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Mechanical properties and failure
law of composite rock containing
two coplanar fractures

Hao Yuan, Taoli Xiao*, Haicheng She*, Yuanlong Zheng and
Xiang Chen

School of Urban Construction, Yangtze University, Jingzhou, Hubei, China

Composite rocks comprise the rock structures that are commonly used in
geotechnical engineering. The fracture configuration has a substantial
influence on the mechanical behavior, failure mode, and crack propagation
of composite rocks. In this study, we considered a composite rock with two
prefabricated coplanar fractures. Through laboratory uniaxial compression tests
and using a digital image acquisition system, we systematically studied the
effects of different fracture lengths and inclination angles on the mechanical
properties and failure characteristics of the rocks. We obtained the following
results: 1) during the loading deformation of the rock sample, the peak stress
and elastic modulus increased with an increase in the fracture inclination angle
and decreased with an increase in the fracture length. The deterioration
coefficient k (the ratio of the difference between the peak strength of intact
and fractured rock sample to that of intact rock sample) decreased with an
increase in the fracture inclination angle and increased with an increase in the
fracture length. 2) The failure type of the rock samples was primarily controlled
by the fracture inclination angle and material of the two rock types, and the
fragmentation degree was primarily controlled by the fracture length. With an
increase in the fracture inclination angle, the failure mode of rock sample
exhibited the following order of changes leading to failure: a double-Y type
(trwo wing and one antiwing cracks appeared on each prefabricated fracture) —
double-Z type (two wing cracks appeared on each prefabricated fracture) — Z
type (one wing crack appeared on each prefabricated fracture). 3) The type of
coalescence of the rock bridge was controlled by the fracture inclination angle
and structural plane. The crack positions were primarily affected by the fracture
length. 4) At a low fracture inclination angle (a < 30°), the propagation of the
microcracks showed aggregated band formation. Above moderate fracture
inclination angles (a > 30°), the microcrack aggregation band gradually
weakened and expanded in the direction of dispersion.
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1 Introduction

With the development of underground engineering, soft and
hard composite strata are inevitably encountered (Liu et al., 2013;
Yan et al,, 2020). When underground engineering is conducted in
composite strata, improper construction may cause engineering
disasters, such as uneven stress causing the surrounding rocks to
collapse, along with other potential risks (Wu et al, 2019).
Studies on composite strata have primarily focused on tunnel
construction (Rad and AYassaghi, 2004; Tang and Xu, 2016;
Yang et al., 2018; Wang et al,, 2019) and coal mining (Liu et al.,
2015; Zhang et al,, 2018). In addition, rock masses with different
physical characteristics in composite rock strata have different
strengths, permeabilities, and other mechanical properties.
Among them, soft and hard composite rocks highly influence
tunneling and the technology supporting tunnels, and therefore,
additional requirements are considered for constructions in these
rocks. To understand the influence of the mechanical properties
of composite materials, researchers have studied the construction
of a large-span tunnel within a composite stratum (Sun et al,,
2018; Tu et al,, 2020). Similar to a single rock, composite rock also
possesses numerous microcracks, fractures, joints, holes, and
other defects. The initiation, expansion, and penetration of
these defects reduce the strength of the original rock and can
even cause instability and failure of engineering rock mass,
thereby affecting construction safety. Therefore, understanding
the mechanical behavior and failure mechanism of fractured
composite rocks has important engineering value.

Numerous studies have been conducted on the mechanical
behavior and crack propagation evolution mechanism of
(2011)
compression tests on sandstone and granite with two

fractured rocks. Yang performed  uniaxial
coplanar fractures, analyzed the sequence and types of crack
propagation in brittle sandstone during deformation, and
determined the influence of the coplanar fracture inclination
angle on the strength and deformation behavior of sandstone
(2019)

compression tests on granite with two coplanar fractures,

samples. Huang and Yang conducted triaxial
analyzed the influence of the fracture inclination angle and
confining pressure on the strength characteristics of granite
samples, studied the internal fracture characteristics of granite
samples using X-ray computed tomography (CT) scanning
technology, and determined four typical crack transfixion
types. Dong et al. (2020) performed Brazilian splitting tests
on rock-like materials with two coplanar fractures, analyzed the
influence of the fracture angle and filling on the tensile strength
of the sample, and studied the crack propagation process of a
sample with an acoustic emission and digital speckle system.
The results showed that the tensile strengths of the filled and
unfilled specimens gradually decreased with an increase in the
fracture inclination angle. Zhang and Zhou (2020) conducted
uniaxial compression tests on granite with double fractures and

studied the fracture mechanism and acoustic emission
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characteristics of fractured rocks over time using acousto-
optical monitoring technology.

