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KEYWORDS Summary The influence of geometrical and structural properties of layered fractured
Coarse block rocks on their permeability tensor is investigated for an elementary volume at the meter
permeability tensor; scale. Various synthetic networks were generated with a three-dimensional model that
Layered fractured rock; incorporates a pseudo-random process controlled by mechanical rules of fracturing. The
Geometrical and permeability is supposed to be a function of the discontinuities aperture in an imperme-
structural properties; able matrix. Steady state, saturated laminar flow is assumed within discontinuities of con-
Field characterization stant aperture (parallel joint walls). For 81 networks associated to different sets of

numerical parameters, the geometrical and structural properties are computed from
200 statistically equivalent simulations and averaged to asses the mean geometrical and
structural properties. In a similar way, the mean permeability tensor associated to each
network is calculated. Then, the effect of the geometrical and structural properties of
the network on the permeability tensor values is studied. We show that some geometrical
and structural properties may have non-negligible effects: The bedding perpendicular
joint spacing and the bedding plane stopping capacity can induce more than one order
of magnitude change in the permeability values, while other investigated properties
(mean and standard deviation of the bedding perpendicular joints length distribution)
have a very small influence. These results were compared with the permeability tensor
inferred from one analytical model which provided permeability values of the same order
of magnitude as those inferred from the numerical model. This model can thus be consid-
ered within the hierarchical procedure proposed to characterize rock mass permeability
tensors in the field.
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Introduction

Fluid flow modelling in fractured rocks is usually addressed
by considering (i) discrete fracture models, (ii) equivalent
continuum models using effective properties for discrete
grids, or (iii) hybrid models that combine discrete large fea-
tures and equivalent continuum grid properties (Lee et al.,
2001).

In discrete fracture models (i), the matrix is generally as-
sumed to be impermeable, which implies that the resulting
permeability drops to zero when there is a loss in fracture
connectivity (Bour and Davy, 1997; de Dreuzy et al.,
2001). Because of their complexity, the use of discrete mod-
els is generally limited to small-scale problems (Jourde
et al., 2002a).

The equivalent continuum models (ii) are widely used for
field scale studies. Typically, these models include a limited
number of regions in which physical properties (permeabil-
ity or dispersivity) are assumed uniform. The physical prop-
erties computed from a fracture network are then averaged
for the total rock volume, which includes fractures and ma-
trix (Hsieh and Neuman, 1985; Long and Witherspoon, 1985;
Jourde et al., 2002b).

Effective properties can be computed for a representa-
tive equivalent volume (REV) (Bear, 1972), in which the
hydraulic properties change little with variation in rock vol-
ume. However, field measurements (Clauser, 1992; Cravero
and Fidelibus, 1999; Schulze-Makuch et al., 1999), as well as
numerical results (Margolin et al., 1998; Castaing et al.,
2002; de Dreuzy et al., 2001) have shown that the perme-
ability of a rock mass increases with its size. This scale ef-
fect has been explained as follows: when the volume of
investigation increases, it either intersects more conductive
discontinuities (morphological effect), or the relative
arrangement of directional fracture sets changes (geometri-
cal effect). These effects may lead to the absence of an REV
at any scale (de Marsily, 1985; Pavlovic, 1998; Panda and
Kulatilake, 1999).

Because of the scale dependency of geometrical and
hydraulic properties, hybrid models (iii) combining discrete
fracture and equivalent continuum models have been pro-
posed (Clemo and Smith, 1989; Wen et al., 1991). The dis-
crete part of the model describes the distribution of faults
and the transfer within the ‘‘matrix’’, whose equivalent
permeability is computed for an REV of the fractured rock
mass compartmentalized between faults.

This later approach implies a detailed description of the
rock mass, whose effective permeability properties can be
addressed according to two different approaches: (i) either
one uses analytical expressions while considering the statis-
tical and geometrical properties of the discontinuity net-
work (Snow, 1969; Sagar and Runchal, 1982; Oda, 1985;

Mania et al., 1998; Doolin and Mauldon, 2001). This formal-
ism is well suited for networks of simple geometry, but is
inefficient when the rock mass is characterized by a
complex architecture of discontinuities (Paillet, 1985; Mas-
sonat, 1998; de Dreuzy et al., 2001; Castaing et al., 2002);
(ii) Or one proceeds to steady state flow modelling through-
out the rock mass, while considering various directions of
flow depending on the given hydraulic gradient. The effec-
tive permeability is then determined in analogy with Darcy’s
law (Long et al., 1982; Long and Witherspoon, 1985; Long
and Billaux, 1987; Massonat and Manisse, 1994). This ap-
proach is well suited for the study of various and complex
natural fractured networks.

In this study, we used the both aforementioned ap-
proaches to determine the equivalent permeability proper-
ties of a layered fractured rock mass characterized by one
set of bedding perpendicular joints and one set of bedding
parallel joints.

This type of fracture network is characterized by a wide
range of spatial relationships between bedding perpendicu-
lar and bedding parallel joints, which depend on the proper-
ties and thickness of the bedding surface infilling, and on
the stress states during genesis and propagation of frac-
tures. As a consequence, the persistence of bedding perpen-
dicular joints across bedding planes varies highly, and this
can be characterized statistically (Ladeira and Price,
1981; Helgelson and Aydin, 1991; Rives et al., 1992; Petit
et al., 1994). This persistence is an important parameter
for the permeability properties normal to bedding surfaces.
In a similar way, the characteristics of geometrical (spacing
and length distribution) and morphological (hydraulic aper-
ture) parameters of bedding perpendicular joints should
constrain the permeability normal to bedding.

