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Abstract In order to understand the mechanical 
behavior of a stope and analyse the stress conditions 
of surrounding rocks after ventilation shaft excava-
tion and the abutment stresses of the top coal mining 
layout. In  situ uniaxial stress monitoring tests were 
performed to understand the field abutment pressure 
evolution. Furthermore, the variation of the stress 
concentration factor was studied using the Tongxin 
Mine 8309 mining face of the TongMei Group, 
China, as a case study. A loading model of coal rock 
under excavation- and mining-induced disturbances 
was proposed, and the stress path and experimental 
method were designed to investigate the high excava-
tion-damaged zone (HDZ), excavation-damaged zone 
(EDZ), and undisturbed zone (UZ). Moreover, the 
mechanical characteristics and failure characteristics 

of coal rock in different zones under site disturbance 
were obtained and the mesoscopic analysis is carried 
out by acoustic emission test. The results indicated 
that the strengths of the UZ, EDZ, and HDZ sam-
ples declined gradually. The volume of the UZ sam-
ple continuously expanded. However, the volumes 
of the EDZ and HDZ samples were compressed first 
and then expanded. Furthermore, the shear bands 
presented in all three samples resulted in failure. The 
cubic triaxial tests performed without considering 
mining-induced pressure produced higher strengths 
and less damage compared with the results of the true 
triaxial tests. The stress path used in the laboratory 
with the mining-induced stress throughout the stope 
could optimally reproduce the in situ mining process, 
which is significantly safe and efficient for the mining 
of deep resources.

Article highlights 

• A uniaxial stress monitoring method is proposed 
to catch the field abutment pressure.

• A stress model of coal considering mining and 
excavation disturbance is proposed.

• The true triaxial stress path in the laboratory to 
simulate different zones is designed.
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1 Introduction

The expansion of resource extraction is a national 
policy for China’s scientific and technological inno-
vations. However, the original rock stress balance 
state is disrupted as coal mining depth increases due 
to the combined disturbance of roadway excavation 
and working face mining, and a new equilibrium 
state is reached by experiencing static or dynamic 
disturbance stress (Gao et al. 2021; Xie et al. 2021a, 
b). Hence, mining-induced stresses are a key fac-
tor in coal damage. During coal tunnel excavation, 
excavation unloading affects the stress distribution 
in the quarry and the mechanical properties of the 
coal rock. Moreover, the redistribution of stresses 
can damage the surrounding rock, resulting in micro 
and macro cracks in the openings and even spalling 
of the excavated face (Gao et  al. 2020; Zheng et  al. 
2023). In the deep high-ground stress environment, 
various engineering problems, such as large defor-
mation of soft rock, rock bursts of brittle rock mass, 
and gas outbursts, may be induced (Feng et al. 2018; 
Golshani et al. 2009; Kaiser and Moss 2022; Martino 
and Chandler 2004). The deformation and damage 
law and the mechanical behavior of coal rock dur-
ing real complex in  situ stress path evolution under 
a disturbed stress state are considered significant to 
the mechanical calculation of deep rock mass and the 
prevention and control of geological disasters in deep 
mine engineering.

Most underground engineering rocks are in a tri-
axial stress state. Moreover, underground tunneling 
and coal mining are typical loading and unloading 
processes in one or several directions. The stress path 
of rock experienced has a significant influence on the 
damage and failure processes of the rock (Bai and Tu  
2019; Bai et al. 2022; Wang et al. 2019; Zhang et al. 
2018a). For a given conditions, the failure evolution 
of the rock surrounding the excavation often depends 
on the stress path. Underground roadway excavation 
not only creates loading stresses in the rock mass, but 
also unloading near the excavation boundary (Cong 
et al. 2020; Zheng et al. 2017). And the loading fail-
ure of rocks is not the same as unloading destruction. 

Different loading and unloading stress paths have an 
impact on the mechanical properties of rocks during 
deformation and failure (Cong et  al. 2016). Based 
on this, scholars have conducted many studies. Field 
tests (Jayanthu et al. 2004; Kaiser et al. 2001; Weg-
muller et al. 2004), numerical simulations (Gao et al. 
2015; Rezaei et  al. 2015; Yasitli and Unver 2005), 
and theory models (Alehossein and Poulsen 2010) 
were developed to explore the influences of mining-
induced stress.

