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Introduction: Geotechnical engineering disasters often result from instability
failures in layered and heterogeneous fissured rock masses. However, the key
mechanisms governing mechanical properties and crack propagation in these
rock masses remain unclear.

Methods: This study presents triaxial compression tests on double-layer rock-
like specimens composed of limestone and sandstone materials, containing
a single fissure, to investigate the effects of fissure angles and positions on
the strength and failure modes of these double-layer specimens under varying
confining pressure.

Results and Discussion: The experimental results reveal that the intact
composite rock approaches the strength of sandstone but is deformation-
limited by limestone. Under constant confining pressure (σ3 = 5 MPa), the fissure
angle affects initial crack initiation, and fissure position dictates the failure mode
and extent, while increased confining pressure induces overall shear failure
in the composite rock, with the failure mode being predominantly influenced
by confining pressure. Concerning mechanical deformation, augmenting the
fissure angle and confining pressure substantially enhances the elasticity and
ductility of the composite rock. Regarding volumetric deformation, the extent
of volume shrinkage in the composite rock is influenced by both fissure angle
and confining pressure, while volume expansion is influenced by fissure position.
Under uniaxial compression, fissured composite rock exhibits the most unstable
crack propagation, resulting in early failure. Triaxial compression shows that
a higher fissure angle stabilizes crack propagation while confining pressure
variation affects stability only when the fissure is in limestone. When the fissure
is in sandstone, crack propagation stability remains at its highest. Furthermore,
an increase in fissure angle, higher confining pressure, and changes in fissure
position from sandstone through the contact interface to limestone contribute
to an increasing trend in the peak strength and elastic modulus of the composite
rock. Fissure-induced rock degradation is primarily influenced by the fissure
angle. These findings are significant for guiding engineering construction and
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design, providing valuable insights to geotechnical engineers, and enhancing
safety in rock engineering projects.

KEYWORDS

layered rock mass, composite rock-like specimens, pre-existing fissures, triaxial
compression, mechanical properties, failure modes

1 Introduction

Following the diagenetic theory, geological formations often
exhibit prominent stratification. Layered composite rock masses
exhibit an alternation of soft and hard layers in the perpendicular
direction to the bedding planes, resulting in distinct lithological
differences compared to homogeneous rock mass (Brady and
Brown, 2006). In underground geotechnical engineering, composite
rocks experience varying stress conditions due to excavation
and rock fragmentation. These changing in-situ stress conditions
contribute to the complex deformation and failure characteristics
exhibited by composite rocks (Vogel and Rast, 2000; Fairhurst, 2017;
Ranjith et al., 2017). Furthermore, a rockmass is a natural geological
material comprised of intact rock and discontinuities (Wittke, 2014).
The discontinuities primarily include bedding planes, joints, faults,
and fissures (Ivars et al., 2011). These pre-existing defects exert
significant influence as release surfaces and nucleation sites for
failure in the rock mass. Among the 162 roof collapse accidents in
coal mines supported by anchor rods across 18 large mining areas,
107 cases were attributed to joint rock composite deterioration type
roof fall. This accounts for 66.04% of the investigated accidents and
is identified as the primary cause of roof collapse incidents (Jia,
2007). It is crucial to understand the coupled effects of different
confining pressures and fissure characteristics on the mechanical
properties and failure mechanisms of composite rocks.This benefits
long-term stability analysis and disaster prevention in underground
engineering projects.

In the existing research on the mechanical properties and
failure mechanisms of layered composite rocks, the initial focus
has been on their combination form (Guo et al., 2018; Wang et al.,
2020; Yu et al., 2021a; Yu et al., 2021b; Yu et al., 2022) and contact
interface parameters (Zhao et al., 2013; Zhao et al., 2015; Yin et al.,
2018). In some previous studies, layered composite rocks were
commonly formed by bonding rocks with different strengths
together using adhesive materials (such as shale-coal, sandstone-
coal, etc.). Through uniaxial compression tests, it was found that the
stronger/stiffer rocks in the composite rocks restricted the lateral
deformation of the weaker/softer rocks along the contact interface,
ensuring consistent lateral deformation. This phenomenon is
commonly known as the “interface effect” (Chen et al., 2019).
Furthermore, the bond strength of the contact interface is a
crucial factor that influences the failure mode of composite rocks.
Strengthening the bonding strength results in an enhancement
of the overall integrity and failure strength of the composite rock
(Xiao et al., 1988). However, artificially simulated bond strength
cannot precisely replicate the authentic stress state at the interfaces
of layered composite rocks. To minimize errors arising from
human factors and the limitations of unnatural conditions on
rock morphology, numerous scholars have extensively conducted
experiments using rock-like materials, these studies have provided

more convincing conclusions (Tien et al., 2006; Yang et al., 2019;
Li et al., 2021; Wang et al., 2022; Yang et al., 2023; Zhang et al.,
2023; Zou et al., 2023). For instance, by formulating specific rock-
like materials consisting of two different hardness materials,
the effects of rock layer inclination and interlayer thickness on
the deformation characteristics of composite rocks have been
revealed through uniaxial compression tests. The research findings
indicated that increasing the strength difference between the
materials enhanced the tendency for overall relative sliding of the
composite rock. On the other hand, an increase in the inclination
angle weakened the deformation of the composite rock, and its
compressive strength demonstrated a “U”-shaped variation with
the increase in the inclination angle (Yang et al., 2019); thicker
interlayers in composite rocks are more susceptible to failure
compared to thinner interlayers (Li et al., 2021). Moreover, the
deformation of composite rocks under stress is a crucial indicator for
evaluating underground construction safety. Through various types
of tests, including different loading rates (Huang and Liu, 2013;
Ma et al., 2021), cyclic loading and unloading tests (Song et al.,
2012; Zuo et al., 2013), static-dynamic loading tests (Liu, 2014;
Liu et al., 2014), as well as triaxial compression tests (Lu et al., 2019;
Lu et al., 2020; Yu et al., 2021a; Yu et al., 2021b; Yu et al., 2022),
researchers further revealed the influence of different stress loading
paths on composite rocks, basically in terms of the compressive
strength, the deformation modulus, the crack propagation, and
the failure behavior. Considering the distinct dynamic properties
of rocks compared to their static responses (Du et al., 2020a;
Jiang et al., 2021), dynamic impact loading tests have also been
conducted on composite rocks with the split Hopkinson pressure
bar (SHPB) system. It was found that composite rocks exhibit
a higher degree of energy accumulation compared to single
rocks, requiring less energy in the event of dynamic disasters
(Liu et al., 2021). These testing results provide a comprehensive
evaluation of the strength, deformation characteristics, and
energy dissipation of composite rocks under different stress
conditions.

