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Abstract
Uniaxial compression tests and cyclic loading acoustic emission tests were conducted on 20%, 40%, 60%, 80%, dry and 
saturated muddy sandstone by using a creep impact loading system to investigate the mechanical properties and acoustic 
emission characteristics of soft rocks with different water contents under dynamic disturbance. The mechanical properties 
and acoustic emission characteristics of muddy sandstones at different water contents were analysed. Results of experimen-
tal studies show that water is a key factor in the mechanical properties of rocks, softening them, increasing their porosity, 
reducing their brittleness and increasing their plasticity. Under uniaxial compression, the macroscopic damage characteristics 
of the muddy sandstone change from mono-bevel shear damage and ‘X’ type conjugate bevel shear damage to a roadway 
bottom-drum type damage as the water content increases. Dynamic perturbation has a strengthening effect on the mechani-
cal properties of samples with 60% and less water content, and a weakening effect on samples with 80% and more water 
content, but the weakening effect is not obvious. Macroscopic damage characteristics of dry samples remain unchanged, 
water samples from shear damage and tensile–shear composite damage gradually transformed into cleavage damage, until 
saturation transformation monoclinic shear damage. The evolution of acoustic emission energy and event number is mainly 
divided into four stages: loading stage (I), dynamic loading stage (II), yield failure stage (III), and post-peak stage (IV), the 
acoustic emission characteristics of the stages were different for different water contents. The characteristic value of acoustic 
emission key point frequency gradually decreases, and the damage degree of the specimen increases, corresponding to low 
water content—high main frequency—low damage and high water content—low main frequency—high damage.
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1  Introduction

Deep mining has gradually become the new normal for coal 
resource development in China along with their increase 
in demand and the depletion of shallow resources (Xie 

et al. 2015; Wang et al. 2022; Zhang et al. 2023; Huang 
et al. 2020). In deep soft rock mines, soft rock roadways 
exhibit significant creep characteristics, such as nonlinear 
large deformation and long duration of deformation (He 
et al. 2005). In complex geological conditions, coal mining 
results in damage to the structure and integrity of the over-
lying rock formations and the diversion of water resources 
(Sun et al. 2021). The physicochemical interaction between 
water and rock not only changes the mineral composition 
and microstructure of the rock, but also affects the mechani-
cal properties and deformation characteristics of the rock. 
These important factors deteriorate the mechanical proper-
ties of the rock (Wong et al. 2015; Li et al. 2019; Zhou et al. 
2022). Deep soft rock mines are in a geological environment 
of ‘three highs and one disturbance’, resulting in a more 
complex deformation and destabilisation mechanism of deep 
soft rock mine tunnels and seriously affecting the safe and 
efficient mining of deep soft rock mines in China.
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In a current study of deep water-rich soft rocks, 
Erguler and Ulusay (2008) found that the strength index 
of clayey soft rocks was reduced by more than 90% in the 
saturated state compared with that of dry rocks. Roy et al. 
(2017) studied the effect of different water saturation times 
on the mechanical parameters of sandstone and found that 
the tensile strength, Young’s modulus and fracture stiffness 
of sandstone decreased with increasing water content. Sun 
et al. (2023) carried out creep experiments on sandstones 
with different water contents and concluded that the damage 
form of rock samples would change from single-sided shear 
to ‘X’ type conjugate shear as the water content increases. 
Liu et al. (2020) investigated the strength characteristics 
of frozen sandstones with different initial water contents 
and concluded that the uniaxial compressive strength of 
water-bearing sandstone specimens increased linearly with 
decreasing freezing temperature. Yu et al. (2019) and Tang 
et al. (2018) carried out uniaxial compression creep tests 
on red sandstone with different water contents and found 
that the instantaneous and steady-state strain rates increased 
exponentially with increasing water content. Zhang et al. 
(2021a, b) A thermal shock damage ontological model was 
proposed, laying the foundation for the study of thermal 
damage in rocks.

