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Abstract The progressively brittle failure of foliated
rocks involving the initiation, propagation, and aggre-
gation modes is closely related to the microscopic
characteristics of these rocks. For this particular type
of rock, the phyllosilicate minerals and microcracks in
the microstructure have a certain preferred orientation,
and the minerals display typical spatial arrangement
features. Moreover, phyllosilicate minerals exhibit
deformation behaviors such as dislocation slip, plastic
kinking, and fracture failure during the compression
process, which play an important role in the evolution
of rock cracks. In addition, directional microcracks are
primarily distributed at the edge of phyllosilicate
minerals, and these significantly impact the accumu-
lation of rock damage. The oriented phyllosilicate
minerals and the microcracks jointly constitute the
weak layer of the foliated rock. When loaded with the
weak layer in different directions, the rock will show
anisotropy at the micro and macro levels. Based on
previous studies, this paper summarizes and analyzes
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the microscopic mechanism and crack evolution law
of foliated rock, aiming to expand the understanding
of the correlation of the microscopic characteristics
with the macro- and mesomechanical behavior of this
kind of anisotropic rock, which may significantly lead
to further studies on rock anisotropy.
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List of Symbols

Occ Crack closure stress

O Crack initiation stress

Ocd Crack damage stress

o Peak stress

o The weak surface angle

03 Minimum principal stress

p The angle between the kink zone boundary
and the cleavage plane of the phyllosilicate
mineral

w The width of the kink belt

LMC Linear mica continuity

ILMC,,,. The maximum linear mica continuity

1 Introduction

The macroscopic failure of rock involves the process
of crack initiation, propagation, and aggregation

@ Springer


http://orcid.org/0000-0001-8536-5153
http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-021-02026-0&amp;domain=pdf
https://doi.org/10.1007/s10706-021-02026-0

1664

Geotech Geol Eng (2022) 40:1663-1673

(Olsson et al. 1976), which is consistently accompa-
nied by the plastic deformation and fracture failure of
mineral particles (Powell 1977; Passchier et al. 2005).
In foliated rocks, the deformation and failure of such
minerals and the development of cracks exhibit the
loading orientation effect, essentially leading to the
anisotropic behaviors of rocks at the micro and macro
levels. As typical representatives of foliated rocks,
phyllite, schist, and gneiss are widely distributed in
nature. Additionally, these rocks have inherently weak
planes such as schistosity and gneissosity, microscop-
ically caused by the arrangement of specific minerals
and microcracks. These micro-weaknesses have a
significant “guide effect” on the initiation, propaga-
tion, and aggregation of cracks, controlling the
foliated rock specimens in the accumulation of
microscopic damage along the weak surface through-
out the loading process (Rawling et al. 2002).

Figure 1 illustrates the typical stress—strain curve of
the pre-peak section of the compressed brittle rocks.
According to the development and evolution of
original defects and new cracks, the deformation and
failure of the compressed rock can be divided into four
stages: crack closure, linear elastic deformation, crack
propagation, and crack aggregation. When the brittle
rock specimen is subjected to uniaxial compression, it
first undergoes the crack closure stage, in which the
original microcracks in the opening state are com-
pressed and closed, resulting in the appearance of an
upward bending curve section in the stress—strain
curve (Yu 2016). In addition, the transverse strain
curve and the volumetric strain curve begin to increase
slowly. When the axial stress reaches o¢.. (crack
closure stress), the specimen enters the linear elastic
deformation stage, in which the axial stress—strain
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crack aggregation
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Fig. 1 Pre-peak stress—strain curves of brittle rocks (Diederichs
et al. 2004; Zhang et al. 2011)
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curve appears as an approximately straight line. When
the axial stress reaches g; (crack initiation stress), new
cracks are initiated, and the specimen enters the crack
propagation stage, which is characterized by the
stable growth of independent cracks. When the axial
stress reaches g4 (crack damage stress), cracks tend to
aggregate and connect, leading to unstable growth
(Diederichs et al. 2004). In this stage, the volumetric
strain curve begins to reverse, and the rate of lateral
strain increase begins to increase significantly.
Finally, the axial stress reaches oy (peak stress), and
the specimen forms a continuous through surface.

