration 2 Baseline Position Paper: Repository Seals Program, Section 3.2). 

The DRZ around the drifts and waste-filled rooms has been explicitly modeled in the base 
case in past performance assessments (WIPP PA Department, 1992c). Characterization of the 
DRZ is important in assessing the performance of the shaft, drift and panel seals. The extent 
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of the DRZ and lateral fracturing in the anhydrite layers and marker beds, and the time
dependent behavior of the DRZ, are subject to continued evaluation (U.S. DOE, 1994a). 

6.5.2 Salt Creep 

Screening Decision: Salt creep in the Salado Formation will occur and is included in the base 
8 case. 
9 

10 Discussion: Salt creep occurs naturally in halite-rich formations. Following excavation, creep 
11 will begin to close the repository (Tyler et al., 1988; Munson et al., 1989a,b; Systems 
12 Prioritiz.ation Method - Iteration 2 Baseline Position Paper: Salado Formation Fluid Flow and 
1J Transport Containment Group, Section 2.1.1.2.; Systems Prioritiz.ation Method - Iteration 2 
t4 Baseline Position Paper: Disposal Room and Cuttings Models, Vol. 1, Section 2.1; Systems 
1s Ptjoritization Method - Iteration 2 Baseline Position Paper: Rock Mechanics: Creep, Fracture, 
16 and Disturbed Rock Zone (DRZ), Section 2), and reduce the potential for migration of 
11 radionuclides from the waste-filled regions. Salt creep will compact the waste, canisters, 
18 backfill, and seals, and will tend to close fractures in the DRZ, leading to reductions in porosity 
t 9 . and permeability, increases in pore pressure, and reductions in fluid flow rates in the repository. 
20 . In particular, the effectiveness of the long-term repository seal system relies on the consolidation 
21 of the crushed-salt seal material, and healing of the DRZ around the seals, to achieve a low 
22 permeability under stresses induced by salt creep. Models of salt mechanics are under continued 
23 development (U.S. DOE, 1994a). 
24 

2S 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

17 

38 

39 

40 

41 

42 

43 

The potential for salt creep-induced subsidence in formations overlying the repository and 
its effects on repository performance are discussed in Section 6.8. The effects of salt creep on 
borehole properties are discussed elsewhere in this section and in Section 7.3. 

6.5.3 Caving/Roofing Collapse 

Screening Decision: The potential effects of roof collapse on flow paths in the near-field are 
included in the base-case system model. 

Discussion: Instability of the DRZ overlying the repository will lead to spalling and small-scale 
roof collapse. Such roof collapse may provide enhanced pathways for flow of gas and brine 
between the waste-filled regions and the nearby interbeds. Caving, or the widespread collapse 
of walls and roof, is prevented by the design and construction of the repository. 

Performance assessments assume that, before decommissioning, the experimental and 
operational regions, and the void space in the waste-filled regions, will be backfilled with 
crushed salt. However, backfill in the waste disposal regions will not significantly reduce the 
potential for roof spalling and collapse, because of the high initial porosity and low stiffness of 
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the waste and the small ratio of backfill to waste volume. 4 Thus, prior to room closure by salt 
creep, some roof spalling will occur in the repository. Spalling may be sufficient to disrupt the 
anhydrite lay~ a and b above the repository by causing roof collapse, and may create a zone 
of disturbed anhydrite that extends from the interbeds toward a waste-filled room. This could 
result in a long-term contaminant migration path between the repository and the interbeds, 
because the anhydrite would retain a higher permeability than the surrounding halite, despite the 
stresses generated by salt creep. Roof collapse will most likely be induced by the rock stress 
and strain distributions of salt creep, although other processes may also initiate collapse. For· 
example, gas explosions within waste-filled rooms may disrupt the DRZ (Section 6.5.6). Also, 
roof collapse may be triggered by natural or human-induced seismic activity, resulting from 
earthquakes (Section 5.3.6), oil and gas recovery operations (Section 7.4), potash mining 
(Section 7.5), or underground explosions (Section 7.7). 

In the long-term, roof collapse in the repository is likely to be minor to nonexistent . 
because salt creep will eventually become the dominant mode of deformation in the rock 
surrounding the excavation. Salt creep will reduce the void space and, thus, the potential for 
roof collapse. 

Roof collapse was not explicitly modeled in the 1992 WIPP PA. The potential effects 
of minor collapse on flow paths in the near-field were, however, included within the scope of 
the parameter distributions describing the DRZ. 

6.5.4 Mechanical Effects of Gas Generation 

Screening Decision: The mechanical effects of gas generation were modeled in the 1992 WIPP 
PA. The effect of gas generation on the expulsion (spalling) of degraded waste into a borehole 
during human intrusion was not modeled in the 1992 WIPP PA, but a preliminary model is 
available for use in the SPM. 

Disc~ion: After the rooms and drifts at the WIPP are filled and sealed, various gases will be 
formed (as discussed in Section 6.3.1). Sufficiently high gas pressures have the potential of 
opposing repository closure through salt creep (Systems Prioritization Method - Iteration 2 
Baseline Position Paper: Disposal Room and Cuttings Models, Vol. l, Section 2.1). As a 
result, permeability and porosity in the backfilled and sealed areas, the waste-filled regions, and 
the DRZ could change, and fractures could be created or reopened. The mechanical effects of 
gas generation, including the extent of fracturing in the DRZ and anhydrite layers, were 
considered in the 1992 WIPP PA, and further investigation of these effects is underway (U.S. 
DOE, 1994a). 

4 The DOE has determined that salt backfill placed over the waste for the purposes of filling 
voids is unnecessary for the purposes of current SPM calculations. 
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In addition, gas generation may cause the expulsion (spalling) of degraded waste into a 
borehole during human intrusion, and the possible magnitude of this effect is also under 
investigation (Systems Prioritiz.ation Method - Iteration 2 Baseline Position Paper: Disposal 
Room and Cuttings Models, Vol. 1, Section 4.2.4). This effect was not modeled in the 1992 
WIPP PA; but a preliminary model is available for use in the SPM. 

6.5.5 Thermally Induced Stress 

Screening Decision: Analysis of heat generation processes in the WIPP repository would enable 
development of a screening argument for the effects of thermally induced stress. 

Discussion: The potential exists for the fracture network in the DRZ around the waste-filled 
regions to develop, or for fractures to form in the repository seals and backfill, in response to 
stresses and strains induced by thermal contrasts, if the temperature within the waste disposal 
system becomes sufficiently high. Thermally induced stress could result in pathways for 
groundwater flow in the DRZ, in the anhydrite layers and marker beds, and through seals and 
backfill, or enhance existing pathways. Radioactive decay and nuclear criticality provide two 
possible sources of heat, and are discussed in Section 6.4. 

6.5.6 Effects of Explosions 

Screening Decision: The effects of gas explosions on repository seal performance are 
eliminated on the basis of low consequence to the long-term performance of the disposal system. 
The effects of explosion-induced caving are expected to be no more severe than those of 
excavation-induced caving, discussed in Section 6.5.3. Explosions resulting from nuclear 
criticality are eliminated on the basis of low probability of occurrence. 

Discussion: The gases produced in the repository have the potential to be flammable or 
explosive. Explosions in the waste-filled regions after decommissioning are of concern to 
performance assessments because potential damage to engineered and natural barriers could 
generate pathways for brine or gas flow. Under the current WIPP repository design, the seals 
in panels, drifts, and shafts form the engineered barrier systems in the repository. .The waste 
form, waste canisters, and backfill are not assumed to play a role in retarding contaminant 
transport (see Section 6.2.4). Therefore, the eff~ts of an explosion on the barrier function of 
these components need not be evaluated. 

Sle7.ak and Lappin (1990) (see Appendix C) assessed the potential for collection of 
explosive gas mixtures in the head space above the waste and backfill in a sealed panel. Their 
analysis assumed the following conditions. The assumptions regarding gas generation rates are 
compared with more recent estimates of Brush (1993) (see Appendix C). 
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A panel seal is emplaced two years after the beginning of waste and backfill 
emplacement. 

The panel seal and host rock are impermeable. This is a conservative assumption, since 
some gas will enter the host rock through the DRZ. 

There is a permanent head space of 0.46 m above the waste and backfill. This value is 
less than the maximum possible head space of approximately 0. 7 m (Bechtel National., 
Inc., 1986), and may not represent the most conservative assumption, because a greater 
oxygen content may increase the potential ~tude of an explosion. 5 · . 

Hydrogen generation by radiolysis of waste at a rate of 0.05 moles per waste drum per 
year. This estimate seems reasonable, compared with Brush's (1993) (see Appendix C) 
estimate for the maximum rate of hydrogen generation by brine radiolysis of 0.12 moles 
per waste drum per year under inundated conditions. 

Methane (CHJ generated from the biodegradation of waste at a rate of 0.25 moles per 
waste drum per year. Brush (1993) (see Appendix C) estimated a maximum gas 
generation rate by anaerobic microbial activity. of 5 moles per waste drum per year, 
although this included calculations for only one of two identified methanogenic reactions. 
Brush (1993) did not identify any methanogenic reactions under aerobic conditions. 

Oxygen dilution by generation of methane and hydrogen only. This is a conservative 
assumption because oxic corrosion and aerobic microbial degradation are ~xpected to 
deplete oxygen soon after room closure. Oxygen production through radiolysis of H20 
in brine and waste is expected to be insignificant (Systems Prioriti7.ation Method -
Iteration 2 Baseline Position Paper: Gas Generation in the Waste Isolation Pilot Plant, 
Section 2.3.3). 

The most explosive gas mixture generated contains a stoichiometric mix of hydrogen, 
methane, and oxygen for conversion to carbon dioxide and water through the reactions: 

2H2 + 0 2 => 2H20 

2CH4 + 402 = > 2C02 + 4H20 

5 The DOE has determined that, for the purposes of current SPM calculations, the base facility 
design does not require salt backfill to be placed over the waste. The exclusion of backfill 
will result in a greater void space in the waste-filled regions. The resulting greater oxygen 
content may increase the potential magnitude of a gas explosion. 
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1 Sle7.ak and Lappin' s (1990) (see Appendix C) calculations indicated that, for the assumed 
2 gas generation rates, the most explosive mixture of hydrogen, methane, and oxygen would be 
3 . · present in the head space approximately five years after panel-seal emplacement. 
4 
s Siu.ale and Lappin (1990) (see Appendix C) also assessed the potential damage to a panel 
6 . seal that cowd be caused by gas detonation in the head space. The propagation of an explosion 
1 in such a geometry requires a minimum duct size. For the methane-dominated gas mixture 
8 expected in the repository, Slez.ak and Lappin (1990) considered that a nominal head-space gap 
9 of 0.46 m might be adequate for the most explosive gas mixture to propagate. A larger room 

10 head-space may exist (see Section 6.2.2), which would increase the potential for explosion 
11 propagation. For the worst-case explosion, Sle7.ak and Lappin (1990) calculated the pressure 
12 loading on the exposed concrete component of the panel seal, based on several assumptions: 
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A detonation is initiated in the head space at the comer furthest from the panel seal, and · 
so has approximately 25 m of free run to the panel seal. This was considered to 
maximize the potential impulsive force on the seal. 

The pressure wave is applied uniformly over· the area of the seal exposed in a 0.46 m 
head space. Only the exposed concrete seal component (approximately 9 m long) was 
considered in the analysis. The presence of other salt and concrete components of the 
composite panel seal (approximately 27 m long) will reduce the potential for explosion
induced displacement of the exposed concrete seal. 

The backfill and waste are rigid. In fact, the waste and backfill will have a low strength 
prior to compaction by salt creep. Thus, compaction of the waste and backfill, in 
response to a pressure pulse within the head space, will absorb some of the energy of the 
explosion. 

Calculations using a computer code developed by Gordon and McBride (1971) indicated 
that a peak pressure of approximately 800 psi would be applied to the front face of the concrete 
seal, and would immediately begin to decay to approximately 120 psi 0.35 seconds after impact. 
Slezak and Lappin (1990) (see Appendix C) estimated that the consequences of the detonation 
would be limited to fracturing within the concrete seal to a depth of about 0.5 m, with slight 
spalling at the seal face. Dissipation of the shock wave would prevent more extensive 
fracturing. No measurable movement of the seal was expected. 

In summary, based on the analysis of Slezak and Lappin (1990) (see Appendix C), there 
is little likelihood of a gas explosion in the long term, because the rooms and panels are 
expected to become anoxic, and compaction through salt creep will greatly reduce any void 
space. In the short term, a gas explosion could occur within the panel head space soon after 
panel closure. The consequences of such an explosion are expected to be limited to fracturing 
of the panel seal to a depth of about 0.5 m, with spalling at the concrete seal face. Such damage 
is not expected to affect the performance of the seal significantly. Thus, the effects of gas 
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explosions on repository seal performance arc screened out on the basis of low consequence to 
the long-term performance of the disposal system. Sle7.ak and Lappin (1990) (see Appendix 
C) did not assess the possible extent of damage to the natural barrier that ·could be caused by a 

. gas explosion; Potentially, an explosion could increase the permeability and porosity of the 
DRZ in the salt· host rock. As a result, flow communication between the panel and anhydrites 
a and b above the repository might be enhanced, particularly if the explosion induced caving. 
However, the effects of explosion-induced caving are expected to be no more severe than those 
of excavation-induced caving, discussed in Section 6.5.3. 

For a nuclear explosion to occur, a critical mass of plutonium would have· to undergo 
rapid compression to a high density. Even if a critical mass of plutonium could form in the 
system, there is no mechanism for rapid compression. Therefore, nuclear explosions can be 
eliminated. 

6~5.7 Repository and Investigation Borehole Seal Performance 

Screening Decision: The nonconsolidation and degradation of shaft, panel, and drift seals, and 
the performance of seals placed in WIPP investigation boreholes are currently being evaluated. 

Discussion: In the long-term, salt creep will close the shafts and rooms of the repository and 
the investigation boreholes. As a result, the DRZ will heal, and the crushed salt in the shaft, 
drift, and panel seals will consolidate. Eventually, the hydrologic properties of the consolidated 
crushed salt should approximate those of intact salt, providing effective long-term barriers to 
fluid flow and contaminant migration. While the crushed-salt seals reconsolidate, barriers to 
fluid flow and contaminant migration will be provided by short-term concrete- and bentonite
based seals. 

Failure of any component of the seal system at any time might affect the performance 
of the waste disposal system. For example, during the construction of concrete shaft seals, the 
heat generated from the exothermic hydration reaction can raise the temperature of the concrete 
to high levels (Van Sambeek et al., 1993). This might cause thermal cracking during cooling 
of the concrete, and lead to permanent damage. Other shaft sealing materials may be affected 
by the heat of concrete hydration. Groundwater inflow to the consolidating long-term seals may 
result, leading to failure of the crushed salt to reconsolidate to the required density, and 
providing a pathway for contaminant migration. The effects of fluid pressure on the rate of 
closure of vertical openings is currently· being evaluated (U.S. DOE, 1994a; Systems 
Prioritiz.ation Method - Iteration 2 Baseline Position Paper: Repository Seals Program, Section 
4.2). Reconsolidation of the drift and panel seals and healing of the DRZ will be opposed, to 
some extent, by gas generation in the waste-filled regions. Furthermore, the gas pressures 
generated may be sufficient to cause fracturing of the seals or an extension of the DRZ. A 
degraded seal, or a seal that has not fully consolidated, could create a pathway for groundwater 
or gas flow between the waste-filled rooms and drifts. The nonconsolidation and degradation 
of shaft, drift, and panel seals are being evaluated. 
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WIPP investigation boreholes provide a less significant transport pathway than the shafts, 
and past performance assessments have assumed that investigation borehole seals will be 
effective in reducing fluid flow. Investigation boreholes may thus be eliminated on the grounds 
of low consequence. However, the borehole sealing strategy is currently under consideration 
(Van Sambeek et al., 1993). WIPP repository design alternatives relating to the engineered 
barrier system are discussed in Section 6.2.4. 

6.6 Fluid Dynamics 

6~6.1 Two-phase Brine and Gas Flow 

Screening Decision: Two-phase brine and gas flow in the Salado is included in the base case. 

Discussion: Following decommissioning of the WIPP repository, fluid will. flow between the 
Salado Formation and the backfill, seals, and waste in the repository. However, as discussed 
in Section 6.2 and in the Systems Prioritization Method - Iteration 2 Baseline Position Paper: 
Salado Formation Fluid Flow and Transport Containment Group, Section 2.1.1.4, there is 
uncertainty associated with the mechanisms governing fluid-flow in the Salado. Brine and gas 
may flow to or from the repository through the DRZ, impure halite, anhydrite layers, or clay 
layers. Pressurization of the repository through gas generation could limit the amount of brine 
that flows into the rooms and drifts. The amount of water available for reactions and microbial 
activity will have a major impact on the amounts and types of gases produced. Gas generation 
rates, and the resulting repository pressure will change as the water content of the repository 
changes. Two-phase flow of brine and gas in the Salado is modeled in the base-case scenario. 

6.6.2 Thermal Convection 

Screening Decision: The analysis of heat generation processes in the WIPP repository would 
enable development of a screening argument for thermal convection. 

Discussion: Temperature differentials in the repository caused by radioactive decay of the waste 
and, potentially, nuclear criticality, could initiate thermal convection. This could influence fluid 
flow and contaminant transport in the repository. Once the maximum temperature generated in 
the waste disposal system has been estimated (see Section 6.4), the magnitude of buoyancy 
forces caused by the heat source can be estimated. The effects of thermal gradients on brine and 
gas flow could then be determined. · 
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6.6.3 Wicking 

Screening ~on: This FEP has not previously been considered, and is retained for 
evaluation. 

Disc~ion: capillary action (or wicking) is a potential mechanism for liquid migration through 
unsaturated zones in the repository (Systems Priorit:i7.ation Method - Iteration 2 Baseline Position 
Paper: Disposal Room and Cuttings Models, Vol. 1, Section 3.3.4). Wicking in the wa5te · 
material or backfill could affect gas generation rates, which are dependent on water availability. 
Analysis of the potential magnitude of capillary forces in the backfill and waste, and the extent 
of wicking and its effects in the repositOry, would enable the development of a screening 
argument. However, it is likely that capillary effects would be less important than other forces 
driving fluid flow. 6 

6. 7 Mass Transport 

6. 7. 1 Radionuclide Transport 

Screening Decision: Transport of radionuclides in the near-field is included in the disturbed 
case for evaluating compliance with 40 CFR §191.13. Radionuclide transport in the near-field 
has not been explicitly modeled for evaluating compliance with 40 CFR §191.15 and §191.24. 

Disc~ion: Following decommissioning of the repository, groundwater will reach. the waste, 
and radionuclides will enter solution. Chemical and microbial decomposition of organics in the 
waste will result in the transport of some radionuclides as complexes, colloids, and particulate 
material. Radionuclides might also be transported bound to microbes. Potentially, radionuclides 
will migrate with the groundwater by advection, diffusion, and dispersion through the repository 
seals and backfill, as well as through the rock matrix and fractures in the DRZ, and in interbeds 
(Systems Prioritization Method - Iteration 2 Baseline Position Paper: Salado Formation Fluid 
Flow and Transport Containment Group, Section 2.1.1.5). 

Radionuclide mobility in the repository material, rock matrix, and fractures will be 
affected by radionuclide solubility, speciation, sorption and precipitation. Precipitation may be 
influenced by the movement of an oxidation-reduction (redox) front through the near-field. 
~tes of dissolution, precipitation, and sorptiort of radionuclides will be influenced by the 
geochemical evolution of the near-field. The heterogeneity of the waste form might be important 
in evaluating radionuclide transport. 

6 The DOE has determined that, for the purposes of current SPM calculations, the base facility 
design does not require salt backfill to be placed over the waste. The absence of backfill 
greatly reduces the potential for capillary action. 
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In past performance assessments, fluid flow calculations suggested that material would 
not reach the accessible environment in 10,000 years under undisturbed conditions (WIPP PA 
Department, 1992c). Thus, radionuclide transport in the near-field has not been explicitly 
modeled for evaluations of compliance With 40 CFR §191.15 and §191.24. However, the 
distance that contaminants travel is important in defining the area at risk from future human 
actions. A pathway for radionuclide release to the accessible environment· may be created by 
a borehole intersecting a zone of contamination .in an interbed hydraulically connected to ~e 
repository. The borehole could provide a direct path for radionuclide transport to the accessible 
environment, or to other hydraulically conductive layers, such as the Culebra Dolomite. 

Radionuclide transport modeling in the near-field is also important in assessing the 
potential for nuclear criticality. 

6. 7 .2 Transport of Chemically Hazardous Waste Constituents 

Screening Decision: voe and heavy metals transport was not explicitly modeled in the 1992 
WIP:F - '-· but is retained for evaluation in the SPM. 

Disc~ion: Voes, heavy metals, and other chemically hazardous constituents are present in 
the waste, and their consideration is important in evaluating compliance with 40 CPR §268.6. 
voes may be sorbed onto a variety of substrates such as solidified cementitious waste and steel. 
Degradation of these substrates and of plastics and cellulosics may lead to long-term releases of 
voes beyond the time-scale assumed for the release of non-sorbed voes. voes may be 
transported by advection and diffusion in the gas phase, through the repository, the host-rock 
matrix, fractures in the DRZ, and interbeds (Systems Prioritiz.ation Method - Iteration 2 Baseline 
Position Paper: Salado Formation Fluid Flow and Transport Containment Group, Section 
2.1.1.5). The mobility of voes will be affected by chemical degradation, sorption, and 
diffusion. 

Heavy metals will migrate with the groundwater by advection, diffusion, and dispersion 
in solution, as complexes or colloids, or bound to microbes. The mobility of heavy metals will 
be affected by solubility, speciation, sorption, and precipitation. Eh, pH and the presence of 
complexing agents will be particularly important in determining the mobility of heavy metals. 
In past performance assessments, fluid flow calculations have suggested that radionuclides would 
not reach the compliance boundary in 10,000 years under undisturbed conditions (WIPP PA 
Department, 1992c). On similar grounds, heavy metal transport in the near-field has not been 
explicitly modeled. 
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6.8 Far-Field Interactions 

6.8. 1 Subsidence 

Screening Decision: Analysis of the effects of subsidence on fluid flow in units overlying the 
repasitory will enable the development of a screening argument. 

Discussion: ·subsidence associated with repository closure through salt creep or roof conapse 
might affect the hydrologic properties of the water-bearing units of the Rustler Formation above 
the repository. Furthermore, subsidence-induced fracturing could form pathways for fluid flow 
and contaminant migration between the underground repository and the overlying units. 

The amount of subsidence that can occur as a result of salt-creep closure in the waste
filled, sealed, and backfilled areas of the repository depends on the initial and compressed 
porosities of various waste types, seals, and backfill, the amount of inward creep of the 
repository walls, and the gas and fluid pressures within the repository. Westinghouse Electric 
Corporation (WEC) (1994) provides an analysis of excavation-induced subsidence and the 
geomechanical benefits of backfilling at the WIPP. Estimates of the amount of subsidence 
expected as a result of repository excavation were made using analytical, empirical, and 
numerical techniques. Investigations of subsidence associated with potash mining operations 
located near the WIPP site were also reported. 

Results of the WEC (1994) study show that backfill emplacement does not significantly 
decrease subsidence in the waste emplacement area, because the waste has low stiffn~s and high 
initial porosity, and because there is a small backfill. volume relative to the waste volume. 
Compaction or solidification of the waste form (see Section 6.2.4) might be more effective in 
reducing the total potential subsidence. The maximum estimated surface subsidence for a 
backfilled repository was approximately 0.55 m, and the maximum estimated horizontal strain 
at the depth of the Culebra Dolomite was approximately 0.007%. WEC (1994) concluded that 
this level of disturbance is not likely to cause fracturing, and, therefore, is not likely to create 
fluid flow paths between the repository and the overlying units. WEC (1994) also concluded 
that there is no real geomechanical advantage to placing backfill in any of the WIPP 
underground areas because the amount of surface subsidence with or without backfill would not 
be significant. 7 However, it is not clear whether repository-induced subsidence could have a 
significant effect on the fluid flow distribution in the Culebra Dolomite. Further, WEC (1994) 
noted that subsidence associated with potash mining in southeastern New Mexico h~ resulted 
in surface fracturing, ponding, and other effects. It is not clear to what extent subsidence at the 
WIPP will cause such surficial changes and how this will effect the system performance. 
Extending the WEC (1994) analysis, examining the effects of subsidence on fluid flow in units 

7 The DOE has determined that, for the purposes of current SPM calculations, the base facility 
design does not require salt backfill to be placed over the waste. 
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7. HUMAN ACTIONS FEPs 

7. 1 Introduction 

7. 1. 1 Current Human Activities Versus Future Human Actions 

A distinction should be made between (i) human actions that are currently taking plaCe 
or that have recently taken place within or outside the controlled area, and (ii) human actions 
that might take place in the future within (or outside) the controlled area after decommissioning 
of the repository, but which are not currently taking place. This distinction is ·particularly 
important for evaluations of compliance with 40 CFR Part 191. 

Recent and ongoing human actions within and outside the controlled area may need to 
be considered in assessments for compliance with 40 CFR §191.15 and 40 CFR §191.24, 
as part of the "undisturbed" performance scenario.· Activities taking place within the 
controlled area are largely those associated with development of the WIPP repository; 
these activities are discussed in Section 6. Activities taking place immediately outside 
the controlled area (e.g., hydrocarbon extraction) are of potential significance in so far 
as they could influence the integrity of the repository and the groundwater flow system 
within the controlled area. 

The occurrence of potentially disruptive future human actions that may take place within 
the controlled area is predicated on the. assumption that both active and passive 
institutional control of the site fail at some time in the futtire, and that knowledge of the 
location of the repository is lost. Following loss of knowledge, human actions could 
affect performance by direct removal of waste, altering or creating flow paths in the 
vicinity of the repository, or changing fluid flow patterns. Both ongoing and future 
human actions need to be considered in assessments for compliance with 40 CFR 
§191.13. Future human actions do not, however, need to be considered in assessments 
of compliance with 40 CFR §191.15 and 40 CFR §191.24. 

The potential effects of ongoing human actions outside the controlled area have not been 
explicitly considered in past performance assessments; rather, these assessments have been 
restricted to consideration of the effects of repository development, and future deep drilling that 
could intersect the repository ("human intrusion".). There are two reasons for this restriction: 

With regard to 40 CFR §191.15 and 40 CFR §191.24, previous WIPP PAs have 
indicated that there will be no releases of radionuclides outside the Salado in the 10,000-
year regulatory time frame in "undisturbed" conditions. The effects of ongoing human 
activities outside the controlled area are only likely to be of relevance with respect to the 
movement of contaminants once they reach hydraulically conductive units overlying 
(e.g., the Culebra) or underlying the Salado. 
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With regard to 40 CFR §191.13, future human intrusion events arc likely to be among 
the most severe (in terms of cumulative release) that can be contemplated. The effects 
of ongoing human actions outside the controlled area that affect the groundwater flow 
system (e.g., in the Culebra) ·can be considered of secondary (albeit uncertain) 

· importance. 

The potential effects on system performance of ongoing human actions outside the 
controlled area are dealt with here, but only in a relatively cursory manner. Work is, however, 
underway to understand these effects. 

The basis for the project's approach to quantitative assessment of future human actions 
is described below. 

7. 1.2 Quantitative Assessment of Future Human Actions 

The analysis of future human actions can only be representative and can never be 
complete. Furthermore, speculation about future human activities is bound to be controversial. 
Thus, scenarios of future human actions have to be viewed as representations of potential futures 
based on sets of assumptions. Assessments of repository performance after decommissioning 
require a reasonable set of assumptions, that can be used· for developing representative scenarios 
for illustrative calculations of system performance. 

The WIPP project has adopted an aPJ>roach to incorporation of future human actions in 
performance assessment that avoids unjustified and unjustifiable speculations about the evolution 
of society. In this approach, the assumption is made that societal development will correspond 
to current practice at the repository location and at similar locations elsewhere. This assumption 
has widespread international usage (OECD/NEA, 1995), and is consistent with the guidance 
available in Appendix C of 40 CFR Part 191 (see Section 7.2). 

It should be stressed that this assumption is not meant to convey any information about 
the evolution of society; indeed, one of the few certainties about the future of society is change. 
Rather, adoption of this assumption represents a practical decision that allows calculations to be 
made of system performance - that incorporate the effects of future human actions - on a basis 
that can be reasonably judged. 

Thus, it is assumed that human actions not known to have taken place in the Delaware 
Basin, nor reasonably contemplated based on experienec in similar environments elsewhere, are 
outside the scope of performance assessments for the WIPP. In this section, these human actions 
are screened out on the basis that they are not relevant to such assessments. 

Based on this assumption, the human actions of most significance to WIPP performance 
assessments, and their potential effects can be summarized as follows: 
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Drilling activities associated with resource exploration (water, potash, oil, or gas) could 
remove waste and provide direct connections for fluid flow between any intersected 
hydraulically conductive zones. Boreholes with target depths below the repository 
horimn ("deep drilling") could intersect the repository or a potential zone of 
contamination in the Salado, providing pathways for contaminant transport out of the 
repository horimn. Boreholes with target depths above the repository ("shallow 
drilling") could provide pathways for contaminant transport from near-surface aquifers 
to the ac.cessible environment. 

Fluid extraction or injection associated with water, oil, or gas production could alter fluid 
flow patterns in formations hydraulically conne.cted to the borehole, and affect 
contaminant transport. Extraction of pressurized fluids could result in subsidence of 
overlying strata, as could dissolution by water percolating down boreholes. 

Potash mining could result in subsidence, which could affect groundwater flow in units 
above the Salado Formation. 

This section draws on the current project interpretation (provided in U.S. DOE (1994b)) 
of the guidance available in Appendix C of 40 CFR Part 191 and 40 CFR §268.6. Aspects of 
the interpretation of the regub.tory guidance relevant to human actions are summarized in Section 
7 .2. The EPA is in the process of promulgating further criteria concerning the treatment of 
future human actions to be proposed at 40 CFR Part 194. Because these criteria are still in 
proposed form, they have not been used in this version of the paper. When the final version of 
40 CFR Part 194 is promulgated, the regulatory interpretations provided in U.S. DOE (1994b) 
will be revised as required. The new criteria may also require revisions to the screening 
arguments and decisions presented here. 

7. 1 .3 Organization of the Section 

Section 7 is organized into the following topical subheadings, derived from the FEPs 
discussed in Section 4 and the FEP list in Appendix A. 

Drilling 
Deep drilling 
Shallow drilling 

Post-drilling events and processes 
Fluid extraction 
Fluid injection 
Borehole-induced solution and subsidence 
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Excavations 
Mining 
Other excavation activities 

Surface activities 
Irrigation 
Damming of streams and rivers 
Other surface activities 

~losions 
Underground explosions for resource recovery 
Underground testing of nuclear devices 
Bomb detonations during war 

Other human actions 
Constructional, operational, and decommissioning errors 
Deliberate intrusion 
Monitoring 

Table 7-1 shows the human actions FEPs and their screening classifications. The 
subsection headings listed in the table indicate where the FEP screening decisions are discussed 
in Section 7. FEP subcategory numbers correspond to the Level 2 subcategories in Table 4-2 
and Appendix A. 

7 .2 Regulatory Issues 

An interpretation of the regulatory guidance pertaining to 40 CFR Part 191 and 40 CFR 
§268.6 has been provided in U.S. DOE (1994b). This interpretation is generally in accord with 
the assumptions made about human actions in past performance assessments. The guidance and 
interpretation pertain to identifying the events that need to be considered in performance 
assessments and their modeling. This section is concerned with the identification of events. 
Section 8 is concerned with the modeling of events. 

7 .2. 1 40 CFR Part 191, Appendix C 

The potential impact of future human activities on the performance of the waste disposal 
system is of major concern in evaluating compliance with 40 CFR §191.13. Guidance for 
considering future human actions in performance assessments has been provided by the EPA in 
Appendix C of 40 CFR Part 191. In particular, guidance is provided on the effectiveness of 
active and passive institutional controls, and on the consideration of inadvertent human intrusion 
into the repository. 
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Human actions FEPs, their screening classifications, FEP subcategory numbers, and Table 7-1. 
corresponding subsection headings. 

*'11"' 

FEP 
Subsection ScreaUng Subcategor)' 

.... Heading PEPI Clauification Numbcn 

7.3.1 Deep drilling Exploratory boreholes (oil, gu): RA 9.1 
intrusive 

.,., Undetected put intnuion RA 9.7 
Lou of records RA 9.7 
Archeological inveatigstiom: SO-R 9.1 

intnuive 

"'"~ 
Geothermal energy exploration NR 9.3 

(and other unidentified rcaourcc:a) 
j,Jj'-~ Undetected borcholcl (existing): RB 9.7 

non-intrusive 
.~ .. Exploratory boreholes (oil, gu): RB 9.3 

non-intnuivc 
iifllf;ll 

Drilling: c:nhanccd oil/gu RB 9.3 

11''~:!1 
production: non-intrusive 

Drilling: liquid waste disposal: SO-C 9.3 
11th non-intnuive 

Drilling: hydrocubon storage: SO-C 9.3 
l~'ll'ft non-intnuive 

Drilling: archeology: non-intrusive NR 9.3 
1~ ,, .• 

7.3.2 Shallow drilling Exploratory boreholes (water, RB 9.3 
'ill'1'>' potash) 

7.4.1 Fluid extraction Groundwater extraction RB 9.4 
F'11h fanning RB 9.S 

'*'*"' Ranching RB 9.S 
Resource exploitation following SO-R 9.3 

'4JO intnuion 
Resource exploitation (inter- RB 9.3 

1!1!~$ section of zone of contamina-
tion 

!~'IJ~ 

7.4.2 Fluid injection lnjcc:tion wells: liquid waste RB 9.3 
'11'• disposal, enhanced oil/gu 

production, hydrocarbon storage: 
non-intnuive . .,. 7.4.3 Borehole-induced Borchole induced solution and RB 9.7 

solution and 1ub1idcncc 1ub1idcncc 

7.5.1 Mining Potash mining (including the UIC RB 9.3 
9 ... of solution techniques) 

... Mining other than potash NR 9.3 

!''"' 
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Table 7-1. Human actions FEPs, their screening classifications, FEP subcategory 
numbers, and corresponding subsection headings (Continued). 

Subsection 
Heading 

1.5.2 Other excavation 
activities 

7.6.1 Irrigation 

7.6.2 Damming of 
streams and riven 

7 .6.3 Other surface 
activities 

7.7.1 Underground 
explosions for resource 
recovery 

7.7.2 Underground test
ing of nuclear devices 

7. 7 .3 Bomb detonations 
during war 

7.8.1 Constructional, 
operational and decom
missioning errors 

PEPI 

Heat storage Wldcrground 
Tunnelling 
Comtruc:tion of undcrpound 

storage/disposal facilitica 
(e.1., gas storage) 

Conatruction of underground 
dwellings/1helten 

Irrigation 

Hydrologic 1tre11e1: damming 
of streama and riven 

Earth moving 
Altered soil or surface water 

chemiatry by human activities 
Human-induced changes in surface 

hydrology 
Heat storage in 1aka 
Artificial lake mixing 
Ashes and sewage sludge 
Crop fertilization 
Crop storage 
Biogas production 
Lake infilling 
Bluting and vibration 
Near st.orage of other waste 

Explosions 

Underground weapons testing 

Explosions 

Damaged or deviating waste 
contents 

Stray or decontamination ~ 
left 

Preclosure eventa 
Repository flooding during 

operations 
Faulty backfill/seal emplacement 
Poor quality construction 

7-6 

FEP 
Scrce:ning Subcategory 

Classification Numben 

NR 9.3 
NR 9.3 
NR 9.3 

NR 9.3 

RB 9.4 

RB 9.2 

SO-C 9.2 
SO-C 9.2 

RB 9.2 

NR 9.2 
NR· 9.2 
NR 9.2 
SO-C 9.2 
SO-C 9.2 
NR 9.2 
NR 9.2 
SO-C 9.2 
NR 9.2 

NR 9.7 

NR 9.3 

NR 9.7 

RD 1.12 

RD 9.7 

RD S.11 
RD S.11 

RD 3.12,4.12 
RD S.11,9~7 
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Table 7-1. Human actions FEPs, their screening classifications, FEP subcategory 
numbers, and corresponding subsection headings (Continued). 

Subacc:tion 
Heading 

7.8.1 Collltl'UCtional, 
operational and decom
miuioning crron 
(Cont.) 

7.8.2 I>ch"bcrate 
intrusion 

7.8.3 Monitoring 

PEPI 

laadcquato backfill/teal compao-
tioa, voidage 

Accidcala durinc opcratioD 
Backfill/teal material dcficienciea 
Abandonment of unsealed 

n:po.UOry 
Improper operation 
Unmodclcd design fcatura 

I>ehbcrate intrusion - malicious 
(sabotage, act of war) 

Reaource exploitation (repository 
intrusion) 

Sabotage 
Chemical sabotage 
Umuccaaful attempt at ait.e 

improvement 

Monitoring and remedial activities 
Dehbcrate intrusion - recovery of 

wutca or auociated materials 
(mining) 

I>ehbcrate intrusion - recovery of 
repository matcriala 

7-7 

PEP 
Scraaing Subcat.cgory 

Cluai.fication Numben 

RD 3.12,4.1~ 

RD S.11,9.7 
RD 9.7 
RD S.11 

RD S.11 
RD S.11 

SO-R 9.1 

SO-R 9.1 

s0:.R 9.7 
SO-R 9.7 
SO-R 9.7 

SO-R S.11,9.7 
SO-R 9.1 

SO-R 9.1 
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The DOE's interpretation of key aspects of the guidance in Appendix C of 40 CFR Part 
191 (U.S. EPA, 1993) is provided below (from U.S. DOE, 1994b): 

• "Active institutional controls shall not be effective for more than 100 years after 
shaft sealing in the PAs addressing 40 CFR §191.13(a) requirements." 

"Passive institutional controls shall, to the extent practicable, be designed with 
the goal of eliminating the probability of inadvertent human intrusion for the 
10,000 year period of repository performance. The PA should not be based on 
the assumption that intrusions are eliminated." 

"The use of terms such as 'reasonable expectation of exploration' and 'easily 
accessible resources' lead to the interpretation that the Agency's intent is to 
evaluate resource potential based on current, or near-term future projections of 
resource value. Additionally, projections of resource value will be evaluated 
based on currently available technology. Both the historical record and 
reasonable expectations of future resource extraction and use will be considered." 

"Human intrusion scenarios that will be evaluated· are 'those realistic possibilities 
that may be usefully mitigated by repository design, site selection, or use of 
passive controls (although passive institutional controls should not be assumed to 
completely rule out the possibility of intrusion).' Therefore, intermittent, 
inadvertent intrusion by exploratory drilling for resources (other than any 
resources provided by the disposal system itself) is the most severe intrusion 
scenario that must be assumed by the DOE for the WIPP." 

"Performance assessments shall be based on the assumption 'that passive 
institutional controls or the intruders' own exploratory procedures are adequate 
for the intruders to soon detect, or be warned of, the incompatibility of the area 
with their activities.' 'Soon detect' shall be defined based on reasonable 
interpretations of drilling practices and expert judgment. 'Soon detect' cannot be 
strictly interpreted based on current drilling practices since currently, drillers do 
not worry about encountering underground waste repositories during their 
operations. Once such repositories are in place, exploratory drillers may become 
aware of their existence in areas where they are looking for resources. Any 
resource extraction, such as oil and gas extraction, as well as potash mining, is 
not considered within the controlled area due to the fact that resource extraction 
in all forms is a deliberate process and any re8ultant intrusion would not be an 
inadvertent process. " 

"The consequences of 'inadvertent drilling need not be assumed to be more 
severe than: 

7-1 Mardi 17, 1995 
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(1) direct release to the land surface of all the ground water in the repository 
horizon that would promptly flow through the newly created borehole to 
;the surface due to natural lithostatic pressure - or (if pumping would be 
required to raise water to the surface) release of 200 m3 of ground water 
pumped to the surface if that much water is readily available to be 
pumped; and 

(2) creation of a ground water flow path with a permeability typical of a 
borehole filled by the soil or gravel that would normally settle into an 
open hole over time - not the permeability of a carefully sealed 
borehole.' 

For the purposes of the WIPP, the properties of the intrusion borehole will be 
similar to plugged and abandoned holes in the region of the facility (drilled 
through the Salado Formation)." 

The regulatory interpretation provided in U.S. POE (1994b) is not unique. For example, 
under an alternative interpretation of the regulations, it could be assumed that qualitative 
evaluation of passive controls will show that the likelihood of inadvertent human intrusion is less 
than l<T8 per year, so human intrusion nCed not be considered in performance assessments for 
evaluating compliance with 40 CFR §191.13. Alternatively, it could be assumed that resource 
extraction (oil, gas) subsequent to intrusion should be considered, in the event that the repository 
is not detected until after commencement of resource extraction. It could also be assumed that 
potash mining should be considered within the controlled area, in circumstances where the 
mining does not lead to a direct intrusion of the repository. Guidance is not available with 
respect to a borehole intersecting a zone of contaminants in the Salado (rather than the repository 
itself), the likelihood of detecting such a zone, or any remedial action upon detection. 

7.2.2 40 CFR §268.6 (RCRA) 

Key interpretations of regulations for human actions pertaining to compliance with 40 
CFR §268.6 include (U.S. DOE, 1994b): 

"The use of permanent markers shall be considered in the qualitative evaluation 
of the likelihood of the occurrence of human intrusion. A demonstration that 
permanent markers have a high probability of effectively serving their intended 
purpose over a 10,000-year time period will support the qualitative judgment that 
the likelihood of inadvertent human intrusion is sufficiently low so that the 
analysis of the behavior of the repository need not be based on the assumption 
that human intrusion occurs. 
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If the occurrence of human intrusion is qualitatively judged to be reasonably 
unlikely, the modeling demonstration shall be based on the assumption that human 
intrusion is not a reasonable expectation. The qualitative judgment of the 
likelihood of human intrusion shall be based primarily on an evaluation of the 
expected effectiveness of permanent markers." 

Future human intrusion was not considered in the evaluation of compliance with 40 Ci:_:R 
§268.6 contained in the 1992 WIPP PA. However, should q~.:.:iiitativejudgment fail to show that 
human intrusion is unlikely, the effects of human intrusion may need to be considered in 
~ormance assessments for evaluating compliance with 40 CFR §268.6. 

7.3 Drilling 

This section discusses drilling activities that may result in direct releases to the land 
surface and create pathways for fluid flow between hydraulically conductive horizons. There 
may also be associated post-drilling activities that involve the injection or extraction of fluid; 
these are discussed in Section 7.4. The discussion of drilling activities reflects the interpretation 
of regulatory guidance relating to human actions (described in Section 7 .2), and the assumptions 
concerning assessments of future human actions (described in Section 7.1.2). 

Fluid flow may involve direct transport of contaminants, or indirect effects, such as 
dissolution (see Section 7.4.3) and changes in groundwater flow patterns (see Sections 7.4.1. and 
7.4.2). Indirect effects could arise from existing boreholes and drilling activity, including 
boreholes drilled to investigate the WIPP (see Section 6.5. 7). Such indirect effects have not 
been explicitly considered in past WIPP PAs (see Section 7.1.1) and have been retained for 
evaluation. 

Likelihood of drilling: Resource exploration and exploitation are the most common reasons for 
drilling in the Delaware Basin, and are the most likely incentives for drilling in the future. 
Natural resources have been evaluated at the WIPP location for their occurrence in economic 
quantities. Geothermal energy is a potentially exploitable resource, but geothermal exploration 
has not occurred in the Delaware Basin. Furthermore, favorable geothermal conditions do not 
exist in the northern Delaware Basin. Powers et al. (1978a,b) investigated the potential for 
exploitation of caliche, gypsum, salt, uranium, sulfur, lithium, potash, and hydrocarbons. 
Caliche, gypsum, and salt were not considered to be economic at the WIPP because of their 
widespread occurrence and the f:Xistence of more easily accessible deposits elsewhere in the 
region. Uranium was not found to be present in economic quantities, and no sulfur deposits 
were identified in the northern Delaware Basin. There is no evidence that brine of an 
appropriate composition and quantity exists near the WIPP for lithium to be a potential resource. 
However, potash, oil and gas reserves are currently exploited in the vicinity of the controlled 
area, and represent attractive targets for exploratory drilling. Additionally, water is currently 
extracted from formations above the Salado in isolated areas around the WIPP site. 
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Other acti\lities that potentially involve drilling include enhanced oil and gas production, 
oil and gas storage, huardous fluid disposal, and archeological investigations. Secondary and 
tertiary hydrocarbon production techniques can involve the drilling of additional wells for the 
injection of fluid to enhance recovery. Secondary production (waterflooding) is employed in the 
Delaware Basin, and may be employed in the near future in the vicinity of the WIPP site (Silva, 
1994). 

Oil, gas and potash production byproducts are disposed of underground in the Wll>P 
region. Also, strata within the Delaware Mountain Group underlying the Salado Formation are 
used for hydrocarbon storage (Burton et al., 1993). Currently, existing boreholes are used to 
inject fluid for disposal or storage. Assuming the continuation of current practice (see Section 
7.1.2), the rate of drilling associated with these activities is likely to be insignificant by 
comparison with drilling for resource exploration. 

Archeological investigations in the WIPP area have involved only minor surface 
disturbances, and have not involved drilling. However, markers emplaced at the WIPP site to 
deter intrusion into the repository might provide an incentive for archeological investigation, 
should knowledge of the markers' purpose be lost. Repository intrusions resulting from such 
investigations are excluded from performance assessments on regulatory grounds. 

Potential consequences of drilling: The severity of the impact of drilling on system 
performance is dependent on the depth and location of the borehole. If the target drilling depth 
is below the repository horizon, and the borehole intersects a waste panel, particulate waste 
would be immediately transported to the ground surface. This includes material in~rsected by 
the drill bit ("cuttings") and eroded from the borehole wall by circulating drilling fluid 
("cavings"), and material that enters the borehole as the repository depressurizes ("spallings") 
(WIPP PA Department, 1992c; Systems Prioriti7.ation Method - Iteration 2 Baseline Position 
Paper: Disposal Room and Cuttings Models, Section 4.1). Existing and future boreholes also 
provide direct connections for fluid flow between the repository horizon and the ground surface 
and, for an uncased or degraded borehole, intersected hydraulically conductive zones. Fluid 
flow in the borehole might be influenced by the intersection of pressurized fluid in the Castile 
or a deeper formation. Also, should the borehole intersect a zone of contamination it would 
create a path for fluid flow and contaminant transport out of the contaminated horizon. 

Shallower drilling activities that do not reach the repository horizon would create flow 
paths between intersected hydraulically conductive zones and the ground surface. Should 
contaminants migrate into a hydraulically conductive unit above the repository horizon, they 
could be transported further between horizons along such flow paths. 
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7 .3. 1 Deep Drilling 

For the purpose of this discussion, deep drilling activities are those that could result in 
intrusion into the repository, or intersection of a zone of contamination in the Salado Formation. 
These two types of drilling activities are discussed in tum in this section. The discussion 
includes consideration of existing boreholes that could provide pathways for fluid flow between 
intersected hydraulically conductive zones and the ground surface. 

7 .3.1 . 1 HUMAN INTRUSION INTO THE REPOSITORY 

Screening Decision: Both the probability and consequences of exploratory drilling (oil or gas) 
that intersects the repository were evaluated quantitatively in the 1992 WIPP PA. 

Discussion: Under the interpretation of the regulatory guidance presented in Section 7.2, the 
only type of human intrusion that must be considered in WIPP performance assessments . is 
inadvertent and intermittent intrusion during exploratory drilling for resources. Oil and gas are 
the only resources that have been identified in the WiPP region below the repository horizon. 

Currently gas is extracted from reservoirs in the Morrow Formation, some 4200 m below 
the surface. Oil is extracted from shallower units within the Delaware Mountain Group 
(1250-2450 m below the surface). Exploratory drilling for oil and gas is retained for 
development of repository intrusion scenarios for performance assessments. The frequency of 
intrusion into the repository by exploratory boreholes is uncertain. However, accoi:ding to the 
guidance in Appendix C of 40 CFR Part 191 the likelihood of "inadvertent and intermittent 
drilling need not be taken to be greater than 30 boreholes per square kilometer of the repository 
area per 10,000 years for geologic repositories in proximity to sedimentary rock formations". 

It is assumed that the target drilling depth is achieved following an intrusion. Therefore, 
the intersection of a pressurized fluid zone (brine, oil, or gas) in formations below the repository 
is not precluded. 

• 

• 
• 
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• 

• 

• 

• 
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•• 
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33 .. 

34 7.3.1.2 INTERSECTION OF CONTAMINANTS (NOT INVOLVING HUMAN INTRUSION INTO THE -35 REPOSITORY) 
36 .. 

37 

38 

39 

40 

41 

42 

Screening Decision: Oil and gas exploration and exploitation drilling that intersects a potential 
zone of contamination within the Salado is retained for further evaluation. 

Discussion: It is assumed that the regulations require consideration of any deep drilling 
activities that might result in the intersection of a zone of contamination in the repository horizon 
or in any other unit. As discussed earlier in this section, oil and gas exploration and exploitation 
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are the only activities that need to be considered in estimating the rate of deep drilling that might 
result in the intersection of a zone of contamination. 

7 .3.2 Shallow Drilling 

Screening Decision: Exploratory drilling for water outside the controlled area was retained for 
scenario development in the 1992 WIPP PA, but was not modeled. Exploratory drilling for bOth 
water and potash within the controlled area are retained for further evaluation. 

Discussion: For the purpose of this discussion, shallow drilling activities are those that do not 
reach the repository horizon. Such boreholes could provide additional short-circuit pathways 
through units overlying the Salado. Water and potash are the only resources that have been 
identified in the WIPP region above the repository horizon. 

Water is currently extracted from the Dewey Lake Formation in isolated areas around 
the WIPP site. Exploratory drilling for water was retained for scenario development in past 
performance assessments, but potential consequences of this event were not modeled. 

The McNutt potash zone, which forms part of the Salado Formation above the repository 
horizon, provides the only exploitable potash resource. Potash is currently mined 5 km from 
the outer boundaries of the controlled area, and potash mining is likely to continue in the vicinity 
of the WIPP. 

Assuming that knowledge of the repository is lost, exploratory drilling for both potash 
and water could occur within the controlled area. Thus, drilling associated with both water and 
potash exploration within and outside the controlled area are retained for further evaluation. 

7 .4 Post-Drilling Events and Processes 

This section discusses drilling-related events and processes that may take place after a 
borehole has been drilled. These include processes associated with the use of the borehole, and 
processes that take place after abandonment of the borehole. Unlike the drilling activities 
discussed in the Section 7.3, these post-drilling activities must be considered not only for 
boreholes drilled after decommissioning and loss of knowledge of the repository, but also for 
existing boreholes and those drilled close to the controlled area prior to decommissioning. 

Under the interpretation of the regulatory guidance presented in Section 7 .2, resource 
production following the intersection of the repository by an exploratory borehole need not be 
considered in performance assessments. However, any activity that involves fluid injection or 
extraction through boreholes that do not intersect the repository should be considered (see the 
Systems Prioritization Method - Iteration 2 Baseline Position Paper: Non-Salado Flow and 
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Transport, Section 3.4.4). Processes associated with abandoned boreholes need to be considered 
whether or not they intersect the repository; careful sealing technologies may be adopted for 
boreholes known to intersect waste panels, but arc less likely to be used for other abandoned 
boreholes. 

7 .4. 1 Fluid Extraction 

Screening Decision: Fluid extraction through boreholes is retained for further evaluation. With 
the exception of groundwater extraction outside the controlled area, fluid extraction events were 
eliminated from previous performance assessments. 

DiscllS.§ion: In accordance with the screening discussion in Section 7.3, water, oil, and gas 
production represent the only activities involving fluid extraction through boreholes that are 
likely to take place in the WIPP region. The extraction of. fluid would alter fluid-flow patterns 
in the target horizons, or in overlying units as a result of a failed borehole casing. Also, the 
removal of confined fluid from oil- or gas-bearing units may cause compaction, which could 
result in sub-vertical fracturing and surface subsidence. 

Extraction of water from formations above the Salado could affect groundwater flow, and 
therefore contaminant transport. Water in the WIPP area is of poor quality, and is currently 
extracted only for ranching. For example, water is extracted from the Dewey Lake Formation 
for livestock. However, water might be extracted for other purposes in the future. For 
example, the saline water in units above the Salado might be suitable for fish or shrimp farming, 
or water might be extracted for dust control. In addition, the development of water desalination 
technology might increase the potential for water usage in the WIPP area. 

28 The horizons that act as hydrocarbon reservoirs are sufficiently below the repository for 
29 changes in fluid-flow patterns to be of low consequence in terms of contaminant transport, unless 
1 0 . there is fluid leakage to units overlying the repository through a failed borehole casing. Also, 
31 hydrocarbon production horizons are typically rigid strata, so hydrocarbon extraction is not 
32 likely to result in compaction and subsidence (Brausch et al., 1982). Furthermore, the plasticity 
33 of the salt formations in the Delaware Basin is likely to limit the extent of any fracturing caused 
34 by compaction of underlying units. Thus, the extraction of gas from reservoirs in the Morrow 
35 Formation, some 4200 m below the surface, is unlikely to result in surface subsidence or to 
36 affect the Salado Formation. Similarly, extraction of oil from· the shallower units within the 
37 · Delaware Mountain Group (1250-2450 m below the surface) is unlikely to lead to compaction 
38 and subsidence. Any seismic activity associated with fluid extraction could, in the worst case, 
39 cause roof collapse in the repository if it occurred prior to closure of the repository by salt 
40 creep. Caving in the repository is considered in Section 6.5.3. 
41 

42 

43 
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7 .4.2 Fluid Injection 
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J Screening Decision: Leakage from fluid injection wells associated with enhanced and improved 
• oil and gas prOduction, hydrocarbon storage, and disposal of unwanted liquids (byproducts of 
s oil and gas production) is retained for further evaluation. 
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Discussion: The only activities involving fluid injection through boreholes that are likely to take 
place in the WIPP region are enhanced and improved oil and gas production, reinjection ·of· 
hydrocarbons for storage purposes, and the disposal of liquid byproducts from oil and gas 
production or potash mining. The injection of fluids could alter fluid-flow patterns in the target 
horizons or, if there is accidental leakage in a borehole casing, in any other intersected 
hydraulically conductive zone. Should the affected horizon contain contaminants from the 
repository, their transport could be affected by forced changes in the flow distribution. 

Hydraulic fracturing of oil- or gas-bearing units is a technique currently used to improve 
the performance of hydrocarbon reservoirs in the Delaware Basin. Fracturing is induced during 
a short period of high-pressure fluid injection, resulting in increased hydraulic conductivity near 
the borehole. Ideally, this controlled fracturing is confined to the pay zone, and is unlikely to 
affect overlying strata. Any seismic activity associated with hydraulic fracturing could, in the 
worst case, cause minor roof collapse in the repository if it occurred prior to closure of the 
repository by salt creep (see Section 5.3.6). Caving was discussed in Section 6.5.3. 

Secondary production techniques, such as waterflooding, used to maintain reservoir 
pressure, are currently employed in hydrocarbon reservoirs in the Delaware Basin (Silva, 1994). 
It is not known whether tertiary production techniques, used to improve hydrocarbon recovery, 
such as gas flooding, combined water and gas flooding, or the use of surfactants, foam, 
polymer/gel systems, or microbes, have been used in the Delaware Basin. However, many of 
these tertiary techniques are currently under development, and could be used in the Delaware 
Basin in the future. Most significantly, all of these enhanced or improved hydrocarbon recovery 
techniques involve fluid injection. Consequently, the potential for compaction of the 
hydrocarbon extraction zones, and its effects-on the overlying strata, would be reduced. 

Gas and oil storage, and the disposal of liquid byproducts from oil and gas production 
(such as salt water), are most likely to take place in depleted hydrocarbon reservoirs. 
Reinjection of gas for storage currently takes place in a depleted gas field in the Morrow 
Formation of the Delaware Basin (Burton et al., -1993). Hydrocarbon storage and liquid waste 
disposal would repressurize the depleted target reservoir, and thus would likely mitigate any 
effects of compaction. 

Activities involving fluid injection in the Delaware Basin are unlikely to have a 
detrimental effect on the performance of the waste disposal system, unless there is fluid leakage 
to units overlying the repository through a failed borehole casing. The highly saline 
environment of these units can promote rapid corrosion of well casings, and may result in fluid 
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loss from boreholes. For example, leakage from a saltwater disposal well might be responsible 
for recent rises in the water levels of the Culebra (La Venue, 1991) (see Appendix C). I eakage 
from boreholes during fluid injection activities within the controlled area and its potential effects 
on groundwater flow are retained for evaluation. 

7 .4.3 Borehole-induced Solution and Subsidence 

Screening Decision: Borehole-induced solution and subsidence is retained for further 
evaluation. 

DiscUS§ion: Boreholes represent potential pathways for the percolation of surface-derived water 
or groundwater through low-permeability strata, and into formations containing soluble minerals. 
Large-scale dissolution through this mechanism could lead to subsidence, and to changes in 
groundwater flow and contaminant transport. An example of this process occurred about 100 
miles southeast of the WIPP site at the Wink Sink (Johnson, 1987); percolation of shallow 
groundwater through abandoned boreholes, dissolution of the Salado, and subsidence of 
overlying units led to a surface collapse feature 110 min width and 34 m deep. 

Three features are required for significant dissolution to occur through percolation of 
freshwater: a permeable borehole, an energy gradient to drive freshwater downward through 
underlying brines to the Salado, and a sink or conduit to allow migration of brine away from the 
site of dissolution. Without these features, minor dissolution in the immediate vicinity of a 
borehole could occur, but percolating water would become saturated and prevent further 
dissolution. 

Sealing of WIPP investigation boreholes is discussed in Section 6.2. Other boreholes in 
the region may be sealed in compliance with State of New Mexico rules (New Mexico Oil 
Conservation Division, 1988), which requires cementation along the entire length of the salt 
section. Alternatively, they may be abandoned with minimal sealing. In the latter event, 
corrosion of the well casing would allow percolation of surface-derived and shallow formation 
waters into the borehole. Even if extensive seals are emplaced, casing corrosion could still 
allow a flow path to develop in strata where salt creep is not active. 

At Wink Sink, the hydraulic head of the Santa Rosa Formation (the uppermost aquifer) 
is greater than those of the deep aquifers (Tansill; Yates, and Capitan Formations), suggesting 
downward flow if a connection were established. In the region of the WIPP, hydraulic heads 
in the Dewey Lake, Rustler, and Bell Canyon Formations, and solution densities within the 
borehole need to be considered to determine if a similar downward flow would take place. 

At Wink Sink, the Salado Formation is underlain by the Tansill, Yates, and Capitan 
Formations, which contain wgs and solution cavities through which brine could migrate. The 
WIPP site is 17 km from the subsurface extent of the Capitan· Reef, and this suggests a low 
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potential for borehole-induced solution and subsidence, similar to the arguments against breccia 
pipe formation (see Section 5.3). Significant porosity may, however, be established within the 
Bell Canyon through both primary and secondary recovery of hydrocarbons, providing a 
sufficient sink for some dissolution to take place. 

The siz.e of the dissolution cavity that caused Wink Sink is not known, but the size of the 
surface hollow suggests that, of existing boreholes that penetrate below repository depth, only 
ERDA-9 is close enough to the repository to be of concern. Future hydrocarbon exploration and 
production boreholes located within the controlled area could also be of concern. Percolation 
and dissolution around a hypothetical undetected borehole (i.e., one drilled within the controlled 
area prior to its establishment) is also retained for evaluation. Other, longer-term effects 
associated with preexisting undetected boreholes will be less than those associated with future 
boreholes, because of the longer period for creep closure. 

7 .5 Excavations 

7.5.1 Mining 

Screening Decision: Subsidence associated with potash mining in the controlled area is retained 
for further evaluation. Potash mining outside the controlled area was retained for scenario 
development in the 1992 WIPP PA, but was not modeled. Mining other than for potash is 
screened out on the basis of irrelevance to WIPP performance assessments. 

Discussion: Potash is the only known economically viable resource at the WIPP site that must 
be recovered by mining (see Section 7.3). Potash is mined extensively in the region around 
Carlsbad and near the outer boundaries of the controlled area. Subsidence has occurred over 
potash mines in the WIPP region. Subsidence may affect groundwater flow patterns by 
providing pathways for increased recharge or discharge (through increased conductivity within 
or between units) (see the Non-Salado Flow and Transport Position Paper, Section 3.4.3). 

Potash mining resulting in intrusion of the repository can be excluded from·performance 
assessments on regulatory grounds. However, potash mining that does not result in such 
intrusion, and in which the mine operator remains unaware of the repository, must be 
considered. Thus, given a loss of knowledge of the repository, it is possible that mining could 
occur within the boundaries of the controlled area in the future. Subsidence associated with 
potash mining within the controlled area is therefore retained for further evaluation. 

7 .5.2 Other Excavation Activities 

Screening Decision: Excavation activities other than those relating to mining are screened out 
on the basis of irrelevance to WIPP performance assessments. 
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DLKus.sion: Excavation activities, other than mining, that involve underground disturbances 
include: 

- heat stOrage underground 
- tunnelling 
- construction of underground dwellings/shelters 
- construction of underground storage facilities 

No excavation activities, other than those associated with resource exploitation or the 
creation of the WIPP repository, have taken place in the Delaware Basin. Gas storage does take 
place in the Delaware Basin, but it involves injection through boreholes into depleted reservoirs. 
No excavation for hydrocarbon storage is currently taking place. Activities that have not taken 
place in the Delaware Basin, and are not reasonably contemplated, are considered irrelevant to 
performance assessments of the WIPP. (see Section 7.1.2). 

7 .6 Surface Activities 

Surface activities are important for 40 CFR §191.13 only if they are capable of affecting 
recharge conditions to near-surface aquifers, and thereby affect the hydrogeology of potentially 
contaminated zones. 

7 .6. 1 Irrigation 

Screening Decision: Irrigation currently takes place on a small scale within the Delaware Basin, 
but not in the near vicinity of the WIPP. Analysis of the potential effects of climate change is 
required to develop a screening argument. 

Discussion: Irrigation uses water from rivers, lakes, impoundments, and wells to supplement 
the rainfall in an area to grow crops. Water added to the surface may infiltrate and reach the 
water table, affecting groundwater flow, and, potentially, contaminant transport. 

Presently, the WIPP area has poor quality soil, which would require considerable 
improvement for agricultural use. Climate change may influence the likelihood and extent of 
irrigation. A doubling of rainfall may modify the agricultural potential of the region. Analysis 
of the potential effects of climate change is required to develop a more complete screening 
argument, and irrigation is therefore retained for further evaluation. Modeling may show that 
the direct effects of climate change on groundwater flow would be more severe than the 
secondary effects of any attendant irrigation, thus allowing irrigation to be screened out on the 
basis of low consequence. 
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7 .6.2 Damming of Streams and Rivers 

· Screening Decision: Consideration of the potential effects of climate change will enable 
development of a screening argument for damming streams and rivers. 

Disc~ion: · In the WIPP area, two topographically low features, the Pecos River and Nash 
Draw, are sufficiently large to warrant consideration for damming. The Pecos River is flµ' 
enough from the waste panels (24 kilometers) that damming of that river will have ·no 
consequence and can be eliminated from consideration. If an impoundment were created in Nash 
Draw, large-scale leakage would need to be prevented. Moreover, based on current conditions, 
there are no obvious reasons to dam Nash Draw. Consideration of the potential effects of an 
increase in rainfall will enable the development of a more complete screening argument, and 
damming of streams and rivers is therefore retained for further evaluation. Modeling may show 
that the direct effects of climate change on groundwater flow would be more severe than the 
secondary effects of any attendant damming, allowing damming to be screened out on the basis 
of low consequence. 

7 .6.3 Other Surface· Activities 

Screening Decision: Surface activities that take place in the Delaware Basin, other than 
irrigation (Section 7.6.1) and the damming of streams and rivers (Section 7.6.2), are screened 
out of performance assessments on the basis of low consequence. Surface activities associated 
with human actions that have never taken place in. the Delaware Basin are screened out on the 
basis that they are not relevant to performance assessments of the WIPP. 

Disc~ion: Surface activities that take place at present around the WIPP site include potash 
mining, oil and gas reservoir development, water extraction, and grazing. Additionally, a 
number of archeological investigations have taken place within the WIPP site boundary, aimed 
at protecting and preserving cultural resources. Many other human activities have taken place 
within the Delaware Basin (for example, earth moving, crop fertilization, blasting and vibration). 
All these activities can be expected to continue. 

The surface disruption caused by these activities and the associated infrastructure (i.e., 
roads, dwellings, surface storage facilities, pipelines), may affect recharge to near-surface 
aquifers and, potentially, contaminant transport~ However, such disruptions to recharge 
conditions will be bounded by the effects of natural climate change; climate change is included 
in the system model for disturbed-case scenarios (see -Section 5.4.1). Thus, surface activities 
relevant to current practices in the Delaware Basin (other than water management, which is 
discussed in Sections 7. 6.1 and 7. 6.2) are eliminated from performance assessments on the basis 
of low consequence. 
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The development of a comprehensive set of FEPs has led to the identification of a 
number of surface activities associated with human actions that have never taken place in the 
Delaware Basin, and are not reasonably contemplated (such as biogas production and heat 
storage in lakes). Such human actions are screened out on the basis that they are not relevant 
to performance assessments of the WIPP (see Section 7.1.2). 

7. 7 Explosions 

Human-induced explosions could breach engineered barriers and/or disrupt the geologic 
and hydrologic systems. Disruptions caused by explosions could alter the groundwater flow 
paths within the disposal system, and provide shorter pathways for radionuclides to reach the 
accessible environment. 

Explosions that could disrupt the disposal system include underground explosions for 
resource recovery, underground testing of nuclear devices, and bomb detonations during war. 

7. 7. 1 Underground Explosions for Resource Recovery 

Screening Decision: Underground explosions for resource recovery are screened out on the 
basis of irrelevance to long-term performance assessments for the WIPP. 

Discussion: Potentially, small-scale explosions could be used to fracture oil- and natural-gas
bearing units to enhance resource recovery. However, explosive techniques do not form a part 
of current mainstream oil and gas production technology, and have never been used in the 
Delaware Basin. Instead, hydrofracturing is used to improve the performance of oil and gas 
boreholes in the Delaware Basin, as discussed in Section 7.4.1. Therefore, the use of explosives 
for production enhancement can be considered irrelevant to long-term performance assessments 
for the WIPP (see discussion on assessment of future human actions in Section 7 .1.2). 

It is possible, although unlikely, that explosive fracturing techniques would be used by 
the hydrocarbons industry in the future. The acceptability of such techniques depends on a 
proven ability to control the effects of explosions. The use of nuclear explosions to enhance 
resource recovery presents an additional problem because the resource could become 
contaminated by radioactive material. The Atomic Energy Commission (AEC) and Austral Oil 
Co. co-sponsored an experiment to determine the technical and economic feasibility of using 
nuclear explosives in the recovery of natural gas from the Mesa Verde formation in the Rulison 
Field, Garfield County Colorado (U.S. EPA, 1995, p. 6-76). The test, Project Rulison, took 
place in 1969, and consisted of a 43 kt nuclear explosive emplaced at a depth of 2.57 km. 
Production testing took place between 1970 and 1971. Some surface contamination resulted 
from decontamination of drilling equipment and fallout from gas flaring. If explosives are 
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determined to be effective in improving production, such techniques might be used in the 
Delaware Basin. 

The me of explosions used to fracture an oil- or gas-bearing unit would be limited by 
the need to contain the damage within the unit being exploited. In the area surrounding the 
WIPP, the stratigraphic units with oil and gas resource potential are over a kilometer below the 
surface (see Section 7.4.1). Thus, explosions to fracture hydrocarbon-bearing units are likely 
to be too small, and too deep, to disrupt the WIPP disposal system directly. Any seismic · 
activity associated with such explosions could, in the worst case, cause roof collapse in the 
repository if it occurred prior to closure of the repository by salt creep. Roof collapse is 
considered in Section 6.5.3. If activities involving explosions for enhanced oil and gas recovery 
are considered irrelevant to long-term performance assessments for the WIPP, such explosions 
may be eliminated on the basis of low consequence. 

7. 7 .2 Underground Testing of Nuclear Devices 

Screening Decision: Testing of nuclear devices is considered irrelevant to long-term 
performance assessments for the WIPP. 

Discussion: The severity of the impact of an underground nuclear explosion would depend on 
the size of the explosion and its proximity to the repository and any hydrologic units in the 
WIPP area. Potentially, nuclear tests close to the repository could disrupt the waste, canisters, 
backfill, and seals in the repository, alter the permeability of nearby hydro logic units, and create 
a zone of increased permeability between the site of the explosion and the ground surface. Also, 
the seismic activity associated with explosions far from the repository may be sufficient to cause 
roof collapse, or caving, in the repository if it occurred prior to closure of the repository by salt 
creep. Caving is considered in Section 6.5.3. 

The Delaware Basin was used in the past for an isolated nuclear test. This test, Project 
Gnome (Rawson et al., 1965), took place in 1961 at a location approximately 13 km southwest 
of . the WIPP site. The primary objective of Project Gnome was to study the effects of an 
underground nuclear explosion in salt. The Gnome experiment involved the detonation of a 3.1 
kt nuclear device at a depth of 361 min the bedded salt of the Salado Formation. The explosion 
created an approximately spherical cavity of about 27 ,000 m3, and caused surface displacements 
in a 360 m radius. No earth tremors were reported at distances over 40 km from the explosion. 
A zone of increased permeability was observed to extend at least 46 m laterally from, and 105 
m above, the point of the explosion. The increase in permeability was primarily associated with 
motions and separations along bedding planes, the major preshot weaknesses in the rock. 
Project Gnome was decommissioned in 1979. 

There are no reasonable repository siting or design modifications that could significantly 
reduce the likelihood, or mitigate the effects of, an underground nuclear explosion near the 
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WIPP in the future. Site-selection criteria for radioactive waste disposal and for underground 
nuclear testing are likely to be similar. In countries with large land areas, both activities are 
likely to take place in a remote, unpopulated location. Both activities also require a low
permeability host.rock capable of storing radioactive material. Thus, the WIPP site is no more 
or. less likely to be selected for nuclear testing than any other potential radioactive waste disposal 
location (assuming a loss of knowledge of the repository). Furthermore, the radiation levels 
after an underground nuclear test are likely to be higher than those of the waste itself. Th~, 
the underground testing of nuclear devices is considered irrelevant to long-term pcrformaricc 
assessments for the WIPP. 8 

7. 7 .3 Bomb Detonations During War 

Screening Decision: Nuclear explosions during war have been screened out on the basis that 
they are not relevant to long-term performance assessments for the WIPP. 

Disc~ion: Explosions during war, particularly those involving nuclear bombs, have the 
potential to affect hydrologic systems through cratering and seismic waves. However, the 
disruption to society during wartime will be more significant than the immediate effects of any 
damage to the waste disposal system. In particular, the radiation levels that would result from 

8Note that it may be of interest to estimate the frequency, scale, and potential effects of nuclear 
tests, although any such estimate would be based on completely arbitrary assumptions. For 
illustrative purposes, an estimate is presented which assumes that: 

One nuclear test will take place in the 33,000 km2 Delaware Basin every 50 years (i.e., 
6 x 10· 7 nuclear tcsts/km2/year). The time period of 50 years reflects guidance on future 
human actions presented in draft versions of 40 CFR Part 194. 

Each explosion will alter the rock permeability and porosity above the site of the 
explosion within a cylindrical region of radius 360 m. This assumption is based on the 
extent of surface displacements caused by the Project Gnome explosion. 

Under these assumptions, an explosion would disrupt the repository and/or hydrologic units 
directly above it, if it occurred at a horizontal .distance of no more than 360 m from the 
extremities of the repository. The repository is defined by a rectangular horizontal area of 
approximate dimensions 1.4 km x 1.6 km. Under these assumptions, the disposal system can 
be considered to be disrupted by an explosion within a volume of approximately rectangular 
horizontal cross-section (2.1 km x 2.3 km), concentric with the repository. Thus, there would 
be approximately 4.9 x (6x10-7), or 3 x 10-6, potentially disruptive explosions per year. 
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a nuclear explosion in the WIPP region would be greater, at least in the short term, than those 
resulting from any damage to the waste disposal system itself. Therefore, any evaluation of the 
disposal system's performance associated with the immediate effects of a wartime explosion 
would be irrelevant. Nuclear explosions during war have therefore been eliminated on the basis 
that they are not relevant to long-term perfOrma.nce assessments for the WIPP. 

7 .8 Other Human Actions 

7 .8. 1 Constructional, Operational, and Decommissioning Errors 

Screening Decision: Operating and decommissioning events that deviate significantly from the 
WIPP design specifications have been screened out as irrelevant. 

Discussion: It is assumed that, within appropriate quality control limits, the repository will be 
constructed, operated, and decommissioned as specified in compliance documents. Events and 
processes representing significant deviations from this design are screened out on the basis that 
they are irrelevant to the performance assessment of the selected design. 

7 .8.2 Deliberate Intrusion 

Screening Decision: Deliberate human intrusion into the repository is eliminated from 
performance assessments on regulatory grounds. 

Discussion: Deliberate intrusions into the WIPP repository could take place as acts of sabotage 
(perhaps during war). Also, attempts could be made to recover repository materials following 
decommissioning. All FEPs relating to deliberate intrusions into the repository are eliminated 
on regulatory grounds . 

7 .8.3 Long-Term Monitoring 

Screening Decision: Monitoring and remedial activities are eliminated from performance 
assessments on regulatory grounds. 

Discussion: Although monitoring is required by 40 CFR Part 191 to "detect substantial and 
detrimental deviations from expected performance," compliance with 40 CFR Part 191 would 
include assurance that there would be no such deviations from expected performance. Under 
such circumstances, no remedial activities in response to monitoring would be expected. 
Further, the interpretation of regulatory guidance pertaining to· 40 CFR Part 191 provided in 
U.S. DOE (1994b) states that "[t]he monitoring program shall be designed such that the 
monitoring methods employed do not significantly impact the performance of the disposal 
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system." Thus, it is assumed that the effects of monitoring and remedial activities may be 
eliminated from performance assessments. 
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8. SCENARIOS CONSIDERED IN THE SPM 

8. 1 Introduction 

This section describes the scenarios retained for analysis in the 1991 and 1992 WIPP PAs 
and in the SPM. Terminology used in the 1991and1992 WIPP PAs has been retained where 
possible. As described in Section 4, undisturbed base-case scenarios have been constructed for 
evaluating compliance with 40 CFR Part 191 (all BC FEPs) and 40 CFR §268.6 (all BC2 FEPsj. 
These scenarios are outlined in Sections 8.2 and 8.3. In addition, a set of disturbed-case 
scenarios has been constructed for evaluating compliance with 40 CFR §191.13 (BCD FEPs 
combined with RA FEPs). These scenarios were highlighted in Section 3, and are described in 
more detail in Section 8.4. Emphasis is placed on the potential need to consider modeling 
assumptions other than those made in the 1992 WIPP PA. 

A number of FEPs have been retained for further evaluation (RB, and RC FEPs; see 
Table 4-7). For many FEPs, it is not currently possible to demonstrate how their exclusion may 
affect system performance modeling results. FEPs retained for further evaluation include (i) far
field FEPs, (ii) waste- and repository-induced FEPs, and (iii) human-induced FEPs. Most of 
the FEPs in the first two categories are certain to occur, but may have limited consequences. 
FEPs in the third category have both an uncertain probability of occurrence and an uncertain 
consequence. They are therefore analogous to the scenario-forming "events" of the previous 
WIPP PAs (RA FEPs), and could, in principle, be used to form additional disturbed-case 
scenarios. The future human actions retained for further evaluation are outlined in Section 8.5. 

8.2 Undisturbed Base-Case Scenario for 40 CFR Part 191 

The undisturbed base-case scenario for 40 CFR Part 191 is described below. This 
scenario is required for evaluating compliance with 40 CFR § 191.15 (individual dose) and 
§191.24 (groundwater protection). It is also one of the scenarios considered in evaluating 
compliance with 40 CFR §191.13 (containment requirements). 

8.2.1 Salt Creep 

As the repository is filled with waste, the disposal rooms and drifts in the panels will be 
backfilled,9 and seals will be emplaced in the shafts and access drifts to the panels. While 
excavations are open, the salt will creep inward because of the decreased pressure on the salt 
around the rooms. Portions of the access drifts and the lower parts of the shafts will be filled 
with preconsolidated crushed salt (Stormont et al., 1987; Borns and Stormont, 1988; Nowak et 
al., 1990). Because of the high lithostatic pressures at the repository depth, salt creep is 

9 The DOE has recently determined that, for the purposes of current SPM calculations, the base 
facility design does not require backfill to be placed over the waste. 
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expected to exert sufficient pressure on the crushed salt to consolidate the material into low
permeability seals with properties similar to those of the host rock. Portions of the upper parts 
of the shafts will also be filled with salt, but pressure here is not expected to be sufficient to 
cause. the same degree of consolidation as in lower portions of the shafts. 

8.2.2 Gas Generation 

Gas generation is an important process for the undisturbed case. Some waste will be 
composed of organic material. Because microbes transported into the repository with the waste 
are expected to be viable under sealed-repository conditions (Brush and Anderson, 1989), 
organic material in the repository will biodegrade with concomitant generation of gases. In 
addition, moisture in the repository, either brought in with waste or seeping in from the Salado 
Formation, can corrode metals in the waste and metallic waste containers themselves, generating 
gas as a byproduct. Radiolysis will also generate gases. 

Sufficient quantities of generated gas will elevate pressures in the repository, approaching 
and perhaps exceeding lithostatic pressure (approximately 15 MPa). Elevated pressures may 
open fractures in anhydrite layers above and below the waste-disposal panels, which are more 
brittle than the halite. 

8.2.3 Radionuclide Transport 

Two potential pathways for groundwater flow and radionuclide transport dominate the 
disposal system in undisturbed conditions (see Figure 8-1): 

In the first path, the pressure gradient between the waste-disposal panels and the Culebra 
causes brine and radionuclides to migrate to the base of the shafts and up the shafts to 
the Culebra. This migration may occur directly through panel seals and the backfill in 
access drifts, but is more likely to occur through anhydrite interbeds (primarily MB139 
below the panels, but possibly also MB138 and interbeds a and b above the panels). 
Ccntaminated brine may enter the interbeds either through fractures in the DRZ, or 
directly if rooms and drifts intersect the interbeds during construction or room closure. 
Migration to the base of the shafts could then occur in fractures in the anhydrite layers. 
Migration up the shafts could occur through the shaft seal system and possibly through 
a DRZ around the shafts. In addition to the shafts, WIPP investigation boreholes may 
provide a pathway out of the repository horizon, but . this pathway is not explicitly 
modeled; releases through investigation boreholes are likely to be insignificant in 
comparison to releases through the shafts. 

The second major path for brine and radionuclide migration from the undisturbed 
repository is laterally through anhydrite interbeds toward ·the subsurface boundary of the 
accessible environment in the Salado Formation. Brine would enter the interbeds as 
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Figure 8-1. Schematic illustration of the base-case undisturbed scenario (WIPP PA 
Department, 1992a, Figure 4-2). 
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described for the first path, and would then be driven outward from the panels by 
elevated pressures in the waste resulting from gas generation. 

A third pathway for radionuclide transport was considered in previous analyses (Lappin 
et al., 1989), in which brine migrated vertically from the panels through the intact Salado 
Formation toward the Culebra. Although this pathway has a larger pressure decline over a 
shorter distance than either of the pathways discussed above, low permeabilities of the intact 
halite will result in extremely long travel times (400,000 years for the first arrival. of 
contaminants at the Culebra, as calculated by Lappin et al. (1989)). 

Radionuclide transport has not been explicitly modeled in past PAs because under 
undisturbed conditions, calculations indicate that no brine from the repository will reach the 
accessible environment in 10,000 years. This conclusion is based on the assumptions made in. 
past PAs (e.g., exclusion of FEPs screened as RB), and it is being reevaluated as part of the 
SPM. Explicit consideration of radionuclide transport in undisturbed conditions would require 
incorporating additional FEPs (classified in Section 4 as RB or BCD) in. the base-case system 
model for 40 CFR Part 191. 

8.3 Undisturbed Base-Case Scenario for 40 CFR §268.6 . 

Hazardous constituents regulated under 40 CFR §268. 6 in waste destined for the WIPP 
include heavy metals, organics, and voes in both the liquid and vapor phases~ Long-term 
performance calculations for heavy metals and organics are analogous to those for radionuclides 
under 40 CFR §191.15. Both hazardous constituents in the waste and radionuclides may be 
transported in brine, although their transport characteristics and rates will differ. Thus, the brine 
flow modeling performed for the undisturbed base-case scenario for §191.15 (see Figure 8-1) 
can also be used for evaluating compliance with §268. 6. 

In addition to brine flow modeling, evaluating compliance with §268.6 requires 
consideration of gas-phase transport of voes. In principle, the potential pathways for gas flow 
are the same as those for brine flow described in Section 8.2 (see also Figure 8-1). Gas-phase 
releases are possible under undisturbed conditions, but transport modeling for gaseous 
contaminants (VOCs) was not undertaken for the 1992 WIPP PA. Preliminary VOC transport 
modeling will be undertaken if required as part of the SPM and for future evaluations of 
compliance with 40 CFR §268.6. 

The results of both gas- and brine-phase modeling in the 1992 WIPP PA for 40 CFR 
§268.6 are based on the assumptions made in past PAs (e.g., exclusion of FEPs screened as 
RB), and the modeling system for these calculations may need to be reevaluated as part of the 
SPM. 

Scenario Developmelll Man:h 17, 1995 

•• 

!.. 

·• 

·• 

• 

.. 

•• 

... 

.... 

.... 

•• 
""' 

911111 



1!P 

"" 

{f';· 

~,<$'"!' 

JO'< 

,.. 

1UH• 

"hl-•1 

, .... 
·~~ 

..... 
i$,IW 

'ltllfki 

IWM 

, .... 
*U'" 

, ... 
lliiiiP' 

ta.~.1 

:P-1! 

~ .. ,~ 

.. ~,~ 

._.,& 

!flf'I! 

... 

1 

2 

3 

4 

.s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

8.4 Human-Intrusion Scenarios for 40 CFR §191.13 

The human-intrusion scenarios considered in the 1992 WIPP PA and in the SPM are 
outlined below. They consist of all FEPs classified as BCD (probability of occurrence assumed 
to be 1), and combinations of the FEPs classified as RA (uncertain probability of occurrence) . 
The RA FEPs pertain to exploratory drilling that intersects the repository (see Section 3). Other 
future human actions requiring further evaluation and possible inclusion in disturbed-case 
modeling are outlined in Section 8.5. 

Guidance from 40 CFR Part 191: As discussed in Section 7 .2, Appendix C of 40 CFR Part 
191 provides guidance on a number of issues that may arise in considering future human 
intrusion (U.S. EPA, 1993). Active controls cannot be assumed to prevent or reduce 
radionuclide releases for more than 100 years after disposal. Passive institutional controls can 
be assumed to deter systematic and persistent exploitation and to reduce the likelihood of 
inadvertent intrusion, but these controls cannot eliminate inadvertent intrusion. The EPA 
suggests that exploratory drilling for resources is the most severe form of human intrusion that 
need be considered, and that the likelihood and consequence of drilling should be based on site
specific factors. The EPA also suggests that PAs shall assume "that passive institutional controls 
or the intruders' own exploratory procedures arc adequate for the intruders to soon detect, or 
be warned of, the incompatibility of the area with their activities" (U.S. EPA, 1993). 

8.4. 1 Intrusion Borehole through a Room or Drift into Zone of Pressurized Fluid 
(Scenario E1) 

Scenario El (Figure 8-2) consists of one or more boreholes that penetrate through a 
waste-filled room or drift and continue into or through a brine reservoir in the underlying Castile 
Formation, where brine pressure is between hydrostatic and lithostatic (Marietta et al., 1989). 
Pressurized brine and hydrocarbons also exist in the deeper-lying formations. Radionuclides 
may be released to the accessible environment in two ways: (i) some radionuclides will be 
brought to the ground surface during drilling as particulate material entrained in drilling fluid, 
or in gases released from the repository during drilling; (ii) additional radionuclides may reach 
the subsurface boundary of the accessible environment by following long-term groundwater 
transport along the borehole and laterally down potentiometric gradients in aquifers overlying 
or underlying the repository. In the 1992 WIPP PA, the possibility of downward flow was not 
explicitly considered, and only the Culebra was modeled. 

Radionuclides can be released during drilling if the drill bit directly intersects the waste. 
Material ground up by the drill bit (cuttings) can be transported to the surface by the circulating 
drilling fluid. Additional material may be eroded from the walls of the borehole by. the 
circulating drilling fluid (cavings), or by the spalling of solid material or contaminated brine into 
the hole as the panel depressurizes. Direct waste removal could also occur during well blowout, 
when the waste is entrained in escaping repository gases. Cuttings, cavings, and spallings are 
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collectively referred to as "cuttings" in performance assessment documentation. Spallings were 
not modeled in the 1992 WIPP PA, but a preliminary model is available for use in the SPM and 
·in future P As. 

It is assumed that, after drilling is complete, the hole is abandoned. Because EPA 
guidance provide! that a driller will "soon detect" the presence of the repository, borehole 
abandonment could cover a range of possibilities. In the 1992 WIPP PA, except for an arbitrary 
perfect plug above the Culebra that is assumed to divert all flow into that unit, borehole plugs 
and drilling mud remaining in the borehole were assumed to degrade into material with 
properties similar to silty sand. Plug degradation was in keeping with guidance proVided by 
Aj>pendix C of 40 CFR 191: "consequences of ..• inadvertent drilling need not be more severe 
than . . . creation of a groundwater flow path with a permeability typical of a borehole filled by 
the soil or gravel that would normally settle into an open hole over time - not the permeability 
of a carefully sealed borehole" (U.S. EPA, 1993). The borehole was assumed to remain 
propped open by the material filling it, preventing closure of the hole by salt creep in the Salado 
Formation. 

Other assumptions concerning borehole plugging are also possible. In particular, any 
driller unwittingly detecting a repository might seek guidance from regulatory authorities on how 
best to plug the borehole and decontaminate the surface and their drilling equipment. In this 
case, it could be assumed that the borehole would be sealed in a manner that provides long-term 
protection. Furthermore, institutional control could be assumed to be reestablished and 
knowledge of the repository (e.g., through markers) refreshed (see also Section 8.4.4). 

In any event, radionuclides from the room may be incorporated into the Castile brine if 
the brine circulates through the waste adjacent to the borehole. 

8.4. 2 Intrusion Borehole into a Room or Drift (Summary Scenario E2) 

Scenario E2 (Figure 8-3), like Scenario El, consists of one or more boreholes that 
penetrate to or through a waste-filled room or drift. Unlike Scenario El, however, the borehole 
in Scenario E2 does not intersect pressurized brine or any other important source of water 
(Marietta. et al., 1989). Releases of cuttings at the ground surface during drilling are identical 
to those described for Scenario El, as are the assumptions about borehole plugging. Rate of 
flow into the Culebra is determined in Scenario E2 by the head gradient between the repository 
and the Culebra and the hydraulic properties of the borehole fill. The possibility of downwards 
flow, or upwards flow to units other than the Culebra, has not been explicitly considered in past 
PAs. 
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8.4.3 Intrusion Borehole through a Room or Drift into Zone of Pressurized Fluid and 
Another Intrusion Borehole into the Same Panel (Scenario E1E2) 

Scenario E1E2 (Figure 8-4) consists of two or more boreholes that penetrate waste-filled . 
rooms or drifts in the same panel (Marietta et al., 1989). At least one of the boreholes also 
penetrates pressurized fluid in the Castile or an underlying formation. Assumptions made in the 
1992 WIPP PA about the degradation of borehole plugs are the same as those described for 
Seenarios El and E2, except that in this case, specific plugs are assumed to remain intact, to · 
maximi7.C flow from the pressurized fluid reservoir through the waste and into the Culebra. The 
borehole that penetrates the pressurized fluid (the El-type borehole) remains plugged· between 
the waste and the Culebra; the other borehole (the E2-type borehole) remains plugged above the 
Culebra. These ideali7,ed assumptions on the modeling of borehole plugs need to be reevaluated 
as part of SPM. Brine flow in Scenario ElE2 is driven by the pressure difference between the 
pressurized brine reservoir and the Culebra. 

In Scenario EIE2, radionuclides are assumed to be released directly to the surface during 
drilling of the two holes, as described with El and E2~ If driving pressure is depleted, Scenario 
EIE2, for all intents and purposes, is the same as Scenario E2, because the borehole that 
penetrates the pressurized brine no longer contributes to flow and transport (Marietta et al., 
1989). For modeling convenience, previous analyses of Scenario ElE2 have assumed that both 
boreholes are drilled at or close to the same time. However, this modeling assumption does not 
follow the guidance in 40 CFR Part 191, and may need to be reevaluated (see Section 8.4.4). 

8.4.4 Modeling Issues 

A number of assumptions were made in modeling exploratory drilling in the 1992 WIPP 
PA that do not necessarily follow the guidance in 40 CFR Part 191, or the range of 
conceptualizations for flow along the borehole. These assumptions may need to be reevaluated. 
In particular, 

Borehole plugs are assumed to have ideal properties, and borehole permeabilities are 
assumed to be unaffected by creep closure. In fact, recent State of New Mexico rules 
(R-111-P) require that exploratory boreholes for oil and gas through the Potash Alea be 
plugged with cement along the entire length of the salt section and along any fluid
bearing horizon (New Mexico Oil Conservation Division, 1988). Such plugging could 
keep boreholes open for long periods. On the other hand, given a potential loss of 
records, drillers might in fact abandon the well without sealing the Salado; this would 
be less expensive, and represents practice prior to the introduction of Rule R-111-P. 
Modeling may show that salt creep would close the borehole within 100-200 years, 
making the relative timing of El and E2 events critical. 
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Figure 8-4. Conceptual model for scenario E1E2. Arrows indicate assumed direction of flow. 
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10,000 years. Re is the release of material directly from the drilling operation. 
Race is the release at the subsurface boundary of the accessible environment. 
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Long-term flow subsequent to an inttusion is assumed to be upwards to the Culebra, and 
the placement of ideal plugs in the model ensures that flow to the Culebra is maximiz.ed. 
In practice, borehole plugs might degrade with time, and may not be in a location that 
maximizes flow through the Culebra. Some boreholes might not be plugged at all. 
Possible long-term brine flow directly to the ground surface, to other transmissive units 
above the Salado (e.g., the Dewey Lake), and to transmissive units underlying the Salado 
(e.g., in the Bell Canyon Formation) has not been explicitly modeled, and may require 
consideration in future PAs. 

The ElE2 scenario requires two boreholes relatively close together (intersecting the same 
waste panel). It is a reasonable assumption that, after an inadvertent inttusion, active and 
passive institutional controls would be reinstated. In keeping with the guidance in 40 
CPR Part 191, active institutional controls are assumed to be effective for 100 years. . 
Thus, creep closure of open boreholes may reduce the probability of E1E2 scenarios. 
Nonetheless, it is conceivable - until modeling of creep closure shows otherwise - that 
at least some boreholes will remain open sufficiently long enough for ElE2 scenarios to 
occur. In addition, borehole plugs would be unlikely to eliminate long-term brine flow 
directly to the ground surface, should a driving force for such flow exist. 

Spallings releases have not been explicitly modeled in past PAs, and the possible 
magnitude of these releases is uncertain. A preliminary model for spallings releases has 
been developed for use in the SPM. 

8.5 Scenarios for Consideration in Future PAs 

This section summarizes the set of future human actions that have not yet been defensibly 
screened out, and that may need to be considered in future iterations of the SPM. It includes 
FEPs considered in the current SPM. This set of human actions is analogous to the scenario
forming events of the previous WIPP PAs (RA FEPs), and could be used in combination with 
BCD FEPs to form disturbed-case scenarios for probabilistic performance modeling. 

8.5.1 Human-Action Events of Potential Concern 

The human-action events of potential concern - deep drilling, shallow drilling for 
groundwater extraction (or potash exploration), potash mining, accidental fluid injection, and 
surface activities affecting recharge conditions - are defined below. 

Deep drilling: Drilling to target depths below the repository and into the Castile Formation and 
Bell Canyon Formations. Some boreholes may intersect the repository and some may intersect 
a potential zone of contamination in the Salado Formation (and/or after an initial inttusion, a 
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wne of contamination in other formations such as the Rustler). Some boreholes may intersect 
pressurized fluids in the Castile or underlying formations. This may be accounted for through 
random sampling of the location of future boreholes in modeling deep drilling. Whether a 
oorehole inteicepts · the repository and whether a pressurized fluid reservoir is intercepted 
strongly influences the way in which deep boreholes should be considered in the SPM and in 
futuie PAs. Thus, this FEP is subdivided into several scenario-forming events. As in the 1992 
WIPP PA, the classification El is used to describe events that penetrate the repository and 
overpressuriz.ed wnes in formations beneath the Salado. The classification E2 is used io 
describe events that penetrate the repository, but not pressuriz.ed zones. Pressurized zones could 
include brine reservoirs in the Castile Formation or brine or hydrocarbons in the underlying 
older formations. 

The suffix P represents events within the controlled area that penetrate the zone of 
contamination within the Salado, but not the repository (near misses). Thus, the classification . 
El-P is used to denote events that penetrate the zone of contamination and an underlying 
pressuriz.ed zone in the Castile or deeper formations, and the classification E2-P is used to 
denote events that penetrate the zone of contamination, but not pressurized zones. The concept 
of a contaminated zone has two implications. First, it" expands the "footprint" of the repository, 
potentially leading to more drilling events that intersect contaminants. Second, determining 
consequences depends on the conceptual model for fracturing of. Salado interbeds (see the 
position paper on Salado flow and transport). Note also that radionuclide transport modeling 
in undisturbed conditions would improve the modeling of near-miss events. However, long-term 
consequences of near-miss events are uncertain, because it cannot be assumed that the driller 
would become aware of the repository. Resource exploitation also needs to be con.sidered in 
evaluating the consequences and likelihood of near-miss events. In the absence of more detailed 
modeling, the consequences of such events could be bounded by the assumption that they need 
not be more severe than a direct intrusion of the repository. 

All other future human actions are contingent upon a release to units outside the Salado. 
Other human actions of concern would influence the modeling of releases to the accessible 
environment, given that an El or an E2 event occurs. 

Shallow drilling for groundwater extraction (or potash exploration): Extraction of 
groundwater from near-surface water-bearing zones overlying the Salado Formation. This event 
could impair the barrier effect of any formations overlying the Salado and modify hydraulic 
heads locally during the period of extraction. Short-circuit pathways above the Salado could also 
·be created through exploratory drilling for potash (although creep may shut the pathways in the 
salt section in a relatively short time). Note also that current practice is to plug abandoned wells 
through the water-bearing zones. As in the 1992 WIPP PA, this FEP is classified as E3. 
Potential consequences could be bounded by artificially decreasing the distance to the accessible 
environment for radionuclides that reach formations overlying the Salado. 
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Potash mining: Mining of potash in the Salado Formation by either conventional or solution 
methods either within or outside the controlled area, but beyond the waste panel boundaries. 
This event will modify hydrogeological conditions in formations overlying the Salado, possibly 
.providing short circuit pathways to the accessible environment. This FEP is classified as E4. 
Consequen~ modeling might be similar to that for E3. 

Leakage from fluid injection wells: Leakage from fluid injection wells (e.g., from nearby 
drilling or mining operations) into hydraulically conductive units either within or outside the 
controlled area, but beyond the waste panel boundaries. Injection currently takes place in the 
Delaware Basin into formations much deeper than the Salado, and some of these injection wells 
aie thought to have leaked. I eakage could also occur to zones containing radionuclide
contaminated brine (most likely into near-surface aquifers) but also into the Salado (through 
dissolution). This event is classified as ES. Potential consequences could be assessed using 
groundwater flow models currently available within the project. 

Surface activities affecting recharge conditions: Surface activities that could affect recharge 
conditions, including damming of streams and rivers, and irrigation. These activities are 
classified collectively as E6. Potential consequences could be assessed through three
dimensional groundwater flow modeling. Modeling may show that the direct effects of climate 
change on groundwater flow would be more severe than the secondary effects of surface 
activities, allowing the effects of surface activities to be screened out on the basis of low 
consequence. 

8.5.2 Specification of Scenarios for Consequence Analysis 

The eight future human action events defined above could be combined in a logic diagram 
to develop 256 possible scenarios. Scenarios could be screened using criteria similar to those 
used for FEPs: probability, consequence, and regulation. For example, a large number of 
scenarios (combinations of categories of events, Ei) could be screened out on the basis of 
consequence (e.g., all scenarios not involving an El or E2 event). This approach may assist in 
developing a sampling strategy for the probabilistic performance calculations, but it has no other 
value. In addition, a number of the events outlined above may be evaluated adequately with 
calculations outside the main system assessment modeling. 

In addition to the above set of human-induced FEPs, there are several far-field and waste
and repository-induced FEPs that cannot yet be defensibly screened out, but that were not 
included in the current SPM. These FEPs appear in Table 4-7 and in Appendices A and B. 
Many of them are discussed in more detail in the other position papers. These FEPs will need 
to be evaluated, and may require additional modeling outside the main system PA to assess their 
potential impact on the system performance assessment and to develop defensible screening 
arguments. Some FEPs may need to be incorporated directly into future system performance 
assessment modeling for all scenarios. 
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Finally, the screening and classification of FEPs is tied to the engineered barrier system · 
and properties described in the 1992 WIPP PA, and to the EPA's guidance on future human 
actions in Appendix C of 40 CFR Part 191. Should system characteristics or models chaitge, 
revisions to the scenario development work may be required. Most importantly, should revised 
system design or PA models show that a release outside the Salado is possible in undisturbed 
conditions, far-field FEPs currently considered only in disturbed-case scen3rios, or biosphere 
FEPs currently classified as NR, may need to be rescreened into the undisturbed performance 
system model for future PA calculations. The scenario development work may also need 
revision as further guidance and criteria arc promulgated by the EPA (e.g., 40 CFR Part 194). 
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Appendix A 

APPENDIX A: FEP UST BY CATEGORY 

This Appendix presents the complete list of FEPs developed as described in Section 
4.2.3. They are categorized as follows: 

(1) Waste 

(2) Canister 

(3) Backfill 

(4) Seal systems 

(5) Near-field 

(6) Far-field 

(7) Biosphere 

(8) Geology/climate changes 

(9) Human influences 

These categories overlap, and FEPs are listed wherever they are considered potentially 
relevant. Thus, there is a great deal of duplication. The screening classifications for 
each FEP are also shown. 
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Appendix A 

WASTE 
1. 1 Waste: characteristics (initial) 

Inventory: radionuclides 
Inventory: hazardous constituents (e.g. VOCs, 

heavy metals) 
Long-term physical stability 
Heterogeneity of waste forms (chemical, physical) 

. Stability of glass 
Teratogenic contaminants 

1.2 Waste: radionuclide decay and ingrowth 
Waste: radionuclide decay and ingrowth 

1.3 Waste: radiological/radiation effects 
Radiolysis 
Recoil of alpha-decay 
Release of stored energy 
Nuclear criticality (preclosurel 
Nuclear criticality (postclosurel 
Radiation damage of the matrix including embrittlement 

1.4 Waste: gas generation and effects 
Gas generation: He production 
Methane and carbon dioxide by microbial degradation of 

cellulose and other organic wastes 
Active methane, carbon dioxide, radon, tritiated 

hydrogen and other active gases 
Hydrogen by metal corrosion 
Gas effects: pressurization 
Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire 
Chemical changes due to gas production 
Hydrogen: effects of microbial growth on concrete 
Methane/C02 production: aerobic degradation 
Methane/C02 production: effects of temperature 
Methane/C02 production: effects of lithostatic pressure 
Methane/C02 production: energy and nutrient control of 

metabolism 
Methane/C02 production: effects of radiation on 

microbial populations 
Microbiological effects due to cellulose degradation 
Gas generation from concrete 
Methane/C02 production: anaerobic production 
Methane/C02 production: Inhibition due to the pressure of 

toxic materials 
Methane/C02 production: Effects of biofilms 
Methane/C02 production: Carbonate/bicarbonate 

exchange with concrete 
1.5 Waste: heat generation 

Radioactive decay: heat 
Nuclear criticality: heat 
Material property changes: heat 
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WASTE (Continued) 
1.6 Waste: thermomechanical effects 

Thermal cracking 
Material property changes 
Differing thermal expansion of glass matrix and canister 

1. 7 Waste: thermochemical effects 
Thermally induced chemical changes (water chemistry) 

1.8 Waste: electrochemical effects 
Electrochemical gradients 

1.9 

1.10 

Electrical effects of metal corrosion 
Galvanic coupling 

Waste: degradation/corrosion/dissolution 
Dissolution 
Precipitation 
Source terms 
Source terms (hazardous constituents) 
Degradation of plastics and cellulosics 
Release of sorbed VOCs 
Metal corrosion: wastes 
Leaching: wastes 
Rinse 
Internal corrosion due to waste 
Fracturing 
External stress 

Waste: geochemical reactions/regime 
Chemical gradients, osmosiE 
Chemical kinetics 
Complex formation: wastes 
Chemical changes due to metal corrosion 
Chemical changes due to gas production 
Chemical effects: geochemical change 
Recrystallization 
Redox potential 
Dissolution chemistry 
Interactions with corrosion products and waste 
Solubility with fuel matrix 

1. 11 Waste: radionuclide and contaminant chemistry 
Speciation 
Complex formation: wastes 
Solubility within fuel matrix 
Recrystallization 
Solubility 
Precipitation 
Solubility, speciation, precipitation: hazardo_us 

constituents 
1. 12 Waste: Others 

Colloid formation: wastes 
Damaged or deviating waste contents 
Role of eventual channelling within the canister 
I, Cs-migration to fuel surface 
Boundary conditions 
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NA 
NA 
NA 

RC 

RC 
RC 
RC 

BCD 
RB 
BCD 
RB 
RB 
RB 
RC 
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RB 
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NA 
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NA 
RC 
RB 
RB 
RC 
RC 
RC 
RC 
BCD 
RC 
NA 

BCD 
RB 
NA 
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RB 
RB 

RB 
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NR 
NA 
MD 
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Appendix A 

WASTE (Continued) 
Correlation 
Sudden energy release 
Waste incompatibility 
Design modifications: waste (e.g. buffer additives) 
Nuclear criticality: explosions 
Capillary action 

CANISTER 
2. 1 Canister: materials/construction 

Inventory 
2.2 Canister: corrosion/degradation processes 

Container failure (early) 
Container failure (long term) 
Container healing 
Corrosion (including partial corrosion) 
Pitting 
Radiation damage to container (embrittlementl 
Uniform corrosion 
Structural container metal corrosion: localized 
Structural container metal corrosion: bulk 
Structural container metal corrosion: crevice 
Structural container metal corrosion: stress corrosion 

cracking 
Chemical changes due to metal corrosion 
Chemical reactions (copper corrosion) 
Role of chlorides in copper corrosion 
Corrosive agents, sulphides, oxygen, etc. 
Backfill effects on container corrosion 
Swelling of corrosion products 

2.3 Canister: gas generation and effects 
Hydrogen: corrosion of container steel 
Gas transport in the waste container 
Gas effects: pressurization 
Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire 

2.4 Canister: microbiological effects/microbial activity 
Canister: microbiological effects/microbial activity 

2.5 Canister: thermomechanical effects 
Differing thermal expansion of canister and backfill 
Thermal cracking 
Differing thermal expansion of materials (glass, canister) 

2.6 Canister: electrochemical effects 
Electrochemical gradients 
Coupled effects (electrophoresis) 
Natural telluric electrochemical reactions 
Electrochemical cracking 
Galvanic coupling 
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CANISTER (Continued) 
2. 7 Canister: stress/mechanical effects 

Canister movement 
Mechanical canister damage (failure) 
Creeping of copper 
Stress corrosion cracking 
Loss of ductility 
Cracking along welds 
External stress 
Hydrostatic pressure on canister 
Internal pressure 
Swelling of corrosion products 
Hydride cracking 

2.8 Canister: geochemical reactions/regime 
Chemical kinetics 
Container corrosion products 
Precipitation 
Dissolution 
Speciation of corrosion products (include in water 

chemistry) 
Chemical effects: Interactions of waste canister and rock 
Chemical gradients (electrochemical effects and osmosis) 

2.9 Canister: Radionuclide and contaminant transport through containers 
Release of radionuclides from the failed canister 
Release of hazardous constituents from the failed 

canister 
2. 10 Canister: others 

Channelling within the canister (preferential pathways) 
Radiation effects on canister 
Random canister defects - quality control 
Common cause canister defects - quality control 
Material defects, e.g. early canister failure 
Incomplete filling of canisters 
Boundary conditions 
Correlation 
Time dependence 
Design modifications: canister 
Nuclear criticality: explosions 

BACKFILL 
3. 1 Backfill: characteristics 

Backfill characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 
Buffer additives 

3.2 Backfill: resaturation/desaturation 
Backfill: resaturation/desaturation 

3.3 Backfill: mechanical effects 
Preferential pathways in the backfill 
Mechanical effects: local fractures/cracks (preferential 

pathways) 
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Appendix A 

BACKFILL (Continued) 
Mechanical failure of backfill (preferential pathways) 
Swelling pressure 
Movement of canister in backfill 
Uneven swelling of bentonite 
Swelling of corrosion products 
Cracking: concrete 
Sealing of cracks: concrete 
External stress 

3.4 Backfill: thermal effects 
Convection (contaminant transport) 
Hydrothermal alteration 
Variations in groundwater temperature 
Differing thermal expansion (canister-backfill, 

buffer-host rock) 
Thermal effects on the backfill material 
Soret effect 
Natural thermal effects 
Thermal effects (e.g. concrete hydration) 
Thermochemical effects 

3.5 Backfill: electrochemical effects 
Natural telluric electrochemical reactions 

3.6 Backfill: gas effects and transport 
Groundwater flow due to gas production 
Gas transport in the near field as gas phase and in 

solution 
Chemical effects: gas generation 
Transport of active gases 
Methane/C02 production 
Effects of hydrogen from metal corrosion 
Gas effects: pressurization 
Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire 
Methane/C02 production: effects of hydrogen from metal 

corrosion 
Gas generation from concrete 

3. 7 Backfill: microbiological effects/microbial activity 
Backfill: microbiological effects/microbial activity 
Hydrogen: effects of microbial growth on concrete 

3.8 Backfill: degradation 
Degradation of the bentonite by chemical reactions 
Coagulation of bentonite · 
Radiation effects on bentonite 
Erosion of backfill 
Alkali-aggregate reaction 

3.9 Backfill: geochemical regime 
Chemical gradients 
Chemical kinetics 
Precipitation 
Dissolution 
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BACKFILL CContinuedt 
Chemical changes due to waste degradation 
. Chemical changes due to gas production 
Chemical changes due. to complex formation 
Chemical changes due to colloid production 
Chemical changes due to sorption 
Chemical changes due to speciation 
Isotopic dilution 
Chemical changes due to corrosion 
Saturation of sorption sites 
Effects of bentonite on groundwater chemistry 
Reactions with cement pore water (include in chemical 

degradation) 
Redox front 
Thermochemical changes 
Saline groundwater intrusion 
Effects at saline-freshwater interface 
Natural changes in groundwater flow direction 
Biogeochemical changes 
Exchange capacity exceeded 
Cement sulphate reaction 

3. 10 Backfill: Radionuclide and contaminant transport processes 
Groundwater and gas flow 
Advection/dispersion: radionuclides 
Advection/dispersion: hazardous constituents 
Diffusion: radionuclides 
Diffusion: hazardous constituents 
Unsaturated transport 
Transport of chemically active substances into the 

near-field 
Transport of radionuclides bound to microbes 

3.11 Backfill: radionuclide and contaminant chemistry 
Precipitation, reconcentration 
Recrystallization 
Dissolution 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Dissolution, speciation, sorption, precipitation; 

hazardous constituents 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Changes in sorptive surfaces 
Radiolysis 

3.12 Backfill: others 
Faulty backfill emplacement 
Colloid transport (inorganic and organic) 
Extreme channel flow of oxidants and nuclides 

(preferential pathways) 
Inadequate backfill or compaction, voidage 
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BACKFILL (Continued) 
Anion exchange 
Groundwater flow: initial conditions 
Backfill material deficiencies 
Boundary conditions 
Correlation 
Time dependence 

. Nuclear criticality: explosions 
Nuclear criticality: heat 
Design modifications: backfill 
Capillary action 

SEALS 
4.1 Seals: characteristics 

Seal characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 
Concrete 
Buffer additives 

4.2 Seals: resaturation/desaturation 
Seals: resaturation/desaturation 

4.3 Seals: mechanical effects 
Preferential pathways in the seals 
Mechanical effects: local fractures/cracks (preferential 

pathways) 
Mechanical failure of seals (preferential pathways) 
Swelling pressure 
External stress 
Movement of canister 
Uneven swelling of bentonite 
Swelling of corrosion products 
Cracking: concrete 
Sealing of cracks: concrete 

4.4 Seals: thermal effects 
Convection (contaminant transport) 
Hydrothermal alteration 
Variations in groundwater temperature 
Differing thermal expansion (canister-seal, buffer-host 

rock) 
Thermal effects on the seal material 
Soret effect 
Natural thermal effects 
Thermal effects (e.g. concrete hydration) 
Thermochemical effects 

4.5 Seals: electrochemical effects 
Natural telluric electrochemical reactions 

4.6 Seals: gas effects and transport 
Groundwater flow due to gas production 
Gas transport in the near field as gas phase and in 

solution 
Chemical effects: gas generation 
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SEALS (Continued) 
Transport of active gases 
Methane/C02 production 
Effects of hydrogen from metal corrosion 
Gas effects: pressurization 

· Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire 
Methane/C02 production: effects of hydrogen from 

metal corrosion 
Gas generation from concrete 

4. 7 Seals: microbiological effects/microbial activity 
Seal: microbiological effects/microbial activity 
Hydrogen: effects of microbial growth on concrete 

4.8 Seals: degradation 
Degradation of the bentonite by chemical reactions 
Coagulation of bentonite 
Radiation effects on bentonite 
·Erosion of seals 
Alkali-aggregate reaction 

4.9 Seals: geochemical regime 
Chemical gradients 
Chemical kinetics 
Precipitation 
Dissolution 
Chemical changes due to waste degradation 
Chemical changes due to gas production 
Chemical changes due to complex formation 
Chemical changes due to colloid production 
Chemical changes due to sorption 
Chemical changes due to speciation 
Isotopic dilution 
Chemical changes due to corrosion 
Saturation of sorption sites 
Effects of bentonite on groundwater chemistry 
Reactions with cement pore water (include in chemical 

degradation) 
Redox front 
Thermochemical changes 
Saline groundwater intrusion 
Effects at saline-freshwater interface 
Natural changes in groundwater flow direction 
Biogeochemical changes 
Exchange capacity exceeded 
Cement sulphate reaction 

4.10 Seals: Radionuclide and contaminant transport processes 
Groundwater and gas flow 
Advection/dispersion: radionuclides 
Advection/dispersion: hazardous constituents 
Diffusion: radionuclides 
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SEALS (Continued) 
Diffusion: hazardous constituents 
Unsaturated transport 
transport of chemically active substances into the 

near-field 
Transport of radionuclides bound to microbes 

4. 11 Seals: radionuclide and contaminant chemistry 
Precipitation, reconcentration 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Changes in sorptive surfaces 
Radiolysis 
Dissolution 
Recrystallization 
Dissolution, speciation, sorption, precipitation; hazardous 

constituents 
4.12 Seals: others 

Faulty seal emplacement 
Colloid transport (inorganic and organic) 
Extreme channel flow of oxidants and nuclides 

(preferential pathways) 
Inadequate seal or compaction, voidage 
Anion exchange 
Groundwater flow: initial conditions 
Seal material deficiencies 
Boundary conditions 
Investigation borehole seal failure/degradation 
Shaft seal failure/degradation 
Design modifications: seals 
Correlation 
nme dependence 
Nuclear criticality: explosions 
Nuclear criticality: heat 

NEAR-FIELD 
5.1 Near-field rock: elements/materials 

Disposal geometry 
Rock properties (porosity, permeability, hydraulic head, 

conductivity) 
Colloids 

5.2 Near-field rock: degradation 
Rock property changes (hydraulic conductivity, fractures, 

pore blocking, channel formation/closure) 
Creeping of rock mass 
Caving/roof collapse 
Physico-chemical degradation of concrete 
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NEAR-FIELD (Continued) 
5.3 Near-field rock: hydraulic effects/groundwater flow 

Unsaturated transpon 
Groundwater flow due to gas production 
Groundwater flow (saturated conditions, including 

fracture flow) 
Groundwater flow, effects of solution channels 

(preferential pathways) 
Repository thermally-induced groundwater transpon 
Naturally thermally-induced groundwater transpon 
Thermo-hydro-mechanical effects 
Resaturation 
Disturbed zone (hydromechanical) effects 
Natural changes in groundwater chemistry and flow 

direction 
Repository-induced changes in groundwater flow 

direction 
5.4 Near-field rock: mechanical effects 

Formation of cracks 
Changes in in-situ stress field 
Changes in moisture content due to stress relief 
Differential elastic response 
Non-elastic response 
Repository-induced seismicity 
Externally'."induced seismicity 
Differing thermal expansion of host rock zones 
Uneven swelling of bentonite 
Thermally-induced stress/fracturing in· host rock 
Excavation-induced stress/fracturing in host rock 

5.5 ·Near-field rock: thermal effects 
Convection 
Hydrothermal alteration 
Variations in groundwater temperature 
Thermal effects (e.g. concrete hydrationl 
Thermal effects and transpon (diffusion) propenies 
Thermal effects on hydrochemistry 
Thermal differential elastic response 
Thermal non-elastic response 

5.6 Near-field rock: gas effects and transport 
Gas effects: pressurization 
Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire 
Gas transport in the near field as gas phase and in 

solution 
Methane/C02 production: effects of microbial growth on 

propenies of concrete 
Accumulation of gases under permafrost 
Methane intrusion 
Transport of active gases 
Methane C0 2 production: effects of lithostatic pressure 
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NEAR-FIELD (Continued) 
Methane C02 production: effects of hydrogen from 

metal corrosion 
Methane C02 production: effects of radiation on 

microbial populations 
Methane and C02 production: energy and nutrient 

control of metabolism 
5. 7 Near-field rock: microbiological/biological activity 

Natural microbial activity 
Transport of microbes into the near-field 
Rock property changes: microbial pore blocking 
Biogeochemical changes 

5.8 Near-field rock: geochemical regime 
Chemical gradients 
Chemical kinetics 
Pore blockage: concrete 
Cement-sulphate reaction: concrete 
Changes in pore water composition, pH, Eh: concrete 
Chemical changes due to colloid production (chemical 

changes) 
Chemical changes due to sorption (chemical changes) 
Chemical changes due to speciation (chemical changes} 
Fracture mineralization 
Fluid interactions: dissolution 
Chemical effects: interactions of waste canister and rock 
Physico-chemical phenomena/effects (e.g. colloid 

formation) 
Reconcentration 
Thermochemical changes 
Chemical effects of rock reinforcement 
Saline (or fresh) groundwater intrusion 
Effects at saline-freshwater interface 
Non-radioactive solute plume in geosphere (effect on 

redox, effect on pH, sorption) 
Physico-chemical degradation of concrete 
Changes in groundwater flow direction 

5.9 Near-field rock: radionuclide and contaminant chemistry 
Precipitation, reconcentration 
Dissolution 
Recrystallization 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Dissolution, speciation, sorption, precipitation; hazardous 

constituents 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Changes in sorptive surfaces 
Dilution (mass, isotopic, species) 
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NEAR-FIELD (Continued) 
5. 10 Near-field rock: Radionuclide and contaminant transport processes 

. Groundwater and gas flow 
Advection/dispersion: radionuclides 
Advection/dispersion: hazardous constituents 
Diffusion: radionuclides 
Diffusion: hazardous constituents 
Soret effect 
Transport of radionuclides bound to microbes 
Colloid transport 

5.11 Near-field rock: others 
Incomplete repository or borehole closure 
Unmodeled design features 
Inadequate design: shaft seal and exploration borehole 

seal failure 
Open boreholes 
Extreme channel flow of oxidants and nuclides 

(preferential pathways) 
Poor quality construction 
Abandonment of unsealed repository 
Effects of phased operations 
Repository flooding during operations 
Dehydration of salt minerals 
Release of stored energy 
Nuclear criticality: heat 
Methylation 
Cavitation 
Improper operation 
Monitoring and remedial activities 
Preclosure events 
Retrievability 
Blasting and vibration 
Design modification: geometry 
Design modification: DRZ (e.g. grouting) 
Accidents during operation 
Mutation 
Boundary conditio'ls 
Correlation 
Time-dependence 
Sabotage 
Nuclear criticality: explosions 

FAR-FIELD 
6.1 Rock properties 

Rock properties (porosity, permeability, discharge zones, 
fractures) 

6.2 Hydrogeological effects 
Natural rock property changes (porosity, permeability, 

fractures, pore blocking) 
Dewatering 
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FAR-FIELD (Continued) 
Geothermal gradient effects 
Salinity effects on flow 
Saturated groundwater flow 
Variations in groundwater temperature 
Gas-induced groundwater transport 
Groundwater recharge 

-Thermal effects: fluid pressure, density, viscosity 
changes 

Thermal effects: fluid migration 
Saline groundwater intrµsion 
Fresh groundwater intrusion 
Groundwater conditions (saturated/unsaturated) 
Changes in geometry of the flow system 
Changes in driving forces of the flow system 
Changes in groundwater flow direction 
Borehole - well 

6.3 Physical/mechanical effects 
Repository-induced seismicitv 
Externally-induced seismicity 
Fault activation 
Differential elastic response 
Subsidence 
Non-elastic response 

6.4 Thermal effects 
Geothermal gradient effects 
Thermal differential elastic response 
Thermal non-elastic response 

6.5 Gas effects and transport 
Gas transport into and through the far-field (gas phase 

and in solution) 
Multiphase flow and gas-driven flow 
Effects of natural gases 
Transport of active gases 

6.6 Microbiological/biological activity 
Microbial activity 
Transport of radionuclides bound to microbes 
Biogeochemical changes 

6. 7 Geochemical regime 
Groundwater composition changes (pH, Eh, chemical 

composition) 
Fracture mineralization 
Weathering, mineralization 
Dissolution of fracture fillings, precipitation 
Far field hydrochemistry - acids, oxidants, nitrates 
Effects at saline-freshwater interface 
Chemical gradients (electrochemical effects and osmosis) 
Non-radioactive solute plume in geosphere (effect on 

redox, effect on pH, sorption) 
Salinity: implications of evaporite deposits/minerals 
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FAR-FIELD (Continued) 
6.8 Radionuclide and contaminant chemistry 

Complexation by organics (including humic and futvic 
acids) 

Precipitation, dissolution, recrystallization, 
reconcentration 

Sorption (linear, nonlinear, irreversible) 
Speciation 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Changes in sorptive surfaces 
Dilution (mass, isotopic, species) 

6.9 Radionuclide and contaminant transport processes 
Groundwater flow, advection/dispersion (saturated 

6.10 

conditions) 
Diffusion (bulk, matrix, surface) 
Unsaturated transport 
Groundwater flow: fracture 
Groundwater flow: effects of solution channels 

(preferential pathways) 
Soret effect 
Transport of radionuclides bound to microbes 
Gas mediated transport 
Colloids: formation & effects (including inorganic and 

organic colloid transport) 
Others 

Boreholes unsealed 
Incomplete vault closure 
Inadequate design: exploration borehole seal failure 
Undetected features (e.g. faults, fracture networks, 

shear zones, discontinuities, gas) 
Radiolysis, radiation damage 
Cavitation 
Correlation 
Nuclear criticality 
Explosion 

BIOSPHERE 
7. 1 Human considerations 

Space heating 
Charcoal production 
Land use changes 
Demographic change, urban development 
Crop fertilization 
Crop storage 
Peat and leaf litter harvesting 
Hydroponics 
Water leak into underground living space 
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· BIOSPHERE (Continued) 
7 .2 Ecological factors 

Animal habits (grooming and fishing, soil ingestion, 
· diets, scavengers/predators) 
Houseplants 
Tree sap 
Terrestrial ecological development: natural and 

agricultural systems 
Terrestrial ecological development: Effects of succession 
Terrestrial ecological development: Estuarine 
Plants: Root uptake, including deep rooting species 
Plants: Deposition on surfaces 
Plants: Vapor uptake 
Plants: Internal translocation and retention 
Plants: Washoff and leaching by rainfall 
Plants: Leaf-fall and senescence 
Plants: Cycling processes 
Animals: Uptake by ingestion 
Animals: Uptake by.inhalation 
Animals: Internal translocation and retention 
Animals: Cycling processes 
Animals: Effects of relocation and migration 
Precipitation, temperature and soil water balance 
Ecological change (e.g. forest fire cycles) 
Ecological response to climate, including glacial/ 

interglacial cycling, (e.g. desert formation) 
Biological evolution 
Intrusion (animal) 

7 .3 Soil/sediment effects 
Lake infilling 
Erosion - wind 
Alkali flats 
Capillary rise in soil 
Soil properties (type, depth. porewater pH, moisture, 

sorption) 
Soil leaching 
Ionic exchange in soil 
Sediment resuspension in water bodies 
Sedimentation in water bodies 
Groundwater discharge to soils: advective, diffusive, 

biotic, volatilization 
Accumulation in sediments 
Accumulation in soils and organic debris, including peat 
Pedogenesis 
Evaporation of soil moisture 
Solid discharge via erosional processes 
Saltation 

7 .4 Surface/near-surface water processes 
Groundwater discharge (to surface water) 
Groundwater discharge (springs) 
Groundwater discharge (wells) 
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BIOSPHERE (Continued) 
Rushing of water bodies 

7.5 

Surface water bodies: properties (e.g., pH) 
Near-surface runoff processes: overland flow, interflow, 

return flow, macropore flow· 
Near-surface runoff processes: variable source area 

response 
Surface flow characteristics: stream/river flow 
Surface flow characteristics: sediment transport 
Surface flow characteristics: meander migration or other 

fluvial response 
Surface flow characteristics: lake formation/sedimentation 
Surface flow characteristics: effects of sea level change 
Estuarine surface flow characteristics: tidal cycling, 

sediment transport, successional development, effects of 
sea level change 

Surface water bodies: water flow 
Surface water bodies: suspended sediments 
Surface water bodies: bottom sediments 
Surface water bodies: effects on vegetation 
Surface water bodies: effects of fluvial system 

development 
Surface water mixing 
Sediment/water/gas interaction with the atmosphere 
Terrestrial water use (including wells and dams) 
River flow and lake level changes 
Dams 
Rivercourse meander 
Wetlands 
Flood (short-term) 
Acid rain 
Artificial lake mixing 
Drought 

Coastal water/ocean processes 
Coastal waters: tidal mixing, residual current mixing, 

effects of sea level change 
Ocean waters: water exchange, effects of sea level 

change 
Groundwater discharge to marine waters including 

coastal 
Estuaries: water flow, suspended sediments, bottom 

sediments, effects of salinity variation, effects on vegetation, 
estuarine development and sea level change 

Coastal waters: water transport, bottom and suspended 
sediment transport, effects of sea level change, estuarine 
development and coastal erosion 

Estuarine water use 
Coastal water use 
Sea water use 
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BIOSPHERE (Continued) 
7 .6 Gas effects and transport 

Gas leakage into underground living space 
Radon emission 
Gas transport: gas phase and in solution 
Gas discharge 

7. 7 Microbiological/biological activity 
Microbial activity 
Bioaccumulation and translocation 
Biotoxicity 
Soil and sediment transport including bioturbation 
Burrowing animals 
Transport of radionuclides bound to microbes 
Biogeochemical changes 

7 .8 Geochemical regime (general) 
Soil and surface water chemistry (pH, Eh) 
Fluid interactions: dissolution, precipitation 
Weathering, mineralization 
Physico-chemical phenomena/effects (e.g. colloid 

formation) 
Altered soil or surface water chemistry (pH, Eh) 
Thermal effects on hydrochemistry 
Chemical gradients (electrochemical effects and osmosis) 
Colloids, complexing agents 

7 .9 Radionuclide and contaminant chemistry 
Complexation by organics (including humic and fulvic 

acids) 
Precipitation, dissolution, recrystallization, 

reconcentration 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Chemical changes due to sorption, complex formation, 

speciation, gas, solubility 
Solubility effects (pH and Eh) 
Sorption effects (pH and Ehl 
Changes in sorptive surfaces 
Dilution (mass, isotopic, species) 

7. 10 Radionuclide and contaminant transport processes 
Water flow: advection and dispersion 
Diffusion (bulk, matrix, surface) 
Gas-mediated transport 
Transport of active gases: gas phase and in solution 
Transport of radionuclides bound to microbes 

7. 11 Radiological factors 
Building materials 
Carcasses 
Carcinogenic contaminants 
Convection, turbulence and diffusion (atmospheric) · 
Critical group - agricultural labor, 

clothing and home furnishings 
evolution 
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BIOSPHERE (Continued) 
house location 
individuality 
leisure pursuits 
pets 

Dermal sorption - nuclides other than tritium 
Household dust and fumes 
Human diet 
Food preparation 
Human soil ingestion 
Precipitation (meteoric) 
Deposition (wet and dry) 
Radiotoxic contaminants 
Showers and humidifiers 
Suspension in air 
Wind 
External exposure: land, sediments, water bodies 
Ingestion and drinking water 
Ingestion and agricultural crops 
Ingestion and domestic animal products 
Ingestion and wild plants 
Ingestion and wild animals 
Ingestion and soils and sediments 
Inhalation and soils and sediments 
Inhalation and gases and vapors (indoor/outdoor) 
Inhalation and biotic material 
Inhalation and salt particles 
Sediment/water/gas interaction with the atmosphere 
Dermal sorption - tritium 
Sensitization to radiation 
Mutagenic contaminants 
Radioactive decay 

7.12 Others 
Colloids: formation and effects (including inorganic and 

organic colloid transport) 
Greenhouse-induced ecological effects (including food 

production) 
Smoking 
Boreholes - unsealed 
Loss of integrity of borehole seals: seal failure or 

degradation 
Inadequate design: exploration borehole seal failure 
Intrusion in accumulation zone in the biosphere (animals) 
Chemical toxicity 
Correlation 
Seasons 
Terrestrial surface 
Uncertainties 
Toxicity of mined rock 
Ozone layer failure 
Herbicides, pesticides, fungicides 
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GEOLOGY I CLIMATE CHANGES 
8.1 Seismic Events/major land movement 

Earthquakes 
Regional uplift and subsidence (e.g. orogenic, isostatic) 
Externally-induced seismicity . 
·Natural seismicity 

8.2 Rock deformation 
. Salt deformation/diapirism 
Faulting/fracturing: change of properties - natural 
Faulting/fracturing: change of properties - human-

induced 
Major incision 
Movements at faults 
Formation of new faults 
Formation of interconnected fracture systems 

8.3 Metamorphic and igneous processes 
Metamorphic activity 
Magmatic activity 
Volcanism 

8.4 Erosion/weathering (surface) 
Aeolian and fluvial denudation 
Mass wasting 
Changes in topography 
Weathering 
Extreme erosion and denudation: glacial-induced 

(e.g. coastal/stream erosion) 
Coastal erosion due to sea level change 
Erosion: glacial 
Stream erosion 
Sedimentation 
Land slide 
Freshwater sediment transport and deposition 
Marine sediment transport and deposition 
Solifluction 

8.5 Groundwater flow and effects 
Variation in groundwater recharge 

8.6 Surface water flow and effects 
Hydrological change 
Flooding 
Precipitation, temperature and soil water balance 
Snow melt 
River flow and lake level changes 
Alkali flats 
Rivercourse meander 

8. 7 Sea level effects 
Sea level change 
River incision/sedimentation due to sea level change 

8.8 Magnetic effects 
Changes in the Earth's magnetic field 
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GEOLOGY I CLIMATE CHANGES (Continued) 
8.9 Glaciation/glacial effects 

8.10 

8.11 

Glaciation 
Glacial/interglacial cycling effects (including sea level 

changes) 
Permafrost 
Accumulation of gases under permafrost 
No ice age 

Climate effects (natural) 
Drought 
Dust storms and desertification (massive) 
Climate change 
lnsolation 
Ozone layer (failure) 
Acid rain 

Others 
Anthropogenic climate change drought (greenhouse 

effect) 
Greenhouse-induced effects (e.g. sea level change, 

precipitation, temp.) 
Hurricanes 
Tsunamis 
Seiches 
Meteorite impact 
Dia genesis 
Greenhouse-induced storm surges 
Global effects 
Terrestrial surface 
Formation of dissolution cavities 

HUMAN INFLUENCES 
9.1 Inadvertent intrusion into repository 

Archeological investigations 
Exploratory boreholes (oil, gas) 
Resource exploitation (e.g. hydrocarbon, geothermal) 
Reuse of boreholes 
Intrusion in accumulation zone in the biosphere 
Injection wells 
Intrusion (deliberate) 
- recovery of wastes or associated materials (mining) 
- malicious (sabotage, act of war (nuclear)) 
- recovery of repository materials 

9.2 Surface activities 
Earthmoving 
Altered soil or surface water chemistry by human 

activities 
Human-induced changes in surface hydrology 
Heat storage in lakes 
Hydrologic stresses: damming of streams or rivers 
Quarrying, peat extraction 
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HUMAN INFLUENCES (Continued) 
Quarrying, near surface extraction 
Anificial lake mixing 
Ashes and sewage sludge 
Crop fertilization 
Crop storage 
Herbicides, pesticide:;. fungicides 
Inject/ingest/inhaling locally produced drugs 
Peat and leaf litter harvesting 
Biagas production 
Earth moving projects 
Lake infilling 
Blasting and vibration 
Hydroponics 
Technological advances in food production 
Other future uses of crystalline rock 
Near storage of other waste 

9.3 Subsurface activities 
Exploratory boreholes (oil, gas): nonintrusive 
Drilling: enhanced oil/gas production: nonintrusive 
Drilling: liquid waste disposal: nonintrusive 
Drilling: hydrocarbon storage: nonintrusive 
Drilling: archeology: nonintrusive 
Exploratory boreholes (water, potash) 
Dewatering 
Wells 
Wells (high demand) 
Resource exploitation (intersection of zone of 

contamination) 
Heat storage underground 
Geothermal energy production 
Tunnelling 
Construction of underground storage/disposal facilities 

(e.g. gas storage) 
Construction of underground dwellings/shelters 
Injection of liquid wastes: nonintrusive 
Potash mining 
Solution mining 
Underground weapons testing (nuclear device) 
Mining other than potash 
Geothermal energy exploration (and other unidentified 

resources) 
Resource exploitation following intrusion 
Injection wells: enhanced oil/gas production, 

hydrocarbon storage: nonintrusive 
9.4 Water use 

Industrial use of water 
Outdoor spraying of water 
Groundwater extraction 
Irrigation 
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HUMAN INFLUENCES (Continued) 
Reservoirs 
Intentional artificial groundwater recharge or withdrawal 

9.5 Agricultural and fisheries practices 
Fish farming 
Ranching 
Agricultural and fisheries practice changes 

9.6 Radiological factors (smoking. transport agents) 
Radiological factors (smoking. transport agents) 

9.7 Others 
Demographic change. urban development 
Undetected repository intrusions (boreholes, mining) 
Undetected boreholes (existing): nonintrusive 
Stray materials left 
Decontamination materials left 
Loss of records 
Radioactive waste disposal error 
Inadvertent inclusion of undesirable materials 
Poor quality construction 
Design modifications 
Accidents during operation 
Backfill/seal material deficiencies 
Postclosure monitoring 
Unsuccessful attempt of site improvement 
Poorly designed repository 
Cure for cancer 
Sabotage 
Acid rain 
Sudden energy release 
Chemical sabotage 
Explosions (resource recovery) 
Borehole-induced solution and subsidence 
Explosions (act of war) 
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Appendix B 

APPENDIX B: FEP UST BY SCREENING ARGUMENT 

This Appendix presents the FEPs listed in Appendix A, but organized by the screening 
classifications presented in Section 4.3.2. The classification scheme is as follows: 

Undisturbed base-case FEPs for 1992 WIPP PA 

BC FEPs included in the base-case modeling system of ·the 1992 WIPP PA, to 
evaluate compliance with 40 CFR §191.13 (radionuclide containment), §191.15 
(individual dose), and §191.24 (groundwater protection). 