In the studies on the dynamic response of rocks, impact 
tests were carried out on rocks of different lithologies (Cai 
et al. 2020; Weng et al. 2020; Gao et al. 2018; Zhao et al. 
2016). Yang et al. (2022) analysed water-bearing sandstone 
under cyclic loading and concluded that the axial deforma-
tion of rock samples decreased with increasing water con-
tent. Xu et al. (2006; Xi et al. 2003; Liu and He (2012) 
investigated the effects of upper limit stress, cyclic ampli-
tude, cyclic frequency and loading waveform on cyclic load-
ing and unloading of rocks. Zhao et al. (2019) used cyclic 
loading and seepage experiments to derive the law that the 

permeability of sandstones gradually increases when the 
cyclic loading increases step by step. Feng et al. (2022) 
used the finite element combination method to simulate the 
damage process of underground cavern, revealing the dam-
age mechanism of deep hard rock affected by the dynamic 
stress amplitude, disturbance direction, and structural sur-
face inclination angle. Some studies (Zhang et al. 2006; Xiao 
et al. 2010; Li et al. 2009; Guo et al. 2011) investigated the 
damage process of rocks under cyclic action from different 
perspectives.

In summary, most scholars only study the static load 
mechanical characteristics or creep characteristics of soft 
rocks under the action of water, and studies combining the 
dynamic response of rocks with the action of water are rel-
atively few, but their impact is significant. Therefore, the 
mechanical characteristics of soft rocks with different water 
contents under the action of dynamic disturbance should 
be studied, and the deformation and instability rules of soft 
rock roadways in deep soft rock mines in China should be 
explored to ensure long-term stability and safe and efficient 
mining in deep soft rock mines in China.

2 � Experimental scheme and conditions

2.1 � Experimental system

The experimental test rig consists of a creep dynamic dis-
turbance impact loading system and an acoustic emission 
acquisition system. As shown in Fig. 1, the system works 
by driving the hydraulic oil from the oil pump into the accu-
mulator by means of a servo motor and controlling the axial 
movement of the double piston rod structure in the accu-
mulator with the input of the hydraulic oil into the power 
chamber with the aid of a high-frequency ringing dynamic 

Acoustic emission  system

Axial hydraulic control system

Host loading system

Hydraulic pump station system

Fig.1   Dynamic impact loading simulation test system for creep disturbance
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servo valve. The static loading unit in the loading system of 
the experimental host has a vertical load of 0–800 kN, the 
maximum vertical load of the dynamic loading unit is 100 
kN, and the maximum stroke of the actuator is 150 mm. The 
static load displacement rate ranges from 0.1 to 150.0 mm/
min, and the dynamic load displacement rate ranges from 
0.05 to 100.00 mm/min, and the measurement accuracy can 
be up to ± 0.5% of the displayed value. The system is capable 
of realising composite waveform loading including sinusoi-
dal waveform, rectangular waveform and custom waveform, 
and the disturbance frequency of these disturbed waveforms 
ranges from 0.01 to 10.00 Hz. Acoustic emission acquisition 
system for the U.S. physical acoustic PAC (physical acoustic 
corporation) company’s Sensor Highway II acoustic emis-
sion device can be collected A.E. events, energy, amplitude, 
and other A.E. characteristics of the parameter, the use of 
R15 α probe (response frequency range of 50–200 kHz), 
double probe arrangement. The acoustic emission probe 
was fixed at the diagonal of the specimen during the experi-
ment, and a layer of petroleum jelly was uniformly applied 
between the acoustic emission probe and the monitoring sur-
face of the specimen as a coupling agent to ensure a close fit 
between the sensor and the specimen. In order to eliminate 
the influence of noise on the experimental data, the thresh-
old of the acoustic emission system was set to 43 dB, the 
sampling frequency was 1 MHz, the amplification of the 
preamplifier was 40 times, and the length of the acoustic 
emission signal was 1024. During the process of rock from 
compressional deformation to damage, the loading system 
always runs synchronously with the acoustic emission acqui-
sition system.