Compared with existing research on composite rocks, the
investigation of crack propagation mechanisms in loaded fissured
rocks has primarily concentrated on homogeneous rocks. The study
of fissures in rocks follows a qualitative-to-quantitative progression.
When considering single fissures without taking into account the
mutual interactions of multiple fissures, researchers have mainly

TABLE 1 The particle grading distribution of quartz sand.

Sieve
size/mm

0–0.16 0.16–0.32 0.32–0.63 0.63–1.25

Percentage/% 5 30 40 25
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focused on the geometric characteristics of fissures, including their
length (Bi and Zhou, 2017; Chen et al., 2018; Laghaei et al., 2018;
Wang et al., 2018; Ismael and Konietzky, 2019), angle (Cheng et al.,
2018; Le et al., 2018; Miao et al., 2018; Wang et al., 2018), width
(Wang et al., 2018), and the materials filling (Le et al., 2018;
Miao et al., 2018). These studies aim to investigate the impact of
these fundamental fissure forms on themechanical and deformation
characteristics of rocks. When considering the interactions of
multiple fissures, researchers have shifted their focus to rock bridges
(length and angle of rock bridges) (Feng et al., 2019; Du et al.,
2020b; Yan et al., 2023), the arrangement patterns of fissure clusters
(angle, length, and spacing of fissure clusters) (Lee and Jeon,
2011; Cao et al., 2016), and the combination of fissures with voids
(Lin et al., 2020; Zhang et al., 2021). Specifically, the research has
yielded the following findings: It is generally believed that the length
of fissures inevitably degrades the mechanical properties of rocks.
However, when considering the combined effects of fissure angle
and length, the conclusion is not absolute. It is argued that the peak
strength of fissured rocks demonstrates a quadratic relationshipwith
the fissure angle, while the elastic modulus shows a linear increase
with the fissure angle (Feng et al., 2019). Besides, the propagation
of cracks in rock masses is influenced by both the number of
fissures and the fissure angle (Lin et al., 2020; Zhang et al., 2021).
Wong et al. (2004a); Wong et al. (2004b); Wong et al. (2006) also
gained significant insights, such as the fact that the mode of surface
crack propagation in rock masses is influenced by the ratio of
crack depth (d) to rock thickness (t), represented by d/t: when
d/t > 1/3, the crack propagation length is larger, resembling the
extension of two-dimensional cracks; when d/t < 1/3, the dominant
failure mode in the rock involves anti-wing cracks. It is worth
noting that all the literature mentioned above is concentrated on
homogeneous rocks, the investigation of composite rocks containing
fissures is rather limited. Recently, (Hu et al., 2020; Ma et al., 2023),
conducted uniaxial loading tests on fissured layered composite
rocks to investigate the impact of fissures on the development
and evolution of cracks, as well as the final failure mode of the
composite rock.

From the foregoing, considerable efforts have been devoted
to studying the anisotropic behavior of transversely isotropic
rocks and the impact of fractures on the mechanical properties
and failure modes of homogeneous rocks. However, the stress
environment of the rock mass, such as the confining pressure,
should be considered as a significant influencing factor. Therefore, a
comprehensive understanding of the different stress environments,
mechanical deformation characteristics, and crack propagation
paths of fractured layered composite rocks are crucial for improving
the efficiency of deep underground resource exploitation, effectively
preventing and controlling hazards in engineering construction,
and providing a theoretical basis for practical engineering.

However, the study of the fissured composite rock under confining
pressure conditions has never been investigated. This study has
produced composite rock specimens containing a single fissure
and conducted triaxial compression tests. Specifically, the influence
of fissure angles and positions on stress-strain response, damage
stress, peak strength, elastic moduli, and failure modes under
different confining pressures of composite rocks was analyzed and
summarized.

2 Materials and methods

2.1 Specimen preparation

In the natural environment, rocks are composed of diverse
mineral particles and cementing materials that are bonded together.
And their mechanical properties are mainly affected by the friction
between particles. Considering that sand particles can provide a
frictional force, cement mortar was chosen as the rock-like material
for this experiment.

Sedimentary rocks, which account for approximately two-thirds
of the Earth’s land area, are widely distributed on the Earth’s surface.
To create composite rock-like materials, limestone and sandstone
were chosen as the original rocks, which exhibit distinct differences
in physical properties and are commonly found in sedimentary
rocks. The quartz sand was used as an aggregate of rock-like
material. To ensure a smooth specimen surface, the size gradation
distribution of the selected quartz sand particles is presented in
Table 1. P.O42.5 Portland cement, silica fume, and iron powder were
used as limestone-like materials. The purpose of using silica fume
was to lower the peak temperature of the material’s curing reaction
and prevent cracking. The purpose of selecting iron powder was
to improve the density of the rock. To differentiate the sandstone
in terms of mechanical properties and visual appearance, P.W.32.5
Portland cement was used in its production. Additionally, a small
amount of water reducer and defoamer was added to enhance the
fluidity of the material andminimize the formation of pores. Table 2
provides the mass ratios of rock-like material. Table 3 presents
the physico-mechanical parameters of cement mortar, which are
close to that of natural rocks (Nazir et al., 2013; Cai et al., 2022).
Therefore, cement mortar is considered an ideal rock-like material
for laboratory experiments.