BC2 FEPs included in .the 1992 WIPP PA base-case modeling system to evaluate 
compliance with 40 CFR §268.6 (RCRA). 

Disturbed-case FEPs for 1992 WIPP PA 

BCD FEPs included in the modeling system of the 1992 WIPP PA for events pertaining 
to releases to units overlying the Salado Formation, to evaluate compliance with 
40 CFR §191.13. 

RA FEPs of uncertain probability of occurrence that were considered in quantitative 
assessment of disturbed-case scenarios in the 1992 WIPP PA, for evaluation of 
compliance with 40 CFR § 191.13. They pertain to the potential disruptive effects 
of exploratory drilling intersecting the repository. 

FEPs retained for further evaluation 

RB FEPs whose exclusion from the performance assessment modeling for compliance 
with applicable EPA regulations is not currently defended, but which were not 
included in the 1992 WIPP PA. Some of these FEPs have been considered in the 
current SPM, and will be incorporated in future P As. There are efforts underway 
to increase understanding of the potential importance of these FEPs, and to arrive 
at a defensible treatment (either inside or outside the system model). 

RC FEPs screened as RC are similar to FEPs screened as RB, except that a lower 
priority has been accorded to their further evaluation. The only sharp distinction 
between FEPs classified as RB and RC is the extent to which they have been a 
focus of review comments on scenario development for the 1991and1992 WIPP 
P As. Like RB FEPs, exclusion of RC FEPs from the performance assessment 
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modeling for compliance with applicable EPA regulations is not currently 
defended, but they were not included in the 1992 WIPP PA. However, it is 

. likely that most of them could be screened out on the basis of low consequence 
using relatively straightforward arguments. 

FEPs related to design changes 

RD FEPs representing significant deviations from the WIPP design specifications as 
a result of constructional, operational or decommissioning errors. 

RE FEPs representing engineering alternatives that may be implemented if the 
baseline SPM does not demonstrate compliance. 

FEPs screened out based on regulation, consequence or probability 

SO-R FEPs which can be screened out on the basis of regulatory guidance concerning 
future human actions provided in Appendix C of 40 CFR Part 191 (U.S. EPA, 
1993). 

SO-C FEPs which can be screened out on the basis of low consequence, and have well 
defended screening arguments. 

SO-P FEPs which can be screened out on the basis of low probability, and have well 
defended screening arguments. 

FEPs screened out on the basis of relevancy 

NR FEPs eliminated because they were considered irrelevant to an evaluation of the 
WIPP disposal system performance. However, if the disposal concept for the 
WIPP should change, for example as an outcome of the SPM, many FEPs on this 
list would need to be reconsidered. 

DU FEPs eliminated because they were unclear, or because it was unclear how they 
could affect the performance of a radioactive waste disposal system. 

MD FEPs eliminated because they represent decisions which need to be made as part 
of the modeling of all FEPs; they do not form part of scenario development. 
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Appendix B 

BC FEPs included in the base-case modeling system of the 1992 WIPP PA 
to evaluate compliance with 40 CFR § 191. 13 (containment), § 191. 15 
(individual dose), and §191.24 (groundwater protection). 

WASTE 
1.1 

1.4 

1.9 

Waste: characteristics (initial) 
Inventory: radionuclides 

Waste: gas generation and effects 
Methane and carbon dioxide by microbial degradation of cellulose 

and other organic wastes 
Hydrogen by metal corrosion 
Gas effects: pressurization 
Methane/C02 production: aerobic degradation 
Methane/C02 production: anaerobic production 

Waste: degradation/corrosion/dissolution 
External stress 

CANISTER 
2.1 Canister: materials/construction 

2.2 

2.3 

2.7 

2.9 

Inventory 
Canister: corrosion/degradation processes 

Container failure (early) 
Corrosion (including partial corrosion) 
Structural container metal corrosion: bulk 

Canister: gas generation and effects 
Hydrogen: corrosion of container steel 

Canister: stress/mechanical effects 
Mechanical canister damage (failure) 

Canister: radionuclide and contaminant transport through containers 
Release of radionuclides from failed canister 

BACKFILL 
3.1 Backfill: characteristics 

3.2 

3.3 

3.6 

3.9 

Backfill characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 

Backfill: resaturation/desaturation 
Backfill: resaturation/desaturation 

Backfill: mechanical effects 
External stress 

Backfill: gas effects and transport 
Groundwater flow due to gas production 
Gas effects: pressurization 

Geochemical regime 
Saline groundwater intrusion 
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BC (Continued) 

BACKFILL (Continued) 
3.10 Backfill: radionuclide and contaminant transport processes 

Groundwater and gas flow 

SEALS 
4.1 Seals: characteristics 

Seal characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 
Concrete 

4.2 Seals: resaturation/desaturation 
Seal: resaturation/desaturation 

4.3 Seals: mechanical effects 
External stress 
Sealing of cracks; concrete (grouting) 

4.6 Seals: gas effects and transport 
Groundwater flow due to gas production 
Gas effects: pressurization 

4.9 Seals: geochemical regime 
Saline groundwater intrusion 

4. 10 Radionuclide and contaminant transport processes 
Groundwater and gas flow 

NEAR-FIELD 
5.1 

5.2 

5.3 

5.4 

Near-field rock: elements/materials 
Disposal geometry 
Rock properties (porosity, permeability, hydraulic head, 

conductivity) 
Near-field rock: degradation 

Rock property changes (hydraulic conductivity, fractures, 
pore blocking, channel formation/closure) 

Creeping of rock mass 
Subsidence and caving (near-field effects) 

Near-field rock: hydraulic effects/groundwater flow 
Groundwater flow due to gas production 
Repository-induced changes in groundwater flow direction 
Groundwater flow (saturated conditions, including fracture flow) 
Resaturation 

Near-field rock: mechanical effects 
Formation of cracks 
Non-elastic response 
Excavation-induced stress/fracturing in host rock 
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BC (Continued) 

NEAR-FIELD (Continued) 
5.6 Near-field rock: gas effects and transport 

Gas effects: pressurization RB 
5.8 Near-field rock: geochemical regime 

Saline (or fresh) groundwater intrusion 
Changes in groundwater flow direction 

5. 10 Near-field rock: Radionuclide and contaminant transport processes 
Groundwater and gas flow 

FAR-FIELD 
6. 1 Rock properties 

Rock properties (porosity, permeability, discharge zones, 
fractures I 
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BC2 FEPs included in the 1992 WIPP PA base case modeling system for 
evaluation of compliance with 40 CFR §268.6. 

WASTE 
1.1 

1.4 

1.9 

Waste: characteristics (initial) 
Inventory: hazardous constituents (e.g., VOCs, heavy metals) 

Waste: gas generation and effects 
Methane and carbon dioxide by microbial degradation of cellulose 

and other organic wastes 
Hydrogen by metal corrosion 
Gas effects: pressurization 
Methane/C02 production: aerobic degradation 
Methane/C02 production: anaerobic production 

Waste: degradation/corrosion/dissolution 
External stress 

CANISTER 
2.1 Canister: materials/construction 

2.2 

2.3 

2.7 

2.9 

Inventory 
Canister: corrosion/degradation processes 

Container failure (early) 
Corrosion (including partial corrosion) 
Structural container metal corrosion: bulk 

Canister: gas generation and effects 
Hydrogen: corrosion of container steel 

Canister: stress/mechanical effects 
Mechanical canister damage (failure) 

Canister: Radionuclide and contaminant transport through containers 
Release of hazardous constituents from the failed canister 

BACKFILL 
3.1 Backfill: characteristics 

Backfill characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 

3.2 Backfill: resaturation/desaturation 

3.3 

3.6 

3.9 

Backfill: resaturation/desaturation 
Backfill: mechanical effects 

External stress 
Backfill: gas effects and transport 

Groundwater flow due to gas production 
Gas effects: pressurization 

Backfill: geochemical regime 
Saline groundwater intrusion 

Scenario Development March 16, 1995 

• 

• 

... 

.. 

..,, 

jll!! 

"" 

f' Ii 

... , 



... 

.... 

,,., 

... 

••• 

.... 

••• 
... 

BC2 (Continued) 

BACKFILL <Continued) 
3. 10 Backfill: Radionuclide and contaminant transport processes 

Groundwater and gas flow 

SEALS 
4.1 

4.2 

4.3 

Seals: characteristics 
Seal characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 
Concrete 

Seals: resaturation/desaturation 
Seals: resaturation/desaturation 

Seals: mechanical effects 
External stress 
Sealing of cracks: concrete 

4.6 Seals: gas effects and transport 
Groundwater flow due to gas production 
Gas effects: pressurization 

4.9 Seals: geochemical regime 
Saline groundwater intrusion 

4. 10 Seals: Radionuclide and contaminant transport processes 
Groundwater and gas flow 

NEAR-FIELD 
5.1 Near-field rock: elements/materials 

5.2 

5.3 

5.4 

Disposal geometry 
Rock properties (porosity, permeability, hydraulic head, 

conductivity) 
Near-field rock: degradation 

Rock property changes (hydraulic conductivity, fractures, 
pore blocking, channel formation/closure) 

Creeping of rock mass 
Subsidence and caving (near-field effects) 

Near-field rock: hydraulic effects/groundwater flow 
Groundwater flow due to gas production 
Groundwater flow (saturated conditions, including 

fracture flow) 
Resaturation 
Repository-induced changes in groundwater flow direction 

Near-field rock: mechanical effects 
Formation of cracks 
Non-elastic response 
Excavation-induced stress/fracturing in host rock 
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BC2 (Continued) 

NEAR-FIELD (Continued, 
5.6 Near-field rock: gas effects and transport 

Gas effects: pressurizationRB' 
5.8 Near-field rock: geochemical regime 

Saline (or fresh) groundwater intrusion 
Changes in groundwater flow direction 

5. 10 Near-field rock: Radionuclide and contaminant transport processes 
Groundwater and gas flow 

FAR-FIELD 
6.1 Rock properties 

Rock properties (porosity, permeability, discharge zones, 
fractures) 
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Appendix B 

BCD Far-field FEPs included in the modeling system of the 1992 WIPP PA for 
events pertaining to releases to units overlying the Salado Formation, to 
evaluate compliance with 40 CFR §191.13. 

WASTE 
1 • 1 Waste: characteristics (initial) 

Inventory: radionuclides 
Heterogeneity of waste forms (chemical, physical) 

1.2 Waste: radionuclide decay and ingrowth 
Waste: radionuclide decay and ingrowth 

1 .4 Waste: gas generation and effects 
Methane and carbon dioxide by microbial degradation of cellulose 

and other organic wastes 
Hydrogen by metal corrosion 
Gas effects: pressurization 
Methai"le/C02 production: aerobic degradation 
Methane/C02 production: anaerobic production 

1.9 Waste: degradation/corrosion/dissolution 
Dissolution 
Source terms 
Leaching: wastes 
External stress 

1.10 Waste: geochemical reactions/regime 
Dissolution chemistry 

1. 11 Waste: radionuclide and contaminant chemistry 
Speciation 
Solubility 

CANISTER 
2. 1 Canister: materials/construction 

Inventory 
2.2 Canister: corrosion/degradation processes 

Container failure (early) 
Corrosion (including partial corrosion) 
Structural container metal corrosion: bulk 

2.3 Canister: gas generation and effects 
Hydrogen: corrosion of container steel 

2. 7 Canister: stress/mechanical effects 

2.9 
Mechanical canister damage (failure) 

Canister: radionuclide and contaminant transport through containers 
Release of radionuclides from the failed canister 
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BCD (Continued) 

BACKFILL 
3.1 Backfm: characteristics 

Backfill characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 

3.2 Backfnt: resaturation/desaturation 
Backfill: resaturation/desaturation 

3.6 Backfill: gas effects and transport 
Groundwater flow due to gas production 
Gas effects: pressurization 

3.9 Backfill: geochemical regime 
Saline groundwater intrusion 

3. 10 Backfill: Radionuclide and contaminant transport processes 
Groundwater and gas flow 
Advection/dispersion: radionuclides 

3.11 Backfill: radionuclide and contaminant chemistry 
Dissolution 
Speciation 

SEALS 
4.1 Seals: characteristics 

Seal characteristics (e.g. hydraulic conductivity) 
Long-term physical stability 

NEAR-FIELD 
5.1 Near-field rock: elements/materials 

5.2 

5.3 

Disposal geometry 
Rock properties (porosity, permeability, hydraulic head, 

conductivity) 
Near-field rock: degradation 

Rock property changes (hydraulic conductivity, fractures, 
pore blocking, channel formation/closure) 

Creeping of rock mass 
Subsidence and caving (near-field effects) 

Near-field rock: hydraulic effects/groundwater flow 
Groundwater flow due to gas production 
Groundwater flow (saturated conditions, including 

fracture flow) 
Resaturation 
Repository-induced changes in groundwater flow direction 
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BCD (Continued) 

NEAR-FIELD (Continued) 
5.4 Near-field rock: mechanical effects 

Formation of cracks 
Non-elastic response 
Excavation-induced stress/fracturing in host rock 

5.6 Near-field rock: gas effects and transport 
Gas effects: pressurization 

5.8 Near-field rock: geochemical regime 
Saline (or fresh) groundwater intrusion 
Changes in groundwater flow direction 

5. 10 Near-field rock: Radionuclide and contaminant transport processes 
Groundwater and gas flow 

FAR-FIELD 
6.1 Rock properties 

Rock properties (porosity, permeability, discharge zones, 
fractures) 

6.2 Hydrogeological effects 
Saturated groundwater flow 
Groundwater recharge 
Groundwater conditions (saturated/unsaturated) 
Changes in driving forces of the flow system 

6.8 Radionuclide and contaminant chemistry 
Sorption (linear, nonlinear, irreversible) 
Dilution (mass, isotopic, species) 

6.9 Radionuclide and contaminant transport processes 
Groundwater flow, advection/dispersion 

(saturated conditions) 
Diffusion (bulk, matrix, surface) 
Groundwater flow: fracture 

6.10 Others 
Undetected features (e.g. faults, fracture networks, shear 

zones, discontinuities, gas) 

GEOLOGY I CLIMATE CHANGES 
8.2 Rock deformation 

Formation of interconnected fracture systems 
8.5 Groundwater flow and effects 

Variation in groundwater recharge 
8. 10 Climate effects (natural) 

Climate change 
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RA FEPs of uncertain probability of occurrence that were considered in 
quantitative assessment of disturbed-case scenarios in the 1992 WIPP 
PA to evaluate compliance with 40 CFR § 191.13. Their probability of 
occurrence is uncertain. 

FAR-FIELD 
6.2 Hydrogeological effects 

Borehole - well 

BIOSPHERE 
· 7 .4 Surface/near-surface water processes 

Groundwater discharge (wells) 
7.12 Others 

Loss of integrity of borehole seals: seal failure or degradation 

HUMAN INFLUENCES 
9.1 Inadvertent intrusion into repository 

Exploratory boreholes (oil, gas) 
9.7 Others 

Undetected repository intrusions (boreholes, mining) 
Loss of records 
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RB These FEPs were not included in the 1992 PA quantitative systems 
modeling, and have been retained for further consideration prior to 
making a final screening decision (see Sections 4-8). There are efforts 
underway within the project to increase understanding of their potential . 
importance. 

WASTE 
1.3 Waste: radiological/radiation effects 

Radiolysis 
Nuclear criticality (postclosure) 

1.4 Waste: gas generation and effects 
Active methane, carbon dioxide, radon, tritiated hydrogen 
and other active gases 

1.5 Waste: heat generation 
Nuclear criticality: heat 
Radioactive decay: heat 

1.9 Waste: degradation/corrosion/dissolution 
Source terms (hazardous constituents) 
Rinse 
Degradation of plastics - cellulosics 
Release of sorbed VOCs 
Precipitation 

1 . 1 O Waste: geochemical reactions/regime 
Complex formation: wastes 
Chemical changes due to metal corrosion 

1 . 11 Waste: radionuclide and contaminant chemistry 
Complex formation: wastes 
Solubility, speciation, precipitation: hazardous constituents 
Precipitation 

1. 12 Waste: Others 
Colloid formation: wastes 

CANISTER 
2.2 Canister: corrosion/degradation processes 

Chemical changes due to metal corrosion 
2.8 Canister: geochemical reactions/regime 

Container corrosion products 
Dissolution 

BACKFILL 
3.3 Backfill: mechanical effects 

Preferential pathways in the backfill 
Mechanical effects: local fractures/cracks 
Mechanical failure of backfill (preferential pathways) 
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RB (Continued) 

BACKFILL (Continued) 
3.4 Backfill: thermal effects 

Convection (contaminant transport) 
3.6 Backfill: gas effects and transport 

Gas transport in the near field as gas phase and in solution 
Transport of active gases 
Gas effects: disruption 

3. 10 Backfill: Radionuclide and contaminant transport processes 
Diffusion: radionuclides 
Unsaturated transport 
Advection/dispersion: hazardous constituents 
Diffusion: hazardous constituents 
Transport of chemically active substances into the near-field 

3.11 Backfill: radionuclide and contaminant·chemistry 
Sorption (linear, nonlinear, irreversible) 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Dissolution, speciation, sorption, precipitation: hazardous constituents 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Precipitation, reconcentration 

3.12 Backfill: others 

SEALS 

Colloid transport (inorganic and organic) 
Nuclear criticality: heat 

4.3 Seals: mechanical effects 
Preferential pathways in seals 
Mechanical effects: local fractures/cracks (preferential pathways) 
Mechanical failure of seals (preferential pathways) 
Cracking: concrete 

4.4 Seals: thermal effects 
Convection (contaminant transport) 

4.6 Seals: gas effects and transport 
Gas transport in the near-field as gas phase and in solution 
Transport of active gases 
Gas effects: disruption 

4. 10 Seals: Radionuclide and contaminant transport processes 
Advection/dispersion: radionuclides 
Diffusion: radionuclides 
Unsaturated transport 
Advection/dispersion: hazardous constituents 
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RB (Continued) 

SEALS (Continued) 
Diffusion: hazardous constituents 
Transport of chemically active substances into the near-field 

4. 11 Seals: radionuclide and contaminant chemistry 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Dissolution 
Dissolution, speciation, sorption, precipitation; hazardous constituents 
Precipitation, reconcentration 

4. 12 Seals: others 
Colloid transport (inorganic and organic) 
Nuclear criticality: heat 
Investigation borehole seal failure/degradation 
Shaft seal failure/degradation 

NEAR-FIELD 
5. 1 Near-field rock: elements/materials 

Colloids 
5.3 Near-field rock: hydraulic effects/groundwater flow 

Unsaturated transport 
Disturbed zone (hydromechanical) effects 
Repository thermally-induced groundwater transport 

5.5 Near-field rock: thermal effects 

5.6 

5.9 

Convection 
Near-field rock: gas effects and transport 

Gas effects: disruption 
Gas transport in the near-field as gas phase and in solution 
Transport of active gases 

Near-field rock: radionuclide and contaminant chemistry 
Dissolution 
Dissolution, speciation, sorption, precipitation: hazardous constituents 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Sorption effects (pH and Eh, ionic strength, complexing 
agents, colloids) 
Precipitation, reconcentration 

Appendix B 
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RB (Continued) 

NEAR-FIELD (Continued) 
5. 10 Near-field rock: Radionuclide and contaminant transpon processes 

Advection/dispersion: radionuclides 
Advection/dispersion: hazardous constituents 
Diffusion: radionuclides 
Diffusion: hazardous constituents 
Colloid transpon 

5. 11 Near-field rock: others 
Nuclear criticality: heat 

FAR-FIELD 
6.2 Hydrogeological effects . 

Changes in groundwater flow direction 
Dewatering 
Salinity effects on flow 
Saline groundwater intrusion 
Fresh groundwater intrusion 

6.3 Physical/mechanical effects 
Subsidence 

6. 7 Geochemical regime 
Effects at saline-freshwater interface 
Groundwater composition changes (pH, Eh, chemical composition) 

6.8 Radionuclide and contaminant chemistry 
Precipitation, dissolution, recrystallization, reconcentration 
Speciation 
Solubility effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Sorption effects (pH and Eh, ionic strength, complexing 

agents, colloids) 
Changes in sorptive surfaces 

6.9 Radionuclide and contaminant transport processes 
Groundwater flow: effects of solution channels 

(preferential pathways) 
Colloids: formation & effects (including inorganic and 

organic colloid transport) 
6.10 Others 

Nuclear criticality 

BIOSPHERE 
7 .2 Ecological factors 

Precipitation, temperature and soil water balance 
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RB (Continued) 

BIOSPHERE (Continued) 
7.12 Others 

Boreholes - unsealed 

GEOLOGY I CLIMATE CHANGES 
8.6 Surface water flow and effects 

Precipitation, temperature and soil water balance 

Appendix B 

Anthropogenic climate change drought (greenhouse effect) 
Greenhouse-induced effects (e.g., sea level change, precipitation, temp.) 

HUMAN INFLUENCES 
9.2 Surface activities 

Human-induced changes in surface hydrology 
Hydrologic stresses: damming of streams or rivers 

9.3 Subsurface activities 
Exploratory boreholes (water, potash) 
Wells 
Potash mining 
Solution mining 
Resource exploitation (intersection of zone of contamination) 
Exploratory boreholes (oil, gas): non-intrusive 
Drilling: enhanced oil/gas production: non-intrusive 
Injection of liquid wastes: non-intrusive 

9.4 
Injection wells: enhanced oil/gas production, hydrocarbon storage: non-intrusive 

Water use 

9.5 

9.7 

Groundwater extraction 
Irrigation 

Agricultural and fisheries practices 
Fish farming 
Ranching 

Others 
Borehole-induced solution and subsidence 
Undetected boreholes (existing): non-intrusive 
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RC . FEPs not included in previous PAs, not explicitly considered in the 
current work, and for which a screening argument is still to be 
formulated. A lower priority than RB FEPs has been attached to their 
further evaluation. 

WASTE 
1.4 Waste: gas generation and effects 

Gas generation: He production 
Chemical changes due to gas production 
Methane/C02 production: effects of temperature 
Methane/C02 production: effects of lithostatic pressure 
Methane/C02 production: energy and nutrient control of metabolism 
Methane/C02 production: effects of radiation on microbial populations 
Microbiological effects due to cellulose degradation 
Methane/C02 production: Effects of biofilms 

1.5 Waste: heat generation 
M.aterial property changes: heat 

·· 1. 7 Waste: thermochemical effects 
Thermally induced chemical changes (water chemistry) 

1.8 Waste: electrochemical effects 
Electrochemical gradients 
Electrical effects of metal corrosion 
Galvanic coupling 

1.9 Waste: degradation/corrosion/dissolution 
Metal corrosion: wastes 

1. 10 Waste: geochemical reactions/regime 
Chemical kinetics 
Chemical changes due to gas production 
Chemical effects: geochemical change 
Recrystallization 
Redox potential 
Interactions with corrosion products and waste 

1. 11 Waste: radionuclide and contaminant chemistry 
Recrystallization 

1.12 Waste: Others 
Capillary action 

CANISTER 
2.2 Canister: corrosion/degradation processes 

Backfill effects on container corrosion 
2.5 Canister: thermomechanical effects 

Differing thermal expansion of canister and backfill 
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RC (Continued) 

CANISTER (Continued) 
2.6 Canister: electrochemical effects 

2.7 

2.8 

Electrochemical gradients 
Coupled effects (electrophoresis) 
Natural telluric electrochemical reactions 
Galvanic coupling 

Canister: stress/mechanical effects 
Canister movement 

Canister: geochemical reactions/regime 
Chemical kinetics 
Precipitation 
Speciation of corrosion products (incluQe in water chemistry) 
Chemical effects: Interactions of waste canister and rock 
Chemical gradients (electrochemical effects and osmosis) 

BACKFILL 
3.3 Backfill: mechanical effects 

3.4 

3.7 

3.8 

3.9 

Movement of canister in backfill 
Backfill: thermal effects 

Differing thermal expansion (canister-backfill, 
buffer-host rock) 

Soret effect 
Backfill: microbiological effects/microbial activity 

Backfill: microbiological effects/microbial activity 
Backfill: degradation 

Erosion of backfill 
Backfill: geochemical regime 

Chemical gradients 
Chemical kinetics 
Precipitation 
Dissolution 
Chemical changes due to waste degradation 
Chemical changes due to gas production 
Chemical changes due to complex formation 
Chemical changes due to colloid production 
Chemical changes due to sorption 
Chemical changes due to speciation 
Isotopic dilution 
Chemical changes due to corrosion 
Redox front 
Thermochemical changes 
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RC (Continued) 

BACKFILL (Continued) 
Natural changes in groundwater flow direction 
Biogeochemical changes 

3. 10 Backfill: radionuclide and contaminant transport processes 
Transport of radionuclides bound to microbes 

3. 11 Backfill: radionuclide and contaminant chemistry 
Recrystallization 
Changes in sorptive surfaces 
Radiolysis 

3. 12 Backfill: Others 
Extreme channel flow of oxidants and nuclides 

(preferential pathways) 
Capillary action 

SEALS 
4.3 Seals: mechanical effects 

4.4 

4.6 

4.7 

4.8 

4.9 

Movement of canister 
Uneven swelling of bentonite 

Seals: thermal effects 
Differing thermal expansion (canister-seal, 

buffer-host rock) 
Thermal effects on the seal material 
Soret effect 
Thermal effects (e.g. concrete hydration) 

Seals: gas effects and transport 
Gas generation from concrete 

Seals: microbiological effects/microbial activity 
Seals: microbiological effects/microbial activity 
Hydrogen: effects of microbial growth on concrete 

Seals: degradation 
Degradation of the bentonite by chemical reactions 
Coagulation of bentonite 
Radiation effects on bentonite 
Erosion of seals 
Alkali-aggregate reaction 

Seals: geochemical regime 
Chemical gradients 
Chemical kinetics 
Precipitation 
Dissolution 
Chemical changes due to waste degradation 
Chemical changes due to gas production 

Sl:eaario Development B-20 

• 

• 

• 
• 

·• 

•• 

, .. 

I.A 

... 
•• 

.... 

.... 

.... 
•• 
•• 

March 16, 199S ..• 

.... 



1~:'!. 

1flll-t 

. ., 
'"ii'* 

'" 

••• 

lhn' 

ltllf'f 

f.:"i· 

,._,, 

... 
,~ .. 
lh 

''" 
llN 

·~ll!l 

'"'" 
11ilfl 

,,.., 

i••· 

••• 

,,.., 

tu 

.... 
, ... 
'"' 
liN 

"" ... 
'"" ... 
"" ... 
,, .. 
f"'1>l 

.... 
i-$"11 

RC Continued) 

SEALS (Continued, 
Chemical changes due to complex formation 
Chemical changes due to colloid production 
Chemical changes due to sorption 
Chemical changes due to speciation 
Isotopic dilution 
Chemical changes due to corrosion 
Saturation of sorption sites 
Effects of bentonite on groundwater chemistry 
Reactions with cement pore water (include in 

chemical degradation) 
Redox front 
Thermochemical changes 
Natural changes in groundwater flow direction 
Biogeochemical changes 
Cement sulphate reaction 

4.10 Seals: radionuclide and contaminant transport processes 
Transport of radionuclides bound to microbes 

4.11 Seals: radionuclide and contaminant chemistry 
Changes in sorptive surfaces 
Radiolysis 
Recrystallization 

4. 12 Seals: Others 
Extreme channel flow of oxidants and nuclides 

(preferential pathways) 

NEAR-FIELD 
5.3 Near-field rock: hydraulic effects/groundwater flow 

Groundwater flow, effects of solution channels 
(preferential pathways) 

Thermo-hydro-mechanical effects 
5.4 Near-field rock: mechanical effects 

Changes in moisture content due to stress relief 
Differential elastic response 
Differing thermal expansion of host rock zones 
Thermally-induced stress/fracturing in host rock 

5.5 Near-field rock: thermal effects 
Hydrothermal alteration 
Thermal effects and transport (diffusion) properties 
Thermal effects on hydrochemistry 
Thermal differential elastic response 
Thermal non-elastic response 
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RC (Continued) 

NEAR-FIELD (Continued) 
5.6 Near-field rock: gas effects and transport 

Methane intrusion 
5. 7 Near-field rock: microbiological/biological activity 

Transport of microbes into the near field 
Rock property changes: microbial pore blocking 
Biogeochemical changes 

5.8 Near-field rock: geochemical regime 
Chemical gradients 
Chemical kinetics 
Chemical changes due to colloid production 

(chemical changes) 
Chemical changes due to sorption (chemical changes) 
Chemical changes due to speciation (chemical changes) 
Fracture mineralization 
Fluid interactions: dissolution 
Chemical effects: interactions of waste canister and rock 
Physico-chemical phenomena/effects (e.g. colloid formation) 
Reconcentration 
Thermochemical changes 
Chemical effects of rock reinforcement 
Non-radioactive solute plume in geosphere (effect on redox, 

effect on pH, sorption) 
5.9 Near-field rock: radionuclide and contaminant chemistry 

Recrystallization 
Changes in sorptive surfaces 
Dilution (mass, isotopic, species) 

5.10 Near-field rock: Radionuclide and contaminant transport processes 
Transport of rc;.dionuclides bound to microbes 
Soret effect 

5.11 Near-field rock: Others 
Dehydration of salt minerals 
Methylation 
Blasting and vibration 
Mutation 

FAR-FIELD 
6.3 Physical/mechanical effects 

Non-elastic response 
6.5 Gas effects and transport 

Effects of natural gases 
Transport of active gases 
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RC (Continued) 

FAR-FIELD (Continuedt 
6.6 Microbiological/biological activity 

Microbial activity 
Transport of radionuclides bound to microbes 
Biogeochemical changes 

6. 7 Geochemical regime 
Far field hydrochemistry - acids, oxidants, nitrates 
Chemical gradients (electrochemical effects and osmosis) 
Non-radioactive solute plume in geosphere (effect on 

redox, effect on pH, sorption) 
Salinity: implications of evaporite deposits/minerals 

6.8 Radionuclide and contaminant chemistry 
Complexation by organics (including humic and fulvic acids) 

6.9 Radionuclide and contaminant transport processes 
Transport of radionuclides bound to microbes 

6.10 Others 
Explosion 

BIOSPHERE 
7 .3 Soil/sediment effects 

Alkali flats 
Capillary rise in soil 
Soil properties (type, depth, porewater pH, moisture, sorption) 
Soil leaching 
Ionic exchange in soil 
Pedogenesis 

GEOLOGY I CLIMATE CHANGES 
8.6 Surface water flow and effects 

Alkali flats 
8.11 Others 

Dia genesis 
Greenhouse-induced storm surges 

HUMAN INFLUENCES 
9.5 Agricultural and fisheries practices 

Agricultural and fisheries practice changes 
9.7 Others 

Demographic change, urban development 
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RD. FEPs representing significant deviations from the WIPP design specifica
tions as a result of constructional, operational or decommissioning errors 

WASTE 
1.12 Waste: others 

Damaged or deviating waste contents 

BACKFILL 
3. 12 Backfill: others 

SEALS 

Faulty backfill emplacement 
Inadequate backfill or compaction, voidage 
Backfill material deficiencies 

4. 12 Seals: others 
Fault¥ seal emplacement 
Inadequate seal or compaction, voidage 
Seal material deficiencies 

NEAR-FIELD 
5. 11 Near-field rock: others 

Incomplete repository or borehole closure 
Unmodeled design features 
Inadequate design: shaft seal and exploration borehole 

seal failure 
Open boreholes 
Poor quality construction 
Abandonment of unsealed repository 
Repository flooding during operations 
Improper operation 
Preclosure events 
Accidents during operation 

FAR-FIELD 
6.10 Others 

Boreholes unsealed 
Incomplete vault closure 
Inadequate design: exploration borehole seal failure 

BIOSPHERE 
7.12 Others 

Inadequate design: exploration borehole seal failure 
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RD (Continued) 

HUMAN INFLUENCES 
9.7 Others 

Stray materials left 
Decontamination materials left 
Radioactive waste disposal error 
lnadvenent inclusion of undesirable materials 
Poor quality construction 
Accidents during operation 
Backfill/seal material deficiencies 
Poorly designed repository 
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RIE FEPs representing engineering alternatives that may be implemented if 
required by the results of future PAs 

WASTE 
1 • 12 Waste: Others 

Design modifications: waste (e.g. buffer additives) 

~''.NISTER 

"'". • Canister: others 
Design modifications: canister 

e,~CKFILL 
3.1 Backfill: characteristics 

Buffer additives 
3.12 Backfill: others 

Design modifications: backfill 

SEALS 
4.1 Seals: characteristics 

Buffer additives 
4. 12 Seals: others 

Design modifications: seals 

N!EAR-FIELD 
5.11 Near-field rock: others 

Design modification: geometry 

f-llJMAN INFLUENCES 
Others 

Design modifications 
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Appendix 8 

SO-R These FEPs can be defensibly screened out on the basis of regulatory 
guidance concerning future human actions provided in Appendix C of 40 
CFR Part 191. 

NEAR-FIELD 
5.11 Near-field rock: others 

Retrievability 
Sabotage 
Monitoring and remedial activities 

HUMAN INFLUENCES 
9.1 Inadvertent intrusion into repository 

Archeological investigations 
Injection wells 
Resource exploitation (e.g. hydrocarbon, geothermal) 
Reuse of boreholes 
Intrusion (deliberate) 
- recovery of wastes or associated materials (mining) 
- malicious (sabotage, act of war, (nuclear)) 
- recovery of repository materials 

9.3 Subsurface activities 

9.7 
Resource exploitation following intrusion 

Others 
Unsuccessful attempt of site improvement 
Sabotage 
Chemical sabotage 
Postclosure monitoring 

Scenario Development B-27 Much 16, 199S 



Appendix B 

SO-C These FEPs can be defensibly screened out on the basis of low 
consequence. 

WASTE 
1 .3 Waste: radiological/radiation effects 

Radiation damage of the matrix including embrittlement 

BACKFILL 
3 .• 6 Backfill: gas effects and transport 

Gas effects: explosions 

SEALS 
4.6 Seals: gas effects and transport 

Gas effects: explosions 

NEAR-FIELD 
5.3 Near-field rock: hydraulic effects/groundwater flow 

Naturally thermally-induced groundwater transport 
5 .4 Near-field rock: mechanical effects 

5.5 

5.6 

Repository-induced seismicity 
Externally-induced seismicity 

Near-field rock: thermal effects 
Variations in groundwater temperature 

Near-field rock: gas effects and transport 
Gas effects: explosions 

FAR-FIELD 
6.2 Hydrogeological effects 

Gas-induced groundwater transport 
Natural rock property changes (porosity, permeability, 
fractures, pore blocking) 
Geothermal gradient effects 
Variations in groundwater temperature 
Thermal effects: fluid pressure, density, viscosity changes 
Thermal effects: fluid migration 

6.3 Physical/mechanical effects 
Repository-induced seismicity 
Externally-induced seismicity 
Differential elastic response 

6.4 Thermal effects 
Geothermal gradient effects 
Thermal differential elastic response 
Thermal non-elastic response 
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SO-C (Continued) 

FAR-FIELD CContinuedJ 
6.5 Gas effects and transport 

Gas transport into and through the far-field (gas phase 
and in solution) 
Multiphase flow and gas-driven flow 

6. 7 Geochemical regime 

6.9 

Fracture mineralization 
Weathering, mineralization 
Dissolution of fracture fillings, precipitation 

Radionuclide and contaminant transport processes 
Gas mediated transport 
Unsaturated transport 
Soret effect 

BIOSPHERE 
7.1 

7.2 

7.3 

7.4 

Human considerations 
Land use changes 
Demographic change, urban development 

Ecological factors 
Terrestrial ecological development: natural and agricultural 
systems 
Terrestrial ecological development: Effects of succession 

Soil/sediment effects 
Lake infilling 
Erosion - wind 

Surface/near-surface water processes 
Near-surface runoff processes: overland flow, interflow, 

return flow, macro pore flow 
Near-surface runoff processes: variable source area response 
Surface flow characteristics: stream/river flow 
Surface flow characteristics: sediment transport 
Surface flow characteristics: meander migration or other 

fluvial response 
Surface flow characteristics: lake formation/sedimentation 
Surface water bodies: water flow 
Surface water bodies: suspended sediments 
Surface water bodies: bottom sediments 
Surface water bodies: effects on vegetation 
Surface water bodies: effects of fluvial system development 
Surface water mixing 
Dams 
Rivercourse meander 
Acid rain 
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SO-C (Continued) 

BIOSPHERE (Continued) 
7 .8 Geochemical regime (general) 

Soil and surface water chemistry (pH, Eh) 
Fluid interactions: dissolution, precipitation 
Weathering, mineralization 
Altered soil or surface water chemistry (pH, Eh) 

GEOLOGY I CLIMATE CHANGES 
a. 1 Seismic Events/major land movement 

Earthquakes 
Natural seismicity 
Externally-induced seismicity 

i:J.2 Rock deformation 
Faulting/fracturing: change of properties - human-induced 

1:1.3 Metamorphic and igneous processes 
Magmatic activity 

l:J.4 Erosion/weathering (surface) 
Aeolian and fluvial denudation 
Mass wasting 
Changes in topography 
Weathering 
Stream erosion 
Sedimentation 
Land slide 
Freshwater sediment transport and deposition 
Solifluction 

IB.6 Surface water flow and effects 
Hydrological change 
Flooding 
River flow and lake level changes 
Rivercourse meander 

:B. 10 Climate effects (natural) 
Ozone layer (failure) 
Acid rain 

HUMAN INFLUENCES 
~9.2 Surface activities 

Earthmoving 
Altered soil or surface water chemistry by human activities 
Crop fertilization 
Crop storage 
Earth moving projects 
Blasting and vibration 
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SO-C (Continued) 

HUMAN INFLUENCES (Continued) 
,,~~ 9.3 Subsurface activities 

Drilling: liquid waste disposal: non-intrusive .,, 
Drilling: hydrocarbon storage: non-intrusive 

, .. 9.4 Water use 
Industrial use of water 

'~ti~ Outdoor spraying of water 
Reservoirs 

JH1 9.7 Others 
jj1i4,j Acid rain 
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Appendix B 

SCl-P These FEPs can be defensibly screened out on the basis of low 
probability. 

W'ASTE 
1 ; 12 Waste: Others 

Nuclear criticality: explosions 

CANISTER 
2. 10 Canister: Others 

Nuclear criticality: explosions 

BACKFILL 
3.12 Backfill: Others 

Nuclear criticality: explosions 

Sl:ALS 
4.12 Seals: Others 

Nuclear criticality: explosions 

NIEAR-FIELD 
5.3 Near-field rock: hydraulic effects/groundwater flow 

Natural changes in groundwater chemistry and flow direction 
5.4 Near-field rock: mechanical effects 

Changes in in-situ stress field 
5.11 Near-field rock: Others 

Extreme channel flow of oxidants and nuclides 
(preferential pathways) 

Nuclear criticality - explosions 

FAR-FIELD 
6.2 Hydrogeological effects 

Changes in geometry of the flow system 
6.3 Physical/mechanical effects 

Fault activation 

81.0SPHERE 
7.4 Surface/near-surface water processes 

Groundwater discharge (to surface water) 
Groundwater discharge (springs) 

GEOLOGY I CLIMATE CHANGES 
8. 1 Seismic Events/major land movement 

Regional uplift and subsidence (e.g. orogenic, isostatic) 
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SO-P (Continued) 

GEOLOGY I CLIMATE CHANGES (Continued) 
8.2 Rock deformation 

Salt deformation/diapirism 
Faulting/fracturing: change of properties - natural 
Major incision 
Movements at faults 
Formation of new faults 

8.3 Metamorphic and igneous processes 
Metamorphic activity 
Volcanism 

8.4 Erosion/weathering (surface) 
Extreme erosion and denudation: glacial-induced 

(e.g. coastal/stream erosion) 
Erosion: glacial 

8.6 Surface water flow and effects 
Snow melt 

8.9 Glaciation/glacial effects 
Glaciation 
Glacial/interglacial cycling effects 

(including sea level changes) 
Permafrost 
Accumulation of gases under permafrost 

8.11 Others 
Meteorite impact 
Formation of dissolution cavities 
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NR FEPs eliminated because they were considered irrelevant to an evaluation 
of the postclosure performance of the WIPP disposal system. 

WASTE 
1.1 Waste: characteristics (initial) 

Long-term physical stability 
Stability of glass 

·1.3 Waste: radiological/radiation effects 
Nuclear criticality (preclosure) 

·1.4 Waste: gas generation and effects 
Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire · 
Hydrogen: effects of microbial growth on concrete 
Gas generation from concrete 
Methane/C02 production: Carbonate/bicarbonate exchange with concrete 

·1.6 Waste: thermomechanical effects 
Thermal cracking 
Material property changes 
Differing thermal expansion of glass matrix and canister 

·1.9 Waste: degradation/corrosion/dissolution 
Fracturing 

·1. 10 Waste: geochemical reactions/regime 
Chemical gradients, osmosis 
Solubility with fuel matrix 

·1 . 11 Waste: radionuclide and contaminant chemistry 
Solubility within fuel matrix 

·1.12 Waste: others 
Waste incompatibility 
Role of eventual channelling within the canister 

I, Cs-migration to fuel surface 

CANISTER 
:~.2 Canister: corrosion/degradation processes 

Container failure (long terml 
Container healing 
Pitting 
Radiation damage to container (embrittlementl 
Uniform corrosion 
Structural container metal corrosion: localized 
Structural container metal corrosion: crevice 
Structural container metal corrosion: stress corrosion cracking 
Chemical reactions (copper corrosionl 
Role of chlorides in copper corrosion 
Corrosive agents, sulphides, oxygen, etc. 
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NR (Continued) 

CANISTER (Continued> 
2.3 Canister: gas production and effects 

Gas transport in the waste container 
Gas effects: pressurization 
Gas effects: disruption 
Gas effects: explosions 
Gas effects: fire 

2.4 Canister: microbiological effects/microbial activity 
Canister: microbiological effects/microbial activity 

2.5 Canister: thermo-mechanical effects 
Thermal cracking 
Differing thermal expansion of materials (glass, canister) 

2.6 Canister: electrochemical effects 
Electrochemical cracking 

2. 7 Canister: stress/mechanical effects 
Creeping of copper 
Stress corrosion cracking 
Loss of ductility 
Cracking along welds 
External stress 

. Hydrostatic pressure on canister 
Internal pressure 
Swelling of corrosion products 
Hydride cracking 

2. 10 Canister: others 
Channelling within the canister (preferential pathways) 
Radiation effects on canister 
Random canister defects - quality control 
Common cause canister defects - quality control 
Material defects, e.g. early canister failure 
Incomplete filling of canisters 

BACKFILL 
3.3 Backfill: mechanical effects 

3.4 

Swelling pressure 
Uneven swelling of bentonite 
Swelling of corrosion products 
Cracking: concrete 
Sealing of cracks: concrete 

Backfill: thermal effects 
Hydrothermal alteration 
Variations in groundwater temperature 
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NR (Continued) 

BACKFILL (Continued) 
Thermal effects on the backfill material 
Natural thermal effects 
Thermal effects (e.g. concrete hydration) 
Thermo-chemical effects 

3.5 Backfill: electrochemical effects 
Natural telluric electrochemical reactions 

3.6 Backfill: gas effects and transport 
Chemical effects: gas generation 
Methane/C02 production 
Gas effects: fire 
Gas generation from concrete 

3. 7 Backfill: microbiological effects/microbial activity 
Hydrogen: effects of microbial growth on.concrete 

3.8 Backfill: degradation 
Degradation of the bentonite by chemical reactions 
Coagulation of bentonite 
Radiation effects on bentonite 
Alkali-aggregate reaction 

3.9 Backfill: geochemical regime 
Saturation of sorption sites 
Effects of bentonite on groundwater chemistry 
Reactions with cement pore water (include in 

chemical degradation) 
Effects at saline-freshwater interface 
Exchange capacity exceeded 
Cement sulphate reaction 

3.12 Backfill: others 
Anion exchange 

SEALS 
4.3 Seals: mechanical effects 

Swelling pressure 
Swelling of corrosion products 

4.4 Seals: thermal effects 
Hydrothermal alteration 
Variations in groundwater temperature 
Natural thermal effects 
Thermo-chemical effects 

4.5 Seals: electrochemical effects 
Natural telluric electrochemical reactions 
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NR (Continued) 

SEALS (Continued, 
4.6 Seals: gas effects and transport 

Chemical effects: gas generation 
Methane/C02 production 
Gas effects: fire 

4.9 Seals: geochemical regime 
Effects at saline-freshwater interface 
Exchange capacity exceeded 

4. 12 Seals: others 
Anion exchange 

NEAR-FIELD 
5.2 Near-field rock: degradation 

Physico-chemical degradation of concrete 
5.4 Near-field rock: mechanical effects 

Uneven swelling of bentonite 
5.5 Near-field rock: thermal effects 

Thermal effects (e.g. concrete hydration) 
5.6 Near-field rock: gas effects and transport 

Gas effects: fire 
Methane/C02 production: effects of microbial growth on 

properties of concrete 
Accumulation of gases under permafrost 
Methane C02 production: effects of lithostatic pressure 
Methane C02 production: effects of radiation on microbial 

populations 
Methane and C02 production: energy and nutrient control 

of metabolism 
5. 7 Near-field rock: microbiological/biological activity 

Natural microbial activity 
5.8 Near-field rock: geochemical regime 

Pore blockage: concretei 
Cement-sulphate reaction: concrete 
Changes in pore water composition, pH, Eh: concrete 
Effects at saline-freshwater interface 
Physico-chemical degradation of concrete 

5. 11 Near-field rock: others 
Effects of phased operations 

FAR-FIELD 
6.10 Others 

Radiolysis, radiation damage 
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NR (Continued) 

BIOSPHERE 
7. 1 Human considerations 

Space heating 
Charcoal production 
Crop fenilization 
Crop storage 
Peat and leaf litter harvesting 
Hydroponics 
Water leak into underground living space 

7 .2 Ecological factors 

7.3 

Animal habits (grooming and fishing, soil ingestion, diets, 
scavengers/predators) 

Houseplants 
Tree sap 
Terrestrial ecological development: Estuarine 
Plants: Root uptake, including deep rooting species 
Plants: Deposition on surfaces 
Plants: Vapour uptake 
Plants: Internal translocation and retention 
Plants: Washoff and leaching by rainfall 
Plants: Leaf-fall and senescence 
Plants: Cycling processes 
Animals: Uptake by ingestion 
Animals: Uptake by inhalation 
Animals: Internal translocation and retention 
Animals: Cycling processes 
Animals: Effects of relocation and migration 
Ecological change (e.g. forest fire cycles) 
Ecological response to climate, including glacial/interglacial 

cycling , (e.g. desen formation) 
Biological evolution 
Intrusion (animal) 

Soil/sediment effects 
Sediment resuspension in water bodies 
Sedimentation in water bodies 
Groundwater discharge to soils: advective, diffusive, biotic, 

volatilization 
Accumulation in sediments 
Accumulation in soils and organic debris, including peat 
Evaporation of soil moisture 
Solid discharge via erosional processes 
Saltation 
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BIOSPHERE (Continued) 
7 .4 Surface/near-surface water processes 

Rushing of water bodies 
Surface water bodies: properties (e.g. pH) 
Surface flow characteristics: effects of sea level change 
Estuarine surface flow characteristics: tidal cycling, 

sediment transport, successional development, effects 
of sea level change 

Sediment/water/gas interaction with the atmosphere 
Terrestrial water use (including wells and dams) 
River flow and lake level changes 
Wetlands 
Rood (short-term) 
Artificial lake mixing 
Drought · 
Groundwater discharge (wells) 

7.5 Coastal water/ocean processes 

7.6 

7.7 

Coastal waters: tidal mixing, residual current mixing, effects 
of sea level change 
Ocean waters: water exchange, effects of sea level change 
Groundwater discharge to marine waters including coastal 
Estuaries: water flow, suspended sediments, bottom 

sediments, effects of salinity variation, effects on vegetation, 
estuarine development and sea level change 

Coastal waters: water transport, bottom and suspended 
sediment transport, effects of sea level change, estuarine 
development and coastal erosion 

Estuarine water use 
Coastal water use 
Sea water use 

Gas effects and transport 
Gas leakage into underground living space 
Radon emission 
Gas transport: gas phase and in solution 
Gas discharge 

Microbiological/biological activity 
Microbial activity 
Bioaccumulation and translocation 
Biotoxicity 
Soil and sediment transport including bioturbation 
Burrowing animals 
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NR (Continued) 

BIOSPHERE (Continued) 
Transport of radionuclides bound to microbes 
Biogeochemical changes 

7 .8 Geochemical regime (general) 
Physico-chemical phenomena/effects (e.g. colloid formation) 
Thermal effects on hydrochemistry 
Chemical gradients (electrochemical effects and osmosis) 
Colloids, complexing agents 

7 .9 Radionuclide and contaminant chemistry 
Complexation by organics (including humic and fulvic acids) 
Precipitation, dissolution, recrystallization, reconcentration 
Sorption (linear, nonlinear, irreversible) 
Speciation 
Chemical changes due to sorption, complex formation, 

speciation, gas, solubility 
Solubility effects (pH and Eh) 
Sorption effects (pH and Eh) 
Changes in sorptive surfaces 
Dilution (mass, isotopic, species) 

7. 10 Radionuclide and contaminant transport processes 
Water flow: advection and dispersion 
Diffusion (bulk, matrix, surface) 
Gas-mediated transport 
Transport of active gases: gas phase and in solution 
Transport of radionuclides bound to microbes 

7. 11 Radiological factors 
Building materials 
Carcasses 
Carcinogenic contaminants 
Convection, turbulence and diffusion (atmospheric) 
Critical group - agricultural labour 

clothing and home furnishings 
evolution 
house location 
individuality 
leisure pursuits 
pets 

Dermal sorption - nuclides other than tritium 
Household dust and fumes 
Human diet 
Food preparation 
Human soil ingestion 
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NR (Continued) 

BIOSPHERE (Continued) 
Precipitation (meteoric) 
Deposition (wet and dry) 
Radiotoxic contaminants 
Showers and humidifiers 
Suspension in air 
Wind 
External exposure: land, sediments, water bodies 
Ingestion and drinking water 
Ingestion and agricultural crops 
Ingestion and domestic animal products 
Ingestion and wild plants 
Ingestion and wild animals 
Ingestion and soils and sediments 
Inhalation and soils and sediments 
Inhalation and gases and vapours (indoor/outdoor) 
Inhalation and biotic material 
Inhalation and salt particles 
Sediment/water/gas interaction with the atmosphere 
Dermal sorption - tritium 
Sensitization to radiation 
Mutagenic contaminants 
Radioactive decay 

7.12 Others 
Colloids: formation and effects (including inorganic and 

organic colloid transport) 
Greenhouse-induced ecological effects (including food 

production) 
Smoking 
Intrusion in accumulation zone in the biosphere (animals) 
Chemical toxicity 
Seasons 
Toxicity of mined rock 
Ozone layer failure 

GEOLOGY I CLIMATE CHANGES 
8.4 Erosion/weathering (surface) 

Coastal erosion due to sea level change 
Marine sediment transport and deposition 

8.7 Sea level effects 
Sea level change 
River incision/sedimentation due to sea level change 
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NR (Continued) 

GEOLOGY I CLIMATE CHANGES (Continued) 
8.8 Magnetic effects 

Changes in the Earth's magnetic field 
8.9 Glaciation/glacial effects 

No ice age 
8. 10 Climate effects (natural) 

Drought 
Dust storms and desertification (massive) 

8.11 Others 
Hurricanes 
Tsunamis 
Seiches 

HUMAN INFLUENCES 
9.1 Inadvertent intrusion into repository 

Intrusion in accumulation zone in the biosphere 
9.2 Surface activities 

9.3 

Quarrying, peat extraction 
Quarrying, near surface extraction 
Peat and leaf litter harvesting 
Hydroponics 
Technological advances in food production 
Other future uses of crystalline rock 
Heat storage in lakes 
Artificial lake mixing 
Ashes and sewage sludge 
Biogas production 
Lake infilling 
Near storage of other waste 

Subsurface activities 
Wells (high demand) 
Drilling: archeology: nonintrusive 
Heat storage underground 
Geothermal energy production 
Tunnelling 
Construction of underground storage/disposal facilities (e.g., gas storage) 
Construction of underground dwellings/shelters 

9.6 

Underground weapons testing (nuclear device) 
Mining other than potash 
Geothermal energy exploration (and other unidentified resources) 

Radiological factors (smoking, transport agents) 
Radiological factors (smoking, transport agents) 
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HUMAN INFLUENCES (Continued) 
9.7 Others 

Cure for cancer 
Explosions (act of war) 
Explosions (resource recovery) 
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DU FEPs eliminated because they were unclear, or because it was unclear 
how the effect was relevant to a postclosure assessment of a radioactive 
waste disposal system. 

WASTE 
1 • 1 Waste: characteristics (initial) 

Teratogenic contaminants 
1.3 Waste: radiological/radiation effects 

Recoil of alpha-decay 
Release of stored energy 

1.4 Waste: gas generation and effects 
Methane/C02 production: Inhibition due to the pressure of toxic materials 

1.9 Waste: degradation/corrosion/dissolution 
Internal corrosion due to waste 

1. 12 Waste: others 
Sudden energy release 

BACKFILL 
3.6 Backfill: gas effects and transport 

SEALS 

Effects of hydrogen from metal corrosion 
Methane/C02 production: effects of hydrogen from metal 

corrosion 

4.6 Seals: gas effects and transport 
Effects of hydrogen from metal corrosion 
Methane/C02 production: effects of hydrogen from metal 

corrosion 

NEAR-FIELD 
5.6 Near-field rock: gas effects and transport 

Methane C02 production: effects of hydrogen from 
metal corrosion 

5. 11 Near-field rock: others 
Release of stored energy 
Cavitation 

FAR-FIELD 
6.10 Others 

Cavitation 
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DU (Continued) 

BIOSPHERE 
7.12 Others 

Terrestrial surface 
Herbicides, pesticides, fungicides 

GEOLOGY I CLIMATE CHANGES 
8. 10 Climate effects (naturan 

lnsolation 
8.11 Others 

Global effects 
Terrestrial surface 

HUMAN INFLUENCES 
9.2 Surface activities 

Herbicides, pesticides, fungicides 
Inject/ingest/inhaling locally produced drugs 

9.3 Subsurface activities 
De watering 

9.4 Water use 

9.7 
Intentional artificial groundwater recharge or withdrawal 

Others 
Sudden energy release 
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MD FEPs eliminated because they represent decisions which 
need to be made as part of the modeling of all FEPs. 

WASTE 
1. 12 Waste: others 

Boundary conditions 
Correlation 

CANISTER 
2. 10 Canister: others 

Boundary conditions 
Correlation 
Time dependence· 

BACKFILL 
3.12 Backfill: others 

SEALS 

Groundwater flow: initial conditions 
Boundary conditions 
Correlation 
Time dependence 

4. 12 Seals: others 
Groundwater flow: initial conditions 
Boundary conditions 
Correlation 
Time dependence 

NEAR-FIELD 
5. 11 Near-field rock: others 

Boundary conditions 
Correlation 
Time dependence 

FAR-FIELD 
6.10 Others 

Correlation 

BIOSPHERE 
7.12 Others 

Correlation 
Uncertainties 
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APPENDIX C: 
MEMORANDA REGARDING REFERENCE DATA 

SI~ and Lappin, January 15, 1990 
Date: 1/15/90 
To: D. Mercer, C. Frederickson-DOE/SEIS Office 
From: S. Siem, 6517 and A. Lappin, 6345 
Subject: Potential for and Possible Impacts of Generation of Flammable and/or Detonable Gas· 

Mixtures During the WIPP Transportation, Test, and Operational Phase 

Brush, June 18, 1993 
Date: 6/18/93 
To: 
From: 

M. S. Tierney, 6342 
L. H. Brush, 6348 

Subject: Likely Gas-Generation Reactions and Current Estimates of Gas-Generation Rates for the 
Long-Term WIPP Performance Assessment 

LaVenue, January 28, 1991 
Date: 1128/91 
To: Distribution 
From: M. LaVenue, 6344 
Subject: Anomalous Culebra Water-Level Rises Near the WIPP Site 
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Date: 
To: 
From: 
Subject: 

f~,,:t.1 

Scenario Development 

Slezak and Lappin, January 15, 1990 

1/15/90 
D. Mercer, C. Frederickson-DOE/SEIS Office 
S. Slezak, 6517 and A. Lappin, 6345 
Potential for and Possible Impacts of Generation of Flammable and/or Detonable Gas 
Mixtures During the WIPP Transportation, Test, and Operational Phase 

C-S March 20, 1995 
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date: January 5, 1990 

SANDIA NATIONAL LABORATORIES 
Albuquerque, New Mexico 87185 

to: Darrell Mercer, Craig Fredrickson - OOE/SEIS Office 

S'"'s.:, r. s~.L- ~ 
from: Scott Slezak - 6517, Al Lappin - 6345 

subject: Potential for and Possible Impacts of Generation of Flanunable 
and/or Detonable Gas Mixtures During the WIPP Transportation, Test, and 
Operational Phases 

This revised memo summarizes our present thinking and prel 1minary 

calculations concerning the potential for f1anunable and/or detonable 
mixtures of hydrogen or methane (plus oxygen) at the WIPP. It is intended 
for your use in the very near future. The original memo was prepared on 
December 21 and December 22, 1989; internal referencing is not as complete 
as desirable, especially concerning the interim-storage and transportation 
phases of the WIPP. This revised form includes only editorial and 
typographical corrections that could not be made on the original schedule. 
Additional information concerning gas generation during the experimental 
phase is also contained in Molecke (l989c). 

The objectives of the memo are to: 1) summarize the various conditions or 
situations of possible gas collection during the transportation, te,ting, 
and disposal/operational phases at the WIPP; 2) summarize the assumed gas
generat ion rates for CH TRU wastes; and 3) qualitatively assess the 
potential for collection of flammable and/or detonable gas mixtures under 
each of the conditions listed in l) above. Emphasis is placed on the 
potential impact or consequence of gas detonation within the head space 

above a panel of emplaced waste and backfill, following emplacement of an 
effectively impermeable panel seal at the repository horizon. 
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The study reaches the conclusions that: 

1. The· addition of carbon-composite or Kevlar particulate filters 
should effectively remove the potential for buildup of 
flanrnable/detonable concentrations of hydrogen within vented drums, 
so long as the drums are in a ventilated environment. There 
appears to be a credible potential, at longer times, for generation 
of flanmable concentrations of methane, even within vented drums, 
if the h1 ghest 1 aboratory-measured gas-generation rates should 
occur. 

2. During the pr~cess of full-scale waste emplacement, there is not a 
credible potential for collection of· flammable/detonable gas 
mixtures in the room head space, during the time interval before 

emplacement of the composite panel seal at the repository horizon. 

3. There is a reasonable potential for collection of flanunable and 

possibly detonable mixtures of hydrogen, methane, and oxygen in the 
room head space above backf i 11 ed waste after emp 1 a cement of the 
composite panel seal. 

Calculations have been completed to investigate the potential 
consequences of such a detonation. 1e re~ults indicate that there 
should be no measurable displacement of the first grout component 
(nominally thirty feet in length). Thus, the health consequences 
of detonation of such a mixture appear to be nil. 

4. There does not appear to be a credible potential for collection of 
flammable/detonable gas mixtures in any of the planned CH-TRU test 
alcoves during the WIPP test phase. 

Scenario Development C-8 
March 20, 1995 

• 

• 

• 
• 
• 

• 

.. 
• 

• 

• 

... 

"' 

... 



·. 

The alcove atmosphere in four of the five waste-containing alcoves 

(TA3 - TA6) will be maintained in an anaxic condition by nitrogen 
circulation and catalytic oxygen removal. The atmosphere in the 

one alcove containing as-received waste (TA2) is not expected to 
reach potentially flannable limits. The ability to partially purge 

the room atmosphere with nitrogen gas wil 1 be present as a 

mitigative measure, should potentially flammable hydrogen or 

methane concentrations be approached in any of the test alcoves. 

5. While collection of flammable or even nominally detonable gas 

concentrations in some of the bin-scale tes~s 1s credible, there 1s 

no risk of any methane·based detonation. Both the free volume and 

the ignition energy required to support such a detonation are not 

available. 

The tests in which the collection of flammable/detonable gas 

concentrations is most credible are those (approximately) three 

dozen bins in which the bin atmosphere is not purged with argon. 

Essentially all of the remaining b;ns, in which the atmosphere will 

be purged with argon, are expected to remain anoxic during the 

experimental time span. The one exception is b1n tests containing 

process sludges, since there is evidence that radiolysis within 

process sludges can generate considerable concentrations of oxygen. 

All of the bin-scale tests will be clos~.ly monitored throughout. 

the1r experimental life. The ability to partially purge the bin 

atmosphere will be maintained at all times. Possible mitigating 

actions have been identified, should they be required. 

I. possible Conditions Requiring Consideration of Gas Collection 

In the present interim-storage, and planned transportation, testingt and 

operational life spans of CH-TRlJ wastes to be emplaced at the WIPP, the 
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potential for generation and/or ignition of flammable and/or detonable gas 
mixtures generated by radiolysis and other waste-degradation processes be 
considered in several geometries and conditions. These include (listed in 
order of increasing ~ime from the present and increasing geometric scale): 

A. Within individual unvented drums presently in interim storage at 
waste-generator sites. 

B. Within individual drums, fitted with carbon-composite filters for 
purposes of shipment within TRUPACT II. 

C. Within the available void space within TRUPACT II containers (but 
outside individual drums) during shipment to the WIPP Site. 

D. Within individual bin-scale tests at the WIPP, in the absence of 
atmospheric purgjng.· 

Individual bags of waste present in these tests will be removed from 
their original containers prior to being emplaced in bins. However, 
the bags will not be breached or slashed; their behavior is intended 
to simulate that during the operational phase of waste emplacement as 
closely as possible {Molecke, 1989a). 

E. w;thin individual bin-scale tests at the WIPP, with atmospheric 
purging. 

Individual drums of waste are either not present in the purged bin
scal e tests, or {if the wastes being tested are sludges or compacted 
wastes) are specially penetrated to ensure free rel~ase of·volatiles 
and access of brine to contained wastes) (Molecke, 19B9a}. 

F. Within a CH-TRU test alcove at the WIPP, in the absence of 
atmospheric purging. 
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Waste emplaced in one of the five planned waste-containing alcoves 

(TA2) will be emplaced without backfill, but will consist of drums 

vented (because they must be transported to the WIPP in TRUPACT II) 

·with carbon-composite filters (Holecke, 1989b). 

G. Within a CH-TRU test alcove at the WIPP, with atmospheric purgjng. 

As presently planned, waste empl aced fo four of the five planned 

waste-containing alcoves (TA3-TA6) will be emplaced as individual 

drums (with non-VOC-sorbing Kevlar, instead of carbon-composite 

filters}, combined with loose, granular salt, or salt-bentonite 

backfill (Molecke, 1989b). 

H. Within the rooms within a. CH-TRU waste-emplacement panel at the 

WIPP, after emplacement of temporary bul !sheads, but prior to 
emplacement of a composite panel seal. 

As presently designed, drums of as-received and/or supercompacted 

wastes will be emplaced and •surrounded" with granular salt or 
salt/bentonite backfill. The backfill will nominally be pneumatically 

or mechanically emplaced to within about l and 1/2 feet of the room 
ceiling; i.e., it will cover the drums. A "bulkhead• will be emplaced 

at the •ends" of each room after it 1s filled, for purposes of 

vent 11 at ion control. It is assumed that this bulkhead is not 

impermeable to gas, but allows displacement of head-space gas by gases 

generated by waste degradation • 

I. Within a CH-TRU waste-emplacement panel at the WIPP, following 

emplacement of a composite panel seal. It is assumed here that, for 

reasons of safety (i.e., control of both ventilation and prevention of 

possible fire propagation), a composite panel seal will be emplaced 

two years after the beginning of waste/backfill emplacement in an 

individual waste panel. It is assumed that the grout component of the 

composite seal (as opposed to the.crushed or block-salt component) is 

immediately effective in permeability reduction. It should be noted 

that the possibility of underground fire is considered in the WIPP 
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final Environmental Impact Statement (U.S. Department of Energy, 
1980). 

II. Assumed Gas-Generation Rates and Compositions 

At present, there is considerable uncertainty in both gas-generation rates 
and gas compositions expected to result from emplacement of CH-TRU waste in 
the WIPP, with or without engineering modifications to waste and/or 
backfill. Better estimation of these rates and compositions is the central 
objective of the planned experiments with real CH-TRU wastes at the WIPP. 

although the effective concentrations of rad1onuclides in realistic Salado 
and Castile brines after interaction of these brines with CH-TRU wastes 
wn l al so be detennined. For purposes of the preliminary ealcul at ions 
summarized here. it has been assumed that: 1) hydrogen generation by 
radiolysis of a mix of CH-TRU wastes reoresentative of the expected room 
inventory averages 0.05 moles/drum/year; 2) methane generation from 
biodegradation of the mix of CH-TRU wastes representative of the expected 
room inventory averages 0.25 moles/drum/year; and 3) oxygen dilution occurs 
only by generation of methane and hydrogen. Neither dilution by generation 
of other gases, such as C02, nor the expected oxygen deoletiDn resulting 
from corrosion and/or microbial activity are factored into consideration. 
As a result, the fact that the expected long-term condition of WIPP waste
emplacement rooms and panels is strong,ly anoxic is ignored. Additional 
information concerning uncertainties in WIPP gas ge~eration is contained in 
Lappin et al. (1989), Molecke (1979), and the WiPP Draft Supplemental 
Environmenta1 Impact Statement (U.S. Department of Energy, 1989). 

It should be noted that estimation of the rates at which anoxic conditions 
are achieved and of the degree to which anoxic conditions are stable are 
specific objectives of the WIPP Test Phase. These experiments specifical1y 
form an experimental linkage between short·term (sixty day) calculations 
performed for the WIPP transportation phase and long·term perfonnance
assessment calculations, which: a) begin at 100 years after decommissioning 
of the WIPP repository; and b} assume anoxic conditions. Processes 
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expected under the long-term anoxic conditions are being investigated in 
both ·1aboratory (Brush, 1989) using simulated wastes and in larger-scale 

tests using real wastes (Holecke, 1989a; 1989b). 

The gas-generation rates assumed here are intended to be representative on 
the room scale, rather than "bounding.• They do not include consideration 
of such factors as possible segregation of waste types, but assume uniform 
mixing of wastes within each room. For example, hydrogen generation rates 
from radiolysis as high as 0.75 moles/drum/year have been reported by 

Mal ecke {1979) for process sludges, which are expected to make up 
approximately 15% of the WIPP inventory. Similarly, C02 generation rates 

as high as 5 moles/drum/year are reported by Holecke (1979) from microbial 
degradation of cellulosic wastes. . It is assumed here (and in studies 
conducted by the British, e.g., Rees, 1989) that microbial methane 
generation is at a mole rate equal to that of CD2 generation, or that 
methane production can occur jnstead of COz generation. In the case where 

combustion/detonation is considered credible, the calculations have been 

perfonned on the basis of the worst-case gas mixture (stoichiometric mix of 

methane, hydrogen, and oxygen), not on the b~sis of time. Under these 

assumptions, the first-order consequence of more rapid or slower generation 
of hydrogen·· and methane would simply be to change the time of 
combustion/detonation, not to change its expected or possible impact. 

III. Qualitative Evaluation of the Potential for Collection of 
El ammabl e/Detonabl e Gas Mj xtures Under the Various Conditions 
Considered Here. and of Potential Mitigating Measures 

A. Within individual unvented drums presently in interim storage at 

waste-generator sites. 

The available information (e.g., Clements and Kudera, 1985) indicates a 

significant potential for generation of both flammable and detonable gas 
mixtures in the head spaces in unvented waste drums. While there appears 
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to. be some potential for flammable mixtures in head spaces of arums 

containing cellulosic wastes, the potential for generation and maintenance 
of detonable ~bctures appears to be greatest for drums of process sludges. 

The potential for generation of flammable/detonable gas mixtures in 

unvented drums is well known to the different waste generators, and is 

mentioned here only to point out that All of the waste drums to be shipped 

to the WIPP, as a result of criteria developed for the TRUPACT II container 

and/or experimental needs, will be fitted with carbon·composite or dual 

Kevlar/carbon-composite particulate filters. Therefore. information or 

interpretations based on the behavior of unvented drums is not direct] y 
applicable to the WIPP. 

B. Within individual drums, fitted with particulate filters, for 

purposes of shipment within TRUPACT II. 

The major objective of installing carbon-composite dual Kevlar/carbon

composite particulate filters on CH-TRU waste drums is to ensure that 

hydrogen buildup during a time interval twice the nominal transportation 

period to the WIPP (thirty days) does not reach the flammability l;mit of 

hydrogen in air (approximately 4~) (OeSoete, 1975). Calculations done in 

support of the TRUPACT Safety Analysis Report indicate that, for hydrogen 

generation rates of up to 2.5 moles/drum/year, the rate of hydrogen 

di ff us ion through the filter should exceed the .internal gas-generation 

rate. Thus, there appears to be no risk of significant hydrogen buildup 

within any individual drum, so long as the vented drum has access to 

outside ventilation. 

Similar cal cul at ions suggest that methane di ff us ion rates through the 

filter should be adequate to prevent internal pressurization at gas

generation rates below about 3.5 moles/drum/year. As noted above, however, 

there appears to be a credible potential for methane generation rates as 

high as 5 moles/drum/year. If this were to occur, there might be some 
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,,,, p o t e n t i a 1 f o r an et h a n e co n c e n t r at i o n s to re at: h the no m i n a 1 
flammable/detonable limits in air (5 and 6%, respectively}. 

Two arguments suggest, however, that the probability of either a. snethane
based deflagration or a methane-based detonation within an individual 
vented drum 1s extremely unlikely. First, the available information 
indicates that, if spontaneous combustion were "attempting" to occur, 
methane {in combination with oxygen) would be consumed by relatively low

temperature "cooking.• The result of this process would be that both 
methane and oX,Ygen would be depleted, at temperatures well below those 
required for combustion. Secondly, even if the temperature were increased 
very rapidly, such that •cooking• was not effective, available information 
indicates that the minimum, telatively SQberjcal, free Volume required for 
methane detonation 1s approximately 1/2 the· volume of a SS-gallon dr:um. 

While the to ta 1 void volume within. a waste drum may reach or even exceed 
50%, it rnust be noted that this 1s distributed volume, rather than 
occurring as a single relatively spherical void. In addition, the energy 
required to initiate a detonation in predominantly-methane mixtures is not 
available in individual drums, since the energy required is equivalent to 
"pounds• of high explosive (Matsui and Lee, 1978). 

For these reasons, the present conclusions are that: 1) due to the 
effectiveness of venting, there is no potential for buildup of flammable 
amounts of hydrogen within vented drums, ~o long as the vent has access to 
ventilation air; 2) due to the credible possibility of high methane
generation rates, there is a sliqht potential for buildup of nominally 
flammable/detonable methane concentrations within individual vented drums, 
even if the venting has free acce:ss to ventilation; and 3) however, because 

of the large free volume required to support a methane-based detonation, 
and the large energy requirements for the initiation of detonation, there 
is no credible potential for methane detonation within an individual vented 
drum. Therefore, the worst-case individual drum scenario appears to be 
spontaneous combustion of a drum within which the head space contains a 
flammable concentration of methane. 

Scenario Developm.:111 :::-1s 
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C. Within the available void space wtthin TRUPACT II containers during 
shipment to the WIPP Site. 

As we presently understand it, the calculations 1n support of TRUPACT 

cert i fi cat 1 on have the object 1 ve of guaranteeing that hydrogen 

concentrations within the available void space within the container {and 

therefore within the individual drums) do not reach the nominal hydrogen 

flammability lim;t in air (4~) within 60 days. The calculations do not 

consider possible oxygen depletion. 

The only point in mentioning these calculations here is to ind;cate that 
the TRUPACT criteria do not, in and of themselves, provide any long-term 

guarantee aga fost fl armnab le or detonab 1 e gas mixtures at the WIPP, oor were 

they intended to do so. 

O. Within individual bin-scale tests at the WIPP, in the absence of 
atmosoberic ourging. The individual bags of waste used tn these tests 

will be removed from their containers prior to being emplaced in bins, 
but the bags will not be breached or slashed. Their behavior is 

intended to simulate the operational phase of waste emplacement as 

closely as possible. 

The planned bin-scale tests with real CH-TRU wastes (Molecke 1989a) consist 
of sealed bins nominally containing about six druin equivalents of waste. 

The bins are intended to be isolated from the environment, except for 

intermittent controlled gas venting (at app. 0.5 psi overpressure) and 

effective temperature control by the in situ environment 2150 feet 

underground. Because of the need to control possible gas venting and to 

sample gases within the drums, the capability will exist to purge any given 

bin with inert gas, nominally argon. 

Approximately four dozen bins are intended to examine the behavior of "as

received" wa.stes, in the absence of: 1) atmospheric purging; 21 backfill;· 
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and 3) addition of either Saladp or Castile brines. One specific objective 
of these tests is to investigate the rate and extent to which the 
atmosphere in waste-emplacement rooms can be expected to become effectively 
anoxic with time. In add1t1on, these tests will examine whether, after gas 
releas~ during vent installation prior to shipment, shipment, and handling, 
sufficient hydrogen and methane generation potentials remain for generation 
of flammable/detonable gas mixtures while conditions remain relatively 
oxygen rich. Note that these (nominally) four dozen tests form the only 
experimental link between the transportation time frame of 60 days and the 
time frame of 1 ong-tenn performance assessment, which begins 100 years 
after decommissioning. 

The facts that these bins are to be sealed, but · wil 1 not be at an 
overpressure of more than 0.5 psi above ambient, and that the atmosphere in 
these bins will not be purged with argon (see below) indicates that there 
;s some potent i a 1 for development of fl amnab 1 e and concei vab 1 y detonab 1 e 
gas mixtures in the void spaces within the bins during the planned five
year life span of these tests. This is, however, only of concern if there 
is adequate residual oxygen gas remaining in the bin(s). 

However, there are several possible approaches to mitigating the rhk. 

First, in order for deflagration to occur, there must be an ignition 
source. All electrical apparatus associated with the bin tests will be 
carefully grounded, to eliminate the potential for electrical ignition. 
Spontaneous combustion, which is being taken as th~ base·case or bounding 

accident scenario for single drums of waste emplaced at the WIPP, includes 
a precursor phase of temperature rise, to temperatures well in excess of 

450 oc, the approximate temperature at which "cooking" and elimination of 
both methane and oxygen might occur (OeSoete, 1975; Sheldon, 1984)(see 
above). All of the bin tests will be equipped with thennocoup1es. While 
it is recognized that the extent of the area of increased temperature may 
be relatively small. the redundant thermocouples in each bin should mon;tor 
a significant temperature rise, well before the hottest point in the bin 
reached 450 oc. If not, and a local region within the drum reached. a 
temperature of 450 degrees, a marked change in drum atmosphere (decrease in 
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methane and oxygen, increase in C02) should be noted. Possible 
mitigations, based on ongoing aionitoring of the individual bins, include: 
1) partial purging with argon if either hydrogen or methane approaches the 
nominal flaamability limit .iDSl a significant internal temperature excursion 
;s identified and a change in gas composition is identified, indicative of 
"cooking," i.e., a marked increase in COz; 2} partial purging with argon if 

either hydrogen or methane approaches the nominal flarmnability limit il!S! a 
significant internal temperature excursion is identified; or 3) partial 
purging with argon if either hydrogen or methane approaches the nominal 
flammability limit, independent of temperature. From an experimental point 
of view, the first option is much preferred. 

Finally, as noted above, the potential for detonation is roughly 
proportional to the gas-filled void space, and i.~-- dependent on a minimum 
ignition energy being available. In addition, due· to their low content of 
free brine, it is expected that reactions in the bin. tests with "as 
received" wastes must occur through vapor-phase transport. Therefore, it 
appears that a possible mitigation measure for these bin tests would be to 
simply decrease the available void space with inert materhl, such as 
silica sand or alumina spheres. 

In summary, in the absence of mitigating measures, there appears to be some 
potential for generation of nominally flammable m;xtures of hydrogen, 
methane, and oxygen in·the (nominally) four dozen bin tests investigating 
the gas-generation and oxidat;on-state behavior. of as-received wastes. 
However, several possible mitigation measures have been identified for 
these experiments. 

E. Within individual bin-scale tests at the WIPP, with atmosoheric 

purq_ing. 

At present, planning calls for conducting at least 124 b;n-scale tests, of 
which approximately four dozen, dealing with as-received waste, will not 
have their atmosphere purged with argon gas (see D above). The atmosphere 
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in the rest of the bin tests will be Purged of oxygen, since the intent is 

to· examine the behavior under the expected long-term anoxic conditions. 

To ensure that anoxic conditions are not being artificially forced, the 
internal atmosphere will be allowed to •float• to its own oxygen content, 
after the initial purging. In essentially all cases, with the possible 
exception of process sludges (which can potentially generate appreciable 
oxygen from radiolysis), the. in-bin oxygen level ;s expected to be 
negligible. 

Note that individual drums of waste are either not present in the purged 

tests, or (if the contained wastes are either sludges or compacted wastes) 
are specially penetrated to ensure free release of volatiles and access of 
brine to contained wastes). In fact, to ensure free mixing, the waste 

generators have agreed to pierce or slash individual waste bags being used 
in these tests. 

Therefore, we conclude that there is no credible risk of generation of 
flammable gas mixtures in the bin-scale tests in which the atmosphere has 
been purged and then allowed to •float,•, except for those few tests with 

process-sludge wastes. However, the atmosphere in these tests will be 

routinely monitored, with the result that essentially the same range of 
potential mitigating actions will exist as already described (in D above) 

for the case of tests in which the atmosphere is not purged. 

F. Within a CH-TRU test alcove at the WIPP, in the absence of 

atmospheric purging. 

Present planning (Molecke, l989b) calls for fielding of five. alcoves filled 

with CH-TRU wastes at the WIPP. Four of the alcoves (TA3, TA4, TAS, and 

TAG) are intended to investigate waste/backfi11 behavior under expected 

long-term anoxic conditions (see G below). However, one alcove (TA2) is 

intended to simulate behavior during the later portions of the operational 

phas~, as are bin tests with as-received wastes. Waste will be emplaced in 

TA2 without backf111 or added brine. The alcove will nominally be "sealed" 
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with a pneumatic seal, having a design-basis leak rate of 1~ or less per 

week, and the alcove operated at a nominal positive differential pressure 

of 0.25 to .0.5 psi. Gases lost through leakage will be replaced by 

addition of nitrogen. In addition, this alcove, like alcoves TA3 through 

TA6, will be equipped with a gas circulation/purging system, so that the 

ability to partially purge the alcove atmosphere with n;trogen will be 

maintained at all times. 

In the presence of "perfect" sealing (see I below), there might be some 

potential for the development of flammable gas mixtures in the general void 
space within TA2 during the anticipated 5-year span of the test. However, 
because of the anticipated gas-leakage rate of l~ per week, we do not 

believe this is credible. Gas leakage through the seal will be made up 

with nitrogen. Preliminary calculations indicate that the room atmosphere, 

even at the end of the expected 5-year test phase, w111 be wel 1 below 

flammable limits for both hydrogen and methane. 

Waste emplaced in TA2 will be emplaced without backfill, but will consist 

of drums vented with carbon-composite filters, because the drums must be 

transported to the WlPP in TRUPACT. However, it must be recognized that 

even active venting of TA2 will not completely eliminate the potential for 
spontaneous combustion within an individual drum of waste in the alcove, 

since this potential appears to be limited by the effectiveness of the 

carbon-carbon composite filter on each drum. 

·. 

G. With~n a CH-TRU test alcove at the WIPP, with atmospheric purging. 

As presently planned (Holecke, 1989b), was~e emplaced in alcoves TA3 

through TA6 will be empl aced as individual drums (with non-VOC-sorbing 

Kevlar particulate filters), combined with loose, granular salt, or salt

bentonite backfill. Because the objective of these alcoves is to examine 
behavior in the expected long-term anoxic conditions, the atmosphere in the 

alcoves will be: I) initially purged with nitrogen; and 2) maintained in 

anoxic conditions by use of a continuous oxygen-"getter1ng" reactant 
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system. Therefore, there will be no credible potential for generation of 

flammable gas mixtures within the general alcove atmosphere in alcoves TA3 

through TA6. 

However, the small potential for spontaneous combustion within individual 

vented drums (see B above) will remain. A possible mitigating action to 
eliminate the potential for propagation of deflagration within the backfill 

is presently being considered. Basically, the possibility of fire 

propagation through a granular materi a 1 is proportional to the 

interconnected pore size. In the case of WIPP, the design-basis backfill 

of granular salt with a screen size of 1/4 inch or 1 ess, might have a 
simflar maximum interconnected pore size, similar to· the minimum pore size 

required for fire propagation. However, since all of the salt passing the 

1/4-inch screen would be used, a large proportion of fines should be 
present, decreasing the effective pore size greatly. It appears that the 

expec:ted presence of fines in the backfill mix should remove the 
possibi1ity of fire propagation through the backfill. 

H. Within the rooms w;thin a CH·TRU waste-emplacCiment panel at the 

WI PP, after emplacement of temporary bulkheads, but pr1 or to 

emplacement of a composite panel seal • 

As presently designed, drums of as-received and/or supercompacted wastes 

will be emplaced and •surrounded" with granular salt or salt/bentonite 
' 

backfill in waste-emplacement rooms. The backfi'll will nominally be 

pneumatically or mechanically emplaced to within about l and 1/2 feet of 

the room ceiling. In addition, it is assumed that a "bulkhead" will be 

emplaced at the "ends" of each room as it is f;lled, for purposes of 

ventilation control. However, it is assumed that thh bulk.head is not 

impermeable to gas . 

Preliminary calculations assume that the bu1kheads allow simple 

displacement of initial atmosphere with gases resulting from waste 

degradation. These calculations indicate that, for the design~basis time 
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period of two to two and one half years required for filling of an entire 
waste·emplacement panel, both hydrogen and methane levels within the head 
space above emplaced waste and backfill in the individual bulkheaded rooms 
will remain below nominally flammable concentrations. Calculated methane 
and. hydrogen concentrations are 3.4~ and 0.7% for the •oldest• room and 
0.6% and 0.1% for the •newest• bulkheaded room, respectively. In fact, we 
expect the room bulkheads to be at least as •1ea1cy• as the alcove seals, 
and ·that the concentrations of flammable gases in the room headspaces of 
bulkheaded room will, until the time of seal emplacement, actually be lower 
than estimated here. 

If a notable rise in flammable-gas concentrations is measured, a small gap, 
e.g., 6 inches could be left between the top of the bulkhead and the roof 
to allow some ventilation. Since both hydrogen and methane are lighter 
than air, such a gap would allow th~ gases to creep along the ceiling and 
vent out of the room headspace. The same potential (if any) for 

spontaneous combustion within individual drums would persist as is present 
in all drums. 

I. In the head space present within a CH-TRU waste-emplacement panel 
at the WIPP, following emolacement of a composite panel seal. 

It is assumed here that a composite panel seal will nominally be emplaced 
two years after the beginning of waste/backfill emplacement in an 
individual waste panel. It is further assumed that the grout component of 
the composite seal (as opposed to the crushed or block-salt component) is 
immediately effective in permeability reduction. Finally, it is assumed 
that oxygen dilution occurs by generation of gases by waste degradation, 
i.e., the role of microbial activity and corrosion (under oxidizing 

. conditions) in reducing oxygen concentrations is not considered. 

Under these conditions, for the assumed gas-generation rates, preliminary 
· calculations indicate that the •worst-case" or most potentially detonable 
mixture of methane, hydrogen, and oxygen would be present in the head space 
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approximately five years after panel-seal emplacement. The •worst-case" 
mix is that containing a stoichiometric mix of hydrogen, methane, and 

oxygen for conversion to C02 and water. The calculations, summarized 
below, assume this gas mixture. Variations in total gas-generation rate 

would, so long as .the relative rates of hydrogen and methane generation 
remained fixed, simply change the time at which the worst-case mix 
occurred, but would not change the consequences estimated her~, under the 
assumptions used. 

It appears that the nominal head space above the waste and backfill (1 1/2 
feet) might be capable of propagating a methane·based •detonation.• In 

order to estimate the resulting pressure loading on the panel seal, it is 

assumed here that: 1) a detonation is initiated in the head space at the 
corner furthest from the panel seal, and successfully propagates to the 

panel seal; and 2) the resulting pressure wave is applied uniformly over 

the area of the seal exposed in the 1 l/2·foot headspace. 

The calculations, made using the Gordon-McBride code (available through 

COSMIC), indicate that a peak pressure of approximately SOO psf would be 
applied to the front face of the seal and immediately begins to decay in a 

linear fashion, to approximately 120 psi at 0.35 seconds after impact. The 

peak compressive pressure on the back face of the seal component is 

estimated to be only a few psi. The pressure-decay rate on the front face 
at longer times is somewhat uncertain, since it would depend on the thermal 

coupling of head-space gases to surrounding rock and waste/backfil 1. 
Because the h1gh pressures decay so quickly, and· the grout plug is so 

massive, and hence responds so slowly, dynamic calculations indicate that 

the effective pressures are much lower than the instantaneous pressures 

(Biggs, 1964). 

Several factors in consideration of the probability of such an event 

occurring are inherently conservative. For example, the propagation of a 

detonation requires a certain minimum •duct" size. If the duct gets too 

small, a detonation will not successfully propagate. For the methane

dominated situated expected for the WIPP, it appears as 1f the nominal 
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head-space gap mJ! be marginally adequate, and then only for near-optimal 

(stoichiometric) mixtures. The duct is not capable of sustaining 

detonations in mixtures near the lean or rich flannabil ity 1 imits (P.eraldi, 

et al., 1986i Slezak, 1990). Any sign1f1c:ant amount of room closure prior 
to development of flammable gas mixtures would, in the absence of 
compensating waste/backfill settling, decrease the potential. In general, 

development of a detonation is enhanced by turbulent fluid flow; for 

purposes of considering gas dynamics, the walls and boundaries of the head 

space at WIPP are •rippling," but quite smooth. In addition, it was 

assumed that the "duct• was rigid, i.e. the elastic compliance of the waste 

and backfill below the headspace was not considered; in reality, the waste 

and backfill would be expected to compact in response to any pressure pulse 

within the headspace above, thereby greatly decreasing the likelihood of 
such a pressure pulse propagating. 

The estimated consequences of the assumed detonation are negligible, 

largely because of the massive character of the grout component of the 

composite panel seal, which will have a mass of approximately 106 pounds, 

and a length of approximately 30 feet. It is estimated that there might be 

some fracturing within the salt and plug, to a depth of one or two feet. 

However, because the pressure is,applied over a limited area, fracturing to 
greater depth is expected to be prevented by dissipation of the assumed 

shock wave. SimHarly, there might be some slight spalling of grout on 

both ends of the first grout plug. No measurable movement of the first 

grout seal component is expected to occur. The a.ssurned detonation event 

would be expected to have zero release consequence. 

Even this preliminary calculation .contains several conservative factors. 

For example, the calculation assumes that a detonation starts at the far 

corner of the waste-emplacement panel, and has 800 feet of free run to the 

panel seal. Further, only the first grout component of the composite seal 

is even considered. In fact, the present panel-seal design calls for 

emplacement of approximately 60 feet of tamped salt and block salt behind 

the first grout component, as well as for emplacement of a second grout 

component, equally massive as the first. Therefore, whi1e there might be 
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slight spallation on the back side of the first grout component, there is 
an additional 90 feet of salt and grout between the first grout component 
and a_ny accessway within which people might be present during the 
operatfonal phase. Both grout components of the composite seal will be 
•keyed" into the surrounding sale; no credit for this keying, or for any 
frictional forces on the grout, are considered here. In addition, creep in 
both the backfill and the tamped- and block-salt component of the compos1t~ 
seal will tend toward hydrostatic pressure on both faces of the grout plug. 
This also helps to lock in the plug. Finally, as· noted above, no credit is 
taken for the low strength of design-basis waste and backfill prior to 
compaction (at which time no significant head space will remain); 
waste/backfill compaction in response to a pressure pulse within the head 
space would certainly tend to damp out propagation of such a pulse. 

In surrmary, even if it is assumed that development of flanvnable/detonable 
gas mixtures in the head space above a panel of emplaced waste after 
emplacement of the panel seal is credible, and that this gas mixture in 
fact detonates, preliminary calculations indicate that the safety 

• consequences to personnel would be negligible~ The cal cul at ions contain 
several conservative assumptions. 

Should experimental test results during the WIPP Test Phase indicate that 
the scenario considered here ll credible, there are several mitigating 
actions that have been considered. For example, the available oxygen might 
be reduced by purging of the panel head space with jnert gas just prior to . 
panel-seal emplacement. The head space gases might be intentionally 
ignited well below their detonation limit, by use of Pt ignitors, which 
would require no maintenance of remote electrical power. Seal emplacement 
might be delayed, or the repository actively vented. 

At any rate, the potential for and possible consequences of flammable 
and/or detonable gas mixtures will be considered in the final WIPP Safety 
Analysis Report, as appropriate on the basis of both experimental results 
during the test phase and further evaluation of the preliminary 
calculations summarized here . 
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Sandia National laboratories • 

date: June 18, 1993 Albuquerque. New Mexico 87185 

· to: M. S. Tierney, 6342 

from: L. H. Brush, 6348 

subject: Likely Gas-Generation Reactions and Current Estimates of Gas-Generation 
Rates for the Long-Tenn WIPP Performance Assessment 

INTRODUCTION 

This memorandum identifies likely gas-generation reactions 
(Table 1), provides current estimates of humid and inundated gas
generation rates (Tables 2 and 3), and cal cul ates the gas-generation 
potential for radiolysis of H20 in brine by 239pu for the 1993 long
term WIPP perfonnance-assessment (PA) calculations. A. R. Lappin, 
6305, has provided estimates of gas-generation potentials for other 
processes. 

I under.stand that because of severe time constraints and the higher 
priorities assigned to other changes in the models to be used for the 
1993 PA calculations, you will not have time to incorporate the current 
version of the gas-generation model J. W. Garner and I provided to 
P. Vaughn in February 1993. Therefore, I understand you will use the 
same gas-generation model used in the 1991 and 1992 calculations. This 
approach consists of listing likely gas-generation reactions, 
calculating the average stoichiometric gas-production ratio of these 
reactions, estimating average gas-production rates, ar:td allowing gas 
production to proceed until the total quantity of gas expected (the 
gas-generation potential) is attained for a given set of assumptions. 
I refer to this model as the "average-stoichiometry model." · The 
assumptions include (but are not necessarily limited to): (1) the 
inventory of ·reactants (steels and other Fe-base alloys, Al and Al-base 
alloys, and, perhaps, other metals; cellulosics, plastics, and 
rubbers); (2) the extent to which these materials are convertible to 
gas (this is especially important in the case of plastics and rubbers); 
(3) whether sufficient H20 will be available (this is especially 
significant in the case of reactions that occur only in the presence of 
brine, such as anoxic corrosion of steels). Of course, assumptions 
such as these are also necessary for the gas-generation model Garner 
and I are developing. 

Given the severe time constraints and the higher priorities 
assigned to other improvements in the PA models, I concur with your 
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decision to retain the average-stoichiometry model used in the 1991 and 
1992 PA calculations. However, I recommend using additional gas
generation reactions, if possible, and current estimates of gas-.~ 
generation rates. I describe these reactions and rates be 1 ow. Of 
course, I realize that there may not be time to make any changes in the 
average-stoichiometry model at this point. 

Garner and I will continue to develop a thermodynamic and kinetic 
reaction-path gas-generation model. The current version of this model 
includes the following processes: (1) corrosion of steels and. other 
·Fe-base materials by Oz, H20t H20 and COz, or HzS; (2) passivation· of 
steels by COz; (3) depassivation of steels by destabilization of Feco3 ; 
(4) microbial degradation of cellulosics with Oz, N03-, Fe(III) 
hydroxide, or S042- as the electron acceptor; (5) consumption of co2 by 
Ca(OH)2 (in cementitious materials) and CaO (a potential backfill 
additive). The main differences between the reaction-path model and 
the average-stoichiometry model used in the 1991 and 1992 PA 
calculations are that: (1) the reaction-path model includes more gas
producing reactions. than the average-stoichiometry model; (2)" the 
reaction-path model includes gas-consuming reactions; (3) the reaction
path model includes interactions among gas-producing and gas-consuming 
processes, such as passivation of steels by microbially-p.roduced co2 
and depassivation of steels due to consumption of COz by Ca(OH)z and 
Cao. We will provide you with the latest version of this model as soon 
as you are ready to incorporate it in the PA· models. 

CORROSION 

Oxic corrosion of steel waste containers (drums and boxes}t Fe-base 
a 11 oys in the waste, and, perhaps, other metals would consume 02 in 
mine air trapped in WIPP disposal rooms at the time of filling and 
sealing. Oxic corrosion would also consume 02 produced by radiolysis 
of H20 in brine. After depletion of the 02 initially present, anoxic 
corrosion of Fe-base and other metals could produce significant 
quantities of H2, at least in microenvironments without radiolytically 
produced 02. Other metals that could consume 02 and produce Hz include 
(but are not necessarily limited to) Al, Al-base alloyst Pb, and· Pu. 
Oxic and anoxic corrosion could also consume significant quantities of 
brine and H20 vapor. 

Oxic Corrosion 

Brush (1990) concluded that oxic corrosion of steels, other Fe-base 
alloys, and, perhaps, other metals would not have a significant, direct· 
effect on the gas and H20 budget of WIPP disposal rooms. However, this 
process could be important from the standpoint of the 02 budget of the 
repository. The 02 budget will in turn affect how soon the repository 
becomes anoxic after filling and sealing, the extent to which 
microenvironments dominated by brine radiolysis remain oxic, whether 
gas is consumed or produced, and which gases are consumed and 
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produced. The 02 budget will also affect the oxidation state of 
radionuclides and hence their chemical behavior. Therefore, Garner and, • 
I have added the following reaction to the reaction-path gas-generation~ • 
model to simulate oxic corrosion: 

2Fe + H20 + 1.502 • 27feO{OH) (1) 

We are using this reaction because N. R. Sorensen, 1832, observed that 
7FeO{OH) {lepidocrocite) was the most abundant corrosion product in 
oxic, inundated experiments carried out for the Strategic Petroleum 
Reserve Project. Sorensen also observed Fe304 as a major corrosion 
product and pfeO(OH) as a minor corrosion product. Therefore, Garner 
and I may also add an equation simulating the formation of Fe304• 
(Addition of an equation for pFeO (OH) would not change the 
stoichiometry of Reacti"on I). 

. . 
For my best estimate of the 02-consumption rate for oxic corrosion, 

I recommend 5 moles per m2 of steel per year, the value (rounded off to 
one significant. figure) reported by Molecke (1979). . Lappin et al •. 
(1989) estimated that there are 6 m2 of steels and other Fe-base alloys 
per drum of CH TRU waste, 4 m2 for CH TRU waste containers and an 
estimated 2 m2 for the Fe-base alloys in CH TRU waste. {These values 
do not include steel or other Fe-base alloys in canisters or plugs to 
be used for RH TRU waste, any steels or other Fe-base alloys contained 
in RH TRU waste, or stee 1 s or other . Fe-base a 11 oys used for ground 
support in .the WIPP underground workings.) Therefore, this rate is 
equi va 1 ent to 30 moles of 02 per drum of CH TRU waste per year. I 
computed the oxic-corrosion rate as follows. 

The rate at which Fe is consumed by Reaction I is: 

((2 moles Fe) / {1.5 moles 02}} · 5 moles 02/(m2 · yr} 

= 6.67 moles Fe/(m2 ·yr}. (2) 

{Only one of the figures in this and the following equations are 
significant, but I did not round off until the end of these 
calculations.} This rate is equivalent to: 

6.67 moles/(m2 · yr} · 5.5847 · io-2 kg/mole 

= 3.7231 . io-1 kg/(m2 . yr). {3) 

In Equation 2, "5.5847 · 10-2 kg" is the mass of a mole of metallic Fe. 
The thickness of the layer of Fe removed from the surface per year is: 
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3.7231 · 20-l kg/(m2 · yr)/ 7.86 . 103 kg/m3 

• 5 . 20-5 m/yr. (4) ~ 

In Equation 4, •7 .86 · 103 kg/m3• is. the density of metallic Fe. This 
rate is equivalent to about 50 µ111 of steel per year (Table 2). I 
cannot compare these estimates of 02-consumption or corrosion rates 
with previous estimates because I did not estimate these rates for oxic 
corrosion of steels for the 1991 and 1992 PA calculations (see ·arush, · 
1991). 

My minimum estimates of 02-consumption and corrosion rates for oxic 
corrosion of stee 1 s and other Fe-base a 11 oys under inundated 
conditions, 0 moles per per m2 of steel per year or 0 moles of 02 per 
drum of CH TRU waste per year and 0 µm of steel per year (Table 2), are 
based on the possibility of passivation by formation of an adherent 
corrosion product (see Anoxic Corrosion below), or by precipitation of 
salts on the surfaces of corroding metals due to the consumption of H2o 
during oxi c corrosion of steels, other ·Fe-base a 11 oys, and, perhaps, 
other metals. Although laboratory studies have not demonstrated these 
mechanisms yet, they are possible, especially (in the case of the 
latter mechanism) if microbial degradation of cellulosics and brine 
radiolysis also consume significant quantities of H20. 

My maximum estimates of Oz-consumption and corrosion rates for oxic 
corrosion of steels and other Fe-base alloys under inundated conditions 
(Table 2) are. based on estimates of the effects of pH on these rates. 
I have not yet considered the effects of total pressure, the partial 
pressures of gases expected in WIPP disposal rooms, or temperature on 
oxic corrosion. However, I have considered the effects of these 
factors on anoxic corrosion (see below}; the analysis for anoxic 
corrosion suggests that pH is the most important of these factors. In 
the case of oxic corrosion, Oz-consumption and corrosion rates are 
inversely proportional to pH. I used the inverse relationship between 
pH and oxic-corrosion rates observed experimentally for applications 
other than the WIPP Project and estimates of the range of pH expected 
in WIPP disposal rooms after filling and sealing to estimate the 
maximum values of these rates. · 

I assume that the Oz-consumption rate of 5 moles per m2 of steel 
per year (Molecke, 1979), which I used for my best estimate of this and 
other rates under inundated conditior:is (Table 2), pertains to 
Reaction 1 at a neutral or nearly neutral pH. Furthermore, I expect 
that the pH in WIPP disposal rooms will vary between about 3 and 12. 
Although obtained with deioni.zed HzO, the results of Uhlig and Revie 
(1963) suggest that the Oz-consumption and corrosion rates for oxic 
corrosion of steels are constant or essentially constant between a pH 
of about 4 and 10, that these :rates are higher by about a factor of 1.5 
at a pH of 3, and that they are lower by a factor of 0.6 at a pH of 11 
and by a factor of 0.4 at a pH of IZ. Therefore, the possibility of pH 
values as low as 3 in WIPP disposal rooms necessitates multiplying my 
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best estimates in Table 2 by a factor of 1.5: 

1.5 · 5 moles/m2 • 8 moles/(m2 · yr); (Sa) J1P 

1.5 • 30 moles/(drum • yr) •SO moles/(drum • yr); (Sb) 

1.5 • 50 µm/yr • 80 µm/yr. (Sc} 

These are my maximum estimates, rounded to one significant figure, of 
these rates under inundated conditions (Table 2). Because they are 
maximum estimates, I have rounded them up in all three cases. The 
effects of basic conditions on oxic corrosion need not be considered at 
this point because, although they decrease these rates, my minimum 
estimates are already 0 moles of Oz per·mZ of steel per year., o moles 
of Oz per drum of CH TRU waste per year, and O µm of steel per year 
because of possible passivation (see above). 

My best estimates of Oz-consumption and corrosion rates for oxic 
corrosion of steels and other Fe-base alloys under humid conditions are 
0.5 moles of Oz per mZ of steel per year, 3 moles of 02 per drum of 
CH TRU waste per year, and 5 µm of steel per year (Table 3). I 
arbitrarily assume that these rates are one tenth of my current best 
estimates for oxic corrosion under inundated conditions (Table 2). I 
did not estimate these rates for oxic corrosion of steels for the 1991 
and 1992 PA calculations (Brush, 1991}. 

My arbitrary minimum estimates of 02-consumption and corrosion 
rates for oxic corrosion of steels and other Fe-base alloys under humid 
conditions are also O moles of 02 per m2 of steel per year, 0 moles of 
02 per drum of CH TRU waste per year, and 0 µm of stee 1 per year 
(Table 3). 

My maximum estimates of 02-consumption and corrosion rates for oxic 
corrosion of steel and other Fe-base alloys under humid conditions are 
5 moles of Oz per m2 of steel per year, 30 moles of Oz per drum of 
CH TRU waste per year, and 50 µm of steel per year (Table 2). I 
arbitrarily assume that these rates are i dent i ca 1 to my current best 
estimates for oxic corrosion under inundated conditions (Table 2}. 

If oxic-corrosion rates under humid conditions affect the overall 
performance of the repository significantly, laboratory studies will be 
necessary to replace these arbitrary estimates with experimentally
based results. 

Anoxic Corrosion 

Anoxic corrosion of steels, other Fe-base alloys, and, perhaps, 
other metals may, if brine is present, ~reduce significant quantities 
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of H2 and consume significant quantities of H20 (Lappin et al., 1989; 
Brush, 1990) • 

. .Jllli-
1 used thermodynamic calculations and laboratory studies carried 

out for applications other than the WIPP Project to predict the 
· behavior of steels and other Fe~base alloys· under expected WIPP 

conditions (see Brush, 1990). I am extending. these thermodynamic 
calculations to support of the development of the reaction-path gas-
generation model (see INTRODUCTION above). · 

R. E. Westerman and M. R. Telander of Pacific Northwest Laboratory 
(PNL) are carrying out laboratory studies of anoxic corrosion for the 
WIPP Project. So far, they have studied two heats each of the low-C 
steels ASTM A 366 and ASTM A 570 under inundated conditions (specimens 
invnersed in Brine A) and humid conditions {specimens suspended above 
Brine A) with initially pure atmospheres of N2, C02, and H2S at low 
pressures {about 1 to 15 atm) at 30 ± s•c. ASTM A 366 simulates the 
waste drums to be emplaced in the repository; ASTM A 570 simulates the 
boxes. Brine A is a synthetic brine that, al though developed to 
simulate fluids equilibrated with K+- and Mg2+-bearing minerals in 
overlying potash-rich zones prior to entering the repository (Molecke, 
1983), is coincidentally similar in composition to intergranular brines 
from the Salado Fm. at or near the stratigraphic horizon of the WIPP 
underground workings. Westerman and Telander have also conducted 
experiments with these steels under inundated conditions with initially 
pure N2, C02, and H2 at high pr~ssures (about 35 or 70 atm). Finally, 
they have performed preliminary experiments with these steels in 
simulated backf i 11 materials (crushed sa 1t and a mixture of 70 wt % 
crushed salt and 30 wt % bentonite) at low pressures. Westerman and 
Telander also plan to study anoxic corrosion of Al and Al-base 
materials. 

Telander and Westerman (in prep.) have identified three likely 
anoxic-corrosion reactions. At low fugacities (similar to partial 
pressures} of C02 and H2S, the reaction observed in 3-, 6-, 12-, and 
24-month experiments appears to be: 

. 
t 

(6a} 

However, Brush (1990} calculated that Fe(OH)2 is unstable with respect 
to Fe304. Therefore, significant quantities of steels and other Fe
base alloys could eventually corrode via the reaction: 

(6b} 

At relatively high C02 fugacities, the experimentally observed 
reaction is: 
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..... 
Fonnation of the adherent corrosion product FeC03 (siderite) by this 
reaction will passivate steels and, presumably, other Fe-base alloys 
after the consumpt1 on of various quantities of C02. Currently, 
laboratory studies at PNL suggest a range of 0.33 to 2.2 moles of co2 
per m2 of steel for the amount of C02 required for passivation 
depending on the C02 partial pressure and the pH of the brine: 
However, I do not recommend revision of the average-stoichiometry gas-

. _generation model to include passivation. To avoid potential criticism, 
inclusion of this process would also necessitate the inclusion of 
depassivation, the simulation of which would require a reaction-path 
model such as the one Garner and I are developing. 

Finally, at relatively high HzS fugacities, the experimentally 
observed reaction appears to be: 

Fe + 2HzS = FeS2 + 2Hz. {Sa) 

laboratory studies at PNL suggest that this reaction also passivates 
steels and other Fe-base alloys. However, I do not recommend revision 
of the average-stoichiometry model to include passivation by this 
reaction for the reasons given in connection with Equation 3 {above). 

A literature review by Telander and Westerman {in prep.) and 
thermodynamic calculations for the reaction-path model have identified 
another possible reaction involving HzS: 

Fe + H2S = FeS + H2. (Sb) 

The literature reviewed by Telander and·: ~esterman (in . prep.) suggests 
that this reaction does not passivate st:ee.ls and other Fe-base alloys. 
Table 1 summarizes these anoxic-corrosian "reactions. 

In addition to these corrosion reactions, there exist numerous 
likely reactions among Fe-bearing corrosion products such as Fe(OH)2, 
Fe304, FeC03, FeS, and FeS2. Garner and I are incorporating these 
reactions in the reaction-path model to predict, among other things, if 
and when depassivation of steels will occur. I do not recommend 
revising the average-stoichiometry model to include reactions among 
corrosion products. 

My best estimates of H2-production and corrosion rates for anoxic 
corrosion of steels and other Fe-base alloys under inundated conditions 
are based on data reported by Telander and Westerman (in prep.) They 
obtained average H2-production rates of 0.19, 0.21, 0.16, and 
0.10 moles per m2 of steel per year iri exp~riments carried out under 
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i ntinda ted conditions with in it i a 11 y pure N2 at 1 ow pressures (about 
10 to 15 atm) for 3, 6, 12, and 24 months, respectively. Because there 
are 6 m2 of steels and other Fe-base alloys per drum of CH TRU waste~ 
(Lappin et al., 1989), these rates are equivalent to 1.14, 1.26, 0.96, 
and 0.60 moles of H2 per drum of CH TRU waste per year. The average 

·corrosion rates in the 3-, 6-, 12-, and 24-month runs were 1.97, 1.72, 
1.23, and 0.99 µm of steel per year. For my best estimates, I prefer 
values of 0.1 moles of H2 per m2 of steel per year or 0.6 moles of Hz 
per drum of CH TRU waste per year and 1 µ111 of steel per year (see 
Table 2). These rates, from the 24-month experiments at PNL, are less 

·by as much as about a factor of two than the rates observed in the.3-
6-, and 12-month runs. Therefore, my best estimates are now half 0~ 
about half those provided for the 1991 and 1992 PA calculations (Brush, 
1991), 0.2 moles of Hz per m2 of steel per-year, I mole of Hz per drum 
of .CH TRU waste per year, and 2 µ111 of steel per year, for which I used 
the 6-month results. 

Strictly speaking, my best estimates of Hz-production and ~orrosion 
rates for anoxic corrosion of steels and other Fe-base alloys under 
inundated conditions (Table 2) pertain only to Reaction 6a, the 
reaction which apparently occurs with initially pure Nz at low and high 
pressures. However, I arbitrarily assume that, at any given pH, 
Reactions 6b, 7, Sa, and Sb occur at the same rate as Reaction 6a. 
Therefore, my best estimates also apply to these reactions. Clearly, 
Reaction 7 proceeded much faster than Reaction 6a in 1 ow-pressure, 
inundated experiments at PNL, at least prior to passivation (below}. 
However, this was probably because the pH of Brine A was much lower in 
runs -with initially pure COz at low pressures than in runs ·with 
initially pure Nz at low pressures. I describe the effects of pH in 
the discussion of my maxi mum estimates for an ox i c corrosion under 
inundated conditions (below)~ 

My minimum estimates of Hz-production and corrosion. rates for 
anoxic corrosion of steels and other Fe-base alloys under inundated 
conditions (Table 2) are based on passivation observed by Telander and 
Westerman (in prep.) in 6-, lZ-, and 24-month, low-pressure (about 
12 to 15 atm} experiments with initially pure C02. In these runs, the 
Hz-production and corrosion rates were high initially _but decreased to 
O moles of H2 per m2 of steel per year or, 0 moles of H2 per drum of 
CH TRU waste per year and 0 µm of steel per year after about 3 or 
4 months due to passivation by Reaction 7 (above}. Passivation at 
these pressures apparently required 0.33 moles of C02 per m2 of steel, 
a very small quantity relative to the total microbial C02 production 
potential. My minimum estimates of these rates are identical to those 
provided for the 1991 and 1992 PA calculations (Brush, 1991}. However, 
Telander and Westerman (in prep.} have now completed 12- and 24-month 
experiments, which confirm the results of the 6-month runs. 
Furthermore, since preparing their report, Westerman and Telander have 
also observed passivation in 6- and 12-month, high-pressure (about 
36 to 40 atm} runs. These high-pressure tests partially address the 
concerns of those who claimed that high C02 partial pressures and 
concomitant acidification of brine would destabilize the passivating 

Scenario DcvclopmcDl C·37 March 20, 1995 

,.-



. • 

film of FeC03 and restart anoxic corrosion and H2 production. 
Experiments carried out to date suggest that these high C02 partial , 
pressures increase the quantity of C02 required to passivate steels_.. 
somewhat, from 0.33 to 2.2 moles per m2 of steel. However, this 
requirement is still very small relative to the total microbial co2 
production potential. On the other hand, these high C02 partial 
pressures apparently decrease the time required for ·passivation 
somewhat, from about 3 or 4 months to 2 months. 

At least two other passiva~ion mechanisms are possible. First,· 
after a few days of H2 product1on, Telander and Westerman (in prep.) 
have observed passivation of steels under inundated conditions with 
initially pure H2S at -low pressures (about 5 to 6 atm) for up to about 
200 days. This is probably due to formation of the adherent corrosion 
product FeS2 (pyrite) by Reaction Sa (above). Based on preliminary 
results obtained with the reaction-path model, Garner and I think that 
FeS2 formation may be unlikely in WIPP disposal rooms. This is because 
H2S fugacities high enough and C02 and Hz fugacities low enough to 
stabilize FeSz may be unlikely, given expected stoichiometries for 
microbial gas-production reactions. Therefore, passivation by Feco3 
appears more likely than passivation by FeS2. However, the latter is 
still possible. 

A second passivation mechanism is precipitation of salts on the 
surfaces of corroding metals due to the· consumption of H20 during 
anoxic corrosion (see Oxic Corrosion above). 

The results of laboratory studies of anoxic corrosion at PNL 
demonstrate that passivation of steels, at least by FeC03, is a real 
phenomenon under at least some combinations of conditions expected in 
WIPP disposal rooms. However, based on preliminary results of modeling 
studies, Garner and I believe that depassivation of steels is also 
possible, especially if consumption of C02 by Ca(OH)2 (in hydrated 
cementitious materials) and Cao (a potential backfill additive) 
decrease the fugaci~y of C02 below values required to stabilize FeC03. 
Nevertheless, minimum estimates of 0 moles of H2 per m2 of steel per 
year or 0 moles of_ H2 per drum of CH TRU waste per year and O µm of 

. steel per year seem j~stified at this time . 

For my maximum.estimates of H2-production and corrosion rates for 
anoxic corrosion of steels and other Fe-base alloys under inundated 
conditions (Table 2), I estimated the effects of pH, pressure, and 
temperature on these rates. These H2-product ion and corrosion rates 
are: (l) inversely proportional to pH; (2) proportional to the partial 

· pressures of C02 and, probably, H2S (both of these gases decrease the 
pH of any brine they are in contact with as their partial pressures 
increase); (3) proportional to the partial pressure of N2 and hence the 
total pressure; (4) inversely proportional to the partial pressure of 
H2; (5) probably proportional to temperature. I used estimated or 
experimentally measured relationships between these parameters and the 
H2-production and corrosion rates, and estimates of the extreme values 
of these parameters in the repository after filling and sealing to 
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estimate the maximum values of these rates. 

Telander and Westerman (in prep.) reported that the pH of Brine A, 
initially· 6.7, increased to values. of 8.3, 8.3, and 8.4 after the 6-, .-

.12-, and 24-month, low-pressure experiments with initially pure N2. 
(They did not report the pH of Brine A after the 3-month runs.) 
Therefore, the best estimates of these rates (Table 2) pertain to 
Reaction 6a at a neutral or nearly neutral pH. I expect that the pH in 
WIPP disposal rooms will vary between about 3 and 12. ·Although 
obtained for applications other than the WIPP Project, the results of 
Uhlig and Rev.ie (1963) and Grauer et al. (1991) suggest that the· 
Hz-production and corrosion rates for anoxic corrosion of steels are 
constant or essentially constant between a pH of about 4 and 10, that 
these rates are higher by about a factor of 50 at a pH of 3, and that 
they are lower by a factor of 0.05 at a pH of 11 and by a factor of 
0.005 at a pH of 12. Therefore, the possibility of pH values as low as 

. 3 in WIPP disposal rooms necessitates multiplying my best estimates in 
Table 2 by a factor of 50: 

50 · 0.10 moles/mZ = 5 moles/(m2 ·yr); (9a) 

50 • 0.60 moles/(drum • yr) = 30 moles/(drum · yr); (9b) 

50 · l µm/yr = 50 µm/yr. (9c) 

If acidification is caused by COz or, perhaps, HzS (see below), the 
increase in rates described above may only be temporary due to 
passivation of steels by FeC03 or, perhaps, FeS2. However, organic 
acids produced by microbial degradation of cellulosics in the waste 
(below) could also acidify the brines in WIPP disposal rooms. These 
acids may not result in passivation of steels. The effects of basic 
conditions on anoxic corrosion need not be considered. here because, 
although they decrease these rates, my minimum estimates are already 
O moles of Hz per m2 of steel per year or 0 moles of Hz per drum of 
CH TRU waste per year and 0 µm of steel per year because of passivation 
(see above). 

Based on the results of 6-month experiments, Telander and Westerman 
(in prep.) reported that an N2 partial pres~ure of 73 atm increased the 
average corrosion rate of steels by about a factor of two from that 
observed at an Nz partial pressure of 10 atm. Because 73 atm is about 
half of lithostatic pressure at the depth of the WIPP underground 
workings, I assume that total pressure (the effects of which should be 
equivalent to those of high N2 partial pressure} could increase the 
H2-production and corrosion rates for steels and other Fe-base alloys 
by as much as a factor of four. Therefore, the effect of l ithostatic 
pressure on the rates estimated for the lowest pH expected in the 
repository necessitates multiplying the rates obtained from Equations 
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9a, 9b, and 9c by a factor of four: 

4 · 5 moles/m2 • 20 moles/(m2 • yr); (lOa)..,.. 

4 • 30 moles/(drum ·yr) • 120 moles/(drum • yr); (I Ob) 

4 · 50 µm/yr • 200 µm/yr. . (lOc) 

H i g h CO 2 and H z·S p a rt i a 1 pres s u re s sh o u 1 d i n crease the 
Hz-production and corrosion rates for anoxic corrosion of steels and 
other Fe-base alloys under inundated conditions, at least prior to 
passivation, because the solubilities of these gase$ in aqueous 
solutions are proportional to their partial pressures and they form the 
weak, diprotic acids HzC03 and HzS after dissolution. Althoµgh weak, 
these acids do deprotonate to some extent, thus acidifying solutions in 
contact with these gases. However, I have already included the effects. 
acidification on anoxic corrosion (see above). 

The results of 6- and 12-month experiments.carried out by Telander 
and Westerman (in prep.) suggest that Hz part i a 1 pressures of 35, 69, 
and 70 atm decreased the average corrosion rate of stee 1 s by about a 
factor of five from that observed at the H2 part i a 1 pressures in the 
low-pressure runs. High Hz partial pressures have the opposite effect 
of high Nz partial pressures (or total pressure) because H2 is a 
product of Reactions 6a, 6b, 7, Sa, and Sb. The effects of high 
H2 partial pressures on anoxic corrosion need not be addressed further 
because, although they decrease these rates, my minimum estimates are 
already 0 moles of H2 per m2 of steel per year or 0 moles of Hz per 
drum of CH TRU waste per year and 0 µm of steel per year because of 
passivation. 

Telander and Westerman (in prep.} have carried out all of their 
laboratory studies of anoxic corrosion at 30 ± s•c. I' assume that the 
temperature during their experiments was normally distributed about a 
value of 30°C. Therefore, their average rates pertain to this 
temperature. I also assume a temperature of 30 ± 3•C in WIPP disposal 
rooms after filling and sealing. This is slightly above the in situ 
temperature of 27°C at a subsurface depth of 2,150 feet because of the 
small amount of heat produced by RH TRU waste and, to a much lesser 
extent, by CH TRU waste. Finally, I assume that a io•c increase in 
temperature would increase the rates of Reactions 6a, 6b, 7, Sa, and Sb 
by a factor of two. Therefore, the effect of a temperature of 33•c on 
the rates estimated for the 1 owe st pH and highest tot a 1 pressure 
expected in the repository, based on experiments carried out at 
30 ± s·c, requires multiplying the rates obtained from Equations IOa, 
lOb, and lOc by a factor of 1.23 (obtained from 2((33 - 30)/10)): 
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1.23 • 20 moles/(m2 · yr) = 20 moles/(m2 · yr); (lla.) 

