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Abstract: This review paper addresses the recent and past advancements in investigating the
anisotropic behavior of foliated metamorphic rock strength subjected to uniaxial or triaxial com-
pression loading, direct or indirect tensile loading, and shear loading. The experimental findings
published in the literature show that the strength of foliated rocks is significantly affected by varying
the angle 3 between weak planes and major principal stress. A higher value of strength is reported at
3 = 0° or 90°; whereas a low strength value is noted at intermediate angles between 3 = 0° and 90°.
The strength anisotropy depends on the degree of schistosity or gneissosity, which is the result of the
preferred arrangement of phyllosilicate minerals under differential pressures. The failure of foliated
rocks starts at the microscopic scale because of the dislocation slip, plastic kinking, and fracturing in
phyllosilicate minerals such as mica. Tensile wing cracks at the tip of the mica propagate parallel to
the deviatoric stress. Then, intergranular and intragranular shear-tensile cracks coalesce and lead
to rock failure. The weak planes’ orientation controls the mode of failure such that tensile splitting,
slip failure, and shear failure across foliations are observed at 3 = 0°-30°, § = 30°-60°, 3 = 60°-90°
respectively. In the past, several attempts have been made to formulate failure criteria to estimate
rock strength using different mathematical and empirical approaches. Over the years, the trend has
shifted towards discontinuum modeling to simulate rock failure processes and to solve problems
from laboratory to upscaled levels.

Keywords: strength anisotropy; schistosity; metamorphism; phyllosilicates; discontinuum modeling

1. Introduction

It is important to evaluate the physical and mechanical properties, quality, strength-
deformation traits, and failure mechanisms of intact rock masses for safe and cost-effective
engineering applications [1]. Rock anisotropy is a significant factor that affects the stability
of underground openings, tunneling and excavation operations, and several other civil,
geological, and geotechnical engineering applications [2-7]. The anisotropy effect makes
it difficult to accurately determine a rock mass’s physical and mechanical properties.
Overlooking rock anisotropy can lead to failure or severe damage to structures. Generally,
anisotropy is caused by the fracture or discontinuity patterns in crystalline rocks, bedding
planes in sedimentary rocks, and foliations or weak planes due to phyllosilicate minerals in
metamorphic rocks. These anisotropic characteristics may result from other factors such
as primary and secondary features, mineral composition, rock fabric, texture, grain size,
microstructure, chemical potential gradient, and internal defects [8-13].
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Foliated metamorphic rocks exhibit the highest degree of anisotropy because of the
preferred orientation of their platy minerals [14]. These rocks, including slate, phyllite,
schist, and gneiss, are characterized by flaky structures. The weak planes in metamorphic
rocks are related to fabric anisotropy which develops because of deformation caused
by shear stress and differential stress with mineral recrystallization accommodating the
resulting deformation. The engineering significance of foliated metamorphic rocks does not
favor the use of strength parameters in design work without considering the anisotropic
effect [15]. Researchers have found that the loading direction related to the weak planes
governs the strength behavior of foliated metamorphic rocks [16]. The investigation of
strength anisotropy in underground or surface engineering applications plays a vital role
in controlling several engineering problems such as spalling in underground openings,
squeezing, pillar failure, slope instability, etc. [17-22].

The isotropic mechanical behavior of rocks has been widely investigated by researchers
in the past. However, the anisotropic behavior of foliated metamorphic rocks still needs
to be addressed in a broader spectrum to solve rock mechanics problems. In the recent
past, the rock mechanics community paid special attention to obtaining comprehensive
knowledge for a better understanding of the anisotropic strength behavior of foliated
rocks. This review paper aims to comprehensively summarize past and recent advances in
laboratory testing and computer-assisted modeling to evaluate the anisotropic mechanical
behavior of foliated metamorphic rocks. This study covers the following important aspects:
(1) the influence of foliation plane orientations on rock strength subjected to uniaxial
or triaxial compression and tension, (2) microstructural characteristics including crack
initiation, propagation, and coalescence, (3) damage mechanism and modes of failure,
(4) failure criteria, and (5) the role of discrete element modeling in simulating laboratory
testing on foliated rocks.

2. Strength Anisotropy

It is evident from the literature that the physical-mechanical behavior of rocks depends
on their microscopic properties [23-25]. In the case of foliated rocks, the anisotropic effect
is an intrinsic characteristic attributed to mineral composition and structural features.
Petrographic analysis shows that foliated metamorphic rocks are rich in platy minerals
such as biotite, muscovite, chlorite, etc. with their preferred orientations. The phyllosilicate
or platy minerals are directionally arranged with the fractures in the quartz-feldspar
minerals to form weak planes [22]. The orientation of weak planes plays an important
role in governing the strength anisotropy of foliated rocks that can be evaluated under
destructive (compression, tension, and shear loading) or nondestructive (P-waves, S-waves,
resonance measurements, etc.) laboratory testing. The anisotropic effect of foliated rocks
under nondestructive testing is out of the scope of this review.

Past studies showed that the angle 3 between the major principal stress and weak
planes causes strength variations in foliated rocks [26-32]. The maximum strength was
reported at 3 = 0° or 90°, whereas minimum strength was noted at intermediate angles
between 3 = 0° and 90°. Fereidooni [33] found that 3 = 30° to 60° is the critical range for
the weak plane orientation at which foliated rocks exhibit minimum strength. Based on
the experimental results, Singh [18] and Nasseri [20] described the types of anisotropy
regarding UCS (uniaxial compressive strength) versus 3 curves. The variation curve can
be U-shaped, Shoulder-shaped, or Undulatory-shaped as shown in Figure 1. The degree
of anisotropy in foliated rocks may vary from low to very high. To quantify the grade of
the anisotropy, the ratio of compressive strength related to orientation is determined. It is
defined as the ratio of maximum compressive strength at 3 = 90° to minimum compressive
strength measured at intermediate angles between 3 = 0° and 90°. Mathematically it can

be expressed as follows:
Op =90°
OR = 1
R = s n (1)

where: oy is the compressive strength ratio and n is an angle value between 0° and 90°.
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Figure 1. Strength variation curve with orientation angle modified after [16].

Ramamurthy [8] proposed an equation to predict the compressive strength of foliated
rocks at any orientation between 0° and 90°°. This work was inspired by Jaeger’s equation
formulated for the isolated foliation plane [34]:

0 = A —B[C0s2(Bmin — B)] )

where o is the predicted compressive strength, A and B are constants, 3,,;, is the angle at
which strength is minimum, and (3 is the angle for which strength is being predicted.

Saroglou and Tsiambaos [35] and Ramamurthy [8] measured the anisotropic ratio
for some foliated rock to define their grade of anisotropy from weakly/fairly anisotropic
(ratio < 1.1) to very highly anisotropic (ratio > 6). Table 1 shows the classification of the
anisotropic rocks.

Table 1. Classification of anisotropic rocks based on strength ratio.

