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Joseph S. Y.Wang and T. N. Narasimhan

Earth Sciences Division
Lawrence Berkeley Laboratory

University of California
Berkeley,California 94720

Abstract

Unsaturated flow through fractured tuff rock is one of the important hydrological
issues in the assessment and characterization of the Yucca Mountain hydrologic system

as a site for a high-level nuclear waste repository. This chapter reviews the major

findings, motivation and rationale that have dictated the evolution of our Yucca Moun-

tain studies between 1983 and 1989, and discusses the key issues remain to be resolved.

In brief, the important inferences drawn from the conceptual analysis are as follow:

. Under ambient conditions, moisture movement in the unsaturated zone at

Yucca Mountain is dominated by the tuff matrix.

Hydrological parameters of fracture, such as permeability, saturation, and
effective surface area, can be related to the surface roughness and aperture

variation of fracture.

.

. Because of the dominance of capillary forces in the extremely fine pores,

strong infiltration pulses tend to be damped out by near-surface welded and
nonwelded units.

If the Ghost Dance Fault at Yucca Mountain is assumed to be made up of

highly penneable open fractures and hence is treatable as a seepage face, then

the small eastward tilt of the stratigraphic units (approximately 6°) is not

sufficient to greatly enhance lateral flow over vertical flow.

.

. Hydrological parameters, such as permeability and air entry pressure, are

mutually correlated at least in a crude way and hence judicious constraints will

have to be placed in choosing parameters for modeling exercises.

Rough-walled fractures can be quantified using fractal theory and parameters

of fractal theory can be advantageously related to parameters of geostatistics.

.
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1.0 Introduction

That the thick unsaturated zone in the arid southwestern United States could be

potentially suitable for the disposal of high-level radioactive waste (HLW) was originally

suggested by Winograd (1981) of the United States Geological Survey (USGS). The

Yucca Mountain site, on and adjacent to the Nevada Test Site in southern Nevada (Fig.

1.1), was initially considered as a potential site for HLW disposal on the basis of host

rock conditions below the water table. Later, as knowledge of the mountain grew, it wa~

recognized that not only will the unsaturated zone itself provide an excellent hosiIor-The-----------

wastes but that the repository will derive the benefits of both the unsaturated zone and the

saturated zone. Accordingly, several scientists of the USGS jointly suggested in Febru-

ary 1982 to the U. S. Department of Energy (DOE) that the unsaturated zone at Yucca

Mountain should potentially be a desirable site for HLW disposal. By 1982, the Yucca

Mountain concept gradually passed the first phase of a broad preliminary assessment to

the next phase of testing some of the ideas with more detailed analysis. This was also the

time when the authors got actively involved with the Sandia National Laboratories'

(SNL) hydrological performance assessment activities in the Yucca Mountain Site Char-

acterization Project (YMP), administered by the Nevada Operation Office, DOE. The

thoughts regarding the Yucca Mountain, as they emerged from the first phase of analysis,

were summarized in Roseboom (1983) and Montazer and Wilson (1984). In December

1987, the U. S. Congress chose Yucca Mountain as the site for characterization as part of

the program to provide the first HLW repository. A Site Characterization Plan for Yucca

Mountain was published by DOE (1989).

Thus far the focus of our unsaturated flow study with SNL has been on understand-

ing the mechanisms and on modeling the hydrological processes in partially saturated,

fractured, porous tuff at Yucca Mountain. We started with a spatial resolution in the sub-

millimeter range for the discrete fractures and extended consideration to kilometer scale

for an east-west crosssection of Yucca Mountain. The time scale of interest ranged from

minutes for the desaturation of fractures to thousands of years for infiltration through the

partially saturated zones. The objective of performance assessment of the hydrological

processes at Yucca Mountain is to predict the three-dimensional responses of the whole

system from the repository to the accessible environment over thousands of years. Start-

ing with the small scale, this study has gradually evolved to the large scale which is of

ultimate interest for performance assessment. The broad pattern of this evolution can be

summarized as shown in Fig. 1.2. After the sections on unsaturated flow processes in dif-

ferent scales, we discuss the parameter variations and correlations of tuff properties and
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Figure 1.2 Evolution of perfonnance assessment task.
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the potential use of fractal geometry for future modeling studies. The chapter concludes

with a brief discussion on general hydrological issues beyond our conceptual analysis of

unsaturated flow in fractured, porous tuff (Narasimhan and Wang, 1991).

2.0 Conceptual Model for Moisture Movemnent in Fractured, Porous Tuff: Frac-
tUreFlow VS.Matrix Flow

During 1983, the first year, we focused on the development of a conceptual model

to understand the hydrological mechanisms goveI"Iling_fty.igflpw in a partially saturated,

fractured porous medium. The Topopah Spring welded tuff formation, the candidate host

rock for the repository at Yucca Mountain, is highly fractured with tuff matrix blocks of

sub-meter sizes surrounded by discrete fractures. The main question we addressed was

whether water moves in the fractures or in the matrix under partially saturated conditions.

This is one of the most important hydrological questions in determining the flow pattern

and travel time through fractured, porous units. This single question will remain as one

of the key issues to be resolved and quantified throughout the course of YMP investiga-
tions.

2.1 Capillary Mechanism: Preferential Saturation of Fine Pores

We recognize from the onset of this study that fractures with large apertures will

drain relatively easily and water is likely to remain in the matrix. This intuition stems

from the knowledge that large pores can not sustain large capillary suction forces. In a

heterogeneous system where sand and clay coexist, the sand with large pores can be

easily drained and the clay will remain wetter than the sand under partially saturated con-

ditions. This can be readily explained by the nature of the capillary mechanism. When

we insert a capillary tube into a beaker of water, the height of water rise along the capil-

lary tube is inversely proportional to the radius of the tube. A dry towel with fine texture

can soak up more water than a rag with coarse pores. With capillary theory, we antici-

pate that the larger pores will desaturate more easily than smaller pores. If this simple

capillary model is valid, we can easily infer that fractures in a fractured porous medium

will tend to remain dry under partially saturated conditions and the liquid water is held

by capillarity in the finer pores of the matrix.

The well-known capillary equation for a tube with height of water rise Ih I and

radius r ,

Ih I = 2 Y cos (9)
rpg ,

(2.1)
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is also applicable to a parallel-plate fracture with aperture b replacing the radius r. The

surface tension "'(is the surface energy per unit area, or equivalently, surface force per

unit length. For a pair of parallel plate with width L much greater than the aperture b ,

the upward force component along two liquid-air-solid interfaces with contact angle e is

'Ycos (9) x (1£), and the downward weight of the liquid rise is pg x (Lb Ihi). From force

balance, we obtain the capillary equation relating the capillary rise Ih I with fracture

aperture b .
Before we describe the response of fractured tuff with capillary theory, we must -----

point out that the capillarymechanismhas a limited range of validity. If the fracture

aperture or capillary radius is large, the radius of curvature of the meniscus will be
infiniteand the capillaryeffectwill be negligible. For a wettingfluidwithcontact angle

e=0,the hemispherical surface at top of the rise can no longer be defined when b or r is

greater than the height Ih I. Therefore the maximum capillary size (with b = Ih I or

r = Ih I in Eq. 2.1) is

bmax =rmax =[~;r . (2.2)

For "'(= 0.072 kg Isec2, density p =1000 kg 1m3, and gravitational acceleration

g =9.8 mlsec2, the maximum capillary size is 3.83 mm. For fractures tens to hundreds

of meters below the ground surface, we expect that a majority of fractures will be closed

under over burden stress and have apertures less than this maximum capillary size. For

fracture aperture and macropore radius greater than this size, a capillary-based concep-

tual model is not valid.

In capillary theory, we also ignore the small fraction of water molecules adsorbed

by the solid wall above the meniscus. The slow movement of adsorbed water outside the

liquid region may be important in extremely dry conditions. The capillary limit and

adsorptive mechanism are two hydrological issues which may be important for studying

the validity of capillarity-based conceptual model.

2.2 Natural Fracture Model: Importance of Wall Roughness

In quantifying the capillary mechanism in fractured tuff, we recognize that the

parallel-plate model frequently used in saturated fracture flow studies is too crude and

simplistic to represent natural fractures under partially saturated conditions. In a highly

fractured formation such as the Topopah Spring welded tuff unit, the fractures divide the

tuff matrix into blocks surrounded and bounded on all sides by the fractures. If the frac-

tures are represented by parallel plates, then the fractures will either be completely filled
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with liquid water or be completely drained. Liquid water within the porous blocks, iso-

lated by the drained fractures, cannot flow from one matrix block to another. With

parallel-plate fractures, liquid water in the matrix blocks cannot move and travel time

will effectively be infinite under partially saturated conditions. This is simply too idealis-

tic a model for performance assessment of flow and transport through a partially

saturated, fractured porous formation.

Natural fractures are characterized by rough surfaces. In fractures at depth under

compressional stress, the walls are pressed together, with a finite fraction of fracture sur-

faces in contact, such contacts being known as asperities. The aperture of a fracture will

likely be smaller near the asperities and larger in the open channels within the fracture

plane. As a fracture desaturates, the open region with larger apertures will be drained

easily and liquid water will remain as pendular islands around the contact areas. The

wetted regions centered around the contact areas provide the bridges for liquid water to

flow across the fracture plane from one matrix block to its neighboring matrix blocks.

Two schematic figures are used to illustrate the matrix-to-matrix flow pattern and fluid

distribution in a fractured porous medium. Fig. 2.1 is in a cross section cut normal to the

fracture plane showing the pores in matrix blocks and rough fractures with spatially vary-

ing apertures. Fig. 2.2 looks down on a fracture surface showing the distribution of con-

tact areas and fluid configurations. With portions of fractures dry, liquid will tend to flow

across fractures from one matrix block to another instead of flowing along the fractures.

One may expect the flow lines to circumvent dry portions of the fractures as illustrated in

Fig. 2.1. As a fracture desaturates, the liquid phase configuration will change from con-

tinuous phase at high saturation to discontinuous phase at low saturation with liquid

forming rings around contact areas. With the idealized array of contact areas in Fig. 2.2,

a sharp cutoff transition will separate the continuous liquid phase configuration from the

discontinuous configuration.

Capillary theory, together with the rough fracture model, forms the basis of our con-

ceptual model for a fractured porous medium under partially saturated conditions.

2.3 Aperture Distribution: Approach to Quantify a Rough Fracture

Mathematically, a rough fracture may be characterized by an aperture distribution

function. As the fracture desaturates under a negative pressure head h, the portions of

the fractures with aperture greater than the saturation cutoff aperture bs,

b = - 2 'Ycos (9)
S pgh'

(2.3)
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will be desaturated and unable to transmit liquid flow. We have derived relationships for

fracture saturation S (h), fracture relative permeability kr (h), and effective flow area for

the fraction of wet fracture sunace a(h) as functions of fluid pressure head h , in tenns of

integrals over the aperture distribution function f (b ):

<b>s
S (h ) = ;

<b>1
(2.4)

<b3>S .

kT(h ) =t(h) <b3>1 '
(2.5)

-----

where

bs

<bn>s = fbn f(b) db,
0

n =1, 3 ; (2.6)

and

bs

a(h) =ill + Jf (b ) db ,
0

(2.7)

where cois the fraction of contact area.