1.23 • 120 moles/(drum · yr) • 100 moles/(drum · yr); (llb) -

1.23 • 200 µm/yr • 200 µm/yr. (llc) 

These are my maximum estimates, rounded to one significant figure, of 
these rates under inundated conditions (Table 2). They are 
significantly higher than those provided for the 1991 and 1992 PA · 
calculations (Brush, 1991), 0.4 moles of Hz per mZ of steel per year or 
Z moles of Hz per drum of CH TRU waste per year and 3 µm of steel per 
year, because the combined effects of pH, high Nz partial pressure or 
total pressure, and temperature have a much greater effect on these 
rates than high N2 partial pressure, the only factor I included in my 
previous estimates of the maximum rat~s under inundated condit.ions. 

My best estimates of H2-production and corrosion rates for anoxic 
corrosion of steels and other Fe-base alloys under humid conditions are 
O moles of H2 per m2 of steel per year or 0 moles of Hz per drum of 
CH TRU waste per year and O µm of steel per year (Table 3). These 
rates are 1 ess than those provided for the 1991 and 1992 PA 
calculations (Brush, 1991), O.OZ moles of Hz per m2 of steel per year 
or 0.1 moles of Hz per drum of CH TRU waste per year and 0.2 µm of 
steel per year, which I arbitrarily assumed were one tenth of the best 
estimates provided at that time for inundated conditions. As of 1991, 
no H2 production or corrosion had occurred in 3- and 6-month humid, 
low-pressure experiments with initially pure Nz or COz, except for very 
limited Hz production due to. corrosion of some of the bottom 10% of the 
specimens splashed with brine during pretest preparation procedures. 
Since then, Telander and Westerman (in prep.) have obtained identical 
results from 6- and 12-month runs. These results confirm and extend 
the results of the 3- and 6-month runs. Therefore, I have reduced my 
best estimates as described above. 

My minimum estimates of H2-production and corrosion rates for 
anoxic corrosion of steels and other Fe-base alloys under humid 
conditions are also 0 moles of H2 per m2 of steel per year or 0 moles 
of H2 per drum of CH TRU waste per year and 0 µm of steel per year 
(Table 3). These minimum estimates are identical to those provided for 
the 1991 and 1992 PA calculations (Brush, 1991} . 

My arbitrary maximum estimates of H2-production and corrosion rates 
for ·anoxic corrosion of steels and other Fe-base alloys under humid 
conditions are 0.01 moles of H2 per m2 of steel per year or 0.06 moles 
of H2 per drum of CH TRU waste per year and 0.1 µm of steel per year 
(Table 3}. I arbitrarily assume that these rates are one tenth of my 
current best estimates for anoxic corrosion under ·inundated conditions. 
My maximum estimates for humid conditions are less than those provided 
for the 1991 and 1992 PA calculations (Brush, 1991}, 0.2 moles of H2 
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. 
per m2 of steel per year, 1 mole of Hz per drum of CH TRU waste per 
year, and 2 µm of steel per year, which I arbitrarily assumed were 
identical to the best estimates provided at that time for inundated 
conditions. · ~ 

If anoxic-corrosion rates under humid conditions significantly 
affect the behavior of the repository, additional laboratory studies 
will be necessary to replace these arbitrary estimates with actual 
experimental results. 

MICROBIAL ACTIVITY 

Microbial degradation of cellulosics and, perhaps, plastics and 
rubbers in the waste to be emplaced in WIPP disposal rooms may, if 
sufficient brine or HzO vapor, nutrients, and viable microorganisms are 
present, produce or consume significant quantities of various .gases and 
produce or consume significant quantities of HzO (Lappin et al., 1989; 
Brush, 1990). The gases produced could .include COz, CH4, HzS, Nz, and 
NH3; the gases consumed could include COz, Hz and Oz. 

Brush (1990) applied the conceptual model of sequential usage of 
electron acceptors by microorganisms in natural environments (see, for 
example, Froelich et al., 1979; Berner, 1980) to WIPP disposal rooms. 
In natural environments, the observed sequence is aerobic respiration, 
No3- reduction, reduction of Mn(IV) oxides and and hydroxides, 
reduction of Fe(III) oxides and and hydroxides, S042- reduction, and 
methanogenesis. Alternatively, reduction of Mn(IV) oxides and 
hydroxides may precede N03- reduction., Based on which potential 
electron acceptors will be present in significant quantities in the 
repository after filling and sealing, I concluded that denitrification, 
S042- reduction, fermentation, and methanogenesis are potentially 
significant microbial processes (see Brush, 1990). 

A. J. Francis and J. B. Gillow of Brookhaven National Laboratory 
(BNL) are carrying out laboratory studies of microbial gas production 
for the WIPP Project. Currently, they are conducting short- and long
term (up to Z4-month) studies of microbial degradation of papers under 
inundated conditions with and without addition of electron acceptors 
and bentonite, amendment with nutrients, and inoculation with 
halophilic microorganisms from the WIPP Site and vicinity. They are 
also planning similar experiments under humid conditions and 
experiments with other potential substrates such as irradiated and 
unirradiated plastics and rubbers. 

Aerobic Microbial Activity 

I concluded that aerobic microbial activity will not affect the gas 
and HzO budgets of WIPP disposal rooms directly (see Brush, 1990). 
However, this process could affect the Oz budget of the repository 
significantly. The Oz budget will in turn affect the chemical behavior 
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of .the repository (see Oxic Corrosion above). Furthermore, Francis and 
Gillow (in prep.) have observed significant aerobic microbial activity. 
Therefore, Garner and I have added it to the reaction-path gas-
generation model. · ~ 

During aerobic microbial activity (or any other microbial process) 
the degradation of organic matter is complex and involves several 
intermediate steps usually mediated by different microorganisms .. 
Geochem.ists have described microbial processes by writing simplified 
overall equations. Berner (1980) used the following equation to 
represent aerobic microbial activity: 

CHzO + Oz = HzO + COz. (12) 

This equation uses the formula CH20 (a simplified formula for glucose) 
to represent the substrate (mainly papers ~nd other cellulosi~s in the 
case of the WIPP) and does not include. the synthesis of cellular 
material (biomass) by microorganisms .. These approximations are 
certainly adequate for the average-stoichi~metry gas-generation model, 
but may not be for the reaction-path model.· 

Anaerobic Microbial Activity 

I also concluded that microbial denitrification could significantly 
affect the gas and H20 budgets of WIPP disposal rooms (see Brush, 
1990). Furthermore, Francis and G i 11 ow (in prep.) have observed 
production of significant quantities of NzO, a precursor of Nz and an 
indicator of denitrification. According to Berner {1980), the overall 
equation for denitrification. is: 

{13) 

Microbial reduction of Fe{lll) oxides and hydroxides will not 
affect on the gas and HzO budgets of WIPP disposal rooms significantly 
(Brush, 1990). However, Fe{III) reduction could affect the Oz budget, 
which will in turn affect the chemical behavior of the repository {see 
Oxic Corrosion). Therefore, Garner and I added five possible 
Fe(lll)-reduction reactions to the reaction-path model: 

CHzO + 4FeO{OH) + HzO = 4Fe(OH)2 + COz (14a) 

(14b) 

CH20 + 4FeO(OH) + HzO + 3C02 4FeC03 + 4Hz0 (14c) 
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CH20 + 4FeO(OH) + 4HzS = 4FeS + 7Hz0 + C02 (14d) 

CHzO + 4FeO(OH) + 8H2S - 4FeS2 + 7Hz0 + C02 + 4H2 (14e) ~ 

Finally, microbial S042- reduction could affect the repository gas 
and HzO budgets significantly (Brush, 1990). Francis and Gillow (in 
prep.) have not analyzed .for H2S, a product of S042- reduction. 
However, they have observed blackening, an indicator of so42-
reduction, in some of their experiments. Berner (1980) gave the 
following overall equation for S042- reduction: 

CH20 + H+ + 0.55042- = H20 + C02 + 0.5 H2S. (15} 

Finally, Brush (1990) concluded that microbial fermentation and 
methanogenesis could significantly affect the gas and H20 budgets of 
WIPP disposal rooms. Francis and Gillow (in prep.) have not analyzed 
for CH4, a product of methanogenesis. However, it would be almost 
impossible to rule out methanogenesis in the repository if other 
microbial processes are expected. Berner's (1980) overall equation for 
methanogenesis is: 

2CH20 = CH4 + C02. (16a) 

However, the simultaneous presence of C02 and H2 in the repository 
could facilitate the following reaction proposed by Francis and Gillow 
(in prep.): 

(16b) 

Garner and I will include both of these equations in the reaction-path 
model and will probably use Equation 16b whenever both C02 and Hz.are 
present. 

Francis and Gillow (in prep.) observed aerobic respiration, 
denitrification, and S04'2- reduction in their long-term study of 
microbial degradation of papers under inundated conditions. So far, 
the gas-production rates observed in these experiments have all been 
within the range estimated by Brush (1991) for the 1991 and 1992 PA 
calculations. There is probably no justification, at least on the 
basis of the results obtained by Francis and Gill ow to date, for 
reducing the previously-estimated range. On the other hand, there is 
certainly no justification for extending it. Therefore, I recommend 
using the previously-provided rates again. My best estimate of the 
total microbial gas production rates from all of the processes 
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described in Reactions 12 through l 6a (above) under inundated 
conditions is 0.1 moles of gas (C02, CH4, HzS and Nz) per kg ,of 
cellulosics per year. There are 10 kg of cellulosics per drum of . 
CH TRU waste (Brush, 1990). (These va 1 ues do not include any ~ 
.cellulosics in RH TRU waste.) Therefore, this rate is equivalent to 
1 mole of gas per drum of CH TRU waste per year. My minimum estimate 
for inundated conditions is 0 moles of gas per kg of cellulosics per 
year or O moles of gas per drum of CH TRU waste per year. My maximum 
estimate is 0.5 moles of gas per kg of cellulosics per year or 5 moles 
of gas per drum of CH TRU waste per year. 

Methanogenesis by Reaction 16b could consume significant quantities 
of C02 and especially Hz. Francis and Gillow (in prep.) have not 
observed this reaction yet. However, if it occurs under expected WIPP 
conditions, this reaction could consume a significant fraction of the 
COz produced by microbial activity, the Hz produced by anoxic 
corrosion, or even both, depending on the ratio of COz to HzO in the 
repository and the extent to which it proceeds. I have not.estimated 
rates for this reaction yet. Predictions of the effects of· this 
methanogenic reaction on the gas and HzO.budgets of the repository will 
require measurements of its rates of gas consumption under expected 
WIPP conditions and its incorporation in the reaction-path model Garner 
and I are developing. However, it may be possible to estimate the rate 
of Reaction 16b from studies carried out for application other than the 
WIPP Project. 

Because Francis and Gillow (in prep.) have not reported any results 
for humid conditions yet, I recommend using the same microbial gas
production rates provided for the 1991 and 1992 PA calculations (Brush, 
1991). My arbitrary best estimate of the total microbial gas 
production rates from a 11 of the processes described in React ions 12 
through 16a (above} under humid conditions is 0.01 moles of gas per kg 
of cellulosics per year or 0.1 moles of gas per drum of CH TRU waste 
per year. My arbitrary minimum estimate for humid conditions is 
O moles of gas per kg of cellulosics per year or O moles of gas per 
drum of CH . TRU waste per year. My arbitrary maximum estimate is 
0.1 mole of gas per kg of cellulosics per year or 1 mole of gas per 
drum of CH TRU waste per year. I have not estimated any rates for 
methanogenesis by Reaction 16b yet. 

Francis and Gillow are now carrying out laboratory studies of 
microbial gas production under conditions at BNL.· Results from these 
studies will eventually replace these arbi~rary estimates . 

RAOIOL YSIS 

The rates of gas production from radiolysis of HzO in brine and 
sludges in WIPP disposal rooms and radiolysis of cellulosics, plastics 
and rubbers in the waste will probably be significantly less than those 
expected from anoxic corrosion or microbial activity (Molecke, 1979; 
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Brush, 1990). However, even if these radiolytic gas-production rates 
are low, Garner and I will include radiolysis in the reaction-path gas
generation model we are developing to: (1) determine if, in the event 
that the rates and quantities of gas produced by anoxic corrosion and·~ 
microbial activity turn out to be smaller than expected, radiolysis is 
still a minor gas-production mechanism; (2) predict the Oz budget of 
the repository (see Oxic Corrosion above). · 

O. T. Reed and S. Okajima of Argonne National Laboratory (ANL) have 
quantified gas production from a radiolysis of WIPP brines as a 
function of dissolved 239pu concentration and brine composition. lt is 
possible to use their results to calculate gas-production rates for 
other Pu isotopes, particulate Pu in contact with brine (colloids 
suspended in brine, undissolved particles in the waste, and 
precipitated particles), and other actinide elements dissolved, 
suspended, or otherwise in contact with brine. However, I did not have 
time to do so prior to submission of these estimates to PA. Instead, I 
considered only dissolved 239pu. I .am currently gathering the 
information required to extend these calculations to include other Pu 
isotopes, particulate Pu, and important isotopes of other actinide 
elements. ·Eventually, Garner and I may include some or all of these 
other factors in the reaction-path model. 

Reed and Okajima (in prep.) have observed H2 production, but not 02 
production, from brine radio l ys is in experiments carried out with 
Z39pu. Recently, they have observed production of both H2 and 02 in 
runs conducted with 238pu. These studies and previous laboratory 
studies reviewed by Reed and Okajima (in prep.) suggest that, given 
sufficiently high absorbed doses, the 02 production rate eventually 
approaches 50% that of H2 in both pure H20 and brines~ Strictly 
speaking; 02 is not a direct product of the radiolytic decomposition of 
H20. Instead, 02 forms by the breakdown of 0-containing intermediate 
species, such as H202 in pure H20 and, possibly, ClOr (chlorate) or 
Cl04- (perchlorate) in brines. On the other hand, it is possible that 
these intermediate species wi 11 react with electron donors 
(reductants), such as steels, other Fe-base alloys, other metals, or 
organic matter, before they produce significant 02; However, to 
simplify brine radiolysis for the reaction-path model, Garner and I are 
using the equation: 

(17) 

Initially, we will assume that this process produces 02 immediately. 
We may include a realistic induction period to account for the 
necessary build-up of a-containing intermediate species once the 
laboratory studies under way at ANL quantify the absorbed dose required 
to initiate 02 production. We will then be able to calculate the time 
required to attain this dose as a function of the dissolved and 
suspended concentrations of radionuclides in WIPP brines. Until these 
results become available, the reaction-path model may overestimate the 
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time required for the repository to become anoxic and overestimate the 
proportion of the waste that remains oxic in microenvironments in which 
brine radiolysis is the predominant redox-determining process . 

Reed and Okajima (in prep.) reported G(H2) values of 1.1 to 
· 1.4 molecules per 100 eV for Brine A and EROA-6, two synthetic WIPP 
brines, and DH-36 and G-Seep, two brines collected from the WIPP 
underground workings. The observed G(H2) values are independent of the 
dissolved 239pu concentration in these experiments. Garner and I plan 
to use units of moles of H2, 02, or H2 plus 02 per m3 of brine per year 
in the reaction-path model. Therefore, I converted the results of Reed 
and Okajima (in prep.) from units of molecules per 100 eV to units of 
moles per m3 of brine as follows . 

. For a dissolved 239pu concentration of 1 M, there are 2.39 · 102 g 
of 239pu per L of brine. The current estimate of the quantity of Pu to 
be emplaced in WIPP disposal rooms and the quantities of brine expected 
in the repository imply that there will not be enough Pu present to 
support an average Pu concentration of 1 M (see below). However, a 
local Pu concentration of 1 M may be possible i~ microenvironments in 
which Pu is highly soluble. Because there are 1 · 103 L of brine per 
m3 of brine, the mass of 239pu per m3 of brine is: 

2.39 . 102 g/L . 1 . 103 L/m3 = 2~39 · ioS g/m3. (18) 

(Only two of the figures in this and the following equations are 
significant, but I did not round off until the end of these 
calculations.} The activity of 239pu per m3 of brine is: 

2.39 . 105 g/m3 . 0.0613 Ci/g = 1.46507 . 104 Ci/m3). (19) 

In Equation 19, "0.0613 Ci/g" is the specific activity of 239Pu. The 
disintegration rate of 239pu per m3 of brine is: 

1.46507 . 104 Ci/m3 . 3.7 . IolO (d/s)/Ci 

= 5.42076 . 1014 d/(m3 . s). (20) 

In Equation 20, "d" is the abbreviation for "disintegrations," not 
"days!" The energy-deposition rate per m3 of brine is: 

5.42076 · 1014 d/(m3 · s) · 5.15 MeV/d 

= 2.79169 .. 1015 MeV/(m3 · s). (21) 

·~ 
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In Equation 21, "5.15 MeV/d" is the average energy of an a particle 
emitted during the disintegration of 239Pu. Changing units gives: 

.... 
2.79169 • 1015 MeV/(m3 • s) • 1 • 106 eV/MeV • 3 .15576 · 107 s/yr 

- 8.80991 • 1028 eV/(m3 • yr). (22) 

I used a value of 1.25 molecules per 100 eV for G(H2) (the midpoint of 
the range of 1.1 to 1.4 molecules per 100 eV reported by Reed and 
Okajima (in prep.) for Brine A, ERDA-6, DH-36, and G-Seep) to calculate 
the number of molecules of H2 produced per ml of brine per year: 

8.80991 · 1028 eV/(m3 · yr) · 1.25 · I0-2 molecules/eV 

= 1.10124 · 1027 molecules/(m3 · yr). 

The number of moles of H2 produced per m3 of brine per year is: 

(23) 

1.10124 · 1027 molecules/(m3 · yr) / 6.0225 · 1023 molecules/mole 

= 1.8 · 103 moles/(m3 : yr). (24) 

In Equation. 24, "6.0225 · 1023 molecules/mole is Avogadro's number. Of 
course, "1.8 · 103 moles/(m3 · yr)" is actually the midpoint of a range 
of 1.6 to 2.0 · 103 moles/(m3 ·yr). 

I repeated these calculations for dissolved 239pu concentrations of 
1 · 10-l, 1 · 10-2, 1 · 10-3, 1 · 10-4, 1 · 10-5, 1 · io-6, 1 . 10-7, 
1 · 10-8, and I · io-9 M {see Table 4). Again, the quantity of Pu to 
be emplaced in WIPP disposal rooms and the quantities of brine expected 
in the repository imply that there wi 11 not be enough Pu present to 
support some of these average Pu concentrations (see below). I 
calculated 02-production rates for the same dissolved 2-39pu 
concentrations in th~se brines by assuming a value of 0.625 molecules 
per 100 eV for G(02) (half the midpoint of the observed range for 
G(H2)) and neglecting the induction period for a2 production from the 
breakdown of a-containing intermediate species (Table 4). (Bear in 
mind that a-containing intermediate species may react with electron 
donors in WIPP disposal rooms before they produce significant Oz.) 
Finally, I calculated total radiolytic gas-production rates by adding 
the H2- and a2-production rates (Table 4). 

I converted these rates from units of moles of H2, a2, and H2 plus 
a2 per m3 of brine per year to units of H2, 02, and H2 plus 02 per 
equivalent drum of CH TRU waste per year to compare them with the rates 
of gas production from anoxic corrosion and microbial activity. I 
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multiplied each of the rates in Table 4 by 135, 305, 525, or 815 m3 of 
brine per WIPP disposal room to convert them to units of moles of H2, 
02, and H2 p 1 us 02 per room per year. B. M. Butcher used these 
estimates of the residual gas-accessible void volume in a WIPP disposal ~ 
room and immediate vicinity for his recent calculations of gas-storage 
capacities. I then assumed that these volumes could become inundated. 
Of course, brine volumes less than 135 m3 are entirely possible. Next, 

. I divided Butcher's volumes by 6,800 drums of CH TRU waste per room to 
obtain units of moles of Hz, Oz, and Hz plus 02 per drum per year. 
Tables 5, 6, and 7 give these rates for Hz, Oz, and Hz plus Oz, 
respectively. . . 

To calculate the maximum average Pu concentrations as a function of 
brine· volume and time (Table 8), I used the quantities of brine 
required to saturate the residual gas-accessible void volume in a WIPP 
disposal room (see above) and referred to the PA code DECAY to obtain 

. the initial Pu inventory and decay predictions used for the most recent 
PA calculations (WIPP Performance Assessment Department, 1992). (PA 
personne 1 wi 11 a 1 so use this inventory for the round of ca 1 cul at ions to 
be presented to the EPA in February 1994.) At eac~ time {O, 100, 200, 
500, 1,000, 2,000, s,oooi and 10,000 years}~ I added the quantities of 
238pu, 239pu, 240pu, 24 Pu, 242Pu, and 24'lpu present in both CH and 
RH TRU waste in the column labeled "Scaled Inventory" in the output 
files from the PA code DECAY. "Sealed inventory" refers to the 
quantity of Pu {or other} isotopes present i~ one WIPP disposal panel. 
I then divided these sums by 12.65, the number of equivalent WIPP 
disposal rooms in one panel. Next, I calculated the percentage of each 
isotope of Pu present at each time and calculated the average molecular 
weight of Pu at that time. I assumed that the molecular weight of each 
isotope has an integral value equal to its mass number. I then divided 
the total mass of Pu by 135,000, 305,000, 525,000, or 815,000 L, the 
quantities of brine present ·in 135, 305, 525, or 815 m3 of brine, 
respectively. Finally, I divided the results by the average molecular 
weight of Pu at that time to obtain the concentrations shown in 
Table 8. 

Clearly, both the dissolved 239pu and the volu~e:di~brine to which 
this concentration pertain will strongly affect the- Hz-~ Oz-, and Hz
plus Oz-production rates from brine radiolysis. If the-dissolved 2_39pu 
concentration is low enough, these gas-production rates are obviously 
insignificant (see Tables 5, 6, and 7). On the other hand, if the 
dissolved 239pu concentration and the 239pu inventory are high enough, 
these gas-production rates can equal or even exceed those of anoxic 
corrosion and microbial activity, at least" locally. Given a range of 
135 to 815 m3 of brine per room~ the range of Pu solubilities and the 
Pu inventory assumed for WIPP di sposa 1 rooms will determine the range 
of radiolytic gas-production rates. 

For my best estimates of the rates of gas product ion from brine 
radiolysis, I chose 6.0 · 10-10 M, the midpoint of the range of Pu(V) 
solubilities estimated by the Radionuclide-Source-Term Expert Panel 
(Trauth et al., 1992). (The Expert Panel also estimated the same 
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midpoint for the range of Pu(IV) solubilities.J For 239Pu, this 
dissolved concentration yields rates of 1.1 • 10- moles of Hz per ml 
per year, 5.4 • lo-7 moles of Oz per m3 per year, and 1.6 • lo-6 moles ' 
of Hz plus Oz per m3 per year, equivalent to rates of 6.6 • l0-8 moles~ 
of Hz per drum per year, 3.3 • lo-8 moles of Oz per drum per year, and 
9.9 · lo-8 moles of Hz plus Oz per drum per year (Table Z). To convert 
from units of moles per m3 per year to moles per drum per year, I used 
the average of the rates for 305 and 5Z5 m3 of brine per room in Tables 
5, 6, and 7. 

For my minimum estimates of the rates of gas production from ·brine 
radiolysis, I used the lower limit of the range of Pu solubilities 
estimated by the Expert Panel and 135 m3, the lower limit of the range 
of residual gas-accessible void volume expected in a WIPP disposal 
room. (Of course, there could be less than 135 m3 of brine in a room.) 
The Expert Panel estimated that, for expected repository conditions, 
the lower limit of the range of Pu solubilities is 2.5 · lo-17 M, the 
value estimated for Pu(V). For 239pu, ·this dissolved conc.entration 
yields rates of 4.5 · lo-14 moles of H2 P-er m3 per year, 2.2 . 10-14 
moles of Oz per m3 per year, and 6.7 · lo-14 moles of Hz plus Oz per m3 
per year, equivalent to rates of 8.9 · lo-16 moles of Hz per drum per 
year, 4.5 · lo-16 moles of Oz per drum per year, and 1.3 · lo-15 moles 
of Hz plus Oz per drum per year (Table 2). 

It may be more difficult to defend esti.mates of the maximum rates 
of gas production from brine radiolysis. The Expert Panel estimated 
that the upper limit of the range of Pu solubilities is 5.5 · lo-4 M, 
the value estimated for Pu(V). Assuming that all of the Pu present is 
239Pu(V), this estimate and 815 m3 of brine per room (the upper limit 
of the range of residual gas-accessible void volume) yield upper limits 
of 9.9 · 10-l moles of H2 per m3 of brine per year, 5.0 · l0-1 moles of 
02 per m3 per year, and 1.5 · ioO moles of H2 plus 02 per m3 per year 
(Table 2). Again, the current estimate or the quantity of Pu to be 
emplaced in the repository and 815 m3 of brine per WIPP disposal room 
imply that there will not be enough Pu·present to support an average Pu 
concentration of 5.5 · io-4 M (see above). These rates are equivalent 
to 1.2 · io-1 moles of H2 per drum.of·C~:TRU waste per year, 6.0 · io-2 
moles of 02 per drum per year, and I.e.·· l0-1 moles of H2 plus 02 per 
drum per year (Table 2}. These are my favorite estimates of· the 
maximum gas-production rates from brine radiolysis. I like them 
because the Expert Panel is responsible for defending 5.5 · l0-4 M as 
the upper limit of the range of Pu solubilities. A reasonable way to 
estimate the probability distribution for values within the range of 
gas-production rates from brine radiolysis is to assume the same 
probability distribution estimated by the Expert Panel for Pu(V) 
solubilities. 

However, I believe that 5.5 · io-4 M may not be a defensible upper 
limit of the range of Pu solubilities. Pu(III) is probably more 
soluble than Pu(IV) and Pu(V), the only oxidation states for which the 
Expert Panel estimated solubilities. Furthermore, Pu(VI) could well 
turn out to be more soluble than Pu(III)! Presumably, the Expert Panel 
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did not estimate solubilities of Pu(lll) and Pu{VI) because it accepted 
the hypothesis that Pu(lll) and Pu{VI) will be unstable with respect to 
Pu(IV) ~nd Pu(V) in WIPP disposal rooms and that Pu(IV} and Pu(V) will . 
thus control the solubility of Pu. This hypothesis may be impossible -
to defend given the results of laboratory studies by Reed. and Okajima 
(in prep.) in which Pu(VI) remained stable in WIPP brines for lengthy 
periods. They observed that Pu(VI) is the predominant form of Pu in 
Brine A and G Seep during stability experiments carried out for periods 
of over 300 and 400 days. (Stability runs are necessary to demonstrate 
that Pu remains in solution during an experiment to quantify gas . 

. _production by brine radiolysi s.) Reed and Okajima {in prep.) observed 
dissolved Pu(VI} concentrations on the order of io-3 and io-4 M in 
Brine A and G Seep during 300- and 400-day stability runs. 
Furthermore, they observed a Pu(VI} concentration of 2 · io-2 M in 
G Seep during an 80- or 90-day stabi 1 i ty run. Because these 
experiments did not contain high concentrations of the inorganic ligand 
C032-, which could significantly increase both the stability and the 
solubility of Pu(VI}, or any organic ligands, which could also increase 
the stability and solubility of Pu(VI), the results are clearly not 
worst-case. Nevertheless, 239pu concentrations on the order of io-2 M 
would, if the inventory of 239pu were high enough, imply upper limits 
of the ranges of gas-production rates from brine radiolysis on the 
order of 101 moles of H2, 02, and H2 plus 02 per m3 of brine per year 
(see Table 4) or 100 moles of H2, 02, and H2 plus 02 per drum of CH TRU 
waste per year (Tables 5, 6, and 7). These rates are similar to those 
expected from anoxi c corrosion and mi crobi a 1 activity under inundated 
conditions. 

If a significant fraction of Pu in WIPP disposal rooms is actually 
present as Pu(VI), its chemical behavior would probably be similar to 
that of its oxidation-state analog U(VI). G. R. Choppin observed 
dissolved U(VI) concentrations of about 1 · io-4 Min approximately 
600-day dissolution experiments in Brine A at a pH of about 8 and 
2 · 10-3 M in 250-day precipitation runs under the same conditions at 
Florida State University. (Ois·solution and precipitation experiments, 
a 1 so referred to as undersaturat ion and supersaturat i an runs, bracket 
the solubility by approaching equilibrium from opposite directions.} 
These results are similar to those of the ANL stability runs. Even 
worse, the Expert Panel's estimate of 1.0 · ioO M for the upper limit 
of the range of the solubility of U(VI) could apply to Pu(VI) as well. 
This would, if the inventory of 239pu were high enough, imply upper 
limits of the ranges of gas-production rates fro·m brine radiolysis on 
the order of 103 moles _of H2, 02, and H( plus 02 per m3 of brine per 
year (Table 4) or 102 moles of H2, 02, and H2 plus 02 per drum of 
CH TRU waste per year (Tables 5, 6, and 7). These rates are much 
higher than those expected from anoxic corrosion and microbial activity. 
under inundated conditions. 

Similarly, if a significant fraction of Pu is present as Pu(llI}, 
the Expert Panel's estimate of 1. 4 · ioO M for the upper limit of the 
range of the solubilities of Am(lll) and Cm(lll} could apply to 
Pu( III). This would also imply very high upper limits of the ranges of 
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gas-production rates from brine radiolysis. 

It is important to point out that such high solubilities may not · 
persist indefinitely. For example, H. Nitsche of Lawrence Berkeley -
Laboratory observed dissolved Pu concentrations between about 1 · 10-~ 
and 1 • io~J H for over 1 year in a precipitation experiment started 
w;th initially pure Pu(VI) fo Brine A at a pH of about 7. However, 
after about 400 days,, the concentration of Pu dropped to between 
1 • io-7 and I • io-o M. This suggests that Pu(VI) may be unstable 
with respect to other, less soluble oxidation states and that,. given 
enough time, the solubility of Pu will decrease to the ranges estimated 
by the Expert Panel for Pu(IV) and Pu(V). Therefore, it would probably 
be difficult at this time to defend upper limits of the ranges of gas
production rates from brine radiolysis based on a dissolved Pu(VI} 
concentration of 2 • io-2 M observed by Reed and Okajima (in prep.) 
during an 80- or 90-day stability experiment. It might even be 
difficult to defend upper limits based on Pu(VI} concentrations on the 
order of io-4 or io-3 M in several-hundred-day solubility or ~tability 
runs. These are the maxi mum average Pu concentrat i ans that can be 
supported by the current inventory (see Table 8). Furthermore, even if 
Pu is highly soluble under some combinations of conditions in WIPP 
disposal rooms, brine radiolysis would, like anoxic corrosion, probably 
be self-limiting. This is because neither anoxic corrosion nor brine 
radio 1 ys is seems to occur under humid conditions. Therefore, sma 11 
quantities of brine in the repository may .produce H2 (in the case of 
anoxic corrosion} or H2 and 02 (in the case of brine radiolysis), 
increase the pressure, prevent add it i ona 1 brine inflow or even cause 
brine outflow, and thus prevent or greatly reduce additional gas 
production, at least by these mechanisms. However, I still feel that 
it may be difficult to rule out the possibility of very high (relative 
to anoxic corrosion and microbial activity) upper limits of the ranges 
of gas-production rates from brine radiolysis, at least in some 
microenvironments with high Pu solubilities. Furthermore, if the 
average Pu solubility turns out to be high, increasing the quantity of 
Pu to be emplaced in WIPP disposal rooms could significantly affect the 
gas budget of tile repository, and perhaps its performance. . . . . . 

I calculated· tRe·gas-production potential for radiolysis of H20 in 
brine by 239P1t as fo 11 ows. According to the initial Pu inventory and 
decay predict i ans used for the most recent PA cal cul at ions (WI PP 
Performance Assessment Department, 1992)~ there will be 568,600 g of 
239pu in CH TRU waste and 14,280 g of 2J9Pu in RH TRU waste per WIPP 
disposal panel at the time of emplacement. After 10,000 years~ there 
will be 426,300 g of 239pu in CH TRU waste and 10, 710 g of 2J9Pu in 
RH TRU waste per panel. The mass of 239pu in one panel that will decay 
during the 10,000-year period of performance of the repository is: 

{568,600 g + 14,280 g) - (426,300 g + 10,710 g) = 145,870 g. (25) 

{I do not know how many of the figures in this and the following 
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equations are significant, but I suspect not more than one!) The mass 
of 239pu in an equivalent drum of CH TRU waste that wi 11 decay ill 
10,000 years is: 

145,870 g/panel / 86,000 drums/panel • 1.69616 g/drum. (26) 

I have included the 239pu in RH TRU waste in an "equivalent drum of 
CH TRU waste• for the sake of completeness, but this only increases the 
mass of 239pu per drum by about 2.5%! The number of 239pu 
disintegrations per drum in 10,000 years will be: 

1.69616 g/drum / 239 g/mole · 6.0225 · Io23 d/mole 

= 4.27411 • 1021 d. (27) 

Assuming that all of the Pu in a drum dissolves in brine at the time of 
emplacement and remains dissolved throughout the 10,000-year period of 
performance of the repository is the worst-case assumption from the 
standpoint of radiolytic gas production. This assumption results in 
initial dissolved total Pu concentrations of 1.60 · io-3, 7.09 . io-4, 
4.12 · lo-4, or 2.65 · io-4, depending on the volume of brine per WIPP 
disposal room (see Table 8). Half of these values are higher than 
5.5 · io-4 M, the upper limit of the range of Pu solubilities estimated 
by the Expert Panel. However, the laboratory studies of radionuclide 
chemistry described above have yielded dissolved Pu(VI) concentrations 
higher than 1.60 · 10-3 M; at least so far. The total quantity of 
energy deposited in brine by decay of 239pu in 10,000 years is: 

4.27411 · 1021 d · 5.15 MeV/d = 2.20117 · 1028 eV. (28) 

The number· of moles of H2 formed is: 

2.20117 · io28 eV · 1.25 molecules/100 eV / 

6.0225 · 1023 molecules/mole = 4.57 · 102 moles/drum. (29) 

In Equation 29, "1. 25 molecules per 100 eV" is the midpoint of the 
range of G(H2) (I.I to 1.4 molecules per 100 eV) reported by Reed and 
Okajima (in prep.) for three WIPP brines (see above) and "6.0225 · 1023 
molecules/mole is Avogadro's number. Therefore, "4.57 . 102 
moles/drum" is actually the midpoint of a range of 4.02 to 5.12 · 102 
moles per drum. 
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In addition to about 500 moles of H2 per drum, the 02-production 
potential for brine radiolysis by 239pu could be as high as about 
250 moles per drum, depending on the induction period for 02 production 
from the· breakdown of 0-containing intermediate species (above). -
However, Garner and I believe that oxic corrosion and aerobic microbial 
activity (above) will rapidly consume any 02 produced by brine 
radiolysis. Therefore, we omit 02 from the discussion that follows. 

Although these results includes decay of 239pu but none of the 
other radionuclides in TRU waste, they are of the same order of 
magnitude as the H2-production potential of 900 moles per drum from 
anoxic corrosion of steel CH TRU waste containers (drums and boxes) and 
steels and ·other Fe-base alloys in CH TRU waste (Brush, 1990). They 
are also similar to my calculated gas-production potential of 600 moles 
per drum from microbial degradation 100% of the cellulosics and 50% of 
the rubbers in CH TRU waste. 

However, values of 500 moles of H2 per drum and 750 mo~es of H2 
plus 02 per drum for the gas-production potential from brine radiolysis 
by 239pu are probably far larger than what will actually be produced in 
WIPP disposal rooms. The assumption that all of the energy from decay 
of 239pu will be deposited in brine is probably far too pessimistic. 
It is much more likely that a significant fraction of this decay energy 
will be deposited in undissolved, particulate, Pu-bearing solids or 
other solids with which Pu is associated (cellulosics such as paper 
towels, articles of clothing, rubber gloves, other solids in sludges, 
etc.) 

Preliminary results obtained after adding brine radiolysis to the 
PA code PANEL also suggest that actual radiolytic gas production will 
be much smaller than the gas-production potentials calculated above. 
(The addition of brine radiolysis to PANEL is the first step in the 
addition of brine radiolysis to the reaction-path gas-generation 
model.) PANEL calculates the quantities of radionuclides dissolved in 
brine in WIPP disposal rooms as a function of time. Currently, it uses 
either an internal analytical model or the two-phase flow code BRAGFLO 
to predict the quantity of Salado- or Castile-Fm. brine present as a 
function of time. It then uses Latin hypercube sampling of 
solubilities estimated by the Expert Panel to predict the solubilHies 
of Pu and other important actinide elements, and uses the initial 
inventory and decay rates of individual isotopes of these elements to 
calculate the relative abundance of each dissolved radionuclide as a 
function of time. Garner added the equations used to calculate the 
gas-production potential from decay of 239pu (above) to PANEL and 
extended them to include other important a-emitting radionuclides in 
the WIPP inventory. For his preliminary calculations, Garner used 
predictions of brine inflow and outflow from BRAGFLO runs made for the 
last round of PA calculations (WIPP Performance Assessment Department, 
1992), which included the average-stoichiometry gas-generation model. 
The brine volume in a panel varied with time in each vector 
(simulation). However, the gas-generation rates from anoxic corrosion 
and microbial activity and the dissolved concentration of each 
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radioactive element did not vary within a given vector, unless brine 
was completely consumed or the quantity of a radioactive element in the 
inventory· limited its concentration to a value less than the sampled 
sol ubi 1 ity •. 

The largest quantity of H2 produced by brine radiolysis during the 
10,000-year period of performance of the repository was 90 moles per 
drum, a value significantly smaller than the 500-mole-per-drum 
H2-production potential from decay of 239pu calculated above. In this 
vector, the 241Am was the largest contributor to radiolyt·ic H2 

. production. Furthermore, 50% of the 70 vectors produced 1 ess than 
2 moles of H2 per drum, a value less than 0.5% of the H2-production 
potential. 

Clearly, the difference between the H2-production potential and the 
values calculated using PANEL suggest that gas production in WIPP 
disposal rooms may actually be far less than the gas-production 
potentials. The main reasons for this appear to be: (1) cal~ulations 
of gas-production potentials often include worst-case assumptions; 
(2) these calculations also neglect interactions between or among 
processes; these interactions may significantly decrease the amount of 
gas produced. 

CONSUMPTION OF GASE.S 

The compounds Ca(OH)2 (in hydrated cementitious materials and Cao 
(a potential backfill additive) could consume significant quantities of 
C02 and H2S by the reactions: 

(30a) 

(30b) 

Cao + C02 = CaC03; (3la) 

(3lb) 

In. bench-scale laboratory experiments, Ca(OH)2, dissolved in WIPP 
brines, reacts very rapidly with gaseous C02. Dissolved, hydrated Cao, 
solid Ca(OH)2 and solid Cao would probably also react very rapidly with 
gaseous C02. However, the effects of transport phenomena must be 
incorporated in predictions of the rates of C02 and, perhaps, H2S 
uptake by these compounds in WIPP disposal rooms. Furthermore, 
estimates of the quantities of hydrated cementitious materials and the 
concentrations of Ca(OH)z in these materials are necessary for room-
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scale predictions. Therefore, I have not estimated rates for these 
reactions yet. 
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TABLE 1. GAS-GENERATION REACTIONS 

Reaction 

Oxic corrosion of steels and other Fe-base 
materials: 

1. 2Fe + H20 + 1.502 = 2~FeO(OH) 

Anoxic corrosion of steels and other Fe-base 
materials: 

6a. Fe + 2H20 = Fe(OH)2 + H2 

'~robial degradation of cel~ulosics and, 
rarnaps, plastics and rubbers: 

·. 
.• 

13. CH20 + O.SH+ + 0.8N03-

= l.4H20 + C02 + 0.4N2 
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Abbrevhtion 

Fe to ~FeO(OH)l 

Fe to Fe(OH)22 

Fe to Fe3042 

Fe to FeC032 

Fe to Fes22 

Fe to Fes2 

Aerobic respirationl 

Denitrification2 
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TABLE 1. GAS-GENERATION REACTIONS (cont.) 

'"" 

Reaction 

Microbial degradation of cellulosics and, 
perhaps, plastics and rubbers (cont.): 

14a. CH20 + 4FeO(OH) + H20 

= 4Fe(OH)2 + C02 

~., .. 14b. CH20 + 4FeO(OH) 

..... 

11JM 

... 

14c. CH20 + 4FeO(OH) + H20 + 3C02 

= 4FeC03 + 4H20 

14d. CH20 + 4FeO(OH) + 4H2S 

= 4FeS + 7H20 + C02 

14e. CH20 + 4FeO(OH) + 8H2S 

= 4FeS2 + 7H20 + C02 + 4H2 

15. CH20 + H+ + 0.5SQ42-

= H20 + C02 + 0.5 H2S 
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Abbreviation 

Fe(lll) reductionl 

·Fe{lll) reduction! 

Fe(Ill) reduction! 

Fe{Ill) reduction! 

Fe{llI) reductionl 

S042- reduction2 

Methanogenesis2 

Methanogenesis2 
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TABLE 1. GAS-GENERATION REACTIONS (cont.) 

~---..;._--:----------------------------------------------------------------------------~. ~ 
Reaction 

Radiolysis: 

Consumption of gases by cementitious materials 
and backfill additives: 

25b. Ca(OH)2 + HzS = CaS + 2H20 

26a. Cao + C02 = CaC03 

26b. Cao + HzS = CaS + HzO 

Abbreviation 

Radiolysis of brinel 

Ca(OH}2 to CaC032 

Ca(OH)2 to cas2 

Cao to CaC032 

Cao to casl2 

I. Probably will not have a significant, direct effect on the gas and 
H20 budget of WIPP disposal rooms, but could be important from the 
standpoint of the Oz budget of the repository (see text). 

2. Could have a significant, direct effect on the gas· and H20 budget 
of the repository (see text). 

Scenario Development C-60 March 20, 1995 

• 
• 

.. 
·• 

·• 

• 

• 

.. .. 

·• 

• 



!tl'IH 

, ... 

, ... 

TABLE 2. INUNDATED GAS-PRODUCTION RATES 

Gas-Production Rate 

Process Minimum 

Oxic corrosion of steels and 
other Fe-base materials: 

moles 02/(m2 steel • yr) 

moles 02/(drum · yr) 

µlll steel/yr 

Anoxic corrosion of steels and 
other Fe-base materials: 

moles Hz/(m2 steel · yr) 

moles H2/(drum · yr) 

µm steel/yr 

Microbial degradation of cellulosics 
(Reactions 12 through 16b): 

moles gas/(kg cellulose · yr) 

moles gas/(drum · yr) 

Microbial degradation of cellulosics 
(Reaction 16b): 

0 

ol 

0 

0 

ol 

0 

oz 
01, 2 

moles gas/(kg cellulose yr) Not est.3 

moles gas/(drum · yr) Not est. 3 

Scenario Development C~l 

Best 

- s 
- 301 

.SO 

0 .1 

0.61 

1 . 

0.12 

11' 2 

Not est. 3 

Not est.3 

Maximum 

- 8 

.- sol 

80 

20 

1001 

200 

o.s2.·:·. 

51, ... 2 

Not est.3 

Not est.3 
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TABLE 2. INUNDATED GAS-PRODUCTION RATES (cont.) 

Gas-Production Ratel 

Reaction Minimum Best Maximum 

Radiolysis of brine: 

moles H2f (m3 · yr) 4.5 . io-14 I.I . 10-6 9.9 . 10-l 

moles H2f (drum · yr) 8.9 • 10-16 6.6 . 10-8 1.2 . 10-l 

moles 02/(m3 . yr} 2.2 10-14 5.4 . 10-7 5.0 . 10-l 

moles 02/(drum · yr) 4.5 . 10-16 3.3 . io-8 6.0 . io-2 

moles (H2 + 02)/(m3 • yr) 6.7 • 10-14 1.6 • io-6 1.5 • ioo 

moles (H2 + 02)/{drum · yr} 1.3 . io-15 9.9 . io-8 1.8 . 10-I 

Consumption of C02 by cementitious 
materials and backfill additives: 

i. . 

2. 

3. 

4. 

moles gas/(drum · yr) Not est.4 Not est.4 Not est. 4 

E~timates do not include steels or other Fe-base alloys asso~iated 
with RH TRU waste or steels or other Fe-base alloys used for 9round 
support. .• 

Gases produced by Reactions 12 through 16a couid include C02, CH4, 
H2S, N2, and NH3 (see text}. 

Not estimated yet, but gases consumed by Reaction 16b could include 
significant quantities of C02 and especially H2 (see text). 

Not estimated yet, but. gases consumed by Ca(OH}2 and CaO in 
cementitious materials and backfill additives could include 
significant quantities of C02 and, perhaps, H2S (see text). 
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TABLE 3. HUMID GAS-PRODUCTION RATES 

-
Gas-Production Rate 

Process Minimum 

Oxic corrosion of steels and 
other Fe-base materials: 

moles 02/(m2 steel · yr) 

moles 02/(drum · yr) 

µm steel/yr 

Anoxic corrosion of steels and 
other Fe-base materials: 

moles H2/(m2 steel · yr) 

moles H2/(drum · yr) 

µm steel/yr 

Microbial degradation of cellulosics 
(Reactions 12 through 16b): 

moles·gas/(kg cellulose · yr) 

moles gas/(drum · yr) 

Microbial degradation of cellulosics 
(Reaction 16b): 

0 

oI 

0 

0 

ol 

0 

02 

ol, 2 

moles gas/(kg cellulose yr) Not set.3 

moles gas/(drum · yr} Not est.3 
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Best 

0.5 

- 31 

5 

0 

01 

0 

0.012 

0.11, 2 

Not est.3 

Not est. 3 

Maximum 

- 5 

.. 301 

50 

0.01 

0.061 

O .1 

0 .12 

J l, 2 

Not est.3 

Not est.3 
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TABLE 3. HUMID GAS-PRODUCTION RATES (cont.) 

Gas-Production Rate 

Process Minimum Best Maximum 

Radiolysis of brine: 

moles H2/(m3 · yr) 0 0 0 

moles H2/(drum · yr) 0 0 0 

moles 02/(m3 . yr) 0 0 0 

moles 02/(drum · yr} 0 0 0 

moles (H2 + 02)/(m3 · yr) 0 0 0 

moles (H2 + 02)/{drum · yr) 0 0 0 

Consumption of gases by cementitious 
materials and backfill additives: 

moles gas/(drum · yr) Not est.4 Not est.4 Not est. 4 

1. Estimates.~o not include steels or other Fe-base alloys associated 
with RH TRU ,waste or steels or other Fe-base alloys used for ground 
support. 

2. Gases produced by Reactions 12 through 16a could include C02, CH4, 
H2S, N2, and NH3 (see text). 

3. Not estimated yet, but gases consumed by Reaction 16b could include 
significant quantities of C02 and especially H2 (see text). 

4. Not estimated yet, but gases consumed by Ca(OH)2 and Cao in 
cementitious materials and backfill additives could include 
significant quantities of C02 and, perhaps, H2S (see text). 

-

Scenario Development C-64 March 20, 1995 

• 
• 
• 

• .. 
• 

• .. 
• 

•• 

• 

•• 

..,. .... ! 



..... 

'"'' 

, ... 

TABLE 4. RADIOLYTIC GAS-PRODUCTION RATES (mol/m3 of brine·yr)l, 2 

Gas~Production Rate 
Dissolved 

239pu 
Cone. (M) 

1 • 100 1.8 • 103 0.9 • 103 2.7 • 103 

1 • 10-1 1.8 • 102 0.9 • 102 2.7 • 102 

1 • 10-2 1.8 • 101 0.9 • 101 2.7 • 101 

1 • 10-3 1.8 • 100 0.9 • 100 2.7 • ioo 

I . 10-4 1.8 . io-1 0. 9. • 10-l . 2.7 . 10-I 

1 . io-5 1.8 • 10-2 0.9 . 10-2 2.7 . 10-2 

1 . io-6 1.8 • 10-3 0.9 . io-3 2.7 . io-3 

1 . io-7 1.8 . io-4 0.9 io-4 2.7 . 10-4 

I . io-8 1.8 . io-5 0.9 . 10-S 2.7 . io-s 

I . io-9 1.8 . io-6 0.9 . 10-6 2.7 10-6 

1. Rates in moles per m3 of brine per year calculated from 
experimentally measured values of G(H2) (see text). 

2. Values in bold type may exceed the maximum average Pu concentration 
or average gas-production rate depending on the quantity of brine 
present and time (see text). 

·-
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TABLE 5. RADIOLYTIC H2-PRODUCTION RATES (mol/drum·yr)l, 2 

Brine Volume (m3/room) 
Dissolved 

239pu 
Cone. (M) 135 305 525 815 

1 • 100 3.6 • 101 8.1 • 101 1.4 • 102 2.2 • 102 

1 • 

1 . 
1 • 

1 . 

1 . 
1 . 

1 . 

1 . 

I 

1. 

2. 

10-l 3.6 • 100 8.1 . loo 1.4 • 101 2.2 • 101 

10-2 3.6 • lo-I 8.1 . 10-l 1.4 • 100 ?-2 • 100 

10-3 3.6 . 10-2 8.1 . 10-2 1.4 • 10-1 2.2 • 10-1 

10-4 3.6 . 10-3 8.1 . 101-~ 1.4 . 10-2 2.2 . 10-2 

10-S 3.6 . 10-4 8.1 . 10-4 1.4 . io-3 2.2 . 10-3 

10-6 3.6 . io-s 8.1 . 10-S 1.4 • 10-4 2.2 . 10-4 

io-7 3.6 10-6 8.1 . 10-6 1.4 . 10-S 2.2 . 10-S 

10-8 3.6 10-7 8.1 . 10-7 1. 4 . 10-6 2.2 . 10-6 

10-9 3.6 10-8 8.1 io-8 1.4 . 10-7 2.2 10-7 

Rates in moles per drum per year. calculated from values in moles 
per m3 of brin~_per Year (see te~t).· - ·. · . . • .... 
Val u·e.s·. i.n. bo-ld .. type· may exceed . t_he maximum aver,age H2-production 
rate depend-ing on the quantity of brine present and time · (see 
text). 

~ 
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TABLE 6. RAOIOLYTIC 02-PROOUCTION RATES {mol/drum·yr)I, 2 

Brine Volume (m3/room) 
· Dissolved 

239pu 
Cone. {M) 135 305 525 815 

1 100 1.8 • 101 4.0 • 101 6.9 • 101 1.1 102 

1 • 10-l 1.8 • 100 4.0 • 100 6.9 • 100 1.1 . 101 

l • 10-2 1.8 • 10-l 4.0 • 10-l 6.9 • 10-l 1.1 . 100 

1 • 10-3 1.8 • 10-2 4.0 • 10-2 6.9 • 10-2 1.1 . 10-1 

1 . 10-4 1.8 . io-3 4.0 . 10-3 6.9 . 10-3 I. I . 10-2 

1 . 10-S 1.8 . 10-4 4.0 • 10-4 6.9 . 10-4 1.1 . 10-3 

1 • 10-6 1.8 • 10-S 4.0 . 10-S 6.9 . 10-S 1.1 . Io-4 

I . 10-7 1.8 . 10-6 .. - 4.0 10-6 6.9 . 10-6 I. I . Io-5 

I . I0-8 1.8 . 10-7 4.0 10-7 6.9 10-7 1.1 . 10-6 

I . 10-9 1.8 10-8 4.0 io-8 6.9 10-8 I. I Io-7 

I. Rates in moles per drum per year calculated from experimentally 
measured values of G(H2) (see text). 

2. Values in bold type may exceed the max.imum average 02-p~oduction 
rate depending on the quantity of brine present and time (see 
text). 

-
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TABLE 7. RAOIOLYTIC GAS- (H2 + 02)-PROOUCTION RATES (mol/drum·yr)l, 2 

Dissolved 
239pu 

Cone. (M) 

1 • 100 

l . 10-l 

l .. 10-2 

l . 10-3 

, '!o-4 l 

1 . 10-5 

1 . 10-6 

I . io-7 

I . io-s 

I 10-9 

135 

5.4 • 101 

5.4 • 100 

5.4 10-1 

5.4 . 10-2 

5.4 . 10-3 

5.4 . 10-4 

5.4 . 10-S 

5.4 io-6 

5.4 . 10-7 

5.4 10-B 

· Brine Volume (m3/room) 

-305 525 815 

1.2 • 102 2.1 . 102 3.2 • 102 

1.2 • 101 2.1 • 101 3.2 • 101 

1.2 100 2.1 100 3.2 100 

1.2 • 10-l 2.1 . 10-1 3.2 • io-1 

1.2 . 10-2 2.1 . 10-2 3 .. 2 10-2 

1.2 . 10-3 2.1 . io-3 3.2 . io-3 

1.2 . 10-4 2 .1 . 10-4 3.2 . io-4 

1.2 . io-5 2.1 . io-5 3.2 . 10-5 

1.2 . 10-6 2 .1 . 10-6 3.2 . 10-6 

1.2 io-7 2.1 . Io-7· 3.2 10-7 

1. Rates in moles per drum per year calculated from experimentally 
measured values of G(H2) (see text}. 

2: Values in bold type .1ay exceed the maximum average gas-production 
rate depending on the quantity of brine present and time (see 
text). 
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TABLE 8. MAXIMUM AVERAGE Pu CONCENTRATIONS IN BRINES IN WIPP DISPOSAL 

ROOMS (M)l 

Brine Volume (m3/room) 

Time (yr) 135 305 525 .. 815 

0 1.60 . 10-3 7.09 . 10-4 4.12 . io-4 2.65 10-4 

100 1.56 . 10-3 6.91 . io-4 4.02 . 10-4 2.59 . 10-4 

200 1.54 • 10-3 6.84 . io-4 3.97 io-4 2.56 . 10-4 
. 

500 1.52 . 10-3 6.73 . 10-4 3.91 . 10-4 2.52 . · 10-4 

1,000 1.49 10-3 6.61 10-4 3.84 10-4 2.47 . io-4 

2,000 1.44 . lo-3 6.39 . 10-4 3. 71 . 10-4 2.39 . 10-4 

5,000 1.31 . 10-3 5.78 . io-4 3.36 . 10-4 2.16 . io-4 

10,000 1.11 . io-3 4.92 . io-4 2.86 io-4 1.84 .. 10-4 

1. Calculations include all isotopes of Pu expected in the repository, 
not just 239pu (see text). 

-
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Anomalous Culebra Water-Level Rises Near the WIPP Site 
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INFORMATION Sandia National Laboratories 

ON.l~uQuerQue. New Mexico 87185 

. Date: January 28. 1991 

. To: Distributfon 

From: Marsh La Venue, 6344 (INTERA) 
. . 

Subject: Anomalous Culebra Water-Level Rises Near the WIPP Site 

Fluctuations in water levels measured from WIPP boreholes completed in the Culebra (Figure 
1) have occurred since the first water levels were taken in 1977 (Figure 2). These fluctuations 
have,.in general, consisted or 1) long-term natural head changes (trends), 2) both short and 
long-term changes due to transient stresses imposed upon the Culebra from the excavation of 
the WIPP shafts and the numerous hydraulic tests performed over the last !=ight years, and 3) 
short-term changes of unknown origin. or these three types of observed fluctuations, those 
generated with hydraulic tests have the largest magnitude (Figure 2). However, since April 
1988, significant rises in the water levels or several of the Culebra boreholes, i.e., H-9, H-8, H· 
17, P-17 and Cabin Baby-I (Table 1), have occurred which do not appear to be associated with 
hydraulic testing activities in the Culebra. In addition, these significant fluctuations seem 
difficult to explain by natural occurring phenomena (e.g., recharge from rainfall, Pecos River 
water-level changes). A memo written by Rick Beauheim on January 5, 1990, discusses water 
levels in the Culebra boreholes and presents reasons for water-level rises in several wells (H·l l, 
H-14, H-15, DOE·l, P·l8, WIPP-27). The water-level rises in the H·9b, H·8b, H-4b, H·J2, H-17, 
P· 17 and Ca bin Ba by· J boreholes however remain unexplained. 

Water-Level Rise 
Well Name (m) 

H-4 l.5 

H-8 1.5 

H-9 4.0 

H-12 J.O 

H-17 J.8 

P·l7 J.S 

CB-1 1.S 

Table J. Water-Level Increases in the Southern WIPP·Site Boreholes 
From April 1988 to August 1990 

Earlier this year, several technical discussions were held by staff members of Divisions 6344 
to investigate possible expl:inations or scenarios for the cause of these anomalous water-level 
rises. Several scenariu!I were proposed for additional investigation as a result of. these 
discussions. These scenarios consisted of J) recharge to the Culebra from increased rainf:ill, 
2) a deC're:ise in discharge to the Pecos River from the Culebra as a result of an increase in the 
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Pecos River base-level. 3) changes in the Engle well pumping (Figure l), and 4) recharge to the 
Culebra as a result of leaking oil· or gas-well casing. 

The first scenario was discussed in a memo from Steve Webb to Elaine Gorham, dated May 14, 
l990~ Steve concluded that the rainfall data did not display any significant increases over the 
last few years. The second scenario-was investigated and discussed in a memo written by Peter 
Davies to Steve Webb on February 27, 1990. As stated in Peter's memo, one would have 
significant problems explaining the anomalous water-level rises by decreased discharge from 
the Culebra due to a rise in the Pecos River base-leveL Steve Webb and I extended the La Ven uc 
ct al. (1990) model south of H-8 (Figure 3) to determine the injection rate needed at the H-9 
borehole to raise the water levels 4 m. In Steve's memo to Elaine Gorham. dated May 14. 1990, 
he states: 

Based upon extension o/ the current SWIFT Culebra model. the water level rise 
corresponds to an injection rate of approximately 3.5 gpm at well H-9. Whether or 
not this rate can be correlated with possible pumping variations at Engle is unknown 
at the present time. 

In fact, the Engle well has been pumping intermittently at approximately 1 gpm for the last 
several years (R. Beauheim. personal communication). Therefore, a scenario in which the water 
levels have risen due to recovery from a decrease in Engle well pumping also has significant 
problems. 

The objectives of this memo arc to 1) discuss and present evidence suggesting that the watcr
level rises in the southern WIPP-area boreholes may be a result of recharge to the Culcbra from 
a leaking oil- or gas-well casing, 2) discuss model calibration to the observed steady-state heads 
in the southern model region and to the water-level rises since 1988, 3) investigate the effects 
water-level rises or water-level declines have on ground-water travel time to the WIPP-site 
boundary. and 4) present general conclusions derived from this investigation. 

Section 1. Oil and Gas Wells In the Southern WIPP-Slte Area 

There has been extensive oil and gas exploration within the Delaware Basin for over 40 years. 
Figure 4a illustrates the areal extent of the Delaware Basin in west Texas and southeastern 
New Mexico. Figure 4b contains a cross section through this area. Most of the oil and gas 
production in the southern WIPP-site region occurs from deep Pennsylvanian sandstones 
approximately 12000 to 16000 feet below ground surface (bgs). Oil and gas has also been 
produced from the Guadalupian Series of the Permian System. specifically the Bell Canyon, 
Cherry Canyon. and Brushy Canyon Formations of the Delaware Mountain Group (Figure 5). 

There arc over 80 oil and gas wells within approximately S miles of H-9 (Figure 6). 
Approximately one-half of these have been drilled since 1980. There arc approximately 20 
wells that were drilled between 1970 and 1979. Another l S were drilled between 1960 and 1969 
(several of which arc located near H-9). The remaining four wells were drilled between 1950 
and 1959. It is not difficult to imagine that at some point in time (20 to 30 years?) corrosion 
would create a leak in the casing and/or degrade the grout holding the casing in place due to 
the highly saline nature of the waters the casing of an oil and gas well is exposed to. 
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The rest of this section documents examples of oil and/or gas well casing leaks and is presented 
·· 10 support the scenario of leakage from an oil and gas well in the southern WIPP·site region. 
Some of the examples given arc from areas 10 to IS miles from the WIPP site with lithologic 
facies that arc different from those in the Delaware Basin. However, they provide information 
regarding the integrity of oU and gas well casing which is pertinent to the scenario investigated 
in this study. · 

The oil and gas well records at the New Mexico Oil and Gas Conservation District contained 
several descriptions of oil and gas wells leaking. For example, a casing leak or bad cement job 
in a gas well 2.5 miles north of H·9 (Federal #l, Figure 6) has led to recharge into the 
production zone (Morrow Formation, 14500 ft bgs). The recharge was noticed when the gas 
well, which was drilled in 1981, started producing water (30 barrels a day). Appendix A 
contains several letters written from the Kaiser-Francis Oil company (the operators of the well) 
discussing the problem with the State of New Mexico Oil and Gas Conservation Division. In 
one of the letters dated August 12, 1983 (Article A.I), from James Johnson to Joe D. Ramey of 
the state, Mr. Johnson states; · 

The Pure Gold A Federal#/ produces gas from the Morrow sands from U4U fl to 
U633 fl. The well recently began producing substantial quantities of a water 
foreign to the Morrow interval and this has significantly reduced the ability of the 
well to flow_ Analyses of the produced water showed JOS.000 ppm chlorides and a 
pH of S.2. This is not Morrow zone water and is probably coming from a zone abo-ve 
the Morrow that is leaking into the wellbore. 

Mr. Johnson goes on to state that they do not want to shut the well in to fix the leak because 
the foreign water will react with the swelling clays in the Morrow which could cause them to 
lose production from the well entirely. They received a hardship classification from the state 
which allo~s them to continue producing gas without fixing the water leak. 

In another letter written from Michael Moore of Kaiser-Francis to Mr. Ramey (Article A.2. 
Appendix A), Mr. Ramey has handwritten a note to his district ·supervisor. Les Clements, 
discussing the problem. In his handwritten note, Mr. Ramey states that it •/oaks like a casing 
leak or a bad cement job" referring to the water being produced by the Federal #l well. 

The possible impact of this casing leak upon the anomalous water·lcvcl rises in the Culebra can 
only be speculated at this time. With additional effort, one could investigate further to 
determine formation pressures in these deeper units to check whether they have enough 
pressure to recharge the Culebra with the borehole or annulus serving as the conduit. However, 
the main point demonstrated by the letters in Appendix A, is that casing leaks and/or bad 
cement jobs can and do occur even in wells that arc only 9 years old. In reality, therefore, any 
one of the wells shown in Figure 6 could provide some conduit for recharge to the Culcbra 
from other water-bearing formations assuming that the pressures within these other units is 
high enough. 

During my investigation into the oil and gas records, Mrs. Jamie Bailey, a certified geologist 
with the State Oil and Gas Conservation District. brought to my attention a casing failure 
problem that continues to occur in a waterflood unit called the Vacuum Field located in 
Townships 17 to 18 South and Ranges 34 to 35 East (approximately 15 miles northeast of the 
WIPP site}. The following is taken from an insightful memorandum she wrote to me. dated 
August 13, 1990 (Article B.l. Appendix B). 
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Although the Vacuum Fidd is located some distance northeast of the monitor wells 
in question (those in which water-level rises have occurred), I believe the 
hydrogeologic setting is analogous to the well field you are currently investigating. 
The Vacuum Field is also o•erlain with Dewey Lau kd Beds and the Rustler and 
Salado Formations. Numerows water flows in the Salado were creating oil field 
casing failures and drilling and cementing problems and many people were 
concerned that the situation could cause contamination of the Ogallala aquifer_ Spot 
checking of old oil well drilling records indicate water flow drilling problems and 
numerous casing leak repairs in the Dewey Lake Red Beds. Rustler and Salado 
formations for many years. ·These water flows are still occurring in the Vacuum 
Field although at a lesser rate than during the 1970's and 19BO's. 

These water flows are characterized as strong. intermittent and spotty. Not all wells 
.have encountered flows, but when they did, the flows were estimated at 1000. 2000 
barrels (42000 • 84000 gallons) per day. The flows often would last 4-5 days before 
stopping by themselves. The Oil and Gas Conservation District was greatly concerned 
about the ef /ects of these flows and the potential for dissolution, rertical fracturing 
and collapse of the upper beds. and the contamination of the Ogallala aquifer. 

4 

A letter from Joe D. Ramey of the Oil and Gas Conservation District to John F. O'Leary, dated 
May 5, 1976, (Article B.2, Appendix B) provides additional information concerning the water 
flows. He writes: 

It has recently come to our attention that there are numerous salt water flows in and around 
wa:erfloods in Lea County_ Basically the problem is that water injected at around J600' 
is escaping from the injection interval. migrating upward to the base of the salt section and 
then moving horizontally through this sectibn. Water flows of 5000-6000 barrels per day and 
recorded surface pressures of 1600 pounds on wells outside waterflood areas are not 
uncommon. This has resul1ed in collapsed casing in several wells but the critical aspect in 
this is the threat of widespread contamination of fresh water ... 

Ref erring back to Mrs. Bailey's memo, she goes on to say: 

After years of study, thousands of pressure tests, installation of pressure monitoring wells. 
and chemical analyses. the Water Flow Committee (a committee formed of oil and gas 
company representatives to investigate the salt water flow problem), decided that no one 
knew the origin of the early flows. or specifically where the water was stored. However, 
individual flows were correlated throughout the field to distinct horizons within the Salado 
Formation where fluid flow is facilitated along bedding planes at clastic-evaporite 
inter faces. Chemical dissolution of bounding salts and mechanical fracturing enable large 
volumes of fluids to be transported over large areas. 

Chemical and isotopic analyses of the water/low brines indicated that the waters were not 
naturally occurring connate waters produced by the evaporation of Permian seawater. 
( JB)Oxygen/( 16)0xygen ratios and ( JB)Oxygen/Magnesium ratios indicated injected 
produced water as a strong candidate as a source of at least some of the water flows in the 
Salado Formation. Because the Vacuum water/food project injection zone is at an 
approximate depth of 4320'-"720', casing leaks through the salt section are the most logical 
pathways for introduction of fluids into the Salado Formation (whereas collapsed casing 
occurred as a result of the flow of these introduced fluids along bedding planes at 
clastic-cvaporitc interfaces.) 
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... It is important to note here that the Vacuum field lies JO to JS miles northeast or the WJPP·site, 

an area in which the Hthology or the Salado may be described as a back·recf facies in which 
elastics were also deposited. The absense or elastics in the Salado near the WIPP·sitc region 
would not f acilitatc fluid flow along clastic·evaporite bedding planes as has occurred in the 
Vacuum field. Therefore, the probability or collapsed casing in the WIPP·sitc area is lower 
than in the Vacuum field area. The above description is given to illustrate that casing failµres 
have occurred in the surrounding areas. 

Mrs. Bailey concludes her memo by proposing a well which may provide the long .. term recharge 
necessary to raise the water levels. in the southern WIPP.;site area . 

..Because a water injection well or salt waler disposal well is the most logical source of a 
long term or continuous increase in fluids in the monitor well (H·9), I inrestigated locations 
of such wells in the area, concentrating on any wells located north-northeast. Spot checking 
of production wells in the sections adjacent to the monitor well had not shown a logical 
production well as the source of a large fluid pressure increase--1n my opinion, the most 
likely source of increased fluid pressure is the De1on Energy Corp. Todd 26 Federal #J salt 
water disposal well located northeast and upgradient of the monitor we/L 

The location of the Todd 26 Federal #3 which is now operated by Texas American Oil 
Corporation is shown in Figure 6. Since 1971, the Todd #3 has injected a total of 2.9 million 
barrels of brine (1.22E+8 gallons) into an open hole interval of 4390' - 5700' which Hes within 
·the Bell Canyon (Figure B.l, Appendix B). The injected brine originates from nearby gas wells 
which produce from water (brine) driven reservoirs. Figure 7 displays the average monthly 
injection rate in gallons per minute (gpm) since 1987. It appears that an average rate between 
12 to JS gpm since 1988 is consistent with the observed data. . . . 

One scenario employed in the investigation into the anomalous water-level rises consisted of 
assuming that a leak in the casing of the Todd •3 well occurred some time prior to April 1988, 
which has provided recharge to the Culebra. A logical question may be •was there any change 
in the standard operation of the wcil or any recorded work performed on the well which could 
have increased the possibility of a leak occurring: The answer to this question is no, other 
than the possibility that the very high monthly injection rate of 28 gpm during the month of 
January 1988 (Figure 7) could have stressed the tubing in the well to the point of failure. 
There also was a change in the ownership of the well in April l 988, the same month the water 
levels in H-9 began to rise. Both of these facts arc probably insignificant. However, the fact 
that brine was the injected fluid, that the well tubing and casing arc 19 years old, and that salt 
water disposal wells in the Vacuum Field were believed to be the source for at least some of 
the water flows provides enough indirect evidence to suggest that this well should be 
considered as the leading candidate for the leaking casing scenario. 

The implementation of this scenario to the extended Culebra model is the topic of the next 
section of this memo. The Todd #3 well was considered a more likely candidate than the 
Federal #l well because of the age of the Todd #3 well, the documented brine injection rates, 
and the fact that the lack of information for the deep water-bearing units leaves too much 
speculation as to the possibility that enough pressure exists to drive a column of water up a 
borehole over J 4000 ft and recharge the Culebra. 
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Section 2. Extension and Recallbra tlon of Model 

The objective of the simulations was to 1) determine the injection rate needed to raise the 
calculated water levels in the southern wells so that they arc consistent with those observed, 
2) determine changes needed to the transmissivity field to Cit the response curves of the water
Jevel rises, and 3) use the calibrated model to investigate the effect of water level rises a.nd 
potential water level declines upon ground-water travel time to the southern WIPP-site 
boundary {discussed in the next section). 

Toward meeting these objectives. the first task involved extending the grid of the final Culcbra 
model {La V cnuc ct al .. 1990) south of H·8 and estimating initial model parameters {i.e .. grid
block elevations, transmissivities, and fluid densities) for the newly· added southern model grid 
blocks. Figure 8 illustrates the transmissivity field estimated for the extended model. The 
transmissivitics north or H-9 arc the same as those in the final Culcbra model. The 

. transmissivitics south of H-9 display the same general. trend as the steady-state calibrated 
transmissivities presented in Davies (1989). 

The southern boundary of the extended model was considered a no-flow boundary due to the 
assumption that the Pecos River is a regional discharge feature and that the flow directions are 
predominantly westward in this southern area. This assumption is consistent with the 
boundary condition used by Davies (1989) in his regional scale model. However, by making this 
assumption one has a problem in reconciling the differences in steady-state heads observed at 
the H-8, H-9, and l!SGS·I boreholes. The heads at these boreholes arc shown in Figure 9. The 
head at the USGS-1 borehole is 909.7 m amsl while the heads at the H-8 and H-9 boreholes arc 
912.1 m amsl and 907.6 m amsl respectively. The head at the H-9 borehole appears to be 
approximately 3 m to 4 m too low,.while the head at H-8 seems a little too high. 

Two possible cxplainations for these heads are 1) the heads of one or more of these wells do not 
represent the .actual undisturbed steady-state heads (e.g .. previous drainage from the Culcbra 
in the H-9 area has reduced the water levels locally), or 2) the heads do represent steady-state 
flow conditions and a separate, local flow system exists in the H-8 area which has created a 
groundwater divide between H-8 and H-9. It would be useful to investigate both of these 
possible explanations, because calibrating the extended model based on an assumption that the 
first explanation is true would allow for one to estimate the undisturbed head required at H-9 
such that the hydraulic gradient between H-9 and H-8 is consistent with the orientation of the 
regional flow system south of the WIPP site (i.e., a southwesterly direction). In addition, by 
calibrating the extended model based on an assumption that the second explanation is true 
would allow one to determine the changes required in the model's southern boundary conditions 
and the transmissivity field and flow field between H-8 and H-9 in order to match the heads 
at these two locations. Unfortunately, only the first explanation could be investigated due to 
time constraints. However, calibrating the model assuming the second explanation is true could 
provide some useful insight and should be considered as a topic of future research. 

The calibration of the southern model region was therefore implemented with the assumption 
that the estimated steady-state head of the H-9 borehole (907.6 m) is not representative of the 
true steady-state conditions. The procedure used to calibrate the southern model region was the 
same as that employed in La Venue ct al. (1990). namely using an adjoint-sensitivity techniQue 
to guide the location of pilot-points in order to reduce the differences between the observed 
and calculated heads. However, the details of the calibration of the southern model region will 
not be presented for brevity reasons . 
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The extended steady-state calibrated (ESC) uansmissivity field is illustrated in Figure JO. The 
··main diff cr~nccs between this transmissivity field and the transient calibrated transmissivity 

field presented in the final Culcbra report (La Venue ct al., 1990) arc increased transmissi·vitics 
between H·9 and H·l 7 and decreased transmissivitics southwest of H-8. Table 2 lists the 
differences between the ESC calculated and observed freshwater heads. With the exception of 
H·9 (3.1 m head difference), all the head differences arc Jess than 2 m. The calculated 
freshwater heads and velocity vectors of the ESC model arc shown in Figures 11 and 12 
respectively. The flow directions in the southern part of the model region arc generally west· 
southwest. 

To determine the effect on ground-water travel time or extending the grid and recalibrating 
the model in the southern model region, a conservative particle was released in the steady-state 
Clow field and tracked to the southern WIPP-site boundary. Figure 13 illustrates the particle 
trajectories calculated using the ESC Clow field and the transient calibrated (TC) flow field 
or the final Culcbra report. The particle trajectories arc virtually idcnticle, with the ESC 
particle path deviating slightly further cast or H·l 1 than the TC particle path. The travel time 
for the particle released in the ESC flow field to reach the southern WIPP·site boundary is 
13000 years. only 7% less than the 14000 year travel time determined for the TC flow field. 

·Thu". the extension and recalibration of the extend.cd model region did not significantly affect 
the results of the fin al Culebra model. 

Transient calibration to the water-level rises was conducted assuming that the Todd #3 salt
water injection well was the source of recharge to the Culebra. The main objectives of 
calibrating the model to the water-level rises arc l) to determine whether an injection rate 
consistent with the Todd #3 rate (approx 12·15 gpm) would raise the water levels at the H-9 
borehole 4 m, and 2) to determine the changes in the transmissivity field necessary to match 
the water-level rises given a 12·15 .gpm injection rate at the Todd #3 well. Recharge to the 
Culcbra was assumed to begin April 1, 1988. The injection rate at the Todd #3 well was 
gradually increased to a maximum of 12 gpm (i.e., specified injection rate assumes the entire 
injected amount is entering the Culcbra, Figure 7). 

The details of the calibration arc not presented here for brevity reasons. Figure 14 illustrates 
the transmissivity field needed to match the water level rises in the southern WIPP boreholes. 
The main diff crences between this transmissivity field and the ESC transmissivity field occur 
between H-9 and the Todd #3 well where the transmissivities were increased one order of 
magnitude. In addition. the transmissivities between H-12 and the Todd #3 well were 
decreased one order of magnitude. 
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Table 2. Differences Between the ESC Calculated and 
Observed Freshwater Heads 

Head Difference 
Well Name (m) 

H·l ·- -1.4 

H-2 l.S 

H-3 -1.1 

H-4 o.s 
H-7 ·1.2 

H-8 -1.2 

H-9 3.8 

H-11 -1.2 

H-12 0.6 

H-1 '7 J.9 

P:-17 -0.9 

CB-1 -0.2 

DOE-1 -1.6 

USGS-1 1.1 

D-268 1.1 

Figures 15a and lSb illustrate the calculated and observed heads at the H-4, H-8, H-9. H-12, H-
17. P-17, CB-1, and Todd #3 boreholes. The differences between the calculated and observed 
heads at the H-4 and H-12 boreholes still need to be reduced. However, the shape and 
magnitude of the calculated water levels at the H-8, H-9, H-17, P-17. and CB-1 boreholes are 
very similar to the observed rises at these locations. One is reminded that the observed H-9 
water levels have been adjusted to facilitate the comparison of the calculated and observed 
water levels. 

The transient simulations illustrate that an injection rate of 12 gpm at the Todd #3 well could 
increase the calculated water levels generally consistent with those observed at the southern 
WIPP-site boreholes. In addition, changes to the transmissivity required to match the shape of 
the water levels are not beyond possibility given the extremely sparse transmissivity data in 
the southern part of the WIPP-site region. 
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·. · The ground-water travel time was recalculated after transient calibration to determine the 
effect the changes to the transmissivity· field had on the ground-water travel time. The travel 
time to the southern WIPP·site boundary was -13500 years with a travel path virtually identicle 
to the particle path determined with the ESC flow field. The changes to the transmissivity 
field in the region of H·9, therefore, did not significantly affect ground-water travel time. 

Section 3. Effects of .En1le Pumpla1 and Water-Le-rel D_ecllaes 

One question which may be raised is -what effect has Engle pumping had upon the H·9 head?• 
Historically, Engle is a stock well which pumps intermittently at approximately 1 gpm 
(Beauheim. personal communication). This pumping rate was implemented to the model in the 
grid block containing the Engle well. The steady•state drawdown at H·9 was only 0.25 m. The 
next logical question is •what pumping rate is needed to adequately reduce the head difference 
at H·9?• The pumping rate at Engle had to be increased to 15 gpm to produce a drawdown at 
H·9 equal to the diff ercnce between the calculated and observed steady-state head. The 
conclusion from this exccrcise is that Engle pumping has not reduced the water levels at H-9 
by 3 to 4 m. 

The next excercise was pcrf ormed to address Lenny Konikow's comment concerning the 
possibility that if water-level increases could occur, so could water-level declines and their 
impact upon travel time should be invcstiga ted. Three scenarios were investigated which 
consisted of imposing Sm, JO m, and 20 m drawdowns at H-9 and calculating the impact upon 
travel time by releasing a conservative particle into the resulting flow fields. One is reminded 
that the observed water-level rise at H-9 is Sm. Thus, we investigated water-level declines that 
arc a factor of four greater than the maximum water-level rise observed to date. The Sm, 10 
m and 20 m water-level declines at H-9 produced travel times of 12000 yrs, 11300 yrs. and 
JOOOO yrs respectively. These simulations illustrate that a decrease in water levels at H-9 
affects the magnitudes of the water levels in the southern WIPP-sitc boreholes but docs not 
greatly affect the hydraulic gradient (i.e., the travel time is not greatly reduced). 
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Section .C. Conclusions 

·This investigation into the recent water-level rises in the southern WIPP-site boreholes has 
provided some interesting general conclusions. These may be summarized as follows: 

J) The actual source of the rech.arge into the Culebra is still largely unknown although 
evidence supports the possibility that leakage from either a producing oil and gas well or a salt-
water disposal well in the immediate area i~ occurring. · 

2) Slight adjustments to the transmissivity distribution presented in LaVenuc et_al. (1990) 
were required when the model was extended south of H-8 and calibrated to the steady-state 
heads (excluding H-9). Additional adjus·tments were made in the southern part of the model 
when calibrating to the recent water levels at H-9. 

3) The recent water levels at the southern WIPP boreholes can be sufficiently matched with 
an injection rate of 12 gpm at the Todd #3 salt-water injection well and with some adjustments 
to the transmissivity field in the southern part of the extended model. 

4) The changes to the transmissivity distribution did not significantly affect ground·water 
travel time to the southern WIPP·site boundary. Ground-water travel times determined for the 
extended steady·state calibrated model and the water-level calibrated model were 13000 years 
and 13500 years respectively. 

S) The water·level rise at the H-9 borehole could not be the result of adjustments in the 
pumping rate at the Engle Well. 

6) Ground·watcr travel time is somewhat insensitive to potential water·lcvel declines in the 
southern WIPP boreholes because the hydraulic gradient docs not significantly change as a 
result of these declines. 

This study probably raises as many questions as it has answers. For example. the injected rate 
necessary to match the water levels assumes that the entire injection rate of the Todd #3 enters 
the Culebra. This assumption is difficult to accept and leads one to ask whether there could 
be multiple sources causing the water·level rises. Another question one might raise is how 
different would the calibrated transmissivity field and the flow directions between H·8 and 
H-9 have to be if one assumed that the heads at H-8 and H·9 do represent steady-state flow 
conditions. As previously mentioned. this exercise could provide some useful insight and 
should be considered as a topic of future research. 

Other questions may be whether the H-9 heads arc low due to a hydraulic sink in the area or 
arc the heads at H-8 anomalously high due to local recharge. Furthermore, one could wonder 
whether the H-8 heads arc associated with a local flow system which creates a ground-water 
divide between H-8 and H-9. 

Other issues left unanswered relate to the cause of the recharge to the Culebra and what impact 
this may have on performance assessment calculations. If the recharge source is related to oil 
and gas wells in the area, it is not difficult to imagine significant increases and/or decreases 
in the water levels in the future as a result of additional recharge or discharge from oil and 
gas wells. Fortunately, there arc almost no oil and gas wells within the WIPP-sitc boundary. 
Therefore, if wells are going to leak and have an impact upon the flow field, there is a higher 
probability that those wells will be located down-gradient or south of the WIPP site. Recharge 
from oil and gas wells south of the site should flatten the hydraulic gradient which would 
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: .. slightly increase ground-water tra vcl time. If discharge from the Cu le bra occurs through a 
leaking oil or gas well south of the site, the hydraulic gradient would be slightly increased and 
the ground-water travel time would decrease. 

Jn conclusi~n. it is clear that additional research is needed to determine the formation pressures 
for the units below the Culebra and that this information should be implemented into a three
dimcnsional model. One could then determine which units could provide recharge to the 
Culebra and what this recharge might be. A much more important question which might be 
addressed is •What effect would leakage into the other units in this region (i.e .. Salado, 
Magenta) have upon the.model calculations performed thus far?• A three-dimensional model 
may provide some insight to these questions. 
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Figure 1. Locations of Culebra Dolomite Wells 
Around the WIPP Site 
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Figure 2. Water Levels at the H-1 Hydropad 

1.>o ............................................................................................... ..,..'l""'l..,..'l""'l..,..'l""'l..,..T""l..,..'l""'l..,..'l""'l""'"~P""'l"~l""'l'"'l"" .................................... l""'I' .................... ...... 

110 

• 

.... ... __ .... 
• 

• 11a.s 
\ --.. -··---

• , 
•• 

• 

• 
• • 

•• 
• 

• • 
• 
• 
• 
• 
• • • 

~ tio '-~ ... i 
r ·,. ., .. 

•• 
"" 

, 

HOT[: Tiit ftUlft&lt• lfttllellH Ill• •lllftllltl ufttllllurb•tl ,, .. 11 ... ., llHd '"' ""'" 

Ito L... ..... ,,-,~,..._J...._1~1-7~1..._J...._1_1_7~1~.L..1-,~,-IO ...... ....i...i...~,-•• ~, ..... ..i.... ..... ,~,.~z._..""-'._..,,~.~l ..... ..i...._..,~, .. ~~ ...... ,-,,~~~~~,-,.-.~~~,~ •• -,~~~-,,~.-.~-....-,~,-tt....._. 
nut 

l(l;(N0: e e N•l/CUl.(Wl) - • N•I/~ (fl Wl • - .. -- •e1e 
1 ........... , •••• 

Scenario Develorment C-84 March 20, 1995 

•1 
' •· ., 

.,, 

• 
• 
•• ... 
•• . ,. 
• 
•1 

•· 
till 

• • 

Iii• 

.,, 

., 

..,, 
lilt 

.. . ,, 
Ill 

.,. 

t!l!'· 

.. . , ., 
•• . , 
• . , 
•• . , 
•• .. , 
•1 
lllJi 



. . . 
I • 

Figure 3. &tended Culebra Model Grid 
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Figure 4a. Map of West Texas Basin (After King, 1942) 
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(see dashed line in Figure 4a.) 
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Figure S. Geologic Column Representative of WIPP Area 
(After Powers ct al., 1978) 

SYSTEM SERIES GROUP' FORMATION llEMIER . 
RECENT RECENT SURACIAL DEPOsrTS 

QUATERH- PLBSTO- MES CALERO CAUCHE 
ARY CENE OATUNA 

TflASSIC DOCKUM UNDIVIDED 

DEWEY LAKE 
RED BEDS 

Forty-nlner 

Magenta 
RUSTLER Tamarlsk 

z Culebra 
< Unnamed 0 
:I: 
0 Upper 0 

SALADO McNutt 

z Lower 
< -~ 
cc CASTILE w 
c. 

z -< t- BELL CANYON z z 
< :::> 
a: 0 
:::> ~ 
~ w < c cc CHERRY < < 
::::::> ~ CANYON 
C> < 

~ 
w BRUSHY c 

CANYON 

Scenario Development C-87 March 20, 1995 



• 
' .,, 

., 
• 
• . , 

Figure 6. Oil and pas Wells Within 5 Mile Region of H-9 • .. 
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Figure 7. Average Monthly Salt· Water Injection Rate 
at the Todd #3 Well Since 1987 
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Figure 8. Initial Extended Model Log10 Transmissivity Field • 
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Figure 9. Culebra Freshwater Heads at the WIPP-Area Boreholes 
(After Cauffman et al., 1990) 
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Figure 10. The Extended Steady-State Calibrated Log10 Transmissivity Field • .. 
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. Figure 11. The Extended Steady-State Calibrated Model Freshwater Heads 
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Figure 12 The Extended Steady-State Calibrated Model Darcy-Velocity Vectors 
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Figure 13. Groundwater Travel Tunes and Travel Paths for the ESC and TC Models 
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Figure 14. The Water-Level Rise Calibrated Model Log10 Transmissivity Field 
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Figure 15a. Calculated and Observed Freshwater Heads for 
the H-4, H-8, and H-9 Boreholes 
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Figure 15b. Calculated and Observed Freshwater Heads for 
the H-12, H-17, and P-17 Boreholes 
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Figure 15c. Calculated and Observed Freshwater Heads for 
the CB-1 Borehole and the Todd #3 Disposal Well 
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KAISER-FRANCIS OIL COMPANY 

ugust 12, 1983 

Mr. Joe D. Ramey 
Oil Conservation Division 
Energy and Minerals Department 
State of New Mexico 
P. o. Box 2088 
Santa Fe, New Mexico 87501 

Dear Mr. Ramey, 

P. 0. BOX 1'S21S TULSA. OKLAHOMA 74 IJ~ 

OIL CONSERVATION DIVISION 
Sf.NT.\ FE 

c:; ..... .,.,. lluil.ltn 

,, .. H !'wm1!t \ .. ,,. ·"" 
•• ,.,. ••• , ...... 1 

.. 
Re: Pure Gold "A" Federal No. l 

Section 21-23S-31E 
Eddy Co., New Mexico 

Kaiser-Francis Oil Company operates the subject well and owns a 25% working 
interest in the unit. The Pure Gold A Federal No. 1 produces gas from the 
Morrow Sands from 14,414 ft. to 14,633 ft. The well recently began producing 
substantial quantities of a water foreign to the Morrow interval and this has 
significantly reduced the ability of the well to flow. If the well is shut-in, 
it loads up with water and requires extensive blowing and swabbing to restore 
production. The well has produced about half of the estimated ultimate gas 
reserves and the reservoir pressure has dropped to less than half of the original 
pressure. The reduced reservoir pressure and known clay swelling tendencies of 
the Morrow place the Pure Gold "A" Federal No. 1 in jeopardy of being seriously 
damaged if the well is shut-in and allowed to sit with the foreign water exposed 
to the formation face. A workover to repair the well would be both risky and 
expensive. It appears that the most prudent operational plan to prevent loss 
of reserves and to maximize ultimate recovery of gas is continuous production with 
downtime held to an absolute minimum. Based on this, we respectfully request 
that the Pure Gold "A" Federal No. 1 be classified in the hardship category and 
allowed to produce on a full time basis • 

. The Pure Gold "A" Federal No. 1 was completed from the Morrow Sands in 
January, 1981 from 14,414 feet to 14,633 feet in depth. The original reservoir 
pressure was approximately 6750 psi and the CAOF was 2397 MCFD. Production 
began in February, 1981 and the well was capable cf producting about 750 MCFD 
with a 1000 psi flowing tubing pressure when it began to produce water in May, 198. 
After this, the vell vas only able to flow 600 MCFD With a 700 psi flowing tubing 
pressure and also produced 30 bWE_d. Analyses of the produced water shoved 105,000 
ppm chlorides and a ph of J.. 2. This .. ~:;. !!,?.~~ zgne w?.t~r and is probably 
_'=9~g from a zone above the Morrow that is leaking into .. the weTIDore. At the 
M:~. :-;"a-·· ·-·--······· --------- - .. 
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request of El Paso Natural Gas Company, the gas purchaser, the well was shut-in 
in.early June, 1983. EPNG asked that the well be returned to production on 
June 9, 1983 but it had loaded up with vater and would not flow. After extensive 
bloving and swabbing efforts, production vas resumed on June 12, 1983. 

Cummulative production is approximately 750 MMCF of gas and remaining reserves 
are about 700 MMCF. These remaining reserves are vorth approximately two million 
dollars at current prices. The current reservoir pressure is estimated to be 
below 3200 psi, which is less than half of the original pressure. 

Ye have considered the f easi,bility of working the well over· to reduce the 
water production. The well would have to be killed and the production tubing 
pulled. The water zone would have to be located, isolated, and cement squeezed 
to try and shut off the vater production. Based on our experience this type of 
workover is expensive and has a high risk of failure. There is the added risk 
of damage to the Morrow producing zones from cement invasion. 

It is well known that theMorrow is sensitive to foreign water by virtue of 
swelling clays in the reservoir. This fact coupled vi.th the reduced reservoir 
pressure could cause the producing zones to be permanently damaged from clay
swelling and water invasion if the well is shut-in for extended periods of time. 
If the well is alloved to produce and unload the water, the risk of permanent 
formation damage is low and the opportunity to maximize gas recovery is greatly 
improved. Based on this, it is our opinion that the well should be allowed to 
produce as continuously as possible and granted a hardship classification to 
prevent possible waste from loss of reserves. 

JWJ:ljb 

Scenario D~vclopmcnl 

Yours Very Truly, 

KAISER-FRANCIS OIL COMPANY 

.a~w.~ 
James W. Johnston 
Registered Engineer 
PE 39962 Texas 
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I KAJSER-FRANCIS OIL CO.MPANY P. 0. BOX J5528 TULSA. OKLAHOMA '"' J5 
~~-,, . 

· · Ci""'"I' Hui!, , . . ·µ I ,,~._ "'"''" \""''" .4'. 

I r,/,r?/ C'.#.,1 f- j-;f, ~/ /-t•ah rn ~ ~ n!:::-:~··_""'_···· ..... ~;· 

I 

, - ""' L .r Hl AUG 16 1983 LJ RECEM:o av • 

/t"Af ~ ~?~I~ /c-c )\ O OIL CCNS~VATION DIVISION AUG • 
1 1 r-1 • / • c'.I 11 - Sl.NTA F£ . 

1
. 19 1983 ,. 

/.7tl ~ e CJ.,"Y"'~.-f c/D/,J l "'
1Auaust 12 1983 o. c. o. • 

I/;/.-, k ~ e/ .;l, IA./'.·:J ~ ,,{:. ; f /'J (, T ' • 41TC:i!A. C;F~=e • • 

/e.if';;:;/;f? d. 1,.:,{-'?-/ ~,4"1 I cl,:>/r;<9Jf"G'/;]:. c-7 ~.,.,./.~ 
btf. Joe D. Ramey /' . / '.> .. • 
Oil Conservation Division Ii 'J'pc;Ace ; 
Energy and Minerals Department • 
State of New Mexico • 
P. o. Box 2088 
Santa Fe, New Mexico 87501 

Dear Mr. Ramey: 

Re: Pure Gold "A" Federal No. 1 
Section 21-23S-31E 
Eddy County, New Mexico 

Per my letter of August 4, 1983, enclosed is a statement 
prepared by Mr. James w. Johnston setting forth the conditions 
existing on the subject well. By copy of this letter I am also 
sending Mr. Johnston's statement to El Paso Natural Gas Company. 
We believe the Pure Gold "A" Federal #1 Well easily fits the 
"hardship" category definition. 

MWM/tg 
Enclosure 

cc: Mr. Robert Swartz 
El Paso Natural Gas Co. 

Scenario DevelopmeDl 

Yours very truly, 

Michael w. Moore 
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TO: 

FROM: 

RE: 

DATE: 

ME M 0 RAND U.M 

Marsh LaVenue, Interra Consulting Co •• 
Contractor to Sandia National Laboratories 

Jami Bailey, Certified Professional Geologist #7521,~ 
Petroleum Engineer at New Mexico State Land Office l.-\}" 

Water Level Rises in Culebra Dolomite Monitor Wells 

August 13, 1990 

As you briefly discussed with me last week. observations 
levels in a Culebra Dolomite monitoring well in the 

of water 
NE/4 of 

Section 4, Township 24 South, Range 31 East have shown an 
unexplained rise of 15 feet in the water level since April 1988. 
Although other wells in locations to the north have also 
demonstrated water level rises, they have been in the lesser 
range of 3'-5'. 

The Culebra and Magent~ Dolomite members of the Permian Rustler 
Formation are, along with the underlying Rustler/Salado contact 
zone, potential fluid flow zones above the Salado Formation. At 
least 48 other water flow zones have also been documented within 
the Salado Formation. I studied these waterflows in the Vacuum 
Field area as part of a review of work performed by the Vacuum 
Field Salt W~ter Flow Geologic Committee during 1986-1988. 

Vacuum Field Background 

Although the Vacuum Field, located in Townships 17-18 South, 
Ranges 34-35 East, is located some distance northeast of the 
monitor wells in question, I believe the hydrogeologic setting is 
analagous to the monitor well field that you are currently 
investigating. The Vacuum Field is also overlain with Dewey Lake 
Red Beds and the Rustler and Salado Formations. Numerous water 
flows in the Salado were creating oil field casing failures and 
drilling and cementing problems and many people were concerned 
that the situation could cause con~amination of the Ogallala 
aquifer. 
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Discussions at the Vacuum Field Salt Water Flow Committee 
meetings with the Oil Conservation Division (OCD) in 1986-1987 
indicated that the uppermost water flow occurred at the base of 

.. ~he Rustler and the lowest flow occurred at the top of the 
Tansill ~ormation. The most numerous flows were found near the 
crest of the anticline, but flows were encountered throughout the 
field. Spot checking of old oil well drilling records indicate 
water.flew drilling problems and numerous casing leak repairs in 
the Dewey Lake Red Beds, Rustler and Salado formations for many 
years. These water flows are still occurring in the Vacuum Field. 
although at a lesser rate than during the .1970's and .19so·s. · 

These water flows are characterized as strong, intermittent and 
spotty. Not all wells have encountered flows, but when they did, 
the flows were estimated at 1000-2000 barrels per day. The flows 
often would last 4-5 days before stopping by themselves. The OCD 
was greatly concerned about the effects of these flows and the 
potential for dissolution, vertical fracturing and collapse of 
the upper · beds, and contamination of the Ogallala Formation 
aquifer. 

Committee Conclusions 

After years of study, thousands of pressure tests~ installation 
of pressure monitoring wells, and chemical analyses, the Water 
Flow Committee decided that no one knew the origin of the early 
flows~ or specifically where the water was stored. However, 
individual flows were correlated throughout the field to distinct 
horizons within the Salado Formation where fluid flow is 
facilitated along bedding planes at clastic-evaporite interfaces. 
Chemical dissolution of bounding salts and mechanical fracturing 
enable large volumes of fluids to be transported over large 
areas. The committee believed that the physical requirements for 
solution collapse do not exist and that vertical weaknesses 
within the Vacuum area are not functions of geology. 

Chemical and isotopic analyses of the waterflow brines indicated 
that the waters were not naturallly occurring connate waters 
produced by the evaporation of Permian seawater. 
(18)0:~ygen/(16)0xygen ratios and (18)0xygen/Magnesium ratios 
indicated injected produced water as a strong candidate as a 
source of at least some of the waterflows in the Salado 
Formation. Because the Vacuum waterflood project injection zone 
is at an approximate depth of 4320'-4720' ~ ca&ing leaks through 
the salt section are the most logical pathways for introduction 
of fluids into the Salado Formation. 

The Vacuum Field project as well as previous projects for 
solution of salt water flow problems in the Salado in and around 
waterfloods in the Eunice, Oil Center and Monument areas 
gave rise to investigation techniques that would be applicable to 
determining the source of water introduced in the Culebra 
Dolomite monitor ~ells. 
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Application 

The potentiometric surface map of the Culebra Dolomite in the Los 
Medanos area shows variation in gradient and flow direction, with 
flow generally towards the south to southwest. Because a water 
inj~ction well or salt water disposal well is the most logical 
source-·of a long term or continuous increase in fluids in the 
monit.or wel 1, I investigated locations of such wells in the ilrea, 
concentrat.ing on any wells located to the north-northeast. Spot 
checking of production wells in sections adjacent to the monitor 
well had not shown a logical production well as the source of a 
large fluid pressure increase. 

A salt water disposal well is located in Unit P, 
T24S, R31E, but it is located down gradient from 
concern and was authori%ed to begin operations on 
1989, a year and one-half after the rise of water 
monitor well. 

Section 28, 
your area of 

November 8, 
levels in the 

In my opinion, the most likely source of increased fluid pressure 
is the Devon Energy Corp. Todd 26 Federal Well *3 salt water 
disposal (SWD) well located northeast and upgradient of the 
monitor well. The Devon well, located in Unit F- 26- 235-31E, was 
authorized in 1971 to dispose of salt water into the Bell Canyon 
sand of the Delaware through an open hole interval between 4390'-
5700'. The well has surface 9-5/8" casing set to 603' (cement 
circulated) and used (in 1971) 4-1/2" casing set to 4390'. The 
top of the cement was calculated at. 550'. Injection is through 2-
3/8" plastic coated tubing set with a packer at 4350' ~ Since 
1971, 2,962,402 barrels of produced water have been injected at a 
current average pressure of 795 psi. No records of any casing 
repairs are found in the OCD well files. 

Recommendations 

1. Run chemical and isotopic analyses of fresh water, 
affected Culebra Dolomite wells, control Culebra wells and 
produ~ed water injected at the Devon Todd 26 Federal Well #3 • 

A comparison 
affected monitor 
waters. 

of J0(18) vs. TDS should indicate that the 
wells are a mixture of c:cnnate and meteoric: 

00(18)= ( 0(18)/0(16) sample - 0(18)/0(16) std 
0(18)/0(16) std 

x 1000 

Because injected water flowing through evaporite beds will also 
dissolve magnesium rich hydrous evaporites such as carnallite and 
bisc:hcfite, a comparison of ~0(18) vs. magnesium should indicate 
a straight-line mixture of water dissolving through hydrous 
evapcrite beds. 

2. 
surface 
Sec:. 4. 

If control is adequate, construct a potentiometric: 
map of the area and determine if the well in the NE/4 of 
245~ 31E mav be affected by more than one source of 
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influ:; of water. 

The wells north of the location that you described to me 
·that are showing water level ri&es of 3•-5• may also be affected 
by the salt water disposal well, or may be showing a cause by a 
different source. If the Devon SWD well appears to be·the only 
source of injected fluids, the 15• rise monitor well may be 
showirig the effect of some·sort of downgradient boundary. 

If I can be of any further help, or if you·d like to discuss any 
part of my findings, please feel free to contact me at (505) 827-
5783. 

cc: Susan Howarth 
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STATE OF NEW !'\1EXJCO 
P.O. BOX 2088 ·SANTA FE 

17$01 
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DIREC"rOii 

"'E D. RA.MEY 

LAND COMMISSIONER 

PHIL R. LUCERO 

• STATE CEOLOCl
6

I 

EMERY C. ARNOI. 

MAY 5, 1976 

MEMORANDUM 

TO: 

FROM: 

SUBJECT: 

.JOHN F. 0' LEARY 

J'OE D. RAMEY 

WATER n.ows IN AND NEAR WATER.FLOOD PROJECTS 
IN LEA COUNTY 

It has recently come to our attention that 
there are numerous salt water flows in and around water
floods in Lea Cotmty. 

Basically the.problem is that water injected at 
around 3600' is escaping from the injection interval, mi
grating upward to the base of the salt section and then· 
moving horizontally through this section. Waterflows of 
5000-6000 barrels per day and recorded surface pressures 
of 1600 pounds· on wells outside waterflood areas are not 
uncommon. This has resulted in collapsed casing in several 
wells but the critical aspect in this is the threat of 
widespread contamination of fresh water. 

On April 8, 1976, a meeting was held bet:ween 
myself and representatives of around 35 oil companies. 
As a result of the meeting, an industry committee was 
formed to study the problem. The committee has met three 
times in general session and nearly continuously in sub
committees since April 8. 

The committees 1· recommendations to date would 
entail the shutting in of portions of waterfloods for a 
fifteen day period. During the shut-in period, nearby 
wells with waterflows would be monitored for decrease in 
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.. : ., .•. May 5, L':llO 

~low rates and pressures. Hopefully, by the process of 
elimination, the injection wells responsible can be lo
cated and repaired. If not, certain waterfloods in the 
area will have to be shut down. 

Attached are copies of the minutes of the 
meetings for your information • 

• 
• 

.JDR/fd 
Attachments 
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PROPOSED WATER DISPOSAL WELL 

TEXAS AMERICAN OIL CORPORATION 
Todd 26 Federal No. 3 

Section 26, T-23-S, R-31-E 
Eddy County, New Mexico 

,. 

Plugged & Abandoned 
Well 

Water Disposal 
Well • 

9-5/8" surface 
csg@ 603' 
w/230 sx 

1400' 
1500' 

2900' 
3000

1 

4400' 

4500' 

Scenario Development 

8 sx cmt 
plug 

40 sx crnt 
plug 

40 sx crnt 
plug 

40 sx crnt 
plug 

TD 6048' 

C-116 

9-5/8" surface 
csg@ 603' 
w/230 sx 

5700' 

5800' 

• 

cement top 
calculated @ • 
550' • 

DV Tool 
@ 2000 I 

... 

• 2-3/8" Plasti 
Coated Tubing• 
4350' w/Packe.; 

4~" csg @ 43S. 
crnt w/1500 sx 

40 sx cmt 
plug 

TD 6048' 
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Systems Prioritization Method - Iteration 2 
Baseline Position Paper: 

Disposal Room and Cuttings Models 

Volume I 

B. M. Butcher, S. W. Webb, and J. W. Berglund, Sandia National Laboratories 
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DISPOSAL ROOM AND CUTTINGS MODELS 

Executive Summary 

The ability of salt to deform with time, eliminate voids, and create an impermeable salt 

barrier around waste is one of the principal reasons for locating the Waste Isolation Pilot Plant 
(WIPP) repository in a bedded salt formation. This "closure" process is a complex and 

interdependent series of events that begins after a region within the repository is excavated and 

filled with waste. It is important because it determines the density of the waste at any given 

time, thus controlling flow of brine and gases through the waste and its capacity to release 

radionuclides. One of the objectives of this paper is to document how the consolidation of the 

waste is predicted as a function of time using the Disposal Room Model. The second objective 

is to describe how the amount of waste directly released to the surface during a drilling operation 

is estimated, using the Cuttings Model. This second topic is included in the paper because results 

from it are strongly dependent on changing properties of the waste with time . 

The initial configuration of a waste-filled disposal room normally includes waste, backfill, 

and an air gap between the roof and the top of the backfill as shown in Figure A. The figure 

shows schematically how consolidation over time changes the state of the waste (the conceptual 

model). Since the time required for such changes to occur is long compared to any experiment 

that can be performed, projections into the future are made by calculations. The results of these 

calculations are in the form of data describing the state of consolidation of the waste (its void 

volume or porosity) as a function of time and gas content. This information is then transferred 

as data to the performance assessment code BRAGFLO, for application to compliance analyses. 

The evolution of the consolidated state, as described by the mathematical form of the 

model, is calculated using either of two finite-element structural response computer codes, 

SANTOS, developed by Sandia National Laboratories, or SPECTROM-32, developed by 

RE/SPEC. SANTOS or SPECTROM-32 represent the computational part of the model. Results 

from the code SANTOS were used for the Sandia WIPP Project, December 1992, Preliminary 

Performance Assessment. Development of SPECTROM-32 to similar capability has been very 

recent, and now it also can be used for disposal room predictions. An advantage of having two 

independent codes available for these complex calculations is that one code can be used to verify 

the results of the other, adding to the credibility of the results. 
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Figure A. Schematic of the Relationship of the Consolidation Process to Data Inputs For 

Performance Assessment Codes. 
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As in the solution of any problem involving complex physical processes, a detailed 

conceptual model and a large number of assumptions and mathematical models are required for 
,,., disposal room calculations. The description of these elements, such as the configuration of the 

room and the mathematical models and properties assumed for the salt, waste, and backfill, 

constitute the major portion of the paper in Chapter 3. Before beginning this documentation, 

however, the relationship of repository closure to demonstration of compliance with the 

Environmental Protection Agency (EPA) standards (40 CPR 191 Appendix C and 40 CPR 

268.6) is described in Chapter 1. Discussion is limited to the long-term response of the 
repository (after decommissioning). Chapter 2 describes the conceptual model of closure and 

how sensitive performance assessment results are to closure. Chapter 2 also outlines the 

assumptions and mathematical components of the model, which are then addressed in Chapter 
3. 

.... 

""" 

.... 

Once the state of the repository is calculated as a function of time, the consequences of 

an inadvertent human intrusion, as required by 40 CPR 191 Appendix C can be addressed. 

Figure B shows the Cuttings Model mechanisms acting on the waste for the direct release of 

contaminated material to the surface of the earth during drilling. Not only is material directly 

removed by the drillbit and carried to the surface to the mud pit, but additional material can also 

be released by the erosion and spalling mechanisms. The amount of additional material released 

depends on the drilling conditions, the erosion and the spall strengths of the waste at the time 

of the intrusion, which in turn depend on the extent of waste consolidation. Erosion of the waste 

occurs because circulation of the drilling fluid in the hole can enlarge the hole and remove 

waste, which then mixes with the drilling fluid and is carried to the surface. Spalling of material 
into the borehole may occur if gas under high pressure is present in the waste. Gas flow during 

depressurization of the waste weakens it in the vicinity of the borehole and some of the waste 

may be expelled along with the gas up the borehole. Resumption of drilling can also cause 

erosion of this weakened material. These processes are described in detail in Chapter 4. The 
Cuttings Model is considered much less advanced than the Disposal Room Model and is expected 

to undergo considerable refinement during the next year . 
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Figure B. Cuttings Model Mechanisms for Direct Release of Contaminated Material. 
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1.0 INTRODUCTION 

This paper describes the technical information required to address the part of the Waste 

Isolation Pilot Plant (WIPP) repository performance that is concerned with what happens to the 

5 waste and backfill after the repository is decommissioned, i.e., after the repository seals are in 

6 place and further access to it is not possible. Most of the discussion falls under a category 

1 referred to as the Disposal Room Model. 
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The ability of salt to deform with time, eliminate voids, and create an impermeable salt 

barrier around the waste is one of the principal reasons for locating the WIPP repository in a 

bedded salt formation. This "closure" process is modeled as a complex and interdependent series 

of events that begins after a region within the repository is excavated and filled with waste. As 

an effect of excavation, the equilibrium state of the rock surrounding the repository is disturbed, 

and the rock begins to deform as it tries to return to an equilibrium state. At equilibrium, rock 

mass deformation ceases, and the waste and backfill have undergone as much compaction as is 

possible in response to the weight of the rock setting upon the repository (overburden). 

The qualitative conceptual model of closure presented in this paper is essentially identical 

to the model used in the 12/92 Preliminary Performance Assessment. The material presented on 

cuttings release by spallation, described in Chapter 4, is new. Limited information about the 

models and virtually no information about the assumptions is provided in the 12/92 Preliminary 

Performance Assessment with regard to closure. This information can be found in Section 1.4. 7 

in the Sandia WIPP Project, 1992, pp. 1-42 to 1-46, addressing models, Section 2.5 in the 

Sandia WIPP Project, 1992, pp. 2-69 to 2-71, addressing code input parameters, and Section 

4.2.2.2 in the WIPP PA Department, 1993, pp. 4-11 to 4-23, addressing how closure 

information is transformed to the data used in BRAG FLO. Closure information used for the 

12/92 Preliminary Performance Assessment is over four years old and does not reflect the many 

changes and improvements that have since been completed. In particular, the WIPP Performance 

Assessment Review Team (PART) and other external reviewers of the WIPP program have 

recommended that new results should be computed using the Multimechanism Deformation 

(M-D) constitutive relation for the creep of halite, instead of the steady-state Reference Creep 

Law. This position paper incorporates these and other similar comments . 

The principal measure of compaction or closure of the repository is the pore volume, 

which continues to decrease until a state of quasi-equilibrium occurs. The description "quasi

equilibrium" is used because very small readjustments in the state of the repository are expected 

to continue for many thousands of years because of physical and chemical changes to the waste 

and equilibration of fluid flow processes. The fluids in the pore volume of this quasi-static state 
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may or may not be at Iitl:iostatic pressure. The pore pressure depends on the properties of the 

fluid and whether or not the materials surrounding the pores have any time-independent strength. 

The assumption for the salt is that it will continue to deform until all stress gradients vanish. In 

contrast, some other materials, such as sludges, have permanent strength, which gives them the 

capacity to carry some of the overburden load. Under these circumstances, pore pressures may 
be reduced. 

In all cases, the extent of compaction determines the properties of the waste that are 

important in performance assessment. The properties are as follows: 

• 

• 

• 

The waste porosity controls the maximum volume that can exist in the waste for 
potential saturation with radionuclides or gas storage. 

The waste porosity influences waste permeability to both gas and brine, and 

therefore how fast fluids get in and out of the waste. 

The extent of compaction defines how resistant the waste is to removal when a 

drill penetrates the repository during a human intrusion. 

These concepts will now be discussed in terms of specific regulatory standards. 

1. 1 The Relationship of WIPP Repository Closure to 40 CFR 191 Scenarios 

The closure scenarios addressed in the 12/92 Preliminary Performance Assessment remain 

unchanged. Two sets of scenarios are important for 40 CFR 191 Appendix C (EPA, 1985)1
• 

The first set is concerned with migration of contaminated brine away from the repository in its 

undisturbed state (WIPP PA Department, 1992c, Section 4.1.1, pp. 4.2-4.5). In these scenarios, 

21 the state of compaction determines the maximum volume that can exist in the waste for potential 

28 

29 
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31 

32 

33 

34 

35 
36 
37 

saturation with brine, and how permeable the waste is to brine moving in and out of the 

repository. The actual amount of brine flow is determined by the coupling with brine flow 

through the Salado Formation and flow through shaft seals. 

The second set of scenarios is concerned with human intrusion by drilling. More detailed 

scenarios for the drilling operations in a human intrusion will be discussed in Chapter 4, but in 

general, the amount of radioactive material released directly to the earth's surface depends on, 

This was originally promulgated as 40 CFR 191 Appendix B (U.S. EPA, 1985, p. 38088). It was subsequently remanded to the EPA 
(NRDC v. EPA, 824 F2d 1258 [1st Circ. 1987]), and was repromulgated as 40 CFR 191 Appendix C (U.S. EPA, 1993, p. 66415). It 
is referenced as Appendix C throughout this position paper. 
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among other factors, the strength of the waste at the time of the intrusion (40 CFR 191 

Appendix C (EPA, 1985))1
, and this in tum depends to some extent on the state of compaction. 

The starting point for estimating the release is to calculate the response of the undisturbed 

repository over 10,000 years. These results define the state of the repository at any given time; 

human intrusion interrupts this history, continues closure with new initial conditions, and 

produces a new repository closure history starting at the time of the intrusion. The drilling 

penetration may be into a dense waste form or a porous form, depending on the previous history 

of repository conditions in regard to brine inflow and the rate history of gas production. A 

highly compacted waste form at the time of intrusion is desirable, because it will have much 

greater strength than a highly porous waste form, and therefore greater resistance to erosion and 

spall. 

The compacted state of the waste, as reflected in its permeability, is also important at the 

time of human intrusion in controlling how fast contaminated brine or gas flows out of the waste 

and surroundings into- the borehole. Examples of relationships between porosity, permeability, 

and other material properties are found in Freeze and Cherry (1979, p. 357). Another aspect 

of this issue is flow of brine through the waste from one borehole to another in the ElE2 

scenario (WIPP PA Department, 1992c, Section 4.1.1, pp. 4.2-4.5). In both cases, waste 

permeability helps to determine how readily this flow occurs. A subcategory of this issue is that 

release depends on how much contaminated brine exists in the waste before the intrusion, which 

depends on the waste porosity. 

1.2 The Relationship of WIPP Repository Closure to 40 CFR 268.6 Scenarios 

According to the results of the 12/92 Preliminary Performance Assessment, gas storage 

in the waste and the resulting gas pore pressures are the critical parameters with regard to 

repository closure and its impact on "no migration" petitions for regulated hazardous constituents 

with regard to compliance with the criteria of 40 CFR 268.6. The importance of these 

parameters depends on the 12/92 Preliminary Performance Assessment assumptions, which were 

not intended to be defensible for compliance. The results of calculations with the Disposal Room 

Model define the mechanical response of the excavated region, including emplaced waste, room 

backfill, and void volume, if any, in the excavation. It does not presently encompass any part 

of the hydrological features of the rock formation outside the excavated region, such as in the 

surrounding halite, disturbed rock zone, and interbeds, and in particular, the potential locations 

for gas storage. Though these external storage volumes within the repository system are not 

directly included in the model, the process presently used to produce mechanical closure 

information in performance assessment, the method called the porosity surface concept, takes 
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suitable account of them in the manner described in Chapter 3, particularly Sections 3.2.4 (C-4) • 

and 3.4.1 (A-1) of this paper. Gas or brine storage and fluid flow throu~h these regions are 

better addresse.d in the fluid part of performance analyses as described in the position paper on 
salado ·formation fluid flow. 

The potential for gas generation suggests that the storage volume for gas within the waste 

may be insufficient to accommodate all the gas at pressures below lithostatic. The assumption · 

is presently made for compliance with hazardous waste regulations, that volatile organic 

compounds (VOCs) mix with the gas and go where the gas goes, so that where the gas is stored 

becomes important. Closure calculations with the Disposal Room Model address the undisturbed 

• 
• 

-11 state of the repository and determine how much gas can be stored in the waste and backfill and 

12 

13 

14 

15 

16 

17 

18 

19 

the gas pressure. Other gas storage regions are the disturbed rock zone (DRZ), surrounding salt 

(because of diffusion), and interbeds. In tum, the magnitude· of the excess gas and the pressure 

in the waste determines the potential for gas transport to the repository boundary. Several new 

conceptual models have been added since the 12/92 Preliminary Performance Assessment 

describing how the gas may migrate from the repository and are discussed in the salado 

formation fluid flow position paper, including the influence of the dip of the repository on gas 

migration, but these additions have virtually no effect on the present closure model, as discussed 

in Chapter 3, Sections 3.2.4, (C-4) and 3.4.1, (A-1). 
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2.0 CONCEPTUAL MODELS AND ASSUMPTIONS FOR 

LONG-TERM COMPLIANCE 

2. 1 The Closure Process 

2. 1. 1 Undisturbed Performance 

Repository closure is a complex and interdependent series of events that begin after a 

region within the repository is excavated and filled with waste. The evolution of closure is 

mathematically modeled as the Disposal Room Model (Butcher and Mendenhall, 1993), and it 

is important because it determines the density (porosity) of the waste at any given time, thus 

controlling flow of brine and gases through the waste and its capacity for storing fluids. 

Permeability and storage volume of the waste are dependent on the extent of closure, and in tum 

affect the extent of migration of radioactive and hazardous species. Since a room is one of the 

basic units of interest in defining the performance of the repository, its closure is often used in 

the examples that follow. 

Although not specifically described in the 12/92 Preliminary Performance Assessment, 

the qualitative conceptual model of repository closure presented in this chapter is essentially 

identical to the model used in the 12/92 Preliminary Performance Assessment study. In addition, 

an objective of this paper is to describe the assumptions of the model, since virtually no 

information about the assumptions in application of the SANCHO code used to compute closure 

is described in the 12/92 Preliminary Performance Assessment reports. The information that was 

included can be found in Section 1.4.7 in the Sandia WIPP Project, 1992, pp. 1-42 to 1-46. 

,,,.,, 31 Room closure begins immediately after excavation because the cavity is at atmospheric 

""" 32 pressure rather than in the undisturbed in situ state. Because loading of the salt is now 

, .. 33 nonuniform, the salt begins to deform with time and the volume of the cavity becomes smaller. 

34 Eventually, if the room were empty, closure would proceed to the point where the void volume 

35 created by the excavation would be eliminated and the surrounding halite would return to its 
'"" 36 undisturbed, uniform stress state. Backfill is placed in mines to hasten reaching an equilibrium 

37 condition and minimize subsidence. 
, .... 38 
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Normally, a filled disposal room contains waste, backfill, and an air gap between the roof 

and the top of the backfill (Sandia WIPP Project, 1992, Figure 3.1-4, p. 3-13). The idealized 

case will be described first where ( 1) the room remains unsaturated with brine during the time 

required to reach an equilibrium state and (2) the amount of gas produced is too little to affect 

the mechanical response of the waste and backfill. For this situation, the initial effect of closure 

will be to eliminate most of the air gap. Eventually, however, contact will be made between 

the surrounding halite, the waste, and backfill. At this point, closure would largely cease if the 

strength of the waste and backfill is sufficient to support all of the rock above the room. If not, 

the room continues to close after the air gap is eliminated, gradually transferring load to the 

waste and backfill, and in the process consolidating them to denser states. Any fractures that 

11 have formed in the DRZ also partially close as the waste and backfill exert back pressure at the 

12 

13 

14 

15 

16 

17 

room boundaries. 

In the absence of substantial gas or brine, both the waste and the backfill will continue 

to consolidate and become denser, until load balance is achieved. The amount of consolidation 

and the time it takes is governed by the properties of the waste and backfill, the halite, and the 

dimensions and location of the room. Salt backfill consolidation is particularly complex because, 

18 like solid salt, it will continue to deform with time until most of the backfill void volume is 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

eliminated. Compaction of the waste is simpler, because it may be assumed to depend only on 

the load it supports at a given time. If no extraneous factors such as gas generation or brine 

inflow are present to alter the closure process, closure will continue to a maximum state of waste 

compaction at lithostatic pressure. This state was assumed to be a porosity of 0.19 as defined 

on the basis of the current volume of the repository in the 12/92 Preliminary Performance 

Assessment (Butcher and Mendenhall, 1993, Table 3-2, pp. 3-13, 3-14). The value of porosity 

quoted for this state in the BRAGFLO analyses will be different, because all porosity values in 

BRAG FLO are defined in terms of the initial volume of the repository (WIPP PA Department, 

1993, Section 4.2.2.2, pp. 4-11 to 4-23), before any creep has had a chance to occur. The 

BRAGFLO porosity definition preserves the void volume calculated from SANCHO: 

( 1) 

where 11., ( t) is the BRAGFLO porosity at time t, 11,(t) is the instantaneous porosity at time 

t calculated from the Disposal Room Model, and 11,(t = 0) is the initial porosity of the waste at 

t = 0. It follows that 11,, ( t=O) =11, ( t=O) . 
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The presence of either brine or gas interrupts the closure process. First, if brine is present 

2 and immobile in the waste or backfill, closure largely ceases when the void volume decreases 

3 to the point where the voids are completely filled (saturated) with brine. Consolidation continues 

4 only if the brine can flow elsewhere. Second, when gas is being generated, closure and 

5 consolidation continue until the gas (pore pressure) increases to the point where it begins to exert 

6 back pressure on the surrounding rock. Load transfer occurs according to the effective stress 

1 principle: 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

( 2) 

where <Jr is the stress of the overlying rock and brine, p is the pressure of the fluids in the pores, 

and ue is the stress that is applied to the waste skeleton (Freeze and Cherry, 1979, p. 53), which 

is a measure of the stress affecting the response of the solid skeleton. In this process, the waste 

and backfill are considered to be skeleton structures immersed in a pore fluid, the gas. As the 

pore pressure increases, more of the weight of the overburden is transferred to the gas, until the 

gas pressure reaches lithostatic, at which time the gas and solid skeleton are both providing 

support. In the intermediate stages of this process, void volume reduction in the waste slows as 

gas pressure increases, until the porosity of the waste reaches a minimum value. Further 

consolidation ceases at this point, and will not begin again unless some of the gas is released. 

Brine inflow into the repository is also reduced as the gas pressure increases, and brine can even 

be expelled from the repository if the gas pressure becomes sufficiently high. During 

pressurization, gas release away from the waste can occur either by flow into the surrounding 

halite and marker beds, or by human intrusion, which will be discussed in the next section. 

If the gas pressure increases above lithostatic pressure, it will eventually be high enough 

to lift the roof of the disposal room off the solid support. At this time the gas pressure will be 

supporting all of the overburden and large amounts of new gas storage volume will be created. 

New gas storage is produced by fracturing when the pore pressure exceeds the least in situ stress 

plus the tensile stress of the rock. Creation of this additional gas storage volume will limit the 

pressurization to slightly above lithostatic, and at present it is assumed to involve existing 

horizontal fractures, since this is the orientation for which the rock is weakest in tension. 

Creation of new gas storage volume may also occur at gas pressures below lithostatic pressure 

if local stresses are less than this value. Evidence that such a stress difference exists has yet to 

be acquired. Thus, the principal mechanism for limiting the gas pressure and creating large 

amounts of new storage volume is considered to be the opening of existing or new fractures in 

the interbeds. A human intrusion into the waste by drilling would have just the opposite effect. 

Gas pressure is relieved as the gas flows up the borehole when the drill penetrates the waste, 

and more of the overburden load is transferred back onto the waste skeleton. If the load on the 
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waste exceeds the load it has previously supported before the onset of gas pressurization, * 
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consolidation of the waste will begin again. Chemical and biological gas generation processes 

ongoing in the waste will influence how much additional waste consolidation occurs. In most 

cases this increment is expected to be small. Consolidation will also, for all practical purposes, 

end if the waste region becomes saturated with brine. 

2.1.2 Human Intrusion 

For human intrusion by drilling, the assumption is made that the disposal room continues 

11 to close until gas pressurization becomes sufficient to prevent additional decrease in porosity. 
12 

13 

14 

15 

16 

17 

This part of the repository history prior to the intrusion is identical with what would be predicted 

in the undisturbed repository calculation, and serves to define the maximum state of compaction 

achieved in the waste during the first 500 years. The maximum compaction state represents the 

time when the combined back stress exerted by the waste skeleton and the gas is equal to the 

load exerted at the disposal room boundary by the overburden. As additional gas is generated, 

gas pressure continues to increase, transferring load-bearing capability from the waste skeleton 

18 to the pressure exerted by the gas according to the effective stress principle. The waste is 
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assumed to behave as a time-independent, elastic-plastic material, similar to a metal, with 

unloading at this point being largely elastic. The load transfer process may continue. until the 

time of the intrusion. An extreme condition would be that if the pore pressure reaches lithostatic 

pressure, then the gas pressure alone is able to counter almost all of the weight of the 

overburden. 

The effect of drilling is to almost instantaneously drop the gas pressure in the disposal 

room to a lower pressure. Since the gas pore pressure is now reduced, the waste skeleton must 

assume a greater portion of the load, and if this load exceeds the yield strength of the waste 

skeleton, as determined by the maximum stress it supported in the past, the compaction process 

may resume. Calculations have shown, however, that most of the compaction has already 

occurred before the time of most intrusions, with the exception of those intrusions in the 100-

to 200-year period following waste emplacement, and therefore any additional compaction is 

likely to be small (see Butcher and Lincoln memo in Appendix A, Vol. II). This observation 

supports the assumption made in the 12/92 Preliminary Performance Assessment that closure 

completely stops after the human intrusion (WIPP PA Department, 1993, Section 4.2.2.2, pp. 

4-11 to 4-23). While a more exact analysis can be performed to determine the extent of 

additional compaction, the assumption of constant porosity is considered to be reasonable, and 

it greatly simplifies the analysis of the repository over the remaining 10,000 years. 
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2. 1.3 Summary 

In summary, three processes are ongoing during closure: (1) the volume of the excavation 

decreases as the salt deforms with time to consolidate and encapsulate the waste, (2) brine 

migrates towards the waste because fluid pressure adjacent to it is lower than the equilibrium 

fluid pressure that existed in the salt prior to excavation, and (3) decomposition, corrosion, and 

radiolysis processes within the waste generate gas, which exerts back pressure against closure. 