Strength Ratio Anisotropic Class Reference

1.1-2.0 Weakly Anisotropic
2.0-4.0 Moderately Anisotropic i8]
4.0-6.0 Highly Anisotropic

>6.0 Very Highly Anisotropic
1.1-2.0 Fairly Anisotropic
2.0-3.0 Moderately Anisotropic (35]
3.0-5.0 Highly Anisotropic

>5.0 Very Highly Anisotropic

Anisotropy significantly affects the tensile strength of foliated rocks, like compressive
strength. There are several methods to determine the tensile strength of foliated rocks, such
as the direct tension test, Brazilian tensile test, ring test, pull-off test, bending test, etc. In
the case that rocks are considered isotropic, the Brazilian tensile test provides satisfactory
results; however, for anisotropic foliated rocks, no universal method has been devised yet
to accurately determine their tensile strength [36]. The selection of a suitable method for
determining the tensile strength of foliated rocks is beyond the scope of this review. Several
studies have been carried out to investigate tensile strength variations with orientation
angle [2,21,37-45]. Maximum indirect tensile strength was recorded at 3 = 90°, whereas
minimum tensile strength was found at lower orientation angles. At 3 < 60°, weak planes
or foliations considerably contribute to governing the tensile strength of foliated rocks [44].
In other words, less anisotropic effect signifies a larger tensile strength value. This behavior
is attributed to the low cohesion between the foliations or less impact of preferably arranged
phyllosilicate minerals [46]. Low cohesion refers to reduced binding strength between the
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foliations. As a result, rock tends to fracture or fail along these planes when subjected to
loading. Saroglou and Tsiambaos [35] studied the effect of the anisotropic index on the
tensile strength of foliated metamorphic rocks. They observed that, with an increase in
tensile strength, anisotropic index reduces as shown in Figure 2. The anisotropic index for
tensile strength can be expressed as follows:

Ot = parallel

Iy = (3)

Ot = perpendicular

where I is an anisotropic index, 0t — parallel i8 tensile strength measured parallel to foliation,
and 0} — perpendicular 1S tensile strength measured perpendicular to foliation.

14

12

10

@ Parallel Loading

6 ® Normal Loading

Tensile Strength (MPa)

Anisotropic Index

Figure 2. Variation in tensile strength with anisotropic index [35].

Shear strength is one of the important parameters most widely used in design calcula-
tions to evaluate the behavior of rocks when failing in shear mode. In the case of foliated
metamorphic rocks, sliding occurs along the preferred orientation of the weak plane. Apart
from compressive and tensile strength, some studies were carried out to investigate the
anisotropic effect on the shear strength of foliated rocks [34,35,45,47-51]. In order to study
the anisotropic behavior of foliated rocks, the direct shear test is recommended; however,
the sample preparation for this test is quite difficult. Therefore, empirical relationships
were developed to cope with this problem. The Mohr-Coulomb equation is one of the most
widely used models to find the shear strength of isotropic rocks in terms of cohesion and
internal friction angle. However, the Mohr-Coulomb model does not fit well to predict the
shear strength of foliated rocks at varying orientations of weak planes. There are two major
limitations in this model: (1) strength response is linear and (2) there is no intermediate
principal stress. Jaeger [34] introduced the single plane of weakness concept with varying
cohesion between the inclined plane and constant internal friction angle to estimate the
shear strength of rocks. Hoek and Brown 1980 presented the strength parameters m and s
in their model depending on the orientation of weak planes. Both models [34,52] have the
major drawback of assuming a constant friction angle with linearly varying cohesion along
the plane of weakness. Later on, several modified nonlinear models under the multiaxial
state of stress were developed to predict the shear strength of foliated rocks [53].

Shear strength varies with the orientation of foliations. Minimum shear strength was
reported at intermediate angles 30° < 3 < 60°. In the case of the direct shear test, the shear
strength was measured lower than the normal load when failure occurred along the weak
planes and vice versa [51]. At a higher grade of foliation and phyllosilicate content, foliated
rock exhibits lower shear strength. Anisotropy significantly affects the shear strength of
foliated rocks either tested under direct shear or triaxial compression. Rock shear strength
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parameters (c and ¢) can be determined using a triaxial compression test. In triaxial testing,
increasing confining pressures reduces the anisotropic effect (see Figure 3). The strength
of foliated rocks improves nonlinearly with confinement at different orientation angles.
Minimum strength was observed at 30° < 3 < 45°with varying confining pressures [3].
Furthermore, Ramamurthy [8] reported an interesting behavior of phyllite under triaxial
compression. The shear strength parameters of cohesion and internal friction angle varied
inversely at particular orientations with increasing confinement.
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Figure 3. Strength variations in anisotropic foliated rocks including slate [26], phyllite [54], schist [47],
and gneiss [55] with confining pressures. The Anisotropic Index (0z/0x45z) of rock types can
be defined as the ratio of differential stresses (0z = 01-03) measured in the z direction and x45z
orientations (0x45z) [48]. The 0x45z refers to the differential stress measured in a 45-degree inclined
direction relative to the vertical (z) axis.

3. Microstructural Characteristics

The microscopic properties of rocks, including mineral compositions and distribution,
internal defects, microfracture patterns, intergranular or intragranular cracks, etc., are of
great interest in terms of how they control the macroscopic failure of rocks subjected to
external loading [56]. Foliated metamorphic rocks have the intrinsic characteristics of weak
planes such as slab, schistosity, and gneissosity developed by the directional arrangements
of minerals and microcracks under differential pressures. The directional arrangement of
minerals (especially phyllosilicates) significantly affects the damage mechanism of foliated
rocks [57]. The phyllosilicates are found elongated, preferably oriented, and accompa-
nied by microcracks. Foliated metamorphic rocks generally consist of phyllosilicates and
granular minerals. The phyllosilicates are characterized by a high specific surface area,
weak strength, strong toughness, and platy morphology, whereas granular minerals have
properties of high strength, poor toughness, resistance to weathering, and granular mor-
phology [58]. The mineral distribution in foliated rocks can be either uniform or interlayer.
Interlayer distribution is the result of high-grade metamorphism, and it has a significant
effect on anisotropy as compared to uniform distribution [48,59].

Figure 4 illustrates the microstructural characteristics described by Yin [58] in their
state-of-the-art review. The distribution of cracks in the matrix of foliated rocks is as
follows: intragranular cracks in phyllosilicate mineral, directional cracks at the edge of
phyllosilicate mineral, intragranular cracks in granular mineral, and boundary cracks
at granular mineral. The plastic deformation or failure of phyllosilicate minerals under
compression loading depends on the orientation angle between the weak plane and the
major principal stress [36].
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Figure 4. Cracks in the matrix of foliated rocks [58].

