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A B S T R A C T   

Porosity significantly affects the dynamic response of water-saturated coal and the safety of coal mine engi-
neering in water-rich areas. For mastering the dynamic response of water-saturated coal to the porosity, this 
study used the coal with four levels of the porosity for dynamic tests. In this process, the dynamic compressive 
tests were operated on these coal specimen in both of water saturation and dry states, and the reduction factor of 
dynamic mechanical parameters of the coal in water-saturated state to these in dry state were focused to 
eliminate the effect of self dynamic properties of the coal. The results indicate that the dynamic mechanical 
properties non-linear positively correlate with the porosity, and its sensitivity to porosity gradually weakens as 
with the increase of the porosity. This effect is intuitively expressed in the dominant fracture propagation fea-
tures recorded by a high-speed camera, and microscopically attributed by the size and number of microfractures 
around the dominant fracture. The dynamic stress intensity factor model of the dominant fracture was further 
established with consideration of total cohesive force for the equivalent particle on the fracture surface. It well 
reveals the effect mechanism of porosity on the meso-deterioration and macroscopic mechanical properties of the 
coal around the roadway. On this basis, the applicable conditions and suggested methods were put forward to 
improve the dynamic stability of water-saturated coal with various porosity.   

1. Introduction 

Coal mining is usually carried out in a water environment, which 
comes from goaf water, aquifers, water infusion, etc.1,2 This coal mining 
activities will cause the stress adjustment in surrounding coal, the mine 
pressure cyclical variation, and the inevitable dynamic disturbance, 
which will redistribute the damage in the coal, and mesoscopically 
manifest as the porosity variation.3,4 Coupled with the effect of the 
water, the water-solid coupling environment will be created,5 which 
significantly modified the physical properties and the mechanical 
response of the coal subjected to the external load.6 It drives many 
scholars to investigate the effect of the porosity on the mechanical 
properties of water-saturated coal, and achieved many valuable re-
sults.7,8 However, most of these studies focused on the effect of the 
porosity on static mechanical properties, and seldom involves the dy-
namic response of the coal to various porosity and its mechanism. 
Therefore, more information about the dynamic response of 

water-saturated coal to the porosity should be further investigated. 
Dynamic mechanical properties evaluation of the water-saturated 

coal various with the porosity widely involved in the coal mining ac-
tivities, such as the applicable conditions selection of the coal seam 
water infusion, the dynamic stability evaluation of the coal in water-rich 
mining areas, etc.9,10 The fundamental access for these purpose is to 
obtain the effect of water infusion on the dynamic mechanical properties 
of coal. Subjected to the pressure water, the water-saturated coal can be 
assumed that the pores are filled with water, when ignore the effects of 
possible trapped air bubbles in the fracture. Thus it is feasible that the 
water content of water-saturated coal was determined by the porosity, 
and the role of water content on the water-saturated coal can be replaced 
by the porosity to some extent.4 Based on these, many studies were 
conducted to investigate the effect of porosity on the static mechanical 
properties of the water-saturated coal, and concluded that the strength 
of water-saturated coal is negatively correlated with porosity.11 In fact, 
the water-saturated coal are usually failed in dynamic stress 
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environment, which usually result from the roof rupture, explosion, 
etc.12 It significantly affects the mechanical response of the coal. 
Focusing on this problem, the previous research conducted a series of 
dynamic mechanical tests of coal, which involves water content, soaking 
time and dry-wet cycle, etc.13 The results indicated that the dynamic 
response of the coal significantly different from that of the non-coal 
rocks in both meso and macro aspects. However, the previous research 
about the role of porosity playing in the dynamic response of the coal 
only focused on the non-coal materials, such as water-saturated sand-
stone, which manifests significantly different mechanical properties 
from coal.14 Therefore, the effect of the porosity on water-saturated coal 
should be further explored. 

Roadway excavation will causes the stress redistribution, and result 
in the local fracture accumulation, which further develop into the 
dominant fracture. It verify the sensitivity of the fracture in the coal 
during the fracture evolution process subjected to the dynamic distur-
bance, and dominant the dynamic mechanical properties of coal. Coal is 
a kind of fracture body, which contains different scales of fractures, 
varies from micro to macro. The dominant fractures propagation process 
manifest as both of its length and connected micro fractures increases. In 
both the formation and expansion process of the dominant fracture, a 
large number of microfractures are connected around the dominant 
fracture under the effect of the complex static stress. It macroscopically 
manifest as the bifurcation phenomenon of fractures. The bifurcation 
here refers to the extended state, not the extended path of the dominant 
fracture. 