Several researchers have also studied multifractured rocks.
Zhou et al. (2019) and Zhou and Zhang (2021) used digital
imaging and AE techniques to analyze the process of crack
growth in granite with three fractures and found that the
complete cracking process could be classified into six stages:
(I) crack closure, (II) linear elastic deformation, (III) process zone
nucleation, (IV) crack initiation and stable crack growth, (V)
critical energy release and unstable crack growth, and (V1) failure
and postpeak softening. Zhou et al., 2019 analyzed the influence
of the brittleness of rock-like materials on crack initiation,
propagation, and coalescence in three fracture-containing
specimens through uniaxial compression test and digital
image acquisition (DIC) and found that the crack initiation
mode transforms from tensile to shear as the brittleness index
of rock-like materials decreases. Zhou et al. (2014) conducted
uniaxial compression tests on rock-like materials with four
fractures and identified five types of cracks, including wing,
quasi-coplanar secondary, oblique secondary, out-of-plane
tensile, and out-of-plane shear cracks. Zhou et al. (2018)
performed uniaxial compression tests on rock samples with
nine prefabricated fractures, and combined with the results of
DIC, they revealed the mechanism through which brittle and
ductile multifractured rock mass fractured. The results showed
that the type of crack initiation transforms from shear to tensile
cracks as the brittleness index increases.

Some researchers have used numerical simulation software to
study the influence of fractures on the mechanical behavior and
failure characteristics of rocks. Tian et al. (2017) used particle
flow software PFC?® to simulate the fracture process of brittle
sandstone with two coplanar fractures under different confining
pressures. They found that the peak strength generally increased
with the inclination in the coplanar fractures and that the final
failure of the sample primarily occurred owing to shear. Chen
et al., 2020 conducted particle flow simulations on soft-hard
interphase composite rock samples with two coplanar fractures
and analyzed the influence of the strata inclination angle and
fracture inclination angle on the mechanical properties and
failure characteristics of composite rock samples. Yin et al.
(2015) used RFPA®" software to simulate composite rock with
a single fracture and studied the law of the variation in the
macroscopic mechanical properties of rock samples with
changing interlayer inclination angle when no fracture
the
inclination angle (a) of 45" and 135°. They also analyzed the

occurred under uniaxial compression at fracture
failure mechanism of a composite rock with a single fracture
under uniaxial compression using acoustic emission. Wang et al.
(2020) used the particle flow software PEC?® to simulate uniaxial
compression test of rhyolite and analyzed the influence of the
fracture inclination angle, fracture length and width, and rock
bridge length on the failure characteristics of the fractured rock

mass. In terms of two noncoplanar fractures, Liand Li (2013) and
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Zhang et al. (2017) performed numerical simulations on the
failure process of two fractured goose-shaped rock samples and
analyzed the influence of the rock bridge and fracture inclination
angles on the characteristics of crack evolution and mechanical
behavior of the rock samples. The above numerical simulations
were primarily based on PFC, and researchers have primarily
studied the influence of the existence of prefabricated fractures
on the final failure mode of the rock sample and the mechanical
parameters of the rock sample. Yang and Liu (2012), Yang et al.
(2014), Huang et al. (2016), and Fu et al. (2019) conducted
triaxial compression test simulations on rock samples with two
fractures and found that, compared with long-fractured rock
samples, short-fractured rock samples require a longer time to
reach peak strength, revealing that the macroscopic secondary
shear zone in rock primarily comprises tensile cracks and a small
number of shear cracks.

In addition to these results for double-fractured rocks, many
researchers have investigated single-fractured rocks. Xiao et al.
(2012a) conducted a triaxial compression test on a single-
fractured marble and proposed three types of cracks: tensile
(type 1), sliding (type II), and tearing (type III) cracks. Wang
et al, 2020 performed uniaxial compression simulation on
composite rock samples with a single fracture and explored
the influence of the fracture inclination angle and length on
the mechanical properties and failure mode of the rock. They
found that the larger the fracture inclination angle or length, the
smaller the fracture extension range on the side with weaker
mechanical properties. The failure mode presented the transition
characteristics of “X” — “y” — “>.” Zhang et al. (2019) analyzed
the influence of the comprehensive action of the fracture
inclination angle, length, and position on the strength and
failure characteristics of rock and found that the fracture
inclination angle had a considerable effect on the initiation
position and time of new cracks. The fracture length
correlated with the integrity and stability of the rock. The
fracture position affects the scale of crack propagation and
failure mode, and the influence on the peak strength is as
follows: length > inclination > position. Xi et al. (2020)
conducted uniaxial compression tests on deep granite with
prefabricated fractures and found that with an increase in the
fracture inclination angle, the wing crack propagation speed
increased, and the new cracks were distributed in a clockwise
direction.

Most of the abovementioned results have been obtained for a
single rock type; however, similar studies on composite rock,
particularly on the strength and crack propagation evolution of
composite rock with fractures, are lacking. Considering actual
engineering conditions, fractures typically appear in two kinds of
rocks, which change the mechanical properties and failure modes
of the composite rock and eventually cause engineering disasters
or potential risks. The fracture inclination angle and length are
the major factors influencing the mechanical behavior and failure
mechanism of rocks. This non-negligible, primary influencing
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factor forms the basis of the studies of composite rock strata
investigating the mechanical properties, failure mode, and crack
propagation law of composite rock with coplanar fractures, with
the aim of guiding engineering practice. Therefore, in this study,
we selected prefabricated composite rock with coplanar fractures
as the research object and determined the influence of the
geometric characteristics of fractures on the mechanics and
failure mode of the composite rock through uniaxial
compression tests. In addition, we used a DIC system to
analyze the crack propagation law of composite rock
containing coplanar fractures in the progressive failure process
from the macro perspective. Finally, we used PFC software to
analyze the microcrack propagation law from the micro
perspective.