During the solidification process, cement tends to form a
thin layer on the surface (Wang et al., 2018), which is prone
to cracking under compression. To ensure accurate observation
of real cracks in the specimens, this study first, poured cubic
specimens (height × width × thickness = 150 × 150 × 150 mm)
and then obtained cylindrical specimens by drilling, as illustrated in
Figure 1A For cubic specimen casting, custom molds were created

TABLE 2 Material mass ratios of rock-like.

Material Cement Silica fume Quartz sand Iron powder Defoaming agent Water reducer Water

Limestone-like 1.00 0.13 0.80 0.25 0.003 0.003 0.30

Sandstone-like 1.00 - 0.70 - 0.003 0.003 0.30
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TABLE 3 Physico-mechanical parameters of rock and rock-like.

Material Density
ρ(g/cm3)

Young’s
modulus E (GPa)

Poisson’s
ratio v

Compressive
strength
σc (MPa)

Tensile
strength
σt (MPa)

Limestone 2.48–2.85 10–80 0.20–0.35 30–200 5–25

Limestone-like 2.61 12.52 0.24 70.12 7.16

Sandstone 2.10–2.40 3-35 0.20–0.25 20–170 4–25

Sandstone-like 2.23 7.87 0.22 40.69 6.32

FIGURE 1
Specimens making and processing. (A) Schematic drawing of cube specimens making and processing, (B) Schematics of fissure geometry
configuration in the specimens.

using plastic, steel sheets (15 mm length, 0.5 mm thickness), and
spacer boards. Vibrations were applied to the mold during pouring
to eliminate trapped air from the slurry. After 30 min, the spacer
board was removed to ensure sufficient strength at the contact
surface between the two types of rock materials. After 8 h, the steel
sheets were removed when the specimens reached the initial setting,
resulting in through-opened fissures. After 24 h, the solidified
specimens were de-molded and placed in a constant temperature
and humidity curing chamber (temperature set to 20°C ± 2°C and

humidity set to 85% ± 5%) for 28 days before conducting cylinder
specimen drilling.

Following the guidelines of the International Society for Rock
Mechanics (ISRM), cylindrical specimens were cut and ground
to a height of 100 mm and a diameter of 50 mm. To facilitate
the analysis of the effects of fissure angle, position, and confining
pressure on the specimens and to prevent the mechanical failure
patterns of the specimens from being universally applicable due
to excessively long fissure lengths, the fissure length was fixed at
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TABLE 4 Specimens’ numbers and fissure geometry parameter values used for all specimens.

Number α(°) Fissure position σ2 = σ3 (MPa) Number α(°) Fissure position σ2 = σ3 (MPa)

C-0 Intact Intact 0 CC-45-0 45 Interface 0

C-5 Intact Intact 5 CC-45-5 45 Interface 5

C-10 Intact Intact 10 CC-45-10 45 Interface 10

C-15 Intact Intact 15 CC-45-15 45 Interface 15

CL-0-5 0 Limestone 5 CC-60-5 60 Interface 5

CL-30-5 30 Limestone 5 CC-90-5 90 Interface 5

CL-45-0 45 Limestone 0 CS-0-5 0 Sandstone 5

CL-45-5 45 Limestone 5 CS-30-5 30 Sandstone 5

CL-45-10 45 Limestone 10 CS-45-0 45 Sandstone 0

CL-45-15 45 Limestone 15 CS-45-5 45 Sandstone 5

CL-60-5 60 Limestone 5 CS-45-10 45 Sandstone 10

CL-90-5 90 Limestone 5 CS-45-15 45 Sandstone 15

CC-0-5 0 Interface 5 CS-60-5 60 Sandstone 5

CC-30-5 30 Interface 5 CS-90-5 90 Sandstone 5

15 mm. Five fissure angles (α) were considered: 0°, 30°, 45°, 60°, and
90°.Three different fissure positions were established:①at the center
of the limestone, ②at the center of the contact interface (in this
study, the term “interface” is used to describe the contact interface
parameters of limestone and sandstone), and③at the center of the
sandstone, as shown in Figure 1B Four different confining pressures
(σ3) were applied: 0, 5, 10, and 15 MPa. Considering the uniaxial
compressive strength of the simulated sandstone as 40 MPa, and
ensuring that the deformation of the specimen remains in the elastic
stage during the confining pressure process (typically, the ratio of
the threshold stress for sandstone fracturing to the peak stress is
approximately 0.5), the maximum value of confining pressure was
set to 15 MPa.

For clarity, the specimen numbering is designated as fissure
position (FL, FI, FS, C) - fissure angle (α) - confining pressure
(σ3), where FL, FI, FS, and C represent the fissure positions in
limestone, interface, sandstone, and the complete composite rock
specimen, respectively. For instance, C-5 denotes the complete
composite rock specimen under a confining pressure of 5 MPa. FL-
45-15 signifies a composite rock specimen with a fissure angle of
45° located in limestone under a confining pressure of 15 MPa.
The specific specimen numbering is outlined in Table 4. To obtain
more universally applicable experimental data and avoid significant
variability in individual specimens, each set of specimens underwent
four tests. After removing specimens with noticeable variability, the
average of the remaining specimen data was taken as the result
for each set of specimens. This approach helps reduce the impact

of individual outlier test data on the overall results, enhancing the
reliability of the experimental outcomes.

