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Abstract

The influence of far-field stresses on fracture apertures in a fragmented rock layer is
investigated using finite element analysis of a three dimensional mechanical model. The
model implements realistic boundary conditions, interactions between the fragmented layer
and neighbouring plastic rock layers, and frictional interfaces between the rock blocks.
Stress-strain analysis is conducted to obtain stress variations within the fragmented rock layer
and the block displacements and rotations. The fracture apertures are calculated using the
local stress states instead of the far-field stresses simply being projected on the fractures. It is
observed that fracture apertures can vary for the fracture segments over the individual blocks.
Ensemble permeability is calculated by running a single phase flow analysis considering the
obtained fracture apertures for fracture segments. The influence of the rock block
displacements, rotations and deformations, difference between the mechanical properties of
the rock layers, and the orientation of the horizontal stresses is investigated on the ensemble
permeability. It is demonstrated that the compressibility of the neighbouring layers and block
rotations and deformations have significant influence on the permeability of the fragmented
rock layer. These effects which may be ignored in simpler aperture calculation models can
result in considerable inaccuracies in the estimation of fracture apertures and ensemble
permeability. Hence, such methods may only be used as indicative tools.

Keywords: Fragmented rocks, fracture aperture, permeability tensor, frictional interface, in
situ stress orientation

1 Introduction

The hydraulic properties of rock fractures are of considerable interest in several areas
of engineering, such as petroleum and geothermal reservoirs (Kazemi & Gilman, 1993),
mining (Guo, Yuan, Shen, Qu, & Xue, 2012), radioactive waste repositories (Neretnieks,
1993), and underground tunnels (Barton, Bandis, & Bakhtar, 1985; Fernandez & Moon,
2010). For the oil and gas industry, Naturally Fractured Reservoirs (NFRs) are of significant
importance since approximately 60% of the remaining conventional oil and 40% of gas
reserves in the world are hosted in fractured carbonates (Beydoun, 1998).

In many NFRs, the fractures act as the main pathways for fluid flow, especially in low
permeability rocks. Rock fractures, have rough walls and variable apertures with asperities on
the fracture walls which may be sustaining the fracture openings. The permeability of a rock
fracture depends on the aperture distribution, surface roughness and contact area, all of which
are functions of the stresses that act on the fracture walls. Thus, permeability can increase or
decrease with stress depending on the confining stress and fluid pressure (Min, Rutqvist,
Tsang, & Jing, 2004).

The change in the aperture due to stress can cause many orders of magnitude change
in the hydraulic conductivity at moderate levels of compression (Barton et al., 1985). Zhang
and Sanderson (1996) studied the effect of stress on the 2D permeability of fractured rocks
considering the influences of burial depth, i.e. different levels of overburden pressure (S,),
differential stress, and loading direction. They defined normal and shear stiffnesses on the
interface of 2D blocks which enabled them to calculate the amount of normal and tangential
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displacement between two adjacent blocks based on the block geometry and block centroid
translation and rotation. They noticed that the permeability of the studied systems reduces
with depth (i.e. increase of S,) and that the differential horizontal stresses significantly
influence the direction and magnitude of permeability. They observed that for a constant
value of minimum horizontal stress, Sy, an increase of the maximum horizontal stress, Sy,
reduces the network permeability. However, the method that Zhang and Sanderson (1996)
used only takes into account the displacement and rotation at the aerial centroid of each block
that results from the shear and normal in situ stresses. This is independent of the
displacements/rotations of the other blocks which means that for fragmented rocks, the
position of the blocks is not updated due the interactions between the blocks. This ignores the
progressive deformation/rotation of a group of blocks which could be significant. Lang et al.
(2012) also investigated permeability changes accompanying small displacements. They
observed that stress dependent fracture opening/closing of medium to small scale fractures is
critical for the permeability of the fracture-rock matrix ensemble.

Another group of methods for modelling fluid flow through fractures are the dual
continua models. Zhang et al. (2002) conducted a 2D numerical study to model a large
number of polygonal small blocks connected at their boundaries. The boundaries were the
path for fluid transport. The blocks were defined to be deformable and tensile and shear limits
were defined at boundaries which were broken when associated stresses reached a certain
limit. Pre-existing fractures were also embedded into the model. They investigated the
influence of differential stress and fluid pressure on the creation and propagation of fractures
and fracture networks finding that high fluid pressure can cause the initiation and growth of
fractures leading to the formation of a connected fracture network under. High differential
stresses also promoted the initiation and growth of fractures with a significant influence on
flow patterns.