The role of the aperture on the permeability normal to
bedding and its consequences on the scale of an REV was
studied in 2D by Doolin and Mauldon (2001). These authors
pointed out that a longer chain has a greater chance of con-
taining a weak link than a shorter chain. Similarly, since
flow in the bed normal direction is controlled by the least
permeable plane or bedding plane, adding layers increases
the chance of an impermeable bed or bedding plane. The
scale of homogeneity of the fracture system may not imply
the scale of an REV. For a simple fracture geometry resem-
bling courses of brick work, the scale of homogeneity of the
fracture system bounds a single block of rock (brick), but
the permeability drops rapidly as the number of layers in-
creases (Doolin and Mauldon, 2001). These authors showed
that, if an effective medium is assumed where the perme-
ability changes very little with an increase in the number
of layers, an order of magnitude difference between the
scale of fracturing and the scale of an REV can be
demonstrated.



In this 3D study, there is no attempt to investigate
whether the samples used are on a REV scale. The work is
made at the scale of homogeneity of the fracture system
(Doolin and Mauldon, 2001) which bounds a single block of
rock (brick), that we referred to as an elementary volume.

As we wanted to focus essentially on the effect of geo-
metrical and structural properties on the effective perme-
ability tensor of a 3D block, we considered the same
equivalent hydraulic aperture for the bedding perpendicular
joints than for the bedding planes joints.

We first present the three-dimensional structural model
(REZO3D) and discuss the variation range of geometrical
and structural parameters encountered in rock masses made
of one set of bedding perpendicular joints and one set of
bedding parallel joints. Secondly, we expose the methodol-
ogy for determining the effective permeability tensor com-
ponents and analyse their sensitivity to the geometrical and
structural properties of the synthetic network. The implica-
tions for field characterization of effective permeability
properties of a rock mass are then discussed. Finally, we
compare the results inferred from the three-dimensional
model with permeability values obtained with a simple ana-
lytical model. The pertinence of this later model for esti-
mating a 3D effective permeability tensor is then discussed.

Materials and methods
Genesis of the discontinuity networks

The three-dimensional model (REZO3D) allows the simula-
tion of networks made of two orthogonal generations of
bedding perpendicular joints in a tabular stratified medium.
In this study, we consider networks made of one set of bed-
ding perpendicular joints and one set of bedding parallel
joints (bedding planes), which are continuous planes of infi-
nite extent (Fig. 1). The later assumption is supported by
field observation of sedimentary rocks.

Most fracture systems where one set is dominant have in
general a second subordinate set forming a ladder pattern.
The ‘rungs’ of the ladders help to connect fractures of the
first set. The consideration of a second ladder pattern would
imply considering also the connectivity change related to
the connection between the first and second set of frac-
tures, which may hide the structural properties effect. To
better focus on the structural properties effect on the
effective permeability value, we made the study with only
one set of bedding perpendicular joints On the other hand,

Figure 1 Sketch of the synthetic network with only a few
bedding perpendicular joints represented.

it is likely to encounter network geometries similar to the
one considered in this study, especially when the local or re-
gional stress state is such that it closes one family and opens
the other family.

The model used is extensively described in Josnin et al.
(2002) and is not the purpose of this paper. Hence, only
the fundamentals of this model for our study will be summa-
rized hereafter. It is based on a simple mechanical descrip-
tion of fractures propagation and interactions:

e A random process assigns the thickness of the strata,
according to a lognormal distribution (mean thickness T
and standard deviation 7).

¢ A random process assigns a potential length to the bed-
ding perpendicular joints, according to a lognormal dis-
tribution (mean length L and standard deviation a;).

e A first set of bedding perpendicular joints (along the X-
direction) grows from a given number of seeds (Ns) defined
by the user; seeds are randomly assigned to the strata, and
are uniformly distributed within the designed stratum.

e The growth of bedding perpendicular joints accounts for
(i) the potential length assigned to each seed; (ii)
pseudo-mechanical rules inferred from the concept of
shadow zone — a zone of stress relaxation around each
fracture in which no new fracture can form (Price and
Cosgrove, 1990; Rives et al., 1992) — reflecting mechan-
ical interactions between bedding perpendicular joints
during network genesis; the width (2E) of the shadow
zone scales with bedding perpendicular joint height and
is responsible for the observed correlation between bed-
ding perpendicular joint spacing and bed thickness; (iii)
bedding perpendicular joint propagation across bedding
planes according to pseudo mechanical rules depending
on three tests (crosscutting test, potential energy test,
shadow zone test) described in Josnin et al. (2002). These
tests depend on numerical parameters that we adjust to
obtain a given bedding planes impedance I, which gener-
ates various stopping capacities SC of the bedding plane.

This three-dimensional approach of orthogonal joints
networks in a tabular stratified medium was validated by
comparing the model results with the properties of a natural
joints network located in the Swiss Jura (Josnin et al.,
2002). Although it is not a mechanical model, it allowed
reproducing the spacing distribution of the natural joints
network, ranging from a log-normal distribution below *‘sat-
uration’’ to a normal distribution at ‘‘saturation’’, as ob-
served on outcrops, without accounting for the density of
joints as input parameters like in geostatistical models.
These properties are inferred from mechanical rules (sha-
dow zone, vertical persistency across sedimentary disconti-
nuities), which differentiates our model from those that
consider these conditions as input. Statistical data (joint
length distribution, average spacing versus layer thickness,
aspect ratio) are well accounted for by the model.

Range of geometrical and structural parameters

The aim of this study is the hierarchical classification of the
role of these parameters on the effective permeability
properties of a layered fractured rock mass of elementary
dimension De (De X De X D). We will consider an elementary



volume of size unity (1 mx1mx1m) in the remaining of
the paper.

