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Abstract

Under the influence of engineering disturbances, the loading rate of surrounding rock is in
a state of continuous adjustment. This study conducts experimental investigations on the
mechanical response characteristics under different strain rates (10−5 s−1, 10−4 s−1, and
10−3 s−1). During the uniaxial loading process of coal–rock composite specimens, multi-
parameter monitoring was implemented, and a systematic study was carried out on the ring-
down count induced by microcracks, the energy values of acoustic emission (AE) events, the
stage-dependent strain characteristics on the specimen surface, and the surface temperature
variation characteristics. Additionally, the stress–strain curve characteristics under different
strain rates were comparatively analyzed in stages. The loading process of the coal–rock
composite specimens was reproduced using the Particle Flow Code (PFC3D 6.0) simulation
software. The simulation results indicate that the stress–strain results obtained from
the simulation are in good agreement with the laboratory test results; based on these
simulation results, the energy accumulation and dissipation characteristics of the coal–rock
composite specimens under the influence of strain rate were revealed. Furthermore, a
microscopic damage model considering strain rate was constructed based on the Weibull
probability statistics theory. The results show that strain rate has a significant impact on
the strength, elastic modulus, and failure mode of the coal–rock composite specimens.
At low strain rates, the specimens exhibit obvious progressive failure characteristics and
strain localization phenomena, while at higher strain rates, they show brittle sudden failure
characteristics. Meanwhile, the thermal imaging results reveal that at high strain rates, the
overall temperature rise in the composite specimens is rapid, whereas at low strain rates,
the overall temperature rise is slow—but the temperature rise in the coal portion is faster
than that in the rock portion. The peak temperature at high strain rates is approximately
2 ◦C higher than that at low strain rates. The PFC simulation results demonstrate that the
larger the strain rate, the faster the growth rate of plastic energy in the post-peak stage and
the faster the release rate of elastic energy.

Keywords: strain rate; coal–rock composite; mechanical properties; energy behavior;
particle flow simulation; microscopic damage constitutive model
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1. Introduction
The exploitation of coal resources is governed by multiple factors, including policy

frameworks, economic conditions, and production-related geological settings. Coal–rock
composites are often in a complex stress environment, which is very important to the
stability of the overlying rock structure of the roadway [1,2]. In the actual mining pro-
cess, different engineering disturbances (such as mining rate, unloading speed, blasting
frequency) will lead to significant differences in the response of coal and rock mass at
different strain rates. This change will lead to changes in the loading rate of the coal pillar
and its roof and floor composition system [3]. Therefore, it is of great significance to study
the mechanical response and deformation characteristics of coal–rock combination under
different strain rates to prevent and control the catastrophic instability of coal pillars. Hence,
investigating the mechanical behavior and deformation features of coal–rock interfaces
under varying strain rates is crucial for mitigating and managing the sudden instability of
coal pillars.

To date, scholars at home and abroad have investigated the macroscopic failure
characteristics and physical-mechanical properties of rock specimens under varying strain
rates. Dai et al. [4] examined the energy evolution characteristics of rock specimens
containing multiple fractures under different dynamic loading strain rates. Zhang et al. [5]
fabricated hard rock-like specimens and probed into their acoustic emission characteristics
under diverse strain rates. Luo et al. [6] conducted research on rock specimens with
complex fracture angles, focusing on the loading rate effect on their macroscopic mechanical
properties (e.g., tensile and compressive strengths). Li et al. [7] investigated the loading rate
effect on mudstone creep and concluded that the pre-creep loading rate exerts a significant
influence on creep outcomes. Zhu et al. [8] believes that the peak stress and secant modulus
of coal have a strong strain rate effect. Chen et al. [9] showed through uniaxial compression
tests that the peak stress of dry coal–rock composites increases linearly with the loading
rate, whereas this increasing trend weakens by 68.8% under saturated conditions. Zhang
et al. [10] found that coal seam drilling at high strain rate can significantly weaken the
burst tendency of coal. Zhang et al. [11] believed that the damage degree of coal measure
mudstone is obvious under high strain rate, and the fracture morphology has obvious
strain rate effect. Verstrynge et al. [12] revealed through studies on iron-bearing sandstone
that a higher water content reduces the sensitivity of the elastic modulus to the loading
rate. The above-mentioned scholars have investigated the strain rate effect of various rock
samples and complex specimens containing multiple fractures; however, studies focusing
on the physical and mechanical behavior of soft–hard composite rock specimens are still
relatively scarce.

Both domestic and international studies have examined the macro–micro evolutionary
behavior related to specimen size using diverse analytical approaches. Yang et al. [13]
examined the mechanical properties of stable silt via digital image correlation (DIC) tech-
nology. Cao et al. [14] captured temperature anomalies in damaged regions using thermal
imaging techniques, providing a novel pathway for the early warning of instability. Tal
et al. [15] optimized the identification formulation for shear strain-induced cracks using
digital image correlation (DIC) via a novel algorithm. Zhang et al. [16] validated via PFC3D
that the strain energy rate correlates with the loading rate of granite. Different loading rates
not only alter the stress–strain response of the material, but also significantly influence the
energy input rate, energy conversion ratio, and the final fracture mode. Jiang et al. [17]
investigated the energy characteristics of specimens under the influence of loading rates
using the FLAC numerical simulation software. Sun et al. [18] found that the rate is related
to the energy storage limit through the acoustic emission response characteristics of the rock
filling combination. Liu et al. [19] investigated the evolution of wave velocity and acoustic
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emission (AE) responses of metamorphic sandstone under loading–unloading conditions.
Lei et al. [20] elucidated the crack propagation law of granite during triaxial shear tests
via acoustic emission (AE) monitoring. Deng et al. [21] investigated the fracture surface
morphological characteristics of sandstone under different loading rates via scanning elec-
tron microscopy (SEM). Zhang et al. [22,23] calibrated the macroscopic and mesoscopic
shear parameters of geotechnical granular materials using the particle flow model and
proposed the value ranges for the mesoscopic parameters. Vishal et al. [24] found that gas
further amplifies the effect of the loading rate on energy dissipation. Chen [25] used PFC
simulations to reveal that the loading rate modulates energy transfer by altering the rate of
particle bond breakage.