Stress-dependent permeability of fractured rocks was investigated by Latham et al.
(2013) considering the influence of fracture propagation and bending fractures in two-
dimensional (2D) space. Combining the geomechanical behaviour of the fracture network
with its fluid flow properties they showed that some particular stress states can reactivate the
pre-existing fractures and can change the system’s permeability. Lei et al. (2017) also studied
the influence of triaxial stresses on the permeability of a three-dimensional (3D) fractured
rock layer which was created by extruding a 2D outcrop pattern. They considered the
influence of stress on the permeability of the fractured rock layer running a decoupled
geomecahincal and flow analysis. The discrete element method that they used for the
geomechanical modelling is capable of modelling the deformation of matrix blocks, variation
of stress fields and propagation of fractures.

In this study, the change of fracture aperture in fragmented rocks has been
investigated using Finite Element Analysis (FEA) while overcoming some of the common
deficiencies of the older models including unrealistic boundary conditions due to 2D
modelling, resolving far-field stresses on fractures ignoring the stress variations in rock
layers, and ignoring block displacements and rotations.
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To create more realistic boundary conditions, a sample fragmented rock layer is
modelled in three dimensions by extruding a 2D fracture network which is placed between
two softer shale layers. The horizontal stresses in different orientations and overburden
pressure are applied. In addition to considering the influence of tri-axial stress states, this
enables considering the influence of the compressibility of the neighbouring layers and the
contrast between the elastic properties of the rock layers on the fracture apertures of the
fragmented rock layer.

The variation of stress within the rock layer is simulated in a newly constructed
mechanical model of the fragmented rock and analysing it under realistic boundary stresses.
This is ignored in models which simply project far field stresses on the fractures (e.g.
Azizmohammadi and Matthai (2017)). Frictional interfaces are defined between the rock
blocks, also permitting opening and closing of the fractures in addition to frictional sliding.
Creating such a mechanical modelling, the deformations, displacements, and rotations of rock
blocks can be estimated. This also enables a higher accuracy estimation of fracture dilation
using Barton et al. (1985) method, as the shear displacements and normal stresses are
calculated for individual fractures as part of the mechanical analysis.

After conducting the complex mechanical modellings, the updated maps of fracture
apertures are obtained. Single-phase flow analysis is conducted for each case in two
perpendicular directions to obtain the updated ensemble permeability. The tensorial
permeability for each case is obtained and comparisons between the permeability tensors of
different cases are conducted.

2 Methodology

The influence of in situ stress on the permeability of a fragmented rock layer was
modelled in two steps. In the first step, three-dimensional linear-elastic mechanical finite
element analyses were conducted using ABAQUS™ applying the in situ stresses to the rock
layers. Conducting this modelling in three dimensions, it was possible to simulate the
simultaneous influence of the overburden and horizontal stresses. Frictional contacts were
defined between the rock layers and the individual rock blocks of the fragmented layer. This
enabled the simulation of the rotation and the relative displacement of individual blocks.

In the second step, the permeability of the fragmented rock layer was calculated by
conducting a single phase flow simulation on the updated geometry, calculated in the
previous step, to obtain the permeability tensor of the fragmented rock layer. Since, the
fragmented rock layer is assumed to be the permeable layer of the model with flow occurring
in its plane, with minimal flow in normal direction to it, this step was performed in 2D. This
analysis was conducted using Complex Systems Modelling Platform (CSMP++) (S. K.
Matthdi et al., 2007).

2.1 Finite Element Analysis (FEA)

A displacement based linear elastic finite element method was used to solve the
undrained linear poroelasticity equations over the domain of interest. Static equilibrium is
described by Cauchy’s equation in vectorial form (Malvern 1969):
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Vo+F=0 (1)

where ¢ is the 3x3 second order tensor of total stress and F is the vector of body
forces that act on the rock volume. In general, aj; = gji ; hence the stress tensor has only six
unknown components while three equations are given. The three other equations required,
can be derived using the tensorial form of Hooke’s law, formulated by G. Lamé which is
applicable for undrained porous materials (Ji, Sun, Wang, & Marcotte, 2010):

O-l'j = AEvol(Sl'j + ZGEij (2)

In the above equation, 4 is the Lamé parameter, d;; is the Kronecker delta (equals to 1
if i =jand equals to 0 if i #), G is the shear modulus and & is the volumetric strain which
is the summation of the diagonal components of the strain tensor. VValues of Lamé parameter
and shear modulus for common rocks are available in different sources such as (Ji et al.,
2010). These parameters can also be written in terms of other common mechanical properties
such as elastic modulus (E) and Poisson’s ratio (v) as shown below

1= kv (3)
1+v)(1-2v)

G=—1t 4

- 2(1+v) @

Components of strain tensor are derived from displacements of the solid phase by the
following definitions, where (u,v,w) is the displacement vector. Note that here a steady-state
case of undrained material is assumed for which there is no fluid movement.
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Substituting equation (5) into (2) reduces the number of unknowns to three, which, if
inserted into equation (1), can be solved.

