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Abstract. The dynamic tensile strength of the coal is critical to the initiation and evolution of dynamic 
disasters such as coal bump and coal and gas outburst. To investigate mechanical and geometrical 
characteristics of the coal bump subjected to the variation of the shock pressure and water content, a 
split Hopkinson pressure bar (SHPB) with ultra-high-speed camera and fractal dimension were 
employed. The results show that the stress wave is the main controlling factor of a large number of 
micro damage structures and damage evolution of primary pores and voids in coal samples under 
impact load, and the coal rock fragmentation is a process of energy absorption and dissipation. With 
the increase of impact load, the dissipated energy density of coal samples increases linearly, but when 
the incident energy is small, the dissipated energy density of coal samples has little difference; The 
fractal dimension of samples increases with the increase of loading pressure, and the increasing rate 
has a decreasing trend. Under the same loading pressure, the fractal dimension of saturated coal 
sample is the largest, and that of dry coal sample is the smallest; The deformation and failure of coal 
samples are mainly tensile splitting, and the failure cracks develop along the loading direction, first in 
the middle of the disc, and then multiple secondary micro cracks are initiated. It is found that there are 
several main strain concentration regions in the middle of saturated coal sample under impact load, 
and the range gradually expands, and finally develops along the radial direction. 

Key words: water content, SHPB, energy dissipation, loading rate, fractal dimension. 

1. INTRODUCTION 

Dynamic disasters represented by gas outburst, mining seismicity and coal bump are critical to the mining 

safety and production, especially for deep mining [1–2]. The occurrence of the dynamic disaster is closely 

related to the coal reservoir environment (stress, gas pressure, temperature and seepage condition), and 

hydromechanical properties (matrix strength, pore-fracture system, water content and component). Based on 

the field measurement, the higher strength of the surrounding rock is, the more occurrence possibility of the 

dynamic disasters is, under the disturbance of mining and tunneling activity [3]. Currently, the number of gas 

outburst related mine exceeds 1000 mines in China. Water-related gas disaster management measures include 

coal seam infusion by deep-hole, hydraulic fracturing, hydraulic flushing and hydraulic slotting was popularly 

employed to modify the attribute of the coal, inhibiting the gas outburst and coal bump [4–7]. Behavior of coal, 

same as that of other soft rocks, is highly dependent water content [8]. Therefore, the percentage of water 

content significantly affects the mechanical properties of coal and its response to dynamic disturbances. 

Numerous theoretical and experimental investigations were conducted to study the effect of water content and 

dynamic disturbances on the coal, and considerable achievement was obtained in recent years.  

Combining with the Split Hopkinson Pressure Bar (SHPB), the stress-strain evolution and fracture 

morphology, fracture toughness, etc. subjected to the variation of internal structure and loading rate and path 
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were widely studied. Among of them, Deng et al. [9] proposed a new model of energy consumption during 

rock fragmentation, and the relationship between energy consumption and the rock fragment size distribution 

was studied. Ai et al. [10] investigated the crack propagation and dynamic mechanical properties of coal 

under high strain rate loading, finding that bedding directions not only have a major influence on dynamic 

mechanical properties such as dynamic tensile strength, strain rate and strain energy but also have a great 

influence on the crack propagation path. Ai et al. [11] established a new calculation method of crack 

propagation velocity and analyzed the stress-strain characteristics and crack propagation features, combining 

with the dynamic resistance strain gauge, high-speed camera, and Split Hopkinson Pressure Bar (SHPB). 

Zhou et al. [12] studied the water saturation effects on dynamic fracture behavior of sandstone, concluding 

that the different rate dependencies of fracture behaviors between dry and saturated specimens was governed 

by the combined weakening and enhancing effects of water. Cao et al. [13] investigated the average strain 

rate (ASR) on the dynamic compressive strength (DCS), microstructure fractal dimensionand failure pattern 

of the cemented tailings composites (CTC) specimens, based on the Split Hopkinson Pressure Bar (SHPB) 

and scanning electron microscopy (SEM) system. Zhou et al. [14] investigated the deterioration of dynamic 

fracture characteristics, tensile strength and elastic modulus of tight sandstone under dry-wet cycles, 

including that t the mode I crack propagation was influenced by the number of dry-wet cycles with the 

crucial parameters, fracture toughness, material parameters, cracking time and average crack propagation 

speed, and as the increase of dry-wet cycle number, the crack propagation speed increases, and the crack 

initiation time decreases. To understand the deterioration on the tensile strength of sandstone induced by 