Coal dynamic failure is usually characterized by the fracture initia-
tion, propagation, and coalescence with associated damage and evolu-
tion, which determined by both the fracture toughness and dynamic 
stress intensity factor (SIF).15 Assuming the microfractures around the 
dominant fracture are not connected with each other, the randomly 
distributed micro fracture will divided the fracture surface into various 

scales of the dependent equivalent particles. In this case, the dynamic 
stress between the dominant fracture surface, which determines the 
dynamic SIF, can be converted into the total dynamic cohesive force 
among particles. Meanwhile, the average size and particle number on 
the fracture surface determine the length of the dominant fracture. Thus 
the fundamental cause of fracture propagation can be simplified as the 
variation of the micro-mechanics between the total particles on domi-
nant fracture surface under dynamic loads, and the variation of the 
porosity can be reflected in the size and number of the equivalent par-
ticles that composed the fracture surface. It excellently overcomes the 
difficulty that the previous single fracture analysis can’t reveal the effect 
mechanism of porosity due to its randomness distribution and 
non-uniformity in equivalent particle size. It provides the possibility to 
reveal the dynamic response mechanism of the water-saturated coal to 
porosity. The main forces among the particles include van der Waals, 
electrostatic, and liquid bridge forces. The liquid bridge force consists of 
two parts: static and dynamic.16 There are several methods to calculate 
the cohesive force, which usually be classified as the Laplace-Young’s 
exact numerical solution method and the Fisher’s approximate solution 
theory method.17–19 Both of the methods can only calculate the cohesive 
forces between two particles, but not adequate for modelling the effect 
of the particle number in the fracture surface for the water-saturated 
coal with different porosity. Thus, more information about the total 
dynamic cohesive force among particles on both sides of the dominant 
fracture surface should be obtained. 

Based on the above analysis, this study attempts to obtain the effect 
and its mechanism of the porosity on the dynamic mechanical properties 
of the water-saturated coal. To avoid the effects of the physical and 
mechanical properties of the coal itself, the reduction factor of the dy-
namic mechanical parameters of water-saturated coal to those of dry 
coal were set as the object to compare the dynamic response of water- 
saturated coal with various porosity. On this basis, the porosity effect 

Fig. 1. Specimen information (a. drilling core site, b. drilling core equipment, c. sampling location and porosity, d. mineral composition).  
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model for the fracture expansion of water-saturated coal was established 
with the consideration of the total cohesive force among the equivalent 
particles on the dominant fracture. These studies are critical for the 
reinforcement of coal seam roadways. 

2. Specimen preparation and basic properties test 

Coal seam roadway excavation will adjust the stress distribution in 
the surrounding coal subjected to the effect of in-situ stress, which will 
causes the damage of the surrounding coal manifest as a non-linear 
variation as with the enhancement of the depth relative to the 
roadway surface.20,21 It microscopically expressed as the porosity vari-
ation to some extent. To study the effect of porosity on water-saturated 
coal, the surrounding coal of the air-return roadway in the 21,141 coal 
mine face of Qianqiu coal mine was selected as the sample drilling site, 
as shown in Fig. 1(a). The coal type used in this study is long-flame coal. 
It is black block, with asphalt luster, dry, loose and broken, and easy to 
self ignite. The loosening depth at sampling position is 3.5 m, and the 
coal seam thickness is 10 m. To obtain coal samples with different 

porosity, a core drill bit with an outer diameter of 122 mm and an inner 
diameter of 85 mm was applied to drill a hole with a depth of 4 m in the 
roadway surrounding coal to obtain the drill core, as shown in Fig. 1(b). 
Based on the lab integrity test of the coal samples at different depths, the 
sample were divided into four different groups, that is, CSA, CSB, CSC, 
and CSD, respectively. The integrity among the groups is significant 
different, but approximately the same in each group. 

According to the specifications of the International Society for Rock 
Mechanics (ISRM),22 all samples were manufactured into cylindrical 
specimen with both a diameter and axial length of 50 mm. The end 
surfaces were polished with a roughness below 0.02 mm and perpen-
dicular to the axis within 0.001 radian. Based on the existing grouping, 
each group such as group CSA, was randomly divided into two groups, 
CSA1 and CSA2, to prepare the dry and water-saturated coal specimens, 
respectively. To make the coal fully water saturation and detach the air 
in the pores, a forced suction apparatus was applied to prepare the 
water-saturated coal specimens. The simultaneous forced suction of six 
specimens can be realized at an infusion pressure of 2 MPa, which was 
detailed in our previous study.6 To reduce the effect of water infusion on 

Table 1 
Physical and dynamic mechanical parameters of coal.  

