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The pattern of layered rock crack propagation in mining and geotechnical
engineering directly in�uences the production ef�cient of coal mines and the
safety of workers. To reveal the characteristics of crack propagation in layered
rock, the three-point bending experiment and numerical investigation were
carried out to study the crack propagation process of single sandstone samples,
sandstone-sandstone-sandstone combined samples, and sandstone-
mudstone-sandstone combined samples. Using digital speckle correlation
methods and acoustic emission techniques, the crack propagation process
of the specimens was examined. The results show that the main factors
affecting crack propagation include rock layer strength, bedding plane
strength, and the position of pre-existing fractures. The presence of the
bedding plane hinders the propagation of cracks, and when the bedding
plane’s strength decreases, cracks that originated from the bedding plane
spread horizontally along it. The weakening of the intermediate rock layer
strength of the combined samples can lead to the initiation of microcracks
within it earlier than macroscopic cracks, allowing many options for the
initiation and propagation of following cracks. Meanwhile, the load-time
curves of the combined samples during the experiment displays a double-
peak characteristic. Furthermore, the presence of pre-existing fractures inside
the layered rock might result in the unpredictability of the crack starting point
and subsequently in�uence the crack propagation course.
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1 Introduction

The crack propagation of rock is an essential factor affecting the stability of rock
formations. With the advancement of mining engineering and geotechnical engineering,
both the maintenance of deep mining roadways and the excavation of tunnels are strongly
tied to the initiation and propagation path of cracks within the rock (Gao et al., 2004; Tien
et al., 2006; Shang et al., 2016; Li et al., 2020). The fracture pattern of layered rocks in shale
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gas extraction directly determines the ef�cient exploitation of
energy (Zhu et al., 2018; Zhu et al., 2019; Zhu et al., 2020).
Layered rock is composed of two or more different rock layers,
which is often found in the excavation sections of roadways and
tunnels. The most typical layered rock is the composite roof in
coal mine, and it is called composite stratum in tunnel
engineering (Liu et al., 2013; Cheng et al., 2016). The
mechanical properties of rock layer in composite roof are
different, which generally exhibit a layered distribution of
weak interlayers with relatively low interlayer thickness and
bonding (Su et al., 2011; Jiang et al., 2014). Similar to the
single-layered rock, there are also many microcracks and
joints in the layered rock. Therefore, it is of great signi�cance
to study the crack propagation in layered rock.

Numerous laboratory investigations have been carried out on
the propagation of cracks at the bedding plane. Saiang et al.
(Saiang et al., 2005) investigated the relationship between the
shear strength of the cemented concrete rock joints and the bond
strength at the bond interface by direct shear tests. Li et al. (2006)
conducted a laboratory investigation to study the crack initiation
and propagation in layered rock mass. Yu et al. (2009) carried out
similar tests under uniaxial compression and found that the
damage of horizontally layered rocks is strongly related to the
bond strength between the layers, and the higher the bond
strength, the more similar the form of damage to that of
single rock. Cho et al. (2012) investigated the relationship
between its strength and bedded plane by uniaxial
compression and Brazilian cleavage tests of shales at different
angles. Jiang et al. (2012) study the in�uence of mudstone
interlayer on the mechanical properties of bedded salt rocks
by uniaxial and triaxial compression experiments. Wasantha
et al. (2014) investigated the mechanical behavior and damage
modes of bedded-sandstone with bedding layers in different
orientations, under uniaxial compression. Masri et al. (2014)
investigated the strength and deformation properties of shale
under different laminae orientation, temperature, and
surrounding pressure. Zhou et al. (2016) conducted three-
point bending tests on single-layered limestone specimens and
bedded specimens with weak planes to analyze the crack
propagation paths in layered rock and proposed 3 modes of
crack propagation. Morgan and Einstein (2017) conducted a
series of uncon�ned compression tests on shales containing
natural bedding planes and found that cracks at the ends of
joints usually propagation along the bedding plane. Wang et al.
(2019) investigated the crack propagation behaviors of arti�cially
layered rocks containing variable dip bedding planes and single
structural �aws in uniaxial compression, and found that bedding
planes play a decisive role in crack propagation.

