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ABSTRACT

The geological formations in the unsaturated .zone underlying Yucca
Mountain, on and adjacent to the Nevada Test Site, are being evaluated by the
Nevada Nuclear Waste Storage Investigations project. The formations are being
considered as host media for 'a radioactive-waste repository. They are
composed of tuffaceous materials,; sometimes highly fractured, whose hydrologic
properties must be evaluated to estimate the rate at which radionuclides could
migrate to the accessible environment. Hydrologic flow models used for
postclosure performance assessment of the prospective repository must take
into account the potential for water movement in both the rock matrix and the
fractures. Calculations using models that explicitly account for the effects
of individual fractures are not feasible, because of the extremely large
number of fractures contained in a site-scale problem and the difficulties in
characterizing and modeling the fracture geometries.

Two approaches were used to develop a continuum model to evaluate water
movement in a fractured rock mass. Both approaches assume that the pressure
heads in the fractures and the matrix are identical along a line perpendicular
to flow. The first approach uses this assumption and separate equations for
flow in the fractures and in the matrix to derive both a single flow equation
for an equivalent, porous medium and mathematical expressions for the
unsaturated, hydrologic properties in this flow equation. The second approach
assumes a fluid continuity equation for a porous medium. Information on the
physical structure of the rock mass, along with theoretical considerations
from capillary theory, is used to derive the mathematical expressions for the
rock-mass unsaturated hydrologic properties. Both approaches lead to a
single flow equation for a fractured rock mass.

The two approaches were used to calculate unsaturated hydrologic
properties, i.e., relative permeability and saturation as a function of
pressure head, for several types of tuff underlying Yucca Mountain, using the
" best available hydrologic data for the matrix and the fractures. Comparisons
of properties calculated by both approaches were found to yield qualitatively
and quantitatively similar results.

* This work, performed at Sandialuational Laboratories, was supported by the
U.S. Department of Energy under contract number DE-AC02-76DP00789.
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INTRODUCTION

The geological formations in the unsaturated zone at Yucca Mountain, on
and adjacent to the Nevada Test Site (NTS), are currently being investigated
as a possible host rock for a radioactive-waste repository; the U.S.
Department of Energy (DOE) is carrying out these studies £hrough the Nevada
Nuclear Waste Storage Investigations (NNWSI) project. The Yucca Mountain site
is unique among the prospective repository sites in ghgt the proposed
repository horizon lies entirely in the unsaturated ibne. The purpose of this
- document is to discuss. 1n general terms. (1) the Yucca Hountain site with
Eemphasxs on characterxstxcs that affect the hydrologic system, (2).the '

conceptual hydrologic model, and (3)_the mathemagical model of flow in the
unsaturated zone. This_matbematical model is the one currently being used in
the NNWSI perfdrménce"asseésmént systems codé‘iOSPAC (Dudley et al., in

. preparation). l '

' The location ‘of Yucca Hountain is indicated in. Fxgure 1. It lies within
the physxographic Baszn and Range Provxnce which is character;zed by generally
linear mountain ranges and 1ntervening valleys. Yucca Houn§a1n is a prominent
group‘of north-trending, faultrblock ridges. The elevation of northern Yucca
Mountain is approximately 1500 m. The ridge of Yucca Hounfaiﬁ is aboﬁt 300 m
above the surrounding valley flqors; Yucca Mountain is made up pregominantly
of ash-flow ahd'ash-fall tuffs. These tuffs may be organized into:functional
units that minimize the thermal, mechanical, and hydrologic propetty
variability within each unit. Figure .2, lists the locations of the functxonal
units at drill hole USW G-4 in terms of depth and geologic units. The
functional units above the water table can be piaced into one of three basic

groups on the basis of properties that affect the hydrology.

1) Densely welded tuffs that are highly fractured.
These units have low saturated matrix conductivities (10_11 m/s or less
for all but one unit) and high saturated fracture conductivities (for a
unit volume of rock, the total saturated conduétivity of the fracture
system is probably several orders of magnitude higher than the total
saturated conductivity of the matrix) The units included in this group
are TCw, TSwl, TSw2, TSw3 and PPw Unxt PPw 1s the most porous and has

the highest conductivity of any of the unzts in this group

-1-
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2) Nonwelded, vitric tuffs that have few fractures.
These units have high saturated matrix conductivities (in the range of
-6 -8
10 to 10

conductivities. The units included in this group are PTn and CHnv.

m/s) and relatively low saturated fracture

3) Nonwelded, zeolitized tuffs that have few fractures.
These units have low saturated matrix conductivities (10’-11 m/s or less)
and low saturated fracture conductivities. The unit above the water table

included in this group is CHnz.

A more complete discussion of definition of the functional units, the
methods used to pick their boundaries, etc., may be found in a report by
Oortiz, Williams, Nimick, Whittet, and South (1985). The report by Peters
et al. (1984) shows that the units defined primarily on the basis of thermal,
mechanical, and mineralogical properties are also relatively homogeneous in
terms of hydrologic properties. Throughout the rest of this report, the
functional units will be referred to as "hydrologic units" to emphasize the
fact that these units are relatively homogeneous in terms of hydrologic
properties. A general introduction to the geology of the region may be found
in the Draft Environmental Assessment for the Yucca Mountain Site (DOE,
1984). Information regarding the hydfology and fracture frequency was drawn
from many sources, including Scott et al. (1983), Peters et al. (1984), and
Sinnock et al. (1984).

Figure 3 is an east-weét cross-section through Yucca Mountain at the
location (section L -~ L') indicated in Figure 1. It is based on information
contained in the previcusly cited report by Ortiz. The positions of the
hydrologic units Are indicated along with the position of the water table and
the approximate position of the repository.

A conceptual model of the the hydrologic system at Yucca Mountain is
indicated schematically in Figure 3. A small fraction of the annual
precipitation infiltrates the surface of the mountain. It then begins moving
down through the various units. 1It is possible that some portion of the total

flux may be diverted at interfaces between the hydrologic units due to the
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extreme contrast in hydrologic properties between two units (e.g., PTn and
TSw2). If a perched water table forms at an interface, water will be diverted
down-dip. However, as a result of the extreme contrast in the conductivities
of the units at the interface, it may be possible for water to be diverted
down-dip without a perched water table forming at the iﬁterface between the
two units. Calculations and field testing will be required to determine
whether it is feasible to divert water in a situation where a perched water
table does not form.

The conceptual model for flow within a fractured, porous medium used by
many workers in this field is based on capillary bundle théory (e.g., Wang and
Narasimhan, 1985) which states that there is a relationship between pore size
and equilibrium pressure head. Thus, the saturation of a material containing
pores of many different sizes is related to the equilibrium pressure head in
the material. The following diséussion will assume that the average fracture
aperture is 25 micrometers and the matrix average pore diameter is 0.03
micrometers (Peters et al., 1984). This discussion will also assume that the
system is changing very slowly with time, a condition that will be true deep
underground in most locations. Figure 4 shows a plan view of a very small
section of a hypothetical fracture face at four different saturations. Wwhen
the matrix is partially saturated, the fracture will be essentially dry
because of the higher capillary suction (tension) forces in the matrix pores
adjacent to the fracture. A small amount of water maj exist in the fracture
in regions where a small radius of curvature can be maintained. In Figure 4a-:
water would be contained in regions where the matrix blocks are shown as being
in contact (local aperture < 0.1 micrometer) and in very thin rings around
these regions. The conductivity of the fracture for water movement in the
plane of the fracture is zero because these little islands of fracture water
are discontinuous. However, the conductivity for water movement across the
fracture is not zero; the contact regions form pipelines to transfer water
from one matrix block to the next. For tuffs at Yucca Mountain, the fracture
conductivity for flow across the fractures has been estimated to be high in
comparison with the conductivity within the matrix (Wang and Narasimhan,
1985).