2.2 � Specimen preparation

In this experiment, a standard cylindrical rock sample of 
50 mm diameter and 100 mm height was prepared in accord-
ance with the International Society for Rock Mechanics 
(ISRM) experimental protocols. The muddy sandstone of 
New Shanghai No. 1 coal mine, without defects visible to the 
naked eye on the surface of the rock specimen, was used as 
the object of study. The end unevenness and axis imperfec-
tions were controlled within ± 0.02 mm to mitigate the end 
effect of the sandstone in this experiment.

The samples were divided into six groups: one dry group, 
four groups with water and one group full of water; each 
group has six samples, for a total of 36 samples. The sam-
ples were dried in a constant temperature blast oven (drying 
temperature set at 110°, drying time set at 12 h) to obtain 
the dried samples. The samples were then completely sub-
merged after 6 h and allowed to absorb the water. The sam-
ples were removed at regular intervals, the surface water 
was wiped off, and their mass was measured until the mass 
no longer changed.

Figure 2 shows the variation curve of the water content of 
the rock sample with the soaking time. The figure indicates 
that the water content of the rock sample increases almost 
linearly with time during the first 5 h of immersion, with 
bubbles overflowing from the end face of the sample dur-
ing the immersion process. As a result, the trend of water 
content change with soaking time can be divided into three 
stages: I water content rapid growth stage (0–5 h); II water 
content slow growth stage (5–12 h); III water content stable 
stage (12–24 h). After 24 h, the rock samples have reached 
saturation state when the water content of the rock samples 
show no evident change for 12 consecutive hours (24–36 h). 
The average saturated water content was 8.689% and was 
considered 100%. The remaining four sets of samples were 
made to contain 20%, 40%, 60% and 80% water and were 
stored in sealed bags in jars.

2.3 � Test program

The experiment is divided into two parts: the first part aims 
to determine the static parameters of rock samples with dif-
ferent water contents, uniaxial damage characteristics and 
initial value of cyclic loading for uniaxial compression 
experiments, the experimental process of displacement-
controlled loading at 0.1 mm/min loading speed, until the 
destruction of rock samples. The physical parameters of the 
experimental samples are shown in Table 1. The second part 
uses cyclic loading to simulate the effect of dynamic distur-
bance on the deep soft rock roadway. The waveform of dis-
turbance is a sine wave, with frequency of 5 Hz, amplitude 
of Δσ = 10 kN, number of disturbance of 1000 times, cyclic 
loading and acoustic emission experiments under different 
static load σm. The experimental program of the samples 

Fig.2   Curve of water content over time



	 Y. Jiang et al.   36   Page 4 of 14

Table 1   Physical properties of siltstone under different water contents

State of rock sample Rock sample 
number

Diameter (mm) Height (mm) Quality after 
drying (g)

Quality after 
immersion (g)

Water con-
tent (%)

Average 
water con-
tent (%)

Dryness D0-1 50.23 100.07 412.910 – 0 0
D0-2 50.40 100.30 413.477 – 0
D0-3 50.40 100.01 411.493 – 0

20% water content D2-1 50.32 100.12 411.776 419.714 1.927 2.005
D2-2 50.24 99.83 411.493 419.714 1.997
D2-3 50.30 99.99 407.099 415.604 2.089

40% water content D4-1 50.18 99.91 407.099 421.699 3.586 3.453
D4-2 50.42 100.01 412.343 426.235 3.368
D4-3 50.34 99.97 403.967 417.446 3.405

60% water content D6-1 50.32 100.00 407.524 428.219 5.078 5.060
D6-2 50.34 100.21 415.887 436.866 5.044
D6-3 50.37 99.96 406.248 426.802 5.059

80% water content D8-1 50.21 100.12 409.509 438.000 6.957 6.956
D8-2 50.13 100.00 410.501 438.992 6.940
D8-3 50.37 100.29 408.658 437.150 6.971

Saturation D10-1 50.10 100.25 412.911 448.773 8.685 8.689
D10-2 50.27 99.88 407.383 442.820 8.698
D10-3 49.96 100.02 411.210 446.930 8.686

Table 2   Experimental 
program of rock samples under 
dynamical disturbance

State of rock sample Rock 
sample 
number

Water 
content 
(%)

Average 
water content 
(%)

σm (kN) Δσ (kN) Fre-
quency 
(Hz)