Besides, the researchers also used several advanced macro
and micro test methods were used to further study crack
propagation behaviors. Peng et al. (2011) investigated the
crack propagation pattern of bedded salt rock by using a
scanning electron microscope (SEM) experimental system

with real-time observation. Yang et al. (2011) examined the
relationship between the real-time crack propagation process
and the axial stress-strain behavior of brittle sandstone
containing three �ssures by using photographic monitoring
techniques. Ishida et al. (2010) used acoustic emission
technique to study crack cracking during direct shearing of
rocks, and the results showed that acoustic emission has a
high accuracy to detect crack development during direct
shearing. Dai et al. (2014) used digital image correlation
methods to measure the crack propagation process in
strati�ed rock specimens and found that interfacial failure and
slip could arrest the crack propagation. Zuo et al. (2016)
conducted a triaxial compression experiment on coal-rock
assemblages, and the computed tomography (CT) was used to
identify the internal crack propagation of rocks.

Numerous academics used numerical calculations to
continue studying the process of rock crack propagation
(Chang et al., 2015; Yin et al., 2015; Guo et al., 2017; Yin and
Meng, 2018; Han et al., 2019). However, it is still unknown how
the bedding plane affects the way that layered rock cracks spread.
This study examined the properties of crack propagation in
layered rock using experimental and numerical methods. In
the meantime, AE and a high-speed camera were utilized in
this investigation to examine the crack growth process.
Moreover, the effect of the pre-existing fractures on crack
propagation process in layered rock was discussed.

2 Materials and methods

2.1 Experimental process

In this study, the sandstone and mudstone samples were
sourced from Dianping Mine in Lvliang City, Shanxi Province,
China. All samples were cored from the same intact block
without obvious cracks. In the three-point bend experiment,
the rectangular samples of 200 mm (length), 50 mm (width), and
30 mm (height) were prepared (ASTM, 1984). In order to
maximize the natural state of the bedding plane, the
sandstone and mudstone surfaces were bonded with the
binder, respectively (Figure 1A). The samples were then
covered with a �at iron block and left in a dry atmosphere for
48 h so that the binder could fully harden.

As shown in Table 1, the samples were divided into control
group and experimental group, “S-S-S” represents the sandstone-
sandstone-sandstone combined sample, “S-M-S” represents the
sandstone-mudstone-sandstone combined sample. The loading
rate of 0.5 mm/min was adopted in the three-point bending
experiment. The AE probe were attached to the samples at the
preset positions, as shown in Figure 1B. The AE hardware was set
up with a pre-ampli�cation of 40 dB, sampling rate of 3 MHz,
sample length of 3 k and a bandpass �ltration of 20–400 kHz. To
avoid ambient noise, the threshold is set to be 45 dB. The AEWin

Frontiers in Earth Science frontiersin.org02

Yang et al. 10.3389/feart.2022.1084272

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1084272


software with a hit-based mode is used for acquisition of the AE
parameters where the PDT (peak de�nition time) = 300 µs, HDT
(hitde�nition time) = 800 �s and HLT (hit lockout time) =
1,000 µs (Zhang and Zhou, 2020a; Zhang and Zhou, 2020b;
Zhang et al., 2022). To guarantee good contact between the
loading bar and the sample, a pre-pressure was applied before the
experiment. The sample was then loaded using a displacement-
controlled mode (0.5 mm/min) until failure (Figure 1C). The
mechanical loading process was accompanied by the monitoring
of high-speed photographic system and AE monitoring system.