During uniaxial compression of brittle rock, the
initiation and propagation of new cracks are closely
related to the stress level of the rock. At the initiation
of new cracks, the critical stress o often reaches
0.201~0.40;, and the stress threshold at which unsta-
ble cracks begin to develop is g.4, Which frequently
reaches 0.5040.80¢ (Zhang et al. 2011). Among them,
0. corresponds to the stress point when the axial
stress—strain curve starts to show a nonlinear change,
which represents the true lower bound of the in situ
strength of the material. Then, o4 is the yield or
expansion point of the rock, indicating the long-term
strength of the material and representing the true upper
bound of its in situ strength (Diederichs et al. 2004).
These two stress thresholds divide the crack develop-
ment status into two stages: propagation and aggrega-
tion. For foliated rocks, the crack evolution
characteristics and stress thresholds are closely related
to the loading orientation, which is controlled by the
inherent microstructure.

The microscopic characteristics of foliated rocks
are mainly reflected in the distribution and arrange-
ment of phyllosilicate minerals and microcracks.
Under metamorphism, the phyllosilicate minerals will
appear elongated and have a preferred orientation. In
addition, phyllosilicate minerals are often accompa-
nied by several large microcracks. Given their spatial
dependence on such minerals, microcracks also have a
certain degree of dominant distribution direction
(Wang 2014; Yu 2016). The phyllosilicate minerals
in foliated rocks include mica, chlorite, talc, kaolinite,
montmorillonite, and serpentine, which are weak in
nature, strong in toughness, and regularly flaky in
morphology, hereinafter referred to as flaky minerals.
Other minerals, including quartz, feldspar, calcite,
etc., are characterized by greater hardness, poor
toughness, and typical plate or granular morphology.
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Therefore, these will be referred to as plate-granular
minerals in the following text.

In foliated rocks, the spatial distribution of flaky
minerals and plate-granular minerals can be summa-
rized into two types: similarly uniform and interlayer
distributions (Fig. 2). The interlayer distribution
structure is the product of metamorphic differentiation
(Fisher 1970), indicating that the rock underwent
significant metamorphism during its formation. Gen-
erally, with a low content of flaky minerals, the
similarly uniform distribution structure contributes
less to the anisotropy (Shea et al. 1993), and the
interlayer distribution tends to cause remarkable
anisotropy. Cracks in those rocks with structures of
similar interlayers more easily expand and aggregate
(Wang et al. 2015).

Figure 3 shows the microscopic components of the
foliated rock. According to the distribution location,
the original cracks in foliated rocks can be divided into
flaky mineral edge-oriented directional microcracks,
flaky mineral intergranular cracks, boundary cracks of
plate-granular minerals, and intragranular cracks of
plate-granular minerals. Moreover, the ability of flaky
minerals to resist deformation and failure essentially
depends on the angle between the maximum principal
stress and the weak surface (Shea et al. 1993). To
compare the findings of previous studies, the angle of
the weak plane is defined as the angle between the
maximum principal stress and the dominant direction
of flaky minerals and microcracks (Fig. 4).

Since the development of cleavage in different
flaky minerals is not the same, to better explain the
influence of the weak surface, this paper selects the
more common mica with extremely complete

Fig. 2 Microscopic spatial distribution state. a The similarly
uniform distribution; b The similar interlayer distribution(black
represents flaky minerals, white represents plate-granular
minerals)

Fig. 3 Microscopic components (A represents flaky mineral, B
represents plate-granular mineral, C represents directional
microcrack, D represents plate-granular mineral boundary, E
represents flaky mineral intergranular crack, F represents
boundary crack of plate-granular mineral, G represents intra-
granular original defect of plate-granular mineral)

Fig. 4 Definition of the weak side angle (A represents
directional microcrack, B represents flaky cleavage surface)

cleavage characteristics as the representative of flaky
minerals. This paper summarizes domestic and foreign
research on the correlation between microscopic
characteristics and the mode of initiation, propagation,
and aggregation of cracks in compressed foliated
rocks. This greatly promotes the study of the
anisotropy of foliated rocks.
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2 Crack Initiation Mode
2.1 Control of Flaky Minerals

During the compression of foliated rock specimens,
three microscopic deformation behaviors of a single
mica can be observed, specifically dislocation slip,
plastic kink, and fracture failure (Kronenberg et al.
1990; Kanaori et al. 1991; Mares et al. 1993; Rawling
et al. 2002), corresponding to the three types of cracks
under the control of flaky minerals.

