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Abstract

Characterization and numerical modeling of anisotropic rock is a longstanding difficulty in rock
mechanics. This paper provides overview anisotropic rock mechanics and introduces a series of
experimental and numerical anisotropic rock mechanicsstudies. Experimental investigations are made
on elastic, strength, thermal conductivity, seismic and permeability anisotropy of rock based on
samples from directional coring system. Degrees of anisotropy in Asan Gneiss, Boryeong Shale and
Yeoncheon Schist considered in this study are significant and have the possibility of producing errors
in engineering geology applications when anisotropy is not considered.The applicability of
transversely isotropic model to the chosen rocks was quantitatively investigated by comparing the
apparent elastic moduli with the theoretical apparent elastic moduli predicted by tensorial
transformation of compliance matrix.

For numerical stud, the smooth joint was employed in a discrete element method (DEM) code to
represent a single set of weak cohesive planes in order to model the transversely isotropic rock.
Systematic verification was conducted against the analytical solutions in terms of anisotropic elastic
and strength behaviors. The developed model was compared with laboratory observations of three
rock types leading to good agreements. Bonded-particle DEM modeling successfully captured the
failure patterns observed in anisotropic in which weak planes play a significant role. The developed
numerical model was upscaled to large-scale foundations problems subjected to surface line load. The
study achieved reasonable agreements both for isotropic and anisotropic solutions. The results
demonstrate that bonded-particle DEM with embedded smooth joints can model the equivalent
anisotropic medium and it has potential to be applied to problems of larger engineering problems in
which anisotropy is important.
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1. Introduction

Anisotropy is one of the most distinct features that must be considered in rock engineering whether
it is applied in civil, mining, geoenvironmental, or petroleum engineering disciplines. Many rocks
have anisotropic characteristics, i.e., their mechanical, thermal, seismic, and hydraulic properties vary
with direction, and engineering applications that do not consider the anisotropic behavior of rock
produce errors of differing magnitudes, depending on the extent of rock anisotropy (e.g., Amadei,
1997). Therefore, anisotropy has been a long-standing issue in rock engineering, beginning in the
early developmental stages of rock mechanics. Anisotropic characteristics generally originate from
the mineral foliation in metamorphic rocks, stratification in sedimentary rocks, and discontinuities in
the rock mass.Rock anisotropy is important for in situ stress measurements especially for the
overcoring method in which the constitutive relation of rock plays an important role (Amadei, 1997),

displacement control in rock, and the development of excavation damage occurring during
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underground construction. When the equivalent continuum approach is used for regularly-fractured
rock masses, anisotropy must be considered because it can be quite significant due to the major
deformations along the discontinuities. Thus, it is important to be aware of the degree of mechanical
rock anisotropy, which is generally defined by the elastic modulus ratio, in order to decide whether it
is necessary and relevant to consider anisotropy before certain operations begin (Cho et al., 2012).

The term 'anisotropy' is somewhat misleading in that the prefix 'an-' gives an impression that it is a
special case of 'isotropy'. However, the anisotropic elastic behavior of material, which is defined by
21 independent elastic constants, is indeed the most general case and includes no assumption of
symmetry. Isotropy, then, is the most special case, since it is defined by only two independent elastic
constants after the assumption of complete symmetry is made (Lekhnitskii, 1963). If the internal
composition of a material possesses symmetry of any kind, then symmetry can be observed in its
elastic properties. While there are many forms of elastic symmetry, the most relevant models for
applications involving rock mechanics are the transversely isotropic models. The stratification,
foliation, and discontinuity planes, which are encountered frequently in rock mechanics applications,
can be viewed as the transversely isotropic plane.

This paper presents some of recent research development for experimental and numerical
anisotropic rock mechanics. Anisotropic elastic, strength, thermal, seismic and permeability behaviors
are investigated for experimental study and numerical study is presented with focus on discrete
element application.

