
Geomechanics and Engineering, Vol. 24, No. 3 (2021) 215-226 
DOI: https://doi.org/10.12989/gae.2021.24.3.215                                                                  215 

Copyright © 2021 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=gae&subpage=7                                                             ISSN: 2005-307X (Print), 2092-6219 (Online) 

 
1. Introduction 
 

Rock masses often contain natural structural defects 

such as joints, faults and underground waterways (Madkour 

2012). With the construction of mines and underground 

engineering, the number of structural defects in natural rock 

masses further increases, resulting in a phenomenon in 

which natural structural defects and artificial structural 

defects coexist. Defects are very harmful during rock 

engineering, and they often cause disasters such as cavern 

collapse (Qian and Zhou 2018) and water inrush through 

fissures and redistribute tectonic stress (Aalianvari 2017). 
For this reason, scholars have increasingly focused on the 

study of rock damage mechanisms (Kadomtsev et al. 2011) 

and have successively carried out a large number of 

experimental studies on the changes in mechanical 

behaviour caused by the internal defects of rock masses and 

made phased progress (Shemirani et al. 2017), which is 

very helpful for understanding engineering problems such  
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as the crack propagation mechanism of surrounding rock 
with multiple defects (Vahab and Hadi 2016). 

Among the many methods available for researching 

prefabricated defects in rock masses, many scholars have 

focused on numerical simulations and laboratory 

experiments. In terms of numerical simulation, Lee and 

Jeon (2010) used PFC2D (Particle Flow Code in 2D) to 

conduct a systematic numerical simulation study on the 

cracking behaviour of a specimen with two nonparallel 

cracks under uniaxial compression and believed that the 

interpenetration of the two cracks is mainly affected by the 

crack angle and material. Moir et al. (2009) used numerical 
simulation software to include more than 20 joints in a rock 

mass containing faults and studied how the initial joint 

mode affects the evolution of the trajectory of the fault 

zone. Zeng et al. (2018) established a simplified sample 

model with different hole shapes and pointed out that the 

change in hole shape has little effect on the deformation 

ability of the sample but will result in different influence 

rules on the strength characteristics and failure modes of the 

sample. Yang and Huang (2014) further studied the 

influence of fracture dip angle on the mechanical 

parameters and crack growth characteristics of dual-

porosity fractured samples through micromechanics tests 
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Abstract.   To study the evolution mechanism of cracks in rocks with multiple defects, rock-like samples with multiple 
defects, such as strip-shaped through-going cracks and cavity groups, are used, and the crack propagation law and changes in 

AE (acoustic emission) and strain of cavity groups under different inclination angles are studied. According to the test results, an 
increase in the cavity group inclination angle can facilitate the initial damage degree of the rock and weaken the crack initiation 

stress; the initial crack initiation direction is approximately 90°, and the extension angle is approximately 75~90° from the strip-
shaped through-going cracks; thus, the relationship between crack development and cavity group initiation strengthens. The 

specific performance is as follows: when the initiation angle is 30°, the cracks between the cavities in the cavity group develop 
relatively independently along the parallel direction of the external load; when the angle is 75°, the cracks between the cavities in 

the cavity group can interpenetrate, and slip can occur along the inclination of the cavity group under the action of the shear 
mechanism rupture. With the increase in the inclination angle of the cavity group, the AE energy fluctuation frequency at the 

peak stress increases, and the stress drop is obvious. The larger the cavity group inclination angle is, the more obvious the energy 
accumulation and the more severe the rock damage; when the cavity group angle is 30° or 75°, the peak strain of the local area 

below the strip-shaped through-going fracture plane is approximately three times that when the cavity group angle is 45° and 
60°, indicating that cracks are easily generated in the local area monitored by the strain gauge at this angle, and the further 

development of the cracks weakens the strength of the rock, thereby increasing the probability of major engineering quality 
damage. The research results will have important reference value for hazard prevention in underground engineering projects 

through rock with natural and artificial defects, including tunnels and air-raid shelters. 
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and particle flow simulations. Liang et al. (2012) used 

RFPA3D (Rock Failure Process Analysis in 3D) to discuss 

the propagation of three-dimensional cracks in 

heterogeneous rock with different prefabricated defects and 

analysed the fracture process of defects at the rock surfaces. 

