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ABSTRACT: The instability of the primary coal and rock structure significantly impacts the safety of coal mining and construction.
The complex coal-rock interface cannot be simplified as a smooth surface. To investigate the dynamic response of primary composite
coal and rock (primary-CCR), we studied the impact of load, hydrostatic pressure, and interface type on the mechanical behavior
and macro/micro failure characteristics using a separate Hopkinson bar, a high-speed camera, and a scanning electron microscope.
The results indicate a linear relationship between the composite strength, impact toughness, and impact velocity of the two types of
composite coal and rock. The mechanical behavior of the primary-CCR initially increases and then decreases with the rise of
hydrostatic pressure (turning point: 10 MPa). There is a positive correlation between artificial combined coal-rock (artificial-CCR)
and hydrostatic pressure. The dissipative energy of combined coal and rock increases linearly with impact velocity. Initially, the
dissipative energy per unit fracture area increases with hydrostatic pressure, then decreases as pressure continues to rise. Additionally,
an increase in impact load causes the energy dissipation inflection point to shift forward. The primary interface significantly reduces
the energy threshold for instability failure, resulting in a transition from energy transfer to energy dissipation in rock components.
This transition manifests as the failure of artificial combined coal and rock cracks, which develop into rock fragments at an impact
velocity of 14 m/s. Furthermore, the change in section roughness of coal and rock correlates with the degree of macroscopic crack
growth, following the order: coal > primary-CCR > artificial-CCR > rock.

1. INTRODUCTION
As shallow coal resources in China become increasingly
depleted, coal mining is progressively shifting to deeper levels
at a rate of 10−25 m per year.1 This transition has led to deep
mining becoming the new norm and has resulted in more
frequent occurrences of coal and rock dynamic disasters, which
can lead to significant casualties and property losses. Numerous
engineering studies have indicated that the coal-rock combina-
tion serves as a critical structural component for preventing and
controlling dynamic disasters associated with mining.2 This
combination directly affects the stability of the surrounding rock
in deep roadways and the thresholds for disaster induction.
Moreover, the severity of disasters is closely related to the
mechanical response processes of the coal-rock combination
structure,3 as illustrated in Figure 1. Primary-CCR structures are
commonly found in semicoal roadways,4 uncovering coal,5 and
coal seams containing impurities.6 The complexity of coal and

rock structures results in significant variations in their dynamic
responses and macro- and microfailure characteristics, which are
more intricate than those of single coal and rock or artificially
combined coal and rock. Therefore, studying the dynamic failure
behavior of primary combined coal and rock under impact loads
is of great significance, as it facilitates the accurate character-
ization of the mechanical response mechanisms, thereby
enabling the safe and efficient construction of underground
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rock masses and enhancing the early warning capabilities for
rock mass instability.
The mechanical properties of coal and rock assemblages are

critical factors influencing the prevention and control of
dynamic disasters in coal and rock environments, making
them a significant focus of research both domestically and
internationally. Numerous scholars have investigated the
constitutive equations,7 mechanical properties,8,9 and failure
mechanisms of artificial combined rockmasses in relation to coal
and rock assemblages.10−12 To explore the static response
behavior of coal and rock during the preparation phase of
dynamic disasters, Zuo et al.13 conducted uniaxial compression
experiments on coal rock combined with different combination
modes to determine the influence of combination modes on
impact inclination and the interaction between coal and rock.
Zheng et al.14 investigated the effect of the number of layers on
the compressive performance of artificial-CCR, finding that the
compressive strength of the composite decreased with an
increasing number of layers. Chen et al.15 developed an assembly
damage model based on immersion time, suggesting that the
damage effect of water in the assembly was proportional to the
immersion time. Cai et al.16 obtained the static load compressive
strength of rock monomer and primary-CCR. Wang et al.17

conducted a three-dimensional scan and reconstruction of the
primary-CCR interface, along with developing a progressive
damage model for the primary-CCR interface. Gu,18 Yin,19 and
Li20 investigated the impact of interface inclination, combina-
tion, and lithology on the mechanical properties of the assembly.
Furthermore, since the onset phase of coal and rock dynamic
disasters represents a typical dynamic failure process,21 several
researchers have examined the dynamic responsemechanisms of
coal and rock under high strain rates using the Split Hopkinson
Pressure Bar (SHPB) system. Gong et al.22 explored the
dynamic characteristics of composite rock mass under different
strain rates, highlighting significant strain rate effects on the
dynamic compressive strength and peak strain of coal rock
combined. Han et al.23 studied the ternary coal rock combined
with weak interlayers in the middle, obtaining the interlayer
failure mode and mechanical response mechanism. Yang et al.24

investigated the influence of wave impedance on layered
composite rock mass, concluding that the dynamic performance
of composite rock mass under the influence of wave impedance

is significantly different, but tends to be consistent with the
increase of impact velocity. Xie et al.25,26 proposed a cascading
damage constitutive model of artificial-CCR, and obtained the
dynamic failure characteristics of primary-CCR under static
pressure. Wen et al.27 explored the mechanical behavior and
failure mechanism of composite layered rocks under dynamic
tensile load.
However, coal rock combined is a heterogeneous and