2.2 Experimental equipment and
procedure

Triaxial compression strength (TCS) test was processed by
HYAS-1000C electrohydraulic servo-controlled testing equipment
at the geotechnical mechanics and engineering research center
at Yangtze University in China, as shown in Figure 2. In the
experiment, the confining pressure was applied using hydraulic
oil, while the axial stress was controlled by axial displacement.
Before applying the confining pressure, the specimen was placed
between the upper and lower platens and encapsulated with heat-
shrinkable tubing to prevent hydraulic oil from infiltrating the rock
and affecting the test results. The axial and radial strains of the
specimen (at the middle section) were simultaneously measured
using axial and radial extensometers, with a measurement range
of 0–4 mm and a reading accuracy of ±1% at room temperature.
Data collection was performed directly by a computer. The test was
conducted in two steps as follows: (a) The confining pressure was
increased to the target value at a rate of 0.5 MPa/min, then the axial
compression was applied to the specimen at a rate of 1 mm/min
until reaching an initial axial stress of 2 KN. Additional axial stress
(also called deviator stress) was applied to the specimen at a rate of
0.2 mm/min until it experienced unstable failure (Yu et al., 2021b).
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FIGURE 2
Electrohydraulic servo-controlled testing equipment.

FIGURE 3
Stress-strain curves and change in mechanical of three intact rock specimens. (A) Stress-strain curves and failure modes, (B) Mechanical parameters.

3 Experimental results and discussion

3.1 Composite and single intact rock
specimens under uniaxial compression

To better investigate the mechanical properties of fissured
composite rock samples, uniaxial compression tests were initially
conducted on individual sandstone, individual limestone, and
intact composite rock, and the stress-strain curves and equivalent
mechanical parameters are obtained, as shown in Figure 3
and Table 5.

Figure 3A illustrates notable distinctions among the three
specimens, particularly in the pre-peak stage. The limestone’s
compaction phase is relatively inconspicuous, featuring an extended
elastic phase. In contrast, composite rock and sandstone show
significant compaction stages, with sandstone exhibiting a shorter
elastic phase and a slight stress reduction just before the peak.
This suggests high compaction in limestone and greater porosity
in sandstone, making it more prone to macroscopic cracks before
complete failure. Despite these differences, all uniaxial stress-strain
curves share similar post-peak characteristics, marked by a rapid

TABLE 5 Mechanical parameters and failure characteristics of the three
configurations of rock specimens.

Rock
specimens

Peak
strength
(MPa)

Peak
strain (%)

Elastic
moduli
(GPa)

Limestone 79.92 0.78 12.52

Composite rock 42.78 0.85 8.47

Sandstone 40.69 0.88 7.87

stress decline towards residual strength and a swift loss of
bearing capacity.

Statistical analysis of experimental data (Figure 3B; Table 5)
reveals limestone’s superior strength, surpassing composite
rock and sandstone by 86.55% and 96.41%, respectively.
Additionally, its elastic modulus exceeds that of composite rock
by 47.82% and sandstone by 59.09%. Regarding deformation
characteristics, limestone has the lowest peak strain, 12.82% less
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FIGURE 4
Different crack types in composite rock. (A) Typical tensile crack, shear crack, and crack fracture surface, (B) Typical shear crack and crack fracture
surface, (C) Typical tensile shear mixed crack and crack fracture surface.

than sandstone, while the peak strain of composite rock falls
between the two.

Figure 3A depicts the failure characteristics of three specimen
types. Limestone and composite rock experience tensile failure
along the axial compression direction, while sandstone undergoes
a tensile-shear mixed failure. Deformation upon sandstone failure is
notably larger than in limestone, marked by evident surface spalling.
Due to lower sandstone strength, composite rock failure initiates in
the sandstone portion, forming macroscopic cracks that propagate
to the contact interface, penetrating through the limestone, where
spalling primarily occurs.

In summary, there exists a significant strength difference
between limestone and sandstone. Sandstone, being relatively
softer in lithology compared to the harder limestone, exhibits
larger deformations under compression. The strength of
the composite rock is determined by the weaker sandstone
portion, yet its deformation is constrained by the stronger
limestone portion.

3.2 Failure mode of composite specimens

In the compression failure modes of rocks, cracks can be
classified into three forms based on the angle between the generated
cracks and fissures, as well as the scratches on the fractured
surface (Lee and Rathnaweera, 2016; Lin et al., 2020; Yu et al.,
2021b): (1) Axial splitting, which refers to tensile cracks formed
under compression, generally parallel to the direction of maximum
principal stress, mostly with an angle greater than 90° to the
fissures. The crack fracture edges are neat, and the crack fractured
surface is smooth, with only minor undulations in certain areas, as
indicated by the red region in Figure 4A; (2) Shear cracks, typically
composed of the main shear crack and secondary tensile cracks on
the specimen surface. Secondary tensile cracks originate from the
main shear crack and extend, with the main shear crack coplanar
or less than 90° to the fissures. Most observed shear cracks exhibit
evident shear dilation characteristics, with serrated fracture edges

and a rough fractured surface. In the limestone portion, there is also
a strong frictional effect resulting in white powder. Additionally, at
lower confining pressures, shear cracks terminate at the end faces,
while at higher confining pressures, shear cracks terminate at the
specimen’s side, as illustrated by the blue region in Figure 4B; (3)
Tensile-shearmixed cracks, observed only in some specimens.These
cracks typically start as tensile cracks extending towards the ends
and then shift to extend to the specimen’s side, forming shear cracks,
as shown in Figure 4C.

