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The influence of coatings and fills on flow in fractured,

unsaturated tufl porous media systems
Wendy Soll and Kay Birdsell

Eurth and Environmental Science Division, Los Alamos Nauonal Lsboratosy,

Abstract, A numerical study of a single fracture embedded i

Los Alamos, New Mexicc

a porous matrix was

performed 1o investigate the role of fracture coatings and fillslon water movement in
permeable, fractured porous media. The variables considered were conductivity and
continuity of fracture coatings; location, iength, and conductivity of fracture fills;

combinations of fills and coatings; initial matrix saturation; an

inflow boundary

conditions. Results from the simulations indicate that in Jow-saturation, high-capillarity

tuff systems, the conditions under which fractures act as rapi
These conditions include a continuous coating with conducti

flow paths are limited.
several orders of

magnitude Jower than that of the neighboring matrix, and large infiow rates, However, as
initial matrix saturation increases, the amount of fracture flow also increases.
Discontinuities in coatings substantially reduce their effectivesiess in preventing matrix
imbibition. The presence of any coating, however, does produce increased infiltration
depths. Fills appear to be effective barriers to fracture flow.

1. Introduction/Background

There is sirong interest ip fracture flow from a number of
different arepas, including groundwsater mansgement and
waste disposal, Arid cnvironments, such a5 Yucca Mountain,
Nevada, (YMP), Hanford, Washington, and Los Alamos Na-
tional Laboratory, New Mexico (LANL), arc being considered
or have heen used as waste disposal sites for radioactive and
mixed wastes because of the presumed bencfits of low infiltra-
tion rates; however, these sites are often in or near highly
fractured mcdia, The 1ole that fractures play ip these unsatur-
ated systems is @ challcnging topic of study because of the
myriad of complexities. and interacting physical processes,
Therc is concorn about the potentisl for fractures to be major
or fast paths for transporting water from the surface, or from
disposal areas, through the subsurfsce and into groundwater
supplies.

Under what conditions fractures may act as fast flow paths
remains in gquestion, Although the presence of coatings and
fills in fractuses has been documented, litile is known about
how they affect fiuid flow snd chemical transport. In the work
presented here, we attempt {o increase our upderstanding of
the role of cos1ings and fills throngh computational modeling.
We utilize a single fracture system with coatings and fills to
investigate how different observed charactesistics of fractures
affect flow behavior and matrix-fracture interaction. Although
the material parameters we used were from two different frac-
tured, tuffaccous materials, the intention was not simply to
answer a specific question for a specific focation. We have,
perhaps, taken some liberties with parameters to attempt to
capture a more generic response. We hope that the informa-
tion obtained from these studies can be extrapolated, to some
extent, to an understanding of the behavior of the completc,
more complex system,

In this work we are specifically concerned with unsarurated,
This paper is pot subject to U.S. enpyright. Published in 1998 by the
American Geaphysical Unfon.

Paper pumber $7WR02406,

fractured porous media within permeable matrix rocks. Al-
thoygh there have been hundreds of ficld and modoling efforts
directed towards better understanding and representation of
flow and transport in fractured porous media systems, only &
frection of these concern unsarutated, permeable materials,
The rolc of fractures in unsaturated systcms differs signifi-
cantly from their role in saturated systems, with the existence
of 8 permeable media often strongly affecting flow behavior
[Evans and Nicholson, 1987]. Thus saturated and impermeable
matrix studies offer only mivor insight into the issnes investi-
gated here.

There Bave been observations on cores indicating the pres-
em:g of fills and coatings [Devidson and Snowdon, 1978; Carlos,
1985] and apalyses of the geophysical properties of fracture
coating meterials on wifs [Davenport, 1995; Carlos, 1985]. On
Yucca Mountain tuff samples from the vedose zone, obsesved
fracture coatings are exiremely discontinuous end sporadic
[Carios et al., 1985). Carlos [1985]} rcports coatings on the
Topopah Spring tuff to be composed of a varicty of minerals,
incjuding zeolites, mordenite, heulandite, and various clays. At
ﬁi}\lamos, Davenport et al. [1995] report that the Bandelier

coatings are predominantly clays (smectites) and calcites.
Aléhough fracture coating miperalogy has been determined,
thi.?;ncss and continuity have not been identificd,

There have been 8 few published studies which have, either
experimentally of pumerically, tested the influence of & frac-
ture coating, or “skin,” on fracture-matrix interactions. Thotna
et al, [1992] and Chekuri et al, [1995] ran experiments on actual
coated and uncosted tuff fractures and did simple analytical or
pumerical analysis of the competition hetween capillary forces
anfd viscous forces between the mattix and fracture. Thoma e
al.|[1992] observed that the lower permeability coatings inhib-
ited matrix upiske and thus incressed the depth that a water
sldp could potentially travel in & fracture. Their cxperiments
al§o showed thet a very low permeability coating (107 lower
thin the matrix) effectively eliminated marrix imbibition. Their
simple one-dimensional snalytical model was in good agree-
mént with the obscrved matrix uptake. Chelawri ef al, [1995]
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Figure 1. System configuration for the mairix block/single fracture. Tables give dimensions and parameter

values for the two simulated systemms,

tested specimens from two Yucca Mountain tuffs: Tiva Canyon
and Topopah Springs. Their experiments demonstrated mixed
resulis, renging from a slight incresse to 3 measurable decrease
in the effective permeability of a coated surface compared toa
fresh surface. The results from Tiva Canyon showed little con-
sistent influence of coatings, whilc the Topopah Springs sam-
ples showed & consistent decrease in waier uptake by the ma-
trix with coated fractures versus uncoated samples.