Numerous studies have shown that the width of the sha-
dow zone, which depends on the mechanical properties of
the rock mass (Pollard and Aydin, 1988), scales with joint
height and length (Ladeira and Price, 1981; Segall and Pol-
lard, 1983; Bouissou et al., 1999; Pollard and Aydin, 1988;
Renshaw and Pollard, 1994a,b). Therefore, we assigned a
width value (2E) equal to 10% of the mean joint length (L).

At the meter scale and within one lithology, the bedding
plane density does not vary very much. We thus assumed
that the rock mass volume contains the same number of
bedding planes with a constant spacing for all the synthetic
networks (mean thickness T = 0.2D., and standard devia-
tion or=0) to focus mainly on the parameters that vary
widely depending on the considered rock mass (bedding per-
pendicular joint density, length distribution, stopping
capacity of bedding planes).

For these later parameters, we defined a wide range of
values in order to study various network geometries:

e Three values were chosen for Ny (number of seeds) so
that three different bedding perpendicular joint densi-
ties within the elementary volume are simulated.

e We adjusted the numerical parameters controlling the
vertical propagation of bedding perpendicular joints
across bedding parallel joints to obtain three bedding
planes impedance I: (i) low impedance I, for high vertical
propagation, (ii) intermediate impedance /, for interme-
diate vertical propagation, and (iii) high impedance /5 for
low vertical propagation.

Three values were chosen for the mean length L

(0.5De, De,2D.) of the bedding perpendicular joints

length distribution.

Three values were chosen for the reduced standard devi-

ation (g, /L) of the bedding perpendicular joints length

distribution to account for various degrees of dispersion,
as shown by several field studies (Pollard and Aydin,

1988; Einstein and Baecher, 1983; Narr and Suppe,

1991; Odling, 1992): 50% (low dispersion), 100% (moder-

ate dispersion), 200% (high dispersion).

Table 1 summarizes the range of the parameter values
that can take three different intensities. The combination
of all the parameter intensities results in 81 different net-
works. For each of these networks, their geometrical and
structural properties as well as their effective permeability
tensor are computed from the average of 200 statistically
equivalent synthetic networks. In the remaining of this pa-
per, when we will refer to a property of one type of network,
one must keep in mind that this is an averaged property com-
puted from 200 statistically equivalent synthetic networks.

Fig. 2 shows a sketch illustrating the change in the geo-
metrical and structural properties of the fracture networks
according to the range of parameter intensities considered
in this study.

Geometrical analysis of the synthetic networks

The fracture networks depend on input parameters that we
refer to as numerical parameters, as opposed to the geo-

Table 1 (a) Numerical parameter values and intensities;
(b) combinations of the numerical parameters intensities
corresponding to the 81 types of network

Intensity Parameter
NS Z g I
Panel (a)
1 15 0.5D, 0.5L I4
2 30 1De 1L I,
3 60 2D, 2L I3
Panel (b)
No.
1 1 1 1 1
2 1 1 1 2
3 1 1 1 3
4 1 1 2 1
5 1 1 2 2
6 1 1 2 3
7 1 1 3 1
8 1 1 3 2
9 1 1 3 3
10 1 2 1 1
11 1 2 1 2
12 1 2 1 3
13 1 2 2 1
14 1 2 2 2
15 1 2 2 3
16 1 2 3 1
17 1 2 3 2
18 1 2 3 3
19 1 3 1 1
20 1 3 1 2
21 1 3 1 3
22 1 3 2 1
23 1 3 2 2
24 1 3 2 3
25 1 3 3 1
26 1 3 3 2
27 1 3 3 3
28 2 1 1 1
29 2 1 1 2
30 2 1 1 3
31 2 1 2 1
32 2 1 2 2
33 2 1 2 3
34 2 1 3 1
35 2 1 3 2
36 2 1 3 3
37 2 2 1 1
38 2 2 1 2
39 2 2 1 3
40 2 2 2 1
41 2 2 2 2
42 2 2 2 3
43 2 2 3 1
44 2 2 3 2
45 2 2 3 3
46 2 3 1 1
47 2 3 1 2
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metrical and structural parameters (properties) resulting
from measurements in the field. According to Table 1 these
numerical parameters can take values corresponding to
three different intensities. In order to analyse the effective
permeability tensor of the simulated coarse blocks as a
function of field parameters, we determine the geometrical
and structural properties of the synthetic networks
according to the various numerical parameters intensities.

These numerical parameters are (i) the number of seeds
N; that regulate bedding perpendicular joint density (m?/
m?), (ii) the mean L and (iii) the standard deviation o, of
bedding perpendicular joint length distribution, and (iv)
the numerical parameters which control the bedding plane
impedance /.

The mean L and standard deviation o, of the bedding per-
pendicular joint length distribution may be altered because
of mechanical interactions between bedding perpendicular
joints when propagation is not possible because of the sha-
dow zone. However, previous work (Jourde, 1998; Josnin
et al., 2002) has shown that the length distribution remains
unchanged once the simulation has been performed. There-

fore, these numerical parameters will be considered as geo-
metrical and structural parameters (properties).

The stopping capacity of bedding parallel joints related
to the bedding plane impedance, the bedding perpendicular
joint spacing distribution, and the bedding perpendicular
joint density, in contrast, result from the mechanical and
pseudo-stochastic process of network generation. There-
fore, we measured the sensitivity of these geometrical
and structural properties to the variation of the numerical
parameters by a statistical analysis of the synthetic
networks.