discontinuous anisotropic material, and the deformation and
failure of the sample can only be characterized by mechanical
method.28 In fact, the essence of rock mass failure is a dynamic
instability process of internal energy absorption and release
induced by external loads.29 Some scholars carried out studies
from the perspective of energy evolution. For example, Li et al.30

studied the energy dissipation characteristics of assembly like
rockmass and found that the energy accumulation degree of coal
rock combined was higher and the energy threshold of inducing
dynamic disasters was lower. Liu et al.31−33 studied the
relationship between dynamic strength, fractal dimension and
stress wave energy of composite rocks, and analyzed the energy
dissipation and chaos mechanism of composite rocks under
dynamic and static loading. Li et al.34 explored the energy
transfer law of ore-rock-fill assemblage, and found that the
absorbed energy density increased linearly with the incident
energy, while the failure phenomenon of the combined sample
was concentrated in the weak layer.
Existing research results focus on the study of the dynamic

characteristics of artificial-CCR and rock monomer. Some
scholars have carried out the study of the static characteristics of
primary-CCR,35 but the study on the law of energy dissipation of
primary-CCR under impact load is relatively rare. Based on this,
SHPB system is used to study the energy dissipation law and
macro and micro failure mode of artificial/primary-CCR under
different hydrostatic pressure (axial pressure = confining
pressure)36,37 and strain rate, explore the difference of impact
failure of coal rock combined with fractal dimension, and analyze
the microfracture characteristics of rock with scanning electron
microscopy (SEM), in order to provide theoretical reference for
engineering construction and protection in mines.

Figure 1. Natural boundary state of middling coal and rock in semi coal rock roadway.

Figure 2. Standard assemblage of rock samples and localized features.
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2. EXPERIMENTAL OVERVIEW
2.1. Specimen Preparation. The experimental samples

were collected from a mine in Xinzhou City, Shanxi Province,
China. The primary-CCR was obtained from the intersection of
coal and rock formations, as illustrated in Figure 2. The working
face was manually sampled using air picks, and the entire
transportation and sample preparation process ensured the
integrity of the interface. Subsequently, a uniaxial compression
experiment was conducted using an MTS servo press, yielding
static compressive strength values of 35.18MPa for the artificial-
CCR and 22.36 MPa for the primary-CCR, with corresponding
elastic moduli of 5.14 and 5.17 GPa, respectively. The strength
characteristics indicate a relatively high presence of internal
fractures in the primary-CCR samples.38 Specifically, the
interface of the artificial-CCR samples appears smooth without
an obvious transition area, while the primary-CCR samples
exhibit a rough interface with numerous cracks traversing the
sample, resulting in a relatively irregular transition area.
According to the regulations of China Association of Rock

Mechanics and Engineering,39 large rock samples need to
undergo cored, cut, grinding and other processes to meet the
requirements of the end face nonparallelism ≤ 0.02 mm and
nonperpendicality ≤ 0.02 mm. The size of the two types of
combined rock samples is 50mm in diameter× 50mm in height.
Coal is metamorphic rock, and rock is sedimentary rock. Among
them, the primary-CCR sample should ensure that the
proportion of coal and rock is relatively uniform, while the
artificial-CCR sample is made of coal and rock monomer
material with diameter 50 mm× height 25 mm and bonded with
epoxy resin glue. Through X-ray diffraction experiments, two
types of rock compositions were obtained, as shown in Table 1.

Simultaneously, to ensure sample heterogeneity, the longitudi-
nal wave velocity of the standard sample was measured using a
nonmetallic ultrasonic detector, as depicted in Figure 3. The
average longitudinal wave velocity (vp) of the primary-CCR is
1.60 km/s, while the velocity (va) of the artificial-CCR is 2.13
km/s, indicating a 24.88% difference. This disparity is attributed
to inherent defects such as primary cracks and pores within the
sample.
2.2. SHPB System and Principle. A modified φ50 mm

Hopkinson pressure rod system is employed to conduct impact
loading experiments on two types of composite rock masses.

The SHPB system is illustrated in Figure 4. The incident rod,
transmission rod, and impact rod have lengths of 3000, 2500,
and 400mm, respectively. They are made of φ50mm cylindrical
rods composed of low carbon steel with a density of 7800 kg/m3,
an elastic modulus of 206 GPa, and a longitudinal wave speed of
5410m/s. Prior to the experiment, the rods must be aligned, and
subsequently, the impact speed is adjusted by controlling the air
compressor’s pressure. Voltage signals from the incident wave,
reflected wave, and transmitted wave were obtained using
BX120-5AA and LK2017 superdynamic strain gauges attached
to the bar’s surface. The experimental data were processed using
the two-wave method, and the energy variation of the sample
was calculated using Formulas 1−4.
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in the formulas, WI, WR and WT represent the incident energy,
reflected energy, and transmitted energy, respectively.A0,C0 and
E denote the cross-sectional area, longitudinal wave velocity, and
elastic modulus of the elastic rod, while σI, σR and σT represent
the incident stress, reflected stress, and transmitted stress,
respectively.
Per the law of conservation of energy, in the SHPB

experiment, a portion of the incident wave is reflected and
transmitted at the bar-specimen’s contact end face. Some of the
energy is utilized for crack propagation, development, and
penetration in the specimen, while a minimal portion is
dissipated as kinetic energy, sound waves, radiation, and heat,
which are challenging to measure. According to Literature40,
energy dissipation in the form of kinetic energy, sound waves,
radiation, and heat represents only 5% of the absorbed energy.
Therefore, energy loss due to friction between rods and between
rods and samples is disregarded during the impact process,
implying that absorbed energy ≈ dissipated energy. Thus, the
energy absorbed by the sample is denoted as the dissipated
energy of the sample, WA