Nativ et al, [1995] conducted a field study in a near-ssturated,
fractured, low-permeability chalk in the Nepev Desert. They
observed rapid contaminant mipration snd concluded that at
this site the fractures act as fast paths following precipitation
events, The fracture fast paths result from the high background
matrix saturation and low matrix permeability. In this study we
will be focusing on systems with somewhst higher matrix per-
megbility and generally lower saturstions than the Negev

« . chalk,

Pruess and Wang [1987] showed the result of a simple one-
dimensional study of the effects of coating conductivity on
malrix imbibition from a satursted fracture, They showed that
the fracture coating caused a delay in the time required for the
matrik to desaturatc the fracture, Ho [1995] presented & mod-
eling study that Jooked, in part. at the effects of reduced con-
duciance between fracture and matrix in 2 dual permeability
model, Ho achicved this by reducing the arca of connection
between the fracture and matrix by 2 orders of magnitude, as
opposed to placing actual coating elements into the system. In
that work Ho concludod that the reduced inleraciion had sig-
nificant effect by reducing matrix saturations snd increasing
fracture velocity, Moench [1984] used the concept of a skin
between the fracture and matrix 10 develop a double porosity
model that was consistent for both transient and steady state
assumprions regarding fracture-matrix interactions, The case
study presented by Moench, based on his numcrical derivation,
showed at least minor effects, and sometimes large effects of a
lower permeszbility layer between fracture and matrix,

Fractures have been suspecied end identified as short cireuit
flow paths under conditions that are within the scope of those
of concern in this study, Chlorine 36 measurcmonis 8t Yucce
Mountain have shown small quantities of bomb puise **Cl at

depths greater than 400 m. Modeling studies by Wolfsbe
{1996] have shown that this can be atiributed to isolate
transport through fractures,

Continuing concerns about the role of fractures, alot
these reportcd results demonstrate the importance of
ering fracture wall coatings in predicting the influence
wres. All of the previous studies assume 8 continvous ¢
or “averaged” coating effect, and most apply only simp
dimensional marrix imbibition. The current stody spe
foruses on conditions that may strongly influence fractu
end have not been considered previously, Although
selecied two “real” systems to apply this study, the
purpose is to look at the sensitivities of certain cls
systems 10 potential fracture conditions. The work
here expands the analysis of the influence of fracturcs
sidering & wider range of conditions and by applying
rigarous modeling approach, The prescnee of costings
as the possibility of fills is included. The influence of
tinuous coatings is also examined, and the response to «
discontinuities is tested. The roles of ipitial matrix sa
and inflow conditions are also considered. We mode]
two-dimensional flow system using a multiphase finite «
method (FEM) simulator. The modeling approach is de
in section 2. Section 3 is a prescntation of the obse:
from the simulations, while discussion and interpret:
those observations are left to section 4. Section § sum
the work.

2. Method

The approach used in this work was to isolste and -
cally study the role of specific aspects of a fractur
system {e.g.. coatings and fills) in conducting water it
saturatod domain with permeablc matrix maetetials, W
3 simplc system containing a singlo vertical fracture cen
an otherwise uniform block of porous matrix, Figure
the system configuration and provides material dimensi
hydrogeologic parameters used in the simulations, Tl
four system components: the matrix, the fracture, the
coating, and the fracture fill. The domsin was discretiz
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that 2 thin costing lever could be asagned elong the walk of
the frecture, berween the fracture end matrx. No reporec
values 101 actual coating thicknesses were svailsble for assipn.
ing thicknesses in the model. Although the thickness of the
coating Jayer was intended to be representative of s real coat-
ing, it way also driven by limitations in discretizing the domain
for the FEM model. Thus resultant effective costing thick-
nesses were, perhaps, grester than what might be cbserved.
For simulations where no coating was present the fracture
coating clements were assigned matrix properties to maintain
a constant fracture aperture for all simulations. Fracture fill
could be emplaced by redefining the material characteristics in
a given portion of the fracture to those of the fill moterial,
Each part of the system was assigned bydrologic properties and
initial saturations based on one of the two fractured systems
considered. - - RO -

