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1. Introduction 
 

In recent years, intensive exploitation of coal resources 

in China has gradually transferred to west China and the 

coal mining depth has deepened significantly (the 

maximum exceeds 1500 m). Subsequently, dynamic 

disasters, such as coal or rock bursts, have occurred more 

frequently (Ranjith et al. 2017, Zhou et al. 2022). Aquifers 

overlying coal seams are commonly present when mining 

coal at depth (Wang et al. 2020a). The intrinsic mechanical 

properties of coal/rock and the extrinsic stress environment 

are the two dominant factors leading to coal/rock dynamic 

disasters (Li et al. 2019). Underground water significantly 

affects coal/rock properties as well as the stress field around 

the mining stope. A deep understanding of water-coal/rock 

interactions is important to ensure safe mining activities 

(Yuan et al. 2015). 

Water content in coal and rock heavily depends on the 

internal microstructures and the soaking time (Wang 2020b, 

Liu et al. 2020). To obtain the mechanical parameters of 

different water-treated coals and rocks, a series of 

experiments, including uniaxial compression/tension tests, 

point-load tests, and triaxial compression tests, have been  

                                           

Corresponding author, Ph.D. 

E-mail: TB18020033B4@cumt.edu.cn 
**Professor 

E-mail: lmdou@126.com 

 

 

conducted (Pimienta et al. 2014, Hashiba and Fukui 2015, 

Masoumi et al. 2017, Kim et al. 2018, Zhang et al. 2020, 

He et al. 2021). The results show that the uniaxial 

compressive strength, uniaxial tensile strength, shear 

strength, Young’s modulus, rigidity and brittleness, friction 

angle, plastic deformability, accumulation energy, and burst 

propensity all decrease with increasing water content, but 

that the Poisson's ratio increases. Moreover, acoustic 

emission (AE) tests on dry and saturated coal and rocks 

have been conducted and the results show that the AE 

activity of saturated samples in the loading process 

decreases while the crack initiation stress increases (Vishal 

et al. 2015). Crack development and failure modes of coal 

and rocks with different water contents have also been 

systematically investigated (Yao et al. 2020).  

Coal and rocks in coal measure strata are porous media 

materials and their micro-pore structure significantly 

influences their physical and mechanical properties (Li et 

al. 2020). The detection of the response of the micro-pore 

structure to water, heat, liquid nitrogen, and other elements 

has increasingly been attracting extensive attention (Yang et 

al. 2017). A series of pore structure detection methods and 

equipment have been proposed and come into use, such as 

scanning electron microscopy (SEM) (Hadizadeh et al. 

2010), micro-X-ray computed tomography (μ-CT) 

(Raynaud et al. 1989), transmission electron microscopy 

(TEM) (Janssen et al. 2011), mercury intrusion porosimetry 

(MIP) (Shapiro et al. 2017), nitrogen adsorption/desorption 

(NAD), CO2 adsorption/desorption (CAD), and nuclear 

magnetic resonance (NMR) (Davydov et al. 2018). Besides,  
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some numerical methods have gradually been used to study 

the pore structures evolution under different loading scheme 

(Zhang et al. 2021). These methods have been widely used 

and it has been shown that SEM is suitable for macropores, 

NAD for mesopores, CAD for micropores, and MIP for 

mesopores and macropores (Hodot 1966, Gaucher et al. 

2011).  

In underground coal mining engineering, many studies 

have focused on the effect of water on coal because water 

injection in coal is widely used to prevent coal bursts and 

other dynamic disasters (Xu et al. 2018). Some studies have 

focused on rocks concerning the effect of water for the 

safety of underground roadways or chambers by changing 

the macroscopically mechanical property (Li and Reddish 

2004, Vásárhelyi and Ván 2006, Yang et al. 2021). 

However, the microscopic mechanism of underground 

water on rock property were rarely analyzed.  

Comprehensive experimental data on the mechanical 

behavior of rocks subjected to different water treatments in 

coal measure strata and the micro mechanism are still 

limited. Besides, the effect of water-rock interactions on the 

stress field in surrounding rock of mining gob is significant 

for the monitoring and prevention of dynamic disasters, 

such as rockburst, coal and gas outbutst, etc. Therefore, 

further studies on rocks properties and microstructures 

subjected to different water treatments as well as its 

influence on the stress field in surround rock should be 

done. 

 

 

In this study, sandstone samples were subjected to water 

treatments for different lengths of time. Then, uniaxial 

compression tests and tensile tests on different water-treated 

rock samples (i.e., dry, semi-saturated, and fully saturated) 

were conducted. The mechanical parameters, AE activities, 

dynamic phenomena (including rock splitting and sound), 

and failure patterns were analyzed. Furthermore, the micro-

pore structures of different water-treated samples were 

tested using MIP and SEM. Finally, the water-rock 

interactions under load and their effect on rock properties 

were analyzed, the influence of water-rock interactions on 

the stress field in surrounding rock was discussed and some 

engineering recommendations for safe coal mining under 

aquifers were provided. The results of this study are 

expected to provide a deeper understanding of water-rock 

interactions as well as their effect on the mechanical 

behaviors of rocks and underground coal mining activities. 