Underground coal rocks generally experience dis-
turbances imposed by mining and shaft excavation. 
Deep coal bears abutment stress �v , normal stress of 
the mining face �n1 , and normal stress of the tunnel 
surrounding the rock �n2 in three directions. However, 
the conventional pseudo-triaxial test facility can only 
apply the abutment and normal stresses of the min-
ing face in two directions (Xie et al. 2012). The true 
triaxial testing machine has the advantage of apply-
ing disturbances in three directions and simulating 
the real stress conditions of coal in the laboratory. 
Studies using true triaxial tests on coal samples have 
mostly concentrated on seepage characteristics and 
fluid–solid coupling responses (Perera et  al. 2013; 
Ranjith et al. 2011; Shukla et al. 2012). A few stud-
ies have tried to explore the mechanical characteris-
tics of underground coal. Alexeev et al. (2004) devel-
oped true triaxial loading (TTAL) apparatuses and 
identified the effects of methane and water absorp-
tion on a simulated coal burst. Furthermore, they 
used TTAL to discuss alterations in the mechanical 
performances of coals in different stress states, the 
effect of the stress state on methane emission kinet-
ics from coals at various temperatures, and the effect 
of moisture content on the mechanical behaviors of 
coals in different stress states (Alexeev et  al. 2012). 
Connell et  al. (2010) studied the permeability ana-
lytical model of coal under triaxial strain and stress 
conditions. Kwasniewski (2013) presented the true 
triaxial compression test results for coal measure 
samples containing foliation, anisotropic schist, and 
medium-coarse sandstone. These tests aimed to show 
the independent effects of the confining stress and 
intermediate principal stress on the volumetric defor-
mation mode and the dilatant behavior of rocks. Sha 
et al. (2018) used true triaxial unloading experiments 
to study the unloading strength and fracture evolu-
tion characteristics of high energy storage rock mass 
under different stress paths and loading rates. It is 
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found that the macroscopic failure process of marble 
under true triaxial unloading is significantly different 
from that under conventional compression test. The 
strength and failure mode of high energy storage rock 
mass are controlled by unloading path and unload-
ing rate. Wang et al. (2022) studied the deformation 
and seepage characteristics of coal under true triaxial 
loading and unloading. Li et al. (2018) studied TTAL 
tests regarding coal’s acoustic emission (AE) charac-
teristics. He et  al. (2017) used a true triaxial test to 
obtain the jointed coal mass strength, numerically 
verified the laboratory results, and proposed a new 
three-dimensional coal mass strength criterion.

Most of the test paths were straightforward one-
way loading and unloading due to the complexity of 
deep engineering excavation and resource exploita-
tion and the difficulty of simulation. Moreover, a 
complicated stress path evolution test was conducted 
for resource utilization under extreme ground stress 
conditions. The stress conditions of the subsurface 
zone at various distances from the free face were not 
adequately considered in most of the research.

To study the real disturbance dynamic character-
istics and fracture behavior of deep coal rocks, true 
triaxial simulation and experimental research were 
conducted to analyze the mechanical properties and 
fracture behavior of the coal rock body during the 
evolution of the in situ stress path, fully considering 
the tunneling and coal seam excavation process. This 
provides theoretical and technical guidance for deep 
rock mechanics analysis and disaster prevention.

2  In situ rock physical response experiment 
and evolution of coal rock stress path 
during the mining process

2.1  In situ stress monitoring under real disturbance 
conditions

Xie et  al. (2011, 2012, 2016) analyzed the distribu-
tion law of abutment pressure in working faces under 
three typical mining methods. They further obtained 
the environmental conditions of mining dynamic 
stress in the presence of the working face, explored 
the correlation mechanism between the macroscopic 
mining process and the rock mechanical loading path, 
and designed the laboratory test loading path follow-
ing the mechanical process of deep mining. Figure 1 

shows the abutment pressure and normal stress with 
the mining face changing law of the top coal caving 
layout. The abutment pressure gradually increases 
from the hydrostatic pressure to the peak value and 
then drops to the residual strength with the failure of 
the coal rock. Moreover, the normal stress �n1 of the 
mining face decreased from the hydrostatic pressure 
to 0 MPa. The process can be summarized by formu-
las 1–3.

where �v is abutment pressure, �n1 normal stress of 
mining face, �n2 is normal stress of surrounding rock, 
� is vertical stress gradient, H is depth of excavation.

In situ uniaxial stress monitoring was performed 
at the Tongxin Mine 8309 mining face of the Tong-
Mei Group. The test aimed at obtaining the evolu-
tion law of field abutment pressure with the advance-
ment of the mining face. We dug a square hole in the 
free face of the surrounding rock of the roadway and 
inserted a cylindrical coal sample (50  mm diameter 
and 100 mm height) from the 8309 working face into 
the hole. Subsequently, we pushed the sample into 
the coal using a jack so that the sample was in close 
contact with the coal rock. With the advancement of 
the working face, the field abutment pressure applied 
to the sample was recorded using a GPD450M stress 
sensor. Figures  2 and 3 show the field arrangement 
and the installation sample, respectively.

(1)Original �v = �n1 = �n2 = �H

(2)Point 1 �
v
= 1.5�H; �

n1 = �
n2 = (0.6 ∼ 0.8)�H

(3)
Point 2 �

v
= (2.0 ∼ 2.5)�H; �

n1 = �
n2 = (0.2 ∼ 0.4)�H

Fig. 1  Stress conditions of coal in front of the working face 
(Xie et al. 2011)
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We used α to represent the abutment pressure con-
centration parameter. A change in α reflects the fluc-
tuation and transient stability of the abutment pres-
sure, while the magnitude of α reflects the degree of 
influence of the mining disturbance. The initial point 
of α was set to 1 as a benchmark. Consequently, we 
could calculate α at each time point. Figure 4 shows 

the in  situ abutment pressure evolution model based 
on the monitoring results.