In ambient conditions, foliated rocks exhibit brittle behavior under compression
loading. However, high confining pressure and temperature shift their behavior from
brittle to ductile [60]. The orientation of weak planes in foliated rocks also alters the
rocks” behavior. In this case, however, we are discussing foliated rock behavior loaded
normally. According to crack evaluation theory, a brittle rock subjected to loading can
undergo different stages, including the crack closure stage, elastic deformation stage, crack
propagation stage, crack coalescence stage, and peak failure stage. Figure 5 shows the
different stages of rock behavior in terms of the stress—strain curve. In the crack closure
stage, plastic deformation of pre-existing cracks occurs, which improves the rock’s stiffness,
and a concave-up trend can be observed in the stress—strain curve [61]. In the elastic
deformation stage, a linear relationship between stress and strain can be noted, as well
as a gradual increase in the lateral stress—strain curve. In the crack propagation stage,
the applied load exceeds the elastic threshold limit and starts the crack initiation process.
Under continuous loading, the new cracks are propagated following the least-resistant path.
In the crack coalescence stage, propagated cracks are aggregated and make definite weak
planes along which the rock fails [62]. The lateral stress—strain curve shows a nonlinear
trend, which means the rock is enduring more strain at minimum stress.

Oaxial

Crack coalescence stage

¢ lateral & axial

Figure 5. Stress—strain curve evaluating the rock behavior [58,62].
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4. Damage Mechanism of Mica and Granular Minerals

Mica, a phyllosilicate mineral, is abundantly found in foliated metamorphic rocks.
The spatial arrangement of mica plays a significant role in anticipating the behavior of
foliated rock at the microscopic level. Several researchers [50,58,63-71] studied the damage
characteristics of mica and its effect on the strength of foliated rocks. The deformation of
mica under compression loading can be characterized by three processes: slipping, kinking,
and fracturing. These processes initiate a cracking event in mica minerals.

Mica has the physical characteristics of a cleavage plane. When shear stress exceeds
the frictional resistance in a mica crystal, sliding occurs, and a high-stress concentration
zone develops at the tip of the mica (see Figure 6a). When stress concentration overcomes
the threshold limit of the surrounding granular minerals’ tensile strength, tensile cracks
initiate [72]. Mica experiences maximum influence of shear stress at the orientation angle
of 3 =45°. Slippage can occur even at low shear stress because of low frictional resistance.
That is why, at intermediate orientation angles 3 = 30°-45°, volume expansion was reported
in the literature: because of dislocation slip and tension cracks [73]. There are two types
of cracking events: shear failure along cleavage planes and tension cracks. For the stable
growth of these cracks, the state of stress (i.e., no minor principal stress) must be the same
at the tip of the mica and the tension crack [62]. In the case of confinement, the cracking
event is ceased because of the variable state of stress at the mica tip and tension cracks.
In addition, shear cracks intersect the cleavage planes at low angles to form a slippage
wall [58]. Further modification of the high-density slippage leads to plastic kinking [74].
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Figure 6. Damage characteristics of mica and granular minerals (a) slipping, (b) kinking, (c) fracturing,
and (d) transgranular cracking [58].
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Yin [58] explained the two modes of plastic kink initiation. The plastic deformation of
mica crystal forms a kink belt or kink boundary that initiates a cracking event either in mica
or in adjacent granular minerals as shown in Figure 6b. Mode-1 kink initiation deals with
the high-density slippage in mica and the shear failure of cleavage planes inside the kink
belt. A low angle (i.e., < 5°) deflection was noted outside the kink belt due to the plastic
deformation of mica [66]. At very high plastic deformation, when exceeding the threshold
limit of plasticity, an intragranular cracking event initiates inside the mica crystal [69]. In
the case of mode-2 kink initiation, stress concentration initiates grain boundary cracks or
intragranular tension cracks in adjacent granular minerals. Rawling [73] observed that the
lateral fracture and failure of mica with the increase in applied load is the result of stress
generated by the plastic kink that overcomes the strength of mica.

The fracturing of mica is a crack initiation event that can be characterized by voids or
pores due to the opening of cleavage planes, intragranular tension cracks, and edge-oriented
directional cracks splitting the mica from adjacent granular minerals [67]. A micron-level
spacing between the tension cracks and cleavage plane opening can be chipped off under
increasing applied load (see Figure 6¢). Foliated rocks loaded normally 3 = 90° can have
widespread fractures crossing the foliation planes [48].

Intergranular cracks and intragranular cracks contribute majorly to the crack propaga-
tion stage. In unconfined loading, intragranular tension cracks are initiated from the tip of
the mica and propagate parallel to the direction of the major principal stress [72]. Grain
boundary cracks are considered longer in terms of their propagated length. The stress at
the tip of the boundary crack determines whether it will cease or move around the granular
minerals [75]. Apart from grain boundary cracks, intragranular cracks propagate at shorter
distances and cease at the grain boundary. There are several crack propagation modes
reported in the literature depending on the orientation angle, loading rate, crack geometry,
continuity, or discontinuity of the crack, etc. [76]. In recent years, Yin [58] studied crack
patterns and the extent of fracture zones. They observed three different crack extension
modes, named mode-1, mode-2, and mode-3 crack propagation. At a low orientation
angle (3 = < 15°), boundary crack extension belongs to mode-1 propagation, and the cracks
propagate parallel to the direction of the major principal stress. Mode-2 crack propagation
is observed when the orientation angle is set at 3 = 15°-75°. In this mode, grain boundary
cracks and intragranular cracks develop a fracture zone that provides a fast and least-
resistant path for crack extension (see Figure 6d). In mode-3 crack propagation, a large and
widespread fracture zone develops at a high orientation angle ( = 75°-90°). Although
the fracture zone provides the easiest path for crack extension, granular minerals, mica, or
micro defects obstruct crack propagation.

In the crack aggregation stage, intergranular and intragranular cracks coalesce to form
transgranular cracks that cross the grain boundary [72]. The intragranular cracks in granular
minerals propagate at a shorter distance because grain boundaries and micro defects hinder
their expansion. A gradually increasing applied load provides sufficient energy to cross this
barrier. The high-density intragranular cracks and boundary cracks are integrated to make
fracture zones along which rock can fail after peak strength [77]. Like crack propagation
modes, unstable cracks are aggregated in different modes as reported in the literature [58].
In mode-1 crack aggregation, a small fracture zone develops, dominated by tensile cracks
at the low orientation angle. A relatively large fracture zone develops in mode-2 crack
aggregation at an intermediate orientation angle with high-density intragranular cracks and
grain boundary cracks [48]. In mode-3 crack aggregation, a widespread and large fracture
zone develops at a high orientation angle with tensile fractures crossing the foliation planes.

