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Abstract:  29 

Deep coal mining exposes coal-rock systems to combined in-situ stress and dynamic 30 

disturbance, yet the role of material contrast and interfaces in impact failure remains unclear. 31 

True triaxial split Hopkinson pressure bar (TTSHPB) tests were conducted on coal, rock, and 32 

coal-rock composite specimens under identical multiaxial prestress conditions and impact 33 

velocities of 2.5m/s-8m/s. The stress-strain response, strain-rate behavior, failure 34 

characteristics, and energy evolution were compared. All specimens showed clear rate-35 

dependent strengthening, with peak stress and energy absorption increasing with impact 36 

velocity. Rock exhibited the highest dynamic bearing capacity, followed by the coal-rock 37 

composite and coal, while coal exhibited the highest average strain rate. The composite showed 38 

a distinct post-peak response. At 6 m/s, its stress decreased from about 144 MPa to a residual-39 

bearing level of 85-90 MPa before final instability. The composite also had the highest 40 

reflected-energy fraction (66%-67%) and the lowest transmitted-energy fraction (3%-4%), 41 

indicating strong stress-wave redistribution at the coal-rock interface.  The results suggest that 42 

the composite evolves from pre-peak cooperative bearing to post-peak load redistribution, 43 

deformation incompatibility, and secondary instability. The coal-rock interface therefore plays 44 

a key role in stress-wave propagation, energy redistribution, and progressive failure under 45 

impact loading. 46 

Keywords: Coal-rock composite; True triaxial impact; Dynamic response; Energy 47 

redistribution; Interface effect; Dynamic instability 48 
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1. Introduction 51 

As shallow coal resources are gradually depleted, coal mining in China is continuously 52 

extending to greater depths. Deep coal and rock masses are generally subjected to the coupling 53 

of a “three-high and one-disturbance” environment, namely high in-situ stress, high geothermal 54 

temperature, high pore pressure, and strong mining-induced disturbance, under which their 55 

mechanical behavior and instability failure exhibit pronounced complexity, abruptness, and 56 

dynamic characteristics [1–3]. In this context, dynamic disasters such as rockburst, coal and gas 57 

outburst, and dynamic instability of roadway surrounding rock occur frequently and have 58 

become critical scientific and engineering issues restricting the safe and efficient exploitation 59 

of deep coal resources [4–6]. Extensive engineering practice has demonstrated that the occurrence 60 

of deep dynamic disasters is closely related not only to the physical and mechanical properties 61 

of coal and rock masses themselves, but also to multiple factors such as the in-situ stress state, 62 

structural combination form, and external disturbance intensity [7–8]. Therefore, a systematic 63 

investigation of the impact dynamic behavior of coal, rock, and their composite bodies under 64 

true triaxial conditions is of great significance for revealing the initiation and evolution 65 

mechanisms of deep coal-rock dynamic disasters.  66 

Extensive studies have been conducted worldwide on the mechanical properties of coal and 67 

rock materials. Under static loading, previous research has mainly focused on the strength 68 

characteristics, deformation behavior, crack propagation, and failure modes of coal and rock 69 

masses under uniaxial and conventional triaxial conditions. Existing studies have shown that 70 

confining pressure can significantly enhance the peak strength and residual bearing capacity of 71 



rocks, suppress tensile crack propagation, and promote the transition of failure mode from 72 

splitting failure to shear failure [9–11]. For coal, due to its well-developed pores and fissures, 73 

strong heterogeneity, and pronounced viscoelastic-plastic characteristics, the loading process 74 

usually exhibits a more complex evolution from compaction to elasticity, yielding, and 75 

instability, while its strength and deformation parameters are more sensitive to confining 76 

pressure and loading path [12–14]. In addition, some researchers have analyzed the progressive 77 

damage evolution and mesoscopic fracture mechanisms of coal and rock by means of acoustic 78 

emission, CT scanning, and digital image correlation, further revealing the multiscale nature of 79 

coal-rock instability [15–17]. 80 

In terms of dynamic behavior, scholars have systematically investigated the dynamic 81 

strength characteristics, strain-rate effect, energy dissipation law, and dynamic failure modes 82 

of coal and rock materials using test methods such as the split Hopkinson pressure bar (SHPB), 83 

drop hammer impact, and combined static-dynamic loading [18–20]. These studies indicate that 84 

coal and rock materials generally exhibit obvious strain-rate dependence, and their dynamic 85 

strength, peak stress, and fragmentation degree change significantly with increasing loading 86 

rate [21–22]. At the same time, the initial static stress has an important regulatory effect on the 87 

dynamic response of coal and rock masses. Appropriate prestress may enhance their dynamic 88 

bearing capacity, whereas excessively high static stress may induce cumulative damage and 89 

impact instability [23–25]. In terms of energy evolution, many studies have analyzed the energy 90 

conversion mechanism of coal-rock impact failure from the perspectives of incident energy, 91 

reflected energy, transmitted energy, and dissipated energy, and concluded that dynamic 92 



instability is essentially the result of the combined action of energy accumulation, transmission, 93 

and transient release [26–28]. However, most existing dynamic studies have been carried out under 94 

uniaxial or conventional triaxial conditions, and relatively little attention has been paid to the 95 

true triaxial dynamic response, which is closer to the actual stress environment in deep 96 

underground engineering. 97 

It is worth noting that the load-bearing medium in underground coal engineering is often 98 

not a single coal body or single rock body, but rather a heterogeneous system in the form of 99 

coal-rock composites, layered composite bodies, or media containing interfacial structures [29–100 

30]. Owing to the significant differences between coal and roof-floor rocks in strength, stiffness, 101 

deformation modulus, wave impedance, and energy storage-release capacity, coal-rock 102 

composites often exhibit mechanical responses that differ from those of a single material under 103 

loading [31–32]. Existing studies have shown that the overall strength of a composite is usually 104 

controlled by its weakest part, and that the failure location, crack propagation path, and 105 

instability mode are closely related to the coal-rock arrangement, interface bonding properties, 106 

and loading direction [33–35]. Under static loading, coal-rock composites generally show obvious 107 

incompatible deformation and interfacial stress concentration, and local failure often initiates 108 

first in the coal or along the weak interface zone [36–37]. Under dynamic disturbance, due to wave 109 

reflection, transmission, and scattering at the interface, the propagation of stress waves, energy 110 

distribution, and crack evolution inside the composite are more complex than those in a single 111 

medium [38–39]. Although studies on coal-rock composites have increased in recent years, the 112 

research content is still mainly concentrated on uniaxial compression, conventional triaxial 113 



compression, and simple impact conditions, and investigations into the impact dynamic 114 

behavior of composites under true triaxial stress environments remain insufficient [40–41]. 115 