With the advancement of the mining face, the 
periodic increase in abutment pressure reflects stress 
redistribution. The fluctuation in the abutment pres-
sure curve included downtime for maintenance and 
personnel handover. Moreover, the cyclic fluctua-
tion in the abutment pressure curve reflected periodic 
roof weighting. This model considers the working 
face production status, in  situ stress, support condi-
tions, and time effect, reflecting the real condition of 
the disturbed coal rock. Except for the complicated 
stress fluctuation, the model based on field monitor-
ing matched the abutment pressure curve in the labo-
ratory (Fig. 1); that is, the stress paths we used in the 
true triaxial tests corresponded with the real project 
disturbances. This indicates that our test results were 
valid and practical.

2.2  Normal stress of surrounding rock and associated 
zone division criteria

Excavation can change the physical, mechanical and 
hydraulic properties of the rock zone. Furthermore, it 
can significantly affect the global rock mass behavior 
of near fields. The surrounding rocks can be divided 
into the high excavation-damaged zone (HDZ), exca-
vation-damaged zone (EDZ), and undisturbed zone 
(UZ) due to different disturbance factors (Fattahi 
et al. 2013; Kwona et al. 2009; Saiang 2010; Suzuki 
et al. 2004). Moreover, the stress states of coal rocks 
in different zones are different. We used the theoreti-
cal normal stress from numerical software  (FLAC3D) 
to simplify the stress evolution model and character-
ize the three zones.

The �n2 stress variation in the surrounding rock was 
simulated. The width, height, and length of the roadway 
model were 5 m, 3.6 m, and 50 m, respectively. Further-
more, the entire model’s width, height, and length were 
25 m, 25 m, and 50 m, respectively. The three-way nor-
mal displacement was restricted, 20 MPa pressure rela-
tive was applied to the other three faces, and 20 MPa 
volumetric stress was applied. The tunnel was exca-
vated after the initial equilibration. Moreover, due to 
the model’s symmetry, only a quarter of the model was 
analyzed. Figure 5a shows the simulation results. After 
excavation, �n1 gradually increased from 0 MPa to the 

Fig. 2  Stress monitoring test arrangement

Fig. 3  Installation of the in situ uniaxial sample

Fig. 4  In situ abutment pressure evolution model
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original rock stress, and the growth rate decreased as 
the distance from the tunnel increased. Figure 5b shows 
that the growth rate of �n2 in the surrounding rock tends 
to slow down when it reaches half of the original rock 
stress and changes limitedly when it reaches 90% of the 
original rock stress.

Consequently, based on the original stress, the 
region where �n2 is 0–50% of the original stress is 
defined as the HDZ. Furthermore, the region where 
�n2 is 50–90% of the original stress is defined as 
the EDZ and the region where �n2 is 90–100% of 
the original stress is defined as the UZ. Hence, the 
excavation disturbance effect can be denoted as 
HDZ > EDZ > UZ.

2.3  Stress model with a top coal caving layout in a 
disturbed environment

Figure  6 shows that the normal stress �n2 evolution 
law of the roadway surrounding rock and the abutment 
pressure �v are combined to propose a top coal caving 
stress model in a disturbed environment. This model 
can be described as follows: After excavation, the entire 
stope is divided into the UZ, EDZ, and HDZ, consider-
ing the variation in the stress state. Next, the abutment 
pressure increases to a peak value and then decreases 
to a residual stress and the normal stress �n1 decreases 
from the original stress to zero.

3  True triaxial test and results under a real 
production disturbance stress path

3.1  Coal cubes and sample preparation

Coal samples were collected from the Tongxin Mine 
North #3 panel of the TongMei Group at the 8309 
mining face at a burial depth of 850 m. The #3–5 coal 
seams from this mining face are Permo-Carboniferous 
coal-bearing strata. The coal samples were processed 

Fig. 5  Normal stress results of the numerical model

Fig. 6  Stress evolution model under project disturbance
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into cubes with sides measuring 100 ± 0.02  mm 
(Fig.  7) and then polished to obtain three pairs of 
mutually parallel faces. We conducted an elemental 
analysis and identified the basic mechanical proper-
ties of the anthracite coal samples; the correspond-
ing results are shown in Table 1 and Table 2, respec-
tively. According to the X-ray diffraction results, 

these anthracite coal samples were mainly composed 
of kaolinite  (Al2(Si2O5)(OH)4, 96%) and calcite 
 (CaCO3, 4%).

Experiments were performed on a true triaxial 
solid–gas coupling experiment system designed by 
Chongqing University (Fig.  8). Four independent 
systems were included in the apparatus: a 3D loading 
stress control system, an internally sealed fluid flow 
system, an outlet gas flow rate measurement system, 
and a stress–strain monitoring system. The apparatus 
can apply 3D stress levels of up to 6000 kN in two 
directions and 4000 kN in another direction. The 3D 
deformation of cubic samples was measured within a 
range of ± 40 mm using six linear variable differential 

Fig. 7  Cubic samples of coal rock

Table 1  Elemental analysis 
of the coal samples (unit: 
percent)

Carbon Oxygen Silicon Aluminum Sulfur Iron Calcium Potassium

66.71 22.23 4.44 4.37 0.50 0.44 0.14 0.12

Table 2  Basic mechanical properties of the coal samples

Unconfined 
test

Density(g/
cm3)

UCS (MPa) E (GPa) �

Average value 1.60 10.12 3.21 0.226

Fig. 8  True triaxial geophysical apparatus
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transformers (LVDTs). The displacement of the load-
ing platens can be measured within a range of ± 8 mm 
using six LVDT-type displacement transducers. Mul-
tiple complete stress paths, including uniaxial, biax-
ial, and triaxial stress paths, can be applied to study 
mechanics and seepage (Yin et al. 2016).