2.2 Frictional Interfaces

Frictional interfaces are defined where two different objects are likely to contact. This
includes the interface between the different rock layers and at the fracture walls. The
behaviour of frictional interfaces comprises of a no-penetration rule using a penalty algorithm
to avoid interpenetration in the normal direction and a frictional behaviour in the tangential
direction. A basic Coulomb friction model is used with the tangential stress required for
sliding given by the following equation (Coulomb, 1773):

T = f(on —py) (6)
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where 7 is the tangential stress, f is the friction coefficient, o, is the stress normal to
the considered surface, and ps is the fluid pressure in the fracture. Byerlee (1978) showed that
for a very wide range of rock types at high effective normal stresses (> ~10MPa), the friction
coefficient is independent of surface roughness, normal stress, rate of slip, etc., and it is
generally between 0.6 and 1.0. Here, a value of 0.6 is used conservatively. The effective
stress is used here as the fracture fluid pressure counteracts the fracture normal stress. An
earlier implementation of frictional interfaces between rock layers can be found in Agheshlui
and Matthai (2017).

2.3 Dilation Effect

The FE modelling conducted in this research provides estimates of the normal and
shear displacements of individual fractures. However, the shear dilation effect is not resolved
by standard FE models because of a few order of magnitude difference in the scale of
asperities and fragmented rock blocks which makes it impractical to include asperities
directly into the block geometry. To overcome this problem, constitutive models developed
based on experimental data by Barton et al. (1985) is used in this research. This model
estimates the dilation values from the shear displacement and normal stress acting on fracture
walls. Other parameters used in this model are Joint Roughness Coefficient (JRCy), Joint wall
Compressive Strength (JCSp) and unconfined rock compressive strength (UCS). The model
developed using JRCy = 10, JCS, = 75MPa, and UCS = 150MPa by Barton et al. (1985) is
reproduced and displayed here in Figure 1. This model is used to calculate the fracture
dilation as a function of shear displacement and fracture normal (effective) stress as obtained
from the mechanical FE model.

2.4 Ensemble Permeability

A Discrete Fracture and Matrix (DFM) model was used for obtaining the ensemble
permeability. For this, the fractures were represented by lower dimensional elements
compared to the matrix (Stephan K. Matthai & Nick, 2009; Paluszny, Matthai, & Hohmeyer,
2007). The permeability of individual fractures was computed from their aperture, a, using
the parallel plate law (Kranzz, Frankel, Engelder, & Scholz, 1979):

aZ

=5 (7)

To obtain the full permeability tensor of the ensemble, two steady-state flow problems
were solved in two perpendicular directions. The ensemble absolute permeability tensor, kZ
(8), was computed by solving Darcy’s law (9), modified for the volume-averaged fluid
velocity (u), pressure gradient (Vp), and viscosity (u), where () is the volume averaging
operator (Azizmohammadi & Matthdi, 2017; Durlofsky, 1991).

kfx kfy
kE = (8)
kyx Ky

kg
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Equation (9) in matrix form can be written as:
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where superscripts 1 and 2 denote the two flow directions.
3 Model Description

3.1 Mechanical Modelling

A 4.5mx4.0m section of Kilve outcrop was selected for studying the stress influence
on fracture apertures in the fragmented rock layer. The corresponding 3D model consists of a
layer of fragmented brittle limestone rock extruded in the normal direction with a thickness of
0.2m sandwiched between two plastic shale layers with thicknesses of 1m. The fracture walls
are assumed to be in contact before the in situ stress is applied. All fractures were considered
to end at the intersection with other fractures and to be confined, i.e. they terminated at the
layer boundaries in the vertical direction. Figure 2 (a) shows the plane view of the fragmented
rock layer and Figure 2 (b) depicts the entire model including the fragmented layer and the
plastic top and bottom layers.

Frictional contact surfaces were defined at the interfaces of the blocks and the rock
layers. Defining this, the movement of blocks relative to each other under the applied stresses
was simulated while updating the geometry of the entire fragmented rock layer due to the
movement of individual blocks. Hence, modelling the change in the aperture was made
possible with a much higher level of accuracy.

The model was created in 3D so that overburden and horizontal stresses could be
applied simultaneously. This was because in addition to the shear and normal components of
the horizontal stresses which affect the fracture apertures, the overburden stress also
influences them by the differential displacements that occur at the interface of layers due to
their different mechanical properties. The mechanical and hydraulic properties of the rock
layers of the model are given in Table 1. The model was assumed to be located at a depth of
2km with an average overburden dry density of 2200 kg/m® which creates an overburden
pressure of Sy= 43.16 MPa applied to its top surface. Horizontal stresses of Sy = 0.85xS, =
36.7 MPa and S, = 0.7xS, = 30.2 MPa were assigned to the side walls of the model to
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replicate an extensional tectonic regime (Figure 2(b)). The fluid pressure in the fractures was
taken as hydrostatic with a brine density of 1100 kg/m?>. Furthermore, a hydrostatic pore
pressure was assumed to exist in the entire model.