Number of 
distur-
bances

Dryness R0-1 0 0 33.89 10 5 1000
R0-2 0 10 5 1000
R0-3 0 10 5 1000

20% water content R2-1 1.863 1.820 17.90 10 5 1000
R2-2 1.784 10 5 1000
R2-3 1.813 10 5 1000

40% water content R4-1 3.564 3.611 15.94 10 5 1000
R4-2 3.492 10 5 1000
R4-3 3.778 10 5 1000

60% water content R6-1 5.254 5.283 15.28 10 5 1000
R6-2 5.270 10 5 1000
R6-3 5.327 10 5 1000

80% water content R8-1 6.995 6.984 13.97 10 5 1000
R8-2 6.957 10 5 1000
R8-3 7.000 10 5 1000

Saturation R10-1 8.636 8.679 12.99 10 5 1000
R10-2 8.779 10 5 1000
R10-3 8.621 10 5 1000
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under dynamic disturbance is shown in Table 2. A schematic 
of the cyclic perturbation loading process is shown in Fig. 3.

3 � Analysis of experimental results

3.1 � Uniaxial compression experimental results

Uniaxial compression experiments were carried out on 
several groups of muddy sandstones with different water 
contents, and the uniaxial compression stress–strain curves 
of the samples with different water contents were obtained, 
as shown in Fig. 4. Figure 4 shows that the entire pro-
cess of damage under uniaxial compression for each water 
content sample can be divided into the primary fracture 

compaction stage, the linear elastic stage, the yielding 
stage, the damage stage and the post-damage stage. In the 
early stages of loading, the primary fracture compaction 
phase increases significantly with increasing water con-
tent, and the linear elastic phase decreases significantly. 
From the perspective of rock composition, the water con-
tent dissolves some of the cement between the internal 
particles of the rock, weakening the friction between the 
particles, coupled with the dissolving effect of water, 
causing micro-pores and micro-fractures to appear inside 
the rock. Moreover, the internal structure becomes loose, 
resulting in the growth of the compaction phase of the 
primary fracture of the rock curve and the reduction of 
the linear elastic phase. At the micro level, the rock is a 
non-homogeneous body, and many micro-voids are found 
inside the rock in its natural state. When comparing the 
post-peak stress–strain curves for each water content, the 
dry samples show a direct drop in brittleness after the 
peak. Furthermore, as the water content increases, the 
post-peak curves show varying degrees of stepwise stress 
rebound, with evident post-peak residual strength, indicat-
ing that the samples are gradually becoming less brittle 
and more plastic. The general trend of the stress–strain 
curves of the samples with different water contents is the 
same, but the peak strain and the stress growth rate of 
the samples decrease with increasing water content. This 
finding leads to the conclusion that water has a softening 
effect on the rock, increasing its porosity, decreasing its 
brittleness and increasing its plasticity.

The fitted uniaxial compressive strength and modulus 
of elasticity curves are shown in Fig. 5, where the strength 
and modulus of the samples with different water contents 
decrease to varying degrees with increasing water content. 
The average uniaxial compressive strengths of the samples 
in dry, 20%, 40%, 60% and 80% water and in saturated 
states were 34.485, 18.237, 16.236, 15.561, 14.349 and 
13.234 MPa, respectively. In addition, using the saturated 
strength of 13.234 MPa as the base, the strengths of the rock 
samples in each state decreased by 60.79%, 28.58%, 18.49%, 
14.95% and 7.00%. The modulus of elasticity was 4.146, 
2.962, 2.836, 2.600, 2.343 and 2.311 GPa with a decrease of 
44.26%, 21.98%, 18.51%, 11.12% and 1.36% in the modu-
lus of elasticity of the rock samples, respectively, in each 
condition based on the saturated state modulus of elasticity 
of 2.311 GPa. As the water content increased, the uniaxial 
strength decreased from an initial 34.485–13.234 MPa, indi-
cating a decrease of 62.62%, and the modulus of elasticity 
of the sandstone decreased from an initial 4.146–2.311 GPa, 
representing a decrease of 44.26%. The finding shows that 
water has a significant effect on the mechanical properties 
of the rock. The uniaxial compressive strength and modulus 
of elasticity of the samples in each state indicate a negative 
exponential relationship between the uniaxial compressive 

Fig.3   Schematic diagram of the loading process for cyclic distur-
bance loads

Fig.4   Uniaxial compression stress–strain curves
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strength and modulus of elasticity of the muddy sandstone 
and the water content, as shown in Fig. 5.