2 Materials and methods
2.1 Preparation of fractured rock samples

2.1.1 Selection of similar materials

In uniaxial compression tests of fractured rock samples,
numerous rock samples are required to study the crack
propagation mechanism and law of crack evolution from
initiation and propagation to failure. However, obtaining
composite rock samples with same or similar fracture lengths
and inclination angles through field sampling is difficult, which
prevents meeting the requirements of several practical
engineering tests. Therefore, we artificially prepared coplanar
fracture composite rock samples with different fracture scales
and distribution characteristics. We conducted sufficient
research on the original rock prior to the initiation of the
study (Li et al, 2012; Xiao et al., 2012b) and designed the
mixture ratio using similarity theory (Li et al., 2007), which
has been typically applied (Xiao et al., 2012b; Lu et al., 2014).
Based on this, we determined a mature mass ratio to prepare a
composite rock, as presented in Table 1. Table 2 lists the physical

and mechanical parameters of the two materials.

2.1.2 Preparation of coplanar fracture composite
rock sample

During the test, according to the test methodology set by the
International Society of Rock Mechanics, we used a rectangular
mold (143 x 70 x 70 mm; Figure 1A) to customize steel sheet
1 with the dimensions of 100 x 70 x 1 mm. We used 100 mm x L
(fracture length) x 0.5 mm to customize steel sheet 2, both of
which were inserted into the mold for pouring. We removed steel
sheet 1 from a vibration table after 30 s of vibration, as shown in
Figure 1B. The layered surface had improved bondage after 15 s
of vibration. We let the plastic cover film stand for 10 h, and we
removed steel sheet 2 to form the prefabricated fractures. After
standing for 14 h, we removed the mold, which we placed in a
standard curing room for 28d to complete the preparation
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TABLE 1 Material ratios used for preparation of composite rock samples.

10.3389/feart.2022.1007439

Material #425 black cement Silica fume Quartz sand Iron powder Defoaming agent Water reducer Water
Sandstone quality ratio 1 0.13 0.8 0.25 0.003 0.003 0.3
Material #325 White cement Quartz sand Defoaming agent Water
Marble quality ratio 1 0.7 0.003 0.35

TABLE 2 Physical and mechanical parameters of two considered materials.

Material Compressive Tensile strength/MPa
strength/MPa
Marble 64.35 34
Sandstone 53.80 2.8
Mold making
FIGURE 1

Elastic modulus/GPa

Poisson ratio Density/g-cm™

u
6.97 0.12 2.207
5.46 0.29 1.93

Casting rock sample

Process of preparing coplanar fracture composite rock sample. (A) Mold making, (B) Casting rock sample.

process. The final sample size was 143 x 70 x 70 mm, and the
length of rock bridge b was 15 mm. The geometric configuration
distribution of the sample with fractures is shown in Figure 2.

2.2 Test equipment and scheme

2.2.1 Test equipment
The test system shown in Figure 3A included a loading
module and DIC module. Figure 3B shows the photographic
used; the method
compression and a DIC test system.
The loading system comprised a 100TWAW microcomputer-
controlled electro-hydraulic servo universal testing machine, with a

instrument test comprised uniaxial
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maximum load of 1,000 kN. The system not only controlled the
force or displacement of the sample but also conducted uniaxial
compression, tensile, cyclic loading, and creep tests. For the test, we
adopted displacement control, and the displacement loading rate
was 0.2 mm/min.

The DIC system comprised a noncontact, optical, three-
dimensional measurement equipment for material displacement
and strain measurement and analysis. The system primarily
comprised a computer control system (DIC software and control
box), support system (tripod, platform, and beam), and measurement
system (camera and light source). We used double cameras at both
ends of the beam for monitoring. The resolution, frame rate, lens
focal length, light source focal length, and pixel size were 4096 x
3000 px, 30 fps, 12 mm, 10 mm, and 3.45 pum, respectively.
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FIGURE 3
Schematic of testing system. (A) Schematic diagram of loading and DIC systems. (B) Physical experiment system photograph.
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TABLE 3 Test scheme and sample number.

«/° L/mm 0 30 45 60 90
6 6-0 6-30 6-45 6-60 6-90
12 12-0 12-30 12-45 12-60 12-90
18 18-0 18-30 18-45 18-60 18-90
24 24-0 24-30 24-45 24-60 24-90

70

Sandstone
60 —— Marble
Composite rock

50
=
S Mo
2
=
w30

20

10 |

0 1 L 1 1 1 ]

0. 000 0. 005 0.010 0.015 0. 020 0. 025 0. 030

Strain
FIGURE 4

Stress—strain curves of three intact rock samples.

2.2.2 Test scheme

We conducted uniaxial compression tests using a
100TWAW microcomputer-controlled, electro-hydraulic
servo universal testing machine. We used a DIC system to
monitor the entire process of rock surface crack evolution.
We used the inclination angle («) and length (L) of the
fracture as variables to investigate their influence on crack
propagation and failure within the rock sample. The
considered fracture inclination angles (a) were 0°, 30°, 45°,
60°, and 90°, and the fracture length (L) values were 6, 12, 18,
and 24 mm. We designated the rock sample number
according to the L-a format. Table 3 presents the test
schemes and sample number.