3.1.1 Creating the model

To build the model the following steps were taken: (1) the fracture geometry was
created by importing individual blocks from CAD applications and adding the confining
shale layers above and below in ABAQUS; (2) a poro-elastic material model was assigned to
the limestone and shale layers; (3) limestone and shale layers were adaptively meshed using
quadratic hexahedral and wedge elements to a resolution that further reduction in element
sizes made only minimal changes in results (see Figure 3); (4) frictional interfaces were
defined between all the individual blocks and the neighbouring layers, employing a penalty
algorithm (Kikuchi, 1982) to avoid block interpenetration; a basic Coulomb friction model
(Coulomb, 1773) was applied to contacting surfaces; (5) displacement and stress boundary
conditions were applied to the model including constrained displacements in all directions at
the base, constrained displacements in X and Y directions at the top surface, overburden
stress, Sy, applied to the top surface, boundary stresses of Sy and Sy, applied to the model side
walls; (6) hydrostatic pore pressure was defined in the model; (7) fracture fluid pressure was
applied as surface pressure to the side walls of the individual rock blocks; (8) simulations
were run using unsymmetric solvers and a displacement convergence criterion was chosen
with a maximum residual factor of 0.005; outputs were post-processed for the use in the flow
simulations.

The mesh, shown in Figure 3, was adaptively refined to capture the details around
corners and complex geometries where high variations were expected. The maximum
element length (in the fracture network plane) was limited to 80mm and element thickness
(perpendicular to the fracture network plane) was limited to 40mm, i.e. five elements to
capture stress variations within the thickness of the limestone layer. The mesh included
94125 hexahedral and 605 wedge elements. A 20% further reduction in the element length
resulted only in 0.2% change in the maximum displacement of the limestone layer observed
at its top right corner.

3.1.2 Orientation of Horizontal Stresses

As shown by Zhang and Sanderson (1996), the change in the orientation of the
horizontal stresses acting on the fracture patterns could change the permeability of fractured
rocks significantly. To study this effect while considering more realistic 3D boundary
conditions, eight different orientations for horizontal stresses were considered with intervals
of 22.5 degrees as shown in Figure 4.

3.2 Flow Modelling

For flow modelling, the Complex Systems Modelling Platform (CSMP++, Matthai et
al. (2007)) was used as a basis for the computation of pressure and velocity fields. A Discrete
fracture and matrix (DFM) model of the geometry shown in Figure 2(a) was built. Although
the mechanical modelling was done in 3D, to reduce the computational time and assuming a
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constant flow over the fracture depth, the flow modelling was conducted in 2D. It is worth
noting that all the fractures were assumed to be confined, i.e. fully developed over the
thickness of the limestone layer. A linear representation, lower dimensional elements
compared to the matrix, was used for fractures as it is used in DFM models (Stephan K.
Matthai & Nick, 2009; Paluszny et al., 2007). The rock properties and saturation were
discretized as piecewise constants on the elements while fluid pressure was discretized as
piecewise linear on the nodes and computed with the FEM (e.g. Zienkiewicz, Taylor, and
Taylor (1977)). Flow velocities were obtained by post-processing the pressure gradients using
Darcy's law. The Complex Systems Modelling Platform (CSMP++) calculates pressure and
velocity fields using the Bubnov-Galerkin finite-element method, see Matthai and Belayneh
(2004). This approach has been verified with analytical solutions for periodic anisotropic
porous media (Lang et al., 2014) and has also been used by Milliotte et al (2018) in their
fracture and matrix modelling workflow.

For each stress regime, fracture apertures over the sides of all the blocks were
calculated from the geomechanical modelling and then were input into the flow simulations.
Having the aperture, the permeability of the fractures was computed using the parallel plate
law, equation (7). Fractures with apertures lower than 0.025 millimetre were assumed to be
closed and their properties were set to be the same as the matrix (k=10""3, ¢=0.2).

As mentioned earlier, to obtain the permeability tensor, a steady-state flow problem
was solved in two perpendicular directions, X and Y, defined in Fig 1(a). For each direction,
constant pressure Dirichlet boundary conditions were applied to the model edges
perpendicular to that direction while no-flow (natural) boundary conditions were assigned to
the other two edges. First, the pressure field was solved using the finite element method.
Then the velocity field was calculated by post-processing the pressure gradients using
Darcy’s law. Here, a pressure gradient of 220 Pa/m was set across the model for each flow
problem (left to right for the flow in the X direction and bottom to top for the flow in the Y
direction). The fluid used here was water with a viscosity of 0.001 Pa.s.

