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ABSTRACT

In constrast to the saturated zone where fluid moves rapidly along
fractures, the fractures (with apertures lerge relstive to the size of matrix
pores) will desaturate first during drainage process and the bulk of fluid
flow would be through interconnected pores in the nstrix: Within a partially
drained fracture, the presence of a relatively continuous air phase will
produce practically an infinite resistance to liquid flow in the direction
paraliel to the fracture. The residual liquid will be held by cspillary force
in regions around fracture contact arcas where the epertures are small. Normal
to the fracture surfaces, the drained portion of the fractures will reduce
the effective area for liquid flow from one matrix block to snother matrix
block. A general statistical theory is constructed for flow along the fracture
and for flow between the matrix blocks to the fractures under partially saturated
conditions. Results are obtained from an eperture distribution model for
fracture asturation, hydraulic conductivity, and effective matrix-fracture flow
areas as functions of pressure. Drainage from a fractured tuff column is
simulated. The parareters for the simulations are deduced from fracture surface
characteristics, spacings and orientations based on core analyses, and from
matrix characteristics curve based on laboratory measurements. From the cases
simulated for the fractured, porous column with discrete vertical and horizontal
fractures and porous matrix blocks explicitly taken into account, it is observed
that the highly transient changes from fully saturated conditions to partially
saturated conditions are extremely senaitive to the fracture properties.
However, the quasi-steady changes of the fluid flow of a partislly saturated,
frectured, porous aystem could be spproximately simulated without taking the

fractures into account.
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BLOSSARY

Having physical properties that vary with direction.

A type of surface roughness sppearing along the
fracture surfaces.

A distribution with two peaks.

The difference between the air-phase pressue and the
water-phsse pressure across & meniscus. If the air-
phase pressure is assumed to be atmospheric, capillary
pressure is gsuge pressure.

Bulk velocity of fluid flow es described by Darcy’s law,
representing an average over the ares of the porous medium.

Inclination of the plane of fracture in a rock formation.

Having the same properties in all directions.

The interconnected mass of rock within which water
movement is governed by the laws of porous media flow.

Pressure expressed as the height of a column of water

that cen be supported by the pressure.

A parameter in describing the extent to which a fluid-
flow departa from a smooth curve along the flow line.
Tortuosity results from the diversion of fluid flow
around nonconducting volumes in the flow region.
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NOMENCLATURE

fracture aperture

fracture aperture for a fracture under zerg
stress and with fracture surfaces in point-
contect and with zero contect serea

fracture contect cutoff aperture, portions of
fracture with by less than b, will be in
contact

saturation cutoff aperture, portions of
fracture with sperture greater than bg will
be desaturated

fracture spacing

apparent fracture frequency

aperture distribution functions for e fracture
under stress, n(b + bg)

gravitational acceleration

pressure head

capillary head

hydraulic gradient

continuum saturated permeability

relative permeability

eperture distribution function for a fracture
under zero stress with frscture surface in
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volumetric flow rate
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NOMENCLATURE
surface tension’ [M/t2]
sperture distribution parameter of gamma
distribution [1/L]
fluid density [M/L3]

fraction of surface area occupied by liquid
water snd contact areas

angle of contsct between liquid surfece and solid
surface

phase separation constriction factor, ratio of width
of liquid flow path to the nearest-neighbor dry

pocket distence

fluid viscosity [M/LE]

fraction of fracture surface contact area

saturated cordition 5 = 1

horizontel fracture set

partially saturasted condition at saturation S
vertical frscture set

fracture

porous medium



JINTRODUCTION

The work described in this report was performed for Sandia National
Laboratories (SNL) as a part of the Nevada Nucivar Waste Storage Investi-
gations (NNSWI) Project. The NNWSI Project is administered by the U.S.
Department of Energy's (DOE) Nevada Operations Office. The project is a
part of the DOE's program to safely dispoie of the radioactive waste from
nuclear power plants. DOE has determined that the sufest and most feasible
method currently known for the disposal of such wastes is to emplace them in
mined geologic cepositories. The NNWSI project is evaluating the suitability
of Yucea Mountain on and adjacent to the Nevada Test Site (NTS) in southern
Nevada to determine the feasibility of developing a repository for high
level nuclear wastes.

The objective of this report is to aid the performance assessment
activities in the NNWSI Project by acdressing the hydrologic mechanisms
governing .luid flow in partislly saturated, fractured, porous tuff at Yucca
Mountain, The focus cf this report is on the understanding how fractures
and porous matrix affect the transient and steady-state fluid flow behavior.
The goal is to determine whether u partially saturated, fractured, porous
tuff can be idealized as an equivalent continuum combining properties of the
fractures and matrix, or as a system of multiple continua in which the
fractures, matrix and their interactions are modeled.

One of the candidate horizons for a nuclesr waste repository at Yucca
Mountain is the densely welded, devitrified, nonlithophysal zone of the
Topopah Spring Member above the"water table. Densely welded ash-flow

tuffs generally have low matrix hydraulic conductivities but tend to contain



-2-

numerous fractures that may be highly transmissive (Sinnock et sl., 1984).
Fractures may be importsnt either as conduits or as barriers for flow of
groundwater. In the saturated zone, water tends to move repidly along
fractures. However, for a fractured unit ebove the water table, the fractures
(whose apertures are large relative to the size of the pores in the matrix)
should be dry and the bulk of *he groundwater movement should be through
interconnected pores in the matrix. Under this condition, as water moves
from one metrix block to another, the drained portions of the fractures will
reduce the effective area for wster flow from one matrix block to another
matrix block.