Although numerical simulation can overcome many 
disadvantages of real rock testing (Bahaaddini et al. 2013, 

Mejia Camones et al. 2013), such as a high cost, long 

experimental time, and inaccurate control of a single 

variable, the rock itself is an anisotropic, discontinuous 

material, rock mechanical properties are extremely complex 

and are difficult to describe numerically. Simulation 

analysis has difficulty meeting the actual needs of 

engineering (Jin et al. 2017, Jaime et al. 2015). Therefore, 

some scholars have analysed the characteristics of rocks 

containing defects through laboratory tests and obtained 

informative results. For example, Xu et al. (2017) studied 
the temporal and spatial variation in microcracks in granite 

with a prefabricated single hole under uniaxial compression 

by using AE (acoustic emission) technology and the 

moment tensor analysis method and revealed the correlation 

between the active area of AE and the macroscopic fracture 

locations. In the research of Fan et al. (2018), by designing 

a combination of open cracks and holes, it was found that 

the defect locations and inclinations around holes have a 

great influence on the crack propagation process and the 

resulting hole damage. Dyskin et al. (2003) used the 

method of prefabricating three-dimensional cracks in 

transparent resin materials to study the propagation and 
interpenetration laws of internal three-dimensional cracks 

under compression and theoretically explained the 

propagation and interpenetration of various types of three-

dimensional cracks. Regarding uniaxial compression testing 

with square holes, Zhou et al. (2017) proposed that the 

number and layout of square holes were closely related to 

the change in the mechanical properties of the specimen, 

and four fracture modes were observed in the fracture 

morphology of the specimen. Previous studies have 

conducted a considerable amount of research on different 

combinations of one, two or several prefabricated fractures 
in rock (Alitalesh et al. 2020, Haeri et al. 2014), and a 

series of experiments have been carried out on prefabricated 

holes (Dzik and Lajtai 1996, Haeri et al. 2015). Many 

informative experimental data and conclusions have been 

obtained. 
Rock composites material, as an effective carrier for 

laboratory rock experiments, has always been the focus of 
research by relevant scholars. Golewski studied the fracture 
toughness of concrete under the influences of different 
factors such as composition, age and mineral additives, 
providing an important reference method for the accurate 
mix design of rock composites materials (Golewski and 
Sadowski 2016, Golewski 2019). For studies on 
prefabricated cracks and cavity groups in rock-like rock, 
whether in 2D or 3D or with numerical simulation or 
laboratory experimentation, the results are mostly focused 
on the study of a single defect in a rock mass. However, due 
to the construction of underground engineering, the increase 
in the number of structural defects in a rock mass often 
leads to the formation of a complex defective rock mass 
with an extremely complex spatial distribution of defects. 

For example, the Longtan Hydropower Station dam (Zhang 
2005) site includes 119 underground caverns 30 km in size 
in a fault-containing rock mass within an area of only 0.6 
km2. Hundreds of artificial caves in the weak sandstone 
below the city centre of the city of Nottingham, UK 
(Waltham and Swift 2004) caused major geological 
disasters. A large number of horizontal roadways have been 
excavated in the water-rich layer between the aquifer and 
the water barrier in the Asturian Coal Basin (Gonzalez and 
Fernandez 2019). The Jurong Rock Caverns Project (Winn 
et al 2019) incudes plans to excavate as many as 5 oil 
storage caverns and roadways in a zone with low-angled 
bedded meta-sedimentary mudstone. These underground 
rock mass engineering projects have a large construction 
volume, and the locations of cross caverns vary. The 
interaction of natural and artificial defects results in a 
structure that is extremely complex (Oh et al. 2019, Lyer 
and Podladchikov 2009).  

Based on the summary of previous research results, few 

studies have been conducted on prefabricated multiple 

defects structure such as strip-shaped through-going cracks 

and cavity groups in specimens at the same time, and the 

comprehensive analysis of the rock fracture mechanism 

caused by the angle change in a cavity group is not 
sufficient. Therefore, the present paper attempts to simplify 

structures such as underground working faces or 

underground river channels into horizontal edge cracks or 

oblique cracks, and underground tunnels and caverns into 

holes. Although there is a certain deviation of the results 

determined with these simplifications and those of actual 

engineering, such work still has a certain exploration value 

for the large geological engineering project. 