2.2 Sample mechanical parameters

The sandstone and mudstone samples were cut into
cylindrical samples of 50 mm in diameter and 100 mm in
height for uniaxial compression test according to the
International Society for Rock Mechanics (ISRM)

recommendation. The mechanical properties of the samples
are shown in Table 2.

Direct shear tests are required to determine the mechanical
characteristics of the bedding planes in the combined sample of
layered rock. Therefore, 50 mm in diameter and 100 mm in
height cylindrical samples of six sandstone and mudstone
samples were created. Two samples were joined together by a
binder to create a combined 200 90 50 mm layered rock sample,
as illustrated in Figure 2. The binder selected in this study was
made of rock powder and epoxy resin in a ratio of 1:5.

FIGURE 1
Three-point bending test process for layered rock combined body. (A) Sample composition. (B) AE probe distribution. (C) Experimental process.

TABLE 1 Experimental specimen design.

Three-point bending Control group Experimental group

Sandstone S-S-S S-M-S

Single 200 × 90 × 50 mm Single 200 × 30 × 50 mm (3) Single 200 × 30 × 50 mm 3)

TABLE 2 Main mechanical properties of sandstone and mudstone.

�c/MPa E/MPa � K/MPa

Sandstone 83.8 151.7 0.472 2.977

Mudstone 18.76 30.1 0.351 0.590
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After curing at room temperature for 48 h, the combined
samples were placed in a shear box, and stress-strain curves were
obtained to calculate the shear strength of the bedding plane, as
shown in Table 3. The shear strength of the bedding plane
obtained in the direct shear tests is approximately the same as
some of the measured and empirical data from previous studies
(Xu et al., 2012; Heng et al., 2014; Zhang et al., 2014; Heng et al.,
2015).

3 Results

3.1 Three-point bending crack
propagation in layered rock

As shown in Figure 3, the cracks produced in single
sandstone sample penetrated the whole sample due to the
concentrated load, and the cracks has no obvious de�ection in
the direction. The crack in the A1 is in the middle of the sample
from the point of initiation to penetration. However, the path of
cracks propagation in both the A2 and A3 appeared at an angle.

This may be due to the presence of pre-existing fractures within
the rock samples, causing an offset in the location of the crack
initiation point. The cracks nevertheless reach the top loading
point.

The S1 and S2 of the S-S-S combined sample exhibit the same
crack initiation and propagation as the single sandstone samples.
The cracks penetrated the whole sample without de�ecting the
crack propagation path at the bedding plane. However, the
presence of pre-existing fractures within the underlying
sandstone of S3 resulted in uneven stress concentrations at
the sample’s left and right support points. As a result, the
fracture in S3 widens and spreads obliquely in the direction of
the higher loading point from the left support point. Then, the
crack propagation through the layer is further observed by
changing the mechanical properties of the intermediate layer
(i.e., the S-M-S combined sample), as shown in Figure 3. The
crack propagation in the intermediate layer is entirely different
from that in the S-S-S sample. In the experiments C1 and
C2 specimens, the mudstone layer is damaged earlier than the
sandstone layer, and multiple macroscopic cracks appear. The
microfractures in the mudstone layer prevented the cracks from
expanding horizontally at the bedding plane when the sandstone
layer’s cracks penetrated into it. In other words, the
microfractures produced by the loading of the mudstone layer
provide multiple paths for subsequent crack propagation. In
addition, the presence of pre-existing fractures within the rock
causes the emergence of cracks in C3 to be fraught with
randomness. This shows that the crack will quickly pass

FIGURE 2
The experimental material preparation for sandstone-mudstone combined specimens.

TABLE 3 Shear strength of bedding plane in sandstone-mudstone
combined body.

Shear strength �1/MPa �2/MPa �3/MPa

Bedding plane 10.26 9.31 7.91
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FIGURE 3
Crack propagation pattern of experimental specimens.

FIGURE 4
Variation of load and AE energy with time.
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FIGURE 5
Acoustic emission positioning of A1 and C2 specimens.