The phase-constriction factor t(h) in Eq. 2.5 accounts for the distortion of flow by

the air pockets and sets the fracture permeability and flow to zero when the liquid phase

is discontinuous. For the simple geometty shown in Fig. 2.2,

Ws
t(h) =W (2.8)

can be related to the effective fraction of area a(h) occupied by the liquid water and con-

tact area (Eq. 2.7). When the liquid flow path width Ws decreases to zero and the effec-

tive flow area is smaller than the area occupied by touching pendular rings, we have

t(h) =0 and kr (h ) =O. If we neglect the phase-constriction effect by setting t =1 for

any h values, the relative penneability is detennined by the average of aperture cubes in

Eq.2.5. This is equivalent to a capillary bundle model with all flow channels parallel to
the direction of flow.

The general relationships 2.4, 2.5, and 2.7 can be used with any aperture measure-

ment and distribution function. The detailed derivations and results to quantify the con-

ceptual model are given in our first report (Wang and Narasimhan, 1984) and an archival

paper (Wang and Narasimhan, 1985). For one simple aperture distribution function, the

gamma distribution, we integrated explicitly to obtain algebraic relationships for the frac-
ture characteristic curves.
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The gamma distribution function

I o(b 0) =~2b oe-~bo, (2.9)

has onlyoneparameter~to describe the variation of aperture b 0 of a fracture under zero

stress. Under zero stress, the fracture surfaces are in point contact and the contact area is

zero. In practice, I o(b0) can be measured by scanning the open fracture surfaces and

tracing the roughness profiles. The mismatch between the roughness profiles between

two surfaces yields the apenure distribution function.
..-

For in situ fractures with the surfaces in'contact under nonzero stress, the fraction of

contact area coof the total area of the fracture can be expressed as

b,

0>= Ilo(bo) dbo.
0

All the portions of fracture with initial aperture less than the contact cutoff aperture be

will be in contact. The aperture under stress will be b =b0 - be in the open sections of

the fracture. The aperture distribution function of the fracture under stress I (b) in Eqs.
2.6 and 2.7 is

(2.10)

f (b) =f o(b + be) =~2(b + be ) e - ~ (b + b, ) . (2.11)

Table 2.1 summarizes the algebraic relationships for unsaturated fracture charac-

teristic curves from integrations over the gamma distribution function with finite contact

area 0>and nonzero contact cutoff aperture be. Evans and Huang (1983) have con-

structed a fracture network model of parallel-plate fractures with the well-known lognor-

mal aperture distribution. With lognormal distribution, they numerically evaluated the

integrals in Eq. 2.6. Although the classical Evans and Huang model is for fracture net-

work, the results can be reinterpreted for a single fracture with lognormal aperture distri-
bution and zero contact area.

Very little data have been available to quantify the aperture distribution function for

fractures in Yucca Mountain tuff. The simplicity of the gamma distribution function and

especially the fact that there is only one parameter to quantify were on our minds when

we chose it as the basis for detailed study. An added reason was that the limited analysis

available at that time from a French study of natural granite fractures by Gentier (1986)

indicated that I o(b 0) takes on a skewed shape, with long tails toward large apertures

(Tsang, 1984). The gamma distribution can fit these aperture measurements well.

We should emphasize that we did not use granite data to represent tuff fractures.

We used the gamma distribution function only to represent the functional fonn of the
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Table 2.1 Fracture Characteristic Curves

* / 1(x) =1 - ( 1 + x ) e-x

/2(x) =2 - (2 + 2x + x2) e-x

/3(x ) =6 - ( 6 + 6x +3x2 + x3 ) e-x

I4(x) =24 - ( 24 + 24x + 12x2 + 4x 3 + x 4 ) e-x

aperture distribution. Without actual aperture measurements on fractures in tuff, we used

available fracture spacings and bulk penneability of tuff to inversely detennine the ~
parameters. The assumptions and procedures used to detennine ~parametersfromavail-
able tuff data will be discussed in Sec. 3.1. The fracture distribution functions derived

for the vertical fracture and for the horizontal fracture are plotted in Fig. 2.3, with distri-

bution parameters derived from Topopah Spring welded tuff data. The distribution func-

tions are nonnalized, with the areas under the curves set equal to unity. Both vertical and

horizontal fractures have hydraulic apertures in the sub-millimeter range according to

these indirectly derived aperture distribution functions.

2.4 Flow Across Fractures: Importance of Effective Flow Area

For fractures underground, we expect that a fraction of the apertures will be closed

under stress. We do not have data for the fraction of in situ contact area. However,

borehole USW-G4 core analyses (Spengler and Chomack, 1984) indicate that about 12%

of the fracture surfaces have coatings of zeolite, clay, and calcite which are likely

minerals precipitated from water. We made an assumption that the fracture coatings of
12% correspond to the fraction of in situ contact area 0). We assume that contact areas

Propeny AlgebraicRelationship*

contact area co=/1 (f3bc)

effective flow area a(h) =/ 1(bc + bs)
- -- - - _--n==C--=C=:-

/ 2(bs) + bc / 1(bs)
---

saturation S (h ) =
12(00)+ bc /1(00)

relativepenneability kr (h) ='t(h) / 4(bs) + bc / 3(bs)
/4(00) + bc /3(00)
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remain wetted for a long time and allow hydrochemical alterations to occur in contact

areas for the coatings to form. This assumption to relate fracture coatings with fracture

- contacts remains to be checked for consistency against other goechemical and

geomechanical data. We believe that the evolution of fracture coatings can shed light

toward a better understanding of the long-tenn processes relating mechanical deforma-

tion and stability, chemical dissolution and precipitation, and hydrological flow and tran-

sport in fractured, porous tuff under partially saturated conditions.

--_Jf bQ!hthe matrix blocks and the fractures are fully saturated with liquid water, the
whole fracture-matrix interface will be available for water to flow from the matrix into

the fracture and vice versa. As the fractures drain, only a fraction of the area in the frac-
ture surfaces will enable flow from one manix block to another block across fracture.

Fig. 2.4 shows that the effective flow area at fracture-matrix interfaces decreases and

quickly approaches the limiting contact area fraction of 12% as the pressure head

decreases. With liquid flow from one matrix block to another restricted to cross the inter-

faces through reduced areas, the flow lines will converge toward, then diverge away from

contact areas. Therefore, flow paths will be more tortuous in a partially saturated, frac-

tured porous medium. The pressure dependence of effective fracture-matrix area is not

taken into account in conventional numerical models. We incorporate this effective area

dependence into the TRUST code (Narasimhan et al., 1978) to properly simulate the flow

in fractured tuff systems.

2.5 Transport Properties of Fractured Tuff: ContrastsbetweenFracture and Matrix
Characteristics

The relation between water saturation and pressure head and the relation between

penneability and pressure head are two physical functions that are essentially required

for modeling water movement in the fractured tuff. Fig. 2.5 compares the fracture
characteristic curves with the tuff matrix characteristic curve of saturation versus head

for the Topopah Spring welded tuff unit. The tuff matrix curve was provided by SNL

from laboratory measurement of a representative core sample (peters et al., 1984). The

thermocouple psychrometer manix data were fitted with the equation suggested by van

Genuchten (1980). Fig. 2.5 shows that the fractures will desaturate easily with a small

suction of - 0.1 m. The saturation in the matrix will remain high. H the in situ matrix

saturation in Topopah Spring welded tuff unit is 0.8, then the negative pressure head in

this unit is over - 100m. With such a large suction, the fracture saturations will be

essentially zero.
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Therelations between effective penneability and pressure head are shown in Fig.

2.6 which shows that the fracture penneabilities are very sensitive to suction. The frac-

ture penneabilities are also sensitive to whether the phase-constriction factor 't(h) is

included in the calculations (Eq. 2.5) to take into account the effects of blockage of flow

by air pockets, the flow-path distortion around the air pockets, and the transition from

continuous to discontinuous liquid phase associated with desaturation. If fully saturated,

the penneability of each discrete fracture ~seight orders of magnitudes greater than the

matrix penneability. With small suctions in the range of - 0.1to - 10m, the discrete

fracture penneabilities decrease drastically,. especially for the curves Willi-ffie--phase~--

constriction factor. The matrix penneability decreases much more gently as the pressure

head becomes more negative. Near fully saturated conditions, the fractures will conttol

the fluid flow. As desaturation proceeds and the fracture penneability of each discrete

fracture becomes less than the matrix penn eability, the matrix will control the flow.

With in situ suction of over - 100m, fracture flow diminishesand mattix flow dom-

inates. The drastic change of the role played by the fractures as the active main conduits

for flow and ttansport in saturated conditions to become passive dry pores in unsaturated

conditions is the most important result arising from our conceptual model. If the role

reversal between fracture flow and matrix flow does not occur under ambient partially

saturated conditions, then the highly fractured tuff unit will transmit liquid water very

quickly through the connected fracture networks and the travel time will be very short

Substantiating our finding for the role reversal between fracture flow and mattix flow is

crucial for the performance assessment of the partially saturated flow field at Yucca
Mountain.

3.0 Drainage Responses of a Fractured Tuff Column: Dynamic Interaction between
Discrete Fractures and Porous Matrix

With the development of a conceptual model based on capillary theory and aperture

distribution of rough-walled fractures, we used the fracture characteristic curves derived

in 1983 to study the detailed responses of a fractured, porous tuff column in 1984, taking

explicitly into account the vertical and horizontal fractures and tuff matrix blocks. Our

finding that fracture pressure and matrix pressure are approximately equal after the

column is drained provides a rational basis for the development of a composite medium

model at SNL by Peters and Klavetter (1988). In addition, the dominance of liquid flow

in the matrix, together with the findings by Pruess et aI. (1985) that gas flow occurs

mainly through the fractures has provided incentive for the concurrent development of a



- 17 -

10-8 e----.............
~0..

"~',
\\',~
\ \ ",\
II \'\ V . If
111 \~.,~ ertlca racture. "
i I '. ,. "-,
i I ",,, .

~ ">~.VHOrIZontalfracture
I I '. \. "
i I '. \. \:,
i I '\\: I \,\I ~
: I ~
I ~

: I \).I ",,
II '\\
~ I ~I \
:
I "

I ~
:
I \\

~ ',,\
! I withphase - separation \\rvconstriction factor. '\,,

\ \:,I ~

II without phase -separation A
II constriction factor '.'\\:
\ \\I '.

: I I I I , ,\

10-10

10-12

~

(\J 10-14
E-
~+-
: 10-16..c
0
Q)

E
Q; 10-18

CL

10-20

10-22

-10-2 -10-I -100 -101
Pressure (m)

-102 -103

XBL842-9620

Figure 2.6 Penneabilities of partially saturated fractures and tuff matrix.



-r- n- -n__--_--_---

- 18-

multi-phase composite medium model. This model is known as an effectivemedium

model. Detailed studieswith discretefracturesare valuable for betterunderstanding of

system behaviorsand fordeveloping usefulapproximations forlarge-scaleanalyses.

3.1 Fracture Description: Adaptation of Field Data

To consttuct the detailed model representing the Topopah Spring welded tuff unit,

we first analyzed available data on fracture orientation and spacing at Yucca Mountain.

There are tY{o~nearly_verticalfracture sets: on_e__strik~sroughly north-northwest, and the

other, north-northeast (Scott et aI., 1983). Fracture inclination data from borehole

USW-G4 (Spengler and Chornack, 1984) also indicate the presence of a minor, nearly

horizontal fracture set. By grouping the fractures as either nearly vertical or nearly hor-

izontal according to their dip inclinations and using the measured fracture frequency of

4.36/m, we determined the average fracture spacings of the sets as shown in Fig. 3.1.

We assumed that the two nearly vertical sets had equal spacing and that they contributed

equally to the equivalent fracture continuum permeability (cube of aperture divided by

spacing).