4 Results

4.1 Stress orientation effect (o)

The deformation shape of the fragmented rock layer for a =22.5° case is shown in
Figure 5. This figure demonstrates how horizontal stresses with shear and normal
components can cause the individual blocks to move and rotate which in turn influences the
entire fragmented rock layer. Depending on the magnitude of the stresses on the surfaces of
the individual blocks, and based on the implemented Coulomb friction model, the blocks may
start sliding relative to each other. Also, the distribution of Von-Mises stresses in the
fragmented rock layer due to applied in situ stresses for all the considered horizontal stress
orientations are shown in Figure 6. The fracture normal openings were calculated from
mechanical simulations. As mentioned earlier, openings due to the fracture dilations were
calculated using the model developed by Barton et al. (1985). The total amount of calculated
fracture openings are shown in Figure 7. To demonstrate the difference between the
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distribution of fracture apertures, histograms of fracture apertures for cases of a=0° and a=45°
are shown in Figure 8.

The obtained fracture apertures were applied to the DFM models. Running the flow
simulations, the ensemble permeabilities for each stress orientation was obtained. Table 2
lists the components of the permeability tensor for each horizontal stress orientation. As it
can be seen in Figure 11, for the cases of a=0° and a=90° for which horizontal stresses are
normal to the model edges, most of the fractures are closed. This has resulted in very small
values of permeability as shown in Table 2. The values of permeability in both X and Y
directions are very close to the matrix permeability (k=1x10%). However, for the cases
where the horizontal stresses are not perpendicular to the model edges (the direction of major
fractures), a significant number of fractures have opened which has resulted in larger
permeabilities. For 0=22.5°, ky and ky, were increased by 35% and 16%, respectively,
compared to a=0°. The off-diagonal terms were increased by one order of magnitude. For
0=45°, Kyy and kyy, were 118% and 69% larger than the corresponding values for a=0°. For
0=67.5°, the components of permeability tensor were still significantly larger than the values
for a=0°, however they were reduced compared to a=45°.

Checking the trend for permeability components in Table 2, it can be observed that
the maximum permeabilities were obtained for 0=45° and a=135°, for which the shear
component of horizontal stresses was the largest. The largest permeability in X and Y
directions occurred in a=45° and 0=135°, respectively. These are the stress orientations which
produce the largest normal openings in major fractures.

The principal values of the permeability tensors (i.e. the eigenvalues: Anax and Amin)
vary with the stress orientation, o, as well (Table 2). The highest values for Amax and Amin
occur at a=45°, and a=135° and the lowest values occur at « = 0°, and « = 90°. This
considerable change in the principal values of the permeability tensor is due to the significant
effect of the horizontal stress orientation on the fracture network as clearly illustrated in Fig.
5.

As it can be observed in Table 2, the permeability tensor is not symmetrical.
However, since the difference between the off-diagonal terms is insignificant, it may be
assumed that the tensor is symmetrical. The tensors can be plotted as ellipses using the
eigenvectors of the permeability tensors as shown in Figure 13. The influence of shear
stresses on the model permeability can clearly be seen as the very large and elliptical shape of
o =45° and o =135° cases. For the cases of o =22.5°, . =67.5°, a.=112.5° and a=157.5°
which there is still significant shear stress components, the graphical representation of the
permeability tensor is still elliptical. However, for the cases of o =0° and a =90°, the shapes
are almost circular. Here, the system is almost isotropic for permeability with very close
values of Amax and Amin.

The Anisotropy Ratio (AR) in permeability tensors can be shown by an anisotropy
ratio (AR = '}{"ﬂ ) (M. Sedaghat, 2017) . Figure 10 shows AR versus o for the model. As it

was also shown in Figure 9, the model is approximately isotropic in terms of permeability
when the horizontal stresses are perpendicular to the model edges (i.e. a = 0°, and a. = 90°).
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The maximum anisotropy occurs at 45°, and 135° stress orientations with AR 445 > ARy=135.
However, the global direction of permeability tensor does not change significantly even for
these cases.

4.2 Influence of the Mechanical Properties of the Top and Bottom Layers

To demonstrate the influence of the mechanical properties of the neighbouring top
and bottom rock layers on the fracture opening of the brittle fragmented layer, three different
models were analysed. The case with a=22.5° was used for this study. Table 3 shows the
mechanical properties used for these three models. In the first case, Shale-1 (the same as
0=22.5°), the reference mechanical properties, given in Table 1, were used. For the second
case, Shale-2, the elastic modulus and for the third case, Shale-3, the Poisson’s ratio of the
top and bottom shale layers were changed.

The Von-Mises stress distribution for these three cases are shown in Figure 11. The
fracture apertures for these three cases are illustrated and compared in Figure 12. Table 4
presents the permeability tensors and eigenvalues for these three cases. Figure 13 shows the
graphical representation of the permeability tensors which is obtained using the eigenvectors
of permeability tensors.

