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ThE' influence of coatings and fiBs on flow hj fractured, 
unsaturated tull' porous media systems 

Wendv SoIl and Kav Birdsell 
Eurtll a~d I:.nmonll1l:.ntal SCit.l'lce Divj~ioll, ~ Al:omo~ National Lllboralory. 1A~ AJrunos, New Mexicc 

Abstract. A numerical study of a single fracture embedded' a porous matrix was 
pcrfomled to investigate the role of fracture coatings and fills on water movement in 
permeable, fractured poro~5 media..The variables considere~ ere conductivilY .and 
continuity of fracture coattngs; locatIOn, length, and conduct! ty of fracture fills, 
combinations of fills and coatinss; initial matrix salUration; an inftow boundary 
couditions. Results from [he simulations indicate that in low·s turation, higb-capillacity 
tuff systems, the conditions under which fractures act as rapi flow paths are limited. 
These conditions incllJde Ii continuous coating with conducti :seve.raJ orders of 
magnitude lower than rhat of the neighboring matrix, and far e jnfl~w rates. However, as 
initial matrix saturation increases. the amount of fracture ftow also Increases. 
'Di:;continuities in coatings substantially re<luce their effectiveness in preventing matrix 
imbibition. The presence of any coating, however. does produce increased infiltration 
depths. Fills appear to be effective barriers to fracture ftow. 

1. lotroduction/Backgrouud 

There is strong interest in fracture flow from 8 number of 
different arenas, including groundwater management and 
waste disposal. Arid environments. such as Yucca Mountain, 
Nevada. (YMP). Hanford, Washington, and UlS Alamos Na­
tional Laboratory. New Mexico (LANL), are being considered 
or have been used as waste disposal sites for radioactive and 
mixed wastes because of the presumed bendits of low infiltra­
tion Tates; however, these sites are often ill or near highly 
fractured media. The Iole that fnlctures play ill these unutur­
ated ~6tems is a challenging topic of study because of the: 
myriad of complexities. and interacting ph~jcal processes. 
There is concem about the potential for fractures tu be major 
or fast paths for transporlinjl9.rate.r from the suIface. or from 
disPosal areas, Lhrougb the subsurface and into groundwater 
supplics. 

Under what condition, fractures may act as fast flow paths 
remains in question. AJthough the presence of coatings and 
fills in fractures has been documented. little is known about 
how they affect fluid flow aDd chemical transport. In the work 
presented here. we attempt 10 inClease our understanding of 
the role of coatings and fills through comput3tional modeling. 
We utilize a single fracture syt>tem with coatings and 61\1'1 to 
investigate how different observed cb~acleristiC$ of fractures 
affect flow bchallior and matrix-fracture interaction. Although 
the material parameters we used were from two different frac­
tured, tuffac:~oull materiaJs, the intention was not $imply to 
answer a IpeCmc question fur a specific location. We have, 
perhaps. taken $Ome Jibenics with parameters to attempt to 
capture a more genen.: response. We hope that the informa­
tion obtained from thC6e studies can be extrapolated. to some 
extent. 10 an undenWlding of the behavior of the complete. 
more complex system. 

In this work WI: are specifically concerned with unsamra\ed, 
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fractured poroul! media within permc.abJe matrix rocks. AI­
th()~Sh there have: been hundreds of field and modeling effons 
direi:;ted towards better understandin& and repxesentation of 
flovJ and transport ill fractUred porous media systems, only a 
fraction of these concern unsatUrated. permeable: materials. 
The role of fr~tures in unsaturated systemS differs signifi­
cantly from their role in saturated systems, with the e%istence 
of Ii permeable media often strongly affecting flow behavior 
[Evo1L! and Niclwbon. J987]. TIiUS sB;turated and impermeable 
matri1 studies offer only nlinor insight into the issues invellli­
gated here. 

There bave been observations on cores indicatina the pres­
eoq: of fills and tollting5 [Davidson and Snolllt1on, 1978; CtuI.M, 
1985] and analyses of the geophysical properties of fractUre 
coating materials on luffs [Davenpon, 1995; Carlo.s. 19851. On 
Yucca MouDtain tuff samples from the vadose zone, observed 
fraeru.re coatings are. extremely discontinuous lind sporadic 
[Carlos et 0.1., 1985). Carlos (J98S] reports c:oatin,p on the 
Topopah Spring tuft to be composed of a variety of minerals, 
'nc uding zeolites, mordeDite, beulaDditc. an.d various clays. At 

Alamos, Davenpon et (11.[19951 report lb .. , the BandeHer~ coatings are predomirumtJy days (smectil.eS) and ca1cites.. 
Al110Up fracture coatm, mipcralo&,), has been determined, 
th~.c:ss IiInd continuity have not been identiftc:d. 

ere have been II few published studiea which have. either 
e crimentally or numerically, lCl!ted tile infiuence of a frao­
tu coating, or "skin;' on fracture-matrix Intetsctiom. 7lwmtl = 

!!!!!!!!!!!! 
tt • (1992] and CMkuri et 01. [1995] ran experimenta on actUal 
co ted and uncoated tuff fractuIes and did simple aualytical or _ 
n erical analysis of the competition between capiUary forees <3:::: 
an viscous forces between the matrix and fractUre. Thoms s ~_ 
1.11.[1992] obscrved that lhe lower permeability coatines j.-bib- o_ 
j matrix uptake and thWi increased the depth that 8 water ­
sl g could potentiaUy [favel in a fracture. Their cxperim;ntll ­
alljo showed tbat a vcry low permeability (;Oatiq (10-' lower 
lh~ the matrix) effectively eliminated matrix imbibiti01\. Their 
si pIe one-dimel\~oIlal analytiCal model was in good agree­
m t with the o~rvcd matrix uptake. Chduri. et R1.. [1995] 

lQ' ! 
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y 
Dimension 

L 
Ksar (mit, Porosity a('(m) N 

0.10 0.005 1.8 
0.48 0.3 1.9 
OJil 18.4 4.2 

9.6e-Oe 0.2 0,152 1.17
Ue-U 

Figure 1. System configuration for the matrix blOCk/single fracture. Tables give dimension!! and paramerer 
values for the two simulated systelDll. 

tested specimens from two YUCaI Mountain tuffs: Tiva Canyon 
and Topopah Springs. Their experiment~ demonstrated mixed 
rcsullS, tansing from Il 5li&ht increase to a measurahle decrea~ 
in the effective permeability of a coated surface compared to a 
fresh surface. The t(~~u1ts from Tiva Canyon showed Iittlt COn~ 
silitent influence of coarinQ$. while the Topopah Springs sam­
ples £howed a consistenr decrease in water uptake by the ma­
trix with coated fractures versus uncoated samples. 