Therefore, this paper adopts the method of analysing 

strip-shaped through-going cracks and cavity groups 

together by changing the inclination angle of the cavity 
group. The overall deformation characteristics, crack 

propagation law and AE characteristics of rock with 

multiple defects during uniaxial compression testing are 

analysed. The fracture mechanism of the local rock between 

the front end of the prefabricated strip-shaped through-

going crack and the upper boundary of the cavity group is 

studied for various angles of the cavity group. On this basis, 

the microscopic characteristics of the crack propagation 

angle are further summarized, which is of great significance 

for solving the disaster problem in mining and tunnel 

excavation (Kong et al. 2018, Wong et al.2001).  

 
 

2. Experimental work 
 

2.1 Specimen preparation 
 

By adding appropriate aggregates and mineral additives, 

the composite material can be highly homogenized, 

resulting in smaller internal microcracks (Golewski 2019), 

which has a great influence on the bearing capacity of the 

structure. Following relevant research (Kulatilake et al. 

2001, Shen et al. 2015) from studies worldwide, this paper 
obtained the relationship between the water content and the 

strength and elastic modulus of the test block through rock 

mechanics tests. When the proportion of water in the model  
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plaster reaches 40%, the density of the gypsum specimen is 

1.49 g/cm3, and the uniaxial compressive strength reaches 

25 MPa. At this time, the damage mode of this type of rock 

material under uniaxial compression is similar to the 

original rock on the first layer of a mine and has a more 

favourable brittleness than it, so this material can 

effectively simulate the real brittle rock and the crack 

propagation process. 
The specimens were made of gypsum, cement slurry and 

special additives. The specimens were cubes with a side 
length of 70 mm, and a 2 mm height and a 35 mm width 
were made by the cutting method. To investigate the 
strength, deformation characteristics and fracture evolution 
of the samples with the change in the inclination angle of 
the cavity group, a cavity group with a diameter of 2 mm 
was made under the strip-shaped through-going crack and 
arranged on the same plane. The included angle between the 
cavity group and the lower end surface of the specimen was 
α, which was changed to 30°, 45°, 60° and 75°. The bottom 
hole is located at the same position in all the specimens, 10 
mm from the left boundary and 5 mm from the lower 
boundary, and the vertical distance between the upper 
boundary of the cavity group and the strip-shaped through-
going crack is 10 mm. 

 

2.2 Experimental design 
 

Considering the influence range of the hole on the stress  

 

 
 

state of the surrounding rock (3-5 times the hole radius), the 

spacing between holes is selected to be 7 mm, which can 

prevent the influence of concentrated stress around the hole 

on the test error (Mondal et al. 2019). Before the start of the 

test, lubricating oil is smeared on the upper and lower ends 

of the specimen to prevent the end effect caused by friction 

between the end face and the loading plate. One strain 

sensor is arranged in the middle of the section that is closest 

to the strip-shaped through-going crack and the cavity 

group, and one strain sensor is arranged on the front and 

rear surfaces, which are S1 and S2, respectively. They are 
mainly used to monitor the expansion between the upper 

end of the cavity group and the lower end of the strip-

shaped through-going crack. This setup is used to analyse 

the relationship between the axial stress and local strain and 

simultaneously arranges the AE probe at the geometric 

centre of the right end of the specimen to automatically 

collect and record the energy amplitude change process in 

the intensely active area, marked as E. A three-dimensional 

schematic diagram of the prefabricated defects in the rock-

like specimens is shown in Fig. 1. 

 
2.3 Experimental equipment 
 

The test equipment mainly includes an experimental 

loading system, a strain acquisition system, an AE 

instrument and a high-speed camera. The experimental 

 

Fig. 1 Schematic drawing of multiple defects (Unit: mm) 

 

Fig. 2 Loading and monitoring system for tests 
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loading system adopts the Shimadzu AG-X250 testing 

machine, which has high data collection accuracy and good 

stability. The maximum loading load is 250 kN. The test 

uses displacement control to apply the load, and the loading 

speed is 0.005 mm/s. The sensitivity of the testing machine 

is set to 80%, that is, when the axial bearing pressure is 
reduced by 80% of the compressive strength, the testing 

machine will automatically stop. Strain data were collected 

by the DH-3816N strain acquisition system, and the 

sampling interval was 60 points/min. The strain sensor was 

a BX120-3AA strain gauge: the base size was 7.3 mm×4.1 

mm, the wire grid size was 3.0×3.1 mm, the strain limit was 

20000 µm/m, and the sensitivity coefficient was 2.01%. 
The AE instrument adopts the MISTRAS series PCI AE 