The presence of gas within the disposal room is important because gas pressurization may retard 

both the closure process and fluid flow, and also act as a vehicle for transport of volatile organic 

compounds (VOCs). All three processes continue with time until the forces causing closure 

equilibrate with the backstress exerted by the waste, backfill, brine saturation, or gas pore 

pressurization. Even after equilibrium, the state of the waste can be disrupted at any time by an 

inadvertent human intrusion by drilling into the repository. Because gas is released during an 

intrusion, the closure process may continue, or it may be terminated by brine inflow saturating 

the waste. Models for all the materials and processes affecting closure are being developed and 

incorporated into a computational method to quantitatively predict the closure histories under 

various conditions and their consequences. 

2.2 Sensitivity of Performance Assessment Results to Closure 

The sensitivity of WIPP performance assessment results to closure depends on the 

regulation under consideration. In support of 40 CFR 191 Appendix C, the principal issues 

influenced by closure are assumed to be migration of contaminated brine and direct release of 

radioactive material during a human intrusion by drilling. For 40 CFR 268.6, closure is assumed 

to control the amount of gas storage volume within the waste. The gas storage volume within 

the waste (volume of gas in the pores) is important because it determines the extent of gas 

diffusion away from the repository: if insufficient gas storage volume exists within the waste, 

then excess gas will have to be stored elsewhere, probably in the interbeds. Furthermore, if this 

gas is assumed to contain regulated voes then where it goes becomes important. Thus, in 

support of both 40 CFR 191 Appendix C and hazardo1:1s constituent no-migration criteria, the 

ultimate state of compaction of the waste is of principal interest. However, estimation of these 

states is not simple because they are determined very early in the history of the repository (tens 

of years after decommissioning) by the tradeoff between waste densification and the increase in 

pore pressure caused by gas generation or brine inflow. Calculations show that compaction slows 

appreciably when the pore pressure (either gas or brine) increases to 10 to 20% of lithostatic 

pressure (lithostatic pressure is 14.8 MPa) (WIPP PA Department, 1993, Figure 4.2-6, p. 4-20). 

Disposal Room 9 March 20, 1995 



2 

3 

4 

s 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

For 40 CPR 191 Appendix C, the results of the 12/92 Preliminary Performance • 

Assessment imply that, in general, the final state of the disposal roo~ is of secondary 

importance in J;egard to fluid transport through the repository, (i.e., it does not have a strong 

effect on whether or not the repository is in compliance with the regulations). This conclusion 

is supported by other past calculations. However, the contribution of erosion and spalling 

mechanisms to direct release of waste during drilling has yet to be determined, and may be 

substantial. The mechanical state of the waste or extent of closure at the time of the intrusion 
controls the release process in the sense that substantial gas generation early in the history of the 

repository, coupled with the changes introduced by decomposition of the waste, may lead to a 

low-strength waste form that is easily entrained in moving gas or brine. 

Hazardous waste repository compliance is presently not critically dependent on the exact 

details of the closure process because the potential for gas generation within the repository may 

be large. While this conclusion at first glance may appear surprising, it reflects the fact that 

present estimates of gas storage volumes within the disposal room show potential storage of only 

a small fraction (303 or less) of the potential gas being generated (see Lappin NAS WIPP 

Review Panel presentation in Appendix B, Vol. II). Refinements to closure predictions are not 

likely to increase the predicted storage volume in the room substantially, and may actually make 

it smaller. If, however, the gas potential should substantially decrease, the potential amount of 

gas stored in the waste could become greater. Under such circumstances, the amount of gas 

storage volume in the waste could become more important in regard to no-migration criteria. 

2.3 Disposal Model Components 

The Disposal Room Model for closure contains a number of conceptual submodels. The 

Model requires assumptions about four basic types of information: 

• 
• 
• 
• 

Repository Geometry and Other Calculational Constraints 

Constitutive Relations 
Waste and Backfill Fluid Flow Models 

Method of Analysis 

2.3. 1 Repository Geometry and Other Calculational Constraints 

The first part of the Disposal Room Model addresses the various aspects of the 

geometries assumed for disposal room closure predictions and the boundary loading conditions. 

Included in this module are decisions such as whether a single room or a panel of rooms should 
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be considered, whether the calculation should be two-dimensional or three-dimensional, and the 

level of detail of the stratigraphy that should be assumed, for example, in regard to its dip. All 

these issues must be addressed in order to define the geometry of the configuration assumed for 

a specific numerical calculation. The flow diagram for this part of application of the Disposal 

5 Room Model is shown in Figure 1, which illustrates the decisions that have to be made. The 

6 

7 

models along the center vertical solid line in the diagram are assumed for baseline calculations. 

Each of the elements of Figure 1, and subsequent Figures 2, 3, and 4 are discussed in 

s Chapter 3. 
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10 2.3.2 Constitutive Relations 
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Once the configuration is defined, the second part of the model is ·concerned with 

selecting models of the mechanical response for each region of the geometry, followed by 

definition of appropriate material properties for each model. These models are frequently called 

constitutive relations, and include creep relationships for the halite and backfill, and a 

compaction model for the waste. This information must be provided for all regions of the 

configuration, and represents the bulk of the developmental effort for the Disposal Room Model. 

The flow diagram for this part of application of the Disposal Room Model is shown in Figure 2. 

2.3.3 Waste and Backfill Fluid Flow Models 

The third part of the model, though not presently used in the direct determination of 

closure, has application when closure is coupled with fluid flow in BRAGFLO calculations. 

These components include assumptions about the permeability of the waste and its initial brine 

content. The flow diagram for this information is shown in Figure 3. 
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Figure 1. Repository Geometry Models and Assumptions. 
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Figure 2. Constitutive Relationships and Assumptions. 
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2.3.4 Method of Analysis 

The fina! part of Disposal Room Model calculations is concerned with the method of 
4 analy~is. This section addresses the question of how strong a coupling between brine and/or gas 
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flow into and out of the disposal room must there be to obtain physically reasonable numerical 
solutions. Two methods of analysis are presently used: 

• 

• 

A purely mechanical analysis with SANTOS in which an assumed or known gas 

generation history is prescribed, (porosity surface approach described in Chapter 

3, Section 3.4.1 [A-1]) 

A coupled flow/mechanical analysis with either TOUGH2 (Pruess, 1991) or 

PHENIX (see Larson memo in Appendix C, Vol. II), in which gas generation 

dependence on brine availability is part of the analysis (refer to Chapter 3, 

Section 3.4.2 [A-2]). 

The flow diagram for this part of application of the Disposal Room Model is shown in 

Figure 4. 

2. 3. 5 Systems Prioritization Method - Iteration 2 Disposal Room Baseline 

The input parameter changes for the Systems Prioritization Method - Iteration 2 (SPM-2) 

Baseline represent the most current version of the Disposal Room Model. With several major 

exceptions, these are similar to those used for the 12/92 Preliminary Performance Assessment. 

The exceptions are (1) that closure of disposal rooms with no backfill is being considered, (2) 

a relationship has been defined for the permeability of the waste as a function of its porosity, 

and (3) an additional parameter has been added to specify the active brine flow fraction. These 

changes are described in the last section of Chapter 3. 
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3.0 ASSUMPTIONS AND MATHEMATICAL MODELS USED IN THE DISPOSAL 
2 ROOM MODEL 
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4 As described in Section 2.3, the Disposal Room Model for closure contains a number of 

.... 5 subsidiary conceptual models. In this chapter, the assumptions and mathematical models for each 

6 of the components shown in Figures 1 to 4 will be described. Input parameter changes 

.., 1 recommended for the SPM-2 Baseline will be described in the last section of this chapter. 
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3. 1 Repository Geometry and Other Calculational Constraints 

The following geometrical considerations and other computational assumptions must be 

addressed in regard to a repository closure calculation. This section provides information with 

regard to the conceptual model components shown in Figure 1. 

• Must the repository be represented as three-dimensional, or can it be abstracted 
to a two-dimensional configuration? 

• If two-dimensional, what is the effect of scale on two-dimensional closure 

calculations: can a single room be considered, or must all calculations be for a 

panel of rooms, or even the entire repository? 

• What stratigraphy should be used? 

• Must the DRZ be considered? 

• Must gravity be considered? 

• If a room is assumed, should half-room or quarter-room symmetry be assumed? 

• What is the nature of the waste and backfill and how are these to be emplaced 

within a storage area? 

The implications of each of these questions and how they are presently resolved in 

repository calculations will be described in the following sections. The numbering of these 

sections in parenthesis has been added to agree with Figure 1, with the "G" added to remind the 

reader that the subsections fall under the category of "Geometry." 

3.1.1 (G-1) Two-Dimensional Approximations of a Three-Dimensional Repository 

Ideally the Disposal Room Model should address the configuration of the entire 
repository, which is three-dimensional. However, the complexity of the repository geometry and 

the lack of mathematical tools to address three-dimensional effects and excessive solution times 

presently limit three-dimensional closure calculations to simpler abstractions of the waste storage 
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areas. Closure is presently modeled two-dimensionally, in the same manner as for the 12/92 • 
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Preliminary Performance Assessment, and it is not likely that this situation will be improved by 

moving to the limited three-dimensional analyses that are technically feasible. 

The potential error introduced by modeling closure as two-dimensional is expected to 

increase with time up to about 10 to 20 years, at which time closure estimates may be as much 

as 103 too much (Argiiello, 1990), and then the difference will begin to decrease as the three

dimensional closure "catches up" until there is little difference between two-dimensional and 

three-dimensional closure predictions. ·The basis for this estimate is taken from Argiiello's three

dimensional calculations for closure at the intersection of an empty WIPP disposal room and one 

11 of its entryway drifts: after 12 years, the vertical closure of this region was estimated as 0. 78 
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meters in comparison to 0.88 meters closure at the center of the room, where the state of stress 

is more two-dimensional. Horizontal closure is observed to be similar. However, these results. 

were for empty drifts. For comparison, a room filled with waste and backfill, with no gas 

present, and a final porosity of about 0.2 is expected to have a total closure of about 2 m before 

reaching an equilibrium state. The distance 0. 78 m represents about 403 of the anticipated 2-m 

maximum total closure typical of waste and backfilled rooms. The inherent assumption in this 

18 comparison is that filled room closure results scale as empty room closure results with regard 
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to closure distance (but not to closure time), which is considered reasonable. 

While many factors influence closure on an individual basis, such as the presence of brine 

or gas, the assumption is made that no synergism is present that would prevent a situation 

involving combined effects from being abstracted to two dimensions. Therefore, a two

dimensional representation is considered adequate unless substantial gas is produced or brine 

25 inflow is excessive immediately after decommissioning. 
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3.1.2 (G-2) Effect of Scale on Two-Dimensional Closure Calculations 

Two-dimensional closure calculations can be for a single room, a single panel, or the 

entire repository. The state of development of numerical techniques for early closure predictions 

limited calculations to two types of configurations, an isolated single room or one of the rooms 

in an infinite array of rooms (Butcher and Mendenhall, 1993, Sections 4.3 and 4.4, pp. 4-3 to 

4-8). Cross sections at the midpoint of rooms perpendicular to their lengths were examined. 

These two configurations bracket the two extremes of possible responses for two-dimensional 

response of rooms in a panel (Stone and Argiiello, 1993). The array room configuration was 

generally preferred, because its enhanced symmetry reduced the time required for numerical 

solutions, and was the basis for the data used in the 12/94 Preliminary Performance Assessment. 
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The lateral boundaries for an isolated room calculation must be placed a long way away from 

the room, increasing the number of elements that must be considered. 

Almost all calculations presently are performed on an array room configuration. The 

reason for this approximation is that computer resources are insufficient at this time to permit 

routine panel-type predictions, and even if the resources were available, it is not clear that the 

increased detail of the predictions would provide that much additional information. 

An example has shown that after 150 years closure, results for an empty array room 

differ from the average results for a single panel by a factor of 0.87 (Stone and Argiiello, 1993, 

Figure 6, p. A-130). That is, closure of an array room is faster than the average closure of a 

panel. The panel calculation was based on a symmetry plane along the length of the panel. The 

panel consisted of seven rooms, labeled One through Seven starting from the farthest end. Two 

access ways located down the center of the repository were also included, using the centerline 

of the mine as a second plane of symmetry. In this configuration, Room One at the end of the 

panel model was closest in nature to an isolated room, and Room Four in the middle of the panel 

model had approximately the same symmetry as a single array room. Rooms One and Four are 

rooms in the computational model. 

Closure of different empty rooms was referenced in the panel calculation to closure of 

room four, typical of a single array room, with all other rooms closing slower (Stone and 

Argiiello, 1993, Figures 7 and 8, p. A-131). At 150 years, the average closure of all of the 

rooms in the panel was 0.91 of the closure of Room Four, and Room Four was of the order of 

0.96 of the closure of a single array room (Stone and Argiiello, 1993, Figure 13, p. A-134). The 

significance of the 150 years is that this is the time it takes for the ceiling in Room Four to 

touch the floor, and the ceiling in all other rooms touch the floor shortly afterwards. The reader 

is reminded, however, that these are empty rooms. For comparison, as mentioned in Section 

3 .1.1, ( G-1), a room filled with waste and backfill, with no gas present, and a final porosity of 

about 0.2 would have approximately 2 m vertical closure. Two meters corresponds to the 

distance that Room Four in the panel would close in about 40 years. 

In any case, we would expect that the factor 0.87 (0.96 x 0.91) represents approximately 

the greatest difference to be expected between panel results and single array room results, with 

this difference eventually vanishing with time, because all regions in the repository will 

eventually close to nearly the same final states. This hypothesis is based on the assumption that 

filled room closure results scale as empty room closure results with regard to closure distance 

(but not to closure time). Thus, the uncertainty introduced by failing to apply a correction to 

array room closure to make it representative of panels is presently not considered critical. The 
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exception to this conclusion would be if substantial gas is produced, or brine inflow is important • 

soon after decommissioning (0 to 100 years). Under such circumstances, th~ compaction of the 

waste would b~ reduced, changing the available gas storage volume. Little evidence presently 

exists to support this hypothesis, and enough fuformation probably exists to correct for it, if 

necessary. Additional calculations to evaluate closure on a panel scale have not been performed. 

For repository-scale calculations, two-dimensional representations of the entire repository, 

which require smearing of repository features into a cylindrical (axisymmetrical) configuration, 

with its axis vertical to the plane of the repository, are sometimes used. While this configuration 

may be necessary for estimates of the distances of crack propagation in interbeds and related 

more global problems, the assumptions used in constructing equivalent axisymmetric waste 

regions and other aspects of the repository obscure the mechanics of closure sufficiently to make 

this type of analysis of questionable value in examination of the details. 

3.1.3 (G-3) Effect of Stratigraphy 

3. 1.3.1 (G-3.1) DESCRIPTION 

WIPP is described as located in the massive Salado Formation of marine bedded salts. 

Vertically, at room scale, the formation is not homogeneous halite, but rather halites interspersed 

with thin interbeds, clay seams, and other geological structures (12/92 Preliminary Performance 

Assessment, Sandia WIPP Project, 1992, Figure 2.2-3, p. 2-7). Stratigraphic layers are modeled 

as separate layers of materials, and clay seams and partings have been modeled as friction slide 

lines, which are surfaces in the configuration along which slip can occur according to a Coulomb 

Friction Law (Stone et al., 1981). The dip of the repository is not considered important. This 

section addresses the question of whether or not any of this structure influences repository 

closure. 
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32 3.1.3.2 (G-3.2) DISCUSSION 
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Methods for modeling various components of the stratigraphy have been available for 

some time. In many cases, however, the results of the calculations were not reconciled with in 

situ closure measurements, even when large arbitrary changes in material property values were 

considered (Morgan, 1993a, pp. A-92 to A-94). The analyses were found to be in much better 

agreement with in situ test closure results when (1) the formation was entirely halite (all-salt 
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stratigraphy) (Morgan, 1993b, pp. A-67 to A-69) and (2) strains computed from the Reference 

Creep Law were adjusted by a factor of E/12.5, where Eis Young's Modulus (Morgan, 1993b, 

pp. A-92 to A-94). This is discussed in the position paper on rock mechanics. These 

assumptions were made for many past analyses. 

To improve upon early representations of the stratigraphy, a new stratigraphy description 

was defined coincident with development of the M-D Creep Model (Munson et al., 1989a,b). 

Whereas the Reference Creep Law assumes steady state conditions, transient creep response is 

an important part of the M-D model (see Section 3. 2 .1 [ C-1]). This and other improvements are 

observed to cause accelerated closure during the initial part of the repository response. For some 

analyses, however, the disposal room calculations are primarily focused on the long-term state 
.... , 12 of the repository, in which case the small increments of strain introduced by the transient portion 

1.... 13 of the model become less and less important as the total creep strain increases. Calculated 

14 histories using the combined M-D descriptions (creep law + stratigraphy) were shown to be in 

15 

16 

.... 18 

!•"' 19 

., .. 20 

21 
~~ .. 

agreement with extensive in situ closure data, and therefore it is considered the baseline model 

for the response of the formation surrounding the repository. However, for many cases the 

effects of stratigraphy can be considered secondary, and the formation modeled as entirely halite 

in nature. More complete information about the M-D stratigraphy and the M-D creep law can 

be found in the position paper on rock mechanics. 

Under very conservative assumptions gas pressurization of the repository can approach 

22 lithostatic pressure, raising the possibility that existing fractures, or fracture initiation and .... 
23 propagation within the interbeds, partings, and clay seams, will open to provide storage volume 

lt.W 25 

..... 26 

11 .. 27 

28 .... 
29 

l1a 
30 

- 31 

Ii .. 32 

for the excess gas. The assumption is made that the presence of these fractures, even when open, 

does not greatly alter the mechanics of repository closure, and they are not modeled explicitly 

as part of the stratigraphy. The basis for this assumption is that fracture opening occurs only 

when the pore pressure exceeds lithostatic pressure, and that room closure is almost complete 

in several hundred years. If the pressure drops, they will close first before closure resumes. 

More information on this subject is available in Section 3.2.5, (C-5). It is emphasized that the 

fracture insensitivity conclusion applies only to mechanical closure. Fracturing in the interbeds 

is expected to strongly influence the distance of gas migration away from the interbeds. 

,, .. 33 In summary, most calculations in the past, including those for the 12/92 Preliminary 

;,.., 34 Performance Assessment, were performed assuming all-salt stratigraphy and the Reference Creep 

.... 35 Law with the E/12.5 approximation. However, either the all-halite approximation or M-D 

36 stratigraphy will be used in conjunction with the M-D creep law wherever possible in future 
ltM 

37 calculations, because it more accurately represents the early part of closure. 
!HI 38 
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3.1.4 (G-4) The Disturbed Rock Zone 

Changes ii1 the mechanical and flow characteristics of rock surrounding an excavation are 

obs~rved. For WIPP these changes occur in the halite and interbed regions immediately adjacent 

to the rooms and access ways, in the zone called the disturbed rock zone (DRZ). The DRZ is 

6 expected to have slightly different mechanical properties than either the halite or backfill, 
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although these are presently undefined. 

While porosity and fractures within the DRZ will influence fluid flow and may provide 

gas storage volume, the present assessment is that the DRZ does not play an important role in 

controlling the compacted states of the waste and backfill. The issue is how soon how much of 

its enhanced porosity is squeezed out by closure, and whether fractures can be held open, or 

reopen by gas pressurization. These details of the DRZ storage volume are best addressed in the 

fluid flow part of performance analyses. 

The reason the changing state of the DRZ is not expected to influence compaction is that 

most of its porosity is likely to be eliminated by closure by the time any substantial gas 

pressurization of the repository occurs, i.e., the DRZ porosity is assumed to decrease rapidly, 

because of backstress exerted by the waste and backfill. Further justification for not including 

20 it in the Disposal Room Model is that the DRZ porosity is largely fracture porosity, which is 
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likely to be eliminated more easily than void porosity in .the backfill and the void volume of the 

DRZ is small in comparison to the void volume of the waste. For purposes of comparison, 

crushed-salt backfill is predicted to undergo extensive consolidation from an initial porosity of 

30 to 40%, to 5% porosity in 15 to 30 years (Butcher and Mendenhall, 1993, Figure 5-2, p. 

5-6). Thus, while very little is known about the DRZ, its effect on the mechanical response of 

the repository is expected to be of secondary importance. 

3.1.5 (G-5) Gravity Effects 

Gravity effects in closure calculations are expressed primarily in the variation of the 

vertical component of the in situ stress state with depth from the earth's surface. Because of 

creep in the halite, horizontal stress components are assumed to be identical and equal to the 

34 vertical stress. 

35 

36 

37 

38 

Specification of the initial stress field for the entire geometrical configuration assumed 

for disposal room analyses is required. Sometimes the vertical variation of the in situ stress 

from top to bottom of the finite element mesh has been specified. Other times, the in situ stress 
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has been assigned a constant value throughout the mesh configuration representative of the 

lithostatic stress at the repository horizon (see Labreche et al., pp. D-28, D-29 in Appendix D, 

Vol. II). Assumption of a uniform stress state is a degenerate case of the geostatic case in which 

vertical stress variation caused by gravitational body forces is neglected, and thus constitutes 

simplification· of the analyses. The assumption has been justified by demonstrating that closure 

predictions based on an initial uniform state of in situ stress are in essential agreement with 
calculations including body forces (see Labreche et al., pp. D-28, D-29, in Appendix D, Vol. 

II). Thus, this approximation is widely used for closure analyses that are uncoupled from fluid 
flow, and was used for the 12/92 Preliminary Performance Assessment. In contrast, gravitational 

effects must be included in calculations involving two-phase fluid flow, because of the density 
differences between gases and liquids. 

3.1.6 (G-6) Half-Room vs Quarter-Room Symmetry 

A quarter-room rather than a half-room representation of a disposal room can be used to 

save computer time if gravitational and stratigraphy effects can be demonstrated to be 

unimportant in regard to the mechanical response to the halite (see Stone memo in Appendix E, 

Vol. II). Half-room symmetry refers to the fact that since the vertical centerline of the disposal 

room cross-section is coincident with a vertical plane of symmetry, only one-half of the room 

need be included in calculations, thus reducing the number of elements that have to be 

considered. Quarter-room symmetry refers to the assumption that the top half of the room is 

modeled as a mirror image of the bottom half of the room in computing closure. !n quarter-room 

symmetry, a second horizontal plane of symmetry is introduced at mid-height, so that elements 

for only a quarter of the room cross section need be considered. 

The use of the quarter-room representation began when central processing unit (CPU) 

times for solution of closure problems were excessive, and closure data from it was used for the 

12/92 Preliminary Performance Assessment modeling of a full panel. By increasing the 

symmetry of the problem, fewer elements were required and solution time shortened. Inherent 

in the use of this model are the assumptions that gravi~tional forces do not greatly affect the 
material response near the room, that the surroundings can be represented as all salt, and 

assumptions regarding the air gap located between the backfill and the roof of the room. 

Quarter-room symmetry assumes that the air gap and crushed-salt backfill are divided equally 

both above and below the waste. The magnitude of the error introduced by this approximation 

is always suspect, however, even though past calculations suggest that it is small. For gas 

generation of 1600 moles/drum/year over 550 years, and 1 mole/drum/year from 550 to 1050 

years (see Stone's October 11, 1993 memo, pg. E-4, in Appendix E Vol. II), closure estimates 
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using the two representations show that the quarter-room model closes to a minimum porosity 

of approximately 43% after 200 years, whereas the half-room model shows 41 %. At 2000 

years, the quart~r symmetry model shows 54% porosity, whereas the half-room model shows 
53% (see Stone memo in Appendix E, Vol. II).· 

Because the half-room model is a better representation of the disposal room, particularly 

with regard to the gap between the roof of the room and the backfill, its use is recommended, 

even though calculations may require a little more computer CPU time. Additional information 

about closure surface configurations can be found in Butcher and Mendenhall (1993). 

3. 1. 7 ( G-7) Disposal Room Computational Configurations 

The normal configuration of a disposal room consists of waste, backfill, and an air gap 

between the roof and the top of the backfill (12/92 Prelirilinary Performance Assessment, Sandia 

WIPP Project, 1992, Figure 3.1-4, p. 3-13). Under certain circumstances, calculations are 

performed for a room completely filled with backfill. The parameters quoted in this section 

18 represent the values used in past calculations, including the 12/92 Preliminary Performance 
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Assessment, and will undergo some modification for future analyses required for compliance 

evaluation. 

The normal disposal room configuration is waste in drums stacked in units of seven, three 

drums high, surrounded by backfill in waste storage (disposal) rooms 4 m (13 ft) high, 10 m 

(33 ft) wide, and 91.4 m (300 ft) long, as shown in Figure 5 (Sandia WIPP Project, 1992, 

Figure 3.1-4, p. 3-5). The drums are separated by thin plastic slipsheets and a 0.7-m air gap 

exists above the backfill (Sandia WIPP Project, 1992, Figure 3.1-4, p. 3-11). For computational 

purposes, the absolute maximum (perfect) packing of 6804 drums within the room is assumed 

(Sandia WIPP Project, 1992, Figure 3.1-4, p. 3-11), even though it is unlikely in practice that 

so many drums can actually be emplaced within the room. Misalignment of seven-pack units 

relative to each other and other emplacement problems are likely to make the packing less dense. 

Computational methods are also insufficient to resolve effects introduced by emplacement of 

different types of waste in different regions of the room. Hence the waste is assumed to be a 

homogeneous mixture throughout the repository. 
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Figure 5. Ideal Packing of Drums in Rooms and 10-m-Wide Drifts (Not to Scale). 
(Sandia WIPP Project, 1992, Figure 3.1-4, p. 3.5). 
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To compute the average waste properties, it is assumed that 2722 drums of the waste 

contain solid organics (Beraun and Davies, 1992, p. A-8), with initial density of 380 kg/m3 and 

initial porosity of 0.8; that 2722 of the drums contain solid inorganics, with initial density of 

900 kg/m3 and initial porosity of 0.8; and that 1360 of the drums contain sludges, with initial 

denSity of 1200 kg/m3 and initial porosity of 0.5. The room average porosity of the waste is 

inferred to be 0. 7 4. Methods exist for changing the waste compaction curves for changes in the 

projected inventory, if required. 

For the computational configuration, backfill emplacement between the drums is ignored· 

and the waste is modeled as a monolithic mass with a volume of 1663 m3 (Beraun and Davies, 

1992, p. A-7). The volume of the excavated room is assumed to be 3645 m3, and the volume 

of the air gap is 654 m3, leaving 1328 m3 for the volume of the backfill m3 (Beraun and Davies, 

1992, p. A-7). The primary candidate for backfill material is pure crushed salt. The pure 

crushed-salt backfill is assumed to have an initial density of 1300 kg/m3 arid an initial porosity 

of 0.4. 

In treating the waste as a monolithic mass, the mechanical effects on consolidation caused 

by backfill emplaced between the drums are neglected. The rationale for this assumption is that 

19 the backfill is observed to rapidly consolidate in calculations to a low-porosity state in a matter 
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of tens of years, so that consolidation of the waste is the phenomena controlling the rate of void 

volume reductions. Thus, backfill between the drums (and the plastic pallets), although counted 

in the backfill volume, is considered to provide little resistance to consolidation of the waste. 

Its presence is simply as a filler material, and is presently neglected in consolidation estimates 

because it represents a small part ( < 18 3) of the total backfill volume (the dimensions to 

compute this number are in Figure 5). Backfill between the drums constitutes a level of detail 

in closure calculations that cannot be addressed in present general closure analyses because of 

the limitations in the state of code development. 

3.2 Constitutive Relationships 

Mathematical mechanical response models and properties for each material present in the 

33 repository and its surroundings must be defined once the geometrical configuration for the 

34 

35 

36 

37 

38 

closure calculation is established. The following material models; or constitutive relations, are 

available. 

• Halite Creep Laws 

• Waste Compaction Models 
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• Backfill Consolidation 

• Gas Generation 

• Fractures 
• Disturbed Rock Zone (DRZ) 

The assumptions of these models and how they are presently used in closure analyses will 

be described in the following sections. The numbering of these sections in parentheses has been 
added to agree with the diagram for this section, shown in· Figure 2, with the "C" added to 

remind the reader that the subsections fall under the category of "Constitutive Relations." 

3.2.1 (C-1) Halite Creep Laws 

Halite (salt) has the unique characteristic of being able to deform with time under low 

shear stresses. This mechanical property causes mined cavities or voids in bedded or domal salt 
formation to decrease in volume· (close) with time. Once waste is emplaced in the repository, 

the salt is observed in calculations to rapidly consolidate around it, reduce any void volume that 

could eventually fill with brine, and eventually surround the waste with a tight, impermeable 

barrier. For evaluation of repository performance, a mathematical model of salt creep is used 

to predict the length of time required to achieve various degrees of closure. 

Two mathematical laws have been used to describe creep of halite. The Reference Creep 

Law proposed by Krieg ( 1984) was based on a comprehensive examination of all data relevant 

to WIPP salt prior to 1984, and was used extensively for disposal room calculations until 1993. 

An elastic/secondary steady-state creep relationship was defined. The second law, the M-D 

description (Munson et al., 1989a, b), has been used since then, because it more accurately 

represents the early part of closure. The rationale for limiting the description to secondary, 

steady-state creep, rather than including a primary or transient creep function, was that long 

enough periods of time were under consideration to render transient effects of lesser importance. 

This conclusion was based on the expectation that any transition to steady state would occur 

quickly and transient strain would be limited in magnitude. The assumption was made that the 
preponderance of the deformation would be from steady-state creep. Therefore, total strains 

several hundreds of years after decommissioning, and later, predicted from steady-state creep 

rates, would be only slightly in error. 

A reference stratigraphy for the region surrounding the disposal rooms was also 

recommended for use with this law, as were reference mechanical properties for dominant 

nonhalite features such as anhydrite and polyhalite marker beds and clay seams (Krieg, 1984). 
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This information was assumed for calculations addressing comparisons with early closure data 

from the first underground experimental tests initiated at the WIPP. However, comparison of 

closure estimates with early closure data almost immediately indicated that mined openings in 

the WIPP were closing approximately three times faster than was predicted with the Reference 

Creep Law (Morgan, 1993b, pp. A-92 to A-94, and conclusions). As a consequence, simple 

fixes to the Reference Creep Law were instituted. Major changes involved dividing the elastic 

moduli values of the Reference Creep Law by a factor of 12.5, and greatly simplifying the 

stratigraphy of the Disposal Room Model, eventually changing it to a uniform formation of 

1003 halite (Morgan, 1993b, pp.· A-92 to A-94, and conclusions). The stratigraphy 

simplification was possible because closure results assuming inelastic response for the anhydrite 

and polyhalite parts of the stratigraphy did not differ greatly from the all-halite results. While 

a mechanistic justification for reduction of the moduli was not apparent at that time, some 

justification for simplifying the stratigraphy existed because of major uncertainty in modeling 

stratigraphic features. A major problem was representation of displacements or slip along clay 

seams. With the modulus and stratigraphy changes, closure estimates using the modified 

Reference Creep Law and stratigraphy were found to be in better agreement with closure data 

(Morgan, 1993b, Figure 6, pp. A80, A81). More complete information can be found in the 

rock mechanics position paper. 

After examination of a number of possible explanations for the inadequacy of th~ original 

Reference Creep Law, a second model for the creep of salt was provided by Munson (Munson 

et al., 1989a,b). This model differs from the original Reference Creep Law and stratigraphy 

recommendations in several ways. First, Munson proposed a different flow rate for the way in 

which one- and two-dimensional stress states are generalized to three-dimensional stress states. 

Second, based on further study, Munson constructed a different stratigraphy for the rock 

26 surrounding the repository, and proposed a different value for the coefficient of friction 

21 controlling slippage along clay seams. A third contribution was to include a description of 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

primary (transient) creep in the constitutive model to represent initial deformations during and 

immediately after underground mining activities. The reader is referred to additional discussion 

of Munson's model and presently accepted material parameter values in the rock mechanics 

position paper aiid Munson (1992, pp. A-115, A-116). Closure estimates with it have been 

shown to be in agreement with a much larger and more recent gathering of closure data. 

Although Munson's model overcomes the limitations of Krieg's Reference Creep Law, 

its inclusion in closure has not always been technically feasible. In actuality, incorporation has 

been difficult, because the CPU time for calculations using this model has increased to the point 

where very complex calculations with Munson's model may be prohibitive. For many 

calculations the Reference Creep Law (with the E/12.5 correction) is technically acceptable as 
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well as offering computational advantages and may be the preferred creep description. 

H-' 10 

An indication of the differences between the two models is obtained by calculating the 
closure curve for a given repository configuration, with no gas generation, using both models. 

This calculation has been performed by RE/SPEC (see Callahan memo, March 13, 1992, in 
Labreche's topical report in Appendix F, Vol. II). Although the small-deformation formulation 

of the code SPECTROM-32 was used, rather than the large-deformation code SANTOS, the 
calculation is considered an indication of the results to be expected. The small-strain formulation 
is considered less desirable, because the small-deformation approximation is not a fair 

representation of large strains encountered in the closure, but was the only option available at 

the time of the calculation. 11 

""'' 12 

13 

14 

15 

16 

The results of the calculation predicted that while room closure to a near asymptotic state 

occurred faster according to the more accurate M-D description, the two curves became almost 

horizontal and close together after 200 years (see Callahan memo, March 13, 1992, in 
Labreche' s topical report in Appendix F, Vol. II). As an indication of the time required to 

''" 17 achieve such a state, there was a difference of 60 years between the state predicted by the 

"'' 18 Reference Creep Law at 200 years, and the time that it would take to achieve this state 

.... 19 according to the M-D model. In other words, the M-D model, which included transient creep, 

,,,., 20 predicted that the state indicated by the Reference Creep Law would, in fact, be achieved 60 

21 years sooner. 

22 
i!htit 

23 The uncertainties introduced by the Reference Creep Law are that closure is less rapid 

••• 24 than closure computed using the M-D law because the Reference Creep Law does not include 

~·· 25 transient response. Therefore, calculations with the Reference Creep Law with regard to 40 CFR 

,, .. 26 191 criteria predict less closure than is likely, leading to a more permeable waste. With regard 

""" 21 to the no-migration criteria in 40 CFR 268.6 (RCRA), calculations with the Reference Creep 
28 Law predict greater gas storage than is likely within the disposal room, thus underestimating the ..... 
29 amount of gas that must flow into the interbeds and other sources of additional gas storage 

ilhi 

30 volume. Use of the M-D law in the future will remove these uncertainties . 

... 32 The current position with regard to modeling salt creep is that, whereas all calculations 

, .. 33 in the past were performed assuming all-salt stratigraphy and the Reference Creep Law with the 

... 34 E/12.5 approximation to circumvent the excessive CPU time, most future calculations will utilize 

35 the M-D creep law. Additional information about the salt creep model and mechanical 
•.Ml 

36 parameters used for the 12/92 Preliminary Performance Assessment can be found in Sandia 
1 ... 

37 WIPP Project, 1992, pp. 1-42 to 1-45 and 2-69 to 2-71. In the future, either all salt or M-D 

'"'" 38 stratigraphy will be used depending on the application. 
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3.2.2 (C-2) Waste Compaction Models 

·Halite in the roof contacts the waste and backfill as a room closes, and applies a load to 

the waste and bacldill. Initially, the waste and the backfill cannot support such a load, and the 

two begin to consolidate. Waste compaction models describe how much load must be exerted 

by the surrounding rock to consolidate the waste to a given porosity or density. 

Two representations of the waste have been investigated in the past. The first, the 

volumetric plasticity model, used in many of the early SANCHO calculations (Weatherby et al., 

1991), remains the primary compaction description. A second representation, the Nonlinear 

Elastic Waste Model, was used in early calculations by RE/SPEC, but has certain physical 

consistency limitations, which make its use questionable (see Labreche et al., pg. F-57, in 

Appendix F, Vol. II). The volume plasticity model is recommended for all future calculations, 

although its parameters will have to be changed if the waste form changes (from unprocessed 

to processed), or the mix of waste (amounts of combustibles, metals, and sludges) change. The 

description of the volumetric plasticity model and parameters used for unprocessed waste in the 

12/92 Preliminary Performance Assessment can be found in the document Sandia WIPP Project, 

1992, pp. 1-42 to 1-45 and 2-69 to 2-71. 

The volumetric plasticity (crushable foam) model (Weatherby et al., 1991) is a yield 

surface in principal stress space, which is a surface of revolution with its axis centered about the 

hydrostat and the open end pointing into the compression direction. The open end is capped with 

a plane that is at right angles to the hydrostat. The deviatoric part is elastic-perfectly plastic so 

the surface of revolution is stationary in stress space. The volumetric part has variable strain 

hardening so the end plane moves outward during volumetric yielding. Volumetric hardening 

is defined by a set of pressure-volumetric strain relations derived from the experimental 

compaction data. Because the model does not specifically include time, a correction was applied 

to the data for time-dependent deformation (creep), especially for the plastics in the waste. The 

model also imposed the flow rule that the deviatoric strains produce no volume change 

(associated flow). 

The experimental data used for the volumetric plasticity model and their interpretation 

are summarized in Butcher et al. (199lb) and Luker et al. (1991). The steps involved in deriving 

repository-averaged compaction data derived from the experimental results are shown in Figure 

6, the WIPP Waste Compaction Model, and the results are reproduced in Table l. These results 

were the basis for the parameters used for the 12/92 Preliminary Performance Assessment. 

Additional information in regard to the assumptions about the waste inventory required in the 
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derivation of these parameters is given in Section 3 .1. 7, (G-7) of this report. 

Experimental Data Calculated Waste Fonn Characterization Calculated PA Input· 
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Figure 6. WIPP Waste Compaction Model. 
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Table 1. TRU Simulated Waste Compaction Curves (Butcher et al., 1991b). .. 
• 

Stress Average Metallic Combustible Sludge -Repository Waste Waste Waste 
MP a Porosity Porosity Porosity Porosity " 0.4 . o.765 0.805 o.83o 0.549 • 
0.6 0.722 0.783 0.801 0.410 
0.8 0.696 0.768 0.776 0.394 • 
1.0 0.672 0.755 0.752 0.377 • 
1.2 0.649 0.741 0.729 0.363 
1.4 0.628 0.729 0.706 0.350 ~ 

1.6 0.607 0.717 0.683 0.338 .. 
1.8 0.588 0.706 0.661 0.328 • 2.0 0.570 0.696 0.640 0.318 
2.2 0.553 0.687 0.620 0.310 .. 
2.4 0.538 0.678 0.602 0.302 • 2.6 0.525 0.670 0.584 0.296 
2.8 0.512 0.662 0.567 0.289 • 
3.0 0.499 0.655 0.552 0.284 • 3.2 0.488 0.649 0.536 0.278 
3.4 0.477 0.642 0.522 0.273 • 
3.6 0.467 0.636 0.508 0.268 " 3.8 0.457 0.630 0.494 0.263 • 4.0 0.447 0.624 0.482 0.258 
4.2 0.438 0.618 0.469 0.253 .. 
4.4 0.429 0.612 0.457 0.247 • 
4.6 0.421 0.607 0.446 0.243 
4.8 0.412 0.602 0.435 0.237 • 
5.0 0.404 0.596 0.424 0.231 • 
5.2 0.397 0.591 0.414 0.228 
5.4 0.390 0.586 0.404 0.224 • 
5.6 0.383 0.581 0.394 0.221 • 
5.8 0.376 0.576 0.385 0.217 
6.0 0.370 0.572 0.376 0.214 • 
6.2 0.363 0.567 0.367 0.211 ·• 
6.4 0.357 0.562 0.358 0.208 
6.6 0.351 0.558 0.350 0.204 ·• 
6.8 0.345 0.553 0.342 0.201 .. 
7.0 0.339 0.549 0.334 0.198 
7.2 0.334 0.544 0.326 0.195 

... 
7.4 0.328 0.540 0.319 0.192 • 
7.6 0.323 0.535 0.312 0.190 
7.8 0.318 0.531 0.305 0.187 • 
8.0 0.313 0.527 0.298 0.184 ... 

• 
"'"' 
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Table 1. TRU Simulated Waste Compaction Curves (Continued). 

l(UH Stress Average Metalhc Combustible Sludge 
Repository ·waste Waste Waste 

MP a Porosity Porosity Porosity Porosity 
ll .. ;Ji 8.2 0.308 0.523 0.291 0.181 
l8:ii<f 

8.4 0.303 0.518 0.285 0.179 
8.6 0.298 0.514 0.278 0.176 

!It,.,,. 8.8 0.293 0.510 0.272 0.174 
1~,5· 

9.0 0.289 0.506 0.266 0.171 
9.2 0.284 0.502 0.260 0.169 

•it .. '*- 9.4 0.280 0.498 0.254 0.167 
iihH 9.6 0.276 0.494 0.249 0.164 

9.8 0.272 0.490 0.243 0.162 
10.0 0.267 0.486 0.238 0.160 

f!1'1Nt 10.2 0.263 0.482 0.232 0.157 
10.4 0.259 0.478 0..%27 0.155 

f~fl 10.6 0.255 0.475 0.%22 0.153 
,,..,, 10.8 0.252 0.471 0.217 0.151 

11.0 0.248 0.467 0.%12 0.149 
tn1 11.2 0.244 0.463 0.,2)8 0.147 
tit>4? 11.4 0.241 0.459 0:2n 0.145 

11.6 0.237 0.456 0:198 0.143 
1\11~ 

11.8 0.233 0.452 0.194 0.141 
i~o; 12.0 0.230 0.448 0;.190 0.139 

12.2 0.226 0.445 O.J85 0.137 
flt~ 

0:181 12.4 0.223 0.441 0.135 
11 .. 12.6 0.220 0.438 o.rn 0.133 
.,~ 

12.8 0.216 0.434 0.:113 0.131 
13.0 0.213 0.430 0.169 0.129 

11 .. 13.2 0.210 0.427 0 .. 165 0.128 
..... 13.4 0.207 0.423 O.lti2 0.126 

13.6 0.204 0.420 0:158 0.124 , ... 
13.8 0.201 0.417 0.154 0.122 

, ... 14.0 0.198 0.413 0.151 0.120 
14.2 0.195 0.410 0.147 0.118 

liii< 

14.4 0.192 0.406 0.144 0.117 

" .. 14.6 0.189 0.403 0.140 0.115 

1 .... 
14.8 0.186 0.399 0.137 0.113 

,,~ Application of the volumetric plasticity model requires .certain assumptions about the 
1,,.. 2 magnitude of lateral stresses acting on the waste during compaction. The extremes of possible 

""' 
3 response are that if no lateral stress acts on the waste, then the mean stress is one third of the 

4 axial stress,um = u/3; or if the lateral stress is equal to the axial stress, then the mean stress 
;~ ... 

5 is equal to the axial stress, um = u a (Butcher et al. , 1991 b, p. 72). Calculations made with the 
lf!M 

li..i> 
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um = u/3 assumption predict consolidation when no gas is present to much lower porosities than 

do calculations made with the um = Ua assumption (Callahan, 1992, Figure 4, p. A-30). 

Which assumption to use is not easily resolved from experimental tests. The full-scale 

drum compaction tests, performed to determine the compaction characteristics of the waste, 

provided records of the axial load required to compact the waste as a function of drum height 

(Butcher et al., 1991b, p. 49). Thus, the average stress acting on the waste in only one direction 

was measured. This information is only part of the information required to develop a compaction 

model; that is, the stresses acting on the waste in all three orthogonal directions must be 

specified in a mathematical model of compaction for computer code calculations (Butcher et al. , 

1991b, p. 72). 

The reason stresses in all three directions were not measured in the tests was that the. 

waste was contained in drums and was heterogeneous, with the consequence that there was no 

good way of measuring these stresses. Furthermore, the uncertainty introduced by not measuring 

these stresses was not considered large enough to justify the immense effort that would be 

required for development of such measurement techniques. Indirect guidance with regard to 

which of the relationships between axial stress and lateral stress is more representative of 

mechanical response during waste compaction is provided from the compaction test results, 

which showed that large increases in drum diameter during compaction of both me~llic and 

combustible waste did not occur (Butcher et al., 1991b, p. 52). Instead, the waste appeared to 

compact one-dimensionally, without obvious drum bulging or lateral expansion to rupture. These 

observations suggest that the steel containers were strong enough to prevent any lateral waste 

expansion, at least during the early parts of the tests. In contrast, drums of sludge did bulge 

(Butcher et al., 1991b, p. 52), but the volumetric portion of sludges in the waste was considered 

26 small enough to ignore in making the zero lateral stress assumption. The dominant conceptual 

27 

28 

29 

30 

31 

32 

33 

model assumption was, therefore, that most of the waste compacted in essentially a one

dimensional mode, without much lateral expansion, best represented by the um· = u/3 

assumption, although calculations with the um = ua assumption were also completed. 

Current estimates of compaction are for as-received waste, with no correction for waste 

decomposition or corrosion with time. Some reviewers suggest that the final state of compaction 

of the waste should be considerably greater, i.e., its final porosity would be considerably less 

34 for the fully degraded state, and therefore assumption of the unreacted properties is misleading. 

35 

36 

37 

38 

Implicit in their assumption is that the waste first compacts and then degrades. An alternate 

conceptual model is that the waste degrades before it attains the fully compacted state. The 

present compaction model is based on this assumption. A decision about which model or 

combination of assumptions is more representative of the eventual state of the waste is 
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considered of secondary importance as long as no credit is taken for any retardation of fluid flow 

by the waste because of its high permeability (see Section 3. 3. 2 .1 [F-2 .1]), and the waste gas 

storage volume remains a small portion of the potential maximum gas storage volume. 

However, for cuttings release, the first conceptual model of compaction followed by degradation 

would probably produce a denser, higher-strength final waste form, less prone to spallation and 

erosion phenomena. A denser waste form would also be less permeable to fluid flow into the 

borehole during an intrusion. 

Estimates of degraded waste response are limited to the presently accepted conceptual 

model (degradation during compaction), because it is not clear what the morphology of the 

'""' 11 corrosion products would be if corrosion occurred in a confined volume. These estimates 

,. .. 12 suggest that the porosity of the corroded and biodegraded waste would be comparable to that of 

the unreacted waste, even though the cellulosics have been totally consumed. This calculation 

14 assumes that the corrosion products form and compact as a well-graded granular material. The , ... 
15 

II"" 
16 

.... 17 

II"' 18 

''"" 19 

IH• 20 

21 

22 

23 

, ... 24 

'~"' 25 

l"'' 26 

""' 27 

28 

29 
ll.i 

data for it came from tests on well-graded granular magnetite, representing Fe30 4, and w""l'

graded limonite material (Luker et al. , 1991). Limonite; a hydrous ferric oxide of \ "'° 

composition, is a major ore of iron. It was chosen because it was readily available as sample 

material and represents compounds having more of the nature of hydroxides. The reason the 

calculated porosities were comparable to the estimates for unreacted waste was attributed to the 

fact that the theoretical solid densities of the corrosion products are much less than the solid 

density of iron, and the mixtures investigated in the experimental program did not compact 

easily. For example, magnetite, with a grain density of 5180 kg/m3, compacted to a density of 

about 3100 kg/m3
, and limonite, with a grain density of 2700 kg/m3 (average value), compacted 

to about 1400 kg/m3 at Ii tho static stress (Luker et al., 1991, p. 700). We concluded from this 

comparison that the difference between reacted and unreacted compaction states at lithostatic 

pressure was too small to attempt to compensate for in closure calculations. We also note that 

based on the waste inventory assumed for the 12/92 Preliminary Performance Assessment, only 

about 373 by weight of the waste is subject to chemical or biological change. 

30 The Nonlinear Elastic Waste Model for waste compaction arose from early work by 
111111 

31 RE/SPEC. The assumption was made for this model that waste responded in a nonlinear elastic 

,, .. 32 manner by assuming that the three individual waste types involving metals, combustibles, and 

,,.., 33 sludges are analogous to three nonlinear springs in series. An inconsistency occurs, however, 

1,.,, 34 when the model is applied to the condition of plane strain. In order to maintain the condition of 

35 zero total out-of-plane strain for the large strains that might be encountered during compaction, .... 
36 the computed out-of-plane stress can become unrealistically large, and of different sign 

11 .. 

37 (compressive) than the stress predicted using the volume plasticity model (see Labreche et al., 

• 38 Appendix D. Vol. II). The model will not work, therefore, without an arbitrary and physically 
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unreasonable fix, whereas the volume plasticity model works very well. 

3.2.3 (C-3) Backfill Consolidation 

Halite in the roof contacts the backfill during closure, and the backfill consolidates. 

However, unlike the waste, which has a unique value of porosity associated with each applied 
stress, crushed-salt-based backfill will continue to creep consolidate with time, even if under 

constant stress. Backfill consolidation models describe creep consolidation as a function of 
applied stress and time. 

Backfill descriptions for both pure-crushed-salt backfill and salt/bentonite backfill are 

based on the Sjaardema and Krieg (1987) creep consolidation model. The crushed-salt part of 

the model was used for the 12/92 Preliminary Performance Assessment. The Sjaardema and 

Krieg model describes the volumetric response of the backfill in terms of the rate of change of 
backfill density as a function of the hydrostatic or mean pressure and current density as a 

function of time. Definition of the effect of shear stresses on backfill deformation is also 

required to generalize the model for numerical analyses because constitutive equations for 

19 numerical calculations include deviatoric stress and strain components related to shear. Shear 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

components under most circumstances are assumed not to produce any change in volume. In the 

Sjaardema and Krieg model, the volumetric part of consolidation captures almost all of the 
consolidation response, because the backfill undergoes large changes in density. 

Two different ways of representing the effect of the deviatoric stresses are used 

(Callahan and DeVries, 1991, p. 13; Sjaardema and Krieg, 1987, p. 30). Since no experimental 

data exists to discriminate between models, the choice of model for a specific calculation 

depends on the numerical code used for the calculation. The lack of specificity is not considered 

critical, however, because the deviatoric strains are typically very small relative to. the 

volumetric strains. To justify this assumption, backfill consolidation predictions using both 

deviatoric stress descriptions have been compared and found to be similar. Consolidation of 
pure-crushed-salt backfill is observed to occur rapidly, with porosities decreasing to less than 

10% within 40 years (Butcher et al., 1991a, Figure 4-4, p. 28). Salt/bentonite backfill is 

predicted to consolidate to states with low permeability within a comparable time period (Butcher 

et al., 1991a, Figure 4-5, p. 29). This observation implies that long-term room closure is 

dominated by the waste consolidation process; i.e., since the time scale for backfill consolidation 
is much shorter than the time scale for waste consolidation, the exact time at which the backfill 

reaches an acceptable level of consolidation, is less important and exact resolution of which 

deviatoric stress model best represents the backfill is unnecessary. 
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The Sjaardema and Krieg creep consolidation model, in its simplest form, is given by 

Sjaardema and Krieg, 1987 (Equation 2.1.2, p. 11, Equation 3.3.2, p. 25): 

(3) 

where p is the backfill density at time t, dp/dt is the rate of change of the backfill density with 

respect to time, Po is the initial backfill density, K is the bulk modulus, P is the pressure 

(positive in compression), dP/dt is the time rate of change of the pressure (mean stress), and B0, 

B1, and Ab are constants with the presently accepted values given in Table 2 (Labreche et al., 

1994, Table 3-11). 

Table 2. Summary of Base Values, Ranges, and Distributions for Crushed Salt/Bentonite 
Backfill Mechanical Properties. 

Parameter Base Value Range Distribution 
(Units) 

Ko (MPa) 0.0176 0.0103 - 0.0854 Uniform 

K1 (m
3/kg) 0.00653 0.00701 - 0.00540 Uniform 

Ab (m3/kg) -0.0173 µ = -0.01739 Normal 
(] = 2.21 

B0(kg/m3• s·1
) l.3·105 µ(ln(B0)) = 15.55 - 2.659·B1 Log Normal 

Var(ln(B0)) = 8.61 + 3.650·B1 

B1 (MPa-1) 0.82 0.61 - 2.35 Uniform 

Po (kg/m3
) 1400 1200 -1600 Uniform 

The values of these parameters were derived from Holcomb and Shields (1987), as 

discussed in Labreche et al. (see Labreche et al., Section 3.2.2, in Appendix D, Vol. II). The 

value for B0 in Table 2 reflects a recent change that requires reevaluation of its range. The 

model description and parameters used for the 12/92 Preliminary Performance Assessment can 

be found in Sandia WIPP Project, 1992, pp. 1-42 to 1-45 and 2-69 to 2-71. 

An assumption in deriving values for the creep parameters is that sufficient moisture 

exists in the salt (greater than 0.5%) (Butcher et al., 1991a, p. 42) to cause it to consolidate as 
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a "wet salt," as opposed to a salt containing no moisture (see Labreche et al., Section 3.2.2, in 

Appendix D, Vol. II). Moisture content is a design parameter that can be controlled during 

emplacement to ensure that this criterion is met. The general ability of the mathematical 

rep~esentation used by Sjaardema to physically represent salt consolidation is also supported by 

creep tests of salt/bentonite backfill, which shows similar response (see Labreche et al., Section 

3.2.2, in Appendix C, Vol. II). 

An additional feature of the model is a variation of the elastic moduli with density. The 

bulk modulus and shear modulus is given by Sjaardema and Krieg (1987, Equations Al and A2; 

p. 59): 

( 4) 

and 

(5) 

where K0, K1, G0, and G1 are constants. Presently accepted values for the bulk modulus equation 

are also given in Table 2, and were derived from Holcomb and Hannum (1982) and Holcomb 

and Shields (1987), as discussed in Labreche et al. (see Labreche et al., Section 3.2.2, in 

Appendix D, Vol. II). Embedded in the derivation of these ranges and distribution is the 

assumption that the solid (bulk) density of salt ranges from 2098 to 2160 kg/m2 , with a median 

value of 2140 kg/m2 (see Labreche et al., Section 3.2.2.1, in Appendix D, Vol. II). The shear 

18 modulus relationship is required for the deviatoric (shear) stress part of the model, and is 

19 

20 

21 

22 

23 

24 

25 
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30 
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32 

33 

assumed to have the same stress dependence as K. The value of G0 is assumed to be 12.4 Gpa 

(Krieg, 1984). The elastic constants are not considered to sensitively influence backfill 

consolidation (see Labreche et al. , Table 3-19, in Appendix D, vol. II). 

3.2.4 (C-4) Gas Generation 

Gas within the repository will increase in pressure during closure and exert backpressure 

on the surrounding rock. Sources of gas are gas already present in the waste and repository, and 

gas generated during biodegradation of various components of organic waste, corrosion of 

metals, and radiolysis. The function of this part of the Disposal Room Model is to determine the 

gas pressure given the amount of gas within the limits of the disposal rooms and accessways, 

and the extent of void volume available for storage (Brown and Weatherby, 1993, p. A-7). 

The present practice for calculating gas pressures in SANCHO cl~sure calculations is to 
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either assume various gas generation rates or a lookup table of gas production (Brown and 

Weatherby, 1993, p. A-7). Given the number of moles of gas within the repository as a function 

of time, the void volume available for storage at a given time is computed, and used to compute 

the gas pressure using the Ideal Gas Law (Brown and Weatherby, 1993, p. A-7). A concern with 

this procedure sometimes expressed by reviewers is whether the Ideal Gas Law is accurate 

enough for gas pressure estimation. However, which gas generation model is used to compute 

the pressure is of secondary importance, because of the way the closure information is used in 

BRAGFLO PA analyses (WIPP PA Department, 1993, pp. 4-18 to 4-23). BRAGFLO is used 

to compute the gas generation and pressurization, while SANTOS (SANCHO) or SPECTROM-

32 just incori>orates a pressure-time history for the boundary condition, for which the Ideal Gas 

Law is satisfactory. Interpolation of porosity based on volume-averaged pressure and time is an 

option in the current version of BRAG FLO that is recommended. This discussion also explains 

why detailed knowledge of gas generation parameter ranges and distributions are not required 

for disposal room closure calculations. Instead, the uncertainties in gas generation parameters 

are addressed directly with BRAG FLO. 

For PA analyses, the amount of gas in the repository is calculated with the code 

BRAGFLO, converted to a gas pressure, and coupled with the closure data by interpolation on 

the basis of pressure (WIPP PA Department, 1993, Section 4. 2. 2. 2 , pp. 4-11 to 4-23). In other 

words, to place closure calculation results in a form that can be used in PA analyses, closure 

states in terms of porosity as a function of moles of gas and time are converted to pressure and 

volume states corresponding to various gas contents. Redefinition of the porosity values is 

included in this transformation, because the porosity determined in the closure calculation is 

defined in terms of the current volume of the waste, and the porosity used in BRAGFLO is 

defined in terms of the initial volume of the waste (WIPP PA Department, 1993, Section 

4.2.2.2, pp. 4-11 to 4-23). Calculation of a new state of the repository in BRAGFLO begins by 

some additional analysis of the BRAGFLO results at the end of the previous time step. Since 

pore pressure and gas generation rates are allowed to vary spatially in BRAG FLO, pore pressure 

and gas content over the waste area are first averaged, and the gas content transformed to a form 

that can be compared with the porosity surface data. The effect of brine occupying some or part 

of the pores, although not explicitly included in SANCHO, is correctly represented in 

BRAGFLO because of the use of average pore pressure as a variable. Given the average 

pressure and gas content, a new porosity for the waste area is then defined by interpolation of 

the porosity surface data. The new porosity is assumed to be constant and spatially invariant over 

the new time step. The flow solution is then iterated to obtain new gas contents, brine 

saturations, and pressures at the end of the new time step. The pore pressure in the waste area 

is determined using a non-ideal gas law. When iteration is complete, new pressure and gas 

amounts are again averaged volumetrically, to determine a new porosity for the next part of the 
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calculations. 

Questions are also frequently raised about how brine availability is coupled with the 

quantity of gas produced in mechanical closure calculations. Since corrosion of iron uses up 

brine as one of the reactants, this coupling causes the corrosion process to be self-limiting, 

because eventually sufficient gas pressurization may prevent additional brine from entering the 

repository. The same discussion about the need for exact coupling between the gas generation 

model ultimately used by performance assessment and the closure data can also be evoked with 

9 regard to the coupling with brine content. Brine availability is already embedded into the closure 
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results in the sense that a set of closure (void volume or porosity) curves are constructed from 

pressure histories that span all of the gas pressure histories that potentially might be encountered 

within the repository. These curves span conditions from zero gas generation, which represents 

the case where no brine would be present in the waste, to conditions for which all of the waste 

is submerged in brine. 

The parameters used for calculation of the porosity surface data for the 12/92 Preliminary 

Performance Assessment can be found in Beraun and Davies (1992, p. A-7). 

3.2.5 (C-5) Fractures 

As described in Section 3.1.3, (G-3), gas pressurization of the repository can approach 

lithostatic pressure, raising the possibility that existing fractures, or fracture initiation and 

propagation within the interbeds, partings, and clay seams, will open to provide storage volume 

for the excess gas. 

Opening of fractures by gas pressurization is considered to occur primarily within the 

interbeds, because they contain evidence of preexisting fracturing and therefore have. very low 

tensile strength (Borns, 1985); (see Mendenhall and Gerstle memo in Appendix G, Vol. II). 

30 Fracturing is also assumed to be oriented horizontally, in a manner consistent with the observed 

31 

32 

33 

34 

35 

36 

37 

38 

fracture networks (Borns, 1985). The reader is referred to the discussion of the interbed fracture 

flow model used for the 12/92 Preliminary Performance Assessment in the salado formation fluid 

flow position paper (Sections 2.1.2.2, 2.2.1.6, and 3.2.5). 

The assumption is presently made in closure analyses that suitable estimates of closure 

are possible without specific consideration of fracture models. Fracture openings are expected 

to act as gas pressure limiting devices: once the gas pressure within the repository becomes 

approximately equal to lithostatic pressure, pressurization ceases and any additional gas causes 
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flow out through the interbeds (see Mendenhall and Gerstle memo in Appendix G, Vol. II). 

Fracture opening in this context refers to unlimited opening of the fractures by mechanical 

means, as for example is produced by hydraulic pressurization of formations to stimulate gas and 

oil recovery. The gas pressure required to open fractures in this manner, the critical fracture 

pressure, is in' most cases very close to lithostatic pressure. Estimates for the interbeds in WIPP 

are that overpressures above lithostatic are of the order of fractions of a Pascal '(Pa). 

,., 12 

Since fracture in the interbeds is assumed to have little effect on closure, except for its 
pressure limiting effects, inclusion of a detailed fracture model in the Disposal Room Model is 

not necessary at this time. Instead, an accurate representation of closure is possible by (1) 

determining the amount of closure at the point where the critical fracture pressure is first 
reached, and (2) assigning that value of porosity to the waste thereafter, unless the pressure 

starts to decrease. 13 

14 

15 While this simplified procedure is considered a sufficient first approximation of closure, 

16 it does not circumvent the need for a detailed fracture model for determination of crack 

11 dimensions and their effect on fluid flow in regard to other aspects of performance. Should 

18 representation of fracturing become necessary in the future for calculation of disposal room 

" .. 19 response, options are available for describing gas-induced fracturing. A first step would be to 

''"' 20 represent interbed gas in the gas generation model, since the rate of closure of the repository 

,~,.. 21 depends on the pressure of the gas contained within the waste boundaries, which is the amount 

,,. 22 of gas that is given by the amount of gas generated less the amount that flows away from the 

23 waste region. It is sufficient, therefore, to represent interbed gas storage in fractures as a leakage 
jUM 

24 term in the gas generation model. 

25 

""" 26 Complete separation of the consequences of fracturing, as expressed by a leakage term, 

.... 21 from the mechanical aspects of closure is justified by recent results by Argiiello and Stone (see 

, ... 28 Argiiello and Stone memo in Appendix H, Vol. II). Argiiello's results show that creep of halite 

.,... 29 adjacent to the interbeds contributes little to fracture opening. Therefore, elastic fracture 

30 mechanics analysis could be used to approximate fracture response.(see Mendenhall and Gerstle 
!1!1111 

31 memo in Appendix G, Vol. II). 

32 

'"" 33 Leakage also is dependent on gas flow out through the interbeds below lithostatic pressure 

'"' 34 (permeability enhancement because of pressurization). However, this phenomenon is considered 

,.., 35 to be a consequence of interconnection of existing porosity, and not related to closure in the 

•M 36 sense that the total porosity remains constant. Pressurization above lithostatic pressure is required 

31 to increases the total porosity, by lifting the overburden. Thus any permeability increase is 
!Mllll 

38 related to interconnection of existing porosity. 

''"" 
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. As discussed in Section 3 .1. 4, (G-4), porosity and fracture within the DRZ will influence 

fluid flow and may provide gas storage volume. DRZ porosity is at the expen8e of porosity in 

the room. The issue is how much of it is squeezed out by closure, and whether it can reopen by 

gas pressurization. While porosity and fracture within the DRZ will influence fluid flow and 

other factors such as whether or not communication paths to anhydrite interbeds exist, these 

parameters are not expected to have much effect on the mechanical part of closure. No 

simplified model of the DRZ is presently in closure codes and implementation of such a model 

would be a major effort. The reader is referred to the po~ ... un paper on rock mechanics for 

further discussion of this topic. Therefore, a present assessment is that the DRZ is not important 

because most of the enhanced porosity is eliminated by closure by the time any substantial gas 

pressurization of the repository occurs; i.e., the DRZ is assumed to close up rapidly because of 

backstress exerted by the waste, and it is not an important part of the gas storage volume within 

and immediately adjacent to the waste. The reader is referred to the discussion of fluid flow in 

the DRZ in the salado formation fluid flow position paper (Sections 2.1.2.1, 2.2.1.5, and 3.2.4). 

3.3 Waste and Backfill Flow Model 

The third part of the model having to do with fluid flow parameters is not presently used 

in the direct determination of closure. Instead, these parameters are used in performance 

assessment to predict fluid flow through the repository with the BRAGFLO code, and are 

included in this chapter for sake of completeness. The model components that will be addressed 

are: 

• 
• 
• 
• 

Flow Model 

Permeability and Other Flow Properties 

Initial Brine Content of the Waste 

Wicking and Other Water Migration Mechanisms 

Some parts of these models are computationally intensive for the repetitous calculations 

required for performance assessment complimentary cumulative distribution functions (CCDFs), 

but are amenable in most cases to separate studies to evaluate the differences that they might 

37 have on repository performance. 

38 
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3.3. 1 (F-1) Flow Model 
2 

3 The flow model within a disposal room, and within the repository as a whole, determines 

4 how fast fluids flow in and out of the waste. The present model is based on the assumption of 
, .. 

5 two-phase Darcy flow. A detailed discussion of the mathematical form of the two-phase Darcy 

6 flow model will not be given in this section because it is part of the salado formation fluid flow 

1 position paper. 
8 

9 Fluid flow modeling within a disposal room has two important considerations: (1) fluid 

10 distribution in the waste and backfill and flow within the room and repository, and (2) fluid flow 

11 

,.,, 12 

to and from the Salado Formation. The first aspect influences the rate of fluid movement within 

a room, or flow from one location to another. This may affect the rate of gas· generation, for 

example, due to the fluid transit time from one part of the room to another. Although the total 

amount of brine available for gas generation would not change, the rate at which it were used 

up might change. The second aspect will influence the fluid exchange with the surrounding 

Salado Formation. For example, when the repository pressure is sufficient to drive out gas from 

the repository, it may also drive out brine as well, altering the total amount of brine available 

for gas generation. The details of fluid flow within the room may control the amount of brine 

driven out of the room by the gas. This aspect may also come into play in evaluating flow up 

a human intrusion borehole, which may be affected by room fluid flow parameters and their 

distribution. 
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The current modeling of flow within the repository is based on homogenizing the backfill 

and room contents into large computational volumes necessary for PA calculations. However, 

as mentioned above, heterogeneity of the room contents may influence the gas and brine 

behavior in the room as well as fluid flow to and from the Salado Formation. At present only 

homogeneous representations of the rooms have been considered, although development of a 

detailed room model considering heterogeneity has recently been initiated. Thus, the effect of 

the room heterogeneity is unknown at present, and while it is too detailed to address in current 

performance assessment modeling, it can be addressed in separate studies to evaluate the 

differences that it might have on repository performance. Details of the SPM-2 Baseline room 

flow model are described in Section 3.5. 

3.3.2 (F-2) Permeability and Other Flow Properties 

The permeability of waste and backfill at a given time can influence repository 

performance by controlling how rapidly gas or brine can flow through the waste (40 CFR 191 
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4· 

Appendix C). These parameters will be discussed first·in this section, because their magnitudes 

have influenced decisions about how detailed a description of flow through the waste is required 

for performance evaluation. The permeability of a material is assumed to be related to its 
porosity. 

• 
• 
• 

5 • 

6 a 

7 3.3.2.1 (F-2.1 l WASTE PROPERTIES 
8 

9 

10 

11 

12 

13 

Tests on simulated unprocessed waste have shown compacted material permeabilities on 

the order of 10-12 to 10-16 m2 to brine at lithostatic pressure (full compaction of the waste) (Luker 

et al., 1991). While the lower bound value for the permeability of 10-16 m2 is still much higher 

than that for the surrounding salt, it may be lower than fractured interbeds, open boreholes, or 

borehole plugs. The reader is referred to the salado formation fluid flow position paper for the 

14 permeabilities of these external components. 

15 

16 

17 

18 

19 

20 

For computational ease in the 12/91 Preliminary Comparison with 40 CFR 191 Appendix 

C (WIPP PA Division, 199la, Section 3.4.7, pp. 3-130 to 3-134), the assumption was made that 

the permeabilities of each component were uniformly distributed from the minimum to maximum 

values for each waste form in evaluating the permeability of an average drum. Consequently, 

the distribution of local permeability (i.e., the effective permeability of a collapsed drum) was 

21 the weighted sum of uniform distributions, the weights being percent by volume of each 
22 

23 

24 

25 

26 

27 

28 

29 

30 
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33 
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35 

36 

37 

38 

component. The volume percents of the components were assumed to be 40% combustibles, 

40% metals/glass, and 20% sludge. This analysis concluded that the expected (mean) 

permeability of waste on the scale of a drum would be 1.7 x 10-13 m2
• For the 12/92 Preliminary 

Performance Assessment, a median value of 1 x 10-13 m2 used, and was assumed to be 

independent of porosity (Sandia WIPP Project, 1992, Table 3.4-1, pp. 3-56, 3-57), because 

inclusion of a dependence between porosity and permeability in the calculations was not 

considered worth the minor changes it would have on the results. It should also be noted that 

the permeability value used represents the lowest value considered likely (no gas generation), 

and is associated with the maximum possible compaction of the waste. If gas generation limits 

waste compaction, making the waste even more porous, then it would be even more permeable. 

The suggestion has also been made that a log-normal uniform distribution might be more 

important than a uniform distribution for waste permeabilities. This option has not been used 

in the past, but merits further examination. 

No WIPP-specific two-phase property measurements for waste are available, nor is any 

measurement program planned at this time. The current values of two-phase flow parameters 

used in performance assessment analyses were based on a fragmeD:ted mixture of clay, 

Disposal Room 46 March 20, 1995 

• 
• 

• 

• 

• 

·• 

... 

•• 



~•Ji' 

~Ht~ 

11iill• 

"'"'' 

•fl.'41 

irn .. 

ii~·, 

i!f!ft,1 

\il~1k 

,. ... 
l~.ll!<i 

"1'0 

, .... 

""" 
1/liij-4 

'" .. 
lll'ft-il 

n>li 

t&i< 

·~" 

b• 

.. ,.. 

.... 
,,.. 

'"" 
1ra 

-
,,,,. 

,., 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

sandstone, and volcanic sand investigated by Brooks and Corey. The values used for the 12/92 

Preliminary Performance Assessment, are given in Sandia WIPP Project, 1992, Table 3.4-1 

(pp. 3-56, 3-57). The applicability of these two-phase flow parameters to the WIPP waste is 
questionable. 

The justification for not being very precise in the values and model used for fluid flow 

in the waste is based on the observation that performance assessment studies have shown that 

the permeability of a computational volume has to be at least within three orders of magnitude 

of the permeability of the adjacent computational volumes in series, to have any contribution to 

the time for brine to flow through the configuration. Flow through the high permeability element 

is for all practical purposes instantaneous. Similarly, for volumes in parallel, if the difference 

in permeability is greater than a factor of 1000, all of the flow is concentrated in the high 

permeability element and it occurs for all practical purposes instantaneously, relative to parallel 

flow through the high permeability elements. 

To place the critical flow path observation in context, the WIPP waste is confined 

between layers of very low permeability (intact halite permeability < 10-21 m2
). Therefore, the 

waste is much more permeable than the halite and may be expected to be the dominant path for 

the flow of fluids. The flow path through the repository is expected to be short in comparison 

to the external flow paths for brine migration (through seals and up shafts or boreholes, etc.). 

Thus, assuming a permeability of 10-13 m2 or greater is considered to be analogous to assume 

that there is little restriction of flow of either gas or brine within the waste. This assumption 

constitutes a bound with regard to gas or brine migration. Another way of summarizing this 

conclusion is that the permeability description is such that in estimating brine migration away 

from the repository, practically no credit is given to the time it takes for brine to flow through 

the waste. The consequences of this position with regard to fluid flow through degraded waste 

into a borehole during a human intrusion have not been determined yet (see Section 3.2.2, [C-

2]). 

While the constant waste permeability assumption discussed in the last four paragraphs 

is considered adequate for describing the flow of fluids through the waste, recent developments 

in regard to the new spall model for cuttings release described in Chapter 4 have introduced an 

inconsistency. The magnitude of the waste release predicted by the spall model is assumed to 

depend on the waste permeability, which is a variable of the waste state. Given a permeability 

value for the waste and the pressure difference, the amount of waste removed by spall is 

specified by the model. The inconsistency arises because the constant waste permeability 

assumption used for the 12/92 Preliminary Performance Assessment does not consider variations 

in permeability caused by different consolidation histories and gas contents. Therefore, the 
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waste permeability used for the SPM-2 spall release calculations has been redefined to resolve 

this inconsistency as described in Section 3.5.2. 

3.3.2.2 (F-2.2) BACKFILL FLOW PROPERTIES 

While substantial permeability data for crushed-salt backfill and salt/bentonite backfili 

exists (Butcher et al., 1991a), data on two-phase flow properties for these backfills do not exist. 

Crushed-salt backfill was the baseline·backfill assumed for the 12/92 Preliminary Performance 

Assessment analyses. Consolidation calculations for backfill show that consolidation of pure

crushed-salt backfill occurs rapidly, with porosities decreasing to less than 10% within 40 years 

including closure of the air gap (Butcher et al., 1991a). Permeability to brine rapidly decreases 

to 10-19 m2
• Salt/bentonite backfill is predicted to consolidate to states with low permeability 

within a comparable time period (Butcher et al., 1991a). Based on the fact that (1) the backfill 

consolidates so rapidly to low permeability states more typical of the surrounding halite, and (2) 

that it represents a smaller portion of the disposal room contents than the waste, the assumption 

is that a detailed permeability description of the backfill is probably unimportant. An alternate 

scenario would be that the backfill permeability is reversed and becomes greater with increasing 

gas pressure, in which case the backfill would have lesser effect as a barrier. The backfill was 

assumed to have the same permeabilities and porosities as almost fully consolidated salt in the 

12/92 Preliminary Performance Assessment. 

3.3.3 (F-3) Initial Brine Content of the Waste 

The initial water content of the waste is another parameter that is not presently used in 

the direct determination of closure. Instead, this parameter is important with regard to estimation 

of gas generation rates with the BRAGFLO code because it defines how much brine is 

immediately available for the corrosion reaction. 

The initial free liquid content is assumed to be a combination of liquid in the waste and 

brine in the backfill. All of the liquid is assumed to be either brine or water with no volume 

correction. A median value of 7 % was assumed for the initial free water saturation of the waste 

in the 12/92 Preliminary Performance Assessment (Sandia WIPP Project, 1992, Table 3.4, 

pp. 3-56, 3-57). This value has since been revised to a median of 0.44%, with a minimum of 

0.04%, and a maximum of 5.2%, based on EG&G/INEL data (see Elliot memo in Appendix I, 

Vol. II) and transportation restrictions on the amount of free liquid that the waste can contain. 
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The present free water saturation for the waste refers to unbound water within the waste. 

In contrast, materials such as dry portland cement, vermiculite, and other sorbents have 

intentionally been added to the waste to sorb excess water. This bound water is sometimes 

proposed as a source of water for corrosion, in which case the amount of water initially available 

within the waste would become much greater than presently assumed. Water transfer between 

the sorbents and their surroundings is a process that has not been addressed. It represents a 

complex tradeoff between the sorbents' chemical affinity for water and the robustness of the 

chemical reactions, i.e., the ability of the corrosion processes to extract water from the sorbents. 

The assumption is that it would be a coupled diffusion/vapor transport process, likely to be very 

slow, and therefore unimportant because of the availability of brine from the surrounding rock. 

Because it is reasonable to consider it unimportant, this source of water has not been considered 

in any of the past performance assessments. 

3.3.4 (f-4) Wicking and Other Water Migration Mechanisms 

Wicking is the ability of a material to carry a fluid by capillary action above the level 

it would normally seek in response to gravity. Unsaturated zones in granular materials are 

controlled by the same capillary forces. Since the present gas generation model defines 

drastically different rates depending upon whether the waste is in direct contact with liquid brine 

or surrounded by water vapor, the physical extent of these regions could be important. Present 

assumptions are that wicking in cellulosics is not likely to be important because it applies to only 

a small portion of the waste, which aside from its containers is not likely to contain much metal. 

Similarly, a capillarity in metal waste is also not likely because the sizes of the metal waste 

fragments are much larger than the "pore size" needed to sustain capillarity. While the pore size 

of the sludges is probably small enough for capillary forces to be important, aside from the 

containers, the sludge is assumed to contain no free water because of the liquid sorbing materials 

such as dry portland cement intentionally added to the sludge. Finally, while capillarity in the 

backfill is possible, it would be important only in regard to backfill that is in direct contact with 

metal. Sludges of solidified wastes that have the potential of releasing liquids are not likely to 

be accepted at WIPP. While representation of this physical process is implied by the use of two

phase Darcy flow it has been considered in the past to represent a level of detail that is beyond 

the available data for defining the effect of capillarity in past calculations. However, this 

position will be reevaluated by including it as a side calculation in the SPM-2 process. 

Enhanced water-vapor transport in the gas phase because of the thermal gradients caused 

by the heat from remote handled (RH) waste has also been proposed. The concern is that 

condensation of water in colder parts of the waste/backfill regions may cause a greater portion 
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of the waste to be in contact with liquid water than anticipated. The magnitude of this effect has 

not been quantitatively determined and it is considered a level of detail that is beyond the current 

capabilities of ~e performance assessment codes to evaluate. However, the thermal gradient 

issue_ can be addressed, if necessary' with the more detailed flow models that are available. 

3.4 Method of Analysis 

Selection of the computational approach is required once the computational configuration 

and material properties for a closure problem are defined. Two options are possible: 

• 

• 

A purely mechanical finite strain analysis with SANTOS (Stone et al., 1985) or 

SPECTROM 32 (Callahan et al., 1989), in which an assumed or known gas generation 

history is prescribed, (porosity surface approach) (Butcher and Mendenhall, 1993, 

pp. 7-1 to 7-9). 

A coupled flow - mechanical analysis with either TOUGH2 (Pruess, 1991) or PHENIX 

(see Larson memo in Appendix C, Vol. II) in which gas generation dependence on brine 

availability is part of the analysis. 

Selection of the method of analysis depends on how strong a coupling between fluid flow 

and mechanical closure must be to adequately represent the response under consideration. The 

extent of gas generation, and how it controls brine flow into or out of the repository is clearly 

23 the major consideration in this decision. 
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The porosity surface method was used for the 12/92 Preliminary Performance 

Assessment, using the structural response code SANCHO (Stone et al., 1985). After those 

calculations, SANCHO was declared obsolete because of its slow running time, and replaced by 

the code SANTOS. The code SANTOS is vectorized, and is for all practical purposes identical 

to SANCHO, with exactly the same constitutive relations. It also contains several new options 

which had been difficult, if not impossible, to implement in SANCHO, such as a method of 

representing contact of the backfill/waste region with the roof of the excavation. Recently, the 

finite strain capability has been added to a second code, SPECTROM 32, developed by 

RE/SPEC (Callahan et al., 1989), giving it capabilities identical to SANTOS. With these two 

independent codes, we now have a means of confirming the accuracy of disposal room 

calculations. 
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3.4.1 (A-1) Porosity Surface Data 

The porosity surface concept evolved to compensate for the absence of detailed definition 

of gas generation within the repository. The concept involves selection of a set of gas generation 

histories that span all of the gas generation histories likely to be encountered within the 

repository. Closure corresponding to a specific history is then derived from interpolation 

between the baseline curves for various amounts of gas. Gas generation histories must be 

assumed because of the dependence of gas production on brine availability and because structural 

codes such as SANCHO and SANTOS have no way of estimating this quantity of gas. 

The present Disposal Room Model focuses on the "porosity surface" approach, because 

results from this type of calculation are in a form that performance assessment can use. The 

coupled flow analysis can be used to check the degree that this approach correctly represents 

closure during complex gas generation histories. Inherent in this strategy is the present 

performance assessment position that implementation of a two-phase flow, structural mechanics 

code capability is not practical because of the large number of calculations that are required for 

assessments and the excessive computer time that it would take to obtain results from these 

calculations. Furthermore, we believe at this time that brine content and gas generation can be 

decoupled from closure via the "porosity surface" approach. If this position changes, then the 

approach to describing closure will shift to coupled flow analysis. 

Other methods of verification of the porosity surface method of transferring data to 

BRAGFLO have been completed. The sequence of steps in this verification process is (1) 

recovery of several gas generation histories from vectors considered in BRAGFLO 12/92 

Preliminary Performance Assessment calculations and the changes in repository porosity with 

time they produce; (2) these gas generation histories are then used to define gas production for 

SANTOS closure predictions; (3) the loop is completed by comparing the SANTOS porosity

time results with the initial porosity results from BRAGFLO. Differences in the two sets of data 

would be observed if the porosity surface data was not correctly implemented to and converged 

to in BRAGFLO. Exact agreement is not anticipated because of different extrapolation methods 

and numerical procedures in BRAG FLO. Comparison of the results showed that good agreement 

was in fact obtained, with the exception of a case in which the repository was largely saturated 

with brine. To examine the consequences of high brine saturation, the deviating calculation was 

repeated, specifying the volume of brine in the waste as a function of time in addition to the gas 

production in the SANTOS analysis. Good agreement was obtained in the revised analysis when 

the brine inventory was included. Our interpretation of these results is that the present method 

of representing closure using BRAGFLO is satisfactory, even for the most severe repository 

conditions. 
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3.4.2 (A-2) Coupled Two-Phase-Flow Mechanical Closure Approach 

. Two approaches have been developed should the need arrive for better representation of 

the coupled effects of fluid flow and mechanical closure. The first approach utilized the 

multiphase flow code, TOUGH2 (Pruess, 1987; Pruess, 1991), as the basis for implementing 

the process coupling. Salt was modeled as a fluid phase having high viscosity, increasing the 

number of simulated phases to three (gas, brine, and salt). Room closure was represented by the 

9 salt phase flowing into the disposal room. The flow properties of the fluid salt phase were 
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calibrated such that the flow of salt into the disposal room would simulate room closure as 

predicted in SANCHO simulations. Fully coupled simulations using the calibrated salt viscosity 

were then performed completely within TOUGH2. The second approach utilized the PHENIX 

code to explicitly couple SANTOS room closure estimates with TOUGH2 fluid flow and room 

pressure estimates at each time step. 

For the TOUGH2 "fluid-phase-salt" approach, a three-phase, three-component (water, 

air, "dead" oil) equation-of-state module was created. Darcy flow of the third "dead" oil phase 

resulted in "fluid" salt that was representative of salt creep. Room closure was represented by 

the fluid salt phase flowing into the disposal room. Resistance to closure (e.g., salt inflow) was 

provided by room pressurization caused by gas generation and by waste and backfill 

consolidation. The effects of waste and backfill consolidation were simulated using an artificial 

boundary within the disposal room to further oppose salt inflow. A calibration process was 

employed to derive salt phase flow parameters (e.g., viscosity) and properties of the artificial 

boundary that reproduced the room closures and pressures predicted using SANCHO. This 

approach, identified as the boundary backstress method, is described in Freeze et al. (1993), and 

has had limited application to closure predictions. 

Predictions of gas pressurization and flow with the fluid flow code TOUGH2 can also 

be coupled with SANTOS closure estimates through PHENIX for more exact estimates of the 

dependence of gas generation histories on brine availability (see Larson memo in Appendix C, 

Vol. II). The PHENIX code simply allows the two other codes to communicate with each other. 

These calculations are more complex than "porosity surface" calculations and require more 

computer· time. Therefore they are required mainly for verification of the adequacy of 

performance assessment simplifying assumptions. Extensive calculations with this approach have 

not been made because the conditions under which the porosity surface approach is inadequate 

have not been encountered and, in some cases, calculations with it are technically unfeasible. 

Nevertheless, it is a potential method of verification of repository closure performance 

assessment predictions and therefore may be of increasing interest in the future. 

Disposal Room 52 March 20, 1995 

• 

• 

• 
• 

• 

• 
• 

• 

• 
• 
• 

• 



1jt1t~ 

lf>J! ~ 

2 
·HW 

3 
1Sw,.; 

4 
t!l"l<i 

5 
ii~ .. 

6 

•lli\1-"li 7 

!lhd 8 

9 
,Ji(f!i< 

10 
iii,,~ 

11 
,, ... 

12 
ilti'>"!I 

13 

, ... 14 

""" 15 

16 , .• 
17 

iUrt 

18 

""' 19 , ... 
20 

""' 21 

.... 22 

23 
11'11 

24 .... 
25 

II"' 
26 

II'"' 
27 

,, .. 28 

""' 29 

30 
tlf~ 

31 
l•;iW 

32 
i!*1 

ihJ 

tf"i'l 

th<J 

tt• 

.... 
f ... 

'h<t1 

3.5 Systems Prioritization Method - Iteration 2 (SPM-2) Disposal Room Baseline 

Model and Assumptions 

3.5.1 Porosity Surface Results 

Models and assumptions for the Systems Prioritization Method - Iteration 2 (SPM-2) 

Baseline are the same as those shown in Figures 1 through 4, with several exceptions. The 

major exception is that the repository is assumed not to be backfilled in the baseline calculation. 

Two new sets of porosity surface data have been obtained, one set for the north end 

(experimental) region of the repository, which is assumed to be empty, and one for the disposal 

area, where the only contents of the room are waste drums stacked three drums high. The 

results are shown in Figures 7 through 12. The M-D halite creep model and stratigraphy was 

used for these calculations, in contrast to use of the Reference Creep Law (see Section 3.2.1) 

used for the 12/92 Preliminary Performance Assessment analyses. 

Gas generation histories assumed for calculations of the closure of a single disposal room 

with no backfill in an infinite array configuration for SPM-2 are shown in Figure 7. Each curve 

is labeled with a letter to identify it in the discussion that follows. The histories are selected to 

span the range of gas generation expected for the repository (see Section 3.2.4) and do not 

represent actual performance gas generation histories determined by BRAGFLO. A maximum 

gas potential of 3200 moles/drum is assumed. 

Porosity curves showing the variation in the closure history with gas content of a single 

disposal room (no backfill) in an infinite array configuration are shown in Figure 8. Each curve 

is labeled with a letter corresponding to its corresponding assumed gas generation history in 

Figure 7. These curves are for a sealed room; for performance assessment, actual gas contents 

within the waste at a given time are to be determined with BRAGFLO, and interpolations 

between the curves in this and corresponding figures will be used to determine waste porosities 

as described in Section 3.2.4. 
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Gas Generation Histories Assumed for Calculations of the Closure of a Single 
Disposal Room With No Backfill in an Infinite Array Configuration, for SMP-2. 
Each curve is labeled with a letter to identify it. 

54 March 20, 1995 

• 
• 
• 

• 

• 
• 

• 
• 
• 
• 
• 
• 
• 

• 
• 

• -
• 

• 
• .. 
.. 
•• 



tltY'1 

ht:' 

!#!"!Al 

11!il''t 

!l~h 

l!!:<f ~ 

!!I,*"' 

tl'P~t 

tl'I!'\ 

l!l!!!~ 

;i~i 

..... 

''"" 
''"" 

19,fl 

lll.·j:,, 

!'-•~ 

.... 

.... 
i~i~ 

.... 
il11N 

..... 

.• .,. 

··~ -
,,,,. 

,~ .. 
.... 
1<14 

.... 
iii .. 

''"' 
ilf.4 

'"-'"• 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

The data points shown in Figure 8 indicate when the gas pressure reaches lithostatic 

pressure (14.8 MPa) in each calculation. If the assumption is made that the gas pressure in the 

waste can never exceed lithostatic pressure because of gas leakage into the interbeds, then 

closure would cease at this point on each curve. The porosity of the waste would remain 

constant, as shown for one of the curves by the dashed line. All other curves that would be 

limited by this constraint would also exhibit the same type of curve: constant porosity in time 

beyond the respective data points. In fact, the region accessed by BRAGFLO is expected to be 
almost always limited to the lower region of this figure below the pressure cutoff, without 

involving any expansion of the room (the portions of the curves beyond the data points). While 

closure calculations could be terminated at the data points, once the pressure limit is reached, 

we choose to continue the calculations to 10,000 years. The reason for this continuation is that 

termination would presuppose that the BRAGFLO analyses will, in fact, be pressure limited and 

unduly constrain the closure process. 

Gas pressure curves showing the variation in the closure history with gas content of a 
single disposal room (no backfill) in an infinite array configuration are shown in Figure 9. Each 

curve is labeled with a letter corresponding to its corresponding assumed gas generation history 

in Figure 7. As discussed in the previous paragraph, BRAGFLO results are expected to show 

that gas leakage away from the waste prevents buildup of gas pressure much above lithostatic 
pressure (14.8 MPa), limiting it as shown by the dashed line in the figure (see Section 3.2.5). 

The complete curves for the sealed room, for pressures above lithostatic, are provided as input 

for BRAG FLO, however, because of the unlikely event that leakages in the performance 

assessment calculations are not enough to limit the pressure. This approach assures that no 

constraints in the form of artificial limits on closure response are placed on the data when it is 

passed to BRAGFLO: only the parts of the curves relevant to performance are accessed by 

BRAGFLO; the rest of the curves are simply ignored. 

Gas generation histories assumed for calculations of the closure of the experimental 

region with no backfill are shown in Figure 10. Each curve is labeled with a letter to identify 

it in the discussion that follows. The histories are selected to span the range of gas generation 

expected for the repository (see Section 3.2.4) and d<? not represent actual performance gas 
generation histories as determined by BRAGFLO. A maximum gas potential of 3200 

moles/drum for the waste is assumed. Each curve is labeled with an identifying letter for future 

reference. 
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Porosity Curves Showing the Variation in the Closure History With Gas Content 
of a Single Disposal Room (No Backfill) in an Infinite Array Configuration. 
Each curve is labeled with a letter corresponding to its corresponding assumed 
gas generation history in Figure 7. The data points in the figure indicate when 
the gas pressure reaches lithostatic pressure (14.8 MPa) in each calculation. If 
the assumption is made that the gas pressure in the waste can never exceed 
lithostatic pressure, because of gas leakage into the interbeds, then closure would 
cease at this point. Under this condition, the porosity of the waste would then 
remain constant, as shown for one of the curves by the dashed line. All other 
curves that would be limited by this constraint would also exhibit the same type 
of curve. 
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Gas Pressure Curves Showing the Variation in the Closure History With Gas 
Content of a Single Disposal Room (No Backfill) in an Infinite Array 
Configuration. Each curve is labeled with a letter corresponding to its 
corresponding assumed gas generation history in Figure 7. BRAGFLO results are 
expected to show that gas leakage away from the waste prevents buildup of gas 
pressure much above lithostatic pressure (14.8 MPa), limiting it as shown by .the 
dashed line in the figure (see Section 3.2.5 of this paper). 
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Gas Generation Histories Assumed for Calculations of the Closure of the 
Experimental Region With No Backfill. Each curve is labeled with an identifying 
letter. 
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Void volume curves showing the variation in the closure history with gas content of the 

experimental region with no backfill in an infinite array configuration are shown in Figure 11. 

Each curve is labeled with a letter corresponding to its corresponding assumed gas generation 
history in Figure 10. These curves are for a sealed region; for performance assessment, actual 

gas contents within the region at a given time are determined using BRAGFLO, and 

interpolations between the curves in this and corresponding figures used to determine void 

volumes as described in Section 3.2.4. Void volumes are used because nothing is in the rooms 
and therefore the porosity always has a value of 1. 

As for the disposal room porosity curves in Figure 8, the data points shown in Figure 

11 indicate when the gas pressure reaches lithostatic pressure (14.8 MPa) in each calculation. 

If the assumption is made that the gas pressure in the waste can never exceed lithostatic 

pressure, becaus~ of gas leakage into the interbeds, then closure would cease at these points. 

The void volume of the waste would remain constant, as shown for one of the curves by the 

dashed line. All other curves that would be limited by this constraint would also exhibit the same 
type of curve: constant porosity in time beyond the respective data points. 

Gas pressure curves showing the variation in the closure history with gas content of the 

experimental region with no backfill are shown in Figure 12. Each curve is labeled with a letter 

corresponding to its corresponding assumed gas generation history in Figure 10. BRAGFLO 

results are expected to show that gas leakage away from the waste prevents buildup of gas 

pressure much above lithostatic pressure (14.8 MPa), limiting it as shown by the dashed line in 

figure (see Section 3.2.5). The complete curves for the sealed region are provided as input for 
BRAGFLO, in the remote event that leakages in the performance assessment calculations are not 

enough to limit the pressure and it rises above lithostatic pressure if only for a very short time. 

3.5.2 Waste Flow Model Changes 

Additional changes have also been made in the assumptions regarding modeling of flow 

through the waste. The first change is in the flow model (Section 3.3.1). To address room 

heterogeneity issues, an additional parameter has been added to specify the active brine flow 

fraction. The value of this parameter will be 0.5 for the baseline (the expected value for the 

elicited range of values from 0.1 to 0.9), and it ensures that only when the (uniform) brine 

content of the room exceeds a saturation of 0.5 can any brine be expelled from the room. Its 
impact on repository response is in three areas. First, it influences the amount of brine that is 

forced out of the waste by gas pressurization; second, it impacts the amount of water available 
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Void Volume Curves Showing the Variation in the Closure History With Gas 
Content of the Experimental Region With No Backfill in an Infinite Array 
Configuration. Void volumes rather than porosities are used because nothing is 
in the rooms, and therefore the porosity always has a value of 1. As for the 
disposal room porosity curves in Figure 8, the data points shown in the figure 
indicate when the gas pressure reaches lithostatic pressure (14.8 MPa) in each 
calculation. If the assumption is made that the gas pressure in the waste can 
never exceed lithostatic pressure, because of gas leakage into the interbeds, then 
closure would cease at this point. The porosity of the waste would remain 
constant, as shown for one of the curves by the dashed line. All other curves that 
would be limited by this constraint would also exhibit the same type of curve. 
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Gas Pressure Curves Showing the Variation in Pressure With Time for Different 
Gas Content of the Experimental Region With No Backfill. Each curve is labeled 
with a letter corresponding to its corresponding assumed gas generation history 
in Figure 10. BRAGFLO results are expected to show that gas leakage away 
.from the waste prevents buildup of gas pressure much above lithostatic pressure 
(14.8 MPa), limiting it as shown by the dashed line in the figure (see Section 
3.2.5 of this paper). 
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for corrosion; third, it is one of the flow parameters controlling flow of brine through the waste 
during a human intrusion. 

Justification for the saturation limit assillnption is based on the presumed heterogeneity 

of the waste and the fact that the repository dips slightly. One of the factors that could cause 

this effect would be gas flow among channels or preferential paths in the waste, bypassing entire 

regions. Isolated regions would exist because (1) they would be isolated by low permeability 

waste barriers, (2) because connectivity with the interbeds occurs only at particular locations 

within the repository, or (3) that repository dip itself promotes preferential gas flow in the upper 

regions of the waste. 

For the baseline calculation, the conceptual model of brine inflow is that the amount of 

brine entering the initial almost dry repository is controlled by the source elements from which 

the brine comes. Once in the room, the brine is distributed uniformly within the respective 

zones of waste and continues to accumulate (or to be used up by corrosion) until a brine 

saturation of 0.5 is reached. The value of 0.5 corresponds to the brine-wetting phase saturation 

limit for two-phase flow, below which (according to the Brooks and Corey or Van Genuchten

Parker flow models) brine does not flow-no matter what the pressure gradient. Above a brine 

saturation of 0.5, the brine can move freely within the waste according to its relative 

permeability and threshold pressure. 

A second change has to do with the permeability of the waste (Section 3.3.2). According 

23 to the present version of the spall component of the cuttings model, waste released into the 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

borehole is determined by the waste permeability and the gas. Given a permeability value for 

the waste and the pressure, the amount of waste removed by spall is specified by the model. 

However, the waste permeability assumption used for the 12/92 Preliminary Performance 

Assessment did not admit the possibility of variations in permeability caused by different 

consolidation histories and gas contents and instead assigned a constant value of 10-13 m2 for the 

waste for all repository conditions. The waste permeability used for the SPM-2 spall release 

calculations has been redefined to resolve this inconsistency; compatibility with the cuttings 

model is ensured by computing a permeability k associated with that porosity T/ according to: 

k = arJ 0 

where a= 10-11 m2 , n = 4.6, and k is in units ofm2
• This relationship represents a straight-line 

curve when plotted as the logarithm of permeability versus the logarithm of porosity, an 

approximation of the Kozeny-Carmen equation frequently used in soil mechanics (Freeze and 

Cherry, 1979, p. 357). The constants in this equation were defined by requiring one point on 
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the straight line to be coincident with the permeability value of 10-13 m2 representing the waste 

permeability value assumed for the 12/92 Preliminary Performance Assessment (Section 

3.3.2.1). This permeability value corresponded to a porosity value of 0.37. The permeability 

of the second point on the curve was assumed to be 10-17 m2 corresponding to a waste porosity 

of 0.05, and represents the lower bound states of most very highly consolidated geological 

materials (Freeze and Cherry, 1979, pp. 29 and 37). These two points define the permeability

porosity relationship. As mentioned in Section 3. 3. 2 .1, measurements on simulated unprocessed 

waste have shown compacted material permeabilities on the order 10-12 to 10-16 m2 (Luker et al., 

1991), which are consistent with this relationship, but insufficient to define a more exact 

relationship, particularly in the absence of information about the changes in waste state caused 

by decomposition. 

Another model enhancement was concerned with the impact of wicking (capillary rise). 

Because no data exist for the capillary pressure curves of the waste and backfill, a range of 

wicking heights from 0 to the initial height of the room will be examined in a SPM-2 side 

calculation. This wicking height will be added to the calculated fluid level within the room 

(which assumes no wicking) to determine the portions of waste subjected to brine-inundated gas 

generation and vapor-limited gas generation. For example, if the wicking parameter value were 

0, only the waste below the fluid level would be assumed to produce gas at brine-inundated gas 

generation rates. Similarly, if the parameter value were 1, the waste would be assumed to 

produce gas a brine-inundated gas generation rates as long as any brine remained in the room. 

Wicking sensitivity will be addressed as a side calculation in SPM-2 rather than being part of 

the baseline. 

Finally, because of uncertainty in the two-phase characteristic curves, sampling on the 

Brooks and Corey and the van Genuchten curve sets will have the same range of parameters as 

proposed in the Salado fluid flow baseline. The curves selected will be considered independent 

of the Salado curve set, with the capillary pressure correlated with the waste- permeability 

through the Davies correlation (Sandia WIPP Project, 1992, pp. 2-12 to 2-16). Whereas the 

change in the flow model to allow for a variable fraction of the brine in the waste to be mo_bile 

(described in a previous paragraph) determines the active flowing fluid volume in the room, this 

model enhancement specifies the characteristic curves for this flowing region, squeezing them 

into the mobile brine region of the relative permeability versus wetting phase saturation flow 

curve plots (see Sandia WIPP Project, 1992, pp. 2-14, for an example of this type of plot). 
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4.0 THE DIRECT REMOVAL OF WASTE CAUSED BY A DRILLING INTRUSION 
INTO A WIPP PANEL 

4. 1 Release Processes 

The 1992 Preliminary Performance Assessment of WIPP discusses three separate physical 

processes that can influence the quantity of waste brought to the ground surface as the result of 

the inadvertent penetration of the repository by an exploratory drillbit (WIPP PA Department, 

1992b, 1993; Sandia WIPP Project, 1992). These are: 

• cuttings - waste contained in the cylindrical volume created by the cutting action 

of the drillbit passing through the waste, 

• cavings - waste that erodes from the borehole wall in response to the upward

flowing drilling fluid within the annulus, and 

• spallings - waste introduced into the drilling fluid caused by the release of 

waste-generated gas escaping to the lower-pressure borehole. 

In the above an in the following, it is understood that usage of the word "waste" also 

includes any backfill or other material that may have been added to the actual waste material. 

For the first two processes (cuttings and cavings) a quantitative model has been developed 

and forms the basis for the code CUTTINGS currently being used in performance assessment 

of the WIPP and forms a part of the CAM CON (Rechard et al., 1990) system of performance 

assessment codes. The CUTTINGS code as currently configured does not address the third 

process, namely direct waste removal during a drill intrusion that may arise from the presence 

,. .. 29 of high-pressure waste decomposition gas in the waste (spallings). A simple model for spall that 

30 

31 

32 

"" 33 

,, .. 34 

approximates an upper bound for releases has been developed for systems prioritization but has 

not been used in prior performance assessments. The model assumes a waste form that has no 

cohesive strength and includes additional assumptions concerning drilling practices and transport 

rates up the borehole. 

.... 35 Two additional processes that have not been included in earlier performance assessments 

11.., 36 that may contribute to surface releases are: 

37 
lll!t 
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brine spall - waste introduced into the drilling fluid caused by the flow of 

pressurized brine through the waste into the borehole. This process may occur 

due to a gas drive in a dipping repository. The brine introduced into the borehole 

and then to the surface must also be considered a potential release since it may 

contain dissolved radionuclides. Brine spall is analogous to sand production in 

unconsolidated oil reservoirs. 

brine slurry - somewhat related to brine spall where the waste, drilling fluid, 

and repository brine form a slurry that is carried to the surface. 

In the following sections each of these conditions will be addressed and conceptual 
models for waste release discussed. 

4.2 Conceptual/Mechanistic Models and Assumptions 

Appendix C of 40 CFR 191 presents guidance for the implementation of subpart B which 

suggests that the most severe intrusion scenario into WIPP can be assumed to be that caused by 

the inadvertent and intermittent exploratory drilling for resources. It also assumes that the 

likelihood of such inadvertent and intermittent drilling need not be taken to be greater than 30 

boreholes per square kilometer of repository area per 10,000 years. For the 1992 performance 

assessment of WIPP, it has been assumed that such exploratory drilling is limited to the drilling 

23 for hydrocarbon resources (as opposed to methods used for potash and sulfur exploration) and 
24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

that the procedures used in drilling are comparable to the practices in use today for drilling in 

the Delaware Basin. 

4.2.1 Drilling in the Delaware Basin Near WIPP 

In considering the problem of the direct releases due to drilling, it is important to 

understand the procedures currently utilized in drilling a gas or oil well near the WIPP site. 

Typically, independent drilling contractors respond to requests for fixed price bids from oil 

companies to provide drilled and cased holes of a specified diameter to a specified depth at a 

location leased by the oil company. The bids are competitive and generally the low bidder is 

selected. As a result of this bidding process, profit margins for the winning driller are governed 

by the effectiveness of the driller in maintaining efficient drilling parameters and by quickly and 

37 safely solving unforeseen difficulties that may arise. The principal goal of the driller to continue 
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4 

to "make hole" and meet contract requirements. If this is accomplished the drilling operation 

will be profitable. 

"' s Withiri the Delaware Basin near the WIPP site, gas and oil wells are started by clearing 

••· 6 the site and drilling a shallow hole ( -40') to house a conductor pipe. The conductor pipe is 

.. , 1 set in cement and serves to prevent surface sands from sloughing into the wellbore during later 

,., 8 drilling. Drilling is continued below the conductor pipe, to 300 - 600 feet (to top of salt section) 
9 using a large diameter (17-26") drillbit and another steel casing is set. This "surface" casing 

10 is cement grouted into the hole and a blowout preventer tree is attached to the casing at the ,,., 
11 

16 

17 

18 

!•~o 

23 ,.._ 
24 

surface. Drilling below the surface casing (in the salt section) uses a drilling mud that consists 

of a saturated brine solution to prevent dissolution of the salt. Drilling through the salt section 

proceeds at rates from 50 to 100 feet/hour depending on bit diameter. If higher rates are 

attempted by increasing the weight on bit (WOB) there is the danger of producing a crooked 

hole. While in the salt section, drilling mud (brine) is supplied from a large plastic lined reserve 

pit dug in the ground with a surface area of approximately 4000 ft2
• Drilling mud is pumped 

from the reserve pit down through the drillpipe and drillbit and up the annulus formed by the 

drillstring and drilled hole. The drilling mud and drill cuttings are returned directly to the 

reserve pit where the cuttings settle out. While drilling in the salt section no formal attempt is 

made to monitor the character of the cuttings or the fluid volume of the reserve pit. A gas 

analyzer is not attached to the returns until the hole is much deeper than the depth of the WIPP 

repository. The drillstring generally consists of a drillbit attached to approximately 20, 30-foot 

long drillcollars followed by multiple sections of 30-foot long, 4 112-inch diameter drillpipe. One 

to four drillbit changes may be necessary when drilling through the salt section. This process 

2s requires the removal of the entire drillstring (tripping). Once the drill has passed the salt section 

'""26 ( - 4500 ft) the hole is again cased and set with cement. At this point, if the repository had been 

'
1
""21 penetrated no further contact would occur between the drilling mud and the exposed WIPP 

1ft28 waste. 

30 

31 

32 

,..35 

37 

38 
!lid 

For the conceptual models described herein the releases to the surface generally occur 

over a time scale from a few minutes to tens of hours. In the guidance given in Appendix C of 

40 CFR 191, the assumption is made that because of passive institutional controls or the 

"intruders' own exploratory procedures" the intruders will "soon detect, or be warned of, the 

incompatibility of the area with their activities." The interpretation of "soon" is not specifically 

clarified or bounded. However, the amounts of material released by cuttings and cavings are not 

nearly as dependent on the interpretation of "soon" as the potential for spall releases is. 

Therefore, because (1) the potential amounts of material release by spall depend directly on both 

the interpretation of "soon" and (2) spall is dependent on the steps likely to be taken by drillers 
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upon encountering a high-pressure gas reservoir, further discussion of conceptual models for 

drilling procedures will be deferred until the spall section of this chapter. 

4.2.? Cuttings 

For a gauge borehole, the volume of cuttings removed and transported to the surface is 

equal to the drillbit area and the drill depth. Thus, to estimate the total volume (V) of waste 

removed due to the cutting action of the drillbit, it is only necessary to know the compacted 

repository height (h) and the drill bit area (A). 

v =Ah (6) 

The cuttings volume calculated in this manner is a lower bound to the total quantity of 

waste removed by drilling. In the CUTTINGS code the waste is assumed to be uniformly 

distributed throughout the disposal region. Thus the actUal computation for release requires only 

16 the drillbit area and the waste curie content per unit area. 

17 

18 

19 

20 

21 

22 

23 

24 

4.2.3 Cavings 

The cavings component of direct surface release consists of the quantity of waste material 

that is eroded from the borehole wall by the action of the flowing drilling fluid after a waste 

disposal room is penetrated. The erosion process is assumed to be driven solely by the shearing 

action of the drilling fluid (mud) on the waste as it moves up the borehole annulus. Although 

25 a number of factors may influence borehole erosion (e.g., eccentricity of the drillpipe in the 

26 

27 

28 

29 
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38 

borehole, impact of solid particles in the mud on the walls, and time of contact between the mud 

and walls [Broe, 1982]), fluid shear stress is thought to be the most important factor driving 

erosion (Darley, 1969; Walker and Holman, 1971). For cavings it is further assumed that the 

repository is not pressurized by either brine or gas, i.e., the repository pore pressure is less than 

the hydrostatic pressure caused by the drilling mud column to the surface. Pressurization effects 

are included in other release processes and will be discussed in tum. 

In the annulus formed by the collars or drillpipe and the borehole wall, the flow of the 

drilling fluid has both a vertical and rotational component. Within this helical flow pattern, 

shear stresses are generated by the relative motion of adjacent fluid regions and by the action 

of the fluid on the borehole wall. In this model, it is assumed that if the fluid shear stress at the 

wall exceeds the effective shear resistance for erosion of the wall material (filter cake or 

compacted repository wastes), erosion of the wall material will .occur, increasing the diameter 
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of the bored hole. The eroded material will then be passed to the surface in the flowing drilling 

fluid. 

Flow in the annulus between the drillpipe and borehole wall is usually laminar (Darley 

and Gray, 1988). Adjacent to the collars, however, the flow may be either laminar or turbulent 

as a consequence of the larger collar diameter and resulting higher mud velocities (Berglund 

1990). For laminar flow, the analysis lends itself to classical solution methods. Turbulent flow, 

where the flow is assumed to be axial with a correction factor to account for the rotational 
component, requires a more approximate approach. Additional discussion of these two cases 

may be found in Berglund (1992). 

The equations governing erosion (cavings) based on laminar and turbulent flow described 

in Berglund (1992) were combined into a single Fortran computer code called CUTTINGS. 

Using appropriately selected input based on the physical properties of the waste and other 

drilling parameters, this code calculates the final eroded diameter of the borehole that passes 

through the waste. The drilling parameters chosen must reflect data typical of that which is 

valid near the WIPP repository. 

For drilling operations through salt in the Delaware Basin, the drilling mud most likely 

to be used is a brine (Berglund, 1990), with the density cut somewhat with an emulsified oil. 

The mud density and viscosity parameters required in the laminar and turbulent regime erosion 

calculations can be estimated based on the assumption of the use of this brine-based drilling 

mud. For the 1992 Preliminary Performance Assessment the drilling mud properties used were 

(Sandia WIPP Project, 1992, Table 4.1.1): 

Parameter Median 

Density 1211 

(10.1) 

Viscosity 0.00917 

(9.17) 

Yield Stress 4 

(8.35) 

(5.8xl04
) 

Disposal Room 

Table 3 . Drilling Mud Properties. 

Range Units 

1139 - 1378 kg/m3 

(9.51) - (12.0) (lbr /gal) 

0.005 - 0.03 Pa·s 

(5) - (30) centipoise 

2.4 - 19.2 Pa 

(5.01) - (40.1) (lbrf ( 100ft2) 

(3.48xl04
) (2. 78xl04

) lbrfin2 
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Distribution 

Type 

Constructed 

Constructed 

Constructed 
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For drilling through salt, the drilling speeds can vary from 40 to 220 rpm (Austin, 1983; 

and Berglund, 1990). The most probable speed is about 70 rpm (Berglund, 1990). 

Mud flow rates are usually selected to be from 30 to 50 gallons/minute per inch of drill 

diameter (Austin, 1983) and usually result in flow velocities in the annulus between the 

drillcollars and the borehole wall at or near the laminar/turbulent transition (Berglund, 1990). 

The drillbit diameter is related to the total planned depth of the hole to be drilled. For 

gas and oil wells in the 4000- to 10,000-foot range, it is likely that the drill used that passes 

through a waste room would have a diameter of 10.5 to 17 .5 inches. The collar diameter is 

assumed to be less than the drill diameter by two inches. For the 1992 Preliminary Performance 

Assessment these parameters are presented in Table 4 (Sandia WIPP Project, 1992). 

Parameter Median 

Drill bit 0.355 
diameter (13.97) 

Drillstring 7.7 
angular velocity (73.5) 

Drilling mud 0.0993 
flow rate (40) 

Table 4. Drilling Parameters. 

Range Units 

0.267 0.444 m 
(10.5) (17.5) lil 

4.2 23 rad/s 
(40.1) (220) (rpm) 

0.0745 0.124 m3/(s·m) 
(30) (50) gal/ (minute· inch 

of drill diameter) 

Distribution 
Type 

Uniform 

Constructed 

Uniform 

For turbulent flow, the shear stress acting at the borehole at the repository is dependent 

on the absolute surface roughness. The value chosen for the calculations exceeds that of very 

rough concrete or riveted steel piping (Streeter, 1958). 

The amount of material eroded from the borehole wall is dependent upon the magnitude 

of the fluid-generated shear stress acting on the wall and the effective shear resistance to erosion 

of the compacted, decomposed waste. In the absence of experimental data, the effective shear 
resistance to erosion of the repository material is assumed to be similar to that of a saturated 

montmorillonite clay, with an effective shear strength for erosion on the order of several Pa 

(Sargunam et al., 1973). 
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For the 1992 Preliminary Performance Assessment, the roughness and shear strength 

parameters are given in Table 5 (Sandia WIPP Project, 1992, Table 3.4-1). 

Table 5. Roughness and Shear Strength Parameters. 

Parameter Median Range Units Distribution 
Type 

Absolute 0.025 0.01 0.04 m Uniform 
Roughness (1.0) (0.394) (1.57) in 
Shear 1 0.1 10 Pa Constructed 
Resistance (2.09) (0.209) (20.9) (lb/ 100 fi2) 

(1.46xl04
) (1.45xl0-5) (1.45 x 10-3) (lbr/in2) 

Of the eight parameters required to compute caving (erosion) adjacent to the repository 

arising from a drill bit intrusion, the value for erosion shear strength is the most speculative. A 

model for the erosion properties of decomposed transuranic (TRU) waste has been described by 

Butcher (see Butcher memo in Appendix J, Vol. II). In the latter, it is assumed that for erosion 

the properties of various states of decomposed and corroded TRU waste can be no worse than 

those of a mixture of sand and clay. Thus, a clay/sand mixture represents the most erodable 

state possible and the erosion of actual waste would be much less. This conclusion is based on 

the observation that the fabric existing in waste (caused by unreacted materials such as pieces 

of metal, plastic, etc.) constitutes an internal reinforcement that makes the waste less prone to 

erosion than would be observed in an equivalent clay/hard particle mixture. 
18

"" II 

11 .. 12 

11
., 13 4.2.4 Spallings 

14 
11 .. 

15 Spalling represents one of the three mechanisms described by Berglund (1992) that could 
,~ .. 

16 contribute to the direct removal of waste from WIPP as the result of a drilling intrusion. 
llilo 

11 Computational models for two of the mechanisms (cuttings and cavings) are included in the code 
1"•1s CUTTINGS (Rechard et al., 1990). The CUTTINGS code does not address the third 

11 .. 19 mechanism, spallings, that may occur as the result of high-pressure waste decomposition gas. 

,, .. 20 

lifl.JI 
21 The failure, sloughing, or "spalling" of borehole walls is a common occurrence in oil and 

22 gas drilling and can be caused by a number of different mechanisms including an encounter with 
""' 23 a geopressurized formation. Sources of information in the literature are given in Berglund 
lliU 

24 (1992). The calculations performed by Berglund (1992) and preliminary results from the one-

1••25 dimensional experiments conducted in late 1993 and early 1994 on gas pressurized porous 
llUI• 
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granular media have indicated that if a drillbit inadvertently penetrates a gas pressurized WIPP 

disposal room, failure (spall) of the waste adjacent to the drillbit can occur followed by its 

motion inward toward the hole and consequently cause a quantity of waste to reach the ground 

surface. Gas induced spallation of the waste will occur only if certain conditions are met at the 

time · of intrusion. The principal variables governing such spall behavior are the waste 

permeability, ~as pressure and some measure of the strength of the compacted and partially 

decomposed waste. Since experimental data on waste strength is currently unavailable and data 

on the phenomenology of waste response limited, most analyses to assess the p~tential 

importance of the effect of gas on direct releases to date have conservatively assumed the 

decomposed waste has no cohesive strength. 

Guidance given in Appendix C of 40 CFR 191 on human intrusion is that because of 

passive institutional controls or the "intruders' own exploratory procedures" the intruders will 

"soon detect, or be warned of, the incompatibility of the area with their activities." Application 

of this guidance to a gas-filled repository has produced two conceptual models of drilling 

procedures. 

The first conceptual model, assumed in the 1992 Preliminary Performance Assessment 

and other analyses to date, is that the driller will drill entirely through the repository allowing 

spall mechanisms to occur prior to the time the driller becomes aware of the incompa~ibility of 

the area with the drilling operations. The justification for adopting this scenario is that the 

financial incentive to continue drilling would be very strong, the driller would not be expecting 

or looking for anything unusual, and therefore only very unusual circumstances would likely 

cause a drilling operation to be significantly delayed. From the perspective of the driller, a gas 

reservoir had been encountered, and the driller would proceed accordingly. 

This scenario implies that the driller would likely experience a blowout of the well, 

which could lead to losses of the drilling personnel and equipment. Waste from the repository 

would be carried to the surface in the blowing gas and hydrogen in the gas would compound 

30 drilling problems. The drillers' success in controlling the gas would also depend on the amount 

31 

32 

33 

34 

35 

36 

of gas existing in the repository, its pressure, and flow rate into the borehole. Eventually, 

however, we would assume that the driller would overcome all encountered problems and 

continue to drill. This scenario also includes the bounding assumption that panel seals and other 

factors that might restrict gas flow between various parts of the repository would be ineffective. 

Under these circumstances, the amount of contaminated material released to the surface depends 

on the time that would be required for the driller to regain control of the well and to drill on 

31 deeper, to the point where drilling would stop and the hole cased. Transport of waste debris to 

38 the surface is assumed to stop once casing is placed adjacent to waste, if it had not already 
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ceased because of depressurization of the surroundings, or formation of natural barriers to 

further release of debris. 

The second scenario assumes that upon encountering Marker Bed 138 (MB 138), 

approximately 12 m above the roof of a disposal room, the driller would begin to encounter the 

presence of gas because of vibration in the drillstring, gas bubbles in the drilling fluid, or 

because a hydrogen sulfide detector would sound an alarm. At this point the driller might 
circulate the mud in the hole, pulling the drillbit slightly off the bottom of the hole, while 

assessing the situation. If gas release continued, the driller might even sample the gas to see if 

it had commercial value. In order to continue drilling, the driller would begin to add weighting 

material to the drilling fluid to control the gas kick. Drilling would continue with caution, using 

blowout prevention and evoking all the technology available for controlling the well. 

Upon encountering the horizon of the repository, the driller would become aware that 

a major source of gas had been encountered. Driller response at this time would probably depend 

on whether or not a slight gas pocket existed above the waste. The existence of a gas plenum 

would allow gas to flow into the well directly, rather than through the waste, minimizing the 

amount of debris entrained in the gas. Penetration of the drill into the repository would possibly 

be accompanied by lost circulation, a massive loss of drilling fluid into the waste or gas plenum, 

and the driller would initiate lost-circulation technology to stabilize the well. 

Two sequences of events might then occur. First, in the process of restoring drilling the 

driller would then discover that a very unusual situation had been encountered and that a man

made structure had been penetrated. The driller would then abandon the hole after taking special 

measures to plug it and clean up the site. Second, if the presence of the repository was still 

undetected, steps would be continued to stabilize the hole and continue drilling until the next 

casing operation was initiated. In either sequence, the driller will have maintained control of the 

gas, with the consequence that very little, if any, radioactive debris will have reached the 

surface. 

In summary, two conceptual models of drilling ac:tivity are currently under consideration. 

The first scenario is expected to lead to substantial release of waste to the surface. The 

consequences in the second scenario of a minimal release are less severe. For the first scenario, 

a total blowout of the well is likely and for the second scenario, gas flow is controlled at all 

times. As the subsequent sections of this report will show, there are other mechanisms in 
addition to a well blowout that the driller might have to respond to, but present knowledge and 

assumptions about the permeability of the waste lead us to believe that the blowout situation may 

dominate performance assessment. 
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The two critical models of drilling presented in the previous paragraphs are likely to be 

bounds of what might actually happen. A method of applying both models would be to determine 

the probability .of well blowout and other mechanisms from past experience in the oil and gas 

indu~try. This information would then be applied to weight the two models accordingly in 

performance assessment calculations. 

Several possible spall conditions can occur if the drillbit penetrates the repository 

pressurized with gas at a pressure above the drilling fluid pressure; blowout, stuck pipe, and gas 

flow assisted erosion (as the result of gas induced spall). Each of these conditions will be 

discussed in the following sections and computational models for waste release described. It 

must be emphasized that spall conditions arise when the repository pressure is greater than the 

hydrostatic pressure of the drilling mud column. If prior to encountering the repository the mud 

density is increased to alleviate a high pressure zone above the repository, spall at the waste 

14 horizon would be eliminated. A sequence of events that could cause the drilling mud to be 
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"weighted up" will be discussed in section 4.2.5. 

4.2.4.1 BLOWOUT 

For compacted, partially decomposed waste with a high permeability it is possible that 

a large volume of decomposition gas will be introduced into the drilling mud creating a blowout 

condition within the mud fluid column when the drillbit penetrates the pressurized repository. 

For large waste permeabilities (e.g. k= lx10-13m2
) and high gas pore pressure (14.8 MPa), gas 

will flow into the hole at approximately O. lm3/(m2 of exposed waste area)/s (Berglund, 1992). 

This volume increases by a factor of 86 as it rises in the annulus and the rate of gas inflow into 
the drilling mud at the waste elevation is exacerbated by the drop of hydrostatic pressure as the 

mud is displaced out of the hole and the length of the fluid column decreases. This is a classic 

blowout condition. 

There have been several instances recently of shallow salt section high-pressure air 

pockets being penetrated near WIPP. Typically during these events, all of the drilling mud is 

blown out of the borehole. The events occur suddenly, are of short duration (one or two 

minutes), blowout preventers are not engaged, and drilling is continued after refilling the hole 

with drilling fluid. The typical depths where these air pockets occur are between 800-2600 feet 

35 primarily within the Salado Formation. During blowout, drilling mud, rocks, and drill cuttings 

36 

37 

38 

that may have settled into borehole washouts are ejected at the surface and occasionally surface 

equipment is damaged. Generally, the drillstring does not get stuck and the hole is, for the most 

part, cleared all the way to the surface by the flowing gas. 
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For a future penetration at the shallow depth of the WIPP repository, a similar blowout 

event is likely to occur if the permeability and gas pressure is high causing drilling fluid to be 

blown out of the hole and allowing some quantity of WIPP waste to be propelled into the 

borehole annulus. The large volume of decomposition gas available in a waste panel, if 

unrestricted, would continue to flow for many hours even at large waste permeabilities 

(Berglund, 1992). Blowout preventers may eventually be closed and the gas allowed to flow out 

in a controlled manner or the mud weighted up to eliminate gas flow into the well. After the 
well mud and repository gas pressures are equalized, drilling can continue with no additional 

waste removed except by simple erosion (cavings). 

Estimates of the quantity of waste propelled into the wellbore which will eventually reach 

the surface as the result of blowout from a disposal room at WIPP are speculative and are 

dependent on the characteristics of the decomposed waste and rate of gas flow. Air pocket 

penetrations that have occurred near the WIPP site suggest that very little material other than 

residual drill cuttings that have settled into washouts are blown out of the borehole. Indeed, in 

the events that have been recorded, the borehole remains quite clear and drilling can be 

continued after refilling the hole with drilling mud. Stuck pipe has not been observed. This 

suggests that for air pockets in salt, only small amounts of material from the pressurized region 

are projected into the borehole during blowout. However, decomposed WIPP waste is likely 

to behave quite differently from the intact salt surrounding the high-pressure air pockets 

encountered to date. The decomposed WIPP waste may have the granular character of a 

sand/clay material with little or no cohesive strength and consequently may be carried into the 

gas stream and up the borehole annulus. 

Data relating directly to blow out entrainment are currently not available. However, the 

entrainment of solid particles by the flow of gas is a well known phenomenon and is in fact a 

process used to move large quantities of bulk materials through fluidization (Stoess, 1983). For 

smooth, disperse-phase fluidization, moving gas can entrain and move as much as ten percent 

solids (Zenz and Othmer, 1960). 

If a blowout has occurred, a simple model for the rate of transport of waste can be based 

on the limits for disperse-phase fluidization, namely a sampling of entrainment rates between 0 

to 10% of the gas flow rate. In addition to the entrainment percent, total release to the surface 
requires the gas flow rate and the duration of flow. The rate of gas flow (single-phase flow is 

assumed) can be computed for various waste permeabilities and repository gas pressures using 

the equation: 
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( 7) 

wh~re p is the gas pressure, k is the permeability, µ is the gas viscosity, ¢0 is the gas porosity, 

V2=~ +~ , and r is the radial coordinate (Berglund, 1993). This equation can also be 
ar2 rur 

used to determine the range of gas pressures and permeabilities likely to cause a blowout event. 

As discussed earlier, when air pocket blowouts occur in salt they are allowed to drain 

completely permitting the drilling to continue after the borehole is replenished with drilling mud. 

For an encounter with WIPP gas (primarily hydrogen) the large capacity of a WIPP panel would 

allow the blowout to continue for hours or longer depending on waste permeability. Under these 

conditions the driller would likely close the blowout preventers within five minutes and proceed 

to kill the well by weighting up the mud. The five minute maximum permits the total volume 

of gas release to be computed and additionally provides a means of estimating the volume of 

waste released to the surface because of a blowout. For high permeability waste (k = 10-13 m2) 

the gas flows at such a high rate into the borehole annulus that gas compressibility effects 

become important. Compressible, isothermal flow in a channel with friction is governed by the 

equation (Binder, 1958): 

fl =-1-f- p/]_21n P1 
D KM. 2 p 2 

P2 1 1 

( 8) 

where f = friction factor, D = pipe diameter, l = pipe length, K = gas constant, p 1 and p2 = 

inlet and outlet gas pressures, and M1 = inlet Mach number. 

Table 6 presents the gas flow rate into a blownout borehole from the WIPP repository 

as calculated by equations (7) and (8). The gas flow rate is given in units of m3/(m2 of exposed 

borehole surface)/s. The flow rate is greatest immediately after penetration and achieves a 

quasi-static rate within a short period of time. Table 6 presents the gas (hydrogen) flow rate 

adjacent to the repository at 100 seconds after a sudden penetration for a 15.75-inch borehole. 

24 In order to compute these values it was assumed that the flow could be modeled as 

25 

26 

27 

28 

compressible, isothermal flow in a channel with friction (Binder, 1958) with the gas viscosity 

µ = 9.32 x 10-6 Pa·s, the porosity ¢ 0 = 0.19, the gas constant K= 1.4, channel dimensions and 

friction factors fl =166 and the outlet pressure of the gas p 2 =0.0896 MPa (atmospheric 
D 

pressure). 
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Table 6. Gas Flow Rate to Borehole at Repository During Blowout 
m3/(m2 of exposed borehole area)/s. 