4.3 Influence of rock deformation on ensemble permeability

Here, using deformable rock blocks and analysing the entire rock layer under the in
situ stresses, the influence of block deformations on the fracture apertures were considered.
However, in some other research works, the in situ stresses are directly projected on the
fracture surfaces without considering the rock deformation (Azizmohammadi & Matthdi,
2017). To quantify the effect of ignoring the block deformations, a comparative study is
conducted here for the a=22.5° case, named a=22.5°Solid Blocks. Using a significantly
stiffer material (E=10XEgragmented rock), the rock deformations were reduced to a minimal level
similar to when the deformations are ignored. The aperture map for this case is shown in
Figure 14. The components of the permeability tensor for the cases of «=22.5° and a=22.5*
Solid Blocks are shown and compared in Table 5. As can be seen, significant errors in
permeability may occur if the block deformations are ignored. Interestingly, when the block
deformations are ignored, the diagonal components of the permeability tensor, i.e. ky and kyy,
increase. The reason for this could be that since the blocks cannot deform, they undergo
larger solid movements and rotations which results in further openings in fractures.

5 Discussion

Historically the flow simulations in fractured and fragmented rocks have been
conducted by making simplifications on mechanical modelling or by ignoring the mechanics-
flow interaction altogether. Some of the common simplifications that their effect is
investigated in this paper are:

(a) two-dimensional modelling while ignoring the actual triaxial stress states, e.g.
Sanderson (1996), Zhang et al. (2002), Latham et al. (2013), and Min et al. (2004).
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(b) considering the stress influence on fracture apertures by projecting in situ stresses on
fractures and using stiffness relationships in shear, normal and dilation behaviours
(e.g. Barton et al. (1985)), without conducting mechanical analysis of the solid phase,
e.g. Azizmohammadi and Matthai (2017); and

(c) not considering the influence of the neighbouring layers with different mechanical
properties which is inevitable in 2D studies.

These simplifications are normally done to reduce the computational cost while still
getting an approximation of the change of apertures due to the in situ stresses. As a result, the
actual change of aperture is not estimated accurately. To demonstrate the effect of such
simplifications, a qualitative comparison is conducted here against the results available in the
literature from Azizmohammadi and Matthéi (2017). The study undertaken by
Azizmohammadi and Matthai (2017) was done on the Kilve outcrop, 8mx18m, assuming Sy
=15 MPa, Sy = 10 MPa and 0=45°. The same study was repeated here, however on a
4.5mx4m portion of the same outcrop, using the same horizontal stresses while assuming Sy
=0.9x S,, S, = 0.6x S, which results in S, = 16.67 MPa. Although there are differences
between these models, the comparison shown in Figure 15 demonstrates the significance of
the differences that may exist between the results. As it can be seen, the fractures in the
Azizmohammadi and Matthai (2017) model are much larger and almost all of them have
opened up. Whereas in the full mechanical modelling conducted here, the fracture apertures
are much smaller and in some cases, they have not even been opened.

It should also be noted that conducting analysis in 2D inevitably results in ignoring
the influence of overburden stresses on fracture apertures. Whereas, fracture apertures, in
addition to being dependant on horizontal stresses, are also strongly dependant on overburden
stresses due to the Poisson’s effect. The overburden stress results in lateral expansion of the
rock layers. In the case of this study, this causes a relatively larger lateral expansion in the
plastic shale layers which displaces the rock blocks in the fragmented rock layer and
increases the fracture apertures. This effect cannot be considered in 2D modellings. Hence, as
also mentioned by Lei et al. (2017), results from 2D models may only provide indicative
approximations. It is worth noting that in this study all the fractures were initially assumed to
be closed. Depending on the in situ stresses applied and the mechanical properties of the rock
layers, some of the fractures were opened and contributed to the ensemble permeability.

The strong importance of considering the three-dimensional stress state on the
fracture apertures and the ensemble permeability was also shown by demonstrating the
sensitivity of the fracture apertures and ensemble permeability to the elastic modulus and the
Poisson’s ratio of the neighbouring layers (Table 4, Figure 12 and Figure 13). A larger
difference in elastic moduli as well as the Poisson’s ratios increased the apertures and the
ensemble permeability and vice versa. Bai et al. (2000) also reported the influence of the
difference in elastic moduli. However, they suggested that the fracture apertures for their
study was not sensitive to the difference in Poisson’s ratios which may not be true for all
cases since this is the coefficient that defines the lateral expansion of the neighbouring layers
and has a direct influence on fracture apertures.
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The influence of the block deformations on the ensemble permeability was also
investigated in this research. It was found that if the blocks are solid, i.e. the strain energy
cannot be absorbed by block deformations, they will undergo relatively larger displacements
and rotations which can result in considerably larger fracture apertures and ensemble
permeabilities. This suggests that the fracture aperture calculations ignoring the deformability
of blocks in fragmented rocks may result in considerable errors.