5. Damage Mechanism and Mode of Failures

Rock under compression loading exhibits various behavioral alterations such as
nonlinear closure of pre-existing cracks, linear elastic deformation, plastic deformation,
failure, and post-failure [7]. The plastic deformation stage contributes majorly to the
failure of rock. In this stage, the initiation of a cracking event, propagation of cracks,
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and coalescence of cracks with micro defects form fracture planes along which rock fails
after showing its peak strength. The growth of newly initiated cracks becomes unstable
gradually as the deviatoric stress increases [58]. Rock is a heterogeneous material and an
aggregate of different minerals. Each mineral has its specific mechanical characteristics
and exhibits different behavior at the microscopic level. The damage mechanism of
brittle rock can be characterized by stress localizations, the opening of grain boundaries,
cleavage planes, intragranular cracks, pores, internal defects, etc. [22]. In the case of
anisotropic foliated brittle rocks, the orientation angle (f3) between deviatoric stress and
foliation planes governs the direction of crack propagation. At the intermediate angle
of 0° < 3 < 90°, the shear-slip failure or combined shear-tensile failure occurs along the
plane of weakness [78]. The clusters of elongated phyllosilicate minerals (i.e., mica) and
granular minerals form weak layers that integrate with microcracks and mineral defects
such as opened cleavage planes. This coalescence along the plane of weakness causes
shear-slip or combined shear-tensile failure.

The mineral defects or microcracks slanted to compression loading experience stress
concentration at their tips. As a result, new cracks are initiated and propagated at the tip
of the pre-existing defects. Rawling [73] and later Yin [22] investigated the reason for the
damage mechanism of foliated rocks. They found that when deviatoric stress increases
to a critical limit, then shear stress overcomes the frictional resistance between the two
surfaces of the microcracks or flaky-mineral cleavage planes. Thus, sliding occurs between
the surfaces, and tensile stress develops at the tip of the defect that initiates tensile wing
cracks expanding in the direction of the major principal stress. After the release of tensile
stress, any further increase in deviatoric stress initiates a secondary shear crack at the tip of
the defect propagating in the direction of the major principal axis. The propagation and
aggregation of these cracks define the mode of failure [79]. At peak strength, the unstable
growth of tensile wing cracks and shear cracks produces shear-slip failure or combined
shear-tensile failure.

The crack evaluation theory explains the damage mechanism of foliated rocks. The
tensile wing cracks originating from the tip of the oriented phyllosilicate minerals play a
significant role in the rock damage process [76]. However, secondary shear cracks initiated
in later stages propagate crack aggregation. Overall, tensile wing cracks have a dominant
effect on the rock damage process. The orientation of weak planes also governs the rate of
rock damage. At an intermediate angle of 0° < 3 < 90°, shear-slip failure occurs at a faster
rate than axial splitting failure (at a low orientation angle of 3 = 0°) or shear cross-cutting
failure (at a high orientation angle of 3 = 90°) [22,80].

In the recent past, researchers observed different failure modes in foliated metamorphic
rocks at varying orientation angles subjected to compression or tension
loading [22,33,36,44,78,81-87]. In the case of unconfined compression loading, researchers
observed the following failure modes: at 3 = 0°, tensile splitting of foliation planes with
shear cracks, at 0° < 3 < 90°, shear-slip or shear-tensile failure along the major plane
of weakness, and at 3 = 90°, single or conjugate shear failure cross-cutting the foliation
planes (see Figure 7a). Rastegar [44] studied the failure modes in foliated rocks subjected to
indirect tensile loading, such as the Brazilian tensile test. They noted the following failure
modes: at 3 = 0°-30°, central crack with splitting tensile failure, at = 30°-60°, slip in
foliations or slip in foliations combined with central crack, and at = 60°-90°, non-central
crack cross-cutting the foliations (see Figure 7b).

In the case of the pull-off test, Weng [36] observed two failure modes: (1) smooth
surface failure along the foliation planes, and (2) jagged surface failure because of intercon-
nected pre-existing joints or microcracks. The pull-off test determines the tensile strength
between foliations by pulling apart rock surfaces using an adhesive material [88]. The
orientation angle between foliation planes and deviatoric stress is not the only key factor
that controls the failure modes in foliated rocks. Rather, temperature variations, differential
stresses, and confining pressures also play a significant role. For example, at low tempera-
tures, minerals exhibit brittle failure, whereas at high temperatures, ductile mechanisms
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dominate, such as dislocation, creep, recrystallization, etc. High differential pressures at
low temperatures can lead to cataclastic flow in minerals. Under triaxial compression
loading, the high confining pressure obstructs the propagation of initiated cracks and shifts
the rock’s behavior from brittle to ductile [17,26,89]. Table 2 shows recent developments
regarding the failure modes of foliated rocks.

B =60°
. . <

(b)

Figure 7. (a) Post-failure photographs illustrating the failure modes in foliated rocks at varying

orientation angles. The rock cores of gneiss under compression tests show their plane of failure as
indicated by the yellow lines [78]. (b) The disc samples of phyllite subjected to Brazilian tests show
their failure surface. The green line signifies the direction of foliations [44].

Table 2. Description of the failure modes in foliated rocks at varying orientation angles.

Applied Load Rock Type Mode of Failure Reference
o . . [ = 0° axial tensile splitting, 0° < 3 < 90° failure along
Uniaxial Compression Schist foliation, and = 90° shear failure [81]
Triaxial Compression Slate, Phyllite, Schist B = 0°-60° slip failure along foliations and [33]

3 = 60°-90° shear failure cross-cutting the foliations

{3 = 0° shear failure cross-cutting the foliations,
Uniaxial Compression Schist {3 = 35° shear failure along foliations, and 3 = 45°-60° [90]
shear failure along and cross-cutting the foliations

f = 0° axial tensile splitting, 3 = 45°-60° slip failure
Uniaxial Compression Schist along foliations, and 3 = 90° shear failure [82]
cross-cutting the foliations

f = 0°-30° splitting along foliations, 3 = >45°
Uniaxial Compression Gneiss combined shear-tensile failure, and 3 = 60°-90° [78]
conjugate shear failure cross-cutting the foliations

B = 0° tensile splitting along foliations and 3 = 90°

iaxial i lat : . -
Uniaxial Compression Slate shear failure cross-cutting the foliations

[85]
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Table 2. Cont.
Applied Load Rock Type Mode of Failure Reference
. . . [ = 0° axial tensile splitting, 0° < 3 < 90° failure along
Uniaxial Compression Schist foliation, and 3 = 90° shear failure [81]
_ . . . B = 0°-60° slip failure along foliations and
Triaxial Compression Slate, Phyllite, Schist 3 = 60°-90° shear failure cross-cutting the foliations [33]
f3 = 0° shear failure cross-cutting the foliations,
Uniaxial Compression Schist 3 = 35° shear failure along foliations, and 3 = 45°-60° [90]
shear failure along and cross-cutting the foliations
B = 0° axial tensile splitting, 3 = 45°-60° slip failure
Uniaxial Compression Schist along foliations, and 3 = 90° shear failure [82]
cross-cutting the foliations
3 = 0°-30° splitting along foliations, 3 = >45°
Uniaxial Compression Gneiss combined shear-tensile failure, and 3 = 60°-90° [78]
conjugate shear failure cross-cutting the foliations
Uniaxial Compression Slate [ = 0° tensile splitting along foliations and 3 = 90 [85]

shear failure cross-cutting the foliations

6. Failure Criteria

Several failure criteria have been developed to estimate rock failure when subjected to
applied loading. In simple words, a failure criterion is an approach that predicts how and
when a rock will fail [91]. No universal rock failure criterion has been formulated yet that
can be applied to solve all rock engineering problems [53]. The rock mechanics community
has suggested various failure criteria by considering rock as an isotropic, anisotropic,
transversely isotropic, transversely anisotropic, continuous, discontinuous, brittle, and
ductile material (see Table 3). This review only covers the developments in failure criteria
for brittle anisotropic foliated rocks. These rocks exhibit a high degree of anisotropy and
nonlinear failure response because of the preferred orientation of foliations [16].