2.1.1 Dislocation Slip

The mechanism of dislocation slip deformation is that
the shear force in the mica crystal exceeds the
maximum friction force provided by the decoupling
surface, causing relative sliding. Consequently, it
leads to a high concentration of local stress at the mica
tip. Figure 5 emphasizes that when the stress exceeds
the tensile strength of plate-granular minerals, tensile
cracks will germinate. Additionally, the sliding initi-
ation mechanism is similar to that of wing cracks
(Gottschalk et al. 1990).

Scholars measured the friction coefficient of this
type of cleavage surface and believed that the friction
coefficient is similar to that between the two walls of a
wing crack (Rawling et al. 2002; Dixon et al. 2007;
Zhang 2013). However, the presence of water reduces
the friction coefficient of this microstructure, explain-
ing why water has a significant degradation effect on
foliated rocks. For example, completely dry and
water-free montmorillonite has a friction coefficient
that can reach approximately 0.8, while the friction

Fig. 5 Dislocation slip of flaky minerals
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coefficient of saturated montmorillonite is only 0.18
under the same conditions (Dixon et al. 2007).

Given the weak plane angle at o = 45°, the shear
stress of the dislocation slip on the cleavage plane
reaches its maximum value (Kronenberg et al. 1990).
A low friction coefficient will cause dislocation slip to
occur under low shear stress, resulting in microscopic
expansion (Rawling et al. 2002). This provides a
reasonable explanation for the earliest volume expan-
sion of the specimen at a medium foliation angle
(o0 = 30°-45°). In the linear elastic deformation stage,
scholars found that the mica tip region and the tip of
the wing crack have similar stress fields (Gottschalk
et al. 1990).

After the compressive stress of the specimen
reaches o, the dislocation slip initiation mode
produces two types of cracks, namely shear cracks
along the mica cleavage plane and tensile cracks near
the plate-granular minerals. At the end of the mica tip,
o3 = 0 is the critical condition for the extension of
these tensile cracks (Diederichs et al. 2004). There-
fore, the confining pressure will inhibit the extension
of such cracks and improve the compressive strength
of the specimen.

Furthermore, as the density of dislocations
increases, a significant number of cracks obliquely
crossing the cleavage plane at a low angle will form
(Hallbauer et al. 1973). Then, the continued accumu-
lation of these cracks will gradually form dislocation
walls (Shea et al. 1993). The boundary of the plastic
kink zone is the product of the further evolution of the
dislocation wall, and the mechanism of this process
remains unclear. However, scholars generally con-
sider that plastic kinks are based on the secondary
deformation of high-density dislocations in flaky
minerals (Gay et al. 1974; Christoffersen et al. 1993;
Mares et al. 1993).

2.1.2 Plastic Kink

According to the direction of the plastic kink, the kink
belt is divided into left and right kinks (Horz 1970;
Dunham et al. 2011). This paper utilizes the right kink
of mica, which causes crack germination, as an
example to summarize and analyze its significance.
There are two modes of initiation of the plastic kink,
namely Type I initiation in the mica and Type II
initiation near plate-granular minerals. The kink zone
boundary (KBB) in the plastic kink Type I initiation
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mode (Fig. 6a) is the dislocation wall formed by high-
density dislocation slip. Generally, the width of the
kink belt (w) is 0.1-10 um (Mares et al. 1993; Shea
et al. 1993), and both sides of the mica cleavage
surface inside the kink belt tend to slide relatively.

Near the boundary of the kink zone, the mica will
undergo crystal plastic deformation along the kink
direction. In addition, the mica located outside the
KBB will deflect at a small angle, which is generally
less than 5°. When this plastic deformation becomes
excessively large, it will cause cracks between the
mica crystals (Bell et al. 1986), resulting in the
formation of intergranular tension cracks (cr). It is
worth noting that the boundary of the kink band may
have a curve with a certain curvature rather than a
consistently straight line (Bell et al. 1986; Yin et al.
2016). In other words, the f§ value of KBB on the same
side may vary within a certain range. With the
development of the Type I initiation mode into the
later stage, a local stress concentration appears in the
horizontal axis of the mica, causing cracks in the grain
boundaries of plate-granular minerals or the initiation
of adjacent plate-granular minerals (Type II). To date,
the mechanical micromechanism of this type of crack
initiation is still unclear. Nevertheless, several schol-
ars (Olsson et al. 1976; Rawling et al. 2002) stated that
cracks caused by a kink in the microscopic image have
a shape that is similar to that of the sliding wing crack.
Hence, crack initiation is speculated to be a form of
tensile mechanism (Fig. 6b).