The matrix charactetistics used in this study represent twff
properties from a heavily welded Topopah Spring tuff from
Yucea Mountain (tuf A) and a nonwelded Bandelier woff from
Los Alamos (tuff B). These systems were selected because of
their importance 1o potential or ective waste disposal sites, 85
well as for availsbility of data. We bave run these two (uffs
beceuse they have somewhat different hyvdrologic properties,
allowing some sensitivity analysis. The tff A system follows
the physical configuration and material parameters uvsed by
Nitao [1991]. The tuff B is heavily frectured, with a reported
average fracture spacing of 2 m. Parameters for the tuff B
system were from measured values [Rogers and Gallaher, 1995
Tuff A capillarity is significantly greater (2-3 orders of magnj-
tude) than that of twff B, while tuff B porosity and permeability
are much higher than those of tuff Al

Since we are explicitly concerned with the fracture in this
study, we must be able to distinguish the frecture and explicitly
track the fiow therein, When using a standard Darcian, finite
element porous media simulator, the options of how t¢ repre-
sent the fracture are quite limited. With a FEM/FDM (finite
difference method) model the fracture nodes/elements must
be characterized as porous medija and assigned corresponding
hydrologic properties {porosity, perweability, etc.), as opposed
to explicitly characterizing fracture aperture. In this study, spe-
cific “frecture elements” were assigned distinet hydrologic
properties. The fracture properties were of & highly porous
{55%) and highly conductive (7.2¢ " m/s) material (follow-
ing Nitac [1991]). Fracture parameters were selccted for high
conductivity and low capillarity, reflccting characteristics of an
actual fracture and capturing the differcnee between fracture
and matrix behavior within the flexbility of the numerical
technique.

Fracture coatings and fracture fills were assigned different
properties in the two different tuffs. In tuff B, coatings and flls
were assigned clay properties, consistent with field obscrva-
tions {Davenport, 1995] showing that coatings consisted of
smectites or calcium carbonate, Because we were unasble to
find any reported hydrologic properties for smectites or car-
bonates, we chose parameters of a generic clay from the liter-
ature [Mualem, 1978). Although a van Genuchten characteris-
tic curve for this generic clay may not be the same as what
would be measured for smectite, the actus! swelling behavior
of the clay is not captured in this model, regardless. Tuff A
fracture coatings werc assigned the same maleria) parameters
as the tuff A matrix except for the saturated hydraulic conduc-
tivity, which was reduced. The matrix-like coating is represcn-
tative of 8 coating caused by weathering of the matrix or

Vmi 1 ﬁun. e een e .
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transport of crushed metrix msterial into the fracture. Figure 1
contzms velues for the hyvdiolopic properties used {or the dif-
ferent matcrial components of the systems
External boundaries of the modeling domain had no-flow
conditions exccpt for the two ends of the {racture. Watcer was

- intraduced into the top of the fracture, while the bottom of the

fracture was open for ontflow of water and gir. At Los Alamos
the wster table is more than 200 m below the fractured tuff
unity of concern and does not influence the hydrology of the
system. At Yucca Mountain the Topopah Spring unit varies in
distance from the water table; however, we are not concerned
hese about the influence of the watcr tablc on the system,
which is an additional issuc to be addressed at another time,
The domain lengths were snfficiently long to ensure that the
botiom boundary conditions did not affect the downward fluid

vo different inflow conditions were zpplied at the top of
the fracture: a constant influx boundary condition (IBC) and a
ponded boundary condition (PBC). The IBC represents infil-
tratipn during rainfall events, stormwater runoff, or a potential
source from an overlying unit. For the tuff A system we used
the influx rates reported by Nitao [1991]. For the tuff B systers
we chose an inflow rate based on estimeting an “extreme”
influx event for LANL, which is discussed in more detadl in
section 3.2. The PBC sepresents infiliration from snowmelt and
other surface ponding or some other fixed pressure source,
The: PBC was imposed by applying a source of water at a fixed
head slong the top of the fracture for 0.5 days and then re-
moving the source, )

The simuletions were run using the Finite Element Heat and
Mass Transfer Code (FEHM) |Zyvoloski et al., 1995]. FEHM is
2 multidimensionzl, multiphase, unsatureted and ssturated,
ransient FEM code, FEHM sliows different conceptual mod-
els for fracraves, including dunl permeebility, dusl porosity,
and equivalent continvum. For the simple system defined in
this work we do not need many of the extensive capabilities of
FEHM, but it allows us t0 continue with studies that will
incofporate more complex processes withoutl changing com-
putef codes. The important capabilities of FEHM for this work
are fts robust handling of sharp interfaces, extreme capillari-
ties, jand extreme saturation conditions.

