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The properties of soft–hard interbedded rock masses are significantly impacted by the strength of rock layers and the character-
istics of interface surfaces. This study investigates the mechanical properties of soft–hard interlayered rock masses by preparing
rock-like specimens with different interface angles. Uniaxial and triaxial compression tests were conducted to examine the
compression mechanical characteristics of the specimens. Experimental results demonstrated that in the uniaxial compression
tests, the peak strength of the two-layer rock-like specimen exhibits an initial decrease followed by an increase as the interface angle
increases. Similarly, the peak strength of the three-layer rock-like specimen also follows a “U-shaped” pattern. The failure of both
specimens shifts from tensile failure to shear failure. In the triaxial tests, the strength of the two-layer rock-like specimen initially
increases and subsequently decreases as the interface angle increases. In contrast, the intensity of the three-layer rock-like specimen
exhibits a decreasing trend, transitioning from shear dilation or tensile failure to shear failure. By utilizing the damage constitutive
model to compute the compressive strength of the composite specimen, it was observed that the deviation from the experimental
value did not exceed 2.5%, and the overall shape of the curves was in good agreement. Consequently, it is affirmed that the damage
constitutive model developed in this study can accurately capture the pre-peak phase of the stress–strain relationship in soft–hard
interlayered rock-like specimens, thus providing a valid representation of their mechanical behavior.

1. Introduction

Layered rock masses are widely distributed due to their long-
term geological processes. Layered rock masses exhibit dis-
tinct mechanical properties compared to single rocks owing
to the environmental conditions during their formation. These
layered formations are characterized by heterogeneity and
anisotropy. Current geotechnical engineering studies have
focused on the mechanical properties of layered rock masses
and their impact on construction, considering the challenges
they pose for engineering projects such as underground space
excavation, coal mining, and slope stability.

The physical and mechanical properties of a soft–hard
combined rockmass can be visually determined by researchers
through laboratory experiments. However, carefully selecting
representative samples is crucial as they significantly influence
the experimental outcomes. Stratified samples aremeticulously
chosen by scholars from the natural environment, and the
orientations of natural joint surfaces are precisely determined.

Specimens are then acquired through drilling techniques to
investigate the impacts of various dip angles, thickness ratios,
and geometries on composite rock masses [1]. Due to the
naturally deposited formation of rock samples, the distribu-
tion of joints and internal fractures is extremely random,
posing significant difficulties in field sampling. Some scholars
have proposed the use of adhesives and other materials to
artificially create joint surfaces and bond layers of different
properties into composite specimens [2]. This method allows
for the free control of the position and shape of joint planes,
yet it remains challenging to eliminate random fissures within
the rock strata. Numerous scholars have resorted to similarity
theory and proposed the utilization of quartz sand, river sand,
and other aggregates, along with cement, kaolin, gypsum, and
other binder materials, to fabricate rock-like specimens through
the selection of appropriate material combinations [3, 4]. After
verification, the prepared rock-analogous specimens effectively
replicate the properties of the original rock. Consequently, this
study employs these specimens to conduct subsequent research.
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By conducting uniaxial compression experiments on rock
samples with varying joint inclinations, scholars have observed
a “U”-shaped variation curve in both peak stress and elastic
modulus, which initially decreases and then increases with the
increase in joint inclination. Moreover, the failure modes of
the specimens under unidirectional loading exhibit distinct
patterns: splitting failure perpendicular to the interface (0°–30°),
shear sliding failure along the interface (45°–75°), and tensile
failure along the interface (90°) [4–6]. To capture the failure
processes of the specimens during loading, scholars have
introduced an acoustic emission signal monitoring system
and a DIC strain measurement device. These tools enable
the acquisition of critical data such as crack development, defor-
mation differences, and energy evolution in composite speci-
mens with various joint inclinations under uniaxial loading.
This information is subsequently utilized to analyze further
the impact of joint inclination on the composite specimens
[7–10].With the advancement of numerical simulation software
such as PFC,Wang et al. [11] and Chen et al. [12] have analyzed
layered rock masses by incorporating numerical models to
investigate the failure processes of specimens through the evo-
lution of microcracks. Consistent with experimental observa-
tions, they also discovered that the strength of the specimens
initially decreases and then increases with an increase in joint
inclination. The failure location gradually shifts from the softer
rock to the joint plane.