3.2  Stress path and experimental procedures

To simulate the mechanical behavior of coal rock in 
the whole area under the top coal caving using a true 
triaxial apparatus, abutment pressure �v was applied 
in the direction of �1 . The normal stress of the min-
ing face �n1 was applied in the direction of �2 , and the 
normal stress of the roadway �n2 was applied in the 
direction of �3 . Moreover, unloading �3 to different 
ratios to simulate the original stress state before min-
ing different zones and loading �1 and unloading �2 to 
simulate increasing abutment pressure and decreasing 
horizontal stress are integral stress paths.

According to the stress states in different zones 
and mining unloading effects, experiments were 
divided into the hydrostatic loading stage, excavation 
unloading stage, and mining stage to study them sep-
arately. The mining stage was divided into two stages 
according to the two different loading/unloading 
rates. Table 3 shows the basic information about the 
samples. The stress path is shown in Fig. 9a–c. The 
experimental procedures involved the following steps.

The hydrostatic loading stage is denoted as the OA 
part in Fig. 9. Before the test started, 30 kN of pres-
sure was loaded along the three axes of the sample. 
Subsequently, a loading rate of 0.2 MPa/s was applied 
until the loads applied along the three axes were 
simultaneously 20 MPa. The vertical stress gradient is 
assumed to be 25 kPa/m. This vertical stress value is 
equivalent to a depth of approximately 800 m, which 

falls within the mining depth of the TongMei Group 
at the 8309 mining face.

The excavation unloading stage is denoted as the 
AB part in Fig.  9. Following the normal stress evo-
lution law of the roadway surrounding rock in Part 
2.2, this procedure was described separately for the 
three zones. (I) In the HDZ, �3 decreased quickly to 
�3 = 3MPa , and �1 and �2 remained unchanged. (II) 
In the EDZ, �3 decreased quickly to �3 = 10MPa , and 
�1 and �2 remained unchanged. (III) In the UZ, �1,�2 
and �3 remained unchanged for a short time.

In the mining stage, �1 increased with a loading 
rate of 0.1 MPa/s, and �2 decreased with an unload-
ing rate of 0.08  MPa/s (Fig.  9a–c, Parts CD and 
CE). Moreover, �1 increased with a loading rate of 
0.2 MPa/s, and �2 decreased with an unloading rate of 
0.08 MPa/s (Fig. 9a–c, Parts DE and EG).

3.3  Mechanical characteristics of coal

The mining dynamic response of the coal rock body 
at different mining locations was tested to simu-
late the mining dynamic behavior of the coal rock 
body at each location. For rock samples in the HDZ 
and EDZ, �1 and �2 remained constant while �3 was 
unloaded. Therefore, only the �3 unloading part of the 
stress–strain curves in the excavation unloading stage 
was selected to compare the unloading effect without 
considering the mining stage. To compare the effects 
of mining-induced pressure on three types of rocks, 
only the mining stage part of the stress–strain curves 
is selected, and the benchmark of strain is the begin-
ning of the first loading/unloading stage. The bench-
mark of the strain value in Table 4 is the end of the 
hydrostatic loading stage.

Figure  10a shows the principal strain–mini-
mum principal stress curve. The unloading rates 
of T4-18 and T4-5 were the same, but the unload-
ing degrees were different. Therefore, the changing 
rate of the minimum principal strain is similar, but 
at the end of this stage, the value of the minimum 
principal strain of T4-18 is 1.65 times that of T4-5. 
The increase in the maximum and intermediate 
strains was caused by the Poisson effect. Figure 10b 
shows that the strength of the UZ sample is 1.03 
times that of the EDZ sample and 1.11 times that 
of the HDZ sample. Quick unloading of one side 
of a sample promotes fracture-compacted develop-
ment, which may have contributed to the weakening 

Table 3  Sample details

Sample Location Density (g/cm3) Confining pressure

T3-7 Triaxial test 1.39 20 MPa
T3-28 Triaxial test 1.38 20 MPa
T4-18 HDZ 1.31 20 MPa
T4-5 EDZ 1.31 20 MPa
T4-6 UZ 1.32 20 MPa
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strength of the samples in the mining stages. This 
illustrates that a quick unloading of one side’s hori-
zontal stress to different degrees could accurately 
simulate the stress at different distances from the 
surrounding rock. Therefore, mining simulation can 
accurately reflect the damage caused by the mining-
induced stress of the surrounding rock in different 
areas.