FEHM requires the following hydrologic properties as in-
put: porosity (n), saturated hydraulic conductivity (K,,,), and
the parametcrs that define the characteristic curves (S—¢,
k,—1b). We use 8 van Genuchten [1980] curve fit model to
represent the constitutive relationships, which requires two
pardmeters, a and N, given in Figure 1, The van Genuchten o
is representative of the air entry pressure for the material,
whilt N represents the slope of the soil-water rctention curve.
Note that X,,, of the coatings and fills was the only material
property that was not fixed in the simulations presented bere,
Variation of the van Genuchten parameters was beyond the
scopg of the work teported here. :
ing the single fracture system described sbove, we ran a
series of simulations to identify the effects of different system
conditions/configurations on fluid movement between the frac-
ture bnd matrix. Valoes of different parameters were varied to
test fthe sensitivity of the fracture-matrix interactions for a
rangk of potentially existing configurations. The characteristics
dwere varicd include (1) presence, absence, and continuity
of af fracturc coating, and saturated hydraulic conductivity
(K4} Of that coating; (2) presence or absence of fil} in the
fractures, location along and Jength in the fracture, and X, of
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Table 1, Vzlues Used for Psrameters Being Varied in the
Simujations

Parameter Kange of Values

Tufi & Forameer:
q; = 0.011, Gm = 011, 4, =

Infiow condition cmvday =
no costing; 1.7¢ 7o~

K, (cosling), mss
Initial matriy ssturstion

11
SR OL7e Y, LY

0.15, 0.40, 0.65, 0.95

Tuwff B Ferameers

Inflow conditian 2.5 cmy/d flux e, 0.5 dey Ponded

K,,, (coating), m/& 1o coating; 9.5¢~%, 9.5¢™

Conting continuity continuous; 2-m gap aty » —5m,
0.20-m gap cvery I m toy = —m m

K,,, (E1), nvs no fill; 1.09¢~ %, 1.09¢~V

Fil} length nofil;2m, 10m

Fill locstion pofilby=0my=-2m

Here y is the vertics) direction, with y = 0 at the tap of the sysiem.

the fill; (3) combinations of fill and coeting conditions; (4)
initial matrix saturation; {5) influx rate under constant influx
conditions; and (6) the flux (1BC) vensus popded (PBC) inflow
condition. Table 1 shows the range of values run for the dif-
ferent parameters. Combinations of the various paramcters
were selected as appropriate for the varions simulations,

3. Observations

In this section we present observations from the simulations,
For simplicity we have divided this section into subsections
based on tuff A or tuff B. Discussion of the implications of the
observations to physical systems, as well as comparisons of
sirmulations from the tuff A versus the wif B systems, are found
in section 4. :

3.1, Tuoff A Fractyre-Mairix System

For the wiff A configuration, sensitivity to thiee parameters
was tested: initial matrix saturation, Fracture wall costing con-
ductivity, end water inflow rate. The uncoated fraciuse system
was used as the basis for compatison for the various sirula-
tions. We zlso used thesc simulations to check our results
against those reported by Mitao [1991], which used a different
porous medis simulator, The results from FEHM agreed al-
most exactly with Nitao's reported valves, These simulations
showed the fracture-dominated versus matrix-dominuted be-
havior that occurs at high versus low flow rates, respectively, at
eatly times, This system reached a matrix dominated flow rc-
gime in approximately 10 days at the g, (sce Table 1), long
before the water reached the bottom of the system, Thus most
of the displacement occurred with a relatively flat invading
front and predominantly matrix flow,

The first set of comparisons considered the role of costing
conductivity in the tuff A system. For these simulations the
initial matrix saturation was 0.15 and the flux rate was equal to
9, (Table 1), Figure 2 shows the fluid distributions in the
system at§ = 46.3 days for each of four coating conductivities
used, as given in Table 1. The saturation profile for the un-
coated fracture (Figure 2a) is orthogonal to the frecture. The
matrix and fracture are in capillary cquilibrium and their re-
spective fronts move together. A fracture coating with a K,
only 2 orders of magnitude (O(2)) smaller then that of the
matrix (Figure 2b) did not strongly affeet the ability of the
matrix to imbibe the water moving in the fracture. The effect of
this O(2) coating leyer was to increase the depth of water

Va8 2 I e~ L o4
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infiltration in the fraciure, slightly inczease the depth of »
penetration in the metrix and slightly decrease the setun
in the metrix behind the front &t & given time. Thus the |
cnee of this costing effectively spread the water throngh 1
of the matrix but did not channe! the flow in the fracture
these two cases (Figures 2a and 2b) the system remained
basically matrix-dominated regime, with lateral flow thr
the malrix occurring over a very short time frame and mc
the flow in the msirix occurring as 2 flat, vertical front.
When the fracture coating K, was O(4) smeller than tt
the matrix (Figure 2c), most of the flow bocame channel
the fracture. However, particularly in this lower initial sa
tion system, the matrix was still ablo to imbibe approxim
25% of the liquid fiowing into the system. In this cas
system remained in 8 regime with matrix flow dominau
lateral movement out from the fracture. The lateral per

~-tiorrof liquidinto the matrx was fairly uniform with depth

seturation in the matrix remained fairly low, and the I
velocity of the front was relatively small,

By the time the fracture coating K, was O(6) below 1
the matrix (Figure 2d), virtuaily all imbibition from fract
matrix was eliminated. In this case, the matrix only imbib
the order of 1-3% of the liquid that was transported th
the system. For this low conductivity coating, the frsacture
became 8 “fast path” for flow.