The Weibull model [26] can authentically reproduce the full process of materials
from elastic deformation to gradual damage and eventual macroscopic failure while also
effectively describing the damage propagation laws under the combined effects of the
stress path and multi-field coupling. Zhi et al. [27] developed a high-temperature loess
damage model based on the Weibull distribution, which enables effective prediction of the
damage deformation of loess under shear loading. Wang et al. [28], based on the Weibull
model, studied the damage characteristics of stabilized crushed stone. It was concluded
that the damage factor has an inverse growth trend with the distribution parameters. Zhang
et al. [29] extended the model to coal–rock composites, confirming its ability to capture
rate-dependent damage evolution.

In summary, the existing research has revealed the influence of the loading rate of
single soft rock and single hard rock, but there are few studies on the strain rate effect
of hard rock and soft rock composite samples. In addition, the existing micro-damage
model fails to consider the influence of strain rate, and there is also a lack of research on the
energy transfer characteristics of hard rock and soft rock composite with large difference
in compressive strength. In addition, there are few studies on the energy dissipation
characteristics of soft and hard rock composite during loading based on thermal imagery.
Therefore, this paper analyzes the stage characteristics of stress–strain under the influence of
strain rate. At the same time, DIC surface strain monitoring, acoustic emission and thermal
imaging are used to quantify the strain rate effect of coal–rock combination, and the micro-
damage constitutive model is further improved based on the strain rate effect. Therefore,
this paper systematically studies the acoustic emission energy evolution, infrared thermal
imaging heat transfer law, strain field, stress field and energy field changes accompanied
by the initial local stress concentration of coal pillar bearing structure to the accelerated
expansion of cracks and finally to the instability of bearing structure, and introduces strain
rate factor on the basis of micro-damage model.

2. Experimental Setup and Methodology
2.1. Specimen Fabrication

The specimens for this test were taken from the 6303 fully mechanized caving face
of Changping Mine in Jincheng City, Shanxi Province. Both the immediate roof and floor
of the 6303 working face are sandstone. The retrieved samples were cut into the required
sizes using a cutting machine as per the experimental plan, and their P-wave velocities
were measured. Specimens with similar P-wave velocities were selected for the study. A
total of 9 sandstone–coal–sandstone composite specimens were fabricated, as shown in
Figure 1. The processed sandstone and coal samples had dimensions of φ50 mm × 30 mm
and φ50 mm × 40 mm, respectively. The parallelism error between the upper and lower
end faces was maintained below 0.05 mm, and the diameter variation was limited to within
0.3 mm. Due to the long-term high-temperature and high-pressure conditions during the
formation of coal, it is found that the coal seam and the immediate roof are not simply
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unbonded free modes during mining or tunneling along the roof roadway. Therefore,
the popular PVA white emulsion with moderate viscosity is selected as the adhesive in
the experiment. The contact surface is cleaned before bonding, and the adhesive layer
is controlled by scraping and pressing. After curing for 24 h at room temperature, the
test is carried out. The prepared samples are bonded in the order of sandstone–coal–
sandstone, and the bonding thickness between the contact surfaces is required to be less
than 0.5 mm. In order to eliminate the influence of water content and ensure the accuracy
of the measurement results, the bonded samples were placed in an oven at a constant
temperature of 60 ◦C to dry to constant weight. After drying, the samples were sealed and
cooled and the test was completed within 24 h.

 

Figure 1. Composite specimens.

2.2. Experimental Apparatus

This test and monitoring system consists of an axial servo loading system, a data
acquisition system, acoustic emission, DIC, and thermal imaging monitoring systems,
as shown in Figure 2. To guarantee accurate axial loading and stable strain-rate control
throughout both pre-peak and post-peak stages, uniaxial compression tests were performed
using an LDHJ-III high-temperature triaxial creep testing system developed by the research
team. The experiments were carried out under the control of an axial servo loading system
integrated with a data acquisition and PC-based control platform. In this experiment, the
SWAE4 acoustic emission monitoring system was used to arrange two SR105 M acoustic
emission sensors to compare and collect the acoustic emission signals during the loading
process of the sample. In this study, the acoustic emission event location analysis was not
carried out. The specific arrangement of the sensor is shown in Figure 3. The acoustic
emission sensor is installed on the side wall surface of the sample. The sensor body is a
common cylindrical structure with a diameter of about 22 mm and a height of about 20 mm.
The sensor is tightly bonded to the side surface of the sample through the coupling agent to
enhance the transmission efficiency of the acoustic emission signal between the sample and
the sensor and ensure the stability and reliability of the signal acquisition. To filter out the
noise interference from external instruments and the equipment itself, and to improve the
effectiveness of the recorded signals, the acoustic emission system employed a 40 dB trigger
threshold and a 10 MHz sampling rate, with signal amplification achieved through a 40 dB
preamplifier to improve the signal-to-noise ratio. In addition, DIC was also used to conduct
real-time monitoring and analysis of the strain field on the surface of the specimens. The
DIC system collects deformation images in real time with a high-definition camera, and the
strain field is calculated by monitoring the displacement change in the speckles. Compared
with traditional extensometers and strain gauges, it has a wider monitoring area and higher
monitoring accuracy, and it can identify the precursors of specimen failure from the strain
field cloud map.
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Figure 2. Uniaxial compression testing system.

Figure 3. Schematic of acoustic emission sensor layout.