2. Theoretical background

The constitutive relation for general linear elasticity can be expressed as follows;

&y =Sijk16k[ (1

whereg;and oy, are stress and strain tensors of a second order rank and S, is the compliance tensor
of a fourth order rank, involving 21 independent.

Since Sj; is a fourth order tensor, its rotational transformation can be also defined by the following
mapping operations (e.g., Ting, 1991)

Sz;’kl = ﬂ,mﬂ jnﬁkpﬁ/psmnpq (2)

Where Sy and S,,,, are the compliance tensors in the transformed and the original axes,
respectively, and S, is direction cosines representing rotational operations. Eq. (2) is mathematically
elegant but not convenient for practical calculations because it involves fourth order tensor operations.
The following mapping operation with a 6 by 6 matrix for the transformation of compliance matrix is

introduced to simplify the operations (Lekhnitskii, 1963)
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Si} = Smnqmiqnj 3)

whereSjis the compliance matrix in the transformed axes and S,,, is the one in the original axes,
respectively.

Thermal conductivity and permeability obey the rotational transformation rules as a second-order
tensor. The tensor of the anisotropic thermal conductivity and permeability is formulated as Eq. (4)

with respect to the rotation of the axes (Carslaw and Jaeger, 1959; Bear, 1971).

kpq = 'Bpiﬂq/'kif (4)

Where k; and k,, are the thermal conductivity or permeability tensors in the original and rotated
axes, respectively, and f,;and S are the direction cosines.

Constitutive equation of the transversely isotropic rock can be expressed as follows in a matrix

form,;
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In the above compliance matrix, there are five independent elastic constants. £ and E’ are the
elastic moduli in the plane of transverse isotropy and in a direction normal to it, respectively. The
terms v and v’are the Poisson’s ratios that characterize the lateral strain response in the plane of
transverse isotropy to a stress acting parallel and normal to it, respectively. The term G’ is the shear
modulus in the plane normal to the plane of transverse isotropy.

The strength of fractured rock with through going fracture can be expressed as a function of
confining stress (o3), friction angle (¢), cohesion (C) of the rock mass, and the inclined angle of a
single set of discontinuities (f), as shown below (Jaeger et al., 2007):

2-(C+o,tang)
o,=0,+ i
(1-tangcot f)-sin2f

(6)

3. Experimental anisotropic rock mechanics
3.1 Experimental setup

Coring a block with angles of 0, 15, 30, 45, 60, 75, and 90 degrees with respect to the transverse
isotropic plane by using our laboratory-scale directional coring system (Fig. 1), cylindrical samples
are obtained for anisotropic test for mechanical, thermal, seismic and permeability behavior (Cho et
al., 2012; Kim et al., 2012, Yang et al., 2013). Samples with 70 mm in length and 38 mm in diameter
were used for the mechanical and seismic experiments and samples with 25.4 mm in length and 7 mm
in diameter were used for thermal conductivity test.
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Fig. 1. Directional coring system and schematic of anisotropic rock samples (Cho et al., 2012).
3.2 Mechanical, thermal, seismic and hydraulic behavior of anisotropic rock

The experiments were conducted on three rock types, i.e., Asan gneiss, Boryeong shale, and
Yeoncheonschist for mechanical, seismic and thermal properties, and Berea sandstone for
permeability measurement.Except sandstone, samples showed a clear evidence of transverse isotropy
due to the arrangements of some mineral particles as observed (Cho et al., 2012). Asan gneiss is
biotite gneiss consisting of plagioclase, hornblende, quartz, and biotite. Flat minerals are arrayed
parallel to the foliation plane.Boryeong shale shows flakes of clay minerals and mica that are aligned
parallel tothe bedding.Yeoncheon schist has schistosity, in which the platy minerals, such as feldspar
and mica, are aligned with the schistose plane. The gneiss and the shale were unweathered, fresh rock
with very few visible microcracks. However, the schist had a number of microcracks.