As the matrix saturation is increagsed, the saturation of the fracture will
also increase in a highly nonlinear manner. At a higher matrix saturation
(and corresponding pressure head) these islands of water may be at the point
of coalescing (Figure 4b). At this pressure, the fracture conductivity in the

plane of the fracture is still essentially zero while the conductivity for

-6
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Figure 4a. Pressure head =-50 m, fracturedry ..: ..:- Figure 4b. Pressure head =-5 m, rings around
except at contacts (cross-hatch area) ., contacts are near coalescence
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Figure 4c. Pressure =-0.5 m, sinuous fliowin .. _.-Figure 4d. Fracture near saturation, one “trapped"
fracture plane ‘ air bubble

Figure 4. Conceptual model for flow in a fracture at increasing
Levels of saturation.
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water flow across the fracture has increased. At slightly higher ma@rix

saturations (for the parémeters chosen in this example the matrix satufation

would be of the order of 0.99999) the islands of water in the fracture have
coalesced to form sinuous channels (Figure 4c¢); the fracture conductivity in
the plane of the fracture is now nonzero. Finally, at a pressure head
approaching zero the fracture is almost completely saturated (Figure 4d).

The fracture is generally nonplanar. Thus, when there is water movement
in the plane of the fracture there will be regions where there is locally high
fracture flow and others where the flow is quite small. If the fracture is
partially saturated the majority of flow will occur in those regions where the
fracture aperture is small. Those regions where the fracture aperture is
large carry no water because the aperture in this region is too large to hold
any water. This concept is derived from fundamental principles of capillary
theory. When the fracture is completely saturated, the situation is
reversed. The majority of the flow in the fracture occurs in those regions
where the fracture aperture is large, with little flow occurring where the
fracture aperture is small because the flow rate is proportional to the cube
of aperture (Gale, 1975).

The conceptual model of flow in fractures used in this paper is based on
the previous discussion. The major points are summarized below.

1) The fracture conductivity for water movement across the fracture is
probably much larger than the adjacent matrix conductivity. Thus, flow
across the fracture is controlled by the adjacent matrix conductivity.

The fracture conductivity across the fracture can be replaced by the

matrix conductivity in flow calculations. '

2) The average fracture conductivity for water movement in the plane of the
fracture is a highly nonlinear function of fracture saturation or pressure
head. If the flux is less than the saturated conductivity of the matrix,
then the water will tend to flow only in the matrix as it moves downward.
If the flux is greater than the saturated conductivity of the matrix, then

the matrix will saturate, and the fractures will carry water also.



The manner in which the water flows. in a hydrologic unit depends on other
boundary conditions besides the fluk. For example, in the capillary fringe
area near the water-table, the matrix is always saturated because of the
capillary forces of the small pores in the-matrix; thus, in this capillary
fringe area some water will be in the highly conductive fractures no matter
how small the downward flux is. A lengthy discussdon of_msny different
mechanisms for water movement in the unsaturated zone mey be found in the

report by Montazer and Wilson (1984).

HYDROLOGIC MODELS

The purpose of the prev1ous sectxon was to indicate the general setting of
Yucca Mountain and a conceptual hydrologlc flow model In this section,
geologic and hydrologxc information is used to choose appropriate mathematical
models for calculations concernxng the entzre Yucca Mountain site. There are
currently many hydrologic codes avaxlable (e.g., NETFLO - Intera, 1982 -
NWFT/DVM - Campbell et al., 1981; TRUST - Rezsenauer et al., 1982. and SAGUARO
- Eaton et al., 1983). However, those that ‘have trxed to SLmulate an
unsaturated, layered system where the’ water £low may occur in fractures as
well as the matrix have had numerxcal—stab111ty problems (e.g., Bleer and
Eaton, in preparation).  The purpose of the follow1ng sections is to revxew
the general equations for: flow in a porous medla dlscuss the problems
associated with using the models, ‘and dxscuss the alternatlves ava1lable The
flow model discussed in this _paper may be used by TOSPAC, ‘a code bexng
developed for systems studles .of Yucca Mountain, and other NNWSI hydrolog1c
codes. ‘ '

The derxvatxon of the equatzon for water flow in partially saturated
porous media is ngen in many papers (e.g., Reeves and Duguxd 1975 Freeze
and Cherry, 1979. and Naraszmhan. .1982) .~ It generally begins with the’
expression for the conservatxon of fluid mass in the-absence of elther sources
or sinks. The assumpt1ons used in deriving the somewhat restcxcted equatzon

for fluxd flow are

1) Darcy's equation may be used to calculate the flow.
2) The matrix is rigid.

3) 'The*flow is isothermal.



The result ;s Richards's equation (Richards, 1931).

g&g%i =V« plK » Wy + 2)]

3(p8) _ a(pnS)

where 3t = 3t
s o, .o’
= A0 F NS 3 S Gt
R -1} ae], i\![éé TS
zn [P at Pt (P oy S oy

In Eq. 1, p is the density of water, 6 is the water content per unit

volume, t is the time, K is the hydraulic conductivity tensor that is, i
general, a function of ¢, ¢ is ﬁhe pressure head, z is the elevation abo’
an arbitrarily chosen reference plane (e.g., z = 0 at the mean sea level.
is the porosity, and S is the saturation.

The determination of some of the experimental parameters used in Eq.
fairly straightforward (e.g., that of p and the derivative of p with

respect to ¢); however, the determination of values for many are difficult

(e.g., ). As previously discussed, some of the hydrologic units are highl
fractured and, depending upon the magnitude of the flux, there may be water
movement in both the fractures and the matrix., Equation 1 was derived fo-
porous medium with no regard for the possibility of water movement in two
different "media" (i.e., fractures and matrix); the derivation contains n
information concerning how the coefficients should be evaluated or even w!
their functional form is.

There are two alternatives for modeling the situation where water move
occurs in both the fractures and the matrix with neither flow being neglig

compared with the other.

~-10-



1) Model the fractures explicitly by zoning them into the calculational mesh
as a _second region that has much different properties “from the properties

.of the matcix portion.
2) Rederive the flow equation (Eq. 1) for an equivalent porous medium; taking
into account the fact that there are two porosity’ systems (the matrix

~ porosity system and the fracture porosity system). -k

The option of explicitly zoning in the fractures has been used by ‘a’