2.3. Experimental Procedure

Before conducting the test, the surface of the sample should be wiped in advance, and
a thin layer of matte white paint should be sprayed on the front. After the white paint
dried, matte black paint particles were evenly spread over the white paint surface. The
camera was positioned directly facing the speckle-sprayed area to collect the deformation
images in real time. Nine specimens were evenly divided into three groups. In order to
ensure the accuracy of the test data during the experiment, the problem that the test strain
value is too large due to the fact that the press head is not in close contact with the test
piece is excluded. Therefore, the press is first loaded to 0.1 Mpa by stress control (the press
head is pre-contacted with the test piece), and then the press data is cleared and the data is
collected. Then, displacement control was used to apply a load to each group of samples
until the residual stage. The strain rates for the three groups of samples were 10−5 s−1,
10−4 s−1, and 10−3 s−1.

3. Experimental Results and Analysis
3.1. Full Stress–Strain Curves and Physicomechanical Properties of Loaded Coal Specimens

The complete axial stress–strain curves obtained from uniaxial tests at strain rates
of 10−5 s−1, 10−4 s−1, and 10−3 s−1 were analyzed, and representative specimens were
selected to illustrate the stress–strain responses of the coal–rock composite (Figure 4). The
deformation and failure evolution of the sandstone–coal–sandstone composite was thus
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characterized, and its mechanical response during loading was divided into four typical
stages based on observed deformation and fracture features.

Figure 4. Comparison of stress–strain curves at different strain rates.

(1) The original crack compaction stage (0A segment): In this stage, the internal defects
such as the original micro-pores and fractures and the macroscopic contact surfaces of
different rock types in the composite are compacted and closed. As the strain rate increases,
the interfaces as well as internal pores and microcracks within the composite undergo
accelerated closure, leading to a reduction in specimen volume and causing the material to
transition into the elastic response stage at an earlier loading stage. The stress value at the
starting point A of the elastic stage at a strain rate of 10−3 s−1 is significantly higher than
that at the other strain rates. However, the early 0A segment at the three strain rates is not
affected by the strain rate and shows a typical nonlinear concave shape.

(2) With increasing axial strain, the axial stress of the composite rises in an approxi-
mately linear manner. In this stage, the stress–strain response of the composite is compara-
ble to that of intact rock specimens, exhibiting a near-linear trend. Nevertheless, the elastic
modulus shows a pronounced dependence on strain rate. At a strain rate of 10−3 s−1, the
elastic modulus reaches 0.94 GPa, which is markedly higher than the values of 0.82 GPa and
0.76 GPa obtained at 10−4 s−1 and 10−5 s−1, respectively. Notably, the modulus at 10−3 s−1

is approximately 1.24 times that at 10−5 s−1, demonstrating a strong strain-rate sensitivity
of the elastic modulus for the coal–rock composite. Thus, the faster the strain rate, the
less developed the internal fractures in the sample, the stronger the sample’s resistance
to deformation, and the greater the elastic modulus. This is highly consistent with the
damage evolution law assumed by the damage constitutive model in the following article.
At the same time, the strain rate has a significant mechanical response to the coal–rock
combination. At a higher strain rate, the elastic modulus of the material is significantly
improved. This is consistent with the strain rate effect hypothesis in the following model,
which further verifies the assumption that the micro-fracture propagation is limited under
high strain rate conditions.

(3) During the elastoplastic stage (Segment BC), the full stress–strain curve resembles
that of a single-lithology specimen, transitioning from linearity to nonlinearity. The axial
stress exhibits a decelerated growth rate with increasing displacement. Under the action of
external loads, local stress concentrations form around the natural defects in the composite,
generating new fractures, while the original fractures steadily expand. Point B can be
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regarded as the starting point of radial expansion. As can be seen in Figure 4, with
the increase in the strain rate, the corresponding stress value at the expansion point also
gradually increases. At the same time, due to the rapid derivation and expansion of new and
old fractures, the load-bearing capacity of the combined specimen all showed a temporary
decline. In the BC segment, the stress–strain curves corresponding to different strain
rates exhibit a brief stress reduction. During this phase, the overall stress–strain response
displays a pronounced concave profile, indicating a gradual transition of the specimen
from linear elasticity toward elastic–plastic or fully plastic behavior. As external loading
continues, stress concentration develops at crack tips within the composite, promoting the
rapid initiation and propagation of numerous microcracks. The coal part of the composite
has a relatively weak bearing capacity, with obvious cracks on the surface. The radial
expansion of the composite sample is obvious, and the volume strain rate increases. This
phenomenon is a common feature of the sandstone–coal–sandstone composite samples. In
addition, with the increase in the strain rate, the peak strength at point C also gradually
increases. The peak strength of the sample at a strain rate of 10−3 s−1 is 9.95 MPa, while
those at strain rates of 10−4 s−1 and 10−5 s−1 are 7.93 and 6.62 MPa, respectively. This is
mainly because there are large numbers of original fractures and structural planes in the
coal body. The lower the strain rate, the longer the time required for the composite sample
to reach the predetermined strength value, the more fully developed the original fractures,
and the more secondary fracture structural planes will be derived, resulting in a decrease
in the bearing capacity.

(4) Post-failure stage (segment CD): Once the stress state surpasses the peak strength
at point C, the load-carrying capacity of the composite declines sharply as axial strain
continues to increase. During this stage, internal cracks interact, coalesce, and ultimately
connect through the specimen, leading to the formation of a continuous macroscopic
fracture plane. The coal body with a relatively weak bearing capacity slides along the
macroscopic fractures. After point D, the rate of decrease in axial stress significantly slows
down, but the composite body sample still has a certain bearing capacity. Point D can be
regarded as the starting point of the residual stage. Additionally, the strain rate effect is not
significant in the CD section after fracture.

3.2. Evolution of Surface Strain Fields at Different Strain Rates

DIC is a technology that can measure displacement and strain fields through optical
means without physical contact. Its core principle is to extract the displacement and
deformation information on the object’s surface by analyzing the gray-scale matching
of images before and after loading. This technology usually relies on changes in image
gray-scale values to track and calculate the pixel displacement within the region of interest
(ROI). A reference subset is constructed within the ROI, and then a matching subset is
searched for in the deformed image. The gray-scale correlation is evaluated to determine
the displacement vector. Compared with traditional strain gauge technology, the DIC
method is easy to operate, has good continuity in measurement results, and has high
precision. It is particularly suitable for visualization analyses of crack propagation and
mesoscopic damage evolution processes. In two-dimensional DIC applications, only one
high-resolution camera is needed to capture images of the specimen’s surface. The setting
values of DIC-related parameters are shown in Table 1.
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Table 1. DIC-related parameters set value.