Due to the existence of joint planes, layered rock masses
exhibit unique anisotropy. Based on the generalized Hooke’s
law, Leklinitskii derived the general equations of elastic the-
ory for anisotropic materials, providing a theoretical founda-
tion for addressing the anisotropy of materials [13]. Scholars
have introduced parameters related to joint inclination angles
into classical theories such as the Mohr–Coulomb strength
theory, the Cosserat elastoplastic model, theMises–Schleicher
criterion, and the Hoek–Brown failure criterion. This integra-
tion aims to construct theoretical models that reflect the
unique characteristics of composite rock masses [14–16].
Zhang and Liu [17] established the angular relationship β
between the shear failure plane and bedding planes in layered
rock masses. They investigated the variations of cohesion c
and internal friction angle φwithin the layered rockmasses as
a function of β. Based on these findings, they derived a theo-
retical model for the shear strength of layered rock masses.
Huang et al. [18] separately considered the characteristics of
individual rock layers and structural planes. By integrating the
theory of transverse isotropy, they established constitutive rela-
tionships, yield criteria, and hardening–softening models for
both the rock layers and structural planes. These models col-
lectively represent the properties of layered rockmasses. Some
scholars have also defined parameters related to the thickness
ratio between hard and soft rock strata, aspect ratio, and
mechanical properties of rock strata through extensive exper-
imental results. These parameters characterize the strength
properties of specimens composed of alternating hard and
soft rock layers [19–21]. After observing the failure modes
of numerous specimens, Tien et al. [22] classified the ultimate
failure modes of composite rock specimens into two

significant categories: sliding failure along discontinuity planes
and non-sliding failure along discontinuity planes.

The deformation and failure of rocks are consequences of
the accumulation of internal damage. By incorporating the
theory of damage mechanics, a damage constitutive model
for rocks was effectively established, reflecting the properties
of composite rock masses consisting of alternating hard and
soft layers. Scholars often defined damage based on the pro-
portion of failed microelements. Statistical damage constitu-
tive models were established by leveraging statistical laws,
such as those of Weibull, and incorporating the assumption
of strain equivalence [23–26]. Wang et al. [27] comprehen-
sively considered the structural effects of rock masses and
their coupling with loads, leading to the establishment of a
damage evolution model and a damage constitutive model
specifically for jointed rock masses. The patterns of damage
evolution in layered rocks were reflected using acoustic emis-
sion counts by Fu et al. [28]. Ma et al. [29] established a 3D
creep damage constitutive model in conjunction with the
generalized Hoek–Brown model. Given the advantages and
disadvantages of examining rock damage from different per-
spectives, this paper focused on developing a statistical dam-
age constitutive model.

Current research on soft–hard interlayered rocks with
different joint inclinations has yet to consider the influence
of coupling effects between multiple joint planes on the
properties of the specimens. Additionally, more studies
must be done on the impact of the thickness ratio between
soft and hard layers. Therefore, this paper focuses solely on
studying soft–hard composite rock masses with one and two
sets of joint planes. First, by combining ratio tests, specimens
resembling soft–hard interlayered rocks were prepared using
cement, gypsum, and quartz sand. Subsequently, nuclear mag-
netic resonance (NMR) technology was employed to inspect
and screen the prepared specimens, ensuring their uniformity.
Second, uniaxial and triaxial compression tests were con-
ducted with an acoustic emission system to investigate the
strength variation patterns and internal damage processes of
soft–hard interlayered rocks under loading with different joint
inclinations and combinations. Finally, a statistical damage
constitutive model was constructed based on the experimental
results.

2. Materials and Methods

2.1. Sample Preparation

2.1.1. Select Proportioning Scheme. Based on previous studies,
this study employed M42.5 ordinary Portland cement and
architectural gypsum as binding agents, with 100 and 200-
mesh silica sand as aggregates to create rock-like specimens.
A proportional experiment was designed (see Table 1). The
uniaxial compressive strengths of the samples were deter-
mined to select the material ratios for soft and hard rocks
in this study.

According to Protodyakonov’s Scale, the dividing line
between soft rock and hard rock is determined by the firm-
ness coefficient of f= 2. Scheme 7 is designated for soft rock,
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exhibiting a firmness coefficient of f= 1.6, which falls within
Class Ⅵa. The material composition for this scheme is as
follows: “cement: 200-mesh silica sand: gypsum: water= 1 :
0.7 : 0.4 : 0.6.” Conversely, Scheme 8 pertains to Class Ⅴ rock,
characterized by a firmness coefficient of f= 4.2. Therefore,
the recommended material ratio for the preparation of hard
rock is “cement: 100-mesh silica sand: gypsum: water= 1 : 1 :
0.2 : 0.55.”

The samples were designed using the selected material
ratios for the soft and hard rock-like layers, and the corre-
sponding mechanical parameters were measured (see Table 2).

2.2. Prepare Composite Samples. Samples of the soft–hard
interlayered rock-like samples were prepared using two com-
binations: hard–soft (two-layer rock-like) and hard–soft–hard
(three-layer rock-like) with corresponding thickness ratios of
1 : 1 and 1 : 1 : 1, respectively. The trial incorporated a layered
pouring technique, which involves pouring soft rock-like after
the hard rock-like has been poured and allowed to cure for
1 hr. This process enables a natural bond to form an interface
between soft and hard rock-like. Carbon ink was added at the

early hard rock-like setting time to distinguish between the
soft and hard rock-like layers (see Figure 1).

