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ABSTRACT

A number of recent experiments have pointed out the need of
including the effects of aperture variation within each Iracture
in predicting flow and traneport properties of fractured madia,
This paper introduces & new approach in which medium pro-
perties, such as the permaability 10 flow and dispersivity in
tracer transport, ase correiated 10 only three siatistical parame-
ters describing the frachure aperture probability distribution and
the apsrture spatial comelation. We demonstrase how saiurated

Quils 3 number of ysars, numerical modeling of fluid flow in
the fractured medium was based o the assumption that sach
fracture may be idealized as a pair of peraliel plaes separmed
by a constant distance which represents the apermre of the
fracture. Racent work'™* have begum 10 1ake o accowns the

real on of

Our work has been in the development of a new approach ©
charscweriae flow and tracer transport in a sysiem of realistic
fractures with variable aperveres.

Our approach is 10 construct a conceptual model where
the medium properues mch as permeability o flow and disper-
sion of tracer transport may be correlated 10 only a few watistl-
cal parameiery of the fracture geometry. In the next section we
shall describe our concepcual model of a varisble-aperture frac-
e and the amsociaed characierizing parmneters. based on
flow and transpont properties of the fracture will be cal-
. In the Geld, the low and tranaport propertiss are best
described by parameiers such as permeadility and dispersivity.
Funthermore, in the came of muliphmse fow in partially
saturated fractures where both air and waler occupy the frture
void space, relative permeability curves are needed in addition
10 the absolute peroseabilicy of the medium 10 describe the flow
sysiem. [n the following, we shall brielly summariae 0.+ work
in the study of permeability of the saturated fracture, relative

i of air and water in an unsaturated fracwre, as
well 8 the solus di vity. We shall conclude our paper
with an application of the concepts developod from our theoret-
ical studies 10 the evaluation and analysis of a set of tracer
transport field data in fractured rocks.

1

E

DESCRIPTION OF A VARIABLE-APERTURE
CTURE

Inssead of the parallel plase idealization of a fracture, a
more realigtic representation of a fracture with a range of aper-
tares is adopwed by defining a statistical probability distribution

g

well approximaed by a lognormal distribution have been
shown by & number of researchers'®™!!, The lognomal disni-
bution of apersures b for b20 is given by:

ol ~(egb-loghy!
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and defined by two parameters: the mean, (logb,), and the
sundard deviation, G, of the logarithm of apertwre. Nose that
(1/) db is the differential of In b; the nomaalization facor (In
10)m2.30258... arises from the definition of the aperrure distri-
bution on the base 10 logarithm space. The quantity b, is the

@ (1)




most probable aperture value and is smaller than the mean
aperre b. Equation | is a mathematical description of an
open fracture with zero contact area between the upper and
lower surfaces of the fracture. In general, rock fractures in-situ
are partially closed under stress and have contact areas at
which the apertures are zero. Such a partially closed fracture
may be represented mathematically! by a new distribution
obtained from truncating the original n(b) by Ab and wansix-
ing the remaining plot W the origin. The fractional contact
area (w) of the fracture at each fracture closure Ab is simply

ab

J n(b)db

0=

Jntb)db
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where n(b) is siill the aperure distribution when the lracrure
surface is in point contact under zero applied normal stress. in
Figure 1, truncation of the original n(b) comesponding to frac:
tional contact areas of 13, 25, and 35% are marked,
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Figure 1.

Given ths aperwre peobebility density distribution of
Equation 1, plus a spasial comelation length parameser, A, 3
two-dimensional field of spatially corvelated apertures may be
genermed by geomatistical methods?. Many possible spatial
distributions or realizations of fracture with variable apertures
may be generated by the set of specified parameters: log b, G
and A. Figure 2 shows a discretized version of a panticular
realization of fracture apenures, with log b, = 1.7, G = 0.43
and A = 0.2 L where L is the linear dimension of the single
fracture. The rmagnitudes of the apermres are indicated by
shading, with lighser shading corresponding 10 larger apertures.