Group name Dynamic strength (MPa) Dynamic elastic modulus (GPa) Strain rate (s− 1) Density (g.cm− 3) Porosity (%) 

Dry Water saturation Dry Water saturation Dry Water saturation Dry Water saturation 

CSA 37.2 32.5 7.86 7.09 97.5 98.9 1.545 1.605 6.4 
34.1 31.3 7.14 7.05 98.6 96.7 1.523 1.586 6.6 
37.4 33.4 7.36 6.50 102.5 99.5 1.561 1.610 5.9 

CSB 34 27.6 6.86 6.36 98.8 97.8 1.502 1.593 9.2 
33.1 27.1 6.50 5.82 100.3 99.6 1.486 1.582 9.9 
30.4 27.3 6.95 6.00 98.8 100.8 1.467 1.568 10.3 

CSC 31.5 23.3 6.36 5.59 98.2 95.8 1.374 1.498 12.7 
29.1 23.2 6.27 5.23 102.3 98.7 1.321 1.455 13.5 
28.5 21.8 6.77 5.32 95.9 97.8 1.318 1.451 13.4 

CSD 26.3 19.7 6.00 4.82 98.0 100.8 1.293 1.450 15.8 
24.3 17.5 6.23 4.73 97.2 96.8 1.275 1.439 16.6 
26.2 18.2 5.86 5.00 99.8 98.9 1.262 1.426 16.5  

Fig. 2. Configuration of the SHPB system in laboratory.  
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the internal fracture of the coal, the dry specimens were forced to absorb 
water inside the apparatus with an infusion pressure of 0.5 MPa until the 
volume of the infiltration water equaled the volume of the seepage 
water. Thereafter, they were removed from the apparatus and weighed. 

The porosity of the coal was measured though the following two 
methods: namely cryogenic liquid nitrogen method and 300-point 
counting of thin-section method. The average porosity obtained by the 
two methods were used in this study. To obtain the density of coal before 
and after water saturation, the bulk volume of the specimen was 
calculated according to the diameter and height, and measured using a 
Vernier calliper with an accuracy of 0.02 mm, where the density is the 
mass to volume ratio. The parameters obtained from these tests are 
shown in Table 1. It can be concluded that the integrity of the coal 
relative correlate with the porosity, and the average porosity η of the 
CSA, CSB, CSC, and CSD group were 6.3%, 9.8%, 13.2% and 16.3%, 
respectively, and the typical specimen is shown in Fig. 1(c). In addition, 

the mineral composition was determined by X-ray diffraction (XRD), 
and the test results are shown in Fig. 1(d). It can be seen that coal is 
composed of a variety of minerals, including soluble minerals such as 
dolomite, chlorite, etc. and insoluble minerals such as kaolinite and 
quartz. Due to the short water infusion time and the low content of 
soluble minerals in the coal, the water-coal chemical interaction was 
ignored in the research process. In this case, the mineral composition of 
the coal specimen remain unchanged before and after the water satu-
ration process. 

3. Dynamic compression test and analysis 

To test the dynamic response of the water-saturated coal to porosity, 
the water-saturated and dry coal with different porosity were tested with 
the modified Split Hopkinson Pressure Bar (SHPB), which can realize the 
coupled static and dynamic loads of the coal specimen.23 The 

Fig. 3. Dynamic stress-strain curves of water-saturated coal with different porosity.  

Fig. 4. Dynamic mechanical parameters of water-saturated coal various with the porosity (a. dynamic strength, b. dynamic elastic modulus).  
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configuration of the modified SHPB system was shown in Fig. 2 and 
described in detail in previous studies.24 To avoid discreteness of the 
dynamic properties, three specimens were tested under approximately 
the same strain rate ranging from 94 s− 1 to 105 s− 1. The typical 
stress-strain curves for each group of the coal specimens under dry and 
water-saturated states were shown in Fig. 3. It demonstrate that the 
porosity and water saturation significantly affect the dynamic 
stress-strain curves of the coal, which mainly manifest in the dynamic 

strength and elastic modulus. It can be concluded that the water satu-
ration can significantly affect the dynamic strength and elastic modulus 
of the coal, and the effect degree determined by the porosity. 

The multiple factors, such as the pore structure and fracture distri-
bution, inevitably affect the dynamic mechanics of the coal. To avoid 
these disturbances, the reduction factors of the dynamic mechanical 
parameters of water-saturated coal to those of dry coal were set as the 
index to compare the effect of porosity on water-saturated coal. To 

Fig. 5. Fracture dynamic evolution process for the coal specimen with different porosity.  

Fig. 6. Evolution characteristics of dominant fractures in coal specimen subjected to dynamic load.  
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detailed describe the effect of the porosity on the water-saturated coal, ks 
and ke were set as the reduction factors of the dynamic strength and 
elastic modulus of the water-saturated specimen to those of the dry 
specimen, respectively, which can be expressed as follows: 

ks =
σad − σas

σad
(1)  

ke =
Ead − Eas

Ead
(2)  

where σad and σas are the average dynamic strength of the dry and water- 
saturated specimen, respectively, and Ead and Eas represent the average 
elastic modulus of the dry and water-saturated specimens, respectively. 