=W W W WA I R T (4)

2.3. Experimental Plan and Stress Balance Test.
2.3.1. Experimental Plan. Preimpact experiments were carried
out on the two types of combined rock mass before the
experiment, and the experimental results showed that significant

Table 1. Rock Type and Composition

sample typology composition

coal metamorphic kaolinite, quartz, calcite, organic matteretc
rock sedimentary rock quartz, kaolinite, boehmite, hard aluminaetc

Figure 3. Combined coal rock longitudinal wave velocity.
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overall damage could occur only when the impact velocity was
no less than 14 m/s, so the experimental velocity V gradiants
were selected as 10, 12, 14, and 16. The selection of hydrostatic
pressure P is based on the ground stress test results and SHPB
system performance, and the final experimental scheme is set up,
as shown in Table 2.

2.3.2. Stress Balance Test. Stress balance test is an important
prerequisite for judging the reliability of SHPB test results.
Figure 5 shows the original waveform and stress balance diagram
of the composite rock mass, whereU is the voltage signal and t is
the duration of the stress wave. It can be seen from Figure 5 that
the superimposed wave and transmitted wave of the incident
wave and reflected wave of the combined rock mass basically
coincide, that is, both ends of the sample basically reach the
stress equilibrium state.41

3. RESULTS AND DISCUSSION
3.1. Dynamic Properties. 3.1.1. Combined Compressive

Strength Characteristics. Reference 42 indicates that the
combined strength of the sample is the sum of the preloaded
static pressure and the dynamic peak stress, which reflects the
actual compressive strength of the sample and, to some extent,
represents its resistance to impact failure. In order to explore the
dynamic mechanical properties of the composite rock, the
change curves of the combined strength σZ and the impact
velocity V are drawn, as shown in Figure 6.
As depicted in Figure 6, under constant hydrostatic pressure,

the combined strength of both types of rock samples increases
with higher strain rates, demonstrating a notable strain rate
effect and adhering to an exponential function fitting relation-
ship (R2 ≥ 0.85). Comparative analysis reveals variations in
sample combination strength under different hydrostatic
pressures, significantly influenced by the type of sample
combination. For instance, at a hydrostatic pressure of 6 MPa,
the variation trend in the combined samples of both types is
similar. The minimum and maximum combined strengths of
primary-CCR are 111.21 and 148.72 MPa, respectively,
representing 92.73 and 90.77% of the corresponding extreme
values of artificial-CCR. Thus, the strength of primary-CCR is
significantly lower than that of artificial-CCR. Furthermore,

Figure 4. SHPB combined static and dynamic loading system.

Table 2. Experimental Plan

specimen type V/(m·s−1) P/MPa

artificial composite coal rock 10, 12, 14, 16 0, 6, 8, 10, 12
primary composite coal rock 10, 12, 14, 16 0, 6, 8, 10, 12

Figure 5. Stress balance diagram.
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comparing the variation range of composite rock samples under
varying hydrostatic pressure, it is evident that as hydrostatic
pressure increases, the disparity between the maximum and
minimum values of the two sample types becomes increasingly
significant, indicating differing impacts of varying hydrostatic
pressure on the sensitivity of composite rock samples to
combination strength.
The relationship between the combined strength of two types

of coal and rock and hydrostatic pressure is illustrated in Figure
7. As depicted in Figure 7, hydrostatic pressure has two effects

on combined strength: “low pressure strengthening” and “high
pressure weakening.” When the impact velocity remains
constant, the combined strength of primary-CCR increases
with rising hydrostatic pressure, with an inflection point at 10
MPa. Prior to the inflection point, low hydrostatic pressure
enhances combined strength, while after the inflection point,
hydrostatic pressure weakens it. The combined strength of
artificial-CCR also increases with hydrostatic pressure, and the
sensitivity of hydrostatic pressure decreases with increasing
impact velocity. This may be due to the fact that the static load

Figure 6. Relationship between impact velocity and peak stress of coal rock combination.

Figure 7. Relationship between hydrostatic pressure and sample combination strength.