Table 3. Summary of major advancements in the formulation of failure criteria for anisotropic rocks.

Major Developments in Failure Criteria Reference
A criterion was proposed for anisotropic geological media based on the theory of plasticity. [92]
A simple strength criterion was put forward based on the scalar function and strength tensors. [93]
The yielding and failure criteria were developed for transversely isotropic-oriented materials using [94]
information from tensorial generators, independent, and mixed stresses.
A criterion was proposed for compressed anisotropic rocks subjected to a multiaxial state of stress considering [95]
the Von Mises failure criterion for ductile materials.
A failure criterion for compressed anisotropic rocks was formulated based on viscoplastic constitutive
modeling. In this criterion, the failure function was dependent on the stress tensor invariants and [96]
mixed invariants.
A criterion was presented that generates an anisotropic yield envelope based on the 9 material parameters. [97]
The nonlinear yield function varies with hydrostatic pressure and orientation angle alteration.
A strength criterion was put forward to evaluate the anisotropy of transversely isotropic rocks under a
multiaxial stress state. The direction of the failure plane was predicted using the Hoek-Brown failure criterion [98]
and critical plane method.
A failure criterion was derived for anisotropic geomaterials under a multiaxial stress state using the density
distribution function of internal defects and damage evaluation rules. Furthermore, the failure plane’s [99]
orientation was also estimated using a critical plane approach.
A new criterion was proposed to predict the anisotropic strength of transversely isotropic rocks using the [100]

Matsuoka-Nakai criterion for isotropic materials and the Coulomb criterion.
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Jaeger [34] introduced the concept of an isolated plane of weakness to study anisotropic
behavior. He observed failure along the weakness plane and in the rock matrix as well.
Jaeger’s work was inspired by the Mohr-Coulomb failure criteria and considered the
orientation of the weakness plane related to loading direction with a constant friction
coefficient. It holds good for a single weakness plane; however, in the case of highly
foliated rocks, this criterion fails to fit linear equations on the nonlinear response of such
foliated rocks. The criterion can be expressed mathematically as follows:

205 — 20qtand

tang — \/tan?¢ + 1

where 03 and o7 are the principal stresses, os is cohesive strength, and tand is the
constant friction coefficient. Mclamore and Gray [17] presented a modified version of
Jaeger’s criterion and suggested varying friction coefficients with the orientation angle
of weakness planes:

(4)

03 — 01 =

05 = A— B[COSZ(Bmm - E’)}n (5)
tand) = C- D[COSZ(Bmin - B)}n (6)

where A and B are constants at a range of 0° < B, < B or f < Ppin <90°, Cand D are
constants at a range of 0° < 3 < B 1in, Pmin is the angle at which strength is minimum, f is
the angle for which strength is being predicted, and n is the anisotropy factor whose value
varies from 1 to 6. Jaeger and Cook [101] proposed another criterion with varying cohesion,
friction coefficient, and orientation angle. No intermediate principal stress was considered
as a significant parameter in this criterion. Mathematically, it can be expressed as follows:

03 2(0s + ostand)
91 = B T Bsin2B(1 — tandtanp) @
Zienkiewicz and Pande [102] introduced a multilaminate constitutive failure criterion
that models the behavior of foliated rocks with multiple planes of weakness (such as
foliations or bedding planes). The criterion considers the combined effect of both the intact
material and the discontinuities in defining the overall failure of the rock. It can be written
as follows:

n
F= Y (fi) ®)
i=1
where F is the overall failure criterion, f' refers to the failure criterion for an ith plane,
and n represents the number of planes of weakness. To account for material hetero-
geneity, Pijaudier-Cabot and Bazant [103] modified the classical Mohr-Coulomb failure
model (T = ¢ — optang) and developed a nonlocal Mohr-Coulomb failure criterion
with softening. In this criterion, a strain-softening behavior with a nonlocal effect was
incorporated to avoid localization and mesh dependency issues. Mathematically, it can

be described as follows:
€
cep) = c0< — p) )

oler) = 0o(1- ) (10

where c and ¢ are cohesion and friction angle, respectively, at accumulated plastic strain.
Co and @, are initial cohesion and friction angle, respectively. €, is the accumulated
plastic strain and ep, is the plastic strain at the start of the failure. Hoek and Brown [52]
developed a failure criterion for brittle isotropic intact rocks and introduced material
constants m (it represents the material’s intrinsic strength), s (it is related to the material’s
intact compressive strength and degree of fracturing), and « (it deals with non-linearity in
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failure envelope) into the equation. For anisotropic rocks, these material constants were
adjusted as the orientation angle {3 varies related to the deviatoric stress:

X
mo:
oy :c73+cci(03+s> (11)

ci

where o is the compressive strength of the material. Ramamurthy [30] proposed a criterion
to estimate the strength of anisotropic rocks and their nonlinear response as follows:

o X
01 = O‘3+0‘3B< CB) (12)
03

where o.g is the compressive strength at a particular orientation of angle 3. The param-
eters « and B are functions of anisotropy orientation. Singh [104] proposed a modified
failure criterion and tried to fit the nonlinear response of highly foliated rocks. They used
intermediate principal stress that was not considered in the previous criteria:

sing,, (02 + 03)

1- sind)P (13)

01— 03 = Oy -+

where o1, 07 and o3 are major, intermediate, and minor principal stresses, respectively;
oy i uniaxial compressive strength, and ¢, is peak friction angle. Tien [105] proposed a
new failure criterion that consists of strength parameters of discontinuity and material.
They observed two failure modes in this criterion: sliding mode and non-sliding mode.
This criterion was derived from Jaeger’s criterion [34] and Hoek and Brown’s failure
criterion [52] as follows:

S _
HE) = 7ip — %5 = .1 k ) (14)
S1(0°) O1(0°) — 03 sin*B + kcos*P + 2nksin~Bcos?

. S110°
where S is the strength parameter, k = 511<(9000>)

anisotropy parameter. In this criterion, seven parameters are involved based on the strength
of discontinuity and rock matrix. Saroglou and Tsiambaos [106] modified the Hoek and
Brown criterion by introducing an anisotropy-related parameter, kg. The new parameter
controls the nonlinear fitting of the failure envelope. It can be expressed as follows:

is the strength ratio, and n is the transversal

= Kpmoy g 15
01 = 03+ 0cp oo + (15)
C

Saeidi [53] modified Rafiai’s failure criterion [107] for transversely isotropic rocks.
Rafiai proposed this criterion for isotropic rocks to predict their ductile strength subjected
to a multiaxial state of stress. Saeidi’s failure criterion is as follows:

1+C<ﬂ)

_ \%B/)
xg + D( (fc 3[3 )
where 0. is the orientation angle, C and D are the material constants, and «g is the strength
reduction parameter related to the anisotropy. In the recent past, Yin [22] developed linear

failure criteria for foliated rocks under two failure modes: shear slip failure and macro shear
failure. The shear slip failure occurred at an intermediate orientation angle 3 = 15°-60°.