After a curing process of 28 days, the test samples were
taken and processed into standard cylindrical test specimens
with a diameter of 50mm and a height of 100mm. These speci-
mens were then drilled at various angles (0°, 10°, 30°, 45°, and
60°) to obtain specimens with different interface orientations.
The specimens’ grouping schemes are presented in Table 3.

3. Sample Inspection

3.1. Microscopic Inspection. This study utilized NMR tech-
nology to screen the rock-like samples and reduce the influ-
ence of sample discreteness on the test results. By testing the
nuclear magnetic signals generated by fluids in the samples, a
transverse relaxation spectrum (T2 spectrum) was plotted.
The area and porosity of the T2 spectrum were analyzed to
select samples with few differences for subsequent tests. The
average porosities of the samples are listed in Table 4.

The NMR processing method outlined in the “Determi-
nation of pore size distribution in coal and rock: nuclear

TABLE 2: Basic mechanical parameters of soft rock-like and hard rock-like.

Type of rock Uniaxial compressive strength (MPa) Elastic modulus (GPa) Poisson Cohesion (MPa) Friction (°)

Hard rock-like 42.2 9.8 0.18 11.4 24.7
Soft rock-like 16.3 5.9 0.2 6.3 16.2

TABLE 1: Proportioning test design.

Group Mass ratio of cement, gypsum, and silica sand Water–cement ratio Uniaxial compressive strength (MPa)

1 1 : 0.1 : 0.9 0.50 55.7
2 1 : 0.1 : 0.7 0.40 53.6
3 1 : 0.1 : 0.8 0.48 52.2
4 1 : 0.1 : 0.9 0.60 47.4
5 1 : 0.2 : 1 0.55 42.2
6 1 : 0.2 : 1 0.60 39.6
7 1 : 0.3 : 0.4 0.46 33.9
8 1 : 0.4 : 0.8 0.60 17.7
9 1 : 0.3 : 1.2 0.60 21.7
10 1 : 0.4 : 0.7 0.60 16.3

Sof rock

Hard rock
Hard rock

Sof rock

Hard rock

ðaÞ ðbÞ ðcÞ
FIGURE 1: Placement scheme and specimens: (a) placement scheme; (b) pour specimens; (c) standard specimen.
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magnetic resonance method” (GB/T 42035-2022) was used
to obtain a pore distribution diagram. Lutz et al. [30] divided
rock pores into micropore (<1 μm), minipore (1–100 μm),
mesopore (100–1,000 μm), and largepore (>1,000 μm).

Figure 2 shows the pore distribution diagrams of eight
selected samples from a two-layer rock-like sample with an
interface angle of 45°. Most of the pores in the samples were
small, accounting for over 98% of the total porosity. To mini-
mize the impact of sample discreteness on the test results, a
rigorous sample selection was performed, and tests were con-
ducted on samples with similar pore differences. Sample-5 and
sample-6 were excluded from the analysis, while sample-1,
sample-3, and sample-4 undergone the uniaxial compression
tests, and sample-2, sample-7, and sample-8 were subjected to
the triaxial compression tests.

The pore distributions of samples with different inter-
face angles in the two-layer rock-like samples are presented
in Figure 3. The samples exhibited a uniform distribution
of pores, rendering them a reasonable approach for deter-
mining the mechanical properties of soft–hard interlayered
rock-like samples with different combinations and interface
angles.

3.2. Bond Strength of the Interface. In order to obtain the
strength of the interface surface of the composite rock-like
samples, we carried out the variable angle shear test and

measured the shear strength of the interface surface at 35°,
45°, and 55°. Finally, the cohesion of the interface surface is
1.806MPa, and the internal friction angle is 42.61°. According
to the ISRM Suggested Method for Laboratory Determination

TABLE 3: Groups of the soft and hard rock-like specimens.

Placement scheme
Orientation of interface

0° 10° 30° 45° 60°

Hard–soft rock-like
(two-layer rock-like)

(1-2) (2-2) (3-2) (4-2) (5-2)

Hard–soft–hard rock-like
(three-layer rock-like)

(1-3) (2-3) (3-3) (4-3) (5-3)

TABLE 4: Average porosity of the samples.

Orientation of interface Porosity of two-layer rock-like (%) Porosity of three-layer rock-like (%)

0° 14.4 15.6
10° 11.7 13.7
30° 11.6 12.7
45° 10.8 14.5
60° 11.3 12.2

5

Micropore Minipore Mesopore Largepore

4

3

Pr
op

or
tio

n 
of

 p
or

es
 (%

)

2

1

0
0.1 1 10 100

Pore size (μm)
1,000 10,000

Sample-1
Sample-2
Sample-3
Sample-4

Sample-5
Sample-6
Sample-7
Sample-8

100,000

FIGURE 2: Pore distribution diagram of a two-layer rock-like sample
with an interface angle of 45°.
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of the Shear Strength of Rock Joints and the Engineering Rock
Mass Classification Standard, the cohesion of the interface
surface is greater than 0.22MPa, and the internal friction angle
is greater than 37°. It can be determined that the interface of
the rock-like specimen is strong interface surfaces.

