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ABSTRACT

A number of recent experiments have pointed out the need of
including the effects of aperture variation within each fracture
in predicting flow and transport properties of fractured media.
This paper introduces a new approach in which medium pro-
perties, such as the permeability to flow and dispersivity in
tracer transpomt, are correlated o only three statistical parame-
ters describing the fracture aperture probability distribution and
the aperture spatial correlaton. We demonstrate how saturated
permeability and relative permeabilites for flow, as well as
dispersion for solute transport in fractures may be calculated.
We are in the process of examining the applicability of these
concepts to field problems. Results from the evaluation and
analysis of the recent Stripa-3D field data are presented.

INTRODUCTION

Recent interest in site characterization and performance
assessment of geological formations for the design and con-
struction of nuclear waste repositories has motivated many stu-
dies of fuid flow and tracer transport in fractured rocks. For

‘quite 3 number of years, numerical modeling of fluid flow in

the fractured medium was based on the assumption that each
fracture may be idealized as a pair of parallel plates separated
by a constant distance which represents the aperture of the
fracture. Recent work'™ have begun to take into account the
fact that the apertures in a real fracture takes on a range of
values. The wide range of aperture values in a single fracture
gives rise to a heterogeneous 2D system with the result that the
fluid flow is very non-uniform, and that the majority of flow
concentrates in a few preferred paths of least flow resistance.
This is the phenomenon of flow channeling, which has been
increasingly observed in the field’®. In the presence of flow
channeling, the conventional methods of analyzing fluid flow
and tracer transport is generally not suitable since they have
been formulated for relatively uniform flow in porous media
Our work has been in the development of a new approach 10
characterize flow and tracer transport in a system of realistic

. fractures with variable apertures.

Our approach is to construct a conceptual model where

. the medium properties such as permeability to flow and disper-

sion of tracer transport may be correlated to only a few statisti-
cal parameters of the fracture geometry. In the next section we
shall describe our conceptual model of a variable-aperture frac-
ture and the associated characterizing parameters, based on
which flow and transport properties of the fracture will be cal-
culated. In the field, the flow and transport properties are best
described by parameters such as permeability and dispersivity.
Furthermore, in the case of multiphase flow in partiaily
saturated fractures where both air and water occupy the fracwre
void space, relative permeability curves are needed in addition
to the absolute permeability of the medium to describe the flow
system. In the following, we shall briefly summarize our work
in the study of permeability of the saturated fracture, relative
permeabilities of air and water in an unsaturated fracture, as
well as the solute dispersivity. We shall conciude our paper
with an application of the concepts developed from our theoret-
ical studies to the evaluation and analysis of a set of tracer
transport field data in fractured rocks.

DESCRIPTION OF A VARIABLE-APERTURE
FRACTURE

Instead of the parallel plate idealization of a fracture, a
more realistic representation of a fracture with a range of aper-
tures is adopted by defining a statistical probability distribution
function for the aperture values. That the aperture values of
laboratory core samples usually follow a skewed distribution
well approximated by a lognormal distribution have been
shown by a number of researchers'®!!. The lognormal distri-
bution of aperwres b for b20 is given by:

1 -(ogb - logby? |
db= = db (1
n(b) = exp { 757 ](InIO)b n

and defined by two parameters: the mean, (logb,), and the
standard deviation, O, of the logarithm of aperture. Note that
(1/b) db is the differential of In b; the normalization factor (In
10)=2.30258... arises from the definition of the aperture distri-
bution on the base 10 logarithm space. The quantity b, is the



most probable aperwure value and is smaller than the mean
aperture b. Equation 1 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 translat-
ing the remaining plot to the origin. The fractional contact
area (w) of the fracture at each fracture closure Ab is simply

ab

[ n(b)db

0= — (2)

fn(b)db

where n(b) is still the aperture distribution when the fracture.