In the severely damaged area of the compression
specimen, the stress state of mica is more complex,
and complicated kink shapes may be generated, such

as the conjugate kink (Kronenberg et al. 1990) and
hexagonal kink (Silk et al. 1961). Additionally, the
weak surface angle o will affect the kink shape and the
proportion of flaky minerals with kink deformation.
Gay et al. (1974) found that when o = 5°, two pairs of
conjugates usually experience kink deformation, in
which the left or right kink appears when o = 5°-15°.
When o > 15°, dislocation slip is more common than
plastic kinks. Rawling et al. (2002) observed that the
kink deformation near the failure surface of the
specimen with (a) o = 0° accounted for more than
90%, (b) oo = 45° had no kink near the failure surface,
and (c) o = 90° accounted for less than 1%. As the
stress increases and when the stress generated by the
plastic kink exceeds the strength of the mica, both
transverse fracture and failure of the mica will be
observed.

2.1.3 Fracture Failure

According to previous studies on the fracture behavior
of mica, the new defects caused by fracture failure are
divided into pores formed by mica cleavage fractures
(v), intergranular tension cracks (cr), and splits near
plate-granular minerals (Kronenberg et al. 1990; Shea
et al. 1993; Rawling et al. 2002) (Fig. 7). Among
these, the width of mica in the short axis direction of v
and cr can reach the micron level (Shea et al. 1993). As
the stress increases, the mica in specimens with
o = 90° usually undergoes widespread fracture.

directjonal fotation/of/cr
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Fig. 6 Plastic kink of flaky minerals (KBB—the kink zone boundary, w—the width of the kink belt, cr—intergranular tension cracks,
fp—the angle between the kink zone boundary and the cleavage plane of the flaky mineral), a Type I; b Type II
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Fig. 7 Fracture failure of flaky minerals (v—mica cleavage
fractures, cr—intergranular tension cracks)

2.2 Control of Directional Microcracks

In addition to the crack germination caused by the
three deformation mechanisms of mica, new cracks
may also be generated at the tips of the original
defects, such as flaky mineral intergranular cracks,
intragranular cracks of plate-granular minerals, and
boundary cracks of plate-granular minerals. Accord-
ing to the sliding wing crack and Griffith theory, the
original defect will produce tensile cracking behavior
during the compression process of the specimen.
Based on the length of the defect, the radius of
curvature at the end, and whether there is a slip
mechanism, tensile cracks caused by original defects
are divided into T-1 and T-2 (Fig. 8a-b) (Olsson et al.
1976; Rawling et al. 2002; Diederichs et al. 2004). To
a certain extent, these two kinds of tension cracks
alleviate the stress concentration at the end of the
defect. The local critical condition for the expansion of
tensile cracks is o3 = 0. Generally, these tensile cracks
have the characteristics of simple shapes, long exten-
sions and smooth crack surfaces. Among these two

types, the T-1 type, commonly found in brittle rocks
under compressive stress, is recognized as a classic
sliding initiation mechanism. The wing crack is
deflected in the direction of maximum principal stress.
The T-1 type usually occurs when the defect has
perceptible long and short axes, sharp ends, and
relative slippage on the upper and lower walls, such as
directional microcracks. Approximately spherical
defects, typically intragranular original defects of
plate-granular minerals, tend to produce T-2 cracking,
characterized by the absence of slip of the original
defects.

With increasing stress, the limit length of the
sliding crack extension that typically starts is 1-1.5
times the major axis size of the original defect. When
the extension of the wing crack reaches its limit, the
end of the initial defect will form another concentra-
tion of shear stress. Then, quasi-coplanar secondary
cracks (S-1) or oblique secondary cracks (S-2) are
generated (Sagong et al. 2002), which can be summa-
rized as the shear initiation mode (Fig. 8c). Compared
with the cracks initiated by tension, such shear-
induced cracks normally extend a shorter distance and
have more complex shapes (Yin et al. 2016). Most of
the directional microcracks are distributed along the
edge of the mica, and the direction of the other cracks
is irregular.