The detailed differences in the dynamic strength and elastic modulus 
between dry and water-saturated coal are shown in Fig. 4, where the 
dynamic strength is the stress peak of the stress-strain curve and the 
dynamic elastic modulus is usually ratio of the 50% of the coal’s 

dynamic strength value to its corresponding longitudinal strain value.25 

It can be concluded that the sensitivity of the dynamic mechanical 
properties of coal to water amount is positively correlated with the 
porosity. Specially, with an increase of porosity, the reduction factors of 
the dynamic strength and elastic modulus increase with a gradually 
decreasing amplitude. The detailed test results are shown in Table 1. 

Coal is an aggregate of fracture. Its destruction process manifest as 
the fracture dynamic evolution. To record the fracture dynamic propa-
gation process subjected to the dynamic load, a high-speed camera 
(FASTCAMSA1.1) was applied to record the fracture evolution process, 
whose frame rate was set to 100,000 fps. In this case, the camera records 
the fractures distribution on the surface of the specimen every 10 μs. The 
detailed information on this apparatus was described in our previous 
study.26 To better illustrate the effect of water saturation on the fracture 
propagation, the typical failure processes of the dry and water-saturated 
coal specimens in each group were compared, as shown in Fig. 5. It 
exhibits the typical fracture evolution process of the coal with different 

Fig. 7. Schematic diagram about the effect of porosity on the microstructure of the coal.  

Fig. 8. Microstructure of coal specimen with different porosity (a.η = 6.3%, η = 9.8%, c.η = 13.2%, d. η = 16.3%).  
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porosity. It can be concluded that coal dynamic failure process 
controlled by several dominant fracture propagation. Its propagation 
direction are substantially parallel to the dynamic loading direction. 
Thereafter, these fractures mainly manifest as the increase of the width 
and the length of the dominant fracture, which belongs to a typical 
splitting failure. 

4. Dynamic failure mechanism of water-saturated coal 

4.1. Microscopic properties 

The fracture evolution process is the macroscopic manifestation of 
the microstructure dynamic development. In this process, the micro-
scopic fracture structure, fracture propagation characteristics, the 
cementation type between particles, etc. significantly affect its macro- 
mechanical properties of the coal.27 To investigate fracture distribu-
tion characteristics in the coal specimens around the roadway and its 
response under static and dynamic stress, the 3D digital specimen was 
obtained with the aid of the CT 3D reconstruction technology. For better 
comparing the information about the effect of static and dynamic load 
variation on the fracture evolution, the dominant damage area were 
extracted as object and it was further divided into the side view and front 
view, as shown in Fig. 6. Here, L is the length of dominant damage area 
along the principal stress direction, w and l are the width and the length 
of dominant fracture area, respectively. It can be concluded that the 
dominant damage is composed of many complex fracture networks. The 
mutual concatenation and expansion of these fractures create the 
dominant fracture area. 

With the static stress variation around the specimen, the length and 
width of the dominant damage area enhancement, but no significant 
variation in microfractures density, as shown in Fig. 6(a). Before sample 
drilling, roadway surrounding coal stress adjustment process modified 
the loading conditions around the specimen. The loading stress variation 
around the sample results in the formation, expansion and concatena-
tion of micro fractures, and expedites the generation of dominant frac-
ture, as shown in Fig. 7. This phenomenon consistent with the previous 
research results, that is, the coal failure under static load mainly mani-
fest as the dominant fracture propagation, and other micro fractures are 
restrained in this process.28 

When subjected to the dynamic load, the dominant fractures mani-
fest the similar propagation behavior as with that under the surrounding 
static stress. What the difference is that the dominant fracture area are 
mainly characterized by the length increase, but the width of the 
dominant fracture area was not significantly changed. In addition, When 
subjected to dynamic load, different scales of the damage area in coal are 
almost simultaneously activated and expanded,29 which is another sig-
nificant difference compared with that under static stress. The dominant 

fracture extension connect the existing microfractures, which will 
further enhance the microfracture number around the dominant frac-
tures, as shown in Fig. 8. Therefore, the static stress redistribution 
caused by roadway excavation can activate the local damage and make 
it develop into the dominant damage area. It results in the fractures 
propagation sensitivity difference during the dynamic loading process, 
and drives the dominant fracture area expansion.30 

To further explore the fracture distribution in dominant fracture 
area, the micro structure of the coal was investigated with the aid of 
scanning electron microscope. Subjected to the dynamic disturbance, a 
large number of internal fractures in the water-saturated specimen were 
activated to form a complex fracture network, which characterized by 
different scales of the secondary fractures around the dominant fracture, 
as shown in Fig. 9. The effect of pressurized water makes the weak 
connection between the fracture surfaces destroy to a certain extent, 
which cause the interconnection among fracture surfaces approximately 
present as the pore cementation. In this case, the two sides of the 
dominant fracture can be regarded as different sizes of the dependent 
particles. Subjected to the effect of the porosity, the size and number of 
the particles show the significant differences, which will redistribution 
the stress on the dominant fracture surface, and further affect the frac-
ture expansion. 