In this report, we will (1) describe a conceptual model for the hydrology
of a partially saturated, fractured, porous medium; (2) construct a general
statistical theory for flow along he fractures and for flow between the
matrix blocks end the fractures under partially saturated conditions; (3)
present the results obtained from a simple statistical aperture distribution
model for fracture saturation, hydraulic conductivity, and effective matrix-
fracture flow area as functions of pressure; (4) review the available data for
the fractured Topopah Spring Member and the needs for additional data to
improve and validate the statistical theory; (5) summarize the recent updates
of the numerical code TRUST for handling partially saturated, fractured,
porous flow systems; and (6) present the results of simulations of a fractured

tuff column in response to drainage.
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CONCEPTUAL MODEL

To study the flow of water in a partially saturated fractured porous
medium, we first formulate a conceptual model based on'the basic principles
of soil physics. Tuff is a consolideted rock made up essentially of cemented
volcanic ash. The primary pore size of the tuff at Yucca Mountain ranges
from a few to a few tens of microns (Blair et al., 1984). Even at a depth
of several hundred meters in such a formation, the fractures are likely to
have apertures ranging from several tens to several hundreds of microns.
Thus fractured tuff will have a strongly bimodal pore size distribution. It
is well established in the field of soil physics that in partially saturated
porous media, the fluid pressure in the water phase is leas than atmoapheric
presasure and that the fluid ssturation in the porous medium is a strong
function of the water phase pressure. The relation between fluid pressure
and saturation is governed by surface tension between the liquid and the
solid phases and by the effective capillary radii of the poreas. Indeed, it
is sccepted knowledge that as the water phase pressure in the porous medium
is decreased bzlow atmospheric pressure, the largest pores will desaturate
first, followed by the desaturation of successively smaller pores.

If one recognizes that the large pores desaturate first during the
drainage process, it is easy to infer that the fractures in a fractured
porous medium will tend to remain dry under conditions of partisl ssturation
and that weter will be held by capillarity in the finer pores of the metrix.
Moreover, because natural fractures are characterized by rough surfaces, the
aperture of a fracture is seidom spstially constant end will be very small
nesr asperities. Thus one would expect that auperities will csuse "islands"

of water film to be held within the fracture plane. Within a fracture that



is partially saturated in this faghion, the presence of & relstively contin-
uous air phase will produce an elmost infinite resistance to liquid flow in
a direction parallel to the fracture. Therefore, aa a fractur: begins to
desaturate, its effective hydraulic conductivity will decline abruptly by
several to many orders of magnitude. It is reasonable to expect that during
fracture desaturation the effective hydraulic conductivity of the fractures
will rapidly become smeller than that of the porous matrix, which needs
fairly large capillary pressures to initiate desaturation.

An intere.ting consequence of this dramatic reduction in fracture
permeability is that water will tend to flow across fractures from one
matrix block to another instead of flowiny along the fractures. Thus, one
may expect flow lines to circumvent dry portions of the fractures (Figure 1).
The fractures will thus introduce a macrascopic tortussity in the system.

If this reasoning is sound, one may grossly quantify the effects of the
fractures in terms of an overalli tortuosity factor, a task that may prove ‘o
be somewhat simpler than characterizinng a saturated fractured system as an
equivalent anisotropic medium.

In order to quaentitatively evaluate the hydrology of a fractured
porous medium, three basic relations are required: (1) the relation between
fluid pressure head (which is less than atmospheric under partial esturation)
and fracture saturation, (2) the relation between fluid pressure heed and
fracture conductivity, and (3) the proportion of the fracture surface thut
remains wetted. To date, no data are experimentelly available for these
relations for the Yucca Mountain rocks. In order to gain insight into the
problem, it is necessary to develop these relations on theoretical grounds

using fracture roughness characteristics and surface tension characteristics.
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Figure 1. Conceptual model of partially saturated, fractured, porous medium
showing schematically the flow lines moving around the dry portions
of the Ffractures.
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The capillary theory and flow lew for rough frectures are the building blocks
with which we construct our development of theoreticsi formulae for fracture
saturation, hydraulic conductivity, and effective fracture surface area.

Y, Capillary pressure determines the water-phase pressure at which a given

;size fracture or pore will drain. From force balance, the height of rise

' for an idealized psrallel-plate, amooth-wall fracture with aperture b is

20 cosb
hc = <-h = g

With the ¢ravitational accelerationn g, water density p, surfece tension a,

(1)

and the angle of contact © between liquid surface and solid surface re-

maining constant at embient temperature, the cepillary head hy or the

pressure head h is inversely proportional to the aperture b, We use 6 = 0°,

a = 0.07183 kg/aecz, p = 1000 kg/m?, and g = 9.B80665 m/aec2 in our calcula-
tions. Using the capillary theory for a set of parcllel, smooth-wall fractures
at given negative pressure head, h, fractures with apertures larger than that
determined by Equation 1 wiil be drained (Evans and Huang, 1982).

If the capillary theory is applied to & real fracture with rough wall
and variable aperture, this equation irZicates that the sections of large
agperture will drain first as the magnitude of the capillary suction increases
{or the pressure head becomes more negative). Two important phenomena will
occur as the fracture desaturates: (1) along the fracture surface, ai-
pockets will form and impede the flow, thereby reducing its effective
permeability for liquid flow, (2) normal to the frecture aurface, the flow
between adjacent matrix blocks across the fractures will occur only through
the sections of the fracture that remsin setursted. Unssturated portions
within the fraectures will th-: become barriers to liquid flow both along the

fractures and normal to the fractures Letsren the adjacent matrix blocks.
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In this simple conceptualization, we ignore film flow on partially
saturated rock surfsces, vapor transport from evaporation-condensation
across the liquid phases, drying processes of isolated liquid pockets
surrounded by gaseous phases, and solubility of air in water. It is
possible to extend the quantitative statistical theory to be presented in
the next section to include thece phenomena. However, for simplicity, we
will ignore these mechanisms and focus on the consequences induced by the
desaturation of fractures on the liquid fluid flow through partially

saturated, fractured, porous tuf:.