To visually illustrate the failure characteristics of the specimens
more clearly, clear crack trajectories were plotted. The red and blue
lines represent the generated main tensile cracks and main shear
cracks, respectively. The black fine lines on the specimen surface
depict secondary tensile cracks, which do not influence the internal
structure of the specimen.

Figure 5 presents the failuremodes of composite rock specimens
with different fissure angles and positions under a confining pressure
of 5 MPa. By comparing various aspects, the characteristics of the
cracks and their aggregation forms are summarized.

Under different fissure angles: (1) When α = 0°, regardless of
the rock layer in which the fissure is located, tensile cracks always
initiate at the middle of the fissure and extend towards the specimen
ends. This is because the fissure is perpendicular to the direction
of the principal stress, and the inner surface of the fissure is in a
bending state. With the increase in axial load, tensile cracks are
prone to occur in the middle of the fissure. (2)When α = 30°–60°, as
the region with the most concentrated stress, wing cracks or anti-
wing cracks are likely to form at the tips of the fissure, resulting
in similar failure modes. (3) When α = 90°, large compressive
forces leading to tensile cracks are less likely to occur in the fissure.
Due to the strength difference between the two types of rocks,
shear cracks first initiate and propagate in the sandstone, forming
a wedge shape that causes limestone to undergo splitting failure.
The failure mode of the specimen mainly depends on the fissure
positions.

Under different fissure positions: (1) When the fissure is in
limestone, some specimens may develop a small number of shear
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FIGURE 5
The failure mode of composite rock specimens with different fissure angles and positions (σ3 = 5 MPa). (A) Fissure is in limestone, (B) Fissure is at the
contact interface, (C) Fissure is in sandstone.

cracks, but overall, tensile failure predominates. Under α = 0°–60°,
tensile cracks generated at the lower part and the lower tip of
the fissure easily propagate through the contact interface towards
the sandstone end, causing overall failure of the composite rock.
However, when α = 0° and 30°, due to the lower strength of the
specimen, tensile cracks do not extend to the sandstone end but
continue to form shear cracks in the sandstone under the action
of axial compression and confining pressure. (2) When the fissure
is at the contact interface position, combined with Figure 6, it is
observed that in the sandstone part, shear failure leads to the
formation of wedge-shaped blocks with distinct signs of sliding
friction on the surface. In the limestone part, tensile failure results
in a smooth and neat fracture surface, and the failure mode of
the specimen is not affected by the fissure angle, exhibiting “λ-
shaped failure.” This is because the strength of limestone is greater
than that of sandstone, and shear cracks generated at both ends of
the fissure first extend towards the sandstone end. After forming
a wedge-shaped body in the sandstone portion, it continues to be
compressed by axial pressure, ultimately leading to tensile failure
in limestone. (3) When the fissure is in sandstone, the specimen

mainly experiences localized shear failure in the sandstone. This is
because the fissure further reduces the strength of the sandstone,
and anti-wing shear cracks developed at the ends of the fissure
receive sufficient development under lower stress levels. The cracks
extend towards the sandstone end and side. Meanwhile, tensile
cracks generated by the fissure extend towards the limestone but
do not penetrate the limestone portion. (4) Surface sliding and
spalling: Surface sliding and spalling mainly occur at the sandstone
end and the tip of the fissure. This is primarily due to the sandstone
portion and the tip of the fissure being more susceptible to the
compressive squeezing effect of confining pressure, resulting in
localized substantial shear dilation deformation.

Figure 7 illustrates the failure modes of composite rock
specimens under different confining pressures and fissure positions
at α = 45°. Under uniaxial compression conditions, the composite
rock specimens exhibit conspicuous splitting failure caused by a
tensile crack extending along the direction of stress loading (cracks
generated can be merged into one). With increasing confining
pressure, the following observations aremade: (1)The failuremodes
of all specimens gradually transition from tensile failure to shear
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FIGURE 6
Internal wear diagram of composite rock specimens with fissure at the contact interface (σ3 = 5 MPa).

failure.This is attributed to high confining pressure exerting closure
forces on nearly longitudinal cracks, inhibiting the extension of
wing-shaped tensile cracks. Additionally, the shear stress acting
on the fissure tip becomes more significant, leading to a purer
shear failure of the specimen. (2) All specimens experience overall
failure. Combined with Figure 8, it is observed that due to the
gradual enhancement of shear stress, shear cracks appear at the
tips of the fissure in limestone, and the frictional sliding traces
on the internal crack fracture surface become more apparent.
This ultimately leads to the formation of wedge-shaped bodies in
limestone, continuing to be compressed and resulting in overall
specimen failure. When the fissure is at the contact interface and
in the sandstone, co-planar shear cracks occur at both fissure tips.
The specimen slides along the fissure to some extent, and the
shear stress developed in the sandstone can extend shear cracks
into the limestone, causing shear failure in the limestone portion
as well. (3) With the increase in confining pressure, there is an
increase in surface spalling. This is attributed to higher confining
pressure leading to more effective compaction of the fissure. In this
state, the interlocking effect at the fissure tip becomes increasingly
pronounced, promoting the extensive development of secondary
cracks and resulting in a greater occurrence of local spalling
phenomena.

In summary, the geometric distribution of a single fissure has
a significant impact on the failure patterns of composite rocks
under confining pressure conditions. The analysis of the failure
characteristics of each specimen is summarized in Tables 6, 7.
From Table 6, it is evident that maintaining a constant confining
pressure (σ3 = 5 MPa), fissure in limestone is prone to generate
tensile cracks, leading to the overall failure of the specimen.
On the other hand, the fissure tips in sandstone primarily
produce shear cracks that are challenging to extend through the
contact interface into the limestone, resulting in local failure of
the specimen. In this case, the failure mode of the composite
rock is dominated by the fissure position, while changes in
the fissure angle primarily influence the initiation mode of the
specimens. From Table 7, under uniaxial compression conditions,
the specimens primarily experience axial splitting failure. With the
increase in confining pressure, the failure mode of the specimens

gradually transitions from tensile failure to overall shear failure.
The influence of the fissure position on the failure of the composite
rock becomes less pronounced, indicating a gradual shift in the
failure mode of the composite rock to be dominated by the
confining pressure.