surface is in point contact under zero applied normal stress. [n
Figure 1, truncation of the original n(b) corresponding to frac-
tional contact areas of 15, 25, and 35% are marked.
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Figure 1. Aperture density distribution n(b) derived

from 10 sets of surface roughness profiles of
a fracture in granite (data from Gentier!? )

Given the aperture probability density distribution of
Equation 1, plus a spatial correlation length parameter, A, a
two-dimensional field of spatially correlated apertures may be
generated by geostatistical methods2. Many possible spatial
distributions or realizations of fracture with variable apertures
may be generated by the set of specified parameters: log b,, ©
and A. Figure 2 shows a discretized version of a particular
realization of fracture apertures, with log b, = 1.7, ¢ = 043
and A = 0.2 L where L is the linear dimension of the single
fracture. The magnitudes of the apertures are indicated by
shading, with lighter shading corresponding to larger apertures.

In this paper we shall show results for fractures which have
isotropic spatial correlation; studies for systems with different
values of A in orthogonal directions may be found in Tsang
and Tsang® and Pruess and Tsang!2.
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Figure 2. 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) to 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 water-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 a particular realization of
fracture aperture distribution. Furthermore, the permeability
value from point measurements will also vary strongly for
different realizations of fractures characterized by the same
parameters logb,, o and A. However, if we consider flow
and pressure from a line boundary of the fracture to the line
boundary on the opposite side, where the line covers several
spatial correlation lengths, it is possible to define a permeability
that is independent of statistical realizations. Let us start with
a single fracture such as shown in Figure 2 and apply constant
pressures, P; and P,. on two opposite sides while maintaining
the remaining two sides of the fracture to be no-flow boun-
daries. The fluid flowrate through the fracture can be calculated
by solving a matrix equaton relating the pressures at all points
in the fracture. The saturated permeability of the fracture, k.
is then given by the total flowrate from one boundary line
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the other divided by the pressure difference across the fracture.
Calculations using many realizatons have shown that kg is
defined within a factor of two for specified b,, 0. and A, and
that it is insensitive © A if A is less than 20% or 30% of the
size of the 2D flow region. The values of kg, however, is sen-
sitive to the aperture distribution, i. e., the values of b, and ©.

We have studied! the dependence of the saturated per-
meability on aperture probability distribution in the context of
pardally closed fractures with different contact areas ®, as
defined in Equation 2. The calculaton was carried out for the
aperture probability distribution function and three different @
values shown in Figure |, We may express the results as
ratios to the permeability, k. of a fracture in the parallel-plate
approximation, having a constant aperture value equal to the
mean aperture of a fracture such as shown in Figure 2. We
found that the ratio ki¢/k is ~ 0.1 when the fracture contact
area @ is 15%; 0.04 when  is 25%, and 0.01 when @ is 35%.
Our results, together with confimming experimental observations
by Abelin et al.3, underline the significant role played by small
apertures in a variable-aperture fracture on flow permeability,
and the pitfall of interpreting permeability measurcments in
terms of idealized parallel-plate fractures.

RELATIVE PERMEABILITY CURVES FOR
UNSATURATED FRACTURES

For unsaturated fractured rocks such as the wff formaton
at the proposed repository site at Yucca Mountain, portion of
the fracture pore space may be saturated with water and the
rest occupied by air or gas phase. The phase occupation
depends on water-air capillary pressure given by P, =
2ycosa./b, where v is the water-air surface tension, @ is the
contact angle between the water meniscus and the fracture
walls (assumed to be zero in our case), and b is the local frac-
ture aperture value. Water flow is excluded from the air-
occupied portion and relative permeability for water depends
on connected water-occupied portions in the variable-aperture
fracture.