Fig. 2shows the variations in the elastic moduli, P-wave velocity, and thermal conductivity with
respect to the anisotropy angle in Asan gneiss, Boryeong shale, and Yeoncheon schist. Each curve in
graph implies the predicted value based on tensorial transformation for transversely isotropic model
(elastic moduli, thermal conductivity) and approximated equation for transversely isotropic model
(P-wave velocity). The right axis of each graph in Fig. 2 indicates the normalized value by the average
minimum one.In general, variations of the mechanical, seismic, and thermal properties showed similar
trends with anisotropy angle. The maximum values of all three properties occurred in the direction
parallel to the isotropic plane, and the minimum value occurred in the direction perpendicular to the
isotropic plane. The exception was the elastic moduli of Asan gneiss, which had a minimum value at
an inclined angle of 45°. It is noted that minimum elastic modulus is often observed at around this
angle due to the low shear stiffness of foliation planes or fracture planes in case of equivalent
continuum model (Min and Jing, 2003).
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Fig. 2. Young’s modulus, P-wave velocity and thermal conductivity in different directions (Kim et al.,
2012).
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Fig. 3. Permeability of Berea sandstone in different directions (Yang et al., 2013).

The anisotropy ratios of the elastic moduli parallel and perpendicular to the isotropic planes (E/E")
for Asan gneiss, Boryeong shale, and Yeoncheon schist were determined to be 1.3, 2.1, and 3.4,
respectively. Fig. 2shows the predicted elastic moduli based on the tensorial transformation of the
compliance matrix based on the assumption that the rocks tested in this study are transversely
isotropic materials. The anisotropy ratios of maximum to minimum uniaxial compressive strength
were 2.6, 2.6 and 18.6 for Asan gneiss, Boryeong shale and Yeoncheon schist, respectively. The
anisotropy ratios of maximum to minimum tensile strength determined by Brazilian Tensile test were
3.2, 2.2 and 7.1 for Asan gneiss, Boryeong shale and Yeoncheon schist, respectively (Cho et al.,
2012). The anisotropy ratios of thermal conductivity parallel to and perpendicular to isotropic planes,
(K 909 /K (9), were 1.4 for Asan gneiss, 2.1 for Boryeong shale, and 2.5 for Yeoncheon schist. The
P-wave velocity anisotropy ratio (Vp wpe/Vp ) was 1.2 for Asan gneiss, 1.5 for Boryeong shale, and
2.3 for Yeoncheon schist. The correlations between elastic moduli, P-wave velocities, and thermal
conductivities were evident, even though there were some outliers. The best correlations were
observed between thermal conductivities and P-wave velocities. There were good correlations
between the elastic moduli and thermal conductivities as well as betweenthe elastic moduli and
P-wave velocities for Boryeong shale and Yeoncheon schist. Asan gneiss showed poorest correlations
due to more heterogeneous samples and the fact that the angle for minimum elastic moduli did not
match with those for minimum P-wave velocities and thermal conductivities.

Five independent elastic constants of transversely isotropic rocks were determined using the strain
measurements obtained from specimens having different coring directions (Cho et al., 2012). The
applicability of transversely isotropic model to the chosen rocks was quantitatively investigated by
comparing the apparent elastic moduli with the theoretical apparent elastic moduli predicted by
tensorial transformation of compliance matrix. The mean prediction error (MPE) defined as the
average relative difference between measured and predicted elastic moduli were lower than 17%,
which indicates that transversely isotropic model is a reasonable assumption for the rock types chosen
in this study (Cho et al., 2012). The extent of anisotropy observed in this study was significant and
had the possibility of producing errors in engineering geology applications when anisotropy is not
considered.

Fig. 3 shows the anisotropic permeability measured in Berea sand stone, in which degree of
anisotropy can be larger than 1.5 even in sandstone which does not have clear visual anisotropy (Yang
et al., 2013). Characterization of anisotropy through X-ray CT scanning system turned out to be a
useful option as discussed by Yun et al. (2013).