Directional microcracks greatly contribute to the
anisotropy of rock due to their nonuniform distribution
and directional arrangement. It is worth noting that in
the compression process of foliated rocks, the effect of
directional microcracks on crack initiation depends on
the loading direction. When the principal compressive
stress is perpendicular to the microcrack surfaces,
tensile cracks are unlikely to arise at the ends of the
microcracks due to the lack of shear stress on the
microcrack surfaces. In this case, the microcracks lose

concentration of tensile stress conceptration of tensile stress

concentration of shear stress 01‘

oblique secondary cracks

(c) t

Fig. 8 Crack initiation at the tips of original defects (Sagong et al. 2002; Diederichs et al. 2004). a T-1 type; b T-2 type; ¢ S-1 type and

S-2 type
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their leading role in the damage of the foliated rock.
When the principal compressive stress obliquely
intersects with the microcrack surfaces, new cracks
are prone to appear following the T-1 initiation
mechanism, especially at o = 30° and the stress
threshold for the initiation of new cracks is lower.
Therefore, when oo = 30°, foliated rocks tend to have
lower crack initiation stress (Zhang et al. 2011).

Yin et al. (2020) analyzed the theory of fracture
mechanics and the theory of maximum circumferen-
tial stress. They demonstrated that when the maximum
principal stress and the macro weak plane are
obliquely close to 30°, the directional microcracks
control the initiation of the schist. Likewise, Rawling
et al. (2002) pointed out that directional microcracks
significantly impact the anisotropy and compressive
strength of foliated rocks and have a significant “guide
effect” on damage accumulation. In the compression
process of the specimen, some adopted CT scanning
technology to confirm that cracks are easier to
generate, expand, and aggregate on the weak surface
and eventually evolve into a macrofracture surface
(Ma et al. 2020).

2.3 Influence of Water and Confining Pressure

Under the influence of water and confining pressure,
the T-1 initiation of the original defect will change to a
great extent. Under water lubrication, the friction
coefficient between the two wall surfaces of the sliding
crack is significantly reduced, making the relative slip
more likely to occur under lower stress. As a result, it
leads to an earlier stress concentration at the tip.
Moreover, the increase in pore water pressure makes
the tensile stress concentration at the front edge of the
fracture more evident (Yang et al. 2018). Saturated
specimens of foliated rock begin to initiate cracks
earlier than those of dry specimens; that is, the
physical and mechanical action of water under a
specific microstructure reduces the o of foliated
rocks, making the rock material more dangerous.

In contrast, since the critical condition of tensile
wing crack extension is difficult to achieve, the
initiation of tensile cracks is suppressed under the
influence of a high confining pressure. During this
time, a higher number of new cracks are generated in
the end shear stress concentration area through the
shear initiation mode. High confining pressure inhibits
the initiation of wing cracks in the microstructure.

Restricted initiation of tensile cracks caused by high
confining pressure leads to an increase in o of the
foliated rock, which enhances the safety margin of the
rock material. When water and confining pressure
factors are coupled, their joint effect significantly
reduces the deflection angle of wing cracks and
suppresses the development of wing cracks. Further-
more, the expansion rate of the crack tip tends to be
balanced, and the three-dimensional fracture propa-
gation mode and the macroscopic fracture shape of the
rock are changed (Yang et al. 2018).

3 Crack Propagation Mode

When the stress exceeds g, the specimen enters the
crack propagation stage characterized by the initiation
of grain boundary cracks and dominant intragranular
cracks. Connecting two adjacent cracks or mica
requires plate-granular minerals to penetrate the
nearby plates, and these areas are often called rock
bridges. Once cracks start at the flake minerals or at the
end of the defect, the cracks will continue to propagate
mainly in the rock bridge area (Fig. 9). It is worth
noting that the crack propagation direction is approx-
imately parallel to the direction of the maximum
principal stress (Zhang et al. 2011). The intragranular
cracks halt when they reach the plate-granular mineral
boundary and are generally shorter in length. The
grain boundary cracks can extend a longer distance;
however, they halt or go around when encountering
large plate-granular minerals. The intragranular cracks
and grain boundary cracks tend to evolve into

Fig. 9 Cracks in the rock bridges area
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transgranular cracks, which will form in the crack
aggregation stage.