Figure 6 shows the damage characteristics of typical spec-
imens under uniaxial compression of muddy sandstones with 
different water contents, as follows: (1) The dried sample 
consists of multiple axial cracks developed on the end face 
and extending to the bottom of the dried rock sample speci-
men, and multiple fine cracks developed in the extension 
path of the main crack, exhibiting an overall form of shear 
damage; (2) The main crack developed on the upper face of 
the 20% water sample penetrates the entire sample and forms 

a shear break angle of approximately 60° on the surface of 
the sample, with small pieces of debris falling off during the 
experiment and microcracks developing on the surface of 
the sample almost parallel to the shear break fractures; (3) 
The 40% water sample shows more pronounced unilateral 
shear damage at a 60° shear angle, with more microfrac-
tures developing around the main fracture, greater damage 
to the sample and a tendency for rib spalling to form around 
the sample; (4) The 60% content sample consists of several 
axial fissures developed on the upper face and extending to 
the lower part of the sample. The fissures as a whole show 

Fig.5   Variation of elastic modulus and compressive strength of argillaceous sandstone with different water content

Fig.6   Variation of elastic modulus and compressive strength of argillaceous sandstone with different water content
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a clear ‘X’ shape, which is an ‘X’ type conjugate bevel 
shear damage. Moreover, the overall damage of the sample 
increases further, with evident signs of flake ganging; (5) 
Compared with the other samples, the 80% water-bearing 
rock samples did not develop through large cracks, and 
although the samples were subjected to axial stresses in the 
form of shear damage, they did not form a complete shear 
damage surface due to the ‘softening’ effect of water. In gen-
eral, the sample exhibits macroscopic phenomena character-
ised by central protrusions and dislodgement-like roadway 
undercuts, with further damage; (6) The saturated samples 
are similar in form to the 80% water-bearing samples, but the 
saturated rock samples have a greater degree of protrusion 
and dislodgement, with more micro-cracks developed and 
more dramatic damage.

Therefore, the degree of damage to the muddy sandstone 
increases as the water content increases, and the macro-
scopic form of damage to the rock changes from the tra-
ditional single bevel shear damage and ‘X’ type conjugate 
bevel shear damage to a tunnel bottom drum type of damage 
as the water content approaches saturation. Therefore, as 
the water content of the surrounding rock in water-rich soft 
rock mines increases, the occurrence of roadway undercuts 
is greatly increased.

3.2 � Analysis of the results of the dynamic 
disturbance experiments

During the experiment, graphs of cyclic disturbance loads, 
displacements and strains, as a function of time, can be 
measured directly. Initially, the axial static load is slowly 
applied to σm, followed by the predetermined experimental 
loading scheme with Δσ stress amplitude cyclic loading. 
If the cycle can be completed, then the axial static load is 