system. The system has a high monitoring data stability and 

good monitoring effect under complicated noise 

interference. It can extract data parameters instantaneously 

and perform further processing of waveforms. The system 

uses an 18-bit A/D conversion digital signal processing 
module, which can realize instantaneous six-channel 

acquisition of the AE signal released by the sample during 

the loading process of the test. The threshold of the AE 

channel is 40 dB, and the threshold of the amplitude is 6 

dB. The amplifier gain is 40 dB, the sensor resonance 

frequency is 20~100 kHz, and the data acquisition 

frequency is 106 times/s. The test loading control system is 

shown in Fig. 2. During the loading process, a Canon 

professional high-speed camera is used to record the surface 

crack propagation process of the specimen. 
 
 

3. Analysis of test results 
 

3.1 Failure characteristics and crack evolution of rock 
with multiple defects in different loading stages 

 

In this paper, the initiation stress and the peak stress are 

regarded as two characteristic stress points. As shown in 

Fig. 3, the crack evolution process of the selected 

representative sample is divided into three stages for 

comparative analysis: the incipient cracking stage (0~t1, the 

stress reaches crack initiation stress, that is, crack initiation 

occurs in the specimen), intermediate extension stage (t1~t2, 

the stress reaches peak, the specimen crack extension and 

connection), and late transfixion stage (t2~t3, the specimen 

failure), corresponding to t1 (the crack shown in the red 
line), t2 (the crack shown in the green line) and t3 (the crack 

shown in the yellow line) in Fig. 3. The statistics of the 

crack type and crack extension angle (the small angle 

between the crack and the horizontal end surface) of the 

representative sample in Fig. 3 are shown in Table 1. Due to 

space limitations, this paper selects α=30° samples for 

empirical analysis. Observing Fig. 3 (a), we obtain the 

following findings: 

Incipient cracking stage: The specimen was loaded to 

2.06 MPa (time is 66 s), which was approximately 12.8% of 

the peak stress, that is, at time t1, the first stress drop point 

appears on the stress curve, and the specimen emits sound 
due to brittle deformation. Then, cracks A-1 and a few 

connecting holes A-2 were generated on the lower end face 

of the specimen. When A-1 expanded by 2 mm along the  

Table 1 Data of crack types and crack extension angles of 

different cavity group angles 

Cavity Group 

Angle 
Types of Crack Crack Extension Angle (°) 

α=30° 
tensile crack (A-1, A-3, A-

4), shear crack (A-2) 

63.2 (A-1), 32.1 (A-2), 88.9 

(A-3), 87.6 (A-4) 

α=45° 
tensile crack (A-1, A-2, A-

3, A-4) 

89.6 (A-1), 78.8 (A-2), 84.6 

(A-3), 88.2 (A-4) 

α=60° 
tensile crack (A-2, A-3, A-

4), shear crack (A-1) 

59.3 (A-1), 83.9 (A-2), 76.1 

(A-3), 3.2 (A-4) 

α=75° 

tensile crack (A-2, A-3, A-

5, A-6), shear crack (A-1, 

A-4) 

spalling crack (B-1, B-2) 

77.8 (A-1), 84.6 (A-2), 88.5 

(A-3), 65.2 (A-4)77.6 (A-5), 

88.2 (A-6) 

 

 

direction parallel to the external load, it rapidly connected 

with the top hole of the cavity group along the direction 

approximately 60° with the lower end face, and the 

connected direction was perpendicular to the boundary of 

the hole. After the initiation of the A-2 crack, it propagated 

approximately parallel to the 30° dip angle of the cavity 

group. 

Intermediate extension stage: As the load further 

increases, it reaches t2, that is, the load reaches the peak 
stress of 16.14 MPa. At this time, the stress curve drops 

rapidly, and then the stress curve fluctuates intensively. A-1 

continues to expand and then connects the front end of the 

strip-shaped through-going crack, A-2 extends 

approximately 26 mm along the direction parallel to the dip 

angle of the cavity group at 30° and immediately turns to 

continue to expand to the strip-shaped through-going crack 

in the direction parallel to the external load. At the same 

time, two A-3 cracks were generated along a principal stress 

direction in the upper part of the strip-shaped through-going 

crack, and both of these cracks were nearly perpendicular to 
the strip-shaped through-crack plane after expansion. On 

one side of the specimen containing the strip-shaped 

through-going crack, a crack was generated and propagated 

through the whole specimen, and the overall strength 

decreased significantly for the first time. 