Nadv elol, [1995] conducted a field study in a nC8r-saturated, 
fractured. low-permeability chalk in the Ncgc:v De~ert. They 
observed rapid contaminant migration ~nd concluded That at 
this site the fractures act as fast paths following precipitation 
events. The fracture fast paths re~ult from the hi&h background 
matrix sa1uration and low matrix permeability. In this ~tudy we 
will be focusing on systems with somewhat higher ml.miJ per­
meability and generally lower saturations than the Negev 

, "chalk. 
Proess and WQng [1987] showed the result of a simple one­

dimensional study of the effects of COli~ conductivity on 
matrix imbibition from a saturated fracture. They lihowcd that 
the fracture coating caUl;cd a delay in the rime required for the 
matrix to desaturatc the fracture. flo [1995} presented a mod­
elina study that looked, in pan. at the effects of reduced COD­

ductance between fracture and matrix in a dual permeability 
model. Ho a.chieved this by reducing the arca of connection 
between the fracture and matrix by 2 orden; of magnitude. as 
opposed to placing actual coating elements into the system. In 
that work Ho concluded that the reduced interaction had ~g­
nificant effect by reducing matrix saturations and f1lcreasiDg 
fracture velocity. Moench £1984} used the !=-Oncept of a skin 
between the fracture and matrix to develop a double porosity 
model that was consistent for both transient and steady state 
assumpti(ltls regarding fracture·matrix intcractionll. The case 
study presented by Moench, based on hIs numerical derivQtion, 
showed at least minor effects. and 60metimes large effects of a 
lower permeability layer between fracture and matrix. . 

Frsctures have been suspected and identified as short circuit 
flow path!! under conditioIlli that are within the scope: of those 
of concern in this study. Ch10rlne 36 measurements at Yucca 
Mountain have shown small quantities of bomb pulse lIliO at 

depths greater than 400 m. Modeling studies by Wol/sbe 
[1996] have showtl that this can be atm'buted to isolate 
transport tbrough fracturC5. 

Continuing conc::erns about the role of fractures, alal 
these reported results demonstrate the importance of 
cring fracture wall coatings in predictina the influence ; 
tUres. AU of the previous 5tudies assume a continuous ( 
Of "averaged" coating effect, and most apply only simr: 
dimensional matrix imbibition. The current study spe; 
focuses OD conditioru that may ~trongly influence fractL 
and have not been cODl>idered previously. Although \l 
selected two "rea)" systems to apply this study. the 
purpose is to look at the sensitivities of certain da 
systems to potential fracture conditions. The work n 
ber~ expands the analysis of the influence of fracture8 
steering a wider range of conditioll6 and by applyinJ 
rigorous modeling approach. The presence of costinp 
as the possibility of fills is induded. The influence of 
tinuous coatings is also examined, and the re&ponse to I 
discontinuities is tested. The rotes of initial matrix Bal 
and inflow condidon~ are also considered. We mo&:J 
two-dimensinnal How system using a multiphase finite c 
method (FEM) simulator. The modeling approach is de 
in section 2. Section 3 is a presentation of the ob5el 
from the sllnulation$. while discussion and interpretl 
those observations iire left to secdon 4. Section S sum 
the work. 

Z. 	 Method 
The approach used in tbill work was to isolate and . 

cally stud), the role of specific asped! of a fracture 
system (e.g.. co!lli~ and fiUs) in conductinJ water b 
saturated domain with permeable matrix materiala. 'W 
a simple system containing a ~inglo vertical fracture cell 

an otheIWisc uniform block of porous matrix. rlgUre : 
the ~tem configuration Qnd provides material dimensi 
hydrogeologic parameters used in the simulations. TJ 
four ~tem component6: the matrix. the fracture. the 
coatins, and the fracture fill. The domain was discrem 
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thaI ~ lhin co<lting layn could be "s~Jrntci elong the w311~ ol 
the hGctllrt.. bet\veen the iraclUre Clod matnx. No reponec' 
values tOl actual coaling thicknessef were ;J\;ailsbk lor a~~i~r, 
inf thickne!,-5e~ in the model. Allhough !hlC thjcknes~ of tilt 
coating 1ayer was intended to be representative of Ii rtal com­
ing, it wal! also driven by limitations in discreti:zing the domain 
for the FEM model. 111US l'e5ultant effective coatin!! thick­
lleS5fS were, perhap5, greater than what might be observed. 
For simulations where no coating was present the fracture 
coating dements were assigned matrix propenies to maintain 
a COlIstant fl'acture aperture for all simulations. Fraclure fiU 
could be emplaced by redefining the material characteristics in 
a given portion of the fract\Jre to those of the fill material. 
Each part of the system \\IllS assigned hydrologic properties and 
initial saturations based on one of the two fractured systems 

trsn~POt1 of m.lshed matm: material into the fracture. Figure 1 
conrcm~ Vl:llleS for 111<' hydlOloflc propcrtJe~ Uf:.ed 1m the dif­
krent mMc:rul eomponemf of the system~ 