4. Uniaxial (Triaxial) Test Procedure

4.1. Testing Equipment. The uniaxial and triaxial compression
tests were conducted using a TAW-1000 microcomputer-
controlled high-temperature rock triaxial creep testing machine.
The built-in sensors of the machine were used to measure the
axial and radial deformations of the specimens during the
compression process (see Figure 4).

Additionally, a PAC AE generator was used to collect and
record AE signals during the test, thereby monitoring the
failure process of the specimens. The AE system parameters
are shown in Table 5.

4.2. Parameter Setting. For the uniaxial compression test, a
0.05-mm/min loading rate was applied using a displacement
control method once the device was entirely in contact with
the specimen. Simultaneously, the PAC AE system collected
AE signals. Loading was stopped when the specimen
underwent significant damage or when the stress decreased
to 50% of the peak stress.

The triaxial compression test adopted a confining pres-
sure of 5MPa and a loading rate of 0.05mm/min. Loading
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FIGURE 3: Pore distribution diagrams of two-layer rock-like samples with different interface angles.

ðaÞ ðbÞ

AE probes

ðcÞ
FIGURE 4: Testing equipment: (a) rock triaxial creep testing machine; (b) control system; (c) AE probes placement.

TABLE 5: AE system parameters.

Number of
channels

Trigger mode
Threshold

value
Pre-amplification

(dB)
Sampling frequency

(kHz)
Interface
type

Conversion accuracy
(bit)

4
Threshold
triggering

40 40 30 USB3.0 16
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was stopped when the stress decreased to 50% of the peak
stress.

4.3. Test Procedure

(a) Cleaning up the workbench and loading platform
and inspecting the equipment and instruments
used.

(b) Installing the specimen, attaching displacement sen-
sors, and conducting axial and radial deformation tests.

(c) Fixing AE probes and conducting AE signal detec-
tion, as shown in Figure 4(c) (due to spatial con-
straints, AE sensors are not set up in the triaxial test).

(d) Putting the specimen on the level-loading platform
and testing whether all the equipment functions
properly (see Figure 5).

Radial
strain
sensor

Acoustic
emission

preamplifer

Acoustic
emission

probe

Force
sensor

Strain
data

collector

Axial
strain
sensor

ðaÞ

Signal transmission interface

ðbÞ
FIGURE 5: Test equipment: (a) uniaxial test; (b) triaxial test.
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(e) Entering the specimen dimensions and performing
preloading.

(f) To start the test, the uniaxial compression device but-
ton and the acoustic emission data save button are
pressed.

(g) Upon completion of loading, the sample is removed
and cleaned from the workbench.

5. Compression Deformation Characteristics of
Soft-Hard Interlayered Rock-Like

5.1. Stress–Strain Characteristics of Uniaxial Compression Test
Results. The stress–strain curves and AE ringing rate–strain
curves of the tested combined rock-like samples are shown in
Figures 6 and 7, respectively.

Under unidirectional loading, the soft–hard interlayered
rock-like specimens undergo four stages: initial compaction,
elastic, elastic–plastic, and failure stages (see Figure 8).

(a) Initial compaction stage. For rock-like samples with
good densities, continuous compression occurs dur-
ing initial loading, resulting in a reduction in porosity
and further densification of the specimens. During
this stage, the stress growth of the sample is not sig-
nificant, but the change in strain is noticeable. As a
result, the stress–strain curve often exhibits a concave
shape. During the compaction stage, a few amounts of
acoustic emission signals were generated due to the
closure of initial cracks in the sample.

(b) Elastic stage. During this stage, the stress applied to
the sample increases linearly. Preexisting cracks in
the sample continue to spread, resulting in the accu-
mulation of a large amount of energy. However, the
energy is still insufficient to overcome the constraints
posed by internal agglomeration.

(c) Elastic–plastic stage. The growth rate of the curve
gradually slows until it reaches the peak stress, where
the energy inside the sample is released, and the
ringing count of the AE gradually increases. New
cracks continue appearing inside the sample while
existing cracks develop until the load-bearing capac-
ity of the material is exceeded, resulting in sample
failure.

(d) Failure stage. After reaching the peak axial stress, the
stress drops rapidly, and the ringing count of the AE
increases sharply and reaches its peak. At this point,
the energy accumulation inside the specimen exceeds
the load-bearing capacity. A large amount of energy
is instantly released, causing cracks to interconnect
within the specimen and even leading to visible
cracks on the surface of the specimen, ultimately
leading to failure.