Under a true triaxial stress state, the three principal stresses are generally unequal, and the 116 

intermediate principal stress effect as well as the principal stress difference have a non-117 

negligible influence on the failure mechanism of coal and rock [42–43]. Compared with 118 

conventional triaxial tests, true triaxial tests can more realistically reflect the in-situ stress 119 

environment of coal and rock masses in deep underground engineering and reveal the 120 

regulatory role of the intermediate principal stress in strength enhancement, crack propagation 121 

direction, and failure mode transformation [44–46]. Existing studies have pointed out that under 122 

true triaxial conditions, rock fracture surfaces are more complex, crack propagation exhibits 123 

stronger directionality and spatial asymmetry, and the intermediate principal stress has a 124 

significant effect on volumetric deformation, local stress concentration, and brittle-ductile 125 

transition [47–48]. However, research on the impact dynamic characteristics of coal and coal-rock 126 

composites under true triaxial conditions is still at an early stage. Most related studies have 127 

focused on static strength and deformation analysis, and there is still a lack of systematic 128 

understanding of the dynamic response characteristics, failure mechanisms, and energy 129 

evolution laws of coal and coal-rock composites under impact loading within a true triaxial 130 

initial stress field. A review of the existing literature indicates that, on the one hand, 131 

considerable progress has been made in the study of coal-rock impact dynamics, but most work 132 

has focused on single materials and lacks in-depth discussion of the structural effects of coal-133 

rock composites. On the other hand, although studies on the mechanical properties of 134 



composites have gradually increased, they have mainly emphasized strength and failure 135 

analysis under static loading, with insufficient attention paid to interfacial transmission, 136 

synergistic instability, and energy dissipation mechanisms under impact disturbance. In 137 

addition, most existing studies adopt uniaxial or conventional triaxial stress paths, which cannot 138 

accurately reflect the actual stress state of deep coal and rock masses under complex true triaxial 139 

conditions. Therefore, it is imperative to investigate, from the perspective of a true triaxial stress 140 

environment combined with impact disturbance, the dynamic response law, damage evolution 141 

mechanism, and instability criterion of coal, rock, and their composite bodies under the 142 

coupling of multiple principal stresses. 143 

Based on the above considerations, this study takes coal, rock, and their composite bodies 144 

as the research objects and investigates their dynamic behavior under coupled true triaxial static 145 

loading and impact disturbance. By analyzing the dynamic mechanical response, strength 146 

evolution, failure mode, and energy dissipation characteristics of specimens with different 147 

stress conditions and different composite forms, this study focuses on the controlling 148 

mechanism of true triaxial stress state on the impact instability behavior of coal, rock, and their 149 

composite bodies, and reveals the synergistic interaction among coal, rock, and the interface 150 

during dynamic failure. The results are expected to provide theoretical support for the 151 

mechanism analysis, risk identification, and prevention and control design of dynamic disasters 152 

such as rockburst in deep coal mines. 153 

2. Experimental procedure 154 

2.1 Specimen preparation 155 



In this study, the coal-rock composite specimens were prepared by bonding bituminous 156 

coal and sandstone samples. The selected bituminous coal was collected from the Sijiazhuang 157 

mining area in Shanxi Province, China, whereas the sandstone was relatively homogeneous, 158 

with only a few minor fissures distributed along the bedding direction. The physical and 159 

mechanical properties of the coal, sandstone, and their composite specimens are listed in Table 160 

1. Coal-rock composite specimens were prepared with a coal-to-rock height ratio of 1:1 by spot 161 

bonding with epoxy resin [49], resulting in cubic samples with dimensions of 50 mm*50 mm * 162 

50 mm, as shown in Fig. 1. According to the methods recommended by the International 163 

Society for Rock Mechanics and Rock Engineering (ISRM) [50], the end-face non-parallelism 164 

of each specimen was controlled within 0.02 mm, and the maximum angular deviation between 165 

the two end faces did not exceed 0.25°. In addition, key factors such as joint characteristics, 166 

density, and wave velocity were fully considered during specimen selection in order to 167 

minimize the influence of specimen discreteness on the experimental results. The physical 168 

parameters of the specimens, including mass, density, and wave velocity, are summarized in 169 

Table 1. As can be seen from the table, the coal specimens used in the experiments exhibited 170 

relatively consistent values of mass, density, and wave velocity, which reduced experimental 171 

error and ensured the reliability and validity of the test results. 172 



 173 

Fig. 1 The tested rock specimens with different lithologies 174 

Table 1 Basic mechanical parameters of specimens of different lithologies 175 

Specimen  Coal Rock 

Density (kg·m^-3) 1129.80 2417.40 

Uniaxial Compressive Strength (MPa) 11.75 67.30 

Elastic Modulus (GPa) 0.74 15.31 

Poisson's Ratio 0.24 0.11 

Cohesion (MPa) 22.82 76.14 

Internal Friction Angle (°) 5.92 27.22 

2.2 Experimental system 176 

The impact dynamics tests were conducted using a true triaxial split Hopkinson pressure 177 

bar (TTSHPB) system. The experimental system mainly consisted of the following components: 178 

(1) an impact bar system, which was used to apply impact loading to the specimen and generate 179 

and transmit stress waves, thereby simulating the dynamic response and failure behavior of coal 180 

and rock under complex stress conditions; (2) a static preloading system, which was employed 181 

to apply multiaxial static prestress to the specimen; (3) a data acquisition system, which was 182 

used to monitor and record, in real time, key parameters during the test, including stress waves, 183 

stress, and deformation of the specimen; and (4) a velocity measurement system, which was 184 

used to accurately determine the impact velocity acting on the specimen during the loading 185 

process. A schematic diagram of the experimental system is shown in Fig. 2. 186 



 187 

    188 

Fig. 2 Schematic diagram and photos of the system 189 

 190 

Fig. 3 Installation method of the coal-rock combination sample. 191 

The data acquisition method of the SHPB system is based on the experimental principle of the 192 

Wheatstone bridge. The stress-wave signals generated during the impact test are amplified by 193 

an amplifier and then displayed on an oscilloscope. Based on the assumptions of uniform 194 

deformation and one-dimensional stress-wave propagation, the strain of the specimen can be 195 

calculated using Eq. (1). 196 

       (1) 197 



Where εs is the strain of the specimen; c0 is the wave velocity in the bar, m·s−1; εi is the incident-198 

wave strain signal; εr is the reflected-wave strain signal; εt is the transmitted-wave strain signal; 199 

and τ is the time interval for signal acquisition, in s. 200 

According to the linear superposition principle of stress waves, the average strain rate of the 201 

specimen can be calculated using Eq. (2). 202 

            (2)  203 

where 𝜀̇ is the average strain rate of the specimen, in s−1. 204 

According to Hooke’s law, the stress of the specimen can be calculated using Eq. (3). 205 

          (3)  206 

where σs is the stress of the specimen, in MPa; E0 is the elastic modulus of the pressure bar, in 207 

MPa; A is the cross-sectional area of the specimen, in mm2; and A0 is the cross-sectional area 208 

of the pressure bar, in mm2. 209 

2.3 Method of experimentation 210 

First, the coal-rock composite specimen was positioned between the incident bar and the 211 

transmitted bar, with the specimen axis carefully aligned with the axes of the pressure bars. As 212 

shown in Fig. 3, the rock end of the specimen was placed in contact with the incident bar, 213 

whereas the coal end was placed in contact with the transmitted bar, corresponding to the impact 214 

structure of the roof-coal seam system in the working face. After the static pre-stress was 215 

stabilized, the air compressor was activated to provide pneumatic power for the projectile. The 216 

infrared velocimeter and strain measurement system were then configured according to the 217 

experimental requirements. Subsequently, the projectile was launched to impact the incident 218 

bar at different velocities, generating stress waves that acted on the specimen. The detailed 219 



experimental plan is shown in Table 2. During the impact procedure, the stress waves generated 220 

with each impact were recorded and analyzed. The progression of each stress wave profile was 221 

evaluated before initiating the subsequent impact. After the completion of the experiments, the 222 

coal samples were removed to examine the modes of failure. 223 

Table 2 Experimental condition statistics 224 

Specimen 
Specimen 

ID 
σx(MPa) σy(MPa) σz(MPa) 

Launch Pressure 

(MPa) 

Impact Velocity 

(m/s) 