The set of simulations with different coating conduct:
was repeated for four different initial matrix saturations:
0,40, 0.65, and 0.95. Figure 2, and the discuasion above
rescnt the system with an injtja) mairix satyration of 0,1;
the higher initial saturations the overall trends in bel
were similar to those observed in the 0.15 saturated
There were two major differences between runs at dif
initial saturations, The first was a decrease in ratio of 1
K (o, 10 cosling K, necessary 10 couse channeled fracture
This change results from the decrcase in metric capillas
tion that occurs with increased matric saturation. For
matrix saturations of 0.65 and 0.95, 8 O(4) difference be
matrix and fracture conductivity was sufficient to cause it
the liquid to remain ip the fracture,

The second effect of initial matrix saturation was & de
in the amount of time before wator flowed primarily
fracture. For the 0.95 saturation, which is near the i
saturation of tuff A, the base case simulation proceede
flarly to the uniform front secn in Figure 2a with a
increase in the penétration depth neor the fracture. F
O(2) coating the wetting front proceeded like that she
Figure 2b but was more disperse. Even at this high
saturation, matrix imbibition slowed the advancement
wetting front. We should note that us saluretion increas
time required to saturate the matrix block decreases. 1
ample, at an initial matrix saturation of 0,15, it took 1¢
to saturste the mastrix, while a1 0.95 seturation it 100
approximately 10 days. This is consistent with the amc
time that would be reguired to saturate the matrix vo)
the designated inflow rate. Once the matrix block sat
the fracture began to act as a conduil.

Finally, these simulations were repeated for three di
inflow rates: g, (fracture dominated), q,,, (intermediat
q; (matrix dominzted), Here the inflow rate, g, is the e
infiltration rate for the entire upper boundary, but the
injected only inmto the fracture. These rates represent ¢
flow for Yucca Mountain, where net infiltration is estim
be less than 5 mm/yr [Montazar and Wilson, 1984]. The
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Figure 2, Effect of costing conductivity on infiliration end F’l;acmxe-matﬁx interaction in wff A, Time = 46.3

days. K, (costing): (a) no costing (K,

from this series of simulations were not sensitive to the injec-
tion rate used except in terms of the time required 10 saturate
the system. Although some variation in the overall character-
istics of the liquid front was observed for diffcrent injection
rates, {he variation was consistent between changes in initial
matrix saturations and coating K.

3.2. Toff B Frocture-Matrix System

The remaining simulations presented here were done in the
wff B fraciure-matrix gystem. All simulations were run with 8
0.05 initial matrix saturetion, which is the average measured in
it saturation for the specific physical system represented
[Rogers and Gallaher, 1995}, The tuff layer represented here is
one layer of mesa stratigraphy, on a mesa that is approximately
3 km long and 0.5 km wide. The tuff unit lies 12 m below the
mesa surface and approximately 250 m above the water table.
The extremely low in situ saturation is attributed to evspora.
tion through fructures and voleanic surge beds that are open to
the atmosphere,

Two different top fracture boundary conditions were applied
for the tuff B single fracture runs, In one set of simulations the
IBC was applied, while in another sct of simulations the PBC
was applied, In the IBC simulations ¢ = 2.5 em/d was applied

continuously for the duration of the runs, This influx rate is -

(matrix)), (b) 1,7¢~
K...(matrix)), snd (d) 1.7¢ "7 (10~8 x K, (matrix)).

i (107% X K (matrix)), (¢) 1,745 (1074 x
i
[

oonélidcred to be an cxtreme influx condition for the native arid
envi}onment. Locally, annual precipitation is only 36 cm and
net mfiltration js estimated to be less than 10 mm/jyr [Birdsell et
al., 1997]. 1n PBC simulations the top of the fracture was held
at sfturation for 0.5 days. After 0.5 days the fixed saturation
wasireplaced with # no-flow condition, eliminating the intro-
duction of additional water, Water already in the system att =
0.5 ;days was allowed 10 redistribute or flow out. Note that the
cffestive inflow rste for this ponded condition was generally
mosp than an order of magnitude larger than the IBC rate,
gentrating conditions that foll within a fracture dominated
e

with the wff A our basis for comparison of the rff B
sensitivity runs was the simple matrix-fracture system with no
coaling and no fill. For this configuration, regardless of the top
houndary condition, zll of the water entering the system was
repifily imbibed into the matrix, resulting in matrix and frac-
ture, front velocities that were approximately equal. The char-
actéristic of the invading front was pot significantly different
from that occurring in & system withoul & frocture and with
poifit injection at the surface. There was & time period when
thelinfiltrating water moved both laterally and vertically, which
wasgion the order of 10 days for the 1BC system and 1 day for