Stopping capacity of bedding planes

In order to quantify its variability, the stopping capacity of
bedding planes (SC) was calculated for the three bedding
plane impedance (/4, I3, ), while varying the other parame-
ters. Fig. 3 shows the distribution of the stopping capacity
SC of bedding planes, measured in % of bedding perpendic-
ular joints that crosscut one or several bedding planes. We
observed a moderately high dispersion of this stopping
capacity distribution for the lower bedding plane impedance
(SC = 40%, 65 /SC = 34%), a lower dispersion for the inter-
mediate bedding plane impedance (SC = 75%, o5c/SC = 9%)
and almost no dispersion (distribution highly centred on
the mean) for the higher bedding plane impedance (SC =
90%, O’sc/ﬁ = 2%)

As these stopping capacities of bedding planes have a
normal distribution, we will express the three degrees of
bedding plane impedance as a function of the mean stop-
ping capacity of bedding planes SC. Accordingly, the syn-
thetic networks will be referred to a mean stopping
capacity of bedding planes of 40% (SCy), 75% (SC;) and
90% (5C3), in the remaining of the paper.

Bedding perpendicular joint density D

Fig. 4a shows that the number of seeds Ns, the mean
stopping capacity of bedding planes (SC) and the mean
length L of the bedding perpendicular joint length distribu-
tion, mainly control the bedding perpendicular joint density
D:

e For a low N; value (15), the higher the mean stopping
capacity of bedding planes (SC), the lower the density.
This is related to the fact that more bedding perpendic-
ular joints are confined within one stratum when SC is
high. In contrast, when SC is low more bedding perpen-
dicular joints develop across bedding planes, thereby
increasing their surface, thus the bedding perpendicular
joint density D.

For a high Ns value (60), the relationship between the
mean stopping capacity of bedding planes SC and the
bedding perpendicular joint density D disappears when
the mean length L of the bedding perpendicular joint
length distribution increases. Fig. 4a shows that, when
L is high (L3), the bedding perpendicular joint density D
is the same for all the networks simulated with a given
intensity of N5, whatever the value of the mean stopping
capacity of bedding planes SC. When L increases,
mechanical interactions between bedding perpendicular
joints become more likely and bedding perpendicular
joint density D decreases.



Figure 2 Sketch illustrating the range of simulated synthetic networks. (a) Low density, small bedding perpendicular joint length
and high stopping capacity. (b) Low density, high bedding perpendicular joint length and high stopping capacity of bedding planes.
(c) High density, high bedding perpendicular joint length and high stopping capacity of bedding planes. (d) High density, high
bedding perpendicular joint length and low stopping capacity of bedding planes.
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Figure 3 Distribution of the stopping capacity of the bedding
planes (SC) calculated for each intensity /; of the bedding plane
impedance.

e For an intermediate Ns value (30), the bedding perpen-
dicular joint density D is related with both the mean
stopping capacity of bedding planes SC and the mean
length L. The higher the mean stopping capacity of bed-
ding planes SC the lower the density D, and the higher L
the lower the density D.

For a given value of the mean length L, the bedding per-
pendicular joint density D thus increases when the number
of seeds Ns increases. Therefore, the synthetic networks
generated with N;, =15, N;, = 30 and N,; = 60 will be re-

ferred to as networks of low, intermediate and high density,
in the remaining of the paper.

The density of bedding perpendicular joints that crosscut
the whole network (D) is important since it controls the
effective permeability along the bedding perpendicular
joint strike (X-direction). Fig. 4b shows that the mean
length L and the number of seeds N; mainly control this den-
sity D;.. For a given intensity (L;) of the bedding perpendic-
ular joint length, D¢ increases when Ns increases. For a
given intensity (Ns,) of the number of seeds, D increases
when the mean length L increases.

Bedding perpendicular joint spacing S

Fig. 4c shows that the mean bedding perpendicular joint
spacing (S) is correlated with the mean perpendicular joint
length (L). Indeed, the more N; increases, the stronger this
correlation because of the assumed proportionality be-
tween 2E and L.

For a low N; value (15), there is a strong correlation be-
tween the mean bedding perpendicular joint spacing (S) and
the mean stopping capacity of the bedding planes (SC). In-
deed, a low SC value (40%) is related to bedding perpendic-
ular joints developing across bedding planes in adjacent
strata, which increases the mean number of bedding per-
pendicular joints within strata and thus reduces their mean
spacing S.

As spacing distributions are resulting from random pro-
cesses, they are carefully analysed for each network. For
a given network, the mean bedding perpendicular joint
spacing (S) does not vary significantly from one stratum
to another. On the contrary, it may vary highly from
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Figure 4 Statistics on the geometrical and structural properties of the networks. (a) Density of bedding perpendicular joints D; (b)
density of bedding perpendicular joints crosscutting the elementary volume Ds.; (c) mean spacing of bedding perpendicular joint, S;

(d) variability of spacing distributions (as/S).

one network to another (Fig. 4c). The number of seeds N
controls this variability since the reduced standard
deviation of the spacing distribution (os/S) decreases as
N increases (Fig. 4d). The reduced standard deviation
varies between 20% and 80 % for N, =15, between 15%

and 45% for Ny, =30 and between 15% and 35% for
Ns, = 60.

The reason is the pseudo-stochastic processes that con-
trol the initiation and growth of the bedding perpendicular
joints that predominate when the network density is low.



Indeed, when the number of seeds N; is low, there is a lower
probability of interactions between bedding perpendicular
joints. Therefore, 2E does not control the bedding perpen-
dicular joint spacing (S) as in the case of ‘‘saturated’’
networks.

Effective permeability components determination

Because of the network geometry, the effective permeabil-
ity tensors of the coarse blocks are symmetric. They can
thus be characterized by their principal components along
the X-direction (common to bedding perpendicular and bed-
ding parallel joints), the Y-direction (normal to bedding per-
pendicular joint) and the Z-direction (normal to bedding
parallel joints) that we will refer to as k,, k, and k,,
respectively.

The main premise of this study is that the aperture is
small enough to allow joints (bedding perpendicular joints
and bedding planes) to be treated as planar high-flow re-
gions embedded in an impermeable matrix. The flow veloc-
ity is assumed to be small enough in the joints so that no
head loss occurs at joints intersections, as supported by lab-
oratory testing (Wilson, 1970).