Parameter Numerical Value

Limit matching threshold 5

Projection threshold 5

Measure the temperature 25

Sampling frequency (ms) 100

Trigger mode Hard trigger

ROI (mm) φ48 × h98

Figure 5 shows evolution cloud diagrams of axial and radial strains at three strain
rates; the ROI range of the reference area is φ48 mm × h98 mm. The distance between
the reference area and the upper, lower, left, and right boundaries of the actual sample is
1 mm. The ratio of the reference area to the actual sample is 1:1. The black arrows and
the light-colored arrows, respectively, represent the radial strain direction and the axial
strain direction. Different colors in the cloud diagrams correspond to different strain values
in the respective scales, and the wavy lines in the scales represent the area occupied by
each strain value in the cloud diagrams. Examination of the strain cloud maps indicates
a pronounced strain-rate dependence in the coal–rock composite. Under high strain-rate
loading, localized high-strain zones are strongly concentrated, accompanied by abrupt
changes in strain orientation, suggesting unstable failure driven by the rapid propagation
of cracks. Conversely, at lower strain rates, the strain field exhibits smoother directional
transitions and clearer signs of progressive damage development. The arrows represent
the principal displacement (or stress/strain increment) directions. Before peak stress, the
vectors are relatively uniformly distributed and align with the loading direction, indicating
stable deformation. As the stress approaches and exceeds the peak, the vectors gradually
rotate and concentrate around the macroscopic fracture zone, reflecting strain localization
and crack propagation. Moreover, increasing the strain rate enhances the brittleness of the
composite, which is reflected by reduced axial and radial strains at peak stress, together
with elevated axial and radial strain rates. The failure process changes from gradual
expansion and slow energy release in the coal to sudden and unstable failure in the coal–
rock system. At a high strain rate of 10−3 s−1, the strain rate and strain values before the
peak are relatively small; this is mainly because the strain rate is fast, internal cracks do not
have enough time to fully expand, and plastic flow and expansion do not occur sufficiently.

At a strain rate of 10−5 s−1, the relatively slow loading allows ample time for the clo-
sure of microcracks and micropores within the coal, as well as for the initiation and gradual
growth of secondary fractures, resulting in a slow and sustained release of energy. Under
these conditions, the coal component exhibits a pronounced and continuous dilatational
response. Moreover, the strain corresponding to the peak stress of the coal–rock composite
decreases as the strain rate increases, indicating a clear negative correlation between peak
strain and loading rate.
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(a) 

(b) 

(c) 

Figure 5. Evolution diagrams of axial and radial strains at different strain rates (the upper half
displays the radial strain contour map, while the lower half presents the axial strain contour map.):
(a) 10−5 s−1; (b) 10−4 s−1; (c) 10−3 s−1.
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Due to the significant difference in compressive strength between sandstone and coal
in the test, the cementation interface is more likely to become the weak part of the coal–rock
combination than the single lithology area. Combined with the DIC strain cloud diagram, it
can be seen that the initial cracks of the sample are mostly initiated near the coal-sandstone
cementation interface. Based on this, this paper takes the coal–sandstone contact line as the
center, selects the banded area of 5 mm above and below as the interface neighborhood ROI,
and statistically analyzes the strain evolution characteristics of this area under different
loading stages. The results show that under the condition of low strain rate, the strain
concentration in the vicinity of the interface gradually develops with the loading process,
and the strain difference on both sides of the interface continues to increase, reflecting the
gradual accumulation of debonding and shear slip behavior near the interface. Under the
condition of high strain rate, the strain of the interface neighborhood is rapidly localized in
the pre-peak stage, and the sudden enhancement occurs near the peak, indicating that the
interface failure process has more significant brittle characteristics.

3.3. Acoustic Emission (AE) Response Characteristics of Sandstone–Coal–Sandstone Composites

Figure 6 shows the distribution characteristics of the stress–energy–ringing count with
the loading time. In this study, the ringing count and energy are used to reflect the activity
of internal crack development at each moment. It can be clearly seen in the figure that the
accumulation process of the AE energy release and AE ringing count is closely related to
the growth trend of axial stress.

 
(a) (b) 

 
(c) 

Figure 6. Evolutionary characteristics of multi-parameters in acoustic emission: (a) 10−5 s−1;
(b) 10−4 s−1; (c) 10−3 s−1.
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Figure 6 shows that at high strain rates, acoustic emission events decrease but single
energy release increases, which is consistent with the experimental results. It shows that the
crack propagation speed is accelerated at high strain rates, resulting in more concentrated
damage and sudden failure process. According to the analysis of Figure 6, with the increase
in strain rate, the energy release form of AE changes from swarm type to solitary type, and
the impact energy of AE increases greatly at high strain rate, but the cumulative ringing
count of AE decreases obviously. The change in strain rate directly affects the evolution
mode of internal damage of coal–rock combination. Under lower loading rates, cracks are
able to propagate in a stable manner with sufficient time, allowing energy to be released
gradually. Correspondingly, both the acoustic emission energy and the ringing count
exhibit multiple stage-wise increases throughout the loading process. The internal cracks
have developed stably, and a large number of primary cracks have been activated and
secondary cracks have expanded. Acoustic emission events occurred in the early stage of
specimen deformation, and the final cumulative acoustic emission energy and number of
events also increased significantly, revealing the cumulative progressive process of internal
damage in the specimen. At high strain rate, the energy value at the peak point of the
sample is the largest, reaching 360 J, which is 1.28 times that of 10−5 s−1 strain rate. At the
same time, with the increase in strain rate, the energy at the peak point of the sample is
positively correlated. At high strain rate, the micro-cracks in the coal–rock combination
have not yet completed the expansion and penetration, and a few primary cracks in the coal–
rock combination expand rapidly. Consequently, as the strain rate increases, the acoustic
emission ringing count recorded during loading gradually declines, while acoustic emission
events become more spatially concentrated. In contrast, under low strain rate conditions,
both primary and secondary cracks are able to develop progressively, leading to a more
dispersed distribution of acoustic emission events and a higher overall ringing count.