FIGURE 6
X-direction displacement cloud map.
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through the mudstone layer and will not extend at the bedding
plane because the vertical stress component at the crack tip is
greater than the tensile strength of the mudstone and the
horizontal stress component at the crack tip is less than the
shear strength at the bedding plane.

3.2 AE characteristics and load time curves
of layered rock

The load force, AE counts rate, and AE accumulated energy
are all plotted, as seen in Figure 4. The single sandstone samples
and S-S-S samples can be divided into 3 stages during three-point
bending experiment. In the initial stage of loading, there is a
minor AE counts rate. As the increase of loading force, the
sample enters the elastic deformation stage, the number of
internal cracks gradually increases, and the AE accumulated
energy increases. In the third stage, the number of
microcracks within the sample increases dramatically and
interconnects and penetrates. Moreover, the number of AE
counts rate and AE accumulated energy also increase
dramatically. Then, a penetration crack is produced on the
sample surface, the specimen fails, and the AE counts rate
and accumulated energy immediately disappear.

It can be seen from the load-time curves that the peak load of
the S-S-S samples is signi�cantly lower than that of the single
sandstone samples, indicating that the presence of the bedding
plane reduces the strength of the sandstone. The presence of the
bedding plane impedes the stress transfer path, and the failure time
of the S-S-S samples is about 300 s, which is longer than that of the
single sandstone samples. Moreover, the difference in peak load

and failure time between the same group of three samples
demonstrate the random distribution of pre-existing fractures
in the rock. The load time curves for the S-M-S samples can be
shown to have a double-peak feature in Figure 4. At the �rst peak,
an “unloading” phenomenon occurred in the samples, indicating
that microcracks had developed within the intermediate rock layer
(i.e., mudstone layer), which consumed the strain energy stored in
the specimen. At the same time, the load does not cause the sample
to failure, and the upper and lower sandstone layers are still in the
elastic phase. Under the compression of the upper and lower
sandstone layers, the strength of the rock sample brie�y recovers,
with the load continuing to rise and reaching the second peak.

The AE counts rate had been present for some time before the
S-M-S samples reached the �rst peak load, con�rming that the
cracks �rst originated within the mudstone layer. This is because
the occurrence of AE events represents the initiation of damage
(Guo et al., 2021). The AE accumulated energy of the S-M-S
samples increases continuously with time. The sandstone layer at
the bottom of the S-M-S specimens splits and spreads into the
mudstone layer as the second peak of the load approaches, and the
AE cumulative energy reaches its maximum value. The S-M-S
samples fail when the cracks penetrate the microcracks formed in
the �rst stage mudstone layer. It is worth noting that the presence
of pre-existing fractures in the C3 also resulted in a signi�cant
reduction in the failure time of the sample.

According to Figure 5, The distribution of the AE event
locations for both S1 and C2 at different periods is obtained based
on AE location. At the initial stage of the loading, the AE events
are generated and distributed in the middle of the underlying
sandstone support point. The height for the AE events
occurrences range is 19.96 mm. As the loading force

FIGURE 7
Y-direction displacement cloud map.
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FIGURE 8
Cloud map of fracture surface �uctuation.

FIGURE 9
Numerical modeling. (A) Model set-up. (B) Comparison of crack propagation paths in numerical simulations and physical experiments.
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approaches its peak, the size of the AE events distribution range
increases to 43 mm, and AE events begin to appear at the bedding
plane. The distribution of AE events then extends into the middle
sandstone layer. Furthermore, it is evident from the C2 AE
position results that the �rst AE event generation area is also
located in the center of the sandstone support point. This is
mainly because the stress concentration phenomenon �rst occurs
in the bottom layer of the rock sample. Unlike the S1, with the
appearance of the �rst peak load, the AE events location is mainly
concentrated at the intermediate bedding plane and the
intermediate mudstone layer. The distribution of the AE
events suggests that the microcracks are created within the
middle mudstone layer at this stage, laying the groundwork
for crack propagation in the sandstone layer underneath.