‘theiPBC. Following that period, the water moved downward
i
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Fignre 3. Effect of coating conductivity on infiltration and fracture-matrix interaction in tuff B, Left column
is the IBC at ¢ = 25 days, Right column is the PBC at ¢t = 0.5 days. K, (coating): (a) no coating
(K olmatrix)), (b) clay (~10"2 X K, (mairix)), (c) modified clay (~ 107 X K, (matrix)), -

with a uniform, herizontal front, with no apparent influence of
the fracture,

The first series of simulations assessed the effect of changing
the coating hydraulic conductivity on the resulting water flow,
The results of these simulations for wuff B are consistent with
those from tuff A. Figure 3 shows the resulis for the three
different coutings for the two inflow boundary conditions. Note
the difference in timescales for these different conditions, We
observe ihat the effect of a coating along the wells of the
fracture is dependent on the rclative conductivities of the coat-
ing and the matrix. In Figure 3b the conductivity of the clay
used for the coating materie] here is only O(2) lower than that
of the matrix. This coating did linle to prevent liquid in-the

fracture from being imbibed by the matrix. However,
duccd conductivity did cause an incrcase in the vertic
the water traveled down the system, As the coating co
ity was decreased further {Figure 3¢), the flow was incx
channeled in the fracture, When K, of the clay was d¢
by 1073 (O(4) lower than the matrix, and hereinafte
*modificd clay”), fiow was predominantly in the fractu
cver, the matrix did imbibe water over time, more
uniformly over the length of the fracture, Most of th:
imbibition, however, was at later times, well after the
the fracture siaried exiting the bottom of the dome
reason for this might be that the injection rate was gres
the outflow rate allowed by the bottom boundary cond
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Left column is the IBC at + = 25 days. Right column is
discontinuity at y '= —5 m and {{¢}, (d)) 0.2-m discontinui

lhe ponded simulation once the liquid source was removed
fafter 0.5 days) all of the liquid in the fracture was rapidly
imbibed into the miatrix, and the liquid in the matrix spread
antil it appeared to reach an almost uniform saturation above
the penetrating front,

Figure 3 shows an increase in the depth of the leading edge
af the liquid front depending on the rate at which water en-
rered the system, For the 1BC the diffcrence was initially great,
sut by 25 days it was almost unnoticeable, The high initial
nflow rate of the PBC resulted in 8 more fracture-dominated
ystem and 3 stecper wetting front. The ponded case with
raciure coatings produced peneiration distances of the liquid
‘ront that were more than twice that of the uncoated case.

In the second series of simulations we introduced disconti-
1uities into the coating layer, For all of these simulations we
1sed the modified clay conductivity to minimize liguid cotering
he matrix through the corting. Two different cases were rum:
‘1) a single gap between 5 and 7 m below the surface and (2)
1 series of short (0.2 m) discontinuities every meter starting at
| m below the surface (Table 1). Figure 4 compares the o
:oating conditions for the two boundary conditions. For the
‘BC injection the break in costing effectively halted the move-
nent of water down the fracrure (Figures 4a and 4c), This
sehavior was observed for both the small, intermittent discon-
inuities as well ag for the single gap. For the IBC case alf of the
njected water was apparently able to enter the matrix ar the

r

i
1
!

(C))
Figure 4. Eficct of fracture coating discontinuity on infiltration and fracture-mstrix interaction in tuff B,

e PBC att = 0.5 days. ({2), (b)) Single 2-m
cvery 1 m startingaty = ~1im,
!

first discontinuity, and further downward movement occurred
only Jn the matrix. The saturation in the coating increased to
approximately 0.8 along the entire length of the fracture but
the s?turation in the fracture itself remained under 0.3,
Under the PBC condition, water slso rapidly entered the
breaks in the coating, but the downward movement of water in
the fracture was not halted (Figures 4b and 4d). The difference
in response was duc to the high effective inflow rate for PBC,
which caused the matrig sround the coating discontinuities to
saturpte very rapidly. As the matrix saturation increases, the
capillarity drops significantly, end the rate at which the water

moveg laterally inn the matrix, away from the fracture, versus
the rgte at which it fiows past the gap in the coating decreases.

Thus|more water was svsijable to continue down the fracture.
Aheafd of the front there was no increase in saturation, even in
the cdating layer. This behavior was less significant in the IBC
case beeause the rate of lateral flow in the matrix remained
greater than the rete of downward flow in the fracturc. In
neither case, however, was there any watcr outflow al the
bottom of the fracture, Note also, for the PBC, ouce the water
sourck was removed the water in the system was rapidly im-
bibed by the matrix and redistributed tn eliminate major sat-
uratidn gradicnts, Figure 5 shows the effect of removal of the
water] source with the PBC condition. In none of the simula.
tions with a discontinuous coating did any water reach the
bottom of the fracture.