Coal 

C1 

2 6 6 

0.015 2.5m/s 

C2 0.03 4m/s 

C3 0.034 4.5m/s 

C4 0.05 6m/s 

C5 0.07 8m/s 

Rock 

R1 0.015 2.5m/s 

R2 0.03 4m/s 

R3 0.034 4.5m/s 

R4 0.05 6m/s 

R5 0.07 8m/s 

Coal-rock 

composite 

RC1 0.015 2.5m/s 

RC2 0.03 4m/s 

RC3 0.034 4.5m/s 

RC4 0.05 6m/s 

RC5 0.07 8m/s 

3 .Experimental results 225 

3.1 Dynamic Stress-Strain Response Characteristics 226 

3.1.1 Effect of Impact Velocity on the Dynamic Stress-Strain Response 227 

Under the true triaxial initial stress conditions of σ1=2MPa, σ2=6 MPa, and σ3=6 MPa, the 228 

dynamic stress-strain curves of coal, rock, and coal-rock composite specimens subjected to low- 229 

and high-impact velocities are shown in Fig 4. (a)-(c). Figure 4 presents the dynamic stress–230 

strain curves of coal, rock, and coal-rock composite specimens under impact velocities of 2.5, 231 

4, 4.5, 6, and 8 m/s. In general, all three specimen types exhibit a pronounced impact-velocity 232 



effect. As the impact velocity increases, the curves extend toward higher stress and larger strain, 233 

accompanied by a continuous increase in peak stress and an overall extension of the post-peak 234 

deformation range. 235 

For the coal specimens, the peak stresses at impact velocities of 2.5, 4, 4.5, 6, and 8 m/s are 236 

approximately 50, 64, 71, 91, and 117 MPa, respectively. The corresponding peak stresses of 237 

the coal-rock composite specimens are approximately 82, 103, 112, 144, and 171 MPa, while 238 

those of the rock specimens are approximately 112, 132, 153, 180, and 205 MPa. For each 239 

specimen type, the peak stress increases monotonically with impact velocity, indicating a 240 

distinct velocity dependence of the dynamic bearing capacity. 241 

In addition to the increase in peak stress, impact velocity also affects the morphology of the 242 

post-peak branch. Under relatively low impact velocities, the specimens enter the instability 243 

stage shortly after reaching the peak, and the terminal strain remains limited. With increasing 244 

impact velocity, the post-peak branches extend over a broader strain range, indicating that the 245 

specimens undergo more extensive deformation before complete instability. At impact 246 

velocities of 6 and 8 m/s, the coal and coal-rock composite specimens exhibit prolonged post-247 

peak softening, whereas the rock specimens maintain a substantial stress level during the post-248 

peak stage. These observations demonstrate that increasing impact velocity enhances not only 249 

the peak bearing capacity but also the post-peak deformation and residual load-bearing 250 

characteristics. 251 

The overall curve morphology also varies among the three lithologies. The coal specimens 252 

exhibit a gradual pre-peak ascending branch and reach the peak after a relatively extended 253 



deformation process. The rock specimens show a rapid stress increase during the pre-peak stage, 254 

while the coal-rock composite specimens display a distinct transition between the initial loading 255 

stage and the post-peak response. These results indicate that, although impact velocity produces 256 

a strengthening effect in all three specimen types, their pre-peak stiffness, peak position, and 257 

post-peak evolution remain lithology dependent. 258 

3.1.2 Stage-Dependent Response Characteristics of Different Lithologies 259 

The right-hand panels of Fig. 4 further illustrate the representative stress–strain responses 260 

and stage divisions of the three specimen types at an impact velocity of 6 m/s. The curves can 261 

generally be divided into crack closure, rapid elastic loading, peak transition, post-peak 262 

softening, and final instability stages. However, the duration and stress evolution of each stage 263 

differ among the specimens. 264 

For the coal specimen, the peak stress is approximately 91 MPa, corresponding to a peak 265 

strain of about 0.0052. A distinct nonlinear compaction process occurs during the initial loading 266 

stage, after which the stress increases rapidly to the peak. Following the peak, the stress 267 

gradually decreases to approximately 60 MPa and exhibits a slight recovery near a strain of 268 

0.015. The curve then undergoes an abrupt drop. The post-peak stage of the coal specimen 269 

extends over a relatively broad strain interval and is characterized by gradual softening 270 

followed by sudden instability. 271 

For the coal-rock composite specimen, the peak stress is approximately 144 MPa, and the 272 

corresponding peak strain is about 0.0028. After the peak is reached, the stress decreases rapidly 273 

and subsequently forms a relatively stable residual-bearing stage within a stress range of 274 



approximately 85–90 MPa. With further strain accumulation, the stress decreases again and the 275 

specimen enters the final instability stage. The curve therefore exhibits a distinct sequence of 276 

peak attainment, rapid stress reduction, residual bearing, and final failure. 277 

For the rock specimen, the peak stress is approximately 180 MPa, corresponding to a peak 278 

strain of about 0.0028. The crack-closure stage is short, and the stress rises rapidly to the peak. 279 

The specimen then enters a continuous post-peak softening stage. Although the stress decreases 280 

progressively after the peak, a considerable load-bearing level is maintained over a relatively 281 

large strain range before final instability occurs. The response is characterized by rapid pre-282 

peak loading and sustained post-peak stress reduction. 283 

At an impact velocity of 6 m/s, the peak stresses of the coal, coal–rock composite, and rock 284 

specimens are approximately 91, 144, and 180 MPa, respectively. The corresponding peak 285 

strains are approximately 0.0052 for the coal specimen and 0.0028 for both the coal–rock 286 

composite and rock specimens. These results confirm that different lithologies exhibit distinct 287 

dynamic-strength characteristics, peak deformation behavior, and post-peak load-bearing 288 

responses. 289 

 290 



291 

 292 

Fig. 4 Stress-strain curves of different lithology samples (a)coal (b)rock (c) Coal-rock 293 

composite 294 

3.1.3 Failure Morphology and Damage Evolution under Different Impact Velocities 295 

Figure 5 presents the post-impact failure morphologies and damage-zone distributions of the 296 

coal, rock, and coal-rock composite specimens, where the yellow and red regions denote 297 

damaged edge zones and severe spalling zones, respectively. With increasing impact velocity, 298 

all three specimen types exhibit a progressive expansion of damaged and spalled areas, 299 

indicating a transition from localized edge failure to extensive fragmentation. The rock 300 

specimens remain largely intact under low-velocity impact, with only minor corner chipping, 301 

whereas higher velocities promote boundary damage, crack propagation, and localized spalling. 302 

The coal specimens show a stronger response to increasing impact velocity, as damage rapidly 303 

extends from the edges toward the interior, accompanied by pronounced crushing and material 304 

detachment. At 8 m/s, severe fragmentation substantially reduces the intact load-bearing region. 305 



The coal-rock composite specimens exhibit distinctly heterogeneous and asymmetric failure. 306 

At low impact velocities, damage is mainly confined to the outer boundaries, while increasing 307 

impact velocity causes damage to develop preferentially within the coal component and near 308 

the coal–rock interface. At 6 and 8 m/s, severe spalling, interface degradation, and large-scale 309 

material detachment become increasingly evident. These failure characteristics are consistent 310 

with the stress-strain responses shown in Fig. 4: the expansion of damaged and severely spalled 311 

regions is accompanied by broader post-peak deformation ranges and larger terminal strains, 312 

indicating that the increase in dynamic bearing capacity occurs together with more extensive 313 

damage accumulation before final instability. 314 



315 

 316 

 317 

Fig. 5 Failure and damage evolution of different specimens under impact loading 318 