 

 
2. Experimental scheme 
 

2.1 Rock samples preparation 
 

The rock sample preparation method, test apparatus, and 

test procedure are shown in Fig. 1. Various rock cores with 

85 mm diameter, including coarse sandstone and medium 

sandstone present between the 4# coal seam and the 

overlying Luohe aquifer, were derived from a 1000 m deep  

 

Fig. 1 Rock samples preparation method, test apparatus, and procedures 
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hole in the Gaojiapu Colliery, Shaanxi Province, China. 9 

cylindrical coarse sandstone and 9 cylindrical medium 

sandstone samples of 50 mm diameter and 100 mm height, 

as well as equivalent coarse and medium rock samples of 50 

mm diameter and 25 mm height were processed. Two ends 

of the samples were accurately ground. Then, the samples 

were randomly subdivided into three groups and there were 

3 samples in each group. The coarse and medium sandstone 

samples for the uniaxial compression tests were named C1-

1, C1-2,···C3-3 and Z1-1, Z1-2,···Z3-3, respectively. Those 

for the tensile tests were named C1-1-T, C1-2-T,···C3-3-T, 

and Z1-1-T, Z1-2-T,···Z3-3-T, respectively. 

Fig. 2 shows the mineral composition in the sandstones 

used in the test by XRD analysis. It can be seen that some 

soluble minerals, such as Illite and Kaolinite, are included 

in the sandstone samples. In coarse and medium sandstone 

samples, the soluble minerals take up 12.5% and 19.5%, 

respectively. When interacting with water, these soluble 

minerals will dissolve and expand the existing raw fractures 

or form new ones, which will further change the mechanical 

properties of sandstone samples significantly.  

 

 
 
2.2 Experimental apparatus 
 

The MTS Landmark 375.50 system with a maximum 

load of 500 kN was used for both the uniaxial compression 

and the tension tests. During the uniaxial compression test, 

a PCI-II AE system with 8 AE sensors was used to monitor 

the AE signals. The sampling rate was 2 MHz and the 

threshold value was 40 db. TS3862 Static Resistance Strain 

Indicators with two digital strain gauges were used to 

acquire axial/circumferential strain. An Autopore IV 9500 

mercury intrusion porosimeter (MIP) and a VEGA scanning 

electron microscope (SEM) were used to detect the micro-

pore structures of the different water-treated samples. The 

MIP can identify pore sizes of 5 nm to 360 μm. The 

maximum mercury intruded pressure and the minimum 

extruded pressure are 228 MPa and 0.1 MPa, respectively.  

 
2.3 Experimental methods 
 

First, rock samples were dried for 24 hours in an electric 

drying oven at a temperature of 110℃. Before and after  

 

Fig. 2 Mineral compositions in the (a) coarse and (b) medium sandstone samples 

Table 1 Physical and mechanical parameters of the rock samples determined by the uniaxial compression test 

Rock 

lithology 

Serial 

number 

ρdry 

/kg·m-3 

ωnatural 

/% 

pdry 

/km·s-1 

Tw 

/h 

ωreal 

/% 
𝑈𝐶𝑆 

/MPa 
𝑈𝐶𝑆 

/MPa 

ε 

/% 

E 

/GPa 
μ 

Coarse 

sandstone 

C1-1 2715 1.12 1442 

0 

0 50.34 

51.20 

1.05 6.32 0.13 

C1-2 2750 1.08 1418 0 55.39 1.13 8.55 0.10 

C1-3 2718 1.15 1453 0 47.86 1.02 6.80 0.11 

C2-1 2732 1.14 1408 

15 

3.68 35.89 

35.30 

0.92 5.91 0.30 

C2-2 2722 1.11 1485 3.32 33.94 0.88 4.66 0.35 

C2-3 2745 1.15 1396 3.53 36.06 0.95 5.85 0.28 

C3-1 2726 1.07 1469 

75 

4.10 23.70 

24.04 

0.85 4.46 0.43 

C3-2 2748 1.13 1392 4.26 22.86 0.84 3.50 0.45 

C3-3 2718 1.10 1433 3.87 25.55 0.78 3.27 0.39 

Medium 

sandstone 

Z1-1 2853 0.80 1647 

0 

0 67.89 

68.08 

1.09 8.72 0.11 

Z1-2 2876 0.85 1683 0 70.92 1.16 8.80 0.09 

Z1-3 2848 0.79 1619 0 65.43 1.15 10.59 0.12 

Z2-1 2842 0.76 1662 

15 

3.25 57.43 

57.88 

0.99 7.45 0.13 

Z2-2 2869 0.80 1733 3.16 61.51 1.08 7.69 0.14 

Z2-3 2851 0.83 1625 3.51 54.69 0.92 6.57 0.11 

Z3-1 2850 0.81 1666 

75 

3.76 37.89 

37.90 

0.84 6.02 0.17 

Z3-2 2863 0.83 1708 3.72 34.50 0.91 5.80 0.19 

Z3-3 2872 0.75 1629 3.65 41.32 0.86 5.05 0.17 
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being oven-dried, the rock samples were weighed to 

calculate the natural water content. Then, the initial wave 

velocity of the dry rock samples was tested. Second, the 

rock samples in Group C3, Z3, C3-T, and Z3-T were 

immersed in water. During the immersion period, they were 

weighed regularly to determine the real water content. 

When the weight of the rock samples no longer changed, 

they were considered to have reached the saturation state. 

The water contents of the rock samples evolved similarly 

and those of C3-3, Z3-3, C3-3-T, and Z3-3-T are illustrated 

in Fig. 2. The water contents increase nonlinearly with the 

water intrusion time and finally converge to a certain value. 

Accordingly, the rock samples in Group C2, Z2, C2-T, and 

Z2-T were placed in water for 15 h for semi-saturation.  

