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2.3 Stress loading and unloading method 
As shown Fig. 3, the specific steps of the experiment were as follows. (1) The triaxial stress σ1, σ2 and 
σ3 were loaded to 0.5σc, 0.4σc and 0.375σc, respectively, at the loading rate of 0.1MPa/s. This state was 
maintained for 10 min. Then, the σ3 was unloaded to 0 MPa at the unloading rate of 20 MPa/s, 
exposing the free face. The specimen was subsequently reloaded σ1 at the loading rate of 0.1 MPa/s 
and increased by 0.5 σc. This state was maintained for 10min. (2) The triaxial stress was further loaded 
at the rate of 0.1MPa/s, with σ1, σ2 and σ3 were increased by 0.5σc, 0.4σc and 0.375σc, respectively. 
After reaching these levels, the state was maintained for 10 min. The σ3 was unloaded to 0 MPa at the 
unloading rate of 20 MPa/s, exposing the free face again. The σ1 was once more loaded atthe loading 
rate of 0.1 MPa/s and increased by 0.5σc. This state was maintained for 10 min while the free face was 
observed. (3) Step 2 was repeated until the specimen failed. The experiment stopped after the failure 
occurs. 

3 Experimental Results 

3.1 Mechanical response 

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Fig. 4 Stress characteristics of specimens with different coal-rock ratios: (a)1:0. (b)2:1.(c)1:1.(d)1:2. (e) 0:1. (f) σp. 

The stress-time curves, AE count and cumulative AE counts for specimens are shown in Fig. 4. A 
large increase in AE count occurs when the specimen’s stress state is altered (such as during unloading 
or before failure), while at other times the AE count remains low. The cumulative AE counts reach the 
maximum value at the moment of unloading impact failure. 

For specimens with coal-rock ratios of 1:0, 2:1, 1:1, 1:2 and 0:1, the σp were 19.71 MPa, 20.72MPa, 
22.13 MPa, 22.24MPa and 78.51MPa, respectively. As coal-rock ratio changes from 1:0 to 0:1, the σp 
shows an overall increasing trend. When the ratio changed from 1:2 to 0:1, the σp increased abruptly 
from 22.13MPa to 78.51MPa. The results show that coal governs the peak stress in the unloading 
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3.3 Analysis of unloading impact failure kinetic energy 
Previous researchers have used the total kinetic energyof ejected fragmentsas a metric to evaluate the 
unloading impact failure kinetic energy (Li et al., 2025). The total kinetic energy of unloading impact 
failure can be calculated by Eq.(1). 

Ek=෍ 1
2

n

i=1

mivi 
(1) 

WhereEk is the total kinetic energy of theejected fragments, miis the mass of the fragment, vi is the 
velocity of the fragment, i is the number of ejected fragments. 

While this approach is applicable to single lithology specimens, it has limitations: the total kinetic 
energy is strongly influenced by the number of ejected fragments. The ejected fragments of composite 
specimens are mainly coal. Consequently, a higher Ek value can simply result from a larger quantity of 
low-energy coal fragments rather than a more violent failure event. This makes Ek a less reliable 
metric for comparing the unloading impact failure kinetic energy across coal-rock composites with 
different coal contents. To address this limitation, we propose a new parameter unit volume kinetic Eu. 
The Eu is given by Eq. (2) 

Eu=
Ek

V
 (2) 

Where V is the volume of coal in the specimen with coal-rock ratios of 1:0, 2:1, 1:1 and 1:2 or the 
volume of sandstone in the specimen with a coal-rock ratio of 0:1. 

 

Fig. 8 Comparison of Ek and Eu for specimens with different coal-rock ratios. 

From Eq. (2), the calculated Eu values were 0.99 mJ/cm³ (1:0), 2.58 mJ/cm³ (2:1), 2.54mJ/cm³ (1:1), 
3.76 mJ/cm³ (1:2), and 0.84 mJ/cm³ (0:1). Fig. 8 shows the 𝐸୳values of specimens with different coal-
rock ratios. Notably, the coal–rock combined specimens exhibited higher 𝐸௨values than the single-
lithology specimens. This suggests that, during impact failure, part of the elastic strain energy stored in 
the sandstone component may be transferred to the coal component. The coal component, which has 
lower strength and stronger deformability, can then release this transferred energy more rapidly during 
failure. As a result, the kinetic energy of the composite specimen can exceed that of the sandstone and 
coal specimen, leading to a higher dynamic failure intensity. 

4 Conclusion 
This study investigated the unloading impact failure mechanisms and energy characteristics of coal-
rock composite under triaxial loading and unloading conditions. The main findings are as follows: 

(1) The failure patterns of coal-rock composites differed from that of single lithology specimens. 
In coal and composite specimens, precursor activity (in the form of small-scale grain ejections) was 
observed prior to the failure. The composites exhibited a progressive failure process with multiple 
impact events. The impact failure behaviour of composite specimens is influenced by both the material 
properties of the constituents and their composite structure. 

(2)The σp increased with higher rock content. The increase in rock content enhances the 
composite’s resistance to failure. The cumulative AE counts of composite specimens were generally 
lower than those for single lithology specimens. 
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(3) Eu provides a reliable basis for unloading impact failure assessment. Coal-rock ratio exhibited 
a nonlinear relationship with Eu: 0.99 mJ/cm³ (1:0), 2.58 mJ/cm³ (2:1), 2.54mJ/cm³ (1:1), 3.76 mJ/cm³ 
(1:2) and 0.84 J/cm³ (0:1). The higher 𝐸୳values of the composite specimens suggest that energy 
transfer from sandstone to coal may enhance the kinetic energy release during impact failure. 
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