ﬁvariety of workers. This technique’is well suited for-"small—scale“ problems

such as simulating the results of .laboratory.-or small field-scale
experiments. This technique:'is not suited to:simulations of large”site scale
problems where there may be more than 101 fractures 'in the region being
simulated. Thus, option 2 must be considered for modeling site—scale'-
problems.' , , B
The development of equations describing flow in’ this equivalent porous

medium can be derived either from a “macroscopic"” or “micéroscopic” point of
view;l A macroscopic model assumes that the fracture and ' matrix hyoroiogic
properties:ased are statistically representative of a large volume of rock
mass. vIo derive such a model requires a set:of appropriate experimental
measurements: separate tests of flow through the matrix and"through'the'
fractures. The results of theses- tests are combined with the assdmption of a
constitutive equation that ;describes .the water movement characteristics in the
system of‘interest. Then conductivity 'and saturation values as a function of
pressnre head are indirectly determined 'for both afrepresentative.sampie of
matrix material and a representative set of fractures without requiring any
actual knowledge of the physical structure of the system. For both the matrix
tests and the fracture tests, the-volume of rock material-tested is treated as

a "black box" with the constitutive equation as the transform function and the
hydrological properties as-the coefficients that have béen determined to

relate the input and output parameters. : For:example, in order to 1ndirect1y

:determine values;for‘theghydraulic'parameters,~the*water continuity'equation

or some equivalent equation (e.g., .Eq. 1) may-be used as the transform =
function, with measured values of flow rate and pressure gradient ‘as the input
and output parameters. Testing and modeling of the' the combined
matrix-fracture system;prov1de-the'necessary‘information to link the behavior

of the matrix and fractures.
To-11-



It is also possible to derive the hydrologic-property values for a rock
mass volume more directly from a microscopic approach, using the actual
physical structure of the system of interest, combined with fundamental
theoretical considerations of fluid flow in pores of a specific geometry, to
determine relative conductivity and saturation values as a function of
pressure head. In this manner, the individual hydrologic contributiong of
every pore size and fracture aperture are considered, rather than inherently
taking a "lump-sum" average of the entire system. These values for saturation
as a function of pressure head and relative hydraulic conductivity as a
function of pressure head (or saturation), which are determined independently
of the flow equation in which they are to be used, can then be applied to
describe the movement of fluid in a fractured, porous media.

The following sections will present both a macroscopic and a microscopic
derivation of the equation for water flow in a fractured, porous medium and
the evaluation of the coefficients in the flow equation. We show that the
results of the two derivations are nearly identical.

Both derivations draw heavily on capillary bundle theory in their
evaluation of hydrologic coefficients. A calculation of the rise in height of
water in a capillary tube as a function of tube radius indicates that for
tubes with a radius of the order of a few millimeters, the fluid rise, due to
capillary forces, is the same as the tube radius. Thus, the limit of
applicability for capillary bundle theory is of the order of millimeters.
This estimate of the limit of applicability indicates the models developed in
this paper are not applicable for systems containing fractures with apertures

of the order of many millimeters or larger.

Macroscopic Derivation of the Equation For Water Flow

Many authors have discussed the dual-porogity approach to modeling
fractured, porous media, including personnel in the petroleum industry (Warren
and Root, 1963; Odeh, 1965; Gringarten and Ramey, 1974) and those involved in
hydrogeology (Barenblatt et al., 1960; Duguid and Lee, 1973). The derivation
of the equation for water flow in a fractured, porous medium draws upon the
work just cited, especially that of Duguid and Lee. The general fluid
continuity equations in a dual-porosity equivalent continuum can be expressed

as follows.
~12-
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fhese equations are.more general than Eq. 1 because they do not have the three
‘restrictions (Darcian flow. rigid matrix, :isothermal flow) placed on Eq. 1.

" The subscripts "m"'and “£" refer to.the matrix and the fractures,

respectively. q is the water's specific discharge and V is the deformation
velocity of -the medium. These equations include a term for'the"transfer of
fluid from the fracture system to the matrix (). Many authors (e. B-,

Barenblatt, 1960) calculate the ‘transfer of flux between the two systems as

[ olw = v) S ,:-;«.3!_1»l | "

The value of the transfer coefficient w is difficult to determine
'experimentally, and estimates usually vary-over many orders of magnitude
(Barenblatt et al.. 1960) O : : ' R

o Equations 3 end 4 may be added together yielding a 'gingle equation in two
unknowns w and wf Thus, we need a second equation or condition

concerning the linkage between w and wf to solve for the flow field

in a fractured, porous. medium. These two variables are, of course, equal if
there is no flow through the media. :It is reasonable to assume that as the
flow 1s 1ncreased from zero these -two pressure heads may “begin to take on
increaSingly different values. Then, if the flow:is held: .constant, it is

. reasonable to assume that the pressure heads in the matrix and fractures will
eventually equalize. Thus, it is reasonable to assume that the magnitude of
the difference in matrix pressure head and fracture pressure head ‘in ‘a
~particular hydrologic unit depends on both the magnitude and history of the
flux. If the flow is large and changing rapidly in time, it is reasonable to
assume this difference is significant. However, the infiltration at the Yucca
Hountain site is thought to be less than 1 mm/year (DOE, 1984; Montazer and
Wilson, 1984) and probably changes very slowly with time at the depth of the

prospective repository and below. The calculations discussed in the following
-13- ‘



paragraphs investigate the magnitude and history of the flux with regard to
the depth to which a water pulse may penetrate a fractured system. The
results of the calculations concerning the flux history are then used as input
to calculations to estimate the magnitude of the difference in pressure head
between the fractures and the matrix under conditions that are thought to be
reasonable at Yucca Mountain.

The results of calculations using explicitly zoned fractures are useful in
determining whether episodic pulses of water at the surface (e.g., pulses due
to large storms) will reach the repository horizon as a sharp pulse (e.g., by
moving through the fractures exclusively) or as a very slowly varying pulse
(e.g., by moving through the matrix in one or more units). A slowly moving
pulse may, in fact, mix with other pulses, resulting in a flux that is
constant at depth with respect to time. Work specifically relevant to
infiltration pulses at Yucca Mountain has been done by Travis et al. (1984)
and by Martinez (in preparation). In Martinez's work the surface was
completely saturated for one hour, while in Travis' work a slug of water of
the order of 2 m tall was injected into a 100-micrometer fracture. Both
Travis and Martinez seem to indicate that episodic pulses of water at the
surface will not penetrate significant distances into Yucca Mountain if the
fracture aperture is less than 100 micrometers (an approximate upper value
suggested by Sinnock et al. (1984)). The water injected into the fracture

moves quickly into the matrix because of two complementary effects:

1) At the front end of the pulse, a large pressure-head difference exists
between the saturated fracture and the partially saturated matrix (this
difference may be of the order of 100 m). )

2) Because the fracture conductivity ahead of the water pulse is very low
(the fracture may be near its residual saturation), flow in the fracture
is retarded and the pulse diverted into the matrix. Wang and Narasimhan
(1985) indicate that the fracture conductivity.for flow within the plane
of the fracture may be zeroc until the nearby matrix material is nearly

saturated.'
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The independent calculations of Martinez and Travis indicate that the

"penetration‘distance into fractures contained in low-conductivity, densely

welded tuffs similar to those that form a caprock of Yucca Hountain (unit TCw)
is of the order of 10 m or less if the fracture aperture 1s 100 micrometers or
less. Calculations by Hartinez of the penetration of water into fractures in
unit PTn (which is above the reposxtory zone) show much less penetration of
the pulse into unit PTn than 1nto unit Tcw because the matrix of unit PTn is
much more conductive. ' )

The velocity of water movement in the matrix is of the order of the
percolation rate or the saturated conduct1v1ty (whichever 18 less). divided by
the porosity. Thus, the maximum water velocity in the matrix is of the order
of ten times the flux. a value which is probably leas than several millimeters
per year. ' ‘, _ L

Thus, ‘there is some 1ndication that the water flux at depth may be a
slowly varying function of time, from which it may be inferred that the
difference in pressure head between fractures and matrix _may be small at
depth. It should be noted that episodic pulses of water may penetrate to
great depth in’ regions near large structural features, such as fault zones, or
where - the fracture apertures are very large so that capillary bundle theory is
not applicable. Simulations of these sxtuations have not to the authors’
knowledge, "been completed, and there 1s only 1nformed opinion on this last
subject. = e e