In the mining stage, according to the stress path 
shown in Fig. 9, when the maximum principal stress 
reached 30 MPa, and the intermediate principal stress 
reached 12 MPa, the first loading/unloading stage fin-
ished, and the second loading/unloading stage began. 
Figure 10b shows that at the end of the first loading/
unloading stage, the maximum principal strains of the 

samples of the HDZ and EDZ were 1.92 times and 
1.89 times that of the UZ sample. At peak stress, the 
maximum principal strains of the samples of the HDZ 
and EDZ were 2.30 times and 2.21 times that of the 
UZ sample. The pressure constraint in the �3 direc-
tion limited deformation. Thus, to improve the bear-
ing capacity of the surrounding rock and reduce the 
magnitude of deformation, support measures, such 
as anchors, should be added to increase the integrity 
and control deformation through artificially imposed 
normal stress. The intermediate strains (Fig. 10b) of 
the three zone’s samples are similar, which suggests 
a weak link between the unloading in the �3 direction 
and the maximum or intermediate principal strain. 
However, the intermediate principal strain differed 

Fig. 9  General graph of stress paths in different zones during the mining stage
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in the second loading/unloading stage, 0.91 and 0.88 
times that of the UZ sample for the HDZ and EDZ 
samples, respectively. The UZ sample was unloaded 
in one direction, and the other two samples were 
unloaded in two directions, resulting in an enormous 
intermediate principal strain. The excavation distur-
bance was responsible for the surrounding rock defor-
mation; thus, it is vital to include roadway excavation 
disturbance in studying the mechanical characteristics 
of coal in the mining process.

Meanwhile, Fig.  10d shows that the volumetric 
strain of the HDZ sample remains constant before 
the peak stress and expands when the peak stress is 

reached, the EDZ sample compresses before the peak 
stress and expands at the peak stress, and the vol-
ume of the UZ sample expands throughout the test. 
Therefore, mining-induced pressure is a risk factor 
for fracture development for intact rock. The volu-
metric strain of the UZ sample was much higher than 
those of the other two. The fracture developed dur-
ing the excavation unloading stage for the HDZ and 
EDZ samples, and the fracture development in the 
mining stage was not obvious in the UZ sample. The 
peak stress–strain in Table 4 is selected to draw the 
total trend of principal strain in different regions, as 
shown in Fig. 11. With the increase of distance from 

Fig. 10  Stress–strain curves of true triaxial tests: a mini-
mum principal stress-principal strain curves for the excavation 
unloading stage b maximum principal stress-maximum and 
intermediate strain curves for the mining stage c maximum 

principal stress-minimum strain curves for the mining stage d 
the maximum principal stress-volumetric strain curves for the 
mining stage
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the roadway, the peak stress gradually increases, and 
the surrounding rock strength is UZ > EDZ > HDZ. 
It shows that the excavation disturbance has a direct 
effect on the mechanical behavior of the rock and 
reduces the strength of the rock.

3.4  Failure morphology and fracture development 
characteristics of coal rock

Intact coal usually contains preexisting cracks, 
and the true triaxial loading and unloading process 
induces the gradual development of the original 
microcracks until the final failure and the formation 
of macroscopic cracks. According to the block theory, 
the structural behavior of discontinuous fractured 
samples is different from that of intact samples (Liu 
et al. 2023; Zhang et al. 2021). The six faces of the 
sample were marked as Sides 1–6, where Sides 1 and 
2 are perpendicular and bore the maximum principal 
stress �1 ; Sides 3–6 were subjected to the confining 
pressure. The opposite of Side 3 is Side 4, and the 
opposite of Side 5 is Side 6 (Fig. 12). We extracted 
surface cracks in coal samples by image processing 

and manually copied the original fracture (Fig.  13) 
and the fracture after the experiments (Fig. 14). The 
main fractures in the samples are depicted by red 
dashed lines, and the associated secondary fractures 

Fig. 11  Comparison of the 
strength and strain among 
the three different zones

Fig. 12  Sample surface number

Table 4  Strain of each stage of the three mining zones (unit: percent)

Sample Peak stress Excavation unloading stage Peak strain (Δ� = �
EUS

− �
PV

)

�
1

�
2

�
3

�
v

�
1

�
2

�
3

�
v

�
1

�
2

�
3

�
v

T4-18 44.57 0.13 0.12  − 0.45  − 0.20 1.27  − 0.82  − 0.78  − 0.33 1.14  − 0.94  − 0.33  − 0.13
T4-5 48.38 0.09 0.06  − 0.27  − 0.12 1.47  − 0.85  − 0.65  − 0.03 1.38  − 0.91  − 0.38 0.09
T4-6 49.68 – – – – 0.63  − 1.04  − 0.14  − 0.55 0.63  − 1.04  − 0.14  − 0.55
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Fig. 13  Original crack dis-
tribution of samples before 
a true triaxial test
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are depicted by solid lines. One or two shear bands 
contributed to the failure of each sample. The direc-
tion of the shear band with a 70°–130° angle to 
horizontal was similar to the direction of the maxi-
mum principal stress. Under true triaxial loading and 
unloading condition, the failure surface of the HDZ 

sample is smooth, without the concave and convex 
surface caused by the friction between particles. It 
shows the "I" type tensile splitting failure character-
istics, forming a step-like tensile failure surface. The 
EDZ sample has a rough failure surface, showing a 
half "X" type failure surface and forming a step-like 

Fig. 14  Crack distribution of samples after a true triaxial test
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single shear failure surface. The UZ sample has a 
rough failure surface, showing a half "X" type failure 
surface and forming a single shear failure surface.