Without the direct availability of data for the equivalent fracture continuum permea-

bility in 1984, we deduced the equivalent permeability value kf =1.02 X 10-11 m 2 from

well testing in well J-13 (Thordarson, 1983). Well J-13 is located in a low-standing

structural block east of Yucca Mountain with part of Topopah Spring welded tuff unit

below the water table. It is assumed that the water pumped out during testing had moved

through a connected network of fractures which provide effective pathways for fluid

movement under saturated conditions. We also assumed that equivalent fracture contin-

uum permeability was isotropic.

Along a given direction in three dimensional space, two fracture sets contribute to

the equivalent fracture continuum permeability kf' We assume that

kf <b3>1-=
2 12d (3.1)

for each set with spacing d. With gamma disnibution Eq. 2.11 in Eq. 2.6, we have

3 24+ 6 (3bc - ~b
<b >1= 3 e c.

13

Since 13bc can be determined by the parameter co(Table 2.1 and Sec. 2.4), we can used

Eq. 3.1 to determinethe disnibutionparameter 13 for each fracture set, as shownin Fig.
2.3. All other fracture characteristic curves in Table 2.1 can then be evaluated.

(3.2)



- 19-

0.48m

/".;

1
-::10.31 mm

,.

XBL842-9614

Figure 3.1 Schematic representation of three fracture sets for the Topopah Spring welded tuff unit.
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The steps outlined above show that the parameters used in our simulations were
derived from available tuff data and no other parameter values were assumed or adjusted

in the tuff fracture desaturation curves. The simplying assumptions about the fracture

network can be easily relaxed and the procedures of fracture network analyses can be

generalized to determine anisotropic fracture spacings and non-parallelepiped blocks

from more data on anisotropic equivalent continuum permeability tensors. In the course

of this study, we have continuously updated our models as more realistic data were pro-

vided by SNL and incorporated them into later simulations.
~~--

3.2 Discrete Fracture. Porous Matrix Model: Nested Matrix Elements

With the spacings of the fracture sets and the sizes of the tuff matrix blocks deter-

mined, we constructed a small discrete fracture-porous matrix model to simulate vertical

drainage of a fractured tuff column (Fig. 3.1). Two horizontal fractures, normal to the

direction of general flow, are explicitly simulated. On the local scale, lateral flow is
allowed between the vertical fracture and the matrix blocks. The horizontal cross section

of a matrix block is further partitioned into six nested elements and the vertical cross sec-

tion of each block is sliced into nine sections. The grid elements are small near the frac-

tures and large toward the middle of the matrix block. The partition of horizontal nested

elements is similiar to that used in the multiple interacting continuum idealization

(MINC) (Pruess and Narasimhan, 1985). Such a nested grid allows the simulation of

convergent flow from the fractures into the matrix block and divergent flow from the

matrix block into the fractures with relatively few elements if we are interested mainly

on the fracture-matrix interflows and not concerned with the detailed flow field near the

diagonals within the matrix block. The nested elements also take properly into account

the geometrical configuration with each horizontal cross section of a matrix block sur-

rounded by fractures on all four sides. The usual semi-analytic treatments of fracture-

matrix flow with one-dimensional approximations do not properly account for the

multiple-side effects. In the simulations, we did not group the matrix elements from dif-

ferent blocks at different elevations together. The two horizontal fractures and the three

matrix blocks within each vertical column are explicitly simulated. In this respect, we

did not carry out the simulation in the multiple interacting continuum grouping approxi-
mation and account for the effects of discrete fractures in detail.

3.3 Tool of Analysis: The TRUST Code

In 1984, we modified the TRUST code to account for the effective flow area with

the available area for flow across the fracture-matrix interfaces determined by the
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fracture saturations. At the limit that the fractures are completely desaturated, the avail-

able area is the contact area between adjacent blocks for matrix flow from one block to

the next. The outennost matrix node for one block is connected to the fracture and is not

directly connected to the matrix node in the next block in the simulations. It is important

to note that fracture penneabilities are intrinsically defined only along the fracture planes.

Normal to the fracture matrix interfaces, the fractures will not introduce any resistance

under both the saturated conditions and under partially saturated conditions with flow

through finite wetted areas around contact points. With the integrated finite difference

method (Narasimhan and Witherspoon, 1976) in the TRUST code, this can be easily

taken into account by setting the distances from the fracture nodes to the fracture-matrix
interfaces to zero so that normal flow from matrix blocks to fractures is controlled by

matrix permeability. We point out this detail in the simulation because the conventional

finite difference and finite element codes do not usually take this intrinsic anisotropy of

fracture penneability into account. If the proper treatment of fracture permeability is not

taken into account, the zero permeability of the fracture elements under completely desa-
turated conditions will block the flow from one matrix block to the next. Physically, we

expect that flow will cross one matrix block to another matrix block through the finite
contact areas.

In 1984, we used the usual harmonic mean approximation to determine the conduc-

tances at the element interfaces from permeability values of neighboring nodes weighted

by the distances from the node center to the interfaces. If we use the geometry-imbedded

Darcy's law (Narasimhan, 1985), we can probably reduce further the number of nested
elements from six to one or two for each horizontal matrix block cross section and simi-

liarly for the vertical grids. The development of geometry-imbedded path-integration

modeling techniques can increase the efficiency and accuracy of modeling discrete

fracture-porous matrix systems.

3.4 Major Findings: Flow Dominance by Matrix

We simulate the transient changes in the fractured tuff column from initial fully

saturated condition to final partially saturated condition. Initially the column is filled

with water with pressure determined by hydrostatic equilibrium. The hydraulic head is

everywhere zero and fluid is stationary. At time t =0+, a negative suction head is

applied to the lower boundary to induce drainage and transient changes in the fluid flow

field throughout the fractured, porous tuff column. The boundary suction head is over

- 100 m which corresponds to a final ambient matrix saturation of S = 0.8.
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The transient pressure drops at different locations in the column are shown in Fig.
3.2 for three cases. We studied five cases for flow in the column: (1) a fracture~ porous

tuff matrix column with the phase-constriction factor taken into account for the discrete

fractures (1 ~ ~(h) ~ 1); (2) a fractured, porous column without the phase-constriction

factor (~= 1); (3) a matrix column without fractures; (4) a discrete fracture column

without matrix and with 1:factor; and (5) a discrete fracture column without matrix and

without ~ factor. The locations of interest are the middle of the matrix block (point A),

the middle of the vertical fracture (point B), the middle of the upper fracture (point C),

and the middle of-th~-i~wei-horizontal fracture (point D),--asshown in the insens of the

plots.

The pressure drops for the first three cases at different locations in Fig. 3.2 are

essentially the same after an initial desaturation period of 10-2yr. Within this shon

period, the onset of fracture desaturation depends on whether the phase-constriction fac-

tor is taken into account as shown in the small differences between the top two plots in

Fig. 3.2. As pressures become negative following initial desaturations, the pressure

changes are controlled mainly by the matrix. At the same elevation, the matrix pressure

at point A and the vertical fracture pressure at point B are approximately the same. The

fracture-matrix pressure equilibrium is reached. The lower fracture, point D, is closer to

the suction boundary and has more negative pressure than the higher elevation points.

The simulation results involving only matrix in the third plot in Fig. 3.2 are nearly ident-

ical to the results with discrete fractures simulated. It is clear, therefore, that pressure

changes can be simulated with matrix properties only, if the transition from saturated

conditions to unsaturated conditions is not of interest. We also simulate the changes in

the fractured column without the matrix (case 4 and case 5) and obtain very unrealistic

results to illustrate the imponance of porous matrix blocks as flow channels for fluid to

change pressure (Wang and Narasimhan, 1985).

Associated with the pressure drops, the fracture saturations drop abruptly at early

times. The matrix changes more slowly from the initial fully saturated condition of S =1

to the final ambient saturation of S =0.8. Thesechangesare observedin the simulated

results. They can also be deduced from the characteristic curves in Fig. 2.5. The per-

meability changes confinn the role reversal between fracture flow at saturated condition

and matrix flow after the desaturations. The effective fracture-matrix flow area changes
abruptly from 100% at full saturation to 12%, the contact area fraction. The simulated

results suggest that the ambient flow field is through the matrix blocks, the fractures are

dry, and the flow lines are distoned in crossing from one matrix block to the next mattix

block through fracture contact areas.
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In addition to pressure, saturation, penneability, and effective fracture-matrix flow

area changes, we also calculate the Darcy velocity versus time at different locations.

With the dependence on both penneability and pressure gradient, the Darcy velocity

changes are very sensitive to the details of fracture-flow characteristics. Before the frac-

tures completely desaturate, we have the flows along the fractures change from initially

static condition, to large flows associated with fast fracture drainage, to abrupt flow stop-

page as the fractures lose the water within the small fracture volume. The fracture-

matrix interflows are also sensitive to fracture characteristics. Fig. 3.3 illustrates the

changes in Darcy velocities across the fracture-matrix interfaces at the midpoints of frac~

tures. Before the fractures desaturate, the fluid in the matrix flows toward the fractures to

supply the fluid in the fractures which is drained rapidly by the suction. At the

saturated-desaturated transition, these fracture-matrix flows change drastically. Mter the

transition, the fluid mainly moves vertically from upper matrix blocks, across horizontal

fractures, into lower matrix blocks. The horizontal flow also reverses direction from an

initial matrix-to-fracture flow to a small but significant fracture-to-matrix flow. Mter the

transition, the fractures no longer transmit fluid and become a passive and small fluid

storage source to feed the matrix blocks as they drain.

After the fractures desaturate, the Darcy velocities from one matrix block across the

fracture into the next matrix block are essentially the same as those calculated by a

matrix-only model, as illustrated in case 3, Fig. 3.3 for a tuff matrix column without frac-

tures. The agreement among the velocities in cases 1,2, and 3 strongly indicates that the

fluid flow field of a partially saturated, porous formation can be simulated without taking

fractures into account, if the transition region from saturated to unsaturated condition is
not of concern.

In quasi steady-state flow, although the dry fractures limit the available areas for

flow to cross from one matrix block to another matrix block, the total flux through the
fractured column is insensitive to local distortion near the fracture-matrix interfaces. In

the 1984 studt, we did not simulate the flow field in the scale of individual fracture con-

tacts. The effects of the small-scale heterogeneity are taken into account by the statisti-

cal average procedures used in deriving the relative permeabilities and effective

fracture-matrix flow areas. Although the total quasi-steady flow is not sensitive to the

flow path distortion through the fracture-matrix interfaces, the particle velocity field and

the solute transport are expected to be affected by the reduction of fracture-matrix flow

areas. We need to study the fundamental process at small scale around individual contact

area at fracture-matrix interfaces to achieve a bener understanding of the particle move-

ment through fractured, porous tuff systems.

- ~--- -
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3.5 A Useful Corollary: The Composite Model

One of our important findings in 1984 was that the fracture pressure and matrix

pressure were approximately the same. This suggests that one may simplify the simula-

tion by considering only one pressure field. The fracture-matrix pressure equilibrium, or

more generally thennodynamic equilibrium to include temperature as well as pressure, is

one of the essential assumptions of the composite medium-effective continuum models

(Peters and KIavetter, 1988; Pruess et al., 1985, 1990). With the same pressure defined

for both the fractures R1!4-~e_P9rous matrix, one governing equation is sufficient for a

fractured, porous matrix system. In the composite medium-effective continuum govern-

ing equation, the equivalent saturation is expressed as a sum of fracture saturation SI and

matrix saturation Sm' weighted by continuum porosities. The equivalent permeability is

also expressed similiarly by a sum of fracture permeability kskif and matrix permeability

kmkrm.
- -

S/(h)~/VI +Sm(h)~m Vm SI(h)~1 +Sm(h)~m
Sfm (h) = = --

~IVI + ~mVm ~I + ~m

kfm (h ) =kI kif (h ) + km krm (h) .