3 Test results and analysis

3.1 Mechanical properties of composite
rock containing coplanar fractures

Figure 4 shows the stress—strain curve of the three intact rock
samples. The peak strength of the composite rock (56.2 MPa) was
between those of sandstone (53.8 MPa) and marble (64.4 MPa)
and was closer to that of sandstone.
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3.1.1 Influence of fracture angle and length on
peak stress

Figure 5 shows the law of the variation in the peak stress of
the composite rock sample with respect to the fracture
inclination angle and length. As shown in Figure 5A, when
the fracture length was constant, the peak stress of the rock
sample increased with an increase in the fracture inclination
angle. When a = 90°, the peak stress of the rock sample was close
to that of the complete composite rock sample. As shown in
Figure 5B, when a # 90°, the peak stress substantially decreased
with the increase in fracture length, particularly when the
fracture inclination angle was low; that is, when a < 30°, the
peak stress of the 24 mm sample decreased to 50% of that of the
6 mm sample. Furthermore, when « > 45, the difference in the
peak stress values of samples with different fracture lengths
decreased; at a = 90°, the peak stress values of specimens with
different fracture lengths were similar. Comparing the influence
of the fracture inclination angle and length on peak stress, we
found that the fracture inclination angle increased the range of
peak stress, and the fracture inclination angle had a strong
influence on rock strength.

3.1.2 Influence of fracture inclination angle and
length on degradation coefficient

To analyze the influence of geometric fracture characteristics
on the strength of the composite rock samples, we used the
degradation coefficient k, which can be defined as follows:

k=1—a‘i/00 (1)

where ¢; and 0, are the peak stress values of the fractured and
intact composite rock samples, respectively; k is the degree of
rock deterioration. The larger the k, the greater the rock sample
deterioration and the lower the peak stress of the fractured
composite rock sample, and vice versa. We determined the
relationship between the fracture inclination angle and length
and the deterioration coefficient, and the results are shown in
Figure 6.

Figure 6A shows that the degradation coefficient decreased
with an increase in the fracture inclination angle. When a = 907,
the degradation coefficient was stable, indicating that the increase
in fracture inclination angle had an optimization effect on the
strength of the rock samples. Additionally, when « < 60°, the
degradation coefficient slowly decreased with an increase in
fracture inclination angle and remarkably decreased when «
was close to 90°.

Figure 6B shows that at a < 60°, the degradation coefficient
slowly increased with the increase in fracture length, indicating
that the increase in fracture length deteriorated the strength of
the rock samples. When « = 90°, the degradation coefficient was
hardly affected by the fracture length, and its values tended to fall
between 0 and 0.1. Comparing the influence of the fracture
inclination angle and length on the degradation coefficient, we
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coefficient vs. L.

found that the fracture inclination angle increased the range of
the degradation coefficient and had a stronger influence on the
rock strength. The failure types and mechanical properties of the
rock samples became more complex under the joint action of the
effects and deterioration caused by fracture inclination angle and
fracture length. Therefore, the influence of geometric fracture
characteristics on the mechanical properties of rock samples
needs to be considered in actual engineering applications.

3.1.3 Influence of fracture inclination angle and
length on elastic modulus

Figure 7 shows the law of variations in the elastic modulus with
the changes in fracture inclination angle and fracture length.

Frontiers in Earth Science
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Figure 7A shows that 1) with an increase in the fracture
inclination angle, the elastic modulus first slowly increased, then
more rapidly increased, and finally slowed again; 2) when the
fractured rock samples had both a low and high fracture
inclination angle (a < 30°% a > 60°), the magnitude of the change
in the elastic modulus was small: the range of the elastic modulus was
the largest only when the fracture inclination angle was moderate
(30<a<60°). Figure 7B shows that the elastic modulus decreased with
increasing fracture length, the change range was small, and the
maximum value was only 151 GPa (when L = 12mm).
Compared with the influence of the fracture inclination angle on
the elastic modulus, the fracture inclination angle had a stronger
influence on the elastic modulus and thus the rock deformation.
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3.2 Failure law of composite rock
containing coplanar fractures

3.2.1 Failure mode

Figure 8 shows the final failure modes of the composite rock
samples with different fracture inclination angles and lengths.
We used different colored lines in the figure to distinguish
different types of cracks, namely red coarse lines for the
prefabricated fractures, yellow lines for the cracks propagating
from the prefabricated fracture tip to the principal stress
direction, orange lines for the cracks at a certain distance
from the tip of the prefabricated fracture and propagating in
the direction of the principal stress, and blue lines for the cracks
propagating from the end of the rock sample and locally existing
cracks.

3.2.1.1 Influence of fracture inclination angle on rock
failure

When the fracture inclination angles of the rock samples
were the same, the final failure types of the rock samples were
similar. The main difference was reflected in the intersection of
the cracks in the rock bridge area. From the mechanics viewpoint,
a change in the fracture inclination angle changes the break angle
of rock samples and ultimately changes the failure mode of rock
samples. When a = 0%, the wing crack at the inner and outer tips
of the prefabricated fracture and the cracks generated in the
middle of the prefabricated fracture expanded and penetrated in
the principal stress direction, causing the rock sample to fail.
When 30° < o < 60°, the failure of the rock samples was primarily
caused by the propagation of wing cracks at the outer tip of the
prefabricated fracture in the principal stress direction. The wing
cracks at the inner tip of the prefabricated fractures penetrated
the rock bridge or had a tendency to penetrate the rock bridge.
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When « = 90°, the tensile cracks at the end of the rock sample and
the local cracks near the prefabricated fractures penetrated the
rock sample, causing failure, which was similar to that of the
complete composite rock.