STATISTICAL THEORY FOR PARTIALLY SATURATED riOW IN ROUGH FRACTURES

The scale of primary interest in our study is of the order of the size
of matrix blocks separated by discrete fractures. The much smaller scale
around individual fracture asperities is not of practical interest for
fluid flow assessment modeling, and a statistical averaging procedure,
applied over this smaller scale, is assumed to be sufficient to take into
account the controlling mechanisms governing the desaturation of sections of
larger apertures and the resultant reduction in fracture and matrix flows.

The statistical description of a rough-wall, variable-aperture fracture
begins with the aperture distribution function n(by) for a fracture under
zero stress {Tsang and Witherspoon, 1981). Under zero stress, the fracture
surfaces are in point contact with zero contact ares between the walls and
all spaces between the fracture surfaces can transmit fluid. The aperture
distribution function n(by) can be measured by scanning the open fracture
surfaces anrd tracing the roughness profiles. The mismatch between the

roughness profiles between the two surfaces yields the aperture distribution

function n(bg) (tsang, 1984).



For in situ fractures, the stress is greater than zero and the fracture
surfaces will be in contact. The fraction of contact area, w, of the total
area of the fracture at eny streas can be expressed as

bc
W= f n(b )db . (2)
o

The averaging over aperture is equivalent to normalized areal integration
over fracture surface plane. All the portiona of fracture with initial
aperture less than the contact cutoff aperture by will be in contact. The
aperture under stress will be b = by - b in the cpen sections of the
fracture. The sperture distribution of the fracture under stress will be
denoted by f(b)}, which is

f(b) = n(b + bg) . (3)

For fully saturated flow of water in the fractures, the cubic lsw,
derived from the solution (Boussinesq, 1868) of en idealized parallel plate
representation of the fracture, is valid from experimental studies on a set
of artificially induced tension fractures of hardrock samples (Witherspoon et
al., 1980). For leminar flow through a fracture with lateral width W and

with uniform aperture b, the volumetric flow rate Q is
g-w-28.2 . @
- w12 !

where i is the hydraulic gradient and u is the fluid viscosity., For a
fracture with varisble aperture, one may generslize the cubic law by replacing
the cube of the single value for the aperture by an average b3

b
max

®>>q = f b> f(b)db . (5)

b_.
min
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If this generalization of the cubic law is assumed valid, then this average
determines the saturated conductivity of a variable-aperture fracture. The
subscript 1 denotes the saturated condition S = 1.

The basic assumption in using <b3> is that all the flow paths within a
fracture are parallel to the direction of flow (Tsang and Witherspoon,
1981). The tortuosity of flow paths, introduced by the presence of contact
area forcing the fluid to circulate around it, is not taken into account.
For frectures with a small percentege of contact area, the generalized cubic
law may be @ good formula to describe the flow through a variasble-aperture
fracture. Recent numerical experiments with random flow path network ‘
simulations show that the generalized cubic law overestimates the frecture
conductivity for fractures with high percentage of cortact area (¥sang,
1984). The tortuosity of flow paths within a rough fracture becomes an
important factor in determining fracture conductivity and additional
resistance due to the presence of large contact area must be taken into
account. In this study, we assume that in the portions of the fractures
away from the immediate vicinity of contact areas, the average flow through
the open channels can still be described by <b3>j.

As the fracture desaturstes under a negative pressure head, h, the portio

of the fractures with aperture greater than the saturation cutoff aperture bg,

[:]
b5=—%?—, (6}

will be desaturated and unable to transmit liquid flow. The portions with
large asperturzs are likely to be located esway from the contact sreas, with
the water remaining around the contact areas. Figure Z shows schematically th

changes of liquid phase configuration on a fracture surface plane during the



figure 2.

-10-

0=<T<|
Continuous
liquid phase

T=0
Cut off

T=0
Discontinuous
liquid phase

XBLO4Z-D61S
Desaturation of fracture sui face showing schematically the changes
in the fracture plane of liquid phase (shaded areass) configuration
from continuous phase at high saturation (top) to discontinuous
phase at low saturation (bottom) with liquid forming rings around
contact ereas (blackened sress). At the cutoff transition (middle),
the ratio 7 of the liquid flow path Wg to nearest-neighbor
air-pocket separation W is zero (see Figure 3 for & unit erea
around ane contact).
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desaturstion process. If the liquid phese is continuous (Figure 2, top),
the liquid can flow along the fracture plane with effective width of flow
determined by the width of the neck (Wg in Figure 2) between nearest-
neighbor dry areas (air pockets). The ratio of neck width, Wg, to the
nearest-neighbor distance, W, can be quantified as an effective phase-separ-
ation constriction factor to take into eccount the blockage of flow by the
air pockets and the change of flow paths in swinging around these dry
areas,

For the particular geometry shown in figure 2, the phase-separation
constriction factor T = Wg/W cen be determined by the root of the

equation

T4 (1 4+ 712) (% - tan-1 (T)) =0 (7)

where 0 is the effective fraction of area occupied by the liquid water ar:!
contact areas (amee Figure 3 for the Jeviation of this formuls). If o is
less than 7/4, the liquid phase is discontinuous on the fracture surface and
liquid cannot flow along the fracture (Figure 2, bottom). Therefore, s = %/4
or T = 0 determines the cutoff for fracture flow for a partially saturated
fracture (Figure 2, middle).