wetting and drying cycles, Zhou et al. [15] proposed a decay model considering the effects of loading rate 

and cyclic wetting and drying deterioration based on, dynamic Brazilian. Feng et al. [16] investigate the 

dynamic mechanical properties and damage characteristics of lightweight foamed concrete under impact 

loading, considering the influence of strain rate and material density, concluding that the fractal dimension 

increases markedly with increasing strain rate, and the fractals present a transition behavior for different 

density materials. experimental study on the dynamic fracture mechanical properties of limestone after 

chemical corrosion, combining with the integrated method of nuclear magnetic resonance (NMR) system, a 

high-speed camera, the JR 3D scanning system, scanning electron microscope (SEM) and X-ray fluorescence 

(XRF) technology, concluding that a gradual increase in the fracture surface roughness due to the defects of 

the corrosion damage [17]. Weng et al. [18] studied the energy dissipation and dynamic fragmentation of dry 

and water saturated siltstones under sub-zero temperatures based on the comparison of dry and saturated 

siltstone specimens，indicating that the saturated specimens are more fragmented after the dynamic impact. 

Huang et al. [19] studied the stress-induced gradation evolution of granular materials under confined 

comminution. Li et al. [20] investigated the dynamic fracturing properties of marble after being subjected to 

multiple impact loadings, concluding that the larger the dynamic cumulative damage of the specimen is, the 

rougher the fracture surface, and the larger the area of the fracture surface. Energy is the internal factor of 

material failure, which runs through the whole process of material deformation and failure. The main way to 

study the failure mechanism of coal rock mass is to analyze the energy dissipation characteristics. Based on 

the principle of energy dissipation, scholars have carried out a series of experimental studies on the dynamic 

deformation and failure of different coal bodies. The energy dissipation [21], fractal feature [22] and energy 

storage property [23] of coal rock mass are analyzed, and the understanding of energy dissipation in the 

process of coal rock failure is improved. 

According to the work aforementioned, the mechanical properties and fracture morphology of the rock 

and coal mass were intensively studied. The coal is an anisotropy medium consisting of pore-fracture system 

and matrix pores, as the water immersion, the friction and soluble minerals were disturbed, thereby the 

mechanical properties and the energy dissipation in failure process of the coal was changed. The failure type 

and its intensity evaluation index of coal subjected to different water contents and incident energy, and the 

corresponding in-site prevention methods are rarely studied. In this study, the mechanical properties and the 

energy dissipation in failure process of the coal with different water contents were tested, to study the 

water-effect on the prohibiting of coal bump in a complex geology. The SHPB system, combined with 

high-speed camera, and fractal dimension was employed, and the characteristic of stress-stain, stress peak 

and fracture evolution and morphology were analyzed. The crack propagation rule was clarified, and the 

dynamic failure mechanism of the water-soaked coal samples under the high loading rate was proposed. 
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2. EXPERIMENTAL SETUP 

2.1. Coal sample preparation 

The coal samples were collected from the panel of #401103 in Hujiahe Coal Mine located in Shanxi 
province. There were several serious coal bump in the mining process. The coal samples with proper 
integrity and homogeneity were selected and prepared with a dimension of Φ50mm × 25mm. The disc 
samples were ground and polished into non-parallelism less than 0.05 mm and diameter deviation of the end 
faces below 0.02 mm. A total of 75 samples were prepared and tested. The sample is prepared according to 
the standards of international society of rock mechanics, and the machining accuracy meets the requirements 
of dynamic mechanical test preparation [24]. 

The samples were divided into five groups with the number of 15, according to the water contents. The 

preparation procedures as follows: 

(1) All samples were dried in a constant temperature drying oven to obtain dry coal samples (water 

content 0), the weight being mdry ; 

(2) Water-saturated coal samples were prepared by using the vacuum pumping device, according to the 

GB/T 23561-2009 standard. The weight of the water-saturated coal sample is msat. Thus the saturated water 

content is given by 

sat dry
sat

dry

m m
w

m

−
= ×100% (1) 

(3) The coal samples were soaked in water according to the natural soaking method. The dry coal 
samples were placed into a water tank containing purified water. The samples were taken out every 30 min, 
and the water was wiped off from the surface. Then, the samples were weighed. When the weight of the coal 
samples approached the specified value for the saturated samples, the time interval for weight measurement 
was reduced until the specified value was reached. The weight of the saturated sample was meam . 
Subsequently, the coal samples were wrapped in polyethylene film to prevent further changes in the water 
content. The range of water content was determined according to [25]. The above steps were repeated until 
the coal sample approached the middle-saturated state. The water content is calculated: 

mea dry
mea

dry

m m
w

m

−
= ×100% (2) 

The water contents are 0, 1.765%, 2.136%, 2.627%, 3.174%, respectively. 