4. Numerical anisotropic rock mechanics
4.1 Modeling methodology and verification

The results presented in this paper is obtained using PFC code (Itasca, 2008) which is a
bonded-particle Discrete Element Method (DEM) defined as a dense packing of non-uniform sized
circular or spherical particles joined at their contact points with parallel bond (Potyondy and Cundall,
2004). The calculation of particle movements is governed by Newton’s second law of motion and a
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force-displacement law. This DEM modeling is effective in anisotropic rock modeling since it does
not require pre-defined macroscopic failure criteria which can be very hard, if not impossible, to
obtained especially in anisotropic case. The key conceptual idea of the current study is to include
weak cohesive planes using a smooth joint model by assigning relatively larger cohesion compared to
joints or fractures (Park and Min, 2015a, b). The smooth joint model simulates the behavior of a
smooth interface by assigning new bonding models that have pre-defined orientations (Mas Ivars et al.,
2011). Once the smooth joint, which consists of newly-assigned properties, such as dip angle, normal
and shear stiffness, friction coefficient, dilation angle, tensile strength, and cohesion, is created,
pre-existing parallel bonds are deleted and replaced (Park and Min, 2015a,b). Fig.4 shows the rock
samples made for DEM modeling.

Fig. 5(a) shows the normalized elastic moduli of the transversely isotropic model with respect to
various inclined angles from 0° to 90°. The analytical solution of the elastic moduli in terms of
different stiffness ratios of the weak planes (0.2, 0.5, 1.0, 2.0, and 5.0) was calculated from Eq. (2).
Note that the stiffness ratio, K, is defined as the ratio of shear stiffness to normal stiffness of the weak
planes (ky/k,). The input normal stiffness (k,,) was fixed as 3180 GPa/m, while the input shear
stiffness (k,,,;) was varied depending on the stiffness ratio (636, 1590, 3180, 6360, and 15900 GPa/m).
The weak cohesive planes such as bedding planes normally have smooth interfaces without
bumpiness of the grains, so that the dilation angle (w) of smooth joints was regarded as 0°. The
friction coefficient (u), tensile strength (o, ), and cohesion (Cj;) of smooth joints was determined as
57.29, 100 MPa, and 100 MPa, thereby avoiding failure along the smooth joints when the elastic
deformation occursThere was a good match between the results of the numerical simulations and the
analytical solutions, and a better match was achieved with higher resolutions. The particle size of
DEM is one of the key parameters in reproducing the mechanical behavior of rock. The results
acquired in this study show that reasonable resemblance was provided by about 88 particles across the
width of 38 mm. These agreements demonstrate the validity of the smooth joint model as weak
cohesive planes, so that the suggested bonded particle model with smooth joints model can be used to
simulate the elastic modulus of transversely isotropic rock (Park and Min, 2015b).
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Fig. 4. Transversely isotropic rock specimens made by bonded DEM model (Park and Min, 2015b).
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Fig. 5. Verification of elastic and strength anisotropy using DEM. (a) Normalized elastic modulus
in transversely isotropic rock model (symbol) with different stiffness ratios (K) is compared to that of
the analytical solution (line). (b) Strength in the transversely isotropic rock model (symbol) is
compared to that of the analytical solution (line) (Park and Min, 2015b)

Furthermore, the DEM model can capture strength anisotropy to a reasonable extent as seen Fig.5
(b). The strength trends of the analytical solution indicated that a smaller friction angle or cohesion
makes the curve wider and the minimum strength smaller. Since the bonded particle model is not a
continuum, a perfect match between the analytical and numerical models was not expected for
strength variation. Some discrepancies are inevitably noticed as a form of transition between failures
due to the creation of a new fracture, and the DEM model may be more realistic in this regard than the
analytical model.