Within the liguid phase away from the immediate vicinity of contact areas,
the effective average cube aperture is

b

5
b7 = / b® f(b) db . (8)
b

min
The relative permeability for the fracture, defined as the ratio of conductivity

at saturation S to that at seturated condition S = 1, is therefore
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)
Wy \
tan5=w—=t E
!
W 2 2

= (2 Ll /
R= ¢ 2) + (2) ]

I&x-.j ‘;‘x%)-'-nRz ($)=w2°

T+(1+Tz) (%-tan'%):a

XBL 842-9612

Figure 3. A unit area around e contact (blackened aiea) surrounded by
liquid (shaded area) and air (clear areas in the corners). The
phase-separation constriction factor r is derived based on geometric
calculations.
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3
<b g

th) =
kl‘“h) =T

. (9)
3
<b >1

The saturation of the fracture is determined by the fraction of fracture
opening occupied by the liquid water. Since the averaging over apertures is
equivalent to areal integration over fracture surface planes, and fracture volume

\
is the product of eperture and area, we have
b

Flow from the matrix into the fracture and through the fracture into the
next matrix block can occur only in the saturated sections and in the contact
areags. Since sections with apertures leas than the saturation cutoff aperture bg
will be saturated, the effective fraction of area for fracture-matrix flow is

bg
a(h) = v + / f(b) db . (11)

bmin

Equations 9, 10 and 11 can be used to determine kp, S, and ¢ for
any given aperture distribution. No data are available for tuff to determine
the asperture distribution functions n(bg) or f(b). Recent analysis of natural
granite fractures shows thst n(b,) tekes on a skewed shape, with long tails
towsrd large apertures (Tsang, 1984). A one-parameter diatribution, the gamma
distribution, could fit the aperture measurements well. The gsmma distribution

is simply
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-8b
nb,) = szo e ° - 12)

With this simple functional form, analytic expressions for the fracture relative
permeability, kp, saturation, S, and effective fracture-matrix flow ares, o,

can be derived:

6(4 + 8b_)
B3> = ——5—= exp (-Bb) (13)
4 c
1
ke(h) =7 2T+ w%
c
{[u - exp(-Bbg) (24 + 248bg + 1282bg2 + 483bg3 + s“bs‘*)]
+ Bbg 6 - exp(Bbs)[(E + 68bg + 382bgZ + s3b53)] (14)
1
s(h) = W{[Z - exp(-Bbg) (2 + 2Bbg + szsz)]
+#bg E - exp(-Bbg) (1 + Bbsﬂ} (15)
o(h) = 1 - exp(-Bbe-Bbg) (1 + Bbg + Bbg). (16)

where the contact cutoff aperture, b., is determined by the root of the equation

1. exp(-Bbc) 1+ Bbc) =W, a7

The perameters ¥ and b, are determined from availsble tuff properties discussed in

the next section.

PROPERTIES OF THE TOPAPAH SPRING MEMBER

To model fluid flow through partially saturated, fractured, porous tuff of
the Topopah Spring Member, we need data on discrete fractures, fracture network,

and matrix properties. The data used in this snalysis are based on the data
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provided by SNL (Heyden, et al., 1983), supplemented by data in the
literature. For those properties needed for the simulation but not yet
available, the formulae preaented in this report are used. All parametera
in the formulae are determined by the decta. The formulation and statistical
theory in thié report can accommodate detailed fracture and matrix data, and

no adjustable paremater needs to be introduced in the simulations.

Matrix Data
The data are mainly from lsboratory measurements of core samples from
different boreholes at Yucca Mountain:
o natrix saturated permeability 3.263 x 10-17 w2 or
3.2 x 10-8 cm/sec from borehole USW-GU3,
o matrix seturation 0.8 or 80%, from boreholes USW-GU3 and USW-G&,

o matrix characteristic curve

, . - 5
S5=(01 - —— 5 , and
Sr) [1 + lAh]B] " an » “
o matrix relative permeability
k_(S) . g8 Tl -
m =T By /2 - _I‘.‘."i___. ) 9
k (1) [+ 1wl YTy B 1

where Sy = 9.6 x 10-4
A = 7.027 x 10-3 1/m
B = 1/0.45 = 1.818

A =1-1/B=0.5 .
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These values were obtained by a least square fit (Peters and Gauthier, 1984)

to the empirical data from borehole USW-GU3 with the equation used by van
Genuchten (1530). In our simulationa, the matrix saturation will vary

between the fully saturated condition, S = 1, end the in situ matrix saturation,
S = 0.8, a range far away from the residual saturation, Sp, which usually

is poorly measured and poorly fitted. The relative perneabilﬁty formula

is derived from the characteristic curve formula by van Genuchten (1980}

following the theory of Mualem (1976).

Fracture Network Data

Fracture patterns, orientations, and spacings heve been measured in bore-
hole cores and from surface mapping. The fracture data of the Topopsh Spring
Member (Spengler and Chornack, 1984) from borehole USW-G4 include:

o apparent fracture frequency, f = 4.36/m, and

o distributicn of fracture inclination (dipping angle between D° end 90°)

as shown in Figure 4.

Figure 4 shows that the fracture inclinations in densely welded Topopah
Spring Member msy be grouped into twe catagbries. 56% of the fractures have
steep dipping inclinations (>45°) aﬁd can be classified as nearly vertical
fractures. 44% of the fractures have low dipping inclinations (<45°) end may
be classified aa nearly horizontal. The averages of the cosine of the dip

angles for each group in the distribution of Figure 4 are:

<CO0S>y = 0.2489% (20)
<C0S>y = 0.9183 . (21)
The subscripts ¥V and H represent the nearly vertical and nearly horizontal

group, respectively. These cosine averages, tegether with the overall
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Figure 4. Inclination of fractures in densely welded Topopah
Spring Member based on compilation of 1434 fracture
data (Spengler and Chornack 1984).
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apparent fracture spacing of f = 4,36/m in borehole USW-G4, are used to

determine the spacings of the nearly vertical snd nearly horizontal fracture

sete:
<C05>v
Dy = —F— = 0.2203m (22)
<CUS>H
DH = — = 0.47B6 m . g (23)

These apacings are used in the simulations to determine the dimensions and
size of the matrix blocks partitioned by the fracturea.