Enema] boundarie~ of the rnodelinJ:! domain had no-flow 
condilion~ except fOI the two ends of the fr..cture. Water W~ 
introduced into the top of the fncture, wbile the bottom of the 
frllcture was open for outflow of wster lind air. At Lm: Alamos 
the :y.'l'.ter tsble i~ more than 200 m below the fractured tuff 
uni~ of concern and does not infiue·nce the hydrology of the 
syst~m. At Yucca Mountain the Topopah Spring unit varies in 
diu~nce from the water table; however. we are not concerned 
her~ ~bout the influence of the watc:x table an the system. 
whidh i~ 1111 additional issue to be addressed at another time. 
The domain lengths were sufflciently long to ensure that the 
bO::1m boundary conditions did not affect the downward fluid 

~ro~:el:e:~ix ch:uaeteristi::~ed in this study represent tUff~1Ili~~~ffere.nt inflow conditions \;e~-applied at the ~~p of 
propenies from a heavily welded Topopah Spring tuff ITom 
Yucca Mountain (luff A) and a nonwelded Bandelier luff from 
Los Alamos (tuff B). Thes.c systems were selected because of 
their importance to potential or "Uve waste disposal sites, as 
well as for availability of data. We have nm these two tuffs 
because they have somewhat different hydrologic properties. 
allowing some sensitivity analysis. The tuff A system folloW'S 
the physical configuration and material parameters used by 
Nirao [1991). The tuff B is heavily fractured, with a reported 
average fracture SPilcing of 2 m. Paramete1'5 for the tuff B 
system were from measured valuciS [Rogm anti Galkllw. 1995]. 
Tuff A capillarity is Sigtlificantly peater (2-3 orden; of magnl. 
tude) than that oftuffB. while tuffB porosity and permeability 
arc much higher than those of tuff A. 

Since we are el:plicltly concerned with the nacture in this 
study, we mUlit be able to distinguiSh the fracture and explicitly 
track the flow therein: When using a standard Darcilln, finite 
element porous media simulator, the options of 110W to repre. 
sent the fracture are quite limited. With a FEM/FDM (finite 
differe~ method) model the fracture nodeS/elements must 
be characterized as porous media and assigned corresponding 
hydrologic properties (porosity. penlleabilil'y, etc.), as opposed 
to explicitly characterizing fracture aperture. 10 lhis study. spe. 
cine: "frscture elements" were assigned distinct hydrologic 
propenies. The fracture properties were of 8 hlgbly porous 
(95%) and hichlY conductive (7.28- 011 m/s) material (follow­
ing NiI40 (1991]). Fracture parameters were selected fot high 
conductivity and low caplllarity, reflecting characteristics or an 
actual fracture and capturins the dift'ercncc between fracture 
and matrl::a: bthavior within the flexibility of the numerical 
technique. 

Fra.ctun: coatings and fracture fills wc.re assigned differeDt 
propenies in the two different tuffs. In tuff B. coati~ and fills 
were assigned clay propenie5. consi6tent with field obsorve­
liODS (DiI~r1. 19951 showws that coatings consisted of 
smect1tc5 or calcium carbon81.e. Because we were unable to 
find any reponed hydrologic propertic& for 6mectites or car­
hanaw, we chose pararnete~ of 8 senenc day from the liter­
aturc [MII4Umt. 1978]. A1lhough a van Gc:nuchten cbaracteris­
tic CUI'lI& for this generic clay may not be the same as what 
would be me.asured for lIDectite. tbe actual swelling behavior 
of the clay b not captured in this model, regardless. Tuff A 
fracture coatinp were assigned the SIUllC materia) paral!lctcrs 
as the tuff A matrix except for the saturated hydrOlulic conduc­
tivity. which was reduced. The matri;t·lilcc C08tins is represcn­
tative of • coating caused by weathering of the matrix or 

the (racture: 8 constant influx boundary condition (IBe) and a 
pon4ed boundary condition (PBC). The lBC represents infil­
tratii:>n during rainfall event!., stormwater runoff. or a potential 
50Ur;;.e from an overlying unit. For the tuff A system we used 
the infllll' rateS repo11cd by Nimo [1991). For the tuff B system 
we chose an inflow rate based on estimatin,g an "~eme" 
inft~ event for LANI..., which is di9CuS6Cd in more detail in 
section 3.2. The PBC represents infiltration (rom snowmelt and 
othet' surface ponding or some other fixed pressure source, 
The: PBC was imposed by applying a source of water at a fixed 
head alone the top of tbe fracture for 05 days and then re­
mova.ngthe source. . 

The simwatioos were run usin,i the Finite element Heat and 
Mas~ Transfer Code (FEHM) [ZyvolDSki tt al .. 1995]. FEHM is 
a mul!idimen~jon8I, multiphase, unsatumted and saturated, 
transient FEM code, FEHM Bllows different conceptual mod· 
e~ for fl'actul'es, including dual permeability, duslporosity. 
and ,equivalent contilluum_ For the simple system defined in 
[his Iwork we do not need many of the extensive. capabilities 01 
FEIlM, but it allows us to continue with studies that. will 
inco~por8te more complex processes without. changiD& com­
putet codes.Jllc ~mportant capabilities of FEHM for this work 
are lb! robust handling of 5harp interfaces, extreme capillm­
ties,land extreme s&turation conditions. 