During the loading process of some rock-like samples,
stress decreases after reaching the initial strength value and
then increases upon further loading. This is because cracks
are formed along the interface surface, but the properties of

the interface surface are partially recovered. After further
loading, the cracks in the sample gradually close. The mutual
constraint between the soft and hard layers still exists and
has not yet reached the compressive strength limit of the
soft–hard rock-like layers, resulting in an increase in the
strength of the specimens. Until relative sliding occurs between
the soft and hard layers and the resistance of the interface
surface cannot withstand axial pressure, the specimen reaches
the limit of compressive strength, and failure occurs. This
process is often accompanied by the emergence of numerous
new cracks, resulting in significant changes in AE counts.

The peak strength of a rock-like is a significant strength
indicator that represents its load-bearing capacity (see Figure 9).

(a) As the interface angle increases, the two-layer and
three-layer rock-like samples exhibit significant varia-
tions in uniaxial compressive strength, which initially
decreases and then increases. The strength decreases
rapidly as the interface angle increases from 0° to 30°.
When the interface angle is 45°, uniaxial compressive
strength reaches its minimum value. However, the
strength increased only slightly when the interface
angle was 60°.

(b) The peak strength of the three-layer rock-like sam-
ples is significantly higher than that of the two-layer
rock-like samples, particularly in the interbedded
rock-like samples with the interface angle of 45°,
where the peak strength of the former exceeds that
of the latter by more than two times.

The peak strain describes the deformation ability of rock-
likes when they reach their peak strength (see Figure 10).

(a) As shown in the graph, the range of the peak strain
for the two-layer rock-like samples is between 0.3%
and 0.8%, whereas that for the three-layer rock-like
samples is between 0.48% and 0.68%. The peak strain
of the three-layer rock-like samples shows more
minor amplitude fluctuations than that of the two-
layered rock-like samples, owing to a higher propor-
tion of hard rock-like in the former rock-like block.
This leads to a pronounced constraint effect on the
soft rock-like.

(b) In samples with small interface angles, failure pri-
marily occurs within the internal soft rock-like layer,
which possesses a relatively more substantial load-
bearing capacity and significant compressive defor-
mation, thus exhibiting a higher peak strain. When
the sample fails along the interface surface, the inter-
face surface undergoes shear slip deformation, whereas
the individual rock-like layers produce a relatively
small amount of compressive deformation. Therefore,
the axial strain primarily depends on the shear slip
deformation of the interface surface, resulting in a
minor peak strain.

By analyzing the stress and strain of rock-likes during
the elastic stage under loading, their elastic modulus can be
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obtained, which serves as an indicator of their deformation
properties (see Figure 11).

The elastic modulus of the two-layer rock-like samples
ranges from 5.2 to 7.5 GPa, which is between the elastic
moduli of soft and hard rock-likes but close to that of soft
rock-likes. The elastic modulus of the three-layer rock-like

samples is slightly higher than that of the two-layer rock-like
samples, ranging from 8.7 to 14.2 GPa.

5.2. Stress-Strain Characteristics of Triaxial Compression Test
Results. The typical stress–strain curves of the interbedded
rock-like samples with varying interface angles using two
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FIGURE 6: Stress–strain curves of the two-layer rock-like samples with different interface angles: (a) 0°; (b) 10°; (c) 20°; (d) 45°; (e) 60°.
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combinations of hard and soft rock-like layers are shown in
Figure 12.

(a) Compared to the stress–strain curve of the samples
under uniaxial compression testing, the stress–strain
curve of those under triaxial compression testing did
not have a pronounced densification stage, as the

confining pressure was applied before axial loading.
The sample underwent an elastic stage in the initial
loading period, a plastic stage in the mid-loading
period, and a failure stage in the later loading period.

(b) During the elastic stage, the stress–strain curve of the
samples in triaxial compression testing exhibited a faster
linear growth rate than those in uniaxial compression.
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FIGURE 7: Stress–strain curves of the three-layer rock-like samples with different interface angles: (a) 0°; (b) 10°; (c) 20°; (d) 45°; (e) 60°.
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(c) When the samples were in the failure stage, owing to
the presence of a 5-MPa confining pressure, the duc-
tile failure of the rock-like after the peak stress was
apparent, and the samples exhibited a more signifi-
cant yield plateau after the peak stress. When the
interface orientation was between 0° and 30°, the
yield plateau of the samples exhibited stress softening
and ideal plasticity. When the interface orientation
was 45° or 60°, the failure of the rock-like samples
primarily manifested as a brittle failure, and the
curve decreased rapidly after the stress reached the
peak strength.

The stress state of rock-likes under confining pressure
should be investigated as it is realistic to work conditions
(see Figure 13).