4.2. Effect mechanism of the porosity on the water-saturated coal 

The variation in strength concurrent with dominant fracture propa-
gation is an essential element in describing the deformation.31 The 
length and width expansion of the dominant fracture are the funda-
mental reason for the coal failure subjected to dynamic load. Based on 
the obtained porosity and quality difference between dry coal and 
water-saturated coal, the pores inside the coal specimen can be 
considered to be fully filled with the water. When subjected to the dy-
namic load, a single pore and the zone of reduced stress surrounding that 
pore cannot propagate rapidly enough to prevent other smaller or 
poorly-oriented pores from later being activated. It will inhibit the pore 
water pressure gradient generation. 

Dominant fractures expansion determine the dynamic failure of coal. 
It is determined by the coupled effect of the fracture dynamic stress 
intensity factor (SIF) and dynamic fracture toughness. It closely corre-
late with the stress distribution on the dominant fracture surface.32 In 
recent years, researchers have studied the mechanical properties of coal 
under dynamic loads by analyzing the initiation and propagation of 
fractures and proposed several micromechanic models. Among them, 
the sliding fracture model is widely accepted.33 In this study, a three 
dimensional water-bearing wing fracture was simplified as a plane 
fracture. The fracture was then analyzed as a single fracture to deter-
mine the influence of the external load. Given this situation, the 

Fig. 9. Schematic diagram about the effect of porosity on the microstructure of the coal.  
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complete closed wining fracture was analyzed as the research objective. 
Therefore, to analyze the failure mechanism of the specimen under 
external load, the single wing fracture as the research object to explore 
the fracture expansion, as shown in Fig. 9. The coal is a aggregate of 
fractures with different sizes of fractures inside, various from micro to 
macro. The microfracture interconnected with each other, and the 
distributed micro fracture will divided the dominant fracture surface 
into different scales of parts, which can be regarded as dependent 
unequal-size particles on the dominant fracture surface. 

During the dynamic loading process, the dominant fractures are 
activated and expand preferentially. Subjected to the Stephen effect, the 
rapid expansion of water-containing fractures produces dynamic cohe-
sive force between the fracture surface.34 In this case, the dynamic stress 
between the fracture surface can be converted into the total dynamic 
cohesive force among dependent particles on fracture surface. Thus the 
fundamental cause of fracture propagation can be simplified as the 
variation of the micro-mechanics between the total particles on the 
dominant fracture surface under dynamic loads, and the variation of the 
porosity can be reflected in the size and number of particles that 
composed the dominant fracture surface. 

To characterize this effect, the total dynamic cohesive force is pro-
posed, which represents the dynamic cohesive force that the dominant 
fractures expansion needs to overcome. It gets rid of the limitations that 
the dynamic cohesive force between two particles cannot characterize 
the dynamic cohesive force between the fracture surfaces. Formally, it 
can be expressed as the sequential integration of the average dynamic 
cohesive force among particles on the number of liquid bridges that 
needs to overcome during the fracture expansion. The length of micro-
fractures around the dominant fracture can be equivalent to the 
comprehensive effect of particle size and the liquid bridge volume be-
tween the particles. To calculate the cohesive force between particles, 
many previous studies have been conducted and achieved many valu-

able results. The cohesive force between particles is mainly manifested 
as the liquid bridge force between the particles, which can be divided 
into dynamic liquid bridge force, static liquid bridge force and the 
attraction force between particles. In the calculation process, because 
the latter is much smaller than the dynamic and static liquid bridge 
forces, the attraction force between particles is usually ignored. The 
dynamic cohesive force Fcap between the equal particles can be 
expressed as follows35: 

Fcap =Fvis + Fsta (3)  

where Fsta, Fvis are the static liquid bridge force and dynamic liquid 
bridge force, respectively which is expressed in Eqs (4) and (5). 

Fsta = 2πRσ cos θ

⎡

⎢
⎢
⎣1 −

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 2V

πRD2

√

⎤

⎥
⎥
⎦ (4)  

Fvis =
3πδR2

2D
v (5)  

where D is the surface distance between two unequal spheres with the 
average radius R; θ is the solid/liquid contact angle; δ is the fluid vis-
cosity; V is the liquid bridge volume; σ is the interfacial tension between 
the water and particles surface; v is relative movement velocity between 
two particles. 