Results from this research also show that the fracture apertures and the permeability
tensor of fragmented rocks are significantly influenced by the orientation of the horizontal in
situ stresses. In favourable directions, i.e. the directions with large shear stress components, a
considerable increase in permeability was observed. In the X direction (direction with long
continuous fractures) the maximum permeability ratio to the minimum one was found to be
2.19. The same value for the Y, XY and Y X directions were 1.72, 19.58 and 17.87
respectively. Similar patterns were reported by other researchers such as Zhang and
Sanderson (1996) and Zhang et al. (2002) which showed that dilatational shearing is an
important mechanism in holding fractures open under a fluid pressure lower than the
confining pressure.

In this research permeability was computed using a tensorial approach (Durlofsky,
1991) after finding the fracture apertures from a full mechanical model. Permeability could
have also been computed using a conventional method (e.g. (M. H. Sedaghat,
Azizmohammadi, & Matthéi, 2017)). However in that case the permeabilities in the
horizontal and vertical directions, k;, and k,, respectively, might have been different form k.,
and k,,,, especially for 0=45° and a=135° where the off-diagonal terms are relatively large
(M. H. Sedaghat et al., 2017). In addition, it should be noted that the symmetry condition
(kxy = k) proposed by (Onsager, 1931) was not applied for the permeability analysis in
here since the permeability tensor is not symmetrical in general. It should be noted that
applying the symmetry condition can result in changes in the components of the permeability
tensor, especially for the cases with relatively large off-diagonal components.

Permeability tensors can be presented as ellipses as already done in the literature (see
(Azizmohammadi & Matthdi, 2017; P. S. Lang et al., 2014)). Since the computed
permeability tensors in here are not symmetrical, their eigenvectors are not necessarily
orthogonal. Depending on the magnitude of the off-diagonal terms of the permeability tensor,
this may cause different effects on the graphical representation of the permeability tensor. To
the best of the knowledge of the authors, a general method for the graphical representation of
the non-symmetrical permeability tensors was not developed at the time of this research.
Nonetheless, since the off-diagonal terms were almost equal and their values were
insignificant compared to the diagonal components, the elliptical representation should be
reasonably accurate.

As limitations of this work, we should mention that here all the sealed fractures have
been assigned the same properties of the matrix. However, crushing and grinding of the
matrix blocks can create sealed fractures with very low permeabilities. This can significantly
reduce the ensemble permeability in both directions, making the absolute permeability
ellipses to shrink. Also, compression of matrix blocks under the in situ stresses can further
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reduce the rock properties within the blocks, consequently shrinking the ellipses furthermore.
Having established these stress-strain-rock properties relations, can make the modellings
conducted here more realistic.

It should also be mentioned that in this work, only a portion of the outcrop was
modelled and the entire model was considered as a coarse grid. No attempt was made to
determine the representative elementarily volume (REV) of the entire model.

Figure 6 clearly shows that the stress magnitudes at model sides were higher than the
values in the middle part of the model. Hence, if permeability tensors were to be calculated
for different parts of the model, different values might have been obtained. So, conducting an
REV analysis (see Azizmohammadi & Matthai (2017)) may help with determining the actual
size of the coarse grid. Furthermore, the 3D mechanical model used here was created by
extruding a 2D fracture model whereas in reality the fracture aperture may also change
through the thickness of the fractures.

6 Conclusion

In this research, the influence of the in situ stresses on fracture apertures and
ensemble permeability of the fragmented rocks was studied. The tensorial permeability of a
fragmented rock layer was obtained for all the considered cases. Some of the influential
simplifying assumptions used in earlier research works on this topic were replaced with more
realistic ones. A 3D mechanical model of the fragmented rock layer was created including the
neighbouring layers. This enabled the modellings to consider the realistic 3D boundary
conditions as well as the influence of the differential deformations of rock layers on the
fracture apertures of the fragmented rock layer. Also, frictional interfaces were defined
between rock layers and the rock blocks which made it possible to model the displacements
and rotations of individual blocks and their influence on the geometry of the entire rock layer
and its ensemble permeability. The deformation of the rock blocks was also modelled using
the mechanical model.

It was demonstrated that the overburden stress creates lateral expansion of the
neighbouring layers as well as the considered fragmented layer which increases the fracture
apertures. Hence, it was concluded that considering the triaxle nature of the in situ stresses is
critical in obtaining realist estimations of the ensemble permeability.

The mechanical properties of neighbouring layers were also found to be important on
the aperture size of the fragmented rock layer. A lower elastic modulus and a higher
Poisson’s ratio for the neighbouring layers resulted in larger fracture apertures for the
fragmented rock layer. For an almost solid fragmented rock layer (negligible block
deformation), since the rock blocks could not deform, they underwent larger displacements
and rotations which resulted in a higher permeability for the fragmented rock layer.