There is extensive literature on the propagation
mode of cracks through rock bridges. Sagong et al.
(2002) summarized nine modes of crack propagation
based on various experimental observations. Their
study analyzed the factors affecting the different
propagation modes, which included the angle between
the maximum principal stress and the defect, the
distance between the defects, the coplanarity of
defects, and the continuity of defects.

According to the shape of the crack and the range of
the fracture zone, the propagation mode can be divided
into Types I, II, and IIl. In Type I propagation,
elongated grain boundary tensile cracks usually pen-
etrate the rock bridge (Fig. 10a). Occasionally,
Z-shaped grain boundary cracks whose extending
direction is approximately parallel to the direction of
the maximum principal stress can be observed (Fon-
seka et al. 1985). This situation generally corresponds
to a specimen with a small angle, wherein « is often
0°-15°.

In the rock bridge area of Type II propagation,
many grain boundary cracks and intragranular cracks
are present (Fig. 10b). Subsequently, a microfracture
zone in the rock bridge area (Rawling et al. 2002)
develops along the mica cleavage plane. At this time,
the crack becomes a fast path for crack propagation
(Gottschalk et al. 1990), and this mode is commonly
found in specimens with a medium angle (« often in
the range 15°-75°). In Type III propagation, large
numbers of grain boundary cracks and intragranular
cracks in the rock bridge region develop extensively,
and wider fracture zones appear (Fig. 10c). Mean-
while, mica or microdefects whose long axis direction
is approximately horizontal hinder crack propagation

(Shea et al. 1993; Rawling et al. 2002), and the above
propagation mechanism generally occurs at large
angles (« often in the range 75°-90°) in specimens.

Comparing the three propagation modes, the plate-
granular minerals in the vertical propagation mode
will produce the most extensive grain boundary cracks
and intragranular cracks (Rawling et al. 2002),
followed by the oblique propagation mode. This
phenomenon is consistent with the research findings
that the fracture surface of the specimen with a large
angle between the weak surface and the maximum
principal stress has the largest fractal dimension. The
fractal dimension of the small-angle specimen is the
smallest, and the medium angle is centered (Carrillo
et al. 2015; Xu et al. 2020).

4 Crack Aggregation Mode

When the stress reaches .4, the unstable cracks begin
to expand; that is, the cracks of the specimen enter the
aggregation stage. In this period, the grain boundary
cracks and intragranular cracks continue to expand
and cross the mineral boundary (Zhang et al. 2011).
The formation of transgranular cracks, following high-
density intragranular cracks, requires a high energy
provided by external work. Therefore, transgranular
cracks hardly appear in plate-granular minerals unless
under high stress level conditions and mainly occur in
the crack aggregation stage (Diederichs et al. 2004).
The aggregation mode of cracks is closely related to
the density of cracks near the fracture surface (Hall-
bauer et al. 1973). According to the width and density
of the cracks of the specimen failure zone, it is divided
into Types I, II, and III crack aggregation modes. In
the Type I aggregation mode, the specimen produces

mica

spindly crack

(a) (b)

Fig. 10 Propagation mode of cracks. a Type I; b Type II; ¢ Type III
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the fewest cracks, the failure zone has the smallest
limit width (Shea et al. 1993), and tensile failure
usually occurs. Generally, the Type I aggregation
mode is found in specimens with a small angle
(Fig. 11a). A type II aggregation mode is generated in
medium-angle specimens, accompanied by more
cracks and rougher fracture surfaces (Fig. 11b). A
type III aggregation mode is generated in large-angle
specimens, such as for o = 90° (Fig. 11c). Compared
with the other aggregation types of specimens, the
specimen sample corresponding to the Type III
aggregation mode usually has the largest width of
the failure zone and the greatest density of cracks.

