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ABSTRACT

Capillary-driven immiscible displacement of air by water along an isolated
fracture located in a permeable medium is induced by an abrupt change in water
saturation at the fracture inlet. The fracture is idealized as either a
smooth slot with permeable walls or a high-permeability layer. The
penetration distance of moisture in the fracture is shown to depend on the
square root of matrix to fracture permeability ratio and length scales for the
problem. The models are applied to materials representative of the Yucca
Mountain region of the Nevada Test Site. Fracture moisture-penetration
histories are predicted for several units in Yucca Mountain and for
representative fracture apertures.
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NOTATION

a - fit parameter for matrix material functions, (1IL)

b - fit parameter for matrix material functions

c - (=1-1/b)

C - material capacitance function (Eqns. (13), (25))

f - dimensionless seepage loss parameter

g - gravity, (L/T )

h - hydraulic head, (L)

H - dimensionless head (Eqn. (25))

k - permeability, (L2)

kr - relative permeability, (kr(p) or kr(h))

K - saturated conductivity (Kf = kpg/u , Km kmpg/u

L - dimensionless penetration, (L = I/c)
P - normalized pressure head, (P = -ap)

q - dimensionless loss parameter (Eqn. (27))

Q - lateral seepage loss term (Eqn. (17))

R - matrix-fracture diffusivity ratio (Eqn. (13))

s - moisture saturation

t - time, (T)

u - Darcy flux in fracture, (L/T)

v - Darcy flux in matrix, (L/T)

w - fracture aperture, (L)

xy - spatial coordinates, (L)

Greek Symbols

B - dimensionless pressure ratio, (Eqn. (15))

I? - similarity variable, (Eqn. (15))

9 - moisture content

A - fluid viscosity, (M/LT)

p - fluid density, M/L3)

a - surface tension, (M/T2), (a a 7.3 x 102 N/m air-water)
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T - dimensionless time (r Kft/IC)

X - moisture penetration distance in fracture, (L)

1p - pressure head

AO - moisture difference (Aef = sf - Orf; Mm " sm 
Af - pressure head difference ( -IP FPCO

Subscripts/Superscripts

c - refers to capillary pressure head

f'm - fracture or matrix

s - slot, saturated value

r - residual

okCD - fracture inlet, far field or initial

sf,sm - saturated value for fracture or matrix

rf,rm - relative value for fracture or matrix

*,+ - normalized quantity
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INTRODUCTION

The Yucca Mountain* region of the Nevada Test Site has been identified

as a potential nuclear waste repository site. Fractures and faults are

present in much of the mountain, as is characteristic of geological

materials. The fracturing raises questions regarding the containment

capabilities of a repository sited in such a material, since contaminant

transport to the biosphere by groundwater is a scenario that will be studied

as part of the assessment of the repository performance. Considerable

attention has been given to describing mass transport in saturated fractured

porous materials, 1 4 but very little work has been directed to the same

phenomena in the unsaturated zone. Candidate repository horizons at Yucca

Mountain lie above the water table. While the fracture network provides the

primary path for flow in the saturated region, this may not be the case in

the unsaturated zone. Capillary forces are the dominant mechanism for

moisture transport in unsaturated porous materials. Regions of small

characteristic pore size in an inhomogeneous porous medium have the highest

propensity to absorb and retain moisture. The capillary force manifests

itself as a pressure jump across the curved interface between two immiscible

fluids (e.g., air-water in the present study). The magnitude of the pres-

sure discontinuity (capillary force) is inversely proportional to the local

radius of curvature of the interface and so increases as the characteristic

pore size of the medium decreases. One would infer that flow in an un-

saturated fractured medium is matrix dominated because of the rapid

desaturation of large pore regions (fracture space) in comparison with the

small pore regions of the Intact rock.

The local moisture content must be near saturation before fracture

permeabilities exceed those of the intact rock. However, geologic sources

of infiltration are episodic and of short duration, giving rise to locally

saturated regions. Thus, significant transport may occur during short

*The Nevada Nuclear Waste Storage Investigations (NNWSI) Project, managed by
the Nevada Operations Office of the U.S. Department of Energy, is examining
the feasibility of siting a repository for high-level nuclear wastes at
Yucca Mountain on and adjacent to the Nevada Test Site. This work was
funded in part by the NNWSI Project. The ultimate use of this information
will be for system analysis and performance assessment of a nuclear waste
repository in tuff.
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infiltration periods through the high-permeability flow paths created by

saturating the fracture network.