Flow is treated as a two-dimensional Darcy flow, similar
to the flow between two parallel plates.

Equations for the average velocity V and discharge g per
unit width of a parallel plate conduit are derived from the
Navier—Stokes equations (Snow, 1969):

b’ g 2 .59
V= ?;J and q_—gb ;J, (1)
where g is the gravitational acceleration, v is the kinematic
viscosity, J is the projected gradient of potential, and b is
the half aperture of the parallel plate conduit.

Although fractures which are parallel and perpendicular
to bedding seldom have similar apertures, we assume for
convenience that bedding perpendicular joints and bedding
planes joints have the same hydraulic aperture a, = 2b, so
that the influence of structural properties may be better
identified.

The average velocity V per unit width is then given by

a g
V=- o ;J. (2)
This average velocity can also be explained as a function of
the permeability k of the discontinuity:

v— k3. (3)
v

Accordingly, the relationship between the permeability k of

the discontinuity and the hydraulic aperture ay, is

a
k=2 (4)

It is well known that the permeability of fractured rock is
sensitive to the magnitude of fracture apertures. In joints
networks, Doolin and Mauldon (2001) showed for example
that each order of magnitude reduction of the bedding
plane aperture reduces the bed normal permeability by
three orders of magnitude.

At the chosen scale of study (meter scale), bedding per-
pendicular joints and bedding parallel joints generally have

a hydraulic aperture that ranges between 0.01 and 0.6 mm
(Belfield and Sovich, 1994; Bandis, 1980; Hakami, 1998;
Esaki et al., 1995; Marret et al., 1999). The resulting frac-
ture permeability per unit width k would then vary between
8.3x107" m? and 1.8 x10~"" m?, thus over six order of
magnitude. As we made the assumption that the discontinu-
ities have the same hydraulic aperture a;,, the directional
components of the effective permeability tensor (k, ky,
and k) would vary within the same range of magnitude. If
we determine the effective permeability tensor of one type
of network with a given hydraulic aperture, we can thus
deduce the permeability tensor of the same network with
another hydraulic aperture.

Although the aperture of the discontinuities is the factor
that mainly influences the values of the effective perme-
ability tensor directional components, it is not the purpose
of this paper which will mainly focus on the influence of
structural parameters on the effective permeability tensor
for one given hydraulic aperture.

Results and discussion

For each synthetic network, we numerically determine (as
an output of the structural model REZO3D) the density Dz
(m?/m?3) of bedding perpendicular joints crosscutting the
elementary volume (cf. Fig. 4b). Given the assumed number
of strata, the bedding planes density within the rock mass of
unit volume remains Dy, = 4 m?/m? for all the networks.

An analytical expression accounting for these two param-
eters (Ds. and Dyp), the equivalent hydraulic aperture a
(0.08 mm) and the corresponding permeability k (4.3 x
10" m?) is then used to calculate the k, and k, effective
permeability components.

Figure 5

Figure 6 Sketch showing the flow paths along the y-direction.
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Figure 7

Along the X-direction, only bedding plane and bedding
perpendicular joints which are crosscutting the entire net-
work control the flow (Fig. 5).

Thus, the effective permeability k, (m?) can be ex-
pressed as follows:

kx = (Dbp =+ ch) X A X K. (5)

Along the Y-direction, flow occurs within the bedding planes
only (Fig. 6). Thus, the effective permeability k, (m?) can be
expressed as follows:

k, = Dyp x ap x k. 8)

As the density of the bedding planes joints is assumed con-
stant, k, will remain the same and will be considered only
for comparison with the other effective permeability com-
ponents k, and k,.

Flow along the Z-direction, within the bedding perpen-
dicular joints normal to bedding and the bedding planes,
is complex because of the three-dimensional aspect of the
problem. Indeed, k, depends on all the parameters that con-
trol the density of bedding perpendicular joints and their
mechanical interactions with the bedding planes (Fig. 7a).
Thus, the use of an analytical formalism to determine the
effective permeability k, of the three-dimensional networks
is more difficult to apply. Therefore we performed steady
state fluid flow modelling while accounting for fluid flow
within all discontinuities of the network. Steady state flow
rate is calculated through the network with the following
boundary conditions: No flow boundary condition (Neuman
condition) on the (XZ) and (YZ) planes and prescribed poten-
tial head boundary (Dirichlet condition) on both (XY) planes
at the upper (H1) and lower (H2) boundaries (Fig. 7b).

Then, by analogy with Darcy’s law, the effective perme-
ability k, is determined by considering the calculated flow
rate g and the gradient J (AH/D.):
q:AV:—kA%J 9)
with A, the section normal to flow, g the gravitational accel-
eration, v the kinematic viscosity.

The effective permeability k, is then inferred from the
calculated flow rate q:

q

Effective permeability k,

Fig. 8 shows that k, slightly increases when the bedding per-
pendicular joint density (expressed as a function of Ng) or

AH =H1-H2

(a) Sketch showing the flow paths along y-direction normal to bedding. (b) Boundary conditions for flow simulations.

the mean bedding perpendicular joint length (L) increases.
The combined effect of the later parameters on k, can gen-
erate a 60% increase in permeability. This is related to the
proportionality of k, to the density of all discontinuities
allowing flow along the X-direction. As the density of bed-
ding planes Dy, remains constant for all simulations, only
the density Ds. of the bedding perpendicular joints crosscut-
ting the entire elementary volume, which varies between 0
and 3 m%/m? (cf. Fig. 4b), induces the 60% variation in k.

If the density of bedding planes D, is lower, the influence
of the bedding perpendicular joints crosscutting the entire
network becomes dominant and the density Ds. controls k.