(3.3)

(3.4)

The subscripts f and m refer to the fracture and matrix domains, respectively. ~ is the

porosity (void fraction) of intact domain and ~ is the equivalent continuum porosity of

the voids in one domain as a fraction of total volume V =Vm + VI'

There is no conceptual difficulty to accept the assumption that the equivalent satura-

tion is a porosity-weighted sum of fracture saturation and matrix saturation. Saturation is

a scalar quantity which is defined as the ratio of saturated volume to pore volume. The

penneability, on the other hand, is not a scalar. By summing over fracture penneability

and matrix penneability, the fracture flow channel and the matrix flow channel are intrin-

sically assumed to be parallel in the composite medium-effective continuum models. In

view of the popularity and usage in benchmark studies, we have programmed these com-

posite saturation and penneability characteristic functions into the TRUST code. We

also used these models later in this study for some of the large-scale simulations. How-

ever, there is a need to check the results of simpler models from time to time, with the

results generated from detailed discrete fracture-porous matrix models. More important,

the assumptions and limits of simpler models must be kept in mind when we use and

interpret the results from these models. For example, the composite model is adequate

for vertical infiltration studies if we only consider vertical fracture sets so that both frac-

ture flow and matrix flow are vertical. For multi-dimensional simulations with potential

lateral flows crossing the fractures, it remains to be determined if composite models are
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adequate. The development of large scale models to account for both fractures and

porous manix blocks remains to be an important task for the studies of a panially

saturated flow field of a fractured, porous system.

4.0 Vertical Infiltrations through Welded-NonweldedUnits: Maintenanceof Unsa-
turated State

In 1985, we extended our models from a short column with a few_fractures to a tall

column over 500 m in depth to represent the whole unsaturated zone from ground sur-

face to the water table. Yucca Mountain consists of alternating units of welded and

nonwelded tuff. The infilttation of water through these alternating layers were studied

under steady and transient conditions. We wanted to determine if spatial heterogeneities

associated with welded-nonwelded interfaces and temporal variations associated with

extreme flooding on the ground surface can induce significant fracture flow in the Topo-

pah Spring welded tuff unit. For performance assessment, the flow velocity field from

the repository in the Topopah Spring welded tuff unit to the water table determines the

groundwater ttavel time. The onset of significant fracture flow will shorten the ttavel

time drastically.

4.1 Fracture and Matrix Data and Model: Observational Basis

To consttuct models representing the welded and nonwelded units, we analyzed the

fracture orientation and spacing data from borehole USW-G4 (Spengler and Chornack,

1984) for all the unsaturated units. For the welded units, Tiva Canyon (fCw) and Topo-

pah Spring (TSw), fracture densities are high and fracture spacings are in the sub-meter

range. For the nonwelded units, Paintbrush (PTn), vittic Calico Hill (CHnv), and zeolitic

Calico Hill (CHnz), fracture densities are low and fracture spacings are in the meter and

tens of meter range. It is generally assumed that flow of water in the nonwelded units is

dominated by matrix, and fractures can be ignored. Within fracture planes, we assumed

that the contact areas were identical to the areas where mineral coatings occurred in the

fractured cores. The fraction of fracture coatings, predominately clay, calcite, and zeol-

ite, increases with depth. This is consistent with the closure of fractures with depth as a

result of overburden sttess. The equivalent fracture continuum permeabilities for the

welded and nonwelded units were based on the estimates of Thordarson (1983) and Sin-

noc~ et ale (1987). For the tuff matrix, we used the characteristic curves of the represen-
tativesampleschosen by Peterset ale(1984).
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We used either a discrete fracture-porous medium model or a composite medium
model in the simulations. Before we discuss the detailed models, we will briefly review

the results from one-dimensional composite medium simulations. One-dimensional

infiltration problems have been extensively studied, especially the steady-state cases. In

a one-dimensional column, we can represent the different units with nonuniform grids, as

illustrated in Fig. 4.1. The thicknesses of the units correspond to the values determined

from borehole USW-G4 (Ortiz et al., 1984)~

---.---

4.2 Estimate of Ambient Infiltration Rate: 'Observational Constraints

Although the infiltration rate is a given input parameter and controls the simulation

results, it has not been determined by direct measurements, but rather determined

inversely by models, ambient saturation, and other characteristic parameters. Especially,

the effective matrix conductivity under partially saturated conditions determines the

infiltration rate. The saturated conductivity for the TSw matrix is about 1 mm /yr for the

representative sample used in our 1985 analyses. Our calculations showed that for the

0.1-mm Iyr case (Fig. 4.2) and for the 0.5-mm /yr case (Fig. 4.3) the saturation profiles

were uniform and the con-esponding fluid pressure constant in the upper part of the TSw
unit.

In the range of the constant pressure profile, the pressure gradient is, of course, zero,

and the hydraulic potential gradient is unity from the gravity component alone. In the

range of the unit hydraulic gradient, the partially saturated hydrualic conductivity is

equal to the Darcy velocity which is equal to the steady infiltration rate. The solution in

the thick TSw unit is essentially determined by demanding the saturation to attain a uni-

form value at which the infiltration rate exactly matches the partially saturated, effective

hydraulic conductivity.

The ambient saturation for TSw was estimated by SNL to be 0.8 in 1983 and later

reduced to 0.69:t 0.15 (Sinnock et aI., 1987; Reference Infonnation Base (Rill), SNL,

1986). With an ambient saturation of 0.8 or lower, the modeling results indicate that one

can only allow the system to have 0.1 mm /yr or less water flowing through the system.

If one increases the infiltration rate over 0.1 mm /yr, the TSw saturation will be higher

than the ambient saturation. The ambient saturation can be easily measured in the field

by weighing analyses of core samples. Net infiltration rates, on the other hand, cannot be

easily and directly measured. We are not aware of any practical experimental technique

to directly measure low infiltration rate under partially saturated conditions. To repro-

duce the ambient condition for the saturation, we inversely detennine the infiltration rate

of 0.1 mm Iyr or less as a reasonable estimate.
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Because infiltration simulation is usually cast as a boundary value problem with

infiltration rate as an input parameter, there is a tendency for reviewers to ask the simple

question as to what the effects of infiltration rate changes are. We can indeed create

alanningly fast fracture flows with infiltration over 1 rrun/yr which seems to be still a

very small infiltration rate. However, the onset of fracture flow is also associated with

nearly full saturation in the tuff matrix. At Yucca Mountain, with water table over

500 m deep, tuff units are in partially saturated states and are not on the verge of becom-

ing fully saturated. If we accept the findings that the tuff units are partially saturated

with ambient manix saturation less than one, and that the matrix characteristic curves' can

be measured in the laboratories with reasonable accuracy, then we can set a limit on the

infiltration rate. This is an important but subtle issue which is frequently raised in

analyzing the results.

4.3 Welded-Nonwelded Flow Interaction: Effect of a Thick Unit on Thin Units

We should point out that the 1985 results have indicated very low saturation values

for the nonwelded units (Fig. 4.2). The thick TSw unit at Yucca Mountain is bounded

above by a PTn unit and below by a CRn unit. The CHn unit is further divided into an

upper vitric subunit and a lower zeolitic subunit. The relative thicknesses of CRnv and

CHnz subunits vary throughout the Yucca Mountain and the CHnv is very thin at well

USW-G4 (4.6 m or 3% of the total CHn thickness, Ortiz et al., 1985). The calculated

saturation values for PTn and for CHnv do not agree with the ambient saturation of

0.56:t 0.17 for PTn (Sinnock et al., 1987), 0.9 for CHnv, and 0.91 :t 0.06 for CHnz

(SNL, 1986). These discrepancies were later reevaluated in 1986 by sensitivity studies

for the nonwelded matrix parameters (see Sec. 5.4). The PTn and the CHnv units exhibit

low saturations because one particular feature in the matrix characteristic curves of the

representative samples chosen for these two units (Peters et aI., 1984). For the represen-

tative PTn and CHnv manix curves, most of the saturation changes occur over a rela-

tively narrow pressure range around - 100 m. This indicates that the pores in these

nonwelded Prn and CHnv representative samples are nearly unifonn in size. For the

O.I-rrun/yr case the thick TSw unit stablizes the pressure profile to - 150 m. With

- 150 m more negative than - 100m, most of the pores in these two nonwelded units are

drained and the calculated saturations are nearly equal to their residual saturation values.

The thick TSw unit effectively decouples the upper units from the lower units. The

saturation, pressure and potential profiles in the upper units are insensitive to profiles in

the lower units with or without CHnz below CHnv. The thick TSw unit damps out boun-

dary effects from both the upper and the lower boundaries. This suggests that we may
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approximately decouple the studies of the upper units from those of the lower parts. We

used this approximation in some of the pulse infiltration studies.

4.4 Approximate Model for Steady-State Profiles: Elementary Path Integration

For the transient simulations, the initial conditions used are appropriate steady-state

conditions. Computationally, the steady-state conditions were obtained by letting the

transient process evolve until changes in conditions are negligibly small. If we can esti-

mate-the-pressure distribution well, we can-Obtainthe steady-state easily. Before we dis-

cuss the transient pulse simulations, we will briefly describe a simple and efficient pro-

cedure we use to estimate one-dimensional steady state pressure distribution without

using sophisticated numerical codes. For a vertical one-dimensional column with

steady-state infiltration flux q everywhere constant, one can simply integrate explicitly

the Darcy's equation,

q ==-KCh)[: + +
(4.1)

from a boundary with given elevation z and pressure head h. At the lower water table

boundaryz =z0 =0, we knowthepressureheadh =ho=O. Withpressureknownat that
elevation, we can calculate the corresponding conductivity value K (h 0)' The pressure at

the next node!!u. above the boundary can be estimated from

M =-
[

1+ q
]

IiZ.
K (h 0)

(4.2)

We can proceed to calculate the conductivity at hi =ho + Iih, and calculate the pressure

head at the next higher node. If!!u. and Iih are small enough so that the conductivity

value does not change significantly between two neighboring nodes, we can explicitly

calculate the pressure profile from the bottom boundary upward node by node. We have

incorporated this simple path-integration procedure in a mesh generator program as a

preprocessor for the TRUST code. We used this procedure in the one-dimensional
column simulations and also in two-dimensional multi-column simulations in 1986.

Simple procedures such as the one outlined above and the code LLUVIA developed at

SNL can be useful and practical tools for sensitivity and statistical analyses.

4.5 Response to Extreme Infiltration Pulses: Damping by Near-Surface Units

The purpose of the ~ansient simulations is to study the responses of the fractured,

porous units to extreme infiltration pulses of high rates and short durations. We first
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focus on the upper layers in Yucca Mountain. We investigate possible scenarios with

short-transient infiltration pulses having periodic rates much higher than the saturated

matrix conductivity. Fig. 4.4 is a discrete fracture-porous matrix model with the PTn

unit sandwiched between two 10-m layers of fractured welded tuff. The discrete model

for the welded units contains both vertical fracture grids and horizontal connections from

the vertical fractures into the matrix. The PTn unit is treated as a composite medium.