Repository Gas 7.8 8.8 9.8 10.8 11.8 12.8 13.8 14.8 
Pressure MPa 

Waste 

Permeability m2 

10-12 6.46 6.46 6.46 6.46 6.46 6.46 6.46 6.46 

10-13 3.82 4.42 4.82 5.23 5.53 5.73 5.88 6.03 

10-14 0.640 0.797 0.969 1.157 1.36 1.58 1.81 2.06 

10-1s 0.100 0.124 0.150 0.178 0.208 0.241 0.275 0.312 

10-16 0.019 0.0232 0.028 0.033 0.038 0.043 0.0495 0.0557 

The solid volume of compacted waste propelled into the wellbore and to the surface as 

the result of a blowout can be estimated by sampling over the entrainment percentage (0-10 3) 

and by assuming that the well would be shut in within five minutes. The maximum solid volume 

released during blowout (based on 10% entrainment and the gas flows of Table 6) is shown in 

Figure 13. These values are calculated assuming that waste gas flows out of an exposed 

borehole surface area of 1 m2
• The minimum volume that could be released during blowout is 

zero and corresponds to no solids entrainment in the flowing gas. 

For compacted waste with very low permeability, the gas flow rate into a borehole after 

an intrusion is too small to cause blowout. Generally a 2 pound "kick" ( -20% gas in 

10 lb/gallon brine drilling mud) i.; an indication of impending blowout conditions (Austin, 1983). 

Waste permeability above 10-16 m2 exceeds this blowout criterion. For high gas pressures 

blowout will occur even at a lower waste permeability but for model simplicity a 10-16 m2 limit 

was chosen. This selection is conservative. 

At lower permeabilities gas flow to the borehole continues to occur and may either go 

undetected by the driller or be allowed to trickle slowly along the drillstring and be released at 

the surface. The gas flow may initiate waste failure and force the waste against the drillcollars 

exacerbating erosion, or if the waste is jammed against the drillcollar sufficiently hard, cause 

the drillpipe to stick. 
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4.2.4.2 STUCK PIPE 

If the waste has a low permeability when penetrated, the gas flow into the drilling mud 

may cause waste failure adjacent to the borehole (Berglund, 1992) andjam the drillbit preventing 

further drilling. Prior to becoming completely stuck the driller will notice an increase in torque 

on the drillstring and a decrease in the rotational speed. When sticking occurs the driller will 

1 usually initiate· a cleanout procedure wherein the drillbit is raised and lowered repeatedly into 
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the sticking formation to clear the obstruction. This process can be continued for as much as 

12 to 24 hours if it is shown to be effective. After this period of time the problem niust be 

solved by weighting up the mud, spot sealing with cement or setting casing (Short, 1982). 

During the clea11out procedure, waste will be transported to the surface with each thrust 

of the drillbit into the obstruction. The quantity of waste removed is related to the maximum 

carrying capacity of the drilling mud and can be estimated based on the observation that for drill 

cutting loadings above 5 % in the drilling mud (Darley and Gray, 1988) tight hole conditions or 

stuck drillpipe may occur when circulation is stopped for any reason. Thus the maximum waste 

removal rate would consist of 5 % of the drilling mud flow rate. The total quantity of waste 

transported to the surface can thus be computed as the waste removal rate multiplied by the 

cleanout time. By sampling on the cleanout time and the drillbit diameter (which drives the mud 

flow rate) variations of waste removal would occur for inclusion in the performance assessment 

or systems prioritization. The range of releases possible is based on variations in drillbit 

diameter (10.5 to 17.5 inches), duration of the cleanout procedure (12 to 24 hours) and the 

drilling mud flow rate (30 to 50 gallons/minute/inch of drill diameter). The releases are based 

on the following equation: 

Vs= 0.05DQT (9) 

where 

Vs = Solid waste volume brought to ground surface 

Q - Drilling mud flow rate/drillbit diameter 

T - Cleanout duration 

D = Drillbit diameter 

and varies between 43 to 238 m3 (1518 to 8405 ft3
) of solid waste as shown in Figure 13. 

The lower limit of repository gas pressure at which sticking would occur (10 MPa) is 

based on a drillstring power of 800 hp and a coefficient of friction between the waste and 
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drillcollars of 0.3. For these conditions the drillstring angular velocity would decrease by more 

than 50% from the normal operating range alerting the driller to sticking conditions. 

4.2.4.3 GAS SPALL (EROSION) 

This, again, occurs when the waste has a low permeability and the gas flow to the 

borehole is very low and either is not detected by the driller or is allowed to trickle slowly along 

the drillstring and be released at the surface. The waste fails adjacent to the borehole perhaps 

causing some pipe sticking but the driller is able to continue and does not detect the unusual 

nature of the drill cuttings being brought to the surface. The flow of gas from the waste to the 

borehole generates a stress state in the waste adjacent to the borehole that causes waste failure 

and impresses the failed waste against the drillstring causing a continuous process of gas assisted 

erosion (Berglund, 1992). As waste erodes, more waste may continue to move toward the 

drillstring in response to the gas pressure gradient. The process ceases when sufficient gas has 

been released from the panel to preclude waste failure or until casing is set. Because the driller 

is either not aware of, or ignores the nature of the drill cuttings being removed in this case, the 

final volume of waste removed can be substantial. 

,,.. 19 

.... 20 For compacted waste with little or no strength, waste failure will generally occur for all 

repository gas pressures that exceed the hydrostatic stress of the drilling mud. The failed waste 21 

22 is then transported to the accessible environment in the drilling mud. As with the sticking mode 
liH 

23 described previously, the maximum solid waste removal rate is assumed to be 5 3 of the drilling 
1
" .. 24 mud flow rate (Darley and Gray, 1988). Above the 5 3 limit tight hole conditions or stuck 

11
.,. 25 drillpipe may occur when circulation is stopped for any reason. Thus, under these conditions, 

'"" 26 the driller is not likely to remove waste to the surface at a rate faster than continuous drilling 

1,., 21 at the 5 % limit. 

28 ... 
29 The 5 % cuttings loading will consist of both cuttings (from the hole bottom) and gas 

30 spallings. For a fixed mud flow rate the cuttings percentage will vary with the penetration rate. 

, ... 31 The penetration rate varies between 50 to 100 feet/hour. For high penetration rates the cuttings 
1
""' 32 percentage will be high leaving only a small amount for spallings to add up to the assumed 5 3 
.... 33 limit. For low penetration rates, the cuttings percentage will be small and the spallings 

'""" 34 

35 

percentage correspondingly greater. The quantity of waste removed to the surface will be equal 

to (spall percentage) x (mud flow rate) x (drilling time). The drilling time is governed by the 

36 time required to drill from the elevation of the repository to the elevation at which casing is set ..... 
37 which is below the Castile Formation at 4500 feet. 

'"" 38 
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The volume of waste brought to the surface can be readily computed based on available 

drilling parameters utilizing the following equation: 

where 
Vs = [0.05DQ-i(D2/4.)Ri,]A/Ri, (10) 

vs - Solid waste volume brought to ground surface 

Q - Drilling mud flow rate/drillbit diameter 

D - Drillbit diameter 

Ri, = Penetration rate 

A = Differential Drilling Depth (distance from repository depth to depth where 

casing is set) 

The independent variables must be sampled over their expected ranges. Mud flow rates 

(Q) are usually selected to be from 30 to 50 gallons/minute per inch of drill diameter. Drillbit 

diameter (D) varies from 10.5 to 17.5 inches depending upon the planned depth of the drilled 

hole (Berglund, 1992). The expected penetration rate (Ri,) is from 50 to 100 feet/hour. Based 

on a differential drilling depth (A) of 2350 ft, and placing the remaining variables at their 

extreme values the range of volumes of compacted waste released to the surface varies from 

44 to 356 m3 (1552 to 12,600 ft3
). These quantities are shown in Figure 13. 

For comparison, a typical solid volume of compacted waste brought to the surface based 

on erosion (cavings) alone (CUTTINGS code) is also shown in Figure 13. 

The volumes calculated for gas spall are based on the assumption that the driller is not 

aware of the release of waste material at the surface and does nothing to prevent the release. 

However, the upper bound volume of 356 m3 (12,600 ft3) of solid waste transported to the mud 

pit as the result of gas spall is in addition to the cuttings volume. The total volume of cuttings 

removed for a gauge 15 inch diameter borehole to 4500 feet is 156 m3 (5518 ft3
). It can be 

argued that a driller would at some point become aware of the disparity between the cuttings 

volume and the volume being deposited in the mud pits arising from cuttings and gas spall and 

stop to investigate. This limiting volume is unknown but would presumably allow less than 

356 m3 (12,600 ft3) of solid waste to reach the surface. 
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Figure 13 clearly indicates the importance of gas in the repository in determining the 

solid volume of waste that can reach the ground surface assuming that the waste has no strength. 

For repository gas pressures below hydrostatic, the volume of waste removed is from pure 

erosion only and is generally a small fraction of that released when the repository gas pressure 

is high. At high gas pressures and permeabilities, blowout waste volumes are high but diminish 

rapidly with decreasing waste permeability. For a waste permeability below 10-16 m2 blowout 

no longer occurs and waste transport becomes a function of either gas assisted erosion or stuck 
pipe. 

194 194 194 194 1 4 

157 166 172 176 1 1 

N' s 
~ 10-14 34.7 40.8 47.4 54.3 61 .8 
:.0 ca 
Q) 

Blowout E ..... 
Q) 

ll. 
10-15 Q) 5.34 6.24 7.23 8.25 936 -If) ca 

3: 

10-16 

44-356 
1 o-11 __ __.._ ........ -'--+-----..... 

6 9 

Repository Pressure (MPa) 
TRl-6348-36-0 

Figure 13. Volume (m3) of Solid Waste Released to the Accessible Environment. 

(Upper Bound for Blowout, Lower and Upper Bounds for Gas Erosion and Stuck Pipe). 

For these latter modes, solid volumes of compacted waste 30 to 237 times greater than that for 

pure erosion could reach the ground surface. 

Of the three modes of release caused by high-pressure waste gas, stuck pipe and gas 

erosion would be most affected by increases in waste strength. This occurs because the drilling 

mud remains in the borehole and the pressure difference between the waste gas and borehole 
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pressure is less than 7 MPa. With blowout the borehole pressure is considerably reduced (near 

atmospheric) and thus pressure differentials can be much greater (approaching 14 MPa). 

Aside from severely reducing gas generation in the waste, methods to reduce surface 

releases include reducing waste permeability and increasing waste strength. Restricting the 

compacted waste permeability to a narrow range above 10-16 m2 would also reduce the effects 

of high pressure gas on waste transport to the surface. 

This spall model will be used in the SPM-2 calculations. In considering the effect of 

direct releases on performance assessment, several new variables require sampling and the waste 

gas pressure at the time of intrusion must be available from the BRAGFLO code. The new 

sampled variables are: 

T = Cleanout duration for stuck pipe (12 - 24 hours) 

~= Solids entrainment percent for blowout (0 - 103) 

~ = Drillbit penetration rate (50 - 100 ft/hr) 

There is some indication that ~ is inversely related to drillbit diameter and, as with 

drilling mud flow rate, can be directly calculated bas.ed on the sampled value of borehole 

diameter. This leaves only T and~ as the new variables to be sampled. 

For spallings, the decomposed waste pressure, permeability, porosity, and waste gas 

viscosity play important roles in determining the rate of gas flow from a disposal room breached 

by a drillbit. In performance assessment analysis the gas pressure in the waste is computed as 

a function of time in the two-phase flow code BRAGFLO (Sandia WIPP Project, 1992, p. 1-21). 

Prior to the 1992 Preliminary Performance Assessment the effects of disposal room closure on 

porosity and permeability resulting from salt creep and gas generation were largely ignored 

(WIPP PA Division, 1991a, Sections 3.4.7 and 3.4.8). In 1992 the effects of room deformation 

and gas generation were indirectly included in BRAGFLO computations using a porosity surface 

generated by the finite element code SANCHO (Sandia WIPP Project, 1992, p. 1-43). Ideally, 

the value of these parameters (gas pressure, porosity, and permeability) at the time of drillbit 

intrusion can be made available for spall calculations. The role of spatially variable brine 

saturation and multiphase flow on spalling has not been investigated. 

An experimental program was initiated in 1993 to demonstrate the effect of gas pressure 

release on waste surrogate response in a simple geometry. Experimental data for the spall 

Disposal Room 82 March 20. 1995 

•• 
.... 

.... 

•• 

•• 

• 
• 

... 
Iii' I 

.. , 
"''' 



., 
,., 

2 
.,,, 

3 
,..,, 

4 

,,~. 5 

'"' 6 

7 
~-$ l 

8 .•. 
9 

,.., 
10 

l*'" 11 

'""" 12 

~*'~ 
13 

14 
,, .. ;.;: 

15 
lh 

16 

'""" 17 ... 18 

n.~·11 19 

~·*" 20 

21 
'"'" 

22 ,.,. 
23 

, .. 
24 

.... 
25 

..... 26 

i~~" 27 

28 ... 
29 

i!li.W 

30 

"'"" 31 
lhJ 

32 

(~11\;t 33 

34 
\Ufi,.; 

35 .... 
36 

11 .. 
37 

""' 38 

lilt' 

.... 
'" 

behavior of a clay/sand waste surrogate in one dimension were generated to assess the validity 

of the computational models, and to determine the relationship between spall response in the test 

chamber to the tensile strength of the material. The one-dimensional tests measured the dynamic 

response of a gas pressurized circular cylindrical clay/sand test sample to the sudden release of 

pressure on one end. The sudden release of pressure is comparable to the pressure drop that 

occurs adjacent to the drillbit when the bit suddenly penetrates a gas pressurized repository. At 

low gas pressures the pressure decay within the 15 3 kaolin clay/silica sand test sample and the 

locations of cracks verified the calculated response of the material and the results correlated with 

tests of the tensile strength of the sand/clay mixture. The principal conclusions of the one

dimensional tests were: 

(a) Clay/sand test samples will spall in response to the pressure gradient generated by the 

one-dimensional flow of gas from the sample to a lower pressure region. 

(b) For gas pressure drops several times greater than the tensile strength of the test sample, 

the spall response forces the sample material against a reaction plate and the time varying stress 

state between the test sample and the reaction plate is related to the instantaneous gas pressure 

profile . 

(c) For gas pressure drops less than the tensile strength of the clay/sand test sample, no spall 

is observed. 

(d) For gas pressure drops on the order of the tensile strength of the test sample, cracks form 

that correlate with computational models and test data on sample tensile strength. 

A test series to investigate spalling phenomena (blowout, stuck pipe, gas spall) in an 

axisymmetric geometry is currently being planned. The test device will permit the study of the 

radial flow of gas toward a borehole and will allow the generation of multiaxial stress states to 

be created in the test sample. In addition to spall response of a test sample near a borehole, the 

device will also be able to generate data for the effective resistance to erosion. 

4.2.4.4 BRINE SPALL 

Brine spall consists of waste introduced into the drilling fluid caused by the flow of 

pressurized brine through the waste into the borehole. It is similar to sand production in 

unconsolidated oil reservoirs. In a dipped repository it is possible that the gas generated by the 

decomposition of the waste will be segregated to the high end of the repository because of 
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buoyancy effects. The low end of the repository could then be filled with pressurized brine. 

A drillbit penetration of the repository when it is saturated with pressurized brine may introduce 

waste into the drilling fluid in a process similar to that caused by pressurized gas. The brine 

introduced into the borehole and then to the surface also must be considered a release since it 
may contain dissolved radionuclides. Other processes could also cause the repository to be 

pressurized wi~ brine, such as a penetration through the repository into a Castile brine pocket 
followed by the partial failure of the borehole plug. 

Scoping calculations are required to determine whether brine will accumulate in a low 
region of a repository as the result of waste decomposition and brine influx. If it is shown that 

a brine pressurized repository is likely, models will be developed for brine spall. To date no 
calculations have been performed to assess the importance of brine spall on releases to the 

surface. Brine spall can also be studied experimentally in the device designed for spalling . 
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4.2.4.5 BRINE SLURRY 

In comments by the Environmental Evaluation Group (EEG) (EEG, 1991, 1992) the issue 

of the formation of a brine slurry within a disposal room and its potential impact on direct 

releases was discussed. A brine slurry corresponds to a state where the waste and backfill are 
fully saturated with brine. If a fully saturated state were to occur prior to the creep 

consolidation of the repository, it was conjectured that the waste would not have sufficient 

strength to resist the erosive effects of an inadvertent drillbit penetration and some quantity of 

waste would reach the surface. As discussed in WIPP Performance Assessment Department 
(1992c, p. B55) present modeling does not indicate that the volume of brine in a panel will be 
sufficient to form a slurry. However, for extreme cases of seal permeability (e.g., seal failure), 

panels may be fully flooded with fluid that flows down from the Culebra. 

Shortly after the cessation of the 100-year period of active institutional controls, and 

before the completion of creep consolidation, the waste containers will be, for the most part, 

intact (with minimal corrosion) and not tightly embedded within the backfill materials. 

Assuming that a fully flooded condition exists, a drillbit penetration at this time will intersect 
one or more waste canisters directly in the drillpath and carry the contents of these canisters and 
some backfill material to the surface in the drilling fluid. Intact canisters not directly adjacent 
to the drillbit will maintain their ability to contain the waste even though they are not embedded 

in a matrix. For later penetrations of the repository, after creep consolidation and additional 
canister decomposition, the effective stresses in the waste will serve to bind the waste and 
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backfill and waste removal will occur from cuttings and cavings. Thus the most serious 

consequence of an early time penetration into a brine saturated room results in effects 

comparable to the cutting and cavings mechanisms discussed earlier. However, if the brine 

pressure adjacent to the penetrating drillbit exceeds hydrostatic pressure, additional forces may 

be generated ·to drive waste towards the borehole and up the annulus. As discussed above, this 

brine spall phenomenon needs further study. 

4.2.5 High Density Drilling Mud 

Releases to the surface caused by spall (blowout, gas spall, stuckpipe, and brine spall) 

require repository pressures that exceed the hydrostatic drilling fluid pressure. In those cases 

where the repository pressure is less than the drilling fluid pressure or where these pressures are 

balanced, releases will occur from cuttings and cavings alone. Two conditions can be described 

where only the cuttings and cavings mechanisms are active. The first is when the decomposition 

gas pressure in the waste is less than the hydrostatic pressure of the brine drilling fluid at the 

time of intrusion. The second is if the density of the drilling fluid has been increased to 

overcome a gas kick above the repository. 

There are several anhydrite layers and clay seams that exist within a 12-m zone above 

the repository ceiling that may provide pathways for decomposition gas. MB 138, for example, 

lies approximately 12 m above the repository and has a permeability greater than that of intact 

halite. Furthermore, the DRZ, an approximately 3-m thick region above the repository, may 

also have a permeability several orders of magnitude greater than intact halite. A drillbit 

penetration into MB 138 may allow high-pressure gas generated within the repository to be 

released into the drilling mud resulting in a gas kick. At sufficiently high gas volume rates, well 

control will be maintained only if the drilling mud is weighted up to a density matching that of 

the incoming gas, i.e., the repository gas pressure. Subsequent drilling below MB 138 and 

through the repository horizon will (barring loss of circulation into the waste) result in releases 

due to cuttings and cavings alone and releases will be on the order of 1 to 2 m3 (see Figure 13). 

Scoping calculations with BRAGFLO are required to determine if the volume of gas flow 

from MB 138 into the borehole is sufficient to cause the driller to weight up the drilling mud 

for well control. 
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4.3 Summary 

Four direct release processes (cuttings, cavings, spallings, brine spall) have been 

identified as potentially important to meeting the long-term compliance requirements of 40 CPR 

191. A fifth process (brine slurry) has been screened out as a separate entity by concluding that 

the formation of a brine slurry is both unlikely based on calculations performed to date and the 

consequences are not likely to be worse than those already generated by cuttings and cavings. 

A brine slurry at brine pressures above hydrostatic is included in the mechanism of brine spall. 

The computational model for cuttings and cavings is complete and except for values of 

waste shear resistance the data are adequate. No experimental data for waste shear resistance 

are available and consequently values typical for seabed erosion have been used for performance 

assessment computations. These values are probably conservative and generate releases greater 

than partially decomposed unmodified waste. Experiments to obtain data for shear resistance to 

15 erosion of clay/sand waste surrogates have been planned. 
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Spalling results from drillbit intrusions into waste which contains decomposition gas at 

pressures above hydrostatic. Blowout, stuckpipe, or gas spall are the three possible outcomes 

from such an intrusion and the surface releases for cohesionless waste can be substantial. Of 

the direct release processes, spalling has the potential of being the most important contributor 

to surface releases. The physical description of processes for spalling are based on computer 

models, oil and coal field experience and data from experiments conducted on coal outbursting, 

and one-dimensional experiments on clay/sand waste surrogates. Simple worst case 

computational models that quantify releases have been developed, but more data are necessary 

to assess the importance of waste strength on spall. 

Brine spall is closely related to the gas induced spall discussed above. Little work has 

been done to characterize the effect of pressurized brine in the repository on the response of 

waste adjacent to a borehole wall. Oil industry data and analysis indicates that waste can spall 

off the wall in a manner similar to the process that occurs when the waste is pressurized with 

gas. The possibility of encountering pressurized brine saturated waste has yet to be 

demonstrated. Scoping calculations with BRAGFLO on a dipped repository are required. 

There is also the possibility of encountering a region of high-pressure repository gas 

above the repository as the result of pathways through the DRZ and marker beds. This may 

cause the driller to weight up the drilling mud and eliminate the pressure differentials and 

consequent spall effects when the drill continues into the repository. In such a case, releases 

would be relatively small (cuttings and cavings) assuming the driller is able to maintain well 
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control when drilling through the waste. BRAGFLO computations are required to assess 

whether this is a reasonable scenario. 
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Sandia National Laboratories 
date: May 28, 1993 Albuquerque. New Mexico 87185 

to: D. R. Anderson, 6342 

. ,if 11f.JJ;a;_ e c-.~ 
from: B. M. Butcher, R. C. Lincoln, 6345 

subject: Completion of milestone DRUM, S/31193, which states that a method will be provided to PA 
for defining the effects of human intrusion from the porosity surface data (no brine flow); 
WBS 1.1.1.2.3. 

Summary: 

A preliminary method for defining the effect of a human intrusion on the post-intrusion 
closure history of a disposal room containing backfill and waste was proposed in the 
memorandum from B. M. Butcher to R. C. Lincoln, October 26, 1992. Additional 
calculations have shown this approach to be only partially correct; the refinements described 
this memorandum show that the estimated post-intrusion closure history is simpler than was 
previously presented. In fact, if the assumption is made that gas pressurization of the 
repository is not likely to increase much above lithostatic pressure because of fracturing of the 
interbeds, then the PA assumption that the room porosity remains constant is considered an 
adequate approximation of post-intrusion closure. 

Elastic-plastic waste response: 

The mechanical responses of wastes stored in the WIPP repository are modeled as elastic
plastic materials in numerical closure analyses. This feature of material response is neglected 
in the preliminary human intrusion model. Justification for modeling waste as elastic-plastic is 
derived from the compaction response of the various waste materials. 

Experimental compaction loading-unloading curves for the principal waste components are 
shown in Figures 1 to 4. These curves have the common characteristic of different response 
during unloading than during loading. Density changes caused by unloading are very much 
smaller than density changes caused by compaction, particularly when the sample is still under 
an appreciable load. In addition, reloading after unloading, though not shown, is known to 
proceed up along a path much closer to the unloading curve than along the original 
compaction curve. This observation is approximated in the waste compaction model by 
assuming that the response of the waste during unloading/reloading is elastic, and therefore 
that the strains associated with the expansions are small. Any hysteresis in 
unloading/reloading paths is also neglected. 

The reason the previous model of closure after human intrusion was partially in error was 
because it did not recognize the way the waste responds during unloading. Suppose, for 
example, the waste material has been compacted to a given maximum stress level. At this 
point, The stress is removed from the material unloading it elastically. It is important to 
remember in the discussion that follows that any additional irreversible compaction of the 
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waste is possible only when the load on the waste exceeds the previous maximum stress level 
that produced compaction. 

Now consider gas pressurization in a disposal room within WIPP. Initially compaction of the 
waste occurs as the room closes, but if sufficient room pressurization occurs, a minimum in 
the closure curve (porosity v time) is reached. With additional generation of gas, the room 
starts to expand. Recognizing that the waste acts as a skeletal framework having the gas 
contained in the interconnected space within it, the minimum in the closure curve is associated 
with the maximum stress that the waste can support without continued irreversible 
compaction. · 

To proceed one step further, the maximum load the waste has to eventually support if no gas 
were present would be the overburden load. A corollary is that because the room is closing 
very slowly, the sum of the stress supported by the waste and the gas pressure is usually close 
to the overburden load. This means that the waste supports part of the load, and the gas 
supports the remainder of the load required to hold the ceiling up. If additional gas is now 
generated and gas pressure increases, the waste does not have to support as large a portion of 
the load, and it begins to unload. The extreme would be when the gas pressure increases to 
lithostatic, when contact between the backfill and the ceiling is lost and a gap forms. In this 
circumstance the waste is almost completely unloaded. If, on the other hand, the gas pressure 
falls below the level that existed .at the minimum, then the load on the waste will exceed the 
previously established level for irreversible compaction, and compaction will begin again. 

A diagram of the tradeoff between gas pressure and the load supported by the waste is shown 
in Figure S. In the top figure, the backfill and waste are in contact with ceiling, and supports 
some overburden load. The portion of the load supported by the waste and backfill depends 
on the gas pressure. In the bottom figure, contact has been broken and the ceiling is held up 
by the gas pressure alone. These features of room closure are the reason closure after an 
intrusion cannot be computed by the method described in the previous memorandum. 

Human Intrusion Closure Hjstorim 

A) Definition of the boundary of a disposal room 

The boundary of the disposal room is defined as the heavy line shown in Figure 6. We 
assume that gas can flow through this boundary at any time during closure, so that the mwn 
is not sea}ed. When a specific quantity of gas is considered, it is the amount of gas within the 
boundary. All excess gas is assumed to flow out into additional gas storage volume,. such as 
might exist within the interbeds. In addition the assumption is made that the external gas 
storage reservoir is in pressure equilibrium with the room pressure. The assumption that gas 
escaping through the boundary (such as into the interbeds) does not influence the closure 
process is considered reasonable. 

B) Assumed Sequences of Gas Generation: 

The porosity surface is used to explore the consequences of various gas generation 
assumptions. The following gas generation sequence will be used for the examples that 
follow. The method to be described is not limited to this sequence, but is applicable to any 
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other sequence that can be represented as a path on the porosity surface. 

~ 
years 

0-550 

550 - 1000 

1000 

D§cription 

gas generation at 1.36 x 10' moles/year/room (2 
moles/drum/year). 

gas generation at 0.68 x 10' moles/year/room (1 
mole/drum/year). 

human intrusion: gas pres5ure decrease to 7. 7 MPa. 

1000 - 1050 gas generation at 1 mole/drum/year. 

1050 - 1425 gas leakage at 680 moles/year/room (0.1 mole/drum/year). 

1425 - 2500 gradual increase in pore pressure (gas + brine, until it 
becomes equal to the far-field pore pressure. 

In this sequence, 7. 7 MPa is the hydrostatic pressure of brine at the repository horizon, and 
10 MPa is assumed to be the far-field pore pressure~ 

The reader is again reminded that these assumptions do not necessarily represent the total 
amount of gas that is produced, but instead the amount of gas that remains in the room. 

C) Post-Intrusion Histories 

Two different cases are examined in the following discussion to illustrate how compaction of 
the waste controls the response of the waste. Case 1, where the gas pressure in the room is 
allowed to exceed lithostatic pressure, is presented first because it is easier to explain. 
However, it is not now considered typical of room closure. In addition, SANTOS results are 
available that permit a direct comparison of porosity surface estimates for Case 1 with 
computational results obtained from the disposal room model. Case 2 is considered the more 
likely response of the disposal room. Gas pressure within the room is limited in Case 2 to 
14.8 MPa, to simulate opening of fractures in the interbeds at lithostatic pressure. The results 
for this case show that while the response is more complicated than that of Case 1, the 
estimated response of the room after intrusion is closer to the assumption made for the 
Preliminary Performance Assessment for WIPP, December 1992. This assumption was that 
closure completely stops after a human intrusion. 

1) Case 1: Pressure in the room exceeds lithostatic pressure. 

Case 1 represents the closure history when the pressure in the room was allowed to exceed 
lithostatic pressure. For this case, the gas generation history was modified slightly from the · 
full sequence by omitting any leakage after 1050 years. With this simplification, the gas 
sequence was an exact duplicate of the assumptions for one of the SANTOS human intrusion 
calculations. Figure 7 illustrates the closure history derived from the porosity surface. 
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Significant events before and after the intrusion in Figure 7 are marked with letters and are 
described next. Gas generation and pressurization histories are shown in Figures 8 and 9. 

(1) . Point H: After waste emplacement, the disposal room closes until equilibrium is 
reached between the gas pressure and the waste/backftll compaction. If the amount of 
gas is insufficient, this condition may never occur, but if it does, a. minimum occurs 
in the porosity history curve (Figure 7). For this case the minimum occurs at 200 
years and corresponds to an average porosity of 38.14~, and a gas pressure of 8.87 
MPa. The number of moles of gas is 2. 7 • 107 moles/room. The minimum represents 
the time when the combined baclcsttess exerted by the waste skeleton and the gas is 
approximately equal to the load exerted on the disposal room boundary by the 
overburden. In addition, continued compaction will oc:cur only when the load 
supported by the waste at this time is exceeded. The SANTOS curve in Figure 7 is 
different from the porosity surface prediction, because the SANTOS calculation was 
more recent than the calculations used to consttuct the porosity surface, and contains 
improvements that were not previously available. A new surface needs to be 
consttucted that includes these improvements. 

(2) Segment H-1: Additional gas is now generated and gas pressure within the room 
continues to increase to lithostatic pressure at Point I. The simplest interpretation of 
the elastic-plastic response of the waste would suggest that the porosity remain 
constant during this segment, but the more exact calculation shows a slight increase. 

(3) 

(4) 

(S) 

(6) 

(8) 

Segment 1-J: Contact between the waste, backfill and the ceiling (back) of the room is 
broken at point I and a gas-filled cavity or plenum is created above the waste as the 
disposal room continues to expand. The waste supports little or no load when the gas 
pressure is equal to lithostatic pressure, as will be evident from the discussion of Case 
2. 

Point J: The assumption of human intrusion at this time is that the gas pressure within 
the disposal room almost instantaneously drops to a lower pressure. A pressure of 7. 7 
MPa was assumed for this calculation. Before the intrusion, the average porosity of 
the room was S0.72%, the gas pressure was 20.S8 MPa, and the number of moles of 
gas was 10.S • 107 moles/room. After the intrusion, the number of moles of gas was 
4.0 • 107

, still above the gas content at the minimum porosity of 2.7•107 moles/room. 
Gas is still being generated. 

Segment J-L: The waste continues to reload as the porosity decreases because of the 
drop in pressure caused by the intrusion. 

Point L: Gas generation ceases. 

Point N: The porosity of the room has dropped to the minimum porosity value of 
38.14, and thereafter will remain constant because the room contains more gas than 
existed at Point H. No leakage was allowed in this example, but had leakage been 
postulated, the gas content in the room would eventually drop below the content at 
point H, and compaction would again begin. 
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2) Case 2: Press~re in the room limited to lithostatic pressure. 

Figure 10 illustrates the closure history derived from the porosity surface for the prescribed 
gas generation history, assuming that gas pressure within the room never gets any higher than 
lithostatic pressure. Significant events before and after the intrusion in Figure 10 are marked 

· with letters and are described next. Gas and pressurization histories are shown in Figures 8 
and 11. 

(1) 

(2) 

(3) 

(4) 

(S) 

Point H: Conditions at this point are the same as for Case 1. We assume that after 
waste emplacement the disposal room c;ontinues to close until gas pressurization 
becomes sufficient to prevent additional decrease in porosity. For this case, as for 
Case 1, the minimum occurs at 200 years and corresponds to an average porosity of 
38.14%, and a gas pressure of 8.87 MPa. The number of moles of gas is 2.7•107 

moles/room. The minimum represents the time when the combined backstress exerted 
by the waste skeleton and the gas is equal to the load exened on the disposal room 
boundary by the overburden. Continued compaction will occur only when the load 
supponed by the waste at this time is exceeded. · 

Segment H-1: Additional gas is generated and gas pressure within the room continues 
to increase until lithostatic pressure is reached. As the pressure increases, the load 
supported by the waste-backfill skeleton decreases until it becomes almost 0 at 
lithostatic pressure (Figure 11). The increase in strain in the waste during unloading is 
considered insignificant. 

Point I: The pressure of the gas in the room reachs lithostatic pressure, the porosity is 
39.17 % and the quantity of gas is 4.7•107 moles/room at 350 years. 

Segment 1-J: The contact between the waste, backfill and the ceiling (back) of the 
room may be broken at Point I, depending on how far the room pressure gets above 
lithostatic pressure. Whether or not contact with the back is lost at Point I is 
unimportant, however, because there will be no significant room expansion. A much 
more important observation is that at Point I the waste supports little or no load 
during the time the gas pressure is equal to lithostatic pressure (Figure 11). 

A critical assumption in deriving this pan of the path from the porosity surface is that 
the room porosity will remain constant, because the pressure remains constant. In 
contrast, the SANTOS solution for this segment will probably show that the porosity 
is slowly changing because of backfill creep consolidation and/or changes in the stress 
gradients within the halite adjacent to the rooms. No SANTOS results are presently 
available to confirm this conclusion, but this feature of closure will be explored in 
greater detail in future calculations. 

Point J: We assume that a human intrusion occurs at this time, which almost 
instantaneously drops the gas pressure in the disposal room to a lower pressure. A 
pressure of 7. 7 MPa was assumed. The waste reloads as the drop in pressure occurs, 
but not necessarily to the load that it supported at Point H. Before the intrusion, the 
average porosity of the room was 39.17%, the gas pressure was 14.8 MPa, and the 
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number of moles of gas was 4. 7 • t07 moles/room. After the intrusion, the number of 
moles of gas was 2.S • t07, below the gas Content at the minimum porosity of 2.7 • t07 

moles/room. If a gas-filled cavity existed in the room prior to the intrusion, this 
cavity would first close before any load was taken up by the waste, as was illustrated 
in Case 1. 

(6) Segment J-K: After the human intrusion, the amount of gas in the room drops briefly 
below the amount of gas at Point H, the previous minimum. 

(1) · Point K: A new minimum in porosity is established as gas generation continues. The 
quantity of gas in the room at tots years has increased to 2.6• t07 moles/room and is 
still increasing. The porosity of the room constant at 38.0t 9'0. 

(8) 

(9) 

Segment K-L-M: The porosity of the room remains constant. 

Point L: Gas generation ceases at tOSO years, after which gas begins leak out of the 
room. The room porosity remains constant because the amount of gas within the room 
is greater than the amount of gas at greatest compaction, Point K. 

(10) Point M: Conditions in the room have returned to exactly the same conditions as 
encountered at the previous point of greatest compaction at Point K, and compaction 
begins again. Point M occurs at 132S years 

(11) Segment M-N: Gas pressure in the room drops continuously because of the leakage, 
accompanying by continued compaction of the waste. 

(12) Point N: The sum of the stress supported by the waste and the gas pressure is equal to 
the overburden and the porosity of the room has dropped to 36.69'0 after 1430 years. 
After point N, the porosity path is speculative and must be determined by two-phase 
flow analysis. 

3) Discussion of Case 2 

The assumption made by PA for the 1992 comparison was that closure completely stopped 
after a human intrusion even if the pre-intrusion pressurized state of the repository was above 
lithostatic pressure: i.e. upon release of gas, the pressure was assumed to drop to a pressure 
characteristic of the drilling fluid at constant porosity, which for this case is the porosity at 
Point J of 39 .2 9'0. The porosity was assumed to remain at this value as time increased. 

The 1993 PA calculations are expected to show that gas pressure within the repository is 
limited to around lithostatic pressure because of incorporation of the interbed fracture model. 
Therefore, Case 2 is considered a good representation of the anticipated response of the 
disposal room. Instead of remaining constant after the intrusion, however, the porosity surface 
prediction for Case 2 shows that the porosity drops very gradually to 36.69'0 and then remains 
constant. Since (1) the additional change in porosity after the human intrusion estimated from 
the porosity surface prediction is only 2.69'0, and (2) because this difference is likely to be of 
the same order of magnitude as the uncertainty of the porosity surface, we conclude that for 
the conditions examined in this analysis the assumption of constant porosity after the intrusion 
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is a suitable approximation of room response. The small difference between the porosity 
surface results and the PA assumption represents the difference between the porosity at the 
minimum porosity point and the porosity when lithostatic pressure is reached. Since the 
closure history in this region is slowly changing, a relatively small difference is to be 
expected for all gas pressurization conditions that eventually reach lithostatic pressure. 

As a further check on the generality of the observations from Case 2, the calculation was 
repeated, assuming 1/5 the gas generation rates assumed for the Case 2 calculation, with gas 
generation over 1050 years. This assumption is thought to be close to the lower bound of 
expected response, that of insignificant or no gas generation. The results in Figure 12 show 
that even less change in porosity was observed after the intrusion than for Case 2. The reason 
for this response was that there was insufficient gas produced at these rates to permit much 
release during the intrusion, and the disposal room under these conditions is essentially 
unaffected by it. 

Justification for the proposed metbod for defining tbe effects of human intrusion from porosity 
surface data 

Although relatively few calculations have been completed to support the conclusion that little 
porosity change occurs after a human intrusion when gas pressures are limited to lithostatic 
pressure, it is considered to be fairly general. Several parameters dominate response. 

First, the response of the disposal room in Case 2 is controlled by the amount of gas that can 
be stored in the room when the gas pressure reaches lithostatic pressure, which is largely 
independent of the total potential for gas production: the gas storage volume depends on the 
initial reversal point or minimum in the porosity versus time curve, assuming that enough gas 
is generated to produce such response. The parameters for this point are more sensitive to the 
rate of gas generation than the gas generation potential. Thus, the conditions examined in 
Case 2 are considered to be very severe because they represent a more rapid rise in gas 
pressure than is observed from most of the compliance calculations. Lesser rates produce 
lower values of the initial minimum porosity, and less gas available for release during the 
intrusion to cause additional closure. 

The hydraulic pressure exerted by the drilling fluid is another parameter influencing the state 
of the repository after an intrusion: the gas pressure depends entirely on the hydraulic 
pressure exerted by the drilling fluid, and is independent of any prior pressurization history. 

In summary, according to the simple method presented in this memorandum, if (1) values for 
these parameters are known; and (2) the gas pressure is known to never increase much above 
lithostatic pressure, then (3) the state of the repository after an intrusion is defined, without 
the need for any additional knowledge of prior closure history, and (4) the constant porosity 
assumption can be used. If a limit on the gas pressure is not imposed, then it is sufficient to 
keep track of the minimum porosity condition as closure proceeds, and estimate post-intrusion 
closure as described for Case 1. 
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the room ceiling: the ceiling is 
supported entirely by gos pressure. 

•· 

• 

• -
• 
• 

• 

... 

• 
·• 

..... 

Fiqure 5: A schematic representation of the tradeoff between gas ... 
pressure and the load supported by waste and backfill 
within the disposal room. -• 
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Fiqure 6: The boundary of the disposal room aas\Dled for 
calculations. 'l'he room is not sealed and gas can 
flow through the boundary at any time during 
closure. However, when a specific quantity of gas 
is quoted it raf ara to the amount of qas contained 
inside the boundary • 
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Figure a: The assumed gas generation sequence for Case 1 and 
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Figure 9: Gas pressure within a disposal room as a function of 
time assuming that there is no limit on maximum·gas 
pressure. 
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Figure 10: The average room porosity history of a disposal room 
as a function of time assuming the gas pressure· can 
not exceed lithostatic pressure (Case 2). 



~ 
0 

25 

~ 20 
~ 

I 
(/) 
(/) 15 
Q) ..... 

-+J 
Ul 
..... 
0 

10 
Q) ..... 
:::J 
(/) 
(/) 
Q) ..... 

a.. 5 

Human Intrusion at 1000 ~ears 
Maximum gas pressure limited to 14.8 MPa 
1500 moles/drum over 1050 years 

- Gos Pressure 
----- Overburden Load Supported by the Waste 

,', 
I ,.------------
1 
I 
I 
I 
I 
I 
I 
I 

Q r I I I I I I I I .. ,,-, 1-f1-fl-f1-fl-f1-f1-i I I I I I I I I I I I I I I I 
0 400 800 1200 1600 

Time - years 
Figure 11: Gas pressure within a disposal room as a function 
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APPENDIX B: General Technical Scope of the Long-term Gas Phenomenon at 
WIPP 
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GENERAL TECHNICAL SCOPE OF THE LONG-TERM 
GAS PHENOMENON AT WIPP 

A.R. Lappin 
Sandia National Laboratories 

WIPP Technical Integration Department - 6305 

Presentation to: 

National Academy of Sciences WIPP Review Panel 
September 16, 1993 
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THE OBJECTIVE IS TO ESTIMATE THE 
RANGE OF POSSIBLE ROLES OF LONG-TERM GAS GENERATION 

AT WIPP, RESULTING FROM SEVERAL FACTORS: 

• Interpretations of allowable VOC concentrations. 

• Theoretical or "maximum" gas-generation potentials. 

• Effective or "real" gas-generation potentials. 

• Accessible gas-storage volumes in the repository. 

• Accessible gas-storage volumes in the Salado Formation. 

• Conceptual or mechanistic models regarding gas generation and 
migration/ storage. 

• Application or simplification of these models for purposes of performance 
evaluation. 
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CONCLUSION: THE PRESENT.UNCERTAINTIES REGARDING GAS 
AT WIPP ARE UNTENABLE FOR PURPOSES OF SYSTEM DESCRIPTION, 

BUT CAN BE REDUCED 

• Regarding long-term characteristics, the highest priority should be given 
to reaching agreement with the regulator regarding WIPP-specific 
interpretations of 40 CFR 268.6 and 40 CFR 191, Subpart B. 

- Regulatory points of application. 

- Regulatory approach to possible releases. 
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, •• CONCLUSION: FIVE ADDITIONAL APPROACHES SHOULD BE PURSUED ... 
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IN PARALLEL FOR A SHORT PERIOD OF TIME 

• Demonstrate that there are reliable distinctions between theoretical and 
effective gas-generation .potentials under repository conditions. 

AND/OR 

• Demonstrate that some of the assumptions or estimated material-property 
ranges for far-field fluid flow and gas storage are needlessly conservative . 

AND/OR 

• Demonstrate that concentrations of hazardous components (VO Cs) would 
be acceptable even if gas does reach the site boundary. 

AND/OR 

• Evaluate and prepare to implement backfill or room-design modifications, 
and/ or engineered gas-storage capacity at the WI PP. 

AND/OR 

• Evaluate and prepare to implement modifications to existing and/or future 
CH and RH TRU wastes at the waste generators . 
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SIMPLIFIED ASSUMPTIONS CAN BE USED TO ESTIMATE GAS-PHASE CONCENTRATIONS OF CC14 
AT THE SITE BOUNDARY, AT DEPTH AND THE LAND SURFACE, 

BASED ON INVENTORY ESTIMATES DERIVED FROM THE NO-MIGRATION VARIANCE PETITION 

Total inventory of CCL4 , based on 
information contained in the N-MVP, 

assuming no additional source or voe 
degradation (g) 

Total accessible void volume, assuming 
0.40 gas-accessible room porosity, 0.03 
gas-accessible anhydrite porosity, 2 m 
effective flow thickness, and radial 

symmetry (ml) 

Gas-phase concentration of CC1 4 at 15 
MPa, assuming no process other than 

dilution into specified volume (g/m3 ) 

Gas-phase concentration of CC14 at 
atmospheric pressure (g/m3 ) 

"minimum" 

1 x 105 

1. 2 x 106 

0.08 

0.0006 

"average" "maximum" 

3 x 105 2 x 106 

1. 2 x 106 1. 2 x 106 

0.25 1.6 

0.002 0.01 
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SIMPLE "DILUTION" CALCULATIONS BASED ON THE ALi,OWABLE CONCENTRATION OF cc1, 
FOR "SOIL" PROPOSED IN 55 FR 30798 INDICATE FAVORABLE RESULTS, 

WITH SOME DEPENDENCE ON THE DEPTH AT WHICH THE INTERPRETATION IS MADE 

"minimum" "average" 11ma~imum11 

inventory inventory inventory 
( 1 x 105 g) ( 3 x 105 g) (2 x 106 g) 

Calculated concentration of eel~ in the 
gas phase at 15 MPa (g/m ) 0.08 0.25 1.6 

Corrected to "soil" basis, at 15 MPa, 
assuming 0.03 gas-filled porosity, and 
anhydrite density of 2.95 x 103 kg/m3 8 .1 x 10"4 0.0025 0.016 

(mg(VOC}Lkg(anh}) 

Estimated concentration at lithostatic 1. 6 x 10"4 3. 2 x 10·3 

pressure, divided by the EPA "Health- 5.1 x 10"4 

Based Level" in soil 1.2 
mg(VOC}Lkg(soil}} 

···--. 

Concentration, corrected to atmospheric 
pressure 5.4 x 10"6 1. 7 x 10"5 1.1 x 10·4 

(mg(VOC}Lkg(anh}} 

Estimated concentration at atmospheric 1.1 x 10"6 2. 2 x io· 5 

pressure, divided by the EPA "Health- 3. 4 x 10"6 

Based Level" in soil (5 mgLkg} 
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CONCLUSION: • 

• 

FINAL DECISIONS REGARDING BOTH THE POINTS/SURFACES • 
OF REGULATORY APPLICATION AND THE NUMERICAL • 
APPROACHES MAY HAVE MAJOR IMPACT ON WIPP • 
EVALUATION. 

• 
- EXAMPLE SHOWN IS WITH RESPECT TO voe BEHAVIOR. 

- ALSO SOME UNCERTAINTY REGARDING INADVERTENT HUMAN • 
INTRUSION (40 CFR 191, Subpart B). • 
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WE MUST ALSO REMEMBER THAT GAS MAY HAVE BOTH 
DIRECT AND INDIRECT EFFECTS AT WIPP 

• Direct effects 

- Release of hazardous constituents in the gas phase {VOCs). 

• Indirect effects 

Safety impacts during transportation and operation phases. 

- Impact of gas on flow properties of waste, host rock, and/ or seals under 
undisturbed and human-intrusion conditions. 
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TIMEFRAMES OF INTEREST FOR PURPOSES OF SYSTEM 
DESCRIPTION DO NOT NECESSARILY COINCIDE WITH THOSE OF 

REGULATORY INTEREST 

• Several mechanistically defined timeframes are relevant: 

Characterization and transportation phases (control inventory}. 

- Ventilated timeframe {both pre-waste and post-emplacement). 

- "Transitional" timeframe (panel scale) (oxidation state, compaction, 
humidity, fluid flow) 

- UNDISTURBED "LONG-TERM" TIMEFRAME 

. PANEL OR REPOSITORY SCALE 

. REQUIRES UNDERSTANDING OF RESULTS OF TRANSITIONAL 
TIMEFRAME 

•• 
• 

... 

·• 

• 

• 

.. 
. "STEADY-STATE" OR "CYCLIC" REPOSITORY RESPONSES ·• -

- Inadvertent human intrusion (1918 only) 

• 

• 
arl\lappin \nassumm0.914 
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THE OVERALL OBJECTIVE OF SYSTEM CHARACTERIZATION IS A 
CHRONOLOGICALLY AND GEOMETRICALLY CONTINUOUS 

DESCRIPTION OF REPOSITORY RESPONSE 

• "Conceptual models," the starting points over each time-condition 
interval, include significant mechanisms, but not necessarily specific data 
or interpretations. 

• The description should overlap all of the necessary regulatory periods, 
geometric scales, and materials. 

- Determine the time-dependent sets of fluid-flow {particulate-release) 
paths from the emplaced waste to both potential points of release 
{safety) and points/surfaces/volumes of regulatory application. 

- Describe the indirect mechanistic impacts, if any, of gas on the overall 
repository system. 
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A LOGICAL SEQUENCE OF QUESTIONS ADDRESSING GAS 
BEGINS WITH THEORETICAL GAS-GENERATION POTENTIALS 

• How much gas could theoretically be made, assuming "ideal" conditions 
for wasta degradation? 

• How much gas (net) would actually be generated under repository 
conditions? 

• What would net gas-generation rates be as a function of time under 
repository conditions? 

• Where would the gases which were generated be stored? 

In the repository 

- In the Salado Formation 

• How will gas generation, migration, and/ or storage influence repository 
structural and fluid-flow responses directly or indirectly? 

,. 
! 
I 
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AL THOUGH THEIR USE IS "CONSERVATIVE," 
THERE- IS ESTABLISHED PRECEDENT FOR CONSIDERATION OF 
"THEORETICAL GAS-GENERATION POTENTIALS" IN THE WIPP 

•·Varying assumptions regarding brine availability, corrosion, and availability 
of plastics and rubbers. 

• There is basic continuity in assuming no beneficial (or detrimental) 
coupling of processes. 

- Molecke (1979) estimated 5600 moles/drum-equivalent of "composite 
organic wastes." 

Chaturvedi (1989) argued that a similar potential should be applied 
repository-wide. 

- DSEIS/FSEIS estimate of 1500 moles/drum-equivalent of TRU (Brush) 
assumes no plastic degradation, and does not consider RH TRU. 

• Since the DSEIS/FSEIS we have been consistent, using a value near 1500 
moles/drum-equivalent of CH TRU. 
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A REVISED ESTIMATE OF THEORETICAL GAS-GENERATION POTENTIALS 
FOR UNTREATED CH AND RH TRU WASTES (not including radiolysis) INDICATES 

A POTENTIAL OF UP TO ROUGHLY 3000 MOLES OF GAS PER DRUM-EQUIVALENT OF CH TRU WASTES <1> 

WASTE TYPES, COMMENTS CELLULOSE PLASTICS CONTAINERS METAL WASTE TOTAL 
ONLY 

CH TRU ONLY, NOT INCLUDING 600 - 600 300 1500 
PLASTICS 

RH TRU ONLY, ASSUMING STEEL Negligible - 500 Negligible 500 
SHIELD PLUGS AND CANISTERS on this on this 

(NOT SLEEVES) basis basis 

~H + RH, NOT INCLUDING 600 - 1100 300 2000 
- ...... --- PLASTICS 

CH + RH, INCLUDING PLASTICS 600 1000 1100 300 3000 

(1) Estimates for CH are normalized to the average waste makeup for drums of CH TRU wastes. 
Also, gas generation from RH wastes is normalized on the basis of the expected number of drum
equivalents of CH TRU. Estimates do not include corroding metals used in ground support. 
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SOME UNCERTAINTIES REMAIN REGARDING THE THEORETICAL 
GAS-GENERATION POTENTIALS FOR UNMODIFIED WASTES 

• At the repository scale 

- Inventory of metal containers and metallic wastes . 

- Most of the waste intended for emplacement has not been generated . 

• At the mechanistic scale 

- Likelihood, extent, and mechanisms of microbial reactions, especial 
methanogenesis. 

Effects, if any, of irradiation and/ or microbial activity on long-te 
stability of plastics. 
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THERE ARE FUNDAMENTAL DIFFERENCES IN APPROACH 
IF THE THEORETICAL AND EFFECTIVE 

GAS-GENERATION POTENTIALS ARE MARKEDLY Dl$TINCT 

• If the two potentials are riot distinct, gas-related aspects of repository 
performance will be inventory controlled. 

If "adequate" brine is available, detailed brine "bookkeeping" not 
important. 

"Any" increase in degradable waste or containers would add to gas 
generation. 

• If two potentials are distinct, total gas generation controlled by something 
other than total inventory. 

- If total brine availability is "limiting," detailed "bookkeeping" regarding 
brine might be important. Engineering modification to "immobilize" 
brine would be appealing. 

- If repository "drying" at elevated pressures "limiting," there must be 
high confidence in this mechanism. 

- If any rate-related engineering modification is proposed, there must be 
high confidence in extrapolation of rate information to long times. 
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THERE IS A LARGE RANGE IN GAS-STORAGE VOLUMES WHICH MIGHT BE REQUIRED, 
DEPENDING UPON BOTH THE STORAGE PRESSURE AND THE 10,000-YEAR EFFECTIVE POTENTIAL <1> 

,.. 
l! 

GAS-GENERATION (moles/drum- STORAGE VOLUME REQUIRED STORAGE VOLUME REQUIRED 
equivalent of CH TRU) ( 104 m3 ) at ( 104 m3} at 

LITHOSTATIC PRESSURE (15 MPa) ANHYDRITE FAR-FIELD FLUID 
PRESSURE (12.5 MPa) 

600 8 10 

900 12 15 

2000 27 33 
-4- .. · 

3000 40 50 

"' ! 

(1) These estimates assume Il.Q significant migration into/through either shafts 9r host rock at 
any pressures below 12.5 MPa. 

5 

; " "! ' 



t:x:i 
~ 
0 

--
FOR MOST COMBINATIONS OF 10,000-YEAR GAS-GENERATION POTENTIALS AND ASSUMED' 

GAS-ACCESSIBLE VOID SPACE WITHIN THE REPOSITORY, GAS STORAGE OUTSIDE THE REPOSITORY IS REQUIRED 

ASSUMED GAS-ACCESSIBLE POROSITY AND TOTAL REPOSITORY VOID SPACE 

THEORETICAL OR 0.10 0.20 0.30 0.40 
10,000-YEAR 

POTENTIAL (1.6 x 104 m3 ( 3. 7 x 104 m3 ( 6. 3 x 104 m3 (9. 6 x 104 m3 

(moles/drum- total) total) total) total) 
equiv. CH TRU) 

600 0.2 0.4 0.6 L.Q. 

900 0.1 0.25 0.4 0.6 

- .. ..-

2000 0.05 0.1 0.2 0.3 

3000 0.03 0.07 0.1 0.2 
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STORAGE OF ALL OF THE GENERATED GAS 
IN THE REPOSITORY 

DOES NOT APPEAR LIKELY, EXCEPT FOR 
LOW EFFECTIVE 10,000-YEAR GAS-GENERATION POTENTIALS 

• As either 10,000-year potential increases above 600 moles/drum
equivalent Qr gas-accessible porosity in the repository at the gas-storage 
pressure decreases, gas storage within the Salado is reqyired. 

- For design-basis wastes, issue of long-term room porosity is of interest. 

At low end of potentials, the relative roles of both microbial gas 
generation and radiolysis may increase . 
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CONCLUSIONS REGARDING GAS-STORAGE WITHIN THE WIPP REPOSITORY AND "ANHYDRITE MARKER BEDS" ALSO 
DEPEND ON ESTIMATED FAR-FIELD FLUID-FLOW AND GAS-STORAGE PROPERTIES OF THE SALADO FORMATION <1> 

ROOM VOID SPACE ROOM STORAGE Req= 2. 42 km, Req= 2.42 km, 
ONLY poracc anh= 0.0006 poracc, anh= 0 • 01 

' 

140 m3 void 100 125 (0.33) 475 (0.33) 

(0. 1 room porosity; no ORZ) 175 (1.0) 1250 (1.0) 

250 (2.0) 2400 (2.0) 

310 m3 void 225 250 (0.33) 600 (0.33) 

(0.2 room porosity; no ORZ) 300 ( 1.0) 1375 (1.0) 

400 (2.0> 2500 (2.0) 

530 m3 void 400 425 (0.33) . 775 (0.33) 

-·~ _to~.3 room porosity; no ORZ) 475 (1.0) 1525 (1.0) 

525 (2.0) 2675 (2.0) 

820 m3 void 600 625 (0.33) 975 (0.33) 

(0.4 room porosity; no ORZ) 675 ( 1.0) 1750 Cl.0) 

725 (2.0> 2900 (2.0) 

(1) Estimates assume effective flow thicknesses indicated in (m), 12.5 MPa storage pressure, 
radial symmetry, and rate-dependent ability of brine to move from storage volume. 
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CONCLUSIONS REGARDING TOTAL ON-SITE GAS STORAGE IN THE 
REPOSITORY AND SALADO 

DEPEND STRONGLY ON THE STARTING ASSUMPTIONS 

• "Fracture-flow-only" gas-storage capacity in the "far field" is limited, 
unless large thicknesses are involved in flow. 

- For thicknesses examined to date, repository storage, though small, 
dominates. 

• A gas-accessible porosity of 0.01 might provide adequate storage capacity 
on-site, depending on room porosity, effective flow thickness, and 10,000-
year effective potential, without fracture growth or propagation . 

• These estimates assume radial symmetry of flow and "storage," the ability 
for brine to "exit," making gas-storage volumes available, and a gas
storage pressure of at least 12.5 MPa. 

• Whether gas migration outside the site is acceptable depends upon final 
regulatory interpretation . 
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THERE IS A LARGE RANGE IN THE POSSIBLE ROLES OF 
LONG-TERM GAS GENERATION AT WIPP, 

RESULTING FROM SEVERAL FACTORS: 

• Possible interpretations relative to VOC concentrations. 

• Uncertainty in theoretical or "maximum" gas-generation potentials. 

• Uncertainty in effective or "real" gas-generation potentials. 

• Uncertainty in accessible gas-storage volumes within the repository. 

• Uncertainty in accessible gas-storage volumes within the Salado 
Formation. 

• Uncertainty in gas-related conceptual or mechanistic models ·and their 
application to performance assessment. 

• Possible indirect impacts of gas on repository performance. 
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THE PRESENT UNCERTAINTIES REGARDING GAS AT WIPP ARE 
UNTENABLE, BUT CAN BE REDUCED 

• Highest priority should be given to reaching agreement with the regulator 
regarding WI PP-specific interpretations of 40 CFR 268.6 and 40 CFR 191, 
Subpart B. 

Points/surfaces of regulatory application. 

- Regulatory approach to possible releases. 
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. FIVE ADDITIONAL APPROACHES SHOULD BE PURSUED 
IN PARALLEL FOR A SHORT PERIOD OF TIME 

• Demonstrate that there· are reliable distinctions between theoretical and 
effective gas-generation potentials under repository conditions. 

AND/OR 

• Demonstrate that some of the assumptions or material-property ranges 
for far-field fluid flow and gas storage are unrealistically conservative. 

AND/OR 

• Demonstrate that concentrations of hazardous components (VOCs) will 
be acceptable even if gas does reach the site boundary. 

AND/OR 

• Evaluate and prepare to implement backfill or room-design modifications, 
and/or engineered gas-storage capacity at the WIPP. 

AND/OR 

• Evaluate and prepare to implement modifications to existing and/or future 
CH and RH TRU wastes at the waste generators. 

'· 
,J 
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THERE ARE SEVERAL POSSIBLE ENGINEERING APPROACHES TO 
REDUCTION OF GAS-GENERATION POTENTIALS AND/OR RATES, 

SHOULD THIS PROVE NECESSARY 

'"" • Complete research into theoretical potentials for unmodified. wastes. 

- Determine if assumption of plastic degradation is at all realistic. 

- Determine if pH effects, especially presence of cements, will decrease 
long-term potential. 

• Decrease the "net" or "10,000-year" potential, with appropriate 
verification. 

- Demonstrate that such processes as siderite passivation are reliable in 
situ. 

- Demonstrate the utility of C02 getters to the backfill. 

- Demonstrate that "shred and grout" will adequately decrease 10,000 -
year rates. 

- Demonstrate reliable engineered brine-sorption and/or gas-storage 
potential. 

• Decrease theoretical potential directly, with appropriate verification. 

Eliminate steel shield plugs and canisters for RH waste. 

- Eliminate steel containers for future and /or existing CH wastes. 

- Eliminate cellulosic materials from waste. 
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The PHENIX Coupled Room Closure and Multiphase Flow Code 

ABSTRACT 

The PHENIX code is described, including a synopsis of results to date. PHENIX 
was created to begin development of a method to couple the effects of salt 
deformation on fluid flow at the WIPP. PHENIX simulates one aspect of the 
problem, room· closure and multiphase fluid flow between disposal rooms and the 
Salado Formation. SANTOS is used to calculate room closure, and 
TOUGH2/EOS8 is used to calculate fluid flow and room pressures. Coupling is 
accomplished by an explicit, backward-in-time method. Several test simulations 
demonstrate the effectiveness of the coupling method, and comparisons are made 
to SANCHO results, SANTOS results, and TOUGH2/EOS8 results. PHENIX is 
available within SNUWIPP for further studies. Particularly useful may be the 
ability with PHENIX to couple room closure with brine-dependent gas generation 
rates such as the type used by WIPP PA. PHENIX is currently an experimental 
code and has not been baselined in the SNUWIPP QA system. Continued use by 
WIPP PA of the pressure-line interpolation method is recommended. 

1.0 Background 

The impact of disposal room closure due to salt creep on room volume is 
considered significant by the WIPP project. Among other impacts, room closure 
affects porosity by collapsing voids in the waste and backfill and gas pressure by 
compression. Due to closure, disposal room porosity is expected to reduce by a 
factor of about 3 from an initial 0.66, and gas pressures will increase by the same 
magnitude relative to an initial-volume room. Incorporating room volume 
changes of this magnitude is important in models of gas and brine flow between 
the room and Salado Formation (Freeze et al., 1994). 

Due to the complexity of both multiphase flow codes and salt deformation codes, 
WIPP PA is currently not able to model room deformation directly. Instead, 
independent simulations with the code SANCHO (Stone, 1992), which uses an 
elastic-secondary creep constitutive model for room deformation, are the basis for 
incorporating room closure information into BRAGFLO, the primary PA flow 
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code. Room porosities are correlated with time and pressure by a suite of 
SANCHO simulations assuming a sealed room (no mass flux through room 
walls), and assuming a certain gas generation history. Porosities are assigned to 
room volumes in BRAGFLO by interpolation and extrapolation on the. SANCHO 
data set with time and pressure. There are two principal concerns with this 
method. First, the effects of brine and gas flow on room closure may not be 
accurately captured. Second, the coupling is dependent on the gas generation 
history in BRAGFLO being similar to the gas generation history used in 
SANCHO (Freeze et al., 1994). Because gas generation in BRAGFLO is 

· influenced by flow, and because parameters in BRAGFLO are chosen 
stochastically, this condition cannot be assured. 

A study of methods developed to incorporate room closure effects in multiphase 
flow codes was undertaken by Freeze et al. (1994). The present PA method, 
called pressure-lines interpolation, was found likely to be adequate. However, a 
more complex method, called fluid-phase salt, was both conceptually more 
realistic, and had significantly different results for gas generation histories 
different than the SANCHO suite. The fluid-phase salt method is too complex 
for use in PA calculations. Because of lingering uncertainty in the adequacy of 
using the pressure-lines interpolation method for PA use, an effort was made to 
simultaneously solve the salt creep constitutive relations and multiphase flow 
consititive relations to better couple room closure and fluid flow. 

2.0 PHENIX 

PHENIX is a hybrid code created from an explicit (backwards-in-time) coupling 
of two codes, SANTOS (Stone, 1993) and TOUGH2/EOS8 (Pruess, 1991; Freeze 
et al., 1994a). It was developed collaboratively by Kurt Larson, of 
INTERA/6115, and C. Mike Stone of 1561, during the summer and fall of 1993. 
SANTOS is the successor to SANCHO and is essentially the same code but has 
been optimized for the Cray and has dramatically improved performance. 
SANTOS also has provision for single-phase fluid flow, which is not utilized in 
PHENIX. TOUGH2/EOS8 is a multiphase flow code with hydrogen gas and 
liquid brine components. In PHENIX, SANTOS is used to calculate room 
volume change due to salt creep, and TOUGH2/EOS8 is used to calculate room 
pressures, which are influenced both by volume change nad brine and gas flow. 

A time-step sequence initiates with SANTOS and TOUGH2/EOS8 at the same 
initial time, room pressure, and room volume. At constant room pressure, 
SANTOS begins stepping forward with its own internal time-step procedure, 
changing room volume according to the elastic-creep constitutive relations. When 
a predetermined coupling time, typically half of a year, is reached, SANTOS 
execution is temporarily halted, and the coupling-time room volume is passed to 
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TOUGH2/EOS8. TOUGH2/EOS8 starts stepping from the initial time towards 
the coupling time, varying room pressure according to multiphase consititutive 
relations-, and setting room volume by linear interpolation between the initial 
room volume and the coupling-time room volume just calculated by SANTOS. 
When the coupling time is reached by TOUGH2/EOS8, TOUGH2/EOS8 
execution is temporarily halted, room pressure is passed to SANTOS, and a new 
time-step sequence is ready to begin. Salt creep output is controlled by 
SANTOS, and flow· output is controlled by TOUGH2/EOS8. The domains in the 
two codes need not have the same discretization, which allows for flexible 
specification of problem parameters. 

PHENIX is classified as an experimental code, is computationally inefficient 
(primarily because the most efficient TOUGH2/EOS8 solver is currently not 
robust on the Cray), and requires much user interaction for successful execution. 
Currently, 2,000 year simulations requires several hours of Cray machine time. 
It is not ready for 'production-mode' simulations or general release. A User's 
Manual has not been written, and the code and initial results have not been QA'd 
following SNUWIPP QA procedures. These impediments to further use could be 
overcome with modest effort. 

3.0 Results 

A series of simulations was performed to demonstrate the viability of PHENIX 
for coupling room closure with multiphase flow. An isolated room simulation 
benchmarks PHENIX against SANTOS. A time-step convergence study 
demonstrates the effect of different time intervals between SANTOS-TOUGH2 
coupling. Inclusion of far-field salt and interbeds in the TOUGH2/EOS8 domain 
demonstrates the effect of fluid flow between room and rock. The effect of 
different gas-generation assumptions is shown with a run using a brine-dependent · 
gas generation rate. Finally, comparison is made to TOUGH2/EOS8 simulations 
using the Fluid-Phase Salt method for incorporating room closure. 

3.1 Isolated Room Calibration 

Figures 1 and 2 present room gas pressure and room porosity values for a 2000 
year simulation. In these figures, SANTOS results are compared with PHENIX 
results, labelled here as SANTOS-TOUGH coupling. Both models use a sealed 
room, i.e. one in which mass flux across room walls is not allowed, and the same 
gas generation history. Although the results are not identical, the strong 
similarity encourages use of PHENIX for more complex situations. The disparity 
is attributed to the change from implicit to explicit coupling of pressure and 
volume, which is expected to be less accurate than implicit coupling. 
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3.2 Time-Step Convergence Study 

The baseline simulation presented in Figures 1 and 2 coupled pressure and 
volume every 20 SANTOS time steps, or every 0.5 years. To verify Utat this 
frequency of coupling is adequate for accurate simulation, PHENIX was run with. 
oouplings occurring every 5 steps, or 0.125 years. Results are shown in Figures 
3 and 4. The 5 step coupling is slightly more accurate than the 20 step coupling, 
but not significantly so. The 5 step coupling is more accurate, i.e. is more 
similar to the SANTOS solution (Figures l and 2), than the 0.5 year coupling. 
Increasing accuracy is generally expected from explicit methods as the time step 
decreases. 

3.3 Salado Flow Coupling 

A simplified, two-dimensional representation of the Salado Formation with two 
rock types, halite and anhydrite, and two anhydrite beds, was used to demonstrate 
the difference between a sealed room and a system in which fluid may flow 
between the room and Salado Formation. The representation has been used 
extensively in past models of the Salado Formation (for example, Freeze et al., 
1994), and a recent study (Webb and Frear, in preparation) found that the 
stratigraphic simplification likely preserves sufficient detail for defensible results. 
Figures 5 and 6 show that porosity is similar for the two cases until 500 years, 
wheras pressure is higher for the fluid flow case. This occurs because brine 
seeping into the room occupies some pore space which is then inacessible to gas. 
After 500 years, porosity and pressure are lower when fluid flow between the 
room and rock is allowed. This happens because gas is expelled from the room, 
allowing both decreased pressure and decreased porosity. Similar results have 
been described for some other methods of simulating closure of waste disposal 
rooms (Freeze et al., 1994). 

WIPP PA uses sealed room results, from SANCHO, and applies them to rooms 
open to fluxes. The difference between the baseline sealed room case and the 
baseline with interbeds case supports the concern that the PA room closure 
coupling may not yield sufficiently accurate results. However, PHENIX results 
to not warrant the conclusion that the WIPP PA method, pressure-lines 
interpolation, is inadequate. 

3.4 Brine-Dependent Gas Generation Rate 

A single simulation was performed with the gas generation rate being determined 
as a linear function of the brine saturation in the room.. This method is described 
in Freeze et al. (1994). Figures 7 and 8 show results. Due to low total brine 
inflow, gas generation proceeds at a near-humid rate, which is much slower than 

C-6 

I!'! 

• 

• 
• 
• 

• 

• 

• 

-
• 

• 



ill~! 

'"'' 

.... 

.. , 

Kurt W. Larson Page S August 17, 1994 

the brine-inundated rates assumed in the baseline simulations. Because there is 
less gas, pressures are lower (Figure 8), and room closure is accordingly greater 
(Figure 7). 

3.5 Comparison to Fluid-Phase Salt Method 

Comparison of PHENIX results to results based on the SANCHO models is 
hampered by a change in domain configuration that took place at some time prior 
to PHENIX development. SANCHO simulations (Stone, 1992) used a domain in 
which the air gap at the top of the room was represented with a physical material, 
whereas the SANTOS and PHENIX simulations reported here used a model in 
which the air gap was explicitly modeled. There is a marked difference in the 
results of the two models that occurs near the time of minimum room porosity for 
the f= 1.0 case. This difference is shown in Figure 9. Because of this 
difference, comparison of PHENIX simulations to TOUGH2/EOS8 simulations 
with the Fluid-Phase Salt method can be made only by mentally accounting for 
the difference between SANCHO and SANTOS results. 

Freeze et al. (1994) determined the Fluid-Phase Salt method to be the most 
accurate method for coupling room closure with multiphase fluid flow up until 
PHENIX. Comparison of PHENIX and Fluid-Phase Salt methods for the sealed 
room (baselline), Salado, and brine-dependent generation rate cases are shown in 
Figures 10 and 11. The Fluid-Phase Salt method is calibrated to the SANCHO 
series of simulations, so the spread at the porosity low is evident in these figures. 
Taking into account the difference between SANCHO and SANTOS, agreement 
between PHENIX and Fluid-Phase Salt appears very good. This result lends 
support to the conclusions of Freeze et al (1994) regarding the adequacy of the 
current WIPP PA method for incorporating room closure. 

4.0 For the Future 

PHENIX is a tool with great promise in studies of coupled room closure, gas 
generation, and brine and gas flow. If required, PHENIX could: 

• 

• 

be used to explore the effect of gas-generation potential, brine
dependent rates, room closure more explicitly than previously 
possible. This would increase confidence or reveal suspected 
weaknesses in the current PA coupling methods; 

be used to develop a new pressure-lines interpolation surface that 
better takes into account (1) brine and gas flow between the room 
and formation,. and (2) brine-dependent gas-generation rates; 
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• serve as a starter platform for the development of a code that 
couples salt deformation with fluid flow both in the room and far
field formation. 

S.O Conclusions 

Several simulations have been successfully performed with PHENIX. Several of 
the simulations demonstrate that PHENIX works as intended by the developers. 
Additional simulations begin to explore the effect on room volume and room 

. pressure of room closure coupled with brine and gas flow. Because the most 
accurate constitutive relations available for room closure (in SANTOS) and brine 
and gas flow (in TOUGH2/EOS8) are observed by PHENIX, PHENIX results are 
regarded as more accurate and defensible than other methods of coupling 
previously investigated. However, because of a favorable comparison of 
PHENIX and the Fluid-Phase Salt method, previous conclusions and 
recommendations (Freeze et al. 1994) to PA regarding the coupling of room 
closure and brine and gas flow are still supported. PHENIX is an experimental 
code, not presently quality assured, that requires much user support to run, but 
the major impediments to more robust execution have been identified and are 
correctable. Therefore, it is expected that with modest additional effort, a 
quality-assured, production-mode version of PHENIX would be available to 
SNUWIPP should more investigation of room-fluid flow interactions be 
necessary. 

6.0 References 

Freeze, G.A., K.W. Larson, and P.B. Davies. 1994a (Approved for Release, In 
Publication). A Summary of Methods for Approximating Salt Creep and 
Disposal Room Closure in Numerical Models of Multiphase Flow. SAND94-
0251. Albuquerque, NM: Sandia National Laboratories. 

Freeze, G.A., K.W. Larson, and P.B. Davies, 1994b (In Management Review). 
Coupled Multiphase Flow and Closure Analysis of Repository Response to 
Waste-Generated Gas at the Waste Isolation Pilot Plant (WIPP). SAND93-1936. 
Albuquerqw:!, NM: Sandia National Laboratories. 

Pruess, K. 1991. TOUGH2 - A General-Purpose Numerical Simulator for 
Multiphase Fluid and Heat Flow. LBL-29400. Berkeley, CA: Lawrence 
Berkeley Laboratory. 

Stone, C.M., R.D. Krieg, and Z.E. Beisinger. 1985. SANCHO, A Finite 
Element Computer Program for the Quasistatic, Large Deformation, Inelastic 

C-8 

.... 

•• 

• .. 
• 
• 

• 

• 

• 

• 

-. .. 

-
.. 

•• 
•• 



'" 

.... 
,.,. 

.. ,,. 

lft 

IU 

'"'" 

Kurt W. Larson Page 7 August 17, 1994 

Response of Two-Dimensional Solids. SAND84-2618. Albuquerque, NM: 
Sandia National Laboratories. 

Stone, C.M. 1992. "Creep Closure Behavior of Waste Disposal Rooms in 
Bedded Salt due to Gas Generation Produced by Several Alternatives of the 
Engineered Alternatives Task Force,• memorandum to B.M. Butcher (October 
6). Albuquerque, NM: Sandia National Laboratories. (See Appendix C of 
Freeze et al., 1994a, cited above). 

Stone, C.M. 1993. "Application of SANTOS to Waste Disposal Room Problems 
Including a Demonstration of Coupled Structural/Porous Flow Capability," 
memorandum to B.M. Butcher_{March 31). Albuquerque, NM: Sandia National 
Laboratories (see Appendix C of Freeze et al., 1994a, cited above). 

Copy to: 

C.M. Stone 
T. Corbet 
F. T. Mendenhall 
P.B. Davies 
P. Vaughn 
G.A. Freeze 
V.A. Kelley 
6303 SWCF HYD 

1561 
6307 
6308 
6115 
6342 
INTERA 
INT ERA 

WBS 1.1.4.2.2 - Salado Hydrology and Transport - Model Development 

C-9 



(j 
I ...... 
0 

70 

65 

····so 

55 

50 

-;;::;- 4 5 ·c: 
Q) 

~ 40 
Q) 
0. 
- 35 ·
~ 
- 30 

.. 
ti) 
0 ... 
~ 25 

20 

15 

10 

5 -

\ 

- - - SANTOS Explicit Gap f = 1.0 
-- SANTOS - TOUGH Coupling 

0 ----L--'--'---'-~..___.__.__.___,.___.___.__,____._~,___._~_.___._~..___. 
0 500 1000 

Time (years) 
1500 

Figure 1. Comparison of SANTOS and PHENIX (here labelled SANTOS-TOUGH 
Coupling) porosity for a sealed disposal room. 

2000 

i i ' i ' i i i i i ' I i i t t i • i • • • I • • • • • t • ' I t • I • It ~ 



~ ~ .. 

(') 
I ..... ..... 

" ! i t ~ f i : i i i 

25 

20 

-ca 
a.. 
~ 15 -Q) 
i... 
:J 
ti) 
ti) 
Q) 
i... 

a.. 10 
ti) 
ca 
~ 

5 

i, i i i I i 1 ~ • ! i .. 
! :!: ! 

Reference Gas Pressure 
--- SANTOS - TOUGH Coupling 

~ ~ : " ;;; 
t 

0 ---'---'---'-~'--~_,___.____,'--~-'--'---'~-'------'--'---'-~-'---'-_.___, 
0 500 1000 1500 2000 

Tinie (years) 

Figure 2. Comparison of SANTOS and PHENIX (here labelled SANTOS-TOUGH 
Coupling) gas pressure for a sealed disposal room. 

"' " 1' ? ~ 
., 

~ •· 



(') 
I -N 

70 ~~~~---...~..---.-"'--.---.-----.~-.----.--.---.-~.----.--.----.-----.-~~ 

65 

60 

55 

50 -

~ 45 c 
Q) 

~ 40 
Q) 
a. 
- 35 
>i ..... ·-"' 30 ·-0 
L.. 

~ 25 

20 ·-

15 

10 ·-

5 

SANTOS - TOUGH Coupling 20 Steps 
--- SANTOS -TOUGH Coupling 5 Steps 

l I I I I I I I I I I I I I I I I I I I ~ 0 
0 500 1000 1500 2000 

Time (years) 

Figure 3. Effect of frequency of time-step coupling in PHENIX (here labelled 
SANTOS-TOUGH Coupling) on porosity. 

i i i I ii ii •• ii ii ii ti •••••••••••••• t I J I I I 



.. ; 4 % 

(') 
I -w 

;i< 

' i ! i iiL ; ! .. 
! ~ , 

25 

20 

-C'O a. 
~ 15 -Cl> a.. 
:J 
(/) 
(/) 
Cl> 
a.. 

a. 10 
(/) 
C'O 
(!J 

5 

i i E ~ I " J: ~ ; : . 
'" 

. 

SANTOS - TOUGH Coupling 20 Steps 
--- SANTOS - TOUGH Coupling 5 Steps 

: : : : = . 

0 ~-'--L----'-~-'---L--'-------1~-1---'--1-~'----'-_._--'-~.l----'---'---'-~"'---' 
. 0 500 1000 1500 2000 

Time (years) 

Figure 4. Effect of frequence of time-step coupling in PHENIX (here labelled 
SANTOS-TOUGH Coupling) on gas pressure. 

... 
' 

·~ : 



(') 
I ...... 

.i:.. 

70 f 
65 ~ 

60 

55 

50 ·-

-::;- 45 c 
Q) 

~ 40 
Q) 
c. 
- 35 ·-
~ .... ·-~ 30 ·-
&.. 

~ 25 

20 ·-

15 

10 ·-

. -

------------------------------

Baseline With lnterbeds 
--- Baseline 

1 
; .. _; 

~ 

~ .: 
i 

5 t ~ 
. ~ 

0 . \ 
0 500 1000 1500 2000 

Time (years) 

Figure 5. Effect on porosity of adding halite and interbeds to the fluid flow domain 
in PHENIX. 

,.. 

' t 
I I I • t • I I I f 

I I t t t t t • t t tt It t• It It It It • • 



" "' ~ 
... 

~ : 1 

(') 
I ...... 

Lil 

,,. 
" i ! : 

25 

20 

-i 15 ·~ 
ll> r .... ' I 
:::J r 
(/) ! 

"' 
.~ 

l CV l .... 
a. 10 L 
<I> I 
CO L 
G 

5 

i ' ; i I ; i i ; 

,, ,, 

i ; i i i i i i i ; i j i. ~ ~ f ! :! 

__ .... , -- '-........ . 

~ ------------
~ _,-_, 

j 
I 
j 

' I 

Baseline With lnterbeds 1 
.J 

--- Baseline ) 
J 

o--_.__._~__.___.___..___,____,___..___~__.____..__~__.___..__.__.___.. __ .__. 

0 

Figure 6. 

500 1000 
Time (years) 

1500 

Effect on gas pressure of adding halite and interbeds to the fluid flow 
domain in PHENIX. 

2000 

" . . . 



70 

65 

60 

55 

50 ·-

-:;:::-- 45 c 
Q) 

~ 40 
Q) 

(") s 35 I ...... 
~ °' 
'Ci) 30 
0 ... 
g_ 25 

20 

15 

10 

5 ·-

0 
0 

I II t • I I 

------------------------

500 

~----

Baseline With lnterbeds 
--- Baseline 

Brine Rate Gas Generation 

1000 
Time (years) 

1500 

Figure 7. Comparison of porosity for f = 1 .0 sealed room and f = 1.0 halite and 

t ' 

interbeds simulations to a brine-deoendent gas aenerc;tinn sirnul~tioo • 
ft tt tt II II It It ft 1111111" e,. 

2000 

f I • • I ti I I 



; ~ It "' ; i " 'i ;; t ~ t .; l t 

25 

20 

..-. ca a.. 
~ 15 -(1) ... 

(j :::s I 

cn --...J en 
(1) ... 
a.. 10 en 
ca 

<!J 

5 

0 
0 

Figure 8. 

;,;: " " "' i i i 1 : ; i i ~ ~ : 'i 
.., 

i i i !!: t ~ : " . t "' . 

.,,,,,,. ...... , 

"" ,, "" 
,. ,. _,,,. ' ............ 

, ------------

500 

Baseline With lnterbeds 
--- Baseline 

Brine Rate Gas Generation 

1000 
Time (years) 

· 1500 

Comparison of gas pressure for f = 1.0 sealed room and f = 1.0 halite and 
interbeds simulations to a brine-dependent aas oeneration sim1 rl::itinn 

2000 

: .. 
l * ·• ~ 



70 --------------...----------~--.--------------.--~-------~-
65 

60 

55 

so 

'E45 
llJ e 40 
Ill 
Q. 
-35 
i!' 
"ii 30 0 .. 
~ 25 

20 

15 

10 

5 

---------------------
- SANCHOf:1.0 
-- SANTOS Explicit Gap f = 1.0 

0 "--~-~------...._ ________ ~-------...._~------~~----~ 
0 

Figure 9. 

500 1000 1500 2000 
Time (years) 

Comparison of Effective Disposal Room Porosity Calcula
tions Between a Reference Model Analysis With SANCHO 
and SANTOS With the Headspace Explicitly Modeled. 

C-18 

• 
• 

• 

""' 

.. 

.. 

•• 
"" 



'" 

2000 .. 
E 

E 
0 

~ 1500 

Q) 

E 
~ 1000 
> 
"'O 
0 
> 

500 

Figure 10.--

-- PHENIX Isolated 1 
00000 TGH2/EOS8 isolated 1 

- - - PHENIX w /Salado l 
00000 TGH2/EOS8 w/Salado 
- - PHENIX w /Salado 2 

t;.t;.At;.A TGH2/EOS8 w /Salado 2 

500 

ueottt# 

1000 
Time, Years 

0 0 

0 0 0 0 0 0 0 

1500 200( 

Comparison of void volume for several simulations calculated with 
PHENIX to comparable simulations calculated with the Fluid-Phase 
Salt method in TOUGH2/EOS8. Sealed room, halite and interbed, 
and brine dependent gas generation rate results are plotted. 

C-19 



Figure 11. 

c 20 
Q.. 

::::E 

E 
0 

~ 15 
c: 

G> 
I.. 
:s 
~ 10 
Q) 
I.. 

Q.. 

Ill 
c 

(.!) 

5 

500 

0 

-

-- PHENIX isolated 1 
00000 TGH2/EOS8 isolated 1 

- - - PHENIX · w /Salado 1 
00000 TGH2/EOS8 w/Salado 
- - PHENIX w /Salado 2 
AAAAA TGH2/EOS8 w /Salado 2 

1000 
Time, Years 

1500 200( 

Comparison of gas presure for several simulations calculated with 
PHENIX to comparable simulations calculated with the Fluid-Phase 
Salt method in TOUGH2/EOS8. Sealed room, halite and interbed, 
and brine dependent gas generation rate results are plotted. 

C-20 

... 

.. 

• 

"" 

.. 

•· 

• 91'1 



... 

APPENDIX D: A Sensitivity Analysis of the WIPP Disposal Room Model: 
Phase I 

D-1 



··-i 

jll~4. 

""" 

4~~ 

I 
il.ilill 

,, .. 

... 

... 

••• 

A Sensitivity Analysis of the 
WIPP Disposal Room Model: Phase I 

Topical Report RSl-0496 

D. A. Labreche, M. A. Beikmann 
RE/SPEC Inc •. 
4775 Indian School Rd., NE 
Suite 300 
Albuquerque, NM 8711 O 

J. D. Osnes 
RE/SPEC Inc. 
P. 0. Box 725 
Rapid City, SD 57709 

~red by RE/SPEC Inc. under Col :tract No. AE-4399 
witt: Sandia National Laboratories, A•buquerque, New U.1dco 87185 

February 1994 

D-3 



"'l 

.... 

lfff' 

..... 

"'" 
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WIPP Disposal Room Model: Phase I 

D. A. Labreche, M. A. Beikmann 
RE/SPEC Inc . 

. Albuquerque, NM 87110 

J~ D. Osnes 
RE/SPEC Inc. 

Rapid City, SD 57709 

ABSTRACT 

The WIPP Disposal Room Model (ORM) has three major components - constitutive models of 
TRU waste, crushed salt backfill, and intact halite - and several secondary components, including 
air gap elements, slidelines, and assumptions on symmetry and geometry. A sensitivity analysis of 
the Disposal Room Model' was initiated on two of the three major components (waste and backfill 
models) and on several secondary components as a group. The immediate goal of this component 
sensitivity analysis (Phase I) was to sort (rank) model parameters in terms of their relative 
importance to model response so that a Monte Carlo analysis on a reduced set of ORM parameters 
could be performed under Phase II. The goal of the Phase II analysis will be to develop a 
probabilistic definition of a disposal room porosity surface (porosity, gas volume, time) that could 
be used in WIPP Performance Assessment analyses. This report documents a literature survey 
which quantifies the relative importance of the secondary room components to room closure, a 
differential analysis of the creep consolidation model and definition of a follow-up Monte Carlo 
analysis of the model, and an analysis and refitting of the waste component data on which a 
volumetric plasticity model ofTRU drum waste is based. A summary, evaluation of progress, and 
recommenruition for future work concludes the report. 
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• 2.0 A REVIEW OF THE EFFECT OF SOME NON-CONSTITUTIVE MODEL FACTORS 
ON DISPOSAL ROOM CLOSURE • 

The basic configuration for a WIPP waste disposal room consists of TRU drum waste placed 
on the floor of a disposal room excavated in halitel and covered by crushed salt backfill; an 
airgap is pre~ent between the top of the backfill and the back of the room (Figure 2-1 ). The 
numerical model representing this basic configuration consists of constitutive models for each of 
the major material c:omponents (halite, crushed salt and TRU waste), approximations for the 
room shape and the initial stress state in the rock mass, idealizations for the airgap, and so on. 
Certainly the most complex components of these and all numerical models are the constitutive 
models, but no less important are the details of all the other assumptions that are required before 
a numerical analysis can be performed. These other factors, which have been lumped together 
(in the Introduction) as non-constitutive model factors, will be examined in this chapter. 

The modeling of WIPP disposal rooms began in the late 1970s and still continues, although 
the modeling schemes have evolved. Many of the issues identified in Table 1-1 have been 
studied in efforts to improve the numerical technology available for the DRM, as well as to 
determine ways the numerical model could be simplified expediently for particular problems. 
Given this base of knowledge from research and development, the principal effort involved in 
studying the non-constitutive parameters was to conduct a literature survey of the work related to 
the development, improvement, and utilization of the DRM over the last 10 to 15 years. 
Although the search was not exhaustive, those factors that have received the most attention and 
that were most readily available in the literature were identified and information was collected. 
The factors selected for this study are outlined below; the details regarding optional ·states are 
discussed in Section 2.4.1. 

Table 2-1. Non-Constitutive Model Factors Selected for Evaluation 

Factor Optional States 
On (value) Off (value) 

Creep CollStirutive Model Munson-Dawson (1) Secondary Creep with Reduced 
Modulus (0) 

Clay Seams: 
Number 10 (varies)* 0 (0) 

Coefficient of Friction 1.0 (varies)* 0 (0) 
Anhydrite Elastic-Plastic Model (1) Elastic Model (0) 
Stratigraphy Layered (1) Homogeneous (0) 
Initial In Situ Stress Variation Linear (l) Constant (0) 
Dimensionality 3-D (l) 2-D (0) 
Number of Rooms 7 (l) 00 (0) 
Model Symmetry Full-Height (1) Half-Height (0) 
Strain Formulation Finite (1) Infinitesimal (0) 
Air Gap Model Explicit ( l) Implicit (0) 

* The parameter value: is the actual number of seams or coefficient of friction. 

1 The actual stratigraphy at the repository horizon is very different from this simplistic description. 
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Notice that the first factor listed concerns the analyst's choice of a constitutive model for the 
intact salt material. Since a detailed analysis of neither constitutive model of intact salt was 
included in this study, the choice between the two alternate models for halite is examined in this 
chapter in the same: manner as the other non-constitutive parameters. 

Looking at this list, it can best be characterized as a list of assumptions or options available 
to the analyst in defining the numerical model of the DRM. As such, these are not continuu~ 
variables with a range of possible values, but rather discrete variables for which a value is chosen 
to define one particular configuration of the model over another configuration. The most 
important goal for this sensitivity analysis is not to identify the best DRM options from a 
technical perspective, but to identify the model variables whose variation produce the most 
significant changes in the room porosity surface. Beyond this point, appropriate simplifying 
assumptions are ac:ceptable in the definition of a baseline numerical model for probabilistic· 
analysis. 

The goal of the literature review for the model options listed in Table 2-1 was to 
quantitatively establish the effect that each secondary factor had on room porosity as evidenced 
by the results of numerical simulations. This is an ·impossible task (except through inference) 
because nearly all of the simulation results that were examined (prior to 1990) involved empty 
rooms (without waste and backfill), which means that room porosity is undefined. For these 
analyses, the response most closely related to room porosity, that being room closure (horizontal 
and vertical), was examined. The organization of the literature review follows that of Table 2-1. 
The first five factors are discussed under the section titled geomechanical factors (Section 2.1 ), 
the next three fall into the category of geometric factors (Section 2.2), and the last two factors are 
considered to be numerical factors (Section 2.3): A summary, both textual and tabular, is 
provided at the end of this chapter (Section 2.4 ). Also included in the last section is the 
development of a quiantitative scheme for estimating the relative importance of each assumption, 
i.e., a ranking. 

2.1 Geomechanical Factors 

The effect of five geomechanical assumptions are examined in this section: the choice of 
constitutive model for intact salt; the choice of the number of clay seams and their friction 
coefficient; the presence of anhydrite layers and the choice of constitutive model used to 
represent them; the choice of modeling WIPP stratigraphic layers or assuming a homogeneous 
halite (all-halite) model domain; and the choice of the initial stress field. The numerical 
simulations whose results form the basis for evaluation are briefly described. A summary of 
these details is found at the end of this chapter in Table 2-2. Calculation results are presented in 
terms of horizontal and vertical room closure. 

2.1.1 Constitutive! Model for Intact Salt 

Two constitutive models for intact salt have been used for all of the modeling of WIPP 
disposal rooms; these are the secondary creep law (Krieg, 1984) and the Munson-Dawson model 
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(Munson, et al., 1989). The secondary creep (SC) law is a power law presented by Krieg ( 1984) 
with a standard set of material constants; the model (law) and constants came to be known as the 
WIPP reference creep law and reference properties. This model uses a van Mises flow rule for 
plastic strain increments. Morgan, et al. (1986) concluded that an empirical-based adjustment to 
the reference properties (dividing the elastic moduli by 12.5) would bring predictions of room 
closure into better agreement The secondary creep law with reduced (elastic) moduli (SCRM) 
was subsequently used in many modeling studies largely because it led to significant savings in 
computer time. The Munson-Dawson (M-D) model represents several deformation mechanisms 
for pure halite. When used in combination with a Tresca flow potential, experimentally derived 
material constants and an updated stratigraphic cross-section, the model has been shown to 
reproduce measured experimental data reasonably well. A detailed discussion of these models is 
contained in the references cited above. It is the (analyst's) choice between the Munson-Dawson 
model and the secondary creep model with reduced moduli and the consequent effect on closure· 
prediction that is discussed in this section. 

· Munson, et al. (1989) present a comparison of results from the two constitutive models. The 
investigation involves simulating the time dependent closure of the empty WIPP Room D. 
Figure 2-2 shows the location of the 5.5 m square room within the stratigraphy. Note that this 
stratigraphy has more argillaceous halite relative to halite than the Reference Stratigraphy 
presented in Krieg (1984) and reproduced in Figure 2-15; the reader is referred to Munson, et. al., 
(1989) for a discussion of this stratigraphy. The modeled domain extends 51.2 m above, and 
55.86 m below room mid-height. The horizontal extent is 50 m from the room center line (a 
symmetry plane) to the right boundary (also a vertical symmetry plane). The horizontal 
boundaries are modeled with normal tractions on the element faces. A pressure of 13.57 MPa is 
placed on the top boundary (based on an overburden density of 2320 kg!m3) and a pressure of 
15.97 MPa at the bottom boundary (using a weighted average density of 2300 kg!m3 through the 
modeled region and an acceleration of gravity of 9.79 rnJs2). The temperature of the rock mass 
was uniform and constant at 300 K. Figure 2-2 shows the modeled stratigraphy, including clay 
seams, of which only clays D through Lare modeled (as slidelines with friction). The anhydrite 
and polyhalite layers are assumed to be insignificant by Munson, et al. (1989) because they are 
thin or remotely located relative to the room. 

Closure of the empty room was simulated for three years. The calculated results for the M-D 
model are shown with Room D experimental closure data in Figure 2-3. The calculated and 
measured vertical closures are within 2% of each other. The agreement between the calculated 
and measured horizontal closures is not as good, with the calculation over-predicting closure by 
18 % after 3 years. 

Figure 2-4 shows the results of an earlier calculatio·n (labeled REFERENCE MODULI) by 
Munson, et al., (1986) using the reference creep law (SC) with the von Mises flow functions, 
reference material properties and stratigraphy compared with in situ measurements. The friction 
coefficient on the clay seams was 0.4. The calculated vertical closure under-predicts the 
measured closure by a factor of 4.5. After reducing the modulus by a factor of 12.5 (Munson, et 
al. 1987), the calculated horizontal closure (labeled REDUCED MODULI) compares well but 
the vertical closure is still 15% less than the measured closure after 600 days. 
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Figure 2-2. Local Stratigraphy Around Room D (Munson, et al., 1989, Figure 3-3)- This is 
the Revised Stratigraphy. 
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A comparison of closure predictions using two different flow potentials is shown in Figure 
2-5. Both the von Mises and Tresca flow rules were used in the M-D model to simulated Room 
D closure. The simulation using the von Mises flow rule predicts less closure than the simulation 
using the Tresca flow rule with the ratio of closures for von Mises to Tresca flow rules about 
1:1.7. 

Another compmison of the SC and the M-D models is given by De Vries (1993). Using $e 
same model configurations as described above - M-D model with Tresca flow potential and the 
secondary creep model with reduced (12.5) elastic moduli and von Mises flow potential - an 
empty room closure calculation was _simulated in a finite deformation code. (This latter item is 
significant because the M-D model had rarely been used in any code besides the infinitesimal 
strain code SPEcrROM-32 [Callahan, et al., 1991; Callahan, 1994]). An infinite array of rooms 
10.06 m wide by 3.94 m high, separated by pillars spaced 40.54 m on center, was modeled using · 
two vertical symmetry planes. The domain extended 150 m above and below the center of the 
disposal room (more: than the often used value of 50 m for the SC model because the M-D strains 
are larger and affect a larger region). The initial lithostatic stress state varied linearly from 11.38 
MPa at the top boundary (normal traction) to 14.8 MPa at the repository horizon; an average 
density of 2320 kgfrn3 and a gravitational acceleration of 9.79 rnfs2 were used. The temperature 
of the rock mass was assumed uniform and constant at 300 K. Argillaceous halite parameters 
were used for the M-D model input, while the WIPP reference properties were used for the SC 
model. The room was assumed to be excavated at time zero, and the time-dependent response 
was calculated for a period of 50 years. 

Results of the comparison (Figure 2-6) show that the M-D model using argillaceous halite 
parameter values predicts significantly more closure than the SC model (using an all-salt 
stratigraphy). The M-D model predicts 85% closure after 30 years while the SCRM predicts 
only 40% closure. De Vries notes the agreement between the two models would be closer if the 
clean halite parameters were used. 

The calculational results presented above do not (nor were they intended to) resolve the issue 
of model superiority between the M-D and the SCRM. Some people within the WIPP program 
consider the Munson-Dawson model with Tresca Flow and the revised stratigraphy (Figure 2-2) 
to be the preferred model of site response; others claim the secondary creep model with reduced 
elastic moduli, the reference properties, and reference stratigraphy to represent WIPP site 
response equally as well. The two models fall into two different categories of constitutive 
models, as described by Munson and Wawersik (1992): the SCRM and M-D models are 
descriptive and mechanistic, respectively, in their dominant features, although both models have 
some aspects of empiricism and (micro)mechanics alike. On the basis of its stronger 
micromechanics foundation (described in Munson, et al., 1989), the M-D model is the preferred 
scientific representation of WIPP halite response. However, under some circumstances, the 
secondary creep model may be preferable as a simplified engineering model for approximating 
DRM response, especially when DRM predictions are required over 10,000 years rather than lO's 
of years. Under such circumstances, the results constitute DRM response for the bounding 
situation of a "lower than likely" rate of closure, and may be quite adequate for the objectives of 
the investigation. The important result in this section is that the SCRM and M-D models can 
predict significantly different room closure for the same room configuration. 
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2.1.2 Clay Seams 

Some of the simulations described in the previous section modeled. stratigraphic cross 
sections of the WIPP site geology that consist of bedded deposits of argillaceous halite. 
anhydrite, polyhalite, halite, and clay seams (Figure 2-2). The clay seams typically, but not 
always, underlie anhydrite beds and are on the order of centimeters thick. In a problem domain 
100 to 300 min height. as the previous models were. a few centimeter thick bed could easily be. 
ignored with little consequence. However, in the case of these clay seams. they are normally 
water saturated, and relative to the rock, represent material of no shear strength. The 
conventional way thc~se clay seams have been modeled are as slidelines with a specified friction 
coefficient. 

The effects of varying the slideline friction coefficient and the number of slidelines on drift 
closure have been studied by Stone, et al. (1981). This early work uses a two-dimensional, plane 
strain model of an infinite array of rooms (IAR) using two v~rtical symmetry boundaries. The 
initial stress state wa.s assumed to be hydrostatic with overburden pressures of 12. 71 MPa and 
15.00 MPa applied at the top and bottom :;urfaces, respectively; gravitational loading (body 
forces) accounts for the vertical gradient in the in situ stress state. The temperature was fixed at 
300 K, the temperature at which the material constants for the secondary creep law, used to 
model the halite, weire evaluated. Anhydrite layers were assumed to be elastic. A schematic 
representation of the problc~m is given in Figure 2-7. The finite element discretization using 4-
node quadrilateral elements (586 elements and 718 nodes) is shown in Figure 2-8. 

Simulation results show that drift closure varies by a factor of 3 over the range of friction 
coefficients (0 to 1) investigated (Figure 2-9). This figure also indicates the coefficient of friction 
for several clays as listed by Teufel and Price ( 1980). After five years, the calculated closure is 
approximately 15% higher for a friction coefficient of 0.5 as compared to a coefficient of 0.75. 
However, as the clay seam friction coefficient is decreased to a value of 0.0. the closure increases 
much more dramatically. 

The second issue investigated by Stone, et al. (1981) is the influence that changing the 
number of clay seams in the model has on drift closure. The results of the study are summarized 
in Figure 2-10 which shows that at five years (l.58x1Q8s) 90% of the vertical closure that occurs 
when simulating ten clay seams was captured by modeling just four clay seams, the two directly 
below the drift and the two directly above. A friction coefficient of zero was used in this 
exercise. This implies that, in these simulations, drift closure is most significantly affected by 
the clay seams within 15 meters (3.5 drift heights) of the drifts. 

The same calculations show that the proximity of a slideline to an elastic anhydrite layer 
affects the amount of slip calculated on the slideline. Clay seams farthest from the drift, A and D 
in Figure 2-7, have magnitudes of slip roughly the same (Figures 2-11 and 2-12). The magnitude 
of the calculated slip along the width of the model (slideline) is shown in Figures 2-13 and 2-14 
for the slidelines closest to the drift. The values of slip for slideline B, Figure 2-13, are an order 
of magnitude less than the slip on other sidelines. This is because slideline B is directly below an 
elastic anhydrite layer. The elastic layer spreads stress concentrations, reduces gradients and 
thereby reduces the shear stresses that cause slip. 
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These results indicate that clay seams can cause a a significant increase in room closure 
within a short period of time (5 years). Important issues in modeling clay seams are the number 
(or location) and the: associated friction coefficient. Given the short simulation time for these 
analyses, it must be noted that, for longer simulations, rock movement will take place to greater 
distances from the drifts, possibly activating more clay seams, and thereby requiring that more 
seams be included in the model. 

2.1.3 Anhydrite Layers {Marker Beds) 

Within the WIPP stratigraphic sequence in the region of the repository (Figure 2-2), several 
anhydrite layers exist. The anhydrite (calcium sulfate, the anhydrous form of gypsum) is a stiffer 
material than halite, although the layers are not pure anhydrite but actually anhydrite mixed with 
halite, polyhalite, clay and sub-horizontal fractures (e.g. Borns, 1985). In early modeling studies, 
it was typically modeled as an elastic material but later mo~eled as an elastic-plastic material 
(e.g., Morgan 1987c). 

In this exercise, Morgan (1987c) modeled the anhydrite layers and the one polyhalite layer 
(Figure 2-15)·as an elastic-plastic material with deviatoric yield strengths defined by a Drucker
Prager yield criterion. The Drucker-Prager constants were those presented by Munson and 
Morgan (1986). The elastic moduli for the halite were the Krieg reference values divided by 
12.5. Clay seams were modeled by slidelines with a friction coefficient of 0.4. 

A comparison of results from these simulations with results from other simulations of room 
closure is given in Figure 2-16 and 2-17. The results from the all-salt model are incidental to 
these discussions of anhydrite. The results from the calculations with elastic and Drucker-Prager 
models of the anhydrite layers are essentially the same. This is a result of the location of the 
anhydrite layers above and below the room, where they are confined horizontally in the infinite 
array geometry, allowing large pressures and high cleviatoric yield strengths to develop. Morgan 
(l 987c) also presents a comparison of room voluime reduction (volume loss) for the all-salt 
model and the Refer1~nce Stratigraphy model with Drucker-Prager anhydrite (Figure 2-18). 
Volume reduction, expressed as a percentage of the initial TRU room volume, is 56% for the 
Drucker-Prager model after 100 years. · 

In the simulation which used the Drucker-Prager model, the predicted response is· a lower 
bound (elastic) estimate of room closure and volume reduction because the anhydrite responded 
effectively as an elastic material. The parameters used for the anhydrite model were 
representative of homogenous intact layers when the in situ material is actually fractured and 
heterogeneous. Although these results indicate that yielding of anhydrite layers is not a 
significant mechanism (for these simulations), this does not mean that an elastic model is an 
adequate representation of the anhydrite. This fact is acknowledged by Morgan (1987c) who 
concluded that more meaningful results can be obtained only with a more realistic model of the 
anhydrite behavior. 
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Figure 2-18. Volume Reduction of a TRU Storage Room (Morgan, 1987c). 

2.1.4 Stratigraphic Layers 

The previous two sections on clay seams and anhydrite layers address the importance of two 
particular features of the WIPP stratigraphic section. Additional studies have been performed 
which relate to both clay seams and anhydrite layers, but they are even more general in that the 
entire stratigraphy as a whole is the focus, and not one small part of it. 

A comparison between results of a simulation which modeled the stratigraphy and 
experimental data from the SPDV test panel is given in a memorandum by Morgan (I 987a). The 
configuration, described in detaU by Munson and Morgan ( 1986), is a two-dimensional 
idealization of single empty room in an infinite array of long parallel rooms. The width of the 
modeled domain is 20.27 m and it extends vertically 57.29 m above and 49.77 m below the room 
midheight. The disposal room is 3.96 m high and 10.06 m wide. The pressure at the bottom 
boundary was 15.96 MPa. The initial stress state was assumed to vary linearly with depth, with 
body forces being determined by an average density of 2300 kg!m3 and an acceleration of gravity 
of 9. 79 m/sec2. The isothermal (300 K) calculation simulated I 0 years of room closure. 

The simulations use the reference stratigraphy, presented by Krieg (1984), as a basis for the 
geomechanical model. This stratigraphy, shown in Figure 2-15, consists of five different 
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materials: halite, argillaceous halite, polyhalite, anhydrite, and clay seams. (Notice the 
differences between the reference stratigraphy in 'Figure 2-15 and the revised stratigraphy in 
Figure 2-2. The layer changes and clay seams all occur at the same position in the cross section 
but a change in malterials has been introduced. The revised stratigraphy has substituted 
argillaceous halite for halite in all locations except for the halite between the 4.27 m and 0 m 
depths. The other differences between the two models are the location and dimensions of the 
room.) The behavior of the argillaceous halite and the halite was modeled using the SC law, 
with some simulations using elastic moduli .divided by 12.5 (SCRM). The anhydrite and 
polyhalite layers were modeled as elastic materials, using the reference propenies in Krieg 
(1984). A Mohr-Coloumb friction model, with a friction coefficient of 0.4, defined the criterion 
for relative slip of layers adjacent to a clay seam. Only clay seams D through J were modeled. 

Results for the analyses are shown in Figures 2-19 through 2-22. The labels on figures 
indicate the source of the data for the curves. The curves labeled Eref refer to the simulations 
that used the Krieg reference parameters, while curves labeled Eref/12.5 refer to simulations that 
used the reference (elastic) parameters divided by 12.5. Results labeled DATA are measured 
values from the SPDV test panel. Figures 2-19 and 2-20 show the vertical and horizontal 
closure, respectively, although Morgan warns against comparing calculated room closure with 
measured values because 18 days of closure are missing from the data. Alternatively, 
comparisons were made using plots of closure rate. The calculated horizontal closure rates 
(Figure 2-21) using the reduced elastic moduli agree reasonably well with measured values; the 
computed vertical closure rates (Figures 2-22) are lower than the measured values. According to 
Morgan, the fact that the reduced moduli produces better predictions of horizontal closure rates 
than of vertical closw·e rates emphasizes the curve fitting nature of the reduction of the elastic 
moduli (see Figure 2-4). 

Morgan ( 1987b) added another comparison to the previous results, this being the results for 
an all-salt model. The finite element model used for the all-salt model is shown in Figure 2-23. 
The boundary conditions, loads, and initial stresses are the same as those presented previously 
(Morgan, 1987a). The SCRM model was used to represent the creep behavior of the intact salt. 

Figures 2-19 and 2-20 show the comparison for vertical and horizontal closure, respectively, 
with the added curve labeled Eret/12.5 ALL SALT. The use of an all-salt stratigraphy leads to 
predictions of higher closure in both the vertical and horizontal directions. Horizontal and 
vertical closure rate histories are shown in Figures 2-21 and 2-22, respectively. The use of an 
all-salt model with reduced elastic moduli gives calculated horizontal and vertical closure rates in 
better agreement with experimental data from the SPDV test panel than the predictions using 
models that included stratigraphy. 

The revised stratigraphy (Figure 2-2) utilized by Munson, et al. (1989) in the Room D 
simulations is relevam to this issue. However, companion "before-and-after" simulations or 
other variations on the problem have not been simulated so that the effect of the revised 
stratigraphy can be quantified. By itself, the Room D simulation cannot be factored into this 
assessment. 
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Morgan's studies seem to indicate that a better comparison with measured data can be 
obtained by neglecting the stratigraphic variations in materials and modeling the repository 
horizon as an all-salt domain with the SCRM model. However, these results do not necessarily 
contradict the previous results which indicate that clay seams are, and anhydrite·layers might be, 
important determinates of the modeled response since those simulations showed no comparisons 
with data. In fact, Munson, et al. (1989) concluded that clay seams were important and showed 
that reasonably good comparisons with measured data could be obtained using a layered 
stratigraphy. Considering Morgan and Munson's results collectively, it seems that reasonable 
predictions of room response can be obtained using models with either a homogeneous material 
or a layered stratigraphy if the other model parameters are chosen appropriately. 

2.1.5 Initial Stress State 

Two types of initial stress states have been used for simulations of WIPP DRMs: a uniform, 
or homogeneous, stre:ss state in which a given component of stress is identical everywhere in the 
modeled domain, and a stress state that increases linearly with depth, also called geostatic or 
lithostatic. In both cases, each of the principle stress components may be different, but at WIPP, 
because of creep deformation in the halite, all stress components are normally assumed to be 
identical and equal to the vertical stress. The uniform stress state is a degenerate case of the 
geostatic case in which gravitational body forces are neglected. The absence of the stress 
gradient created by body forces can be advantageous in model simplification. When combined 
with the assumption of an all-salt stratigraphy, an additional symmetry plane is created in the 
model at the midheight of the disposal room. Numerous analyses have been performed using this 
simplified configuration. The issue of which initial stress state should be used in a Phase II 
modeling effort revolves around how important the stress gradient is in room disposal 
calculations. 

For the following discussion, a nomenclature is adopted for the domain configuration. The 
model which uses two vertical symmetry planes to represent an infinite array of rooms (IAR) 
with normal tractions: at top and bottom boundaries, and therefore the potential to simulate an 
initial stress gradient, will be referred to as the full-height model (FHIAR). The degenerate case 
which assumes unifmm stress, an all-salt stratigraphy and takes advantage of a symmetry plane 
at midheight will be referred to as the half-height model (HHIAR). 

Arguello ( 1990a) presents a comparison between a full-height model, a half-height model, 
and a half-height model with gravity; the models are referred to as Case 1, Case 2, and Case 3, 
respectively. These simulations provide the basis for assessing the effect of gravity-induced 
stress gradients. Arguello starts with the geometry shown in Figure 2-15, neglecting 
stratigraphic features such as clay seams and anhydrite layers to produce an all-salt configuration 
(Case 1). Case 1 is thus the same configuration (FHIAR) as used by Morgan (1987b) in his all
salt simulations. Boundary conditions at the top and bottom are based on the weight of the 
overburden at the respective locations and an acceleration of gravity of 9.79 m/s2. The 
overburden pressure at the top boundary is given as 13.57 MPa based on the average density of 
the rock mass (2320 kg!m3) between the surface and the top of the model. The pressure at the 
bottom, 15.96 MPa, is found using the average density (2300 kg/m3) of the idealized 
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configuration between the top and bottom of the model. The initial stress state is assumed to be 
lithostatic. The temperature of the rock mass is assumed to remain constant at 300 K. 

Case 2 uses a HHIAR geometry, an initial stress which is constant throughout the model and 
equal to the lithostatic stress at the repository horizon (14.86 MPa at the room midheight). This 
is also the pressure applied to the lower boundary. (In both Case 2 and Case 3, Argilello 
modeled the lower half of the FHIAR model.) The initial stress in Case 3 was lithostatic and 
varied with depth. Gravity body forces act throughout the configuration with a pressure of 15.96 
MPa acting normal to the lower boundary to maintain equilibrium. In all cases, the secondary 
creep model with reduced elastic moduli was used to model the salt The drift was assumed to 
appear instantaneously at the initiation of the calculation (t = 0). The finite element mesh used in 
the FHIAR analysis was the same as shown in Figure 2-23. The HHIAR model used the lower 
half (below room midheight) of the same mesh. 

A comparison of vertical closure histories2 is given in Figure 2-24. After 10 years, the 
vertical closure was computed to be 0.64 m, 0.65 m, and 0.645 m, for Cases 1, 2, and 3, 
respectively. The half-height model with no gravity (Case 2) produced about 2% more vertical 
closure than the full-height model (Case I) and about I% more vertical closure than the half
height model with gravity (Case 3). Figure 2-25 shows the horizontal closure histories3 for the 
three cases. The horizontal closure for Case I, 2, and 3 was calculated to be 0.61 m, 0.62 m, and 
0.613 m, respectively. The calculated horizontal closures were larger for the half-height model 
simulations and were within 2% of the horizontal closure found for Case I. Thus, for a 
simulation time of 10 years, the half-height model with a uniform stress state predicts closures 
which are within 2% of the full-height room simulation with a geostatic initial stress state. 
Argilello infers that the results from the half-height idealizations should agree well with 
measured closure because simulations using the model in Case I have been shown to closely 
predict in situ measurements. 

An indication of the effect of gravity-induced stress gradients can be obtained by comparing 
the two half-height simulations, Case 2 and 3. Vertical and horizontal closure for Case 3 (with 
gravity) is approximately 1 % less than that for Case 2 (without gravity) after 10 years of creep 
closure. The differences will increase with continued creep closure, but within the duration of 
these simulations, the effect of variations in the initial stress field caused by the inclusion of body 
forces is not significant. 

2.2 Geometric Factors 

Practical limitations on the size of the domain and complexity of a numerical model are 
imposed by time and cost restrictions. This section presents a discussion of several conventional 
simplifications that are adopted in the geometric idealization of a disposal room. These 
idealizations can be viewed as being three successive levels of simplification: three-dimensional 
versus two-dimensional, two-dimensional panel scale versus two-dimensional single room or 

2 Vertical closure is twice the vertical displacement of the roof (or floor) in the HHIAR model. 
3 Horizontal closure is defined as twice the horizontal displacement of the room midheight. 
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infinite array of rooms, and further simplification of the infinite array of rooms by the addition of 
a horizontal symmetry plane. 

2.2.1 Three-Dimensional Model 

The structural analysis of WIPP disposal rooms has been carried out, for the most part, in two 
dimensions. However, a number of three-dimensional simulations of WIPP disposal rooms have 
recently been performed. The modeling is at an early stage so there are no comparisons between 
two-dimensional and three-dimensional models. Work thus far has included comparisons 
between two three-dimensional simulations and measured data from the WIPP. 

The first work (Arguello, 1990b) deals with the analysis of the intersection of a WIPP 
disposal room and the entryway drift. A plan view of a panel of waste storage rooms and the 
idealized room geometry on which the model is based are shown in Figures 2-26 and 2-27. 
Gravity was neglected, a uniform stress state was assumed, and an all salt stratigraphy was used . 
The intact salt was modeled with the SCRM model (reference properties with elastic moduli 
divided by 12.5). The boundaries were restrained in directions normal to all sides of the model 
except for the lower boundary, located 50 m below the room, which was subjected to a normal 
pressure equal to the lithostatic stress (14.86 MPa). The geometry was discretized into 36,897 
finite elements using 41,250 node points and analyzed with the JAC3-D co.de (Biffle, 1993). 

The results are referenced to two cross sections in the model (Figure 2-27). The intersection 
refers to the junction of the room and the entry way drift (points C and D), while the mid-length 
location refers to the middle of a disposal room (points A and B). Horizontal and vertical closure 
at the intersection is defined as twice the horizontal and vertical displacement for points D and C, 
respectively. The horizontal and vertical closure at mid-length is defined as twice the horizontal 
and vertical displacement for points B and A, respectively. In profile, distance is measured from 
the mid-length of the room (points A and B) toward the intersection (points C and D). 

Results of the simulation (Figures 2-28 through 2-31) show that the room closes in a similar 
manner at both the intersection and mid-length. After 13 years, the end of the simulation, the 
vertical and horizonal closure at mid-length is 0.88 m and 0.78 m, respectively, and at the open 
end is 0.71mand0.61 m, respectively; this is a vertical to horizontal closure ratio of 1.13 at mid
length and 1.16 at the intersection, and a difference of 0.10 m at both cross-sections. Both the 
horizontal and vertical closures of the room are greater at mid-length, apparently because greater 
relaxation of stresses around the intersection after excavation reduces creep deformation. As 
time passes, the maximum stress location tends to move deeper into the pillar. Evidence of this 
is shown in Figure 2-28, where the location of the point of maximum closure along the room 
length moves toward the middle of the room with increasing time. Figure 2-29 shows the 
comparison between calculated closure and measured closure at a similar intersection (the 
intersection of the N1420 Drift with Room SPDV 2 of the four room Test Room Panel within the 
Experimental Area of the WIPP). Calculated closure histories at the intersection and the room 
mid-length are shown in Figures 2-30 and 2-3 I. respectively. After 10 years of simulation time, 
the vertical closure was 0.675 mat the intersection and 0.725 mat room mid-length. The results 
at these two locations can be compared with the 2-D results from Figure 2-36. These 
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calculations show that after l 0 years, the vertical closure of the middle room in a panel is about 
0.8 m and the calculated vertical closure for a room in an infinite array is approximately 1.0 m; 
the 3-D model predicts less closure than the two 2-D models. 

In a second work by Argiiello (1991 ), a pretest analysis of the 3-D structural response of the 
Intermediate Scale Borehole in the pillar between Rooms Cl and C2 is presented. An idealized 
geometry was developed assuming a symmetry plane normal to the borehole axis at the middle 
of the pillar which the borehole penetrated (Figure 2-32). Boundaries at the top and bottom of 
the model located approximately 50 m from the borehole are traction and restrained boundaries, 
respectively. The sides and bottom of the model are restrained normal to their face. The normal 
traction on the top is 13.57 MPa, representing the overburden pressure produced by material with 
an average density of 2320 kg!m3 and a gravitational acceleration of 9.79 m/sec2. A gravity 
body force was included in the calculation assuming an average density of 2300 kg!m3. In this · 
study, the stratigraphy was ignored and the SCRM was used to represent the all halite domain. 
The temperature in the isothermal problem was held constant at 300 K. The geometry was 
discretized into 56,297 eight-noded isoparametric hexahedral finite elements using 60,441 node 
points and analyzed with the JAC3-D code. 

The analysis began by instantaneous excavation of the room and cross drift and subsequent 
relaxation of the in situ stresses by simulating salt creep for 5. 7 years. A borehole was then 
created instantaneously by removing elements from the finite element mesh. Creep closure of 
the drift-borehole system was simulated for two additional years, bringing the total simulation 
duration to 7.7 years. Although the specific results of this simulation were quite interesting, the 
problem models a unique configuration of openings unlike any disposal room. Of greatest 
interest to room modeling, however, are the facts that three-dimensional stress variations in the 
pillar and ribs could be observed, as could three-dimensional variations in creep closure and 
reorientation of the borehole axes. None of the results presented in Argiiello (1991) are directly 
usable for comparisons with two-dimensional simulations. 

A simple quantitative assessment of the differences between a three-dimensional and a two
dimensional simulation was made for the Argiiello (l 990b) calculation. However, a general 
statement can not be made about the relative differences between two-dimensional and three
dimensional results because each problem (and therefore comparison) would be unique. More 
specifically, the difference is a matter of degree depending on such factors as how close the 
model boundaries are located, the problem geometry, the simulation time, and the results of 
interest. The only generalization that could be made is that in some problems, three-dimensional 
effects are negligible, in others they are quite significant. 

Although it is likely that 2-D simulations will remain the mainstay for WIPP horizon 
modeling, 3-D simulations can be useful. Results from 3-D simulations have shown how the 
closure of an empty storage room varies along its length with time. The 3-D results can also 
support the validity of the 2-D approach, as was shown in the simple comparison of the mid
length drift closure. Additional 3-D simulations should address this very issue by providing a 
basis for comparison with 2-D simulations . 
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2.2.2 Panel Scale versus a Room in an Infinite Array Model 

The second level of simplification beyond a two-dimensional approximation of the repository 
is to examine a single waste disposal panel (as shown in Figure 2-33). This section discusses the 
differences in closure of empty rooms in a panel and compares the results to the next level of 
simplification and most frequent approximation of the repository rooms, that of a room in an 
infinite array of rooms. 

A two-dimensional simulation of the creep closure of a panel of empty disposal rooms, was 
carried out by Stone and Arguello (1991). The geometry consisted of seven storage rooms and 
two haulage ways within an all salt domain. The disposal rooms (numbered 1 through 7) are at a 
depth of 650.43 m below the surface and all have the same dimensions, 10.06 m wide by 3.96 m 
high. Separate from the rooms are two haulage drifts; the haulage drift closest to the line of · 
symmetry is 2.44 m high by 7.62 m wide, and the second haulage drift is 3.66 m high and 4.27 m. 
wide. The model boundary conditions are shown in Figure 2-33 and include an applied 
overburden pressure of 12.63 MPa normal to the top and an equilibrating pressure of 17.52 MPa 
applied along the lower boundary to balance the top traction and body forces. The model used 
for the halite was the SCRM. 

The results of the panel simulation are shown in Figures 2-34 through 2-36. The latter figure 
includes results of a simulation that represents the vertical closure of a room in an infinite array 
(Single Room). Calculated vertical closure varies from room to room throughout the panel. The 
middle room, Room 4 in Figure 2-33, closes the fastest and is within 10% of the closure for an 

/ Applied Overburden 

Fixed Displacement 

9 8 7 6 5 4 3 2 1 
c a C::J c::::i c::::i c::::i c::::i C::J C::J 

Plane of Symmetry 
Applied Overburden + Gravity Load 

TRl-634&-145-0 

Figure 2-33. Schematic of the Boundary Conditions Used in the Panel Scale Analysis (Stone, 
~rgilello, 1991; Fig. 6). 
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Figure 2-34. Vertical Closure History for Rooms 1Through4 (Stone & Arguello, 1991; Fig. 7). 

4.-~__,..---~,..-~~~~,..-~~~~.-~~--::::=.;;=======;:;g 

3 

'E -e 2 
:::s 

"' 0 
0 

1 Room4 
- - - - Room 5 
······ ·•· Room 6 
-·-·-·- Room 7 

o..._-----------""'-----------_,_ __________ _,_ __________ _._ __________ _. 
0 40 80 120 160 200 

Time (yrs) 
TRl-6345-127-0 
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Figure 2-36. Comparison of Vertical Closure Results for Room 4 and for a Single Disposal 
Room (Stone & Argiiello, 1991; Fig. 13). 

infinite array presented by Morgan (1987a). The single room in an array closes in approximately 
139 years while Room 4 within the panel closes in about 152 years. The relative closure of these 
rooms are as expected since the infinite array corresponds to a larger extraction ratio. Rooms 3 
and 5 adjacent to the center room of the panel reach 100% closure in approximately 165 years; 
this is nearly 20% more time to full closure than the room in an infinite array, versus 9% longer 
for Room 4. Rooms 6 and 7 close in about 200 years while Rooms 2 and 1 are at 98% and 93% 
closure, respectively, after 200 years. These differences appear more substantial if the time to 
complete closure for any other fixed value is examined. Vertical closure for Room 1 is within 
22% of the closure for the infinite array at 139 years. However, Room 1 does not close in the 
-200 year period shown in Figure 2-34, so the time to full closure is more than 50% greater than 
for the infinite array. If the time to closure on this time scale is important to other processes in 
the repository, panel scale modeling may be an important option to include in modeling and the 
calculation of room porosity. 

2.2.3 Approximations in the Infinite Array of Rooms Model 

The most common level of geometric simplification of a WIPP waste disposal room is to 
assume that an infinite array of disposal rooms exists (as opposed to a simple panel or two 
adjacent panels). By assuming a panel extends to infinity in both directions, two vertical 
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symmetry planes can be defined, one at the centerline of the disposal room and the other half 
way into the pillar that separates two adjacent rooms. An example of this geometry is shown by 
the finite element mesh in Figure 2-37. Other features of this model include two horizontal 
traction boundaries some distance above and below the room, and the option to model variations 
in the stratigraphy and initial stress state, as discussed in Section 2.1. This model will be referred 
to as the FHIAR model (full-height infinite array of rooms model). 

A further simplification of the geometry can be made if the stratigraphy is restricted to an all · 
salt profile and the initial stress state is assumed to be homogeneous, as opposed to line~ly 
varying with the vertical coordinate. Given these two assumptions, a horizontal symmetry plane 
exists at the mid-height of the room. By 'Utilizing this symmetry plane, the upper half (Figure 
2-38) or the lower half of the full-height problem domain (Arguello, 1990a) can be modeled. 
This configuration will be referred to as the HHIAR model (half-height infinite array of rooms · 
model). 

The HHIAR geometry became common when simulation times were extended from the I 0 
year range to the 200 year range or greater. Almost concurrently, simulations of empty disposal 
rooms were modified to include TRU waste and crushed salt backfill components. Several 
calculations comparing the FHIAR and HHIAR geometries are presented to quantify the effect of 
the half-height simplification. 

Weatherby (1989) compares the closure of an empty room using the HHIAR geometry with 
the closure of a room using a FHIAR geometry (Morgan, 1987b). Both simulations utilized the 
secondary creep constitutive model to represent the stress-strain behavior of the salt. Two 
differences exist in the details of the two geometries: first, the HHIAR model has a rounded 
corner within the empty room, while the comers of the room in the FHIAR model are square, and 
second, the distance between the room midheight of the HHIAR model and the top boundary of 
the mesh is approximately half that of the FHIAR model. The homogeneous initial stress state 
for the HHIAR simulation was 14.3 MPa. The results from this model are compared with 
previous work done by Morgan (1987b). The FHIAR model included gravitational body forces 
producing an initial stress state that varied linearly with depth. 