We performed a global analysis of the variance of k, as a
function of N, L,o,, SC in order to quantify the influence of
those parameters.

kx :f[NMZ,()’L,E]. (6)

This analysis aims at estimating the rate of variation of k,
with respect to these parameters. Each type of network is
generated according to one possible combination of various
parameters that are assigned three intensities (cf. Table 1).
Each parameter p is thus assigned three effects E,+, Epy, Ep3,
with Ep; referring to the effect of the parameter p when its
intensity is i.

The effect E,,; is quantified by calculating the average va-
lue of k, for all the networks generated with the intensity i
for the parameter p, whatever the intensity of the other
parameters. For example, the effect En,, for the bedding
perpendicular joint density (Ns) with the intensity i is given
as follows:

_ >~ k«[Ns;, Lj, o1k, SC/]

Ex, -

(7)

with n the number of networks analysed, and j,k,,[ the
intensities (1, 2, or 3) of the other parameters. Its value
equals the mean of the permeability values calculated for
the 27 type of synthetic networks for which the bedding per-
pendicular joint density is Ng,.

The rate of variation (R,) related to one parameter p, is
defined as the ratio between Epmax and Epmin, the maximal
and minimal value of the effect, respectively. It can thus
be used to quantify the influence of this parameter p on
the permeability value.

Table 2 shows the rate of variation (R,) for each parame-
ter on which k, depends on. The bedding perpendicular joint
density (Ns) and the mean perpendicular joint length (L) have
a noticeable effect, since they may induce a change of
almost 50% in k. The standard deviation of the perpendicular
joint length distribution (o), the mean stopping capacity of
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Figure 8 Permeability component k, of each synthetic network. Nine values of permeability, resulting from the combination of
the three mean stopping capacity of bedding planes SC and the three standard deviation o;,, are associated to each mean length L; of

the bedding perpendicular joint spacing distribution.

Table 2 Global analysis of the k, permeability variations

Epi p

s [ a i
Panel (a)
Epq 1.9E-13 1.8E-13 1.9E-13 2.1E-13
393 2.1E—-13 2.1E-13 2.2E-13 2.2E-13
Ep3 2.6E—13 2.4E—13 2.2E-13 2.1E-13
Panel (b)
Ry 1.36 1.33 1.16 1

(a) Parameters effect; (b) rate of variation (R,) related to the
parameters.

bedding planes (SC), in contrast, have a negligible effect
on Ky.

Effective permeability k,

Fig. 9 displays k, values calculated for all synthetic net-
works. All the parameters significantly influence k,, except
the standard deviation of the perpendicular joint length dis-
tribution (o).

The mean stopping capacity of bedding planes (SC) and
the mean perpendicular joint length (L) have a high influ-
ence on k,, which is also strongly dependent on the bedding
perpendicular joint density (Ns):

e For networks of high bedding perpendicular joint density
(Ns, = 60), k. highly decreases when the mean perpendic-
ular joint length (L) increases because the bedding per-

pendicular joint density decreases (cf. Fig. 4a). For
such networks, there is almost no link between the mean
stopping capacity of bedding planes SC and k,.

e For networks of moderate and low density (N5, = 30 and
Ns, = 15), in contrast, k, is less sensitive to L. On the con-
trary, the mean stopping capacity of bedding planes SC
may induce a one order of magnitude change in k,.

¢ Whatever the network density, the influence of the mean
stopping capacity of bedding planes (SC) decreases as the
mean perpendicular joint length (L) increases.

The analysis of variance for k, confirms the previous
observations as illustrated by the rate of variation R, (Table
3):

e The bedding perpendicular joint density (Ns) and the
mean stopping capacity of bedding planes (SC) have a
non-negligible influence on k,, which may increase by a
factor of 2—4.

e The mean perpendicular joint length (L) has a smaller
influence on k, than the other parameters.

¢ The standard deviation of the perpendicular joint length
distribution (o) has a minor influence.

As the influence of the mean stopping capacity of bed-
ding planes (SC) and the mean perpendicular joint length
(L) on k, is strongly dependent on the intensity of the bed-
ding perpendicular joint density (Ns), we performed a more
detailed analysis of the k, variation. We thus calculated the
mean effect of the parameters for the three sets of net-
works characterized by the same bedding perpendicular
joint density Ns. For example, EL1,NS1 is the effect corre-
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g R

Permeability component k, represented for all the simulations. Nine values of permeability, resulting from the

combination of the three mean stopping capacity of bedding planes SC and the three standard deviation ¢,,, are associated to each
mean length L; of the bedding perpendicular joint spacing distribution.

Table 3 Global analysis of the k, permeability variations

Epi p

Ns Z g K
Panel (a)
Ep 4.2E—14 5.5E-13 7.8E—14 9.8E—14
Epy 7.5E—14 8.7E—14 7.8E—14 8.7E—14
Ep3 1.5E—13 7.9E-14 6.8E—14 4.7E—14
Panel (b)
Ry 3.57 1.44 1.15 2.08

(a) Parameters effect; (b) rate of variation (R,) related to the
parameters.

sponding to an intensity of 1 for L and N; (networks 1—9)
and is equal to the average permeability k, of these
networks.

For each network, Table 4 shows the variation rate R, of
k, related to each parameter, for the three degrees of bed-
ding perpendicular joint density (Ny;). The influence of the
mean stopping capacity of bedding planes (SC), the mean
perpendicular joint length (L) and the standard deviation
(o) notably varies when the density of the networks
changes:

e For high-density networks (N, = 60), these parameters
have almost no influence on the permeability k.

e For networks of moderate and low density (N5, = 30 and
Ns, = 15), the variation of SC can induce an important
change in k; (R, = 2.6).