3.2.1.2 Influence of fracture length on rock failure

The longer the fracture length, the fewer the macroscopic
cracks generated, the higher the failure integrity of the rock
sample, the lower the crack density in the rock bridge area, and
the more difficult it is for the rock bridge to penetrate. These
phenomena are the result of the influence of the fracture length
on the compressive strength of the specimen, which also
indicates that the failure mode of the specimen is the result of
the joint action of the fracture inclination angle and rock
strength.

3.2.1.3 Difference in fracture performance among
different rock materials

When a fracture is present in sandstone, cracks more easily
propagate, which break the sandstone apart. However, in cases
where a facture develops in marble, the crack initiation stress is
higher, and the crack propagates more quickly, resulting in more
cracks in the sandstone section but only a few to no cracks in the
marble section.

In summary, the geometric size of the fracture and the rock
material properties change the failure mode of composite rock.
The failure of the sample composite rock containing two
coplanar fracture was primarily caused by wing or antiwing
cracks at the tips of the two prefabricated fractures expanding
in the direction of the principal stress, coalescing until they
penetrated.

We summarize the failure characteristics of each rock sample
in Figure 8 and Table 4. From the perspective of the microscopic
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a=0° o =30° o =45° o= 60° a=90°

a=0° o= 30° o =45° a=60° a=90°

L=24mm
FIGURE 8
Final failure modes of composite rock samples with different fracture angles and lengths (A) L=6 mm (B) L=12mm (C) L =18 mm (D) L =
24 mm.
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TABLE 4 Failure characteristics and composite rock samples.

L/mm «/(°) 0

30

45

Tensile-shear mixed

Tensile-shear mixed

More tension and less shear

6 Tension failure Tension failure
failure
12 Tension failure More tension and less shear
failure failure
18 Tension failure More tension and less shear
failure failure
24 Tension failure More tension and less shear

More tension and less shear

60

Less tension and more shear
failure
Tensile-shear mixed failure

Tensile-shear mixed failure

Tensile-shear mixed failure

10.3389/feart.2022.1007439

920

More tension and less shear
failure

More tension and less shear
failure

More tension and less shear
failure

More tension and less shear

failure failure

failure mechanism, 1) when the fracture inclination angle was
low (a = 0° or 30°), the cracks on the surface of the rock sample
primarily comprised tensile cracks and we observed only few
shear cracks, which were tensile failures, and double-Y-type
failures (yellow lines in Figure 8A), where two main rupture
cracks formed on its surface. 2) When a = 45° and 60°, the cracks
generated on the surface were mixed shear and tension cracks ,
showing mixed tensile-shear failure. As the fracture length
increased, the proportion of tension cracks also increased.
When a =
double-Z-type failure (yellow and orange lines in Figure 8D);

45°, the surface of the rock sample formed a

when « = 60°, a main rupture Z-type crack failure (yellow lines in
Figure 8C) formed on the surface of the rock sample. 3) When
a =90°, the cracks on the rock surface comprised mixed shear and
tensile cracks, and the proportion of tensile cracks was large.
In summary, compared with the influence of a single fracture
or fracture in a single rock type (Fu et al., 2013; Miao et al., 2018;
Wang et al,, 2019), the influences of the fracture inclination angle
of two fractures or composite rock on the mechanical properties
of rock samples are similar. For example, as the fracture
inclination angle increased, the peak strength and elastic
modulus of the rock sample tend to increase; however, we
observed substantial differences in crack propagation and
failure mode. In the case of identical single fracture lengths,
the fracture length of the double-fractured rock sample was
longer than that of the single-fractured rock sample, which
indicated that the proportion of defects was larger. Moreover,
we found that the outer tips of the two fractures were closer to the
end of the specimen; tensile cracks more easily formed when the
crack expanded to the end of the sample. The coalescence of the
rock bridge affected the failure mode of the sample, whereas the
failure mode was not affected in the single-fractured rock sample.

3.2.2 Rock bridge coalescence mode

Natural fractures are connected and penetrate each other,
which leads to instability in rock mass structure and accidents.
Therefore, the coalescence and penetration mechanisms of
fractures must be studied. To further analyze the coalescence
mode of coplanar fracture composite rock bridges, we defined
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four types of rock bridge coalescence: type I (no coalescence),
type II (indirect coalescence), type III (coalescence trend), and
type IV (direct coalescence). According to the four types of rock
bridge coalescence, we classified the coplanar fractured
composite rocks, as presented in Table 5.