In this paper we shall show results for fractures which have
isotropic spatial correlation; studies for sysiems with different
values of A in onthogonal directions may be found in Tsang
and Tsang> and Pruess and Tsang'2.
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Statistically generated apertures with a spatial
correlation length A of 0.2 L in the plane of a
single fracture of linear dimension L. The
shadings are given in five levels from small
apertures {dark) 1o large ones (white).

SATURATED PERMEABILITY OF A SINGLE
FRACTURE

Assuming that Darcy's law applies locally for a fracture
with a range of apertures such as shown in Figure 2, then the
local permeability in a waler-saturated variable-aperture fracture
is proportional to the square of the local aperture and is thus
strongly varying in space. Thus the permeability value from a
single point pressure flow measurement will be a strong func-
tion of the measurement position for & particular realization of
fracture aperture distribution. Furthermore. the permeability
value from point measurements will also vary suongly for
different realizations of fractures characterized by the same
parameters logb,, G and A. However, if we consider flow
and pressure from & line boundary of the fracture 10 the line
boundary on the opposite side, where Lhe line covers several
spatial correlation lengths, it is possible 10 define a permeability
that is independent of statistical realizadions. Let us start with
a single fracture such as shown in Figure 2 and apply constant
pressures, Py and P,, on 1wo opposite sides while maintaining
the remaining two sides of the fracture to be no-flow boun-
daries. The Ruid flowrae through the fracture can be calculated
by solving a matrix equation relating the pressures & all points
in the fracture. The saturaied permeability of the fracture, Kqp
is then given by the total fowrate from one boundary line w0
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the other divided by the pressure difference across the (racture.
Calculations using many realizations have shown that ke is
defined within a factor of two for specified by, G, and A, and
that it is insensitive 10 A if A is less than 20% or 30% of the
size of the 2D flow region. The values of k,;. however. is sen-
sitive to the aperture distribution, i. ¢.. the values of b, and ©.

We have studied! the dependence of the saturated per-

meability on aperure probability distribution in the comext of .

partally closed fractures with dilferent comact arcas @, as
defined in Equation 2. The calculaton was carmied out for the

" apertre probability distribution function and three different @
values shown in Figure 1. We may cxpress the results as
ratios 10 the permeability, k. of a fracture in the paraliel-plae
approximation, having a constant apertire valuc equal (0 the
mean aperture of a fvacture such as shown in Figure 2. We
found that the ratio ky/k is ~ 0.1 when the fracture contact
area @ i 15%; 0.04 when () is 25%, and 0.01 when @ is 35%.
QOur results, together with confirming experimental observalions
by Abelin et al.!, underiine the significant role played by small
apertures in a variable-aperture fracture on flow permeabllity,
and the pitfall of interpreting permeability measurements in
terms of idealized parallel-piate fractures.

RELATIVE PERMEABILITY CURVES FOR
UNSATURATED FRACTURES

For unsaturmed fractured rocks such as the wff formation
at the propesed repository sile st Yucca Mountain, portion of
the fracture pore space may be saturated with waier and the
rew occupied by air or gat phase. The phase occupation
depends on waker-air capillary pressure given by P, =
2ycosa/b, where 7 is the waser-air surface tension. @ is the
comact angle between the water meniscus and the fracture
walls (assumed %0 be 2¢r0 in our case), and b is the local frac-
mre aperrure value. Water flow is excluded from the air-
occupied portion and relative permeability for water depends
on connecied waer-occupied portions in the variable-aperture
fracture.