Thus, the average cohesive force between particles can be expressed 
as: 

Fcap = 2πRσ cos θ

⎡

⎢
⎢
⎣1 −

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 2V

πRD2

√

⎤

⎥
⎥
⎦+

3πδR2

2D
v (6) 

Fig. 10. The variation of the average cohesive force with the average radius R and liquid bridge volume V.  

Fig. 11. Simplified model about the effect of porosity on the particle distribution in the fracture surface.  
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To detailed explain the variation of the average cohesive force with 
the porosity, the parameters in the equation were determined based on 
the reference36: D = 0.03; δ = 0.89 × 10− 3 Pa s; σ = 72 mN/m; θ = 30∘; 
α = 0.3. In addition, according to the fracture expansion speed, the 
relative moving speed of the particles was estimated as v = 1.6 m/s. In 
this case, Eq (6) becomes a average cohesive force with two degree of 
freedom, that is, the variables are average radius R and liquid bridge 
volume V. The variation of the average cohesive force with the two 
degree of freedom is shown in Fig. 10. 

It can be concluded that the average cohesive force non-linear 
positively correlate with both the particle radius and the liquid bridge 
volume. It illustrates that the reduction of the particle size and the liquid 
bridge volume induced by the enhancement of the porosity will weaken 
the dynamic cohesive force among particles. However, this equation 
cannot characterize the increase of the number of the liquid bridges 
caused by the increase of the porosity, which significantly affect the 
dominant fracture propagation. 

To study the effect of different porosity on the liquid bridges number 
among the dominant fracture surface in the fracture expansion process, 
the two particle groups with the different length along the fracture 
propagation direction was applied as the analysis object, as shown in 
Fig. 11. To better illustrate the effect of particle number, it is assumed 
here that the particles on the dominant fracture surface are closely 
connected, and the distances between the corresponding particles in the 
two fracture surfaces are equal for the coal with different porosity. The 
corresponding particles on both sides of the fracture surface following 
the relationship: 

1
R1

=
1

R1i
+

1
R1j

(7)  

1
R2

=
1

R2i
+

1
R2j

(8)  

where R1, R2 represent the average particle radius on both fracture 
surfaces when the porosity of the coal are η1, η2, respectively; R1i, R1j, 
R2i, R2j represent the radius of each corresponding particles on both 
sides of the fracture, which arranged at intervals in the fracture surface 
for the coal with the porosity of η1 and η2. 

Due to the close relationship between the particles in the dominant 
fracture surface, the number of liquid bridges n that need to be overcome 
during the fracture expansion, respectively. 

n ≈ L/R (9)  

where R is the average particle radius, L represent half of the main 
fracture length for the dominant fracture. For the coal with the porosity 
of η1 and η2, L can be expressed as a and (a+a’), respectively. 

Therefore, the required total cohesive force Ftotal can be expressed as 
the number of liquid bridges that need to be overcome in dominant 
fracture propagation process multiplied by the average cohesive force, 
which can be expressed as: 

Ftotal = nFcap (10)  

Ftotal = 2πLσ cos θ

⎡

⎢
⎢
⎣1 −

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 2V

πRD2

√

⎤

⎥
⎥
⎦+

3πδRL
2D

v (11) 

For a single particle cluster, the average volume of the liquid bridge 
can be expressed as37: 

V =
16πηR4

3(1 − η) (12) 

Integrating Eqs (11) and (12), it can be concluded that: 

Ftotal = 2πLσ cos θ

⎡

⎢
⎢
⎢
⎢
⎣

1 −
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + 32ηR3

3(1− η)D2

√

⎤

⎥
⎥
⎥
⎥
⎦
+

3πδRL
2D

v (13) 

The above analysis manifest that the length and the width of the 
dominant fracture area are positively related to the porosity, which in-
dicates that both the length of the dominant fracture and the micro 
fractures around it increases. The enhancement of the latter will modify 
the shape parameter, and reduce the equivalent radius of particles, that 
is, the equivalent radius R negatively correlated with the porosity. Here 
L and R are set to be: 

L=α1η R =
α2

η (14)  

where α1 and α2 are constants. Considering that the microfracture length 
variation has little effect on the R for the equivalent particles around the 
dominant fracture, here α1≫α2. 

Ftotal = 2πα1ση cos θ

⎡

⎢
⎢
⎢
⎢
⎣

1 −
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
32α3

2
3(1− η)η2D2

√

⎤

⎥
⎥
⎥
⎥
⎦
+

3πδα1α2

2ηD
v (15) 

To detailed explain the variation of the total cohesive force with the 
porosity, the parameters in the equation were determined as the above 
settings, and the R, α1 and α2 were set as 0.002 m, 3 and 0.1, respec-
tively. In this case, Eq (15) becomes a total cohesive force with one 
freedom of the porosity, that is, the variable is only the porosity. The 
variation of the total cohesive force with the increase of the porosity is 
shown in Fig. 12. 