01 = 03+ 0cp (16)
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The crack initiation stress was found close to the shear slip failure and mathematically can
be expressed as follows:

Vi+£—f

Ocimin | Gnop — f(1 — cos2p)

Oci = 17)

where O¢imin is the minimum stress for crack initiation and f is the anisotropy-related factor.
The macro shear failure was observed at the orientation angles 3 = 0°-15° and 3 = 60°-90°,

. S S¢
with strength factor Sff((Tﬁ)) and % respectively. Based on Tien’s failure criterion, Yin [22]
proposed a modified failure criterion for macro shear failure as follows:

Sep) _ k
- . 4 .. D (18)
St(90°) ksin®B + 2nsin“Bcos?p
S
) _ - (19)
St(0°) cos*B + 2nsin“Pcos?B

The above-mentioned failure criteria were proposed under uniaxial or triaxial com-
pression loading. However, researchers have developed several failure criteria for foliated
rocks under tensile loading. Hobbs [108] and Barron [109] worked on Griffith’s theory and
modified Griffith’s theory, respectively. They deduced an anisotropic failure criterion under
tensile conditions as follows:

20, )
cos B(libcos[:%) , 0PSB <P
ot(B) = 4 Otm , BT <B<90° (20)
20,
cosB*(1+cosp*) = Tk
where o¢(p) is the tensile strength at a particular orientation angle 3 between the foliation
plane and deviatoric stress. $* is the critical angle, oy, and oy, are tensile strength of the
foliation plane and rock matrix. Nova and Zaninetti [38] proposed a failure criterion for
foliated rocks subjected to direct tensile stress as follows:
Otb Otm

ot(B) = (21)

Opsin®B + oemcos2P

(Otm — Oy, )sinPcosfp
OpSin®p + oimcos?

tanf = (22)
where tanf3 estimates the orientation of the failure plane. This criterion can be validated by
an indirect tensile strength dataset of different foliated metamorphic rocks. Liao [40] modi-
fied the Hobbs-Barron failure criterion because it did not provide a good understanding at
a higher orientation angle 3. The extended failure criterion is as follows:
20, )
cos B(libcos[:% , 07 < B < B*
ot(B) =  om(1—hcos?B), B* <P <90° (23)
cos B*(1+4 cosp™) = %‘%\’

where h is the material parameter influenced by anisotropy. Li and Aubertin [110] presented
three parameters based on a simple failure criterion that can be applied to both direct and
indirect tensile strength datasets of foliated rocks:

ot(B) = O + (Otm — Oy, )sin" P (24)

wheren = f;m is the tensile stress ratio depending on the material and weak plane strengths.
The relatlonshlp for the estimation of indirect tensile strength of isotropic rocks does
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not provide reasonable results for anisotropic foliated rocks. Claesson and Bohloli [111]
proposed modified failure criteria for anisotropic rocks as follows:

—cos2f3 7 ,
o = = (4 E,) _ cosdp [ EE <1 —ZV) —1] (25)

ndt 4 2 \G F

where P is deviatoric stress, d and t are the diameter and thickness of the disc, respectively,
and % G/, and V' are elastic moduli, shear modulus, and Poisson’s ratio, respectively.
Like Jaeger’s single plane of weakness criterion under compression loading, Lee and
Pietruszczak presented a single plane of weakness failure criterion under tensile condi-
tions. Later, they proposed a more simplified criterion to predict the tensile strength of
transversely isotropic rocks as follows [112]:

Gt(B) — (O-tm;'o-tb> _ (O—tm; th)cos2(3 (26)

7. Discontinuum Modeling and Simulation

Under a gradual increase in stress, rocks experience microcracking events such as crack
initiation, propagation, and aggregation that lead to the macro failure of material [113].
Microstructural characteristics not only govern the grains’ behavior, but also significantly
affect the macro mechanical behavior of rocks. Numerical simulation provides deep
insight into the failure processes by considering the rock as a continuous or discontinuous
material. Computer-assisted numerical modeling helps to adequately present the grains
and their microscopic properties. Grain characteristics such as grain shape, grain size, grain
sorting, and grain contact can be used to model rock failure processes in the laboratory and
field [114].

Numerical modeling is typically categorized into either continuum or discontinuum
approaches. Continuum-based methods such as FEM (finite element method), FDM (finite
difference method), BEM (boundary element method), etc., are widely used to model
up-scale problems. For example, Pant [115] used implicit finite element codes to simulate
the rock slope failure in a foliated rock mass. Similarly, Bouzeran [116] studied the effect of
the buckling mechanism and heterogeneity in foliated rocks using numerical back analysis
based on the continuum method, i.e., FLAC3D. In another study, Wang [117] investigated
the failure mechanism in a circular tunnel excavated in transversely isotropic rocks using
continuum-based RFPA (realistic failure process analysis) codes. This method uses an
elastic damage model to determine the tensile and shear failures following the maximum
shear failure criterion and Mohr-Coulomb criterion, respectively. Conventional continuum
methods use macro strain-softening constitutive models which cannot address the influence
of strain localization, nonlinearity, and micro discontinuities due to the scale effect [118,119].
This is the major drawback of traditional continuum methods while simulating the failure
mechanism of anisotropic foliated rocks from a small-scale perspective. However, this
problem can be overcome using an improved continuum model such as a combined
continuum-discontinuum method, or a regularized continuum method, i.e., FEM codes
with the Cosserat model.

In the context of the discontinuum modeling approach, rock is represented by an ag-
gregate of discrete blocks and discontinuities. It has a competitive edge over the continuum
modeling method because of realistic assumptions and no requirement for pre-defined
constitutive models [114]. For instance, continuum methods like FEM can be used to model
the damage mechanism of anisotropic foliated rocks based on the equations derived from
continuum damage mechanics (CDM). A CDM is a constitutive theoretical framework that
describes the relationships between stress, strain, and damage in material [120-122].

The anisotropy and heterogeneity both are scale-dependent. At a smaller scale
(millimeters to centimeters), foliated metamorphic rocks such as schist or gneiss demon-
strate a preferred orientation of minerals, and this mineral alignment leads to direction-
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dependent properties such as variations in strength, stiffness, and deformation. At this
point, anisotropic behavior is more dominant than heterogeneity. However, at a bigger-
picture scale (meters to kilometers), rock mass is comprised of different rock types or
minerals with no specific direction-dependent characteristics and looks more heteroge-
neous instead of anisotropic. In discontinuum methods, heterogeneity can be modeled by
varying the properties (e.g., stiffness, strength, or friction) of individual elements. Similarly,
anisotropy can be modeled by assigning direction-dependent properties such as planes
of weakness. Discontinuum methods are capable of modeling both heterogeneity and
anisotropy, with the dominant behavior being scale-dependent and influenced by the reso-
lution of the model. The heterogeneity of rock can be represented by the discrete particles
or grains of various shapes such as disks, spheres, ellipses, cubes, triangles, polygons, and
polyhedrons [123-125]. Among all grain shapes, polygonal and polyhedron shapes are
considered more realistic, and Voronoi tessellation is commonly used for the generation of
these shapes to model the microscopic behavior of grains [126].