Figure 8. Relationship between impact velocity and specimen impact toughness.
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compressive strength is as follows: artificial-CCR > primary-
CCR. artificial-CCR is affected by interface friction, making its
strength relatively significant and less prone to deformation and
damage under low static water pressure, while primary-CCR is
the opposite.
3.1.2. Impact Toughness Characteristics. The ability of the

two types of composite rocks to resist impact damage was
characterized by defining the area of the stress−strain curve as
the impact toughness of the specimen.43 Impact toughness T
represents the comprehensive performance of the material,
encompassing dynamic compressive strength and deformation
ability, thus providing a more comprehensive representation of
the material’s performance. Figure 8 illustrates the relationship
curve of impact velocity, hydrostatic pressure, and impact
toughness.
Figure 8 demonstrates that, under identical hydrostatic

pressure, the impact toughness of both primary-CCR and
artificial-CCR increases with the elevation of impact velocity,
signifying a significant linear growth correlation. Specifically, the
impact toughness of artificial-CCR escalates with increasing
hydrostatic pressure. Importantly, the growth rate is faster in the
range of 0−10 MPa compared to 10−16 MPa. The impact
toughness and hydrostatic pressure of primary-CCR initially
increased and then decreased, with the most substantial
toughening effect observed at 10 MPa. Both data sets can be
suitably fitted using the Ploy2D function in ORIGIN, yielding a
fitting coefficient R2 ≥ 0.84. Furthermore, the trend in impact
toughness aligns with the variation in rock composite strength.
This suggests that the overall performance of artificial-CCR
exceeds that of primary-CCR. Moreover, the impact load and
hydrostatic pressure have a similar effect on toughness, in
addition to enhancing the composite strength. Importantly,
when using artificial-CCR instead of primary-CCR in laboratory
experiments, the calculated compressive strength and impact
toughness are relatively higher. This difference arises because
impact toughness reflects the strength and deformation
characteristics of the sample, while the strengthening/
weakening effect of hydrostatic pressure acts to reinforce/
weaken the composite rock sample by promoting the closure of
internal cracks or facilitating the expansion and development of
cracks. Therefore, hydrostatic pressure also exerts a low-pressure
strengthening and high-pressure weakening effect on impact
toughness.
3.2. Energy Dissipation Characteristics. 3.2.1. Energy

Stage Evolution Characteristics. The fundamental nature of
macroscopic failure induced in the sample under an impact load
involves energy absorption and release. When the stress wave is
transmitted to the end face of the sample, according to elastic
wave theory, the impedance of the end face does not match,
leading to the reflection/transmission of a portion of the stress
wave, subsequently causing damage to the sample. This process
encompasses the breeding, expansion, and penetration of
specimen cracks, accompanied by energy absorption and
dissipation. The energy consumption during crushing can
represent the failure process of the rock sample. To characterize
the energy evolution characteristics of composite rock samples,
in conjunction with typical compressive strength-strain curves,
the impact failure response curves of composite rock samples are
categorized into different stages based on dissipated energy.
Subsequently, the differences in energy evolution between
primary and artificial composite rock samples are compared, as
depicted in Figures 9 and 10.

It is evident from Figures 9 and 10 that under impact loading,
the absorbed energy of both types of composite rock samples

Figure 9. Dynamic compressive strength-strain energy evolution curve
of primary-CCR.
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increases with strain and eventually stabilizes. The dissipated
energy exhibits a typical linear stage characteristic with the
increase of strain, as follows:
In the OA stage, denoting the elastic energy storage phase,

point A marks the transition point (yield point) of the stress−
strain curve, signifying the shift from a linear to a nonlinear
slope. According to the energy balance theory, the slope of the
absorbed energy curve at this stage is minimal, resulting in a slow
increase in crushing energy. This stage involves the storage of
external load energy in the form of elastic deformation energy
within the sample without inducing damage.
In the AC stage, representing the plastic energy storage phase

encompassing prepeak plastic yield energy storage and postpeak
plastic softening energy storage, notable distinctions exist
between the two types of combined coal rocks. Notably, for
the primary-CCR stress−strain curve at P = 6−10MPa, a plastic
plateau is evident in the plastic stage.Moreover, the overall stress
in this stage initially increases and then decreases with the
increase in strain. However, at a strain increase of 0.007, the
dynamic compressive strength only changes by 13.91 MPa. The
plastic energy storage stage of artificial-CCR comprises both
prepeak plastic yield energy storage and postpeak plastic
softening energy storage, indicating the significant nonlinear
characteristics of the prepeak and postpeak stages of artificial-
CCR.
Taking Figures 9b and 10b as an example, B represents the

peak point of the stress−strain curve, with a peak stress of 148.34
MPa. The AB stage corresponds to the prepeak plastic yield
storage stage, where cracks in the samples are generated and
expanded over a large area, dissipating energy due to internal
damage in the composite samples, while elastic energy continues
to accumulate. The BC stage represents the postpeak plastic
softening energy storage, with C marking the peak point of the
dissipative energy curve. At this stage, internal cracks continue to
develop, destroying the original load-bearing structure of the
sample rock, leading to a rapid increase in energy dissipation.
However, due to the lag of energy transfer relative to the crack
propagation speed, the crushing energy cannot fully act on crack
propagation and penetration, preventing overall instability
failure, and keeping the elastic energy in the accumulation stage.
For example, in Figures 9b and 10b, point B represents the

peak of the stress−strain curve, with a peak stress of 136.34MPa.
In the AB stage, during the prepeak plastic yield energy storage
phase, internal cracks within the sample initiate and propagate
extensively, resulting in energy dissipation due to the internal
damage of the composite rock sample. However, elastic energy
continues to accumulate at this stage.
In the BC stage, representing the postpeak plastic softening

energy storage phase, the dissipative energy curve at point C
exhibits a slow slope. During this stage, cracks in the specimen
persist in developing, leading to the destruction of the original
load-bearing structure of the sample and consequently causing a
rapid increase in energy dissipation. However, due to the lag in
energy transfer relative to the speed of crack propagation, the
crushing energy fails to fully impact crack propagation and
penetration, preventing overall instability failure of the sample
and allowing elastic energy to continue accumulating.
CD stage: This is the failure exergy stage, with D representing

the stress residual point at the end of the impact experiment. The
stress at this stage decreases sharply with the increase of strain,
and the slope of the stress−strain curve drops sharply compared
to the plastic energy storage stage. The dissipative energy
accumulates to the limit of energy storage, and the energy