3.3 Stress-strain behavior of composite
specimens

Under 5 MPa confining pressure, the full stress-strain curves of
specimens with different fissure angles and positions are depicted in
Figure 9.The volumetric strain reflects the overall volume change of
the specimen during the loading process and is calculated as follows:
εV = ε1 + 2ε3. It can be observed that, with the fissure position
held constant, the axial stress-strain trends of all specimens are
nearly identical. In the pre-peak stage, as the fissure angle increases,
the linear elastic stage of the specimen significantly extends, and
the peak stress also rises, gradually approaching that of the intact
specimen. However, the plastic yield stage of each specimen is
more pronounced compared to the intact specimen. This indicates
that an increase in the fissure angle can enhance the strength
of the specimen, but the presence of fissure still increases the
accumulated damage within the specimen, leading to an elongation
of the plastic stage experienced by the specimen before complete
failure. In the post-peak stage, due to the constraint of confining
pressure, all specimens do not exhibit significant brittle failure
characteristics.

The volumetric change trends of all specimens show a pattern of
initial contraction followed by expansion. In terms of contraction,
the peak volumetric strain of each specimen increases with the
rise in fissure angle. This indicates that as the linear elastic stage
of the specimen becomes longer with an increasing fissure angle,
the ability of the specimen to contract becomes more pronounced.
However, the intact rock specimen, without the presence of fissures,
does not exhibit significant compression and, therefore, does not
possess the strongest contraction ability. In terms of expansion,
under the same fissure angle, when the fissure is in the sandstone,
the specimen exhibits the weakest expansion ability. This is because
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FIGURE 7
The failure mode of rock specimens under different confining pressure and fissure positions (α = 45°). (A) Intact specimen, (B) Fissure is in limestone,
(C) Fissure is at the contact interface, (D) Fissure is in sandstone.

the FS series specimens experience localized failure in the sandstone
during destruction, resulting in a relatively insignificant overall
expansion of the specimen. Therefore, at lower confining pressures

(σ3 = 5 MPa), the contraction of the specimen is dominated
by the fissure angle, while the expansion is dominated by the
fissure position.
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FIGURE 8
Internal wear diagram of composite rock specimens with fissure in the limestone (α = 45°).

TABLE 6 The failure characteristics of composite rock specimens with different fissured angles and positions (σ3 = 5 MPa).

Fissure position Fissure angle (°)

0 30 45 60 90

Limestone

①More tension and less
shear failure

①More tension and less
shear failure

①Tensile failure ①More tension and less
shear failure

①Tensile-shear mixed
failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure ②Overall failure

Interface

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure ②Overall failure

Sandstone

①Shear failure ①Shear failure ①Less tension and more
shear failure

①Less tension and more
shear failure

①Shear failure

②Local failure ②Local failure ②Local failure ②Local failure ②Local failure

TABLE 7 The failure characteristics of composite rock specimens under different confining pressures and fissure positions (α = 45°).

Fissure position Confining pressure (MPa)

0 5 10 15

Intact
①Tensile failure ①Tensile-shear mixed failure ①Less tension and more shear failure ①Shear failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure

Limestone
①Tensile failure ①Tensile failure ①Less tension and more shear failure ①Less tension and more shear failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure

Interface
①Tensile failure ①Tensile-shear mixed failure ①Less tension and more shear failure ①Shear failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure

Sandstone
①Tensile failure ①Less tension and more shear failure ①Less tension and more shear failure ①Shear failure

②Overall failure ②Local failure ②Overall failure ②Overall failure
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FIGURE 9
Stress-strain curve of rock specimens with different fissured angles and positions. (σ3 = 5 MPa). (A) Fissure is in limestone, (B) Fissure is at the contact
interface, (C) Fissure is in sandstone.

FIGURE 10
Stress-strain curve of rock specimens with different confining pressures and fissure positions (α = 45°). (A) Intact specimen, (B) Fissure is in limestone,
(C) Fissure is at the contact interface, (D) Fissure is in sandstone.
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FIGURE 11
Crack damage threshold behavior of rock specimens under different fissure angles and positions (σ3 = 5 MPa). (A) Crack damage threshold, (B) Ratios
of σcd to peak strength σc.

The full stress-strain curves of various specimens under different
confining pressure levels and fissure positions are illustrated in
Figure 10. Under uniaxial compression conditions, each specimen
exhibits a prolonged compaction stage, sharp peaks appear at the
peak stress, followed by a rapid decline after the peak. When the
confining pressure is 5 and 10 MPa, the composite rock specimen
with a fissure in the limestone part exhibits a stress drop during
the loading process, accompanied by a sudden increase in lateral
strain, indicating the initiation of macroscopic cracks. The stress-
strain curves of the other two types of fissure specimens show
similar behavior at this point, with the deformation characteristics
of the specimen dominated by the fissure position. As the confining
pressure increases to 15 MPa, the compaction stage disappears
gradually. The elastic stage and yield stage before the peak becomes
significantly extended, and both peak stress and peak strain increase
accordingly. This is because, before axial compression, the micro-
pores and micro-cracks inside the specimen have been compacted
and closed by the confining pressure. After the elastic stage, the
macroscopic cracks generated are constrained by the confining
pressure and their crack fractured surface interlock and frictionwith
each other. This results in a slow increase in axial bearing capacity,
leading to the formation of a plastic flow state characterized by strain
hardening during the yield stage. This significantly enhances the
strength and ductility of the specimen. At this point, the influence
of the fissure position on themechanical deformation characteristics
of the rock specimen diminishes, gradually being dominated by the
confining pressure.