 319 



3.2 Strain-rate dependence of dynamic mechanical parameters 320 

3.2.1 Evolution of average strain rate with impact velocity 321 

As shown in Fig. 6, the average strain rate of coal, rock and coal-rock composite specimens 322 

increases approximately linearly with increasing impact velocity. The fitting results indicate 323 

that the impact velocity has a significant controlling effect on the strain-rate level during 324 

dynamic loading. Under the same impact velocity, the average strain rate of coal is generally 325 

higher than that of the coal-rock composite and rock specimens, whereas the rock specimen 326 

exhibits the lowest strain-rate response. 327 

This difference is closely related to the deformation capacity and internal structure of the 328 

specimens. Coal contains more primary pores and microcracks, and its relatively low stiffness 329 

allows greater deformation within a short loading duration, resulting in a higher average strain 330 

rate. In contrast, the rock specimen has a denser structure and higher stiffness, which restricts 331 

rapid deformation under impact loading. The coal-rock composite shows an intermediate 332 

response, indicating that its strain-rate behavior is jointly affected by the weak coal component, 333 

the high-stiffness rock component and the coal-rock interface. 334 

Therefore, the increase in impact velocity not only enhances the loading intensity but also 335 

raises the strain-rate level of the specimens. This provides the basis for further analyzing the 336 

strain-rate dependence of dynamic strength, dynamic increase factor and energy absorption 337 

characteristics.. 338 



 339 

Fig. 6 Evolution of average strain rate with impact velocity for different lithology samples 340 

3.2.2 Strain-rate dependence of dynamic strength and energy absorption 341 

The relationships between average strain rate and dynamic mechanical parameters are 342 

shown in Fig. 7(a)–(c). It can be observed that the dynamic increase factor, peak stress and 343 

absorbed energy of the three types of specimens all increase with increasing average strain rate, 344 

indicating a clear strain-rate strengthening effect under impact loading. 345 

As shown in Fig. 7(a), the DIF of coal, rock and coal-rock composite specimens increases 346 

approximately linearly with average strain rate. This suggests that the dynamic strength 347 

enhancement of the specimens becomes more pronounced as the loading rate increases. 348 

Compared with coal, the rock and coal-rock composite specimens show stronger strain-rate 349 

sensitivity in terms of DIF, which may be attributed to the more significant stress wave 350 

interaction and constraint effect during rapid loading. For coal, although the DIF also increases 351 

with strain rate, its growth is relatively gradual, reflecting the progressive closure and expansion 352 

of internal cracks. 353 

Fig. 7(b) further shows that the peak stress increases with average strain rate for all 354 

specimens. The rock specimen exhibits the highest peak stress and the most obvious strength 355 



enhancement, indicating its strong dynamic bearing capacity and high stiffness. The coal 356 

specimen shows a lower peak stress level because its internal pores and cracks promote damage 357 

accumulation during impact loading. The coal-rock composite displays an intermediate strength 358 

level, but its response is not a simple superposition of coal and rock. The difference in stiffness 359 

and wave impedance between coal and rock may induce stress concentration near the interface, 360 

thereby affecting the overall dynamic bearing capacity of the composite specimen. 361 

As shown in Fig. 7(c), the absorbed energy also increases with average strain rate, 362 

indicating that specimens can absorb and dissipate more impact energy under higher loading 363 

rates. The absorbed energy of rock and coal-rock composite specimens increases more 364 

significantly than that of coal, suggesting that high-stiffness materials and composite structures 365 

have stronger energy storage and dissipation capacities under dynamic loading. For the coal-366 

rock composite, the absorbed energy is closely associated with coal deformation, interface 367 

damage, crack propagation and frictional sliding between fractured blocks. 368 

Overall, the results demonstrate that average strain rate is a key factor controlling the 369 

dynamic mechanical response of coal, rock and coal–rock composite specimens. With 370 

increasing strain rate, the dynamic strength and energy absorption capacity are enhanced, while 371 

the differences among the three types of specimens reflect the combined effects of material 372 

stiffness, internal defects and interface structure. 373 



374 

 375 

Fig. 7Strain-rate dependence of dynamic mechanical parameters for different lithology samples 376 

 (a) DIF versus average strain rate (b)Peak stress versus average strain rate 377 

(c)Absorbed energy versus average strain rate 378 

3.3 Energy Evolution and Distribution Characteristics 379 

The SHPB technique is based on the one-dimensional elastic stress-wave theory and the 380 

assumption of material homogeneity. The energy carried by the stress wave propagating in the 381 

pressure bar can be expressed as follows 382 

               ܹ = ஺஼0ா0 ∫ 2௧0ߪ  383 (4)                            ߬݀(ݐ)

Where σ(t) is the stress signal in the incident bar or transmission bar, in MPa. The stress-wave 384 

velocity c0 can be calculated from the density ρ0 and elastic modulus E0 of the pressure bar, as 385 

follows: 386 

0ܥ                             =  387 (5)                            0ߩ/0ܧ√

Substituting Eq. (5) into Eq. (4) yields 388 ܹ = ஺஼0ഐ0 ∫ 2௧0ߪ  389 (6)                        ߬݀(ݐ)



In addition, according to the principle of energy conservation, in the SHPB test, the total energy 390 

absorbed by the coal-rock composite specimen can be expressed as the difference among the 391 

incident energy, reflected energy, and transmitted energy [51], namely: 392 

௦ܹ = ௜ܹ − ௥ܹ − ௧ܹ                            (7) 393 

where Ws is the energy absorbed by the coal-rock composite specimen, in J; Wi is the incident 394 

energy, in J; Wr is the reflected energy, in J; and Wt is the transmitted energy, in J. 395 

Figures (a)-(c) present the time-dependent evolution of incident, reflected, transmitted, and 396 

absorbed energies for the coal, rock, and coal-rock composite specimens under impact loading, 397 

while Figs. (a₁)-(c₁) further show the percentage variations of each energy component relative 398 

to the incident energy. Overall, the energy evolution processes of the three specimen types 399 

exhibit strong consistency, all undergoing an initial slow-growth stage, a rapid accumulation 400 

stage, and a final stable plateau stage. At the initial stage of impact, before the incident wave 401 

fully acts on the specimen, all energy components remain at relatively low levels. As the stress 402 

wave reaches the specimen and interacts with it, the incident energy increases rapidly, 403 

accompanied by synchronous growth in reflected, transmitted, and absorbed energies. After the 404 

impact process is completed, each energy component gradually approaches a stable value, and 405 

the sum of reflected, transmitted, and absorbed energies remains basically consistent with the 406 

incident energy, indicating that the experimental data generally satisfy the energy conservation 407 

relationship and can adequately reflect the energy partition characteristics during impact. 408 

It should be noted that the absolute values of incident energy differ among the three 409 

specimen groups. Therefore, when comparing the impact responses of different specimens, 410 



attention should be paid not only to the absolute energy values but also to the proportion of 411 

each energy component, so as to reveal the controlling role of material properties and structural 412 

configuration in impact energy distribution. 413 

3.3.1 Energy Evolution under Impact Loading 414 

Figure 8 shows the energy evolution of the coal, rock, and coal-rock composite specimens 415 

at an impact velocity of 6 m/s. For all three specimens, the incident, reflected, transmitted, and 416 

absorbed energies increase rapidly during the main loading stage and subsequently approach 417 

stable values. This indicates that energy input, redistribution, and dissipation occur primarily 418 

within a short impact-duration interval. 419 

For the coal specimen, the incident energy stabilizes at approximately 305 J, while the 420 

reflected, absorbed, and transmitted energies reach about 180, 102, and 20 J, respectively. The 421 

corresponding stable values for the rock specimen are approximately 318, 100, 148, and 68 J. 422 