Figure 10. Dynamic compressive strength-strain energy evolution
curve of artificial-CCR.
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evolution stabilizes. At this stage, primary and secondary cracks
rapidly expand and penetrate inside the sample, and the elastic
strain energy reaches its limit, leading to the release or transfer of
elastic energy to the adjacent rock mass in the form of kinetic
energy of broken coal rock fragments, resulting in the overall
instability and failure of the sample.
3.2.2. Dissipated Energy Density Characteristics. The

fragmentation dissipation reflects the energy dissipation
characteristics of composite rocks, and the variation law of the
dissipation energy of composite rock samples with incident
energy under dynamic and static loading is shown in Figure 11.
It is evident from Figure 11 that the dissipated energy density

of the two types of composite rock samples under varying
hydrostatic pressure follows a linear trend with the incident
energy, increasing as the incident energy rises. A comparison of
the two composite rock samples reveals that at 0 MPa
hydrostatic pressure, as the impact velocity escalates from 10
to 16 m/s, the dissipated energy density of primary-CCR
increases from 0.39 to 1.47 J/cm3, marking a 276% rise. In
contrast, the dissipated energy density of artificial-CCR surged
from 0.15 to 1.21 J/cm3, reflecting a 706% increase, resulting in a
difference of 2.56 times. At 8 MPa hydrostatic pressure, with the
impact velocity increasing from 10m/s to 16m/s, the dissipated
energy density of primary-CCR rose from 0.23 to 1.47 J/cm3,
representing a 539% increase. Similarly, the dissipated energy
density of artificial-CCR grew from 0.21 to 1.92 J/cm3,
indicating an 814% increase, with a difference of 1.51 times,
demonstrating the relatively high dissipated energy density of
artificial-CCR. The discrepancy may be attributed to a weak
layer at the interface of primary-CCR, leading to lower strength
compared to artificial-CCR, therebymaking the sample prone to
overall instability failure and resulting in a slower growth of
dissipated energy density. In contrast, the interface of artificial-
CCR consists of epoxy resin cement, which exhibits a certain
level of cohesiveness. Simultaneously, the coal and rock
components are prepared from the intact sample, which exhibits
fewer macroscopic cracks and relatively high deformation
resistance energy. To assess and differentiate the dissipated
energy density between the two types of composite rocks, the
relationship between slope K, hydrostatic pressure, and sample
type is depicted based on the curve fitting results in Figure 11, as
illustrated in Figure 12.
It is evident from Figure 12 that the growth rate of dissipated

energy in combined coal and rock initially increases and then
decreases with rising hydrostatic water pressure, indicating a

dual effect of hydrostatic water pressure on energy absorption.
This phenomenon may be attributed to the compaction of
internal pores in the combined coal, particularly within the coal,
and the resulting reduction in wave impedance mismatch under
static water pressure. Consequently, the combined coal must
overcome slip and friction effects caused by initial pores, cracks,
and other defects when subjected to external impact loads,
leading to a significant increase in the growth rate of dissipative
energy. However, excessive initial hydrostatic load can result in
rock deformation and failure. At a relative hydrostatic pressure
of 0 MPa, the initiation and expansion of microcracks decrease,
leading to a reduction in the energy to be dissipated and,
consequently, the growth rate of dissipative energy in the
sample. Under low hydrostatic pressure conditions, as the
pressure increases, the sample becomes compacted, reducing
wave impedance mismatch and resulting in the dominant
strengthening effect of hydrostatic pressure on energy
dissipation, leading to an increase in the growth rate of
dissipative energy in combined coal and rock. Conversely,
under high hydrostatic pressure, the effect of hydrostatic
pressure on sample deformation and failure is gradually
enhanced, causing a continuous decrease in the growth rate of
dissipative energy in the sample.
3.2.3. Characteristics of Specific Surface Energy. To

quantify the impact of impact load, hydrostatic pressure, and
sample type on the energy dissipation of coal and rock, the
degree of energy dissipation and the ability to cause destruction
per unit area are investigated. First, the crushed samples were

Figure 11. Relationship between incident energy and dissipated energy of composite coal and rock.

Figure 12. Relationship between slope K and static water pressure and
sample type.
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sieved using standard mesh sizes of 0−0.25, 0.25−0.5, 0.5−1.0,
1.0−2.0, and 2.0−10.0 mm. Second, the particles in each size
range were weighed, and their weights were recorded, as shown
in the typical diagram of sample sieving in Figure 13. Then, the
particles in each size range were transformed into spheres of
corresponding average sizes, with i values of 1, 2, 3, 4, 5, 6.
Finally, eq 5 calculates the number of equivalent spheres ni in the
corresponding size range.