This analysis considers the dynamics of capillary-driven immiscible

displacement of air by water in an isolated fracture embedded in--a permeable

matrix, Figure 1. Flow is induced in the fracture by an abrupt increase in

moisture content to saturation at the fracture inlet. The fracture is

analyzed as either a smooth capillary slot or a high-permeability slot

filled with a coarse (relative to the surrounding matrix) material charac-

teristic of sand or soil. The flow in the fracture is one-dimensional with

lateral seepage losses to the matrix accounted for by a source term in the

mass balance equation. The form of the source term is derived by consider-

ing the flow in the intact matrix. The analysis provides quantities of

engineering interest such as the penetration length of moisture in the

fracture, the flux of moisture transported by the fracture, and the depend-

ence of the fracture seepage loss term on system parameters.

- Because of the large contrast between fracture and matrix permeability,

the fluid flow in the matrix is considered one-dimensional in a direction

locally perpendicular to the fracture plane. The one-dimensional nonlinear

diffusion problem admits the usual similarity transformation and is solved

by a shooting technique for various materials representative of Yucca

Mountain.

An approximate solution is derived when the fracture is idealized as a

smooth slot with permeable walls. A one-parameter, integro-differential

equation describes the location of the moisture front in the fracture. The

parameter in the equation represents the lateral seepage losses in nondimen-

sional form. The equation can be solved numerically for various

representative loss parameters, resulting in penetration lengths as a func-

tion of time. Pressure head and flux distributions can also be determined

as functions of the penetration length solution.

When the fracture is assumed to possess a pore structure, which is

approximated by considering it to be filled with a coarse material, the

resulting partial differential equation is solved numerically by the method

of lines.5 Capillary curves for the fill material are assumed to be similar

to those for sand or soil. Nondimensionalization of the governing

-2-
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Figure 1. Schematic or moisture penetration n a vertical fracture located
in a permeable matrix.
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equations also produces a loss parameter of the same form found for the

idealized slot case. Comparison of solutions for the two approaches results

in similar fracture moisture-penetration histories.

-4-



GOVERNING EQUATIONS

Field Equations

One-dimensional flow of an incompressible fluid in a fracture embedded

in less permeable material is described by the balance of mass and momentum:

Bef au 2vw
+ x + = (1)

u = Ekf ah h x (2)
f fax 

where f is moisture content, u is Darcy flux along the fracture, vW is the

seepage loss to the permeable material, w is the fracture aperture, h is the

hydraulic head, ip is the pressure head, and kf = ksfkrf is the permeability,

which is the product of saturated (k ) and relative (krf) permeabilities.

Darcy flow is assumed to predominate in the fracture as stated in the

reduced momentum equation (2). The saturated permeability is given by

ksf = 12 (3)

which is derived from analysis of laminar flow in a slot and has also been

shown to hold for saturated natural fractures.6 The source term v accounts

for the seepage loss from the fracture to the surrounding matrix. The loss

term is determined by resolving the flow in the intact rock matrix region.

Two-dimensional fluid flow In the matrix is also governed by the

balance of mass and momentum:

at + V-v (4)

V = _ k h (5)
,U 

where Em and km are the moisture content and permeability, respectively, in

the matrix. Darcy flow is also assumed to hold for the matrix region.

-5-



Requiring continuity of the mass exchange between the fracture and matrix,

from (5), the loss term for the fracture is given by

VW e k aYy=W2 *: (6)

Material Models

Because the problem domain lies above the water table, relative per-

meability and moisture content are functions of the liquid saturation.

Neglecting the hysteresis in these functions associated with the imbibition

or drainage of a porous material, we assume a unique functional relation

between the moisture content and capillary pressure and also between rela-

tive permeability and liquid saturation. The former is usually referred to

as the capillary or characteristic curve for the particular material under

consideration. In view of the fact that liquid saturation is the moisture

content scaled by the porosity, the relative permeability is a unique func-

tion of capillary pressure. We also note that, in neglecting balance

equations for the gaseous (air in this case) phase, we have invoked the

approximation that the gaseous phase is free to move without impeding the

flow of liquid. This approximation is common in the soil physics literature

and entails approximating the gas phase pressure as constant for all time.