4.2 Numerical results— validation against laboratory results

Three different types of transversely isotropic rock (Asan gneiss, Boryeong shale and Yeoncheon
schist) were reproduced as numerical models by assigning the microparameters of the bonded particle
model and the smooth joint model. In the numerical model, there are about 88 balls across 38 mm
width of the specimen. As a result of the calibration process, macroproperties including elastic
modulus, uniaxial compressive strength and Brazilian tensile strength of the numerical experiments
were compared with those of the laboratory tests as presented in Fig. 6. The squares indicate the
laboratory test results, and the solid lines indicate the numerical test results. In the laboratory
experiment, UCS of the specimen with the vertical weak planes was greater than the value of the
specimen with horizontal weak planes although only identical UCSs are possible in the analytical
solutions. It appears that rock matrix between layers also has a certain directional characteristics with
stronger strength in the direction parallel to the layers. As this second-order anisotropy present in rock
matrix was not considered in numerical model, current DEM model cannot adequately address this
strength difference observed in direction parallel and perpendicular to the weak planes. Only a
shoulder-type form of strength variation predicting the equal strength parallel and perpendicular to the
loading axis was observed in the numerical experiments. It appears that the DEM model captured the
elastic and strength behavior of laboratory observation to a reasonable extent, given that the variation
of the elastic and strength properties in the laboratory measurements fluctuated and did not
necessarily follow the theoretical trends.

Failure mechanisms during uniaxial and tensile tests were analyzed by comparing the failure
patterns observed during numerical and laboratory experiments. Failure patterns for the Brazilian
tensile strength test investigated in the DEM model showed that the breakage of parallel bonds and
smooth joints in the numerical model was represented as micro tensile and shear failures (Vervoort et
al., 2014; Park and Min, 2015b).
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Fig. 6 Comparison of elastic modulus, uniaxial compressive strength and Brazilian tensile strength
from laboratory tests, and those from bonded-particle DEM modeling (Park and Min, 2015b)

4.3 Numerical results— upscaling to large scale foundation problem

DEM model is then upscaled to larger scale problem, e.g. foundation problem. In this study,
isotropic rock mass model of surface loading, a 2 x 2 m square model that contained 114,984 particles
was used, and all boundaries were constrained except the upper boundary on which the surface line
load was applied. A small piece of wall was generated on the upper boundary of the model in order to
apply the surface line load. The stress distribution along the same distance line of isotropic rock mass
model was compared to that of the numerical calculation, thereby obtaining the results shown in Fig.
7(a). In this model, the radial stress was calculated at the distance (r) of 0.4, 0.6, and 0.8 m from the
applied line load, which is 10 MN/m (Park and Min, 2015a). Contact force induced by the applied
surface loading is shown in the left, and the pressure bulbs of radial stress (o,) are presented in the
right with respect to the distance (») of 0.4, 0.6, and 0.8 m from the point of applied line load for the
angle (6) ranging from 0° to 180°. Three different solid lines and three different shapes of symbols
indicate the results of the analytical solution and the numerical model, respectively. The measured
stress in the numerical model was in good agreement with the value from the analytical solution. As
the pressure bulb becomes larger, the magnitude of measured stress increases, meaning that the
measured point is closer to the applied load (p). The closer the measured points are to the applied load,
the more discrepancy is observed due to the higher magnitude of stress and gradient in the vicinity.
This is because there were relatively fewer particles in the vicinity of the loading point, which resulted
in a more heterogeneous stress distribution.
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For the transversely isotropic rock mass model, smooth joints were inserted into the isotropic
model in the same way that was introduced in the laboratory scale modeling. Three models with 0°,
60°, and 90° inclined angle of smooth joints were taken into account. In these transversely isotropic
models, the radial stress was estimated under the same boundary and loading conditions as those
employed in the isotropic rock mass model. As a result, the stress distribution in the numerical model
and that in the analytical solution were compared, as illustrated in Fig. 7(b-d). The observations in
transversely isotropic rock also showed a close match between the results of the numerical and
analytical solutions. In particular, the developed bonded-particle DEM successfully captured the
effect of the bedding planes in horizontal, inclined, and vertical directions on the stress distribution.
Some discrepancies between the numerical and analytical solutions were observed close to the loading
points, which was similar to the results of the isotropic model. As the distance from the applied load
becomes shorter, fewer weak cohesive planes are embedded, which was not sufficient to simulate the
equivalent anisotropic behaviors of rock mass. The large-scale DEM modeling of both isotropic and
transversely isotropic rock mass matched well in accordance with the analytical solutions, which
demonstrated that the developed model can estimate the stress distribution within the rock mass.
Therefore, future work is suggested in relation to modeling the in situ scale fracturing process, such as
borehole breakout or hydraulic fracturing in transversely isotropic rock formations.
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Fig. 7. Contact force distribution in rock mass bonded-particle DEM model (top) and pressure
bulbs derived from both bonded-particle DEM model and analytical solutions (below): (a) isotropic
case, and (b-d) transversely isotropic cases with the inclined angles of 0°, 60°, and 90°, respectively
(Park and Min, 2015a).