The influence of the orientation of the horizontal in situ stresses was also investigated
on the ensemble permeability of a fragmented rock layer. It was shown that the large shear
forces applied due to the favourable orientation of horizontal in situ stresses can result in the
opening of the initially closed fractures and can increase the ensemble permeability
significantly.
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It was concluded that estimating stress influence on fracture apertures using 2D
models, ignoring the block deformations, displacements and rotations, as well as the local
stress variations/concentrations may result in considerable errors.
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Tables

Table 1. Mechanical and hydraulic properties of rock layers used in the model (Mavko,
Mukerji, & Dvorkin, 2003)

Rock type | Elastic Modulus, E, | Poisson’s ratio, o, Porosity, ¢p, | Permeability, k,
(GPa) ® ® (m?)

Shale 10 0.4 0.05 1x10™*

Limestone | 20 0.25 0.15 1x1073

Table 2. Permeability tensors obtained at different horizontal stress orientation

a(®) | kx10™2 (m?)

Koxx Ky Ky kyy | Amax | Amin
0 1.0228 | -0.0048 | -0.0047 | 1.0166 | 1.025 | 1.014
225 |1.381 |-0.035 |-0.031 |1.188 |1.386 |1.182
45 2233 0094 |0.017 |1.713 |2.339]1.707
675 | 1566 |0.027 |0.024 |1.321 |1.568 |1.318
90 | 1.0196 | -0.0049 | -0.0048 | 1.008 | 1.021 | 1.006
112.5 | 1.436 | -0.041 |-0.031 |1.287 |1.444 |1.278
135 |2.100 |-0.061 |0.084 |1.735 |2.101|1.734
157.5 | 1.417 |0.023 |-0.007 |1.228 |1.417 | 1.227

Table 3. Values used for sensitivity analysis on mechanical properties of rock layers

Mechanical properties | limestone Shale-1 Shale-2 Shale-3
Elastic Modulus (GPa) | 20 5 10 5
Poisson’s ratio (-) 0.25 0.4 0.4 0.25
Table 4. Permeability tensors obtained at different scenarios
Test case kx10"2 (m?)
Kex Ky kyx kyy Amax Amin
Shale-1 1.381 -0. 035 -0. 031 1.188 1.386 1.182
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Shale-2 1.145 -0. 0141 -0. 0221 1.051 1.148 1.047
Shale-3 1.183 -0. 0179 -0. 0242 1.059 1.186 1.056
Table 5. Permeability tensors obtained at different scenarios
Test kx10™"2 (m?)

K Ky Ky kyy | Amar | Amin
a=22.5 1.381 |-0.035 -0. 031 1,188 |1.386 | 1.182
a =22.5 - Solid Blocks 2.146 |0.021 0.027 1521 | 2.146 | 1.520
Error (%) 55.4 Significant | Significant | 28.0 54.8 28.6
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Figure Captions

Figure 1. Dilation due to shear displacement for different levels of fracture normal stress
(Barton et al. (1985))

Figure 2. Model of the fractured limestone at Kilve, lilstock, UK; (a) fracture map in plan
view; (b) composite model of the segmented rock layer sandwiched between two soft layers
in 3D

Figure 3. Discretization of the fragmented rock layer using a mesh of hexahedral and
tetrahedral elements interfaced by prisms

Figure 4. Stress regimes applied to the fragmented rock network. Note that the overburden
stress is applied perpendicular to the plane.

Figure 5. Deformation shape of the fragmented rock layer under horizontal stresses with o
=22.5°, Units are in meters and deformations are 50 times magnified. Notice the independent
displacements and rotations of blocks and the kinked edges.

Figure 6. Von-Mises stress distribution (Pa) in the fragmented rock layers under different
stress orientations. Note: deformation scale is 1.0. The stress colour spectra are the same for
all figures.

Figure 7. Fracture apertures under different horizontal stress orientations. Note: thin black
lines represent closed fractures.

Figure 8. Distribution of fracture apertures for two cases of a=0° (left) and 0=45° (right)

Figure 9. Elliptical representation of permeability tensors (x10™* m?) for Kilve model at
different horizontal stress orientation ().

Figure 10. Anisotropy ratio versus horizontal stress orientation

Figure 11. Von-Mises stress distribution (Pa) in the fragmented rock layers for different
mechanical properties of top and bottom layers («¢=22.5°). Note: deformation scale is 1.0. The
stress colour spectra are the same for all figures.

Figure 12. Fracture apertures with different mechanical properties for the top and bottom
layers. Note: thin black lines represent closed fractures.

Figure 13. Fracture apertures considering different mechanical properties for the neighboring
layers

Figure 14. Comparison of Fracture apertures for a=22.5 case (Left) and solid blocks (Right).
Note: thin black lines represent closed fractures.

Figure 15. Comparison of the fracture apertures obtained using a full mechanical model
(Left), and using Barton et al. (1985) model without conducting a mechanical model (Right)
(Azizmohammadi & Matthdéi, 2017). Note: thin black lines represent closed fractures.
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