Wang and Narasimhan (1985) have simulated thevdrainage of a fractured

welded- tuff cube of approximately 1. 5 cubic meters.. This simulation gives an

- idea of the difference between the fracture ,and matrix pressure heads under

" conditions where the flux is a slowly varylng function of time ~The matrix

saturation curve was, based on psychrometer test results (Peters et al., . 1984)
with matrix desaturation occurring over the pressure head range of ~100 m to

-10,000 m. The matrix saturation curve used is, very sxmilar to .that shown in

Figure'5, which is taken from Peters et al., 1984 The cube has two

orthogonal vertical fracture sets and one horizontal set that divide the
simulation region up into 75 blocks (5 wide * 5 deep * 3 blocks high) . The

‘fracture properties and spacings were chosen to be representative of those

found ‘in a welded tuff unit at Yucca Hountain. The fracture saturation curve

was developed from physical and statistical considerations with the fractures

desaturating over the pressure head range of 0.0 to -0.1 m which, according to
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Figure 5, is in the region where the matrix saturation deviates very little
from 1.00.

The cube was initially saturated. A step change in the lower boundary's
pressure head to -112 m initiated the simulation. A pressure head of -112 m
in the matrix block corresponds to a saturation of 80%. Throughout the
simulation the pressure head at 2 point in the middle of the center block was
identical to the pressure head at a point in the adjacent fracture that had
the same elevation as the first point. The pressure head in both the
fractures and the matrix blocks varied only in the vertical direction, which
was the direction of flow.

The pressure heads in the matrix and the fractures were identical because
of the contrast in their saturation curves. According to Figure 5, over the
pressure-head range where the fractures were desaturating (0.0 to -0.1 m of
pressure head), the matrix maintained essentially constant saturation (S ~
1.0), and over the pressure head range where the matrix was desaturating the
fractures were at nearly constant saturation (the fracture residual
saturation). Therefore, during the time period when the fractures ware
draining, only a very small amount of water was required to drain from the
matrix to maintain pressure equilibrium with the fractures. After the
fractures were drained, their pressure head matched that of the matrix,
because only minuscule amounts of water had to be drained from the fractures
so that the pressure head in the fractures matched that of the matrix. 1In the
problem of saturating the block slowly, the results would be identical to the
drainage problem. Thase results indicate that the contrast in fracture and
matrix properties, under conditions of slowly varying flux (either decreasing
or increasing flux), constrains the pressure head in the fractures and the
matrix to be nearly identical.

In summary, calculations by Travis and by Martinez indicate that periodic
injections of water into the surface above the main body of the repository
region are not likely to penetrate the fractures to great depth and so the
flux at depth is a slcwly varying function. Calculations by Wang and
Narasimhan indicate that in a drainage situation (or probably its equivalent,

slow saturation) the fractures and matrix, along a direction perpendicular to
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flow, have nearly 1dentical pressure heads. Thus, except near the surface

.(where the’ fracture aperture is large) and near large-scale features (e.g.,

- fault zones), it is reasonable to assume that the pressure head in the -

fracture ‘system equals that in the matrzx.
Summing equations and settxng w equal to wf and calling thzs
pressure head y yields the follovxng.

alp(Sn + Senp))
at

+ V °’p(um'} qf) +'v e fprsme + anf) s.O ' (5)

Thus, it is not necessary to evaluate w. Equation 5 may be expanded so that

individual terms may be evaluated.

esg '1 3p
p atz[ﬁm TR "3;]* p 2y Gnm * Senet

‘ anm . anf ‘ , _ : :
Pl et S etV el 0 (6)

p(S n + s ) VeV +V « 9[p(S nm + s )] =0

The discussion of the evaluatxon of the terms in Eq. 6 will proceed from
left to the rzght. The first two terms (terms containing *n.as/oy"™)
'represent ‘the storage of water 1n the unit volume resulting from a change in

saturation of the matrix and the fracture system . The matrix saturation and

"its partial’ derivative with respect to pressure can be experimentally .

determined in a variety of different _manners ,including porosimetry tests using

" injection of- mercury ‘into the matrxx and more dxrectly, using thermocouple
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psychrometer tests. A comparison of these two methods and the results of
extensive tests of matrix material may be found in the report by Peters et al.
(1984). An example (taken from Peters et al. (1984)) of typical data
resulting from psychrometer testing of matrix samples from unit TSw2 may be
seen in Figure 5. The data from these tests may be fitted by a variety of
functions, including those proposed by Haverkamp et al. (1977) and van
"Genuchten (1978). Peters found that either of the two functions yielded
adequate fits if the data were well behaved and complete. However, the
function developed by van Genuchten is analytically integrable in the
equations used to calculate the unsaturated conductivity. Thus, it was chosen
to fit all of the data in the report by Peters, and it also will be used in
the rest of this paper.

L A
S=(8 ~-8)|————7 + S (7
s T [1+la¢IB] r

The subscripts "s" and "r" refer respectively to the state of saturation at
the saturated state (~1) and at the residual saturation. The parameters «
and B8 are the fitting coefficients that respectively influence the break point
and the slope of the part of the curve where the saturation is changing
rapidly. A is defined as 1 - 1/8. The equation is valid for pressure head
(¥) values less than zero. The material is completely saturated for all
pressure heads greater than zero.

Representative matrix saturation curves for units above the water table
may be seen in Figure 6, which is reproduced from the report by Peters et al.
(1984). This figure indicates that there are significant differences in the
shape of the matrix saturation curve for the hydrologic units found above the
water table at Yudca Mountain. Table 1 contains information concerning the
fitting parameters used to construct these saturation curves as well as other
information needed for hydrologic calculations.

Information regarding fracture saturation characteristics is much more
scarce. Wang and Narasimhan (1985) have used statistical concepts to develop

equations describing the saturation curve for fractures in a densely welded
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tuff. Their fracture saturation curve is similar to that of a coarse sand
such as that shown in Freeze and Cherry's text on page 42. Plans are being
made td measure experimentally the saturation curves of fractured core
(Klavetter et al., 1985).

The second set of terms in Eq. 6 (terms containing "1/p 3p/3y")
represents the storage of water in the unit volume due to the compressibility
of water. The quantity 1/p 3p/3¢ is proportional to the water
compressibility and is relatively constant. It will be denoted as Bw'

The third set of terms in Eq. 6 (terms containing "S 3In/at")
represents the storage of water in the unit volume due to the net expansion of
the matrix pores and the fracture apertures.

The fourth term represents the net change in flux of water that is

withdrawn from the unit volume. The final two terms (terms containing V")
represent the movement of water out of the unit volume due to movement of the
rock mass (e.g., due to dilation).

The information and assumptions listed below as statements 1 to 6 were
used in order to rewrite Eq. 6 in terms of one variable, ¥, the pressure
head. The result is Eq. 8, which may be solved for the pressure head field,
subject to the boundary conditions, material properties, etec.

1) The continuity equation for the matrix grain mass.

2) The three~dimensional bulk rock consolidation equation with the assumption
that the displacement is vertical (see Reeves and Duguid (1975) for
further discussion).

3) The assumption that a unit change in the quantity "total saturation times
preséure head" at a point causes a unit change in the local stress field
(see McTigue, Wildon, and Nunziato (1984)).

4) Darcy's equation for fluid flow.