In most cases, rocks in underground engineering are 

under static load (Wang et al. 2018b). Therefore, 

displacement control was used to apply static load on the 

rock samples in uniaxial compression test and the loading 

rate was 0.1 mm/min (the corresponding strain rate was 

1.6×10-5 s-1) (Li et al. 2019). In the tension test, force 

control was used and the loading rate was 0.05 MPa/s. The 

test results are summarized in Table 1 and Table 2 

Rock samples in this test were well processed and there 

were no macroscopic cracks or fissures on the surfaces. The 

dry densities (ρdry) of the coarse and medium sandstone 

samples are 2674 kg·m-3-2750 kg·m-3 and 2839 kg·m-3-

2919 kg·m-3, with standard deviations of 26.6 kg·m-3 and 

21.7 kg·m-3, respectively. Their natural water contents 

(ωnatural) are 1.03%-1.16% and 0.69%-0.85%, with standard 

deviations of 0.035% and 0.046%, respectively. Their wave 

velocities (pdry) are 1392 km/s-1485 km/s and 1619 km/s-

1733 km/s, with standard deviations of 32.4 km/s and 38.9 

km/s, respectively. The physical parameters presented 

above indicate the homogeneity of the rock samples and 

assure the reliability of the test results. 

 
 
3. Test results 
 

3.1 Water absorption laws 
 
The water content (ω) of coal and rocks is always used 

to determine their water absorption (Wang et al. 2021) and 

it can be derived from Eq. (1) 

 
(1) 

where 𝑚𝑤  and 𝑚𝑑  are the wet and dry weights, 

respectively.  

Fig. 3 depicts the water content variations of the coarse 

sandstone and medium sandstone samples. The water 

saturation process of the rock samples can be divided into 

three stages, i.e., stage I - this is the rapidly rising stage 

occurring in the first 12 h; stage II – this is the slowly rising 

stage and occurs from about 13 h to 45 h and; stage III – 

this is the phase approaching the stable stage and occurs 

from about after 45 h. In stage I, the water content in the 

rocks increases rapidly. Then, the water absorption rate 

gradually slows down and finally becomes approximately 

stable, which means the rocks are fully saturated.  
From Fig. 3, it can be seen that the water contents of the 

coarse sandstone samples in both the uniaxial compression 
and tensile tests exceed those of the medium sandstone 
samples. In addition, the water contents of the D50 mm× 
H25 mm samples are generally higher than those of the D50 
mm×H100 mm samples. This may be due to the effect of 
the sample size on the water absorption rate. Song et al. 
(2020) conducted water immersion experiments on samples 
of different sizes and showed that a smaller sample size 
enhanced the water absorption speed and increased the 
water content under the same water soaking time. 
The relationship between the real water content and water 
intrusion time can be expressed by a logarithmic function as 
Eq. (2) (Yao et al. 2020, Tang et al. 2021) 

ω =
𝑚𝑤 −𝑚𝑑

𝑚𝑑
× 100% 

Table 2 Physical and mechanical parameters of rock samples determined by the uniaxial tensile test 

Rock 

lithology 
Serial number ρdry/kg·m-3 ωnatural/% Tw/h ωreal/% 𝑈𝑇𝑆/MPa 𝑈𝑇𝑆/MPa 

Coarse 

sandstone 

C1-1-T 2722 1.15 

0 

0 4.56  

4.46 C1-2-T 2746 1.11 0 4.75 

C1-3-T 2710 1.16 0 4.08 

C2-1-T 2674 1.08 

15 

4.08 2.32  

2.39 C2-2-T 2755 1.09 3.85 2.65 

C2-3-T 2659 1.15 4.11 2.19 

C3-1-T 2730 1.10 

75 

4.47 1.04 

1.12 C3-2-T 2740 1.12 4.20 1.31 

C3-3-T 2685 1.03 4.37 1.02 

Medium 

sandstone 

Z1-1-T 2853 0.79 

0 

0 5.33  

5.46 Z1-2-T 2850 0.84 0 5.07 

Z1-3-T 2908 0.70 0 5.98 

Z2-1-T 2842 0.82 

15 

3.54 3.73 

3.66 Z2-2-T 2919 0.69 3.18 3.95 

Z2-3-T 2855 0.80 3.61 3.31 

Z3-1-T 2850 0.75 

75 

3.92 2.09 

2.06 Z3-2-T 2839 0.84 3.74 2.27 

Z3-3-T 2862 0.80 4.20 1.83 
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y = a + bln𝑥 (2) 

where y is the real water content (𝑤1); 𝑥 is the water 

intrusion time, h; a, b are constants closely related to the 

physical and intrinsic properties of the rock samples. 

It can be deduced that a is positively correlated with 

the sample size and negatively with the strength. However, 

b is more likely determined by the rock lithology. These 

constants will be further studied using various rocks 

through water soaking tests in the future. 

 
3.2 Mechanical parameters 
 
The typical stress-strain curves of different water-treated 

samples are shown in Fig. 4. With increasing load, the 

stress-strain curves all pass through the crack closure stage, 

the elastic deformation stage, the quasi-plastic deformation 

stage, and the post-peak stage (Mehdi et al. 2021). However, 

the stress-strain curves of different saturated samples differ 

significantly. Compared to the dry samples (group C1 and 

Z1), wet samples have lower peak stress, lower peak strain,  

 

 

 

lower Young's modulus, and minor stress drops; this is 

especially so for the fully saturated samples (group C3 and 

Z3). These explicit changes indicate that water treatment 

has a significant influence on the mechanical behavior of 

the rock both before and after the peak stress.  

The mechanical strength parameters of the rock samples, 

i.e., the UCS and UTS, are illustrated in Fig. 5. It can be 

clearly seen that the UCS and UTS both decrease with the 

water soaking time. And both the UCS and UTS of the 

medium sandstone samples exceed those of the coarse 

sandstone samples. For the coarse sandstone samples, the 

mean UCS of the samples soaked for 15 h and 75 h declines 

by 31% and 53%, and the mean UTS declines by 46% and 

75%, respectively, compared to the dry ones. For the 

medium sandstone samples, the mean UCS of the samples 

soaked for 15 h and 75 h declines by 15% and 44%, and the 

mean UTS declines by 33% and 62%, respectively, 

compared to the dry ones. Furthermore, the decreasing 

amplitudes of both the UCS and UTS of the coarse samples 

are obviously greater than those of the medium sandstone 

samples. 