For the coal-rock composite specimen, the incident, reflected, absorbed, and transmitted 423 

energies stabilize at about 110, 74, 33, and 4 J, respectively. Although the temporal evolution 424 

of the energy components is generally similar, their final magnitudes and relative contributions 425 

differ considerably among the three lithologies. 426 

3.3.2 Energy Partitioning Characteristics of Different Lithologies 427 

The stable energy proportions reveal distinct lithology-dependent energy-partitioning 428 

patterns. For the coal specimen, reflected, absorbed, and transmitted energies account for 429 

approximately 59%-60%, 33%-35%, and 6%-7% of the incident energy, respectively. Thus, 430 

energy reflection dominates, whereas only a small fraction is transmitted through the specimen. 431 



This distribution is associated with the developed pore-fracture structure and relatively low 432 

wave impedance of coal, which enhance stress-wave reflection and attenuate energy 433 

transmission. 434 

For the rock specimen, the absorbed energy represents the largest proportion, 435 

approximately 46%-47%, followed by reflected energy at 31%-32% and transmitted energy at 436 

21%-22%. The relatively dense structure and higher wave impedance of rock facilitate stress-437 

wave propagation into and through the specimen, thereby reducing reflection and increasing 438 

both transmission and internal energy dissipation. By contrast, the coal-rock composite exhibits 439 

the highest reflected-energy proportion, approximately 66%-67%, while the transmitted and 440 

absorbed energies account for only 3%-4% and 29%-30%, respectively. The pronounced 441 

impedance discontinuity at the coal-rock interface intensifies stress-wave reflection and 442 

restricts transmission. Therefore, the energy response of the composite is governed not by a 443 

simple superposition of coal and rock behavior, but by heterogeneous structural effects and 444 

interface-controlled energy redistribution. 445 



 446 

Fig. 8 Energy evolution and distribution characteristics of different lithology samples (a)coal 447 

(b)rock (c) Coal-rock combination 448 

3.3.3 Normalized Energy Absorption Rate 449 

To further reveal the temporal evolution characteristics of energy dissipation during 450 

impact loading, the normalized energy absorption rate was introduced, which can be expressed 451 

as 452  ௗ(ாೌ/ாೌ,೘ೌೣ)ௗ(௧/௧೛)                                  (8) 453 



where Ea is the absorbed energy, Ea,max is the maximum absorbed energy, t is the loading time, 454 

and tp is the characteristic impact duration. This parameter reflects the relative rate at which the 455 

specimen absorbs impact energy during the loading process. A larger value indicates that 456 

energy is absorbed and dissipated more rapidly within a short period, corresponding to a 457 

stronger dynamic response and more concentrated damage evolution. As shown in Fig.9, the 458 

curves of coal, rock and coal-rock composite specimens all present a typical single-peak pattern. 459 

At the initial loading stage, the energy absorption rate remains relatively low, which is mainly 460 

associated with the closure of primary pores and microcracks. With the continuous input of 461 

impact energy, the internal stress increases rapidly, accompanied by crack initiation and 462 

propagation, leading to a sharp rise in the energy absorption rate. After reaching the peak, the 463 

curves gradually decrease, indicating that the specimens enter the damage accumulation and 464 

instability stage, during which the ability to further absorb energy weakens. 465 

For the coal specimen, the peak energy absorption rate increases with increasing impact 466 

velocity, and the peak position shifts slightly toward an earlier normalized time. This indicates 467 

that higher impact velocity accelerates the energy absorption process and promotes more rapid 468 

damage evolution. Compared with high-velocity loading, the curves under lower impact 469 

velocities are broader and gentler, suggesting that coal undergoes a relatively gradual energy 470 

dissipation and failure process. 471 

For the rock specimen, the normalized energy absorption rate is relatively high, especially 472 

under high impact velocity. The peak appears earlier and the curve rises more steeply, reflecting 473 

the strong instantaneous energy absorption capacity of rock. This behavior is closely related to 474 



its higher stiffness and brittleness. Under impact loading, rock can rapidly accumulate elastic 475 

energy, and once the damage threshold is reached, crack propagation and energy dissipation 476 

occur more intensively. 477 

For the coal-rock composite specimen, the curves are relatively gentle and the energy 478 

absorption process is more dispersed over time. This is mainly attributed to the mechanical 479 

mismatch between coal and rock and the interface effect. During impact loading, part of the 480 

incident energy is consumed by deformation coordination, interfacial damage, and stress-wave 481 

reflection and transmission at the coal-rock interface. As a result, the instantaneous 482 

concentration of energy absorption is weakened, and the failure process shows more obvious 483 

progressive and staged characteristics. 484 

Overall, increasing impact velocity enhances the instantaneous energy absorption capacity 485 

of all specimens and advances the occurrence of the peak absorption rate. Rock mainly exhibits 486 

rapid energy accumulation and brittle dissipation, coal shows relatively progressive damage 487 

evolution, while the coal-rock composite presents a more complex and dispersed energy 488 

absorption process due to interface effects and deformation incompatibility. These results 489 

indicate that the dynamic failure of coal-rock composite under impact loading is controlled not 490 

only by the properties of coal and rock, but also by the structural effect of the interface. 491 



 492 

Fig. 9 Normalized energy absorption rates of different specimens under various impact 493 

velocities 494 

3.3.4 Normalized Energy Absorption Rate 495 

To further eliminate the influence of differences in the absolute incident energy under different 496 

impact velocities, the absorbed energy and loading time were normalized. The normalized 497 

absorbed energy curves are shown in the figure. The normalized absorbed energy can be 498 

expressed as: 499 

௔ߟ = ாೌாೌ,೘ೌೣ                            (9) 500 

Where Ea is the absorbed energy at any moment during impact loading, Ea,max and is the 501 

maximum absorbed energy under the corresponding test condition. The horizontal coordinate 502 

t/tp represents the normalized time. Through this treatment, the energy absorption rate and 503 

energy accumulation process of coal, rock, and coal-rock composite specimens under different 504 

impact velocities can be compared more intuitively. 505 

As shown in the Fig. 10, the normalized absorbed energy curves of coal, rock, and coal-506 

rock composite specimens all exhibit an obvious S-shaped increasing trend. The whole process 507 

can be divided into three stages: the initial slow energy absorption stage, the rapid energy 508 

absorption stage, and the later stable stage. At the initial loading stage, the normalized absorbed 509 

energy increases slowly, indicating that the specimen mainly undergoes closure of primary 510 



cracks, local contact adjustment, and elastic energy storage, with relatively low energy 511 

dissipation. As the impact loading continues, the slope of the curve increases significantly, 512 

indicating that internal cracks begin to initiate, propagate, and coalesce rapidly, resulting in a 513 

sharp increase in absorbed energy. In the later loading stage, the curve gradually becomes stable 514 

and approaches 1, suggesting that the energy absorption capacity of the specimen reaches 515 

saturation and the failure process is basically completed. 516 

From the perspective of impact velocity, as the impact velocity increases from 2.5 m/s to 8 517 

m/s, the normalized absorbed energy curves of the three types of specimens shift leftward as a 518 

whole, and the normalized time required to reach 0.5=ܽߟ gradually decreases. This indicates 519 

that the higher the impact velocity, the greater the proportion of energy absorbed by the 520 

specimen within a shorter time, and the more concentrated the energy input and dissipation 521 

process becomes. In other words, under high-velocity impact, the internal damage evolution of 522 

the coal-rock mass accelerates, crack propagation and coalescence occur earlier, and the 523 

specimen is more likely to enter the rapid damage and instability stage within a short time. 524 