The comparison (Figure 2-39) shows that HHIAR room (Model 2) closed 12% more than the 
FHIAR room (Model 1) after 25 years. A portion of the difference may be related to differences 
in mesh refinement between the two models and the square versus round comer of the room. 
Weatherby attributes the more rapid closure in the HHIAR configuration to the shorter distance 
between the center of the room and the upper boundary of the mesh as compared to the FHIAR 
model. The FHIAR model extends 57.29 m above the room midheight while the HHIAR model 
extends only 27 meters above the room midheight. 

Argtiello ( 1990a) presents results of three simulations that are relevant to the full-height/half
height assumption. By way of reminder, Case 1 was a FHIAR model with a linearly increasing 
initial stress state (gravity); Case 2 was a HHIAR model without gravity (body forces) and 
therefore a homogenous stress field (14.86 MPa, the lithostatic stress at the repository horizon); 
and Case 3 was a HHIAR model without gravity. (The stress at the room mid-height was the 
same in all three case:s.) All models used an all salt stratigraphy and the secondary creep model. 
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Figure 2-39. Comparison of Model 1 and Model 2 Results for Volume Remaining in an Empty 
Room (Weatherby, 1989; Fig. 7). 

Note, as did Argtiello, that although a solution can be obtained for the Case 3 configuration, the 
equivalent full-height model represents an initial stress field that is not consistent with that 
expected at WIPP. The results of these simulations have been presented in Section 2.1 (Figures 
2-24 and 2-25). There is little difference between Case 1 (FHIAR) and Case 3 (HHIAR) after 10 
years. Argtiello concludes that representative closures can be obtained with a half-height 
idealization if caution is taken to use an initial stress that is equal to the vertical stress at the room 
mid-height 

These two sets of results support each other on the effects of a half-height model versus a 
full-height IAR model. Weatherby's results show the HHIAR model predicting more volume 
reduction than the FHIAR model, while Argi.iello's results show more vertical and horizontal 
closure (therefore more volume reduction) for the HHIAR model than the FHIAR model. The 
effects are of different magnitudes but both studies show the effect of changing model 
configurations to be small (on the order of IO percent or less) when looking at the closure of 
empty rooms . 

There are no studies documented which discuss the importance of this modeling assumption 
for disposal rooms with waste and backfill. It is not clear to the authors that the same negligible 
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effect would be observed. Consider the schematics of the two configurations shown below, the 
FHIAR on the left and the HHIAR on the right. If the room components are fractioned properly 
in the two configurations, the uncoupled equivalent "room contents" response will be the same. 
However, when the coupled "room contents"/roof and floor response is considered, the two 
configurations repre:sent two very different models. In particular, the waste-salt interaction is 
governed by the relative stiffness of the two materials; because of a different relative stiffness 
immediately ~djace:nt to the room boundaries in the HHIAR model, the interaction will be 
different. The consequence for simulations of backfilled rooms is that the average and final 
closure/volume reduction beha· __ 'f of the FHIAR and HHIAR models would probably be very 
close, but the transient response l.C .:id. be significantly different. -

Roof Roof 

Air Gap 
Air Gap 

Crushed Salt 

Cruslhed Salt TAU Waste 
- - - - - - - - - - i-Symmet ry 

Plane 
TAU Waste 

TAU Waste Crushed Salt 

Air Gap 

Floor Floor 

2.3 Numerical Factors 

The DRM is a numerical model of the physical constituents of the room and surrounding 
ma•":ial, and of the processes that govern the interaction between constituents. The numerical 
soi. _ ~n to these problems is obtained with a computer code which has been developed using 
particular assumptions and techniques. As such, no two codes are exactly alike, although for 
simple, basic problems, verified codes can be expected to produce identical solutions_. On the 
other hand, for large complex problems, two codes may obtain (significantly) different results. 
Two numerical factors which affect calculated results are examined in this section; the first factor 
involves a difference in the assumed definition of strain, i.e., finite strain versus infinitesimal 
strain, and the second factor involves a difference in the numerical approach or technique to 
modeling a disposal room component, the airgap. 

2.3.1 Finite Strain versus Infinitesimal Strain Formulation 

The importance of the strain definition is a consequence of having used two finite element 
codes - SANCHO and SPECTROM-32 - for most of the two-dimensional Disposal Room 
modeling efforts and the fact that results from these codes can be significantly different. 
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Benchmarking and parallel design calculations have been performed with these codes (Munson 
and Morgan, 1986) and in a discrepancy resolution exercise, large displacement effects were 
identified as one source of the differences. SANCHO (Stone, et al., 1985), is a large-strain, 
thermomechanical structural analysis program developed at Sandia National Laboratories. 
SPECTROM-32 (Callahan, et al., 1991; Callahan, 1994) is a thermomechanical structural 
analysis program developed by RE/SPEC Inc. using infinitesimal strain theory. Several recent 
studies have discussed the influence of these two different assumptions on ORM predictions and, 
in particular, have tried to identify the magnitude of the difference. 

Stone and Argiiello (1992) present a comparison between large and small ·deformation 
solutions for the problem of the time-dependent closure of an empty WIPP disposal room in an 
all salt stratigraphy. The model, shown in Figure 2-40, represents an infinite array of disposal 
rooms, 10.06 m wide by 3.96 m high and 40.54 m on center, located at a depth of 650.43 m. The 
initial stress state varies linearly with depth. The applied tractions and boundary conditions are 
also shown in Figure 2-40. The mesh, consisting of approximately 1100 constant strain 
quadrilateral elements, extends approximately 50 m above and below the room. The secondary 
creep model with reduced elastic moduli was used to model the constitutive behavior of the 
halite. Simulations were performed with and without contact surfaces (an algorithm that 
prevents one surface from penetrating another) at the floor, rib and roof using both large and 
small deformation models (in SANTOS (Stone, 1990), a finite element code which contains both 
formulations). 

The results of the four analyses are shown in Figure 2-41. Listed in order from most rapid to 
slowest room convergence, the models are small deformation with no contact, small deformation 
with contact, large deformation with no contact and large deformation with contact. The range 
of results can be looked in terms of the time to a certain reduced volume or the reduced volume 
at a certain time. At a given time (60 years), these models predict room volume will be 6, 12, 27 
and 32%, respectively, of the original volume, a range of 26%. For a given percent of the 
original volume ( 10% ), the time required to reach this level of deformation is 56, 62, 86 and 117 
years, respectively, a range of 61 years. These results represent a significant effect of the strain 
assumption to the disposal room response, as well as the important effect of restraining 
deformations to only k.inematically permissible values. 

De Vries (1993) presents another comparison of results from a code with large and small 
deformation formulations. (These are the same results presented in Section 2.1.1 ). Calculations 
were performed using two variations on stratigraphy (an all salt model and a model of the 
stratigraphic layers at the WIPP - the revised section, Figure 2-12) and constitutive models (the 
Munson-Dawson material model with the Tresca flow potential, and the secondary creep model 
with reduced elastic moduli). Only the all salt simulation results with the M-D model are 
discussed here. The simulation models an infinite series of rooms, 10.06 m wide by 3.94 m high, 
separated by pillars spaced 40.54 m on center. The model domain extends 150 m above and 
below the center of the room, more than the normal 50 m, to accomodate the sensitivity of the 
M-D model to boundary location. The initial lithostatic stress state varies linearly with depth 
from 11.38 MPa at the top boundary to 14.8 MPa at the repository horizon (midheight of room) 
to 18.1 MPa at the bottom boundary. The temperature of the rock mass is uniform throughout 
the configuration and remains at 300 K. The room was created instantaneously at the start of the 
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Figure 2-41. Comparison of the Effect of Strain and Contact Assumptions in the Calculation of 
Disposal Room Closure (Stone & Argilello, 1992; Fig. 2) . 

analysis and the time-dependent response of the surrounding material was calculated for a 
simulation time of 50 years. Figure 2-42 shows the finite element mesh using 1113 nodes and 
1032 four-noded plane strain quadrilateral elements. The simulations were performed using the 
code SPECTROM-333 and since it is a developmental code, results were presented for 
SPECTROM-32 (an established code) for verification. These simulations did not employ contact 
surfaces as in the Stone and Arguello simulations. 

The vertical and horizontal closure histories (as a percentage of the original room 
dimensions) for the calculations using an all salt model are shown in Figures 2-43 and 2-44, 
respectively. Vertical closure at 20 years for the large deformation and small deformation 
models are 65% and 87%, respectively, while 100% venical closure occurs at 38 and 23.5 years, 
respectively. Horizontal closure at 50 years for the large deformation and small deformation 
models are 44% and 81 %, respectively, while 40% vertical closure occurs at 42 and 23 years, 
respectively. Although these results cannot be directly compared to the Stone and Argilello 
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Figure 2-43. Vertical Closure History Predicted Using All-Salt Model (De Vries, 1993). 
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Figure 2-44. Horizontal Closure History Predicted Using All-Salt Model (DeVries, 1993). 
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results. they are of comparable magnitudes. (Note the verification of SPECTROM-333 results 
by the good agreement with the SPECTROM-32 results in the small deformation mode.) 

· The final evidence for the effects of finite strain in the DRM is based on results of 
simulations which modeled a waste disposal room (intact salt) and its contents (crushed salt 
bac.k:f'tll and TRU waste). These results. documented in Labreche, et. al. (1993), compare the 
solutions to a DRM configuration simulated with both SANCHO and SPECTROM-32. The 
SANCHO results were originally documented in Stone (1992). This comparison was 
complicated by differences between the two models that could not be removed. Labreche, et al. 
(1993) documents the efforts taken to remove discrepancies in the numerical models· so that 
nearly identical simulations could be performed. leaving only the effects of the strain formulation 
differences. This simulation was retained in spite of the difficulties because it is the only strain 
formulation analysis on a filled room (waste and backfill). · 

The numerical model simulated an all salt stratigraphy, a HHIAR geometry (upper half) 
extending 54 m vertically above the room mid-height. The model width was 20.27 m with room 
dimensions of 10.06 m wide by 3.96 m high (Figure 2-45). In the plane strain HHIAR model. 
the cross sectional areas of components were 4.54 m2 of waste, 3.64 m2 of backfill. and 1.76 m2 
of air gap. An initial lithostatic stress of 14.8 MPa was prescribed as an overburden load. The 
WIPP secondary creep law with reduced elastic moduli was assumed to describe the creep 
behavior of the intact salt and the deviatoric portion of the crushed salt creep model. The creep 
consolidation model for the crushed salt (developed by Sjaardema and Krieg, 1987) and the 
volumetric plasticity model used for the TRU waste are described in Labreche, et. al. (1993). 
Temperature effects are neglected with the temperature assumed to be 300 K. 

The results of these simulations are shown in Figure 2-46 as the history of average void 
fraction, i.e., the composite (of all materials) average porosity of the components within the 
room. Histories are ]presented for individual room components and also as an average for the 
room. The two cod1~s appear to provide similar results at early times, but it is difficult to 
ascertain differences because of the 2000 year time scale. The maximum difference in the waste 
response is on the order of 3% in the void fraction in the 100 to 300 year time period. (At 300 
years, room inflation due to gas pressurization began to occur in the SANCHO calculation so the 
room contents were omitted from further analysis.) A direct comparison cannot be made 
between the backfill component response because the airgap porosity was combined_ into the 
SANCHO backfill component but shown as a separate component in the SPECTROM-32 results. 
The best overall indication of finite strain effects in this model is the comparison between the 
two room response curves. The maximum difference in the average void fraction is about 5% 
between 100 and 200 years. · This difference decreases with increasing time because room 
inflation (as a result of gas generation, the meaning of the f=l.0 in the figure title) decreases the 
strain magnitudes, and thereby, the finite strain effects. 

The results discussed in this section provide a definitive indication of the importance of the 
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• 
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• 
• 

• 

• 

.. 

• 
• 
• 

• 

• 

• 
strain assumption used in the simulation codes, namely, infinitesimal strain codes predict more • 
and faster closure of disposal rooms than finite strain codes. Some of the results also indicate • 
that the use of contact surfaces in the simulation of large deformation problems can be important. 

• 
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Figure 2-46. Comparison of Disposal Room Void Fraction Histories (Labreche, et. al., 1993; 
Fig. 3-6). 

2.3.2 Air Gap 

In the conceptual design of the disposal room, an airgap above the backfill is included 
(Figure 2-1 ). When DRM simulations include room contents, this specialized feature of the 
room must be modeled. In the last simulation presented in the previous section (Labreche, et. al., 
1993), two different models of the airgap were used, one in each code. SPECTROM-32 used a 
special gap element in which the deformation was continuously monitored. The gap element 
allowed unrestrained deformation until a prescribed deformation (the gap dimension) was 
reached, after which the element was changed to intact salt. In SANCHO, the air gap was 
discretized as crushed salt and assigned a low modulus until the room volume decreased by the 
air gap volume. The air gap material then assumed the characteristics of the crushed salt backfill. 
According to Labreche, et al. (1993), the air gap modeling procedure is believed to be a source of 
discrepancy between the SPECTROM-32 and SANCHO results. 

D-52 

• 

• 

• 

• 

., 

•• 

•' 

""' 



,, .. 

111''-f-J 

t!HJ!JO. 

... 

.... 

.... 

... 

Stone (1993) points out that differences in modeling the air gap can affect the calculated 
effective porosities. Using an explicit model of the air gap implemented in SANTOS, Stone 
carried out simulations using the same basic geometry, boundary conditions and constitutive 
relations as presented above for the SANCHO simulations. Figure 2-47 shows that the effective 
porosity of the disposal room is higher at early times for the explicit model of the air gap than for 
the approximate air gap model. The approximate model in SANCHO uses a reduced elastic 
stiffness which, despite being small, still provides some precompaction of the waste. In the 
SANCHO simulation, a minimum porosity of 38% is reached whereas the SANTOS simulation 
reaches a minimum porosity of 43%. Although the differences between the two models varies 
with time, the simulations show that the effect can be as great as 5% difference in room porosity. 
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Figure 2-47. Comparison of Effective Disposal Room Porosity Calculated with a Reference 
Model (in SANCHO) and an Explicitly Modeled Air Gap (Stone, 1993; Fig. 13) . 
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2.4 Ranking and Modeling Recommendations 

A representative sampling of information in the literature has provided data with which a 
crude analysis can be conducted to establish a ranking or ordering of importance among the 
ORM variables disc:ussed in this chapter. A tabular summary of the literature and the important 
numerical model data extracted for each of the simulations is contained in Table 2-2. The 
contents of this table will not be discussed; it was developed so that a handy reference and 
collection of model definitions was available in a compact form. The primary discussion in this 
section is related to the development of a parameter ranking. At the end, recommendations are 
made regarding model definition for the Phase Il study. 

2.4.1 Ranking of Parameters 

The geomechanical, geometric and numerical factors and their effects on room response that 
have been discussed in the previous sections, although related through their association with the 
ORM, are very disparate components. The task of developing a ranking among these factors 
required that their effects be expressed on a common basis. The approach chosen to create a 
commonality among these factors was to define a quantity called the significance quotient. This 
quantity is based on a normalized room response variable as described below. 

For each of thie factors discussed in this chapter, all have a state nature to them, i.e., a 
presence or an abscmce, effectively an on or an off position. For example, the strain formulation 
is either finite strain or infinitesimal, the stratigraphy is either layered or all-salt, and the initial 
stress state is either geostatic or homogeneous. The clay seams constitute a variation from this, 
actually having a dual nature. They are either present or not present in the model, but in 
addition, they have other characteristics such as their number and their coefficient of friction. 
Given this state nature of the factors under consideration, the effect of a particular factor on the 
modeled results can be defined by the change introduced in an output variable (e.g., closure) 
when a factor is switched from its on to its off state. The parameter values for each of the factors 
are listed in Table 2-1. 

The significance quotient (SQ) for a particular factor is an approximation to a partial 
derivative; it is defined as: 

SQ= chi _ _ ~_u_l_~_t _ 
aparameter ~parameter 

(2-1) 

where 
~u = Uon - Uoff 

~t =time interval over which u is measured 
~parameter = change in parameter value (see Table 2-1 ). 

The u00 and Uoff variables correspond to the normalized value of the output variable being studied 
when the parameter being evaluated is in its on state or its off state, it is present in the analysis or 
it is not. In the case of horizontal and vertical closure, the normalizing factors are room width 
and height, respectively, while the room volume changes are already expressed in normalized 
terms (room porosity or void fraction). The denominator represents a change in a reference value 
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Table 2-2. Summary of WIPP Simulations (1 of 5) 

lnvestigator(s) C.M. Stone, R.D. Krieg, H.S. Morgan H.S. Morgan 
and L.J. Branstetter 

Reference SAND8 l-0768 Memo to D.E. Munson Memo to D.E. Munson 
March 25, 1987 June 2. 1987 

Subject The Effects of Clay Seam SPDV Test Room Estimate of the Time Needed 
Behavior on WIPP Calculation with Reduced for TRU Storage Rooms 
Reoository Design Elastic Moduli to Close 

Issues Studied • ClaySeams • Effects of Reduced • Effects of an All-Halite 
• Friction Coefficient Elastic Moduli Stratigraphy 
• Drift Closure • Comparison of • Comparison of Predictions 

Predictions with SPDV with Stratigraphy, without 
Data Stratigraohy and SPDV Data 

Code(s) SANCHO SANCHO SANCHO 
Model 2-D, Plane Strain. ER l 2-D, Plane Strain, ER l 2-D, Plane Strain. ER l 
Configuration Isothermal (300 K) Isothermal (300 K) Isothermal (300 K) 
Loading Hydrostatic Initial Hydrostatic Initial Hydrostatic Initial 
Conditions Gravity Gravity Gravity 

TT2=12.71. BT3=15.00 TT2=13.57, BT3=15.96 TT2=13.57. BT3=15.96 
Geometry IAR4, W5=20.27 IAR4, W5=20.27 IAR4, W5=20.27 

H6=59.0, D7=49.75 H6=57.29, D7=49.77 H6=57.29, D7=49.77 
Stratigraphy Reference Stratigraphy Reference Stratigraphy [l]All-Halite Stratigraphy 
(Bracketed w/Clay Seams D-J w/Clay Seams D-J [2]Reference Stratigraphy 
number refers w/Clay Seams D-J 
to [Case No.]) 
Constitutive Halite: SC8 Halite: scs, SCRM Halite: scs, SCRM 
Model Anhydrite Layers: E9 Anhydrite Layers: E9 Anhydrite Layers: E9 

Clay Seams: DFS10, Clay Seams: DFSlO, Clay Seams: DFSlO, CFll=.4 
Variable epll epll=.4 

Results I 90% of the vertical The use of SCRM causes The all-halite model using the 
Comments closure occurring with the predicted closure and SCRM produce horizontal 

ten clay seams was closure rates to be greater and vertical closure rates in 
captured with only four than predictions made good agreement with 
clay seams. This implies with SC. The results, measured values. 
that clay seams wil.hin 15 although improved, are 
meters of the drift are still far from matching 
most important to vertical the measured data. 
closure. 

ER1=Empty Room: TI2=Top Traction (MPa): BT3=Bottom Traction (MPa); IAR4=Infinite Array of Rooms: 
W5=Distance between centerline of room and centerline of pillar (m); H6=Extent above room midheight (m); 
D7=Extent below room midheight (m): SC8=Secondary Creep (WIPP Reference Creep Law); E9=Elastic Model; 
DFS 10=Dry Friction Slidelines; CFI !=Coefficient of Friction: SCRM=Secondary Creep with Elastic Moduli 
Reduced by a factor of 12.5. 
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Table 2-2. Summary of WIPP Simulations (2 of 5) 

Investigator(s) H.S. Morgan J.G. Arguello J.R. Weatherby 
Reference Memo to D.E. Munson, Memo to Distribution. Memo to B.M. Butcher, 

December 9. 1987 January 17, 1990 May 17. 1989 
Subject TRU Storage Room Use of Room Midheight Finite Element Analysis of 

Calculation with Symmetry Plane to TRU Storage Rooms Filled 
. Stratigraphy Compute Disposal Room with Waste and Crushed Salt 

Closure 
Issues Studied • Effects of Plastic Comparison of Empty • Comparison of Empty 

Model for Anhydrite on Room Closure for: Room Closure for Full-
Predicted Closure • Fff 13 w/ gravity Height and Half-Height 

• Comparison with • ffH14 w/ gravity Geometries 
. Predictions Using an • Hffl4 w/o gravity 

AU-Halite Model 
Code(s) SANCHO SANCHO SANCHO 
Model 2-D. Plane Strain. ER l 2-D, Plane Strain, ER l 2-D, Plane Strain, ER l 
Configuration Isothe1mal (300 K) Isothermal (300 K) Isothermal (300 K) 
Loading Hydrostatic Initial Fff 13: Hydrostatic Initial Fffl3: Hydrostatic Initial 
Conditions Gravity Gravity Gravity 

TT2=13.57 TT2=13.57, BT3=15.96 TT2=13.57, BT3= 15.96 
BT3=15.96 HH14: BT3=14.86 HH14: BT3=14.3 

Uniform Initial =14.86 Uniform Initial =14.3 
Geometry IAR4 , W:;,=20.27 IAR4 , Fffl3: W:;,=20.27, IAR4, Fffl3: W:;,=20.27 

H6=57.29 H6=57.29, 0 7=49.77 H6=57.29 D7=49.77 
D7=49.77 HH14: W5=20.27 Hff 14: W5=20.27 

D7=49.77 · H6=27.0 
Stratigraphy [l] All-Halite Stratigraphy All-Halite Stratigraphy All-Halite Stratigraphy 
(Bracketed [2] Reference Stratigraphy 
number refers w/Clay Seams D-J 
to [Case No.]) 
Constitutive Halite: SCRM12 Halite: SCRM l2 Halite: SCRM12 
Model Anhydrite Layers: D-Pl5 

Clay S1~ams: DFslO, 
CFll=.4 

Results I 56% reduction in room Results from half-height Hff 14 model predicts 12% 
Comments volume using D-Pl5 model agree quite well more closure than simulation 

compared to a 76% with results from full- using a Fff 13 model. 
reduction in volume height model. 
using an all-halite model. 

ER '=Empty Room; IT2==Top Traction (MPa); BT3=Bottom Traction (MPa); IAR4=1nfinite Array of Rooms; 
W5=Distance between centerline of room and centerline of pillar (m); H6=Extent above room midheight (m); 
D7=Extent below room midheight (m); SC8=Secondary Creep; E9=Elastic Model; DFS 10=Dry Friction Slidelines; 
CF1 '=Coefficient of Fric1tion: SCRM12=Secondary Creep with Elastic Moduli Reduced by a factor of 12.5; 
FH13=Full-Height; HH14=Half-Height; D-P 15=Drucker-Prager Plasticity Model 
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Table 2-2. Summary of WIPP Simulations (3 of 5) 

· Investigator(s) C.M. Stone and J.G. Arguello J.G. Arguello 
J.G. Arguello 

Reference Memo to F.T. Mendenhall Proc. of the 31st U.S. SAND90-2055 
December 17, 1991 Sym. on Rock Mech., 

Golden, CO, 1990 
Subject Panel Scale Calculations Analysis of WIPP Pretest 3-D Finite Element 

forthe WIPP Disposal Room and Analysis of the WIPP Inter-
Entryway Drift Intersectio1 mediate Scale Borehole Test 

Issues Studied • Comparison of Panel • Comparison of 3-D . • Simulation of 3-D Behavior 
Scale and Infinite Simulation of Before and After Borehole 
Array of Rooms Structural Behavior Creation 
Predictions with Measured Data 

Code(s) SANTOS. SANCHO JAC-3-D JAC-3-D 
Model 2-D, Plane Strain, ER l 3-D, ER1 3-D 
Configuration Isothennal (300 K) Isothennal (300 K) Isothennal (300 K) 
Loading Hydrostatic Initial Unifonn Initial=l4.86 Hydrostatic Initial 
Conditions Gravity BT3=I4.86 Gravity 

PS 16: TT2= 12.23 TT2=13.57, 
BT3=17:52 BT3= TT+ model body 

IAR4: TT2=13.57 forces 
BT=l5.96 

Geometry ps16: PW17=581, HH14: Fif 13: H6=53.36 
H6=-102, D 7 =--102 ws= 20.3. D7=49.8 ws=39.63, 
IAR4: ws=20.27 HL1 8=153.3 D7=53.7, L19=84.75 
H6=57.29,D7=49.77 

Stratigraphy All-Halite Stratigraphy All-Halite Stratigraphy All-Halite Stratigraphy 
Constitutive Halite: SCRM12 Halite: SCRM12 Halite: SCRM12 
Model 
Results I Predicted closure for the Location of maximum Stresses relax from 20 MPa 
Comments middle room in PS 16 room closure varies with near the exposed surfaces of 

model is within 10% of time and distance from the room to -7 MPa after 5.7 
closure calculated using room midlength. A yrs. (time the borehole is 
IAR4 model. Vertical reasonably good drilled). Borehole closure is 
closure varies between comparison with simulated for 2 yrs. A high 
100% for the middle measured data shows deviatoric stress field 
room and -50% in a qualitatively that the 3-D develops after drilling and 
haulage way after 150 yrs. model is valid. remains to drive borehole 

closure. After 2 yrs. the bore-
hole becomes oval; the bore-
hole is more oval at the room 
surface than at mid-pillar. 

ER 1=Empty Room; IT2=Top Traction (MPa); BT3=Bottom Traction (tvfi>a); IAR4=1nfinite Array of Rooms; 
W5=Distance between centerline of room and centerline of pillar (m); H6=Extent above room midheight (m); 
D7=Extent below room midheight (m); SCRM12=Secondary Creep with Elastic Moduli Reduced by a factor of 12:5; 
FH13=Full-Height; HH14=Half-Height; PS 16=Panel Scale Model; PW1 7=Panel Width (m); IIl.. 18=Half Length (m), 
distance from room midpoint to far-field boundary; L1 9= Length (m) in z-direction of 3-D geometry 
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Table 2-2. Summary of WIPP Simulations (4 of 5) 

Investigator(s) K.L. DeVries D.A. Labreche, G.D. C.M. Stone 
Callahan, K.L. DeVries, 
and J.D. Osnes 

Reference Memo to D.E. Munson, RE/SPEC Topical Report Memo to B.M. Butcher, 
February 26, 1993 RSI-0461 March 31, 1993 

Subject Comparison of WIPP Comparison of Two Application of SANTOS to 
Disposal Room Analysis Thennomechanical Waste Disposal Room 
Results Using Small and Analysis Codes for WIPP Problems Including a 
Large Defonnation Disposal Room Modeling: Demonstration of Coupled 
Fonnulations SANCHO and Structural/Porous Flow 

SPEcrROM-32 Capability 
Issues Studied Comparison between: • Comparison of • Comparison of Predicted 

• Large and Small Predicted Behavior Complete Room Behavior 
Deformation Solutions between SANCHO and between SANCHO and 

• SCRM12 and M-D21 SPEcrROM-32 SANTOS 
formulation using two • Finite Strain 
stratigraphies 

Code(s) SPECTROM-333 SANCHO SANTOS 
SPECTROM-32 SPEcrROM-32 SANCHO 

Model 2-D, Plane Strain, ER 1 2-D, Plane Strain, Rwc20 2-D, Plane Strain, RWC20 
Configuration Fff 13, Isothermal (300 K) HH14, Isothermal (300 K) HH14, Isothermal (300 K) 
Loading Hydrostatic Initial Gravity Uniform Initial =14.8 Uniform Initial = 14.8 
Conditions TI2= 11.38, BT3= TI2=14.8 TT2=I4.8 

rr2+model body forces 
Geometry IAR4, W5=20.27, IAR4 , W5=20.27, IAR4 , W5=2Q.27, 

H6=150.0 D7=150.0 H6=54.0 H6=54.0 
Stratigraphy AU-Halite Stratigraphy AU-Halite Stratigraphy All-Halite Stratigraphy 

Reference Stratigraphy 
w/Clay Seams D-J 

Constitutive Halite: M-D21, SCRM12 Halite: SCRM12 Halite: SCRM 12 
Model Anhydrite Layers: E9 TRU Waste: NLE22, yp23 TRU Waste: VP23 

Clay Seams: DFS 10, Crushed Salt: CC24 Crushed Salt: cc24 

CFll=.2 
Results I Significantly less closure Many comparisons are Reference model (no gas) 
Comments at late times using large presented. Of greatest excellent match. Different 

deformation. The interest was the methods of modeling the air 
modified M-D model comparison of predicted gap in the two codes causes 
predicts more closure closure behavior of room a difference in the calculated 
than thi~ SCRM model for with contents with porosities. SANTOS (explicit 
both the all-halite and maximum gas generation. gap) reaches a minimum 
stratigraphic configur- The two codes give porosity of 43%, while 
ations. The difference is results within 5% of each SANCHO (approximate air 
greater for the all-halite other after 2000 yrs. gap) predicts a minimum 
configuration. porosity of only 38%. 

ER1=Empty Room: TT2==Top Traction (MPa); BT3=Bottom Traction (MPa); IAR4=1nfinite Array of Rooms: 
W5=Distance between mid-room and mid-pillar (m); H6=Extent above room midheight (m): D7=Extent below room 
midheight (rn): E9 =Elastic Model; DFS 10=Dry Friction Slidelines; CF11 =Coefficient of Friction: SCRM12= 
Secondary Creep with Elastic Moduli Reduced by a factor of 12.5; FH13=Full Height; HH 14=Half Height; 
RWC20=Room With Contents; M-D21 =Munson-Dawson Model; NLE22=NonLinear Elastic: VP23=Volumetric 
Plasticity; CC24=Creep Consolidation. 
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Table 2-2. Summary of WIPP Simulations (5 of 5) 

Investigator(s) C.M. Stone and J.C. Arguello D.E. Munson, A.F. Fossum and 
P.E. Senseny 

. Reference Memo to B.M. Butcher and SANDSS-2948 
F. T .. Mendenhall, 
April 1, 1992 

Subject Resolution of Discrepancy in Advances in Resolution of 
Predicted Closure of an Discrepancies between Predicted 
Empty Disposal and Measured In-Situ WIPP 

Room Closures 
Issues Studied Comparison of Predicted • Effects of Plastic Flow 

Behavior between: Potential on Room D ·Closure 
• Large and Small • Comparison of Elastic-

Deformation Formulations. Secondary Creep Results with 
• Simulations with and Measurements 

without Contact Surf aces • Comparison of M-D Results 
with Measurements 

Code(s) SANTOS SPECI'ROM-32 
Model 2-D. Plane Strain, ER l 2-0, Plane Strain, ER l 
Configuration Fff 13. Isothermal (300 K) Isothermal (300K) 
Loading Hydrostatic Initial Hydrostatic Initial 
Conditions Gravity Gravity 

TT2=13.57. BT3=15.96 TT2=13.57. BT3=15.97 
Geometry IAR4 • W5=20.27 IAR4 • W5=50.0 

H6=57.29 H6=51.2, 
o7=49.77 D7=55.86 

Stratigraphy All-Halite Stratigraphy All-Halite Stratigraphy with Clay 
Seams D-L 

Constitutive Halite: SCRM Halite: M-0 
Model Clay Seams: DFSlO, CFll= 0.2 
Results I The largest difference Results using M-D with Tresca 
Comments between the predicted results flow potential show only 2% 

was attributed to the difference between predicted 
assumption of small or large vertical closure and 
strain behavior. Including measurements. The difference in 
contact surfaces is important, calculated results between Tresca 
but not as important as and von Mises flow potentials is 
inclusion of the large about a ratio of 1: 1. 7. 
deformation formulation. 

ER1=Empty Room; TI'2=Top Traction (MPa); BT3=Bottom Traction (MPa); IAR4=Infinite 
Array of Rooms; ws=Distance between centerline of room and centerline of pillar (m): 
H6=Extent above room midheight (m); D7=Extent below room midheight (m): 
SCRM=Secondary Creep with Elastic Moduli Reduced by a factor of 12.5; FH 13=Full Height 
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when the parameter state changes. The significance quotient is essentially a rate (units of inverse 
time), representing th4~ difference in the rate of horizontal or vertical closure or difference in rate 
of porosity change between calculations with the factor/option in its two alternate· states. 
Although the SQ is 111ot a dimensionless parameter, it is a simple measure of the effect that 
c!langing a model as~:umption will have on the rate of room closure. The parameters with the 
highest SQ value will have the greatest effect on the response of the DRM. 

Table 2-3 identifies the ten individual factors discussed in the previous three sections and 
reorders them into five groups according to the choices which an analyst defining a DRM must 
make (stratigraphy, strain formulation, stress state, geometry, and room model). This grouping 
was selected in order to collect factors that are interdependent and separate factors that are 
independent, or nearly so. The ranking which will be made will be on the basis of the major 
categories, although an ordering of factors within a group will also be made. 

The first part of Table 2-3 (columns 1 through 6) contains a summary of some important 
model information and the second part (columns 7 through 12) lays out the calculation of the SQ; 
the two parts of Table 2-3 are separated by a double vertical line. The first column identifies the 
major group and the model feature or assumption corresponding to a factor discussed earlier in 
this chapter, and the optional values for that factor. The next column identifies the author(s) 
whose work is being used; all references cited in Table 2-3 are contained within the Reference 
List{Chapter 6). Whe:n more than one set of analyses is being used, the work/author is keyed to 
a Roman numeral which is used to identify the reference for the numerical values in the 
normalized response column (8). The next four columns identify particular features of the 
analysis; all but the room dimension information in these columns is also contained in Table 2-2. 
Part two of the table contains all of the information needed to calculate the SQ (Equation 2-1 ). 
Column seven lists the options that are being compared in the calculation of the quotient Recall 
that the quotient is a measure of the effect a response variable will feel when a factor is switched 
from an off to an on position, or vice versa. The SQ calculation begins with identifiying a pair of 
analyses with the factor of interest (e.g., layering) in an on (layered - 1) and off (all-salt - 0) 
position. A factor that has a continuum of values (e.g., clay seams) may have a non-integer value 
for the parameter. The: next column lists the normalized response for each of the analyses. (Use 
of the normalized response theoretically should allow comparison of different size rooms and 
measurements in different orientations.) This column contains the response orientation, value 
and (author) figure reforence from which the value was obtained. Column nine lists the solution 
time at which the normalized values have been read. Normally these values are the greatest 
times at which the factor's effect has been evaluated. The remaining three columns allow 
recording of the SQ by orientation. A sample computation of the SQ for the vertically oriented 
response at 42 years given the layering option follows. 

SQ= (0.2879-0.4192)/(42-0)yrs =~. 00313 yrs-1 
(1-0) 

(2-2) 

The SQ computed from three separate response components allow three separate 
determinations of the relative importance of each variable. Even though fewer volume strain 
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Table 2-3. Data to Develop Significance Quotient and Ranking for Non-Constitutive Model Factors 

Features of Analysis Significance Quotient (yr·1) 

Feature/ Asswnption Source Room Room 
Stratigraphy Salt Analysis Option Nonnalized Time v H Vol. Ht1 (m) Fill2 ModeP (Parameter Value) Resoonse (src4) (vr) 

1. STRATIGRAPHY 
la. Layering I: Morgan, 3.96 ER layered (Fig 2-15) SCRM layered (1) V: 0.1237 (lf-3) 9 
(layered or all salt) 1987a all-salt (0) V: 0.1540 (llf-3) 9 -.00337 

II: Morgan, 3.96 ER layered (Fig 2-15) SCRM layered (1) H: 0.0527 (lf-4) 9 
1987c & all salt all-salt (0) H: 0.0567 (llf-4) 9 -.00044 

layered (1) V: 0.2879 (llf-3) 42 
all-salt (0) V: 0.4192 (llf-3) 42 -.00313 
layered (l) H: 0.1392 (Ilf-4) 42 
all-salt (0) H: 0.1630 (Ilf-4) 42 -.00057 

1 b. Constitutive De Vries, 3.94 ER all-salt M-D& M-D (1) · V: 0.938 (f-4) 35 
Model for Halite 1993 SCRM SCRM(O) V: 0.450 (f-4) 35 .01394 
(M-D or SCRM)) M-D (1) H: 0.362 (f -6) 35 

SCRM(O) . H: 0.178 (f-6) 35 .00526 
M-D (1) V: 0.947 (f-9) 35 
SCRM(O) V: 0.450 (f-9) 35 .01420 

le. Clay Seams Stone, et al., 3.96 ER lay~reds SC friction (1.0) . . ·- .. ..... -V:_0.0235 Jf:6) j ... .. ·- . 
O · :>.03m;·me room width in the 2D Panel anatysis was 10.06m and in the 30 room model 10.lm. 
I 

~ 2. Refers to contents of the room: ER - empty room; WBA - TRU Waste, salt backfill and air gap. 

3. Constitutive model for halite or argillaceous halite: SC - secondary creep; SCRM - secondary creep with elastic moduli reduced by 12.5; M-D - Munson-Dawson. 
4. Model response is V ·vertical closure, H - horizontal closure, or Vol - percent volume change of disposal room; the vertical and horizontal closures have been 

nonnalized by room height or room width respectively. The designation in parentheses (src) identifies the source (by roman numeral) by referring back to column 2 
"Source" and pointing to the Figure number (e.g., f-2 is Figure 2) in the Source. 

5. The layered model used by Stone, et al., 1981 is similar to the Reference stratigraphy (Fig. 2-15 this report) but not identical. 

6. The vertical closure at 5 years for the 2-clay seam simulation was extrapolated from the value and slope at 2.5 years. 
7. Contact surfaces not used. 

8. Contact surfaces used. 

; ! , . 
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• Table 2-4. Ranking of Geomechanical, Geometric, and Numerical Factors According to 

Significance Quotients for Three Response Components. • 

Option SQvo1 Option s~ Option SQv 

. F~/IS .00350 FS/IS .00740 MD/SCRM .01420 
FS/IS .00333 MD/SCRM . 00526 MD/SCRM .01394 
FH/HH ."00232 3-D/2-D .00080 FS/IS .01155 
E/IAG .00059 LAY/AS . 00057 3-D/2-D .00354 
FS/IS .00045 . LAY/AS .00044 LAY/AS .00337 

GEO/HOM .00007 LAY/AS .00313 
EP/EANH . 00005 CS/02 .00295 
FH/HH .00003 CS/04 .00268 

CS/24 .00240 
CS/FRC .00216 
PANIIAR .00169 
EP/EANH .00042 
PAN/IAR .00031 
FH/HH .00013 
GEO/HOM .00012 

(5 values) and horizontal closure (8 values) SQs exist than the vertical closure SQ (15 values}, a 
separate ranking was extracted from each set of data. Note that each individual quotient.is listed 
and the absolute value is used since the direction of change of the variable is unimportant to the 
analysis in this report. These SQs are shown in Table 2-4. 

The volumetric significance quotients (SQv01) show two consistent values for the strain 
assumption (FS/IS) followed by the 2-D symmetry assumption (FH/HH); these are all roughly 
th1~ same order of magnitude. An order of magnitude less is the issue of the airgap model 
(E/IAG} and another value for the strain assumption. This ordering is consistent if the fact that 
the latter two values are for rooms with contents (TRU waste, crushed salt backfill and an airgap) 
is considered; it appears that empty rooms and filled rooms will segregate from each other on the 
basis of significance quotients. The occurence of the airgap in a higher position than the strain 
assumption is unexpected but there may be several causes. First, the FS/IS contribution to room 
closure was deduced (Labreche, et. al., 1993) by a process of elimination; this is not a high 
confidence approach to its determination. Second, in a filled room, the finite strain effects are 
subdued somewhat because deformations are reduced over those in an empty room. It may be 
that the airgap effect does have a stronger influence than the strain effects. The important 
observations from these: results are that empty-room and filled-room results should be considered 
seperately and that the relative importance of disposal room parameters may change with room 
configuration. 

The SQs associated with the horizontal closure (SQH) response rank the strain assumption 
and the choice of constitutive models for the halite (MD/SCRM) in the same category (according 
to the order of magnitude of the SQs), the 3-D geometry effects (30/20) and the choice of 
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stratigraphy (LAY I AS) of comparable importance but less than the previous parameters, and the 
assumptions on initial stress state (GEO/HOM), anhydrite constitutive model (EP/E ANH) and 2-
0 symmetry of the same order. Although few ORM options are represented in the volumetric 
quotients, none of the ranking according to horizontal quotients contradicts the previous ranking. 
Finite strain effects and the choice of halite constitutive model are clearly the strongest effects to 
consider, but the 3-0 effects are more important than anticipated. It appears that migration of 
stress concentrations toward the middle (along its length) of a disposal room can more 
significantly amplify the creep effects over that predicted by the companion 2-0 infinite array 
model than expected; in fact on the basis of elastic material models, stress concentrations would 
"migrate" to room intersections and not room centers. ORM model assumptions on initial stress 
state, anhydrite constitutive model and 2-0 symmetry are clearly of low priority compared to the 
factors higher on the list. 

The SQs associated with the vertical closure (SQv) response rank the strain assumption and 
the choice of constitutive models for the halite in the same category, just as for the horizontal 
response but the order is reversed. A explanation for this reversal could not be identified, but 
probably more important is the fact that the two factors are much more dominant in the vertical 
response than all other factors and this is in agreement with the horizontal results. The next 
grouping of factors includes the same second grouping as the horizontal (3-D geometry effects 
and the choice of stratigraphy) but added to it are factors related to the constitutive model for the 
clay seams (number of seams (CS/02, CS/04, CS/24) and friction coefficient [CSIFRC]) and the 
geometric effects of a panel versus a room in an infinite array (PAN/IAR). This latter factor 
seems a bit anomalous since there is another entry with an SQ a factor of five lower. Location of 
this entry in Table 2-3 reveals that this is the SQ for Room I of the panel, the last room in the 
panel (furthest from the haulage drifts). This room is the disposal room most unlike the infinite 
array approximation and therefore the one that should produce the highest SQ. The panel/infinite 
array combination lower in the list is for Room 4, the center room of a panel; SQs for all other 
rooms will fall in between these two. The lowest group of factors in the list for SQs computed 
from the vertical response include the same factors as the list under S<JB with the addition of the 
panel/infinite array factor. 

The ordering of variables according to each response variable is quite consistent even with 
the lack of data for some factors for the volumetric and horizontal components. This consistency 
makes it easy to develop a ranking of a general nature, where the gross ordering is correct but the 
specific order may not follow exactly according to numerical values of the SQ. It does not seem 
proper to quibble about specifics when the data have some degree of scatter and uncertainty in 
them. This uncertainty includes the fact that most of these model features involve some degree 
of nonlinearity in their response. When coupled with the.fact that these evaluations (SQs) have 
been made at one point in time and that point in time varies, it must be realized that a different 
relationship between factors might be derived if a constant point in time were used. Table 2-5 
presents the order selected based on the information from the significance quotients. 
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Table 2-5. Ranking of Non-Constitutive Model Parameters 

. Order of Importance Parameter 

1 Strain Formulation 
2 Stratigraphy - Model for Halite 
3 Geometry - 3-D Effects 
4 Stratigraphy - Layering 
5 Stratigraphy - Clay Seams 
6 Geometry - Panel Effects 
7 Room Model - Air Gap 
8 Stratigraphy - Model for Anhydrite 
9 Geometry - 2-D Symmetry 
10 Stress State 

2.4.2 Modeling Recommendations for Phase II Study and Probabilistic Analysis 

An evaluation of the modeling results presented in Sections 2.1 to 2.3 through the 
development of a significance quotient (Section 2.4.1) has led to the ranking of variables listed in 
Table 2-5. This ranking indicates the relative importance of one parameter to the computed 
response of the ORM compared to the others. This ranking does not identify the particular state 
a variable should possess in subsequent numerical studies. However, it does identify those 
factors which should be varied in the definition of a probabilistic response surface. 

The most important non-constitutive parameters are finite strain and the choice of 
constitutive model for halite. The next most important non-constitutive factors include the 
geometric variable 3-D effects, the stratigraphic variable of layering, and the clay seams. It is 
recommended that, in conjunction with the choice of model for halite, the layering, and in 
particular the choice of stratigraphic model (see Figures 2-2 and 2-15), be studied to establish the 
effects of using the revised stratigraphy rather than the reference stratigraphy, so that the correct 
options may be used in developing the reduced set of parameters for the probabilistic analysis. It 
is also recommended that the clay seam studies of Stone, et al. (1981) be extended in time and 
include more clay seams to re-evaluate the ranking of this factor. The last five parameters had 
comparable significance quotients which were two orders-of-magnitude less than the most 
important non-constitutive factors. With one exception, it is recommended that a particular state. 
be selected for these factors and be held constant through all probabilistic analyses. The 
exception is the model for anhydrite; it is excluded from this grouping because of the 
inconclusive outcome of the studies from which the SQ was derived. Morgan (1987c) indicated 
that more meaningful results could be obtained; a difference in result could change this factor's 
rank. It is recommended that an elastic-plastic, or alternate model for anhydrite (not elastic), be 
included in the extended clay seam study recommended above to re-evaluate the relative 
importance of the constitutive model for anhydrite. The particular state chosen for geometric 
parameters panel and 2-D symmetry effects, air gap and initial stress state should be selected at 
the time probabilistic analyses are defined. It is recommended that an approach be developed to 
account for the 3-D geometric effects on room closure. These calculations are expensive to set 
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up and analyze, so numerous 3-D simulations will not be performed. Finally, in all of these 
numerical studies, the simulation time should be extended to a minimum of 50 years, but 
preferably 100 years. These recommendations are appropriate for the non-constitutive mod.el 
mini-study. However, when a combined ranking of all DRM parameters is formed, some of 
these recommendations may be superseded or dropped . 
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3.0 SENSITIVITY ANALYSIS OF THE CRUSHED SALT CREEP 
CONSOLIDATION MODEL 

The objective of the crushed salt backfill analysis was to establish a ranking among the 
model's input parameters (Table l-1) from the most to the least influential determinants of model 
response. The effect of shear stress on backfill compaction was not included in the analysis. At 
the time this work was initiated, preliminary results from creep consolidation tests with an 
applied shear stress indicated that shear stresses had no discernible effect. These results have 
been confirmed (Brodsky, 1994). Data for a salt/bentonite mixture (70/30) is summarized in . 
Section 3.2.3. 

3.1 Introduction 

The constitutive model utilized for the crushed salt backfill component of the WIPP Disposal 
Room Model (Butcher and Mendenhall, 1993) in recent years has been the creep consolidation 
model developed by Sjaardema and Krieg (1987). The model described in this reference has 
been implemented into various geomechanics codes, including SANCHO (Stone, et al., 1985) 
and SPECTROM-32 (Callahan, et al., 1991; Callahan, 1994). Details of the model and its 
implementation in these codes is discussed in Weatherby, et al. (1991) and Labreche, et al. 
(1993). 

The central equation of this model, as expressed in Labreche, et al. (1993, Equation 2-61), is 

the total strain ( eij) rate equation; it is reproduced below (Equation 3-1). 

. . 2 
. crm Sij (l+Ev) ( ( )) ( Ap0 ){8ij Sij} ·c Pf 3Sij Ei· =-8i·+-+ B0 I-exp -B1cr exp -- --- +E 3- (3-1) 1 3K 1 2G Po m l+Ev 3 cre eq p 2.J3f,;_ 

where 

crm 
crkk 

= - , mean stress 
3 

sij = (J'ij - (J' m 8ij, deviatoric stress 

(jij = second-order stress tensor 

8ij = Kronecker delta 

f 2 
1 

= -S.S. 2 IJ IJ 

(J'~ = effective stress dependent on the plastic flow rule 
·c equivalent inelastic strain rate Eeq3 = 
E, = E kk, volumetric strain 

Po. Pf• P = initial, final and current crushed salt density 
K,G = bulk and shear elastic moduli 

A, B0 , B1 = creep consolidation material parameters 
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and where a superposed dot indicates the time derivative of a variable. 

This equation is the focus of the sensitivity analysis for the backfill model. The dominant 
response of crushed salt to increases in compressive stress is volumetric compaction, so for 
discussion and analysis purposes, the total strain rate was decomposed into volumetric (Ev) and 
deviatoric ( Edij) strain rate components (Equations 3-2 and 3-3). 

(3-2) 

(3-3) 

Equation 3-2 is rewritten in terms of density consolidation rates to be consistent with the 
Sjaardema and Krieg model: volum'!trj.c strain is eliminated on the right side by converting to a 
density ratio, (1 +Ev)= p

0
/p ; the volumetric strain rate is converted to a consolidation rate (rate 

of change of density, p) by multiplying by p2 /p0 ; decreasing volume or increasing density is 
positive, and pressure ( P) is positive in compression, a change from pressure being negative in 
compression ( P = cr kk I 3) and volumetric compaction being negative (Ev = Ekk: ). As a result, 
the sign changes on the LHS, on the elastic term on the RHS and on the B1 in the creep term. 
Multiplying through by negative one, the resulting equation is: 

(3-4) 

where p =creep consolidation rate. An additional feature of the Sjaardema and Krieg model is a 
nonlinear elastic modulus that varies with density. The bulk modulus in Equation 3-4 is given by 

(3-5) 

and similarly, the shear modulus in Equation 3-3 is defined by 

(3-6) 

where K0 , K1, G0 , and G1 are elastic parameters for crushed salt. The shear modulus and the 
shear parameters are not explicitly studied in this analysis because in the Sjaardema and Kreig 
model, the form and model parameters follow directly from the bulk modulus model (Equation 
3-5). These model parameters are relevant to the Monte Carlo analysis (Section 3.3). 

The goal of this analysis was to evaluate the relative sensitivity of the primary model output, 
the creep consolidation rate, p, to variations in the model input parameters. Although 
uncertainty analysis was not the primary goal, the data evaluations can also serve as the basis for 
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model uncertainty analysis. In this report, uncertainty and sensitivity analysis are to be 
understood as defined in Helton, et al., (1991): " ... uncertainty analysis involves determining the 
uncertainty in model predictions that results from imprecisely known input variables, and 
sensitivity anaysis involves determining the contribution of individual input variables to the 
uncertainty in model predictions." · 

The analysis approach taken to study the sensitivity of this model had two stages. The first 
stage of the analysis consisted of examining the volumetric response of the model (as described 
by Equation 3-4) using a Differential Analysis approach. The second stage of the analysis 
consisted of examining both· the volumetric and deviatoric response of the model through a 
Monte Carlo simulation technique. Briefly, these two sensitivity analysis techniques consist of 
(1) approximating the volumetric response of the model by a Taylor series expansion about a 
base value and evaluation of the variance of this estimate by using the partial derivatives from 
the Taylor series expansion, and (2) the performance of multiple model evaluations using 
probabilistically selected model input and the systematic evaluation of the results to establish 
uncertainty in model predictions, respectively. Both techniques are summarized in detail in 
subsequent sections, although the Monte Carlo analysis is documented only through setup and 
definition. 

The two analysis techniques are presented (in Sections 3.2 and 3.3) and the results of the 
differential analysis are summarized. A condensation of the results of the sensitivity analysis is 
presented in Section 3.4. The chapter is concluded with presentation of a set of recommendations 
(Section 3.5) that we:re intended to lead to improvements in the predictive capabilities of the 
crushed salt backfill model, as well as an increased confidence level therein.. These 
recommendations are a result of the evaluation of the crushed salt backfill model presented in the 
following sections. 

3.2 Differential Analysis of Backfill Volumetric Response 

The differential analysis approach utilized for the first phase of the analysis consists of 
approximating the volumetric response represented by Equation 3-4 by a Taylor series expansion 
and using this approximation in uncertainty and sensitivity studies. The model of differential 
analysis used for this study was taken from the summary presentation of the technique in Helton, 
et al. ( 1991) and consists of four steps: 

(1) Establish the base values, ranges, and distributions for each of the independent 
parameters, xj. The base value for each of the independent parameters defines the 
point about which the Taylor series expansion (step 2) is developed. The vector of 
base values, x0, represents this point. The ranges and distributions define the 
uncertainty which characterizes the independent variables xj. These are utilized later 
in the analysis to evaluate uncertainties in response produced by excursions away 
from the base vector being investigated. 
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(2) The Taylor series expansion of Equation 3-4 (represented by the function y), is 
developed. For a linear approximation, the expansion is restricted to the first order 
terms: 

(3-7) 

where XjQ is the base value for variable Xj- Although higher order terms could have 
been included, it was felt that at the preliminary stage at which this analysis was 
initiated, the additional effort was not yet warranted. Although the option existed for 
addition of higher order terms in a refinement of the analysis, this option was. 
superseded by the selection of the Monte Carlo approach as the "refinement." 

(3) Given the Taylor series approximation to the consolidation rate equation, variance 
propagation techniques can be used to evaluate the uncertainty in the response y. 
The expected value of the function y (E(y)) given the base value and the range of 
XjS is 

. ~[ay( x0 )} ( ) E(y)=y(xo)+ "-' a. xj-Xjo =y(xo)· 
j=l XJ 

(3-8a) 

Note that for a first order expansion of the function, the expected value of the 
difference between Xj and the base value is zero, so the expected value of the 
function y is simply the value of the function evaluated at XO· The variance of r, 
v(y), can be estimated from the variances of the individual components, v{xi)• 
from 

v(y) = I." [ay( xo )]2 v( x J 
j=I dXj 

(3-9a) 

Note that these are the expected value and variance for a first order Taylor series 
approximation of the function in Equation 3-4 where the xjs are uncorrelated. If the 
xjs are correlated, Equations 3-8a and 3-9a become, respectively, 

(3-8b) 
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(4) The final step of the analysis uses the Taylor series approximation to estimate the 
relative importance of each parameter, Xj, i.e., to develop a ranking. The fractional 
contribution of each independent variable Xj to the variance of the whole (v(y)) can 
be estima.ted from · 

(3-10) 

Comparison of the fractional contributions provide a way to establish a relative 
importance of each variable Xj in terms of its effect on total variance of the estimate. 
Notice that the ranking or ordering depends on the absolute effect of each variable 
through its respective partial derivative, as well as on the relative uncertainty in each 
variable through its distribution and attendant variance, v( xi), as a part of the total 
uncertainty (V(y)). · 

This process was followed step by step in Sections 3.2.1 through 3.2.5 for both pure crushed 
salt backfill and a crushed salt/bentonite mixture. 

3.2.1 Definition of Parameter Base Values for Crushed Salt 

The model represented by Equations 3-4 and 3-5 define the model and parameters of interest 
for the differential analysis. Five material variables -- Ko. K1, A, B0, and B1 -- and one backfill 
design variable -- p0 ··- constitute the independent variables for the creep consolidation model. It 
is assumed at the outset that these variables are independent, but it is recognized that this 
assumption may change after a more in-depth analysis of the data on which the model is based. 
These are the parameters for which base values, ranges, and distributions are required. Note, 
except for the parameter p0 (initial backfill density), these variables have no names. The Ks are 
associated with the d1~nsity dependent bulk modulus calculation, and the remaining variables 
with the consolidation rate calculation. 

The original source of material parameters for the creep consolidation model is the model 
development reference, Sjaardema and Krieg (1987). The set of material parameters derived 
from consolidation tests on crushed salt that form the basis for the model (Holcomb and 
Hannum, 1982, and Holcomb and Shields, 1987) are the parameters that have been used as 
standards in WIPP DR.M studies. Knowing that the results of a differential analysis can be quite 
sensitive to the point (defined by the base values) at which the derivatives are evaluated (xo). it 
was felt that the analysis would be of greatest value if the base vector was chosen to be that 
defined by the currently defined set of creep consolidation material parameters (Table 3-1 ). In 
choosing these values,. the sensitivity of the model to excursions of these parameters from their 
well known values will be evaluated, although this differs from the more conventional approach 
of selecting the mean value of a parameter for the base vector. Looking at the Taylor series 
approximation in Step 3, Equation 3-8a and 3-8b, this alteration will produce a change in the 
expected value of the function E(p) because the expected value of the parameter difference will 
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become non-zero. Whether this assumption will affect the ordering of parameters with respect to 
their relative importance is not known . 

Table 3-1. Base Value of Parameters for Creep Consolidation Model 

Parameter Name Base Value, xjo 

Ko 0.0176 MPa 

Ki 0.00653 m3/kg 

A -0.0173 m3/kg 

Bo 1.3 x IQ8 kglm3s-l 

B1 0.82 MPa-1 

Po 1400 kglm3 

A specific reference for crushed salt backfill design density was not found; Bechtel (1986) 
refers to a "loose backfill" and WIPP PA references (e.g., 1992) refer to backfill densities 
"outside of the disposal region," but not within the disposal region. Consequently, the base value 
for density was taken to be a value used in recent DRM analyses (Weatherby, et al., 1991). This 
is consistent with densities given by Pfeifle ( 1987). 

3.2.2 Definition of Parameter Ranges and Distributions for Crushed Salt 

The task of defining the range and distribution of values for material parameters is a task of 
characterizing the uncertainties in their individual values. In order to carry out this task, two 
things became necessary: (1) to become thoroughly familiar with the experiments that formed 
the database of crushed salt behavior at the time the model was developed, and (2) to become 
familiar with the data reduction/manipulations that were performed during the process of model 
development. As will be seen later in this section, part of the reason for this understanding of the 
methods is to ensure that the parameter ranges are calculated in a manner consistent with the base 
value calculations. The three citations in Section 3.2.1 are the three key references for the 
material parameters, two experimental data reports and one model development report. These 
are identified at the top of the next page; full citations are contained in the report references. 

These reports establish nearly the entire history of the creep consolidation model as it has 
been used in Disposal Room Modeling and other applications which depend on crushed salt 
consolidation (e.g., sealing). It is from a detailed (when necessary) study of these reports and the 
attendant data, occasionally with verification based on other data and reports, that the parameter 
anges and distributions can be derived. Prior to presentation of the data evaluation study that 
was carried out, a few preliminary comments will be made regarding the tests Holcomb and 
Hannum, and Holcomb and Shields performed. These comments address particular aspects of 
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D. J. Holcomb & 
M. Shields (H-S) 
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R. D. Krieg (S-K) 

REPORT NUMBER DESCRIPTION 

SAND82-0630 Quasistatic and creep tests on dry crushed salt at 
various temperatures and hydrostatic pressures for up 
to 3 x 105 seconds (3.5 days). 

SAND87-1990 Quasistatic and creep tests on wet crushed salt at 
various hydrostatic pressures for up to 4.5 x 106 
seconds (52 days). 

SAND87-1977 Reduction and manipulation of crushed salt data; 
develop form of model; derive material constants 
from experimental data. 

the tests that, strictly speaking, contribute to parameter uncertainty, but which cannot be 
quantitatively factored into the ranges and distributions. 

Half of the consolidation tests by H-H were performed on crushed halite from 
elsewhere in the Delaware Basin (the geologic province in which WIPP is 
located), namely Mississippi Chemical Co. salt. H:·H present results that seem to 
support the conclusion that "WIPP and Mississippi Chemical Co. salt are 
sufficiently similar that the test results for salt from Mississippi Chemical Co. can 
be used in describing the response of WIPP salt" (H-H; pg. 19, Conclusion 1). 
However, the slight differences that were observed have not been examined for 
statistical significance, nor verified in subsequent testing. 

Crushed salt samples were obtained from slightly different sources for the two test 
series. H-H te:>ts built test samples from sieved Mississippi Chemical Co. and 
WIPP salt that was passed through a laboratory mechanical crusher. H-S obtained 
test samples from "mine-run" material (excavated from the WIPP site by a 
continuous miner) from the underground facilities at WIPP that was transported to 
and stored in plastic bags in the laboratory. Both series of creep consolidation 
experiments tested crushed salt samples of similar physical dimensions (H-S 
samples had 25% more volume than H-H samples), and both limited the 
maximum particle size to 10 mm. A sieve analysis of the samples used in both 
series of tests is presented in Figure 3-1. The "dry tests" curves represent the 
sieve analysis of the Mississippi Chemical Co. salt and the "wet tests" curves 
represent the sie:ve analysis of the wipp salt. although the grain size curves are 
similar, there is: a factor of two difference in the mean grain size (d5Q) for the 
extremes of the samples in the two test series -- 1.5 mm versus 3.0 mm in the wet 
and dry tests, respectively. The effect of grain size is discussed briefly by h-h, 
citing work by stinebaugh (1979) and schor, et al. (1981). The latter found a 
variation in consolidation times depending on particle size. The authors believe 
that it is an important consideration in model analysis that the elastic portion of 

References to these documents are made frequently; the first letter of the author"s last name is used as an abbreviation for the 
normal manner of referencing others' work, "author(s) (year)." 
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Figure 3-1. Sieve Analysis of Sample Material (Holcomb and Shields, 1987; Fig. 1). 

the backfill model (the bulk and shear moduli) was defined on the basis of tests on 
dry Mississippi Chemical Co. salt, and the creep consolidation portion of the 
backfill model was developed from tests on wet samples of WIPP salt which had 
a different grain size distribution. 

3.2.2.1 ELASTIC PARAMETERS Ko AND K1 

The elastic moduli model represented by Equations 3-5 and 3-6 were developed from a single 
multi-stage test (24MA Y82) performed by H-H on Mississippi Chemical Co. crushed salt. The 
hydrostatic compressive stress was increased and decreased in 9 stages (load-unload-reload) up 
to a maximum of 21 MPa (Figure 3-2). Each of the unload-reload cycles has some hysteresis, as 
shown in Figure 3-3. A least squares fit to the reload portion of the cycle permitted the 
calculation of an elastic bulk modulus which was paired with the maximum pressure reached 
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Figure 3-2. Hydrostatic Test Data (24MAY82) for Bulle Modulus Determination on Mississippi 
Chemical Co. Salt (Holcomb and Hannum, 1982; Fig. 10). 
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Figure 3-3. Enlargement of Cycle 8 of Test 24MAY82 (Holcomb and Hannum, 1982; pg. 32). 
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during that loading cycle. Table 3-2 is a reproduction of results from H-H (Table 8) which 
~hows the bulk modulus derived from this test as a function of pressure; it is also plotted in 
Figure 3-4. S-K utilized this data in the form shown in Table 3-3 (S-K, Table A. I); the 
conversion from pressure to density was made by using the volume strain (Figure 3-2) at the 
specified pressure (Table 3-2) to calculate the density (Table 3-3) from the relationship 
p=po/(l+Ev)· The data from Table 3-3 is plotted in Figure 3-5 (S-K, Figure A.I); notice that 
S-K added an additional point, that being at the value of bulk modulus and density for intact salt 
The assumption is that upon full consolidation, the backfill will have effectively the same 
properties as intact salt It is from this data that the relationship in Equation 3-5 was derived. The 
fit was forced through the intact salt data point and the best least squares fit obtained. In brief, 
that is the approach used (by S-K) to derive the base values of K0 and K1 listed in Table 3-1. 

The next step was to extend the analysis and estimate the data uncertainty. H-H (pg. 14) 
mention that the moduli reported in Table 3-2 may be uncertain by 30% because of the volume 
change measurement system; accordingly, error bars were added for the modulus values (Figure 
3-6 and Table 3-4). Although the volume strain measurements also have an uncertainty 
associated with them, a direct statement of this was not available, so it was not considered. 

Similar information was sought for the value of intact salt density and modulus. H-H state 
that the intact salt modulus varies between 10 and 25 GPa, citing a reference to Wawersik and 
Hannum (1979). Wawersik and Hannum found this range for two hydrostatic tests on samples 
from AEC #7 (a drill hole 11 km NE of ERDA #9 which itself is a drill hole in close proximity to 
Waste Panel 1). This range is assumed to apply for reconsolidated mine-run salt at WIPP. 
Information regarding the bulk density of intact halite was derived from the WIPP PA data 
document (Sandia WIPF Project, 1992, Vol. 3). The reported value of bulk density is 2140 
kg!m3 and is taken to be a constant. The reference for this data is identified as H-S (pg. 17); H-S 
identify this as the "measured density" of intact WIPP salt, but no reference is provided. H-S do 
not document any measurement of intact salt dinsity; indeed, no reference could be located to 

document the measurement of this value. Therefore, an alternative approach was used to 
establish a range for the intact density (because we did not consider a constant value to be 
realistic). The grain density of Salado halite is identified in the Sandia data document (Sandia 
WIPP Project, 1992; pp. 2-20) as 2163 kg!m3 and is assumed to be a constant. In addition, the 
same document (pp. 2-41) identifies the median value of undisturbed porosity of the Salado 
halite as 0.01, with a range of 0.001 to 0.03, based on electromagnetic and DC resistivity 
measurements. Even though crushed salt is not in an undisturbed state, this range will be taken 
as representative of the porosity of the halite in a reconsolidated state. The grain density and 
median porosity yield a bulk density of 2140 kg/m3, the widely used and referenced value. 
Similarly, use of the bounds on porosity leads to a range in bulk density of 2098 to 2I60 kg!m3. 
This is the range assumed for the bulk density of halite (Figure 3-6). Note that a value of 2180 
kg!m3 was located in Powers, et al. ( 1978) after completion of the differential analysis. Since the 
differential analysis was to be refined via the Monte Carlo analysis, the value of 2160 was 
allowed to stand for the results being discussed here. 

The uncertainties in modulus and density are collected in Figure 3-6, which illustrates the 
bulk modulus data, and the associated uncertainty assumed for this study, as a function of 
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Table 3-2. Bulk Modulus of Mississippi Chemical Co. Crushed Salt as a Function of Pressure at 
21 ·c (Holcomb and Hannum, 1982; Table 8) • 

Test 24MAY82 

Pc(MPa) K(MPa) 

2.07 562. 

4.13 855. 

6.19 1269. 

8.28 1381. 

10.3 1823. 

12.4 1557. 

14.5 1938. 

17.2 2290. 

20.6 2700. 

Table 3-3. Bulk Modulus Data for Dry Crushed Salt Material (Sjaardema and Krieg, 1987; 
Table A.I) 

Density Bulk Modulus 
(2/cc) (GPa) 

1.54 0.562 

1.62 0.855 

1.67 1.269 

1.72 1.381 

1.76 1.823 

1.79 1.557 

1.83 1.938 

1.87 2.290 

1.90 2.700 
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Figure 3-4. Bulle Modulus of Consolidating Mississippi Chemical Co. Salt as Function of the 
Peak Pressure (24MA Y82) (Hokomb and Hannum, 1982; Figure 11). 
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Figure 3-5. Bulle Modulus Data for Dry Crushed Salt Material (Sjaardema and Krieg, 1987; 
Figure A.l) . 

D-77 



0 
.!.J 
00 

105 

cu 104 
a.. 
~ -
Cl) 
:J 
:J 
"C 
0 
~ 
~ 

:J en 1,000 

100 

f 
f 

1,500 1,600 

ff ff f tf 

1,700 1,800 1,900 

Density (kg/m3
) 

2,000 

25000 

20~2160 
10000 

2,100 

Figure 3-6. Bulk Modulus-Density Data With Uncertainty Bars for Crushed s·alt Backfill 

2,200 

• t j t ~ i j t t I • • I 9 t I I I J • t I t • I I l • I • t • I • " • .. ti 



l!IM 

II"' 

... 

Table 3-4. Range in Bulle Modulus for Mississippi Chemical Co. Crushed Salt (based on 
Holcomb and Hannum, 1982) 

Density Bulk Modulus (GPa) 
(gm/cml) Low (a) 

1.54 0.393 

1.62 0.599 

1.67 0.888 

1.72 0.967 

1.76 1.276 

1.79 1.090 

1.83 1.357 

1.87 1.603 

1.90 1.890 

Intact 10.00 

(a) Medium value - 30% · 
(b) Value in Table 3-3 
(c) Medium value+ 30% 

Medium (b) High (c) 

0.562 0.731 

0.855 1.112 

1.269 1.650 

1.381 1.795 

1.823 2.370 

1.557 2.024 

1.938 2.519 

2.290 2.977 

2.700 3.510 

20.70 25.00 

Table 3-5. Sample Results for Crushed Salt Bulle Elastic Parameters Given Intact Salt Properties 

Prs Krs K1 K, Fit 
{kg/ml) (GPa) (ml/kg) (MPa-1) Designation 

2140 20.700 .00591 .0673 Original 

2098 25.000 .00701 .0103 A 

2160 25.000 .00607 .0506 B 

2098 10.000 .00625 .0204 c 
2160 10.000 .00540 .0854 D 

2129 15.811 .00589 .0533 Mean 
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density. As noted in the discussion above, all of the uncertainties associated with the experimetal 
measurement of thii; data are not accounted for, only those that could be accounted for in a 
quantitative way and those that were documented in the literature. 

The approach utilized in fitting this data and in deriving the ranges is presented in Appendix 
A. The results of this fitting are summarized in Table 3-5 and Figure 3-7. The fits shown in 
Figure 3-7 represent bounding values for parameters Ko and Ki. while maintaining consistency 
with the fitting technique used by S-K and the uncertainty in the data. The maximum and 
minimum values of K0 and Ki are 0.0854 and 0.0103 MPa-i and 0.00701 and 0.00540 m3/kg, 
respectively. Note that these are inversely correlated, i.e., the maximum value of Ko is 
associated with the minimum value of K1 and vice versa. Specific comments regarding the 
fitting process and th1e results can be found in Appendix A. 

3.2.2.2 CREEP PARAMETERS A, 80, AND 8 1 

The model of cre1~p consolidation response represented by Equation 3-4 was developed from 
the quasistatic consolidation tests performed by H-S on wet WIPP crushed salt. These tests used 
a hydrostatic compressive stress to compact crushed salt specimens with nominal dimen-sions of 
10 cm diameter by 20 cm long over time periods ranging from 10 to 52 days. The specimens 
varied in water content from 0.5% to 3.0% and were subjected to stress levels of 0.69 MPa, 1.72 
MPa, or 3.44 MPa. Two tests (23JL51 and 240C61) utilized multiple pressure levels to 
ascertain the nature of any stress dependence in the consolidation rate. Test 23JL5 l was started 
at 1. 72 MPa confining stress; the stress level was increased to 2.52 MPa between 105 and 106 
seconds and then reduced back to 1. 72 MPa. Test 240C61 was a five-pressure level° test with 
stress levels of 0.69, 0.34, 1.72, 3.44, and 6.9 MPa. Two important notes must be made with 
regard to the multi-stage tests. First, several other tests included pressure steps but the effect on 
consolidation rate was not discemable or usable. Second, the results of the multi-stage 240C61 
were not available to S-K at the time they were developing the creep consolidation model. Given 
this background to the H-S tests, relevant details in the model developmi~nt are described below. 

Test data measure:d in the H-S experiments were in the form of volume strain, Ev, histories. 
These histories were fit by equations of the form used by H-H: 

Ev(t)=alogt+b (3-11) 

where a is a measure: of the volumetric strain rate and b is a simple a.djustment for the initial 
volumetric strain. Examples of these fits are shown in Figure 3-8; note that this functional form 
provides reasonably good fits after approximately 105 seconds. A listing of results from the H-S 
tests and the results of the fitting are provided in Table 3-6 (Table l from H-S). These fits 
represent the starting point for S-K in their model development, although there are some 
discrepancies. Table 3-7 is a reproduction of Table 2.1 from S-K; notice the differences in fitting 
coefficients, which S-K call a and c rather than a and b in the table of H-S results. S-K (pg. 12, 
para. 2) state, "The values of a and c for each of the tests are taken from Holcomb ( 4) and 
reproduced in Table 2.1." Ignoring the long-term dry crushed salt tests (designated CSL T), 
several differences exilst between the two tables: 
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Figure 3-7. Bounding Fits to Bulle Modulus Data Ranges for Crushed Salt and Intact Salt 

• there is a typographical error for curve D; S-K identify the test as 16FE61 versus 
25FE61 in H-S; 

• the density values in S-K are rounded relative to the respective H-S values; 

• the signs of the coefficients differ because of opposite sign conventions, but more 
importantly there are several discrepancies in the numerical values of coefficients not 
attributable to roundoff (e.g., Tests 14NV51, 25FE61, 18JU51). It is not known 
whether these are significant differences in the fitted curves, but given the quote from 
S-K, it is not clear why these differences exist 

Not being able to resolve the latter of the above differences (and the most important), this point is 
simply left as a question. It cannot be ascertained at this point the exact effect coefficient 
differences had on the material parameters derived by S-K, but it certainly raises the level of 
uncertainty regarding the base values of A, Bo, and B1 discussed in Section 3.2.1 and used for 
many years in the modeling of crushed salt backfill. 
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Figure 3-8. Volumetric Strain as a Function of Time (Crosses) and Fit to the Volume Strain 
(Solid) for Tests 27JU61 and l4NV61 (Holcomb and Shields, 1987; Figures 7a and 
lOa). 
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Table 3-6. Results of Hydrostatic Consolidation Tests on WIPP Salt with Added Water 
(Holcomb and Shields, 1987; Table l, without notes) 

TEST Pc H20 p, Pquu1 Pmeas Pdn Tnnal a b c d 

27JU61 .69 .025 .673 .696 .815 .824 2.7E+6 -5.84E-2 .181 -.734 -3.19 

CSLT9 1.72 drv .69 .715 .841 .822 3.3E+6 -3.89E-2 .089 -.81 -2.80 

23JL51 1.72 .005 .700 .740 .840 .850 l.7E+6 -5.18E-2 .148 -.77 -2.99 

14NV51 1.72 .015 .690 .730 .870 .870 2.1E+6 -5.88E-2 .16 -.82 -2.63 

25FE61 1.72 .02 .680 .714 .850 .866 3.2E+6 -6.4E-2 .201 -.80 -2.70 

10MY51 1.72 .024 .660 .740 .850 .880 2.5E+6 -5.86E-2 .12 -.85 -2.43 

20AU51 1.72 .03 .630 .710 .880 .85 1.7E+6 -6.00E-2 .11 -.839 -2.48 

CSLTlO 3.44 drv .686 .733 .785 .771 3.0E+6 -l.02E-2 -.044 -.57 -4.57 

16JL51 3.44 .005 .65 .74 .89 .895 1.8E+6 -5.36E-2 .06 -.82 -2.57 

18JU51 3.44 .01 .68 .77 .90 .90 l.9E+6 -4.56E-2 .04 -.87 -2.37 

300C51 3.44 .015 .69 .77 .91 .902 1.2E+6 -5.36E-2 .09 -.807 -2.64 

16JA61 3.44 .02 .70 .76 .90 .91 2.4E+6 -5.22E-2 .10 -.86 -2.38 

19DC44 3.44 .024 .67 .72 .89 .89 4.5E+6 -5.73E-2 .14 -.89 -2.26 

13AU51 3.44 .03 .64 .74 .91 .89 l.9E+6 -5.27E-2 .05 -.83 -2.52 

Each stal!e of 240C61 is presented as a separate test 

240C61 .69 .024 .687 .696 .78 .785 l.OE+6 -5.68E-2 .219 -.78 -2.93 

240C61 .34 .024 .78 .78 .79 .79 1.1E+6 -4.lE-3 -.11 -.81 -3.53 

240C61 l.72 .024 .79 .80 .84 .845 l.3E+6 -3.14E-2 .01 -.511 -4.59 

240C61 3.44 .024 .84 .85 .88 .885 0.9E+6 -2.SOE-2 -.07 -.47 . -4.85 

240C61 6.9 .024 .88 .88 .94 .945 4.5E+6 -2.48E-2 -.11 -.75 -3.37 
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Table 3-7. Results of Hydrostatic Consolidation Tests on WIPP Salt with Added Water (4) 

(Sjaardema and Krieg, 1987; Table 2.1. without notes) • 

Cµ"e Test-ID Pc H20 n. Dq Drm Drd a c 

A 27JU61 0.69 .025 .67 .70 .82 .82 5.3 x 10·2 -.18 

B 23JL51 1.72 .005 .70 .74 .84 .85 5.2 x 10·2 -.15 

c 14NV51 1.72 .015 .69 .73 .87 .89 6.8 xl0-2 -.22 

D 16FE61 1.72 .020 .68 .71 .85 .87 6.2 x 10·2 -.19 

E 10MY51 1.72 .024 .66 .74 .85 .88 5.8 x 10·2 -.12 

F 20AU51 1.72 .030 .63 .71 .88 .86 6.0 x 10·2 -.11 

G 16JL51 3.44 .005 .65 .74 .89 .89 5.4 x 10·2 -.06 

H 18JU51 3.44 .010 .68 .77 .90 .95 5.8 xl0-2 -.08 

I 300C51 3.44 .015 .69 .77 .91 .91 5.4 xl0-2 -.09 

J 16JA61 3.44 .020 .70 .76 .90 .91 5.3 x 10·2 -.10 

K 19DC44 3.44 .024 .66 .72 .87 .89 5.8 x 10·2 -.14 

L 13AU51 3.44 .030 .64 .74 .91 .89 5.2 x 10-2 -.05 

The approach used by S-K in their model development was to eliminate specific references to 
time and to cast their equation in a form where the rate of consolidation is dependent only on the 
current density and some function of pressure ( B(p)) (S-K Equation 2.3.1). 

p = B(P)eAp (3-12) 

This required converting the volumetric strain histories (Ev versus t) into density histories using 

Pct)_ Po 
- (1-Ev(t)) 

(3-13) 

and computing the instantaneous consolidation rate (rate of change of density, p ). Differentiating 
Equations 3-11 and 3-13 yields volumetric strain rate as a function of time 

. ( ) 0.434a 
E t =---

v t 
(3-14) 
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and consolidation rate as a function of volumetric strain rate 

2 

p(t) = e_ev (t) 
Po 

(3-15) 

The two equations can be combined to obtain consolidation rate as a function of density. Using 
the fits to the volumetric strain histories (coefficients a and c in Table 3-7), S-K computed the 
consolidation rate and density at 100 equally spaced points in time. These points were again fit 
by a linear regression procedure to obtain a least squares fit to the equation 

lnp=B'+Ap (3-16) 

The coefficients A and B' are given in Table 3-8, a reproduction of Table 2-2 from S-K. This 
data and the Table 3-7 coefficients represent the starting point for S-K in their model fitting 
process; plots of this data are shown in Figure 3-9 (S-K, Figure 2.2). 

The first step in model fitting was to derive the pressure dependence parameter B1. Citing 
unpublished work on a constitutive model for dry salt, where a pressure relationship was 
developed on the basis of data at four different pressures, S-K indicate that the same functional 
form was selected because the two pressures used in test 23JL51 do not completely define the 
pressure dependence for wet salt. This particular form was 

B(P) = e8
'P -1 (3-17) 

Following the rationale put forth by H-S, S-K used the multistage test(s) to derive the pressure 
dependent parameter B1 so that the effects of inherent sample-to-sample variation would 
beeliminated. The consolidation model requires that the ratio of the consolidation rates at two 
different pressures should be proportional to the ratio of their pressure functions 

(3-18) 

The pressures before and after a pressure change are P1 and P2. respectively; similarly, the 
consolidation rates before and after a pressure change are p1 and p2 , respectively. 

At the beginning of this subsection, it was noted that although several staged pressure tests were 
performed, usable data was available for only a single multi-pressure test at the time of model 
development, 23JL5 l. The change in fractional density as a function of time for this test (Figure 
3-10) clearly shows the change in pressure. S-K indicate that the consolidation rates were 
estimated prior to and during the pressure increase, but they do not describe how theestimate was 
made. The estimated consolidation rates listed in S-K (pg 14) were 4.1 x I0-8 g/cc•s-1 and 9.2 x 
1 Q-8 g/cc•s-1 for pressures of 1.72 and 2.52 MPa, respectively. For this ratio of 
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Table 3-8. Calculated Constants for Equation (2.3.2) (Sjaardema and Krieg, 1987; Table 2.2) 

Curve Test-ID Pc H 20 p, A B' 

I A 27JU61 0.69 .025 1.43 -22.3 20.2 

B 23JL51 1.72 .005 1.50 -2JJ.1 20.1 

c 14NV51 1.72 .015 1.48 -14.9 10.6 

D 16FE61 1.72 .020 1.46 -17.1 13.8 

E 10MY51 1.72 .024 1.41 -16.6 13.8 

F 2JJAU51 1.72 .030 1.35 -15.9 12.0 

G 16JL51 3.44 .005 1.39 -16.5 14.6 

H 18JU51 3.44 .010 1.46 -14.5 12.4 

I 300C51 3.44 . 015 1.48 -17.1 16.2 

J 16JA61 3.44 .020 1.50 -18.1 17.8 

K 19DC44 3.44 .024 1.41 -17.5 14.6 

L 13AU51 3.44 .030 1.37 -17.5 15.8 

consolidation rates, 0.4493, the B1 value in Equation 3-17 is approximately 0.82 MPa·1. The 
pressure dependence is therefore given by Equation 3-19. 

B(P) = eo.12p -1 (3-19) 

The next step in the model development process of S-K was to "remove" the effects of pressure 
by normalizing the consolidation rates (dividing the rates by the value of the pressure function). 
This had the effect of shifting the consolidation rate curves for each experiment (compare Figure 
3-9 to Figure 3-11); notice that some "collapsing" of the data has occurred, but by no means all 
of it. The resulting data - 12 tests, 100 points per test - were fit by a function of the form 

0 

lnpshft = B~ + Ap (3-20) 

where Pshft is the normalized or pressure-shifted (p I B(P)) consolidation rate. A linear least 

squares regression of the data provided best fit values for the coefficients A (-17 .3) and B0 
(12.7), as specified by Equation 2.5.1 (S-K). At this point in the model derivation, discussion in 
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S-K is changed from the 12.7 value in Equation 2.5.l (S-K) to the l.3E5 value in Equation 2.5.2 
(S-K), but a clear indication of how the constants were converted is not given: 

This discrepancy was traced to an error in Equation 2.5.1 (S-K). This error has been resolved 
and Is documented in Appendix B, Resolution of Error in Equation 2.5.l in Sjaardema and 
Krieg ( 1987) The leading constant in Equation 2.5.2 (S-K), l.3E5, is correct; the corresponding 
value in equation 2.5.1 should be 11.78, i.e., the conversion of constants is simply el 1.78 = l.3E5. 

This concludes the presentation of the essential information describing the development of 
the mathematical model which simulates the creep consolidation response of crushed salt. The 
model is purely empirical, although it is intuitively satisfying in its dependence on pressure and 
density. Equation 2.5.2 in S-K is the basic model (Equation 3-21) and it defines the value of the. 
model parameters that have been utilized in most simulations of backfill rooms: A = -0.0173 
m3/kg, B0 = 1.3 x 108 kgfm3s·l, and B1 =0.82 MPa-1. 

(3-21) 

With this brief summary as background and guidance, the data was processed further to try to 
develop bounds on the creep parameters. The same steps are followed as in the initial model 
development. 

The hydrostatic consolidation Test 240C61 (H-S) was a multi-stage pressure test; the pressure 
history is shown in Figure 3-12. Although this data is reported in H-S, it was not available to S
K at the time of model development. This data was evaluated and included in the derivation of a 
range for the B1 parameter, as S-K had hoped to do. The first change in pressure for Test 
240C61 could not be used to calculate a B1 because the solution to Equation 3-18 diverges when 
the pressure decreases within a step (P2 <Pi). Therefore, only three additional values of B1 
could be calculated from Test 240C61, one at each of the step increases in pressure, as described 
below. 

Values for the consolidation rates were scaled from the consolidation rate versus time plots 
for test 240C61. Each stage of the test is treated as a separate test for the sake of plotting and 
data presentation (pp. 99, 103, 107, and 111 in H-S). A plot of the type shown in Figure 3-10 
does not exist for consolidation rate as a function of time. The value for p was found at the end 
of the test data for confining pressure P1, while p2 was found at the beginning of the test data for 
consolidation under confining pressure P2. The consolidation rates and pressures used in 
Equation 3-18 are shown in Table 3-9, along with the calculated value of B1. It must be noted 
that the potential for inconsistency exists in these calculated B1 values relative to S-K because 
they do not explicitly state how they selected the consolidation rates used to calculate their single 
value of B1 (see S-K, pg 14, last paragraph Sec 2.4). Test 240C61 was conducted differently 
than Test 23JL51, so it was not clear how to be consistent. This places an additional, although 
immeasurable, uncertainty on the B 1 values. 
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Table 3-9 .. Pressures and Consolidation Rates from Test 240C61 Used to Calculate B1 

P1 P2 Pt P2 B1 
(MPa) (MPa) (S?/cm3s-1) (S?/cmJs-1) (MPa-1) 

0.34 1.72 1.08 x 10-8 4.94 x 10-7 2.345 

1.72 3.44 1.96 x 10-8 7.35 x 10-7 2.09 

3.44 6.90 2.52 x 10-8 2.35 x 10-7 0.612 

It appears that B1 decreases with increasing pressure, but if the previous B1 value of 0.82 for· 
pressures P1 = l.72 MPa and P2 = 2.52 MPa is added, the trend is upset. It is disconcerting to 
find that the parameter which is intended to empirically represent the effects of pressure seems 
itself to depend on pressure; this points to some type of model deficiency. However, the model 
is accepted for these analyses. These four values will be assumed to establish a range for B1. A 
uniform distribution will be assumed because the data is insufficient: to state otherwise. The 
minimum value of B 1 is 0.61, the maximum value is 2.35, and the mean value is 1.47. 

The procedure used to calculate parameter B1 reveals an additional uncertainty, but it is not 
easily quantified nor eliminated. Considering the problem of consistency in the selection of 
consolidation rates, the sensitivity of B 1 to small changes in consolida.tion rates was estimated. 
The consolidation rate ratio pifp2 for the S-K calculation of B 1 was 0.4493 (S-K, pg. 14) and 
the resulting value of B 1 equaled 0.82. If the rate ratio is increased or decreased by ± 10% to 
0.494 and 0.404, respectively, the corresponding value of B1 is 0.69 and 1.02, a change of -16% 
and 24%, respectively. This places emphasis on consistency in the selection of consolidation 
rates and raises questions regarding the timing and duration of pressure changes in the stagedtests 
and their use to calculate B 1: What would B 1 be if the pressure pulse was applied at a different 
time during the overall test and it was held for a longer or shorter duration? (Notice that 
Equatio:-i 3-14 indicates that the consolidation rate is an inverse function of time.) Obviously, B 1 
is not a unique parameter, and it appears that it (along with function B(P )) may not even 
properly represent the dependence of the consolidation rate on pressure. Such may have been the 
case for the dry crushed salt S-K refer to (pg. 14), but it does not appear to be the case for wet 
salt 

Following the approach used by S-K, the next step should be to normalize the experimental 
consolidation rates by means of the pressure function. However, since completion of the task 
requires the development of a range for the parameters A and B0, the approach selected was to 
obtain a value of A and B0 from each individual test and then combine all the realizations of 
these parameters to establish a range (and distribution). With this approach, normalization is not 
necessary because only a single hydrostatic pressure value was used in any one test. Given the 
consolidation model S-K developed (Equation 3-21) and the representation of the data defined by 
Equation 3-16, it is apparent that only two of the three model parameters (A, B0, and B1) can be 
determined independently. Comparing Equations 3-16 and 3-21, it can be seen that the density
dependent term (Ap or eAp) is common to both representations. Therefore, it was decided that 
along with the B 1 values estimated above, the A parameter would also be determined 
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independently. This means that B0 must be calculated from knowledge of parameters B1 and A, 
113• their ranges, and the experimental data. 
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lu 
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The fitted value of A from a linear regression of the experimental data for each individual 
consolidation test was derived by S-Kand is listed in Table 3-8 (S-K, Table 2.2); this data can be 
reused as it is. The range of values for A are from -22.3 (Test 27JU61) to -14.5 (Test 18JU51); 
a histogram is shown in Figure 3-13a. The statistics on the population of A-values yields a mean 
of -17.39 and a standard deviation of 2.21. (The square of the standard deviation is the variance, 
4.90.) This data for parameter A was tested to determine if it could be approximated with an 
established distribution. The range was divided into two unit intervals (2 m3fkg) and a histogram 
developed. From the histogram a cumulative distribution was created (Figure 3-13b). Then a 
normal distribution with mean and standard deviation equal to the sample mean and standard . 
deviation was assumed and a cumulative distribution function developed; this also is plotted in 
Figure 3-13b. A cumulative distribution for a uniform distribution of A's is shown for 
reference. The data appears closer to being normally distributed than it does to being uniformly 
distributed. Without performing any significance testing, the A parameter was assumed to be 
normally distributed with a mean of -0.01739 m3fkg and a standard deviation of 2.21 for this 
scoping investigation. 

The remaining parameter for which a range and distribution must be estimated is B0. As the 
process of developing the constitutive model and the associated material parameters has evolved 
for the given set of experimental data (H-S), the best estimate of the remaining parameter, and 
therefore its range, is not independent of the values for the other variables. Through the course 
of this analysis, as described herein, the model can be seen to be somewhat inadequate with 
regards to properly modeling the pressure, and to a lesser extent, the density dependence. The 
result is that the portion of the model uncertainty explained by, or represented in, the uncertainty 
in model parameters A and B1 is relatively small, at least with regards to the quantifiable 
uncertainty. Recall that there were uncertainties referred to that could not be evaluated 
numerically, e.g., crushed salt grain density, Mississippi Chemical Co. salt and WIPP salt, 
selection of consolidation rates used in calculation of B1, etc. Consequently, the model 
uncertainty represented by parameter B1 and its attendant range will be proportionately larger. 

Given these considerations, an attempt was made to utilize the dependence of B0 on A and 
B1 to reduce the variance in consolidation rate attributable to Bo so that this dependent parameter 
would not completely dominate the analysis. A minor variation in the S-K approach was 
introduced in the development of a range for Bo while still remaining consistent with their 
derivation of the B0 parameter value. The variation was to make Bo dependent on the value of 
B1, instead of allowing B0 to be determined independently with A. By setting the consolidation 
rate in the experiments (Equation 3-16) equal to the consolidation rate predicted by the model 
(Equation 3-21) and eliminating the density term (by setting equal the value of A in the model 
and in the experiment), an equation describing the dependence results (Equation 3-22). 

B' 
B =--e __ 

0 ( eB 1P - l) (3-22) 
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.Table 3-10. Value of B0 Calculated for Each Consolidation Test Given B' and B1 (Equation 3-
22) 

Bi 
Curve Test-ID B'* 0.61 0.82 1.48 2.35 

A 27JU61 20.2 1.251x109 8.608 x 108 3.686x 108 1.613 x 108 

B 23JL51 20.1 2.890x 108 1.731x108 4.563 x 107 9.585 x 106 

c 14NV51 10.6 2.163 x 104 1.296 x 104 3.416 x 103 7.175 x 102 

D 25FE61 13.8 5.307 x 105 3.179 x 105 8.379 x 104 1.760 x 104 

E 10MY51 13.8 5.307 x 105 3.179 x 105 8.379 x 104 1.760 x 104 

F 20AU51 12.0 8.772 x 104 5.254 x 104 1.385 x 104 2.909 x 103 

G 16JL51 14.6 3.063 x 105 1.388 x 105 1.356 x 104 6.761x102 

H 18JU51 12.4 3.394 x 105 1.538 x 104 1.503 x 103 7.491 x 101 

I 300C51 16.2 1.517 x 106 6.874x105 6.717 x 104 3.349 x 103 

J 16JA61 17.8 7.515 x 106 3.405 x 106 3.327 x 105 1.659 x 104 

K 19DC44 14.6 3.063 x 105 1.388 x 105 1.356 x 104 6.761x102 

L 13AU51 15.8 1.017 x 106 4.608x105 4.503 x 104 2.245 x 103 

*Values from Table 3-8 

The numerator represents the data and the denominator the model dependence on pressure. 
Through this equation, the value of B0 is made dependent on the data and the value of B 1 derived 
above. The value of B' for each test is given in Table 3-8 and the newly calculated values of B 1 
are given in Table 3-9. 

In combining the data and model through the dependency represented by Equation 3-22, an 
infinitely large set of B0 values could· now be derived. The set of values was limited by 
calculating the value of B0 for only the discrete set of B0 values directly derived from 
experiments (Table 3-9, plus 0.82); the results are presented in Table 3-10. In order to generalize 
the dependence of B0 on B1, i.e., to extend this analysis to arbitrary values of B1, sample 
statistics were computed for the data in Table 3-10. For each value of B 1, the mean and variance 
of B0 was computed and plotted as a function of B1 (Figilres 3-14a and 3-14b). B0 is reasonably 
well represented by a lognormal distribution for each value of B 1• The relationship between B 1 
and the mean (µ) and variance ( v) of B0 is quite linear and can be represented by the following 
fits: 

µ(ln(B 0 )) = 15.55-2.659E6 * B1 (3-23) 
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V(ln(B0 )) = 8.61-3.650E6 * B1 (3-24) 

In subsequent usage, the constants in Equation 3-23, 15.55 and 2.659E6, are replaced by 
variables C0 and C1, respectively; C~ is defined as ec0

• Note that this approach to establishing a 
range for 80 has reduced the variance somewhat over the simple collective statistics for all B0 
values in Table 3-10. 

Table 3-11 lists the range, the assumed distribution and (for reference) the base vafoe (also 
the value used in room closure analyses for several years) for each parameter. The range for p0 

is an assumed range but it is not unreasonable for granular materials. 

Table 3-11. Summary of Base Value, Ranges and Distribution of Parameters for Crushed Salt 
Derived for Creep Consolidation Model 

Parameter (Unit) Base Value Range Distribution 

K0 (MPa) 0.0176 0.0103 - 0.0854 Uniform 

K1 (m3/kg) 0.00653 0.00701 - 0.00540 Uniform 

A (m3/kg) -0.0173 µA= -0.01739 Normal 

O'A = 2.21 

Bo (kg!m3s-l) 1.3E5 µ(ln(B 0 )):Eqtn 3-23 Log Normal 

V(ln(B0 )):Eqtn 3-24 

B1 (MPa-.l) 0.82 0.61 - 2.35 Uniform 

Po (kg!m3) 1400 1200 - 1600 Uniform 

,,.. 3.2.3 Model Parameters and Ranges for Crushed Salt/Bentonite 

.... 

'" 

A mixture of crushed salt and bentonite (70%/30% by weight) has been shown to have 
advantages as a backfill material for WIPP disposal rooms (Butcher, 1991). For this reason, 
model parameters and uncertainties are developed for this mixture from available data. 

The data for crushed salt/bentonite backfill was acquired through two series of multistage 
hydrostatic compression tests at various water contents, a total of seven tests (Pfeifle, 1991 and 
Brodsky and Pfeifle, 1992). The model fitting process benefited from the established model (S
K) for the creep-consolidation behavior of crushed salt backfill material. The parameters for the 
crushed salt/bentonite mixture are mainly the result of fitting the experimental data to the 
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existing models. The origin of each model parameter is presented, followed by the development 
of a range and distribution for each parameter for use in probabilistic analyses. 

3.2.3.1 ORIGINAL DEVELOPMENT OF ELASTIC (K0, K1) AND CREEP MODEL 
PARAMETERS (A1, Bo, 81) 

Callahan and DeVries (1991) developed the nonlinear elastic portion of the model for the 
crushed salt/bentonite mixture. Citing a lack of experimental data for the elastic properties of the 
crushed salt/bentonite mixture, they made several assumptions in order to develop model 
parameters. These include: 

1. Ko and G0 are identical to crushed salt. 
· 2. Kf 2 and G f are identical to crushed salt 
3. Initial porosity of the crushed salt/bentonite mixture is the same as the porosity of 

crushed salt 
4. Ki found using Pf of mixture with Kf and Gf values. 

Given these assumptions, the remaining elastic model·parameters were obtained. Table 3-12 
lists the elastic model parameters including the initial and final densities of the mixture. The 
initial density is found according to assumption 3 above, while the final density is given as 2260 
kg!m3 based on an engineering estimate. Pfeifle (1990, pg. 27) presents a value of 2266 kg!m3. 
for a 70/30 (percent by weight) crushed salt/bentonite mixture, assuming a solid density for salt 
of 2120 kg/m3, as opposed to 2140 kg!m3, and a solid density of 2700 kg/m3 for bentonite. 
Brodsky and Pfeifle ( 1992, pp. 5-6) give a theoretical solid density for th,e mixture of 2282 kg!m3 
based on a solid density of the intact salt of 2140 kg!m3 and a solid density of the bentonite of 
2700 kg!m3. Thus, the estimate of final density is a reasonable value. The parameters for the 
elastic model are summarized in Table 3-12. 

Note that Table 3-12 has a set of revised parameters, differing from the Callahan and De Vries 
values only in Ki and Gi. Using values of K0, Ki.and Pf from Table 3-12 in Equation 3-5, the 
final bulk modulus of the crushed salt/bentonite mixture is 33.170E6 MPa, not the listed value of 
20626 MPa. Applying assumptions 1, 2 and 4 above, a new value of Ki (0.00618) consistent 
with the limiting modulus is obtained. This new value will be used in this report as the base 
value for Ki. 

The parameter values for the consolidation model are taken from Pfeifle (1991, pg. 28), and 
Brodsky and Pfeifle ( 1992, pg. 43), the two key references for crushed salt/bentonite. The first 
step in the approach taken by Brodsky and Pfeifle to determine the parameter values from the 
experiments was to integrate the consolidation model to express density as a function of time. 
This results in the following expression, which is called the density model: 

2 The SPECTROM-32 implementation of the bulk modulus (Equation 3-5) and shear modulus (Equation 3-6) models. utilizes a 
cutoff at near-intact densities: Kr and Gr are the limiting or cut off values. · 
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Table 3-12. Nonlinear Elastic Material Parameters for Crushed Salt/Bentonite 

where: 

C-D* Revised 
Parameter Units Value Value 

Ko MP a 0.01760 0.01760 

K1 m3/kg 0.00945 0.00618 

Go MP a 0.01060 0.01060 

GI m3/kg 0.00945 0.00618 

Kr MP a 20,626 20,626 

Gr MP a 12,423 12,423 

Po kg!m3 1,478.5 1,478.5 

Pr kgfm3 2,260 2,260 

*Callahan and De Vries, 1991 

Po = initial density (kg I m3
) 

P = applied pressure (MPa) 
t = time (s). 

(3-25) 

Due to the nonlinearity of Equation 3-25, a numerical procedure for solving nonlinear 
equations was used to minimize the sum of squared error, defined as, 

where: 

n = 
P; = 
~ 

Pi = 

n 

s = L(Pi -pf 
i=I 

total number of measurements in the database 
measured density at i 

predicted density at i from Equation 3-25. 

(3-26) 

The system of equations was solved to find estimates of the parameters. The process was 
repeated until S was minimized and the parameter values did not change by a prescribed 
tolerance. 

Pfeifle (1991) fit the density model to tests CSl, CS3, and CS4 defined in Table 3-13. This 
approach was used so that model parameters would be sensitive to changes in pressure, initial 
density, and time. The original databases from the experiments contained a large number of 
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Table 3-13. Consolidation Test Conditions for Measurements on 70/30 Crushed Salt/Bentonite 
Mixtures. 

Water 
Test Content Hydrostatic 

No.(a) Dry Total Stage Stress 
wt.<h> (%) WtJc) (%) (MPa) 

CSI 5.30 5.03 -I 3.45 

2 7.00 

3 14.00 

4 7.00(C) 

CS4 5.24 4.98 1 3.45 

2 14.00 

3 0.50(c) 

CS3 9.97 9.07 1 3.45 

2 7.00 

3 7.00 

4 0.50(c) 

CS5 7.47 6.95 1 0.50 

2 3.45 

3 0.50 

CS6 10.85 9.79 1 0.50 

2 3.45 

3 0.50 

CS7 3.38 3.27 1 0.50 

2 3.45 

CS8 7.46 6.94 1 0.50 

2 3.45 

3 0.50 

(a) Infonnation on Tests CSI. CS4 and CS3 from Pfeifle (1991; pg. 3). Information on Tests CSS to 
CS8 from Brodsky and Pfeifle (1992; pg. 3) 

(b) Defined as the ratio expressed as a percentage of the weight (mass) of water in a given material to 
the weight (mass) of solid material particles. 

(c) Defined as the ratio expressed as a percentage of the weight (mass) of water in a given material to 
the total weight (mass) of all materials including liquids and solids. 
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measurements, thus, new databases were derived which included 100 measurements, spaced 
equally in time, from each stage. The reduction yielded 300, 200, and 300 measurements for 
tests CS 1, CS4, and CS3, respectively. The results of the fits to the experimental data are shown 
in Table 3-14. Pfeifle (1991, pg. 43) concludes that the parameters determined from these fits 
reflect a sensitivity to pressure but that they are relatively insensitive to water content. 
Subsequent to this initial set of experiments, Callahan and De Vries (1991) selected parameters 
based on an "eye-ball fit" of Pfeifle's experimental results (Table 3-14; CSl, CS4, and CS3) for a 
disposal room simulation. These values were -0.0345 m3/kg for A, lxI021•kg/m·3s-I for B0 and 
0.600 MPa-1 for B1. 

Brodsky and Pfeifle (1992) present additional experimental data on the consolidation of 
crushed salt/bentonite. The hydrostatic test conditions used by Brodsky and Pfeifle are also . 
listed in Table 3-13. Each of the data sets were once again reduced to 100 measurements, 
equally spaced in time, for the first two stages of each test (permeability portion ignored). This 
produces 800 data points, which were processed using the density model and the previously 
described fitting procedure. The fit was carried out on all of the data points simultaneously as 
opposed to fitting each individual test for the first set of consolidation tests. Results of this 
single fit (labeled CS5, CS6, CS7, CS8) are given in Table 3-14. The use of a single fit may 
have been precipitated by Pfeifle's (1991, pg. 43) conclusion regarding the effect of water 
content on the consolidation behavior. If the effects of water and initial density are neglected, a 
single fit is in order as all four tests were carried out using the same pressures (0.5 MPa and 3.45 
MP a). 

A comparison of predicted volumetric strain rate, using the S-K model, at pressures of 0.5 
MPa and 3.45 MPa is shown in Figures 3-15 and 3-16, respectively. The three (sets of) curves in 
each figure represent predictions using different parameter sets, including the base crushed salt 
parameters of Sjaardema and Krieg (1987, pg. 14), Callahan and De Vries (1991, pg. 23) crushed 
salt/bentonite model parameters, and the three sets of Pfeifle (1991, pg. 42) crushed 
salt/bentonite model parameters (listed in Table 3-14). The two sets of crushed salt/bentonite 
parameters are in good agreement at the low pressure, iliustrated in Figure 3-15; however, Figure 
3-16 shows the effect of B1 which causes an offset in the predicted volumetric strain rate. The 
large offset in the predicted crushed salt/bentonite response is due to the differences in B 1, which 
is sensitive to pressure. 

''"' 3.2.3.2 PARAMETER RANGES AND DISTRIBUTIONS FOR CRUSHED 
SAL T/BENTONITE 

Defining the range and distribution of material parameters requires characterizing the 
uncertainties in their individual values. In the previous section we looked at the values of 
parameters in terms of the available experimental data and the techniques used to determine 
parameter values from the data. The absence of data for the elastic behavior and the limited data 
found for the consolidation behavior leads to considerable uncertainties in the parameter values. 
Elastic and consolidation parameters will be examined separately. A summary of the ranges and 
distributions selected are given at the end of this section in Table 3-15. 
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Table 3-14. Parameter Values for Density Model 

Parameter Values 
Test . 
I.D. A Bo B1 

(m3 •kg-1 xw-3) (k:g • m-3•s-1x1021) (MPa-1) 

CSI -33.9 0.972 .693 

CS4 -34.5 1.021 .509 

CS3 -30.3 0.970 .084 

CS5, CS6, CS7, CS8 -36.0 1.021' 1.845 

(a) Information on Tests CSL CS4 and CS3 from Pfeifle (1991: ·pg. 3). Information on Tests CS5 to CS8 from 
Brodsky and Pfeifle (1992: pg. 3) 

Table 3-15. Summary of Base Values, Ranges, and Distributions for Crushed Salt/Bentonite 
Mechanical Parameters 

Parameter Base Value Range Distribution 

KsB (MPa) 20,626 10,000 - 25,000 Uniform 

PSB (kg/m3) 2260 2225 - 2305 Uniform 

A (m3/kg) -0.0345 -0.0360 - -0.0303 Uniform 

Bo(~) 
m3 •s 

l.OOOxI021 0.970x1Q21 - l.021xI021 Uniform 

B1 (MPa-1) 0.600 0.084 - 1.845 Uniform 

The difficulty with assigning a range and distribution to the elastic parameters of the crushed 
salt/bentonite mixture is the lack of experimental data for this particular combination of 
materials. Values currently used are based on crushed salt data. This dependence on crushed salt 
data lead to implementation of the same techniques that were used in Section 3.2.2 for the 
crushed salt elastic parameters. 

The ranges for the consolidation parameter values were developed usilng the data presented in 
the previous section. Distributions were selected on the basis of the asumptions made throughout 
Section 3.2.2. 
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3.2.3.2.1 Intact Salt/Bentonite Parameters - Ksa.Pss 

The function defining the bulk modulus of a granular backfill as a function of density 
(Equation 3-5) assumes that the backfill behaves as the intact material when it reaches the intact 
density. The intact modulus of the 70% by weight crushed salt/30% by weight bentonite is given 
by Callahan and De Vries (1991, pg. 23) as equal to bulk modulus of intact salt Following this 
same assumption, the intact salt data in Section 3.2.2 can be used to establish a range and 
distribution for the intact modulus of a crushed salt/bentonite mixture. 

The modulus of intact salt ranges between IO GPa and 25 GPa (Wawersik and Hannum, 
1979, pg 8); no discussion dealing with the distribution of the test data is presented. An 
investigation of the data· shows that the data is too limited to make any reasonable assumptions· 
regarding the distribution of the data. This leads us to assume that the value of the bulk modulus 
of intact crushed salt/bentonite is uniformly distributed between lO GPa and 25 GPa. 

Two different values of intact density for the salt/bentonite mixtw-e were given in as many 
reports (2266 kg!m3 or 2282 kg!m3}. A third value, 2260 kg!m3 was added by Callahan and 
De Vries for use in their analysis. These three values do not provide much insight into the range 
of the intact backfill mixture. If porosity information was available we could use the techniques 
implemented in the determination of a range for the density of intact salt (Section 3.2.2). To 
determine a range, a variation in intact density of ±1 t% on a base value of 2260 kg!m3 was 
assumed. The range for the mixture is based on the range found for intact salt. The value of 
2260 kg!m3 for intact density was chosen to be consistent with the value used by Callahan and 
De Vries, 1991. A uniform distribution is assumed for the intact density. 

3.2.3.2.2 Consolidation Parameters - A, 8 1, and 80 

The parameter A is the slope of the model response in In( p) vs p space. The range for A is 
based on the experimental results given in Table 3-14. The value of A ranges from -36.0xl0-3 

m3fkg to -30.3xlQ-3 m3/kg with a base value of -34.5xl0-3 m3fkg. Due to the lack of data to 
properly define a distributic:m, a uniform distribution for A was assumed. 

Unlike the value of B1 for crushed salt, which has only one published value, the crushed 
salt/bentonite mixture has four published values for B1 (Table 3-14). B1 for the crushed 
salt/bentonite mixture ranges from 0.084 MPa-1 to 1.845 MPa-1 with a base value of 0.6 MPa-1. 
A uniform distribution was assumed for B1 • 

The range for B0 for the crushed salt/bentonite mixture is based on the experimental results 
given in Table 3-14. The value ranges between 0.970xI021 kg!m3•s and l.021xI021 kg!m3•s, 
with a base value of l.OOOxI021 kg!m3•s. This is a tight range in the values of Bo compared to 
the range of values of B0 for crushed salt. The distribution of B0 for the crushed salt/bentonite 
mixture is assumed to be uniform due to insufficient data to define a dis:tribution. 
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3.2.4 Taylor Series Approximation to the Consolidation Equation 

A first order Taylor series expansion of the volumetric part of the creep consolidation model 
(Equation 3-4) was used in this analysis to approximate the model. The form for this expansion 
is specified by Equation 3-7, where y is the creep consolidation rate given in Equation 3-4. The 
first step is to develop the partial derivatives of p with respect to the independent variables ( x j) 
K0 , K1, A, B0, B1 and p0 • Particulars related to each of these variables that have been de
veloped in the previous section(s) will be brought in at the appropriate time, i.e., dependencies. 

The partial derivative for each term is presented in Table 3-16. Note, in addition to the main 
Equation (3-4), Equations 3-5 and 3-23 were utilized in deriving these terms; these equations are 
listed at the bottom of Table 3-16. The resulting linear Taylor series expansion of the creep 
consolidation rate is given below: 

(3-27) 

In this equation, the "hatted" (A) parameters represent the base value listed in Table 3-1. In 
the literature (e.g., Hahn and Shapiro, 1967), the base value is taken to be the expected value for 
each parameter e, although it is not a requirement; the analysis and interpretation are simplified 
when the base value is the mean, i.e., the expected value. No range (or distribution) existed for 
any of the model parameters prior to this work; the expected value, though the term is applied 
loosely, was the value listed in Table 3-1. Given this situation and the number of simulations 
that have been performed using these values, it was decided to use the S-K parameter values as 
base values, even though some parameters represent values that are often closer to the extremes 
of their respective ranges than their mean, or expected values. The significance of this choice in 
terms of expected value is that the expected response of the Taylor series approximation is the 
response that has been observed in calculations since the model was developed. The significance 
of the choice of base value for the variance is that it may be skewed over the range for some 
parameters. Since the base value is not the mean, evaluating the variance at the extremes of a 
variables range may result in an inflated or deflated view of a parameter's real importance. 

3~2.5 Evaluation of Consolidation Rate Uncertainty 

At this step in the differential analysis, all of the information detailed in Sections 3.2.1 (base 
values), 3.2.2 (ranges and distributions) and 3.2.4 (the Taylor series approximation) is combined 
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Table 3-16. Partial Derivatives for Terms in the Taylor Series Expansion of the Creep 
Consolidation Model* 

Parameter (xi) P rf ID . . (Jf CJp a 1a eravative, -- = -
dX· dX· .I J 

Ko p2f> 
PoK5eK,p 

Ki p3f> 
PoKoeK,p 

A pB0[e8•P -l]eAp 

Bo [ e8 •P -1 ]eAp 

B1 PC' C B 81 (P-C,) Ap - o 1 oe '~ 

Po p2p 

p5KoeK,p 

and an evaluation of the uncertainty in model predictions (consolidation rate) is made. Equations 
3-8 and 3-9 illustrate the application of variance propagation techniques. Equations 3-8a and 
3-9a can be used to evaluate the expected value and variance, respe:ctively, of uncorrelated 
parameters when the Taylor series expansion consists of terms only up to the first order. Hahn 
and Shapiro (1967; Appendix 7B, Equations 7B-l and 7B-2) was consulted to develop Equations 
3-8b and 3-9b, the expected value and variance, respectively, for a first order Taylor series 
expansion involving correlated component variables (parameters). The partial derivatives in 
Tables 3-16 and 3-17 (for the correlated terms in the expected value estimates) can be used to 
estimate the first two moments of the creep consolidation model defined by the base values, 
ranges and distributions, and the linear approximation to the model (Equation 3-27). 
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Table 3-17. Second Partial Derivatives in Correlated Terms for Calculation of Expected Value of Creep Consolidation Rate · 

X· 
J ()2f(x) 

dX·dX· 
I J 

X· I x1 =Ko X2 = K1 X3 =A x4 =Bo X5 =B1 x6 =Po 

x1 =Ko - p3f> 0 0 0 p2f> 
Kp p~KoeR,p PoKoe • 

xz = K1 p4i> - 0 0 0 p3P 
PoKoeK,p p~KoeK,p 

X3 =A 0 0 - p[eB,P - l]eAp pBoPeB,P eAP 0 

x4 =Bo 0 0 p[eB,P -l]eAp - PeB,P eAP 0 

X5 = 81 0 0 -PCoC1BopeB,(P-C,)eAp PC' c B, (P-C,) Ap - 0 - o· le e 

x6 =po p2P p3P 0 0 0 -
pfiKfieK,p p~KoeK,p 



The expected value of the creep consolidation rate was assembled (Equation 3-28) following 
the form of Equation 3-8b 

(

A ~4P. (Ko-Ko)+ A ~3P (Po-Po))(Ki-Ki)+ 
PoKoeK,p P5KoeK,p 

(P[ eB,P -l }Ap(Bo - B0 ) + pB0Pe8•P e,4.p(B1 - .Bi) ){A- A)+ 

(p[e81P -1]eAp(A-A)+Pe8•PeAp(B1 -Bi))(Bo-Bo)-· 

( PC0C1Bope81 (P-C, )eAp( A-A )-PCoC1e 81 (P-C,)eAp(Bo -Bo) )(B1 -Bi)-

A • (Ko -Ko)+ A • (K1 -Ki) (Po -po) ( 
p2f> A p3P A ) 

p6eK,p P6KoeK,p 
(3-28) 

where the "hatted" (")quantities represent the base values (Table 3-1). Similarly, following the 
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form of Equation 3-9b, the variance in the creep consolidation rate is giv1~n by Equation 3-29: • 

V{ ) = [- ?2p ]2 (Kou - Koi)2 
y A K2 K p 12 Po oe ' 
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2pe0[e81P -1JeAP(p[e81 P -1JeAp(B0 -B0)+pB0Pe81 PeAP(s1 -l\))(A-A)
2 

+ 

[[•ii,P -1}-'i> r V(Bo)+2[eii,P -I )eAi>(p[ eii,P -1]eAi>( A-A)+ Peii,P e-'i>(B1 -B1) )Bo -B0 )
2 

(3-29) 

In Equations 3-28 and 3-29, p and Pare the current density and pressure, respectively, and P is 
the mean stress rate. Also, in Equation 3-29, V(A) and V( B0) are the variances of A and B0, 

respectively, given on page 92 for the constructed distribution for A and by Equation 3-24 for the 
variance of Bo. 

Equations 3-28 and 3-29 were evaluated for a set of pressures (0.5, 1, 5, and 10 MPa) and an 
assumed maximum mean stress rate of lxl0·7 MPa/s over a range of densities. The results are 
shown in Figure 3-17 for the expected value and Figure 3-18 for the expected variance in 
consolidation rate for three cases of model parameters: the base case values (Table 3-11 ), the 
mean values (mean of range in Table 3-11 ), and for a set of values labled Case 1 ( K0 = 0.03189 
MPa-1, K1 = 0.007195 m3/kg, A = -0.0223 m3/kg, B0 = 9058 kg!m3s-l, B1 = 2.42 MPa-1, 
p0 = 1200 kg!m3). The expected value for the consolidation rate of crushed salt as a function 
ofthe fractional density is linear at all pressure levels for the set of properties designated "Mean 
Value" and "Case l." The consolidation rate response is nonlinear above fractional densities of 
0.8 for 0.5 andl MPa, pressure levels, above fractional densities of 0.9 for 5 MPa, and is linear at 
all densities for pressure levels of 10 MPa and above. For an order of magnitude increase in the 
pressure level (1 to 10 MPa), there is a corresponding increase in consolidation rate of three 
orders of magnitude for all cases, except for the "Base Value" set of parameters above 0.8 
fractional density. Figure 3-18 shows the fraction of the variance in expected consolidation rate 
attributed to each parameter. In all cases, over 99% of the variance is associated with the 
parameter B1• The scale has been made logarithmic to expand it and show the relative effects of 
each variable as a function of fractional density. An uncertainty in the bulk modulus parameters 
and initial density show a strong increase in importance at the higher densities (relative to low 
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densities) but are still not significant to the overall variance. There is also a major step up in the 
fractional contribution of the parameter B0 between the Base Values and the Mean or Case 1 
values, although again its overall significance is negligible compared to B1• Some clear 
conclusions can be made on the basis of Figure 3-18: 1) the relative importance of the elastic 
moduli parameters and backfill density is linearly dependent on the backfill fractional density, 
but essentially independent of density for the creep consolidation parameters for all values of 
model parameters, 2) at low fractional densities, the creep parameters have a greater influence on 
variability in consolidation rates than ~e elastic parameters of the model, and 3) the elastic 
model parameters become increasingly imponant at higher fractional densities. However, to 
reiterate, the differential analysis shows that no parameter has any significance to consolidation 
rate variability compared to parameter B1• However, this is partially because B1 carries the 
uncertainties of parameters B1 and B0 through the latter's dependence on B1• 

3.2.6 Estimates of Relative Importance of Parameters (Ranking) 

The primary goal of the differential analysis was to estimate the relative importance of each 
model parameter - K0 , K1, A, B0 , B1 and Po - in terms of its effect on the backfill 
consolidation rate. Helton, et al. (1991) identified two approaches that c:an be used in developing 
a ranking for the model parameters. The first method identifies the fractional contribution of the 
variance for each term to the total variance (the sum of the variances for all terms), while the 
second method normalizes the partial derivatives in the Taylor series expansion by the value of 
the function evaluated at the base value. At this stage, the differential analysis was considered a 
preliminary analysis, so the simplest ranking approach (least additional work) was ch~sen - the 
fractional variance method (Equation 3-10). 

The bracketed term in Equation 3-10 represents the effect of eac:h parameter through its 
partial derivative; V ( x j) measures the effect of the distribution assignc~ to each parameter. A 
modification must be introduced to account for the variable com~lations that have been 
introduced. This change consists of substituting the right-hand side of Equation 3-9b for the 
bracketed term in Equation 3-10. Scaling this variance by the ratio of the variance of the 
distribution (V(xj)) to the total variance (V(y)), produces the fractional variance contribution. 
Plots of the fractional variance for the same conditions (of pressure, pressure rate, and density) 
for which the expected value and variance were evaluated are shown in Figure 3-18. 

3.3 Monte Carlo Analysis of Backfill Response 

The Differential Analysis (DA) presented in Section 3.2 was a labor-intensive effort that 
produced simultaneously valuable yet disappointing results. An in-depth look at the data from 
which the crushed salt model was developed was necessary to develop the input to the DA; this 
was an extremely valuable exercise and its results can be reused, espe1:;ially for the subsequent 
uncertainty and sensitivity analyses. The results of the DA were disappointing in that a majority 
of the variance was attributable to one parameter in spite of efforts to prevent that outcome. Part 
of the difficulty in assessing the model's sensitivity to input variations was the complexity of the 
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model. and its attendant nonlinearity, part of it the simplicity of the DA and its narrow scope 
(evaluation at a point. x

0
) for highly nonlinear problems. 

The second phase of the analysis was initiated to refine the process used for assessing the 
sensitivity of the model for creep consolidation response of crushed salt to input parameter 
variability; this refinement used a Monte Carlo approach. The basic outline for this approach 
was modeled after the same source as the Differential Analysis, Helton, et al. (1991). A Monte 
Carlo analysis is based on performing multiple evaluations of a model using probabalistically 
determined input The results of these model evaluations are used to determine the uncertainty in 
model predictions and to identify the input variables that are the contributing factors in this 
uncertainty. In this case, the model evaluated is the full creep consolidation response as given by 
Equation 3-1 because the model evaluations will be made with a finite element code. 

A Monte Carlo analysis consists of five steps. The first step entails the selection of ranges 
and distributions for the independent variables under consideration. In the second step, a sample 
is generated using the independent variables. The third step involves propagating each sample 
element through the model. The fourth step involves using the results from the previous step in 
an uncertainty analysis. The fifth and final step is sensitivity analysis to find the relationships 
between the uncertainty ·in the independent variables used in the analysis and the uncertainty in 
the results. Each of these steps are detailed in the following sections. 

3.3.1 Range and Distribution Selection 

The selection of ranges and distributions for the generation of a sample for a Monte Carlo 
analysis is a very important step in the approach. Ideally, the distribution assigned to a variable 
matches the data, and an overly conservative range is avoided to prevent a variable from falsely 
dominating the analysis. In reality data is often limited and assigning distributions to the 
variables is difficult; such is the case for the creep model parameters. Following 
recommendations by Helton (1993), a uniform distribution was assumed for variables that have 
insufficient information to define a distribution. Helton pointed out that the distribution 
assumption is less important than the range given to a variable because a variable's effect on a 
Monte Carlo analysis is determined by its range. In this regard, all of the efforts to analyze and 
reform the experimental data to define the range and distribution for the Differential Analysis is 
directly applicable to the Monte Carlo analysis as well. Only a brief summary and some minor 
differences in the formulation of the data are described below. A summary of the model 
variables and the corresponding ranges and distributions is found ih Table 3-11 . 

3.3.1.1 ELASTIC SALT PARAMETERS 

For the Differential Analysis, the discussion focused largely on the uncertainty in the 
modulus of crushed and reconsolidated salt and the intact salt bulk modulus and density. 
Through a reforming of the elastic model (Appendix A), uncertainty in the intact modulus and 
density could be used directly. However, for the purposes of the Differential Analysis, the 
ranges were specified in terms of the original model parameters, K0 and K1, rather that intact 
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properties, Prs and K15 . In general, the Monte Carlo analysis approach lends itself more to 
automation than the Differential Analysis. For this reason, it is actually more convenient to leave 
the elastic model in its alternate forms as described in Appendix A, i.e., in terms of intact 
properties Prs and K15 • This is because the primary determinants of the fits from which K0 and 
K1 are obtained are the intact bulk modulus, Krs and density, Pis· 

The bulk modulus of crushed salt is determined as a function of density (Equation 3-5). As 
the crushed salt reaches the intact density it becomes intact salt. This is accomplished by forcing · 
the curve fit through the data pont for the intact salt. The bulk modulus of intact WIPP salt 
ranges between 10 GPa and 25 GPa (Wawersik and Hannum, 1979; pg. 8). No discussion 
dealing with the distribution of the test data is presented. An investigation of the data shows that 
it is too limited to make any reasonable assumptions regarding the distribution of the data .. 
Following the recommendation of Helton (1993), the value of the bulk modulus of intact salt is 
assumed to be uniformly distributed between 10 GPa and 25 GPa. 

The documentation of the intact salt density is quite nebulous. A search of the literature 
shows that the value used has been accepted with no hard documentation to support the value. 
The currently accepted value, 2140 kg!m3, is referred to as the measured density of the intact 
WIPP salt by H-S (pg. 17). However, H-S do not give a reference for this value and do not 
indicate if the value was obtained experimentally as a result of the work presented in their report. 
A value of 2180 kg!m3 is reported by Powers, et al. (1978; Table 9.2.3·1) and is 2% more than 
the currently used value of 2140 kg!m3. The range in density for intact s:alt was taken to be 2100 
to 2180 kg!m3 and is assumed to be normally distributed. 

3.3.1.2 CREEP CONSOLIDATION PARAMETERS 

The creep consolidation rate is a measure of how fast the density of a crushed salt backfill 
changes with time. This portion of the model is based on the response of laboratory samples to 
constant stress loadings. Parameter A is a measure (slope) of the model response in lnp vs. p 
space. In the differential analysis, a normal distribution was assumed for A with a mean of 
-0.01739 m3fkg and a standard dev:1tion of 2.21. This was an approximation to a histogram 
constructed from the 12 laboratory ·;ts. The computer program used to generate the sample for 
each parameter in the Monte Carlo analysis (LHS; Iman and Shortencarier, 1984) has 
incorporated in it an option to model constructed distributions. The option chosen to model 
parameter A is termed a UNIFORM* distribution; it will be described in Section 3.3.3. The 
rnnge modeled is -0.014 to -0.024 m3/kg and the distribution is illustrated in Figure 3-13a. 

The values of the parameter B1, which represents the effect of the hydrostatic pressure level 
on the consolidation rate, were derived from two individual tests (samph::s) that utilized multiple 
pressure levels for various time periods. The results, summarized in Table 3-9, define three 
values of B1 from Test 240C6 l; one additional value (0.82) was available based on Test 
23JL5 l. Although four data points define a range and distribution, this data is insufficient to 
draw any conclusions regarding the distribution of B1• The uniform distribution, ranging 
between 0.61 and 2.35, assumed for the differential analysis was also used to develop the Latin 
hypercube sample. 

D-112 

• 

• 

•• 

-

-



In the differential analysis Bo was defined in terms of B1 (Section 3.2.2). The distribution of 
Bo values for a given B1 (Table 3-10 and Figure 3-14) could be reasonably approximated by a 
log-normal distribution. Furthermore, the mean of each B0 distribution and the variance of each 

B0 distribution were both linear functions of B1. The relationship between the mean (µ) of In 
B0 and B1 ·is: 

µ(lnB 0 ) = 15.55- 2.659E6 * B1 (3-30) 

The relationship between the variance (V) of the In B0 and B1 is 

V(ln B0 ) = 8.61 - 3.650E6 * B1• (3-31) 

These relationships are illustrated in Figure 3-14. In the first pass through the Monte Carlo 
Analysis, the Latin hypercube sample was generated. 

3.3.1.3 INITIAL CRUSHED SALT DENSITY- Po 

The initial density of the crushed salt is a design variable. As a design variable it is subject to 
change, but it is also subject to variations based on the source of crushed salt materials and the 
placement method(s). The value is assumed to vary ±200 kg!m3 from a base value of 1400 
kg!m3, a commonly used value in many disposal room numerical analyses. The distribution is 
assumed to be uniform. 

3.3.2 Sample Generation 

A feature of a Monte Carlo analysis is the performance of numerous evaluations of the 
model, sometimes hundreds and thousands of evalations. Each of the evaluations requires a 
unique set of input variables to define the problem and its parameters. A single set of values for 
each of the variables in the analysis can be called a sample. 