Under uniaxial compression conditions, the maximum values
of volumetric contraction for all specimens are relatively small and
similar. With the increase in confining pressure, the maximum
values of volumetric contraction for most specimens become closer,
showing an overall trend of slow growth at high confining pressures.
In terms of volumetric expansion, regardless of the magnitude of
the confining pressure, the degree of volumetric expansion in the
composite rock specimens with a fissure in the sandstone portion
is the smallest. Even after complete failure under high confining
pressure, the overall volume remains contracted. The reason is that
when the fissure is in the sandstone, the damage to the limestone
part is minimal, resulting in the smallest overall expansion of the

specimen. Therefore, the volumetric contraction of the specimen
is dominated by confining pressure, while volumetric expansion is
dominated by the fissure position.

3.4 Variations in the mechanical properties
of composite specimens

3.4.1 Crack damage threshold behavior
The crack damage threshold (σcd) is crucial in the rock

failure process, representing the axial stress corresponding to
the volumetric strain peak (Lee and Rathnaweera, 2016). Before
reaching σcd, the volumetric strain caries in the same direction
as the axial stress, therefore the specimen is characterized as in a
compaction stage, indicating that the specimen is in the compression
stage, and the cracks are steadily expanding. Once the axial stress
exceeds σcd, the volumetric strain decreases continuously, indicating
that the specimen enters the dilation stage.At this point, cracks begin
to connect, intersect, and penetrate, evolving into a macroscopic
fracture surface. The crack extension enters an unstable stage, and
irreversible damage occurs in the specimen (Huang et al., 2016).
The relative damage threshold (σcd/σc) serves as a reliable indicator
for predicting specimen failure (Wu et al., 2018). A smaller value
implies earlier dilation and more unstable crack propagation.

Figure 11 illustrates the variations of crack damage threshold
(σcd) and relative damage threshold (σcd/σc) of rock specimens with
different fissure angles and positions. As shown in Figure 11A, the
damage stress (σcd) of the composite rock specimens with fissure
at the contact interface and in the sandstone increases significantly
with the fissure angle, by 187.11% and 112.62%, respectively.
However, when the fissure angle α < 45° and the crack is in the
limestone, the damage stress (σcd) of the composite rock samples
shows a negative correlation with the crack angle. Combining the
analysis of the failure modes of the specimens in Figure 5A, it can
be explained that when α = 0°–45°, the proportion of tensile cracks
in the FL series specimens gradually increases and becomes purer.
The generation of tensile cracks not only significantly reduces the
strength of the specimens but also increases lateral deformation,
causing an overall increase in specimen volume. In Figure 11B, it
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FIGURE 12
Crack damage threshold behavior of rock specimens under different confining pressures and fissure positions (α = 45°). (A) Crack damage threshold,
(B) Ratios of σcd to peak strength σc.

can be observed that the relative damage threshold of the FS series
specimens remains consistently the highest and exhibits the most
gradual trend, indicating that the crack propagation is most stable
when the fissure is in the sandstone. When α = 90°, the relative
damage threshold of all specimens is almost the same, indicating the
lowest level of damage caused by the fissure at this angle.

Figure 12 displays the crack damage threshold (σcd) and the
relative damage threshold (σcd/σc) of rock specimens under different
fissure positions and confining pressures. In Figure 12A, it is evident
that σcd for each specimen increases with the rise in confining
pressure. As the confining pressure increases from 5 to 15 MPa,
the growth rates of σcd for the FS, FI, FL, and C series specimens
are 41.35%, 12.09%, 141.28%, and 39.79%, respectively, with FL
series showing the highest increment. When σ3 is 5 and 10 MPa,
the FL series specimens exhibit the lowest damage stress σcd. This
is attributed to the fissure in the limestone that is prone to the
early formation of macroscopic tensile cracks. However, under
the constraint of confining pressure, the crack surfaces fractured
interlock with each other, allowing the specimen to continue gaining
higher bearing capacity. This also explains why some FL specimens
exhibit stress drops during the loading process. Figure 12B, under
uniaxial compression, the relative damage thresholds of fissured
specimens show minimal variation, remaining between 0.36 and
0.43, significantly lower than that of intact specimens. Under
triaxial compression, with constant confining pressure, the relative
damage thresholds of the FS, FI, and FL series specimens decrease
sequentially. When the fissure position remains unchanged, the
relative damage threshold of the FL series increases with the rise in
confining pressure, while those of the FI and FS series specimens
remain stable. It is observed that during uniaxial compression, the
fissure has a severe weakening effect on the expansion strength of
specimens, and the unstable expansion of cracks occurs earliest, with
minimal influence fromchanges in fissure position.When the fissure
is in the sandstone, the expansion of cracks in the composite rock
specimens remains stable.

3.4.2 Peak stress behavior
The peak stress (σc) and relative peak stress (σc/σ i) of each

specimen under different fissure angles and positions are shown in

Figure 13.The relative peak stress indicates the ratio of peak strength
between specimens with fissures and intact specimens, reflecting the
degree of deterioration in rock with fissures, a smaller numerical
value corresponds to a greater degree of deterioration.