Table 4 Detailed analysis of the k, permeability variation:
rate of variation (R,) related to the geometrical and
structural parameters associated to each network density

Type of network p
Z gL ﬁ
Low density (Ns=1.5, D=2.1) 1.9 1.2 2.6
Intermediate density 1 1.5 2.6
(Ns=30, D=3.1)
High density (Ns = 60, D = 4.7) 1.3 1.1 1.2
Without any distinction 1.45 1.2 2.1

e For low-density networks only, the mean perpendicular

joint length (L) has a noticeable influence on k,
(Ry=1.9).

Effective permeability tensor

Fig. 10 shows the main directional components (k,, Ky, k,) of
the mean effective permeability tensor for each type of
fracture network computed from 200 statistically equiva-
lent simulations.

The main characteristics of the effective
permeability tensors determined for each network are the
following:

e ky > k, for all the synthetic networks and the k,/k, ratio
can reach a value of 15 when the mean perpendicular
joint length (L) is larger than the elementary dimension



(L = 2D.). This result was expected given that the bed-
ding perpendicular joint strike corresponds to the X-
direction.

® k, > k, for all the synthetic networks, even for a low value
of the mean stopping capacity of bedding planes (5C).

e For the synthetic networks of low and moderate-density,
ky, > k, with a k,/k, ratio such as 2 < k,/k, < 14.

e For high-density networks (N, = 60) k,~ k, in most
cases. k, <k, when the mean bedding perpendicular
joints length is lower or equal to the elementary volume
dimension (L = 0.5D, or L = D,).

Whatever the analysed synthetic network is, we observe
that k,/k, <10, k./k,<15, and k,/k,<15, for a given
hydraulic aperture.

In consequence, when the effective permeability along
one direction (X, Y or Z) is determined (from direct or indi-
rect measurements), the order of magnitude of the other
effective permeability components is known. Obviously,
this result is limited to the range of network geometries
tested in this work, and to the assumptions regarding the
identical hydraulic aperture ay, for both bedding perpendic-
ular joints and bedding planes joints.

Implications for the geometrical and structural
properties to assess in the field

The main geometrical and structural properties that can be
measured in the field are the mean stopping capacity of bed-
ding planes (SC), the mean (L) and standard deviation (o, ) of
the perpendicular joint length distribution, the mean (T)
and standard deviation (o7) of the bed thickness distribu-

tion, and the bedding perpendicular joint density (Ns) which

are related to the numerical parameters used as input in our
structural model. Their influence on the components of the
effective permeability tensor has been analysed in the pre-
ceding section, except for T and a7, as we considered a con-
stant mean spacing between bedding planes.

The bedding perpendicular joint spacing (S), on the other
hand, results from the stochastic processes that control
bedding perpendicular joint propagation and mechanical
interactions. It ranges between 0.1D. and 0.54D. (cf.
Fig. 4c). Therefore, we considered three spacing intensity
to characterize this parameter (property) according to the
measured range of spacing: S;=0.1—0.24m, S;=0.25—
0.39m, and S5 =0.4—0.54 m.

As we showed that o, has no significant effect on the per-
meability values, the directional permeability k4 are mainly
function of L, S, SC:

ka = f[L;5:5C). (11)

We thus performed a global analysis of the variability of the
effective permeability tensors components, with respect to
these geometrical and structural parameters (properties)
to be assessed from outcrops or borehole measurements.
Therefore, we analysed the variance of k4 and computed
the rate of variation R, as a function of the above
parameters.

e For k,, Table 5 shows that the mean bedding perpendic-
ular joint spacing (S), the mean perpendicular joint
length (L) and the mean stopping capacity of bedding
planes (SC) have a negligible influence. This is related
to the bedding plane density Dy,, which substantially
moderates the sensitivity of k. to the other structural
parameters. If the bedding plane spacing is greater, then
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Figure 10  Main directional components of the effective permeability tensor (ky, k,, k;) calculated for each synthetic network.



Table 5 Global analysis of the k, permeability variation:
(a) Geometrical and structural properties effects; (b) rate of
variation (Ry) related to the geometrical and structural
properties

E p

S L SC
Panel (a)
Ep 2.1E-13 1.8E—13 2.1E-13
Ep, 2.2E-13 2.1E-13 2.2E-13
Eps 2E-13 2.4E-13 2E-13
Panel (b)
Ry 1.05 1.25 1.05

Table 6 Global analysis of the k, permeability variation:
(a) geometrical and structural properties effects; (b) rate of
variation (R,) related to the geometrical and structural
properties

E p

L SC
Panel (a)
Ep 1E-13 5.5E—13 9.8E—13
Ep, 6E—14 8.7E—-13 8.7E—-13
Epz 4E—14 7.9E—-13 4.7E-13
Panel (b)
R, 2.5 1.6 2.1

the density Dy, of the bedding planes decreases and k
becomes more dependent on Dy, thus on the geometrical
and structural properties of the rock mass.

e For k,, the effects related to the bedding perpendicular
joint spacing (S) and the mean stopping capacity of bed-
ding planes (SC) are not negligible anymore (Table 6).
Indeed, the range of variations of S can induce changes
of almost one order of magnitude in k, and the mean
stopping capacity of bedding planes SC can induce a var-
iation around a factor of 2.

Considerations on the appropriate description of a
rock mass to assess the effective permeability
tensor

For a layered fractured rock mass such as the one consid-
ered in this study, the following steps may be performed
to assess the effective permeability tensor:

(i) The fraction of the rock mass with bedding perpendic-
ular joints must be identified, as well as the density of
bedding planes within the elementary volume which
strongly influences the k, and k, components.

(ii) The bedding perpendicular joint density (Ns) must be
determined as well as possible since it has a predom-
inant effect on the k, and k, components.

(iii) The mean bedding perpendicular joint spacing (S) and
the mean stopping capacity of the bedding planes (SC)
must be identified since they can induce more than
one order of magnitude changes in the k, and k,
components.