3.3 DSCM analysis of layered rock

To further investigate the deformation behavior of sample
during three-point bending experiment, the X-direction and
Y-direction displacements of A1, S1, and C2 are obtained
using DSCM analysis (Figures 6, 7). The displacement cloud

in the X-direction of the A1 shows a precise symmetrical
distribution, as shown in Figure 6. As the loading force
increases, the X-directional displacement at the bottom of
A1 is much higher than the other positions, and the
X-directional removal gradually increases. Eventually, the
A1 is damaged by tensile cracks. In contrast, the displacement
clouds of S1 and C2 in the X-direction are asymmetrically
distributed, indicating a short pause in the crack as it passes
through the bedding plane. In addition, as the intermediate rock
layer weakened (i.e., the C2 sample), numerous microcracks
formed in the mudstone layer in the load phase of the
sample, and the initiation and propagation of the microcracks
prevented the continued transmission of horizontal displacement
(X-directional displacement).

Similarly, the Y-direction displacement clouds of the samples
can be divided into two parts: the middle and the sides. Due to the
presence of the bedding plane, the displacement values in the
Y-direction are lower in the middle of the S1 and C2 than in the
A1. The C2 is more visible in this situation. The middle
mudstone layer �rst developed microcracks and produced
Y-direction displacement, resulting in the near-zero
longitudinal removal of the upper and lower sandstone layers
upon failure.

Combining AE and DSCM techniques, the research team
also analyzed the rock fracture process zone (FPZ) as well.
There are three stages in the cracking process of rock
materials: 1) the stage of fracture process zone
development, 2) the stage of large crack initiation and
growth, and 3) the stage of specimen failure (Zhang and
Zhou, 2022). Figure 4 shows the variation of acoustic
emission events with loading time. Figures 6, 7 show the
results of DSCM analysis for speci�c time points. Initially,
the FPZ forms a displacement concentration zone on the
surface of the specimen (e.g., 265.5 s deformation phase for
specimen A1, 600 s deformation phase for specimen S1, and
228.4 s deformation phase for specimen C2), and this damage
state corresponds to the �rst rising segment of the AE count
rate (Figures 4, 6, 7). This process is slow and without any
mutation (no signi�cant macroscopic cracking is produced).
Subsequently, due to the stress ampli�cation, large scale
cracks appear on the surface of the specimen, which means
that the specimen will have more deformation and also implies
that the stable crack extension stage will come (e.g., 300 s
deformation phase for specimen A1, 670 s deformation phase
for specimen S1). The AE count rate exhibits a continuous
increase. In contrast, the C2 specimen consumes the strain
energy stored in the specimen during the macroscopic crack
expansion due to the lower strength of the mudstone layer,
and continued loading is required in order to be able to trigger
the continued crack expansion. Therefore, the acoustic
emission appears to be a process of �rst decreasing and
then increasing (the U-shaped curve relation between the
AE event rate and the loading time). Eventually, failure

TABLE 4 Calibration results of microscopic parameters of media.

Parameters Value

Mudstone Sandstone

Minimum particle size/mm 0.4 0.4

Maximum particle size/mm 0.5 0.5

Porosity (%) 0.17 0.1

Density (kg/m3) 2,500 2,500

Parallel bond elastic modulus (GPa) 1.8 1.3

Stiffness ratio 1 1

Parallel bond cohesive force (MPa) 20 4.6

Parallel bond tensile strength (MPa) 86 18

Normal critical damping ratio 0.577 0.577

TABLE 5 Calibration results of bedding plane parameters.

Parameters Bedding plane

Normal bond stiffness (GPa/m) 2,800

Shear bond stiffness (GPa/m) 2,800

S-J contact Model of cohesive force (MPa) 4.0

S-J contact Model of tensile Strength (MPa) 7.0

Coef�cient of friction 0.777
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occurs in all specimens as macroscopic cracks extend to the
boundary of the specimen.