Through the fracture morphology and fracture 
development of the coal sample failure surface, 
the following rules were determined: (1) With the 
increase of distance from mining face, the surround-
ing rock is affected by disturbance, and the failure 
form of coal sample gradually transitions from ten-
sile failure to shear failure. This is because the HDZ 
samples are significantly affected by roadway excava-
tion unloading. However, EDZ and UZ samples are 
far away from the mining face and less affected by 
mining disturbance. The failure is mainly caused by 
�1 continuous loading and �2 continuous unloading. 
(2) The rock surface that bore the intermediate prin-
cipal stress in all three zones (Side 4 or 3 of T4-18, 
Side 4 or 3 of T4-5, Side 6 or 5 of T4-6) had fewer 
cracks than that of the rock surface that bore mini-
mum principal stress (Side 5 or 6 of T4-18, Side 5 
or 6 of T4-5, Side 3 or 4 of T4-6) because the main 
stage of fracture evolution is the mining stage. (3) 
The original fracture and stress conditions are impor-
tant driving factors of rock failure characteristics. The 
top of Side 4 of T4-18 initially had a horizontal crack, 
which did not develop into a major crack, while a 
horizontal crack on the top of Side 4 of T4-6 devel-
oped into a major crack due to the difference in the 
stress path. Side 4 of T4-18 bore �2 and experienced 

the unloading stage, but that side of the T4-6 bore �3 
with a stress constraint.

4  Acoustic emission and energy characteristics 
of rock under true triaxial loading 
and unloading

Under the action of external force, rock material pro-
duces deformation and internal cracks and releases 
energy simultaneously. Part of its energy is released 
as a transient elastic wave, thus generating the AE 
phenomenon. It reflects the degree of damage to rock 
material and the damage evolution characteristics 
of rocks (Zhang et  al. 2018b, 2021). Therefore, the 
PCI-2 acoustic emission system was used to monitor 
the acoustic emission signals in the true triaxial load-
ing and unloading test. Rock AE tests were conducted 
on the HDZ, EDZ, and UZ samples. Cumulative ring-
ing count and cumulative energy were selected as 
typical AE characterization parameters to analyze the 
crack evolution law of coal and rock under true tri-
axial loading and unloading conditions.

4.1  Analysis of acoustic emission characteristics

The cumulative ringing count can roughly reflect the 
signal intensity and frequency, which is often used 
as the AE characteristic parameter to evaluate AE 

Fig. 15  AE cumulative 
ringing count change curve
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activity, and its value is greatly affected by the AE 
threshold value. In this monitoring process, the AE 
monitor threshold was set at 55 dB. Figure 15 shows 
the change curves of the AE cumulative ringing count 
of coal samples in different zones under true triaxial 
loading and unloading. In the unloading stage, as the 
�3 reduces, the deviator stress ( �1 − �3 ) gradually 
increase, and AE cumulative ringing counts gradu-
ally increase, but with slow growth. In the unloading 
stage of AE events, when near destruction, numer-
ous microcracks appear and develop, and finally 
penetrate to form a macroscopic failure surface, and 
the AE accumulates ringing counts in the process of 
rapid growth. There is a constant-pressure process for 
some time between different loading and unloading 
stages, and the load applied in the three directions of 
the sample remains unchanged during the constant-
pressure process. There is a long period of stabili-
sation between the different loading and unloading 
stages, during which the load applied to the sample 
remains constant in all three directions. The curve of 
the AE cumulative ringing count during this process 
is basically parallel to the horizontal axis. It indicates 
that the AE cumulative ringing count of the sample 
remains constant during the steady pressure process, 
and the coal sample is in a relatively stable mechani-
cal state. The cumulative ringing count when the 
HDZ sample is damaged is 43.06 ×  104 times. When 

the EDZ sample is damaged, the cumulative ringing 
count is 26.37 ×  104 times. Furthermore, the cumula-
tive ringing count when the UZ sample is damaged is 
31.87 ×  104 times.

The test results show that the cumulative AE 
ringing count is the highest when the HDZ sam-
ple is damaged. This indicates that the AE events 
are the most during the failure of HDZ sample, and 
there are more microcracks in the sample. However, 
the cumulative AE ringing count of HDZ, EDZ and 
UZ samples does not show obvious regularity when 
the three samples were destroyed. This may be due 
to the fact that coal rock itself is a heterogeneous 
material. In the process of coal formation, the inter-
nal structure is different from the occurrence of pri-
mary cracks. As a result, the new crack generation 
and primary crack development of different samples 
are affected to different degrees during loading and 
unloading.