 
Fig. 3 Water content versus intrusion time of the rock samples 

 
Fig. 4 Stress-strain curves of the tested rock samples 
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Fig. 6 shows the mechanical deformation parameters, 

i.e., E, ε, and μ. It can be seen that E and ε both decrease 

and μ increases with increasing water soaking time. E and ε 

of the medium sandstone samples with different soaking 

times are both higher than those of coarse sandstone 

samples, but μ changes contrarily. For coarse sandstone 

samples, the mean E of the samples soaked for 15 h and 75 

h declines by 24% and 48%, and the mean ε declines by  

 

 

 

14% and 23%, respectively, compared to the dry ones. The 

mean μ increases by 182% and 282%, respectively. For 

medium sandstone samples, the mean E of the samples 

soaked for 15 h and 75 h declines by 23% and 40%, and the 

mean ε declines by 12% and 23%, respectively, compared 

to the dry ones; The mean μ increases by 19% and 65%, 

respectively, compared to the dry ones. Besides, the 

decreasing amplitudes of E and ε of the coarse sandstone  

  
Fig. 5 (a) UCS and (b) UTS of the tested rock samples 

  

 
Fig. 6 (a) E, (b) ε and (c) μ of the tested rock samples 
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samples are slightly higher than, or equivalent to, those of 

the medium sandstone samples. However, the increasing 

amplitudes of μ of the coarse sandstone samples 

significantly exceed those of the medium sandstone samples. 

According to Figs. 5 and 6, the water content in the rock 

can weaken the rock strength significantly. The sensitivities 

to water treatment of the inferred parameters differ 

obviously. From high to low, they are μ, UTS, UCS, E, and 

ε, respectively. Rock lithology also influences the 

sensitivity of the mechanical parameters to water treatment 

and the mechanical parameter variation amplitudes of the 

coarse sandstone samples with lower strength are higher 

than those of the medium sandstone samples. This can be 

attributed to the different mineral compositions and micro-

pore structures of the different rocks.  

 

3.3 AE activities 
 

AE activities can be used to mirror the crack 

development, propagation, and the crack transfixion to 

macroscopic failure in coal and rock samples (Vaneghi et al. 

2020). The AE activities of some typical rock samples,  

 

 

 

including accumulated counts and accumulated energy, are 

given in Fig. 7.  

AE activities of the tested rock samples evolve similarly. 

In the initial loading stage, the raw cracks and pores in the 

samples are compressed and some AE events with low 

energy may occur due to internal friction. Then, the samples 

come to the elastic deformation stage where scarcely any 

AE events occur. When the axial loading exceeds the elastic 

limit, the samples reach the plastic deformation stage and 

new cracks start to develop stably; meanwhile, the 

accumulated AE events increase steadily. When 

approaching the peak stress a large number of new cracks 

develop and interconnect to form minor fractures, which 

leads to a sharp and nonlinear increase in AE activities. 

With continued loading, the cracks and minor fractures 

eventually develop into macro fractures, leading to the 

thorough failure and a substantial release of elastic strain 

energy. In post-peak stage, some AE events with minor 

energy can also occur due to the friction along the macro 

fracture plane. 

Table 3 presents the details of AE activities of the rock 

samples subjected to different water treatments. It can be  

Table 3 Accumulated counts and accumulated energy of the tested samples 

Rock 

lithology 
Serial number Tw/h 

Accumulated counts Accumulated energy/aJ 

test average test average 

Coarse 

sandstone 

C1-1 

0 

367705 

369887 

4.5×107 

4.2×107 C1-2 422690 4.9×107 

C1-3 319266 3.3×107 

C2-1 

15 

28848 

34337 

6.6×106 

6.6×106 C2-2 31491 3.8×106 

C2-3 42673 9.4×106 

C3-1 

75 

30798 

22931 

5.3×106 

3.5×106 C3-2 15637 1.5×106 

C3-3 22357 3.7×106 

Medium 

sandstone 

Z1-1 

0 

373679 

475261 

6.8×107 

7.3×107 Z1-2 569710 9.5×107 

Z1-3 482393 5.7×107 

Z2-1 

15 

171838 

178237 

1.8×107 

2.2×107 Z2-2 138216 2.5×107 

Z2-3 224657 2.3×107 

Z3-1 

75 

59911 

41816 

2.0×107 

1.4×107 Z3-2 26973 0.6×107 

Z3-3 38564 1.5×107 

  
Fig. 7 AE activities of (a) coarse sandstone samples and (b) medium sandstone samples 
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seen that AE activities of the water-treated samples, 

whether accumulated counts or accumulated energy, are 

weakened significantly. Taking the coarse sandstone 

samples for example, the average accumulated counts of the 

dry sample (0 h), the sample soaked for 15 h, and the 

sample soaked for 75 h are 369887, 34337, and 22931, 

respectively; the average accumulated energies are 4.2×107 

aJ, 6.6×106 aJ, and 3.5×106 aJ, respectively. In addition, 

with the same soaking time, the AE activities of medium 

sandstone samples are stronger than those of coarse 

sandstone samples. However, the decreasing amplitudes of 

the AE activity of medium sandstone samples are less than 

those of coarse sandstone samples. Compared to the dry 

samples, the accumulated counts of fully saturated (75 h) 

coarse and medium sandstone samples decrease by 94% and 

91%, and the accumulated energies decrease by 92% and 

81%, respectively. 