It can be concluded that the total cohesive force is negatively 
correlate with the porosity. The sensitivity of the total cohesive force to 
porosity gradually decreases, and the specifically manifest as that with 
the porosity increases, the reduction amplitude of the total cohesive 
force gradually decreases. Thus, it can be obtained: 

Ftotal− η1 < Ftotal− η2 (16) 

It indicates that under dynamic loading, with the increase of 
porosity, the total dynamic adhesive force Ftotal on the dominant fracture 
surface will increase. The force to restrain the fracture expansion will be 
enhanced to a certain extent, which will verify the stress distribution on 
the dominant fracture surface. 

Fig. 12. The Ftotal for the dominant fracture of the water-saturated coal various 
with the porosity. 

H. Gu et al.                                                                                                                                                                                                                                      



International Journal of Rock Mechanics and Mining Sciences 166 (2023) 105388

10

The dynamic SIF is not only correlate with the Ftotal, but also closely 
related to other factors. Under dynamic load, the fracture propagation 
lag behinds the dynamic load rate, which accompanied the stress dis-
tribution variation. In this condition, the normal stress σds and effective 
shear stress τds on the dominant fracture surface can be expressed as 
fellow27: 

τds = 0.5σ sin 2 φ − fdσ cos2 φ (17)  

σds = σ cos2(φ+φ) (18)  

With the consideration of the Stephen effect in the dominant fracture 
propagation process, the total cohesive stress Ftotal will prevent the 
fractures from propagation. Taking into account the smaller free water 
squeezing force Fsw on the fracture surface compared with the total 
cohesive stress Ftotal, the stress distribution on the main fracture surface 
can be express as: 

τdw =
1
2

σ sin 2 φ − fd
[
σ cos2 φ+(Ftotal − Fsw)

]
(19)  

σdw = σ cos2(φ+φ) + (Ftotal − Fsw) (20)  

where fd is the dynamic friction coefficient of the fracture. 
It can be concluded from Eqs. (19) and (20) that the participation of 

water will reduces the normal stresses, but enhances the effective shear 
stress on the fracture surface. 

For the coal, the dynamic SIF is a key parameter to describe the 
difficulty of fracture expansion.38 The above macro and meso failure 
characteristics of the coal indicated that the fracture type of rock ma-
terial is class І. When subjected to resistance stress Fsw and total cohesive 
force Ftotal caused by free water in the fracture, the wing fracture model 
was modified, and the dynamic SIFs of the fractures can be expressed as: 

KId = k(v)KI = k(v)

[
2aτdw sin θ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π(l + l∗)

√ − σdw
̅̅̅̅
πl

√
]

(21)  

where k(v) is the coefficient of the fracture propagation rate;39 l* is 
equivalent wing fracture length. 

Integrating Eqs (19)–(21) can obtain: 

KId = k(v)KI = k(v)

⎡

⎢
⎢
⎢
⎣

L sin θ
{1

2
σ sin 2 φ − fd

[
σ cos2 φ + (Ftotal − Fsw)

]
}

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π(l + l∗)

√

−
[
σ cos2(φ + φ) + (Ftotal − Fsw)

] ̅̅̅̅
πl

√

⎤

⎥
⎥
⎥
⎦

(22) 

To detailed explain the variation of the dynamic SIF various with the 

porosity, the parameters in Eq (22) were determined as the above set-
tings, and the k(v), l*, θ, φ, φ, and fd were set as 1.3, 0.003 m, 15◦, 30◦, 
30◦ and 0.22, respectively. The variation of the dynamic SIF KId with the 
increase of the porosity is shown in Fig. 13. It can be concluded that the 
dynamic SIF of water-saturated coal gradually decreases with a gradual 
decrease amplitude as the enhancement of the porosity, which indicate 
that its sensitivity to the porosity gradually decline. 

The fracture expansion is coupled determined by the effect of the 
fracture dynamic SIF and dynamic fracture toughness. For type І frac-
ture, the fracture mainly manifest as the intergranular propagation and 
determined by the dynamic cohesive force between the particles around 
the tip of the fracture. For dynamic SIF, the dynamic load activates the 
overall particles in the fracture surface, which involves all particles in 
one fracture surface to the other corresponding fracture surface. 
Different from that, the fracture dynamic expansion in the fracture tip 
manifest as the overcome of the cohesive force between particles one by 
one. In this process, except for the fracture toughness of coal in dry state, 
the dynamic fracture toughness mainly involves the dynamic cohesive 
forces between on set of the corresponding particles. Due to the dynamic 
cohesive force between individual particles is very small,12 this incre-
ment variation has little effect on the fracture expansion, and the dy-
namic SIF variation should be mainly focused on. 