From surface mepping, there are two nearly vertical fracture sets dipping
steeply (60° - 90°), one strikes north-northwest, one strikes north-northeast
(Scott et al., 1982). The NNW set has higher density but may tena to have
smaller apertures than those with NNE trends. The regional stress field is
oriented with the maximum horizontal compreasive stress in the NE direction
(Carr, 1974). Data are nog‘available to distinguish between the hydraulic
properties of the twz~gets. We asaume that the contributions from each set to
the equivalent continuum saturated conductivity (cube of aperture divided by
spacing) are eqﬁal. We also assume that equivalent fracture continuum
conductivity is isotropic., All these simplifying asaumptions about the
fracture network can be relaxed easily when additional and more detailed
field data become available.

Along a given direction in three dimensional space, two fracture aets

contribute to the equivalent continuum conductivity, kg. We have

k <>

for each set with spacing D.
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The interconnection of fractures in the welded tuff is demonstrated
by hydrologic tests near Yucca Mountsin, which shows that the volume of
water removed during pumping tests is much greater than the volume of
the fractures close to the drill holes {Thordarson, 1983). The several
orders of magnitude difference between the lsboratory measurements of
matrix permeability end the field measurements of in situ permeebility,
discussed in the next parsgraph, supports the assumption that fractures form
a continuous, connected network that provides en effective pathway for fluid

movement under saturated conditiens.

Fracture Permeability

The date base for fracture permeability is taken from results of a
Performance Assessment Working Group (PAWG) meeting held in San Francisco on

06/23-24/83 (Tyler, 1983):

-] fracture continuum satursted permeability k¢ = 1.0197 x 10-11 m2

or 10-2 cm/sec (range 102 - 10-4 cm/sec) *

This fracture saturated conductivity is deduced from well testing in well
J-13 and is assumed to represent the equivalent fracture continuum (S.
Sinnock, SNL, personel communication, 10/10/83; Thordarson, 1983). Well

J-13 is located in a low-standing structurel block with part of the Topopsh
Spring Member saturated. The high in situ conductivity of the Topopah
Spring Member in Well J-13 may be caused in part by the presence of faults
and associated fractures. In the NTS, highly fractured, densely welded

tuffs have effective hydraulic conductivities that are epproximately 5 or 6
orders of magnitude larger than the matrix hydraulic conductivities {Winograd

and Thordarson, 1975). However, knowledge of hydrologic properties of
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unsaturated unit at Yucca Mountain is incomplete. Preliminary anslysis of

air permesbility tests on borehole UE25A-4 indicates that the densely welded
Topopsh Spring Member may be more conductive than the values quoted by
Winograd and Thordarson (1975) (P. Montazer, USGS, persor 31 communicstion

in Environmental Assessment Planning Meeting, 10/25/83). We tentatively

chose 10-2 cm/sec as the saturated value of hydraulic conductivity k¢ of

the fracture continuum. This parameter is one of the most important hydrologic

data in determining the flow field at Yucca Mountain.

Discrete Fracture Data

The data for fracture surface roughness and aperture distributions are’
being measured, but not yet available. We used an indirect data from

borehole USW-G4 core analysis (Spengler and Chornack, 1984) that indicates:
o Fracture coastings w = 12% with zeolites, clay, calcite.

The fracture costings of 12% are assumed to correspond to the fraction
of in situ contact area. The identification of fracture coating with
contact area is a novel assumption. Further study will examine the credibility
of this identification. The contact area can also be determined independently
with flow-stress-fracture displacement measurements. For granite and
basalt, the fractional contact areas at 20 MPa normal stress are in the
range of 15 - 20%. (Tsang and Witherspoon, 1981; Iwai, 1976). The fractional
contact arae of 12% for tuff, based orn the assumption that hydrochemical
alterations ozcur in contact areas which remain at continuous contact with

water for a long time, may be s reasonable estimate.
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FRACTURE SATURATION, PERMEABILITY AND EFFECTIVE FRACTURE-MATRIX FLOW ARFA

With the available data and explicit formulse derived for the gamma
aperture distribution, the partially satursted fracture properties as functions
of negative pressure head cen be calculated and used in the TRUST progrem. In
summary, the calculalionsl steps are:

(1) With @ = 12%, Bby, ia determined by Eq. 17.

(2) With k¢ = 1.0197 x 10~11 m2 = 102 cm/sec, and spacing Dy, Dy
of Egs. 22, 23, the B'e are determined by:

4 + Bbc) exp(-ﬁbc)

83 = Bkp (25)
The results are

By = 1.061 x 10% 1/m , (26)

By = 0.8039 x 104 1/m . (27)

The aperture distribution functions with these distribution parameters

are plotted in Figure 5. The contact cutoff aperture, b, is derived to
be 0.05707 mm for the verticsl fractures and 8.07391 mm for the horizontsl
fractures. The average apertures, defined as the cubic root of the cube

averaye, [<b3>1]1/}, are
By = 0.2380 mm (28)

by = 0.3082 mm . (29)

(3) With bg given by Eq. 6, and the formulae of Eqs. 14, 15 and 16, the
fracture saturation, discrete fracture permeability, kr52/12’ and
effective fracture-matrix flow area can be calculated as functions
of negetive pressure head. These relationships esre plotted in
figures 6, 7, and B8, The matrix saturation of Eq. 18 and permeability

of Eq. 19 are also plotted for comparison.
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Figure 6 shows that fractures can desaturate easily with a small
suction of -10=1 m. The saturation in the matrix will remain‘high. if
the in situ metrix saturation is 0.8, then the negative pressure head in
Topopah Spring Member is -111.6 m. With such a large suction, the fracture
saturations will be essentimlly zero.