AE signals are characterized by a series of physical 

parameters as shown in Fig. 8 (Aggelis 2011). It is known 

that tensile cracks always lead to AE waveforms with short 

rise times and high frequencies; however, shear cracks are 

usually characterized by lower frequencies and longer rise 

times. That is, tensile cracks have high AF (count/duration  

 

 

 

time) and low RA (rise time/amplitude); on the contrary, 

shear cracks have low AF and RA (Ohno and Ohtsu 2010). 

AF and RA distributions can depict the influence of water 

content on crack development and failure modes. 

Typical RA-AF-T scatter distributions of the coarse and 

medium sandstone samples are shown in Fig. 9. The RA 

and AF of the coarse and medium sandstone samples are 0-

100 ms/v and 0-500 kHz, respectively. It can be seen that in 

the initial loading stage, only a few AE events with low RA 

and AF occur. With increasing loading, more AE events 

occur, and the maximum AF increases obviously; however, 

the maximum RA does not. When approaching the peak 

stress, the AE counts increase sharply, and their maximum 

AF reaches the peak and remains stable, while the 

maximum RA increases significantly. Moreover, AE events 

with high RA are usually accompanied by low AF. RA and 

AF evolutions in the test indicate that in the uniaxial 

loading process, the crack type changes from tensile cracks 

to tensile-shear cracks, especially in the dry rock samples. 

For the different water-treated rock samples, the AE 

event amount decreases with increasing water soaking time 

and increasing water content. Furthermore, in the late 

loading stage, the maximum RA also decreases with  

 
Fig. 8 Characteristic parameters of AE signals (Aggelis 2011) 

   

   
Fig. 9 RA-AF scatter plots of the uniaxial-loaded: (a)-(c) coarse sandstone samples and (d)-(f) medium sandstone samples 
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increasing water soaking time and increasing water content, 

especially for the fully saturated samples (group C3 and 

group Z3). This indicates that the failure patterns of the 

rock samples during the water saturation process in the tests 

change from a tensile-shear type to a tensile one. 

 
3.4 Failure features 
 
Failure modes of rocks under uniaxial compression can 

be subdivided into three kinds based on their macro fracture 

morphology, i.e., tensile, shear, and mixed tensile-shear 

failure. In tensile failure, the macro fractures are almost 

parallel to the axial stress. In shear failure, the angle 

between the macro fractures and the axial stress is less than 

45° or the failure plane is along a structural weakness. The 

mixed tensile-shear failure type is a combination of the two 

failures modes presented above, and the macro fracture 

morphology is always of an X shape. The failure modes of 

rocks are closely related to water content, joint inclination 

angle, porosity, and so on (Wang et al. 2018b). In fact, the 

failure of most rocks is due to joint tensile-shear fractures. 

Some typical macro fractures and failure modes of the 

rock samples are illustrated in Fig. 10. It can be seen that  

 

 
the macro fractures and failure modes of different water-
treated samples differ significantly. When the coarse 
sandstone samples are dry, only a macro fracture that is 
about 15° oblique to the loading direction is present. This 
indicates that the dry samples undergo shear failure. For the 
samples soaked in water for 15 h, simultaneous fractures 
occur parallel and oblique to the axial loading direction, 
which is a mixed tensile-shear failure. For the samples 
soaked in water for 75 h, the macro fractures are almost 
parallel to the loading direction which is a type of tensile 
failure. In addition, when dry and semi-saturated samples 
approach the peak stress, rock ejections are observed and 
the sudden failure leads to a violent noise and fierce shock. 
However, for fully saturated samples, the loading process is 
quite calm and only some rock spalling is observed on the 
surface. 

Similar macro fractures and dynamic phenomena were 
observed during the uniaxial compression test of the 
medium sandstone samples. However, in contrast to the 
coarse sandstone samples, in the dry sample, the macro 
fractures were of X-shape, indicating a mixed tensile-shear 
failure. During the loading of both the dry and semi-
saturated (15 h water treatment) samples, rock ejections 
occurred.  

 

Fig. 10 Macro fractures and failure morphologies of the uniaxial-loaded: (a)-(c) coarse sandstone samples and (d)-(f) 

medium sandstone samples 
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Therefore, water treatment can change the failure mode 

from shear or tensile-shear type to tensile one and weaken 

the dynamic phenomenon (including rock splitting intensity 

and the sounds) of rock samples significantly. 

 

3.5 Pore structure features 
 

The mechanical behavior of coal and rocks is closely 

related to their micro-pore structures. Mercury, for most 

rocks, is a nonwetting phase and it cannot permeate into 

pores without external pressure. It has been demonstrated 

that the external pressure is inversely proportional to the 

size of the mercury intruded pores (Gardner 1921), which 

can be expressed by Eq. (3) 

    
(1) 

where P is the mercury intrusion pressure, Pa; 𝛾 is the 

mercury surface tension, 485.0 N/m; 𝜃 is the contact angle, 

140°; 𝑟 is the pore size, cm. 

In this test, the micro-pore structures of dry and fully 

saturated rock samples (C1-1, C3-1, Z1-1, and Z3-1) were  

 

 

 

tested using an AutoPore IV 9500 mercury porosimeter. The 

rock samples for the mercury intrusion test were obtained 

from the cylinder samples damaged in the axial 

compression test. They were crushed into a size of <1 cm 

and then dehydrated in an electric drying oven.  