Late transfixion stage: The loading continues, and when 

t3 is reached, the cracks between the cavities in the cavity 

group begin to initiate and develop, and the initiation 

direction is approximately perpendicular to the boundary of 

the cavity group. The cracks among the cavity group in the 

rock sample with an inclination angle of 30° are 

approximately parallel to the direction of external loading 
and develop independently with almost no connection 

between each other. However, micro-fractures that connect 

to the strip-shaped through-going cracks are still produced 

at the top of the cavity group. At the same time, A-4 along 

the principal stress direction is derived from the lower 

section of A-1, which quickly extend to the upper end and 

the right end of the specimen, respectively, resulting in 

cracks that cut across the specimen, which leads to tensile 

damage to the specimen. 

The results show that the crack propagation laws of 

specimens with different cavity group inclinations exhibit 
clear stage characteristics. By summarizing the crack 

evolution path of the four groups of specimens in Fig. 3, we 

can obtain the following results: 
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In the initial stage of cracking, the hoop effect 

remaining at the end has a certain influence on the crack 
initiation of the specimen, making the cracking initiation 
direction approximately 90° to the strip-shaped through-
going cracks. However, Fig. 4 shows that when the cavity 
group inclination is larger, the crack initiation stress of the 
specimen decreases obviously. In addition, the time for the 
first crack to form in the specimen is gradually reduced. 
This shows that the increase in the cavity group inclination 
causes the initial damage of the rock with multiple defects 
to form more easily, resulting in the decrease in the initial 
crack initiation stress and crack initiation time. 

In the middle stage of crack propagation, crack A-1 
rapidly extended and expanded to connect with the strip-
shaped through-going crack, and a few short tensile cracks 
were generated on both ends of the strip-shaped through-
going crack, which basically formed through-going cracks 
centred on the front end of the strip-shaped through-going 
crack. It can be seen that with the increase in the cavity 
group inclination, the relationship between the crack 
development and the cavity group strengthens, and the 
shear cracks between the cavities in the cavity group 
increase significantly. For example, when the inclination 
angle α is 30°, cracks will grow between the cavities in the 
cavity group, but they develop relatively independently 
along the direction parallel to the external load; when the 

 

 

Fig. 4 Crack initiation stress and time under different 

cavity group inclination angles 

 

 

inclination angle α is 45°, a few holes will initiate cracks, 
and the crack development direction between the bottom 

and top of the cavity group is approximately 45°; when the 

inclination angle α is 60°, the cracks between the cavities in 

the cavity group can interpenetrate, and the development 

direction is almost parallel to the inclination of the 
cavity group; when the inclination angle 

  
(a) α=30° (b) α=45° 

  
(c) α=60° (d) α=75° 

Fig. 3 Detailed diagram of the evolution process of cracks in defective rock samples with different cavity group inclinations 
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α is 75°, the cracks between the cavities in the cavity group 

not only extend along the inclination of the cavity group but 
also obviously, powdery debris is generated between the 

cavities in the cavity group. Slight slip failure occurs bear 

the holes in the sample under the shear mechanism, as 

shown in Fig. 3(d). 

When entering the later stage of interpenetration, the 

specimens can basically form tensile cracks throughout the 

whole specimen, resulting in tensile failure. The statistics of  

 

 

 

the fracture lengths of rock samples at various angles show 

that when the inclination of the cavity group is 30°, the 
number of large-scale fractures exceeding 25 mm is twice 

as high as that when the inclination of the cavity group is 

75°. Although the fracture modes of the 60° and 75° rock 

samples are basically the same, the difference is that the 

small-scale cracks are more developed and the crack lengths 

are shorter in the 75° rock sample than those in the 60° rock 

sample. This is basically consistent with the change law 

 

Fig. 5 Peak stress-strain diagram under different cavity group inclinations 

  
(a) α=30° (b) α=45° 

  
(c) α=60° (d) α=75° 

o-a compaction stage; a-b initiation stage to expansion stage; b-c late interpenetrating damage stage 

Fig. 6 AE curve of axial stress and axial strain under different cavity group inclinations of defective rock samples 
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reflected by the gradual intensive generation of AE energy 

in Fig. 6, that is, the sudden increase in the AE energy at a 

small angle is accompanied by the occurrence of large-scale 

cracks, and as the angle increases, the AE energy appears 

densely distributed, and the cumulative AE energy curve 

continues to increase rapidly. Although more cracks are 
produced in the process of failure, most of them are small-

scale cracks less than 25 mm. 