Samples of the independent variables will be generated using the constrained randomization 
approach of Latin hypercube sampling (LHS). This scheme, developed by McKay, et al. (1979), 
selects n different values from each of m variables x1 .•. Xm in the following manner. The range 
of each variable is divided into n non-overlapping intervals of equal probability. A single value 
is chosen at random from each interval with respect to the probability density in the interval. The 
n values of Xi are paired in a random manner with the n values of x2 . Similarly, these n pairs 
are combined with the n values of x3 to create n triplets. This is carried out until m -tuplets are 
formed to create the Latin hypercube sample. One can think of the LHS as forming an n x m 
matrix of input where the i th row contains the input variables for the i th run of the computer 
model under consideration. 
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For parameters p15 , K15 , B0 and Po , which are all assumed to be uniformly distributed, the 
input definition is trivial - the range is specified. But for variable A and B0 , some explanation is 
required. 

· The first step in the generation of a distribution -·:r either of these parameters was the 
creation of a histogram. This was done in Section 3.2.: .. Table 3-:-8 and Figure 3-13 for A, and 
Table 3-10 for B0). The histogram in Figure 3-13 <.:an be modeled in the LHS. code as a 
UNIFORM* distribution. This distribution can weight given intervals differently by specifying 
that more samples be obtained from that interval. The number of samples taken from any given 
interval (NOBi) is weighted to the amount of data within the interval (NUMDATAi). For the 
variable A, only 12 data points exist so the number of samples taken from each interval is 
determined us:ng Equation 3-32. 

NOS. = NUMDATAi * NOBS 
1 12 

(3-32) 

Each NOB; needs to be an integer and the sununation of NOBi is NOBS, the total number of 
samples to be taken on the distribution. For example, given a sample size of 12, (NOBS = 12), 
three samples would be taken from the interval -16 to -14, six from th1~ -18 to -16 interval, and 
one sample in each of the remaining intervals. If NOBS is something other than on integer 
multiple of 12, 25 for instance, one must weight the number of subintervals in each interval 
according to the data using good judgment If the number of sarF· '.es is 25, one could use six 
subintervai: ':1 the -16 to -14 interval, 13 subintervals in the -i4 to -16 interval, and two 
subintervals in each of the remaining intervals. The general sum of NOB; is 25(6+13+2+2+2). 

Parameter B0 was taken out of the mainline group of parameters by creating a dependency 
on one of the other sampled parameters ( B1 ). The mean and variance of B0, which is assumed 
to have a lognormal distribution, can be calculated from Equations 3-30 and 3-31. Two 
approaches to the development of the LHS and the Monte Carlo simulation are possible at this 
point. One, the mean value of Bo can be calculated from B1 and used as input to the creep 
consolidation model; or, two, the mean and variance of B0 can be calculated and B0 could be 
sampled from the resulting distribution. The actual approach was a combination; the mean value 
of B0 was used for scoping, and a sampled value of B0 was used later in the production 
calculations. 

The Latin hypercube sample was generated using the LHS program developed by Iman and 
Shortencarier (1984). This program is part of the CAMCON (Compliance Assessment 
Methodology Controller; Rechard, 1992) system. A representative input file for the LHS 
generation and the resulting sample (output) are both listed in Appendix C. 

3.3.3 Propagation of Sample Through Model 

After generating a LHS, an example of which is contained in Table: 3-18, each sample must 
be "propagated" through the model, i.e., used as input to the model. The model in this case is 
both specific and generic. The specific model is the creep consolidation. model being addressed 
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Table 3-18. Results of a Typical LHS for the Creep Consolidation Model Parameters 

Sample K15 (MPa) P1s(kg!m3) A(m3/kg) B
1 
(Pa-1) Po (kg!m3) 

No. 

1 24227.03 2100.079 -1. 7728454E-02 1.4502303E-06 1428.211 

2 13489.58 2131.364 -l.6626557E-02 9.8806368E-07 1563.940 

3 23166.88 2141.216 -1.538818 lE-02 6.56517 67E-07 1515.940 

4 18984.46 2123.566 -l.7586228E-02 · l .8185209E-06 1222.454 

5 10924.23 2136.957 -2.310533 lE-02 1.3058963E-06 1352.188 

6 18483.95 2146.301 -1. 6017 646E-02 2.1304977E-06 1471.123 

7 20346.49 2107.745 -2.0065442E-02 l.0542136E-06 1440.047 

8 16426.07 2116.053 -l.4898753E-02 1.654885 lE-06 1374.686 

9 11700.58 2110.271 -l.4611569E-02 1.56367 64E-06 1242.538 

10 14495.92 2151.506 -l.9973973E-02 . 7.7418298E-07 1280.93 

11 21651.24 2158.810 -l .6883686E-02 l .9587787E-06 1302.28 

12 16051.29 2124.290 -1. 7187033E-02 2.309597 4E-06 1593.34 

in this chapter. The generic model is the numerical model represented by governing laws of 
solid mechanics, especially as they are represented by the computer code being used, and the 
particulars of the boundary value problem that will be simulated. The computer code that was 
used for the simulations was SPECTROM-32 (Callahan, et aL, 1991; Callahan, 1994). The 
boundary value problem is described below. Each sample from the LHS was developed into a 
SPECTROM-32 input file. The process was automated through the use of a small computer 
code that created n input decks and a shell script to run SPECTROM-32 analyses in batch mode. 
The input file generating code uses the sampled variables K15 and p15 , as well as the crushed salt 
K vs. p data in a logarithmic curve fit, to determine values of K0 and K1• The value of G1 is 
equal to K1• G 1 is found using a K0 and a Poisson's Ratio of 0.249. Similarly, B0 , is determined 
from sample variable B1 using Equation 3-30 (and 3-31). 

The boundary value problem that was the subject of analysis using the creep consolidation 
model in SPECTROM-32 was designed to be as representative of a Disposal Room Model 
environment as possible. Definition of a representative environment was arrived at by studying 
the results of the quarter-symmetry waste and backfill simulation presented in Labreche, et al. 
(1993). The backfill environment, i.e., the stress and strain state of the material immediately 
surrounding the waste, was characterized by plotting the strain and stress paths for all of the 
elements in the backfill region (numbers 81 to 178). Strain and stress paths are conceptual tools 
which illustrate, in strain-space or stress-space, the path (history) a material point (element) 
follows during its loading history. The strain and stress paths for all 98 elements are shown in 
Figures 3-19 and 3-20, respectively. 
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Figure 3-19. Strain Paths at Locations within Crushed Salt Backfill in a Disposal Room Used 
to Develop a Strain Path for Monte Carlo Simulations. 

aor-r,...,r'"T'""T"""lr'"T'".,...,"""T"".,...,...,...T-"T...,... ........ -.-................................ ..--........ ----------................. 

-Oj 

§i 
-ao 

LO 2.0 3.0 4..0 5.0 

Pressure 
ao 

(MP a) 
7.0 ao 9.0 10.0 

Figure 3-20. Stress Paths Associated with the Strain Paths in the Previous Figure. 
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. As there is a wide variation in strain paths3, an "eyeball" average path was chosen for 
simulation (Figure 3-21). This strain path is representative of the elements near the comer of the 
backfilled waste drift, as shown in Figure 3-22. Although the path shown in Figure 3-21 is not a 
good representation of some portions of the backfill region, the range of strain paths represents 
an additional parameter (the load path) that could be added to the creep consolidation model 
sensitivity study. 

In order to utilize the strain path shown in Figure 3-21 to drive the simulation, it was 
converted into two displacement histories (Figures 3-23a and 23b). The process is described in 
detail in Appendix D, and outlined here. The volumetric and deviatoric strain histories, which 
were cross plotted to obtain the strain path, were first converted into principal strain histories; 
these were assumed to define x and y strain histories which could be converted to displacements 
for the simple square geometry of the boundary value problem. 

The finite element mesh used in the Monte Carlo analysis is shown in Figure 3-24. The mesh 
consists of 4 four-noded quadrilateral elements. Each of the nine node points have a prescribed 
displacement boundary condition in both the x and y direction. The left boundary is fixed in the 
horizontal direction while the lower boundary is fixed in the vertical direction. Displacement 
boundary conditions were applied to the right and top boundaries. The node at the center of the 
geometry was subjected to vertical and horizontal displacement boundary conditions equal to 
half the value of the displacements at the top and right side, respectively. The midside nodes of 
the left and bottom boundaries were subjected to displacements of half the magnitude of the 
displacement boundary conditions at the top and right side, respectively. Figure 3-24 shows 
these boundary conditions at each node. By defining every degree of freedom within this 
problem, the execution time is reduced by 40% compared to the same problem with displacement 
boundary conditions at only the top and right side. 

The simulation time for the creep consolidation of crushed salt was chosen to be 75 years, a 
time by which all of the elements in the backfill region have fully consolidated. Every 
simulation was keyed to produce a plotting database so that the uncertainty and sensitivity 
analyses could be performed. 

3.3.4 Uncertainty and Sensitivity Analysis 

The final two steps of the Monte Carlo analysis method are problem-specific and were not 
defined. The approach( es) to be used during these steps must be defined in the completion of the 
Phase I analysis effort. 

3 It was decided that simulating a strain/displacement history would be the approach because it would be simpler numerically 
and reduce computation times an important consideration in Monte Carlo analysis. 
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Figure 3-22. General Location of Element Associated with Strain Path in Figure 3-19. 
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Figure 3-23a. Displacement History for Top Boundary in the Finite Element Mesh for the 
Problem Used in Monte Carlo Simulation . 
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Figure 3-23b. Displacement History for Right Boundary in the Finite Element Mesh for the 
Problem Used in Monte Carlo Simulation. 
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Figure 3-24. Illustration of Boundary Conditions and Specified Nodal Displacements in 
Finite Element Model for Monte Carlo Simulations. 

3.4 Summary of the Sensitivity Analysis of the Backfill Model 

The creep consolidation model for crushed salt used in WIPP analyses (S-K) has been 
reviewed with the purpose of establishing the sensitvity of the model output, consolidation rate, 
to changes in model input. Two analysis approaches have been described and set up - a 
differential analysis based on a first-order Taylor series expansion about a base point, and a 
Monte Carlo analysis using a Latin hypercube sampling technique and a finite element numerical 
model of a representative point in the backfill. The consolidation model parameters that define 
the basepoint were selected (Table 3-1). The lengthy process of deriving the parameter ranges 
for crushed salt was described, and a shorter description of the same process for a 70/30 (by 
weight) crushed salt/bentonite mixture. The differential analysis was carried out and some 
results were presented. The Monte Carlo analysis was initiated as a refinement of the differential 
analysis but was completed only though setup. 

The results of the differential analysis (Figures 3-17 and 3-18) are shown as expected 
consolidation rate as a function of the fractional density (current density relative to maximum 
backfill density) and variance ratio (Equation 3-10) as a function of fractional density. The 
model response (creep consolidation rate) is linear under most conditions illustrated (Figure 
3-17) but under repository conditions in the disposal room (pressures from 0 to 5 MPa), the 
model response can be non-linear. 
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The primary purpose of the sensitivity analysis was to provide a means to develop a ranking 
of parameters. Figure 3-18, which plots the outcome of Equation 3-10, the fractional 
contribution of each parameter to the expected total variance in creep consolidation rate for 
particular sets of conditions, is ~ source of data for the ranking. For all sets of model 
parameters (Base Values, Mean Values, Case 1), a single parameter, B1, accounts for more than 
99% of the variance in response. This dominance may be more forced than an indication of large 
actual uncertainty. 

A hint at the main reason for this belief was made in a discussion leading up to the decision 
to make parameter B0 dependent on parameter B1 (Section 3.2.2.2, two paragraphs preceeding 
Equation 3-22). The essence of the discussion was that the final model parameters derived from 
fits to experimental data carry all of the unexplained uncertainty in the assumed model. 
Reference was being made to parameter B0 and the results of a previous iteration on the · 
diffemtial analysis in which parameter B0 emerged in the place of dominance that B1 holds in 
the current results. At that time, the dominance of parameter B0 clouded the picture and 
presented useful results from being extracted relative to other parameters. By making B0 

dependent on B1• the model uncertainty was forced from B0 onto B1• The natural conclusion is 
that the real dominant parameter is B0 .• but the lead author believes that B0 has been forced to 
carry all of the unexplained uncertainty in the model not explained by the other parameters. 

Although indisputable results were not obtained from the differential analysis, some useful 
generalizations can still be made. 

• the differential analysis indicates that the creep parameters are more significant to 
model uncertainty than the elastic parameters and the density. This is supported by 
experience with the model which shows that creep strains are normally orders of 
magnitude larger than the elastic strains; this makes it highly unlikely that uncertainties 
in elastic strain (rates) would exceed uncertainties in creep strain (rates). 

• on this basis and the general relationships in Figure 3-18, a qualitatively-based ranking 
was assumed and is presented in Table 3-19. 

Table 3-19. Qualitative-Based Ranking of 
Creep Consolidation Model Parameters 

Variable Rank 

1 Ba 
2 B 

l 

3 A 

4 Ka 
5 K1 
6 Po 
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3.5 Recommendations for Reducing Model Uncertainty 

A thorough review of the data on which the creep consolidation model was based and the 
data analysis process that led to model development has been documented in this chapter and a 
differential analysis was performed. The data review was the essential step in developing a range 
of values for the model parameters. The review process revealed some of the difficulties 

· Sjaardema and Krieg must have contended with in developing the model. These difficulties have 
been translated into recommendations for collection of further experimental data that might 
reduce model uncertainty. 

• Supplement the crushed salt experimental database 
. - investigate potential grain size effects 

- investigate moisture effects 
- investigate pressure effects 
- review data on effects of shear stress 
- measure the elastic bulk properties of crushed salt over a range of densities 

from 1200 to 2000 kg/m3 
- measure and document a density (range) for intact salt 
- extend the test range and variables for crushed salt/bentonite mixtures and 

any other realistic backfill material options 
- document observed mechanisms 

• Incorporate new data into Sjaaderma and Krieg model 
- evaluate new data 
- refit data or form new submodels (e.g., pressure-dependence) 
- define data uncertainty and establish ranges for parameters 

• Evaluate alternative models for crushed salt, including the isostatic hot-pressing 
model (Zeuch and Holcomb, 1990; Zeuch, 1990). 
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APPENDIX A: FITTING OF SALT BULK MODULUS VS. DENSITY DATA TO 
DERIVE RANGES ON ELASTIC MODEL PARAMETERS 

The following expression for bulk modulus in tenns of density describes the nonlinear elastic 
behavior of dry crushed WIPP salt (see Equation 3-5 in main text). 

(A-1) 

The equation states that the current value of bulk modulus, K, is a function of the current 
density, p, and two material constants, K0 and K1, determined by curve fitting. To be 
consistent with Sjaardema and Krieg [1987], a constraint has been placed on the fitting process 
so that the linear regression passes through the data point (p15,Kis) assumed to be the terminal 
point for the crushed salt in the consolidation process, namely, the state represented by intact salt 
The implementation of this constraint is described below. 

The expression given by Equation A-1 will be written in terms of intact salt properties; i.e., 
K = Kis at p =Pis· Substituting these into A-1: 

(A-2) 

.. !.. Rearrange Equation A-2 to find K0 in terms of Pis and Kis: 

! 

""" 

ilto 

, .... 

,.l. 

.... 

.... 

.... 

(A-3) 

Substituting A-3 into A-1: 

(A-4a) 

or in a different form: 

(A-4b) 

This form of the elastic model has only one independently determined empirical constant ( K1). 

Taking the natural logarithm of A-4b gives: 

(A-5) 

,.J. In the least squares method, the goal is to minimize the following: 

(A-6) 
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• 
A necessary condition for a relative minimum is the vanishing of the partial derivatives of this 
expression (Equation A-6) with respect to the fit variable, K1• • 

(A-7) 

• 
Rewrite as: 

. (A-8) 

Usin~: "~J.ues for the ranges on KIS and PIS as discussed in Chapter 3 and the data in Table A-
l, the dat.:.. -.;an be refit to determine a value for K1• K0 can be determined from Equation A-3. • 

One question remains with regard to the fitting, that being how t0 account for the uncertainty . 
in modulus values determined by Holcomb and Hannum [1982] (see references) (Table A-1). 
For simplicity in the analysis and logical consistency, the values of crushed salt modulus and 
density used in fitting were determined by the values of PIS and KIS; this is illustrated in Figure 
A-1. The assumption is that if KIS is low, it is unlikely that the modulus at densities less than the 

intact density would be medium to high since the modulus at an arbitrary density is dependent on 
the modulus of individual grains ( KIS). Values for K1 and K0 given values of PIS and KIS (and 
therefore the low, median, or high values of crushed salt modulus) are listed in Table A-1. 

Notice that a transformation has taken place in the independent parameters responsible for 
defining the elastic model of the backfill. From a problem involving the independent 
specification of two fitting parameters, K0 and K1, model definition has been converted into 

specification of the intact salt properties PIS and KIS and the selection of a companion set of 
crushed salt moduli (Table A-1). The range and distribution is thus specified for the new 
independent parameters PIS and Kis. 

A range on parameters K 0 and K1 can be calculated by assuming values for Prs and KIS 
from within their range, and then fitting as described above to determine the associated K1 value; 
K0 is calculated from Equation A-3 using K1, PIS and KIS (sec Table A-2 and Figure A-2 for 
results). 

The first entry in Table A-2 represents the fit obtained using the conventionally accepted 
values of density and modulus for intact salt. Notice that the values of Ki and Ko obtained for 
this fit do not agree with the conventionally accepted values (Ko = 0.0176 MPa-i and Ki = 
0.00653 ml/kg) because the 20.7 GPa modulus places it in the high modulus bin rather than the 
medium modulus bin. (As a check on the fitting process, this value of intact modulus and 
density using the medium modulus values results in Ko = 0.0181 MPa-1 and Ki = 0.00652 ml/kg 
values within 3% of the standard values.) The next four entries in Table A-2 represent the four 
extremes in the intact salt properties; these values also represent the maximum and minimum 
values for Ko and Ki. Note that these values are inversely correlated; the maximum value of Ko 
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(0.0854) is associated with the minimum value of K1 (0.00540) and the minimum value of Ko 
· (0.0103) is associated with the maximum value of K1 (0.00701). The last entry represents the fit 
to the medium bulk modulus data for the mean value of the intact salt properties. All of these fits 
are shown in.Figure A-2. 

Table A-1. Range in Bulk Modulus for Mississippi Chemical Co. Crushed Salt and Intact Salt 

Density Bulk Modulus (GPa) 

(2m/cm3) Low<a> Medium Cb) Hi2h(C) 

1.54 0.393 0.562 0.731 

1.62 0.599 0.855 1.112 

1.67 0.888 1.269 1.650 

1.72 0.967 1.381 1.795 

1.76 1.276 1.823 2.370 

1.79 1.090 1.557 2.024 

1.83 1.357 1.938 2.519 

1.87 1.603 2.290 2.977 

1.90 1.890 2.700 3.510 

2.098 - 2.160(d) 10.00 20.70 25.00 

(a) Medium value minus 30% (c) Medium value plus 30% 
(b) Value in Table 3-3 (main text) (d) Range in Intact Salt Bulk Density 

Table A-2. Data Fitting Results for Crushed Salt Bulk Elastic Parameters Given Intact Salt 
Properties 

Pis KIS K1 Ko 

(kJrlm3) (GPa) (m3/kg) (MPa-1) 

2140 20.700 .00591 .0673 

2098 25.000 .0070i .0103 

2160 25.000 .00607 .0506 

2098 10.000 .00625 .0204 

2160 10.000 .00540 .0854 

2129 15.811 .00589 .0533 
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Figure A-1. Schematic of the Process for Fitting Bulk Modulus versus Density Data with 
Uncertainty Bars for Crushed Salt Backfill and Intact Salt. 
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Figure A-2. Bounding Fits for Bulk Modulus of Crushed Salt as a Function of Density 
Considering Data Uncertainty. 
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subject: A Comparison of WIPP Disposal Room Response Using Models of Quarter and Half
Room Symmetry 

Executive Summary 

The mechanical creep closure response of a WIPP disposal room, filled with waste and 
backf'ill, has been computed with SANTOS using quarter and half-room symmetry models. 
The Baseline disposal room design was used with the Baseline internal gas generation rate 
off= 1.0. These analyses provide a comparison of disposal room response using several 
different geometric modeling assumptions for a simulation time of 2000 years. The primary 
variable used for comparison is the time history of the disposal room porosity. The porosity 
of the half-room symmetry model approaches the porosity of the quarter-symmetry model 
at 2000 years. The gas pressure in the disposal room is also slightly lower for the quarter
symmetry model. 

Introduction 

This memorandum documents predicted mechanical creep closure of a WIPP disposal 
room containing waste, in the form of drums, and salt backfill material. The rooms are 
subjected to internal pressure created by gas generation within the room.The waste drums 
and backfill material compact due to creep closure of the room, but the rate of room closure 
is slowed by the resistance of the room contents. Over time, the waste is assumed to 
decompose and produce gas which acts upon the walls of the room and affects the rate of 
room closure. These effects are all part of the disposal room model which will be used to 
assist in demonstrating compliance of the repository with all applicable federal and state 
regulations. The disposal room analyses presented here correspond to the Baseline room 
model [l]. The information required from these analyses is a comparison of the disposal 
room porosity histories for different geometric models of the disposal room. Specifically, 
the comparison is made between quarter and half-room symmetry models of the disposal 
room and its contents. The use of a quarter-symmetry model of the disposal room has 
reduced computational costs as its main advantage over the half-symmetry model. The 
quarter-symmetry model, however, requires the analyst to make some assumptions 
regarding the modeling of the air gap and crushed salt backfill which is located between the 
waste and roof of the disposal room. The next section of this memo describes the Baseline 
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design. The third section describes the numerical models used for the analyses, and the 
fourth section discusses the results of the analyses. The last section summarizes the results 
from the study. 

Description of the Baseline Design 

The Baseline disposal room design is defined in [ 1 ]. Each of the rectangular disposal rooms 
is 3.96 m high by 10.06 m wide by 91.44 m in length resulting in an initial room volume of 

3644 m3. The Baseline configuration calls for 6804 drums of uniformly distributed· 
unprocessed waste to be stored in a disposal room. The corresponding volume occupied by 

the waste and the drums is 1663 m3. With the required 0. 71 m headspace between the waste 
and the roof, the total volume of crushed salt backf'tll necessary to fill the disposal room is 

found to be approximately 1328 m3. The Baseline transuranic waste form is a combination 
of solid organics, solid inorganics, and sludges. Solid organics account for 40 percent of the 
drums, solid inorganics account for 40 percent, and sludges account for the remaining 20 
percent. Table 1 summarizes the data available to characterize the baseline waste. The gas 

Table I: Waste Form Characterization for the Baseline Design [I] 

Waste Form Drum Count 
Drum Weight Densitr, Porosity 

(Kg) (Kgfm ) 

Solid Organics 2722 77 380 0.8 

Solid Inorganics 2722 102 900 0.8 

Sludges 1360 211 1200 0.5 

generation potential and gas production rate corresponding to the Baseline case are 
composed of gas from two sources: anoxic corrosion and microbial activity. Reference (l] 
reports that the estimated gas production potential from anoxic corrosion will be I 050 
moles/drum with a production rate of 1 mole/drum/year. The gas production potential from 
microbial activity is estimated to be 550 moles/drum with a production rate of 1 mole/drum/ 
year. This means that microbial activity ceases at 550 years while anoxic corrosion will 
continue until I 050 years after emplacement. 

The total amount of gas generated in a disposal room for the Baseline case was specified 
to be based on 6804 unprocessed waste drums per room. The total gas potential for the 
Baseline case described here is plotted in Figure I. The finite element code SANTOS [2] 
was modified to compute the room pressure and to apply the resulting forces to nodes on 
the room boundary. The gas pressure was computed from the ideal gas law based on the 
current free volume in the room (i.e., the volume not occupied by solids) and the total 
amount of gas potential available in the room. Specifically, the gas pressure Pg was 

computed from the relationship: 
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Figure 1. History of Total Gas Potential for the Baseline Design with/= 1.0. 

NRT 
Pg= fv-v 

s 
(EQ 1) 

where N, R, and Tare the mass of gas in g-moles, the universal gas constant, and the 
absolute temperature in K, respectively. The variables V and Vs are the current volume of 

the disposal room and the volume of solids in the disposal room, respectively. After each 
step in the analysis, the current room volume was calculated based on the locations of the 
nodes on the boundary of the storage room. The variable f is a multiplier used in the current 
study to scale the pressure by varying the amount of gas generation. A value off = 1.0 
corresponds to an analysis with full gas generation while a value off = 0.0 corresponds to 
no internal pressure increase due to gas generation. For the Baseline scenario considered 
here, a value off= 1.0 was used. 

Description of Numerical Model 

The two-dimensional, plane strain, quarter and half-symmetry disposal room models 
utilized in the current comparative study are shown in Figure 2 and Figure 3, respectively. 
Their development closely parallels previous disposal room models[3,4]. The models 
consider the room to be one of an infinite array of disposal rooms located at the repository 
horizon with symmetry boundary conditions between rooms. With the additional 
assumption that gravitational forces do not greatly affect the material response near the 
room [5] and the use of an all salt stratigraphy, vertical symmetry boundary conditions can 
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Figure 2. Quarter-Symmetry Mesh Discretization and Boundary Condi-
tions Used for the Plane Strain Baseline Design Analysis 

be used to obtain the final quarter-symmetry model shown in Figure 2. The quarter
symmetry model contains 952 four-node quadrilateral elements. Both the left and right 
vertical boundaries of the mesh are fixed against horizontal motion. and the lower boundary 
of the mesh is fixed against vertical motion. A prescribed normal traction of 14.8 MPa 
corresponding to the overburden load at the repository horizon was applied to the upper 
boundary of the mesh. The intact salt is given an initial hydrostatic stress field of 
ax = cry = crz = -14.8 MPa where ax• cry, and crz are the stresses in the horizontal, 

vertical, and out-of-plane directions, respectively. The mesh extends vertically a distance 
of 54 m from the disposal room centerline, and horizontally a distance of 20.27 m. 

If no assumption is made a priori regarding the effect of the gravitational force, then the 
half-symmetry model shown in Figure 3 is appropriate. The stratigraphy for this model is 
assumed to be all salt. The left and right vertical boundaries remain fixed against horizontal 
motion. These boundary conditions represent the presence of an infinite number of disposal 
rooms. The top and bottom surfaces of the mesh have applied tractions. The top surface 
traction is 13.57 MPa and the applied bottom surface traction is 15.96 MPa. The bottom 
surface traction equilibrates the top surface traction plus the gravity load applied to the 
model. The intact salt is given a user defined hydrostatic stress field that varies with depth. 
The mesh extends vertically upward from a reference plane approximately 53 m and 
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Figure 3. Half-Symmetry Mesh Discretization and Boundary Condi-
tions Used for the Plane Strain Baseline Design Analysis 

downward from this plane approximately 54 m. The horizontal mesh dimension from the 
room centerline is 20.27 m. The mesh contains 1499 four-node quadrilateral elements. 

The disposal room itself is composed of material representing the waste and the crushed 
salt backfill. The basic quarter-symmetry room dimension is 1.98 m high by 5.03 m wide. 

For the Baseline Case, the volume of the waste and drums is 1663 m3 distributed along the 
91.44 m length of the drift. This results in a nominal cross-section area of waste equal to 

18.19 m2. We assume a width of waste storage corresponding to 9 m which results in a 
height of waste of 2.02 m. For the quarter-symmetry room these dimensions become a 
height of 1.01 m and a width of 4.5 m. The remaining disposal room volume was filled to 
within 0.35 m of the roof with crushed salt backfill. which has a porosity of 0.4. The waste. 
crushed salt backfill, and .headspace gap were assumed to be located symmetrically about 
the vertical centerline of the disposal room. Contact surfaces were assumed to exist 
between the crushed salt backfill and the surfaces of the disposal room. The contact surface 
allows frictionless sliding between the roof and crushed salt and it allows the roof and 
sidewall to separate from the crushed salt if the generated gas pressure is sµfficient. 

The comparable half-symmetry room dimension is 3.96 m high by 5.03 m wide. The 

volume of waste and drums is 1663 m3 distributed along the 91.44 m length of the drift 

results in a nominal area of waste corresponding to 18.19 m2. We assume a width ofwaste 
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storage corresponding to 9 m (4.5 m for the half-symmetry room) which results in a height 
of waste of 2.02 m. The room is backfilled with crushed salt to a height of 3.25 m which 
allows the required 0.71 m headspace. Contact surfaces were defined between the crushed 
salt backfill and adjacent surfaces of the disposal room. A contact surface was also defined 
between the waste and the room floor upon which it rests. The contact surfaces allow 
frictionless sliding between the room contents and the surrounding salt Separation of the 
surfaces can occur if the generated gas pressure is sufficient. 

The elastic-secondary creep constitutive model described by Krieg [ 6] was used for the 
intact salt. The model can be decomposed into an elastic volumetric part. defined in 
Equation 2. and a deviatoric part. which is defined in Equation 3. In Equation 3, Sij is the 

cr 
deviatoric stress defined as s ij = crij - ;k, and eij is the deviatoric strain defined by 

£ . 
eij = £ij- ;k. The material parameters K,G, A, n, Q, R, and Tappearing in Equations 2 

and 3 are the bulk modulus, shear modulus, material creep constant, creep-exponent, 
activation energy, universal gas constant, and absolute temperature in K, respectively. 

(n- i) 

s;j = 2Ge;j-2GAexp (~;) (sklskl) _ 2_sij 

(EQ2) 

(EQ3) 

The values of the shear and bulk moduli used in the current work were obtained by dividing 
the values given by Krieg [6] by a factor of 12.5. This artificial reduction in the moduli has 
been shown to produce good agreement between computed and in-situ closures [7] when 
an all salt stratigraphy is used to model the salt formation. The material constants are listed 
in Table 2. 

The material models and constants used for the waste and crushed salt backfill were 
identical to those used in earlier studies [3,4]. The crushed salt backfill model was 
1_: ~veloped by S jaardema and Krieg [8] based on data from creep-consolidation experiments 
on crushed salt. In this material model. creep is included in both the volumetric and the 
deviatoric response. The form of the model, shown in Equations 4 through 7, is such that 
the mechanical response of the crushed salt becomes identical to that of the intact salt as 
the density of the backfill approaches the density of the intact salt. The variables in 
Equations 4 through 7 not previously defined are material constants Bo and B 1 obtained 

G = G0exp (Gip) 

K = K0exp (Kip) 

(n - 1) 

sij = 2Geij- 2GA (P;niac/P) "exp ( ~~) (sklsk1) - 2-s;j 
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Pcreep = Bo (exp (B1p) - 1) exp (Ap) (EQ7) 

from the ereep consolidation experiments and the density p computed from the equation: 

t 

p = p0expQe.dt) 
0 

(EQS) 

where p0 is the density at time to- The intact density of the salt appears in Equation 6 

asp intact. The elastic moduli are assumed to depend on the density of the backfill through 

the relationships shown in Equations 4 and 5. The constants Ko and Ki were determined by 

using the least squares method to fit the modulus data to the function in Equation 4. In the 
fit. the function was constrained so that the bulk modulus of the crushed salt was equal to 
the bulk modulus of the intact salt when the crushed salt was fully compacted. No 
experiments have been conducted to determine how the shear modulus varies with density, 
so the shear modulus was assumed to vary according to the same exponential form as the 
bulk modulus. The constant Go was selected so that the shear modulus for the crushed salt 

was equal to that of the intact salt when the crushed salt was fully consolidated, and the 
constant Gi was assumed to be the same as Ki. Because the shear and bulk moduli of the 

intact salt were divided by 12.5, Go and Ko were divided by the same factor. Table 3 lists 

the values of the creep constants and elastic constants used for the backfill material. 

Table 2: Material Constants Used With the Elastic/Secondary Creep Model 

PARAMETER VALUE 

G 992. MPa 

K 1656 MPa 

A 5.79 x 10-36 Pa4 ·9sec-1 

n 4.9 

QI (RT) 20.13 

The stress-strain behavior of the waste was represented by a volumetric plasticity model 
[2] with a piecewise linear function defining the relationship between the mean stress and 
the volumetric strain. Compaction experiments on simulated waste were used to develop 
this relationship. The deviatoric response of the waste material has not been characterized. 
It is anticipated that when a drum filled with loosely compacted waste is compressed 
axially, the drum will not undergo significant lateral expansion until most of the void space 
inside the drum has been eliminated. 

For the volumetric plasticity model, the yield surface in principal stress space is a surface 
of revolution with its axis centered about the hydrostat and the open end pointing into the 
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Table 3: Material Constants Used With the Crushed Salt Backfill Model 

PARAMETER VALUE 

Go 864Pa 

01 6.53 x 10-3 m3/kg 

Ko 1.41x103 Pa 

K1 6.53 x 10-3 m3/kg 

Ac 5.79 x 10-36 Pa-4·9sec·1 

n 4.9 

Q/RT 20.13 

A -17.3 x 10-3 m3/kg 

Bo 1.3 x 108 kg (m3 secr1 -

B1 0.82 x 10-6 Pa·1 

compression direction. The open end is capped with a plane which is normal to the 
hydrostat The deviatoric part is elastic-perfectly plastic so the surface of revolution is 
stationary in stress space. The volumetric part has variable strain hardening so the end plane 
moves outward during volumetric yielding. The volumetric hardening is defined by a set of 
pressure-volumetric strain relations. A flow rule is used such that deviatoric strains produce 
no volume change (associated flow). The model is best broken into volumetric and 
deviatoric parts with the deviatoric part resembling conventional plasticity. The volumetric 
yield function is a product of two functions, <I> s and <I> P, describing the surface of revolution 

and the plane normal to the pressure axis, respectively. These are given by 

<l>s = cr- (ao +alp+ a2fJ2) 

<l>p = p-g(ev) 

(EQ9) 

(EQ 10) 

where ao. a1, a2 are constants defining the deviatoric yield surface, pis the pressure, and ev 

is the volume Strain. The effective Stress, CT, is defined as J~silij where Sij has been 

previously defined as the deviatoric stress. This definition of the yield function is different 

from the definition used in SANCHO which used isilii instead of cr. This change in 

definition results in a change in the value of the constants ao. a1, and a2. ~e form of g is 

defined in this problem by a set of piecewise linear segments relating pressure-volume 
strain. Table 4 lists the pressure-volumetric strain data used for the waste drum model and 
the data is plotted in Figure 4. The elastic material parameters and constants defining the 
yield surface are given in Table 5. 
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Curve of the Pressure-Bulk Strain Input to the Volumetric Plas
ticity Model Used to Model the Waste Drums 

Table 4: Pressure-Volumetric Strain Data Used in the Volumetric Plasticity Model 
for the Waste Drums 

PRESSURE (MPa) ln(p/p0) 

0.028 0.032 

0.733 0.741 

1.133 0.898 

1.667 1.029 

2.800 1.180 

10.17 1.536 

The calculations were run for a simulation period of 2000 years following excavation with 
a time step of 0.05 years. During the analyses the room volumetric behavior was monitored 
to assess whether the room was expanding due to the gas pressure. Because of the gas 
pressure, closure of the room stops, and the room volume begins to increase with increasing 
gas pressure. In the event of room expansion, the walls of the room are allowed, by the 
contact surfaces, to separate from the room contents. A listing of the SANTOS input 
commands for the analyses is given in the Appendix. 
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Table 5: SANTOS Material Constants Used With the Volumetric Plasticity Model for •' 
the Waste 

PARAMETER VALUE 

G 333 MPa 

K 222MPa 

ao 1.0 MPa 

a1 3. 

a2 0. 

Results of the Analyses 

The primary results sought from the half-room and the quarter-room disposal room 
calculations are porosity histories. The initial effective porosity of the disposal room can be 
determined from the volume 'Jf solids associated with the waste and the crushed salt. The 
initial porosity of the crushed salt is defined to be 0.4 [3] while the porosity of the waste 
can be calculated from a drum weighted average involving the solid organics (2722 drums, 
porosity= 0.8), the solid inorganics (2722 drums, porosity= 0.8), and the sludge (1360 
drums, porosity= 0.5) which results in a waste porosity of 0.74. Combining the volume of 

crushed salt (1328 m3) with the volume of waste and drums (1663 m3), their respective 

porosities result in a solid volume of 1229 m3. From the solid volume of 1229 m3 and the 

total room volume of 3644 m3, an effective room porosity of 0.6626 can be calculated. This 
initial porosity value can be seen as the starting point for the disposal room porosity curves 
shown in Figure 5. 

The first calculation is the solution of the Baseline design for gas generation rates 
corresponding tof = 1.0 with a quarter-symmetry disposal room model. This calculation 
has been documented previously [9] and it serves as a reference for the second curve which 
is the solution for the Baseline case with a half-room symmetry model. The room porosity 
of both models is seen to decrease from its initial value until the gas generation rate has 
produced enough gas, and therefore, internal pressure, to reduce the room closure rate and 
begin to increase the room volume. The minimum room porosity of approximately 43 
percent is reached by 200 years for the quarter symmetry model. The porosity then begins 
to increase due to internal gas generation and reaches a fairly constant value of 54 percent 
at 2000 years. The half-room symmetry model reaches a minimum porosity of 41 percent 
at 200 years and increases to 53 percent at 2000 years. The slight decrease in room porosity 
associated with the half-room model is due to its correct representation of the waste and 
headspace gap. The gap and crushed salt backfill are located between the roof and waste 
drums and the waste is sitting on the room floor. The quarter-symmetry model assumes that 
the headspace gap and crushed salt backfill volume are divided equally both above and 
below the waste. Closure of the headspace gap and compaction of the crushed salt backfill 
will be affected by this assumption. 
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Figure 5. 2000 Year Comparison of Baseline Case Disposal Room Po

rosity for the Half-Room and the Quarter-Room Symmetry 
Models. Gas Generation Corresponds to Baseline/ =1.0. 

Figure 6 shows the room gas pressure hist01y for both the quarter and half symmetry 
disposal room models. The room gas pressure is seen to be lower for the half-sy11J.111etry 
model. This is in agreement with the porosity results presented in Figure 5 which shows 
that the highest porosities are associated with the quarter-symmetry model which also has 
the lower room pressures. 

Summary of Results 

Calculations of the mechanical creep closure response of the disposal room Baseline design 
have been performed using quarter- and half-symmetry geometrical models. The primary 
results sought from the calculations are porosity histories for a gas generation rate 
corresponding to f = 1.0 for a period of 2000 years following excavation. The calculations 
show rapid closure of the disposal room occurring during the first 200 years following 
excavation for both cases. The disposal room then begins to experience an increase in 
porosity due to the action of the internally generated pressure acting on the room 
boundaries. The porosity associated with the half-symmetry model is shown to approach 
the porosity of the quarter-symmetry model at the end of the 2000 year simulation. 
Computed gas pressures are shown to be slightly lower (by less than 1 MPa)_ for the quarter
symmetry model than the half-symmetry model. If the difference in computed porosities is 
viewed as small then the primary benefit of the quarter-symmetry disposal room model is 
a reduced computational cost. 
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Appendix 

TITLE 

PRESSURIZED DISPOSAL ROOM CALCULATION - BASELINE - F = 0.0 

PLANE STRAIN 

INITIAL STRESS= USER 

GRAVITY = I = 0. = -9.8066 = 0. 

PLOT ELEMENT, STRESS, STRAIN, VONMISES, PRESSURE 

PLOT NODAL, DISPLACEMENT 

PLOT,STATE, EQCS, DENSITY, EV 

RESIDUAL TOLERANCE = 0.5 

MAXIMUM ITERATIONS = 500 

MAXIMUM TOLERANCE = 100. 

INTERMEDIATE PRINT = 10 

PREDICTOR SCALE FACTOR= 0.0 

STEP CONTROL 

20 3.1536E7 

1980 3.1536E9 

38000 6.3072El0 

END 

OUTPUT TIME 

10 · 3.1536E7 

100 3.15E6E9 

950 6.3072El0 

END 

PLOT TIME 

10 3.15E6E7 

100 3.1536E9 

200 6.3072El0 

END 

MATERIAL, 1, POWER LAW CREEP, 2300. 

TWO MU = 1. 984E9 

BULK MODULUS = l.656E9 

CREEP CONSTANT= 5.79E-36 

STRESS EXPONENT= 4.9 

THERMAL CONSTANT= 20.13 

END 

MATERIAL, 2, VOLUMETRIC CREEP, 1300. 
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TWO MU = 1696. 

BULK MODULUS = 1408. 

CREEP CONST ANT= 5.79E-36 

STRESS EXPONENT=4.9 

THERMAL CONST ANT= 20.13 

SHEAR EXPONENT= 6.53E-3 

BULK EXPONENT= 6.53E-3 

BO= l.3e8 

Bl= .82E-6 

Al= -17.3E-3 

INTACT DENSITY= 2140 

INITIAL DENSITY= 1300 

END 

MATERIAL, 3, SOIL N FOAMS, 752. 

TWO MU = 3.333E8 

BULK MODULUS = 2.223E8 

AO= l.Oe6 

Al= 3. 

A2=0. 

PRESSURE CUTOFF= 0. 

FUNCTION ID = 2 

END 

NO DISPLACEMENT X = 1 

PRESSURE, 4, 1, 13.57E6 

PRESSURE, 2, 1, 15.96E6 

-15-

ADAPTIVE PRESSURE, 400, 0., -6.4 

CONTACT SURFACE 100 200 0. 1.E-2, 1.000 

CONTACT SURFACE 200 300 0. 1.E-2, 1.000 

CONTACT SURFACE 100 300 0. 1.E-2, 1.000 

CONTACT SURFACE 100 500 0. l.E-2, 1.000 

CONTACT SURFACE 200 600 0. l.E-2, 1.000 

CONTACT SURFACE 300 700 0. 1.E-2, 1.000 

FUNCTION, 1 $ FUNCTION TO DEFINE PRESCRIBED PRESSURE 

0., 1. 

6.3072E 10, 1. 

END 

FUNCTION,2 

0.,0. 
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. 0323, .02833E6' 

.741, .733E6 

.898, l. l 333E6 

l.029, l.667E6 

l.18, 2.8E6 

l.536, I0.167E6 

END 
EXIT 
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ABSTRACT 

Two geomechanical stress analysis computer programs. SANCHO and SPECTROM·32. have been used 
extensively to simulate disposal room problems at the Waste Isolation Pilot Plant (WIPP). Past 
attempts to compare results obtained with these programs have met with varying degrees of 
success. In this study, the material models used to represent the host salt formation, backfilJ 
material, and TRU waste were examined for the two codes. Where significant material model 
differences existed, SPECTROM·32 was modified to include the material models contained in 
SANCHO. The same material models may now be executed for the host salt and the TRU waste 
in the two codes although the deviatoric ponion of the creep consolidation model used for the 
crushed salt backfill is different. A fundamental difference exists between the codes; SANCHO 
is based on a finite strain formulation while SPECTROM·32 is based on a small strain formulation. 
Verification problems and a waste disposal room problem are presented. For a typical WIPP 
waste disposal room. the results from the two codes compare reasonably well despite their 
remaining differences. 
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1.0 INTRODUCTION 

The Waste Isolation Pilot Plant (WIPP) is a research and developmenc facility constructed 

to demonstrate the safe management, storage, and eventual disposal of trnnsuranic (TRU) waste 

generated by the U.S. Department of Energy. The WIPP, located in southeastern New Mexico 

at a depth of approximately 655 m (2,150 ft) in bedded halites, consists of a series of 

underground drifts, panels, and disposal rooms. Each disposal room, measuring roughly 4 x I 0 

x 91 m (I 3 x 33 x 300 ft), will be filled with containers holding TRU waste of various forms. 

After the containers are placed in a room, a majority of the remaining space will be backfilled, 

sealed. and left to consolidate with time. 

· This consolidation or closure process is a complex series of events (Butcher and Mendenhall, 

in preparation) which involves changes in the void spaces within the waste and backfill, 

deformation of the surrounding salt, brine migration into the room, and the potential for gas 

generation within the TRU waste. Of interest in this report are those a"pects of the closure 

process that depend on in situ stresses and the mechanical properties of the engineering materials 

within and around the room. The mechanical and physical changes in the disposal room contents 

and the surrounding salt are studied by means of computer simulations with appropriate 

mathematical models of the material response to changes in stress or strain over time. These 

mathematical models are contained within computer progn1ms developed to obtain solutions to 

properly defined boundary value problems. 

Two specific computer programs (codes) have been involved in a majority of the WlPP 

disposal room modeling efforts up to the present time - SANCHO (Stone et al.. 1985) and 

SPECTROM·32 (Callahan et al., 1990). Both codes are based on the finite element method, 

although there are several differences in the implementation of the numerical schemes (Butcher 

and Mendenhall, in preparation). The primary purpose of this report is to document some of the 

recent activities aimed at understanding the differences in simulation resuhs calculated by these 

codes. This report does not constitute the final resolution on the comparison of SANCHO and 

SPECTROM·32. although it does extend the discussions c~ntained in Butcher and Mendenhall (in 

preparation). Rather, this report is a status and a summary of activities conducted in an attempt 

. to resolve some of the unanswered questions relevant to SANCHO and SPECTROM-32 predictions 

of disposal room response. 

This report begins with a presentation of the components of the disposal room numerical 

model, i.e., the computer program and its constitutive models, the physical and engineering 
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characteristics of the problem(s) of interest. and the modeling approach( cs) used. The steps taken 

during a study of the computer code differences are summarized in Chapter 3 (Simulation 

Results) and the repon concludes with several observations and recommendations relative to 

funher activities and steps that can be taken to prevent creation of additional differences. 
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2.0 DESCRIPTION OF NUMERICAL MODEL COMPONENTS 

In genend tenns, a numerical model is a mathematical representation of physical phenomena. 

There are numerous approaches to numerical modeling, although common approaches have 

developed around panicular classes of phenomena. e.g., Eulerian finite difference codes for 

hypervelocity impact problems and Lagr.mgian finite difference codes for tluid flow in porous 

media. The finite clement method (FEM) is a common approach used for solid mechanics 

applications, although within the FEM. there are a variety of numerical techniques for solving 

the equations developed for a panicular problem. At a finer level of detail, within each code, 

there are special models (constitutive relations) that describe how a given material responds when 

a panicular stress or strain state is imposed on it. And finally, at the center of each numerical· 

model are various methods to represent the special set of conditions for which a solution is 

desired. Each of the above areas constitutes a component of the total numerical model. For the 

panicular task of comparing the results of computer simulations from two different numerical 

models. discrepancies between any of these components has the potential to produce significant 

differences in the calculated output. 

Understanding the differences between SANCHO and SPECTROM·32 simulation results requires 

an understanding of each of the model components. The purpose of this chapter is to develop 

that understanding through a discussion of each component. A brief description of the computer 

programs SANCHO and SPECTROM-32, based on existing documentation, provides some insight into 

the framework within which each code has evolved and some of their unique features. Specific 

code differences relevant to the current interests are discussed. Next. a description of the 

constitutive models relevant to WIPP disposal room modeling and the marerials represented in 

the comparison problems are discussed. As much as possible, generic descriptions of the 

constitutive models are provided. However, when assumptions are required for implementation, 

the SPECTROM-32 approach is described. These assumptions are noted as the subtle areas wherein 

calculated differences may originate. At the conclusion of the discussions of the numerical tools, 

the general room modeling problem of interest to WIPP is briefly described and the relevant 

input parameters are presented. 

2.1 Description of the Finite Element Codes 

Two finite element programs are under consideration: SPECTROM-32 and SANCHO. SPECTROM-

32 is a small-strain, thennomechanical structural analysis program developed by RE/SPEC Inc., 
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and SANCHO is a large-strain. thennomechanical structural analysis program developed by Sandia 

National Labor.itories. 

2.1.1 SPECTROM-32 

The following brief description of SPECTROM·32 was adapted from the code documentation 

(Callahan et al.. 1990). 

SPECTROM·32 was written to evaluate the quasi-static infinitesimal strain. time-dependent. 

nonlinear defonnation of two dimensional solids. Although it is a multi-purpose analysis code 

being designed for the specific needs of U.S. Government progr.ims for high-level nuclear waste 

disposal in geologic fonnations. it is not a general purpose finite element program. Most of the 

options and nonlinear modeling features were incorponlled to account for the specific 

geotechnical needs of the nuclear waste program. Many material component models are 

available'. including thennoelastic. thennoviscoelastic. thennoelastic-plastic. and thennovisco

plastic options. as well as accommodation of limited-tension materials and jointed rock mass 

behavior. A variety of boundary conditions are available. as welJ as material anisotropy. sliding 

interfaces. excavation and addition of elements. arbitrary initial stresses. multiple material 

domains. and load incrementation. The program is fonnulated using the direct s~iffness or 

displacement method with the basic equations being derived from the principle of vinual work. 

Potential energy is minimized over each element leading to a system of algebraic e4uations for 

each element in tenns of nodal displacement and the applied forces on the element. For elastic 

problems. the system of linear equations is solved directly using the frontal solution process. For 

inelastic problems. the simple forward or Euler method is used to iterate to a vanishingly small 

residual force vector. 

2.1.2 SANCHO 

,1.,, The following brief description of SANCHO was taken from the code documentation (Stone 

11,.. et al.. 1985). 

• , ... 

Ii•• 

Additional constitutive relations and capabilities have been added 10 the current version aflcr publication of 1he SPECTROIW2 
documentation • 
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SANCHO is a special purpose. finite element program that has been developed in response to 

some of the perceived drawbacks with existing finite element software for nonlinear analysis. 

SANCHO was developed to solve the quasi-static. large defonnation. inelastic response of two 

dimensional solids. The element library is based on a bilinear isoparametric quadrilateral with 

a constant bulk strain. The equilibrium solution strategy uses an iter.itive scheme designed 

around a self-adaptive dynamic relaxation algorithm. The iterative scheme is based on explicit 

central difference pseudo-time integration with anificial damping. The code is explicit in nature 

so that no stiffness matrix is formed or factorized which reduces the amount of computer storage 

necessary for execution. The explicit nature of the program also makes it attractive for future 

vectorization on vector processing machines. The code has a standard material model interface 

which is used with the three (five in the current version1
) material models incorporated into the 

code. A finite strain elastic-plastic strain hardening model. a volumetric plasticity model. a 

metallic creep material model (a continuum joint model. and a nonlinear elastic creep 

consolidation model for crushed salt). are presently included. A sliding interface capacity. based 

on a master-slave algorithm. is also incorporated within SANCHO. The user-oriented data input 

scheme is based on keyword descriptors and utilizes a free field reader for ease of data entry. 

SANCHO is designed to work with a separate mesh generation progr.im and to write a data file that 

can be used by various plot codes for graphical post processing of the data. The capability to 

write a restan file is also provided. 

The capabilities of these two finite element codes are quite similar. The primary differences 

between these codes in terms of functionality are the wider variety of material models and 

element types available in SPECTROM·32: The primary differences betw\!en the codes in terms of 

formulation are the solution algorithms. the infinitesimal strain formulation used in SPECTROM·32 

versus the finite strain formulation used in SANCHO. and a difference in the approach to 

implementing the sl ide-1 ines. 

2.2 Description of Constitutive Relations 

This section presents the constitutive relations included in SPECTROM·32 and SANCHO for intact 

salt. crushed salt backfill. TRU waste. and pressure from gas generation that are peninent to 

WIPP disposal room analyses. Gas generation is not a constitutive relation but is a decoupled 

implementation methodology. Discussion is included here since gas genemtion is a phenomenon 

modeled in WIPP disposal room problems that requires definition of the equation of state. 

2 Additional constitutive relations have been added to the current version after publication of the SANCHO documentation. 
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Additional discussion of constitutive models for SPECTROM·32 may be found in Callahan et al. 

(1990) and Callahan and DeVries (1991), and in Stone et al. ( 1985) for SANCHO. 

2.2.1 Intact Salt 

The total strain rate for the natural rock salt or intact salt constitutive model is assumed to 

include two components. The components consist of elastic and creep contributions. and the total 

strain rate is written as 

(2-1) 

The elastic strains (£~1) are assumed to be linear elastic and given by Hooke· s Law (e.g., 

Timoshcnko and Goodier, 1970). The creep strains .(£~) are described by Krieg ( 1984) for a 

steady-state only model and by Munson et al. ( 1989) for a multi-mechanism model for transient 

and steady-state creep. Both creep formulations are available in SPECTROM·32; whereas. SANCHO 

contains only a steady-state model. Summaries of the linear elastic and creep portions of the 

model are given here for completeness. 

2.2.1.1 LINEAR ELASTIC MODEL 

The elastic strains. E~,. are the contribution from the·stress field given by Hooke"s law 

(2-2) 

where Cuu is the matrix of elastic constants and cru is the stress tensor. 

For an isotropic body, there are two independent elastic constants and fa1uation 2-2 can be 

written as 

(2-3) 

where the elastic material constants E and v represent Young's modulus and Poisson·s ratio. We 

may also write Equation 2-3 in terms of the bulk modulus (K) and shear modulus (G) for the 

material as 
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where 

a = C1 u. mean stress 
m J 

oii = Kronecker delta. 

(2-4) 

(2-5) 

Equation 2-3 may be rearranged to give the elastic constitutive equations for stress in terms of 

strain 

(2-6) 

2.2.1.2 MUNSON-DAWSON MULTI-MECHANISM CREEP MODEL 

•• 

"' 
:11\1 

• 

.. 

Ill 

,,,.. 

The inelastic creep strain rate. as defined by the modified Munson-Dawson material model. ""' 

is written as ·• 

(2-7) 

where E; is the invariant inelastic strain-rate measure and E, is the steady-state strain rate. The 

transient function F consists of three branches - a workhardening branch. an equilibrium branch. 

and a recovery branch and is written in that order as 
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F= (2-8) 

.1 and o are the workhardening and recovery parameters. respectively, and £{ is rhe transient 

stnsin-rate limit. The internal variable ~ is governed by the evolutionary equation 

~ = (F - I)£( (2-9) 

and the transient strain-rate limit is given by 

I CJ~ [ J
m 

E, = K0exp(cT) µ (2-IO) 

11• The workhardening parameter is defined as a function of stress 

••• 

r '""'. 

(2-11) 

Because of insufficient data, the recovery parameter is taken to be a constant. 

The steady-state strain rate is the sum of the three individual strain-rate mechanisms acting 

in parallel 

J 

Ef 
:: E E .f 

(2-12) 
,., 

The three contributing mechanisms - dislocation climb, an undefined mechanism. and glide are 

written respectively as 
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where 

a. = invariant stress measure 

µ = normalizing parameter 

q = activation volume 

Ai• ~. Bl, B2, n.1, n.2, QI, 
Q2, CJ0, K0 , c, m, a, P = experimental constants 

R = universal gas constant 

T = absolute temperature 

H(.) = Heaviside step function. 

(2-13) 

(2-14) 

(2-15) 

To generalize the Munson-Dawson model to three-dimensional states of stress. Fossum et al. 

( 1988) are followed to define Mises and Tresca types of flow potential functions. The inelastic 

tensorial strain rate components may be written as 

(2-16) 

where the invariant inelastic strain-rate measure is 

(2-17) 
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The two invariant stress measures in &fuations 2-16 and 2-17 are given by 

(2-18) 

where the mean stress ( a
111 

), the second invariant of rhe deviator stress (J~), and the third invariant 

of the deviaror stress (11) are given by 

a,,, = 
au 
3 

Ji 
I = -S .. S .. 2 lj JI 

(2-19) 

13 
I 

= 3sijsjksu 

The Lode angle ('II), which is a convenient alternative to J3, is given by 

_ I . _,[-3{3JJ] (-7t < 7tJ \jl - -Sin , - :5 \jl - -
3 212J/2 6 6 

(2-20) 

The panial derivative given in Equation 2-16 may be determined using the chain rule as 

ad,: _ ad,: aa,,, a~ a12 a~ a'I' <J.1l 
-- - ---- + ---- + ------

(2-21) 

aaii aa,,, daij a12 aa;, a 'II (JJ.l aa,; 

The derivatives of the invariants in Equation 2-21 are the same regardless of the invariant stress 

and strnin measures selected. These derivatives (Callahan.- 1982) are 
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where 

a1 .. --=- = s .. OCJ.. I} 
IJ 

If =--""'""""' ___ /. 
'12 I) 

21-i cos3 'IV 

(2-22) 

Therefore, to define completely the inelastic strain-rate measure required by fa~uation 2-16, the 

invariant stress and strain-rate measures need to be prescribed. The equivalent inelastic str.tin

rate measure is given by the Munson-Dawson material model in Equation 2-7. Two types of 

invariant stress mea'iures are considered. These are termed the pressure-dependent and frictional 

forms of the invariant stress measure. The pressure-dependent form is similar to the Mises

Schleicher plastic potential, and the frictional form is similar to the Mohr-Coulomb plastic 

potential. Mathematically, these stress measures are 

~ = 3tam ... J312 (pressure - dependent) (2-23) 

d.,. = 2sinta 
tn ( 

sin\jl sintJ-{J: + COS\V - .:. , 
{3 -

<frictional) (2-24) 

The variable t is a material constant termed the flow dilatancy parameter. The other invariant 

stress measure (a.) that needs to be described is taken to be identical to those given in Equations 

2-23 and 2-24, except that the parameter t is replaced by a different variable ( 0 ). viz 
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(2~25) 

( 
sinv sin0J,., r;-1 + COS'lf - -yJ2 

ff 
(2-26) 

The variable e is a material constant termed the frictional parameter. If e = •, llien a. = cl.; 
however, this is not required theoretically. 

Equation 2-21 requires the panial derivatives of the invariant stress measures with respect 

to stress. Differentiation of Equations 2-23 and 2-24 provides these 4uantities for the pressure

dependent and frictional forms of the invariant stress measures. These quantities are as follows: 

Pressure-Dependent 

a~· 

aam = Jt 

a~ ff (2-27) = a12 2r, 
a~ 

=0 
d\jl 
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Frictional 

a~ . - = 2smt aa,,. 

a~ --[cos2\jl sin't( 
--- + - tan 3 \jlCOS \jl aJ2 cos3 'II ff 

()~ t. COS\jlSin't] 2 {;-J - = - sm\jl + V"2 
a"' ff 

- sin'I')]-' 

fi: 
(2-28) 

By letting 't go to zero in Equations 2-23 and 2-24, we eliminate the mean stress dependence and 

obtain Mises- and Tresca-types of invariant stress measures, respectively. 0 is also set to zero 

such that a, = ~. Thus, Equations 2-23 and 2-24 become 

(Mises) (2-29) 

(Tresca) (2-30) 

and the derivatives in Equations 2-27 and 2-28 become 

Mises 

aa .. 
aa,,. =0 

aa .. ff (2-31) 
i)J2 

= 

2F, 

aa. 
d\jl 

=0 
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Tresca 

i1a, _fcos2\jl] I 
i1J2 - [cos3\jl {i;" (2-32) 

Subscicucing Equations 2-31, 2-22, and 2-21 into Equation 2-16 gives the familiar generalization 

for the Mises tlow pocential 

•(" 3 £~ 
E,j = ---S,i 

2fii: 
(2-33) 

and substituting Equations 2-32, 2-22, and 2-21 into Equation 3-16 gives che generalization for 

the Tresca tlow potential 

·r. = ... {lcos 2 "'] S;; + [ f3 sin"'] . } E,1 E, -- I; 
COS j \jl {i;" J2 COS 3"' I 

(2-34) 

Finally, substitution of Equation 2-7 into Equations 2-33 and 2-34 gives the generalization 

of the Munson-Dawson model for Mises (octahedral shear) and Tresca (maximum shear) types 

of flow potentials, respectively. The Tresca flow generalization is typically used in the analysis 

of underground structures in natural salt fonnations. 

Equation 2-34 is seen to be indetenninant as the Lode angle approaches ±30 degrees. In 

other words, the flow potential fonns comers at 'II = ±30 degrees and the direction of straining 

is not unique. To eliminate this problem computationally, Equation 2-34 is evaluated in the limit 

as 'II ~ :30 degrees. Perfonning this limiting operation, Eyuation 2-34 becomes 
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(2-35) 

The Tresca tlow -potential implemented in SPECTROM·32 uses Equation 2-35 when the Lode angle 

is within 0.25 degrees of ±30 degrees. 

2.2.1.3 STEADY-STATE CREEP MODEL 

• 

, . 
• 
• 

The WIPP steady-state creep law defined by Krieg ( 1984) is a secondary creep (steady-state) · • 

model defining the creep strain rate 

(2-36) 

where 

As written, Equation 2-36 implies selection of the Mises flow potential (cf. Equation 2-33). The 

effective creep strain rate £; is defined as 

where 

.,. D " ( Q J Ee = cre exp - RT 

Q t
. . cal = ac 1vat1on energy, -

mol 

R = universal gas constant, 1.987 cal 
mol·K 

T = temperature, K 

D,n = material constants. 
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To implement the WIPP secondary creep law fonn in SPECTROM·32. the Munson-Dawson 

model is used with only one of the steady-state mechanisms active. The effective str.1in r.ite t., 
for the dislocation climb mechanism is written as (cf. Equation 2-13) 

(2-38) 

where 

Q . ti" c~ 
1 = activa on energy, __ 

mol 

µ = normalizing parameter, 12,400 MPa 

A 1, n 1 = material constants. 

Equations 2-37 and 2-38 are equivalent if D • ~. If we redefine µ as I, then a one-to-one 
. "t 

correspondence exists between Equations 2-37 and 2-38. and the WIPP secondary creep law 

implementation is complete. The only remaining requirement is that the Mises tlow potential be 

specified for execution. 

2.2.2 Crushed Salt 

The total strain rate for the crushed salt constitutive model is assumed to consist of two 

components. The components are nonlinear elastic and creep consolidation contributions and the 

total strain rate is written a'i 

(2-39) 

The manner in which the nonlinear elastic, E:,. and creep consolidation strains, E~1 • are 

obtained are described by Cal1ahan ( 1990), Callahan and De Vries (1991 ), and Weatherby et al. 

( 1991 ). Since these descriptions were written, the deviatoric ponion of the creep consolidation 

model in SPECTROM·32 has been modified; the modified SPECTROM·32 model is described here. 

Both the nonlinear elastic and creep consolidation ponions of the model describe the material 

behavior in bulk (volumetric) and in shear (deviatoric). Although other models exist and are 

under consideration to describe the behavior of crushed salt (e.g .• Zeuch, 1988 and 1990), the 

nonJinear elastic and creep consolidation models for crushed salt were adapted from those given 

by S jaardema and Krieg ( 1987) for use in SANCHO and SPECTROM-32. 
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2.2.2.1 NONLINEAR ELASTIC MODEL 

The elastic model described in Section 2.2.1.1 is applicable to crushed salt wilh the following 

procedure used to incorporate the nonlinearity in a piecewise manner. 

For the nonlinear elastic model, the functional fonns of the elastic constants given by 

Sjaardema and Krieg (I 987) are adopted. They propose bulk and shear moduli as exponential 

functions of the current density, P.. Tensile stresses and ex tensile strains are assumed to be 

positive. Functional fonns of the elastic constants are written in terms of the total volumetric 

strain, eu, using the relation 

Po 
P., - J;£ ,. 

(2-40) 

where Po is the initial or original density of the material. The bulk modulus and shear modulus 

(K, and G..) are given by 

(2-41) 
G,p. 

G, = G 
0 
e 1-'i".' 

where K,,, K,, G,,, and G, are material constant<>. 

At any time, the current values of Young·s modulus and Poisson·s ratio are computed from 

the current values of bulk and shear modulus using the relations 

9KG 
E = .f .{ 

.. 3K +G 
,f .t 

(2-42) 

3K - 2G 
v .. • = .. 6K 

.t 
+ 2G 

.t 

Equations 2-42 are used in Equation 2-3 to compute the elastic strains. 

To solve the nonlinear elastic problem, the method of load incrementation is used to 

approximate the tangent modulus. The following set of simultaneous equations have to be solved 

in the direct stiffness finite element approach 
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,,.., 

(K,J { o I + { /) = 0 (2-43) 

where/is the "total load (or unload) vector. o is the displacement. and the tangent stiffness matrix 

K, is a function of displacement. i.e .• 

K, = K,(o) (2-44.) 

since f~l = [B] fol and Eu = E.u with [BJ representing the strain-displacement matrix. The load 

vector is divided into a number of small increments A f such that the series of tangent moduli 

will approximate a given stress-strain curve. K, is first approximated assuming Eu = o. which 

means that Ao0 = O and 

(2-45) 

Repetition of this process for each of the load increments may be written as 

(2-46) 

The process is continued for each of the load increments. and the displacement is accumulated. 

i.e., 

(2-47) 

Clearly, the functional forms adopted for bulk and shear moduli (Equations 2-41) allow increase 

without bound. Therefore. maximum values for bulk modulus K1 and shear modulus G1 are 

introduced based on the fully consolidated or intact densities for the material. If either the bulk 

or shear modulus reaches its maximum value. the tangent modulus is no longer allowed to 

change. and the material is assumed to be intact and linear elastic. 

2.2.2.2 CREEP CONSOLIDATION MODEL 

To develop the creep consolidation constitutive equation. general considerations are first 

observed and then specific functional forms are guided by available laboratory data. From the 

application of thermodynamic concepts. the three-dimensional generalization for creep strain rates 

is given by Fossum et al. ( 1988). Following this approach, three~ continuum internal variables 

3 SPECTRC»32 contains all 1hrcc components in Equation 248: whereas. SAHCHO contains lhc first and third components. 
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are assumed. the inelastic volumetric strain. E;q,, and two equivalent inelastic shear strains.t;q, 

and E:q,· The creep consolidation strain rates are then written as 

·• 
'Ill 

·• 
... .,. aa!q, 

£:.,, 
~q, 

£~.,. 
CJa!,,, 

E.;j = £,..,, + + 
(2-48) • 

CJaii aaij CJa,., 

For the first ponion (volumetric) of Equation 2-48. the invariant strain-rate measure is 

(2-49) 

The volumetric strain rate e: is described empirically by Sjaardema and Krieg ( 1987) based on 

hydrostatic laboratory test data on crushed salt as 

(2-50) 

where 

E~ = Eu, total volumetric strain 

£: = £; •• volumetric creep strain rate 

er 
er,,, = ~·, mean stress 

Po = initial density 

B0 , B 1, A = material constants. 

The invariant stress measure is given by 

cf,q = a 
I m 

(2-51) 

For the second ponion ( deviatoric) of Equation 2-48, the invariant strain-rate measure is 

taken to be 

(2-52) 

and the invariant stress is assumed to be a scalar multiple of the octahedral shear stress 
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(2-53) 

where J! is the second invariant of the stress deviator (J2 = 1hS;1S;J ). For the moment. the third 

component defining the creep consolidation strain rate will be ignored because the description 

is more readily presented by first considering only two of the components. Substituting the 

definitions of the invariant stress measures into Equation 2-48 and performing the required 

differentiation gives 

.,. • .. O;; R •1· 3 S;; 
E;; = £;.-3 + tJ £;.-

2a,. 
(2-54) 

'3 is selected (ignoring the third component) such that in a uniaxial test, the lateral components 

of E~J equal zero; this requires that '3 = -%. Simple example problems that illustrate the creep 

consolidation behavior with and without the second ponion of creep consolidation strain rate 

equation are given by Callahan ( 1990). The major effect of this deviatoric ponion is that the 

lateral strain components are eliminated in a simulated uniaxial test and that the out-of-plane 

strain component is eliminated under plane strain conditions. Without this deviatoric component. 

large tensile stresses in the out-of-plane direction are generated with uniaxial loading. After 

substituting for £~ in Equation 2-54 and ignoring for the moment the third continuum internal 

variable portion of the equation, the creep consolidation strain rate components are given by 

.,. (I + E )~ [ A Pn J{o. s } 
E,;= · 8 0 (1 -exp(-8 1am)]exp + -'' --'' 

Pn I E,. 3 a,. 

(2-55) 

The third component is selected to be identical to either the Munson-Dawson model or the 

WIPP secondary creep model for intact salt. depending on which model is used to represent the 

creep behavior of the intact salt. Thus, £:q, and ci.q, are either the Munson-Dawson or WIPP 

secondary creep model invariant strain-rate and stress measures described in Sections 2.2.1.2 and 

2.2.1.3, respectively. However, one notable exception is included that involves modification of 

the .invariant stress measure. 

The exception noted above to the two forms of the intact salt creep model includes a 

modification made to the effective stress measure. This modification stems from envisioning that 

the porous crushed salt is composed of cylinders of salt, each of which exhibits the creep 

behavior of intact salt separated by areas of open space as suggested by Sjaardema and Krieg 
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( 1987). The local stress acting on the salt cylinders is stated in tenns of the average stress acting 

on the porous crushed salt. The cross-sectional area of the porous sample is expressed in tenns 

of the net cross-sectional area of the salt cylinders. This implied areal ratio is the inverse of the 

fractional density. Amplification of the effective stress by the fractional density is analogous to 

implementation of damage ((I)) into constitutive models. Typically, damage will appear in the 

denominator as 1 - (I) with a stress measure in the numer.uor. As damage accumulates.Cl) 

increases ((I) -+ 1 ). magnifying the influence of the stress measure. The consolidation process 

is basically the reverse of damage; whereby the fractional density divisor serves as a 

"consolidation" parameter reducing the influence of the stress measure as the crushed salt 

consolidates. Therefore. in this model. the effective stress in the Munson-Dawson or WIPP 

secondary creep models is expressed as 

(2-56) 

where 

a~ = Average effective stress measure 

p = Density 

Pr = Fully consolidated density. 

Obviously, as the material approaches full consolidation, the fractional density approaches 

I, and the Munson-Dawson or WIPP secondary creep deviatoric component becomes the same 

as that for intact salt. Simultaneously, the creep consolidation ponion of the model diminishes 

as the material approaches full consolidation. Therefore, the newly described model provides a 

smooth transition from crushed salt to intact salt behavior. 

With the third component included in the creep consolidation equation for crushed salt as 

described above, the equation becomes 

(I + £ )2 
£;~ = Po ,. Bo [' 

( 
A Po J{o. s .. } - exp( -B CJ >] exp - _,, - _,, 

I m I +£ 3 CJ 
" r 

(2-57) 

Two alternative forms of the crushed salt consolidation are obtained for the Munson-Dawson 

deviatoric component - one for the Mises flow potential 
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(2-58) 

.,. p, 3S;; 
+ E~q,----

p 2J3J2 

and one for the Tresca flow potential 

(1 + E )
2 

( A Pn J{o S. ·} £;~ = .. 8 0 [1 - exp(-8 10' >]exp -'' - ~ 
Po m I + E,. 3 O',. 

(2-59) 

where e:.,, is defined by Equation 2-7 for the Munson-Dawson model. Typically, only Equation 

2-58 is used for the WIPP secondary creep model. where e:,, is defined by Equation 2-38. 

Since the creep consolidation equation allows unlimited consolidation. a cap is introduced 

that eliminates funher consolidation when the intact material density Pr is reached. Thus. when 

the condition 

(2-60) 

is satisfied, no funher creep consolidation occurs. A somewhat different cap is imposed in 

SANCHO. When the current density reaches 99.9 percent of the intact material density, creep 

consolidation is stopped, and the density is set equal to the intact density. In addition, creep 

consolidation is not permitted to generate tensile stresses in SPECTROM-32. The procedure used 

to eliminate any tensile stresses is the same as described by Callahan et al. ( 1990) for a limited

tension material. Also, an option is included that allows a consolidating material"s constitutive 

model to be redefined following complete consolidation. For example. a crushed salt material 

can be prescribed to behave according to the intact salt constitutive relation following complete 

consolidation. This option does not exist as a switch in SANCHO. but material change effectively 

occurs by vinue of the crushed salt constitutive model when the intact material density is 

reached. 
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2.2.2.3 COMBINED CRUSHED SALT MODEL 

The fi~al two equations for the total strain rate in the constitutive model for crushed salt are 

obtained by substituting Equation 2-3 and either Equation 2-58 or 2-59 into Equation 2-39. which 

for a Mises tlow potential. yields 

s .. 
+~ + 

2G 

and for the Tresca flow potential. yields 

• = am 5 .. + S;; + (I + £,.)
2 

B [I - exp(-8 C1 )] ~xp[ Apt) J 
£ii 3K '' 2G Po o I m I + £,. 

h -~+ e;,, ~ { [~:~~ J J~'.; . [t:!~~] ',, l 

(2-61) 

(2-62) 

where £:q, is defined by Equation 2-7 for the Munson-Dawson model deviatoric fonn and by 

Equation 2-38 for the WIPP secondary creep model fonn. 

The above equation may be collapsed to yield the total volumetric strain-rate ( f.,,) expression 

for the model. Perfonning this operation yields 

(2-63) 

When the combined nonlinear elastic and creep consolidation model is used. the relative 

change in the Euclidean or l! nonn of the volumetric strclin is monitored over time and the 

stiffness is updated when the change is greater than a user prescribed tolerance. Funher details 

may be found in Callahan ( 1990). 
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2.2.3 TRU Waste 

The basic equations describing the TRU waste model as given by Stone et al. ( 1985) are 

presenred in this section. The TRU waste model is an elastic-plastic model of the Drucker-Prager 

rype with a flat volumetric cap coincident with the deviatoric plane in principal stress space. The 

deviatoric part of the model is elastic-perfectly plastic such that the surface of revolution in 

principal stress space is stationary (i.e., neither kinematic nor isotropic hardening is allowed). 

The cap ponion of the model hardens with volumetric straining such that the cap moves outward 

along the hydrostatic axis during volumetric yielding. The deviatoric and volumetric hardening 

pans of the model are uncoupled. The deviatoric yield function is given by 

where 

s,.1· = a .. - a 0 ., deviatoric stress 
I) Ill I) 

a 
am = ~' mean stress 

3 

oii = Kronecker delta 

a
11

, a1• a2 = material constants. 

"" At yield. Fd = 0 and we may write fa.iuation 2-64 as 

F = ~ - 1(a - a a + a a~) = 0 J VJi V1 
n I m 2 m 

which can more readily be compared to a Drucker-Prager type yield function. 

The volumetric yield function is simply 

F,. = a,,. - /(E,.) 

(2-64) 

(2-65) 

(2-66) 

(2-67) 

where E,. = Eu is the volumetric strain and {(Ev) describes the volumetric hardening by a set of 

pressure-volumetric strain relations (i.e., data pairs entered in tabular form). As an option, 

SPECTROM-32 also includes a mean stress-porosity functional form by which the volumetric 

hardening can be evaluated. This function is written as 
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(2-68) 

where 

" .. material parameter 

' 0 = initial porosity. 

In addition to the deviatoric and volumetric pans of the plastic constitutive model. a tensile 

limit is also imposed. Tensile fracture does not occur as long as a panicular tensile pressure is 

not large enough to produce a zero or imaginary deviatoric yield stress. Mathematically. fracture 

has not occurred if 

(2-69) 

where p is the minimum root of the polynomial a0 - a 1 a,,. .... a 2a! = 0. If E4uation 2-69 is not 

satisfied. the mean stress is set equal to p. 

The plastic strain increment vector d~ is given by the flow rule 

. oM 
d~ =<IA

i)aij 
(2-70) 

where M is the plastic potential function. If the yield function (F) is equal to the plastic 

potential function, F" replaces M in Equation 2-70, and it is termed an associative flow rule: 

otherwise. the term nonassociarive flow is used. For associative flow. the normality rule is 

satisfied which ensures a unique solution for boundary-value problems. For the deviatoric ponion 

of the model, SANCHO uses a nonassociative flow rule so that deviatoric strains produce no 

volume change. This re4uires that the plastic potential function for the deviatoric model be 

and Equation 2-70 becomes 

S .. <:QA lj 

2{.i; 

(2-71) 

(2-72) 

• 

• 

·• 

• 

... 

., 
... 

... 

For the volumetric portion of the model, Drucker's stability postulate for work-hardening !llh 

materials (linearity requirement) is considered (e.g., see Chen and Han, 1988), which requires that • · 

.. , 
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(2-73) 

where his a scalar hardening function which may depend upon stress. strain. and loading history. 

Using Equation 2-67, aF. • ~. and 'OF = da • Equation 2-73 takes the fonn ao 3 u m 
IJ 

-'-" ) o .. 
ue-, .. = -~da 

I/ h 3 m 

Rewriting Equation 2-74 for the plastic volumetric strain gives 

which may be rearranged to produce 

da,,, 
h = 

(2-74) 

(2-75) 

(2-76) 

Therefore, the hardening modulus describes the relationship between increments in mean 

stress (pressure) and increments in volumetric strain. Rather than prescribe a specific hardening 

function. SANCHO requires a pressure-volumetric strain relationship to describe the volumetric 

hardening behavior {(Eu), which is shown by Stone et al. ( 1985) plotted schematically as a111 

versus In<.£..> with an initial bulk modulus of K,,. 
Po 

The tangent bulk modulus described by Callahan and DeVries ( 1991) used to model the TRU 

waste as a nonlinear elastic material is given by 

K, = 
da,,, 

dE. 
r 

(2-77) 

where the mean stress-volumetric strain is written in terms of the porosity <I> as given in Equation 

2-68. Therefore, from Equations 2-76 and 2-77, a basic equivalency exists between the nonlinear 

elastic tangent bulk modulus and the flat, volumetric, plastic-cap hardening modulus. Thus, the 

volumetric strain behavior produced by the nonlinear elastic and crushable foam plastic models 

should yield equivalent results as long as the same pressure-volumetric strain relationships arc 

used to define the tangent bulk modulus and the plastic hardening modulus. This is also a 

conclusion of Sandler et al. ( 1976) who state that the behavior of a cap model with a venical cap 

and a bulk modulus, K, which is the same for loading and unloading (i.e., Ki = Ku), is identical 
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to the uncapped model with KL < Ku. This is readily seen because with an associative flow rule 

applied to the venical cap, only plastic volume changes occur. The crushable foam model uses 

the initial bulk modulus K,, for loading and unloading. The SPECTROM·32 nonlinear cla~tic model 

uses the tangent bulk modulus for loading and unloading (loads and unloads along the same 

path). Therefore, if we neglect unloading, the crushable foam plastic and nonlinear elastic 

models should produce equivalent volumetric behavior. This conclusion is basically true but is 

violated in plane strain types of problems because of the nature of the out-of-plane behavior in 

elastic and plastic types of problems. In elastic problems, the out-of-plane stress created by 

loading is equal to Poisson's ratio times the sum of the in-plane components. In elastic-plastic 

problems, the out-of-plane stress created by loading is altered by the out-of-plane plastic flow. 

Thus, the mean stresses obtained for the two problems will be different. 

2.2.4 Gas Generation 

This section outlines the approach used for incorporating the effect of gas pressures into 

simulations of backfilled and sealed WIPP rooms using SPECTROM·32. The a'sumptions are 

discussed first followed by the modeling approach and the specific equations of state considered. 

2.2.4.1 GAS GENERATION ASSUMPTIONS 

WIPP disposal rooms are modeled as sealed regions filled with compressible, consolidating 

porous media in which gas is being generated. The following assumptions are made: 

• The surface of the region is perfectly impermeable. so that the gas within the porous 

region cannot leak through the surface. 

• The hydraulic diffusivity (ratio of hydraulic conductivity to specific storage) of the 

porous media is extremely large, so that pressure gradients within the porous region are 

negligible and the total pre!;sure is essentially uniform throughout the region. 

• The apparent diffusion coefficients (Fickian diffusion coefficients modified to account 

for the interference of the solid phase) of the gas constituents are large enough that the 

composition of the gas is essentially uniform throughout the region . 
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• In lieu of the last two assumptions, it can be assumed that each gas constituent is being 

generated uniformly throughout the porous region, so that pressure and concentrdtion 

gradients cannot develop. 

• The temperature is constant and uniform throughout the porous region. 

• The compressibility of the solid grdins within the porous media is negligible compared 

to the compressibility of the voids and the gas occupying them, so that the change in the 

porous region's volume is .essentially equivalent to the change in the void ·(and gas) 

volume within the region. 

• The gas pressure can be calculated according to an e<.f uation of state that is defined in 

terms of the gas composition, mass, volume, and temperature. 

• The change in gas pressure across a time step in the simulation is relatively small, so that 

the gas pressure can be treated as a constant across the time step. 

2.2.4.2 MODELING APPROACH 

Based upon the preceding assumptions, SPECTROM·32 models the effect of gas generation on 

the closure of a WIPP disposal room by calculating the resultant gas pressure in the room and 

applying that pressure as a normal traction boundary condition acting on the surfaces of the room. 

Consequently, a ponion of the surface load normally transmitted to and carried by the backfill 

in the disposal room will be supponed by the gas pressure. This results in smaller mean stresses 

in the backfill, which in tum cause a reduction in the backfill consolidation rate since the 

consolidation rate is a function of the mean stress . 

If the gas pressure becomes large enough, some or all of the room·s surface will be 

supponed entirely by the gas. In these areas, the backfiJI stress perpendicular to the surface will 

become zero because the backfill is not carrying any of the surface load. Further, if the pressure 

continues to increase, the surfaces entirely supponed by the gas will actually open. ln this case, 

the stress in the backfiJJ should remain zero and should not become tensile. In SPECTROM·32, the 

creep-consolidation model that has been used to represent the backfill in WlPP disposal rooms 

contains a ''no-tension'' algorithm that enforces the latter condition. 

To model the effect of gas generation, SPECTROM-32 re<.fuires the following information to 

specify the gas-generation conditions: 
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• List of elements that defines the porous region in which the gas is confined. 

List of element sides that defines the impermeable surface surrounding the porous region. 

• Initial porosity of the porous region. 

• Absolute temperature of the gas. 

• Equation of state that will be used to calculate the gas pressure as a function of the gas 

temperature. mass of its constituents. and the volume that it occupies. 

• Tabulation of the mass of each gas constituent as a function of time. 

• Universal gas constant and equation-of-state constants for each gas constituent. 

The initial porosity specified in the gas-generation region needs to be consistent with the 

propenies specified for the materials in the porous region. For example. if the initial and the 

grain (solid) densities of the porous materials are specified (as in the creep-consolidation 

constitutive model). the equivalent initial porosity is 

where 

4>0 = initial porosity 

"" = I _ Pn 
'I',, 

P., 

Po = initial density of the porous material 

p, = grain (solid phase) density of the porous material. 

(2-78) 

The initial porosity is used to calculate the initial void volume in the porous region according 

to the following equations: 

(2-79) 

(2-80) 
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where 

V0 = initial volume of the porous region 

V;.(O) = undeformed (t=O> volume ·of the i th element in the porous region 

Vuo = initial void volume of the porous region. 

and the summation is over all of the elements in the porous region R. Gaussian 4uadrature is 

used to calculate the elemental volumes .by integration. The initial volume V,. of the porous 

region is calculated in the initialization module of SPECTROM-32 and is saved for subsequent 

calculations of the void volume. 

2:2.4.3 EQUATIONS OF STA TE 

As stated in the assumptions. the gas pressure is calculated according to an equation of state 
that is defined in terms of the gas composition, volume, and temperature. Several equations of 
state are included in SPECTROM-32, including the ideal gas equation, the Rcdlich-Kwong equation, 
and the Beattie-Bridgeman equation. These three equations of state are incorporated because they 
have been used in past analyses of WIPP rooms and/or because they are fairly accurate within 

their applicable ranges. 

2.2.4.3.1 Ideal Gas Equation of State 

Weatherby et al. ( 1991) used the ideal gas equation of state to calculate the gas pressure in 
their analyses of the structural response of a WIPP disposal room with internal ga:> generation. 
The ideal gas equation leads to the following expression for the pressure of a pure gas: 

where 

p = 

P = gas pressure 

nRT 
v 

n = moles of gas (mass of gas divided by its molecular weight> 

R = universal gas constant (8.314 x io-6 MJ/mol K) 

T = absolute temperature of gas 

V = volume occupied by gas. 
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The pressure of a mixture of gases is calculated according to the Gibbs-Dalton Law, as 

follows: 

(2-82) 

where 

P = total pressure of gas mixture 

N rrm. = number of constituents in mixture 

P; = partial pressure of i th constituent. 

The panial pressure of each gas constituent in the mixture is calculated using the ideal gas 

equation (Equation 2-81 with n replaced by n,. the number of moles of the Ph constituent). 

Substituting panial pressures calculated according to the ideal gas equation into the Gibbs

Dalton Law produces Equation 2-81 with n replaced by n,,.,z = 1:
1 

n;. the total moles of gas 

in the mixture. Consequently, only the total moles of gas needs to be known to calculate the 

pressure with this approach; the composition of the mixture is not needed. 

Ideal gas behavior can be assumed with good accuracy at very low pressures regardless of 

the temperature. Funher. at temperatures greater than twice the critical temperature of the gas, 

ideal gas behavior can be assumed with good accuracy to pressures of about 7 MPa. When the 

temperature is less than twice the critical temperature and the pressure is above a very low value 

(e.g., greater than aunospheric pressure), then the deviation from ideal gas behavior may be 

considerable (Van Wylen and Sonntag. 1973). At low pressures relative to the critical pressure, 

the Gibbs-Dalton Law usually yields total pressures to a precision approximating that of the 

constituent data (i.e., the panial pressu1es calculated using the ideal gas equation of state). 

However, at higher pressures, the Gibbs-Dalton Law becomes 4uite unreliable (Keenan. 1941 ). 

2.2.4.3.2 Aedlich·Kwong Equation of State 

Lappin and Hunter ( 1989) used the Redlich-Kwong equation of state (Redlich and Kwong·, 

1949) to estimate the gas pressure in WIPP disposal rooms. This equation of state leads to the 

following expression for the pressure of a pure gas: 
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where 

p = nRT 

V - nh vff cv + nh) 

h = 0.,, RT,JP, 

0 0 = 0.4278 

oh= o.0867 

T'" =critical temperature 

pr = critical pressure. 

(2-83) 

(2-84) 

(2-85) 

For application to gas mixtures, Redlich proposed that constants a and h in E4uation 2-83 

be calculated as follows: 

where 

a= [i:Y.~J
2 

••• 

a; = constant a for the i th constituent 
(calculated according to Equation 2 -84) 

b; = constant b for the i th constituent 
(calculated according to Equation 2-85) 

Y; = mole fraction of the i th constituent ( n/nm11). 

(2-86) 

(2-87) 

For mixtures, n in Equation 2-83 is replaced by nmi•• the total moles of gas in the mixture. 

The Redlich-Kwong eguation is a generalized equation of state. Constants a and h have an 

approximate physical significance: a provides a rough measure of the attractive inccrmolccular 

forces, and h gives an approximate indication of the molecular size. The values of coefficients 

0 0 and nh in Eguations 2-84 and 2-85 were derived by equating to zero the first two derivatives 

of pressure with respect to volume at the critical point. This derivation leads to a compressibility 
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factor Z (where Z = PV/nRn that is too large at the critical point. Nonetheless. the Redlich

Kwong equation of state is fairly accurate for pure gases at densities that are moderate relative 

to the critical density. For some mixtures. the mixing rules given by fa~uations 2-86 and 2-87 

are very good. However, it appears that whenever two constituents are appreciably different from 

one another in chemical nature and/or molecular size, the proposed mixing rules are not reliable 

(Prausnitz. 1969). 

2.2.4.3.3 Beattie-Bridgeman Equation of State 

The Beattie-Bridgeman equation (Beattie and Bridgeman. 1928) is an empirical equation of 

state that is widely used and has proven to be of great utility in fonnulating the properties of the 

vapor phase of many substances. According to this equation of state. the pressure is calculated 

using the following equation: 

where 

p = RT(l, - e) (v + B) 
v-

A = A0 ( I - a/v) 

8 = 80 (I - h/v) 

E = c/(vTJ) 

v = Vin (molal volume). 

A 
, 

\.' -
(2-88) 

(2-89) 

(2-90) 

(2-91) 

(2-92) 

For a pure gas. A0, a, 8 11, h, and c are constants that have been detcnnined empirically for that 

specific gas. For a mixture of gases. Beattie ( 1929) proposed that the mixture constants be 

calculated from the constituent constants (denoted by subscript i) according lO the following 

equations: 

F-40 

• 

·• 

.•. 

.... 

..... 

·• 



(2-93) 

N_ 

a = LY;Q; (2-94) 
, .. 
N_ 

Bo = LY,Bo; (2-95) 
, .. 
. v -

h = LY,h; (2-96) 

••• 

N_ 

c: =LY/·'; 
(2-97) 

, .. 
and 11 in E4uation 2-92 is replaced by nm111 , the total moles of gas in the mixture. 

The Beanie-Bridgeman e4uation is quite accurate (within 2 percent) for pure gases at 

densities less than 0.8 of their critical density (Holman. 1974; Van Wylen and Sonntag. 1973). 

Further. when applied to mixtures. the Beattie-Bridgeman equation generally yields a good 

represencation of the pressure over the range of conditions for which each pure constituent is well 

represented by the Beattie-Bridgeman e4uation (when the mass of each constitucnc divided by 

the total volume is less than half of that constituent's critical density. according to K~enan. I 941 ). 

2.3 Description of the Disposal Room Problem 

The specifications for the room geometry and contents in the disposal room simulations 

were defined by the WIPP ba.5etine design (Bechtel, 1986). Note that this baseline design was 

adopted by the Engineered Alternatives Task Force (EATF). The ba'ieline case was the most 

appropriate model of the disposal room system; the specifications for the baseline case were 

taken from Stone (I 992). 
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2.3.1 . Geometry, Boundary and Initial Conditions 

In lhe baseline case, each disposal room is 3.96 m high by I0.06 m wide by 91.44 m in 

length. resulting in an initial room volume of 3,644 m:i. The disposal rooms are separated by 

30.48-m thick pillars. The rooms are assumed to be located in a homogeneous layer of bedded 

salt thus eliminating the need to model the numerous stratigrdphic layers present at the WIPP. 

Uniformly distributed throughout each room are 6,804 drums of unprocessed waste. The 

corresponding volume occupied by the drums of waste is 1,663 m·1• With the specified headspace 

of 0. 71 m between the backfill and the roof, the total volume of crushed salt backfill in each 

room is approximately 1,328 m3
• The emplaced density of the crushed salt backfill is assumed 

to be 1300 kg/m\ which corresponds to an initial porosity of approximately 0.4. 

Combining the assumption of a homogeneous salt stratigrc1phy with the assumption lhat 

gravitational forces do not greatly affect material response near the room permits the introduction 

of a horizontal symmetry plane through the room and waste. · The problem can thereby be 

reduced to a quaner-symmetry model. The model boundaries are venical symmetry planes at 

the room and pillar centerlines. producing a model width of 20.27 m· (66.5 ft), and a symmetry 

boundary at the bottom of the model and a traction boundary 54 m ( 177.2 ft) above the centerline 

of the room. The initial stress field throughout the modeled region was prescribed to be 

hydrostatic and equal to -14.8 MPa. 

The gas generation rate in the baseline case is assumed to be 2 mol/drum/yr during the first 

550 years and I mol/drum/yr during the next 500 years. Gas generation is Obsumcd to cease after 

1.050 years. 

2.3.2 Material Properties 

This section presents the material propenies associated with the constitutive relations 

discussed in Section 2.2 for intact salt, crushed salt, TRU waste, and generated gas pressures that 

are peninent to WIPP disposal room analyses. These properties are used for the verification and 

WIPP disposal room problems included in Chapter 3. Any exceptions from use of these material 

parameter values are indicated with the specific problem discussion. 
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2.3.2.1 INTACT SALT 

The linem- elastic par.imeter values for the constitutive relation given in E4uation 2-3 and 

the -parameter values for the Munson-Dawson constitutive e4uation represented by E4uation 2-7 

are presented in Table 2-1. Density of the intact salt is 2.140 kg · m··i. The intact salt material 

pardllleters were taken from Munson ( I 989) for pure halite. Material parJmeters for the WIPP 

secondary creep law are given in Table 2-2 as reponed by Krieg ( 1984 ). Note that analyses 

performed using the WIPP secondary creep model typically include a modulus reduced by a 

factor of 12.5 (Morgan and Krieg. 1988). Thus. the value for Young·s modulus in Table 2-2 

reflects the reduced value. 

""'' 2.3.2.2 CRUSHED SALT 

The nonlinear elastic parameter values describing the nonlinear moduli for crushed salt 

defined in E4uation 2-41 arc given in Table 2-3. The values labeled Reduced Modulus Value 

represent the parameter values used when the WIPP secondary creep law is used with the 

modulus reduced by 12.5. Thus. the crushed salt stiffness is also reduced so that the crushed salt 

consolidates to the reduced modulus value of intact salt. Table 2-3 also gives the initial and final 

(intact) densities for the crushed salt. Table 2-4 presents the parc1meter values for the creep 

consolidation constitutive equation represented by Equation 2-50. The crushed salt material 

parameters are taken from Sjaardema and Krieg ( 1987). When either the Munson-Dawson or 

WIPP secondary creep models are used to describe the deviatoric response in the crushed salt 

material model, as described for E4uations 2-61 and 2-62, the creep parameter values given in 

Tables 2-1 and 2-2 are used in addition to the parameter values for the creep consolidation 

model. 

2.3.2.3 TAU WASTE 

The material parameters for the crushable foam TRU waste model described by Equations 

2-64 and 2-67 are given in Tables 2-5 and 2-6. Table 2-5 includes the elastic material 

parameters, initial characteristics, and the parameters for the deviatoric ponion of the plasticity 

model. Table 2-6 includes the pressure-volumetric strain relation used to describe the volumetric 

hardening behavior of the TRU waste. 
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• Table 2-1. Munson-Dawson parameter values for intact salt 

• 
Parameter ~ Value • 

Elastic Parameter Values • 
E MP a 31.000 

... 

v 0.25 • 
Munson-Dawson Creep Parameter Values • 

A, yr·• 2.645E+30 
flt 

s·• 8.386E+22 • 
A.? yr-• 3.050E+20 !Ill 

s·' 9.672E+12 • 
Q,tR K 12.581 
Q, cal/mo I 25.000 • 

• 
QJR K 5.032 

Q2 cal/mol 10.000 •· 
n, 5.5 ... 

n:z 5.0 •• 

B, yr·' 1.919E+l4 
.. 

s·' 6.0856E+06 • 
8. yr-• 9.568E+05 • 

s -I 3.034E--02 .. 
q 5.335E+03 .. 

cr,, MPa 20.57 
" 

µ MP a 12.400 •· 
m 3 • 
K 6.275E+5 • 
c.: K-' 9.198E-3 .. 

l · a -17.37 .. 
~ -7.738 • 

~ 0 0.58 • 
•• 

l •· 
•1 

l • 
1111'1 

F-44 ., 



!h-~ 

1&''* 

'!i~f.-

iJl;t,~ 

... 

., .. 

,,.. 

••<t 

"'"' 

Table 2-2. WIPP steady-state creep law par.1mctcrs for salt 

Parameter ~ 

E 

v 

A, 

n, 

Q, 
Q,tR 

µ 

Elastic Parameter Values 

MPa· 

Creep Parameter Values 

2.480 

0.25 

MPa·"1· yr·• 1.4544 x IQ.ft 

MPa·"1 · yr·• 4.5866 x I 0• 1 

cal/mo I 
K 

MPa 

4.9 

12.000 
6.039 

1.0 

Table 2-3. Nonlinear elastic material parameters for crushed salt 

Parameter Units Value Reduced Modulus 
Value 

Kn MP a 0.01760 0.001408 

K, m·'/kg 0.00653 0.006530 

G,, MP a 0.01060 0.000846 

G, m·'/kg 0.00653 0.006530 

K, MP a 20.626 1.656 

Gf MPa 12.423 992 

p,, kg/ml 1.300 1.300 

Pr kg/m3 2.140 2.140 

2.3.2.4 GAS GENERATION 

Gas generation potential and gas production rate within the disposal room are composed of 

gas resulting from anoxic corrosion and microbial activity. The pressure within the disposal 

room caused by the gas generation is assumed to be governed by the ideal gas law discussed in 
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Section 2.2.4.3. Therefore, the only parameter value needed to prescribe the pressure resulting 

from the gas gener.uion is the number of moles of gas production. Stone ( 1992) rcpons that the 

estimated gas production from anoxic corrosion is 1,050 mol/drum with a production rate of I 

mol/drum/yr and the estimated gas production from microbial activity is 550 mol/drum with a 

production rate of I mol/drum/yr. This means that the microbial activity ceases after 550 years 

while the anoxic corrosion ceases after 1,050 years. The number of drums within a disposal 

room is assumed to be 6,804. 

Table 2-4. Creep consolidation material parameters for crushed salt 

Parameter Units Value 

B,, kg/m·1 
• s-1 1.3 x io•& 

kg/m3 ·yr-• 4.10 x io· 1 ~ 

B, MPa-1 0.82 

A m~/kg -1.73 x io·i 

Table 2-5. Material parameters values for TR U waste 

Parameter Uni rs Value 

Po kg/m3 790.4 

<l>n 0.74 

K MPa 222 

G MPa 333 

ao MPa2 0 

a, MP a 0 

a,_ 3 
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'" i' ~ Table 2-6. Crushable foam pressure - volumetric relation for TRU wa.'ilC 

•!!\st'+ 

~;h Volumetric Strain, Volumetric Strain. Mean Stress. 
. Point Ett Ett O'm 

<Natural) {Engineering l <MPa> 

0.032 0.0315 0.028 

2 0.741 0.5234 0.733 
~·~Hi 3 0.898 0.5926 1.133 

4 1.029 . 0.6426 1.667 
1€i!U 

5 1.180 0.6927 2.800 
... 6 1.536 0.7848 10.170 
~ ... "' 
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3.0 SIMULATION RESULTS 

This ch~pter compares the results of numerical simulations performed with SANCHO 

(RE/SPEC Version 1.06) and SPECTAOM-32 (Versions 4.03 and 4.04) and discusses observed 

differences. However, since this repon is a summary of the current status of studies conducted 

to explain the cause of simulation differences, a brief history up to and including the analyses 

presemed later in this chapter is included. Presentation and discussion of the verification 

problems and the disposal room simulation results follow the history. 

3.1 Brief History of Recent Disposal Room Modeling Efforts 

Butcher and Mendenhall (in preparation) discuss the results of analyses performed with 

SPECTROM-32 and SANCHO.on empty rooms, backfilled rooms, rooms with waste and backfill, and 

rooms with gas-generating waste and backfill. Differences between the calculated results are 

noted in their repon. Plausible explanations for these differences include: (I) infinitesimal strain 

theory used in SPECTAOM·32 versus finite strain theory used in SANCHO. (2) different models of 

the intact salt (an empirically scaled secondary creep model in SANCHO versus an experimentally 

based fundamental creep model in SPECTROM-32), and (3) different waste compaction models (a 

volumetric plasticity model in SANCHO versus an empirically based nonlinear elastic model in 

SPECTROM·32). The objective of the work reponed herein was to eliminate the last two factors 

from consideration and to identify the magnitude of finite strain effects that could be expected 

for a representative disposal room problem. Elimination of differences in constitutive models was 

accomplished through modifications to SPECTROM-32. 

Initially, SPECTROM·32 contained a nonlinear elastic model for the TRU waste as described 

in Callahan and De Vries (I 991 ). Discrepancies in the amount of compaction computed by 

SANCHO and SPECTROM·32 for the TRU waste prompted a more detailed examination of the model 

included in the two codes (see Appendix A). The differences in the results produced by the 

SPECTROM·32 nonlinear elastic model and the SANCHO plastic compaction model were found to 

be largely attributable to different assumptions used to derive each of the models' parameters 

from TRU waste compaction experiments (Butcher et al.. 1991 ). The compaction experiments 

were conducted on simulated waste in rigid steel sleeves and only the axial stress component was 

measured. To evaluate parameter values for the TRU waste models, assumptions were required 

regarding the magnitude of the lateral stress components. Two bounding assumptions are 

available to infer values for the lateral stress components in the experiments: ( I ) the lateral 
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components are zero (i.e .• a,, = 3a,,.) and (2) the lateral stress components are equal to the axial 

stress component (i.e., a,, = a,,,), where a,. and a,,. represent the axial and mean stress. 

respectively. ·The first assumption was used to derive the nonlinear elastic model for the TRU 

waste and the second assumption was used to derive the pressure-volumetric strain relation for 

the plastic compaction model of the TRU waste. When the second assumption was used for 

development of the nonlinear elastic model. the average void fractions in the TRU waste 

(Appendix A) computed using SPECTROM·32 increased substantially and were similar i.n magnit~de 

to those computed using SANCHO with the plastic compaction TRU waste model. Subsequent 

effons (Appendix B) showed that the volumetric behavior predicted by the nonlinear elastic 

model and the plastic compaction model are equivalent except in plane strain problems (cf. 

Section 2.2.3). Therefore. to eliminate model differences entirely as an issue. the SANCHO plastic. 

compaction model used for TRU waste was incorporated into.SPECTROM-32. · A description of this 

volumetric plasticity model (also called the crushable foam model) is included in Section 2.2.3 

and may also be found in the SANCHO manual (Stone et al.. 1985). 

A specific documented verification problem was not available for this model within the 

SANCHO manual so Verification Problem 29, or simply VP29, was created to test implementation 

of the plastic compaction TRU waste model in SPECTROM·32. VP29 and six other simple 

verification problems were run to examine the correctness of the model implementation. A 

secondary objective for these verification problems was to provide a set of simple problems that 

could be analyzed with both SANCHO and SPECTROM-32 to assist the general understanding of other 

potential code differences . 

A substantial effort was also required to develop a version of SANCHO that could be used for 

comparative analyses with SPECTROM-32. This was required because SANCHO was not installed 

on the open computer systems (the Sandia National Laboratories Cr.1y X-MP system at Livermore 

and VAX Cluster in Building 823) being used for analyses. Therefore. a version of SANCHO 

obtained in 1987 and installed on RE/SPEC's MicroVAX was used. The major modification to 

this version of SANCHO included incorporation of the creep consolidation model used for crushed 

salt. 

3.2 Verification Problem Analyses 

Two of the seven simple verification problems were analyzed with SPECTROM·32 and SANCHO 

to examine the TRU waste and crushed salt constitutive model behavior. The first problem is 

Verification Problem 29 (VP29), a standard verification problem used for SPECTROM-32. VP29 
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consists of volumetric compaction of a material that behaves according to the plastic compaction 

TRU waste model (crushable foam plasticity model). The second verification problem examines 

the lime-dependent compaction of a cylindrical (axisymmetric) material that behaves according 

to the crushed salt creep consolidation model. Descriptions of these two problems and 

comparison of the results obtained with SPECTROM·32 and SANCHO are discussed separately in the 

next two subsections. 

3.2.1 Hydrostatic Compaction of TRU Waste (VP29) 

Verification Problem 29 simulates a body that is loaded hydrostatically in I MPa incremenL~ 

up to 5 MPa. Two geometrical configurations are considered - axisymmetric and plane strain. 

Unload-reload cycles occur at 2 and 4 MPa for the problem with axisymmetric geometry; 

however, no unload cycles were included for the plane strain geometry problem. Other than these 

differences in loading and geometry, the two problems were identical. The volumetric strain 

calculated by the crushable foam plasticity model is the output of interest. 

VP29 is a uniform stress and strain problem; thus, arbitrary specimen dimensions can be 

chosen. SPECTROM·32 and SANCHO both modeled a one unit wide by one unit high problem 

domain. The left boundary represents the axis of symmetry for the axisymmetric problem and 

a plane of symmetry for the plane strain problem, and the lower boundary is fixed against 

displacement normal to the boundary (i.e .• rollered) for both geometries. Tractions were applied 

to the top and right boundaries and scaled by a history function to simulate the increments in 

loading and unloading. The unloading cycle in the SANCHO simulations did not totally remove 

the load but instead reduced the applied traction to a nominally low value (0.025 MPa) to prevent 

nonconvergence of the solution; whereas, the load was reduced to zero in the SPECTROM·32 

simulations. The input files for the SANCHO and SPECTROM-32 simulations are given in Appendix 

C. Additional information regarding the SPECTROM·32 simulation may be found in Appendix B. 

SPECTROM·32 has two options for specification of the compaction function - pressurc

volumetric strain data pairs or a mean stress-porosity functional form from which the volumetric 

hardening can be evaluated. Both options were exercised in obtaining the solution to VP29 with 

SPECTROM·32. The pressure-volumetric strain pairs used in SPECTROM-32 are given in Appendix 

B; the parameter values for the functional form given by Equation 5 in Appendix B were 

ic = 0.06784 MPa and cl>o = 0.65. SANCHO has only the pressure-volumetric strdin tabular form 

of input, with the maximum number of data pairs being six. Since the number of data pairs 

SANCHO accepts is smaller than the number of pairs used in the SPECTROM·32 pressure-volumetric 
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str.ain input. the parameters for the functional fonn were used to calculate the SANCHO input pairs. 

where the six input pairs were chosen to give a reasonable approximation to the function through 

the stress magnitudes of interest. This procedure was also used to calculate the SPECTROU.32 data 

pairs. To generclte the SANCHO pressure-volumetric strain data pairs. E4uation 5 in Appendix B 

is combined with the definition of porosity, ~ = 1 - pip,, which leads to the calculation of 

volumetric strain ( £,,) as defined by the finite strain code SANCHO (noting that here compaction 

is positive): 

(3-1) 

The material parameters used for the TRU waste compaction problem are given in Table 3-J. 

The large value assigned to a2 suppresses the deviatoric response ponion of the model and 

enables examination of the volumetric response only. The pressure-volumetric strain pairs listed 

in Table 3-2 define the compaction function for the (waste) medium used in the SANCHO 

simulation of VP29. Note that these values, which differ from the pressure-volumetric strain 

input for SPECTROM·32 (Appendix B), represent the only compensation that can be made for the 

small/finite strain differences. However, the conversion of the bulk (volumetric) material 

properties from finite strain in SANCHO to engineering strclin in SPECTROM-32 only partially 

compensates for the differences. As shown in the discussion of the results. differences still 

appear in the computed volumetric strains for the two cOdes because of the inherent differences 

caused by the small strain versus the finite strain structure of the codes. 

Table 3-1. Material parameter values for TRU waste verification problem 

Parameter 

Pn 

<l>n 

K 

G 

MPa 

MP a 

MPa2 

MPa 
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978.1 

0.65 

100 

60 

0 
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Table 3-2. Pressure - volumetric relation for TRU wasce problem 

2 

3 

4 

5 

6 

Volumetric Strain. 

Ett 
<Natural) 

3.21E-5 

0.0223 

0.1651 

0.4335 

0.6140 

0.8365 

Mean Stress. 
O'm 

CM Pal 

0.0001 

0.0600 

0.5000 

1.7000 

3.0000 

6.0000 

Simulation Results. Three figures summarize the results of SPECTROM-32 and SANCHO 

simulations of VP29. Figure 3-1 compares the mean stress versus volumetric strain that develops 

during loading and unloading of the cylinder (axisymmetric geometry problem). Figures 3-2 and 

3-3 plot mean stress versus volumetric strain (Figure 3-2) and the out-of-plane stress versus 

volumetric strain (Figure 3-3) that develop during an assumed plane strain problem geometry of 

the loading ponion of the problem. In these figures. volumetric strain from the SANCHO 

simulations has been convened from the natural or true strain (ev) to the engineering strain (Eu) 

by the following equation: 

£. = exp(e.) - I (3-2) 

The volumetric response results (Figure 3-1) from the cwo codes for the crushable foam 

model compare reasonably well for the axisymmetric problem. However. sevenil observations 

are wonh noting. First. the stepped configuration of the SPECTROM-32 results appears simply 

because each loading step (elastic response) is plotted before the plastic flow occurs. The 

viscoplastic solution algorithm used in SPECTROM-32 enables recovery of this information. The 

SANCHO results appear at the end of a load step. Second. since this is a stress-controlled problem. 

the stress results are exactly the same for the two codes; differences appear in the resulting strain 

magnitudes. However, the magnitude of the forces have to be different because the finite strain 

code updates the geometry, and the forces must change to maintain the required boundary 

tractions. The small strain code's basis is always the original configuration; thus, changes in 

material stiffness and boundary forces caused by deformation are not required. Third, 
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VP29: Response of Crushable Foam Plasticity Model 
a----P"---Po---....---....-~....-~~~~---.------....... ~-....~ ....... 

6 

2 

-

HYDR<m'ATIC COkPRE3SiOH LOAD-t1NLOAD TEST 
Amymmet.ric 

-- SP:ex:tRUJl-32 Cniahable Foam llodel 

o o SPECtRUll-32 Ncmlinmr Eiast.ic llodel 

**• SANCHO Crushable Foam llodel 

/ 
/ 

/ 

-----
0.1 0.2 0.5 0.4 0.5 

Volumetric Strain 
0.6 

FISl·Z17-t3-001 

Figure 3-1. Comparison of volumetric response of crushable· foam model in SANCHO and 
SPECTROM·32. 

F-53 



• 

• 
Response of Crushable Foam Plasticity Model • 
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-- SPB:tROll-32 Crushable Foam Model 

0 0 Foam Model - Load Pcint 

0 0 Nonltn•r Elut.tc Model 

*9~- SANCHO Crushable Foam Model 

0 

0 

0 

0.2 0.3 0.4 0.5 

Volumetric Strain 
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• 
RSl·217-13-0D2 • 

Figure 3-2. Comparison of volumetric response of crushable foam model in SANCHO and 
SPECTROM-32 for a plane strain problem. 
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Response of Crushable Foam Plasticity Model 
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Volumetric Strain 
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Figure 3-3. Comparison of out-of-plane stresses from the crushable foam model in SANCHO 

and SPECTROM-32 for a plane strain problem. 
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comparison of the results for the two codes at the end of the load steps appears to be random 

rather than a gradually increasing difference in the volumetric strain with increased defonnation 

as expected. This is a consequence of the approximation used in the two codes to represent.the 

pressure-volumetric strain relation. The six data pairs given in Table 3-2 .for SANCHO provide a 

much coarser representation of the relation than the eleven points (Appendix C) used in 

SPECTROM-32. Finally, the bulk modulus of the crushable foam material is evident from the load

unload cycles in Figure 3-1. The SPECTROM-32 results illustrate the constant bulk modulus of 

the material; whereas, the bulk modulus appears variable in the SANCHO analysis. The apparent 

variable bulk modulus appears in the SANCHO results because the SANCHO natural volumetric 

strains were converted to engineering volumetric strains for comparison in Figure 3-1. 

Figures 3-2 and 3-3 illustrate the volumetric strain and out-of-plane stress response for the 

TRU waste compaction problem assuming plane strain geometry. The results obtained for this 

problem show trends similar to those obtained for the ax isymmetric problem (Figure 3-1 ). The 

volumetric strain behavior in the plane strain simulation shows essentially identical mean stresses 

for the two codes but differences in the accompanying volumetric strains. These differences are 

of the same magnitude as observed for the axisymmetric problem and are attributable to the same 

force and stiffness differences that occur for the small and finite strain implementations. For 

comparison, the nonlinear elastic model results are included on Figures 3-2 and 3-3. Although 

nor shown on Figure 3-1, the nonlinear elastic model produces results identical to che crushable 

foam model for the axisymmetric geometry. However. under plane strain conditions, the 

nonlinear elastic model produces significantly different results from the crushable foam mode!. 

This occurs because of the out-of-plane behavior in elastic and plastic types of problems. In 

plane strain problems, the requirement is that the total out-of-plane strain be zero. In plastic or 

other types of inelastic problems. the out-of-plane inelastic flow is balanced by the elastic 

behavior to maintain zero total out-of-plane strain. Therefore. the inelastic behavior reduces the 

magnitude of the out-of-plane stress. However, for the elastic problems, no mechanism exists 

to change out-of-plane stress, and the Poisson effect increases the component for increases in the 

in-plane loading. Therefore, some of the differences observed in past comparisons of SANCHO 

and SPECTROM-32 disposal room simulations (which included plane strain geometries) can be 

explained by these waste model differences. Beyond thi"s, even with the same waste model, 

differences can still be expected because of the inherent differences included in the small and 

finice strain formulations. 

F-56 

• 

.... 

• 

• 

• .. 

•· 



.... 

3.2.2 Uniaxial Compression of a Crushed-Salt Cylinder 

The uniaxial compression verification problem simulates a cylindrical specimen (axisym

metric geometry) of crushed salt subjected to a constant lO MPa axial stress. ll1e individual 

strain components and the volumetric strain that develops as the specimen compacts are the 

output variables of interest. This problem has been solved previously using SPECTROM-32 and is 

documented by Callahan ( 1990). 

The problem was modeled with a vcnical axis of symmetry through the center of the cylinder 

(left boundary), and the lower boundary was fixed against normal displacements (rollered 

boundary condition). The right boundary is free of kinematic and traction boundary conditions, 

and the top boundary has a normal traction of 10 MPa applied. In the SPECTROM-32 simulation, 

this traction is constant throughout the simulation time of IO" seconds. In the SANCHO simulation, 

the boundary traction was applied gradually. No traction was applied at time zero. the traction 

was ramped to I MPa at 1.000 seconds and then ramped to I 0 MPa at 2.000 seconds. and held 

constant from that time to the end of the simulation. The effect of ramping the load (traction), 

which was necessary to maintain numerical stability when first applying a load to the loose 

crushed salt material. is evident only in the very early-time strciins; ramping the load did not 

noticeably effect late-time strain values even though the material is highly nonlinear. 

The nonlinear elastic and volumetric creep consolidation parameter values used in the 

simulations of this problem are given in Tables 2-3 (full modulus values) and 2-4 with the 

following exceptions: Kr= 20.700 MPa. Gf = 12.425 MPa. and Po= 1.700 kg/m·
1

• The deviatoric 

ponion of the creep consolidation equation was prescribed in SPECTROM·32 using the steady-state 

creep law option. which is the only option in SANCHO. The creep parameter values for the 

deviatoric ponion of the model are given in Table 2-2 with the exception that Q 11 R = 5979; 

however. reduced modulus values were not used. Other than being in units of Pa instead MPa 

for the SANCHO input, the material parameters used in the simulations for both codes are identical. 

The primary difference between the two codes and their simulations of the uniaxial problem are 

the models of deviatoric response. As described in Section 2.2.2.2. SPECTROM·32 uses two 

components to describe the deviatoric response of the crushed salt material; whereas. SANCHO 

uses one. However. other than the one deviatoric component that SANCHO does not include. the 

constitutive model adopted in the two codes are the same. Two other less significant differences 

exist between the two codes: 
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I. The SPECTROM·32 version of the creep consolidation model has a switch to change 

from the creep consolidation model to a model of intact salt once the final density is 

reached. In this case, that model was the steady-state creep model for intact salt. 

2. SPECTROM-32 provides for the specification of limiting values of the bulk and shear 

moduli but SANCHO docs noL Although SANCHO docs not explicitly have either of 

these features in the code, it effectively models both behaviors by vinue of the way 

the algorithms are constructed. 

Neither of these differences should have any impact on the results of the uniaxial compression 

problem because over the time period simulated the material docs not approach full consolidation. 

Simulation Results. The results of the uniaxial compression of a crushed salt material are 

given in Figure 3-4. The individual strain components and the volumetric strain from the SANCHO 

simulations have been convened from natural strains to engineering strains a'\ provided in 

Equation 3-2. 

The volumetric strain components calculated by SANCHO and SPECTROM-32 compare 

reasonably well. However, the individual tensorial strain components are significantly different. 

The discrepancies that are apparent in Figure 3-4 are a result of the difference in the deviatoric 

creep consolidation models. SANCHO docs not contain the deviatoric component implemented by 

Callahan ( 1990) in SPECTROM-32 (see Section 2.2.2.2) which serves to eliminate lateral 

compaction of a uniaxially loaded body. This correction to the creep consolidation model is 

appealing intuitively since one would not expect a significant amount of lateral compaction on 

a body when there is no loading in that direction. This corrective deviatoric component also 

serves to eliminate large out-of-plane tensile stresses when plane strain geometries arc involved. 

Figure 3-4 shows that the SANCHO radial, tangential, and venical strains differ from their 

SPECTROM-32 counterparts. In fact, the SANCHO lateral strains are opposite in sign from the 

SPECTROM-32 lateral strains. However, when SPECTROM·32 is run with the volumetric creep 

consolidation model only, results similar to those produced by SANCHO are obtained (e.g .• see 

Figure 4-3; Callahan, 1990). 

3.3 Disposal Room Simulation 

The creep closure of WIPP disposal rooms is simulated in this problem. The objective of 

this problem is to compare SANCHO and SPECTROM-32 simulations of average void volume, room 
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closure. and gas pressure. This simulation involves the three components of a disposal room (as 

. currently envisioned): (I) intact salt. (2) crushed salt (backfill). and (3) TRU waste. The 

specifications for the geometry and contents of the disposal rooms were defined by the WIPP 

baseline des_ign (Bechtel. 1986) and are the same as those described in Section 2.J; the material 

propenies are presented in Section 2.3.2. 

The SANCHO simulation for the disposal room problem was_ co.mpleted earlier and has been 

documented by Stone ( 1992). In so far as possible. the same modeling approach and features 

were used in defining the SPECTROM-32 model as were used in the SANCHO model. Consequently. 

the description of the SPECTROM-32 model in this section is equally applicable to the SANCHO 

model except where differences are specifically noted. 

The geometric simplifications made for the two analyses were: 

I. The rooms are assumed to be located in a homogeneous layer of bedded salt 

eliminating the need to model the numerous stratigraphic layers present at the WIPP. 

2. The deformation is assumed to be symmetric about a horizontal plane that passes 

through the center of the rib. Hence. the modeled region consists of the material 

above the symmetry plane. 

3. The venical extent of the region modeled is limited to 54 m above the room 

centerline. This boundary placement is identical to Stone ( 1992) and is far enough 

removed to eliminate significant boundary influence. 

The SPECTROM-32 finite clement representation used for this two-dimensional. plane strain 

problem is shown in Figure 3-5. The finite element model consists of 776 four-noded 

quadrilateral elements. Although the geometrical details of the SANCHO model are essentially the 

same. the discretization is somewhat different resulting in 618 four-noded quadrilateral elements. 

The finite element mesh is composed of four distinct regions which are used to represent the 

material regions in the baseline case. The room detail given in Figure 3-5 shows the regions 

used to represent the TRU waste, the backfill material. and the air gap. The TRU waste region 

is 4.5 m wide by 1.01 m high in the lower left comer·of the mesh. The crushed salt region 

surrounds the TRU waste and extends to the rib (i.e., the venical boundary of the room surface). 

The crushed salt region extends ven.ically to the boundary of the air gap region. which is 0.355 

m below the upper boundary of the room. These three regions comprise the disposal room and 

its contents with the remaining ponion of the model representing the intact salt in the vicinity 

of the disposal room. The comers of the disposal room were assumed to be round (0.355 m 

radius). The cross-sectional area of the waste, backfill. and air gap regions are approximately 
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4.54 m~. 3.64 m·\ and 1.76 m~. respectively. yielding a total cross-sectional area for the modeled 

disposal room quaner-section of approximately 9.94 m~. Symmetry conditions require no 

displacements normal to the boundary along the bottom. left. and right edges of mesh. These 

kinematic constraints were prescribed as the boundary conditions for the mesh. The temperature 

throughout the: modeled region was specified as 27°C. 

As indicated in Section 3.1. the issue of differences in constitutive models was almost 

entirely eliminated. Some differences still remain and are discussed in our description of the 

constitutive models for intact salt. crushed salt. and waste (Section 2.:!). The WIPP secondary 

(steady-state) creep law was assumed to describe the creep component of the intact salt model 

and the deviatoric ponion of the creep component of the crushed salt model. The reduced 

modulus values corresponding to the WIPP secondary creep law were assumed for the intact salt 

and crushed salt. The only difference between the material parameter values used to simulate 

this probiem and those reponed by Stone ( 1992) occurred for G0 given in Table 2-3. Stone 

( 1992) reponed a value of 0.000864; however. this value is believed to be a typographical error 

because 0.000846 is the value consistent with the nonlinear elastic crushed sail parameter values 

reponed by Sjaardema and Krieg (1987). 

The initial stress field before excavation was assumed to be a homogeneous. lithostatic state 

of stress. The magnitude of the initial stress field was defined by prescribing a supcrincumbent 

overburden traction of 14.8 MPa. Gravitational forces were neglected with laternl eanh pressure 

coefficients equal to one. Therefore, the initial state of stress everywhere in the defined problem 

region was -14.8 MPa. The initial stress condition for the analysis was established by simulating 

excavation of the disposal room into the host medium under the assumed lithostatic stress 

condition. Subsequently, the TRU waste and backfill were emplaced under stress free conditions 

(i.e., body forces were neglected in the TRU waste and crushed salt backfill). As a consequence 

of the assumed symmetry condition about the bottom boundary, the waste in the finite element 

model is located in the center of the room and is surrounded on aJJ four sides by the backfill 

material. The air gap isolates the TRU waste and backfill from the room roof and floor until 

sufficient deformation is attained to provide contact. The air gap is simulated in SPECTROM-32 

by a special gap element in which the deformation is continuously monitored. When the 

deformation of the gap element reaches its prescribed value, the material is changed to another 

material (i.e., intact salt in this case). Thus, the gap element provides unrestrained deformation· 

through a predetermined magnitude. In the actual configuration, the waste will rest on the floor 

of the room and be surrounded by the backfill material on three sides with the headspace located 

between the crushed salt and disposal room roof. 
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The modeling procedure for the air gap is believed to be a source of discrepancy between 

the SPECTROM~32 and SANCHO solutions. Stone (1992) states that the air gap was discretized as 

though it was crushed sail and remained a low modulus material until rhe disposal room volume 

had decreased by the requisite air gap volume. Then the air gap material assumed characteristics 

of the crushed salt backfill. This implies a difference from the SPECTROM-32 simulation because 

the requisite air gap volume was only absorbed by the air gap region shown in Figure 3-5; 

whereas, the SANCHO analysis apparently assumed the air gap was gone when an equivalent room 

volumetric closure had occurred. 

Another specific difference in modeling procedures between the two codes involves the 

treatment of the room contents when the gas pressure becomes large enough to cause closure of 

the room to cease and create an increase in room volume. If room expansion occurs, it is 

believed that the room surface would separate from the room contents. This separation would 

occur with the room contents providing no resistance to the expansion of the room. Since the 

material boundaries of the room and room contents are in intimate contact and cannot separate. 

the room contents would become tensile upon expansion of the room without special treatment. 

The material models for the crushed salt and TRU waste in SPECTROM-32 include tensile limits. 

Therefore. as the room expands and attempts to create tensile loads in the room contents. the 

loads are transferred back to the intact salt and the room contents provide no resistance to the 

room expansion. In SANCHO. the elements representing the waste and room contents were deleted 

at the point where the room begins to expand. Stone ( 1992) found that the process of deleting 

the room contents was a sensitive modeling pan1meter and several analyses were usually 

performed to establish the appropriate deletion time. If the full room contents became tensile in 

the SPECTROM-32 analysis at the same instant as the room contents were deleted in the SANCHO 

analysis. the two processes should produce equivalent results. However. the full impact of this 

difference in modeling procedure on the results is difficult to judge. 

Simulation Results. The baseline case with full gas gener.11ion rate (i.e .• /= 1 as stated by 

Stone, 1992) was simulated for a 2,000-year period. In the SPECTROM-32 analysis. the air gap is 

essentially gone after approximately 20 years. and the disposal room roof comes in intimate 

contact with the backfill. The crushed salt backfill was changed to a creeping material obeying 

the ·WIPP steady-state constitutive model when the volume of the crushed salt was sufficiently 

reduced such that all of the voids were removed and the density reached the density of intact salt. 

Thus. following complete consolidation, the crushed salt becomes intact salt. Initially the 

stiffnesses of the crushed salt and TRU waste are very low compared to the host salt formation. 

Therefore, even after the air gap has disappeared very little resistance to room closure is provided 

by the backfill and waste. However, while these processes are occun:ing. gas is also being 
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generated. The gas pressure increases as long as mass is being generated and also because the 

pore space is decreasing in the crushed salt and TRU waste. The gas pressure resists room 

closure and continues to increase until generc1tion ceases. As the crushed salt and TRU waste 

compact. they become stiffer and provide stabilizing forces for the underground structure and 

reduce the room closure rate. However. the stiffness of the TRU waste remains quite low until 

it is compacted to within about 80 percent of its fully compacted density. Because the stiffness 

of the TRU waste is so low, little suppon is provided for the crushed salt backfill. and the rate 

of consolidation of the crushed salt is slower than if the room was completely filled with crushed 

salt. When the gas pressure becomes large enough, closure of the room ceases and the room 

volume increases with increasing gas pressure. 