FEHM requires the fonowing bydrolo~ properties as in· 
put:,polWity (n), saturated hydraulic ronductivity (K...J, and 
the~3ramc:tc:t1! that define the cbaraacnllUc curves (S-+. 
k,- ). We use a van Gel2lJ.chten [19801 curve fit model '0 
rep. sent the ronstitutive relationships. which req1lifu two 
par~ eters. a and N. given.in Figure 1. The van Gcnucbten a 
is r reseI)tative of the air enuy pressure. for tbe materiaL 
""hilt IV represents the slope of the soU-water retention CUJ\le. 
Not that Klat of the coatings and fiJlfi was the only material 
pro _ Tty that was not fixed in the simulatiollll presented here. 
Van. tion of the van Genuchten parameters was beyond the 

of the work reponed here. 
ing the sin&le fracture system described above. we raJl a 

sen of simulations to identify the effectll of different system 
con itions/canfigurations on tluid movement between the f",o­
ture' nd matrix. Values of different parameters were varied to 
test he sensitivity of the fracture-matrix interactions for a 
rang of potentially existing configuratiODS. The chancteristics 
that! ere varied include (1) presena:, absence, and continuity 
of ~f'fracture costins, and saturated hydraUlic conductivity 
(K•• ) of that roatingj (2) presence or absence ot till in the 
frac_ res. location along and length in the fraChlre, and K_ of 
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Table I. V1l1ue5 Used for Psr&.meleI'E Being Varied in the 
Simuisliom 

PnranetcI 

Tuff A 1'0I'(;mel<''' 
lnnow condition em/day ql '" 0.011. q", '" 0.11. q" '" 1.1 
K••• (couting), mit. no c08ting: 1.7f'-'~, l.if-l~. 1.7,,-1'/ 
Initilll matru 68turll1ion O.IS, 0,40, (1.65, 0.95 

1uff B f"rCi.mt:u!~ 
1n1lQ\\' condition 2j cm/d flUJ me, 0.:; ds)' ponded 
K .... (colltins). mil 110 coating; 9.5t-0ll• 9.Se-1 

Coating continuity eontinuou6, ~·m sap aty .. -5 m, 
O.2()..m gap cv~ry 1 I'll 10 Y 1= -10 m 

K"" (fill), m/s no fill; 1.09c-lE. },09t- 11 

Fi1Ilcn~tb no fill: 2 m. 10 %n 
Fill iQCl;tiOll no fill;), '" 0 1'0.), - -2 I'll 

rI~rc:)' is the vCltiCll) direction. with y = 0 III the lOp of the system. 

the fill; (3) combinations of fill and coating conditions; (4) 
initial matrix saturation; (5) influx rate under constant influx 
conditions; and (6) the flux (IBC) venus ponded (PBC) inflow 
condition. Table 1 shows the raDge of values run for lhe dif. 
ferent paramete:rli. Combinations of the various parameters 
were selected as appropriate for the various simulations. 

3.' Observat;oDS 
In this section we:; present observations from tht: simulations. 

For simpUcity we have divided tms section into subsections 
based on tuff A or tuff B. D~ssion of Ule implications of the 
observations to physical spteIDS, as well lUI comparisons of 
simulations from the tuff A vel'SUS thlt tuff Bsystems. are found 
in section 4. 

3.1. 	 1uft' A Fractun-Matm System 

For tbe luff A configuration, sensitivity to three pl:l.fameten 
was teSted: iuitiaJ matrix wturation, fracture wall coaling ron­
ductivity. end water inflow rate. The unooated fracture system 
was used as the basis for compatison for the vario~ silDuJa~ 
tions. We also used these simulations to check our results 
against those reported b)' Nilo() [1991], which used a different 
porous media simulator. nle results from fE.HM agreed al­
mOSt exactlywlth Nitao's repolled values. These simulations 
showed the fracture-dominated versus matrix-dominillted be­
havior that occurs at high versus low fiow rates, respectively. at 
early tim~ This system reached a mlltrix dominated flow re­
Gime in approximately 10 days at the q", (sc:e Table 1). long 
before the waler reached the bottom of the system. Thus m0lt1 
Df the displscement occurred with a relatively fiat iovadJng 
front and predominantlY matrix Bow. 

The first set of comparisons considered tbe role of roating 
conductivity in tho tuff A ~tem. For these simulations the 
Initial matrix saturation was O.IS 2nd the flux rate was equal to 
qm (Table 1). Figure 2 sho~ tho fiuid distributions ill the 
system at J "" 46.3 days for each offour coating conductivities 
used. as given in Table 1. The saturation profile for the un­
coated fracture (Figure 2a) is orthogonal to lIle fracture. The 
matrix and fracture are .in capiJIllI)' equilibrium and their te­
spective fronts move together. A fracture coating with a KMt 

only 2 orders of magnitude (0(2) smaller thllD that of the 
matrix (Figure 2b) did not stronsJy affect the ability of the 
matrix to imbibo the water movln£ in tbe fracturCo The effect or 
this 0(2) coating ~yer was EO increase the depth of watcf 

jnfiltration in tht haclUre, slightly increase the: depth of" 
peneumiop in the D1l1.uix. and slightly decrease the 5iltur; 
in the ml'uj.., behind tj1f jront at & fiven lime:. ThUf the 1 
ence: of thi~ co~\inr effectivtly spread the W81fT through I 
of tht> mstrix but did not c.hanDEllbe flow in the fracture 
Ihe:>c two Cil~e~ (Figure~ t.a and 2b) tbe "Y5tem remained 
basicfllly matrix-dominated Iegime. with latera] flow thr· 
the matrix occurring over II vel)' short time frame and mc 
the flow in the malTix occurring as a flat, vertical front. 

When the fracture cOlltingK_ was 0(4) smalleJ' than tl: 
the matrix (Figure 2c), most of the flow became channel 
the fractme. However, particularly in this lower initial ~ 
tion system, the matrix was filiU abl~ to imbibe approxim 
2.5% of the liquid flowing into thc system. In this ca5t 

system remained in a regime with matrix flow dOnllnau 
lateral movement out from the fracrure. The: lateral per 

. -liono! liquid into Ihematr.ix.was-fairly-UDiform with depth 
saturation in the matrix remained fairly Jow. and the II 
velocity of the front was relatively small. 