The aggregation mode of cracks has a good
correlation with the toughness and brittleness of the
specimen. More specifically, Types I, II, and III
aggregation modes correspond to the brittleness,
transition, and toughness of the curves observed in
the stress—strain curve (Mares et al. 1993; Shea et al.
1993). Additionally, the continuity of mica has a
strong relationship with the toughness and brittleness
of the specimen. Shea et al. (1993) defined linear mica
continuity (LMC) and found that along the increase in
LMC of the specimen of o = 45°, higher LMC will
cause a trend in which strength decreases and ductility
increases. In their study, all samples with LMC,, ...
< 35% in o = 45° specimens incurred brittle frac-
tures, and those with LMC ., > 60% suffered ductile
failures.

Different opinions exist on the microscopic factors
that control the accumulation of cracks before the
macroscopic fracture of foliated rocks. Studies have
found that mica controls crack aggregation and the
development of macroscopic fractures (Wong et al.

«—cracks

—mica

Fig. 11 Schematic diagram of the aggregation mode of cracks.
a Type I; b Type II; ¢ Type 111

1985; Gottschalk et al. 1990; Rawling et al. 2002). In
contrast, Shea et al. (1993) underlined that primary
cracks primarily affect the crack aggregation mode
and macrofractures. Analyzing these differences may
shed light on their link to the density of mica. For
example, Diederichs et al. (2004) showed that a small
amount of mica reduces the strength of the specimen,
but high-density mica can inhibit unstable crack
growth and increase the in situ strength ratio.

5 Conclusion and Prospects
5.1 Conclusion

By comparing and analyzing the research of domestic
and foreign scholars on the microscopic characteris-
tics of foliated rocks, five conclusions are obtained
through summary and induction.

1. After the compressive stress of the specimen
reaches o, the deformation behavior of flaky
minerals includes dislocation slip, plastic kinking,
and fracture failure, which cause progressively
brittle failure in the vicinity of flaky minerals. The
initiation of directional microcracks plays a vital
role in increasing the accumulation of damage in a
specific direction.

2. During the stable crack propagation stage, the

characteristics are defined by the initiation of grain
boundary cracks and the dominant intragranular
cracks. Additionally, the development direction of
cracks is approximately parallel to the maximum
principal stress. Meanwhile, mica or microdefects
with long axis directions that are approximately
horizontal hinder crack propagation.

3. During the unstable crack aggregation stage, crack

aggregation mainly occurs. Based on the crack
density and limit width on the failure surface of
the specimen, there are three types of aggregation
modes, specifically the brittleness, transition, and
toughness curve shapes monitored in the stress—
strain curve.

4. Distinct microscopic characteristics lead to dif-

ferences in the initiation, propagation, and aggre-
gation modes of cracks, which are the different
mechanisms of microscopic failure that affect the
roughness of the corresponding failure surface of
the specimen. Finally, these modes cause the
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fractal dimension of the specimen with various
weak surface angles to be slightly different.

5. The weak surfaces composed of flake minerals
and directional microcracks have a significant
“guide effect” on the initiation, propagation, and
aggregation of cracks. Eventually, this effect will
cause the compressed foliated rocks to appear with
a more significant anisotropy.

5.2 Prospects

First, the microscopic test is typically destructive. It is
challenging to observe the continuous deformation
and the progressive development of cracks for the
same microstructure. Artificial damage to the sample
is inevitable during the preparation process of the
microscopic specimen. Second, the initial damage
randomly distributed inside the rock specimen has a
more considerable impact on the development of
cracks. Finally, under the influence of external factors
such as water and confining pressure, the anisotropic
behaviors of crack development change significantly.
However, the depth of the existing studies remains
insufficient. Therefore, the following points must be
further studied and researched in the future:

(1) High-precision nondestructive detection tech-
nologies, such as CT scanning, acoustic emis-
sion, and 3D-DIC systems, can be used to
continuously observe the anisotropic character-
istics of cracks in microstructures.

(2) Establishing a refined numerical model of
foliated rock that better reflects the characteris-
tics of the actual microstructure involving the
flaky mineral morphology, the spatial distribu-
tion of flaky minerals and directional microc-
racks, could more accurately describe the law of
the anisotropic development of cracks.

(3) Considering the influence of water and confin-
ing pressure on the numerical model, the
appropriate contact models and mesomechani-
cal parameters should be selected, and the
mechanism of the external factors on the
progressively brittle failure of the compressed
foliated rocks should be studied.
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