Figure 3-6 shows the average void fractions in the room. backfill. and waste for the two 

codes. The SANCHO results were obtained by digitizing the room results presented by Stone 

( 1992) and the waste and backfill results presented by Stone ( 1993 ). The initial porosities in the 

crushed salt (0.4) and TRU waste (0.74) are evident in the figure at time zero. In the SANCHO 

results, the backfill and air gap porosities are combined: the combined initial porosity of these 

two components is 0.60. In SPECTROM-32. the backfill porosity curve includes only the backfill 

material region illustrated as crushed salt in Figure 3-5. The SANCHO waste and backfill-and-air

gap porosity histories end at 300 years because the room elements were eliminated after room 

expansion staned. The void fracti.ons decrease until the gas pressure is sufficient to halt room 

closure and initiate room expansion. The minimum room void fraction is obtained between 150 

and 200 years (SPECTROM-32 at 150 years and SANCHO at 200 years). The results obtained by 

SANCHO and SPECTROM·32 are 4uite close through the first I 00 years. After that time. the 

SPECTROM-32 results show a slightly larger decrease in room void fraction than the SANCHO 

results. This offset is fairly constant through 2.000 years where the difference is about 5 percent. 

Consideration of these results in light of the behavior observed in the verification problems 

will help understand these differences. The average void fraction curves in Figure 3-6 show that 

at maximum compaction, the crushed salt (alone) and the waste have porosities of approximately 

3 percent and 50 percent, respectively. The volumetric strain associated with these porosities is 

greater than 40 percent. Typically, at a volumetric strain exceeding 20 percent. finite strain 

effects become important, which gives rise to the growing differences between the SANCHO and 

SPECTROM-32 resultli. as was seen for the verification problems. In general. the corresponding 

strain levels are higher in the SPECTROM-32 simulations. producing greater densities and lower 

porosities. As gas generation leads to pressurization of the room. the room contents essentially 

do not affect the calculation; this occurs in the 300- to 500-year time frame. After this time. 

porosity changes are solely a result of room expansion. 
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Figure 3-6. Comparison of disposal room void fraction histories. 
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Evaluation of the backfill response is more difficult because a direct comparison cannot be 

made between the SANCHO and SPECTROM·32 results. The SPECTROM·32 backfill porosity plot 

starts at an initial value of 0.4 compared to the SANCHO backfill-and-air-gap porosity of 0.6. 

However, ~ince the air gap has essentially disappeared in the SPECTROM·32 simulation after 20 

years. the backfill porosity curve of SPECTROM·32 is also representative of the backfill-and-air-gap 

porosity results after 20 years. Thus, there is a large discrepancy between the SANCHO and 

SPECTROM·32 backfill porosity results. Two potential sources for this large difference include the 

air gap model and the crushed salt model. The response observed in the uniaxial verification 

problem for crushed salt consolidation presented in Section 3.2.2 would lead one to believe that 

the crushed salt model is probably responsible for the discrepancy. However. the uniaxial 

compression problem contains a large deviatoric loading which creates the large differences 

between codes; whereas, the deviatoric loading on the backfill in a disposal room is typically 

much smaller. In fact. previous comparisons of the crushed salt backfill behavior in WIPP 

disposal rooms for the two codes (e.g .• Callahan and DeVries, 1991) have shown much closer 

agreement. The previous code comparisons indicate that the crushed salt constitutive model 

differences cannot create the observed discrepancies in the backfill porosities. Therefore, the 

backfill porosity differences observed between the two codes have to be attributable to the air 

gap modeling procedures. 

The vertical and horizontal closures of the disposal room are shown in Figures 3-7 and 3-8. 

These closure values are nodal displacement values at the centerline of the roof and midheight 

of the pillar multiplied by a factor of two to reflect the total room closure. SPECTROM-32 attains 

a maximum horizontal closure of about 1.74 mat 150 years and a maximum venical closure of 

about 1.68 m at 140 years. After 50 years. the SPECTROM·32 horizontal closures are consistently 

about I 0 percent greater than those predicted by SANCHO. However. comparison of the vertical 

closure results shows fairly good agreement between the SANCHO and SPECTROM·32 results through 

the first 500 years. After this time. the SPECTROM·32 vertical closures become less than those 

predicted by SANCHO and are about 20 percent less at 2,000 years. The greater amount of vertical 

room opening shown in the SPECTROM·32 results seems consistent with the greater gas pressures 

illustrated in Figure 3-9. However. one would expect the greater volume to yield a reduction in 

pressure. Apparently, the increased horizontal closure and overall reduced room volume 

produced in the SPECTROM·32 analysis are sufficient to maintain the higher pressure. As shown 

in Figure 3-9, the SPECTROM·32 gas pressures are consistently about 5 percent higher than those 

predicted by SANCHO after 500 years. 

Less can be said in a direct way about the closure results because the deformations produced 

are a result of combined volumetric compaction (and expansion) and deviatoric strains. However, 
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two additional factors (since all previous comments made relative to the porosity also apply to 

the closure histories) should be considered. First. the deviatoric strain correction factor in the 

crushed salt model for SPECTROM-32, discussed in Section 2.:?.:?. impacts all of the strain 

components. Second, the plane strain analysis of VP29 showed that the out-of-plane response 

differs between the two codes. The contribution of these factors 10 the differences in closure 

apparent in Figures 3-7 and 3-8 cannot be ascenained because the influence of these factors is 

not directly quantifiable. The primary consequence of the differences between the two codes is 

that greater waste compaction and room closure develop in the SPECTROM-32 simulation. 

Likewise, higher gas pressures develop in the room. Although higher gas pressures (22+ MPa 

in SPECTROM-32 versus 21+ MPa in SANCHO) induce greater room expansion. as was indicated. 

above, the I MPa difference in pressure docs not produce noticeably different room expansion 

rates. 
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4.0 CONCLUSIONS 

The purpose of this chapter is to summarize the results of comparisons between numerical 

simulations performed by SANCHO and those performed by SPECTROM-32 and to present 

recommendations for further activities which would place SPECTROM·32 and SANCHO (or itS 

successor SANTOS) on essentially identical foundations for future room modeling efforts. 

Simulations of two idealized and simplified uniaxial stress (in axisymmetric and plane strain 

geometry) and hydrostatic stress tests with both SPECTROM·32 and SANCHO have provided valuable 

insight into the actual and relative behavior of two constitutive models in the two codes. The 

closure of an idealized disposal room in intact salt at the center of a waste panel with crushed 

salt backfill and gas-generating TRU waste in the room was also simulated for a period of 2.000 · 

years. This simulation also provides valuable insight into the issues surrounding the use of 

SANCHO and SPECTROM·32 for WIPP disposal room simulations. As a result of the numerical 

studies documented in this repon. several conclusions can be made regarding the future use of 

either of these codes. or similar codes. for WIPP disposal room modeling studies. These are 

listed below along with recommendations that will reduce 4uestions of code differences. that 

always manifest themselves in imponant results. to a minimum. 

I. Significant strain magnitudes can develop in materials within the disposal room. 

frequently greater than 50 percent. Since SPECTROM-32 is an infinitesimal strain code. 

deficiencies can be expected at these large str.1ins. SPECTROM-32 could be modified 

to include finite strain to improve future disposal room simulations. 

, Ostensibly, the same constitutive models are available in both SANCHO and SPECTROM-

32 for WIPP room disposal simulations. However. specific differences between each 

of the disposal room component models exist. 

2a. The secondary creep power law model and the Munson-Dawson model are 

utilized as models of intact sail The former is used in SANCHO/SANTOS with 

empirical corrections to some of the input parameters. SPECTROM·32 can 

simulate problems using either model. but the Munson-Dawson model is the 

preferred option because it has a more sound theoretical and experimental basis. 

2b. The creep consolidation model used for crushed salt is implemented in both 

families of codes although there is a difference in an inelastic shear strain 

component (identified in Equation 2-52 of this repon). This component is 
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present in the SPECTROM·32 implementation but not in the SANCHO/SANTOS 

implementation. This deviatoric component is a correction factor for lateral 

strains; it does not effect volumetric strain magnitudes. but it significantly 

affects nonnal and shear strain components. 

2c. The question of what should be the assumption regarding the lateral stress 

components for the TRU waste tests was raised. This was not an issue in the 

analyses reponed herein: however. the choice of which of two assumptions is 

made ( a0 = 3a,,, or a,. = a,,,) has a significant impact on waste compaction and 

room porosity. 

3. Several bookkeeping issues must be given attention when comparing results of 

simulations from two codes. First. problem definitions must be checked to insure that 

identical problems are being simulated as closely as possible: several instances were 

encountered where different problems were modeled and results were compared. 

Second. material parameter input values should be verified and made consistent 

between codes: when different units are used in different codes. calculation of input 

parameters should be based on a common set of values. A document containing all 

relevant physical and mechanical propenies ret1uired for room disposal modeling 

should be assembled for use by WIPP project analysts. Third. consistent definition 

of variables must be used when comparing resulls (e.g .• room porosity). Finally. 

when stress and strain measures calculated by different codes arc graphically 

compared. the same definitions must be used . 

.i. Gas pressurization of disposal rooms reverses the loading direction from the creep 

dosure phase of the simulation. Care must be taken to insure that this less frequently 

exercised ponion of const.itutive models be checked for consistency as well. 
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APPENDIX A: DISCUSSION OF THE TRU WASTE MODEL 
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Dr. Fred T. Mendenhall 
Sandi& National Laboratories 
Organization 6345 
P.O. Box 5800 
Albuquerque, NM 87185-5800 
cc: Dr. Barry M. Butcher (Sandi& Division 6345) 
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Dr. Gary D. Callahan 
RE/SPEC Inc. 
P.O. Box 725 
Rapid City, SD 57709 

March 13, 1992 

x§~d <}z1&4, 

Subject: Further Discussion of the TRU Wuie Model 
(Sandia Contract No. 78-7829) 

Introduction 

The purpose of this memorandum is to present additional discussion on the 
TRU wuie model discussed in Callahan and DeVries {1991) and hopefully clarify 
some of the incouiaicru:iu ciiacuaed by Dr. Butcher in his memorandum dated 
March 4, 1992 • 

TRU Waste Model Discussion 

The buic equation used to describe the TRU waste behavior is 

1 t/> 
u. =-In(-) 

IC t/>o 
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·where 

CT11 - axial stress, tr• = 3u"' 
q"' - mean stress 

IC - material parameter 
</> - porosity 

"'° - initial porosity. 

A key assumption associated with the above equation concerns specifying the 
mean stress when only one stress component was measured during the experiments. 
The following discussion was given by Callahan and De Vries [1991J starting on Page 
29: 

The assumption stated above (i.e., u. = 30',,.) is significant. The need 
for this assumption sten::ia from the fact that the experiments were con
ducted on the compaction of simulated waste in a rigid steel sleeve 
[Butcher et al., 1991J and only the axial stress component wu mea
sured. To evaluate the parameter values for the TRU waste model, all 
three stress components need to be known. Two bounding &SSumptiom 
to infer values for the lateral stress components are (1) the lateral stress 
components a.re zero (i.e., 0'11 = 30',,.) and (2) the lateral stress compo
nents are equal to the axial stress (i.e., 0'11 = u"'/3). Assumption (1) 
represents an unconfined test, and Aasumption (2) represents a hydro
static test. Neither assumption is correct in the sense that it represents 
the conditions in the experiment; however, the two aasumptions bound 
the true stress conditio?l3. The £int a.ssumption wu adopted because it 
provides the less stiff representation of the TRU waste. The less stiff 
representation is felt to be more conservative because it provides less 
resistance to room closure and lower back pressure on the surrounding 
bacidUI~ which increases the time required to obtain lower porosities in 
the backfill surrounding the TRU wute. 

Under Assumption(~) above, the statement u,. = CT,,./3 is incorrect and should 
read u. = u"'. When Assumption (1) above was adopted, the thinking was that it 
would be the more conservative of the two assumptions with regard to the porosi
ties in backfill surrounding the waste and not necessarily in the TRU waste itself. 
However, as Dr. Butcher stated in his memorandum, porosity (void fraction} is the 
variable of interest since it is used to estimate permeability. With this in mind, 
AJSumption (2) would be the more conservative of the two aasumptions in that it 
would tend to produce the largest porosities (i.e., least compaction} for the same 
stress states in the TRU waste. However, Assumption (2) will not necessarily pro
duce the more consemtive results for the backfill material since the expectation is 
that the stiif'er TRU wuie will enhance the redunion of porosity in the bac!dill. 
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Then, the questions are: what is the impact of Assumption (2) on the waste 
parameters, and what is the impact of these different parameter values on the 
results? 

To answer these questions, we will first examine the tangent bulk modulus, 
which is defined as 

(2) . 

Mean stress is substituted into Equation l for the two different assumptions. Fir.st, 
substituting O',,. = o-./3 and performing the differentiation indicated in Equation 2 
on Equation 1 results in 

pl 
K(p,) = -3"-P-o(_P_! ___ p_) (3) 

For the second assumption, substituting O'.,,. = a-. and performing the differentiation 
indicated in Equation 2 on Equation l results in 

p2 

K(p) = "Po(P1 - P) 
(4) 

With the second assumption, we see that the TRU waste is three times stiffer than 
that obtained using the first assumption. This is also shown in Figure 1, which is a 
reproduction of Figure 2-7 in Callahan and DeVries f1991J for the series model. In 
Figure I. the ordinate has been changed from aziaJ atre$a to mean strua, a.nd the 
series model representation (squares) for the second assumption has been added. 
The ordinate was changed to mean stress to avoid confusion. The confusion is 
apparent because Dr. Butcher states in his memorandum that Callahan's Figure 
2-7 supports a porosity of 24 perce!lt at Jithostatic pressure (15 MPa). A lithostatic 
pressure of 15 MPa implies that o-,.. = O'n = o-.,, = 15 MPa. However, the inherent 
assumption in Figure 2-7 was that the lateral components were zero. Thus, to 
achieve a mean stress of 15 MPa (under Assumption (1)), the axial stress would 
have to be 45 MPa. Also, we see from Figure l that at a Jithostatic value of 15 
MPa, the curve (circles) generated for Assumption (1) yields a porosity value of 
about 4 percent. 

Although there is a significant difference between the curves obtained tl.9ing the 
two assumptions, the procedure for adopting Assumption (2). to produce the stiff'er 
TRU waste model is simple. To obtain TRU stiffnesses according to Assumption (2), 
material parameter " is divided by 3. Therefore, the same material model adopted 
for the TRU waste and included in SPECTROM-32 can be used to represent the 
stiff'er TRU wute and obtain the higher valum of poroeiiy. 
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New Crushed Salt TRU Waste Model Analysis 

To illustrate the inB.uence of Assumption (2) on the room scale results, the 
problem representing the room filled with TRU waste and covered with crushed 
salt as reported by Callahan and DeVries {1991f was run with TRU waste proper
ties dictated by Assumption (2). The results of this analysis (labelled tr.,.= tr11 ) are 
compared with the results (labelled tr.,. = tr11 /3) generated via Assumption (1) u 
reported by Callahan and De Vries fl991J in Figures 2 through 4. Figure 2 compares 
the vertical and horizontal room closures from the two analyses, and a.s expected, 
the stiffer TRU waste model produced the lea.st a.mount of room closure. Figure 
3 compares the mean stress histories at diff'erent locations. Figure 4 shows the 
average void fraction results obtained for the two difi'erent TRU waste representa
tions. Figure 4 is comparable to Figure B-6 given in Callahan and DeVries fl991J. 
The SANCHO results were removed, and the SPECTROM-32 results obtained by 
replacing material para.meter IC by 1e/3 are included. The results show that the 
stifi'er TRU waste model indeed causes the crushed salt backfill to consolidate more 
rapidly, although the change is moderate. The TRU waste exhibits an average void 
fraction of about 36 percent after 200 years for the stifi'er model, which is a substan
tial increase from the previous result (about 3 percent). The average void fraction 
in the room is about 18 percent after 200 years for the stiffer model compared. to 
the previous result of about 1 percent. 

Conclusions 

Two different methods were used to generalize the TRU wa.ste functional form 
(Equation 1) to three-dimensional states of stress. The two methods produce TRU 
wa.ste stiffnesses that vary by a. factor of 3. The results produced by these two 
generalizations can be substantially different. The first generalization (Assumption 
( 1)) produces conservative results with respect to the backfill material; whereu, the 
second generalization (kmumption (2)) produces conservative results with respect 
to the TRU waste when porosity is the variable being comidered in a typical disposal 
room environment. 
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External Memorandum 

Toi 

From: 

Date: 

Dr. Barry M.. But:cher 
Sandi• National Laboratoriea 
Organization 6345 
P.O. Bm: 5800 
Albuquerque, NM 87185-5800 

cc: Mr. Duane A. Labreche (RE/SPEC Inc.) 
Project Rec:onia File 217-GRlO 

Dr. Gary D. Callahan ~ ).~). 
Vice President of Operationa 
RE/SPEC Inc. 
P.O. Bm: 725 
Rapid City, SD 57709 

October 15, 1992 

Subject: Incorporation of the Cnuhable Foam Model Into SPECTROll-32 (Sandia Contract No. 
78-7829) 

··~ INTRODUCTION 

... 

.... 

1~: 

The purpose of thia memorandum ii to document the incorporation of the SANCHO c:ruahable 
foam model, which ii uaed to model compaction of the TRU waate, into SPECTROll-32. In addition. 
a secondary effort ii documented that includea implementation and testing to emure that the 
WIPP secondary creep model used in SANCHO can be executed ming SPECTROll-32. 

Reaulta of simple verification problema are pruented that demonstrate the c:ruahable foam 
plasticity model and the WIPP secondary creep model. In addition. reaulta from a WIPP diapaal 
room cont.sining TRU waste covered with cruaheci aalt backfi11 (with the TRU wute aimulat.ed 
using the crmhable foam model) are presented and compared with the previous SPECTROM-32 
reaulta (Callahan. 1992] obtained using a nonlinear elaatic model Before presenting the 
problems analyzed. the theoretical conaiderationa for the conatitutive modela are present.eel. 
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THEORETICAL CONSIDERA TlONS FOR CRUSHABLE FOAM 

The basic equationa desc:ribing the SANCHO TRU waate model aa given by Stone et al. (1985) 
an presented in this section. The SAHCHO TRU waate model ia an elaatic-plutic model of the 
Drucker-Prager type with a flat volumetric cap coincident with the deviatoric plane in principal 
stress apace. The deviatoric part of the model ia elaatic-perfectly plastic auch that the surface 
of revolution in principal atreu ia stationary (i.e., neither kinematic nor isotropic hardening i8 
allowed). The cap portion of the model hardens with volumetric straining such that the cap 
moves outward along the hydrostatic ui8 during volumetric yielding. The deviatoric and. 
volumetric hardening part.a of the model are uncoupled. The deviatoric yield function ia given 
by 

(1) 

where 

1 J,. = _s,1s,1 2 
s,J = a,J - a,,.~,,. deviatoric stress 

a,,. • ~· , mean atresa (2) 

311 ,. Kronecker delta 

At yield, F" = 0 and we may write Equation l u 

(3) 

which can more readily be compared to a Drucker-Prager type yield function. Note that 
Equation l differs from the SANCHO equation in that the a1 term ia opposite in sign. Thia sign 
change occurs becauae SANCHO aaaumea compression positive; whereas, in SPECTROM-32 tension 
is taken to be positive. 

The volumetric yield function ia simply 

F. ,. a,,. - f(e,) (4) 

where e;, = Eu is the volumetric strain and f(e;,) desc:ribea the volumetric hardening by a set of 
pressure-volumetric strain relationa (i.e., data pain entered in tabular form). Aa an option, we 
have also included a mean atreaa-poroaity functional form by which the volumetric hardening 
can be evaluated. Thia function ia written u 
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where 

Page3 

" • material parameter 
to • initial poroaity. 

Octcber 15, 1992 

(5) 

In addition to the deviatoric and volumetric part.II of the plaatic comtitutive model. a tensile 
limit ia alao impoeed. Ten.tile fracture dou not occur u long u a particular temile preuure 
ia not large enough to produce a zero or ;maginary deviatoric yield streu. Mathematically, 
fracture bu not occurred if 

a,..< h (8) 

where his the minimum root of the polynomial a0 - a1a,.. ... a,a! = O. If Equation 6 ia not 
satisfied, the mean stress ia set equal to h . 

The plutic strain increment vector ~ ia given by the tlow rule 

(7) 

where G ia the plastic potential function.. It the yield function CF11.) is equal to the plutic 
potential function, F11. replaces G in Equation 7, and it ia termed an uaoc:iative tlow rule; 
otherwise, the term non.associative tlow ia used. For associative tlow, the normality rule ia 
satisfied which emurea a unique solution for boundary-value problems. For the deviatoric 
portion of the model, SANCHO usea a nonu80Ciative tlow rule so that deviatoric strain.a produce 
no volume change. Thia requires that the plutic potential function for the deviatoric model be 

(8) 

and Equation 7 becomea 

(9) 

For the volumetric portion of the model. Druck.er'• at.ability postulate for work-hardening 
mat.eriala (linearity requirement) ia conaidered (e.g., see Chen and Han [1988)), which requirea 
that 
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d.,, _ 1 ".il:9 aF~ 1 aF,, aF,, d ..,, - -~..,- ~ --- a.,,.,. 
" aa,1 " aa,1 aa,,.. 

(10) 

where h ia a acalar hardening function which may depend upon strea•, strain. and load.ins 

hiatory. Using Equation 4, al'., •~.and aF • da , Equation 10 takea the form a,, 3 0 Ill 

" 

Rewriting Equation 11 for the plaatic volumetric strain gives 

1 "<• =Iida,,. 

which may be rearranged to produce 

(11) 

(12) 

(13) 

Therefore, the hardening modulus describes the relationship between incrementa in mean 
stress (pressure) and increments in volumetric strain. Rather than prescribe a spec:ific: 
hardening function, SANCHO requires a preuure-volumetric strain relationship to describe the 
volumetric hardening behavior f{E.,), which ia shown by Stone et al. (1985) plotted schematically 

u a,,. venua ln(..f..) with an initial bulk modulus of Ko-
Po 

Recall that the tangent bulk modulus deac:ribed by Callahan and DeVriea (1991) used to 
model the TRU waate aa a nonlinear elaatic material ia given by 

v da,,. 
~--ct&,, 

(14) 

where the mean streu-volumetric strain is written in term.a of the poroaity • as given in 
Equat'ion 5. Therefore, from Equat'ions 13 and 14, a basic equivalency emta between the 
nonlinear elastic tangent bulk modulus and the flat, volumetric, plastic-cap hardening modulus. 
Thus, the volumetric strain behavior produced by the nonlinear elastic and crushable foam 
plaatic models should yield equivalent resulta aa long as the same pressure-volumetric strain 
relatiomhips are used to define the tangent bulk modulus and the plastic hardening modulus. 
This ia also a conclusion of Sandler et al. [1976) who state that the behavior of a cap model with 
a vertical cap and a bulk modulus, K (which may be a constant or a function of pressure), which 

ia the same for loading and unloading (i.e., KL • Ku> ia identical t.o the uncapped model with 

KL < Ku. This ia readily seen because with an auoc:iative flow rule applied to the vertical cap, 
only plastic volume changes occur. The c:nuhable foam model usea the initial built modulm ~ 
for loading and unload.ins. The SPECTROll-32 nonlinear elastic model usea the tangent bulk 
modulus for loading and unloading (loada and unloada along the same path). Therefore, if we 
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neglect unloading. the c:ruah.able foam plaatic and nonlinear elaatic mociela should produce 
equivalent volumetric behavior. This conclusion ia buically true but ia violated in plane •train 
~· ofproblema because of the nature of the out-of-plane behavior in elaatic and plaatic typea 
of problems. In elaatic problems, the out-of-plane •tres• creat.ed by loading is equal to Poiucm'• 
ratio timea the •um of the in-plane componenta. In elaatic-plutic problems, the out-of-plane 
atreu created by loading ia altered by the out-of-plane plaatic flow. Thm, the mean at:reaw 
obtained for the two problems will be different. 

CONSIDERATIONS FOR WIPP SECONDARY CREEP MODEL 

The purpoae of the addition of the crushable foam was to eliminate differences in the 
material mociela between SPECTROll-32 and SANCHO. Therefore, we also need to be able to run 
the steady-state WIPP reference creep law. Krieg [1984) presents the secondary creep (atead.y
state) equation defining the creep strain rate ( 1 as 

~1. 3( s,1 (15) 
2a, 

where 

e:-J:t,,t,, 

a, • j :s,1s0 

As written, Equation 15 implies selection of the Mises flow potential The effective creep strain 
rate £, is defined aa 

where 

Q • activation energy cal 
mol 

R • universal gu constant, 1.987 cal 
mol·K 

T • temperature, K 

D,n • mat.erial conatanta. 

(16) 

To implement the WIPP secondary creep law, the Munaon-Dawaon model ia uaed with only 
one of the steady-etate mecbaniama active. The effective strain rate £, for the dialocation climb 

I • 

mechanism ia written aa (e.g •• see CaUahan and DeVriea [1991]} 
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Q1 •activation energy,~ 
ma! 

µ •normalizing parameter, 12,400 MPa 

Oc:tabar 1 s. 1992 

(17) 

Equationa 16 and 17 are equivalent if D • A, • If we redefine µ u 1, then a one-t.o-one 
". 

correspondence emts between Equation.a 16 and 17, and the WIPP secondary creep law 
implementation ia complete. The only remaining requirement is that the Miaea flow potential 
be specified for execution. 

Mat.erial environment input for the WIPP reference creep law in SPECTROM-32 will look 
approximately like the following example: 

MATERIAL 1 "WIPP REF. CREEP· 2480 •• 0.25.0 •• o .• o. 
MUNOAW 

A1•45.88 0101VR • 6039. N1 • "4.9 MU• 1.0 
MISEOSTRESS 

CRUSHABLE FOAM EXAMPLE PROBLEM 

Thia verification problem conaiata of a specimen at a constant temperature of 297 K that ia 
incrementally loaded with 1.0 MPa increment.a up to 5.0 MPa. Two geometric situation.a are · 
investigated: axiaymmetric and plane strain. For the cylindrical specimen. the loading ia 
hydrostatic, and for the planar specimen the loading ia equal.in the plane. Unload-reload cyclea 
occur at 2.0 and 4.0 MPa for the azi8ym.metric specimen. but the planar specimen is 
incrementally loaded without unload.. The volumetric strain prodw:eci by the crushable foam 
pluticity model is of interest. Thus, we use one eight-nod.ad uiaymmetric element (radius/width 
= lm and height= lm) with incremental vertical and lateral surface traction.a of 1.0 MPa. Since 
the problem ia one of conatant stress, the dimension.a are immaterial since the strain will alao 
be conatant throughout the element. The material properties for the crushable foam material 
(i.e., the volumetric hardening propertiea), where the negative signs on both volumetric strain 
and mean stress have been dropped for convenience, are 
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Poim Volame&ric Se:raia. MeuaSU... 
IM a. 

1 0.0001 0.0001 

2 0.1S21 0.1 

3 0.2550 LO 

' 0.3283 u 
5 0.3832 2.0 

8 0.4255 2.5 

7 O.<&a91 3.0 

8 0.'882 3.5 

9 O.SOM •.o 
10 0.5289 •.5 

11 O.MZ& 5.0 

For the deviatoric portion of the cruahahle foam model (cf. Equatiom l and 2), a0 and a1 

were asaigned valuea of zero while a2 wu auigned a large value (50). Thia selection of 
deviatoric parameter values forces the deviatoric portion of the model to be inactive. 

Additionally, we wWi to compare the cru.ahable foam pluticity model result.a to thme 
obtained using the nonlinear elutic model deac:ribed by Equation 5. Callahan and DeVria 
(1991] present the tangent sti.ffneas for this model in terms of the initial (po), current (p), and 
final (p,) densities aa 

(18) 

. leg kg For this example problem, Po ,. 978.1~ Pr• 2,792.8-, and 1C = 0.06784 MPa. · Theae 
mJ mJ 

density valuea correspond to an initial porosity of 4to = 0.65. Using the values for 1C and Po in 
Equation 5 with porosity defined u 

(19) 

the tabular mean stress-volumetric strain data pairs uaed for the c:rwihable foam model are 
reproduced. Thus, the nonlinear elutic and cruahahle foam volumetric compreuion properties 
were selected so that the two modela produce the same mean stress-volumetric strain curvn 
under hydrostatic compreuion. 
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Figure 1 showe the volumetric strain/mean streu results for the axiaymmetric example 
problem. The solid line represents the results of the crushable foam model, and the circlu 
represent the .result. of the nonlinear elutic analyaia. The crmhable foam results show the 
elutic load/nnload cycles followed by plutic flow; whereu, the nonlinear elutic results shaw 
the result of the loading only (no unloading was performed). The volumetric strain and mean 
stress values were sc:aled by-1. to produce positive values for plotting. The crushable foam and 
nonlinear elutic result. agree quite well for thia uiaymmetric problem. 

Figure 2 show• the volumetric strain/mean streu results for the plane strain geometry. The 
solid line represent. the crushable foam results with the diamond symbol showing the result 
of the elastic loading, which is followed by plutic flow. The nonlinear elutic result.a are . 
repreaent.ed by circles. Both the C?U.8hable foam and the nonlinear elastic results are created by 
five 1 MPa in-plane load increments. However, the plane strain condition produces different 
out-Of-plane atresaa (a.) in the elutic and plutic solutions creating diff'erent mean atreuea. 

Elastically, ar .. v(a. • a.7); whereas, for the plutic solution, the out-of-plane plastic flow U. 
equal and opposite to the elutic strain, which decreases (reduction in the compressive 
magnitude) the out-of-plane atrese. Figure 3 compares the out-of-plane atresa components for 
the elastic and plutic analyses. The figure shows that the out-of-plane plastic flow drives the 
stress component into tension, which reduces the mean stress. 

WIPP SECONDARY CREEP LAW EXAMPLE PROBLEM 

Thia example problem conaiat.a of a cylindrical specimen at a constant temperature of 297 
K under a constant azial load of 30. 72 MPa. We use one eight-noded axiaymmetric element 
(radiua = 1m and height = lm) with a surface traction of 30. 72 MPa. Since the problem U. one 
of constant streu, the dimensions are immaterial since the strain will also be constant 
throughout the element. The vertical creep deformation U. compared for the WIPP secondary 
creep law with the modulus reduced by a factor of 12.5 and the Munaon-DaWBon model. 

The material properties for the Munson-Dawson model are taken from Munson (19891 and 
are given in Table 1. The material properties for the WIPP reference creep law were taken from 
Krieg [19841 and Weatherby (1989) and are given in Table 2 (d. Equation 17). The Young's 
modulus value used in conjunction with the WIPP reference creep law was reduced by a fact.or 
of 12.5 to be conaiatent with put analyaea performed with SANCHO. 

Axial atrain result.au a function of time for thia simple example problem are show in Figure 
4. The Munson-Daweon model exhibit.a a noticeable transient during early time, and the u:ial 
strain 11 substantially greater than the steady-atate only model. At the end of the simulation, 
the Mumon-Daweon model results are aim.oat three times thoae of the WIPP secondary creep 
model 
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Table 1. MUD80n·Daweon Parameter Value• for Intact Salt 

Parameter 

E 

v 

Units 

Elutic Paramet.er Value• 

MP a 

Value 

31.000 

0.25 

Mun.son-Daweon Creep Parameter Value• 

A,. yr·l 2.645E+30 
··1 8.386E+22 

A, yr·l 3.050E+20 
··1 9.672E+l2 

Q1/R K 12.581 

Q, cal/mol 25,000 

Q,IR K 
- 5,032 

Q, cal/m.ol 10,000 

"' - 5.5 

"' - 5.0 

B, yr·l 1.919E+l4 
··1 6.0856E+06 

B, yr·l 9.568E+05 
··1 3.034.E-02 

q - 5.335E+03 

a,, ~· 
20.57 

J.l M'.Pa 12,400 

m - 3 

K - 6.275E+5 

c - 9.198E-3 

Cl - -17.37 

~ - -7.738 

& - 0.58 
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Table 2. WIPP Reference Creep Law Parameten for Salt 

Parameter Unit. Value 

EluticParameterValuea 

E MP a 2.480 
v - 0.25 

Creep Parameter Valuea 

A, MPa·al"!l·1 1.4044 x l~ 
MPa·•l-yr·1 4.5866 x io·1 

n, - 4.9 

Q, caJ/mol 12.000 
Q,IR K 6,039 

Jl MP a 1.0 

TAU WASTE/CRUSHED SALT BACKFILL DISPOSAL ROOM PROBLEMS 

In this section, results are presented for a room contsainjng TRU wute covered with c:ruahed 
salt backfill. The geometry, initial conditiona, and finite element representation for tbia problem 
are identical to thoae presented by Callahan and DeVriu [1991). To describe the different 
analyses performed. we first present the conatitutive mod.el parameters uaed in the analyaa 
since the only difference in the three analyses performed was the constitutive model used to 
describe the salt. waste, or backfill. 

Description of Analyses 

The elastic and creep consolidation parameter values for the crmhed salt model used in 
conjunction with the .Mumon-Dawaon creep mod.el for intact salt were taken from CaJJahan and 
De Vries (1991) and are given in Tables 3 and 4. When the WIPP reference creep law was used. 
the nonlinear elutic parameter valuea for the cruahed salt were reduced by the 12.5 factor to 
be consistent with the modulus reduction in the intact salt and put analyses performed using 
SANCHO. These modified nonHnear elutic c:ruahed salt parameter valuu are given in Table 5. 

The TRU waste wu modeled using both the nonlinear elutic description and the crushable 
foam plasticity mod.el. The nonlinear elastic TRU waste description used (Equation 5) is 
detailed by CaJlaban [1992). The TRU wut.e properties are given in Table 6. 

The pressure-volumetric strain data used for the c:ruahable foam mod.el were taken from 
Weatherby et al. (1991). The natural strain valuu of Weatherby (i.e., t,, • ln(..f.) were 

. P. 
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Table 3. Nonlinear Eluiic Material Parameten for Cruahed Salt 
UHci With the Mwi.on·Daw110n Intact Salt Model 

Parameter Unit. Value 

Ko MP a 0.01760 

K, m31Jq 0.00653 

G,, MP a 0.01060 

G, m3/kg 0.00653 

K, MP a 20.626 

a, MP a 12,423 

p•o qtm3 l,400 

p, kg/mJ 2.140 

Table 4. Creep CoD80lidaiion Material Parameters for Crumed Salt 

Parameter Unit. Value 

B,, kg/m3"S.1 1.3 x 10 .. 
kg/mJyr·l 4.10 x io•l• 

B, MPa·1 0.82 

A mJ/kg -1.73 x io·a 

converted to engineering strain values. The pressure-volumetric strain relation is given in Table 
7 where the negative signs for stress and strain (compression and compaction) have been 
dropped for convenience. The material properties for the deviatoric portion of the model are 
a0 = 0.0, a1 = 0.0, and a2 = 3.0 (Weatherby et al. (1991]). The nonlinear elastic TRU wute 
description is compared with the crushable foam TRU wute description in Figure 5. The 
nonlinear elastic description shown by the solid line is moderately stiffer than the crushable 
foam description. 

Three di.trerent analyses were performed for comparison with the following constitutive 
model variations: · 
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Table IS. · Nonlinear Elaaiic Material Parameters for Cnuhed Salt 
UMCi With the WIPP Reference Creep Law for Intact Salt 

Parameter Units Value 

K, MP a 0.001408 

• K, m"lkg 0.00653 

G, MP a 0.000848 

G, m"llq 0.00653 

K, MP a 1,656 

a, MP a 992 

P'o kg/m.l 1,400 

Pr kg/m.l 2.140 

Table 6. Nonlinear Elaaiic Material Parameters for TRU Waste 

Parameter Uni ta Value 

Po kglm" M2 

p, kw'm.l 2,599 

'1»o 0.79 

IC MPa·1 0.0408 

v 0.25 

K, MP a 10,282 

G, MPa. 6,169 

1''" 1. Analysis 1 

• Intact Salt-Munson-Dawson Model (Table 1) 

• ClUBhed Salt-Nonlinear Elastic (Table 2), Creep Conaolidation (Table 4) 

• TRU W aat.e-Nonlinear Elastic (Table 6) 
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Table 7. Cn••h•ble Foam Pres.ure - Volumetric Relation for TRU Wuee 

Volumetric Strain. Volum.ecric Strain. MeanStreu, 
Po mi ~ ~ a. 

<Natural) <Engineering) <MP•> 

1 0.032 0.0315 0.028 

2 0.741 0.5234 0.733 

3 0.898 0.5926 1.133 

4 1.029 0.6426 1.667 

5 1.180 0.6927 2.800 

6 1.536 0.7848 10.170 

2. Analysis 2 

• Intact Salt-Mumon-Dawaon Model (Table 1) 

• Crushed Salt-Nonlinear Elaatic (Table 2), Creep Comolidation (Table 4) 

• TRU Waste-Cruahable Foam <Table 7) 

3. Analyaia 3 

• Intact Salt-WIPP Reference Creep (Table 2) 

• Crushed Salt-Nonlinear Elastic (Table 5), Creep Consolidation (Table 4) 

• TRU Wast.a-Crushable Foam (Table 7) 

The results or each of these analyaea and their comparison ia included in the next section. 
Comparison of Analyses 1 and 2 provides basic diff'erenc:es between the nonlinear elaatic and 
crushable foam plaatic TRU waste modela. Compariaon of Analysee 2 and 3 provides differences 
expected between use of the MW180D-Dawaon and WIPP reference creep models. 

Dlaposal Room Results 

Each of the three analyses were simulated using SPECTROM-32 for a period of 200 years. The 
vertical and horizontal room closures are compared for Analyses 1 and 2 in Figure 6. The only 
dift'erence between these two analyses ia the characterization of the TRU waste (i.e., !-nonlinear 
elaatic and 2-auahable foam). The closure reaulta are nearly identical through the first 20 
yean of the simulation. After 20 years, Analyaia 2 closures (cruahable foam) are greater than 
thou obtained with the nonlinear elaatic TRU wute characterization. Thi.I ia partially a result 
of the nonHnear elaatic model being llightly atiffar u abawn in Figure o. Mean atreu reaulta 
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RSl-217-92-012 
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at three locationa in the room (center-center of the room within the TRU, roof-centerline of 
room near the roof within the backfill, and rilrmidheight of the room near the rib within the 
bac~fiJJ) are presented for Analyses l and 2 in Figure 7. Aa one would expect from the cloaure 
results, the mean stress values for the nonlinear elastic TRU wute description (Analysia 1) are 
generally greater than thoae obtained with the cruahable foam d8.cription. Thia is partially a 
result of the oukf-plane plastic flow demonstrated in the crushable foam example problem 
(Figures 2 and 3). The average void fractiona in the room., wute, and backfill for Anal,._ 1 
and 2 are shown in Figure 8. The nonlinear elutic TRU wute deac:ription void fractiona are 
generally higher than the crushable foam TRU waste characterization results indicating that 
the nonlinear elutic deac:ription is slightly stiffer than the crushable foam description, which 
is consistent with the mean stress result.a. 

The vertical and horizontal room closures are compared far Analyses 2 and 3 in Figure 9. 
Dift'erencea between these two anal)'Hl8 include the characterization of the intact salt (i.e., 
2-Munaon-DaWllOn material with Tresca flow potential and 3-WIPP reference creep law with 
Mises flow pot.ential and modulus reduced by 12.5) and the crushed salt consolidation model. 
The deviatoric portion of the crushed aalt.conaolidation models is dift'erent; however, the crushed 
salt behavior is governed primarily by the volumetric consolidation portion of model, which is 
the same for the two analyses. In addition, aa shown in Tables 3 and 5, the nonlinear elutic 
properties for the cruahed salt are dift'erent. The cloaure results agree reasonably well during 
the last 100 yean of the simulation; however, during the initial 100-year period, the WIPP 
reference law results are substantially leas than thou produceci with the Munaon-DaWllOD 
model. Mean atreu results at three locationa in the room are presented for Analyse• 2 and 3 
in Figure 10. A.a one would expect from the closure results, the mean stress values for the 
Munson-Dawson model results (Analysia 2) are generally greater than those obtained for the 
WIPP reference law. In addition, aa shown in Figure 11, the overall compaction represented 
by the void fraction obtained with the Mun.son-Dawson model is great.er than those obtained 
uaing the WIPP reference law. Thia is true for the average void fractions in the room, waste, 
and backfill as shown in Figure 11. 

For ease in comparing the results of all three analyses, Figures 12 through 14 contain the 
results for the room closures, mean stresses, and average void fractions for all three analysea, 
respectively. These three difi"erent combinationa of the constitutive models produce a range in 
average void fractions in the waat.e as large as 10 percent. 

SUMMARY 

The crushable foam plasticity model used to model TRU waste compaction and the WIPP 
reference creep law are presented as they were incorporated into SPECTROll-32. A simple example 
problem ia included, which compares the nonlinear elastic and cruahable foam plasticity models 
uaed to model TRU wut.e. The WIPP reference creep model is compared to the Munson-Dawson 
model for a simple simulated creep experiment. Three WIPP diapoaal room analyses are 
compared to ezam;ne the difi"erencea in results produced by different combinations of the 
constitutive model.I for the intact salt, backfiJJ, and waste. The ranp in results obtained sboww 
the importanee of uaing the moat appmpriat.e mode!.. 
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APPENDIX C: INPUT FILES FOR SANCHO AND SPECTROM-32 
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SANCHO lo.P-ut File for the H_ydrostatic ComP.action 
of TRU Waste Problem (VP29-Axisymmetric) 

. . 

SANCHO Sulu1iun of Verification Problem Z9 ISPECTROM-JZ>: Pan I 

CONTROL. I. 14. O. 3 SI maierial: 14 press BC pis; 0 displ pu: Cauchy 

DXSCALE.O. 70 Sc:ri& time siep mllplr &o insure s&abili&y 

SOLUTION. 0.0005. 50. 2000. 0.015 SIOlera.0005: soln pmld evry 50: ZOOO muller. muwlcra.01 

AXISYM Su.isymmelric · 

TIMESTEP. O.. I 3. 13. SSlan time: nsicps: final 1ime.-

TIMEPRNT. 0 .• I. 1.1. 

TIMEPLOT. 0 .• I. 13. 

Sprin1 time: increm: final lime._ 

Splcx time: increm: final lime._ 

PLOT.GLOBAL.RMAG.ITER 

PLOT.ELEMENT.STRESS.STRAIN.STATE 

PLOT.NOUAL.UISP.RESIDUAL. TEMP 

NODES Sdala wnuen IO print me for all nodes 

ELEMENTS Sdala wn11en 10 pnn1 me for all elemenu 

ENUSET Send of problem definition set 

MATERIAL. 2. 97R.I. 0 •• 0 .• 0. SMa& type Z; dcnsuy lkg/m"3); gr.an.gravy.omega 

Crush:lble Fuamrrau Wai;ie 

60.0. 100.0. 0 .• o .. 50. SG. Ku. aO. al. al 

3.Z04WE-.5.0.000 I. O.OZ226211.0.0600. 0.16.509.5.0 • .5000. 0.433493.1. 7000* 

0.613994.3.00. 0.113646.5.6.00 Svolume suain-pressure pairs 

ENDSET Send of nwenal definition 5el 

DISPZ. 111. 

PRESSURE.2~.1.0.0. 

PRESSURE.JJJ.1.0.0. 

DISPR. 444. 

DISPRZ.m. 

Slower boundary resuained venially 

Srigh& boundary 1rac1iun 

SIOp boundary tracuon 

Slefl vcrucal boundary is axis ul" symmetry 

Si:cnier node un-aius pinned 

PHISTORY. 0 .. 1.. 1..1.. 2 . .1 .• J .. 2 .• 4 ... 02.5. 5 .• 2 •• 6 . .J .• i .. J •• • 

8 . .4 .. 9 .. 4 .. 10 ... 02..~. I I.A .. 12.-~ .• 99 .. 5. 

END 
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~ i. • 

... SANCHO In~µt File for the Hvdrostatic Compaction 
· of TRU Waste Problem (VP29-PJane Strain) 

SANCHO Solution of Verific:a&ion Problem 29 (SPEC'J"ROM-32): Plane Suain 

CONTROL. I. 14. O. 3 SI nwerw: 14 press BC pu: 0 dispt pea: Cauchy 

DXSCALE.0..50 Sc:lil lime siep mllplr 10 insure 11abili1y 

SOLUTION. 0.()()(H • .50. 2000. 0.015 S10lc1W.0005; soln pnud evry SO: 2000 muiier. muaolelW.01 

PLANE SpJane suain 

TJMESTEP. 0 •• 13. 13. 

TJMEPRNT. 0 .• I. 1.l. Sprint lime: increm: final lime._ 

Splol lime: increm: final lime._ TJMEPLOT. ().. I. I 3. . 

PLOT.GLOBALRMAG.ITER 

PLOT.ELEMENT .STRESS.STRAIN.STA TE 

PLOT.NODAL.DISP.RESIDUAL. TEMP 

NODES 

ELEMENTS 

ENDSET 

Sda&a wn11en IO pnm file for all nodes 

Sda&a wril&en IO pnn1 file for all elemelllS 

Send of problem definitiori se1 

MATERIAL. 2. 9711.1. 0 .• 0 • .0. SMlll lype .2; densi1y tkgfmAJ); gr.an.gravy.omega 

Crushable FoamfTRU Ww;ie 

60.0. 100.0. 0 .• O •• .50. SO. Ku. aO. al. a2 

J.2049CIE·!'i.O.OOOI. 0.02226211.0.0600. 0.16.509.5.0 • .5000. 0.433493. 1.7000• 

0.613994.J.OO. 0.836465.6.00 Svolume s1ra1n-pressure pain 

ENDSET Send of material definition sei 

DISPZ. 111. 

PRESSURE.221.1.0.0. 

PRESSURE..JJJ.1.0.0. 

OISPR. 444. 

DISPRZ.999. 

Slower boundary resuained vertically 

Srigh1 boundary lr.letion 

SIOp boundary traction 

Sleft vcnu:a.I boundary is u1s of symmetry 

Sccnier node on-uas pinned 

11 .. , PHISTORY. 0 .• 1.. 1..1 •• 2..:?.. 3 •• :?.. 4 .• 2 •• !'1 • .2_ 6 .• .J .• 7 .. 3 .• • 

11 . .4 .. 9 . .4 .• I 0 .• 4 .. 11..4 .. 12.-~ .• 99 .• !'i. 

END 
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SPECTROM-32 Input File for the Hydrostatic Compaction 
of TRU Waste Pro~lem (VP29-Axisymmetric) 

VERIFICATION PROBLEM 29 - CRUSHABLE FOAM MODEL rmu WASTE) 

PROBTYPE 2 AXISYMMETRIC ELEMTYPE 8 INTORD 2 

MAXSTEPS 22 MAXTIME 13.0 LOCONVERGENCE • YES 

MAXITER • 100 CONVERGENCE =.0.00.5 MAXFAIL = 0 

TIMESTEP 1..1-0.0.1. STEPRFAC 1.0 

MATERIAL I "CRUSHABLE FOAM/raU WASTE" 

BULKMODULUS 100.0 SHRMODULUS hO.O IJENSITY .'i42. 

CRFOAM I 0.0 0.0 .50.0 0.0 0.00 0.01 

FUNCTION I 

0.0001 (l.0001 

0.1!12!1 U.!I 

0.2."i!I 1.0 

0.328.l 1.!I 

0 . .1832 :?.O 

0.42."i."i :?.,5 

0.4!191 J.O 

0.4862 J . .5 

0.!1084 4.0 

0.!1269 4.!I 

0.!14:?4 .'i.O 

TEMPO :?J.8.'i CENTIGRADE 

NODES 

0.0 0.0 

:? 0 . .5 0.0 

3 1.0 0.0 

4 0.0 0 . .5 

.'i 1.0 O.!I 

6 0.0 1.0 

7 0 . .5 1.0 

8 1.0 1.0 

ELEMENTS 

2 3 ,5 8 7 6 4 

KINBC 0.0 

FIXDISPO .. 

NODELIST 1.4.6 

FIXDISP .. 0. 

NODELIST 1.2..3 

TRACTION 0.0 
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SPECTROM-32 In~ut File for the Hydrostatic Compaction 
of TRU Waste Problem (VP29-Axisymmetric)-Cont. 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 3 5 8 

SURFTRACTJON 1.0 1.0 1.0 SURFACE I 8 7 6 

TRACTION 2.0 

SURFTRACTJON 1.0 1.0 1.0 SURFACE I 3 5 8 

SURFTRACTJON 1.0 1.0 1.0 SURFACE I 8 7· 6 

TRACTION4.0 

SURFTRACTION -2.0 -2.0 -2.0 SURFACE I 3 !I II 

SURFTRACTION -2.0 -2.0 -2.0 SURFACE I 8 7 6 

TRACTION !1.0 

SURFTRACTION 2.0 2.0 2.0 SURFACE I 3 5 8 

SURFTRACTION 2.0 2.0 2.0 SURFACE I II 7 6 

TRACTION 6.0 

SURFTRACTJON 1.0 1.0 1.0 SURFACE I 3 5 8 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 8 7 6 

TRACTION 8.0 

SURFTRACTION 1.0 1.0 1.0 SURFACE I J 5 8 

SURFTRACTION 1.0 1.0 1.0 SURFACE I II 7 6 

TRACTION 10. 

SURFTRACTION ..i.o ..i.o ..i.o SURFACE I J ~ 8 

SURFTRACTION ..i.o ..i.o -4.0 SURFACE I M 7 6 

TRACTION I I. 

SURFTRACTION 4.0 4.0 4.0 SURFACE I 3 5 8 

SURFTRACTION 4.0 4.0 4.0 SURFACE I 8 7 6 

TRACTION 12 • 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 3 5 II 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 11 7 6 

OUTPUT 

MESH 

REACTIONS ? NO 

ELASTIC YES 

OUTIMES 1..1 •• J •• 4 .• 5 .• 6 •• 7 .• 8 •• 9 •• 10 . .11..12 •• 13. 

SUBELASTIC NO 
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SPECTROM-32 In~ut File for the Hydrostatic Compaction 
of TRU Waste Problem (VP29-Axisymmetric)-Cont. 

PLOTDBASE YES PLOTSTRAIN 

RESTDBASENO 

SUPDEF NO 

EXECUTE YES 

ENDA TA 
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SPECTROM-32 Input File for the Hydrostatic Cpmpaction 
of TRU Waste Problem (VP29-Plane Strain) · 

VERIFICATION PROBLEM 29 ·CRUSHABLE FOAM MODEL l'TRU WASTEI 

PROBTYPE 2 

MAXSTEPS 29 

PLSTRAIN ELEMTYPE 8 INTORD 2 

MAXTIME 17.0 LOCONVERGENCE • YES 

MAXITER • !IOO CONVERGENCE • 0.00.5 MAXFAIL• 0 

TIMESTEP 1 .. 1-0.0.1. STEPRFAC 1.0 

MATERIAL I "CRUSHABLE FOAM/TRU WASTE• 

BULKMODULUS 100.0 SHRMODULUS 60.0 DENSITY .542. 

CRFOAM I 0.0 0.0 ~.O 0.0 0.00 0.01 

FUNCTlON I 

0.0001 0.0001 

0.1.52.~ 0 . .5 

0.2.5.5 1.0 

0.3283 1..5 

0.3832 1.0 

0.42.5.5 2 • .5 

0.4.591 3.0 

0.41162 3 . .5 

0 . .5084 4.0 

0 . .5269 4 . .5 

o . .5424 rn 

TEMPO :?J.K.5 CENTIGRADE 

NODES 

0.0 0.0 

1 0 . .5 0.0 

3 1.0 0.0 

" 0.0 0 . .5 

~ 1.0 0 . .5 

6 0.0 1.0 

7 0 . .5 1.0 

8 1.0 1.0 

ELEMENTS 

2 J .5 8 7 

KINBC 0.0 

FIXDISP 0 .. 

NODELIST 1.4.6 

FIXDISP .. 0. 

NODELIST 1.2.J 

6 4 
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SPECTROM-32 Ini!_ut File for the Hydrostatic Compaction 
of TRU Waste Problem (VP29-Prane Strain)-Cont. 

TRACTION O.Q 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 3 .5 8 

SURfTRA(.llON 1.0 1.0 1.0 SURFACE I 8 7 6 

TRACTION 2.0 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 3 s 8 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 8 7 6 

TRACTION 4.0 

SURFTRACTION ·2.0 ·2.0 ·2.0 SURFACE I 3 5 

SURFTRACTION -2.0 ·2.0 ·2.0 SURFACE I 8 7 

TRACTION 6.0 

SURFTRACTION 2.0 2.0 2.0 SURFACE I 3 s 8 

SURFTRACTION 2.0 2.0 2.0 SURFACE I 8 7 6 

TRACTION 11.0 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 3 .5 8 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 8 7 6 

TRACTION IO.O 

SURFTRACTION 1.0 1.0 1.0 SURFACE I J 5 8 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 8 7 6 

TRACTION I:!. 

SURFTRACTION ... 0 -4.0 -4.0 SURFACE I J 5 !I 

SURFTRACTION -4.0 -4.0 -4.0 SURFACE I 8 7 6 

TRACTION 14. 

SURFTRACTION 4.0 4.0 4.0 SURFACE I 3 5 8 

SURFTRACTION 4.0 4.0 4.0 SURFACE I 8 7 6 

TRACTION 16. 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 3 S 8 

SURFTRACTION 1.0 1.0 1.0 SURFACE I 8 7 6 

OUTPUT 

MESH 

REACTIONS ? NO 

ELASTIC YES 

8 

6 

OUTIMES 1..2._1 •• 4 • ..5_6_7 .• 8 •• 9 •• 10 •• 11..12..13 .• 14 .• 1.5 •• 16..17. 

SUBELASTIC NO 
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SPECTROM-32 lnR.ut File for the Hydrostatic Compaction 
of TRU Waste Problem (VP29-Piane Strain)-Cont~ 

PLOTDBASE YES PWTSTRAIN 

RESTDBASE NO 

SUPDEF NO 

EXECUTE YES 

ENDA TA 
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SANCHO Input File for the Uniaxial Creep 
Consolidation of Crushed Salt 

St\NCHO Soluuon ut NonLin Elu CrpConsol Prob (S32l: UNIAX 10 

CONTROL. I. 4. O. 3 SI maacrial; I press BC pcs; # disp pcs; Cauchy 

DXSCALE.0.01 Sc:ril lime srep mltplr to insure siability 

SOLUTION. 0.00.5. 100. 2.500. O.OI Stoler: soln pm1 intnl: nwuier:mutoler 

AXISYM Suisymmecnc 

TIMESTEP. 0..20.1000 .• 40.2000 .• 40.1.£4. 10.2.5£4. 1!1.1.0~• 

I !'i.4.E.5. I :?.1.0£6 Sstart time:num sreps:end 

TIMEPRNT. 0 .• .50.~0" :.?.50 .• 1000 .• .500 .• 2.500 .• 2.500 .• 1.£4* 

l.!IE4.2.!IE4. 2 • .5£4.1.E.5. l.~.1.£6 Sprint 1ime:incremen1:end 

TIMEPLOT. O .• I00 .• 1000 .. IOOO .• l.E4. l..5E4.2 . .5E4. 2..5E4.l.O~• 

.5.E4.4.E.5. 1.E.,.U>E6 

PLOT.GLOBAL.RMAG.ITER 

PLOT.ELEMENT.STRESS.STRAIN.STA TE 

PLOT.NODAL.OISP.RESIDUAL. TEMP 

Sstart ume:num sreps:cnd 

NODES Sdala written IO pnnt file for :ill nodes 

ELEMENTS Sdala wnuen IO pnn1 file for all elements 

ENDSET Send of problem definition set 

MATERIAL. 7. I.. 0 .• 0 •• 0. SMat type: density (kg/m"3>: gran.gravy.omega 

Creep Consolidation I Crushed Sall 

I 0600 .. 0.006.H.17600 .• 0.006.53 • .5. 79E·36.4.9.:?0. J J• 

-0.0173 .• 1.JE8.0.82E-6. I 700 •• 2140 •• 0.002 

s SGO.G I.KO.KI .Ac.N.Q/RT.A.A I.BO.BI .RHOl.RHOFC.DTSU B 

ENDSET 

DISPZ. 111. 

PRESSURE.ZZ2.0.0.0. 

PRESSURE.JJ.l.1.0.0. 

DISPR. 4+'. 

DISPRZ.9'N. 

Send of mau:nal definition SCI 

Slower boundary resua111ed venically 

Srighl boundary tracuon 

Stop boundary tr:1euon 

Stefl veniclll boundary is axis of symmeiry 

Scenrer node on-axis pinned 

PHISTORY. 0 .• 0 •• IOOO •• l.E6. 2000 .• IO.E6. 2.E6.IO.E6 

END 
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SPECTROM-32 Input File for the Uniaxial Creep 
Consolidation of Crushed Salt 

CRUSHED SALT UNIAXIAL COMPRESSION/WIPP SS. 

PROBTYPE I 

MAXSTEPS 20000.1 

AXISYMMETRIC ELEMTYPE 8 INTORD 2 

MAXTJME 1.0001£+6 

TIMESTEP 1..10000 .• 0.0.10000. STEPRFAC .10 GI:.OCONVERGENCE = YES 

MAXITER • 0 MAXFAIL. 2 CONVERGENCE • o.oom 

MATERIAL I "NONLINELASICREEPCON-WIPP ss· 
NONLINELASTIC O.DI 76.0.0106.1700 .• 0.006.53.0.006!'13 

.?0700 .. 1:?42.5 .• 10 •. 02.5 

MUNOAW 

Al ""IA!'144E-6 (JllllVR • !'1978.61 NI • 4.9 MU"" 1.0 

CONCR P I .JE+8.0.112.·0.0173.2140 •• 2 

MXSHEAR 

MATERIAL 2 "WIPP STEADY-STATE• 

2395.04 0.2492 I. 2140. 

MUNDAW 

Al= l.4'44E-6 QIDIVR • .5978.61 NI= 4.9 MU= 1.0 

MISEQSTRESS 

TEMPO 2.ll!.5 CENTIGRADE 

NODES 

2 

J 

4 

!'I 

6 

7 

II 

ELEMENTS 

2 

KINBC 0.0 

FIXDISP 0 .. 

0.0 

0 . .5 

1.0 

0.0 

1.0 

0.0 

0 . .5 

1.0 

J 

NOOELIST 1.4.6 

FIXDISP .. 0. 

NOl>ELIST 1.2.J 

TRACTION 

0.0 

0.0 

0.0 

O.!'I 

O.!'I 

1.0 

1.0 

1.0 

!'I II 7 6 4 

SURFTRACTION 10.00 10.00 10.00 SURFACE I 8 7 6 
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SPECTROM-32 Input File for the Uniaxial Creep 
Consolidation of Crushed Salt-Cont. 

OUTPUT 

REACTIONS '! NO 

MESH 

ELASTIC YES 

OUTIMES IOO .• l.E+4_JJE+!L5E+S-66E+S .. 867E+.5 

I .E+.5.1 . .SE+S.2E+.5.JE+.5.4E+S..5E+.5.6E+.5. 7E+5.HE+.5.9.E+.5. I .E+6 

SUBELASTIC NO 

PLOTDBASE YES PLOTSTRAIN 

RESTDBASE NO 

SUPDEF NO 

EXECUTE YES 

ENDA TA 
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SPECTROM-32 lnP.ut File for Stress Initialization 
. of the WIPP Disp~sal Room Problem 

JOB 217 SPECTROM-.l2 COMPARISON TO SANCH0 ••• 776 W4 NODED-INITIAL STRESS 

PLSTRAIN INTORD 2 

MXELEX • U1 

PROBTYPE 2 

MAXSTEPS 4 MAXTIME 200. GLOCONVERGENCE = YES 

MAXITER • 6 CONVERGENCE = 0.00, MAXFAIL = I 

TIMESTEP 1.0 2.0 STEPRFAC I. PRESCO YES 

OUTPUT = UISPLACE STRESS MESH ELASTIC LASTRESS 

OUTINT =I 

UUTIMES = 1.0 

NODELIST I 19 116 163 316 Jiii 320 322 J24 326 32114264211430 340 

ELEMLIST = I 12 79 RO 163 411 74 73 72 161 7.53 774 772 770 263 2.59 

Ill 112 8.l 179 1110 181 186 1118 344 !19!1639 

PLOTDBASE = YES PLOTSTRAIN 

MATERIAL I '"PSEUDO AIR/TRU-WASTE" 

0.10 0.0 I. 0.0 

MATERIAL 2 .. PSEUDO AIR/C-SALr 

0.10 0.0 I. 0.0 

MATERIAL J .. INTACT SALr 

.ll 000. 0.2.5 I. 2140. 

MATERIAL 4 .. AIR-GAP" 

0.10 0.0 I. 0.0 

READ 

GEN MESH 

KINBC = 0.0 

FIXOISPL = 0.. :'llODESET = 2.3 

FIXDISPL = .0. NODESET = I 

GRAVITY = 9. 79E.fl 

OVERBURDEN• -14.11 

LA YER !14.0 0.0 1.0 1.0 

INISURFACE 

SURFTRACTION 0.0 0.0 0.0 0.0 

SURFSET = I 

EXCAVATION 1.0 

ELSETEX = I 2 4 
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SPECTROM-32 Input File for Stress Initialization 
of the WIPP Disposal Room Problem-Cont. 

lllACTION 2.0 

SURFTRACTION 0.01 0.01 0.0 0.0 

SURFSET::! 

EXECUTE= YES 

SUPDEF NO 

ENDA TA 
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SPECTROM-32 Input File for the 
WIPP Disposal Room Problem 

JOB 217 SPECTROM-32 COMPARISON TO SANCH0-.776 W4 NODED 

! NOTE: lnilial suess facld cs&ablished in scpamc run. 

Pl...SnAIN INTORD 2 

MXELEX = 227 

PROBTYPE J 

MAXSTEPS 20 

MAXITER =i ISO 

TIMESTEP l.OE-14 . .50 

MAXTIME 2000. GLOCONVERGENCE = YES 

CONVERGENCE = 0.001 MAXFAIL = .'i 
STEPRFAC 0.03 PRESCO YES 

READ 

GEN MESH 

INISnESS 

KINBC = 0.0 

FIXDISJ>L = 0.. NODESET = 2-1 

FIXDISPL = .0. NOOESET = I 

MATERIAL I -nu WASTE. 

BULKMODULUS = 222. SHRMODULUS = 333. DENSITY = 790.4 

CRFOAM I 0.0 0.0 J.O 0.0 0.0 0.02 

FUNCTION I 

0.000000 0.010 

0.031493 0.0211 

0 . .523363 0. 7JJ 

0 . .592620 1.1.U 

0.64.!b40 I .66 7 

0.692720 2.800 

0.784760 10.170 

0.800000 20.000 

MATERIAL 2 '"CRUSHED-SALr 

NONLINELAST 0.0014011.0.000846.1300 .• 0.006.53.0.006.53 

I 6.56 .• 992 •• 1 •• 02.5 

MUNDAW 

A I = 4.'i.H6 (.)I DIVR = ti039. N2 = 1.0 

NI= 4.9 MU= 1.0 

CONCRP 4.IOE+l.5. 0.82. ·.0173. 2140 .• 3 

MISEQSns 

MATERIAL 3 "INTACT SALr 

2480. 0.2.~ I. 2140. 
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SPECTROM-32 Input File for the 
WIPP Disposal Room Problem-Cont. 

.. 

MUNDAW a 

Al• 4S.86 QIDIVR • 6039. 

NI • 4,Ci MU• l.O 

MISEQSTRS 

MATERIAL 4 "AIR-GAP/CRUSHED SALi 

0.10 0.0 I. 0.0 

GAPMATI J 

ELEMSET4 

GAPTOL£RANCE = 0.01 

TEMPO 27.00 CENTIGRADE 

GASGENERATION 

R • 8.314E-6 GASTEMP • 300.1.5 POROSITY'"' .6626 

IDEALGAS 

GASCONSTANT = 2. 18.60 

EL£MSET I 2 4 SURFSET 

FUNCTION 2 

0. 0. 

5.50. 1100. 

1050. 1600. 

:?000. I NJO. 

OUTPUT = DISPLACE STRESS MESH ELASTIC 

OUTINT =I 

OUTIMES = .001 .I .Z.5 . .SO .75 I. :z.s .S. 7 . .5 10. 12..5 & 

1.~I. 17 . .5 20. 2:?...5 2.5. 27 . .5 30. 32 . .5 35. 40. 50. 60. & 

70. 80. 85. 90. 100. 125. I.SO. 200. 250. JOO. 350. & 

400. 450 . .500. 600. 700. 800. 900. IOOO. 1250. 1.500. 17.50. & 

2000. 

NODELIST I 19 116 163 316 318 320 322 324 326 328 426 428 430 340 

ELEMLIST = I 12 79 80 163 48 74 73 72 161 753 n4 772 no 263 259 

!!I 82 83 179 180 181 186 188 344 :'i9:'i 639 

PLOTDBASE = YES PLOTSTRAIN 

RESTO BASE 

SAVINTERVAL • 20000 
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date: December 6, 1993 

to: Distribution 

;;~~ [J2fu_~ 
from: F.T. Mendenhall, 6345 & w. Gerstle, 6117 

subject: WIPP Anhydrite Fracture Modeling 

~roduction 

We have recently performed some analytical linear elastic 
fracture mechanics (LE:fM) calculations that predict the 
deV'elopment of long, of the order of kilometers, thin, on the 
order of millimeters thick, dynamic fractures in response to 
was.te gas generation at WIPP. It is not clear at this time 
whether a gas-driven hydrofracture can be considered a design 
feature for WIPP (in. the sense that the cracking process may act 
as a "safety valve" to limit gas pressures) or a design problem 
for WIPP (in the sense that cracking may enhance flow and 
transport of materials away from the repository). The essence of 
our model, which assumes the growth of a horizontal, circular, 
axisymmetric crack, is outlined briefly below. our analytical 
model is not very detailed. Indeed, it can be argued that LEFM 
may be an overly conservative approach for gas-driven 
hydrofracture at WIPP. If hydrofracture of the anhydrite is to be 
considered a WIPP design feature, and if simple LEFM calculations 
are deemed not sufficiently accurate, then we believe a that more 
defensible conceptual and numerical modeling of the WIPP 
anhydrite fractures should be pursued. For example, more detailed 
models considering dynamic, three-dimensional, nonsymmetric, 
coupled fracture and two-phase flow analyses are all possible. 
However, the ability to develop these models and associated 
parameter data base relative to the WIPP formation soon enough to 
meet WIPP program needs has yet to be determined. If compliance 
with WIPP regulations precludes large gas-driven hydrofractures 
or if WIPP schedules and resources precludes the development of 
more advanced gas-driven hydrofracture models, then the WIPP 
program may be faced with the need to enact some form of 
engineering alternative, such as build in gas storage or waste 
modification to limit the production of gas. 

Because of the potential importance of fracturing of the WIPP 
anhydrites, we are committed to continue to explore theoretical 
and conceptual models searching for modeling solutions that will 
be applicable to WIPP anhydrites. Never•the-less, depending on 
schedule and resource allocation, there is a risk to the WIPP 
program in depending on being able to accurately and defensibly 
predict the location and added gas storage volume of gas-driven 
hydrofracture for a December 1996 compliance target. 
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Bactqround 

Linear elastic fracture mechanics (LEFM) is the simplest and most 
classical of the theories of fracture. It assumes that the 
medium follows Hooke's .Law and that the fracture process zone is 
of negligible size compared to other dimensions in the problem. 
Both of these assumptions seem reasonable when applied.to 
hydrofracture problems in geologic media. Indeed, LEFM is the 
most widely accepted mOdel for hydrofracture in the gas and oil 
industry. However, any other fracture model requires complex 
constitutive models and the solution of nonlinear equations, and 
thus becomes computationally difficult. Quite simply, LEFM is to 
crack~ as Timoshenko Beam Theory is to Beams. 

While complex continuum mechanics finite element models have been 
used in the past, it is now known that unless very special 
consideration of fracture mechanics is taken into account, these 
models cannot predict fractures objectively. This lack of 
objectivity with respect to cracking was discovered in the late 
1970's and continues t~ be the focus of intense research in the 
engineering mechanics field even today. It is fair to say that 
currently no consensus exists among research engineers regarding 
an appropriate method for finite element modeling of cracks. 

In what follows, we outline the development of an axisymmetric 
LEFM model for gas-driven hydrofracture at WIPP. Using 
representative parameters in the model, a large crack is 
predicted. Then, we show that this crack may grow dynamically. 
Finally, we examine the effects of markerbed dip. 

A!lalytical Model for Gas-Driven, circular. Horizontal 
Hydro fracture 

Consider the case of a circular crack in an infinite elastic 
medium. This assumption is appropriate when considering a crack 
at WIPP where the crack length is much less than the 650 meter 
depth of the crack below the land surface. This type of analysis 
is reasonable for crack lengths at the WIPP of less than 300 
meters. For cracks longer than 300 meters the assumption of an 
infinite medium is conservative because by ignoring the free 
surf ace an overprediction of the crack length and an 
underpred~ction of the gas storage volume results. 

Table 1 documents all of the input parameters in our model of a 
gas-driven hydrofracture. Table 2 documents all of the calculated 
responses from the gas-driven hydrofracture model. 

Page 2 

G-4 

.... 
, . 
•• 

•• 

•• 

•• 

•• 

·-

... 

•• 

• • 
•• 

•• ,. 
... 



Table 1-Input Parameters to Gas-Driven Hydrofracture Model 

'"" 
Parameter Units Definition Comments 

ao meters Initial crack predicted crack 
Radius lengths are not 

sensitive to this 
parameter. 

E MP a Younq's Modulus 31,000 for halite 

none Poisson's Ratio 0.25 (use halite 
'Y rather than 

anhydrite 
parameters) 

cl> 
none Porosity markerbed porosity 

(halite porosity 
assumed O) 

Kie: Critical Stress (fracture 
MPa ../ii1 Intensity Factor toughness) assumed 

II• 

range for 
anhydrite (5 - 0) 
in situ values 

id unknown 

MP a overburden Stress 14.8 
'ao 

f·IM ) 
,.,. 

.... 
Vroom ml Gas Accessible 45000 (note 120 

Void of Repository rooms for the 
IM 

.,... at Maximum repository) 

... Compaction 

n moles Quantity of Gas function of time ,,.,. total potential 
I• 1650 moles/drum 

R (m3 MPa)/ Gas Constant 8.23 x io·6 
!P.' 

(moles K) .... 
T Deg K Absolute assumed 300 for 

'"' Temperature WIPP 
iM 

,.,. 

lllii< 

jif'.fi 

""' 
*"',,+ Page 3 
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Table 2-Calculated Responses in the Model 

Variable Units Definition Comments 

a meters crack Lenqth radius of the 
circular crack 

vcrac:k m3 Gas Accessible v .. lt' v~kerbed 
Storaqe Volume assume o 
in the crack 

p MP a Gas Pressure P less than or 
equal to P •• 1+ 

pcrit MP a Critical Gas pressure 
Pressure required to 

extend crack 

b. 
meters Crack Opening elliptical 

Displacement shape in 
profile 

Kl Stress ·1ess than or 
MPa/m Intensity equal to K1c 

Factor 

For an embedded, penny shaped crack in an infinite elastic 
medium, subject to a remote compression a0 and internal pressure 
P, a solution can be found (usinq superposition of solutions) in 
"The Stress Analysis of cracks Handbook," by Tada, Paris, and 
Irwin, Del Publishinq, 1985: 

(1) 

For this work P will be determined from the ideal qas law. To 
determine the evolution of P, the amount of gas, n, as a function 
of time is required. We have assumed that for the first 550 years 
gas is qenerated at the rate of 2 moles/drum/year and that from 
550 through 1100 years qas is qenerated at the rate of 1 
mole/drum/year. After 1100 years it is assumed that the waste is 
totally deqraded and no further qas qeneration is possible. The 
repository is assumed to contain 120 rooms with each room 
containing 6800 drums of waste. 

•• 
•• 

•• 
•• 
•• 
•• ,. 
'* 

•• 
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cr·ack opening displacement, A , can be found from the same 
reference~ 

(2) 

Assuming that the pressure, P, in the system can never exceed the 
pressure that causes crack growth, Pcrit' we can rewrite equation 
1 as shown in equation 3 below. (In otner words, if the pressure 
exceeds the critical pressure, Pcrtt, a crack would grow and thus 
CI'eate enough void volume to reduce the pressure, P, to Pci:;.t•) 
Note that at incipient crack growth K1=K1c, and P=Pcrtt' leaaing 
to: 

K1c~. Po11=- - + a0 2 a 

The volume of the crack can be determined by using the crack 
opening displacement given in equation 2 via: 

,... 8•2a 

V= f f A.(~)dr 
,..a e-o 

The integration results in: 

V 16(1-v2)(P-o0)a
3 

ow:1c- 3E 
(4) 

(3) 

Recalling the ideal gas law PV=nRT, note that V must include all 
the gas assessable void volume, i.e., volume of the room, Vroom' 
volume of the crack, Vcrack' and volume available in the marker 
beds, V rer • Here we are assuming that the gas storage volume 
in the ha~1t.'1e, Vsalt' is insignificant. So we may write: 

P cn/.V room+ V aac:t + V "8rll:9r ~ =nRT 
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Inserting the crack volume from equation 4 into the equation 
above and rearranging gives: 

(5) 

The void volume in the markerbed can be defined in terms of the 
markerbed porosity, crack length and markerbed thickness as 
follows: 

and finally we can write the following transcendental equation in 
a. (Note that Pcrit is a function of 'a' defined in equation 3) 

(6) 

These equations can and have been solved numerically for crack 
length, a, and the other responses listed in Table 2. Examples of 
the solutions are shown in Figure 1. 

6000~------------...-~~~~~~-, 
Klc = O.S MPa-sqn(m) 
Ao• 100m 

sooo Vroom• 45,000 cubic m. 

.. 
• 
• 

• 
• 

-
• 

• 

i 4000 
Young's Modulus .. 31,000 MPa • 
Poisson's Ratio ... 25 

..... 
-5 3000 

1:11 
c 
~ 
~ 2000 

5 
1000 

Kie = O.S MPa-sqn(m) 
Ao•SOm 
Vroom• 100,000 cubic m. 

Klc = S.O MPa-sqn(m) 
Aoa lOOm 
Vroom .. 45.000 cubic m. 

lime (Years) 

Figure 1. 

Temperature • 300 Deg. K 111 
R • 8.23E·6 (MN·m)/(Mole·Deg.K) 
Overburdens: 14.8 MPa i-
lniL Mass of Gas = J .759E6 Moles 

.. 

Other variations using this approach have been investigated: 
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however, now we examine the possibility of dynamic crack 
behavior. 

Upst&bl• Equilibrium 

For this discussion we will consider the potential gas storage 
volume in the markerbed, V•rker,bed' to be zero •. It simpli~ies the 
eq\1ations slightly and otherwise has no impact on the discussion. 

Now consider eq\lation 5. Rewrite the eq\lation to solve for the 
number of moles of gas, n, as a function of crack length. 
Specifically the eq\lation determines the crack length, a, 
resulting in an eqllilibrium condition for a given amount, n, of 
gas in the system. 

n=_!_ (P ) ( 16(1 -v2)(P o1r-o0) B 
3 

+ V ) 
RT o1r 3E room 

Pcrit can be eliminated using eq\lation 3: 

II 
Z.54 10 

II 
2.53 10 

Moles 

II 
z.sz 10 

II 
Z.Sl 10 

16(1 -v2)( Kie ~) a3 

n=-1- (a +K*'~ "l ( 2 'lB +V ) 
RT o 2 B 3E '°""' 

Equlibrium Surface 

1500 zooo 2 
Cndt Length In Mele1'9 

Figure 2 
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Plotting this equation with several different values for K1c 
results in the family of curves shown in Figure 2. 

These results indicate that for a given amount of gas there may 
be two equilibrium states. one state results in a short, more 
pressurized crack, and the other state results in a much longer, 
and less pressurized, crack. Assume K1c=O.S and an initial crack 
length, aa 1 so meters long. As the gas builds up it will first 
reach the equilibrium state on the left side of the curve. 

Any subsequent generation of gas will result in two new 
equilibrium conditions, one less than so meters and one much 
longer in length, roughly 300 meters (see Figure 2). Since there 
is no way for the crack to grow shorter, it will attempt to 
transition to the other, much longer crack. The transition 
between these two equilibrium states is likely to be dynamic. 

Because the sudden transition from shorter cracks to longer 
cracks is quite sensitive to both the initial crack length, a0 , 

and to the local value of K1c, which is expected to be quite 
heterogenous, it is not likely that we will be able to model 
crack growth, either crack length or crack storage volume, within 
300 meters of the repository with any confidence at all. As we 
extend beyond 300 meters the equilibrium crack length is 
monotonically increasing, indicating a stable crack growth 
region. 

Effects of Markerbed Dip 

Consider the case where the markerbeds dip at a small constant 
slope, s. The sloping markerbed can be represented as a boundary 
stress gradient as shown in the left hand of Figure 3. 
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By invokinq linear superposition of stress fields, Fiqure 3 shows 
that this problem can be solved by using the solution from the 
pressurized embedded circular crack and adding to it the solution 
for an embedded circular crack with a linear external pressure 
gradient. (Again we refer to "The stress Analysis of cracks 
Handbook," by Tada, Paris, and Irwin, Del Publishing) 

Thus the stress intensity factor can be written as: 

~ ~ [2(P-oo)+ 4ysx] ~ a (B) 
3 ~ 

Where gamma is the pressure change due to the dip per unit length 
of along the crack. Making the assumption of equilibrium crack 
growth, Equation 8 may be rearranged to determine the internal 
pressure required to propagate the crack • 

Patt = .!. [K,c ~ ~ - 4ysx) + ao 
2 B 3 

Consider the following conditions: 

Pl ith = 14. 8 MP a - at the center of the circular crack· 
K

1
c = O. 3 MPa - (meters) o.s 

Depth = 655 meters 

(9) 

s = slope = 0.015 (Here we assume a dip of 1.5\. Markerbed 
139 average slope is expected to be 2-4%). 

a = 150 meters (crack length) 

If we look at the critical pressure at three positions around the 
circular crack, directly down dip, normal to the dip, and 
directly up dip, we see that even this very slight slope has a 
significant impact on fracture behavior. Down dip the critical 
pressure is 14.86 MPa; normal to the dip the critical pressure is 
14.82 MPa; and up dip the critical pressure is 14.79 MPa. At the 
very least these results tell us that the crack will tend to grow 
up dip in a noncircular fashion. 

Let's look further at the critical pressure required to propagate 
a crack in the up dip direction. Fiqure 4, shows the pressure 
relative to lithostatic required to propaqate the crack as a 
function of crack length. Note that the pressure required to keep 
the crack open near the center of the circular crack, i.e., near 
the repository, must be above Plith" It appears that the pressure, 
Pcrtt' necessary to propagate the crack is less than the pressure 
necessary to keep the crack open. This means the possibility must 
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be considered that crack growth will occur in dynamic spurts even 
though the gas generation rates are very slow in the repository. 

0.25 

0.2 
Pcrlf Pnth 

0.15 

0.1 

o.os 

conclusions 

Pressure Required to Initiate 
Crack Growth 

so 100 
Crack Lenif:h in Meters 

Fiqure 4 

200 

Assuming WIPP expected gas generation potentials, and assuming 
simple linear elastic fracture mechanics (LEFM) we have predicted 
that a horizontal circular crack kilometers in radius is possible 
at WIPP. We have shown that dynamic growth may occur and needs 
further consideration. Furthermore, we have demonstrated that 
crack shape and growth directions are sensitive to slight 
variations in slope, 1.5\, in either the markerbed or 
equivalently in the surface topology. However, we feel that it is 
possible to carefully account for these concerns with the LEFM 
approach, as well as the expected heterogeneous nature of the 
anhydrite. This suggests that using LEFM theory may lead to 
conservative and defensible crack growth predictions in the WIPP 
anhydrites. 

Furthermore, based on this work we believe that an advanced model 
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of qas-driven hydrofracture, if necessary for WIPP compliance 
calculation, would need to simulate at least some aspects of 
nonlinear, dynamic, three-dimensional, nonsymmetric, coupled 
fr·acture-flow behavior. This last approach would require 
technoloqy development~' However, to be useful for WIPP, such 
te.chnoloqy needs to be developed in time to meet our, proqram 
milestones. The authors wish to investiqate the potential for 
developinq this capability as well as the parameter data base of 
material properties and qeometric variability needed as input to , 
the model. However, we feel compelled to state that on the 
current expected WIPP proqram schedule and resource allocation, 
there is some risk that a more advanced qas driven hydrofracture 
model may not be achievable. The WIPP proqram must be prepared 
with a fall back position, such as enqineered alternatives, if 
LEFM models are not acceptable and/or if a more advanced qas-
dx·i ven hydro fracture model is not achieved. 
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APPENDIX H: Repository-Scale Crack Investigation 
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· Sandia National Laboratories 
date:: January 5, 1994 Albuquerque, New Mexico 87185 

to: F. T. Mendenhall, 6345 (MS1341) 

,..- L } .. -~ . 
/'' dt, ~ ~(_fo t!.~. ~ 

from~ J. Guadalupe ~gilello and C. M. Stone, 1561 

subject: Repository-Scale Crack Investigation 

Introduction 

Degradation and corrosion of the waste and waste packages stored at the Waste Isolation 
Pilot Plant (WIPP) could produce significant quantities of gas over a period of roughly 700 
to 1000 years. Because the salt formation surrounding the repository has a low permeability 
to gas flow, the pressure inside the repository could increase slowly with time. This 
pressurization could then extend pre-existing fractures or cause separation along clay 
seams or fractured interbeds which intersect the repository. The question of how far a 
fracture could extend from the repository is currently being addressed. 

Some preliminary work has recently been performed [l] to address this issue. It involves 
using analytical linear elastic fracture mechanics (LEFM) to investigate WIPP anhydrite 
interbed fracturing. The model used in that study was based on the assumption that once 
gas pressure within the repository begins to exceed lithostatic pressure, extra gas storage 
volume will be created by expansion of the formation and by the opening of an initially 
closed crack in an interbed. It further assumed the length of the crack to be much less than 
the depth at which the crack was located. The model was thus used to predict the growth of 
a horizontal, circular, axisymmetric crack in a medium whose material response can be 
characterized as linear elastic. The results from that study predicted the development of 
long thin fractures in response to waste gas generation. The predicted lengths were on the 
order of kilometers, and the predicted openings were on the order of millimeters thick. 
While this work has provided preliminary estimates for additional gas storage volume due 
to crack opening, the results have brought up additional questions, namely: 

1) What happens if the medium surrounding the fracture is a creeping medium, such 
as the salt on either side of an anhydrite interbed at the WIPP? 

2) When does the assumption of a short crack in a deep medium break down? That 
is, how long of a crack can exist relative to its depth before the assumptions are 
violated? Furthermore, can an improved model be devised for predicting crack 
lengths that are on the order of or greater than the depth at which they are located? 
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This memo serves to document the results of an investigation in which several repository
scale pressurized crack analyses were performed with the SANTOS finite element code to 
address these two issues. The repository-scale geomechanical model used for the SANTOS 
computations is first described. The results from the analyses to look at a creeping medium 
above ~d below a crack in a linear-elastic material are then presented, and the crack 
opening for this case is compared to the analytic solutions from the earlier work [l]. The 
second issue above is then addressed, and results for this portion of the investigation arc~ 
then presented and discussed. Finally, a summary and conclusions section of this memo is 
presented and includes comments for consideration on the validity of using the improved 
model devised in this study. 

Geomechanical Model 

A two-dimensional model of the repository, whose finite element mesh is shown in 
Figure l, was used for the SANTOS analyses. The configuration is axisymmetric with the 
repository (and thus the source of gas generation) at 665 m below the surf ace on the left 
boundary. The repository is idealized as a point source for gas generation. The left 
boundary is the axis of symmetry, and consequently no horizontal displacement is 
permitted along this boundary. The right boundary, representing the far-field, extends some 
27.5 km beyond the 2.5 km WIPP area boundary. No horizontal displacement is allowed 
along the right boundary. The upper boundary represents the free surface above the 
repository; it is a stress-free surface. The fracture is labelled and shown in the zoomed area 
of the figure as the heavier line. It is located at 665 m below the surface. Although no_t 
shown, the crack surface is pressurized at a value equal to the gas pressure in the repository. 
The lower boundary is located 30 km below the crack. No vertical displacement is allowed 
along this lower boundary. Any fracture opening will lead to a disk-shaped crack opening 
vertically and extending radially away from the repository. The large extent encompass~~d 
by the idealized configuration is necessary to accurately model the far field effect of the: 
problem when the crack becomes longer than the depth at which it is located. The mesh 
contains 16828 nodal points and 16668 elements. 

The analyses to look at a creeping medium above and below an existing crack in a linear
elastic material made use of the elastic-secondary creep constitutive model for intact salt 
described by Krieg [2]. The model can be decomposed into an elastic volumetric part, 

(EQ 1) 

and a deviatoric part, 

(EQ2) 

In Equation 2, s ij is the deviatoric stress defined as, 

H-4 

,. 

• 

• 

•• 

,. 
,,. 

,. 



t!i;>,f 

fll!C'<I 

·~"""' 

•;i,""* 

.... 
fiH'"' 

iihN 

tff• ) 
tf..t-* 

~j! >Iii'\ 

ti1lfU 

''"' 
.... 
,,,h 

''"' 
,, .. ) , 
llJM 

..... 
lii:M 

.,*'t 
,, .. 
fl!'t\l 

lUJi 

) 
f!ll'9!"t 

.... 
fUI.\ 

fl-4* 

F. T. Mendenhall. 6345 

E 

~ 
Q) 
E E E 
>. 0 
rn 0 

0 
0 ci 
Ill M 
x 
< 

-3- January 5, 1994 

Free Surface 

i.....t--.1-------- 30,000 m --------... ..ij 

Far Field 

"O 
Q) 
u: ... 
tU u. 

Figure 1. Finite Element Mesh and Boundary Conditions Used in Analyses 
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(EQ3) 

and e ii is the deviatoric strain defined by 

(EQ4) 

The material parameters K,G, A, n, Q, R, T appearing in Equations 2 and 3 are the bulk 
modulus, shear modulus, material creep constant, creep exponent, activation energy, 
universal gas constant, and absolute temperature in degrees Kelvin, respectively. The 
values of the shear and bulk moduli used in the current work were obtained by dividing the 
values given by Krieg [2] by a factor of 12.5 (this corresponds to a value of E/12.5). This 
artificial reduction in the moduli has been shown to produce good agreement between 
computed and in-situ closures [3] when an all salt stratigraphy is used to model the salt 
formation. The material constants are shown in Table 1. 

Table 1: Material Constants Used With the Elastic/Secondary Creep Model 

PARAMETER VALUE 

G 0.992 GPa 

K 1.656 GPa 

A 5.79 x 10-36 Pa-4·9sec-1 

n 4.9 

QI (RT) 20.13 

For all other analyses use was made of a linear-elastic material model for the intact salt, 

• 

• 

• 
• 

• 

•• 

•· 

•· 

with a Young's modulus of 31.0 GPa and a Poisson's ratio of 0.25. • 

The analyses in which creep was involved were carried out to a lO~year simulation time, 
the elastic analyses were generally carried out for a single step. The input file for one of the 
SANTOS elastic analyses is included in Appendix I. The other files are identical except for 
the ti tie line, and the fact that a different length crack is used. 

Pressurized Crack Creep Analyses 

The first task in this study was to determine if a pressurized crack in an elastic medium, 
such as in an thin anhydrite interbed, surrounded above and below by a creeping medium, 
such as intact rock salt, would behave differently from a pressurized crack in a purely 
elastic material. To investigate this issue, the analytic solution used in Reference l was 
revisited. That work uses superposition of solutions found in Reference 4 to predict the 
crack opening displacement for a penny-shaped crack in an infinite (where the crack length 
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is small relative to the depth at which it is located) elastic medium. When the crack is 
subject to a remote compressive stress a and internal pressure P, the crack opening, a, is 

0 . 

computed· as follows: 

2 4 (1 - v2
) J, 2 . 2 a = ( - ) (P - er ) a - r 

7t E o . 
(EQS) 

where, vis Poisson's ratio, Eis Young's modulus. a is the crack radius (length), and r is 
some radial distance from the center of the crack. Thus, it is the stress difference, ( P - a ) , 

0 

between the internal pressure on the crack (arising from gas generation in the repository)· 
and the remote compressive stress (lithostatic stress at the repository horizontal) that drives 
the opening of the crack. 

Several values of stress difference and two crack lengths were evaluated (allowing creep 
behavior above and below the crack) to compare with the LEFM solution of Equation 5. 
The crack lengths of I 00 and 200 m used for this part of the study were chosen so that they 
were within the assumption of "short" cracks in a deep medium (the second part of the 
study will discuss this issue in more detail). Four values of stress difference were used with 
the 100 m crack; these Were 0.05 MPa, 0.5 MPa, 1.0 MPa and 5.0 MPa. Stress difference 
values of 1.0 and 5.0 MPa were used with the 200 m crack. These represent increments 
above the lithostatic stress of 14.8 MPa that might possibly be sustained by the crack before 
it will extend . 

Figure 2 shows the vertical displacement, along the length, of both the upper and lower 
crack surfaces for the 100 m long case with a stress difference of 0.05 MPa. This is a 
calculation in which creep was permitted; yet. the single curve (actually eleven curves at 
equal times, between 0 and 100 years, nearly overlaying each other) for both the upper and 
lower surfaces indicates that there was an insignificant change in displacement with time. 
Thus, the behavior remained practically elastic. The computed crack opening is the relative 
difference between the displacements of the upper and lower surfaces at any point along 
the crack. As seen in the figure, at the center of the crack, the computed crack opening is 

4.901x10-3 m (this value comes from the curves at 100 years). This is within 2 %, of the 

value of 4.813 x 10-3 m that is found with the LEFM analytic solution of Equation 5. 
Thus, for this length crack at this depth with this particular stress difference, the LEFM 
solution provides an accurate approximation for crack opening in rock salt. 

Figures 3 and 4 show similar results for the same 100 m long crack and for a stress 
difference of 0.50 MPa and 1.00 MPa, respectively. Once again, creep behavior was 
perinitted. The single upper and lower curves in each figure are really eleven curves at 
equal times between 0 and 100 years nearly overlaying each other; i.e., once again, the 
displacement does not significantly change with time, so the behavior remains practically 
elastic. The computed crack opening at the center of the crack for the 0.50 MPa case is 

4.903 x 10-2 m, compared to the LEFM analytic value of 4.813 x 10-2 m from 

Equation 5. The computed crack opening for the 1.00 MPa case is 9.854 x 10-2 m, 
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compared to the LEFM analytic value of 9.626 x 10-2 m. Once again, the forgoing 
computed crack opening values were based on the curves at 100 years. Thus, for these 
particular conditions, the LEFM solution appears to once again provide accurate estimates 
for the crack opening in rock salt. 

Figure 5 shows crack opening results for the same 100 m long crack, except that the strc~ss 
difference this time is 5.00 MPa. The figure clearly shows that significant creep behavior 
is now encountered, with eleven distinct curves (at equal times between zero and 100 years) 
appearing for each of the upper and lower crack surfaces. The curves without symbols 
represent the displacement of the upper and lower crack surfaces at time zero, and the 
curves with the asterisks represent the displacement of the crack surfaces at 100 years. The 
computed crack opening at the center of the crack at time zero is the elastic response and is 

4.830 x 10-1 m. This compares favorably with the analytic value of 4.813 x 10-1 m. After 
100 years of creep response, the computed crack opening at the center of the crack is 

8.259 x 10-1 m, almost twice what the LEFM solution would have predicted. 

As previously mentioned, a crack length of 200 m was evaluated as well. Figure 6 shows 
crack opening results for this crack length and a stress difference of 1.00 MPa. As was the 
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Figure 6. Displacement of Surfaces for 200 m Long Crack - 1.00 MPa Stress Difference 

case for the 100 m long crack at 1.00 MPa stress difference, this 200 m long crack shows 
an insignificant amount of creep response even though creep was permitted. Once again, 
this is evidenced by the single curve for both the upper and lower surfaces that are each 
really eleven curves nearly overlaying each other. The computed crack opening for this 
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crac~ length at the center is 1.999 x 10-1 mat 100 years and is within 4 % of the value of 

1.925 x 10-1 m that is found with the LEFM analytic solution of Equation 5. 

Although not shown, the crack opening for this same 200 m long crack with a stress 
difference of 5.00 MPa was also computed. As was the case with the 100 m long crack at 
this same stress difference, the 200 m long crack also exhibited significant c~ep response. 
Thus, for the two crack lengths evaluated herein, at a stress difference somewhere between 
1.00 and 5.00 MPa, the process zone at the crack tip appears to become large enough to 
exhibit significant creep response. Consequently, for a stress difference greater than 
1.00 MPa significant deviations from the crack opening results predicted with linear elastic 
fracture mechanics are expected to arise. 

In addition, it should be pointed out that as the crack length increases beyond 200 m, it may 
be possible that creep response will eventually become significant for stress differences 
less 1.00 MPa. The basis for this observation comes from the fact that for the 100 m long 
crack at a stress difference of 1.00 MPa, the computed crack opening at the center of the 
crack deviated from the LEFM solution by about.2 %, while for the 200 m long crack at the 
same stress difference, the computed crack opening deviated from the LEFM solution by 
about 4 %. Thus, as the crack length increases, the deviation from the LEFM solution also 
apparently increases. This, however, may not be due entirely to the presence of creep 
response alone, but also to the effects of the boundary conditions assumed in arriving at the 
LEFM analytic solution of Equation 5. This leads to the second question addressed in the 
present study: When does the assumption of a short crack in a deep medium break down? 

Pressurized Crack Linear-Elastic Analyses 

To address the issue of when the assumption of a short crack in a deep medium breaks 
down, several linear elastic analyses looking at different crack lengths were performed 
using the same mesh a.> for the previous analyses. By performing purely elastic analyses, 
the effect due to creep could be removed, leaving only the differences due to discretization 
(thought to be minor) and those due to the applied boundary conditions, in terms of the 
extent of material included in the model relative to the length of the crack. The crack 
lengths investigated ranged from 50 to 4000 m long. Thus, in Figure 1, the location of the 
far-field boundaries at 30,000 m away should be more than adequate. A stress difference of 
0.05 MPa was used in all of the calculations. Table 2 shows the computed crack openings 
at the center of the crack from these elastic analyses along with those obtained from the 
LEFM solution of Equation 5. It is obvious from the table that for shorter cracks, the 
computed crack opening agrees quite well with that from the LEFM solution. However, as 
the crack length increases, the differences become significant. As the crack length becomes 
longer relative to the depth at which it is located, the crack begins to behave more like a 
surface feature than a deeply embedded crack. That is, the pressure lifts the upper layer and 
displaces the upper surface of the crack much more than the lower surface is displaced 
downward. This is easily seen for the 4000 m long crack in Figure 7. The upper layer 
begins to behave more like a pressurized circular plate. And in fact, the computed crack 
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Table 2: Comparisons of Computed Elastic Crack Opening with LEFM Solution 

Crack 
Computed Crack LEFMCrack 

Length, m 
Opening at Center Opening at Center 

of Crack, m of Crack, m 

50 1.921x10-4 1.925 x 10-4 

100 3.912 x 10-4 3.851x10-4 

200 7.933 x 10-4 7.701x10-4 

400 1.682 x 10-3 1.540 x 10-3 

600 2.912 x 10-3 2.310 x 10-3 

800 4.687 x 10-3 3.080 x 10-3 

1000 7.242 x 10-3 3.851 x 10-3 

2000 4.145 x 10-2 7.701 x 10-3 

4000 4.359 X 10-I 1.540 x 10-2 

opening at the center of the crack for the 2000 and 4000 m cases are bounded by the 
solutions for maximum displacement (at the center of the plate) for simply supported and 
clamped circular uniformly loaded plates of the same radius. 

To better illustrate the point of departure from LEFM in the computed crack opening, 
Figure 8 shows linear-log plots of the two curves defined by the information in Table 2. 
Somewhere between a crack length of 200 and 400 m is where apparent deviations from 
the LEFM solution begin to occur. becoming truly significant as the crack length becomes 
longer than the 665 m depth at which it is located. At a crack length of 4000 m. the crack 
openings at the center of the crack differ by greater than an order of magnitude. It thus 
becomes apparent that gas storage volume predictions based on crack openings calculat1ed 
from the LEFM solution of Equation 5 will grossly underestimate the available volume in 
the crack for crack lengths greater than about the depth of the crack. As detailed in 
Reference 1. the available crack volume determines how much gas can be stored and 
indirectly impacts how far the crack could potentially extend. Thus, unrealistic estimates of 
the crack volume will lead to an unrealistic overestimation of the final length to which the 
crack might extend. 

It may be possible to take the various computed crack opening versus distance curves for 
the nine cases of crack length investigated herein and fit the information in the least-squares 
sense to arrive at an alternative "analytic" expression for crack opening. Such an expression 
could then be used in lieu of the LEFM solution of equation 5 to obtain an improved 
estimate of crack opening and, ultimately, an improved estimate of potential crack 
extension. 
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Summary and Conclusions 

Several repository-scale pressurized crack analyses have been performed with the 
SANTOS finite element code. Creep analyses were performed to determine what happens 
if the medium surrounding the fracture is a creeping medium. such as the salt on either side 
of an anhydrite interbed at the WIPP. Linear-elastic analyses were performe~ to determine. 
as well. when the assumption of a deeply embedded short crack in an infinite medium 
breaks down. That is, how long of a crack can exist relative to its depth before the 
assumptions are violated? 

With regard to the question of the effect of creep on crack opening, the results of the 
investigation indicate that creep response will be insignificant for stress differences less 
than about 1.00 MPa for the crack lengths investigated. At stress differences higher than 
1.00 MPa, the effect of creep will become significant, and the use of LEFM techniques for 
predicting crack opening will no longer be valid. As the crack length increases to some~ 
point beyond 200 m, it is possible that creep response could become significant for stress 
differences less than 1.00 MPa. 

With regard to the question of when the assumption of a short crack in a deep medium 
breaks down, the results of the linear-elastic analyses performed in this investigation show 
that somewhere between a crack length of 200 to 400 m apparent deviations from the 
LEFM solution begin to occur and become very significant as the length approaches the 
depth at which the crack is located. Consequently, gas storage volume predictions based on 
crack openings calculated from the LEFM solution will underestimate the available volume 
in the crack for crack lengths greater than about the depth of the crack. If improved 
estimates of crack opening are needed, it may be possible to use the information from this 
study, fit in the least-squares sense, to obtain these estimates. 
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Appendix I 

Input File for SANTOS (Version 1.0.0) Elastic Run 

'l'::tTLB 
PRBSstJlll:ZJm CllAC1t LBP'M - RBPOSI:'l'ORY SCALE 
AXl:S'DIME'l'll:IC 
PLO'l' '!!!T.!lMp:N'l', STRESS, STJuuN, VONMI:SES, PRBSstmE 
PLO'l' NODAL, DI:SPLACEMJ!;NT, RBSI:DtJAL 
PLO'l', S'l'A"l'E, BQCS 
.RBSI:DUAL 'l'OLBRANCB • 0. 001 
MAX%llCM I:'l'ERATI:ONS = 15000 
DJCI:MUM 'l'OLDANCB • 100. 
Drl'BRMBDI:A"l'E Pll:IN'l' = 10 
ELAS'l'I:C SOLtJ"l'I:ON 
PRBDI:C'l'Oll SCALE FAC'l'OR = 1.0 
S"l'EP CON'l'llOL 

40 3.1536B7 
1980 3.1536B9 

38000 6.3072B10 
END 
OD'l'PtJ"l' 'l'I:MB 

10 3.1536B7 
10C> 3.1SB6E9 
950 6.3072E10 

END 
PLO'l' 'l'I:MB 

END 

1 3.1SB6B7 
1 3.1536B9 
200 6.3072E10 

MA'l'ERXAL, 1, ELAS'l'I:C, 2300. 
YO'D'NGS MODULUS = 31.E9 
POI:SSONS RA'l'I:O = .25 
END 
NO DI:SPLACEMEN'l' X = 7 
NO DI:SPLACEMBN'l' Y = 22 
PRESStJJlB, 10, 1, .OSE6 
F'D'NCTI:ON,1 $ F'D'NC'l'I:ON TO DEFI:NE PRBSCRI:BED PRESSURE 
0., 1. 
6.3072B10, 1. 
END 
EXI:'l' 
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Appendix I (continued) 

Input File for SANTOS (Version 1.0.0) Creep Run 

'l'l:'l'LB 
PRBSstJllI:ZBI> CRACJC LUM - UPOSl:'!'ORY SCALE (0.05 MP&) 
AX%SYMMB'l'Rl:C 
PLO'l' ELZMZRT, S'l'Rl!!SS, S'l'RAJ:H, VOHMJ:SES, PRBSStmB 
PLOT NODAL, Dl:SPLACEMEN'l', RES::cDUAL 
PLO'l', STATE, EQCS 
RESl:DUAL TOLERANCE II 0. 001 
MAX:tMCM l:TERATl:ONS II 15000 
MAXl:MtJM TOLERANCE = 10 0 • 
nrrERMl!!Dl:ATE PRJ:NT • 10 
ELASTl:C SOLtJ'l'l:ON 
PREDl:CTOR SCALE FACTOR = 1.0 
STEP CONTROL 

40 3.1536E7 
1980 3.1536E9 

END 

OtJ'l'PtJ'l' Tl:ME 
10 3.1536E7 

100 
END 

3.151!!61!!9 

PLOT Tl:ME 
4 3.151!!61!!7 

10 
END 

3.1536E9 

MATERJ:AL, 1, POWER LAW CREEP, 2300. 
'l'WO MO = 1.9841!!9 
BULK MODtJLOS • 1.656E9 
CREEP CONSTANT = S.79E-36 
STRESS EXPONEN'l' = 4.9 
THERMAL CONSTANT = 20.13 
END 

NO Dl:SPLACEMENT X = 7 
NO Dl:SPLACEMENT Y • 22 
PRESSURE, 10, 1, .05E6 
FtJNCTl:ON,1 $ FtJNCTl:ON TO DEFl:NE PRESCRl:BED PRESSURE 
0., 1. 
6.3072E10, l. 
END 

EXl:T 
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~~§qcJ;fm.'~'at the W!PP repository, a stand~ 
app~ Is to bound the e1tlmat.e and thereby provide the undezplnninga for 
establi1hln1 numerous beat ca.m/worst cue scenarios. Several compelllnr: arg ments 
for taking this approach can be made. Pust and foremost, without suf'ftcient ta to 
establish an accurate statistical sampling of pe.r~nt free liquid content by volu e within 
the TRU waste inventory, boundf.na the problem ia the only' iltcmativo. s dly. 
should the perf onnance asseasmcnt usin1 the bounding values for free liquid 
demonstrate a bcnfp repository response to the resultinc gu generation, thJa ult in 
conjunction with supporting laboratory-scale, bin-scale, and alcove-scale ~t ata 
would conatilute compelllnc evidence to justify the WIPP's request f'or a no eratlon 
d~nninatJon durln1 the disposal phuo. 

Unfortunately. by lncoiporating multiple bounding conditions fncludln1 a free 
con~t of one (1) pllon per each 55-gallon drum received into the Waste Iso 
Pilot Plant (WIPP), Sandia National Laboratory's (SNL'a) calculations have· 
unequivocally demonstrated the repository's response function to be indepcnd t of the 
acnerated su pressure. In light of this result and tho fact that th~ now exists a large 
waste charactcrizatlon data base resident at the Idaho National Engineering ~boratory 
(INBL), it fs now poaaiblc for SNL to input a moro reallatic estimate for the rcent 
free liquid volume Into their pedormance uaeument calculations. Althouab o INBL 
data base i1 spccifle to wa.sto derived from operations at the Rocky Plata Plan (RFP), 
there is a growing con5ensua that this int'onnation be used as the first step in "phased 
approach" to resolving issues associated with au aeneration - even if it shoul only 
relate to waste ~vcd from past RPP operations in addition to the current 
decommissioning and decontamination activJties • 
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This enmination of the BO&GIINBL data i1 the moat Clhaustive inquiry to · tc into 
the quesdon of how much fr= liquid ls resident in waste dlsposi~oned as WI P 
certified. Attached aro the results ot this inq\llry. Several items need to be c arified in 
~dcr to prec.Jude any misin~retationL .. Plrst. the attached report ,Birf~. nta~lor 
fiee·tesfduli :llqtild wlthhl 1he wu~1f~SJlr; No accounting of absorbed or :sorbed 
liquids i1 made ln this rcpon. Second, only waste di1po1ttioned u WIPP ce cd is 
included in this report; I.e., of the appl'()ximately 17,000 drums examJned,.9 71l~:drums 
wero.auttft~. u ~table per tho~ Waste Acccpwice Cdteria (WAC). 'lt"he 
maJority of those waste drums rejected were on tho buis they constituted Lo L.cvcl 
Waste (LLW). Only a minority of the waste drums wera rejected due to the 
of various non-conf ormfna waste forms. Third, input to this study was also 
from tho RPP; however, due to the fa.ct their data waa not readily accessible 
computer data buc, the submittal of this report on a timely basis dld not allo 
additional information to bo included a.t thJ1 time. 

Upon perusing the data, the most striking observation is the small avera1c liq d 
volume m~urcd for th~ thlrty four contont QOdcs. 'n1esc values can bo seen to span 
the riiiP'1rom·O:OOOOO to 0~3920B:pift'& With an &Verlia of the averages eq ti:> 
O:l81t9'P.1Jil.il. Since the WAC prohibits tree liquid• in excess of O?ib .. volum perceht 
of the 55-gallon container. this equates·to an upper bound of'O:'S pllonror. 74"p1nts 
per.~S-gallon drum. Compuison of these values indicates that on average th frt:e 
residual liquid volume observed within this data base Is much less than the \lP r bound 
established by the WAC. Also of importance fa the fact that the ·rree res1d\i81 llq·uid 
volume·averagea are irnall relative ta their =rrespondlng•1tandanHSeviatioi\I. This is 
indicative of a skewed frequency distribution. Thus, Wute Compliance woul like to 
suggest that SNL'li~· a Poisson· dlStti~th,-a--mean .equal' to· the, ave.rage· peoifled 
above in place of their previous probablllty distributions tor available water. 

It is the intent of Waste Compllanco to continue working with both INEL and RFP 
personnel to refine this data. Spcciftally a determination of the nature of th skc~wcd 
frequency diatrlbutions is needed in order to more accurately model the resid free 
liquid volume parameter for each content cocse. In addition, since the.LLW d 'rR.U 
wute fonns are In many instances derived from the aamo proccasoa, it is of tei'4~St to 
determine if the water content of these waste cate&;orios are the same. An ln uiry of 
thla nature will provide in sf ght on the relative importance of process kn owled c U> the 
chara~terlz.ation of waste. 
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Por purposes of validating the informadon in thls report, cognli.ant personnel to contact 
at EG&.G/INRL that were instrumental in this atudy include Ms. Diane Hanley 
(208) 526-2484 and Mr. Tom Clementi (208) 526-0664. Personnel to be contacted at 
EG&G/RFP include Mr. 1e.rry O'Leary (303) 966-3268 and Mr. Steve Tallman (303) 
966-2257. 

ott, Manager 
aato Compliance 

alt 

Attachment 
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.· 338 13 0.00000 

229 71 0.00000 
i70 1 0.00000 
J7l 83 0.00000 
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APPENDIX J: A Model for Cuttings Release Waste Properties 
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8andia National Laboratories 
date: January 6, 1994 

Albuquerque, New Mexico 87185 -

to: Distribution 

from: B. M. Butcher, 6345 

subject: A Model for Cuttings Release Waste Properties 

A model is described in the attachment to this memo, which is a first step in estimating the 
erosion properties of TRU waste that control cuttings release during drilling. A large number of 
assumptions were required in its derivation, few of which have been checked with regard to 
their validity. Nevertheless, the model does provide the framework for further examination of 
erosion properties. 

The most obvious criticism of the model is in regard to the validity of the assumption that 
various states of decomposition and corrosion of waste can be represented, in the worst case, 
by mixtures of sand and clay. My contention is that the fabric existing in waste (caused by 
unreacted materials such as pieces of metal, plastic, etc.) constitutes an internal reinforcement 
that makes the waste less prone to erosion than would be observed in an equivalent clay/hard 
particle mixture. Thus, a clay/particle state represents the most erodible condition possible, and 
the actual amount of waste eroded is actually anticipated to be much less. A second criticism 
of the model is that it does not address the effect of waste porosity, and in particular· waste with 
a lot of gas in it. Further work is needed to examine this concern. 

Findings with the model in its present state suggest that the amount of drill cuttings during a 
human intrusion are likely to be much less than currently anticipated based on the range of 
erosion strengths presently assumed in PA analysis. The reasons for this observation are (1) 
the waste is no longer represented by parameters considered typical of a 100% highly plastic 
clay, but is strengthened by the presence of non-clay components; and (2) the waste is no 
longer considered 100% reacted, independent of the intrusion time, but rather is based on the 
state of the waste at the actual time of intrusion. 

Copy to: 

MS 1335 W. D. Weart (6303) 
MS 1333 P.A. Covington (6319) 
MS 1345 F. T. Mendenhall (6307) 
MS 1345 A. R. Lappin (6307) 
MS 1328 D. R. Anderson (6342) 
MS 1328 M. G. Marietta (6342) 
MS 1328 P. Vaughn (6342) 
MS 1328 J. W. Berglund (6342) 
MS 1330 SWCF(DRM) (WBS 1.1.1.2.3) (6352) 
MS 1341 R. C. Lincoln (6345) 
MS 1341 8. M. Butcher (day file) (6345) 
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A Model for Cuttings Release Waste Properties. 

B. M. Butcher, 6345 

The cuttings. property model described in the following sections is based on the premise that precise 
definition of the end states of the biological and chemical waste degradation processes in the WIPP 
repository is presently considered impossible. For example, microbiological degradation might be 
expected to reduce all cellulosics material to a small amount of inert residue and corrosion would 
alter all iron to a high-strength oxide. Under these circumstances, the final form of the waste wo1uld 
be highly resistant to erosion, and the simple cuttings release model which assumes little or no erosion 
or borehole enlargement would be adequate. At the other extreme, the combination of cellulosics 
degradation and metal corrosion might produce a mixture with low shear strength, high plasticity, and 
little resistance to erosion or sloughing. These bounds are reasonably well-defined, but broad. The 
actual waste states lie somewhere between them, are complicated by the fact that the reaction products 
may be low-strength amorphous substances, and represent conditions that the present gas model is not 
able to quantitatively define because of uncertainties about reaction products and their stabilities. 

Even if the exact chemical processes for a given history of repository conditions could be defined, it 
still may be very difficult to investigate. them in the laboratory, because no method presently exists for 
replicating the long-term chemical processes that are anticipated in the complex waste mixtures. ~[bis 
observation suggests that the only real opportunity that we- have for bounding the cuttings removal 
problem is to select and test mixtures of well-chosen surrogate materials which we think are 
representative of various waste decomposition and corrosion states. 

Gas-Generation Reaction Products 

The gas-generation reactions possible within WIPP have been described by Brush ("Likely Gas
Generation Reactions and Current Estimates of Gas-Generation Rates for the Long-Term WIPP 
Performance Assessment," Memorandum from L. H. Brush, 6348, to M. S. Tierney, 6342, June 18, 
1993, Table 1). The same gas-generation model used in the 1991 and 1992 PA calculations is 
proposed for the 1993 compliance calculations, and consists of calculating the average stoichiomE:tric 
gas-production ratio of the various dominant reactions, estimating average gas production rates, and 
allowing these processes to proceed depending on brine availability. The material property model 
developed in this document also assumes this approach. Examples are constructed using model 
parameters from the 1992 comparison (cf "Preliminary Performance Assessment for the Waste 
Isolation Pilot Plant, December 1992, Volume 3: Model Parameters," SAND92-0700/3.) 

For the purposes of simplification, we will also assume that the dominance of anaerobic gas 
production is such that aerobic reactions and radiolysis can be ignored, and therefore the analysis can 
be limited to the use of stoichiometry factors for anaerobic conditions. Inspection of Table 1 in 
Brush's memo shows that the reaction products separate into various categories. For corrosion, end 
products such as F~04, FeC03, FeS, F~, and Fe(OH)2 are expected. The compounds Fe(OH)2 :md 
FeS are considered highly deformable and "slimy" whereas F~04 , FeC03 and F~, are consider1ed 
harder and more difficult to deform,. For microbial degradation, several of the reactions imply that 
end products are limited to gases and no solid end products should be expected. Other reactions 
produce the same compounds encountered in the corrosion reactions. The most likely anoxic corrosion 
reactions have as products F~04, FeC03, and Fe(OH)2; whereas the likely anaerobic microbial 
degradation reactions include five iron (111)-reduction reactions, that include production all of the 
anoxic corrosion end products. These last reactions were not considered in the 1992 compliance 
analyses, and can not be included in any of the examples that follow until their importance is 
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quantitatively defined. 

End-Product Surrogates 

The ·cuttings material property model is based on the assumption that surrogate end-product materials 
can be selected· that approximate the response of the various decomposition and corrosion processes. 
At the low shear strength extreme, a clay material is selected to represent the soft, perhaps soapy, 
amorphous substances that may be typical of some of the stages of microbial degradation. In addition, 
the same material is considered to represent •slimy• hydrated or· unhydrated, Fe(Offh corrosion 
products. 

Quartz sand is used to represent the other extreme of corrosion products, those with higher shear 
strength. A sand is proposed because it represents a bound of response: it should be easier to erode 
than mixtures such as F~04 interspersed with pieces of interlocking, unreacted metal. Quartz is a 
good surrogate for products, such as Fe,04, because (l)it has the relative incompressibility expected of 
these reactants, (2) chemical composition is less important than panicle size and shape in regard to the 
mechanical response of relatively inert end products, and (3) information about the properties of 
clay/sand mixtures is available from the literature. 

In summary, various mixtures of sand and clay mixture will be used in the model as surrogates for 
partially corroded and decomposed waste mixtures. This representation is considered bounding 
because it has a greater potential for erosion than is likely. When combined with the clay, the sand in 
a sand-clay mixture represents the hard phases in partially decomposed or corroded mixtures. 
Although this concept is more applicable to iron corrosion products, we will also extend it as a first 
approximation, to partially decomposed cellulosics mixed with plastics and rubber. 

Conceptual Model 

The model requires the following information from a PA calculation. 

1. Initial masses of the various waste components 

2. -Stoichiometric gas-production ratios that define which decomposition and corrosion 
reactions occur. · 

To apply the model, we then assume that a human intrusion occurs at time t1, and that the following 
quantities are also available: 

1. The mass of metal already corroded 

2. The mass of cellulosics consumed 

3. Changes in pore pressure during the intrusion 

Given the chemical reactions that are operative and the amount of the materials consumed at the given 
time, the masses of the end-products can be calculated. Each end product is then classified as to 
whether it is more like sand or clay, and the total amounts of each determined. All unreacted material 
is also considered sand. Once the relative amounts of sand and clay representing the state of the waste 
at a particular intrusion time are determined, the properties of this mixture can then be estimated on a 
relative basis. 
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Properties of Sand-Clay Mixtures 

While there is some evidence that the erosion strength of the clay differs from its shear strength, 1this 
·difference is not presently resolved. Guidance is expected through information from the literature and 
experimental tests presently in progress. Because of this uncertainty, we will assume that the two 
properties are identical in development of the model. 

There are many different ways in which the shear strength of a quartz-clay mixture may be expr~;sed. 
The most familiar procedure is to define shear strength -r in terms of the direct stress acting on ~L 
failure plane all. This description is referred to as the Mohr envelope: 

Equation (1) 

where all is the normal stress on the shear plane, c is the intercept for all = 0, often called the 
cohesion, and + is the slope, often called the friction angle. Both c and + are material properties that 
depend on the ratio of clay to quartz in the mixture,, and 't is usually quite close to 0 at all = 0, as 
seen in Figures 1, and 2 (Kenny, T. C., "The Influence of Mineral Composition on the Residual 
Strength of Natural Soils", in On Shear Strength Properties of Natural Soils and Rocks, Geotechn:ical 
Conference Proceedings, Oslo. 1967). Clay and quartz contents are expressed as 3 dry weight in 
Figure 2 to avoid using a definition that would depend on moisture content. For the mixtures, the 
shear strength shown is the residual strength from direct shear tests in when the samples were sheared 
back and forth until the minimum drained strength was obtained. 

Given the relative amounts of sand and clay representing the state of the waste at a particular intmsion 
time, the change in shear strength of the sand, . because of the addition of clay, can now be determined 
from figures such as Figure 1. If a correction for pressure is to be included, the friction angle can. be 
determined from Figure 2, and the increase in shear strength because the waste is under pressure 
computed from Equation 1. For the initial version of the model we can now make the approximation 
that the relative change in shear strength, because of the addition of clay, is the same as the relative 
change in erosion strength when clay is added. For this extension, the erosion strength of clay-lik1e 
materials is already considered to be of the order of 0.04 Pa. Later, as experimental property 
information for the cuttings release model is obtained, this strength may be modified. 

Combustible Waste Clay-like Response 

The possibility that the reaction products of microbiological degradation might be almost entirely 
gaseous was mentioned in a previous section of this document. If this hypothesis is correct, a small 
amount of inert "impurity" residue would be all that would remain of the cellulosics material after it 
was entirely consumed. The amount of residue would be so small that this end point would not be: 
expected to contribute to the "clay content" of the waste. However, unlike our perception of corrosion 
being dependent on surface area, and therefore likely to be approximately linearly dependent on the 
amount of reaction products, a small amount of decomposition may produce far greater clay-like 
response. This hypothesis suggests that the simple expedient of representing the decomposition 
transition as linearly dependent on the amount of waste consumed is not adequate. 

The discussion of the previous paragraph suggests that a relationship must be found for how rapidly 
decomposition turns into a clay-like material. Guidance from laboratory studies about this relationship 
is not likely, at least for the near future, unless a method can be found for greatly accelerating waste 
decomposition. In the absence of such information, the assumption was made that biodegradable waste 
becomes entirely plastic when 503 of it has decomposed. A normal distribution is assumed for this 
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Figure 1: The residual friction angles for clay-quartz mixtures and natural soils (taken from Kenny, 
T. C., "The Influence of Mineral Composition on the Residual Strength of Natural Soils". in On 
Shear Strength Properties of Natural Soils and Rocks, Geotechnical Conference Proceedings, Oslo, 
1967). The curve representing Na-Montmorillonite containing 30 g NaCl/liter is considered to be the 

best representation of waste containing brine. 
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Figure 2: Relationships between residual shear stress and normal stress for different minerals, as 
defined by Equation 1 (taken from Kenny, T. C., "The Influence of Mineral Composition 011 the 
Residual Strength of Natural Soils", in On Shear Strength Properties of Natural Soils and Rocks, 
Geotechnical Conference Proceedings, Oslo, 1967). 
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plasticity correction, as shown in Figure 3. Figure 3 shows that when no decomposition has occurred, 
very little "clay" is assumed to exist in the waste ignoring the five solid-producing microbial reactions. 
Very little clay is also assumed to exist after reaction is complete, but 50% decomposition is 
considered to cause 100% clay. If the five solid-producing reactions had been included we would had 
to use a different correction curve schematically represented by the dashed line in Figure 3. However, 
we can't use th-e solid-producing reactions until guidance is received about the portion that each 
reaction con~butes to decomposition is provided. 

Example: 

Assume an human intrusion at time to at which time 25% of the available biodegradable material has 
been decomposed and 50% of the available iron has been corroded. The following information was 
obtained from Volume 3 of "The Preliminary Performance Assessment for the Waste Isolation Pilot 
Plant, December 1992," (SAND92-0700/3): 

Component 

iron in containers 
iron in waste 
total metal waste 
biodegradable waste 
total combustible waste 
sludge 
Total waste: 

2.61 *107 kg 
1.43*107 kg 
3.12*107 kg 
7.48*1<>6 kg 
2.47*107 kg 
4.91*107 kg 
1.051 *108 kg 

Amount 

Table 3.4-1 
Table 3.4-1 

Source 

Table 3.4-1 (including containers) 
T3ble 3.4-1 

Table 3.4-1 (including containers) 
Table 3.4-1 (including containers) 

Computed 

The median stoichiometry factor for corrosion, x, defines the portion of each corrosion reaction 
product in the reaction: 

The sampled value for x, could be used when relating this model to PA calculations, but for this 
example, a value of 0.5, the median value, is assumed for x, (page 3-48. The amount of hydroxide is 
1.63*107 kg, and the amount of magnetite is 1.40*107 kg. The remaining total amount of iron in waste 
and containers remaining is 2.02*107 kg. For biodegradation, the amount of decomposed cellulosics 
is 3.42*106 kg, and the amount of combustibles remaining is 9.53*106 kg. 

To obtain the amount of clay-like material, the amounts of hydroxide and decomposed cellulosics are 
added together to give 1.97*107 kg. The rest of the waste is considered sand: i.e. the total amount of 
waste and containers is 1.051 *108 kg, so that the amount of "sand is 1.051 *108 kg - 1.97*107 kg or 
8.54*107 kg. Thus the clay content of this mixture is 0.187. 

The results summarized in the previous paragraph were obtained after consideration about whether to 
apply a scaling correction to compensate for the fact that 1 kg of a product such as magnetite will 
have a different solid volume than 1 kg of sand. The solid density of silica, Sao2, is about 2600 
kg/m3

• The solid density of F~04 is 5180 kg/m3, or twice the value of silica. In contrast, aside from 
unreacted iron, that is much denser, other components of the waste, such as sludge and plastics are 
likely to have densities that are either less or comparable to that of silica. In addition, the repository 
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Figure 3: This figure illustrates the assumption in the waste properties model that biodegrc1dable 
waste becomes entirely plastic when 50% of it has decomposed; A normal distribution is assumed for 
this plasticity correction. The correction curve is constructed assuming that very little "clay" exists in 
the waste when no decomposition has occurred (1 % ) , and very little clay is also assumed to exist 
after reaction is complete (99%). Fifty percent decomposition is considered to cause 100% day. A 
different correction curve schematically represented by the dashed line is required if solid-piroducing 
biodegradation reactions need to be included in the analysis. 
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average solid density of the waste used for estimating compaction is 2000 kg/m3
, nearer in magnitude 

to the density of silica. It would appear, therefore, that little significant differe~ce probably exists 
between the density of silica, and the average density of the waste, and therefore, in the absence of a 
detailed analysis of waste densities, no correction is warranted. 

Strength Estimates: 

In order to estimate the erosion strengths of the sand-clay mixture, it is useful to develop relationships 
for 100% sand and 1003 clay first. As mentioned in a previous section, evidence exists that the 
erosion strength of clay differs from its shear strength: the erosion strength of clay-like materials is 
cono;idered to be of the order of 0.04 Pa. It is also evident that while parameters a. and+ determine 
the slope of the straight line defined by Equation (1), the position of the line depends on its intercept 
with the shear stress axis at a. = 0, as defined by constant c. While the parameters of Equation (1) 
were derived from mechanical shear stress tests, we will assume that the slope of this line also 
represents the increase in erosion shear stress with increased normal stress. i.e. for the clay, 
c = 4*10-8 MPa at a.= 0, and the specific form of Equation (1) for clay is (tan+= 0.18 from 
Figure 2) 

• = 4*10"8 + 0.18a. MPa, (clay) Equation (2) 

The same approach is used for estimating the equation of 1003 sand. The value of c at a. = 0 can't 
be any less than the value for clay, and the specific form of Equation (1) for sand is (tan+ = 0.7 
from Figure 2) 

• = 4*10-8 + 0.7an MPa, (sand) Equation (3) 

Three parameters must be determined in order to estimate erosion shear strengths of the sand-clay 
mix.ture. First, the clay content of the mixture in this example is 0.187, which, from Figure 2, 
corresponds to + = 23°, (tan+ = 0.42 from the curve representing Na-Montmorillonite containing 
30 g NaCl/liter). Second, the value of c is 4*10-8 MPa, using the same reasoning as was used in 
selecting the value of c for the sand (Equation (3)). Last of all, the value for a. must be specified. 
Although the exact parameters for the intrusions should be available from the PA analyses, we will 
assume for this-example that the pore pressure drops to the hydrostatic pressure caused by a column 
of brine drilling fluid, or about 7 MP A. The effective stress (skeleton stress) within the mixture is · 
therefore an = 14.8 MPa - 7 MPa or 7.8 MPa. The estimated erosion strength for a clay content of 
0.187 is therefore: 

• = 4*10"8 MPa + 7.8*0.42 MPa (sand-clay) 

. or• = 3.32 MPa 

Equivalent shear strengths for 1003 quartz sand and 1003 clay are 5.46 MPa and 1.4 MPa, so that 
the addition of 18.73 clay has reduced the shear strength by about 503, and it is certainly much 
greater than the value of 0.04 Pa presently assumed in PA cuttings removal calculations. 

It is also evident in this calculation that we assumed that the Mohr envelope relationships are valid 
over a range of normal stresses approximately 10 times the range for which data is available in Kenny 
(1967). Additional information in the literature may be available to determine the error in this 
assumption. 
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