The approximation is adequate for high-permeability materials; however, its

use for low-permeability materials is not as easily justified. Taking the

gas phase pressure as atmospheric, the liquid pressure head, which we will

simply refer to as pressure head in the remainder of this report, is the

negative of the capillary pressure head.

Although we are unaware of any data on the capillary characteristics of

in situ fractures, we approximate their behavior following the discussion of

the role of capillary forces in the transport of moisture presented in the

introduction. As the pressure head decreases (i.e., as capillary pressure

increases) from its value at saturation, desaturation of liquid occurs first

in the large pores of a porous material. The smaller pores, which can

maintain smaller radii of curvature across the fluid interface, require a

much lower pressure head before desaturation will commence. Hence, the pore

size distribution of a porous material is important in determining the

moisture content/capillary pressure relationship for the material. A

-6-
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coarsely graded material (i.e., a material with a narrow band of pore size)

will exhibit a rapidly varying capillary curve with abrupt transition from

saturation to residual moisture content. This effect Is illustrated in the

schematic of capillary and relative permeability curves for poorly-graded

and well-graded materials shown in Figure 2. Here we make the approximation

that fractures, being a region of large characteristic pore size relative to

the intact rock, are of the poorly graded material type and will exhibit

strongly bimodal behavior. If we further idealize the fracture as a smooth

slot, "effective" capillary and relative permeability curves will exhibit a

step function transition from saturated to residual values. This idealiza-

tion is depicted in Figure 3. The value of capillary pressure head at the

step will be given by

VC 2acosa (7)
pgw

where o is the surface tension between the two fluids, a is the contact

angle and w is the aperture of the slot. Equation (7) is the capillary rise

equation for a slot where the air phase pressure is atmospheric. Any pres-

sure head less than -tVc will result in desaturation of the slot.

Capillary and relative permeability data for the matrix region can be

obtained experimentally. However, measurement of the relative permeability

is especially difficult because of the small values typical of crystalline

materials for which the present analysis is most applicable. A general set

of functional forms is assumed to adequately describe the matrix material

curves. Data for moisture content as a function of pressure head may be fit

to the functions investigated by van Genuchten,7 which are of the following

form

- r ( c /b (8)

where P = -af is the normalized capillary pressure in which the air phase

pressure is assumed atmospheric, 6, ASo and Or are moisture content, con-

nected porosity, and residual moisture content, respectively. The fit

-7-.
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Figure 2. Hypothetical capillary and relative permeability curves.
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parameters, a and b, are related to the characteristic pressure head and

steepness of the function, respectively. The moisture capacitance is given

by differentiation of the capillary curve resulting in

dO __ _ __ _

= a(b - 1)(0s - r) c+1 (9)
(1 + P )

The relative permeability as a function of pressure head is assumed to be

adequately described by the theory of Mualem8 which gives

kr = (1 pb) ) b) c/2 c = 1 - /b (10)

The parameters a and b in (10) are the same as in (8) and (9). Mualem's

theory has shown good agreement with soil data.

Initial and Boundary Conditions

The specification of initial and boundary conditions completes the

statement of the problem. Initially, the pressure head (and saturation) is

constant, so the hydraulic head is given by

h(x,y,O) = h = - x . (Ila)

The flow in the fracture is induced by an abrupt change in saturation

at the inlet

h(O,y,t) = ho = . (llb)

-10-



ANALYSIS

Flow in the Porous Matrix

The infiltration source for the present problem is episodic, ap-

- - propriately simulating precipitation. Furthermore, the ratio of matrix to

fracture permeability is taken to be small, and thus the penetration dis-

tance of moisture into the matrix is assumed to be less than the half-

spacing between fractures. Under these assumptions the problem is semi-

infinite for times of interest. Length scales for the problem are provided

by the fracture aperture, w, and the moisture diffusivitles9

k k / d , i f or m
A Sin ri dip'

which suggest the following dimensionless variables10

=p _, t ___

io w2 e7-
(12)