To calculae the relative permeabilily of water flow, we
start with a discretized version of a variable-apenture fracture
(Figure 2) and define a cuboff aperoure b, corresponding 10 a
capillary pressure P, = 2y/b.. All accessible apertures smaller
than b, are occupied with water and all larger apertures with
air. The water saturation of the fracture S, which corresponds
o the cwoff capillary pressure P, is oblained by directly sum-
ming the water satursted pore volume. As in the lagt section
on the desermination of permeability, a pressure difference is
applied acroes two opposite boundaries of a single fracture and
the fOuid flow is calculaed for a network of water-occupied
fracture clements. The sieady flowrae obtained will yield the
effeclive water permeability. A similar simulation with the
larger b values which are occupied by air will yield the
effective air permeability. The above procedure assumes that
the pressure gradient is not sizeable 30 that the two-phase prob-
lemm in the fracture plane will separae 1nto 1wo separmie
single-phase problem, which means that the Incuon between
fluid and fracwure walls dominates over [ncuion between the
two flowing phases. Division of the effective pemcability cal-

culated above by the single phase permeability (when all aper-
tures in the fractures are occupied) yields the relative permea-
bility at each saturation S,,. Details of the work may be found
in Pruess and Tsang'2.

An exampie of the relative permeability curves thus cal-
culated for the fracture of Figure 2 is shown in Figure 3. Fig-
ure 3 shows an apparenily strong interference between the
waler and air phases with an exuemely large immobile air
phase sauration of about 84%. and the range of sauration
values in which both air and water phases are mobile is virtu-
ally non-existent. This arises because a contiguous flow path
for air can only be maintained when in addition to all the large
apertures some of the small apertures also contain the wr
phase. In other words, a relauvely large air sawration 15
required before air can flow. Our simulations show that tus
sirong interference beiween the two phases in two-dimensional
flow in fractures persists unless there are long-range spatial
correlation among apertures in the direction of flow: then the
immobile air phase saturation decreases and there s a range of
sauration values in which both air and water phase are
flowing. The above results demonsirate the importance of the
variable-aperture character of fractures upon air-water flow in
unsaturmed sysiems, and more experimental work in the
Laborsory and in the feld is needed 10 study such sysiems.
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Figure 3. Simulated wetting (water) and nonwetung

(air) phase relative permeabilities for the spa-
tal aperture distribution of Figure 2.



TRACER TRANSPORT IN VARIABLE-APERTURE
FRACTURE

Tracer residence limes and dispersion are impoftant pro-
perties which characterize transpoft in fractured rock masses.
In this section we describe the numerical calculaton of the
tracer breakthrough curves for transport in fractures. Staning
with a variable-aperture fracture (c.g. Figure 1) saturated with
water, fluid flow from a constant high pressure line boundary
1o the lower pressure boundary on the opposite side is calcu-
lated as before. The local flowrates at different poinis in the
fracture are found 10 vary over several orders of magnitudes.
To display the variation of the large range of flowrawes over the
entire fracture, the relative volumetric flowrates are plotwed in
Figure 4 for four realizaions of the singie fracture where the
thickness of the lines varies as the square root of the flowrate.
We have carried out this kind of simulation for many realiza-
tions of the fracture®>, We found that the flow patierns
always display preferred paths of large volumeunc towrates
that are formed because of the variation of the apertures within

a) Run 511

the single fracture plane, and that there is a tendency for all the
flow paths with large flowrates W coalesce im0 *‘channels’
over a width on the order of one spatial comrelation length.
The spacing between these large flowrate “‘channels" is also
on the order of the spatial correlation length of the fraciure
apertures.

Suanting with distributions of flowrates over a variable-
apenure fracture, solute transport phenomena are investigated
by tracking the panicles advected through the fracture. For
each realization as shown in Figure 4, patticles are let in at the
leR hand (higher constant pressure) boundary and collecied at
the right hand (fower constam pressure) boundary. Plots of the
number of panticles collected at all the cutlets on the right hand
boundary as a function of amival times, i.c.. tracer break.
through curves, are shown in Figure S. Seven calculmed break.
through curves are shown, four are for the fractures shown in
Figure 4 with A = 0.1 L. and three are for additional realiza-
tions with A = 04 L. In general, the breakthrough curves of
tracer transport in two dimensions through these variable-
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Fluid flowrates for tour realizations of the variable-aperture fracture with pressure

gradient applied lett to right. The thickness of the lines is proportional to the square

root of the Rowrate for each case.
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Seven tracer breakthrough curves from paru.
cle tracking with time normalized to respec.
tive mean residence time, t,, of all the parti-
cles.