For simulations involving infiltration pulses, the initial conditions correspond to the

steady-statesolutionwith a constant infilt:I"litiQ!lsource of 0.1mm/yr on the- top T<;~
node and a sink of 0.1 mm /yr on the bottom TSw node. The infiltration pulses are

applied to the fracture continuum at the top. The thickness of TCw unit is greater than

10m and varies with the topography at Yucca Mountain. At well USW-04, TCw is

approximately 30 m thick. By modeling only the lower 10-m section and applying

infiltration pulses to the fractures, we assume that the fractures near the surface in the

upper part of TCw have apertures larger than the capillary limit and water can penetrate

20 m of TCw without retention and delay by the tuff matrix. By bypassing the upper

portion of TCw, we also neglect the complex near-surface evaporation-transpiration and

runoff processes. These processes determine the percentage of precipitation (1) returning

upward back to the atmosphere, (2) moving laterally away from the mountain, and (3)

infiltrating downward into the ground. We are primarily interested in the effects of net

infiltration into the TSw and lower units and the travel time from repository to water

table. We assume that the water reaching the top of the lower 10-m section of TCw is
the net infiltration.

To systematically study this pulse infiltration problem, first we fix the duration of

pulse to 0.2 yr , corresponding to an intense rainfall or snow melt period. The pulses are

applied periodically. The periods are chosen to be 1yr, 5 yr, 50 yr, 500 yr, and

5,000 yr. For the l-yr pulse, the intensity of the infiltration is 0.5 mm/yr, which

corresponds to 1yr x 0.1 mm/yr, divided by 0.2 yr. For the 5,000-yr pulse, the inten-

sity of infiltration is 2,500 mm /yr , which corresponds to 5,000 yr x 0.1 mm /yr , divided

by 0.2 yr. For the case with 5,000-yr pulse, all the infiltration in 5,000 yr is applied to

the system within 0.2 yr. After 0.2 yr, the infiltration rate is zero until the start of the

next infiltration pulse, 4999.8 yr later. The average infiltration rate over any 5,000-yr

period is the same as the constant infiltration rate of the initial steady-state condition.

For the mild and frequent pulses (1 yr, 5 yr, and 50 yr), the matrix was found to

always remain partially saturated and the fractures essentially dry. The effects of the

pulses are completely damped out in TCw. These results are consistent with the findings

of Travis et al. (1984) that a slug of water moving through fractures with apertures as
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small as 0.1 mm will be unable to penetrate more than a few meters, at most, through

fractured welded tuff with matrix saturations as high as 0.9. Repeated pulsing does not

change the capacity of the partially saturated matrix of TCw to absorb all the pulsed

water by capillarity. Even for a 50-yr pulse with more than 10 cycles of repeat pulsing,

the transient changes are limited within TCw and the matrix remains partially saturated.

For the 500-yr pulse, the intensity of the infiltration pulse (250 mm Iyr for 0.2 yr) is

high enough to saturate the top 2 m of TCw. Fig. 4.5 illustrates the horizontal saturation

profiles within the~opmost matrix block of TCw. The pulse is applied to vertical frac-

tures sUtToundingthe four sides of the matrix block. At time t =0, the first (topmost)
discrete fracture continuum node starts to receive all the water at a rate corresponding to

250 mmIyr infiltration per unit sUlfacearea. Although the water enters the fracture node

first, it does not accumulate in the fractures which remain partially saturated. The water

is quickly drawn into the matrix by capillarity and distributed nearly evenly throughout
the matrix block, which is simulated with 10 nested nodes. The matrix saturations near

the matrix-fracture interfaces, 0.085 m (half the vertical fracture spacing of TCw) away

from the matrix block center, are only slightly higher than the matrix saturations in the
center of the matrix block.

At t =0.08 yr, the matrix block becomes fully saturated (5 =1). The total amount

of water infiltrated from t =0 to t =0.08 yr is approximately equal to the initial avail-

able pore spaces, <1>(1- 5 ), in the topmost matrix block. For TCw with porosity of

~=0.1 and an initial saturation of S =0.8, the availablepore space in the I-m thick
block will be filled in 0.1 x (1 - 0.8) x 1 m divided by 250 mmlyr, or 0.08 yr. As the

matrix approaches full saturation and the negative pressure head approaches zero, the

saturation in the fractures increases and water moves down through fractures to the next

fracture node. The process of horizontal wetting of the second matrix block follows

essentially the same fast-suction, even-wetting behavior of the first matrix block shown

in Fig. 4.5. Because we can calculate the times required for each block to become fully

saturated by the available pore volume and the intensity of pulse without detailed calcu-

lations of the horizontal wetting and vertical sharp wetting front movements, the pulse

calculations can be greatly simplified as described by Wang and Narasimhan (1986).

The results in Fig. 4.6 for the first cycle for a 500-yr pulse showed that changes in

saturation occur mainly in the 10-m section in TCw. Full saturation occurs only in the

upper pan of TCw during the infiltration period. The pulse effects penetrate slightly into

the upper pan of PTn but do not reach TSw. Effects of a second cycle are similiar to

thoseof the firstcycle. For a 5,OOO-yrpulse, the 10-msectionof TCw is completely
saturated during the infiltration period. After infiltration of 2,500 mm/yr over 0.2 yr , the
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infiltrating water moves through PTn and reaches TSw in about 1,000yr. Even for this

large pulse, PTn and TSw remain partially saturated. Because the 5,000-yr pulse effects

do reach TSw, one may question if the lower boundary used in the simulations was

perhaps too close to the PTn-TSw interface. We did another set of simulations for the

5,000-yr pulse cases using an extended grid.

In the extended grid (see Fig. 4.1), we use the composite-medium model to

represent all welded and nonwelded units from the surface to the water table. For the

5,000-yr x O.l-mmlyr pulse case, an infiltration rate of 2,500 mmlyr is applied for -

0.2 yr to TCw below the fully saturated interval which has all its available pore space

occupied by infiltrated water. The total amount of water applied to the system in 0.2 yr

corresponds to all the infiltration in 5,000 yr. The results of transient profiles for the first

5,000 yr showed that the zone of fun saturation does not penetrate the PTn. Similiar

results are obtained for additional cycles of pulse infiltration. The damping of the pulse

and the penetration of the transient effects for this composite-medium, all-unit simulation

agrees with the earlier discrete-fracture, upper-unit results with finer meshes. The effects

of the pulsing reach the top ofTSw in about 1,000yr and penetrate only the upper part of
TSw.

Most of the damping of the pulse occurs in PTn. A large 5,OOO-yrpulse can

saturate the matrix, initiate fracture flow, and generate complex flow field in TCw. When

the transient effects move into PTn, its large pore volume and highly nonlinear unsa-

turated characteristics can effectively accommodate and absorb the highly transient and

intense water pulses. Only mild perturbations reach TSw. Fig. 4.7 illustrates the propa-

gation and damping of the pulse in PTn. The large mass flux passing through the top

TCw-PTn interface at 100yr is damped out as it moves down PTn. The mass flux cross-

ing the lower PTn-TSw interface into TSw is much smaller in magnitude and later in
time.

In this extended grid, composite-medium column simulation, we also use a fixed-

gradient approximation to estimate the potential lateral flow which may divert a fraction

of infiltration from the venical direction along the column. The results in Fig. 4.7

includes the effects of lateral leakage from anisotropic PTn. The usefulness and limita-

tion of the fixed gradient approximation are discussed by Wang and Narasimhan (1986).

Because we went beyond the single vertical column to more accurately estimate the

effect of lateral flow in 1986, we will omit further discusion on the fixed gradient approx-
imation.



2.5

, "
u
OJ
(I)

~ 1.5
CJ)
E--'

0.5

- 40-

transient flux
5000 yr x 0.1 mm/yr pulse
cycle 4 (15000-20000 yr)

2

Legend
. TCw-PTninterface

0 PTnlateral fJ~

. PTn-TSwi~rf~

Figure4.7 Responseto 5,OOO-yrinfiltrationpulse: dampingof fluxes withinthe
Paintbrushnonweldedtuffunit.

/' '\

\
0 -

10 100 1000

time after pulse (yr) -

10000

X
:J-

'"+-
(I) 1
(/)

a
E



-41 -

4.6 Ambient Infiltration: An Estimate

Our 1985 results support a conclusion that water flow occurs mainly through the tuff

mattix if the average net infiltration rate is less than the saturated conductivity of the

matrix. Spatial heterogeneities associated with welded-nonwelded interfaces and tem-

poral variations associated with large infiltration pulses do not change the flow field at

TSw significantly. The saturated conductivity of the welded tuff matrix is very small

from laboratory measurements. With small saturated conductivity in the range of

1mm Iyr , the net infiltration rate is estimated to be 0.1 mm Iyr or less so that the simu-

lated saturations agree with the ambient values of 0.6 to 0.8 for the welded units. If the

onset of fracture flows could be demonstrated to be unlikely under ambient conditions

and under extreme flooding events and the dominant flow direction is vertical, perfor-

mance assessment could be easily and convincingly carried out for the partially saturated,
fractured tuff at Yucca Mountain.

5.0 Distribution of Fluid Near a Fault Zone: Possibility of Lateral Flow

In 1986, we extended our models from a single vertical column to a two-

dimensional east-west cross section bounded by vertical fault. Yucca Mountain is

approximately 2,000 m wide. A minor fault, the Ghost Dance Fault (GDF), inside the

proposed repository area, will be a major hydrological concern if the fault flow is an

important transport mechanism. Without experimental data on the unsaturated charac-
teristics of the fault zone material, we focused our attention in 1986 on the distribution

and movement of water in the unsaturated formation near GDF and assessed the potential

for water to overcome capillary forces and exit laterally through the formation-fault

interface. If water can be diverted away from dispersed vertical flow through the unsa-

turated formation to concentrated flow through the localized fault zone, the fault zone

would likely constitute the fastest flow path from the repository to the water table. On

the other hand, the absence of significant fault flow and the dominance of matrix flow

will result in long travel time through the unsaturated tuff units.

5.1 Unsaturated Fault: Different Hydrological Possibilities

The distribution of fluid flow in the unsaturated zone is governed by the balance

between the capillary forces and gravity. The external gravitational force moves the

water downward, and the internal capillary forces hold the water in place within the

pores. The magnitude of capillary force is inversely proportional to pore size and the

heterogeneity of rock pore structure controls distribution and movement of water through
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partially saturated fonnations. Within the meter scale, we have the heterogeneity with

tuff matrix blocks separated by discrete fractures. The large fracture openings cannot

maintain the strong capillary forces required to hold water within discrete fractures under

ambient partially saturated conditions. In the much larger scale covering the mountain

width, we have the faults as the heterogeneous feature.

In modeling the hydrology of Yucca Mountain, it is important to assess the impacts

of faults that traverse the tuff fonnation. ~f faults are barriers to flows, faults will parti-

tion the system into separate hydrologic blocks, and we can focus on the study of flows

through the interior of blocks. If faults are the main coiiCltiifsfor -fluid,then we should

focus on the study of fault flows. In saturated systems, we have a clear distinction

between these two possibilities. A closed fault is treated as a no-flow boundary, and an

open fault as a constant potential boundary if it is connected to a constant-head reservoir.

In the latter case, faults may help transpon water from a far-removed source or may help

remove water to a deeper sink.

In partially saturated systems, we may not have such a clear distinction between an

open and a closed fault. Three possibilities can be considered:

. If a fault zone is made up of broken up mass because of brecciation, it might

have very coarse openings that can be easily drained. If the openings are dry,

there is no fluid to be transported. On the other hand, a dry opening is not a

banier to fluid flow. If water enters the opening, it will have high penneability

and offer low resistence for fluid to slide down the walls of large openings

(noncapillary flow). Under partially saturated conditions, an "open" fault

becomes a passive boundary which can transport water if water enters it, but it

cannot keep water because there is only very weak capillary force to hold

water in large openings.