3.4. Thermal Imaging Characteristics at Different Strain Rates

To investigate the spatiotemporal evolution of infrared radiation features during the
deformation and failure of coal–rock composites under different strain rates, the corre-
sponding infrared temperature fields are analyzed based on infrared thermal imaging data.
The setting values of the infrared thermal imager are shown in Table 2.

Table 2. Setting values for the infrared thermal imager parameters.

Parameter Numerical Value Parameter Numerical Value

Focus mode Auto focus Relative humidity 0.4

Distance measurement 0.8 m Transmittance 0.9

Room temperature 32.5 ◦C Emittance 1.0

Color palette Iron red

The infrared thermal imaging results shown in Figure 7 reveal that with the increase
in strain rate, the temperature of the sample rises faster, which is consistent with the
phenomenon that the energy release process is slow at low strain rate and the energy
release is violent and rapid at high strain rate. At a low strain rate (Figure 7a), the thermal
response shows a progressive evolution process. In the loading stage of 0.25σp, the surface
temperature distribution of the sample is uniform, and the overall color of the infrared
image is relatively dark. After loading to 0.5σp, a slight thermal accumulation occurs in the
middle coal body part and the sandstone near the loading end of the sample, indicating
that the energy is preferentially accumulated in the coal body part. When the applied load
reaches 0.75σp, a noticeable overall temperature increase is observed across the specimen,
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and the temperature distribution gradually becomes more uniform. Upon exceeding the
peak strength, the temperature within the coal region rises sharply, accompanied by the
rapid initiation, coalescence, and penetration of fractures in the coal, ultimately resulting
in the formation of prominent macroscopic cracks. The low-temperature areas of the
fractures aggregate into a relatively clear high-temperature zone. From the peak to the
0.75σp stage, the overall temperature of the sample decreases, indicating that the sample
failure is accompanied by a slow release of energy. After the final rupture, the thermal
image shows that the strain concentration area expands to both sides, and the main crack
can be observed to penetrate the coal–rock contact interface and traverse the sample in the
macroscopic morphology diagram.

 
(a) 

 
(b) 

 
(c) 

Figure 7. Phase thermal imaging diagram: (a) 10−5 s−1; (b) 10−4 s−1; (c) 10−3 s−1.

In Figure 7b, before the 0.75σp stage, the temperature rise pattern is similar to that in
Figure 7a. From the 0.75σp stage, a significant lag in temperature rise begins in the middle
coal body part of the sample. The main reason for this is that in the coal body part, the
weak structural surface cracks rapidly expand, and the external input energy dissipates
through the form of crack expansion, resulting in a significant temperature drop. As the
sample is loaded to the post-peak stage, its low-temperature area becomes significantly
larger, but its overall temperature is higher than that at the 10−5 s−1 strain rate.
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As illustrated in Figure 7c, a marked increase in strain rate leads to a substantially
larger temperature rise during the early loading stage compared with the subsequent stages,
while the specimen surface exhibits a relatively uniform temperature distribution. After
entering the 0.75σp stage, a local, bright, high-temperature area appears in the middle coal
body part, indicating that many micro-cracks are generated and tend to undergo unstable
expansion at this time. When reaching the peak strength σp, the local temperature reaches
the peak, and the yellow–orange alternating distribution area in the image is particularly
prominent, indicating that the internal energy of the sample is rapidly dissipated in the
form of heat.

The infrared thermal image analysis further shows that the temperature evolution
of the interface neighborhood has a good correspondence with the strain concentration
behavior. Under the condition of low strain rate, the temperature rise process of the
interface is relatively slow, but the temperature level at the interface at each loading stage
is higher than that of the high strain rate condition, indicating that the interface friction
energy dissipation and the gradual expansion process of micro-cracks are accompanied by
continuous heat release. In contrast, the interface thermal anomalies are more concentrated
and more sudden under high strain rate conditions, reflecting the rapid accumulation and
release of energy in a short time. The above results show that the loading rate not only
controls the overall failure mode of the coal–rock combination but also significantly affects
the failure evolution path and failure mechanism of the interface neighborhood.

The above analysis indicates that as the strain rate increases, the temperature rise in
the sample is significant. At the low strain rate, the temperature rise in the coal body part
of the coal–rock combination is faster, while at high strain rates, the specimen heats up
uniformly and rapidly as a whole. The peak temperature at high strain rates is nearly 2 ◦C
higher than that at low strain rates. The reason for this is that at low loading strain rates, the
heat generated during the loading process can be fully dissipated outward through infrared
radiation, air convection, and heat conduction, resulting in a limited overall temperature
rise in the specimen. However, at high strain rates, deformation occurs in a short period
of time, generating a large amount of heat instantaneously. With less heat dissipation
outward, the thermal energy is stored within the specimen, leading to a significant local
temperature rise.

4. The Energy Evolution Characteristics of Coal–Rock Composite at
Different Strain Rates
4.1. Numerical Model Construction and Mesoscopic Parameters

Based on the linear parallel bond framework, contact interactions were assigned
to represent the internal cracking behavior of the two lithological specimens. There are
significant material heterogeneity and abrupt changes in mechanical parameters in the
coal-sandstone combination. The interface region not only plays a connecting role in the
loading process but also may become a key part of stress redistribution and deformation
coordination. Due to the difference in elastic modulus and strength between coal and
sandstone, local strain concentration is easy to occur at the interface. In addition, the
adhesive layer, as a thin layer of polymer bonding medium, may occur micro-slip under
shear action. Therefore, the Linear model is selected to give the contact. According to the
relevant parameters of the complete rock-like specimens, a two-dimensional numerical
analysis model consistent with the test size was generated in the program. Figure 8 shows
a comparison between the numerical analysis model and the physical model of the fissure
body; the size of the numerical model is φ50 mm × h100 mm.
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(a) (b) 

Figure 8. Specimens of coal–rock composite body and PFC model: (a) PFC model; (b) sample of
coal–rock combination. In the PFC model, different colors indicate particles with different contact
force magnitudes.