To calculate the relative permeability of water flow, we
start with a discretized version of a variable-aperture fracture
(Figure 2) and define a cutoff aperure b, corresponding 0 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
to the cutoff capillary pressure P, is obtained by directly sum-
ming the water saturated pore volume. As in the last section
on the determination of permeability, a pressure difference is
applied across two opposite boundaries of a single fracture and
the fluid flow is calculated for a network of water-occupied
fracture elements. The steady flowrate obtained will yield the
effective 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 so that the two-phase prob-
lem in the fracture plane will separate into two separate
single-phase problem, which means that the friction between
fluid and fracture walls dominates over friction between the
two flowing phases. Division of the effective pcrmeability 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 example of the relative permeability curves thus cal-
culated for the fracture of Figure 2 is shown in Figure 3. Fig-
ure 3 shows an apparently strong interference between the
water and air phases with an extremely large immobile air
phase saturaton of about 84%, and the range of saturation
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 air
phase. In other words, a relatively .arge air saturation is
required before air can flow. Our simulations show that this
strong interference between 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 is a range of
saturation values in which both air and water phase are
flowing. The above results demonstrate the importance of the
variable-aperture character of fractures upon air-water flow in
unsaturated Ssystems, and more experimental work in the
laboratory and in the field is needed to study such systems.
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Figure 3. Simulated wetting (water) and nonwetting
(air) phase relative permeabilities for the spa-

tial aperture distribution of Figure 2.



TRACER TRANSPORT IN VARIABLE-APERTURE
FRACTURE

Tracer residence times and dispersion are important pro-
perties which characterize transport in fractured rock masses.
In this section we describe the numerical calculatdon of the
tracer breakthrough curves for transport in fractures. Starting
with a variable-aperture fracture (e.g. Figure 2) saturated with
water, fluid flow from a constant high pressure line boundary
to the lower pressure boundary on the opposite side is calcu-
lated as before. The local flowrates at different points in the
fracture are found to vary over several orders of magnitudes.
To display the variation of the large range of flowrates over the
entire fracture, the relative volumetric flowrates are plotted in
Figure 4 for four realizations of the single 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 patiemns
always display preferred paths of large volumetric flowrates
that are formed because of the variation of the apertures within
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the single fracture plane; and that there is a tendency for all the
flow paths with large flowrates tw coalesce into ‘‘channels’
over a width on the order of one spatial correlation length.
The spacing between these large flowrate ‘*channels’’ is aiso
on the order of the spatial correlation length of the fracture
apertures.

Stanting with distributions of flowrates over a variable-
aperture fracture, solute transport phenomena are investigated
by tracking the particles advected through the fracture. For
each realization as shown in Figure 4, particles are let in at the
left hand (higher constant pressure) boundary and collected at
the right hand (lower constant pressure) boundary. Plots of the
number of particles collected at all the outlets on the right hand
boundary as a function of armival times, i.e., tracer break-
through curves, are shown in Figure 5. Seven calculated 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 = 0.4 L. In general, the breakthrough curves of
tracer transport in two dimensions through these variable-
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Fluid flowrates for four realizations of the variable-aperture fracture with pressure

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

root of the lowrate for each case.
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Figure 5. Seven tracer breakthrough curves from part-

cle tracking with time normalized to respec-
tive mean residence time, t,,, of all the part-
cles.

aperwre fractures have a fast rise at early tmes, since the
majority of particles take the fast flow paths. Then, there is a
long tail in the breakthrough curve due to a small fraction of
particles meandering through the fracture, including in their
flowpaths many sections with extremely small volumetric
flowrates. In this figure the time axis has been nomnalized to
the respective mean residence time for each case. The fact that
these seven curves fall within a narrow band of each other
indicates that the dispersion displayed by these breakthrough
curves, as measured by the ratio of the difference of 90% and
10% concentration arrival times to the mean arrival time!?, do
not vary significantly with different statistical realizations of
apertures nor with different cormrelation lengths. This is
because these breakthrough curves involve the residence times
of all possible flow paths which originate from the injection
line on the left boundary and terminate on the exit line of the
right boundary, and both boundaries cover several correlation
lengths. Thus the information contained in the breakthrough
curves is an average over several correlation lengths, and hence
the insensitivity to statistical realizations and correlation length
values. On the other hand, these curves are sensilive o the
value of standard deviation of log apertures (0) and Tsang et
al.* proposed a graphical relationship between o and dispersion
of these fracture tracer breakthrough curves, while the mean
residence time may be related to the mean aperture (b) of the
fracture.