Fig. 11 shows the cumulative mercury intrusion curves 

with mercury pressure for the dry and fully saturated coarse 

and medium sandstone samples. It can be seen that the 

cumulative mercury intrusion for both the dry and the fully 

saturated samples increases with the capillary pressure and 

finally becomes stable. During the mercury extrusion 

progress, the curves first remain stable and then slowly 

decrease linearly when the capillary pressure is under a 

certain value. Obviously, there are hysteresis between the 

mercury ejection curves and the mercury injection curves, 

which indicates that there are substantial ink-bottle pores in 

the samples and that the connectivity between pores is poor. 
In terms of water content in the rock, the mercury curves 

of the fully saturated samples, whether coarse sandstone or 
medium sandstone, exceed those of the dry samples. This 
indicates that water treatment can enlarge the pore size 
significantly. 

P =
−2𝛾𝑐𝑜𝑠𝜃

𝑟
 

  
Fig. 11 Mercury penetration test results of the dry and fully saturated: (a) coarse and (b) medium sandstone samples 

  
Fig. 12 Pore size distribution of the dry and fully saturated: (a) coarse and (b) medium sandstone samples 
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The pore size distributions of the tested samples are 

shown in Fig. 12 and the critical parameters of the pores are 

listed in Table 4. According to the Hodot classification 

method (Hodot 1966), pores with a size of 0-10 nm, 10-100 

nm, 100-1000 nm, and >1000 nm are micro-pores, 

transition pores, medium pores, and large pores, 

respectively.  

From Fig. 12 and Table 4, it can be seen that after water 

treatment, in the coarse samples, the large pore percentage 

increases significantly from 63.78% to 83.22%, and the 

percentages of micro-pores, transition pores, and medium 

pores all decrease simultaneously. In the medium samples, 

the percentages of the transition pores and large pores 

increase from 8.75% to 15.28% and from 66.85% to 

67.79%, respectively. Correspondingly, the micro-pore and 

medium pore percentages decrease. In addition, after water 

saturation, the porosity and average pore diameter of the 

coarse sandstone samples increase from 12.10% to 14.64% 

and 250.1 nm to 631.0 nm, with increasing amplitudes of 

21.0% and 152.3%, respectively. The porosity and average  

 

 

 

pore diameter of the medium sandstone samples increase 

from 9.91% to 11.74% and 219.0 nm to 240.5 nm, with 

increasing amplitudes of 18.5% and 9.8%, respectively. 

The MIP test results indicate that water treatment can 

weaken micro-pore structures and increase the porosity and 

pore size. These changes then increase the permeability of 

the rock and lower its strength, which significantly affects 

its physical and mechanical behavior. 

Microstructural characteristics were further tested using 

FEI QuantaTM 250 scanning electron microscope (SEM). 

The test was conducted with a working current of 25 kV 

and a high vacuum + nonconductive mode. Cubic samples 

were derived from the surface parts of the failed samples 

and the average diameter of these samples was less than 1 

cm. Prior to the test, the samples were oven-dried and 

overgilded. 

Fig. 13 shows the SEM images of the dry and fully 

saturated coarse sandstone samples under 200, 500, and 

2000 times of magnification, respectively. During water 

treatment, some physical and chemical reactions occur  

   
(a) Dry × 200 (b) Dry × 1000  (c) Dry × 5000 

 
(d) Fully saturated × 200  (e) Fully saturated × 1000  (f) Fully saturated × 5000 

Fig. 13 SEM results of (a)-(c): dry and (d)-(f): fully saturated coarse sandstone samples under various magnifications 

Table 4 Pore structure parameters based on the MIP test results 

No.s 
Total Intrusion 

Volume (mL/g) 

Porosity 

(%) 

Average pore 

diameter (nm) 

Percentage(%) 

Micro pore 

(0-10 nm) 

Transition pore  

(10-100 nm) 

Medium pore 

(100-1000 nm) 

Large pore 

(>1000 nm) 

C1-1 0.052  12.10  250.1  0.35  11.73  24.14  63.78  

C3-1 0.065  14.64  631.0  0.16  4.64  11.98  83.22  

Z1-1 0.041 9.91 219.0 0.22 8.75 24.18 66.85 

Z3-1 0.047 11.74 240.5 0.01 15.28 16.92 67.79 
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because of long-term hydration, which leads to some 

microdefects in the microstructures (micro-cracks, micro-

holes, etc.). Under 200 times magnification, the surface and 

internal structure of the dry samples have good integrity, the 

rock particles are tightly cemented, and no micro-cracks 

exist on the surface, as shown in Fig. 13(a). However, after 

water treatment, most of the cement among the rock 

particles disappear, the cementation is weakened, the rock 

particles are separated, and more pore-connecting cracks 

form, as shown in Fig. 13(d). Moreover, several 

intraparticle cracks are clearly observed which may be due 

to the inhomogeneous expansion of rock particles and the 

concentrated stress in adjacent particles. Under 1000 times 

magnification, the surface of the dry sample is quite smooth 

and there are clear striations and some bright-colored 

mineral grains, as shown in Fig. 13(b). However, in the 

fully saturated samples, the surface is rough, and substantial 

micro holes and some microstructure destructions are 

observed, as shown in Fig. 13(e). Under 5000 times 

magnification, the microstructures of the dry samples are 

intact, but after water treatment, only rock skeletons are left 

and some soluble minerals are dissolved in water or 

independent grains are swept away, leading to a loose 

microstructure as shown in Figs. 13(c) and (f). 

To obtain the distribution and content of the mineral 

elements of the samples subject to different water 

treatments, energy spectrum analysis (ESD) was performed 

with the FEI QuantaTM 250 SEM presented in section 3.5.  

The ESD results of the dry and fully saturated coarse 

sandstone samples (C1-1 and C3-1) under 5000 times 

magnification are listed in Table 5. It can be seen that after 

water treatment, some mineral element percentages, 

including Potassium (K), Iron (Fe), Magnesium (Mg), 

Sulfur (S), Titanium (Ti), and Calcium (Ca), decrease 

significantly. This indicates that during the process of water 

saturation, some mineral compounds (such as CaCO3) are 

dissolved in water, which leads to the disappearance of the 

cementation material, as shown in Fig. 13(d), and the 

formation of micro-holes and loose microstructures as 

shown in Fig. 13(e) and Fig. 13(f), respectively. 