X*=-I x/w , y* w-w2 \/ = y - w/2 1
X* X/w ~w wmAVfR

where K f/(A^f/Aip) and Km/(AOm/IA) are nominal measures of the diffusivity

for the fracture and matrix. The transverse coordinate, y, is scaled to

reflect the large longitudinal-to-transverse advance ratio of moisture, and

the time scale acknowledges that the fracture is the dominant flow path as

suggested by Nilson.10 In the scaled coordinates, the combination of (4)

and (5) reads

Cm(*) 8t = R a [k mla* - a* 'km aY*l
m a* x* armx* V y* BY*

where (13)
bm-I Km AI f

CM(P(V*))' P mR + K 

(1 + Pm)

Since R << 1 in the present problem, the flow in the matrix is governed by

the one-dimensional nonlinear diffusion equation, which admits the usual

-11 



similarity transformation v - y/Vt. In these coordinates, the matrix equa-

tion (13) is rewritten as

Id lr do*) 2q Cm dpO~(4
d k rMd-, 7 7 (14)

where

pbm-I

71 Kt P 7 = P am< . (15)Kt b-i CD

2 a (bm 1)(I a 7 1 + pCm.Vam m - 1 9sm -

The particular scales were chosen to minimize difficulties in numerical

computations by taking advantage of the particular functional forms used for

the matrix material curves. The seepage flux required in the solution of

the fracture equation can be derived by using the similarity transformation

in the definition given in (6). Given the rapid advance ratio, fracture to

matrix, the lateral flux will be given, to a good approximation, by

v xt= - 1 (P -P K b - Me(sm - rm)' (6
am(t - to(x)) d I 1eZo

where t (x) represents the time for the moisture front to penetrate a dis-

tance x into the fracture; this function must be computed as part of the

complete solution for the fracture. The seepage loss at x is defined only

for t > to.

The nonlinear diffusion equation (14) governing the flow in the matrix

was solved by a multi-parameter shooting technique developed by Griffiths,11

which utilizes the Sandia National Laboratories SLATEC12 mathematics

library.

Flow in a Permeable-Walled Slot

If the fracture is idealized as a smooth permeable-walled slot with the

effective material curves depicted in Figure 3, flow occurs only for pres-

sure head greater than the value at the step transition; the relative

permeability vanishes for pressure head below the step transition value.

Denoting the location in the fracture where this value of pressure head

-12-
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exists by x = x(t) and neglecting the compressibility of water, the govern-

ing equations, (1) and (2), and boundary conditions describing the flow

behind the front ( x(t) ) are given by

Kf + Q = 0K 
a -.

h ho 

h = - (t)

x=O (17)

, x = x(t)

where is the value of pressure head at (t) and Q(x,t) is the loss term

to the surrounding matrix.

Equation (17) can be integrated directly to give

(xs) hdX )l*
h(x,t) - h = - X- 0o - [f (X-X)Qd - x(xx) Qcr (18 )

The location of the front x(t) is determined

material at the interface

by balancing the flux of

9X = -K ah|
dt f8X1 (19)

resulting in

d + _ X _ ) X f QdX =0dt x~ x 0 (20)

where Q = -2V w/w from equation (1). When the fracture is surrounded by an

impermeable matrix, equation (20) is separable and has the solution

= L - log(1 + L) (21)

-13-



where L = x/#c, = Kft/Ic, and Y = - is the capillary head driving

the flow. With the exception of a sign change due to coordinate defini-

tions, equation (21) is essentially the Washburn Equation 13 describing the

rise of a fluid in a capillary. Substituting the expression for-the seepage

loss, equation (16), equation (20) may be written as
L

dL 1 f( (22)
dr I + L 1 I / - (XT) (22)

0 0

where f is a dimensionless seepage loss parameter given by

f = -(P -,Po) k (w) la1V )(b m1)(8sm-arm)a | (23)

and r (L) is the time required for the moisture front to penetrate a dis-

tance L, i.e., the inverse of the desired solution L(r). The solution of

equation (22) provides the moisture penetration history in a permeable-

walled slot and the necessary data to compute hydraulic head profiles from

equation (18). Fluxes in the fracture are given by differentiation of

equation (18):

-K ah = K x ) K + [f xd) f(X )Qd)f 8x f% . (24)

Equation (22) was solved with the ordinary differential equation (ODE)

and numerical integration routines available in the Sandia SLATEC12 mathe-

matics library.