(a) For the two-layer rock-like samples, the peak strength
first increased and then decreased as the interface ori-
entation increased, reaching a maximum of approxi-
mately 50MPa at an interface orientation of 45°. The
rock-like samples combined with horizontal interfaces
exhibited the lowest strength of 39MPa. For the three-
layer rock-like samples, the peak strength decreased as
the interface orientation increased. The strength was
the highest at an orientation of 0° and close to the
uniaxial compressive strength of hard rock-like.

(b) For interlayered rock-like samples with the same inter-
face orientation, the strength of the three-layer rock-
like samples with a more significant proportion of
hard rock-likes was generally greater than that of the
two-layer rock-like samples. Furthermore, the degree
of enhancement was greater for specimens with hori-
zontal interface surfaces.

By considering the strain values corresponding to the
peak stresses of the specimens as the peak strain values
(see Figure 14).
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FIGURE 8: Stress–strain curve and AE count–strain curve of the
sample. (a) Initial compaction stage. (b) Elastic stage. (c)
Elastic–plastic stage. (d) Failure stage.
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(a) For the two-layer rock-like samples, the average strain
value exhibited an increasing trend and then gradually
decreased as the orientation of the interface increased.
For the three-layer rock-like samples, the peak strain
exhibits an “M” shape with an increase at 10° and
45°. Under triaxial loading, the axial deformation
capacity of the soft–hard interlayered rock-like sam-
ples gradually weakened as the interface orientation
increased.

(b) The peak strain values of the three-layer rock-like
samples were slightly higher than those of the two-
layer rock-like samples. This indicates that hard rock-
likes improve the ability of the specimens to resist
axial deformation and enhance the deformation per-
formance of the interlayered rock-like samples.

6. Failure Characteristics of Soft–Hard
Interbedded Rock-Like

6.1. Failure Mode under Uniaxial Loading Conditions.Owing
to the heterogeneity of the layered rock-like samples with
varying hardness levels and the impact of interface surfaces,
different combinations display diverse failure modes. The
primary failure modes of the specimens can be classified
into tensile splitting and shear sliding failures (see Tables 6
and 7).

(a) Tensile splitting failure. When the interface orienta-
tion was 0°, 10°, or 30°, numerous vertical cracks first
appeared in the soft-rock-layer, resulting in severe dam-
age on the surface. Then, these cracks propagated toward
the hard-rock-layer and penetrated the specimen.
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FIGURE 12: Stress–strain curve of samples under the triaxial test: (a) two-layer rock-like; (b) three-layer rock-like.
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(b) Shear sliding failure: When the interface orientation
was 45° or 60°, the failure of the specimens primarily
occurred on the interface surface, and cracks devel-
oped along the interface surface until failure. No sig-
nificant damage within the soft-rock-layer and hard-

rock-layer was observed, indicating that the interface
surface became the weak plane of the combined rock-
like samples when the interface was relatively large,
and the strength of the rock-layers was not fully
utilized.

TABLE 6: Failure of two-layer rock-like samples under uniaxial compression test.

Orientation of interface 0° 10° 30° 45° 60°

Damage
diagram

Schematic
diagram

Outline

Fracture

Orientation
of foliation

α

Folition

Note. Thickness of the line represents crack size.

TABLE 7: Failure of three-layer rock-like samples under uniaxial compression test.

Orientation of interface 0° 10° 30° 45° 60°

Damage
diagram

Schematic
diagram

Outline

Fracture

Orientation
of foliation

α

Folition

Note. Thickness of the line represents crack size.
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6.2. Failure Mode under Triaxial Loading Conditions. The
failure modes of the soft–hard interlayered rock-like speci-
men during the triaxial compression tests are listed in
Tables 8 and 9.

At an interface orientation of 0°, the lower part of the soft
rock-like layer underwent shear dilation failure, whereas no
significant damage occurred to the hard rock-like part of the
two-layer rock-like samples. At interface orientation of 10°,

TABLE 8: Failure of two-layer rock-like specimen under triaxial compression test.

Orientation of interface 0° 10° 30° 45° 60°

Damage
diagram

Schematic
diagram

Outline

Fracture

Orientation
of foliation

α
Folition

Note. Thickness of the line represents crack size.

TABLE 9: Failure of three-layer rock-like specimen under triaxial compression test.

Orientation of interface 0° 10° 30° 45° 60°

Damage
diagram

Schematic
diagram

Outline

Fracture

Orientation
of foliation

α
Folition

Note. Thickness of the line represents crack size.
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the failure of the two-layer rock-like samples was primarily
due to several inclined and vertical cracks in the soft rock-
like section. The failure of the two-layer rock-like samples
occurred along the interface surface and extended to the
inside of the soft rock-like when the interface orientation
was 30°. For interface orientations of 45° and 60°, the two-
layer rock-like samples experienced shear failure along the
interface surface.