Figure 7 shows that the fracture permeabilities are very sensitive to
suction. If fully saturated, the permeability of each discrete fracture is
8 orders of magnitude greater than the matrix permeability. The equivalent
fracture continuum permeability is 3.1x10° greater than the metrix perme-
ability. With small suctions in the range -10-1 to =107 m, the discrete
fracture permeabilities decrease drastically. The matrix permeability
decreases much more gently as the pressure head becomes more negative. Near
fully saturated conditions, the fractures will control the fluid flow. As
desaturation proceeds and the fracture permeability of each discrete fracture
become less than the matrix permeability, the matrix will control the flow.
For in situ suction of -111.6 m in the Topopah Spring Member, fracture flow
is negligible and matrix flow dominates.

Two sets of discrete fracture permesbilities are plotted in Figure 7, one
with the phase-separation constriction factor 7 of Eq. 7 taken into account,
one with ¥ = 1. The phase-separation constriction factor takes into account
the effects of blockage of flow by air pockets, the flow-path distortion
around the eir pockets and the presence of a discontinuous liquid phase with
fluid remaining stationary around fracture surface contacts. The cases with
1 = 1 ignore the blockage effects and teke into account only the generalized

cubic law for fracture flow. With T = 1, we overestimate the fracture
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permeabilities and ignore the zero fracture permeability cutoff. The
effects of this phase-separation constriction factor will be discussed in
the simulation results.

The matrix flow also will be impeded when it crosses the fractures.
The matrix-fracture flow is limited by the availeble area in the fracture
surfaces for fluid to transmit through. Figure B shows that the effective
fracture-matrix flow area decreases and quickly approaches the limiting
contact area fraction, w, as the pressure head decreases, The effective
frecture-matrix flow ares reduces the available area for mstrix flow across
the matrix-fracture interfaces. With liquid flow from one matrix block to
another restricted to cross the interfaces through reduced aress, the flow
lines will bunch around ssperities snd flow paths will be more tortuous in a

partislly saturated, fractured porous medium.

TRUST COMPUTER PROGRAM

To implement the conceptual model and statistical formulation, the
computer code TRUST (Nsrasimhan et al., 1978) has been updated in several
respects. Additional chsracteristic curves and relative permeability
curves were pragrammed. The van Genuchter (1980) formulae ere needed to
simulate the matrix blocks. The gamma distribution formulae will be used
for the discrete frscture grid blocks. Also included are the hyperbolic
characteristic curves used by Pickens et al. (1979).

The aress between neighboring nodes are multiplied by a new effective
area fector to account for the changes of flow areas in fracture-mstrix
connectiaons. Two options are programmed for the effective srea factor: the
gamme distribution effective area formula or any tabulated data. If experi-

mental data on fracture aperture distributions are available, it may be more
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convenient to integrate numerically over the measured distribution and
generate tabulated data for the effective fracture-matrix flow area.

With the use of extended memory, the modeling capabilities are
increased to handle 2500 nodes and 5000 connections. All the arrays which
depend on the nodal numbers and connection numbers are grouped together in
the main program so that these arrays can be essily re-dimensionalized.

In addition to the efficient iterative solver, TRUST aleso can use the
MA28 packasge for direct solution of the linear equations with a sparse
variant of Gaussian elimination (Duff, 1977). All arrays for the MA28
routine are in large core memory. The direct solver is also used in the new

version of the TRUST program to solve the steady fluid flow field.

FRACTURED TUFF COLUMN SIMULATIONS

A test case was set up to simulate the fluid flow in partially saturated,
fractured, porous tuff. Simulations of vertical drainage within the Topopah
Spring Member were performed. Two vertical fracture sets and one horizontal
frazture set pertitioned the tuff formation into blocks as ahown in Figure
9. Figure 9 shows 5X5X3 blocks with each block's dimension being 0.2201 m x
0.2201 m x 0.4783 m. The fracture aperturea, 0.2380 mm for the vertical
fractures and 0.3082 mm for the horizontal fractures, are emphasized
100-fold in Figure 9. To simulate vertical drainage, only one vertical
column bounded by four vertical fractures needs to be modeled. By symmetry,
the midplanes of the bounding vertical fractures are no-flow boundaries.

The horizontal frectures, normel to the direction of general flow, are

explicitly simulated. On the local scale, lateral flow is allowed between
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the vertical fracturss and the matrix blocks. The horizontel cross section
of the column is further partitioned into 6 nested elements and tiie verticel
cross aection of each block is eliced.into 9 sections (Figure 10). The
partition of horizontal nested elements is similar to that used in the MINC
program (Pruess end Narasimhan, 1982) without grouping the matrix elements
from different blocks together. The grid elements are small near the
fractures end large toward the middle of the matrix block as shown in Figure
10 and tsbulsted in Table 1. 203 elements and 370 connections are used in
the grid.

The conductances st the interfaces are determined by the harmonic
means of the permeability values of the neighboring nodes weighted by the
distsnces from the node centers to the interfaces. Ffor the connections
between the fracture and matrix, the distances from the fracture nodes to
the interfaces are set to zero so that normel flow from matrix blocks to
fracturea is controlled by matrix permeability. The available area for flow
across the fracture-matrix interfaces is determined by fracture saturations.
At the limit thet the fracturea are completely dessturated, the available
srea is the contact area between sdjacent blocks for mstrix flow from one
block to the next. The outermost matrix node for one block is connected to
the fracture and is not directly connected to th: matrix node in the next
block in the simulations.