Flow in a Sandy Fracture
4

Natural fractures have some pore structure and roughness' associated

with them and are far from smooth. The pore structure will also depend on

the effective stress. 14 Although the capillary characteristics have not, as

far as we are aware, been measured, the pore structure should have some of

the characteristics mentioned previously. We assume that natural fracture

material characteristics may be adequately described by the general van

Genuchten and Mualem functions used to fit material data for the matrix.

Material properties characteristic of sand or soil can be fit to the

functions. This is equivalent to simulating the natural fracture as a high-

permeability layer filled with the soil material.

-14-



Nondimensionalization of the fracture equation reveals the form of the

loss parameter from fracture to matrix. Introducing the following normal-

ized variables

H F - i- X xaf t+ 
H o' r _ f * x * xaf , t ' (bf - 1)(6sf - 6rf)

(25)
bf-l

AP = af(V - s) , Cf(P(H)) b cf+l ' f 1I l/bf

( + P )

equations (1) and (2) combine to give

at aX ax 41 ItoO

As for the smooth slot, t(x+) is the time for the "moisture front" to reach

x+. Here the front is defined as some characteristic moisture content

greater than the initial value 6f(p ). The loss parameter, q, is given by

ksm 1 am bm - 1) 27)- 6 rm
sf (wa f)2 af (bf -1 ("sf - rf) 2

and also depends on ratios of matrix to fracture permeability and length

scales for the problem.

The governing equation was solved in dimensional form, equations (1)

and (2), by a method of lines technique.5 The set of ODEs resulting from

applying finite differences to the spatial terms is shown in Appendix A.

The Sandia SLATEC12 math library routine DEBDF, designed for mildly stiff

equations, was used to integrate the resulting set of ODEs in time.

-15-



APPLICATION TO YUCCA MOUNTAIN

Material Properties for Yucca Mountain

Material properties for the Yucca Mountain region of the Nevada Test

Site have been determined from laboratory measurements performed on core

samples from various geologic units. The measurements were performed by

Pacific Northwest Laboratory (PNL) and the data reduced into a suitable

format by members of the NNWSI Repository Performance Assessment Division at

Sandia Laboratories. 15 The data was fit to the van Genuchten and Mualem

functions presented previously. The parameter values used in this study for

the hydrologic units at Yucca Mountain are listed in Table 1 and are ap-

proximately the same as the final data fits presented by Peters, et al.'5

Figures 4 through 7 show the saturation (Om /sm) and relative permeability

curves as functions of suction head. Suction head is the negative of the

pressure head used in this report.

Flow in Yucca Mountain Materials

Solutions for the one-dimensional flow in the matrix region due to an

abrupt jump to saturation at the fracture plane (y = w2 in Figure 1) were

computed for all geologic units in Table 1 except for the Calico Hills

nonwelded (zeolitized) unit because of its similarity to the Topopah Spring

unit. The major difference between the materials is the porosity, sm'

which appears only as a scale parameter in the nondimensionalization.

Solution results for the Calico Hills nonwelded (zeolitized) unit can be

inferred from those of the Topopah Spring with a rescaling of parameters

involving the porosity. The similarity solutions provide the necessary data

to compute the lateral seepage parameters for the smooth and sandy fracture

models. Solutions for initial saturations of 90X, 75%, 50X, and 25X are

shown in Figures 8 through 11 in the normalized variables. These figures

provide complete solutions of horizontal one-dimensional capillary conduc-

tion of moisture for material units representative of Yucca Mountain.

Although the equations were scaled to lessen the effects of the non-

linear material properties, the nonlinearities are still evident in the

solutions. The solutions become steeper with decreasing initial saturation

and approach a front-like solution as the initial saturation tends to the

residual moisture content. This behavior is familiar to those simulating

moisture absorption by desiccated soils16 and is a source of numerical

difficulty because of the sharp front.
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Table 1. Matrix Properties for Yucca Mountain

V A

Geological Sample
* **

Unit Code esm a m/esm am bm Km

(cm-) (cM/s)

Calico Hills GU3-14 0.42 0.0747 0.890E-4 5.862 2.7E-05
nonwelded (vitric)

Calico Hills G4-11 0.33 0.0809 0.365E-4 1.489 2.OE-09
nonwelded (zeolitized)

Topopah Spring G4-6 0.094 0.0669 0.519E-4 1.787 1.9E-09
welded
(Rep. and Litho.
Zone)

Paintbrush GU3-7 0.41 0;1178 0.151E-3 6.966 3.9E-05
nonwelded

Tiva Canyon G4-1 0.070 0.0400 0.144E-3 1.470 1.3E-09
welded

These parameter values are approximatelylhe same as the final fits from
saturation data'presented by Peters, et al.