As depicted in Figure 13A, the peak stress of each specimen
increases with the rise in fissure angle and position, but the
growth trends vary. In the same rock layer, as the fissure angle
transitions from α = 0° to α = 90°, the stress increments for the
FS, FI, and FL series are 71.83%, 71.36%, and 55.09%, respectively.
Under the same fissure angle, the stress increments from the FS
series to the FL series are 17.10%, 9.44%, 6.02%, 15.17%, and
6.23%. It is evident that, under lower confining pressure (σ3 =
5 MPa), the strength of specimens is notably influenced by changes
in fissure angle. Figure 13B reveals that the degree of strength
deterioration in specimens is minimal when a fissure is present in
limestone; larger fissure angles correspond to less deterioration in
specimen strength.

The peak stress (σc) and relative peak stress (σc/σ i) of each
specimen under different confining pressures and fissure positions
are illustrated in Figure 14. As depicted in Figure 14A, with
a constant fissure position, the strengths of FS, FI, FL, and
C series specimens all significantly increase with the rise in
confining pressure (σ3 = 5–15 MPa), with increments of 39.28%,
46.32%, 62.31%, and 48.88%, respectively. With constant confining
pressure, specimens with a fissure in limestone exhibit the highest
strength, while those in sandstone show the lowest, with the
maximum difference at σ3 = 15 MPa being 31.83%. This implies
that when a fissure is in limestone, specimens can attain higher
bearing capacity under the restriction of confining pressure.
Consequently, it is evident that the influence of fissure position on
the strength of composite rock specimens gradually increases with
the augmentation of confining pressure. As indicated in Figure 14B,
compared to changes in confining pressure, the degradation of rock
is primarily affected by fissure position, with the least deterioration
observed when a fissure is in limestone.

3.4.3 Elastic modulus
Figure 15A presents the relationship between the elastic

modulus and the fissure angle for the three series of specimens.
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FIGURE 13
Peak stress behavior of rock specimens under different fissure angles and positions (σ3 = 5 MPa). (A) peak stress, (B) ratios of σc to σI.

FIGURE 14
Peak stress behavior of rock specimens under different confining pressures and fissure positions (α = 45°). (A) peak stress, (B) ratios of σc to σI.

FIGURE 15
Peak stress behavior of rock specimens under different confining pressures and fissure positions (α = 45°). (A) Under different fissure angles and
positions, (B) Under different confining pressures and fissure positions.

The elastic modulus increases with an increasing fissure angle, but
the growth trends differ. Within the fissure angle range of 0°–90°,
the FL specimens exhibit the smallest increase in elastic modulus
(13.43%), while the FI specimens show the largest increase (33.31%).

Keeping the fissure angle constant, except for α = 0°, the variation
in elastic modulus with fissure position follows a similar pattern
to the changes in peak stress. It is worth noting that the FI-0-5
specimen deviated from the expected results due to difficulties

Frontiers in Materials 15 frontiersin.org

https://doi.org/10.3389/fmats.2023.1352243
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Xiao et al. 10.3389/fmats.2023.1352243

in precisely positioning the fissure in the interface, caused by
mold errors.

Figure 15B illustrates the variations in elastic modulus
for four series specimens under different confining pressures.
The experimental results indicate that, with a constant fissure
position, the elastic modulus of the rock specimens significantly
increases with the application of confining pressure, exhibiting
an average increment of 52.43%. However, as the confining
pressure increases from 5 to 15 MPa, the rate of elastic modulus
growth slows down, with an average increment of 16.92%.
Under fixed confining pressure, the elastic modulus of the rock
specimens increases sequentially from limestone, through the
contact zone, to sandstone as the crack position changes. This
increasing trend becomes more pronounced with higher confining
pressures.

4 Conclusion

Unlike previous studies, a series of triaxial compression
tests on limestone-sandstone composite rock-like material
containing a single fissure in this paper. The experimental
results comprehensively evaluate the influence of the positions
and inclination angles (relative to the horizontal) of a pre-
existing fissure on the mechanical properties, crack evolution
behavior, and failure mode under different confining pressures.
The main conclusions in this study can be drawn as
follows.

(1) Limestone exhibits the highest strength, while sandstone
experiences the most deformation and is susceptible to
early macroscopic cracking. The intact composite rock falls
between sandstone and limestone in terms of mechanical
deformation, with its strength controlled by the sandstone
portion and overall deformation constrained by the
limestone portion.

(2) At α = 0°, tension cracks develop in the middle of the
fissure; at α = 90°, tension cracks are less likely. Other
angles result in crack initiation at the fissure tip, with
the fissure angle determining the initiation mode of
initial cracks. Under low confining pressure, the fissure in
limestone leads to tension cracks, causing overall failure.
Conversely, the fissure in sandstone primarily produces
shear cracks, causing localized failure. With increased
confining pressure, the failure mode shifts from tension
to shear, and the extent of damage transitions to overall
failure, the factor influencing the failure mode becomes the
confining pressure.

(3) Increasing the fissure angle and confining pressure prolong
the linear elastic stage and enhance ductility in the composite
rock. In terms of volumetric strain, Volume shrinkage is
influenced by both fissure angle and confining pressure, while
volume expansion is affected by fissure position. Higher fissure
angle and confining pressure increase volume shrinkage, and
when the fissure is in the sandstone, volume expansion is
consistently minimal.

(4) Crack damage threshold serves as a crucial indicator for
preventing rock mass failure. Under uniaxial compression,
the crack propagation in the composite rock is the most
unstable, leading to the earliest occurrence of failure. In triaxial
compression with constant confining pressure, higher fissure
angles lead to more stable crack propagation. With a constant
fissure position, increasing confining pressure stabilizes crack
propagation when the fissure is in the limestone. When the
fissure is in the sandstone, crack propagation in the composite
rock remains most stable. Additionally, peak strength and
elastic modulus increase with higher fissure angles, greater
confining pressure, and changes in fissure position from
sandstone to the contact interface and limestone. As opposed
to the fissure position and confining pressure, the crack
degradation in composite rock is primarily influenced by the
fissure angle.
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