. If a fault is sealed with gouge material and fine-grained materials, it can retain

water and may even attract water with the strong capillary force associated

with small openings. On the other hand, small openings have low penneability

and cannot be good conduits for transporting fluid. Under partially saturated

conditions, a "closed" fault becomes a relatively wet zone that passively

retains water in nearly static conditions.

. There is a third, remote, possibility that the fault may have a unique combina-

tion of saturated and unsaturated characteristics. If the fault material can

maintain both strong capillary attractive force and large permeability, then the



-43-

fault can pull water away from the formation and transport it quickly away

from the system. We cannot rule out the existence of such a unique combina-
tion wherein fault flow would concrolthe partially saturated hydrology.

5.2 How to Model the Fault: The Seepage Face Idealization

There are no data for the faults to clearly distinguish whether faults in tuff forma-

tions have open, closed, or exotic characteristics. In the 1986 study, we did not use

material properties to represent the fault. We creat the fault-formation interface as a

seepage boundary. It is well known from hillside studies that water will seep out of the

fonnations if the potential at the open face is lower than the potential inside the hill. We

assume that the fault is so open that capillary force is zero and the face of the fault

behaves like a hillside open surface exposed to atmospheric pressure. We focus on the
interior of the formation to determine whether water can overcome capillary forces hold-

ing water inside the tuff formation. If water does not exit through the fault-formation

boundary, the seepage boundary is essentially a closed boundary. If water remains inside

the formations, distribution of fluid flow will be independent of whether the fault is open

or closed. The only possibility we do not model is the third possibility, wherein the fault

acts as a sttong capillary suction sink as well as a high-permeability conduit under par-

tially saturated conditions.

Within the tuff formation, the lateral component of the gravity gradient caused by

the tilting of the units has been proposed as a mechanism to divert water laterally (Mon-

tazer and Wilson, 1984; Rulon et al., 1986). The scratigraphic units at Yucca Mountain

generally tilt eastward at 5° to 7° (Scott and Bonk, 1984). For an average 6° tilting, the

tangent of 6° is 0.1 and the external driving force along a lateral direction is 10% of grav-

ity. The partially saturated flow movement is determined by the balance of external force

with internal capillary forces. We expect that a weak external force associated with the

lateral component of gravity will demand a mild readjustment in lateral variation in

saturation, capillary pressure head, and potential to allow the capillary force balances out
the external force.

5.3 Stratigraphy, Fracture, Matrix Data: An Update

Before we present our results from the two-dimensionalcross sectionmodels, we

brieflydiscuss severalpreliminarysteps and the systematicapproacheswe adapt in this

study. In 1986,a ReferenceInformationBase (RIB)was developedat SNL. Y. T. Lin of

SNL provided us with digitized data for section A-A' from RIB. Section A-A',
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illustrated in Fig. 5.1, is one of the sections used by Sinnock et aI. (1987) in a multi-

column unit-gradient vertical-flow stochastic simulation to study the groundwater travel
time distributions. To focus on the impact of the GDF on the two-dimensional flow

behavior in section A-A', we first repeat the single column simulations with thicknesses

of the units corresponding to digitized values at GDF instead of borehole USW-G4 in our

earlier studies. We also update matrix (Table 5.1) and fracture (Table 5.2) according to

RIB and other new SNL reports. For examples, the average fracture orientation and fre-

quency data from five boreholes (Bauer, 1986) was used instead of the early analyses
with USW-G4 data alone. The main difference between the updated results and early

analyses is that the horizonull fractures are relatively fewer than the vertical fractures,

especially for the welded units. For the mattix, the RIB saturated conductivity values for

TSw and CHn mattix are lower than cOITespondingvalues in earlier references. With

lower saturated conductivity, the calculated saturation in TSw is approximately 5%

higher than the 1985result for the same infiltration of 0.1 mm Iyr.

In the RIB (SNL, 1986), the characteristic parameters are not tabulated. We still

used the data of Peters et aI. (1984) for these parameters. Until 1986, we had been focus-

ing attention on understanding fracture characteristics and relied on SNL to provide

matrix characteristics. In 1986, we also started to analyze available matrix data. The

comprehensive report by Peters et al. (1984) contains much data and analyses of labora-

tory measurements of small intact as well as fractured tuff core samples. In our 1986

simulations, the matrix characteristic curve parameters for TSw1, TSw2, CHnz, and PPw

units correspond to the representative samples chosen by Peters et aI. (1984). For PIn

and CHnv, we used two other samples with wider pore size distributions which were also

from Peters et aI. (1984). These two nonwelded units may have multi-modal pore struc-

ture as shown in later detailed PTn study by Peters et al. (1987). Recent study by P. G.

Kaplan of SNL indicates that the CHnv unit is very heterogeneous with many subunits of
different characteristics.

5.4 The Ghost Dance Fault: A Colwnn Profile

With the use of characteristic curves representing wider pore size distributions in

our 1986 study, we were able to yield simulated saturation values closer to measured

ambient saturations for the nonwelded units as shown in the GDF column results in Fig.

5.2. The evolution of the 1986 results from the 1985 results represents our efforts to

update our data and improve our model predictions. All our model parameters are deter-

mined from available data. In 1985 and earlier, we had the wrong impression that the

nonwelded units are porous and homogeneous. The predictions of low saturations in
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Table 5.1 Matrix Properties

(1) TCw, PTn values from Sinnock et al. (1987), othervalus from RIB (SNL, 1986) sec. 1.1.4.2

(2) TCw, Pro. TSwl values from RIB 1.3.1.2.1-4, other values cala1lated from data in RIB 1.1.8.1 and 1.1.3.1-2. TCw, Prn, TSwl

values from RIB 1.3.1.2.1-4, other values calculated from data in RIB 1.1.8.1 and 1.1.3.1-2

(3) from Peters et at. (1984) with sample code: TCw:G4-1, Prn:G4-2, TSwl:G4-6, TSw2:G4-6, CHnv:GU3-15, CHnz:G4-11,

PPw:G4-18, CFUn:G4-19f1iJ, BFw:G4-21122.

(4) TCw, Prn values from Peters et al. (1984), other values from RIB 1.1.3.1-2.

(S) Nimick el al. (1984).

Saturated

Permeability Ie.

Unit (CODductivlty (1 Porosity(2) ftD Genuchten Parameters Compressibility (5)

".2 (mm Iyr) , af.3>(11".) ,. (3) S () (11m),

TCw 2.55 X 10-18 (0.789) 0.114 8.21 x 10-3 1.558 0.002 6.2 x lO-7

Prn 245 x }0-15\157.385) 0.448 3.05 x lO-1 1.22 0.040 8.2 x 1

TSwl 2.33 x 10-18(0.722) 0.143 5.67 x lO-3 1.798 0.091 1.2 x lO-6

I

TSw2 2.33 x 10-18 (0.722) 0.1168 5.67 x 10-3 1.798 0.091 5.8 x lO-7

CHnv 3.46 X 10-16(107.168) 0.3541 4.40 x 10-1 1.496 0.0852 3.9 x 10-6

CHnz 1.73 X 10-18 (0.535) 0.3064 3.08 x 10-3 1.602 0.1211 2.6 x lO-6

PPw 2.84 X lO-16 (87.742) 0.2557 1.41x 10-1 2639 0.0686 1.5 x 10-6

CFUn 6.99 x url7 (21.637) 0.3239 3.82 x 10-3 1.9455 0.2282 2.4 x 10-6

BFw 3.83 x 10-16(118.439) 0.2391 2025 x 10-1 3.2025 0.0584 1.7 x 10-6
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Table 5.2 Fracture Properties

(1) Representative values from well 1-13. Thordanon (1983); Sinnock t!t al. (1987).

(2) Derived from average fracture spacings and orientation data m well USW G-l. UE-25aNl. USW GU-3/G-3. USW G-4. see Bauer

(1986).

(3) Derived from bulk S81W'atedpenneability and fracture spacings. assuming two vertical sets and one

horizontal fraCblle set.

(4) Derived wnh gamma distribution from penneability and sunace cootact area for rough-walled fractures,

Wang and Narasimhan (1985).

(5) Assumed to be equal to the fraction of fracture sunace coated with clay, calcite. andjar zeolite. m well USW G-4.

Spengler and Chomack (1984).

(6) Peters et ale(1984).

Bulk Saturated Discrete

Permeability Fracture (2) Ell'ective Fracture

(CODductJvlty (1 Spadng d (m) Aperture b (mm) Permeability kl (m
Unit ".2 (mmlyr) Vertkal Horizontal Vertical Horizontal Ver1Jcal Horizontal

TCw 1.18 x Uj12 (3.65 x 105) 0.18 0.42 0.109 0.144 9.87 x 10-10 1.72 x Hj9

PTn 2.42 x url3 (1.5 x 104) 1.02 1.12 0.114 0.118 1.09x 10-9 1.15 x 10-9

-TSwl... 1.18 X to-12 (3.65 x 105) 0.21 1.26. 0.114 0.208 1.09x 10 3.59 X 10-9

TSw2 1.18 x 10-12 (3.65 x 105) 0.21 1.26 0.114 0.208 1.09 x 10-9 3.59 x 10-9

CHnv 2.42 x 10-13 (1.5 x 104) 2.12 4.49 0.146 0.187 1.77 x 10-9 2.91 x 10-9

CHnz 2.42 x 10-13 (1.5 x 104) 2.12 4.49 0.146 0.187 1.77 x 10 2.91 X 10-9

PPw 1.18 x 10-12 (3.65 x 105) 1.49 2.73 0.219 0.268 4.01 x 10 6.00 x 10-9

CFUn 2.42 x to-13 (1.5 x 105) 5.07 4.49 0.195 0.187 3.16 x 10-9 2.91 x 10-9

BFw 1.18 x 10-12 (3.65 x 105) 0.393 3.39 0.141 0.289 1.65x 10-9 6.94 x 10-9

Contact(4) Aperture(4) Fracture (5) Discrete(6)

Cutoft' Aperture Distribution Surface Contact Fracture

be (mm) Parameter P(mm-I) Area Compressibility
Unit Vertical Horizontal Vertical Horizontal co (I/m)

TCw 0.010 0.014 24.8 18.8 2.8% 1.32 x 10-6

PTn 0.027 0.028 21.7 21.1 11.8% 1.90 x 10-7

TSwl 0.027 0.050 21.7 11.9 12% 5.60 x 10-8

TSw2 0.027 0.050 21.7 11.9 12% 1.20 x 10-7

CHnv 0.041 0.053 16.6 13.0 15% (no zeolite) 2.80 x 10-8

CHnz 0.132 0.169 12.7 9.91 50% (w. zeolite) 2.80 x 10-8

PPw 0.130 0.159 9.53 7.79 35% 1.20 x 10-7

CFUn 0.115 0.110 10.7 11.2 35% 2.80 x 10-8

BFw 0.083 0.170 14.9 7.24 35% 1.20 x 10-7
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nonwelded units using matrix characteristic curves with narrow pore size distribution

bothered us. In 1986, new studies and observations suggested that the nonwelded units

are heterogeneous, and the updated predictions reduced the discrepancies between model

predictions and experiment measurements. We expect that the continuing process of

cross checking between mcxielsand measurements will validate the models for perfor-
mance assessment.