By the time the fraetme coating Kot was 0(6) below tJ 
the matrix (Figure 2d), virtually all imbibition from fractl 
matrix was eliminarcd. In lhis case, thc matrix aNy imbib 
the order of 1-3% of the liquid that was transponed thJ 
the system. For this low conductivity coating. the: fracture 
became a "fast path" for fiow. , 

The set of simulations ~ith different coating conduct: 
was repeated for fom diffen:nl initial matrix saturations: 
0.40, 0.65, and 0.95. Fi,ute 2, and the discuWon above 
resent the system with 3n initial matrix saturation of 0.1: 
the higher initial saturations the averaU trends in bel 
were similar to thOSE: observed in the O.IS saturated 
There were two major differenCC8 between runs at dif 
initial saturations. The first was a decrease in ratio of I 
K.et to coaling K.... necessary to cliuse clllllUle1ed ftsctun 
TIm change result:: from lbe decrease in metric caplllaJ 
tion lhat occurs with ino'eased mamc .$lltUlation. For 
matrix l'arurlltions of 0.65 and 0.95, a 0(4) difference be 
maUix and fracture conductivity W85 sufficient to cause JI 

the liquid to remain in tho fraClure. 
The second effect of initial matrix sarolIatioD was ~ de 

in the amount of time before water Bowed primarily 
fracture. for the 0.95 saturation. which .is ncar the i 
saturation of tuff A. the base case simulation proceede 
ilarly to the uniform front seen in Figure 2a with " 
increase in the penetration depth ilea, the fracture. F 
0(2) coating the wetting front proceeded like that sb. 
Figure 2b but was more disperse. Even at this high 
saturation. mDuiJ imbibition 61(lWed the advancement 
wc:ttin& front- We !hoJJI" note that lUI S81\1ration increas 
time required to saturate tbe matrix block decreases. I 
ample. at aD initial matrix saturation of 0.15. it took I! 
to saturate the mHtrix. while at 0.95 saturation it tOCI 
approximately 10 days. This is ronsistent with the am( 
time tbat would be required to saturate the ma1.I'ilt vol' 
the designatcd inflow rate. Once the matrix block sar 
the fracture began to act as II conduiL. 

'finally, these simulations were repeated for three di 
inflow rates: q" (fracture dominated), q." (intennediat 
q, (matrix dominated). Here tbe inftow rate, q. is the e: 
infiltration rate for the entfre upper boundary. but the , 
injectc:d only into the fracture. These r~1.eS represent c 
flow for Yucca Mountain, wherc DeC intlltratioD is estim 
be less than 5 mmtyr [MCJ12JaZQ7 and Wilson. 19841. The 
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Figure 2. Effect 01 coating conductivity on infiltration .lind ~ractUIc.matri" interaction in lUff A. Time"'" 46.3 
dilYS. K"",(coating): (a) no costing (K (m1!trix)). (b) 1.7e-fl (10-~ x K,..t(mlltrix»), (c;) 1,7e- 1S (10. 4 x 
K••,(matrix», Bod (d) 1. 7e -17 (10-

r1x KSoD,(matrix». I 

from this series of simulation~ were not sensitive to the injec­
tion rate used except in term5 of the time required to liaturate 
the system. Although some variation in the overall character­
istics of tbe liquid front was observed for different injection 
rates, tbe variation was consistent between c:hangell in initial 
matrix saturations and coating X_. 

3.2. Torr B J'rndllre-Matrix System 

The remaining simulations presented here wen: done in the 
tuff B fr8Clure-matrlx system. All simulations were run with 8 
0.05 initial matrix saturation, which is the average measured in 
situ saturation {or the spccific physical system represented 
[Rogel'l tlTIa (;DlJGher. 1995). The tuff layer represe.nted here is 
one layer of mesa stratigraphy. on a Plesa that is approximll'ely 
3 kID 101'11 and 0.5 km wide. The tuff unit lies 12 m bc:low the 
mesa 5url'ace and 8pproldmately 250 m above lhe water table. 
The extremely low in situ saturadon is attributed 10 eV8pora­
tion throup fn.C1ures and volcanic mrse beds tbat are open to 
me atmospbcre. 

Two different top fracture boundary conditions were applied 
for the tuff II s.inJlc: fraCfW'e runs. In one sci of simulations the 
IBC was applied. while in another IlCt of simulation,; lhe PBC 
was applied. In the IBC simuiatiOIl5 q .... 2.5 crn/d was applied 
continuously for tbe duration of the runs. This influx rare is 

I 

coJidered to be an extreme indux condition for the native arid 
eDv~onment. I..ocalIY. annllal precipitation is only :36 em and 
net ffiltration iA estimtiled to be less than 10 mm/yr [BirtheU el 
Ql.. 997]. In PBC simulations the top of the fracture was held 
at s: .turation fOI 0.5 days. After 0.5 days the fixed saturatinn 
was',replacti! with a no-flow condition. eliminating the intra. 
duc!iionof additional water. Weter ahead)' in the system at' = 
O.5~:nys wa5 allowc:.d to redistribute or flow out Note that tbe 
eft I dve inflow rate for this ponded conditiOI'l was generally 
mor than an order of magnitude larger than me me I1Itc, 
gen, rating conditions thaI fell witidn a fracture dominated 
re 

with the luff A our basis for comparison of the tuff' B 
sen ·tivity rullS was tbe simple matrix-fracture: systecn with no 
coa.· g and no fill. For [his COMgwlltiOn, resardless of the top 
ho dary condition, aU of the water enterin& the ~tem was 
rapI Iy imbibed into the matrix, resultin& in matrix and ftac­
lUI front veJocities that were approximately equaL The char­
act istic of the invading front was not significantly different 
frosll that 000lni1ll in a system without a fracture: and with 
PO~l injection at the :;;urface. There was a time period when 
tbe !infiltrating water moved both laterally and YeJ1kaUy, which 
wa!l,.on the order of 10 days for lbe IBC I)'ItCl1l and 1 day for 
thelrae. Following that period, the water moved downward , 

I 
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Figure 3. Effect of coating conductivity OD infiltration and fractu.re-matrlx interaction in tuftB. Left column 
is the me at I -= 2S days.. Right column is the roBe at f = 0.5 days. J(snt(coating): (a) no coatinc 
(KJII,(mlluiJ». (b) clay (-10"2 X K ...tCrnanix), (e) modified ClllY (-10-4 X K...1(matrix». 

wiili a uniform, horizontal front, with no apparent infiuence of 
tbe fracture. 