At an interface orientation of 0°, a crack penetrated the
entire specimen in the three-layer rock-like samples, which
differed from the shear dilation failure observed in the soft
rock-like layer of the two-layer rock-like samples. At inter-
face orientation of 10°, the failure of the three-layer rock-like
samples was primarily attributed to a crack in the middle of
the soft rock-like section and the lower part of the hard rock-
like section, as well as a crack along the interface surface in
the soft rock-like section. When the interface orientation was
30°, the first type of failure in the three-layer rock-like sam-
ples primarily occurred through two parallel cracks inside
the middle soft rock-like layer along the interface surface.
The second type of failure occurred as cracks opened along
the interface surface and extended to the hard rock-like sec-
tion. For an interface angle of 45°, the failure of the three-
layer rock-like samples was primarily due to shear failure
along the interface surface. At interface orientation of 60°,
the failure of the three-layer rock-like samples was primarily
caused by shear sliding failure along the interface surface,
and no noticeable cracks were formed in the hard and soft
rock-like layers.

Compared with the uniaxial compression tests, the con-
fining pressure can lead to shear dilation failure in soft rock-
like layers, consequently reducing the number of surface
cracks on the specimens. When the interface angle falls
within the range of 0°–30°, a significant difference in the
failure mode of the specimen was observed. Notably, the
failure mode no longer primarily undergoes tensile splitting
but is characterized by shear failure. When the interface
angle reached 45°–60°, the failure mode of the specimen
was still characterized by shear failure along the interface
surface, which became the weakest part of the specimen.

7. Damage Constitutive Model of Soft–Hard
Interbedded Rock-Like

Based on the failure mode and AE characteristics of the rock-
like samples under compression tests, the macroscopic fail-
ure of the rock-likes primarily originated from the extension
of one or several prominent internal cracks. Therefore, we
establish a damage constitutive model based on the statistical
strength theory to characterize the failure behavior of the
rock-like.

Considering the influence of interface surfaces on the
performance of the soft–hard interlayered rock-like samples
and based on related studies, the failure process of a rock-like
is continuous. The following assumptions were made: (1) the
soft–hard interlayered rock-like samples were a transversely
isotropic material; (2) the contact between layers was tight,
the interface surfaces were relatively smooth, and their

thickness was negligible; the normal deformation of the
interface surfaces during loading must be addressed; and
(3) stress in the rock-like samples is continuous.

7.1. Establishment of Damage Constitutive Model. According
to the strain equivalence principle, the damage constitutive
relationship of a rock under triaxial stress can be expressed as
follows:

σ1 ¼ Eε 1 − Dð Þ þ 2νσ3; ð1Þ
where σ1 is the major principal stress, σ3 is the confining
pressure, ε is the major principal strain, D is the damage
variable, E is the elastic modulus, and ν is Poisson’s ratio.

Assuming that the failure of rock microelements follows
the Weibull statistical law, the probability density function
can be expressed as follows:

φ εð Þ ¼ m
ε0

ε

ε0

� �
m−1

e
−

ε

ε0

� �
m

; ð2Þ

where m is the shape parameter of the Weibull distribution,
and ε0 is the strain of the rock microelement.

Damage to rock materials is related to internal defects,
which affect the strength of microelements and random fail-
ure. The relationship between the damage variable D and the
density of the statistical distribution of microelement failure
can be expressed as follows:

dD=dε¼ φ εð Þ: ð3Þ

The deformation and failure of rocks under loading
result from continuous damage and the failure of microele-
ments in the rock, which is a continuous process. Therefore,
D corresponds to the probability of the strength of microele-
ments. Based on this relationship, the damage variable of the
rock during loading can be obtained as follows:

D¼
Z

ε

0
φ εð Þdε¼ 1 − e

−

ε

ε0

� �
m

: ð4Þ

Based on the primary mechanical parameters of the
stress–strain curve of rock during loading, the damage evolu-
tion equation is determined and combined with the constitu-
tive relationship of rock; the statistical damage constitutive
model of rock can be derived as follows:

σ1 ¼ Eε exp −
ε

ε0

� �
m

� �
þ 2νσ3: ð5Þ

7.2. Determination of Model Parameters. The parameters m
and ε0 are closely related to the peak strength point of

TABLE 10: m under uniaxial compression test.

Orientation of interface 0° 10° 30° 45° 60°

Two-layer rock-like 2.28 4.96 2.86 1.67 3.36
Three-layer rock-like 3.57 1.40 1.70 1.48 2.34
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the stress–strain curve. Calculating the first derivative of
Equation (5) with respect to ε yields:

dσ=dε¼ E exp −
ε

ε0

� �
m

� �
1 −

ε

ε0

� �
m

� �
; ð6Þ

σf
Eεf

¼ exp −
ε

a

� �
m

h i
; ð7Þ

m¼ 1=ln Eεf =σf
À Á

: ð8Þ

We adopt εf as a model parameter for the parameter ε0.