5) 1Identical pressure head in the fractures and the matrix (previously
discussed and used, but listed here for completeness).

6) The conventional agssumption that total head is defined as the sum of the

pressure head and the elevation above some reference surface.
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Table 1, Unsaturated zome, hydrolbslc unit properties

at L ] .'.
Unit Sanmple Grain Porosity Bydnunc L s, a B
Code Density {nm} L Canducuvity ) :
(s/ca’) Ky} (wr) (10"2/m)
TCw GA-1 2.49 0.08 9.7 x 10732 0.002 - 0.821 1.558
PTn GU3-7 2.35 0.0 . 3.9x10°% 0.100 1.50 6.872
TSwl GA-§ - . o2.58 | 0.11 1.0 x 10731 0.080 0.587 1.7¢8
TSw2 GA-6 2.58 0.11 1.9 x 10731 0.080 0.587 1.798
TSw3 GU3-11 2.38 0.07 1.5 x 10712 0.080 0.441 2.058
Clnv GU3-14 2.37 0.48 2.7 x 1077 0.0o1 1.60 3.e72
CBnz Ga-11 2,23  o0.28. 2.0 x 10711 " 0,110 "¢ 0.308 ' 1.602
PPw GA-18 2.59 0.24 4.5 10798 0,086 1.41 2.619
-]
Eracture Properties
Unit Sample Borizontal Fracture Fnct:uh Fracturs. _.l.‘;-ctuxo ) Fracture Bulk Frac.
Code St.nud Aperture Conductivity Donuty' Pbrou.t.yz Compressibility Conductlvity‘
(bars) (microns) (10 m/s)  (No./m®) {nt)(zo") {#n,180"} (10"%m  x, 1 107%/s)
Tow  GA-2F 1.1 6.74 . 3.8 20 .. 1. ‘132, 5.3
PTn GA-3F 2.3 - 27.0 61. - - "1 2.7 19, 16.
ISwl  G&-2F° 9.8 5.13 2.2 8 . Al 5.8 0.90
ISw2  GA-2F 21.9 A58 11,7 A0 18. 12, 3.1
TSw3  G&-2F - - 29.9 4.34 1.6 10 4.3 2.1 0.69
CHnv  GA-AF *©  34.3 15.5 .200 . 3 4.8 2.8 8.2
CBnz  GA-4F 3.3 15.5 20. 3 4.6 2.8 9.2
PPw GA-2F 29,2 4.168 1.4 - -3 1.3 .5 0.64
Fracture saturation coefficients u-.'sr-o‘.o;ws, a=1.,2851/m, and 8 = 4,23
Unit Tow - P TSl TSw2 TSw3 CBnv CBnz PPw

Costfficient of ) e :
cm.oud.t.umh 6.2 82, . S12; .. 5.8 5.8 30, 28, 17.
{ablll.k) (10 In) - . o .

The cou:pnuibuity of water {#'} is 9.8 x 10” In

Notes: a) All matrix data in this section are ‘from Peters et al, (198&)
"2‘b) The matrix saturated conductivity and t.ho bu].k matrix nturnud conductivity (K b) are unntuny

. t.ho same because the factor that convoxt.l t.ho matrix value to tho bu).k mtrix vnluo (1°n£) is

nurly equal to 1.0 . . I
.1 ¢) Unless noted othondu, thil Zxactuxo lnfomuon h t:an Peters ot al, (1084), .
d) Horizontal stress assumed to be one-third the overburden weight, evaluated at -
averags unit depth in USW G-4. o
e) Based on the report by Scott et al. (1583). . : ey : e
. ) Calculated as fracture volume (nportuto times 1 lq\un mtor) tims numbcr of fractures per cubic meter.
g) This value of "Kz b" was obtained by multiplying the fracture conductivity by the fracture porosity.

h) Based on the report by Nimick et al. (1984),
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3s as
3y —m __i) )
P 3t (nm ay +ng v + Bw(smnm + anf) +
(Sn_ + S_n.)
' m m f £
“bulk n +n (Sm - ng(Sy - SE)) - (8)
m £
an (S n + S.n,.)
3 m m £ f = =
; y n o+ (sm - Sf)s =T [p(xm,b + Kf,b) e V (¢ + z{]
o m f

The quantity is defined in bulk rock properties as:
“bulk

v (e w(L = 2w
%pulk " E(L - v) (9)

where E is the modulus of deformation and v is Poisson's ratio. The term
anf/ao' (giving the change in fracture porosity with stress) can be
determined by experimentally measuring the closure of a fracture with
increased stress (e.g., Peters et al., 1984).

The subscripts "m,b” and "f£,b" on the conductivity variable X" indicate
that the matrix and fracture conductivities are bulk values for a unit volume
of the fractured, porous media. These values may be estimated as the
conductivity for the material times its relative volume in bulk material.

The functional dependence of the hydraulic conductivity on pressure head
is very difficult to measure, especially when the matrix saturated

conductivity may be less than 1071

8. There are some methods being
explored which may show promise (e.g., matrix testing methods described by
Johnson et al., 1959; and for fractures Klavetter et al., 1985); however, work
in this area for tuffs with low permeabilities is currently in the preliminary
stage. For the present, the hydraulic conductivity will be calculated. A

variety of methods are available (e.g., Brooks and Corey, 1966; Burdine, 1953;
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Mualem, 1976), and at present there is no indication whether any of these is

superior to the others for predicting the unsaturated hydreulic conductivity
for a hard rock such as tuff or even whether any of these do an adequate job
of prediction. ' The method currently bezng used 15 that of Mualem because it
methods (Klavetter and Peters. 1985), and it has been shown to yield better
estimates  of the unsaturated conductivity of a variety of unconsolidated
materials than the other methods (uualem. 1976) ) The hydraulic conductxvxty
as .a function of pressure head using the method of Hualem yields the following
analytical expression when the saturatxon—curve flt of van Genuchten (Eq. 7)

is used:

2

. ) B 8 SN2 | . .;. B‘!A N T . -
K(y) = K [1 + |°¢| ] {1 - “Tlfml‘—g ' . T (10)
- T S e o ,

Ks is the saturated conductivity, a parameter that can be measured fairly

easily.
- o ) T ‘ o
For convenience in discussion end_labeling:of figures,: the mathematical terms

'in the left side of Eq. 8 are named as follows.

Matrix Sat.: n'm W o B y _ o R (8a)
. A ’asf-'“’ \ L ,
Fracture Sat.: . ne f3$ T T o (8b)
Water'Comp.:"""Bw(Smnm + sfnf) S if ﬂi : L A . (8e)
o [s 0+ sf f] Co Y '2‘” c

Bulk Rock Compf: 'cbulk Anm ¥ nfr lsm-fxnf(s - s ){] abulk ' ., (8d)
‘ (s n + sfnf) ;o ~ ong e ‘

Fracture Comp.: —, n + . (S, = Sg)|= —v Sp(S, - S¢) (8e)

3¢ m £ 3o
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The coefficients on the left side of Eq. 8 (referred to as "capacitance
coefficients™) relate to the storage of water as ¢ is varied. The first two
terms on the left side (named above as Matrix Sat. and Fracture Sat.)
correspond to the storage of water in the unit volume due to satugation of the
matrix and the fracture system. The second group (named above as Water Comp.)
corresponds to the storage of water due to the compressibility of water
contained in the fractured, porous medium. The final group on the left side
(Bulk Rock Comp. and Fracture Comp.) represents the storage of water due to
dilation of the bulk rock. The term on-the right side is proportional to the
divergence of the total water flux moving through the unit volume.