=n
m
r4 /3i

i

i
3 (5)

where: ri is the equivalent sphere diameter of the i particle range.
Sw reflects the new surface area of the sample after crushing

compared with that before crushing, which can directly
characterize the degree of breakage of the sample.44 In eq 6,
the first term is the surface area of all fragments, and the sum of
the second and third terms is the surface area of the original
sample.

=
=
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(6)

in order to accurately characterize the energy consumption
capacity of the sample, compared with the dissipative energy
density, the introduction of λw can accurately characterize the
energy dissipation energy of the sample per unit surface area

=
W
Sw

s

w (7)

Figure 14 shows the surface variation of λw with P and v. It is
evident from Figure 14 that the increase in impact load leads to
an increasing trend in λw for the primary/artificial-CCR.When P
= 12MPa, and v increases from 10 to 12 m/s, the change in λw of
the primary-CCR is only 0.0069 J·cm−3. This minor change may
be attributed to the damage of the sample’s internal structure
caused by the preadded high hydrostatic pressure, resulting in
the low impact velocity’s inability to significantly affect the λw of
the sample. In Figure 14a, with the increase of P, the λw of the
artificial-CCR first increases and then decreases under different

Figure 13. Typical sample sieving diagram.

Figure 14. Surface variation of fragment area with static water pressure and impact velocity.
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impact loads. As v increases from 10 to 16m/s, the inflection
point moves forward from 10 to 8 MPa. The dual effect of
hydrostatic pressure shows that low hydrostatic water pressure
strengthens coal and rock, enhancing their compactness and
deformation resistance. Consequently, the Sw of the sample is
relatively reduced, leading to an initial increase and then
decrease in λw with the increase of P. Simultaneously, at low
impact loads, the energy only causes damage to easily

expandable crack areas. When the impact load is large enough,
the strengthening effect of hydrostatic pressure can be overcome
to some extent, resulting in the advance of the curve’s inflection
point. In Figure 14b, with the increase of P, λw of the artificial-
CCR under different impact loads increases first and then
decreases, with the curve’s inflection point close to 10 MPa. The
impact load has no effect on the inflection point of the curve due
to the premature fracture of the sample under the impact load,

Figure 15. Fractal box dimension calculation process.

Figure 16.Original cracks and binarization results of composite samples Figure 16 indicates that, at an impact velocity of 14m/s, the crack evolution of
the coal and rock components of the artificial-CCR is significantly different, with the coal component exhibiting earlier crack generation than the rock
component, consistent with the results of the number and length of cracks. At frame number 20, there are three main cracks on the surface of the coal
component, while only one crack with a length of 10.61 mm is present on the surface of the rock component. At frame number 60, three main cracks
ranging from 7.91 to 21.83 mm in length are present on the surface of the rock component. On the other hand, six cracks ranging from 7.29 to 27.25
mm in length are present on the surface of the coal component, with the number of cracks being more than twice that of the rock component, and the
average crack length being 1.28 times that of the rock component. At frame number 100, four main cracks ranging from 8.65 to 25.99 mm in length are
present on the surface of the rock component, while 11 cracks ranging from 6.85 to 28.75 mm in length are present on the surface of the coal
component, with the number of cracks being 2.75 times that of the rock component, and the average crack length being 0.86 times that of the rock
component. The significant difference in the static load compressive strength of the rock and coal components, with values of 104.00 and 12.50 MPa,
respectively (rock > coal), may be the reason for the uncoordinated deformation of the two components. During the initial stage of impact loading, the
coal component undergoes serious deformation and destruction under the influence of strength, resulting in a significantly higher macro-crack length
and number of the coal than that of the rock component. As the impact loading continues, the crack propagates through to the rock component, mainly
for the formation of macroscopic main cracks, resulting in relatively long main cracks with fewer numbers in the rock component. The structural
characteristics of the coal and rock components reveal that the internal cracks, pores, and other primary defects of the coal are far more than those of the
rock components, leading to stress concentration in the coal components, making it easier to absorb energy and reach the limit of energy accumulation.
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caused by the primary porosity, through fissures and interfaces in
the primary-CCR.
3.3. Macroscopic Crack Evolution Characteristics.

3.3.1. Fractal Box Dimension Principle. Surface cracks of
brittle materials such as rocks exhibit significant fractal
characteristics, and the size and distribution of macroscopic
cracks can be quantitatively studied using the fractal
dimension.45 The fractal box dimension is widely utilized and
can fulfill the requirements for rock crack propagation
calculation under impact load. The principle of the fractal box
dimension involves dividing cracks in the sample using an
equivalent grid with a side length δ, then calculating the
nonempty grid subset F containing cracked pixels, and finally
determining the fractal dimension of the combined rock sample
under different impact loads. The specific procedure is
illustrated in Figure 15. The box side length δ significantly
impacts the number of nonempty boxes containing cracked
pixelsNδ(F), which subsequently affects the fractal dimensionD