The source term for the fracture equations can be obtained from the

similarity solutions through the use of equation (16). Table 2 lists values

of the inlet boundary gradient computed in the similarity solutions. These

values provide the necessary data for computing the moisture penetration

history in the fracture.

Flow in the Fracture

The penetration distance of moisture into the fracture is of primary

importance in assessing the significance of the presence of fractures on

transporting infiltration.' The variation of penetration with time for the

smooth slot, equation (22), is illustrated in Figure 12 for various values

of the loss parameter. The figure shows that the penetration can be sub-

stantially mitigated even for loss parameters of order unity. The relative

-17-
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Table 2. Boundary Gradient ( dP |eO) from Matrix Flow Solutions

Unit | Initial Saturation

I 90% 75% 50% 25%

Calico Hills -0.705 -0.650 -0.585 -0.506
nonwelded (vitric)

Topopah Spring -0.791 -0.604 -0.337 -0.114
welded

Paintbrush -0.525 -0.510 -0.467 -0.385
nonwelded

Tiva Canyon -0.685 -0.446 -0.184 -0.037
welded

moisture penetration for different materials and various initial matrix

saturations can be inferred from values of the loss parameter arising in the

smooth slot equation. Loss parameters, as defined in equation (23), for all

matrix materials and initial saturations computed for the similarity solu-

tions are listed in Tables 3-6. The values indicate the Topopah Spring and

Tiva Canyon units will allow the most fracture penetration for large frac-

ture apertures and high initial saturations.

The limit of an impermeable matrix offers a "worst case" for moisture

transport in a fractured material caused by episodic infiltration. The

smooth slot equation can be integrated directly for this case, and the

solution is given in (21) in terms of normalized variables. The capillary

driving force, c9 provides the length scale in this case and may be com-

puted from the capillary rise equation for a slot presented in equation (7).

The one-dimensional infiltration equation governs the transport in the sandy

fracture for the impermeable matrix limit. The particular capillary curve

chosen to model the sandy fracture is that used by Freeze17 in his
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numerical analysis of vertical infiltration. The fit parameters were deter-

mined by Klavetter and Peters18 to be

af = 1.285 m 1

bf = 4.229

rf =3.95 x 10 -2

. C

Table 3. Loss Parameters, f, for Smooth Slot (Eqn. (23)) Fracture Model
for Calico Hills Nonwelded

Aperture (m) Initial Saturation

90% 75% 50% 25%

100 120 192 278 362

75 214 342 405 645

50 482 770 1110 1450

25 1930 3080 4460 5800

Table 4. Loss Parameters, f, for Smooth Slot (Eqn. (23)) Fracture Model
for Topopah Spring

Aperture (m) Initial Saturation

90% 75% 50% 25%

100 0.29 0.53 0.79 0.98

75 0.52 0.93 1.40 1.74

50 1.17 2.10 3.15 3.92

25 4.66 8.41 12.6 15.7

-j
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Table 5. Loss Parameters, f, for Smooth Slot (Eqn. (23)) Fracture Model
for Paintbrush

Aperture (m) Initial Saturation

90% 75% 50% 25%

100 92.1 153 221 273

75 163 272 394 486

50 368 611 886 1090

25 1470 2440 3550 4370

Table 6. Loss Parameters, f, for Smooth Slot (Eqn. (23)) Fracture Model
for Tiva Canyon

Aperture (m) Initial Saturation

90% 75% 50% 25%

100 0.10 0.18 0.27 0.34

75 0.18 0.32 0.48 0.61

50 0.40 0.72 1.08 1.38

25 1.59 2.88 4.34 5.51

for use in the van Genuchten and Mualem functions. The fracture porosity

was set to unity for the calculations. The particular capillary curve

chosen to model the sandy fracture represents the assumed pore structure

(recall the discussion of material models) and, hence, some characteristic

macroscopic capillary force. It is found that a capillary driving head, Ace

of 60 cm provides a good comparison between solutions for penetration his-

tories from both fracture models. The location of the front for the sandy

fracture model was defined as 50 saturation. The comparison is shown in

Figure 13 by the curve labeled f = 0. From the capillary rise
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equation (7), the 60 cm capillary head implies a 25 m aperture for a = 0.