In grain-based modeling (GBM), the discrete grains or blocks can be elastic, plastic,
rigid, deformable, breakable, and unbreakable. The micromechanical properties of grains
and their contacts are varied depending on the types of grains [127]. For example, in
rock failure simulations, tetrahedral grains exhibit smooth failure due to the shear failure
at contacts. Conversely, polyhedral grains show relatively rough failure because of the
dominant tensile failure at contacts [128]. For the sake of the easiest computation, grains
are considered elastic, rigid, and unbreakable, and rock behavior is modeled based on grain
contacts. Each grain has specific characteristics in terms of computational efficiency and
model calibration [129]. Strictly speaking, this assumption is not realistic, since grains can
practically break and deform. For the modeling of rock failure using realistic assumptions,
more computational time is required with higher complexity.

In the discrete element method (DEM), two modeling approaches are widely used:
bonded particle modeling (BPM) and grain-based modeling (GBM). In BPM, the mechan-
ical behavior of rocks is simulated by considering the rock as an aggregate of circular
grains tightly packed at their contacts [114]. In GBM, polygonal or polyhedral grains
are considered to model the deformational behavior of rocks using realistic assumptions.
BPM-based modeling methods cluster particle modeling and clumped particle modeling
are used to represent breakable and unbreakable grains, respectively. Some issues are
reported in the literature such as low UCS/UTS ratio, low friction angle, and poor strength
due to the use of traditional DEM approaches [130]. These issues are resolved in advanced
modeling methods using grain interlocking, breakable contacts, and deformable grains.
For effective numerical modeling with less complexity and computational time, grain and
contact characteristics are specially focused. Table 4 shows the necessary parameters for
grain and contact used in numerical modeling and simulation.

Table 4. Modeling parameters for grain and contact as described by Wang and Cai [114].

Grain Characteristics

Contact Characteristics

Grain density p(kg/m®)

Contact normal stiffness Jkn (GPa/m)

Elastic modulus E (GPa)

Contact shear stiffness Jks (GPa/m)

Poisson’s ratio v

Contact stiffness ratio Jkn/Jks

Compressive strength UCS (MPa)

Contact compressive strength (MPa)

Tensile strength UTS (MPa)

Contact tensile strength (MPa)

Peak shear strength Cp, (MPa)

Contact peak shear strength JC,, (MPa)

Peak friction angle dp (deg)

Contact peak friction angle J¢,, (deg)

Peak dilation angle ll’p (deg)

Residual shear strength Cr (MPa)

Contact residual shear strength JCr (MPa)

Residual friction angle ¢, (deg)

Contact residual friction angle J$, (deg)




Geosciences 2024, 14, 253

17 of 25

Table 4. Cont.

Grain Characteristics Contact Characteristics

Residual dilation angle 1, (deg) -

Plastic strain ¢ (%) -

The DEM is a powerful tool to simulate the deformational behavior of anisotropic
foliated rocks. It is an advantageous approach to evaluate the micro mechanisms of
rock damage processes. The applications of numerical modeling have extended from a
laboratory scale to the field, in which jointed /discontinuous rock mass is modeled using
a discrete fracture network (DFN) approach. Researchers have made several attempts to
simulate the strength behavior of anisotropic foliated rocks (see Table 5).

Table 5. Summary of major advancements in the simulation of strength behavior of anisotropic
foliated rocks.

DEM Simulation for Anisotropic Rocks Reference

A 3D DEM was presented to investigate the squeezing ground condition in mines. The effect of buckling,
weak planes’ orientation, and fractures on rock mass was modeled using the DEM approach.

[131]

Presented a systematically verified model for anisotropic rocks using bonded particle modeling (BPM)
and smooth joint modeling (SJM). The model was extended from laboratory scale to field to solve
upscaled engineering problems.

[132]

The effect of weak layer orientations on strength, stiffness, and fracture pattern was simulated using
smooth joint modeling (SJM).

[133]

To evaluate the fracturing event in transversely isotropic rocks, the moment tensor was analyzed using
acoustic emission (AE) based DEM. The AE agreed the deterioration of rock under deviatoric stress and
DEM simulated the damage processes of rocks.

[134]

Simulated the relationship between microscopic characteristics of foliations with the macroscopic
mechanical behavior of rocks using bonded particle modeling (BPM) and embedded smooth joint
modeling (S]M).

[135]

A 3D bonded particle DEM with varying smooth joint contact ratios was used for the simulation of the
elastic and strength behavior of anisotropic rocks.

[136]

The influence of confinement and weak planes on both microscopic and macroscopic failure processes
was simulated using 3D DEM. The behavior of rock matrix and weak planes was modeled by nonlinear
bond contact and smooth joint contact approaches.

[137]

A 3D DEM was proposed for anisotropic rocks using the flat joint model and smooth joint model to
investigate the effect of weak planes’ orientation on tensile strength, fracture pattern,
and stress distribution.

[138]

Investigated the anisotropic behavior of foliated rocks using 3D printing technology and hybrid finite
discrete element modeling (FDEM) approach. Angular variation in weak plane orientation considerably
affects the mechanical behavior of layered rocks.

He et al. 2020 [139]

Shang [140] investigated the anisotropic behavior of incipient foliation planes under

tensile loading using bonded particle modeling. They observed a significant effect of
foliation plane orientation and spacing on the failure mechanism of the rocks. Yao [141]
studied the damage and failure mechanisms in anisotropic brittle rocks. They used the
rigid block spring method (RGBM) and the Voronoi tessellation approach to consider rock
as an assemblage of rigid blocks. Both damage and failure were controlled by the breakable
and deformable contacts. They noted tensile and shear failure in rocks as illustrated in
Figure 8. Debecker and Vervoort [142] conceptualized a model to study fracture patterns in
foliated rocks using 2D discrete element modeling. Chiu [143] simulated the anisotropic
behavior of jointed rock mass using bonded particle modeling (BPM) and modified smooth
joint modeling (SJM). Instead of using a constant value of friction angle, they studied the
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effect of joint roughness and orientation on shear strength. The BPM and modified SJM
were used to simulate block contact and sliding effect respectively.

=45° =90°

T £

Figure 8. The illustrations (a—c) show the failure modes simulated by DEM. Whereas illustrations

(d—f) exhibit post-failure microcrack distribution [141].