=D
N F

lim
lg ( )

lg(1/ )0 (8)

in order to ensure the accuracy of the calculation results, it is
necessary to preprocess the high-speed image results before
calculating the fractal dimension to eliminate the interference
such as shadow, noise and spots. As can be seen from Figure 15,
RATSNAKE annotation software was used to extract cracks in
the experiment, and the annotation results were imported into
ImageJ software for fractal box dimension analysis to
quantitatively describe the evolution characteristics of surface
cracks during the whole process of the sample under impact
load.
Image preprocessing is the premise of calculating crack fractal

dimension. According to Figure 15, the original cracks and
image binarization processing results of typical artificial-CCR (V
= 14 m/s) were obtained, as shown in Figure 16.
3.3.2. Fractal Dimension Features. In order to explore the

difference in crack growth of composite rocks, the sample 25
mm was taken as the central dividing line, and the fractal
dimension of composite rocks, coal, rock components was
obtained according to the principle of box dimension in
combination with binarization images.46 The fractal dimension
calculation results are shown in Figures 17 and 18.
Figures 17 and 18 depict the characteristics of cracks in the

combined primary/artificial rock, as well as the coal and rock
components, exhibiting a degree of self-similarity. At varying
impact velocities, these characteristics are characterized by
stages as the frame number increases, including rapid increase,
slow increase, and stable shock stages. Initially, macroscopic
crack initiation leads to a rapid increase in fractal dimension.
Subsequently, as the frame number increases (due to stress wave
propagation), cracks transition from the initiation and develop-
ment stage to the expansion and penetration stage, with a slower
growth rate in fractal dimension. At the final impact load, the
entire sample becomes unstable, maintaining the fractal
dimension at a certain value, yet exhibiting relative shock. This
behavior can be attributed to the internal complexity and
heterogeneity of the specimen, as well as the dynamic evolution
of crack propagation and closure. The growth rate of fractal
dimension follows this order: Rock components < Coal
components, artificial-CCR < primary-CCR, primarily due to
the difference in strength and structure between coal and rock,
with the primary-CCR exhibiting a notably higher growth rate.

The energy transfer resulting from the heterogeneous interface
accelerates the crack evolution process in artificial-CCR. At an
impact velocity of 12 m/s, the fractal dimension indicates that at
the current impact strength, only the coal component is
destabilized, and the rock component solely serves as the energy
transfer carrier for the composite rock sample, resulting in no
significant macro damage. As the impact velocity increases, the
overall fractal dimension increases, correlating with the growing
complexity of the crack propagation path and the number of
nonempty boxes containing crack pixels in binary image
processing.
3.3.3. Analysis of Crack EvolutionMechanism. Based on the

results of high-speed photography and fractal dimension, the
combined rock sample is divided into three regions: energy
transfer region, energy dissipation region, and energy transition
concentration region, as shown in Figure 19.
As shown in Figures 17 and 18 when the impact velocity is less

than 14 m/s, the rock components in the artificial-CCR can

Figure 17. Fractal dimension of primary-CCR.
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crack and expand, resulting in a fractal dimension of 0. This may
be attributed to the impedance matching effect between rock
components and the incident rod, leading to a substantial
reduction in the reflection of stress waves in rock components
compared to coal components. Consequently, rock components
play a greater role in energy accumulation and transfer under
stress wave action. When the impact velocity is ≥14 m/s, the
rock components are affected by the impact load, resulting in
secondary cracks, crack propagation, and penetration, leading to
the transition of rock components from energy transfer to
dissipation. Taking primary-CCR as an example, when the
impact velocity is 10−16 m/s, crack initiation, propagation, and
penetration can occur in each component of primary-CCR, with
the fractal dimension of each component being greater than 0.
This may be due to a significant distinction between the primary
interface and the artificial interface, with numerous defects,
including primary cracks and joints, present in the region.
Energy accumulation, transfer, and dissipation can occur at the
interface through crack expansion, penetration, and compaction,
thereby lowering the energy threshold for the overall
destabilization failure of primary-CCR. Rock components
serve as energy transfer and dissipation zones. In summary,
the rock components in artificial-CCR transition from energy
transfer to dissipation only when the impact velocity is≥14m/s,
while the rock components in primary-CCR can both transfer
and dissipate energy. An energy threshold at the primary
interface mitigates the assembly’s instability and facilitates
energy transfer and dissipation. The strength disparity between
the two composite rock sample types primarily stems from the
energy action mode at the interface.
3.4. Microscopic Cross-Sectional Morphology Charac-

teristics. 3.4.1. SEMMicroscopicMorphology.To characterize
the cross-sectional microscopic features and surface mineral
structure of the composite rock,47−49 a SU8020 scanning
electron microscope with a resolution of 50 nm was employed.
The experimental procedure involved sample preparation, gold
spraying, system focusing, image signal generation, and sample
extraction. SEM tests were conducted on rock, coal, primary-
CCR, and artificial-CCR samples, each measuring 10 mm × 10
mm × 10 mm. The microsurface and micromorphological
characteristics of these four typical samples are presented in
Figure 20.
From Figure 20a, it is evident that due to their metamorphic

nature, coals tend to exhibit stratification after failure, with
disorderly development of joints and cracks. At high external
impact energy levels, debris adheres to particle surfaces, leading
to significant fragmentation of coal components due to the

Figure 18. Fractal dimension of primary-CCR.