Thus, the capillary curve chosen for the sandy fracture is representative of

a 25 mm smooth slot. Figures 14 and 15 show profiles of pressure head,

moisture content, conductivity, and Darcy flux along the fracture at

selected times, as given by the numerical solution for the sandy fracture.

The pressure head profiles are typical of an invading moisture pulse in the

fracture. The linear portion of the pressure head profile is a region of

high saturation and consequently large conductivity; the flux is nearly

constant in this region. The front is a consequence of rapidly varying

capillary and permeability curves and the low initial saturation for the

fracture (residual saturation for the fill material). The solution is

indicative of a quasi-steady flow in which viscous forces balance pressure

gradients and the position of the front is determined by the necessity to

balance the mass flux. These are the assumptions for the smooth slot

approximation.

Having determined the representative capillary driving force embodied

in the capillary curve for the sandy fracture, we may proceed to compare

solutions for a permeable matrix using a value tic 60 cm in the smooth slot

equations. From Tables 4 and 6, we find the Topopah Spring and Tiva Canyon

members provide the worst case materials for fracture flow in a 25 m

fracture. Figure 13 shows fracture moisture penetration histories as given

by the smooth slot and sandy fracture models for the loss parameters from

Tables 4 and 6. The solutions were computed to a normalized time of 2,

representing approximately 30 minutes of physical time for a 25 m aperture.

The significance of the seepage loss to the matrix is Illustrated by the

mitigation of moisture penetration even for small loss coefficients. The

extreme case of an impermeable matrix indicates a penetration of ap-

proximately 2 m over 30 minutes of infiltration.

Figures 16 through 19 show profiles of pressure head, moisture content,

conductivity, and Darcy flux along the fracture for selected times, as given

by the numerical solution for the sandy fracture in both the Topopah Spring

and Tiva Canyon units. The pressure head profiles again exhibit a linear

portion from inlet to the position of the front. The flux profiles, on the

other hand, now decrease nearly linearly from inlet to moisture front

departing from the nearly constant solutions given when the matrix is

impermeable.
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Additional solutions for penetration histories were computed for a

100 mm smooth slot and are shown in Figure 20. The 100 m fracture should

provide a nominal upper bound on natural fracture apertures. Peters et

al. 15 suggest values of 15 um or less. The values of seepage loss

parameters correspond to values for the Topopah Spring and Tiva Canyon units

in Tables 4 and 6. The computation was carried out to 30 minutes as before.

The capillary driving head for this case is 15 cm, computed from equation

(7) for cosa = 1. The figure shows penetrations of 19.5, 9.8, and 4.9 m for

seepage loss parameters of 0, 0.10, 0.29, respectively, after 30 minutes of

infiltration.

Solutions for fracture moisture penetrations given in Figures 12, 13,

and 20 are actually general rather than applying only to a particular

aperture. The figures show solutions to equation (22) describing flow in a

permeable-walled smooth slot for loss parameters in Tables 4 and 6. The

capillary parameter, V'c, does not appear explicitly in equation (22) but is

required for interpretation of the solution. Since V'c depends on the aper-

ture according to equation (7), the solutions can represent any fracture

aperture. Having determined c from (7), the moisture penetration and time

in physical units are given by

x = Lc , t= TV c/Kf

for values of L(r) given in Figures 12, 13, and 20. The loss parameter is

determined from equation (23), which depends on the aperture among other

problem parameters.
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SUMMARY

Capillary-driven flow along an isolated fracture located in a porous

material can be modeled by idealizing the fracture as a smooth slot or a

high-permeability slot filled with a coarse material. Flow is induced in

the fracture by imposing full saturation at the inlet. Because of the large

contrast between the fracture and matrix material properties, the initial

saturation in the fracture is the residual saturation for the fill material

(complete desiccation for the smooth slot model). The models predict

parameters of engineering interest such as moisture penetration, Darcy flux

along the fracture, and the dependence of fracture to matrix seepage losses

on material parameters and length scales in the problem. In particular, the

penetration is shown to be a strong function of the seepage loss parameter,

which depends on matrix-fracture permeability and length scale ratios.