Before implementing two-dimensional grids, we conducted tests with several one-

dimensional cases to study the effects of mesh refinement and spatial averaging of per-

meability on the solution. Our calculations showed that we did not introduce any serious

errors because of our choice of the mesh refinement or the method of spatially averaging

permeability.

s.s Multi-Column Models: Fluid Redistribution within the Tuff Formation

To focus on the effects of eastern tilting of the units and the presence of GDF on the

two-dimensional flow behavior, we modeled the region west of GDF, treating GDF as a

seepage boundary. The location of the western boundary was treated as variable ranging

from 190 m to 648 m. Five meshes were used in the two-dimensional studies to evaluate

the effects of mesh refinement and the effects of system boundaries. Fig. 5.3 is a 9-

column, slanted mesh used in the 648-m wide model. Our results showed that numerical
uncenainties associated with lateral mesh refinements were small. With mild variations

in saturation, pressure, and potential in the lateral direction, coarse gridding can be used

to generate acceptable results (Wang and Narasimhan, 1988).

The two-dimensional simulations showed that the eastern tilting of the units results

in slightly higher matrix saturations in the eastern side of the cross section. Conse-

quently, pressure heads along eastern columns closer to the seepage boundary are slightly

higher than pressure heads along western columns. Pressure head values remain negative
and deviations of two-dimensional results from one-dimensional one-column results were

found to be small. The equal potential lines inmost units are nearly horizontal, as illus-

trated in Fig. 5.4. From manix saturation, pressure head, and potential results of the

two-dimensional multi-column model, tilting of the units changed vertical distributions

very little.

The matrix saturation and pressure head values of the nodes in the middle of TSw2

unit were found to be higher in the east than in the west. From saturation differences

between the easternmost and westernmost columns, we calculated that the rate of linear

saturation change varied from 5 to 17%/km, depending on the number of columns in the

model; the smaller the number of columns, the larger the change. From results of the 9-
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column, 648-m section model, we can also estimate wider section upper bounds for the

change rate of other variables:pressure head: 60mIkm; potential, 44mIkm; vertical

Darcy velocity, 0.085 mm IyrIkm ; and vertical matrix pore velocity, 0.79mmIyr Ikm.

5.6 Vertical and Lateral Flow: Nonwelded Unit as Lateral Channel for Fluid Redistri-
bution

Calculations using the 9-column, 645-m model showed that vertical Darcy velocity

alongu~q!umnsclosest to the GDF boundary is approximately 25% higher than the 0.1-

mmIyr infiltrationrate; flowin column 5, in the middle, is approximately0.1mmIyr;

andflowin column 9, awayfrom the GDF boundary,is approximately25% lower than

0.1 mmlyr (Fig. 5.5). From the vertical matrix velocity, we can calculate the travel time

from the repository to the water table. For the 9-column, 648-m model, the travel time

along the easternmost column is approximately 50% shorter than the travel time along

the westernmost column. If the width of the section is doubled, we expect the groundwa-

ter travel time to vary in the range of a factor of 2 from different points in the repository.

The fluid flow redistribution effects induced by the tilting units are unlikely to inttoduce

orders-of-magnitudechangesin traveltimefor the O.I-mmIyr infilttationcases.

In slanted meshes used in this study, lateral fluxes between two neighboring

columns are evaluated from both pressure and elevation differences of neighboring

nodes. Because elevation differences are included in flux calculations, a lateral velocity

is not a horizontal velocity. Lateral velocities measure flux magnitudes along layers

parallel to tilted interfaces. A careful evaluation of the lateral fluxes between the

columns showed that lateral Darcy velocities are smaller than vertical Darcy velocities.

When it does occur, lateral flow occurs mainly within the PTn unit. Lateral flow is

the mechanism to redisttibute vertical infilttation by channeling water from the west to

the east, so that vertical Darcy flux in the east is higher than in the west, and saturation is

higher in the east than in the west. Magnitudes of lateral flow were found to be higher in

the middle of the cross section than near the side boundaries (Fig. 5.5). In other words,

water does not exit through the fault-fonnation boundary. The lateral gravity gradient

associated with tilting of interfaces cannot overcome capillary forces that hold water in

partially saturated fonnations.

5.7 Onset of Seepage Flow: A Hypothetical Nearly-Saturated System

For the O.I-mmIyr cases, representing the ambient saturation conditions, no

seepage flow occurs through the formation-fault boundary. The onset of seepage flows is
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simulated in the O.5-mm/yr infiltration cases. With 0.5-mm /yr infiltration, the tuff units

are nearly saturated and seepage flow was found to occur only at the CHnv-CHnz inter-

face for a 5-column, 343-m section model with O.5-mm/yr infiltration. In tenns of mass

fluxes, we have approximately 8% lateral diversion; Le., 8% of infiltration on the ground
surface exits at the CHnv-Chnz interface out of the two-dimensional section, and the

remaining 92% moves down to the water table. For this case, the amount of water flux

driven by the lateral gravity gradient parallel to tilted interfaces is larger than the matrix

saturated conductivity, and fracture flows are initiated at the seepage exit point. With the

material properties used in the 1986 study, we observed seepage flow only in the--CHnv----

CHnz interface for the 0.5-mm /yr cases. If we use different characteristic CUlVesfor the

units, we may also generate results with seepage flow in other units if the units have pres-

sure values nearly zero and redistribution effects are strong enough to increase pressure

values to nonnegative ranges. We should reemphasize that saturation and pressure distri-

butions with O.5-mm/yr infiltration do not represent ambient partially saturated condi-

tions at Yucca Mountain. Therefore, predictions of the existence of seepage flows in the

O.5-mm/yr cases were mainly modeling exercises.

5.8 Ambient Flow Field: Effect of Stratigraphic Tilting

Based on results with two-dimensional cross section models for alternating layers

tilted toward the seepage boundary on the east, we may conclude the following for 0.1-

mm /yr infiltration:

. Eastern tilting of units contributes to redistribution of flow, resulting in higher

saturations and higher vertical velocities in the eastern side of a block bounded

by faults. This redistribution effect is approximately proportional to cross-
section width.

. Nonwelded units are major channels in redistributing vertical infiltration.
Magnitudesof lateral flow are higher in the middle of the cross section than
near sideboundaries.

. Tilting itself is not a strong enough mechanism to induce drastic changes in

saturation, pressure, and potential distributions to drive flows into fault zones.

The mild lateral variations in saturation, pressure, and potential indicate that one-

dimensional results are fairly good estimates of ambient conditions. The lateral tilting

mechanism is a second-order perturbation that does not globally change the downward,
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gravity-driven flow patterns. So long as fluid flow remains inside panially saturated

units, redistribution effects caused by tilting will not introduce order-of-magnitude differ-

ences in fluid transport predictions. If the system is on the verge of making a phase tran-

sition from partially saturated to fully saturated condition, as in the case of 0.5-mm /yr

infiltration, the lateral tilting mechanism can perturb the system and change a fraction of

fluid flow from dispersed slow flows percolating through the formations to concentrated

fast flows rushing down the faults. If fault flow is important, the early anival portion of

the groundwater travel time distributions may be controlled by the fault characteristics.

For ambient conditions with large negative pressure values in all partially saturated units,

it is unlikely that the lateral tilting mechanism can perturb the pressure and saturation

field significantly enough to overcome negative capillary forces holding water in forma-

tions and change groundwater travel time distributions drastically.

6.0 Statistical Analyses of Tuff and Soil Data: Variability of Hydrological Parameters

in Different Media

In 1987, we systematically analyzed the hydrological parameters of tuff matrix and

fractures. Because many hydrological parameters are determined from microscopic pore

structures, together with fluid properties and rock textures, correlations among different

parameters may manifest themselves in the measured values. To elucidate the parameter

correlations, we compile and compare saturated and unsaturated parameters of tuff

matrix with watershed soil data. There are two reasons for us to analyze the tuff matrix

and soil data in detail. We are concerned with the proper range of the fault and fracture

parameters which are difficult to measure but may control the system response in the

fractured tuff formations. Also the detennination of groundwater travel time distribution

requires statistical quantification of model parameters. We conclude this section with a

~ discussion of the application of fractal theory to the analysis of rough-walled fractures

and heterogeneous media and the relationships between fractal theory and geostatistics.

6.1 Parameter Distributions: Difference between Tight TuffMatrix and Permeable Soil

Because many unsaturated flow models were developed in soil studies, it is impor-

tant to analyze the similiarity and difference between soil and tuff rock characteristics.

Some of the soil data have also been used to represent fractures and faults in tuff forma-

tions. We compared parameter distributions of tuff matrix data with watershed soil data.

Specifically, the tuff matrix data are from the SNL studies by Peters et al. (1984) and

Klavetter and Peters (1987), fitted with the van Genuchten (1980) model. The watershed
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data are from the United States Department of Agriculture study by Holtan et ale (1968),

fitted by Panian (1987) of Desert Research Institute, also with the van Genuchten model.

In the van Genuchten model, the dependence of effective saturation Se on suction

pressure head h is described by the equation,
1-1+-

Se(h)=[l+(lahl)"] " (6.1)

Figure 6.1 compares the van Genuchten curves with the popular Brooks and Corey

(1966) model,---~-.-

'

{

I

Se(h)= lahl-A

iflahl <1
iflahl~l. (6.2)

In the range of large suction, the van Genuchten equation is asymptotically

equivalent to the Brooks and Corey power function with the pore-size distribution index

A. =n - 1. The inverse of the parameter a, Ihae I = a-I, is frequently referred to as the

air entry value or bubbling pressure in the soil literature. This is one interpretation for

the parameter a or hae' When suction pressure head h overcomes the air entry pressure

hQ/! ( Ih I~ IhQ/! I), air enters the pores and water flowsout of the mediumto initiate

desaturation. This interpretationis based on the cutoff separating the Se=1 saturated

regionfromthe Se=Iah ,-A desaturatedregionin the Brooksand Coreymodel.Another

interpretation for a is to treat it as a scaling parameter. The saturation depends on ah

together and not on CIand h separately. Characteristic curves of soils with different CI,

but same A.,can be scaled into one curve. Therefore, we refer to a as the air entry scaling

factor. If flow channels are represented by capillary tubes, we can define air entry radius

by the capillary equation

rae =_-1:1.
pghQ/!

-2:L CI .
pg

(6.3)

With surface tension y, water density p, and gravitational acceleration g as constants, rae

is proportional to CI. We can treat the air entry radius rae as a parameter equivalent to the

air entry scaling factor CI.

We have analyzed the pore-size distribution index and the air entry scaling factor,

together with saturated permeability, porosity, and residual saturation. Detailed analyses

of the distributions and the correlations of soil and tuff parameters are in the report by

Wang and Narasimhan (1989). In this review, we focus on two parameters: the saturated

permeability and the unsaturated air entry scaling factor. Fig. 6.2 compares the distribu-

tions of log air entry scaling factor of watershed soils with tuff man1x. The important
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obseIVation is that the average air entry scaling factor for watershed soils is two to three

orders of magnitude larger than both the welded tuff and nonwelded tuff. Because air

entry radius is proportional to air entry scaling factor, the order of magnitude differences

simply indicate that the soils have much larger pores that can be easily desaturated and

tuff manix have smaller pores that are more difficult to desaturate. Fig. 6.3 shows that

the average saturated permeability for watershed soils is five to seven orders of magni-

tude larger than those for welded/zeolitized tuffs.

6.2 Parameter Correlations: Relationship between Hydrological Parameters and PZow--------------

Geometry

The correlation between saturated permeability and air entry radius based on mean

values of these parameters for different soil texture categories and different tuff strati-

graphic units are plotted in Fig. 6.4. If a porous medium is represented by uniform circu-

lar tubes with radius rQ£' the maximum permeability of this idealized air entry tube
model is

r2Q£

kmax =8 .

Fig. 6.4 shows that the correlation between saturated permeability and air entry radius

follows approximately the square functional dependence when soil data are compared

with welded/zeolitized tuff manix data. Wang and Narasimhan (1989) discuss other data

sets in the literature on this and other parameter correlations.