The upper bourdary is a no-flow boundary. The lower boundary is a
constant suction boundery. The auction head ias maintained at -111.6 m, the
in situ suction. Initially the system is fully saturated with pressure
determined by hydrostatic equilibrium The potentisl everywhere is zero
and fluid is stationary. At t = 0%, the negative suction head at the

lower boundary begins to induce transient changes in the fluid flow field
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Table 1. Spacings of grid used in partially saturated,
fractured, porous tuff simulations

Node Index I, 8z(m) Materisl
1,11,21 4.6325 x 10-3 Tuff Matrix
2,12,22 1.9146 x 10-2 "

3,13,23 4.7866 x 02 "
4,14,28 9.5732 x 102 "
5,15,25 1.4360 x 10-] "
6,16,26 9.5732 x 10~2 "
7,17,27 4.7866 x 10-2 "
8,18,28 1.9146 x 10~2 "
9,19,29 4.6325 x 10-3 "
10,20 3.8026 x 1074 Horizontal Fracture
Node Index Iyy Axy(m) Material
1.19 x 10-4 Vertiral Frscture

VP LWN=aD

4,3362 x 10-4
2.2394 x 10°3
5.8140 x 10-3
1.27614 x 10-2
2.3666 x 10-2
1.3033 x 10-1

Tuff Matrix
"
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throughout the fractured, porous tuff column. The TRUST program automatically
controls the time steppings and iterations of nonlinear fracture and matrix
properties. for the full simulations of the fractured-matrix drainage over
a time span of 105 years the progrsm requires 42 CPU sec on Lawrence
Berkeley Laboratory's CDC7600 computer,

five cases of flow in fractured, porous tuff were studied: (1) a fractured,
porous column with the phase-separation constriction factor taken into
account (0< t(h) <1) (2) a fractured, porous column without phase-separation
constriction factor (T = 1), (3) a matrix column without fractures, (4) a
discrete fracture network without matrix and with © factor and (5) a discrete
fracture network without metrix and without T factor. The results are
presented in plots of pressure head, saturation, permeability, effective
fracture-matrix flow area, and Darcy velocity versus time at different
locations (Figures 11-16). The locations of interests are the middle of the
matrix block (point A), the middle of the vertical fracture (point B), the
middle of the upper horizontal fracture (point C) erd the middle of the
lower horizontal fracture (point D) as shown in the inserts of the plots.
We also plotted the velocities at the matrix-fracture interfaces at these

mid-points and elong the fractures at the fracture intersections.

Pressure Drop

Figure 11 shows the pressure drop at different locations in response to
the negative suction st the lower boundary. The pressure heads decrease
from the initial positive hydrostatic pressure and become negative at 10-°
years for Case 1 and the pressure heads decresse more gradually at earlier

times for Cese Z. After the pressure drop at 10-"% years for Case 1, a small
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but noticeable increase in pressure is observed in the simulated results
before lerge decreases at Jaier times.

As pressures become negative following initial desaturations, the
pressure changes are controlled msinly by the matrix, Cases 1, 2, and 3 are
essentially the same after 10~2 years. The lower fracture, Point D,
is closer to the suction boundary and has more negative pressure than the
higher elevation points. At the same elevation, the matrix pressure at
Point A and the vertical fracture pressure at Point B are approximately the
same. Therefore, pressure changes can be simulated with matrix properties
only, if the transition from saturated conditions to unseturated conditions
is not of interest.

Very different results are obtsined if the changes in a fractured-
porous system are simulated only through the discrete fracture network
(Cases 4 and 5 in Figure 11). Taking into account the phsse-separation
constriction effects (Case 4), the fractures remain at pressures near zero
during the entire simulation period of 107 years. If the phase-separation
constriction factor is not taken into account (Case S), the fractures will
respond to the negative suction, itut at extremely long times as s result of
the highly nonlinear fracture characteristic curves. Without the presence
of matrix blocks to act as flow channels for fluid to change pressures,

unrealistic results are obtained.

Saturation Change

fFigure 12 illustrates the saturation changes at different points
for the five ceses. In Cases 1 and 2 for the fractured, porous tuff column,
the fracture saturation drops abruptly at early times. The matrix changes
more slowly from the initial fully saturated condition of S = 1 to the

final ambient seturation of S = 0.8. The desaturation of fractures are



Saturation

1Oy v Ty )y vy Y 1 Ty oy
[ ]
oe —
'
Conn - Fracivred - Prom Tolt |
[ 138 {oerininl} d
P-8c.0 L)
L o 4
04 .
ozl .
1
Ol sl i und sl o s s s 1l ssnd
0% 10 12 |0 02 00
Time (yeor)
-

a2

O ssnsd ond s 1 s wrimd sovd v sived sl il cvd sumd
e LA T

~36-

o

o2}

'
olidd i cinad o
0s w04

MMM_

.y nq'"qhqn‘“qv'j

wt w0 1t of
Time (yeor)

[ Cal
Time (yoor)
-

L e B B Riin M R e ey Lo Rk R e R B e e e B bR Ry
Cant 4 - Dincrte Fraciuy Notwork Cosa S - Dracrate Frachas Network ' : |

{Gcvintel) (eeh) ::
a8 1 - o8 A

'

= 11 = (4 [ ]

o ‘"
o8 LAY 85T . os "o it -

5 "

E 0

-} [ N

04 - & o4 *;:

r

"

]

a2 . o2 0\::1:

"

o

"

cvund ol ool v 1ol sl i el ol J ol ol oo v s s v 3o e 1kt esnd
O™ o i it el w0 w0é ot e et ok
Tient (yoor) - Time {ysar)
e -
Figure 12. Seturation changes.



«37-

sensitive to the phase-separstion constriction factor. In Case 1 and Case 4
with 0< 1(h) <1, the saturation changes at different fracture locations
occur essentislly at the same time while for Case 2 and Cage 5 with v = 1,
the upper horizontal Fracture (Point C) desaturates first, followed by
desaturation at vertical fracture (Point B} of middle elevation and the lower
horizantal fracture (Point C) desaturates last. Case 4 in Figure 12 ghows
that fracture anturation does drop from S = 1 to nearly S = 0 with the small
pressure changes illuatrated in Case 4 of Figure 11.