4.2  Energy characteristics under true triaxial loading 
and unloading

The AE cumulative energy can reflect the relative 
energy and intensity of events, indirectly reflect 
the magnitude of AE events, and measure the 
internal damage and fracture degree of rock sam-
ples during the test. Figure  16 shows the change 

Fig. 16  AE cumulative 
energy change curve
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curves of the AE cumulative energy of coal sam-
ples in different zones under true triaxial load-
ing and unloading. In the unloading stage �3 and 
the first unloading stage of roadway excavation, 
the deviatoric stress ( �1 − �3 ) increases with the 
decrease of �3 , and the accumulated AE energy 
of different coal samples increases slowly. In 
the second unloading stage, when the failure is 
near, the AE events greatly increase, and numer-
ous microcracks are generated, developed, and 
finally connected to form a macroscopic failure 
surface. During this process, cumulative energy 
increases sharply within a short time. The cumula-
tive energy when the HDZ coal sample is damaged 
is 3.11 ×  10−12  J, the cumulative AE energy when 
the EDZ coal sample is damaged is 3.51 ×  10−12 J, 
and the cumulative energy when the UZ sample is 
damaged is 4.75 ×  10−12 J.

The AE test results show that UZ sample 
releases the most energy in a short time while the 
cumulative ringing count is less. It indicates that 
the UZ sample produces more AE events with large 
energy during failure, resulting in more obvious 
macro cracks, and fewer internal micro cracks. The 
macro failure form of coal sample is more com-
plex, and the degree of failure is more intense. The 
cumulative AE energy of HDZ sample was lower, 
but the cumulative ringing count was higher. This 
indicates that there are more AE events with small 
energy during the failure of HDZ sample and more 
microcracks during the failure of the sample. Simi-
larly, the AE cumulative energy of three samples, 
HDZ, EDZ and UZ, does not show obvious regu-
larity during failure. In the future, tests can be car-
ried out under different surrounding rock and dif-
ferent loading and unloading rates.

There is a certain correlation between macro-
scopic failure pattern and microcrack evolution 
characteristics of coal rock. The formation and 
development of cracks on the surface and inside of 
coal rock is the fundamental cause of macroscopic 
deformation and failure. When the coal sample is 
damaged, the higher the AE cumulative ringing 
count or AE cumulative energy is, the more cracks 
are developed inside the coal rock, and the macro 
failure form is more complex. Therefore, micro-
seismic monitoring can be carried out in the field 

to predict the possible rock burst, large caving and 
other macro damage in the production process.

5  Comparative analysis of triaxial and true 
triaxial research results

5.1  Mechanical characteristics of conventional 
triaxial samples

Following the stress path evolution of in  situ rock 
during mining, we obtained true triaxial experimen-
tal results regarding the influence of mining distur-
bance. Furthermore, we conducted a conventional 
triaxial experiment in the laboratory according to 
the stress path of coal and rock to obtain the fail-
ure results of coal samples without considering the 
influence of mining disturbance; this was to obtain a 
more accurate comparison of the influence of min-
ing disturbance stress on the failure of coal samples. 
The apparatuses used for these tests were the same 
as those used for the tests above. Figure  9d shows 
the tested stress path, and the sample details are 
listed in Table 3.

Figures 17 and 18 and Table 5 show the resulting 
stress–strain curves, failure modes, and parameters. 
The two samples exhibited relatively consistent 
mechanical behavior.
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5.2  Comparative analysis of the mechanical behavior 
and damage characteristics of coal rocks under 
conventional triaxial and true triaxial mechanics

1. Mechanical parameters

Comparing the triaxial tests with the true triaxial 
tests, it can be observed that the average strength 
of the cubic triaxial test samples increased by more 
than 36% compared to that of the UZ sample (T4-6). 
The maximum principal strain increased 2.75 times 
compared to that of Sample T4-6. The volume of 
the cubic samples consistently decreased, while that 
of Sample T4-6 decreased first and then expanded. 
Furthermore, the deformation in the cubic samples 
is much smaller than in true triaxial tests, consider-
ing the mining loading/unloading process. Shallow 
cracks were observed on the surface of the samples, 
and the rocks did not split into pieces. Shear failure 
was observed in the cubic triaxial test.

2. Macroscopic failure type

Under conventional triaxial compression condi-
tions, the macroscopic failure modes of coal samples 
were mainly half “X” and half “Y,” that is, pure shear 

failure or tensile shear composite failure. The num-
ber of microcracks on the surface of the coal sam-
ple was small after destruction, and the coal sample 
remained relatively intact. In addition, since the stress 
concentration around the corner of the cubic coal 
sample, coal flakes, and small coal samples fell off at 
this position, the macrocracks of coal sample failure 
began to extend and develop from the drop position 
spreading through the whole sample.

During the true triaxial test, the HDZ coal sam-
ple was subject to overall instability in the second 
unloading stage. It showed obvious “I” type failure 
characteristics and belonged to tensile splitting fail-
ure. The main failure surface was perpendicular to 
�3 unloading direction. The EDZ sample was subject 
to overall instability in the second unloading stage. 
Although the coal and rock masses at this loca-
tion were affected by the tunnel excavation �3 was 
reduced by half, but the failure of coal samples under 
low confining pressure was mainly due to �1 continu-
ous loading and �2 caused by continuous unloading. 
The coal sample mainly presented half “X” type 
failures, belonging to pure shear failure or tension 
shear composite failure. For the UZ sample, during 
the whole test �3 remained the same; the failure of 
coal samples was mainly caused by �1 continuous 
loading and �2 caused by continuous unloading. The 
coal sample mainly presented half “X” type failures, 
belonging to pure shear failure or tension shear com-
posite failure.