As shown in Table 5, type I coalescence primarily occurred in
rock samples when a = 0° and L = 6 mm. When a = 0°, the
direction of principal stress was perpendicular to the fracture, so
the crack at the inner tip of the fracture extended in a direction
perpendicular to the rock bridge. Thus, the rock bridge could not
coalesce. When L = 6 mm, the fracture was too small, the length
of the rock bridge was longer than that of the fracture, and the
wing cracks at the inner tips of the fractures were far apart and
could not penetrate. Type II coalescence primarily occurred
when a = 30°, and types III and IV coalescence primarily
appeared when o = 60°. We attributed the generation of type
III coalescence to the inhibitory effect of the structural surface on
the cracks. In many single-material rock samples with coplanar
cracks (Yang, 2011; Huang and Yang, 2019), their rock bridges
coalesce; thus, for composite rock, the difference between the two
materials affects the coalescence of the rock bridge, thereby
affecting the final failure mode. In conclusion, when L >
6 mm, the coalescence of the rock bridge was controlled by
the fracture inclination angle. The larger the fracture
inclination angle, the more easily the rock bridge coalesced.
When « increased to 90°, the rock bridge no longer coalesced.

3.2.3 Dynamic analysis of failure characteristics

In the process of rock mass deformation and failure , cracks
undergo four stages of expansion: compaction, initiation,
expansion, and coalescence (Gao et al, 2016). Each stage
corresponds to a specific stress threshold; that is, the
characteristic stresses related to crack initiation, propagation,
and coalescence include initiation, damage, and peak stresses. To
analyze the law of the evolution of cracks at different stages, based
on the three stress thresholds, we selected the time corresponding
to the four characteristic stress points to analyze the law of the
evolution of cracks in rock samples, namely initiation (0,;), elastic
(0ce) peak (Opear)> and failure (o) stress, as shown in Figure 9.
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TABLE 5 Four typical modes of rock bridge coalescence in composite rock with coplanar fracture.

Coalescence trend

Two secondary coplanar cracks
have connection trend

a =45, L =24mm
a =60, L =18 mm
a =60, L =24mm
a =90, L =18 mm

10.3389/feart.2022.1007439

\

Shear coalescence

Shear crack directly links two tips of
pre-existing fractures

a =60, L =12mm

Mode | I
Description No coalescence Indirect coalescence
Pattern
Image of
coalescence
Crack No crack links between two pre-existing  Links of wing and antiwing
characterization fractures cracks
Condition L = 6 mm a=0,L=12mm
a=0,L =18 mm a =30, L =18 mm
a=0°L =24 mm a =30, L=12mm
a =30, L=24mm a =45,L =12 mm
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FIGURE 9
Four stress moments during compression.

We tracked and photographed the process of crack
propagation of the rock samples at four moments using DIC,
and we observed and analyzed the sequence of crack propagation
With DIC, we captured photos, with number 6-0 as an example,
and we more intuitively analyzed the law of crack propagation by
sketching, as shown in Figure 10.
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The law of crack propagation on the surface of the rock
samples was as follows: 1) At a low stress level, as shown in
Figure 10A, the first batch of cracks appeared in the sandstone
part and propagated in the principal stress direction. This batch
of cracks were far-field cracks, which were primarily due to the
uneven upper and lower ends of the rock sample or the uneven
force on the end face. 2) At medium stress levels, cracks began to
appear in the middle and tip of the prefabricated fractures and
propagated in the direction of the principal stress, as shown in the
second and third batches of cracks (Figures 10B,C). 3) At a high
stress level, as shown in Figure 10D, cracks appeared at the tips of
both prefabricated fractures, which rapidly propagated in the
direction of the principal stress, and fused with other batches of
cracks, forming main failure cracks and spalling blocks. At this
time, the stress suddenly dropped, and the rock samples were
destroyed.

For each batch of cracks marked in the failure diagram of the
rock samples in Figure, we found that in the compaction stage at
a low stress level, the stress required for crack initiation in the
rock sample was not reached due to the low stress. Due to human
error, the end of the rock sample could not be completely flat or
smooth, resulting in the end effect, so that the first batch of cracks
primarily generated from the end of the rock sample. With an
increase in stress, the second batch of cracks appeared in the
elastic stage, whereas the third and fourth batches of cracks
appeared in the yield and after-the-peak stage, respectively. The
dynamic change in the failure characteristics of the rock sample
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FIGURE 10

Propagation and distribution of surface cracks on specimen. @, @, ®, and @represent the crack batches, and the arrow represents the
direction of crack propagation. (A) 1st batch, (B) 2nd batch, (C) 3rd batch, (D) Failure.

not only explained the law of crack propagation with the increase
in stress but also revealed the failure characteristics of the rock
sample. Therefore, we used a diagram of the failure
characteristics to discuss the law of the change in the failure
characteristics of the rock samples for different inclination angles
and fracture lengths at different times. Figure 11 depicts the
results.

Figure 11 shows that when a # 90°, the positions of the four
batches of cracks generated on the rock sample surface were
primarily affected by the fracture length. This was due to the
following reasons: 1) when L < 12 mm, the first and second batch
cracks primarily appeared in the right half of the rock sample,
whereas the third and fourth batches of cracks primarily
appeared in the left half. When L > 12 mm, this phenomenon
weakened, and different batches of cracks uniformly covered the
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rock sample surface. 2) With the increase in fracture length, the
evolution of the first batch of cracks was as follows: generated
from the end of the rock sample — generated from the tip of the
prefabricated fracture in sandstone — generated from the tips of
the two prefabricated fractures. The evolution of the second
batch of cracks was as follows: generated from the tip of the
prefabricated fracture in sandstone — generated from the tips of
the two prefabricated fractures — generated from the end of the
rock sample. Because the crack initiation stress in sandstone was
lower than that in marble, the cracks in the early batches were
initially generated from the tip of the prefabricated fractures in
sandstone. 3) With the increase in fracture length, the crack
initiation stress of the composite rock decreased. Simultaneously,
the stress of the prefabricated fracture in the sandstone and
marble required to initiate a crack initiation is also continuously
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Variation in failure characteristics of rock samples with fracture angle under different fracture lengths. 6-0, 6-30, 6-45, 6-60, 6-90 (A) L =
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FIGURE 12

Schematic diagram of composite rock model with coplanar double fractures.