2.2. Experimental device and procedure 

The SHPB test system used in the experiment is developed by Central South University with a 
heterogeneous punch head, as shown in Fig. 1 [26]. The compression bar diameter was 50 mm, length was 
1500 mm. Both the compression bar and punch head were made of high-strength alloy steel, with a density 
of 7800 kg/m3, elastic modulus 210 GPa, longitudinal wave velocity 5190 m/s, and the impact waveform was 
sinusoidal, the specific schematic of the SHPB was shown in Fig. 2. The data acquisition system was 
composed of the SDY2107A dynamic strain gauge, DL850E Scope Corder, and FASTCAM SA-Z 
high-speed camera. The frame rate of the camera is 100000 frames per second and the resolution is 256  
384. 

The initial impact test showed that the coal samples had a relatively small tensile strength. The impact 
pressure of initial test is 0.3MPa, and the dynamic tensile strength of coal sample is 3.26 MPa. The impact 
air pressures used for the tensile test were 0.30, 0.35, 0.40, 0.45, and 0.50 MPa, respectively. Three parallel 
samples were tested under each air pressure. Thus, the dynamic tensile tests were performed for a total of 75 
times. During each test, Vaseline was first applied to the position where the compression bar met the coal 
samples. This was done so that the coal samples would be kept in close contact with the compression bar to 
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reduce friction [27]. The bullet speed and incident wave amplitude were controlled by adjusting the nitrogen 
pressure. 
 

 

Fig. 1 – SHPB, ultra-high-speed camera system, and  

digital signal processing system. 

 

Fig. 2 – Schematic diagram of test principle. 

3. RESULT AND ANALYSIS 

3.1. Validation of the dynamic stress equilibrium 

As shown in Fig. 3, the sum of the stress due to the incident and reflected waves was almost identical 

to that of the transmitted wave [26]. This finding indicated that during the Brazil disc splitting test, the coal 

samples reached dynamic stress equilibrium, and the dynamic tensile test was verified. All experimental 

results were subjected to strict stress equilibrium validation during data processing. The data that did not 

conform to the equilibrium were eliminated. 

 

Fig. 3 – Validation of dynamic stress equilibrium in typical samples. 

3.2. Energy dissipation characteristics 

Under impact loading, the voltage signals on the incident bar and transmission bar are collected by the 

ultra dynamic strain gauge. Based on the one-dimensional stress wave theory, the electrical signal is 

converted into strain, and the three wave method is used to calculate the dynamic stress-strain relationship of 

coal sample under impact loading. The energy carried in the process of stress wave propagation in impact 

test can be calculated according to the following formula: 
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2= ( )dI B IW AEC t t  (3) 

2= ( )dR B RW AEC t t  (4) 

2= ( )dT B TW AEC t t  (5) 

where ( )I t , ( )R t  and ( )T t  represent the incident strain, reflected strain and transmitted strain at time t 

respectively, Wl , WR , WT  represent the energy carried by incident wave, reflected wave and transmitted 

wave respectively, A, E, CB represent the cross-sectional area, elastic modulus and acoustic propagation 

velocity of elastic rod respectively. 

Ignoring the energy loss caused by the friction between the elastic rod and the specimen in the process 

of stress wave propagation, the energy absorbed and dissipated by the specimen failure under impact is as 

follows: 

=S I R TW W W W− −  (6) 

In order to reduce the error caused by the size difference of impact specimen, the test results are treated 

as the dissipated energy per unit volume of specimen： 

S
s

W

V
 =  (7) 

S

I

W

W
 =  (8) 

where: s  is the dissipative energy density of specimen failure, V is the volume of specimen, and   is the 

proportion of dissipative energy. 

The time energy curve of a typical dynamic tensile specimen is shown in Fig. 4. It can be seen from the 

figure that all kinds of energy increase with time under impact loading, and the change of energy growth is 

almost the same in the range of 0 ~ 30 us. After 30 us, the growth slope of absorption energy and 

transmission energy is roughly the same, the growth slope of reflection energy is the smallest, and the growth 

slope of incident energy is the largest. The energy change curve of coal sample is divided into three stages 

from the perspective of absorbed energy [28]. 