continuously applied until the rock sample is damaged. The 
stress–strain curves for rocks with different water contents 
under disturbance are shown in Fig. 7, after discarding 
unreasonable data. The figure shows that the rock samples 
with different water contents completed 1000 cycles without 
damage, indicating that the initial value of cyclic disturbance 
σm selected for this experiment did not exceed the upper 
stress threshold of the muddy sandstone. At the beginning 
of loading, the slope of the stress–strain curve and the rate of 
stress growth showed a negative correlation with the water 
content. The stress–strain curve shows a sharp lobe-shaped 
hysteresis loop as the number of cycles increases, and the 
area of this hysteresis loop indicates the amount of energy 
lost during the cyclic disturbance. As can be seen in Fig. 7, 
the cumulative hysteresis loop area S (dimensionless quan-
tity) of the dry sample is significantly smaller than that of 
the saturated sample because the internal particle brittleness 
of the sample is enhanced after drying, and some cement 
between the particles loses water and hardens, resulting 
in the continuous compaction and closure of the internal 
primary fractures during the cyclic disturbance of the sam-
ple. This condition restores the load-bearing capacity to a 
certain extent and results in a relatively small amount of 
internal energy loss dissipation. The saturated sample is 
filled with water due to the internal primary fissures, and 
some cement between the particles is dissolved in water to 
form a micro-water cavity. In the cyclic disturbance process, 
the hydrostatic pressure inside the contracting cavity of the 
micro-water cavity constantly changes and rises, resulting 
in the expansion of micro-cracks inside the sample. In gen-
eral, the sample becomes flimsy, and the energy loss dissipa-
tion is relatively large. This finding explains the increase of 
6.90%, 13.83%, 10.96% and 7.29% in the dry, 20% water, 
40% water and 60% water perturbation strengths, respec-
tively, in the uniaxial strength versus dynamic perturbation 
strength plot in Fig. 8, whereas the 80% water and saturated 
sample perturbation strength decreases by 0.49% and 2.47%. 
It can be concluded that the compressive strength of the 
low water content samples was strengthened by the dynamic 
disturbance, with the greatest strengthening of the samples 
at about 20% water content, which was as high as 13.83%. 
With the increase of water content, the strengthening effect 
of the disturbance on the samples gradually decreases, and 
80% water content and above shows a weakening effect. 
This is due to the fact that when the sample is in 20% water 
content, the water in the sample exists in the form of bound 
water, and the erosion and hydration of bound water on the 
rock makes the cohesion between the internal particles of the 
rock sample decrease, which then leads to the lower uniaxial 
strength, but under the action of dynamic disturbance, the 
internal particles are re-compacted and densely compacted, 
and the cohesion between the internal particles of the sam-
ple and the load-bearing capacity of the sample have been Fig.7   Disturbing stress–strain curve



	 Y. Jiang et al.   36   Page 8 of 14

restored to a certain extent. With the increase of water con-
tent, the content of free water in the internal microporous 
space of the sample gradually increased, and the water pres-
sure of the microporous space under the action of dynamic 
perturbation constantly changed and rupture occurred. The 
higher the water content, the higher the free water content in 
the sample, the higher the number of microporous rupture, 
and the lower the compressive strength of the sample.

The damage pattern of different water-bearing samples 
is different, and the typical damage pattern of the samples 
selected for each state is shown in Fig. 9. The figure shows 
the following: (1) Damage to dry samples by kinetic distur-
bance is exhibited in the form of a main fissure developing 
at an angle of approximately 60° from the base through the 
top of the sample, where microcracks emerge and a small 
amount of debris is dislodged; the damage is manifested as 

Fig.8   Comparison of strength of uniaxial compression and dynamic disturbance

Tiny cracks

Shear cracks

Stretch cracks Stretch cracks

Dryness 20% water content 40% water content

Stretch cracks
Stretch cracks

Protrusion off

Shear cracks

60% water content 80% water content Saturation

Fig.9   Macroscopic damage characteristics of samples with different water contents
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monoclinic shear damage; (2) The damage of the 20% water-
bearing sample is exhibited in the form of two main cracks 
almost parallel to the loading direction, with some debris 
loss at the bottom of the sample and a tendency of conical 
damage, showing overall tensile–shear compound damage; 
(3) Damage to the 40% water-bearing sample is in the form 
of a main fracture developing at an angle of approximately 
60° to the top of the sample, to the middle of the sample 
and extending at an angle of approximately 60° to the bot-
tom, showing splitting damage; (4) The 60% water-bearing 
samples show overall splitting damage from the main ten-
sile crack developed at the base extending to the middle of 
the sample with small pieces of debris dislodged; (5) The 
80% water content samples as two main cracks parallel to 
the loading direction developing from the top and extending 
towards the bottom, with the middle and bottom specimens 
showing signs of splitting damage by bulging off; (6) The 
saturated samples show the same form of damage as the 
dry samples, with monoclinic shear damage and more small 
fractures and debris loss.