For the coal specimen, the normalized absorbed energy curve shifts forward noticeably 525 

with increasing impact velocity. Under low-velocity impact, the energy absorption process of 526 

coal is relatively delayed, indicating that the closure of pores and cracks and the progressive 527 

damage process last for a longer period. Under high-velocity impact, the curve rises rapidly, 528 

suggesting that crack compaction, initiation, and propagation in coal are significantly 529 

accelerated under stronger impact disturbance, and absorbed energy accumulates rapidly during 530 



the early and middle stages. This behavior is closely related to the strong heterogeneity and 531 

well-developed fissures of coal. 532 

The curves of the rock specimen rise relatively smoothly, and the slope in the rapid energy 533 

absorption stage is relatively large, indicating that rock has a stronger capacity for elastic energy 534 

storage and rapid energy dissipation under impact loading. Compared with coal, rock has a 535 

denser internal structure and fewer initial cracks. Therefore, its energy absorption process is 536 

mainly concentrated in the rapid crack propagation stage after elastic deformation. With 537 

increasing impact velocity, the time required for the rock specimen to reach the half-energy 538 

absorption state is advanced, indicating that higher impact velocity promotes rapid energy 539 

accumulation in rock and rapid dissipation during unstable crack propagation. 540 

The normalized absorbed energy curves of the coal-rock composite also shift significantly 541 

forward with increasing impact velocity, and this forward shift is more pronounced under high-542 

velocity impact. This indicates that the energy absorption process of the composite specimen 543 

becomes more concentrated under strong impact disturbance, and the damage development 544 

becomes more sudden. This is mainly because there are obvious differences in strength, 545 

stiffness, and wave impedance between coal and rock. When the impact wave propagates to the 546 

coal-rock interface, reflection, transmission, and local stress concentration occur, causing 547 

damage to initiate and propagate earlier near the interface and in the weak coal component. 548 

Therefore, the energy absorption process of the composite specimen is controlled not only by 549 

the weak mechanical properties of coal, but also by the interface effect and structural 550 

coordination deformation. 551 



A comprehensive comparison of the three types of specimens shows that their normalized 552 

energy absorption characteristics have both similarities and differences. The similarity is that 553 

the energy absorption process of all specimens advances with increasing impact velocity, and 554 

the rapid energy absorption stage becomes shorter, indicating that coal, rock, and coal–rock 555 

composite specimens all exhibit significant impact velocity effects. The differences are as 556 

follows: the energy absorption process of coal is mainly controlled by the closure of primary 557 

fissures and progressive damage; the energy absorption process of rock is more concentrated 558 

in the rapid failure stage after elastic energy storage; and the coal-rock composite exhibits more 559 

obvious interface control and structural effects. 560 

Therefore, the normalized absorbed energy curve can not only reflect the energy 561 

absorption rate of specimens under different impact velocities, but also reveal the timing 562 

characteristics of damage evolution and instability failure. Under high impact velocity, the 563 

specimen completes a large proportion of energy absorption within a shorter normalized time, 564 

indicating that the energy accumulation and dissipation processes are more intense and that 565 

dynamic failure is more sudden. For the coal-rock composite, the interface effect further 566 

intensifies local energy concentration and non-uniform damage development, which is an 567 

important reason for the complexity of its impact instability behavior. 568 



 569 

Fig. 10 Normalized energy absorption evolution under different impact velocities 570 

3.3.5 Energy Absorption Density under Different Impact Velocities 571 

To evaluate the energy dissipation capacity per unit volume of coal, rock, and coal-rock 572 

composite specimens under different impact velocities, the energy absorption density was 573 

introduced: 574 

߱௔ = ா௏ೌ                     (10) 575 

where ߱௔ is the energy absorption density, J·m-3; Ea is the absorbed energy, J; and V is the 576 

specimen volume, m3. Compared with absorbed energy, energy absorption density eliminates 577 

the influence of specimen size and better reflects the intrinsic energy dissipation capacity of the 578 

material. As shown in the Fig.11, the energy absorption density of all three types of specimens 579 

increases significantly with increasing impact velocity. When the impact velocity rises from 580 

2.5 m/s to 8 m/s, the input impact energy increases, resulting in more intense crack initiation, 581 

propagation, coalescence, and fragmentation. Therefore, more energy is absorbed and 582 

dissipated per unit volume. This result is consistent with the normalized absorbed energy curves 583 

discussed above, indicating that higher impact velocities not only increase the total absorbed 584 

energy but also accelerate the energy accumulation and dissipation process. 585 



For coal specimens, the energy absorption density is generally the lowest, increasing from 586 

approximately 0.12×108 J·m-3 to 0.78×108 J·m-3. This is mainly attributed to the well-developed 587 

pores and primary fissures in coal, which reduce its dynamic bearing capacity. Although part 588 

of the impact energy is consumed by crack closure and local compaction, the overall energy 589 

storage and dissipation capacity of coal remains relatively weak. 590 

Rock specimens show the highest energy absorption density under most impact velocities, 591 

increasing from approximately 0.44×108J·m-3 to 1.14×108 J·m-3. Due to their denser structure, 592 

higher strength, and greater stiffness, rock specimens can accumulate more elastic strain energy 593 

before failure. Under high-velocity impact, this stored energy is rapidly transformed into crack 594 

propagation energy, frictional dissipation, and fragmentation energy. 595 

For the coal–rock composite specimens, the energy absorption density increases from 596 

approximately 0.27×108 J·m-3to 1.14×108 J·m-3. At low impact velocities, the absorption 597 

density is lower than that of rock because the overall response is restricted by the weak coal 598 

component and the coal–rock interface. However, under high impact velocities, the absorption 599 

density increases sharply and becomes close to that of rock, indicating that coal crushing, rock 600 

cracking, interface sliding, and local stress concentration jointly contribute to energy 601 

dissipation. 602 

Overall, under the same impact velocity, the energy absorption density is generally higher 603 

for rock and lower for coal, while that of the coal-rock composite lies between them and 604 

increases significantly under high-velocity impact. This indicates that material strength, internal 605 

structural integrity, and interface effects jointly control the energy absorption capacity. Coal 606 



has a lower absorption density due to its developed pores and fissures; rock can accumulate and 607 

dissipate more energy because of its dense structure and high bearing capacity; and the coal-608 

rock composite is controlled by both coal weakening and interface damage, showing limited 609 

absorption capacity at low velocity but enhanced dissipation under high-velocity impact. 610 

In addition, the error bars in the figure are generally small, indicating good stability and 611 

repeatability of the energy absorption density results under different test conditions. With 612 

increasing impact velocity, the error range of some specimens becomes slightly larger, 613 

suggesting that high-velocity impact leads to more violent failure, greater uncertainty in crack 614 

propagation paths, interface damage, and fragmentation patterns. 615 

Therefore, energy absorption density effectively characterizes the energy dissipation capacity 616 

per unit volume of coal, rock, and coal-rock composite specimens under impact loading. A 617 

higher impact velocity leads to greater energy absorption density and more intense energy 618 

accumulation and dissipation during failure. For the coal–rock composite, the interface effect 619 

and structural cooperative failure are significantly enhanced under high-velocity impact, which 620 

is an important reason for the rapid increase in energy absorption density and the complexity 621 

of its dynamic instability behavior. 622 



 623 

Fig.11 Energy absorption density of different specimens under different impact velocities 624 