The Ⅰ stage: 0 ~ 30 us, the coal sample is in the elastic deformation stage, and the absorbed energy is 

stored in the form of elastic property. 

The Ⅱ stage: 30 ~ 165 us, the absorption energy and transmission energy have the same growth rule, 

and the growth rate is greater than the reflection energy. Due to the mismatch of wave impedance between 

the elastic rod and the sample, the stress wave propagates repeatedly among the incident rod, the sample and 

the transmission rod, and all kinds of energy can be supplemented. Moreover, because the stress wave 

strength is greater than the ultimate tensile strength of the coal sample, the stress wave propagates back and 

forth to damage the coal sample, and the internal primary crack expands, and the absorbed energy continues 

to increase. 

The Ⅲ stage: 165 – 230 us, the slope of absorption energy growth gradually increases. In this stage, the 

primary cracks in coal samples expand rapidly, and a large number of new cracks are produced. The cracks 

gradually penetrate until the coal sample is damaged, and the energy value finally tends to a stable value. 

According to formula (3)–(7), the energy of coal samples with different water content under impact 

load is calculated as shown in Table 1. When analyzing the energy distribution of tensile failure of coal 

samples, we often pay attention to the evolution characteristics of the proportion and density of dissipated 

energy, which respectively reflect the ability of the sample to absorb energy and the ability of the sample to 

use the absorbed energy for crushing work. Therefore, the following mainly analyzes the evolution laws of 

the proportion  and dissipated energy density s of coal samples with different water content. 
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Fig 4 – Sample energy change curve. 

 
Table 1 

Statistical distribution of sample energy 

Number 

average 

moisture 

content /% 

Loading 

pressure /MPa 

Incident energy 

𝑊𝐼/J 

Absorbed 

energy 𝑊𝑆/J 

Proportion of 

dissipated energy 𝜆 

Dissipative energy 

density 𝜀𝑠/J·m-3 

BD-1-0.30 

0 

0.30 39.71 8.38 0.211 271.42 

BD-1-0.35 0.35 56.94 12.19 0.214 246.90 

BD-1-0.40 0.40 94.28 20.08 0.213 391.49 

BD-1-0.45 0.45 113.66 23.53 0.207 457.88 

BD-1-0.50 0.50 132.84 28.16 0.212 558.24 

BD-2-0.30 

1.765 

0.30 41.24 9.86 0.239 197.57 

BD-2-0.35 0.35 53.11 13.49 0.254 270.23 

BD-2-0.40 0.40 96.35 23.99 0.249 482.42 

BD-2-0.45 0.45 109.36 27.89 0.255 553.66 

BD-2-0.50 0.50 136.31 34.49 0.253 666.30 

BD-3-0.30 

2.136 

0.30 37.68 9.38 0.249 181.99 

BD-3-0.35 0.35 60.84 15.64 0.257 312.54 

BD-3-0.40 0.40 93.18 24.41 0.262 482.48 

BD-3-0.45 0.45 111.26 28.71 0.258 578.14 

BD-3-0.50 0.50 129.56 34.33 0.265 687.22 

BD-4-0.30 

2.627 

0.30 39.98 11.23 0.281 225.45 

BD-4-0.35 0.35 56.18 15.90 0.283 308.18 

BD-4-0.40 0.40 92.58 26.20 0.283 506.02 

BD-4-0.45 0.45 115.36 33.22 0.288 682.12 

BD-4-0.50 0.50 131.87 38.77 0.294 802.35 

BD-5-0.30 

3.174 

0.30 38.31 11.30 0.295 238.27 

BD-5-0.35 0.35 54.53 16.90 0.310 328.99 

BD-5-0.40 0.40 92.05 28.81 0.313 577.50 

BD-5-0.45 0.45 115.25 35.50 0.308 737.58 

BD-5-0.50 0.50 135.86 42.25 0.311 858.45 

Note: The data in the table are the mean values of each group of parallel tests.  
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As shown in Fig. 5, the proportion of dissipated energy of coal samples with different water content is 

stable with the increase of impact load, but under the same impact pressure, the water content affects the 

propagation velocity of stress wave in coal samples. In other words, saturated coal samples have higher wave 

impedance, and the more the wave impedance is, the more the dissipated energy of stress wave will be, 

therefore, the proportion of dissipated energy increases with water content of coal samples under the same 

loading pressure. As shown in Fig. 6, the dissipation energy density of different water-bearing coal samples 

increases linearly with the impact load, which is similar to the results of Gu et al. [33]. Meanwhile, the 

increase rate of dissipated energy density value of saturated coal sample is greater than that of other state 

coal samples, and the dry coal sample is the smallest. When the incident energy is small, the dissipated 

energy density value of coal sample has little difference. 