Though discussions above refer to tracer transport in one
fracture, they can be extended to transport through a few frac-
turec in series as illustrated schematically in Figure 6 for the
case of three connected fractures. This picture may be valid
when the transpont distance covers only a (ew spacings
between conducting fractures. For such a case, the above dis-
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Schematic diagram of channelized flow in
three connected variable-aperture fractures.

Figure 6.

cussions for one fracture will still apply. In the study of field
data (next section), the spacing of conducting fractures versus
tracer transport distance is such that the picture (Figure 6)
corresponding to a few fractures may still be valid.

APPLICATION TO FIELD DATA

The concepts developed in the theoretical studies
described above are used in the understanding of field data
Specifically we have studied the three-year tracer transport field
experiment by Neretnieks and coworkers’ in the Stripa mines,
Sweden (Stripa 3D experiment). A drift in Stripa, 75 m long
and 4.5 m wide and about 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 water and tracers.
Nine different tracers were injected into nine zones of high
conductivity in three 75-m vertical boreholes drilled at three
locations into the roof. Apparent tracer transport distances
from the injection locations to the collection sheets range from
1010 45 m.

It was found that even though the drift wall appears to be
covered with many fractures, only a fraction of the collection
sheets received substantial amounts of water. The flowrates to
the different collection sheets vary over several orders of mag-
nitude. This is to be expected from the theoretical swdies
described above (Figures 4 and 6). During the first 30 months,
among the nine different tracers only five are found in a small
percentage of the collection sheets. The breakthrough curves
from the five tracers that arrived at different collection sheets
are shown in Figure 7. For each case in this figure we have
plotted only the early-time. part of the data, since data for later
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Figure 7. Tracer breakthrough curves from Stipa-3D
field experiment. Data are included only up
to the first "plateau” beyond which effects of
injection flowrate fluctuations become dom-
inant.

times are very much affected by fluctuations in the experimen-
tal tracer injection flowrates. These curves have very different
residence times due to different flow paths from channeling,
and different maximum concentration because of dilution
However, when we plot them with tracer concentration normal-
ized to each respective maximum value C.,,. and time t nor-
malized to each respective mean residence time t,, the curves
fall within a small band of each other (Figures 8 and 9). Thus
we may argue that the measurements of the transport of
different tracers to different collection sheets have sampled
different paths in the fractured rock mass characterized by
rather similar geometrical fracture parameters. When we
analyzed the dispersion from the breakthrough data shown in
Figures 8 and 9, we arrive at a dispersion versus distance piot
given in Figure 10. Here the dispersion is characterized!® by
the ratio of (tgg—tyg) 0 tsp, Wwith t, being the time when the
tracer concentration reaches x% of Cy,,,. A slight decrease of
(tgo—t20) 0 tsg with distance is noted. Further studies are
underway 10 analyze these data and to understand these results.

SUMMARY AND CONCLUSIONS

A number of recent experiments have pointed out the
need of including the aperture variability within each fracture
in predicting flow and transport properties of fractured media.
The paper introduces a new approach to address fracture aper-
ture variations based on a statistical method. Thus only three
parameters: the most probable fracture aperture (b,). standard
deviation of apertures (G), and spatial correlation length () are
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Figure 8. Tracer breakthrough curves for uranin and
iodide with apparent transport distance ranging
from 20-40 m.
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Figure 10. Dispersion as defined by (tgg—1ty9)/ t5o versus
apparent transport distance for all 5 tracers.

used to characterize the fractures. Starting from this concept
we demonstrate how saturated permeability, relative permeabili-
ties and solute dispersion of the fractures can be calculated. We
are in the process of applying these resuits and concepts to the
understanding of field data.
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