The above research illustrate that the effect of porosity on the frac-
ture can reducing the dynamic fracture toughness and dynamic SIF of 
coal. It illustrates that the enhancement of porosity will promote the 
fracture expansion, which macroscopically manifest as the enhancement 
of fracture number subjected to dynamic load, as shown in Fig. 5. This 
promotion effect is significant for coal seams with small porosity. As the 
porosity increases, the sensitivity of the dynamic SIF to the porosity 
gradually weaken, which macroscopically manifest that as the reduction 
latitudes of the dynamic mechanical parameters of water-saturated coal 
relative to these of the dry coal were gradually reduced, as shown in 
Figs. 3 and 4. 

5. Discussion on efficient methods for dynamic disaster 
instability 

Coal seam water infusion is widely used in the coal burst prevention 
due to its diverse disaster prevention capabilities and complex preven-
tion mechanisms. Its function result from the pressure water seepage in 
the coal seam, which accompany the modification of the coal seam.38 

This modification in the laboratory represent as the variation of the 
dynamic mechanical properties of the water-infused coal. Its effect 
exertion depends on the dynamic softening effect of water infusion on 
the coal, which is closely related to the porosity. The experimental re-
sults show that as the porosity increases, the dynamic mechanical 
properties of the coal present as a non-linear decreasing trend. The 
sensitivity of the dynamic mechanical properties of water-saturated coal 
negatively correlated with the porosity. The dynamic weakening degree 
of the water-saturated coal relative to the dry coal positively relate with 
the porosity, which indicated that the water infusion is suitable for the 
coal burst prevention for the coal seam with large porosity. However, 
the effect of coal seam water infusion cannot be significantly exerted for 
the dense coal seams. In this case, the potential effective prevention 
method for the coal burst should select the methods, such as high in-
tensity vibration, deep hole blasting, manual slitting, etc. to enhance the 
length and density of dominant fractures. 

The role of porosity depends on the enhancing the scale of the 
dominant fractures and micro fractures to realize its effect. Specially, the 
former can significantly reduce the dynamic response of the coal. For the 
dense and high pulverized coal seams, that is, the porosity is much small, 
the porosity enhancement can significantly weaken the dynamic 
strength of coal compared with that of the coal with large porosity, as 
shown in Fig. 4. In this condition, the effective method to improve the 
effect of coal seam water infusion to prevent dynamic disaster is to in-
crease its porosity. To achieve this, it is recommended to use the coal 

Fig. 13. The dynamic SIF KId of water-saturated coal various with the porosity.  
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seam water injection coupled with other auxiliary methods, such as 
bottom blasting in the water infusion hole, full-drilling microwave 
surrounding coal breaking, etc., to increase the macro-micro damage 
and the porosity of surrounding coal, as shown in Fig. 14. It will enlarge 
the water infusion range, and fully reduce the dynamic strength of the 
surrounding coal, and thereby inhibiting the dynamic disaster, such as 
the coal burst. 

However, for the water-rich coal seams with a large porosity, which 
not threatened by coal burst, the dynamic strength and the ability to 
resist the dynamic damage is weak. Subjected to the dynamic load, the 
coal is prone to dynamic instability, which will restricts the normal 
mining of the coal seam. Under this condition, the main purpose of these 
disasters prevention should be turned to reducing the effect of the 
porosity, and enhance the dynamic strength of the coal. In this case, the 
effective method should be to weaken the density and length of domi-
nant fractures, reduce the number of microfractures. The alternative 
method is surrounding coal grouting, or adopt drainage to dry the coal 
seam, as shown in Fig. 14. 

6. Conclusion 

In this study, the water-saturated coal specimens with various 
porosity were prepared and tested by modified SHPB to investigate ef-
fect of porosity on dynamic mechanical properties of the water- 
saturated coal, and its effect mechanism. In addition, the effect mech-
anism of the porosity on dynamic mechanical properties of the water- 
saturated coal was further discussed. On this basis, the improvement 
methods for the dynamic stability of water-saturated coal with various 
porosity were further discussed. The main conclusions can be summa-
rized as follows: 

The dynamic mechanical parameters of water-saturated coal non- 
linear negatively correlate with the porosity of the specimen. The dy-
namic mechanical properties of water-saturated coal decrease with a 
gradually weakened latitude as with the increase of the porosity. 

Effect mechanism of the porosity on dynamic mechanical properties 
of water-saturated coal around roadway was microscopically attributed 
to the size variation of the dominant fracture and its surrounding micro 
fractures. And the total cohesive force for the corresponding particles on 
the dominant fracture surfaces was established and applied to reveal the 
dominant fracture propagation mechanism. 

For the dynamic disasters prevention in the coal seams with low 
porosity, it is recommended to enlarge the porosity before the coal seam 
water infusion. But for water-rich coal seams with large porosity, its 
dynamic stability improvement means rely on reducing the porosity by 

the physical or chemical methods. 
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