7.3. Model Verification under Uniaxial Compression Test.
Under uniaxial loading, the confining pressure is 0; therefore,
Equation (5) can be simplified to the following:

σ1 ¼ Eεe
−

ε

ε0

� �
m

:
ð9Þ

Using Equation (8), m can be obtained (see Table 10).
The elastic modulus E, peak stress σf , and peak strain εf

corresponding to the peak stress are obtained from the
stress–strain curve of the uniaxial compression test. These
mechanical parameters are required for the damage consti-
tutive equations.

The experimental and theoretical curves for the sample
with an interface angle of 45° are shown in Figure 15.

The triaxial compressive strength of two-layer rock mass
and three-layer rock mass under different interface orienta-
tions were compared with the calculation results of the dam-
age model (see Figure 16).

Results show that the proposed model can accurately
describe the experimental results of the pre-peak stage of
the stress–strain curve and that the parameters used have
precise physical meanings, rendering the solution of the
damage model relatively simple. However, this model has
certain limitations. It could not accurately simulate the com-
paction stage of the curve during the test process, and
because of the brittle failure of the rock-like, the damage
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FIGURE 15: Comparison of experimental and theoretical results under uniaxial compression test: (a) two-layer rock-like with an interface
orientation of 45°; (b) three-layer rock-like with an interface orientation of 45°.
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TABLE 11: m under triaxial compression test.

0° 10° 30° 45° 60°

Two-layer rock-like 2.28 1.61 2.19 2.61 3.57
Three-layer rock-like 2.24 1.64 1.63 1.55 1.53
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constitutive model could not sufficiently characterize the
post-peak stage.

7.4. Model Verification under Triaxial Compression Test. The
model parameter m obtained from Equation (8) is listed in
Table 11. The experimental and theoretical curves for the
sample with an interface orientation of 45° are shown in
Figure 17.

The comparison between the Triaxial test results and the
theoretical calculation results is shown in Figure 18.

Because the compaction stage of the specimen in the
triaxial compression test was not evident, the proposed

model fitted well with the pre-peak stage of the stress–strain
curve of the soft–hard interlocked rock-like samples.

8. Conclusions

In this study, the material ratios of similar materials for soft
and hard rock-likes were determined using proportioning
tests. Soft–hard interlayered rock-like–like samples were pre-
pared, and their porosities were measured using NMR testing
to reduce the influence of discreteness on the test results. The
following conclusions can be drawn:

(a) In uniaxial tests, the strength of the combined rock-
like specimens exhibited a “U-shaped” distribution
as the joint inclination angle varied. At a 45° inter-
face orientation, the strength of the two-layer com-
bined rock-like specimens decreased by 68.75%
compared to that at a 0° inclination angle. In contrast,
the corresponding three-layer specimens decreased
by 25.89%. Compared to the two-layer combined
rock-like specimens, the strength of the three-layer
combined rock-like specimens increased by 10.53%,
15.63%, 41.67%, 152.02%, and 46.5% as the joint incli-
nation angle increased. Additionally, when the inter-
face angle was 30°, the peak strain of the two-layer
rock-like specimens reached its maximum value. In
contrast, the peak strain of the three-layer rock-like
specimens decreased as the interface angle increased
—subsequently, both rock-like specimens transi-
tioned from tensile failure to shear sliding failure.

(b) In triaxial tests, at the same joint inclination angle,
the average strength of the three-layer rock mass
increased by 162.23%, 27.16%, 8.57%, 6.49%, and
22.51% compared to the two-layer rock mass. As
the joint inclination angle increased, the strength of
the two-layer rock mass still exhibited a “U-shaped”
distribution, while the strength of the three-layer
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FIGURE 17: Comparison of experimental and theoretical results under the triaxial compression test: (a) two-layer rock-like with interface
orientation of 45°; (b) three-layer rock-like with interface orientation of 45°.
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rock mass showed a decreasing trend. The peak strain
followed a decreasing trend, and the failure mode of
the specimen changed from shear dilation or tensile
splitting to shear slip. The strength of the three-layer
rock-like samples decreased gradually, and the peak
strain increased slightly at small interface angles
before decreasing gradually. When the interface angle
was 0°, the specimens experienced tensile splitting
failure, gradually shifting to shear slip failure.

(c) The damage constitutive model constructed in this
study effectively fits the pre-peak stage of the stress–
strain curve for the soft–hard interlayered rock-like
samples under compression tests. The results of the
triaxial compressive strength tests differ from the
calculated results of the damage model by 1%−2.5%,
while the results of uniaxial compressive strength dif-
fer by 0.5%−2.5%. Based on these findings, the damage
model developed in this study can reflect the strength
and failure behavior of the combined specimens.

Nomenclature

D: Damage variable
E: Elastic modulus, MPa
m: Shape parameter of the Weibull distribution
v: Poisson
σf: Peak stress, MPa
σ1: Major principal stress, MPa
σ3: Confining pressure, MPa
εf: Peak strain
ε: Major principal strain
ε0: Strain of the rock microelement.
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