The tim series of sjmulatiQn~ as.~eS5ed the effect of changing 
the coatillB -hydraulic conductivity On the resulting water Bow. 
The results of these simulations for tuff B are consistent with 
tbose from tuff A. Figure 3 shows tbe results for the three 
different roatinp fox the two inflow boundaIy conditions. Note 
the difference in timescales fox these diff'Crent conditio!1$. We 
observe that the effect of a coating slong the willis of tke 
fracture i& dependent on the relative; conductivities of the coat­
ing and the matrix. In Figure 3b the conductivity of tbe clay 
used for the COs line material he,-e is only 0(2) lower than that 
of the matrix. ThIs COllins did little to prevent liquid intlle 

fracture from being imbibed by the matrbt. Howeverl 

duccd conductivity did ca\lSe an incrcaae in !.be vertic; 
the water rreveled down the system. As the coating co 
ity was decreased further (Figure 3e). the flow was iner 
channeled in the fracture. When Kill' bf the clay was de 
by 10-il, (0(4) lower than lhe maQ'~ and hereinaftc 
"modified chi)'''). floW was predominantly in tbe fractu 
ever, the matrix did imbibe water over time. more 
uniform1y over the )eJlif,h of the fracture. Most of tbl 
imbibition. however. was at later tim~ well after the 
the fracture started exiting the bottom of the dome 
reason for this might be that the injection rate was 8fU 
tbe outflow rate allowed by the bottom boundary cond 
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"'I~url' 4. Effect of fracture coating discontinuity on infiltLation llnd nactllle-m8Ir~ interaction in tuff S,. 
Left column is the n~c at I c:: 25 days, Right column is t1'Ie PBC &11 == 0,5 days. «a), (b» Single 200m 
diWll'ltinuity at y 'c - 5 m and (e), (d)) O,2-m discontinuitf every 1 m starting at y = -1 m. 

lhe pond~ simulation once the liquid source: was removed 
:Ilfter 0.5 days) all of the liquid in the fractuT~ waS rapidly 
imbibed inao the metrix, and the liquid in the matrix spread 
Jntit it appeared 10 reach an almost uniform saluralion above 
the penetrating front. . 

Figure 3 shows an increase in the depth of the leading edse 
Jf the liquid front dependin: on tbe rate: at which water ell· 

terc.d the:: system. for the lBC the difference was initially great, 
'ut by 25 daY' It was almost unnoticeable. The high initial 
:nflow rate of the PBC resulted ill a more fracture-dominated 
;ystem aod II stcl:pcr *etting front. The: ponded C.Qlje with 
:raeture coatinss produced pcnel1'ation di~tances of the liquid 
:Tont that were more than twice that of the: uncoated case. 

In the second series of ~imulations we introduced disconti­
luities into the coating layer. For all of these simulations we 
l.o;ed the modified day conductivity to minimize liquid entering 
:he malrix through tbe coating. Two different cases were run: 
:1) a sin&lc &iOP between' and 7 In below the surface and (2) 
1serie, of Mort (0.2 m) discontinuities every meter Etarting at 
l In below the surface (fable 1). figure 4 compares tbe twO 
:oadn8 conditions for the !wo boundary conditions. For the 
:SC injection the break in CORtina effectively halted the move­
nent of watcr down the fracture (fJgurc:s 4a lind 4c). This 
lehavior was ob5erved for both the small. intermittent discon­
inuitia III well as for the single sap. For the IBC case 1111 oftbe 
njcctcd "'ater was apparently able to enter the matrix at the 

I 

first Qiscontinuity, and further downward movement occurred 
only In the mlltrix. The saturation in the coatingbicJea$ed to 

appr.j>xima1ely 0.8 along the entire length of the fracture but 
(he fi:fturatiOIl in the fracture itself remained under 0.3. 

Uqder the PBC condition. water also rapidly entered the 
breaks in the coating. but the downward movement ofwatcr in 
the fracture was not baited (Figures 4b and 4d). The differcDCC 
in r 'ponse was due to the high effective inflow rate for pec, 
whi caused the maLm around the coating discontinuities to 
S8tuf te very rapidly. A.~ the matrix saturation increases. the 
capi rily drops si&nificantly. Ilnd the rate at which the water 
mov laterally in the matrix, away from the fracture. versus 
the te at which it flows pS6t the gap in the ,coating decreaSCI. 
ThUll more "-ater w~ svailable to continue down the fractunl. 
Abea of the front there was no incn:ase in saturation. even in 
the abating layer. This behavior \Vas less signiticant In the (Be 
case tCCllU5e tbe rate of lateral flow In the matrix remained 
great r than the fllte of downward How in the fracture. In 
nehh r cese. however, was there aD)' \'IIater outflow a1 1he 
bono 1 of the fracture. Note also. for the PSt. ~ the wate1' 
sourct. was removed the wSLer in the ~m was rapidly Un­
bihe($ by the matrix and. Tedistn"buted to eliminate major sal­
urati~gradiellts. Figure 5 shows the effec:t of removal of \he 
water source with the PBC condition. In none of the simula­
tions 'th a dillCf.)ntinuous coating did any water rcacb the 
bolto of the fractllre. 

I 
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(8) (b) . 

Figure S. Fluid distribution in the tuff B system for the PBC aDd a disoontinuous coating just before and 
afler thc source of water is remoyed: (8) t ;:: 0.5 days. (b) 1 = 10.0 days. 