|
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The final series of simvlations analyzed the importance of
fracture fill. This was studied by plecing = 8§ in the fracture
and varying its length and location. Simulations were rup with
the top of the fill a1 two locations: even with the top of the
system{y = 0 m) and 2 m below the surface (sce Table 1), and
two lengths of fill, 2 and 10 m. Unless otherwise noted, the
fracture fill wes assigned modified clay parameters, In all cases
where the fill was located at the top of the system, it acted as
an effective barrier to the penctration of water into the system.
‘The saturation of the fill material itself incresscd. but no water
entered the frecture below the fill. Instead. the water effec-
tively ponded above the fracture until the pressure buildup
czuscd the solution not to converge. When the fill was located
below the surface, the response depended on the presence,
absence, and conductivity of a fracture coating layer. With no
fracture copting the fill provided a barrier to flow in the frac-
ture, but the water moved unimpeded through the matrix.
When the standard clay coating was imposed the system re-
sponded identically to the uncoated condition. For the modi-
fied clay conductivity the water saturated the fracture above
the fill and did not infiltrate any further. The system response
was the same 1cgardless of infiow condition or fill length,

4. Discussion and Implications

What do these simulations tell us about fracture flow in
permeable matrix systerns and about ruff systems specifically?
In this section we consider what the obscrvations tell us in
terms of fractures as fast flow paths, increased depth of the
infiltratiop front, influence of coating discontinuities, role of
fracture fills, and limitotions of the modeling approach. Fue-
ther, we postulate what behavior can be anticipsted if we
consider the role of cyclic evaporation and infiliration events,
which was not included in the simulations reportcd here,

The most dominant observation from the simulstions was
that in almost every case, the fractures were not a priori 2 “fast
Bow path” for water. Even during extremely high infiltration
svents when no costings or fills were present, fracrures in these
tuff systems were not sble to carry warcr very far, At the influx
rates used, there were only a few conditions under which we
observed liquid traveling the entire length of the sysiem, When
there was a significant (4 orders of magnitude or greater) and
continuous reduction in conductivity 8¢ the fracture-matrix in-
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Figure 5. Fluid distribution in the tuff B system for the PBC apd & discontinuous coating just before and‘
afier the source of water is removed: (3) t = 0.5 days, (b) 1 = 10.0 days.

terface, water was found to be strongly channeled in the
ture. Also, when the initin} matrix saturation was very higl
time was required before the fracture bepan to flow (¢
sponding to reduced time to saturate the matrix). Altk
thesc results indicate that fractures are undikely to play a
inant role in moving water from the surface to the water
in low-saturation high-capillarity systems, there are reaso
natural condjtions that sre sufficient to produce signi
flows. High influx conditions (similar 10 our PBC) that
cause walor 10 move a significant distance in & fractured s,
include rapid snowmelt, large runoff events, or areas wii
potential for ponding. Highly saturated systems may alsc
duce significant fracture flow, although they must be subj
sufficient infiow, ‘

Lower K, costings werc not sble to eliminate matrix
bition: however, reduced conductivity did allow water 1«
etratc deeper into the fracture-matrix system during an
tration ovent, The repercussions of spreading the infilt
front deeper is that the increase in saturation in the 1
near the fracture acts 10 decreasc the espillarity drawing
into the matrix. The increased saturation also increas
conductivity of the matrix to water, These two results pr
conditions that allow water to penetrate deeper into the §

The results of these simulations are generally consister
laboratory observations, Thoma ef al, [1992] found that ir
sample with visible costing there was a substantial (107
duction in the effective permeability of the sample v
with no visible coating the decrease in the effective pern
ity betwcen a netural fracture end a freshly broken samg
quite small (0.3). Chekuri et al. [1995] observed sligh
cressed imbibition into coated samples of Tiva Canyc
over fresh surfaces. For the Topopah Spring tuff they ob
decreased imbibition inte coated swrfaces which they
model by decreasing the sample permeability by a factc

The simulations presentcd here represent only & sin
filtration event. The system response to short cycle time
infiltration evems is still upknown. Do multiple short
produce more or less flow in the frachuwe and matrix
scenatio of repeated infiliration events, water enteri
system at each subsequent cvent would tend to trave! !
down the fracture (less loss to matrix), and watex in the
would also move faster (higher condnctivity). Under tt
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nene we could envision the fraciures enhancing downward
maovement, However, if there is sipnificant ime henveen infil-
zetion events, during which the fracturer sct 85 congusts for
evaporztion, the presence of the fisctures may enhance evap-
orative loss from the matrix. The evaporation would remove
the water that infiltreted during the infiltretion evernt, negating
j1s effects. Under this scenario the fractures could potentielly
reduce effective infiliration. These questions remzin to be ad-
dressed in appropriate studies,

When fracture-mstrix interaction is reduced by a coaling,
the systcrn remains in a fracture-dominated flow regime for 2
longer period of time and water is able (o infiltrate deeper into
the system before being imbibed by the msirix. The increased
saturztion in the matrix ncar the fracture faces afier an infil-
tretion event could provide a higher conductivity fiow path for
the following infiltration event, given that the next event occurs
before the system dries out. Partial fracture coatings also sid in
increased infiltration depth. However inflow rates and water
volumes must be high enough to excced the matrix capillarity.