(iv) The mean (L) of the bedding perpendicular joint
length distribution, might be measured as it can
slightly affect the effective permeability compo-
nents, but is not a required measurement.

(v) The standard deviation (o) of the bedding perpendic-
ular joint length distribution is not an important
parameter as it weakly affects the effective perme-
ability components.

One must keep in mind that the aforementioned consider-
ations correspond to a layered fractured rock mass whose
characteristics are identical to those of the synthetic net-
works studied in this paper: At the meter scale, the elemen-
tary rock mass should comprise bedding planes with a
stopping capacity that ranges between 40% and 90% and a
bedding perpendicular joint set with a spacing that ranges be-
tween 10% and 50% of the elementary volume dimension De.

Implication for a simple determination of the
effective permeability tensor

In the following, we compare the permeability components
inferred from the previous formalism (referred hereafter as
true permeability component) with the permeability com-
ponents determined from a simpler analytical model, called
the fracture density model.

The hypothesis for this model are the following: (i) The
discontinuities have the same hydraulic aperture and (ii)
we consider a unique bedding perpendicular joint of density
D (cf. Fig. 4a), which participates to the flow along the X-
and Z-directions.

This model therefore does not account for the spatial
organisation of the bedding perpendicular joints and only
depends on D4, D and k.

The directional components of the permeability tensor
are expressed as follows:

ky :Dbd X Qp X k7 (14)
Ky :(Dbd + D) x an X k, (15)
k, =D x a, x k. (16)

Fig. 11 shows the ratio between the permeability compo-
nent calculated with this model (k{) and the true perme-
ability component (k;).

The values of the true permeability component k, are
overestimated by a factor ranging from 1 to 2. This is an
acceptable estimation error regarding the order of magni-
tude of the cumulative errors due to structural and hydrau-
lic measurements (Renshaw and Pollard, 1994b).

For the k, component, the permeability ratio presents a
higher variability:

¢ For low-density networks, the permeability ratio is rang-
ing between 1.5 and 6.

e For intermediate density networks, the permeability
ratio is lower than 2 except when the mean stopping
capacity of the bedding planes SC = 90%.



ki/k2 1 1 1
N : : : SCo0%
Ns: ' Ns: : Ns3 !
o o K I I SCoso,
L 75%
10-‘—” ‘—’2 ——) :1 ) 4 N ’I‘ ) ¢ Y ?
1 1 1
I ) I I 5Ca0%
61 : ( : :
1 1 1
1 1 1
1 1 1
1 1 1
4 1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
f 1 1 1
1 1
1 1
1 1
| £ : ﬁ&v ) E |
1 1
1 1
1 1
1 1
E!C] ' wlud B 398;’68
1 : | :
1 1 1
1 1 1
2 Networks (n°) 54 81
Figure 11  Ratio (k4/k;) between the true permeability value and the permeability obtained with the fracture density model for all

networks. The empty and filled symbols correspond to the ratio of the k, and k, components, respectively.

e For high density networks, the permeability ratio are
always lower than 2.

This reveals that flow simulations to calculate the effec-
tive permeability component of a layered fractured rock
mass are useful only when a high proportion of bedding per-
pendicular joints are confined within one stratum, and when
the bedding perpendicular joints density is low.

As a result, the knowledge of the bedding perpendicu-
lar joint and bedding plane densities within an elementary
volume allows assessing the effective permeability tensor
of an elementary rock mass, with an acceptable error
(lower than one order of magnitude). A very similar meth-
odology described in Nelson (1985) leads to the same con-
clusion. The estimation of an effective permeability tensor
with this model thus appears to be valid, especially in the
case of dense fractured networks. Therefore, when a rock
mass is studied on outcrops with measurement on cross-
sections of various orientations, the density of bedding
perpendicular joints and bedding planes joints must be
determined as well as possible. Then, if the equivalent
hydraulic aperture of the discontinuities can be assessed,
the effective permeability tensor of the rock mass may
be estimated.

Conclusion

We used a three-dimensional numerical model to generate a
wide range of network geometries with realistic crosscut-
ting relationships between bedding perpendicular joints
and bedding parallel joints. The effective permeability
was considered to be the contributions of both bedding per-
pendicular joints and bedding parallel joints which we as-
sumed to have the same hydraulic apertures. The

geometrical and structural properties of the networks were
determined, which allowed estimating the influence of
those properties on the effective permeability tensor of a
layered fractured rock mass of elementary volume De.

We showed that some geometrical and structural proper-
ties, such as the average spacing between bedding perpen-
dicular joints (S) and the mean stopping capacity of bedding
planes (SC) can induce more than one order of magnitude
changes in the effective permeability values for the range
of studied networks. In contrast, the mean and standard
deviation of bedding perpendicular joint lengths distribution
were found to have a negligible influence on the effective
permeability values.

We finally compared the components of the effective
permeability tensor calculated with the proposed formal-
ism, with results inferred from a simple analytical model
that requires a reduced set of field data. We showed that,
when the equivalent hydraulic aperture and the density of
bedding perpendicular joints and bedding planes joints are
known, the effective permeability tensor of a layered
fractured rock mass can be determined within less than
one order of magnitude.

As a result, when we aim at determining the effective
permeability tensor of a layered fractured rock mass, the
structural characterization can be restricted to the
measurement of (i) the bedding perpendicular and bedding
parallel joint densities, (ii) the crosscutting properties
between bedding perpendicular joints and bedding planes,
and (iii) the average spacing between bedding perpendicular
joints (S).

Then, if the equivalent hydraulic aperture of the discon-
tinuities can be assessed, the effective permeability tensor
of the rock mass may be estimated with the proposed frac-
ture density model.
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