TABLE 6 Microscopic parameters of PFC2° model.

Item

Microscopic parameters of particles

Flat joint contact model (FJM)

Smooth joint contact model (SM)

Parameter

Minimum radius of particles/mm
Particles size ratio

Particle density/(kg m )
Particle contact modulus/GPa
Stiffness ratio

Particle friction coefficient
Number of contact surface units
Radius multiplier

Stiffness ratio

Contact modulus/GPa
Cohesion/MPa

Friction coefficient

Tensile strength/MPa

Normal stiffness/(GPa m™2)
Shear stiffness/GPa m™2)
Friction coefficient

Tensile strength/MPa

Joint friction angle/

Cohesion/MPa

Flat joint contact in marble

10.3389/feart.2022.1007439

Smooth joint

contact
Value
Sandstone Marble
0.3 03
1.66 1.66
2700 2700
417 4.84
0.8 0.64
05 05
2 2
1 1
0.8 0.64
417 484
29.0 39.6
05 05
48 4.86
500
500
05
5
60
4
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FIGURE 13
Stress—strain curves of sandstone, marble, and composite
rocks.

reduced to a state with a small difference, and therefore, the crack
initiation stresses of sandstone and marble were close.
Consequently, the cracks uniformly appeared on the rock
sample surface. When a = 90°, the locations of cracks in the
same batch were also similar. The first and second batches of
cracks were primarily generated from the end of the rock sample
and extended in the principal stress direction. The third batch of
cracks was primarily generated near the prefabricated fractures,
and the fourth batch of cracks primarily comprised far-field
cracks.

4 PFC2P numerical simulation

Particle Flow Code 2D (PFC®®) software is typically used to
simulate the mechanical properties of rocks. In this study, we
used PFC? to conduct uniaxial compression tests on the
composite rock samples with coplanar fractures to explore the
failure modes and crack propagation processes at different
fracture inclination angles and lengths. We introduced a
discrete element fracture network to represent the soft-hard
layers, and we replaced the flat joint contact model
intersecting the fracture network with the smooth joint
contact model. Figure 12 shows the generated model, and
Table 6 presents the bond parameters of the particles.

Because the particles in PFC*® undergo initial compaction
after generation, the simulated stress-strain curve has no
compaction stage. To facilitate comparison, we shifted the
simulated curve to the right by an appropriate unit to obtain
the stress-strain curves of intact sandstone, marble, and
composite rock. Figure 13 shows the curves, which reveal that
the simulated uniaxial compressive strength, peak strain, elastic
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modulus, and failure results were similar to those obtained in the
laboratory tests. We used PFC*” to simulate the microcrack
propagation of the rock samples with different fracture
and lengths at three
thresholds, 0, Ocq, and Opears to explore the influence of the

inclination angles specific  stress
fracture inclination angle and length on the propagation of cracks
in the composite rock samples. Figure 14 shows the microcrack
propagation in rock samples for o = 0%, 30°, and 60° and at L =
12 mm. Figure 15 shows the microcrack propagation in rock
samples with L = 18 and 24 mm and at o = 30°".

Figure 14 shows that 1) when the inclination angle of the
prefabricated fracture was small (a < 30°), the cracks aggregated
in a band in the sample after compression, and a dense crack
aggregation band appeared near the prefabricated fracture. This
finding explained why the prefabricated fracture tip of the rock
samples was relatively broken at the macro level. This also
indicated that the prefabricated fracture tip produced an area
of stress concentration, which was also the area where cracks
preferentially initiated and propagated. 2) When the fracture
inclination angle increased gradually from 0°, the aggregation
band of this type of crack gradually weakened, owing to the
change in the particle motion path caused by the change in the
fracture inclination angle. The specific process was as follows:
when « < 30° the crack distribution under the corresponding
damage stress was similar, primarily manifesting as crack
aggregation at the crack tip. When « > 30°, as shown in
Figure 14C, cracks filled the entire sample surface, where the
lower the degree of crack aggregation, the higher the damage
stress. 3) As the inclination angle of the fracture increased, the
stress at the three stages also gradually increased, indicating that
the strength of the sample gradually increased when it expanded
in the dispersive direction. 4) The sandstone experienced many
more microcracks than the marble. From a microscopic
viewpoint, we determined the reason sandstone was more
broken and marble was relatively complete. 5) During the
loading of the composite rock, the microcracks initially
expanded from the prefabricated fracture tip in the direction
of principal stress; however, when a > 0°, the microcracks more
easily developed at the outer tip of the prefabricated fracture,
while the crack at the inner tip slowly developed or did not
develop because of the influence of the strata interface.