The capacitance coefficients found on the left side of Eq. 8 have a strong
functional dependence on the pressure head y. Each group of terms from
Eq. 8 is plotted in Figures 7-9 for one unit from each of the previously
described rock types (Nonwelded, vitric tuffs - PIn; Densely welded tuffs -
TSw2; and Nonwelded, zeolitized tuffs - CHnz). The labels used in the figures
are defined above.

In the last two coefficients (Eq. 84 and Be), the terms containing ne
may be neglected because, in most cases, ng is of the order of 10-5 (see

Table 1 and Snow (1970)) and the term Sm - 8. is no greater than 1. The

values of the parameters that were used to pgoduce Figures 7-9 are listed in
Table 1 and are thought to be representative of Yucca Mountain. One should
note that the "Fracture Comp." term in Eq. 8 and plotted in Figures 7-9 is
subtracted from the sum of the other four terms.

Inspection of these figures indicates some results that may not be
entirely expected. The maximum value of the fracture-saturation coefficient
for unit TSw2 is of the same order of magnitude as the maximum value of the
matrix-saturation coefficient because the relatively small volume of the
fractures is agssumed to saturate over a very small change in pressure head.

It is the largest parameter in the pressure region between -0.1 and -1.0
meters for all units. The matrix-saturation coefficient dominates over almost
all of the rest of the pressure-head range except where the matrix is
saturated or is at its residual satucation. For pressure heads where both the
fractures and matrix are totally saturated or both are nearing their residual

saturation (¢ greater than about -0.01 m and ¥ less than about —104 m)
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the major coefficient may be the bulk rock compressibility (e.g., Fig. 7),
which accounts for storage of water due to rock deformation. The value for
the bulk-rock-comprassibility coefficient near a pressure-head value of zero
is probably reasonable. At large negative pressure heads its value and even
the assumptions used in deriving its functional form at that extreme are in
doubt. However, few hydrological problems of interest will be run at pressure
heads where both the matrix and fréctures are desaturated.

The terms on the right side of the Eq. 8 are also highly variable with the
pressure head ¢ because of changes in the saturation of the matrix and the
fractures. Figures 10-12 show the conductivity curves for a unit volume
containing only "fracture material,” a unit volume of matrix material, and a
unit volume containing both materials for one of each of the three rock types
previously discussed. This last line represents the conductivity curve of the

fractured, porous media (Km b + Kf.b) where Kf,b is calculated as the

14
fracture conductivity times the fracture porosity and Km is calculated as

the matrix conductivity times the quantity one minus the’gracture porosity.

The total conductivity curves plotted in Figures 10-12 contain either one
or two plateaus of fairly constant conductivity with rapidly changing
conductivity in the remaining portions of the curve. Curves containing two
plateaus result from units which have low matrix conductivity and relatively
high fracture conductivity (e.g., units TSw2 and CHnz). Total conductivity
curves for these units are nearly constant at pressure-head values where the
fractures are saturated (¢ < -1 m) and in the pressure-head range where the
fractures are at their residual saturation but the matrix is still saturated
(from about -1 m to of the order of -10 to -100 m). In the regions where the
saturation is changing, the conductivity changes very rapidly. Curves
containing a single plateau result from units that have relatively low
fracture conductivities and high matrix conductivities (e.g., PTn). The total
conductivity is essentially that of the matrix over the entire range of
pressure head; thus, the curve has a much simpler shape. The values of the
parameters that were used to produce Figures 10-12 are listed in Table 1 and
are thought to be representative of Yucca Mountain.

Equation 8 may be solved numerically for the pressure head with values

specified for the material properties (which were discussed above), boundary
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conditions (e.g., fluxes and pressure heads), and an initial condition. The
individual €lux in the matrix and fractures may then be calculated using
Darcy's law individually for the matrix and the fracture system. The velocity
used in transport equations may be calculated by dividing the flux by the area
through which each flows (e.g., the appropriate area for the fractures would
be the fracture porosity times fracture saturation).

The steady-state version of Eq. 8 is obtained by setting the left side to

zero. This then can be integrated to obtain the following form of Darcy's law:

- [Em,b + Kf,b] s Wy +2) =q +q = Q. (11)

Note that some terms in Equations 8 and 11 may be summed, yielding Equations

12 and 13 which are written in terms of a "composite-porosity" material.

as
oy —L ) Q ' 2 = . .
[nc Y ¥ Bw Bete * “bulk sc] =V lp 2c v+ z)] (12)

- ie s Yy +2) =q, (13)

The subscript "c¢" refers to the composite-porosity material, which is
equivalent to the fractured, porous matrix system in terms of predicting the
total fluxes and the priessure-head field. This model (Equations 12 and 13) is
informally referred to as a "composite-porosity" model. (The term containing
the partial derivative of the fracture porosity with respect to the stress has
been neglected because it has been shown previously in this paper to be small
in comparison with the other terms.) The definition of the terms in Equations
12 and 13 follows:

-30-



as, as_ as
—Cz, D —£ : (14)
e 3y - "m oy T e oy

Zn s ' - 15
ncsc = nmsm + nfsf ‘ ‘ (15)
= n : Ly 2 (1
sc = ncsc{(nf f nm) sm (16)
K =Rk J+K ' ' ‘ (17

c m,b £,b

The definition of the the composite—porosity model termg in Eq. 15, 16, and 17
oorrespondsvexactly to the quantities that would be obtained from
volume-averaging the properties of the fracture ‘and matrix system; the
definition of the other term differs slightly. The volume-averaged value of
n, (as /aw) approaches the composite—porosity definition in Eq. 14 as-
the compressxbility of the matrix and fractures becomes small in comparison
with the derivative of the saturation of the matrix and fractures; this
condition is approximately true at Yucca Mountain. (As previously discussed,
we may neglect the term‘nf(sf - S_.) o

The derivation presented above follows that of many other authors, as
prevzously mentioned Its msin difference is the crucial. assumption, ‘based on
information relevant to Yucca Hountain, ‘that the pressure heads’ in the
fractures end matrix are identical. .If this assumption is -made - initisllv,
then Eq 8 can be derived in an alternative manner assuming that’ the matrix
pore system can be extended to include the "fracture pores." This alternative

derivation of Eq. 8 is the subject of the following section.
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Microscopic Derivation of the Flow Equation

The theoretical derivation in the previou§ section produced a
macroscopically based model that assumes that the fracture and matrix
hydrologic properties used are statistically "representative'" of a large
volume of rock mass. The hydrologic parameters for the fractures and matrix
are combined to estimate rnck mass properties for the composite material. 1In
VEq. 12 above, that is the equation of motion for a fluid in a
composite-porosity material, the major hydrological parameters which must be
determined are 1) the saturation of the composite rock mass as a function of

the pressure head, Sc(w) and 2) the relative conductivity tensor for the

composite rock mass, ﬁc(w). Experimental results from a large number of
samples, combined with the assumption of a constitutive equation that
describes the water movement characteristics in either the matrix system or
the fracture system, are used to determine a statistically representative set
of hydrologic property values for each system. The hydrological parameters so
determined for the fractures and matrix are combined as postulated in the
above model to represent the coefficients in the single equation, Eq. 12, for
fluid motion in a composite material.