3.4 Fracture surface 3D scan analysis of
layered rock

The rock fracture surface records the process of crack
initiation and propagation in the whole loading process.
Selecting the fracture surfaces of A1, S1, and C2 for 3D laser
scanning (Figure 8). The S-S-S sample (S1) and the S-M-S sample
(C2) have a higher degree of fracture surface roughness and
�uctuation than the single sandstone sample (A1). Moreover, the
locations of greater roughness are mostly located in the
intermediate rock layers. Studies have revealed that the degree
of fracture surface roughness is proportional to the number of
crack paths during rock fracture (Song et al., 2018). Therefore,
the greater the roughness of the fracture surface, the more violent
the fracture process. The change degree of the fracture surface in

the middle of the C2 exceeds 1.5 cm, further indicating the large
number of cracks generated within the mudstone layer.

4 Discussion

4.1 Numerical modeling set-up

Classic laboratory tests bear the intrinsic limitation of non-
repeatability, the numerical simulation based on PFC2D was used
to simulate the cracks propagation in the layered rock. The three-
point bending model of the layered rock was established based on
the particle-based model in PFC2D. The linear Parallel Bond
model was used for the rock layer, and the Smooth-joint contact
model was used for the bedding plane (Itasca Consulting Group
Inc, 2014).

As shown in Figure 9A, the model size is 200 mm in length
and 90 mm in height. A total of 43,314 particles were generated
in the model. The two circle walls at the end of the model are

FIGURE 10
Crack propagation paths and surface displacement clouds for S-S-S model with different X values.
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�xed to provide restraint, apply speed to the upper circle wall for
loading, and the model is loaded by displacement-controlled
mode (1 mm/s) until sample failure. Then, the S-S-S combined
model and the S-M-S combined model was established and
parameter calibrated by trial-and-error method. The �nal
parameters were obtained as shown in Tables 4, 5, and the
parameter calibration results are shown in Figure 9B. Through
the above model calibration and veri�cation, the feasibility of the
model is fully veri�ed, which shows that the parameter
calibration results of the model are accurate.

4.2 Effect of randomness of initial crack

The pre-existing fractures within the rock are random, and
the presence of the bedding plane hinders load transfer. As

shown in Figure 3, the S3 and C3 show a different pattern of
crack propagation due to the pre-existing fractures within the
bottom sandstone. To fully understand the effect of pre-existing
fractures on the pattern of crack propagation in the combined
sample, the horizontal distance between the pre-existing
fractures and the loading point is de�ned as X (Figures 10,
11). The crack propagation is simulated for the cases of X =
70, 60, 50, 40, 30, and 20 mm in turn.

In the S-S-S combined model, the crack propagation
continued to develop from the end of the pre-existing
fractures and did not initiate new cracks in other positions.
As shown in Figure 10, the cracks always extend horizontally
along the bedding plane for a certain distance before
transforming into through-layer propagation when the X
value is large. Then, the crack interlaminar propagation
distance decreases as the X-value decreases. When X =

FIGURE 11
Crack propagation paths and surface displacement clouds for S-M-S model with different X values.
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20 mm, the cracks do not appear interlayer propagation but
rather show through-layer propagation and move towards the
loading point position. The load required for the development of
cracks perpendicular to the bedding plane is always signi�cantly
more than that necessary for parallel development (Li et al.,
2006). This phenomenon is consistent with the crack
propagation pattern of in the three-point bending experiment.

Whereas, in the S-M-S combined model, the cracks are more
easily to propagate within the mudstone layer due to the weak
strength of the mudstone layer. Not only do the cracks extend
along the end of the pre-existing fractures, but a crack also
appears at the location of the loading point in the middle of the
mudstone layer (Figure 11). Regardless of the increasing or
decreasing X value, the cracks always penetrated from the end
of the pre-existing fractures to the upper loading point and do
not extend at the bedding plane layer. Moreover, the crack
propagation path is no longer a clear path, but shows a
general propagation direction, and the cracks show many �ne
bifurcations in the process of propagation (the C2 and
C3 samples).