 

 
4. Discussion 

 
4.1 Water-rock interactions 
 

According to the 1000 m deep drilling hole exploration 

report in Gaojiapu colliery, the coarse sandstone and medium 

sandstone samples are purplish red and brownish red, 

respectively. The main mineral components of the sandstones 

are quartz, feldspar, clastic, and other dark-colored clay 

minerals. After water treatment, the presence of water in rocks 

can bring about microstructural changes, including the 

dissolution of some mineral substances, the formation of 

micro-cracks, and the expansion of internal pores and particles. 

In terms of the physical-mechanical parameters and 

microstructural changes discussed above, the following water-

rock interactions can be concluded. 

1) Softening effect 

There are substantial pore-filling cemented materials and 

structures in rocks. When immersed in water, a series of 

physical and chemical reactions occur. The cementing 

substances between particles, and especially the clay minerals 

(in Fig. 2), dissolve in the water. The typical chemical reaction 

can be expressed as Eq. (4) and Fig. 14 (Wang et al. 2021). 

Consequently, rock particles are separated, and more pore-

connecting cracks form. Moreover, the calcite crystal particles 

expand in the water, which weakens the strength of the rock 

and leads to the formation of new interior cracks between 

particles, as shown in Fig. 14. The corrosion of the cement 

material between particles and the formation of new cracks 

increases the porosity and permeability and softens the rock 

significantly.  

CaCO3 + H2O + CO2 → Ca(HCO3)2 (4) 

2) Lubrication effect  

Water seeps into rocks through the original pores and 

cracks and then exists mainly in two forms, i.e., adsorbed 

water and free water (Yu et al. 2013). The adsorbed water is 

fixed on the rock particles, while the free water is reserved 

in the initial and newborn cracks and discontinuities. When 

loaded, the cracks slip along the crack plane. The adsorbed  

Table 5 Mineral element percentage of dry and fully saturated coarse sandstone samples 

Element 
Percentage/% 

Dry Fully saturated Variation 

Oxygen (O) 57.28  49.86 -7.42  

Silicon (Si) 15.20  21.4 6.20  

Aluminium (Al) 3.43  11.67 8.24  

Potassium (K) 1.35  0.19 -1.16  

Sodium (Na) 0.68  8.81 8.13  

Carbon (C) 5.80  7.38 1.58  

Iron (Fe) 1.05  0.3 -0.75  

Magnesium (Mg) 0.43  0.26 -0.17  

Sulfur (S) 5.92  0.08 -5.84  

Titanium (Ti) 0.33  0.04 -0.29  

Calcium (Ca) 8.52  0.00 -8.52  
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water reduces the frictional resistance and the crack slides 

and fails under low external loads (Song et al. 2020), as 

shown in Fig. 15. The bearing capacity of the rock is 

consequently further weakened.  

 

3) Water wedge effect 

As shown in Fig. 16, when water-treated samples are 

loaded, the internal pores and cracks get condensed, and 

consequently, the water pressure (ptw) increases; moreover, 

the softening effect of water on the mineral particles and the 

microstructural damage both cause the critical crack 

initiation stress (ptc) to decrease. A higher ptw and lower ptc 

both act on the tips of the inherent cracks and promote the 

development and expansion of tensile cracks (Zhou et al. 

2020a). These newborn cracks connect and form macro 

fractures. Meanwhile, when the shear stress (psw) along the 

macro fracture plane exceeds the critical shear stress (psc), 

sliding will occur along the macro fracture and even lead to 

collapse of the rock. It should be noted that due to the 

softening effect of water and the lubrication effect, the psc 

decreases, and consequently, macro fractures fail at a low 

psw. 

 

 

 
 
4.2 Effect of water on rock properties 
 

During the water saturation process, water seeps into 

rocks via pre-existing cracks. Coarse and medium 

sandstones are typical sedimentary rocks with substantial 

cementation material (Wang et al. 2021). Due to the 

softening effect of water, the cohesion between rock 

particles is reduced, the rock particles including feldspar 

expand and soften, and micro-crack development is boosted 

(Kuznetcov et al. 2018, Wang et al. 2018a). These 

microstructural changes increase the rock’s porosity, 

permeability, and compressibility, leading to a decrease in E 

and an increase in μ as shown in Fig. 6. During uniaxial 

compression, due to the lubrication effect and the water 

wedge effect, sliding will occur along micro-cracks at lower 

stresses and then these micro-cracks interact to form macro 

fractures. Crack development in rocks exposed to water, on 

the one hand, weakens the bearing capacity of the rocks 

significantly, leading to a decrease in the UCS and UTS as 

shown in Fig. 5; on the other hand, it lowers the critical 

stress required for crack initiation, expansion, and failure as 

well as the dynamic phenomenon, leading to the weak AE  

 
Fig. 14 Softening effect of water in rocks 

 
Fig. 15 Lubrication effect of water in rocks 

 
Fig. 16 Water wedge effect on crack development 
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activities shown in Fig. 7 and the quiet loading process in 

Fig. 10. In addition, because of the water wedge effect, the 

percentage of tensile cracks in the late loading stages 

increases. On the contrary, the lubrication effect causes the 

micro-cracks or macro fractures to collapse at a lower stress 

and decreases the elastic energy released by shear failure. 

This can account for the RA-AF scatter distribution in Fig. 

9. The tensile test results indicate that when the coarse and 

medium sandstone samples are fully saturated, their UTS 

declines by 75% and 62%, respectively. Saturated rocks are 

more prone to tensile failure. 