However, a microscopic approach, using the actual physical structure of the
system of interest combined with fundamental theory of fluid flow in pores of
a specific geometry, can also be used to determine relative conductivity and
saturation values as a function of pressure head for the rock mass. In this
approach, the contributions of the individual matrix pores and fractures for a
volume of rock mass are combined to determine the hydrologic parameters for
the composite rock material. Here, the fractures are treated as large
"pores.” The hydcologié parameters can then be used in the desired
constitutive equation to describe flow in a single continuum. The continuum
consists of matrix and fractures, with the fractures assumed to be uniformly
distributed throughout the rock-mass volume of interest. If the rock is
assumed to be rigid, Richards' equation, Eq. 1 (Richards, 1931) may be used to
calculate flow in an unsaturated medium. The equation would be written for
the rock-mass continuum consisting of matrix and fractures with hydrologic
parameters required for the composite medium. One could also choose to

include compressibilities of the water and rock in the constitutive equation
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_ for the composite medium. If terms ‘that include fracture’porosity are
generally assumed to be insignificant as a louer—order‘effect, then Eq. 12
results. The difficulty in using Eq. 12 arises.from'the‘problems in
estimating the hydrologic parameters for the composite medium. The previous
section derived the constitutive equation for the rock mass and a method for
estimating the rock-mass unsaturated hydrologic properties from data on the

individual matrix unsaturated properties and fracture unsaturated properties.

The remainder of this document will focus on the development of another method

by which the necessary hydrologic parameters in Eq 12 can be estimated for a

fractured rock mass. . The relative conductiv1ty and saturation versus pressure

head curves calculated by the two methods uill be compared

The previous derivation explicitly assumed the equality of the fracture and

matrix pressure head along a direction perpendicular to flow' the approach
here inherently assumes that the pressure head in the "large fracture pores”
and in the small matrix pores are equal along a direction perpendicular to
 flow. - The values for saturation as a function of pressure head and relative
hydraulic conductivity as a function of pressure head (or saturation), which
are determined independently of the flow equation in which they are to be
used, can then be applied in’Eq. 12 ‘to describe the movement of fluid in a

fractured, porous medium. Thus, - “two different methods are available to

evaluate the terms Sé(w) and Rc(w) in the flou equation for a

fractured rock mass.

According to basic capillary theory, the pore sizes of the matrix determine

their contribution to the saturation and the relationships between the
relative hydraulic conductxvxty and pressure head. -The distribution'of -
fracture aperture sizes determines the contribution of the fractures. The
curves calculated here are based upon available fracture and matrix data and
are compared with the composite saturation-versus- pressure head and
relative-hydraulic-conductivity curves calculated by the macroscopic
formulation derived in the prevzous section. - The fracture (and matrix)
porosities were kept the same for both approaches. Composite curves
postulated by the two formulations were compared quantitatively and :

qualitatively for the following three stratigraphic units (the-depth in
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parentheses corresponds to the sample depth in drill hole USW G-4 on the NTS
from which the matrix hydrologic properties were determined). All of the

units in the list below are above the water table at Yucca Mountain.

1) Topopah Spring Welded Unit {Non-Lithophysal Zone) (1158 ft)
2) Basal Vitrophyre of the Topopah Spring Welded Unit (1299 ft)
3) Calico Hills Nonwelded Unit (1548 ft)

The pore-size distribution data for samples of tuff matrix were obtained from
mercury intrusion tests. A distribution of pore radii was obtained, along
with the percent volume of the sample associated with each pore radius. A
frequency plot of incremental volume versus pore diameter for a matrix sample
obtained from drill hole USW G-4, 1158 ft, is shown in Figure 13 as an
example. For most tuff samples for which mercury-intrusion data were
available, there was little or no éore volume for pore radii above 1-5
micrometers, with the average, volume-based pore diameter for tuffs determined
to be generally less than 0.1 micrometer.

Because no field information is available on the general distribution of
fracture apertures in the various stratigraphic units in Yucca Mountain, a
lognormal distribution was assumed. Snow (1970) notes that many arguments
indicate the suitability of a lognormal distribution for describing
fracture-aperture frequencies in rceck. He has studied joints in granite
outcrop and found that mean apertures were distributed approximately
lognormally and suggests that apertures are similarly distributed at depth.
Sharp (1970) measured apertures in a single fracture in the laboratory. The
data showed a lognormal form, with a truncated tail due to the small area
available for sampling. The two-parameter lognormal distribution (Aitchison,
1957) is defined by

-1
exp

-1
2 -(26%) (Inb - B)2 (18)

1/2
£(b) = [b(Z«c ) ]

where £(b) is the frequency at between aperture b and b + db, § is the mean

aperture, and o is the variance.
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For the stratigraphic units cases modeled with the microscopic approach, a
fracture aperture value of 25 micrometers was chosen as the mean aperture.

The average, equivalent hydraulic apertures in Table 1 are in the range of
4-27 micrometers. However, these values take into account the tortuosity of
the fractures, both microscopic (surface topology) and macroscopic. Barton

et al. (1983) noted that in this range of apertures, the physical aperture
dimension is on the order of 2-7 times the equivalent, hydraulic aperture.
Because the effects of tortuosity of the pores are included in the calculation
of the relative conductivity curve for the composite pore-size distribution,
the tortuosity effect inherent in the equivalent, hydraulic aperture was
removed. Thus, an average value of 25 micrometers was used for the mean
physical aperture as an approximation. A variance of 0.3 was arbitrarily
chosen, because it seemed to approximate the variance of the fracture relative
permeability curve assumed in the previous macroscopic approach. No
information is currently available to determine the variance of the
distribution of fracture apertures in the various stratigraphic units at Yucca
Mountain.

The information on the aperture and pore-size distributions was combined
with estimates of fracture porosities to yield a rock mass, "pore'-size
distribution that includes both the matrix and fracture structural
characteristics. The individual distributions were linearly weighted with
their respective matrix and fracture porosities to create the cumulative,
normalized volume distribution as a function of pore diameter (or radii). For
example, for a fracture porosity of 10%, the pores with apertures in the range
of 1-100 micrometers ‘compose 10% of the total rock mass volume. The term
“pore" refers here to either a matrix interstitial opening or a fracture
opening. As explained helow, tortuosity distributions for the resulting
pore-size distributions were agssumed, with the tortuosity of a pore decreasing
with increasing pore aperture or radius. ,

With a composite pore-size distribution available for the rock mass,
saturation values as a function of pressure head and one-dimensional relative
hydraulic conductivity values as a function of pressure head were calculated.

The adjustment to calculate water saturation as a function of pressure head
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'from mercury—intrusion data. the mercury-intrusion pressure, P

and pore radii can be based upon capillary bundle theory (e.g., see Hillel,

":1982) From capillary theory, the pressure head, ¥, can be related as

follows to the individual pore radius, r, for a fluid:

2y _cos e
,.= . 19
v pET | S (19)

&here Y is the surface tension between the solid and fluid, g is the -
acceleration due to gravzty, and 4. is the fluid contact angle between the
solid and fluid. If the pore- sxze distribution was -conventionally determined
Hg’ for a
particular pore size (and thus saturation) can be converted -into equivalent

water’ pressure-head by combining the relationships for both water and mercury

to give N ] L e 4 oo

v -PH5 Y08 ¢,

v Pws YHg cos ¢Hg

(20)

The subscripts "w" and "Hg" refer to water and mercury, respectively. The
specific values used for surface tension and contact angle were estimates
based upon. information contained in'a variety of sources (e;gf;'ﬂillel,'1982)

and are listed below.