Compared with uniaxial damage, the form of damage 
remains unchanged in the dry rock samples after distur-
bance, whereas the water-bearing rock samples change 
gradually from shear damage and tensile–shear composite 
damage with increasing water content to more pronounced 
cleavage damage until saturation after complete monoclinic 
shear damage.

3.3 � Acoustic emission characteristics

The destructive process of various water-containing sam-
ples can be divided into four stages: static loading stage (I), 
dynamic loading stage (II), yield failure stage (III), and post-
peak stage (IV). Different samples generate distinct acous-
tic emission signals during this process. Acoustic emission 
ring counts (the number of oscillations where the acoustic 
emission signal exceeds a certain set threshold) and energy 
(the area under the envelope of the acoustic emission signal) 
accurately reflect the intensity and frequency of the acoustic 
emission signals. Thus, they are commonly used to analyze 
the deformation and failure processes of samples during 
loading.

The Fig. 10 shows the relationship between the acoustic 
emission ring counts, energy, and stress–strain curves of 
different water-containing samples under dynamic pertur-
bation. From the figure, it can be observed that: During the 
static loading stage (I), the dried samples experience harden-
ing due to the loss of water in the particles and cementitious 
materials. As the sample is loaded, pre-existing cracks are 
repressed, and there is friction between particles, resulting 
in a higher count and magnitude of acoustic emission signals 
during this stage. As the water content increases, both the 
intensity and quantity of acoustic emission signals during 

the static loading stage decrease. This is because water acts 
as a lubricant, reducing the friction between particles in the 
rock sample. Water also hinders the propagation of acous-
tic emission signals in the sample, leading to some signals 
not exceeding the set threshold of 43 dB and being filtered 
out as noise; During the dynamic loading stage (II), the 
axial load undergoes sudden changes, leading to a cyclic 
strengthening effect in the sample (Wen et al. 2021). As 
the number of cycles increases, the rate of internal microc-
rack propagation in the sample also increases. This results 
in a significant increase in acoustic emission signals, which 
gradually decreases and stabilizes with the increase in the 
number of cycles. The samples with higher water content 
(80% and above) exhibit a sudden change in acoustic emis-
sion energy and count signals during the perturbation stage. 
This is because in samples with higher water content, the 
water mainly exists as free water, and the interaction of 
free water with the water film in the internal cracks cre-
ates pore water pressure. During the perturbation process, 
the pore water pressure varies with the same frequency as 
the dynamic loading, causing the pores to continuously lose 
their bearing capacity and rupture, resulting in the phenom-
enon of sudden changes in acoustic emission signals during 
the perturbation stage; In the yield and failure stages (III), 
the change patterns of acoustic emission signals are simi-
lar for all water-containing samples. With the increase of 
axial stress, cracks in the sample continuously develop, and 
microcracks propagate and connect with each other until 
macroscopic cracks appear, penetrating the entire sample. 
During this period, acoustic emission signals continuously 
and steadily increase until the cracks penetrate the sample, 
causing a peak. The peak acoustic emission energy signals 
of the samples with different water contents were 21,402, 
18,927, 8875, 2351, 743, and 117, and the ringing counts 
were 4739, 4502, 1563, 1245, and 172, respectively, and 
the acoustic emission signals decreased by multiplicative 
order of magnitude with the increase of water content.; In 
the post-peak stage (IV), dried samples do not exhibit sig-
nificant signal generation after the peak, demonstrating brit-
tle characteristics with instantaneous failure. On the other 
hand, other water-containing samples show different degrees 
of rebound in acoustic emission signals after the peak, indi-
cating plastic characteristics with creep failure.