The models were applied to materials representative of the Yucca

Mountain region of the Nevada Test Site, a potential nuclear waste

repository site. Loss parameters were found to be large, indicating small

moisture penetrations along the fracture, for most geologic units. The

calculations were computed for a 30 minute infiltration period, which was

assumed as a nominal upper bound for precipitation events in arid regions.

Results based on a 25 m fracture indicate fracture moisture penetrations of

approximately 40 and 80 cm for the Topopah Spring and Tiva Canyon units

during a 30 minute infiltration event. Because of their low loss

parameters, the Topopah Spring and Tiva Canyon units offer the most poten-

tial for significant fracture transport of moisture, seepage loss parameters

for the remaining geologic units being large. Calculations based on a 100

pm fracture for the smooth slot model indicate penetrations of 4.9 and 9.8 m

for the Topopah Spring and Tiva Canyon, respectively. The data reported by

Peters, et al. 15 indicate apertures of 15 m or less. The models would

predict small penetrations for this range of aperture. However, penetra-

tions increase dramatically with increasing fracture aperture.

W$
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APPENDIX A

The method of lines technique involves discretizing spatial terms by

I

II-1

finite differences and results in a set of N ordinary differential equations

in time. N is the number of node points in the grid. Combining (1) and (2)

and applying finite differences to spatial terms results in the following

set of ODEs.

dfi 1 1 r 1+1
dt = - a K 1/2 ( A

2 iK+1 Ki-1) ] Q1}

(-10 ) Ki-1/2 AX )

lo 1 * 1...,9N

where

K1+1 + K1
Ki+1/2 2 -F

Ki + K 1
; K-1 /2 2

and

i

K

Q
t

Ax

dO

- node index

- hydraulic conductivity for the fracture, (L/T)

- seepage loss to matrix, Q 2Vw/w, (/T)

- time, (T)

- spatial increment (L)

- pressure head (L)

- moisture content in the fracture (L /L 3)

- moisture capacitance (/L)
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APPENDIX B

This Appendix contains a list of parameters used in this study and the

corresponding values from the NNWSI Project Reference Information Base

(RIB). These analyses were completed before Version 01.001 of the RIB was

issued. This report does not contain any data that should be included in

the NNWSI Project Site and Engineering Properties Data Base (SEPDB).
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I
COMPARISON OF DATA USED IN THIS REPORT (SAND 84-1697) WITH DATA IN RIB VERSION 01.001

r«rnmel.er Unit Author's Value RIB Value RIB Subsection zemarss

Ambient Saturation

Residual Saturation

Matrix a
(van Genuchten
parameter)

Matrix b
(van Genuchten
parameter)

Saturated Matrix
Hydraulic Conducti-
vity, Km (am/yr)

TCw
PTn
TSw2
CHnz
CHnv

TCw
PTn
TSw2
C~nz
CHnv

TCw
PTn
TSw2
CHnz
CHnv

TCw
PTn
TSw2
C~nz
Cnv

TCw
PTn
TSw2

CHnz

CHnv

.25 .90

.15 - .90

.25 - .90

.15 - .90

.15 - .90

*04
.1178
.0669
.0809
.0747

144 x 10_3
.151 x 10_-
.519 x 10 4
365 x 10_4
.890 x 10

1.470
6.966
1.787
1.489
5.862

0.41
12,307.

0.60

0.63

8,520.

None
None

.65 * .19

.91 .06
.90

None
None

.091 .092

.121 .067

.085 .066

None
None
None
None
None

None
None
None
None
None

1.1.3.1 Parameter being
varied for a
parametric study

1.1.3.2

1.1.4.1

1.1.4.1

None
None
.722

(0.128 - 4073)
.535

(0.037 - 7648)
107.2

(1.886 - 6089.9)

Matrix Porosity TCw
PTn
TSw2
CHnz
CHnv

.07

.41

.094

.33

.42

None
None

.106 * .046

.269 * .047

.324 .088

1 1 8. 1

Fracture Aperture
(Am)

i

TCw
PTn
TSw2
CHnz
Cnv

25 - 100
25 - 100
25 - 100
25 - 100
25 - 100

None
None
None
None
None

1.3.2.4.2.3 Parameter being
varied for a
parametric study
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