3. Deformation features

During the triaxial test, the coal samples showed 
significant linear elastic deformation characteristics 
in the initial state. The strain of the horizontal direc-
tion of the coal sample ( �2 and �3 ) remained the same 
throughout the deformation failure process, and the 
overall volume compression was always maintained 

Fig. 18  Destroyed cubic triaxial test sample (T3-28)

Table 5  Cubic triaxial test parameters

Sample Peak Difference with T4-6

Peak stress Maximum prin-
cipal strain

Minimum prin-
cipal strain

Volumetric 
strain

Peak stress Maximum prin-
cipal strain

Volumetric strain

T3-7 67.19 2.36  − 0.73 0.82  + 17.51  + 1.73  + 1.37
T3-28 67.10 1.55  − 0.45 0.62  + 17.42  + 0.92  + 1.17
Average 67.15 1.96  − 0.59 0.72  + 17.47  + 1.33  + 1.27
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relative to the initial state. However, during the true 
triaxial test, after the EDH sample entered the first 
unloading stage, it was affected by the superposi-
tion of �1 loading and �2 unloading, the compression 
deformation in the �1 direction continued to increase. 
Furthermore, the strain in the direction of �2 showed 
an inflection point and began to change from com-
pression deformation to expansion deformation.

Consequently, the cubic triaxial test with a stress 
path of 𝜎1 > 𝜎2 = 𝜎3 cannot simulate real disturbing 
stress conditions in coal mining.

5.3  Comparison of the triaxial tests and the true 
triaxial tests with mining loading/unloading 
stages

Xie et  al. (2012) explored the mechanical charac-
teristics of rock during mining with a top coal cav-
ing layout. Their tests used the MTS 815 Flex Test 
GT rock mechanical system, and samples were from 
the 8105 mining face of the Tashan Mine of Datong 
Mining Group. The procedure of the tests was as 
follows: Loading is first applied to create a confin-
ing pressure of 25  MPa; subsequently, the same 
stress path as that used in the mining stage of the 
true triaxial tests is used. The results are shown in 
Fig.  19. Unlike the continuous expansion of Sam-
ple T4-6, the volumetric strain gained from the tri-
axial machine causes the sample to compress and 
then expand. A large difference in the intermediate 

parameter b = (�2 − �3)∕(�1 − �3) between these two 
tests resulted in differences in the trend of the volu-
metric strain.

At peak stress, the intermediate parameter b of the 
samples correlating to the three zones increased with 
increasing integrity (Fig. 20), but the �iep∕�p ratio did 
not show an obvious changing law. Meanwhile, the 
ratio of the loading and unloading rates is the key fac-
tor controlling the failure mode. When the stress path 
was the same as that of Sample T4-6 but with a mini-
mal loading and unloading rate ratio, the sample vol-
ume was continuously compressed (Liu et al. 2019).

True triaxial test is different from conventional triax-
ial test. The fracture mechanism of coal rock under true 
triaxial loading and unloading considering disturbance 
factors is still a direction to be further studied. In the 
future, true triaxial tests of coal rock in different regions 
at different loading and unloading rates and under dif-
ferent surrounding rock conditions can be carried out to 
further study the fracture mechanism of coal rock under 
the influence of mining disturbance, and the true triax-
ial strength criterion applicable to the excavation distur-
bance conditions of coal rock can be proposed.

6  Conclusion

Roadway excavation and mining processes influence 
the mechanical characteristics of coal rock. In this 
research, a stress evolution model of underground 
coal and the stress path to realizing the model in the 
laboratory were proposed, and the following conclu-
sion was reached:Fig. 19  Triaxial test curves considering the mining stages of a 

top coal caving layout (from (Xie et al. 2012))

Fig. 20  Relationship between b and the stress ratio of the ini-
tial expansion point
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1. The true triaxial stress–strain curves of the three 
zones showed that the strengths of three sam-
ples are UZ > EDZ > HDZ. The expansion in 
the unloading direction in the HDZ sample was 
larger than that of the EDZ sample, which illus-
trates that the methods of unloading to different 
degrees could represent the original stress condi-
tion and bearing capacity of the coal in the whole 
stope before the mining process.

2. The mining stage curves showed that the maxi-
mum principal strains of the HDZ and EDZ 
samples were 2.30 and 2.21 times that of the UZ 
sample at peak stress, respectively. The volume 
of the UZ sample continued to expand through-
out the test. Furthermore, the volume of the HDZ 
and EDZ samples expanded after peak stress was 
reached. The shear bands ultimately caused the 
failure of these samples.

3. The strength of cubic triaxial test is obviously 
higher than that of true triaxial tests, but the 
destruction is smaller than that of true triaxial 
test. In contrast with the continuously expanding 
volume of the samples of the true triaxial test, the 
volume of samples during pseudo triaxial tests 
under the stress path of the top coal caving lay-
out decreased and then increased. The surfaces in 
the �n2 direction of the samples have considerably 
more cracks than the other surfaces for all three 
zones.
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