According to the Mohr-Coulomb failure criterion, the 

angle (𝛽) between the principal stress and the macro failure 

plane can be expressed by Eq. (5). 

    
(5) 

where 𝜑 is the internal friction angle of rocks. 

The uniaxial compression and tension test results show 

that water content can weaken rock strength significantly. 

𝜑, which is one of the primary strength parameters of rocks, 

decreases with increasing water content (Xiong et al. 2011, 

Wang et al. 2018a). Likewise, when the water content in 

rocks increases, 𝛽  decreases. This matches the macro 

fracture distribution in Fig. 10 well. The AE activities, 

macro fracture distribution, dynamic phenomenon, and the 

water-rock interaction at the microscale analyzed above 

indicate that increasing the water content changes the 

failure form of the rock from a shear or tensile-shear type to 

a tensile one. 

 

4.3 Guidance for safe mining activity  
 

The Gaojiapu colliery in Shaanxi province, China has 

suffered from rock bursts for about 7 years since coal entry  

 

 

development (Zhou et al. 2020b). The stratigraphic column 

is illustrated in Fig. 17.  

The coal seam is about 1000 m deep and the average 

thickness is 11 m. There is a super-thick Luohe confined 

aquifer about 150 m above the coal seam. Based on the key 

strata theory (Sun et al. 2019), the coarse sandstone and the 

medium sandstone in the Luohe aquifer are inferior key 

stratum and main key stratum, respectively. During coal 

mining of the longwall working face, the caving height is 

6.0-9.0 m. Underground microseismic monitoring results 

indicate that mining-induced fractures have reached the 

lower part of the Luohe aquifer (main key strata). Ground 

subsidence results show that the maximum subsidence is 

0.5 m and that the main key strata in the Luohe aquifer are 

stable. The maximum water inflow can reach up to 800 

m3/h in the working face. 

Generally, when coal is extracted out from a longwall 

working face, the overlying strata, in terms of the 

deformation characteristics, can be subdivided into three 

zones, i.e., the caving zone, the fractured zone, and the 

continuous deformation zone, as shown in Fig. 18. 

The test results in this study show that after water 

treatment, the mechanical strength and bearing capacity of 

rocks are reduced and that their compressibility and 

deformability are enhanced. When the confined water from 

the Luohe aquifer enters the fractured and caved zones, a 

series of water-rock interactions under load occurs. This can 

exert significant influence on the physical and mechanical 

properties of the broken or fractured rocks (Wang et al. 

2018b), leading to the further damage of the rocks and a 

decrease in the support for the overlying strata. This causes 

the excess load to be transferred to the deeper coal and rock 

mass, and the mining-induced stress field in both the strike 

and inclination directions is redistributed, as illustrated in 

Fig. 18(a). The abutment stress distribution can change  

β =
𝜋

4
+
𝜑

2
 

 
Fig. 17 Stratigraphic column, mining-induced fractures and water gushing of the Gaojiapu colliery in China 
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from curve 1 to curve 2, leading to a lower peak stress and a 

greater influence range. Moreover, the peak stress is farther 

from the working face. An extra load will be exerted on the 

advanced area in the strike direction or the adjoining 

working faces in the inclination direction, which will 

increase the risks of dynamic disasters, such as coal bursts 

or coal-gas outbursts (Li et al. 2019). And this is also 

verified by the numerical simulation results in Fig. 18(b), 

where the mechanical parameters, including elastic 

modulus, cohesion and tensile strength, are reduced by 

20%. Therefore, more attention, including monitoring and 

pressure-relief measures, should be paid to the advanced 

area in the strike direction or the adjoining working faces in 

the inclination direction. In addition, curtain grouting 

blocking (Seunghwan 2017) can be adopted to minimize the 

influence of the overlying aquifer on coal mining. 

 
 
5. Conclusions 

 

Water absorption of two sandstones and the mechanical 

properties of different water-treated samples were 

investigated in this study. AE monitoring and micro pore 

structure detection were carried out. Mechanical parameters, 

AE activities, failure mode, and pore structures of different 

water-treated sandstone samples were analyzed. The 

following conclusions are obtained.  

 The water saturation process of rocks can be 

subdivided into three stages: the rapidly rising stage, 

the slowly rising stage, and the stable stage. The water 

content versus intrusion time can be expressed as a 

logarithmic function. Water absorption of rocks 

depends on the pore structures and sample size of the 

rock. 

 

 

 Water content can significantly weaken rock strength. 

When fully saturated, the UCS of coarse and medium 

sandstone samples decrease by 53% and 44%, and the 

UTS decrease by 75% and 62%, respectively. The 

sensitivities to water treatment of the μ, UTS, UCS, E, 

and ε decrease systematically. For different rocks, the 

sensitivity of mechanical parameters to water 

treatment is inversely proportional to the rock strength.  

 After water treatment, AE activities and the shear 

crack percentage are reduced, the angles between 

macro fractures and the axial loading direction are 

minimized, the dynamic phenomenon is weakened, 

and the failure mode changes from a tensile-shear type 

to a tensile one.  

 Water content can increase the pore size, promote 

crack development, and weaken rock micropore 

structures. The water-rock interactions under load are 

mainly the softening effect, the lubrication effect, and 

the water wedge effect.  

 In coal mines similar to the Gaojiapu colliery, the 

inflow of water will lead to further damage of rocks in 

the fractured and caved zones and a decrease in the 

support for the overlying strata. The extra load will be 

transferred to the adjoining coal and rock mass, which 

will increase the risks of dynamic disasters. More 

monitoring and pressure-relief measures should be 

adopted to guarantee the safety of coal mining. 
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