 

 

Fig. 5 – The proportion of dissipated energy of  

different water-bearing coal samples. 

 

Fig. 6 – Dissipated energy density of different  

water-bearing coal samples. 

 

It was found that the proportion of dissipated energy and the density of dissipated energy are affected 

by water content. The proportion and density of dissipated energy of dry coal sample are the smallest, and 

that of saturated coal sample is the largest. After the coal sample is saturated with water, the primary fracture 

channel is filled, the sample tends to be more “uniform structure”, the overall stress concentration 

phenomenon under impact load is weakened, and more energy is consumed for sample damage and fracture. 

When the incident energy of the stress wave is small, the coal sample is in the elastic deformation stage. 

With the increase of the incident energy, the coal sample is in the plastic stage. At this time, the primary 

cracks expand and produce a large number of new cracks, weakening the transmission wave propagation. If 

the incident energy is large, the coal sample is broken into powder instantly, the stress wave propagation is 

terminated, and the energy value of the coal sample tends to a stable maximum. 

4. THE FRACTAL CHARACTERISTICS 

The fragmentation degree of coal and rock mass can be characterized by the fractal dimension, the 

larger fragmentation corresponding to the higher value of fractal and small pieces volume [30]. Considering 

the water-effect on the strength of coal and rock mass, the relationship of water content and fragmental 

degree can be characterized by the fractal characteristics.  

The fractal dimension can be calculated using debris mass-equivalent edge length [31], the expression 

was shown below: 

3D = −  (9) 
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where, LeqM  represents the pieces mass corresponding to the equivalent length of eqL , D is the fractal 

dimension,   is the slope value of 
eqL

eq

M

M L−
in the two-pair coordinate, /LeqM M is the percentage 

content for the equivalent length below the eqL . The coal species sieve weighting device is shown in Fig. 9. 

  

  (a)                   (b) 

Fig. 9 – Screening weighing device for coal sample debris: a) standard sieve, b) electronic scale. 

As seen in Fig. 10, the trends of the curves are mixed, some with increasing/decreasing slopes and 

some with decreasing slopes (rates). Please rephrase the comment. Compared with the dry coal, the fractal 

dimensionality of saturated coal is the largest under impact of the same shock pressure. The damage pattern 

of the sample is shown in Fig. 11, the dry coal sample split in two halves for the shock pressure of 0.30 MPa, 

combined with small amount of debris. In contrast, the saturated coal sample broken into chunks, 

accompanied by a large amount of debris. For the shock pressure of 0.5 MPa, dry coal samples are broken 

into small pieces and saturated coal samples are broken into powders. The deformation damage of the sample 

is accompanied by the dissipation of energy, the greater the impact pressure, the greater the energy absorbed 

by the coal sample, resulting in the greater degree of crushing [32]. 

 

 
Fig. 10 – Relationship between fractal dimension of different 

water bearing coal samples and impact pressure. 
 

Fig. 11 – Failure mode of specimens. 
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5. CONCLUSION 

(1) The dissipative energy density of coal samples with different water content increases linearly with 

the increase of impact load. The increasing rate of dissipative energy density of saturated coal samples is 

higher than that of coal samples in other states. When the incident energy is small, the difference of 

dissipative energy density of coal samples is not significant. 

(2) Under the impact load, the dry coal sample is prone to stress concentration at the end of the primary 

fracture, resulting in damage, while the primary fracture channel of the saturated coal sample is filled, the 

sample tends to be more “uniform structure”, the overall stress concentration phenomenon is weakened, and 

more energy is consumed for damage. 

(3) The failure morphology is characterized by the tensile splitting in coal samples. The cracks 

developed along the loading direction after being initiated along the incident direction under the impact load. 

The growth of fracture surface consisting of microcracks development, convergent, and penetration. As the 

water content increased, the crack morphology was more complex, and the fragmentation was more severe. 

(4) For lower rate of impact loading, water presented a weakening effect on the strength of the coal. In 

contrast, the inertia effect of coal hinders the initiation and propagation of cracks, resulting in an increase in 

dynamic tensile strength at a higher impact load rate. hindered crack initiation and propagation, resulting in 

the increase of the dynamic tensile strength under the higher rate of impact loading. The dynamic mechanical 

properties of the water-saturated coal samples are dominated by the weakening and strengthening effects 

cause by the impact pressure and water content. 
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