5. Conclusions

This paper provides brief overview of theoretical anisotropic rock mechanics and introduces a
series of experimental and numerical study applied to anisotropic rock mechanics. The importance of
anisotropic rock mechanics as a general behavior is emphasized.

For each rock types, three sets of seven cylindrical specimens cored with angles of 0, 15, 30, 45,
60, 75, and 90 degrees with respect to transverse isotropic planes were obtained by using laboratory
directional coring system established for this study. Experimental investigation of elastic, strength and
thermal conductivity anisotropy of Asan gneiss, Boryeong shale and Yeoncheon schist in Korea
showed a clear evidence of transverse isotropy. The anisotropy ratios of elastic modulus parallel to
and perpendicular to isotropic planes (E/E") were determined to be 1.3, 2.1 and 3.4 for Asan gneiss,
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Boryeong shale and Yeoncheon schist, respectively.The anisotropy ratios of maximum to minimum
uniaxial compressive strength were 2.6, 2.6 and 18.6 for Asan gneiss, Boryeong shale and Yeoncheon
schist, respectively. The anisotropy ratios of maximum to minimum tensile strength determined by
Brazilian Tensile test were 3.2, 2.2 and 7.1 for Asan gneiss, Boryeong shale and Yeoncheon schist,
respectively.The applicability of transversely isotropic model to the chosen rocks was quantitatively
investigated by comparing the apparent elastic moduli with the theoretical apparent elastic moduli
predicted by tensorial transformation of compliance matrix.

Bonded-particle discrete element method with embedded smooth joints was applied to model the
mechanical behavior of transversely isotropic rock with systematic verifications and extensions to
laboratory and upscaled problems. The bonded particle model was adopted to construct isotropic rock
without weak planes, which was calibrated based on elastic modulus and strengths that have the least
effect of weak planes. Then, the smooth joint model was inserted to create the weak cohesive planes
to simulate the behavior of the equivalent anisotropic continuum.Variation of the normalized elastic
modulus in the numerical model with various stiffness ratios was in good agreement with the results
of the analytical solutions.

The calibration results of the bonded-particle DEM model were compared well with those of the
laboratory test. The results showed that the bonded-particle DEM model with embedded smooth joints
was able to simulate the transversely isotropic rock.

Application of DEM to a larger scale anisotropic problem with stress distribution from the applied
surface loading was compared to the results of the analytical solution, resulting in good agreement.
Consequently, the bonded-particle DEM model of transversely isotropic rock mass model, of which
the mechanical behaviors obey the analytical solutions, was able to model the in situ scale
deformation and fracturing process.

This study paves the way for further applications, and the bonded-particle DEM model can be
further employed effectively in rock engineering applications, particularly in transversely isotropic
rock formations.
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