4. Discussion 625 

4.1 Dynamic strengthening and lithology-dependent failure mechanisms 626 

The experimental results demonstrate that coal, rock, and coal-rock composite specimens 627 

exhibit several common dynamic characteristics under the prescribed multiaxial prestress and 628 

impact loading conditions. Their stress-strain responses generally undergo crack closure, rapid 629 

loading, peak transition, post-peak softening, and final instability. Meanwhile, peak stress, 630 

average strain rate, absorbed energy, and energy absorption density increase with impact 631 

velocity, indicating a pronounced rate-dependent dynamic strengthening effect. Similar staged 632 

deformation and strain-rate-dependent behavior have also been reported for coal, rock, and 633 

coal-rock composites subjected to impact or coupled static-dynamic loading [13-18]. 634 

The increase in dynamic strength with impact velocity is related to the coupled effects of 635 

loading rate, crack-growth kinetics, and multiaxial constraint. At higher loading rates, the time 636 

available for stable crack initiation and propagation is shortened. Consequently, a larger number 637 

of microcracks must be activated within a shorter period before coalescing into a macroscopic 638 



failure surface, allowing the specimen to temporarily sustain a higher stress level. Meanwhile, 639 

the applied prestress restricts lateral deformation and alters crack propagation. Therefore, the 640 

increase in peak stress is not solely caused by the increase in impact energy but reflects the 641 

combined effects of strain-rate sensitivity, damage evolution, and multiaxial constraint. 642 

Despite these common trends, the dominant failure mechanisms differ substantially among 643 

the three specimen types. Coal contains abundant primary pores and fissures and has relatively 644 

low stiffness. It therefore undergoes a more pronounced initial compaction process and 645 

develops greater deformation within the short impact duration, resulting in the highest average 646 

strain-rate response. Its damage process is characterized by progressive fissure closure, crack 647 

initiation and coalescence, local crushing, and eventual instability. Thus, the dynamic failure 648 

of coal is primarily governed by pre-existing defects and progressive damage accumulation. 649 

In contrast, the rock specimen has a denser structure, higher stiffness, and significantly 650 

greater dynamic bearing capacity. Its stress increases rapidly during the pre-peak stage, and a 651 

considerable stress level is maintained after the peak. Rock also exhibits the highest energy 652 

absorption density under most impact conditions. These characteristics indicate a failure 653 

process dominated by high-stiffness load bearing and elastic energy accumulation, followed by 654 

relatively concentrated crack propagation and fragmentation. 655 

The coal-rock composite exhibits characteristics that cannot be fully explained by either 656 

constituent material alone. Its response involves not only the mechanical contrast between coal 657 

and rock but also stress-wave interaction and load redistribution across the interface. This 658 

structural effect is further discussed in Section 4.3. 659 



4.2 Energy redistribution and dissipation mechanisms 660 

The energy results further reveal the lithology-dependent dynamic failure mechanisms. For 661 

coal, reflected energy accounts for approximately 59-60% of the incident energy, whereas 662 

transmitted energy represents only approximately 6-7%. The relatively high reflection and low 663 

transmission are associated with its low wave impedance and highly heterogeneous pore-664 

fracture structure, which strongly attenuate stress-wave propagation. 665 

For the rock specimen, the reflected-energy proportion decreases to approximately 31-32%, 666 

whereas the transmitted-energy proportion increases to approximately 21-22%. In addition, 667 

absorbed energy represents approximately 46-47% of the incident energy. The denser structure 668 

and higher wave impedance of rock therefore facilitate stress-wave propagation into and 669 

through the specimen, while its high stiffness and strength allow greater internal energy 670 

accumulation and subsequent dissipation through crack propagation and fragmentation. 671 

The coal-rock composite exhibits a distinctly different energy-partitioning pattern. Its 672 

reflected-energy proportion reaches approximately 66-67%, the highest among the three 673 

specimen types, whereas the transmitted-energy proportion is only approximately 3-4%. This 674 

pronounced reflection cannot be interpreted solely from the properties of coal or rock. Instead, 675 

the mechanical and wave-impedance mismatch across the coal-rock interface causes substantial 676 

reflection and transmission when the stress wave propagates from the rock component toward 677 

the coal component. The resulting wave interaction also promotes dynamic stress redistribution 678 

and local stress concentration near the interface [14-16,22]. 679 



The normalized energy evolution provides further insight into the temporal characteristics of 680 

dynamic failure. For all three specimen types, increasing impact velocity shifts the normalized 681 

absorbed-energy curves toward earlier normalized times, indicating that a larger proportion of 682 

energy is absorbed and dissipated within a shorter period. Thus, increasing impact velocity not 683 

only increases the magnitude of energy input but also shortens the time scale of damage 684 

evolution, making dynamic failure increasingly rapid. 685 

However, the dominant energy dissipation pathways differ among the specimens. In coal, 686 

energy is progressively consumed by fissure closure, crack propagation, crushing, and fragment 687 

rearrangement. In rock, a greater proportion of energy is stored elastically before being rapidly 688 

dissipated through brittle crack propagation and fragmentation. In the coal-rock composite, 689 

several mechanisms operate simultaneously, including coal deformation and crushing, stress-690 

wave reflection and transmission, interface degradation and sliding, local stress redistribution, 691 

and eventual rock cracking. 692 

The energy absorption density further supports this interpretation. At relatively low impact 693 

velocities, the energy absorption density of the composite lies between those of coal and rock, 694 

indicating that its energy dissipation is still strongly influenced by the weaker coal component. 695 

At higher impact velocities, however, the absorption density increases rapidly and approaches 696 

that of rock. This suggests that strong impact disturbance activates additional dissipation 697 

mechanisms throughout the composite, so that coal crushing, interface degradation, frictional 698 

sliding, rock cracking, and structural rearrangement jointly contribute to energy dissipation. 699 



These results show that the composite should not simply be regarded as a material with 700 

properties intermediate between coal and rock. Instead, its energy response is governed by an 701 

evolving interface-mediated redistribution process, which provides an energetic basis for the 702 

staged failure behavior discussed below. 703 

4.3 Non-additive structural response and coupled failure mechanism of the coal–rock 704 

composite  705 

The key difference between the coal-rock composite and the single-material specimens is that 706 

its dynamic response cannot be described as a simple superposition of coal and rock behavior. 707 

Across the investigated impact velocities of 2.5-8 m/s, the peak stress of the composite 708 

increases from approximately 82 to 171 MPa, consistently higher than that of coal (50-117 MPa) 709 

but lower than that of rock (112-205 MPa). This intermediate strength level reflects the 710 

competing and cooperative effects of the high-stiffness rock component and the mechanically 711 

weaker coal component. 712 

More importantly, the composite exhibits a deformation and post-peak evolution pattern that is 713 

distinct from those of both constituent materials. At an impact velocity of 6 m/s, the peak 714 

stresses of coal, coal-rock composite, and rock are approximately 91, 144, and 180 MPa, 715 

respectively, whereas the corresponding peak strains are approximately 0.0052, 0.0028, and 716 

0.0028. The substantially lower peak strain of the composite relative to coal indicates that the 717 

stiff rock component constrains the rapid deformation of the coal component during the pre-718 

peak stage. Therefore, the coal and rock do not behave as mechanically independent blocks; 719 

instead, stress transfer through the interface enables a constrained cooperative bearing state. 720 