(6.4)

In the literature, the correlation between permeability and porosity has been exten-

sively studied. If the saturated permeability does correlate with other hydrological

parameters, it probably correlates better with air entry radius than with porosity. Physi-

cally, this correlation makes more sense with air entry radius than with porosity. The

saturated permeability measures the flow through connected channels in a medium. The

air entry radius measures the desaturation of fluid from the interior of medium through

connected channels to the outside. Both parameters do not depend on dead end pores

with stagnant fluid isolated from the connected channels. The porosity measures the

volume of both connected channels and dead end pores. There is considerable interest in

the literature on the permeability-porosity relationship. The correlation between permea-

bility and air entry radius, ObseIVedin soil and tuff matrix data, also deserves attention in

natural geological medium studies. Practically, this correlation of saturated permeability

can be more easily demonstrated with air entry radius than with porosity. The air entry

radius, or equivalently the air entry scaling factor, varies over several orders of
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magnitude among different geological media. The porosity varies over a much narrower

range among different geological media. With wider variations, the air entry radius may

correlate better with saturated permeability, which has the widest range of variation

among all hydrological parameters.

6.3 Fracture and Fault Parameters: Physical Constraint

We need hydrologic data for the fractures and faults. There are only a few measure-

ments on saturated permeability of fractured cores (Peters et al., 1984) and none on unsa-

turated characteristic curves of fractures. Only theoretical models have been derived or

assumed to represent the fracture and fault characteristic curves. Wang and Narasimhan

(1985) derived the fracture curves in terms of measurable bulk conductivity, fracture

orientations and spacings, and fractions of fracture coatings. Peters et ale(1984) assumed

that the fractures behave like permeable sand. Rulon et ale (1986) used a parallel channel

model (Harrold et al., 1985) to derive anisotropic fracture- and fault characteristic

curves. Fig. 6.5 compares the model parameters in the correlation cross plot of saturated

permeability and air entry radius. Clearly the model parameters are very scattered and

some of the models have saturated permeability greater than the maximum capillary tube

value r1e/8.

Even though theoretical models can be derived for fractures and faults, we need to

have experimental measurements to validate the theoretical models. The contrast of

hydrological parameters between fractures and tuff matrix in meter scale detennines if

the fluid flow is fast through fractures or slow through matrix under ambient partially

saturated conditions. The contrast of hydrological parameters between stratigraphic units

and bounding faults in kilometer scale detennines if the net infiltration is dispersed

through the unsaturated tuff formations or concentrated through a few major faults from

ground surface to water table. The lack of data in fractures and faults is one of the rea-

sons we survey the soil data and study the parameter variations and correlations among

different natural geological media. If constraints and correlations can be shown to

govern and scale among different geological media, we can evaluate whether the theoret-

ical model parameters are reasonable and physical and establish better confidence in our
calculation results.

If correlation between saturated penneability and air entry radius is important, we

need to take this correlation into account. For stochastic modeling of alternating units of

welded and nonwelded tuff or fonnation blocks bounded by fault zones, we propose to

impose correlations and constraints on average values of saturated permeability and air

entry scaling factor between highly different units to avoid unlikely combinations of
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parameters and predictions. Within a given stratigraphic unit, this physically meaningful

correlation is likely to be masked by data variablilty, and uncorrelated parameters with

wide distributions may be acceptable.

6.4 Fractal Theory: Spatial Correlation and Scaling of Rough-Walled Fractures

With parameter distributions and correlations determined from laboratory measure-

ments, we need additional information on spatial correlation and scale dependance to

properly model field-scale ~)'~ological processes. The spatial correlation structure

determines the grid block sizes to represent a heterogeneous formation and the scaling

law relates the laboratory measurements to field experiments. We have constructed a

fractal fracture model (Wang et al., 1988) to represent a rough-walled fracture. From

that particular model study, we also recognize that the fractal scaling approach can be

used for other parameters. Even more important is the realization that fractal scaling is

more general than traditional geostatistical analyses with empirical variograms for

representation of spatial correlation.

A very useful and interesting aspect of the fractal is its scaling behavior. A rough

profile measured with a low-resolution measuring device over a large distance may be

geometrically similiar to the profile measured with a high-resolution device over a much

smaller scale on the same rock sample. If this scaling property can indeed be demon-

strated, we can deduce structure information at small scales by measuring at large scales,

and vice versa. The fractal dimension D can be regarded as a scaling parameter. Fig.

6.6 illustrates the steps in a recursive subdivision algorithm (Fournier et aI., 1982;

Brown, 1987) to generate a fractal surface. The procedure starts with a 3 by 3 mesh with

zero z values on the mesh points to define a reference flat surface. In the second level

with a 5 by 5 mesh, the z value of a new point is computed by a Gaussian random vari-

able function, with the expected value determined by its four known neighbors (two on

the boundaries) of the 3 by 3 mesh, and the standard deviation scaled by the fractal

dimension D and distance to the neighbors. We can continue the generation procedure

level by level to finer mesh. A low-D surface will have the standard deviation scaled

down faster than a high-D surface as one proceeds from one level to another level to fill

the mesh (Fig. 6.7).

We can use a similiar procedure to generate representations of heterogeneous media

with .spatially varying and cOITelatedparameters. We simply replace the elevations by

the property values and the Gaussian distribution by the parameter distribution. If data

values are known at a given number of locations, we can start with these locations as the

first-level mesh points and generate refinements in accordance to the parameter
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Figure 6.6 Steps involved in generating a rough fracture with fractal dimensions.
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D = 2.5
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Figure 6.7 Representation of rough fractures with fractal surfaces.
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distribution and spatial correlation structure. The heterogeneous field generated by this

procedure will take into account the spatial correlation because the mean value at a mesh

point is detennined by the values of its neighbors. Because the generation of each sub-

domain use the same procedure for the larger domain, domains of different sizes are
scaled. We can have a low-level or low-resolution mesh to first model the field approxi-

mately and continue upgrading the results with meshes of higher-level refinements.

The fractal dimension D can be detennined by log-log type curve analyses from

variogram data of the parameter disnibution. The log-log slope near the origin of zero

spatial separation is equal to 6- W , as shown in Fig. 6.8 from a derivation for the frac-

tal fracture model (Wang et al., 1988). The spherical model and many other empirical

variogram models widely used in geostatistical analyses have a log-log slope of 1. If we

reanalyze many variogram data in a log-log plot instead of linear plot, we can deduce the

fractal dimension and use the fractal dimension as a scaling parameter to generate geosta-

tistical representations.

If a heterogeneous field is generated with parameter disnibution, correlation, and

scaling properly taken into account, we can then proceed to solve flow equations to

obtain the distributions in pressure, flux, and velocity field. We need to quantify uncer-

tainties to obtain groundwater travel time distributions. Weare still perfecting our

approaches and models so that the groundwater travel time calculations can be efficiently

and accurately calculated.

7.0 Review and Summary

From analysis of capillarity-based conceptual model (Sec. 2 and 3, Wang and

Narasimhan, 1984, 1985), fractures can be desaturated more easily than the manix if

fracture apertures are larger than matrix pore sizes. With fractures drained, liquid water

could flow from one matrix block to another across contact areas. Reda (1987) and

Eaton and Bixler (1987) measured and analyzed the imbibition of liquid water into a tuff

core which contained several microfractures transversely oriented to the direction of the

wetting-front propagation. The local minima in saturation were shown to occur near the

fractures. A fracture could also impede liquid front movement, whereas vapor-phase

transport might occur across a fracture. The dominance of matrix flow was illustrated by

the following two tests. Haldeman et al. (1991) showed that the wetting front moved

mainly through the unsaturated matrix, and not much through the vertical fracture when

liquid water under suction was applied to the top of a fractured tuff block from Apache

Leap, Arizona. Gvirtzman et al. (1988) examined the partitioning of downward
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percolation between slow bulk flow through the matrix and fast flow through the frac-
tures in calcareous sandstone, using environmental tritium as a natural tracer.

Pruess and Tsang (1990) studied the fracture flow for both the liquid phase and the

gas phase and showed that the interference between.fluidphases flowing in a fracture was

strong, with the nonwetting phase flow easily choked off when the wetting phase occu-

pied small aperture regions. Fracture flow can be important when the fracture is in

nearly-saturated conditions. If water ponding occurs at the ground surface at the entrance

of a vertical fracture, thus guaranteeing a continuous slug of water along the fracture, the

wetting front along the fracture may be ahead of that in the matrix (Nitao and Busdieck,

1989). Capillary hysteresis in the matrix may also enhance vertical fracture flow penetra-

tion (Niemi and Bodvarsson, 1988). If the supply of water is finite, as in the case of

cyclic infiltration pulses (Sec. 4, Wang and Narasimhan, 1986, 1990), the water entering

the fractures may easily imbibe into the matrix. When a fracture is filled with water, the

capillary force will draw water into the unsaturated matrix blocks. Zimmennan et ala

(1990) showed that the rate of absorption into the matrix is proportional to the ratio of

surface area to volume for irregularly shaped blocks. The presence of a low-penneability

skin at the fracture-matrix interface might delay, but not entirely eliminate, the absorp-

tion of water into the matrix blocks (Pruess and Wang, 1987).

Composite-porosity models, effective medium models and multiple interacting con-
tinua methods were used in recent field-scale simulation studies to assess the impact of

siting a high-level nuclear waste repository at Yucca Mountain. Sinnock et ala (1987)

estimated the release rate of radionuclides from the potential repository with a multiple-

column unit-gradient stochastic model. Kaplan et ala (1989) illustrated the sensitivity of

groundwater travel time calculations on particle tracking or conservative tracer concen-

tration criteria. Bloomsburg et al. (1989) demonstrated the need to include multi-

dimensional analyses for heterogeneous unsaturated systems. The concern for lateral

flows and fault flows (Rulon et al., 1986; Montazer and Wilson, 1984) motivated the

two-dimensional modeling studies by Prindle (1989) and Wang and Narasimhan (1988,

1990) (Sec. 5). Multi-dimensional modeling results are sensitive to the boundary condi-

tions and to the constrast in hydrological parameters of fault and tuff units. In addition to

liquid flow, gas flow can be significant in unsaturated, fractured media. Weeks (1987)

and Kipp (1987) measured and modeled the seasonal variation of high-rate air flows in

boreholes at the crest of the mountain. Tsang and Pruess (1987) estimated that the

buoyancy-driven gas phase convection velocity is orders of magnitude larger than the

liquid velocity.
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Statistical, geostatistical, and fractal analyses (Sec. 6, Wang et aI., 1988;Wang and

Narasimhan, 1989) will be needed to characterize the fractured, tuff fonnations and to

scale the hydrological parameters. As site characterization activities at Yucca Mountain

(DOE, 1989) proceed, the uncertainties about the ambient conditions will be better

quantified and models for performance assessment will be better calibrated and validated.

In addition to ambient conditions, we need to understand the long term evolution of the

system to make the long term predictions more creditable. This chapter mainly addresses

the conceptual analysis of the nature of unsaturated flow regime in a fractured, porous

tuff system. For the assessment of the unsaturated repository concept, we need to

account for the contact of flow with waste packages and the migration and retardation of

radionuclides (Fig. 7.1). The amenability to long term monitoring and the retrievability

of the wastes for a repository in the unsaturated zone are also important components in

finding a rational solution to this challenging problem. These general issues are

addressed by Narasimhan and Wang (1991) with a hierarchy approach to identify the

hydrological issues that need resolution to support the performance assessment of Yucca
Mountain.
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