Figure §.

aperture fractures have a fast rise &t early times, since the
majority of particles take the fast flow paths. Then, them is a
long 1ail in the breakthrough curve due 1o a smal' fraction of
panicles meandering through the fracture, including in their
flowpaths many sections with extremely smali volumetric
flowraes. In this Rgure the time axis has been normalized 0
the respective mean msidence lime for sach cass. The fact that
these seven curves fall within a narrow band of each other
indicates that the dispersion displayed by these breakihrough
curves, as measured by the ratio of the difference of 90% and
10% concentration arrival times 10 the mean amival time'’, do
not vary significantly with differemt matistical realizmions of
aperures nor with different correlation lengths. This is
because these breakthvough curves involve the residencs times
of all possibie Bow paths which originae from the injection
line on the left boundary and werminate on the exit ling of the

Though discussions above refer 10 Lracer transport in one
fracture, they can be exiended 10 transport through a few frac-
tures in series as illustrated schematically in Figure 6§ for the
case of three conmacied fractures. This picture may be valid
when the tramsport distance covers only a lew spacings
between conducting fraciuces. For such a case, the above dis-

W)

Figure 6. Schematic diagram of channelized flow in
three connected variable-aperture fractures.

cussions for one fracture will still apply. In‘the study of fieid
data (next section), the spacing of conducting fractures versus
iracer transpory distance is such that the picture (Figure 6)
cofresponding to a few fractures may still be valid.

APPLICATION TO FIELD DATA
The concepts developsd in the theoretical studies

and 4.5 m wide and sbout 2.5 m high, was used for the experi-
ment. The roof and walls of the drift were covered by over
300 1 x 2 m plastic sheets for collection of waier and tracers.
Nine different tracers were injecied into nine zones of high

in three 75-m vertical boreholes drilled & three

& was found that even though the drift wall appears to be
covered with many [ractures, only a fraction of the collection
sheets received substantial amounts of waser. The flowraies ©
the different collection sheets vary over several orders of mag-
nitude. This is 10 be expecied from the theoretical swdies
described above (Figures 4 and 6). During the fAirst 30 months,
among the nine different tracers only five are found in a small
percentage of ihe collection sheets. The breakthrough curves
from the Ave tracers that amived a different cotlection sheets
are shown in Figure 7. For each case in this figure we have
plotned only the early-time part of the data, since data for laer
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Figure 7. Tracer breakthrough curves from Siripa-3D
field experiment. Data are included naly up
10 the first "plasau” beyond which effects of
injection flowrae fluctuations become dom-
inant.

fall within a smail band of each other (Figures § and 9). Thus
we may argue that the measurements of the transport of
different tracers 10 different collection sheets have sampled
different paths in the fractured rock mass characierised by
raher similar geometrical frachure parameters. When we
analyzed the dispersion from the breaktivough data showm in
Figures § and 9, we artive at a dispersion versus distance

given in Fgure 10. Here the dispersion is characwerized!” by
the fatio of {tag=tag) WO teg, With t, baing the lime when the
tracer concentration reaches x% of C,. A slight decrease of
(tag=ta) 10 teg with distamce is nosed. Funther studies are
underway 10 analyas these data and 1 undermand these resuits.

SUMMARY AND CONCLUSIONS

A rmmber of recent sxperimenis have pointed out the
need of including the apertwre vaciability within each fracture
in predicting flow and transport propetties of [ractured media.
The paper introduces & new approach 10 address (racture aper-
e variations based On a matistical method. Thus only theee
parsmeters: the most probable fracwre aperture (b,). standard
deviation of apervures (G), and spatial correlation lengih (A) are
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Figure 8. Tracer breakthrough curves for uranin and
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Figure 9. Tracer breakthrough curves for ecsin B and
elbanol, with apparent transport distance
ranging from 10-20 m.
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Figure 10. Dispersion as defined by (tyy=130)/tgy versus
apparent transport distance for all S tracers.
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