This cooperative state becomes progressively unstable after the peak. Coal exhibits relatively 721 

gradual post-peak softening, whereas rock undergoes a more continuous stress reduction while 722 

retaining considerable bearing capacity. In contrast, the coal-rock composite displays a 723 

characteristic sequence of peak attainment, rapid stress reduction, residual bearing, and 724 

secondary instability. At 6 m/s, for example, the stress rapidly decreases from approximately 725 

144 MPa after the peak and subsequently remains at approximately 85–90 MPa before 726 

decreasing again toward final instability. This residual-bearing stage represents one of the 727 

clearest mechanical characteristics distinguishing the composite from the single-material 728 

specimens. 729 

Based on these observations, the dynamic response of the coal-rock composite can be 730 

interpreted as a two-stage structure-material interaction process. During the pre-peak stage, the 731 

relatively stiff rock component constrains coal deformation, while interfacial stress transfer 732 

allows the two components to participate jointly in load bearing. This constrained cooperative 733 

interaction increases the dynamic bearing capacity of the composite relative to coal alone and 734 

suppresses excessive pre-peak deformation. 735 

After the peak stress is reached, damage preferentially develops within the weaker coal 736 

component and near the coal-rock interface. The resulting degradation of deformation 737 

compatibility causes dynamic load redistribution between coal and rock. As the damaged coal 738 

region progressively loses bearing capacity, part of the load is transferred through the interface 739 

to the less-damaged rock component, which provides a mechanical explanation for the observed 740 

residual-bearing stage. With continued loading, coal crushing, interface degradation, local 741 



sliding, and crack propagation progressively weaken the load-transfer path. Once these damage 742 

zones become interconnected, coordinated deformation between coal and rock can no longer 743 

be maintained, and the composite enters secondary instability. 744 

The post-impact failure morphology further supports this interpretation. Damage in the 745 

composite is distinctly heterogeneous and asymmetric, with preferential failure occurring in the 746 

coal component and near the interface. As impact velocity increases, the damaged region 747 

evolves from localized boundary damage to extensive coal crushing, interface degradation, and 748 

material detachment. Therefore, the failure of the composite is neither controlled solely by the 749 

weak coal component nor governed by the high-strength rock component. The composite 750 

failure therefore reflects a transition from pre-peak cooperative bearing to post-peak interface-751 

controlled load redistribution and structural instability. This structure-material coupled 752 

instability mechanism is schematically illustrated in Fig. 12. 753 

 754 



Fig.12 Structure-material coupled dynamic instability mechanism of the coal-rock composite 755 

under impact loading 756 

4.4 Engineering implications for dynamic instability of deep coal–rock systems  757 

The present results have important implications for the assessment of dynamic instability in 758 

deep coal mining. In particular, the stability of a coal-rock system cannot be evaluated solely 759 

from the strength or dynamic properties of coal. The coal-rock composite exhibits a 760 

substantially higher peak stress than coal alone, indicating that the constraint provided by 761 

competent roof or floor rock can enhance the apparent dynamic bearing capacity of the coal-762 

rock system. However, this increase in peak bearing capacity should not necessarily be 763 

interpreted as an equivalent increase in structural stability. 764 

The experiments show that the enhanced pre-peak bearing capacity of the composite is 765 

accompanied by strong interfacial wave reflection, heterogeneous damage development, and a 766 

distinct post-peak residual-bearing stage. A hard-rock-soft-coal system may therefore sustain a 767 

relatively high dynamic load before failure while progressive damage is already developing 768 

within the adjacent coal and interface region. Once deformation compatibility between coal and 769 

rock is lost, subsequent stress redistribution and damage coalescence may trigger delayed or 770 

secondary instability. Thus, the presence of residual bearing capacity after initial damage does 771 

not necessarily indicate a stable state. 772 

This behavior is particularly relevant to hard-roof-coal-seam systems. Dynamic disturbances 773 

generated by roof fracture, fault slip, blasting, or other mining activities may propagate from 774 

competent rock toward the coal seam and undergo pronounced reflection, transmission, and 775 

redistribution at lithological interfaces. The coal-rock contact region and the adjacent weak coal 776 



may therefore become preferential zones for dynamic stress concentration and damage 777 

initiation. Consequently, dynamic risk assessment should consider not only the mechanical 778 

properties of individual coal and rock units but also their stiffness and strength contrasts, 779 

interface condition, and dynamic load-transfer characteristics. 780 

From the perspective of monitoring, particular attention should be paid to coal-roof and coal-781 

floor transition zones, especially where stiff and strong strata are in direct contact with weak or 782 

highly fractured coal. Abnormal microseismic or acoustic-emission activity, rapid differential 783 

deformation, and localized energy release near these interfaces may provide useful indicators 784 

of the transition from cooperative bearing to interface-controlled instability. 785 

The results also suggest that dynamic disaster mitigation should simultaneously target the 786 

disturbance source and structurally sensitive regions. For hard-roof-soft-coal conditions, 787 

weakening or preconditioning of competent roof strata can reduce the intensity of external 788 

dynamic loading, whereas destressing of the coal seam can lower the stored energy available 789 

for unstable failure. Meanwhile, maintaining support continuity and limiting excessive 790 

differential deformation near coal-rock boundaries may help reduce local stress redistribution 791 

and premature interface degradation. The roof, coal seam, and interface should therefore be 792 

treated as an integrated mechanical system rather than as independent structural components. 793 

From this perspective, the engineering significance of the present study extends beyond the 794 

general observations that rock is stronger than coal and that increasing impact velocity enhances 795 

dynamic strength. More importantly, the results demonstrate that the transition from a single 796 

material to a coal-rock structural system fundamentally alters the pathways of load transfer, 797 



stress-wave propagation, damage accumulation, energy redistribution, and post-peak instability. 798 

The coal-rock interface therefore represents a critical structural link between external dynamic 799 

disturbance, localized damage evolution, and eventual system instability. 800 

5. Conclusion 801 

In this study, true triaxial impact tests were conducted on coal, rock, and coal-rock 802 

composite specimens to investigate their dynamic stress-strain response, strain-rate behavior, 803 

failure characteristics, and energy absorption mechanism. The results show that all specimens 804 

exhibit typical staged deformation characteristics under impact loading, including crack closure, 805 

rapid loading, peak transition, post-peak softening, and final instability. With increasing impact 806 

velocity, the peak stress, deformation capacity, absorbed energy, and energy absorption density 807 

increase significantly, indicating an obvious dynamic strengthening effect. 808 

The dynamic responses of the three specimen types differ markedly due to their material 809 

properties and structural characteristics. Rock exhibits the highest dynamic bearing capacity 810 

and energy absorption capacity because of its dense structure and high stiffness, whereas coal 811 

shows a stronger strain-rate response owing to its low stiffness and developed internal defects. 812 

The coal-rock composite presents a more complex response controlled by both the weak coal 813 

component and the coal-rock interface, and its deformation and failure process cannot be 814 

regarded as a simple superposition of coal and rock behavior. 815 

Energy analysis indicates that impact velocity plays a dominant role in enhancing energy 816 

input and dissipation. Rock mainly dissipates energy through internal cracking and 817 

fragmentation, while coal and coal-rock composites are more strongly affected by wave 818 

reflection, crushing, interface sliding, and local structural damage. In particular, the coal-rock 819 



interface promotes stress-wave reflection and local stress concentration, leading to preferential 820 

damage in the coal part and near the interface. 821 

Overall, the dynamic instability of coal-rock composites under true triaxial impact loading is 822 

governed by material heterogeneity, interfacial effects, and stress-wave redistribution. These 823 

findings provide experimental support for understanding the impact failure mechanism of deep 824 

coal-rock systems under complex in-situ stress and dynamic disturbance conditions.  825 
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