In order to ensure that the PFC numerical model can reflect the macroscopic mechanical
response law of coal and sandstone materials, this paper uses the idea of “macroscopic
test index-mesoscopic parameter inversion” to calibrate the mesoscopic parameters of the
two lithological materials. The linear parallel bond (LPB) model is used to describe the
interaction between coal and sandstone particles, and the linear contact model is used
to describe the coal–sandstone interface. The mesoscopic parameter calibration is based
on the macroscopic index obtained by uniaxial compression test of single material. The
calibration process adopts the step-by-step trial and error method to reduce the uncertainty
caused by parameter coupling. Firstly, the geometric and inertial parameters such as
particle gradation (minimum particle size to particle size ratio) and density are fixed. On
this basis, the stiffness parameters are preferentially calibrated. By adjusting the particle
contact modulus and the parallel bond modulus and setting the normal/tangential stiffness
ratio kn/ks, the parallel bond strength control parameters (equivalently reflecting the bond
tensile/shear resistance) are further adjusted to make the peak strength σc consistent with
the test results. The compressive strength of sandstone is 14 MPa and the compressive
strength of coal is 5.5 MPa. Finally, the friction coefficient is adjusted to make the bearing
level of the initial section after the peak and the shear slip characteristics after the failure
closer to the experimental observation. Each round of adjustment only changes one type
of parameters, and the remaining parameters remain unchanged, and the relative error
of σc is used as the main evaluation index until the fitting requirements are met.

The overall particles of the generated specimens are constrained by the boundary wall.
The specific microscopic parameters corrected based on the trial-and-error method are
shown in Tables 3 and 4. When conducting numerical simulation tests of fissure bodies at
different strain rates, the mesoscopic mechanical parameters of the calibrated fissure body
numerical analysis model remain unchanged; that is, the same mesoscopic mechanical
parameters are used to conduct the numerical simulation tests of fissure bodies at different
strain rates.

This paper presents a comparison chart of the failure modes and stress–strain rela-
tionship curves of complete specimens and numerical analysis models at strain rates of
10−5 s−1, 10−4 s−1, and 10−3 s−1 (see Figure 9).
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Table 3. Material calibration parameter values of the PFC model in the coal sample section.

Parameter Magnitude Parameter Magnitude

Minimum particle size (mm) 0.3 Parallel shear modulus (GPa) 2.5

Particle diameter ratio 1.66 Parallel bond stiffness ratio (kn/ks) 1.8

Density (kg/m3) 1400 Parallel bonding radius factor 1.0

Particle contact modulus (GPa) 6.5 Friction coefficient 0.45

Normal stiffness/shear stiffness of
particle contact 1.5

Table 4. Calibration parameter values of PFC model materials for fine sandstone part.

Parameter Magnitude Parameter Magnitude

Minimum particle size (mm) 0.3 Parallel shear modulus (GPa) 5.2

Particle diameter ratio 1.7 Parallel bond stiffness ratio (kn/ks) 1.3

Density (kg/m3) 2800 Parallel bonding radius factor 1.2

Particle contact modulus (GPa) 15 Friction coefficient 0.8

Normal stiffness/shear stiffness of
particle contact 2.0

(a) (b) 

 
(c) 

Figure 9. Simulation results of stress–strain curve of coal–rock composite: (a) 10−5 s−1; (b) 10−4 s−1;
(c) 10−3 s−1.

Using the aforementioned PFC modeling approach and parameter configuration, nu-
merical simulations of the coal–rock composite were performed at three different strain
rates. The resulting stress–strain curves from the simulations were then compared with
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the experimental results presented in Section 3.1 to assess the validity and reliability of the
numerical model outputs. Through the analysis, the peak intensities of the three groups
of coal samples in the simulation are 9.90, 7.86, and 6.74 MPa. Compared with the test
data, the deviations of the peak intensity are 0.05%, 0.01%, and 0.02%, respectively. The
adopted model parameters are representative of the material behavior, and the numerical
simulation outcomes show strong consistency with the experimental observations. There-
fore, the model is suitable for further investigation of the mechanical damage evolution
of the coal–rock composite during loading and provides meaningful reference value for
engineering applications.

4.2. Energy Evolution Characteristics of Coal–Rock Complexes

Based on the PFC numerical simulations of coal–rock composite loading under dif-
ferent strain rate conditions, the corresponding energy evolution curves were extracted,
as illustrated in Figure 10. The energy release curve in Figure 10 shows that the plastic
energy release rate increases with the increase in strain rate, which is consistent with the
hypothesis that the higher strain rate inhibits the plastic expansion proposed in the damage
model. The figure shows that the total energy at strain rates of 0.001, 0.01, and 0.1 mm/s
are 90, 110, and 125 kJ, respectively. This means that with the increase in strain rate, the
total input energy increases, the peak strength of the curve is higher at high strain rate,
and the total input energy is larger. The main reason for this is that at high strain rates,
energy-consuming processes such as crack propagation and frictional sliding within the
coal–rock combination are suppressed, and the material exhibits a higher strength and
stiffness. A higher stress needs to be applied to achieve failure, and thus, the external force
has to do more work.