In the S-S-S combined model, the surface displacements are
concentrated around the crack. However, in the S-M-S combined
model, the surface displacements increase in a wide range inside

the intermediate mudstone layer. The difference in the path of
crack propagation in the S-S-S combined model and the S-M-S
combined model is mainly in�uenced by the shear strength of the
bedding plane and the tensile strength of the rock layer. The
numerical simulations further validate the results from the
laboratory investigations.

4.3 Effect of rock strength on crack
propagation

The cracks propagation path of layered rock in three-point
bending experiments is in�uenced by the strength of the
intermediate rock layer. To further investigate the in�uence of
the difference in strength between the intermediate layer
(M-layer) and the adjacent layers (S-layer) on the crack
propagation pattern of the layered rock combined model. Five
different strength ratios of the S-layer to the M-layer, 1:1, 1:2, 1:3,
2:1, and 3:1, are chosen to investigate the crack propagation
pattern in numerical simulation.

It can be noticed from Figure 12 that as the strength of the
M-layer decreases, the cracks propagate in large numbers in the
M-layer. The surface displacement cloud shows an overall

FIGURE 12
Crack propagation paths and surface displacement clouds for different materials strength ratios.
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FIGURE 13
Crack propagation processes for different materials strength ratios.

FIGURE 14
Crack propagation paths and surface displacement clouds for different bedding planes strength.
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increase in displacement in the intermediate of the combined
model, indicating that the eventual damage is no longer the
propagation pattern of one major crack but the multiple cracks
(Figure 12). In contrast, when the strength of the M-layer is
greater than or equal to the S-layer, the macroscopic propagation
path of the crack is reduced, and an apparent concentration
appears in the displacement cloud. The simulation results show
that the strength of the rock strength has a preventing effect on
the crack expansion, and the preventing effect increases with the
increase of the strength of the rock strength (Dai et al., 2014). As
the strength of the M-layer continues to increase, cracks begin to
appear in the top of S-layer and expand at the bedding plane.

To further illustrate the crack propagation process, three sets
of models with strength ratios of 1:1, 1:3, and 3:1 between the
S-layer and M-layer are selected for analysis (Figure 13). When
the strength of S-layer and M-layer are consistent (i.e., 1:1), the
crack propagation pattern in the model is similar to the S-S-S
sample. The crack appears in the middle of two circle walls at the
lower end of the model and expands to the upper loading point.
During this process, the crack is not extended at the bedding
plane. When the strength ratio between S-layer and M-layer is 1:
3, the crack within the combined sample is �rst initiate in the
M-layer, and the crack initiation time is advanced from 19,603 to
15,444 steps. Meanwhile, as the damage degree in the middle

layer increases, the crack also begins to propagate at the bedding
plane, providing multiple paths for the crack propagation at the
bottom. The position of tensile crack propagation in the bottom
layer also moves from the middle to the sides. Then, when the
strength of the M-layer is much higher than that of the S-layer
(i.e., 3:1), cracks are initiated from the top of the model. The high
strength of the M-layer hinders the through-layer crack
propagation, and the crack starts to move horizontally at the
bedding plane.

4.4 Effect of bedding plane strength on
crack propagation

In order to investigate the effect of the bedding plane strength
on crack propagation, �ve ratios of bedding plane and rock
strength are selected in the model, 1:10, 1:5, 1:2, 1:1.5, and 1:1,
respectively. Additionally, the strength of S and M-layers are
consistent.