Y, = 0.072 N/m >0:. - ¢; = 15 desrees
Lo Yy = 0.484 N/m ~* - '¢ﬁé = 130 degrees

g8

_The water saturation corresponding to the adjusted ‘water pressure.head is
1 minus the mercury saturation at.a particular pore ‘radius determined from the
intrusion tests. Thus, at zero pressure, no mercury has intruded into the
pore volume,  the mercury saturation. is zero, and the corresponding water
saturation is one. - At the maximum recorded mercury pressure, corresponding to
about -10 -m of water, the mercury content in the pore volume is a maximum,
and the mercury saturation is assumed to be 100%, "with a’ corresponding water

saturation of zero.
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Although fracture apertures are large in comparison with the pore radii
sizes, the fracture system has an extremely low porosity (volume) in
comparison to the matrix porosity. Thus, the fracture system has negligible
effect on the saturation-versus-pressure-head curve calculated for the
matrix-fracture system. The relative hydraulic conductivity curve is much
more sensitive to the effects of fractures and is therefore more applicable to
the comparison here of the "microscopic™ model for a composite rock material
to the "macroscopic" model presented in the previous section.

The relative hydraulic conductivity curve for the wetting phase can be
calculated using the method of Burdine (1953). Burdine used capillary theory,
along with assumptions on the effects of tortuosity of the pores on fluid
flow, to formulate an equation to calculate wetting-phase relative hydraulic
conductivity as a function of saturation or pore size. Burdine's contribution
was primarily in his treatment of the tortuosity. A simplified formulation of

Burdine's equation follows:

r
max 2 2
By otal (S, - Sth) vic)ry
K z —— (21)
rel BRS (1 -5 )2 2(r )
1 =0 w,T x i

where Krel is the wetting-phase, relative permeability or relative hydraulic
conductivity (dimensionless), ks is the permeability (mz). Ty ig the
pore entry radius (m), v is the incremental volume fraction (dimensionless),
N a1l is the porosity, s" is the saturation of the wetting phase, Sw,c
is the irreducible saturation (residual saturation) of the wetting phase, and
x(ri) is the tortuosity factor of the sample. The pressure head
associated with a particular saturation can again be determined from capillary
theory by relatingla pore size with its pore entry pressure, as noted by Eq.
19.A

Rose (1949) and Whesler (1955), among others, have suggested that the
tortuosity factor for a sample is actually represented by a distribution of
tortuosity factocé, dependent upon the radius of the pore. Rose and Wheeler
postulated an exponential form for this distribution, where the tortuosity

decreases with increasing pore size. The exponential function suggested by
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Rose for a sandstone was used here in the absence of any other information.
Tortuosity distrzbutxons for tuff samples, as for any other real material,
must be determined experxmentally. The exponentlal distribution function used

by Rose for sandstone is given by (with the pore radiuslzn micrometers)

x(ri) = A exp (- Bri) +C . : (22)

The parameter 'B' appears to be related‘to'hew rapidly the cumulative pore
volume changes with pore radius. .'C* is related to the tortuosity of the
larger pores (fractures), or more properly the surface roughness
characteristics that give risefto'the differences between the physical
fracture aperture and the effective, hydraulic aperture. The sum of ‘A’ plus
'g! is related to the maximum tortuosity of the smallest pore “size.

Equation 20 is the functional form for the tortuoslty distribution used in
Eq. 21. ‘

For the three stratigrerhic units mentioned previously, the composite
relative conductivity curves, as calculated in the previous section with the
"composite-porosity" model are‘compared with the composite relative ’
conductivity ‘curves calculated from the pore size digtribution data of the
matrix and the assumed lognormal aperture distribution for the fractures. The
comparlsons are shown in Figures 14-16 with the fracture porosities noted.
Constant values of 25 micrometers and 0.3 were used in the lognormal aperture
distribution for the mean aperture and variance, respectively. The curves are
not only qualitatively the same, but match quantitatively at most points. The
pressure head at which the fracture conductxvity becomes significant matches
well between the two forﬁulation methods * The saturation and relative
conductivity reletionshlps as a function of pressure head for the unsaturated
rock'mass can be substituted in Eq. 12 to describe flow in the fractured,

porous media. This yields the same equation for flow as that derived in the

‘previous approach with essentially equivalent values determined by both

approaches for the required hydrologic properties.
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s

Sample Code . _Unit A - B

Better quantitative agreement between the -results of the two formulations

was obtained by adjusting the values of 'A' and ‘'C' 1n Eq 22 for the

different samples. A constant value of 0.4 was suggested by Rose (1949) for
sandstone for the parameter 'B' and was used in the absence of other
information. The values of 'A' and 'C' used for the three comparisons are
shown in Table 2. The smail values of °'C' are indicative of the factlthat

overall fracture geometry resembles ‘two parallel plates. Tortuosity factors

‘for porous matrix materials such as sandstones and reaction catalysts are

generally in the range of ~1-10, (Froment and Bischoff, 1979) althoughAthe
magnitude of the pore sizes and the mean pore radii of tuffs are much'smaller
than those of sandstones or catalysts, and larger tortuosity factors might be
expected. However, no definitive interpretations about the tortuosity
distributions for tuff should be made from such a small gampling of results
because of the complexities involved with the concept of tortuositj. ALumped
into the tortuosity distribution are such parameters as pore-length
distributions, pore shape, and connectivity between pores‘of different radii.
The tortuosity distribution parameters should be experimentally determined for
each porous medium of interest., No information is ‘available for tuffs;
therefore, parameters were used that provided a reasonable quantitative fit
The purpose of this comparison was not to determine tortuosity parameters but

to qualitatively compare the two formulation methods for determining a rock

‘'mass relative hydraulic conductivity curve.- The selection of tortuosity

perameters does not affect the qualitative comparison of the curves.

. Table 2 Coefficients ‘for Tortuosity Expomentia1>
Distribution Function (Equation 22) -

£
Ga-6 TSw2 10.5 0.4 3.5
GA-8 TSw3 1.2 0.4 3.2
Ga-11 CHnz 9.0 0.4 1.6
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The excellent qualitative and quantitative comparison of the two methods
for calculation of a relative conductivity curve for a rock mass adds
confidence to the validity of the “composite-porosity" model assumptions
presented earlier. The method presented here for the calculation of the
curves is based upon available physical data on the structural characteristics
and properties of the matrix and fractures and compares favorably with the
macroscopic formulation presented. As more laboratory and field data become
available on the digtribution of fracture apertures and fracture porosities in
the stratigraphic units of Yucca Mountain, these composite relative
conductivity curves can be adjusted to provide a more realistic representation

of the hydrologic system there.

SUMMARY

The prospective repository location at the Yucca Mountain site is in the
unsaturated zone. The unsaturated zone contains high- and low-conductivity
nonwelded tuffs, and low-conductivity, highly fractured tuffs. Hydrologic
calculations using models that explicitly treat the fractures are not feasible
because of the large number of fractures (~101°) contained in a site-scale
problem and the complexity of the fracture geometry. A continuum approach to
calculating water flow in a fractured, porous medium was developed. The major
assumption in this development was that the pressure heads in the fractures
and the matrix are identical in a direction perpendicular to flow.
Calculations of small-scale problems that explicitly zone in the fractures
show that this assumption is correct at Yucca Mountain. Evaluation of the

coefficients in the fluid continuity equation using both macroscopic and

b

microscopic approaches yields qualitatively and quantitatively similar results.
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