The final serieli of ~imulations analyzed the importance of 
fracture fill. 'I'h.iE WilE $tudied by placing Ii fill in the fracture 
RDd varying its length and location. Simulations were run with 
the top of the fill OIl two locations: even with the top of the 
system (y "" 0 01) and 2 m below the !'urface (see Table 1). and 
two lengths of fill, 2 and 10 m. Unless othcIWise noted, the 
fracture fill Was assigocd modified day parameterll. In an ca,eS 
where the fill was located at the top of the S}~te!ll, it acted $ 

an effective barrier to the penctralion ofwater into the system. 
The 5<lturation of the fill matc:rial itself increased. but no water 
entered the frecture bolow the fijI. Instead. the water effec­
tively ponded above the fracture until lhe pressure buildup 
CIlused the !lOJutiOD nOt to converge. When the fill war; locllted 
belo\ll the surface, IDe responsE dcpencied on the presence. 
absence, IIDd conductivity of a fracture coating layer. With no 
fracture coating the fiU provided a barrier to flow in tbe frac­
ture. but the water moved UWIl1pedcd through the matrix. 
When the standarQ clay coating was impoRed the system re­
sponded identically to the uncoated condition. For the modi­
fied clay conductivity the water saturated the fracture above 
the fill alld did not infiltrate any further. The system respoDllC 
was the same u;gardless of infiow condition or fiU length. 

4. 	 Discussion and ImpUcations 
What do these simulations teU us about fracture flow in 

permeable matm systems and about tuff systems specificaUy? 
In this section we coJ)5ider what the observations tell us in 
lentil of fractures as fast ftow paths, increased depth of the 
infiltration front. infiuence of coating discontinuities, tole of 
fracture 1ilb. and limitadOSlS of the modeling approach. Fur­
ther. we postulate what behavior can be anticipated if we 
c:ons.ider the role of cyclic evaporation and infiltration eveD~. 
....hk:b was not included in the simulations reportee! here, 

The mosl dominanl observation from tho simulations Wall 

that in almost eve!)' case, the ft.ctures were not a priori a "fast 
ftow path" for water. Even during extremely high infiltration 
evenu when DO coatings or fills were prescnt. trectures in these 
tuff systems were not able to carry water very far. At tbe influx 
tates used, there were only 8 few conditions under whicb we 
observed liquid travelin& the entire length of the SYStem. When 
chere was a significant (4 orders of map'l.itllde or greater) and 
continuous reduction in conductivity at the fracture. matrix in­

teaace, wata was found to be strongly channeled in the 
ture. Also, when the initial matrix saturation was v~ry hig} 
time was required before the fraclUJe began to flow « 
spollding to reduced time to saturate the matrix). A1t~ 
these re~ults indicate that fractures are unlikely to playa 
Inant role in moving water from the surface to the watm 
in low-saturation high-capillarlty ,),stems, there are reaso 
natural conditions that Ilre sufficient to produce $igni 
flows. High influx conditions (Similar to our PUC) thal 
cause waler to move a significant distance in a fractured s. 
include rapid snowmelt. large runoff events, or areas wj1 

pNentieJ for ponding. Highly saturated syliteIll5 may aI&< 
duCt significant fracture flow, although they must be subj 
~ufficient inflow. 

Lower Klat coatings were not able to eliminate: matrix 
bition: however, reduced conductivity did allow water tc 
etratc deeper into tbe fracture-matrix system during all 

traden event. The repercu86ions of spreading tbe infiJt 
front deeper is that the mt'..rea&e in saturation in the 1 

neat the fracture acts to decrease the capUla.rity drawiDg 
into the matrix. The increased saturadOD aho mereul 
conductivity of the mauix to wattr. These two results pt 
conditions that allow water to penetrate deeper into the Ii; 

The results of thClie simul .. tlon$ are generally con5illier 
laboratofY observations. Thonw et al. [1992] found that it 
sample with visible coating tbere was a substantial (10' 
duction in the effective permeability of the sample In 
with no visIble coating the decrease in the eff~e pem 
ity betwec:n a natural fracture and a freshly broken fia.m~ 
quite small (0.3). Chttlam el aI. [1995] obillerYed slish 
creased imbibition into coated samples of nva Cany( 
over fresh surfaces. For the Topopah Spring tutt'they ob 
decreased imbibition into coated surfaces which they 
model by decreasing the sample permeability by a fact( 

The simulations presented here represent only a sin 
filtration event. The S}'litem response to short cycle time 
infiJtration events is still unAAown. Do multiple r.bort 
produce more or less flow in the fracture and matrix 
scenario of repeated infiltration events, water epteri 
syttem at eacb subsequent event would tend to travol1 
down the fracture (less 105s to matrix). and water in the 
would also move faster (higher eonductMty). Under d 
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nsno we could envision the fractuJel' enhilJlcin~ downward 
movement. Howcvcl, if lhelc i!:- 13ignit)c1lm 1lmt hftv.'pen injj]· 
tIl'tlor, eventl>, durinr which tht fraCluJe~ Sct 05 concium for 
Evaporation, tilt presence of the fUiCturtf may enhl':.nce evap· 
orative J06f from the matrix. Th, C\I!".pOt<ltJOI) woulC rernov< 
the \1,',lter that infl.ltreted durin,g the infiltr:;t!oQ e\'er.l, negatin£ 
jt1> effects, Uncler this scenario the fractures could potentially 
reduc.e eflective infiltration, These qlJe~tiQn~ remain to be 3d· 
dressed in appropriate studi~. 

When fracture-matrix interaction i$ reduced by a coating, 
the syslCm remains in a frael;ure..dominated flow regime for a 
longer period of time and water is I\bJe 10 infiltrate deeper info 
the system before I;\eiog imbibed by the matrix, The incrcased 
saturation in the matrix ncar the fracture faces sfler an infil· 
tration evenl could prov:idc l:l higher conductivjty flow pa1h for 
the following infiltration event. Given that the next event occurs 
before the system dries out. Partial fracture coatings also aid in 
increased jnfiltration depth. However inflow rates and water 
volumes must be high enougb to e.xr:::eed the matrix capillarity. 

We Qb~erved that discontinuities in the low-conductivity 
costings on the fracture walls intcnupled fast flow down the 
fracture. Th£ high capillarity of the tuffs suggests that a break 
in any fracture coElling will allow water to rapidly enter the 
matrix. A dif:oontinuity in a surface coating of 20 em was 
sufficient to strongly reduce the amount of water in the frac­
ture in these '5imuiatiOns. However, for the extreme, e£feGlive 
influx rate of the PBC a few short d~colltinuities were not 
sufficient to eliminate flow in the fracture. The water WIlS able 
to penelrate almost 10 m during the half day over which water 
was available to the S)'lIlem. 