The specimen produces a continuous random signal of 
acoustic emission during the combined dynamic and static 
loading process. The acoustic emission signal is trans-
formed from the time domain to the frequency domain by 
the fast Fourier transform, and the acoustic emission signal 
is formed into a waveform file every 1024 number lines, 
and the amplitude–frequency–time 3D map is obtained by 
Matlab. This section reflects the degree of damage to the 
sample by selecting a key point and by the variation of the 
high and low dominant frequency eigenvalues in the 3D 
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plot. Figure 11 shows a 3D plot of the principal frequency 
characteristics of the Fourier transform of the key points of 
the acoustic emission of rock samples with different water 

contents. The sharp peaks in the figure correspond to the 
dominant frequency characteristics of the acoustic emis-
sion, and the moment of sample failure is selected as the key 

Fig.10   Acoustic emission characteristics of samples with different water contents
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point N. The analysis reveals the following characteristics 
of the rock samples with different water contents: (1) The 
principal frequency eigenvalues of the rock sample dam-
age decrease as the water content increases, ranging from a 

maximum of 175 kHz for dry rock samples to a minimum 
of 79 kHz for saturated rock samples. A total of 20%–60% 
of the lower water content rock samples are damaged with 
principal frequency eigenvalues between 135 and 165 kHz, 

Fig.11   Amplitude-frequency-time 3D mapping
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whereas 80% of the saturated rock samples are damaged 
with principal frequency eigenvalues less than 100 kHz; (2) 
Combined with Fig. 9, it shows that the degree of damage 
of the rock sample increases with increasing water content 
decreases with increasing principal frequency eigenvalue. 
Thus, a higher value of the principal frequency corresponds 
to a lower degree of damage, whereas a lower value of the 
principal frequency corresponds to a higher degree of dam-
age (Fig. 12; Table 3).

4 � Conclusions

(1)	 Under uniaxial compression, the 20%, 40%, 60% 
and 80% water and the saturated rock samples show 
varying degrees of reduction in strength and modulus 
compared with the dry rock samples. The stress–strain 
curve of the dry rock samples falls directly after the 
peak, whereas the water-bearing rock samples show a 
stepwise rise in stress, indicating that water causes the 
rock to become less soft and brittle, with high plastic-
ity. The degree of damage increases with increasing 
water content, and the form of damage changes from 

single bevel shear damage and ‘X’ type conjugate bevel 
shear damage to tunnel bottom drum type damage.

(2)	 At relatively lower water content levels (60% and 
below), dynamic perturbation enhances the compres-
sive strength of the samples. However, at higher water 
content levels (80% and above), dynamic perturbation 
weakens the compressive strength. Among them, the 
maximum strengthening effect is achieved when the 
water content is 20%, resulting in a 13.83% increase in 
comparison to uniaxial compression. The weakening 
effect of dynamic perturbation on samples with higher 
water content is not as pronounced, with the highest 
weakening effect observed at full saturation, amounting 
to only 2.47%. Compared with uniaxial compression, 
the form of damage in the dry rock samples remains 
unchanged after disturbance, whereas the water-bearing 
rock samples change gradually from shear damage and 
tensile–shear composite damage with increasing water 
content to more pronounced cleavage damage until sat-
uration when they change to complete unifacial shear 
damage.

(3)	 The evolution of acoustic emission of specimens with 
different water contents can be divided into static load-
ing stage (I), dynamic loading stage (II), yield failure 
stage (III), and post-peak stage (IV). With the increase 
of water content, the number and intensity of acoustic 
emission signals in phase I decreased, and the number 
of cycles in phase II had a cyclic enhancement effect 
on the samples, which was more obvious in the lower 
water content samples, and the acoustic emission sig-
nals of the high water content samples had a sudden 
change in this phase. The acoustic emission energy and 
counting signals of the dry samples were 21,402 and 
4739, respectively, while those of the saturated samples 
were only 117 and 172, and the acoustic emission sig-
nals decreased by multiplicative order of magnitude.

(4)	 The principal frequency eigenvalues of the key points 
of different water-bearing rock samples decrease with 
increasing water content, and the degree of damage 
increases with decreasing principal frequency eigen-
values, corresponding to low water content—high prin-
cipal frequency—low damage and high water content—
low principal frequency—high damage.

Fig.12   Dominant frequency eigenvalues variation plot

Table 3   Eigenvalues (kHz) 
of main frequency of acoustic 
emission for different water 
content samples

Key point Water content

N Dryness 20% 40% 60% 80% Saturation
174 163 154 133 95 79
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