When the strength of the bedding plane is much lower than
the strength of rock layer, two horizontal cracks appear at the
upper and lower bedding planes of the model (Figure 14).
Meanwhile, horizontal and vertical cracks appear to penetrate
within the model. The model displacement cloud has a clear

FIGURE 15
Crack propagation processes for different bedding planes strength.
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layering feature. As the strength of the bedding plane gradually
approaches that of the strength of rock layer (i.e., bedding plane
to M and S-layers strength ratio: 1:2), the length of the horizontal
crack at the bedding plane becomes shorter, and the surface
displacement in the middle of the model increases. However, the
vertical cracks still intersect the horizontal cracks. When the
strength of bedding plane and the rock layer are consistent
(i.e., bedding plane to M and S-layers strength ratio: 1:1),
horizontal cracks do not appear at the bedding plane, and
vertical cracks run directly through the entire model. The
pattern of crack propagation is the same as that of the crack
in the single sandstone sample (i.e., A1).

As shown in Figure 15, three groups of typical models with
different bedding plane strengths are selected to analyze the crack
propagation process. When the strength of the bedding plane is
weak (i.e., bedding plane to M and S-layers strength ratio of 1:10),
the crack initiate at the bedding plane during loading and extends
interlayer along the bedding plane. Subsequently, vertical tensile
cracks appear at the bottom of the model and continue to expand
upwards. Due to horizontal cracks at the bedding plane, the
vertical crack no longer exhibits interlaminar propagation. Then,
horizontal cracks at the upper bedding plane extend through the
layers towards the loading point.

As the ratio of the bedding plane’s strength and the rock
layer’s strength increases, the length of interlaminar crack
horizontal propagation decreases. The increased strength of
the bedding plane hinders the propagation of interlaminar
cracks and increases the time step for these cracks to
initiate. Meanwhile, the cracks in the model have also been
reduced from multiple to one. When the bedding plane’s
strength and the rock layer’s strength ratio is 1:1, horizontal
cracks are no longer produced between the bedding planes. The
cracks initiated at the bottom of the model penetrate directly
through the entire model. The effect of bedding plane strength
on crack extension in this study is consistent with the crack
extension pattern observed in a previous study (Han et al.,
2019).

5 Conclusion

In this paper, based on three-point bending experiments on
single sandstone samples, sandstone-sandstone-sandstone
combined samples, and sandstone-mudstone-sandstone
combined samples, the load-time curve, crack propagation
path, surface displacement clouds, AE accumulated energy of
the layered rock was analyzed by DSCM and AE techniques.
Furthermore, numerical simulations were carried out to
investigate the effects of rock strength ratio, bedding plane
strength, and pre-existing fractures position on the crack
propagation path in layered rock. The main conclusions are as
follows:

1) The rock strength, the bedding plane strength, and the
position of pre-existing fractures are all important factors
in�uencing the propagation of cracks.

2) The presence of bedding planes decreases the strength of the
samples and impedes the stress transfer path, resulting in an
increase of failure time. When the strength of the bedding
plane is weak, cracks initiate at the bedding plane earlier than
at the bottom of the sample, and the length of cracks
propagation at the bedding plane is longer.

3) From the load-time curves, the peak loads of the composite
rock samples are signi�cantly lower than those of the pure
sandstone. When the intermediate layer is weak,
microcracks �rst sprout during the loading process,
providing multiple paths for macroscopic crack
expansion. Meanwhile, the intermediate rock layer
strength reduction also leads to an increase in the
roughness of the fracture surface of the samples and a
violent fracture process. In contrast, the increase in the
strength of the intermediate layer will hinder the
through-layer crack propagation.

4) The pre-existing fractures within the combined samples play
a crucial role in the cracks initiation and propagation. When
the strength of each rock layer is consistent, the greater the
horizontal distance between the pre-existing fractures and the
loading point, the longer the interlayer propagation length of
the cracks. Besides, as the strength of the intermediate rock
layer decreases, the cracks show many �ne bifurcations in the
process of propagation.
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