Figure 19. Energy action mechanism of composite rocks.
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combined action of external load and internal forces within the
sample. The energy carried by the external load, coupled with
pre-existing damage within the sample and initial weak surfaces,
results in coal components being able to absorb energy only
through their own deformation and failure. Examination of
Figure 20b reveals that the rock group comprises sedimentary
rock, with relatively few internal cracks initiated and developed

under external loads. This indicates a dense and stable internal
structure of the rock component, with relatively few micro-
defects such as macro-joints and cracks. Under equivalent
energy impact, the rock component primarily serves as an energy
transfer medium, absorbing energy through elastic deformation
and transferring it to the coal component. Figure 20c illustrates
the presence of an interlayer area between coal and rock media

Figure 20. SEM of the cross-section of composite rocks.

Figure 21. Binary SEM image of coal rock cross-section.
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in primary-CCR, where cracks and weak surfaces traverse
through the coal and rock layers. Following Griffith theory, the
strength of rock components in the crack area at the interface is
diminished, leading to uneven stress distribution and concen-
tration of stress in the crack area. Examination of Figure 20d
reveals substantial differences between the artificial-CCR
interface and the primary-CCR interface, particularly in the
development of fractures at the interface, leading to marked
differences in the failure modes of the two types of combined
rocks under equivalent energy impact, such as at an impact
velocity of 14 m/s. This is due to the fact that the energy at the
interface of artificial-CCR is predominantly transferred through
rock components, and stress distribution is challenging to alter
at the interface due to the absence of cracks through the
specimen’s interface. Consequently, artificial-CCR is less prone
to fracture or destruction.
3.4.2. Section Roughness Characteristics. In order to further

investigate the impact damage characteristics of the primary and
artificial interfaces and establish the correlation between macro-
failure characteristics and the coal-rock structure, we utilized the
fractal dimension to quantitatively characterize the roughness of
the coal-rock and interface section. Initially, the SEM image was
converted into a grayscale image with a scale of 8 using IMAGEJ
software, following which the binary image was divided based on
the selected equivalent mesh side length. Subsequently,
employing the calculation principle of fractal dimension, we
determined the proportion of covered grids and then computed
the fractal dimension.50,51 Figure 21 displays the gray levels of
coal and rock monomers, primary interface, and artificial
interface, while the relationship between the fractal dimension
and sample type is illustrated in Figure 22.

Upon reviewing Figures 21 and 22, a significant correlation
between sample type and section roughness at different
magnification levels becomes apparent. Notably, the section
roughness follows the order of coal > primary interface >
artificial interface > rock, aligning with the SEM image results.
When subjected to impact load at the coal-primary interface, the
sample’s resistance to deformation is relatively low due to the
influence of primary pore structure, cracks, and bedding within
the sample, rendering it more susceptible to fracture.
Consequently, the fracture surface exhibits increased complex-
ity. In contrast, the artificial interface, characterized by a
relatively homogeneous rock composition and high structural
strength, presents greater resistance to fracture under impact
load, resulting in a relatively simpler fracture surface. This

observation aligns with the crack propagation pattern in
combined primary and artificial-CCR, offering a microcosmic
explanation for the evolution of crack paths. Furthermore, due to
the limited experimental conditions related to coal-rock impact
failure, the study did not account for factors such as gas pressure,
the roughness of the primary coal−rock interface, and the
inclination angle. Future research should aim to improve the
SHPB system to enable fluid-structure coupling. Additionally,
the primary combined coal−rock mass can be reconstructed
using a CT scanning system to facilitate relevant numerical
simulation studies.

4. CONCLUSIONS

(1) The compressive strength of composite coal rock has a
significant linear relationship with impact velocity. The
compressive strength of primary-CCR increases initially
and then decreases with increasing pressure, while the
compressive strength of artificial-CCR increases with
pressure. The toughness of both types of composite rock
samples increases with impact velocity, with the toughest
effect observed in primary-CCR at a hydrostatic pressure
of 10 MPa.

(2) The evolution of energy in composite coal rock under
impact load includes elastic energy storage, plastic energy
storage, and destructive energy discharge stages. The
energy dissipation of both types of composite coal rock
increases with impact velocity, showing a significant linear
function relationship, with the growth rate being greater
in artificial-CCR than in primary-CCR. The λW parameter
of primary/artificial combined coal increases initially and
then decreases with pressure. As impact load increases,
the inflection point of λW for artificial combined coal shifts
forward.

(3) The crack growth of composite coal follows a fractal
pattern, with the fractal dimension increasing with impact
velocity. Under the same impact conditions, the crack
propagation degree and number of primary-CCR are
higher than those of artificial-CCR. Additionally, through
SEM image analysis, it is observed that the coal-rock type
significantly affects the section roughness.

(4) The rock components in composite coal rock play a role
in energy accumulation and transfer. When the impact
velocity is ≥14 m/s, the rock components in artificial-
CCR transition from energy transfer to energy dissipation.
The interface of primary-CCR can serve as both energy
transfer and dissipation, making it prone to global
instability. Most of the energy of artificial-CCR is used
to break through the interface boundary, and the energy
threshold required for failure is higher than that of
primary-CCR.
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