(a) (b) 

 
(c) 

Figure 10. Energy evolution characteristics of the combined body at different strain rates: (a) 10−5 s−1;
(b) 10−4 s−1; (c) 10−3 s−1.
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As the strain rate increases, the accumulation of elastic strain energy exhibits a pro-
nounced upward trend. It is shown that the elastic energy peaks at three strain rates are
45 kJ, 65 kJ and 78 kJ, respectively. The analysis results above show that as the strain rate
increases, the elastic modulus of the material increases, which means that, at the same
strain, more elastic energy can be stored. In addition, at high strain rates, the dissipation
mechanism is suppressed, plastic deformation and crack propagation are insufficient, and
a large amount of elastic energy accumulates before the peak strength of the specimen.
Following the peak stress, the stored elastic energy is quickly liberated and dissipated
through intense plastic deformation. Plastic energy is primarily consumed by irreversible
plastic flow, internal damage, frictional heating, and other processes, whereas damping
slip energy is dedicated to the propagation of cracks in the specimen. As illustrated in
Figure 10, higher strain rates correspond to a more rapid increase in plastic deformation
during the post-peak stage. And the faster the release rate of elastic energy indicates that
the material is more prone to brittle failure at high strain rates.

5. Research on Microscopic Damage Models of Coal–Rock Composites at
Different Strain Rates

Before the external load is applied, the coal–rock composite is composed of particles
with a heterogeneous composition, and it simultaneously contains multi-scale mineral
structures, initial fractures, and pores. At this point, the overall stability of the particles is
mainly maintained by bonding and frictional forces. Under applied loading, interparticle
motion occurs through shear slip along contact interfaces, leading to the progressive
development of localized damage. Research shows that the characteristic parameters
of these micro-element particles as a whole satisfy the two-parameter Weibull statistical
distribution law. Based on this statistical characteristic, a microscopic damage evolution
model applicable to coal–rock combinations was derived and established [27]:

f (α) =
m
α0

(
α

α0
)

m−1
exp

[
−(

α

α0
)

m
]

(1)

The formula: α represents the Weibull distribution variable when the micro-element
structure of the coal and rock mass is damaged, and m is the homogeneity coefficient, which
controls the inclination degree of damage initiation and the degree of pre-peak softening.
The larger the material is, the smaller the statistical discreteness of the material is, and
the more sudden the peak damage is. A smaller m value indicates greater discreteness,
earlier onset of damage, and more pronounced pre-peak nonlinearity. α0 represents the
Weibull distribution parameter value corresponding to the elastic density function of the
micro-element structure when the coal–rock mass is completely damaged. It reflects the
critical scale level at which the internal microstructure of the coal–rock composite begins
to undergo significant damage evolution in a statistical sense. Its magnitude indicates the
overall resistance capacity of the material to external loads. The larger α0 is, the higher
the average strength level of the micro-element is, and the damage initiation is postponed.
Macroscopically, this manifests as higher peak strength and more obvious elastic stage. The
smaller α0 is, the higher the initial defect or weak structural plane development degree
within the material is, and the micro-element is more prone to failure under smaller strains.
Damage evolution occurs earlier.

The damage variable can be defined as the ratio of the volume of the damaged part of
the coal–rock Vd composite to the total volume of the sample V.
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The damage variable is expressed as the fraction of the damaged volume Vd within
the coal–rock composite relative to the total specimen volume V, namely

D =
Vd
V

(2)

The effective stress of the undamaged, effective bearing part in the specimen can be
expressed as

σ′ =
σ

1 − D
(3)

In the formula, σ′ represents the effective bearing stress; σ is the overall stress of the
combined body.

As the strain increases, the micro-element gradually reaches its strength threshold and
fails. The damage variable D monotonically increases, and the corresponding macroscopic
stress–strain curve transitions from the elastic stage to the nonlinear damage stage. This
process is in good agreement with the elastic stage, plasticity stage, and post-peak softening
stage revealed by the stress–strain curve mentioned above.

Given that the coal–rock composite body still retains residual strength after failure,
a damage factor η is introduced to correct the effective stress. This can represent the
residual load-bearing effect provided by the macroscopic fracture surface friction and
shear slip mechanisms after the macroscopic fractures have extended and connected. The
introduction of this damage factor η can better describe the slow attenuation trend of the
stress after the peak, which is consistent with the non-sudden instability phenomenon
observed in the experiments after the peak. η can be expressed as

η =
√

1 − σr/σc (4)

The formula: σr represents the residual strength of the coal–rock combination, and σr is
the peak compressive strength of the combined body.

Then, the corrected effective stress is

σ′ =
σ

1 − ηD
=

σ

1 −
√

1 − σr/σcD
(5)

This study assumes that the internal micro-element structure of the combined body sat-
isfies the equivalent stress equation. Then, the damage constitutive model of the combined
body can be expressed as

σ = εE(1 − ηD) (6)

The formula E represents the elastic modulus of the combined body, and ε represents
the axial strain of the combined body.

After testing, if the damage variable D is a micro-element intensity distribution func-
tion, then the relationship between the micro-damage model and the damage variable D can
be expressed as

D =
∫ α

0
f (α)dα =

∫ α

0

m
α0

(
α

α0
)

m−1
exp

[
−(

α

α0
)

m
]

dα (7)

Substituting Equation (7) into Equation (6) gives

σ = εE
{

1 −
√

1 − σr

σc
+

√
1 − σr

σc
exp

[
−(

α

α0
)

m
]}

(8)

At this point, the loading time scale is introduced to reveal the changes in the strain
rate, and the strain rate

·
ε is incorporated into the damage evolution process. The strain rate
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directly controls the time conditions for the initiation, expansion, and interconnection of
microcracks. When the strain rate is low, the deformation process of the sample is relatively
slow, and microcracks can fully develop and steadily expand. Damage accumulates con-
tinuously in the pre-peak stage, and macroscopically, this is manifested as a lower peak
strength and relatively gentle post-peak softening characteristics. However, under higher
strain rate conditions, the loading time is significantly shortened. Before microcracks have
fully evolved, overall instability occurs, and the damage accumulation in the pre-peak
stage is inhibited. As a result, the apparent elastic modulus and peak strength increase, and
the failure process exhibits obvious brittle characteristics. Based on the material continuity
assumption of damage mechanics, the strength distribution of the microelements of the
composite is characterized by the ε distribution. To study the mechanical properties of the
coal–rock composite under different strain rates, the strain rate

·
ε is introduced.