DDA (discontinuous deformation analysis) is a discontinuum modeling method like
DEM which is used to simulate the mechanical behavior of rocks having complex dis-
continuities such as joints, fractures, weak planes, and other defects [144]. This approach
is relevant to foliated metamorphic rocks, which demonstrate large deformations and
patterns of discontinuities due to the preferred orientation of their weak planes and joints.
DDA is a discrete numerical method that considers rock as an aggregate of rigid or flexible
blocks [145]. Unlike continuum approaches, DDA assumes the discontinuities in the rock
material, making it a suitable method to model the behavior of discontinuous rocks where
disruptions significantly control the failure processes. The behavior of discrete blocks and
the interactions between them are governed by rigid body dynamics and contact mechanics
respectively [146]. This method can be salubrious for the modeling of foliated rocks in
various aspects. It can explicitly model geometries, grain contacts, orientations, joints, and
foliated planes. It can handle the issues related to large deformations caused by the shear,
tension, and compression forces which are common in foliated metamorphic rocks due to
local or regional tectonic activities. Furthermore, DDA provides insights into the deforma-
tion mechanism explained by the detailed analysis of block displacements, rotations, and
contact forces [147].

DDA is a displacement-based discontinuum method that simulates the behavior of
discrete blocks. It works on an iterative process within a stepwise time loop to reach the
equilibrium condition under contact constraints by employing displacement as a variable.
DDA is a method that uses energy to solve problems with moving blocks. It can be derived
using the principle of minimum potential energy or Hamilton’s principle [148]. Once
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the equations of motion are broken down into smaller steps, a special time marching
scheme called Newmark is used to solve them. The way blocks interact with each other is
determined by equations that consider how much they overlap and the friction between
them. DDA uses a step-by-step approach to solve for the large movements of the blocks.
The blocks are considered to be simply deformable. Because DDA includes the forces
caused by the blocks” mass, it can be used to solve problems with moving blocks in a
dynamic way.

DDA has been used to solve several rock engineering problems related to foliated
rocks. These problems include slope instability, underground excavation, rockfall hazard,
seismic response analysis, etc. In the case of rock slope stability analysis, DDA can be
used to model failure mechanisms such as wedge failure, toppling, and sliding [149].
Tunneling and underground excavation in foliated rocks are challenging tasks. DDA can
effectively simulate excavation-related processes including stress redistribution, failure
along discontinuities, block dislodgement, and support system requirements [150]. This
method can be utilized to model the triggering and propagation of rockfall in a terrain
dominated by foliated rocks [151]. Furthermore, the seismic response of rock mass in
terms of ground motion amplification can be assessed and simulated using improved DDA
methods [152].

To develop significant DDA models for foliated metamorphic rocks, detailed geo-
logical data are needed, including rock strength parameters, mineralogy, geometry and
orientation of foliated planes, and characteristics of discontinuities. DDA modeling can be
complex, particularly for up-scaled problems. For accurate results, it is important to truly
simulate the mechanical response of foliated rocks. Improving DDA by combining with
continuum modeling methods can solve several complex problems in metamorphic rocks.
Advancements in computational resources will develop better constitutive models for
foliated rocks and thus discontinuum methods can be applied to larger and more complex
rock mechanics problems.

8. Conclusions

This paper investigates the effect of anisotropy on the strength of foliated metamorphic
rocks in terms of their microstructural characteristics and macromechanical behavior. It
covers the literature review of recent and past experimental findings to highlight the major
factors that considerably affect the mechanical behavior of foliated rocks. The engineering
behavior of foliated rocks can be ascertained by addressing the following aspects: the degree
of anisotropy, orientation of weak planes, mineral composition, rock fabric, internal defects,
type of loading, loading rate, failure processes, theoretical and experimental framework,
and numerical simulation.

The anisotropic behavior of metamorphic rocks is the result of the preferable orienta-
tion of phyllosilicate minerals along with the pre-existing microcracks in granular minerals
that form weak layers in the rock matrix. The weak planes’ orientation angle (j3) relative to
the deviatoric stress governs the strength behavior of foliated rocks. In the literature, higher
compressive strength is reported at 3 = 0° or 90°, whereas lower compressive strength is
noted between 3 = 0° and 90°. An anisotropic behavior in terms of compressive strength
versus [3 can be U-shaped, Shoulder-shaped, or Undulatory-shaped. In the case of indirect
tensile loading, minimum strength is found at lower orientation angles due to axial splitting.
Indirect tensile strength shows an inverse relationship with anisotropic index (i.e., the ratio
of parallel tensile strength to normal tensile strength). An appreciated tensile strength is
found at 3 = 90° because there is less of an anisotropic effect. Anisotropy in foliated rocks
considerably affects the shear strength parameters (c and ¢) either determined by direct
shear test or triaxial compression test. At 3 = 30°-60°, minimum shear strength is observed
due to shear-slip failure along the foliation planes.

The macroscopic anisotropic behavior of foliated rocks is based on their microstruc-
tural characteristics. The microcracks in the quartz-feldspar matrix and the arrangement
of phyllosilicate minerals such as mica majorly contribute to evaluating rock strength
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anisotropy. Foliated rocks subjected to compression loading undergo various stages: the
crack closure stage, elastic deformation, crack initiation stage, crack propagation stage,
and crack aggregation stage. The crack initiation stage may result from dislocation slip,
plastic kinking, and fracturing in mica crystals. These microscopic alterations localize the
tensile stress at the tip of the mica from where tensile wing cracks initiate and propagate
sub-parallel to the deviatoric stress. On further increase in applied load, shear cracks
initiate at the tip of mica, propagate at longer distances, and aggregate to form a network
of cracks. The unstable growth of shear/tensile cracks reduces stiffness and ultimately the
rock fails.

The weak planes’ orientation angle related to deviatoric stress controls the mode of
failure in foliated rocks. At a low orientation angle 3 = 0°~15°, axial splitting is promi-
nent due to the lack of confinement and failure along foliations. However, increasing
confinement ceases the propagation of tensile wing cracks and consequently enhances
rock strength. At intermediate orientation angle 3 = 15°-60°, shear-slip failure occurs
along the foliation planes because of the weak interbedded layers. At high orientation
angles 3 = 60°-90°, single or conjugate shear failure occurs across the foliations due to the
integration of shear-slip and tensile failures.

Several empirical and mathematical failure criteria have been formulated to estimate
the anisotropic strength of foliated rocks. They are useful, but, over the years, the appli-
cations of discontinuum methods have been getting attention globally in simulating the
strength behavior of foliated rocks at a smaller scale. DEM (discrete element method) and
DDA (discontinuous deformation analysis) both are widely used discontinuum approaches.
They consider the material as an assemblage of discrete blocks. Many DEM models, such
as the bonded particle model (BPM), grain-based model (GBM), flat joint model (FJM),
smooth joint model (SJM), hybrid finite discrete element model (FDEM), etc., are used in
practice to solve rock simulation-related problems. The crux of this modeling approach is to
evaluate the elastic and strength behaviors of grains and their contacts. The discontinuum
simulations have been effectively utilized in the laboratory and at the upscaled level to
solve rock engineering problems.
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