Figures 14B, 15 show that for the same fracture inclination
angle, with the increase in fracture length, the cracks showed a
band of aggregation in the samples, the number of cracks
considerably reduced, and crack propagation did not occur
in numerous blank areas. However, owing to the increase in the
fracture length, the three specific stress threshold points, o,
Ocq, and Opear, during the expansion process of the specimen
decreased. From a microscopic viewpoint, we found that with
the increase in fracture length, the crack propagation diagrams
corresponding to the initiation and damage stress of the rock
samples were similar, indicating that the time required for crack
propagation gradually decreased, the specimen was more
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Microcrack propagation process of rock samples at different fracture inclination angles when L = 12 mm. (A) L = 12 mm, a = 0°, (B) L = 12 mm,
a=30°(C)L=12mm, a = 60"
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Microcrack propagation process of rock samples at different fracture lengths when a = 30° (A) L= 18 mm, a = 30°, (B) L= 24 mm, a = 30°.

rapidly destroyed, and the crack at the prefabricated fracture
tip more easily passed through the interface of the rock
stratum. Crack propagation primarily occurred when the
crack at the tip of the prefabricated fracture first extended to
both ends, to a certain extent, and then extended along the left
and right ends of the entire sample away from the fracture. We
observed that a macroscopic crack formed when the crack
propagation gathered to a certain extent. During the real-
time monitoring of the propagation of microcracks through
PFC, we found that the sequence of the occurrence of most
initial cracks in the composite rocks was also regular, and the
cracks were blocked by the rock strata interface. We use the
rock samples with L = 12 mm and a = 30° as examples in
Table 7.

Frontiers in Earth Science

Table 7 shows that 1) the sequence of the generation of initial
microcracks over time was as follows: the outer tip of the
sandstone prefabricated fracture — the inner tip of the
sandstone prefabricated fracture — the inner tip of the marble
prefabricated fracture — the outer tip of the marble prefabricated
fracture. That is, cracks generated from the right end of the rock
sample to the left end. Owing to the short interval between
occurrences, two microcracks simultaneously occurred, which
we additionally observed from a microscopic point of view, to
verify the macrocrack law. 2) As the loading progressed, the crack
at the tip of the prefabricated fracture in the marble was blocked
by the interface of the rock layer when it expanded in the
direction of the sandstone, which was the same as what
occurred when the macrocrack expanded, indicating that the
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TABLE 7 Schematic of initial microcrack generation.

Generation of microcracks Step/10*
>
/ 44
Interface of rock stratum
S
/ 4.6
Interface of rock stratum
4.8

<

Interface of rock stratum

/ 52
P

Interface of rock stratum

\/
) 9.5
* Inhibition effect of rock

stratum interface

microcracks and macrocracks were interconnected. The
aggregation of microcracks created macrocracks, which were
also affected by the rock interface.

In conclusion, the existence of a material interface in
composite rock primarily inhibits the propagation of cracks
both near the

Therefore, the penetration ability of the rock bridge and the

interface and toward another material.
development ability of the wing crack at the tip of the
prefabricated crack weaken, thus changing the failure mode of
composite rock, and finally leading to the three types of failure.
However, this inhibiting ability is limited and cannot block the
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propagation of all cracks; particularly when the inclination angle
of the fracture is 0°, the inhibiting ability is minimized.

5 Conclusion
We drew the following conclusions:

(1

~

Mechanical properties of fractured composite rock: With an
increase in the fracture inclination angle, the peak stress and
elastic modulus of the rock samples showed an increasing
trend, and the degradation coefficient showed a decreasing
trend. As fracture length increased, the peak stress and elastic
modulus of the rock samples showed decreasing trends, and
the degradation coefficient showed an increasing trend. The
fracture inclination angle more strongly influenced the
mechanical properties than fracture length.

(2

~

Failure mode of the fractured composite rock: The failure
type of the fractured composite rock was primarily affected
by the inclination angle of the fracture. With an increase in
the fracture inclination angle, the rock samples exhibited a
change of: double-Y-type — double-Z-type — Z-type
failures. The crack type changed from tensile to shear,
produced mixed tension and shear failures.

3

=

Rock bridge coalescence mode of fractured composite rock:
The rock bridge coalescence was primarily affected by the
fracture inclination angle and rock structural plane. When
a < 90°, the larger the fracture inclination angle, the closer the
rock bridge to coalescence. When a = 90°, the rock bridge no
longer coalesced. The composite rock structural plane
inhibited crack propagation, weakening the coalescence
ability of the rock bridge

(4) Dynamic failure law of fractured composite rock: We defined

=

the cracks generated at four time points, and we found that
the position of the cracks was primarily affected by the length
of the fracture. When L < 12 mm, the first and second
batches of cracks primarily appeared in the right half of
the rock sample, and the third and fourth batches of cracks
appeared primarily in the left half. When L > 12 mm, all
batches of cracks (first to fourth) uniformly distributed on
the surfaces of the rock samples.
(5) According to the PFC*” simulation results, when the fracture
length was constant and a < 30°, bands of crack aggregation
formed after specimen expansion, and dense bands of crack
aggregation all appeared near the prefabricated fracture.
When o > 30°, with the increase in fracture inclination
angle, the crack aggregation bands gradually weakened,
and the cracks expanded in the direction of dispersion.
With increasing fracture length, cracks became more
aggregated, and the number of cracks decreased when the
fracture inclination angle was constant. The structural plane
also inhibited the propagation of microcracks.
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