We observed that discontinuities in the fow-conductivity
coatings on the fracture walls interrupted fast fow down the
fracture. The high cspillarity of the toffs suggesis that 2 break
in any fracture costing will allow water to rapidly enter the
matrix. A discontinuity in & surface coating of 20 cm was
sufficient to strongly reduce the amount of water in the frac-
ture in these simulations. However, for the extreme, effective
influx rate of the PBC a few short discontinuities were not
sufficient 1o elimipate flow in the fracture. The water was able
to penctrate almost 10 m during the half day over which water
was availgble to the system,

On the basis of these observations we anticipate that the
observed fluid behavior will be sensitive, 10 some extent, to the
size of the gaps in the coating. The size of the cosating gap used
here was mainly based on the discretization of the system.
However, few messurements of coating exient are available,
Those measurements that have been reported indicate hiph
variability in costing condition, from sparsc to almost none, to
relatively dense with small cracks [Carlos ez al., 1995; Chekuri et
al,, 1995]. Discontinuities resulting from shrinkage and swell-
ing of clay coatings are expected to be quite small. These
discontinuities might not provide sufficient exposed matrix
area to climinate fracture flow. The region of the matrix
around such a small gap would rapidly become seturated and
stropgly reduce the lateral flow of water into the marrix, The
extent 1o which the sizc of the gap will result in fracture
dominated flow is unknown. Further simulations with finer
gaps must be run in the future to identify the dependence of
extent of matrix imbibition on discontinuity size,

When we consider the role of fills in affecting water infilira-
tion, the results arc quite consistent. Fractures that are filled at
the exposed surface of the fracturc are effective barricrs to
inflow into tho fracture. However, if the matrix next to the
fracture reaches saturation, water might trickle into the frac-
ture as with = secpage face. The imporiance or extent of such
seepage is unknown at this time, but it is not expeeted to result
in significant fracturc flow i jtself.

Fills below the surface are also effective barriers to contin-
uous flow down the fracture. With no coating or only minimal
conductivity reduction af the fracture wall above the fill, water
entering the fracture is readily imbibed into the matrix and
proceeds down as matrix flow. When 4 continuous, low con-
ductivity coating is present the water neither moves into the
matrix sbove the fill nor passes through the fill and into the

irecture bejow, but rether {1 ponds atl the surface. A fractm
that ends within & metrix block or at the interfece berween tw
biocks will behave like 2 frecture that is filled st that locatio;
The peth for the waier in the fracture is climinated, and th
waler must ind an slteruate route through the subsurface, Th
meens that even if & fracturc provides a “fast path” for wau
through part of the sysiem, it is also necessary for it to 1
continueus down 10 the elcvation of intercst for that path to t
of major concern.

Although the matrix materinls were limited to tuffs in 1}
simulations presented in section 3, we believe that the resul
can be peneralized 10 some extent. The lack of sensitivity of tl
overall trends to varistions ip many of the parameters suppor
some generality of the conclusions. For example, we obscrve
that the general trend of decreasing matrix imbibition wi
decreasing coating conductivity was consistent at all initi
matrix saturations. Wé observed that for the tuff B syster
which hus 8 lower matrix capiliarity, less difference betwe
matrix K,,, and coating K, was required to decrease fnat
imbibitiop. We would thus anticipate that 8 matyix material
weaker capillarity (higher van Genuchien o) than those sim
lated here would respond similarly to the simulations man
higher initial matrix saturations (e.g., werting fronts wou
move morc quickly through the system, and less decrease
coating permeability is required to induce fracture flow), V
have also obscrved similar infiltration panerns for two diffo
ent coating materials with somewhat different hydrologic pre
erties. This by no means provides justification ta extrapolate
any coaling material, but does provide some confidencs for
range of coating materials, Part of the effort in the continy
tion of this work will be sensitivity studies for different manu
coating/fill, and fracture charactcristics.

5. Summary and Conclusions

This study has presented a first step in better understand]
fracture flow in unsaturated, high-capillarity porous media a
provides some guidelines for directing future field, laborato
and modeling studies, In this paper we assessed the role
fracture costings énd fracture flls jn modifying Bow in fr
tures. Using a domain consisting of a single fracture cmbedc
in a permeable porous metrix, we studied the effect of differ:
observed fracture features on flow in fraciures and flow |
tween the fractures and matrix. We considered existence ¢
continuity of coatings and fills as well as the role of ini
matrix saturation and infiliration conditions. Within the
pime studied {p this work, il was determined that fractures
unlikely to provide rapid, open channels for flow. Only un:
certain conditions sre fracturcs in high-capillarity, k
saturation epvironments the primary fow path, When ther
significant reduction in conductivity (communication) betw:
the fracture and the matrix along the entire leagth of
fracture and relatively large volumes of water entering
fracture, the infiltrating water remains in the fracture. H
initial matrix ssrurations also lead 10 more rapid fract:
dominated flow, However, intermittent coatings, even cove
80% of the fracture surface, are not sufficient to climir
significant matrix imbibition. Fracture flow is also virtu
climinated when the fracture is plugged for even a short len,
by fill material. The most likely role of fractures is to incre
the depth that liquids penetrate during cyclic infiltrai
evenis, @ premise that temains to be tosted,
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