On the basis of these obs.ervations we anticipate that tbe 
observed fiuid behavior will be 5ellsitive, to some e,"ent, to the 
sue of the gllp~ in the coaling. The size of the coating gap used 
here was mainly based on the discn:tizntion of the system, 
However, few meliSUIements of coating e,.1.ent are available. 
Tbo~ measurements that have been reported indieate high 
variability in coating condition. from sparse to almost none, to 
relatively dense wim SIDaD crs.cks [Car/os et al., 1995; Chekuri et 
m., 1995]. Discontinuities resulting fl'om shrinkage and sweU· 
ing of clay coatingl are expected to be quite SID aU. These 
di$ContinuitiC6 might not provide sufficient exposed matrix 
area to eliminate fracture flow. The region of the matrix 
around such :a !>mall gap would rapidly OOcome saturated and 
strongly reduce the lateral flow of water into the matrix. The 
extent to which the size of the gap will result iI'l fracture 
dominated fiow is unknown. Further simulations with finer 
gapS must be I'Ull in the future to identify the dependence of 
extent of matrix imbibition on discontinuity size. 

When we coIlllider the role of fills in affecting water infill11l­
tion, the fe$ults arc qUite oonJ;istent. Fractures thet are tilled at 
the exposed surface of the fracrure are effective banicrs to 
inftow into tho fracture. However. if the matrb: ne:xt to the 
fractUre reaches saturation. water might trickle into the frac­
ture as with 8 seepage face. The imponance Qf extent of such 
seepage ill unknowll at this timet but it i$ not expected to rcsuh 
in significant fracture flow in itself. 

Fills below the surface are also effective barriers to contin­
UOUll Bow down the fracture. With no coating or only minimal 
conductivity reduction at the fracture wall above the till. water 
entering the fracture b readily imbibed into the matrix and 
proceeds down as matrix flow. When a oolltinuous, low con­
ductivity coating is present the water neither moves into the 
matrix above the ~ nor passes lhrough the tiD lind into the 

fracture helow, but father it pond~ at the ~urlace. A fractuI 
lh"l fo:10, within b J'D211L'X blocr 01 at the interlace be1:\l.·&n 1'\l1 

biock, 'will behave likt: " frH!\Jrt that i! filJec 81 that locatioJ 
The p.nh fm thl: "'Iltel in the fracture il' eliminated, and tr. 
w~lt;;t mU~l find an alten,alt. route through the subsurlace. Th 
mtl:inF thaI even i1 " fracture plovides a "fast path" tal' watl 
through pan of the ~~tem, it is also necessary for it to 1 
continuous OeM'll to the elevation of interest tor that path to t 
of major concc.rn. 

A1thougb the matrix material/! were limited to tuffs in tl 
5imulation~ presented in section 3, we believe that the resul 
can be generalized 10 £,Orne extent. The lack Qf sensitivity of tl 
overall trends to variations in many of the parameters suppor 
~ome generality of the conclusions;, For example, we observe 
that t1le genera] Irend of decreasing Illatrix imbibition wi 
decreasing coating conductivity was consistent at all initi 
matrix salUrations. We observed~iliat fof the tuff B systCI 
wruch hl:LS a lower matrix capillarity. less difference bel:we4 
mCltri~ K"'l and coating K.a! was required to decrease mati 
imbibitioD. We would thus anticlpgte that II matrix material 
weaker capillal'ity (higher van GCDuchlen a) then those sim 
lated here would respond similarly to the slmulationli run 
hillher initial matrix saturalions (e.g .. wetting fronts WOll 

move more quickly through the systeDJ. and I~ decrease 
coQting penneability is required to induce fracture flow). V 
have: also obSClVed similar infiltration panerns for two diff. 
ent coating materials with somewhat differenl hydrologic pre 
erties. This by no means provides justification to extrapolate 
any coating material, but does provide some confidence fOI 

ranil': of coatill8 materialli. Part of the effon in the contini 
tion of thb work will be 5ensitivity ~ for different matI 
coatinglfill, and fracture characteristics. 

5. 	 Summary Bnd Conclusions 
This study has presented a first step in better understandi 

fracture ftow in unsaturated, h~h..capiUarlty porous media a 
provid~ some gnideline6 for directing future field. labollltc 
and modeling studies. In this paper we assessed the (ole. 
fracture COatinS5 and· fracture fills in modifying 80w in fr 
lUres. Using a domain consisting of a single fracture embedc 
in a permeable porous matrix, we studied tbe effect of differl 
observed fracture features on flow in fracture,; and flow 1 
tweep the fractures and matrix. We considered existence ~ 
L"Ontinuity of coatings and fills as wen as the role of ini 
matrix saturation and infiJtration conditions. Within the 
gime studied in thb work. it was determhJed that fractures 
Unlikely to provide rapid, open channels for flow. Only un, 
certain conditions are fractures in high-capillarity, Ie 
saturation epwonments \he primary Dow path. Wben ther 
~ignificant reduction in conductMty (communication) t>e1Wi 
the fracture and tbe matrix along the entire length of 
fracture and rdatively large volumes of water entering 
fracture. the infiltrating water remains in the fracture. Fl 
initial m.atrix saruratiollS also lead to mom rapid fract, 
dominated How. However, intermittent coatinp. even covei 
80% of the fracture surface, are DOt sufficient to climir 
b'ignmcant matrix imbibition. Fracture 80w is aJso virtu 
eliminated when the fracture is plugged for even Bshort leJli 
by fill material. The most likely role of fracturC!jS is to incr~ 
the depth that liquids penetrate during cyclic infiltral 
events, a premise that temai~ to be tested. 

http:concc.rn
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AcluJo".'lfdrmcnts. Thir work haf heer, ~up1"'(\ned by lht 1.0* 
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