The rates of the simulated aaturation changes s5ed light on the feas-
ibility of laboratory studies of fractured-tuff properties. For the
1.44 m long tuff column simulated in this analysis, & change in matrix
saturation of &S = 0.2 requires 102 to 1 year for the matrix to respond
to the suction on the lower boundary. If the experiments were carried out
over shorter time spans, the observation of saturation changes would be
unreliable. On the other hand, saturation changes in the fractures will
occur very sbruptly. Therefore, instruments to detect ssturstion changes

must have high resolution to detect the desaturation processes,

Permesbility Change

Figure 13 shows the permeability changes at different points for the
five casea. Thr permeability changes illustrate even more drastically than
the saturation changes the contrast in behavior between fractures and porous
matrix. Case 1 indicates that fractures will stop transmitting fluid 10-2
years after the suction begins ss the fracture permeability vanishes. The
matrix permeability changes by less than an order of magnitude from the

initial condition of S = 1 to the final condition of S = 0.8. Initially the
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fracture permeabilities of each discrete fracture are more than 8 orders of
magnitude greater than the matrix permeability. The fracture permeability
changes are sensitive to thevphase-separatiun constriction factor as shown in
the difference between Case 1 with 0< 7(h) <1 and Case 2 witht = 1. Ffor
Case 2, the fractures will remain conductive at the final ambient conditions
with the permesbilities more than 4 orders of magnitude smaller than the
matrix permeability. However, Case ? with t = 1 does not account for the
possibility that the liquid phase may become discontinuous, thereby blocking

flow.

Effective Fracture - Matrix Flow Area Change

Figure 14 illustrates the changes in the effective area at the midpoints
of fractures for flow across the matrix-fracture interfaces for Cuse 1 and
Case 2. As the fractures desaturate, the wetted area on the fracture
surfaces decreases. At complete desaturation, only the contact aree, which
isw = 12% of fracture surface in these simulations, is available for fluid
flow from one matrix across fractures to the next matrix block. This
reduction in effective fracture-matrix flow area may significantly change

the actual flow paths for fluid movement.

Darcy Velocity Changes in Fractures

Figure 15 illustrates the changes in Darcy velocities at the fracture
intersectiona for Case 1 and Case 2. Before the fractures desuturate,
fluid mainly flows downward along the vertical fractures. The downward
velocity increases rapidly and peaka just before the fractures deaaturate.
After the transition to matrix flow, fiuid velocities in fractures are
essentially zero. The flows in the fracture at different locations are

aensitive to the phsae-separation constriction factor. In Case Z witht = 1,
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the fluid moves more easily through the fractures before desaturation than
in Case 1 with 0< t(h) 1. The differences in velocities &* different
locations for Case 2 ere more pronounced than for Case 1. The fluid in
horizental fractures moves towards the vertical fractures before they are
drainied. Just before vertical fracture flow stops, horizontal flow peaks.
Thic is more evident in Case 2 than in Caese 1. This again indicates that
fracture flow in the transition from saturated to desatursted condition is

sensitive to the details of fracture-flow characteristica.

Darcy Velocity Changea in Fracture-Matrix Interfsces

Figure 16 illustrates the changes in Darcy velocities across the
fracture-matrix interfaces at the mid-points of fractures. The fracture-
matrix flow velocities are much smaller than the fracture flow velocities in
Figure 15. Before the fractures desaturaste, 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 aaturated-desaturated transition, these
matrix-fracture flows change drastically. After the transition, the fiuid
mainly moves vertically from upper matrix blocks, across horizontel fractures,
and into lower matrix blocks. The horizontal flow also reverses direction
from a initial matrix-to-fracture flow to a small but significent fracture-
to-matrix flow. After the transition, the fracture no longer transmit fluid
and become a 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 essentimlly the
same as those calculated by a matrix-only mccel, as illustrated in Case 3,

Figure 16 for a tuff matrix column without fractures. The agieement among
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the velocities in Cases 1, 2, and 3 strongly indicate thet the fluid flow
field oi e partially saturated fractured, porous formstion can be simulated
without taking fractures into account, if the transition region from saturated

to unsaturated condition is not of concern.

SUMHARY

from the cases simulated for a fractured, porous tuff column with
discrete fractures and porous blocks explicitly taken into account, the
quasi-steady changes of the fluid flow field of & partially saturated,
fractured, porous system could be simulated epproximately without taking
fractures into account. However, the highly transient changes in flow from
fully saturated conditions to partially saturated conditions are extremely
sensitive to the fracture properties. On the one hand, the ambient, steady-
state flow field of & partially satursted, fractured porous tuff system
probably can be understood without detailed knowledge of the discrete
fracture network properties. Under large suctions, the porous matrix is the
maein conduit for fluid flow. On the other hand, detailed information on
fracture network geometry and discrete fracture characteristics is needed to
fully underatand the responses of a frsctured-porous system to perturbations
such as an extreme flood event, which may ceuse transitions between partially
saturated and fully saturated conditions.

Only one aet of material properties has been simulated for the Topopah
Spring Member. Not all of the required properties for simulations of the
fractured tuff are available. We have developed a statistical theory end
have derived explicit formulee for the fracture characteristics based on
well established capillarity theory and recent advances in rough fracture

flow laws. The input dete for the fracture properties, such as the spacing
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and the aperture distribution parameters sre derived from svailable fracture
data. Some of the simplistic assumptions sbout fracture properties can be
easily modified as more data become available. We expect that we will gain
additional physical insight ss we study more realistic simulations.

We believe that our basic conceptual model, based on an extension of soil
physics of heterogeneous systems to a fractured, porous medium, is aound.
Some of the detailed descriptions and assumptions, such as the reduction of
the effective fracture-matrix flow area snd the existence of @ discontinuous
liquid phase on the fracture surfaces, should become better established as
experimgntal verification and more detsiled numericsel simuletions are
obtained. The tools needed for detailed numericsl simulstions are available.
The logicsl tssk now is to closely couple these capabilities and modeling
exercises with experimentsl investigations to better understend end assess
the impact of a repository on the hydrology of the partislly satursted

fractured, porous tuff formations.
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