ε =
·
εt (9)

By substituting Equation (9) into Equation (8), the stress–time relationship equation of
the microscopic damage of the coal–rock composite body is obtained as

σ =
·
εtE

{
1 −

√
1 − σr

σc
+

√
1 − σr

σc
exp

[
−(

Vt
lα0

)
m]}

(10)

Based on the test parameters, such as the average peak intensity at different strain
rates measured in the experiment, a linear fit was performed on Equation (10). The Weibull
distribution parameter α0 is 4.62, and m is 1.52; strain rate V and specimen height l were
determined according to the test plan. All parameters were substituted into the micro-
scopic damage model, and the theoretical and test stress–time comparison curves were
obtained (Figure 11).

Figure 11 shows that the theoretical stress–strain curves of the three groups of coal–
rock assemblages fitted using the damage mechanics model constructed based on the
Weibull probability distribution function are highly consistent with the experimental results
obtained in the pre-peak stage. It has been demonstrated that the improved micro-damage
model used in this study can accurately describe the deformation and failure process of the
coal–rock composite body under uniaxial compression. However, during the destructive
evolution process after the peak, there is a certain degree of deviation between the two; in
particular, the fitting effect of the theoretical curve on the post-peak softening behavior is
slightly insufficient. In the above constitutive model, the elastic modulus and peak strength
of the coal–rock combination increase with the increase in strain rate. At the same time, the
DIC results reveal that the strain field exhibits progressive localized development under low
strain rate conditions, while under high strain rate loading, the strain concentration area is
rapidly formed and triggers the overall instability. In addition, the acoustic emission results
show that the number of AE events is large and the distribution is relatively dispersed
during low strain rate loading, while the number of AE events decreases but the single-
release energy increases significantly under high strain rate conditions, which is consistent
with the model prediction that the damage tends to be more concentrated and more sudden
under high strain rate conditions.
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(a) (b) 

 
(c) 

Figure 11. Theoretical curves of damage constitutive equations under different strain rates: (a) 10−5 s−1;
(b) 10−4 s−1; (c) 10−3 s−1.

It should be noted that although the established statistical damage model can better
describe the mechanical response characteristics before and near the peak, there is still
a certain degree of fitting deviation in the post-peak stage. This is mainly because the
post-peak failure process involves significant discontinuous mechanical behaviors, such
as complex mechanisms such as shear slip and interfacial friction energy dissipation after
macro-fracture penetration. It is difficult to fully describe the statistical damage model in a
single continuous form. The related problems need to be further discussed in the follow-up
study by introducing discontinuous damage description or multi-scale coupling method.

6. Conclusions
(1) According to the deformation behavior and failure features of the composite

specimens subjected to external loading, the mechanical response can be divided into four
distinct stages. The stress–strain curves obtained at different strain rates were analyzed in
stages. It was observed that the elastic modulus, stress at the expansion point, and peak
strength values of the combined body specimens increased with the increase in the strain
rate. An increase in strain rate shortens the duration required for the specimens to attain
peak strength, whereas the influence of strain rate on the CD segment becomes negligible
after failure.

(2) At high strain rates, the strain direction changed suddenly, which manifested as
unstable failure with rapid crack expansion at high strain rates. However, at low strain rates,
the strain field direction changed more regularly, and the progressive failure characteristics
were obvious. Additionally, as the strain rate increased, the brittle characteristics of the
composite body intensified, and the strain at the peak stress point gradually decreased.
The axial and radial strain rates increased, and the destruction process changes from the
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progressive expansion of the coal body to a sudden and coordinated instability of the coal
and rock mass. At high strain rates, both the peak pre-strain rate and the strain value were
relatively small. At low strain rates, there is a shear slip behavior at the coal–rock interface,
while at high strain rates, the localization of the interface neighborhood is more obvious.

(3) The energy at the peak point of the sample was positively correlated with the
strain rate. Regarding the ringing count, as the strain rate increased, the ringing count
of the acoustic emission accompanying the loading process of the combination gradually
decreased, and the distribution of acoustic emission events became more concentrated.
However, at low strain rates, the primary and secondary fractures gradually expand, and
the acoustic emission events are distributed relatively sparsely, with a relatively high
frequency of acoustic emissions collected.

(4) As the strain rate increases, the specimen exhibits a more pronounced temperature
rise. Under low strain rate conditions, temperature elevation is primarily concentrated in
the coal portion of the coal–rock composite, whereas at higher strain rates, the specimen
undergoes rapid and more uniform heating across its entire surface. At peak stress, the
specimen tested at a loading rate of 0.1 mm/s shows a temperature approximately 2 ◦C
higher than that recorded at a strain rate of 10−5 s−1, in addition, there is a friction heating
phenomenon at the coal–rock interface at low strain rate, and the interface thermal anomaly
is more obvious at high strain rate.

(5) Using the PFC particle flow discrete element method, the uniaxial compression
tests of coal–rock composites at different strain rates were simulated, and the mesoscopic
parameters were calibrated according to the actual physical and mechanical properties. To
verify the accuracy of the simulation results, the complete stress–strain response curves
obtained from the simulation were compared with the laboratory test results. It was found
that the numerical simulation results were in high agreement with the test results. In
addition, after analyzing the energy curves at different strain rates, the results indicate that
increasing the strain rate leads to a corresponding rise in both the total input energy and
the plastic energy accumulated during the post-peak stage. At the same time, a higher
elastic energy release rate makes the material more susceptible to brittle failure.

(6) A damage mechanics model considering the strain rate was constructed based on
the Weibull probability distribution function, and the rationality of the damage mechanics
model was compared and verified based on the indoor test curve. The validation results
demonstrate that the theoretical predictions closely match the experimental curves, with
particularly strong agreement observed in the pre-peak portion of the stress–strain response.
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