The surface cracks of the specimen are mainly in the 

form of tensile cracks and local shear cracks. The main 

features of the tensile crack are as follows: wide 

distribution, large proportion, crack initiation angle of 

approximately 90°, and extension angle of approximately 

75~90° from the prefabricated strip-shaped through-going 

crack, as shown in Fig. 3(a) (A-3). With the enhancement of 

loading, the propagation angle gradually becomes parallel 

to the loading direction, and the crack opens. The local 
shear cracks are mainly distributed between the cavities in 

the cavity group, and the extension angle is approximately 

along the inclination of the cavity group. The cracks appear 

as obvious shear slip marks, accompanied by a small 

amount of rock dust, as shown in Fig. 3(d) (A-1). When the 

initial crack is connected with the tip of the prefabricated 

strip-shaped through-going crack, the phenomenon of 

“flake off” occurs at the tip of the prefabricated strip-shaped 

through-going crack, as shown in spalling area B-2 in Fig. 3 

(d). The reason for this finding is that under the action of 

compressive stress, the rock above the prefabricated strip-

shaped through-going crack bends, and the tip of the 
prefabricated strip-shaped through-going crack becomes the 

turning fulcrum, which leads to the phenomenon of “flake 

off”. However, when the load reaches the peak stress, 

tensile failure still occurs, so the specimen is likely to fail in 

tension, but shear cracks accelerate its failure rate. 
 

3.2 Analysis of AE characteristics of rock-like 
specimens 

 

Ultrasonic, X-ray and SEM (scanning electron 

microscopy) techniques are often used in the detection of 

rock defects. In real-time rock test, these techniques 

generally cannot be continuously monitored, so they have 

some limitations and deficiencies. However, AE technique 

can detect dynamic defects such as fracture and crack 

propagation of rock. Therefore, AE energy is widely used in 
rock mechanics tests as a characteristic parameter to 

identify the strength and weakness of rock fracture signals. 

Fig. 6 shows the curves of the axial stress and strain, AE 

energy and cumulative AE energy of the specimen at 

various angles. In Fig. 6, it can be seen that with the 

increase in the inclination of the cavity group, the AE 

energy distribution curve of each specimen shows the 

phenomenon of progressive denseness; that is, the AE 

signal recognition gradually transitioned from intermittent 

activity that occurred after long intervals of quiet to 

intensive activity that occurred after short intervals of quiet, 
the axial stress-strain curve fell increased faster, and the 

brittleness of the rock became increasingly prominent. 

Fig. 6 shows that the axial stress-strain curve of each 

specimen has a good correspondence with AE energy and 

generally has obvious stage-specific characteristics. In the 

compaction stage, the AE signal is weak, which is mainly 

manifested as the closure of cracks inside the rock, 

accompanied by a very small number of microcracks. 

Subsequently, the rock entered the initial fissure initiation 

stage, and some micro-fractures developed in the rock. The 

first observable fracture appeared on the rock surface, the 
AE energy showed a sharp rise accompanied by a cluster of 

low-energy events, and the cumulative AE energy curve 

shows an obvious step-like climb. However, with the 

increase in the angle of the cavity group, the specimens 

show obvious differences during the elastic stage, that is, 

with the increase in the angle of the cavity group, the total 

amount of AE signals and energy increase significantly 

during this stage, and as the slope of the cumulative AE 

energy curve increases continuously, from 7.74×104 at 30° 

to 24.93×104 at 75°, the cumulative AE energy increases by 

approximately 3.2 times. The reason for this phenomenon is 
as described in section 3.1. As the inclination angle of the 

cavity group increases, the relationship between crack 

development and the cavity group becomes increasingly 

close, and the cracks between the cavities in the cavity 

group increase significantly, which makes the cavity group 

slip along the fracture surface, resulting in abnormal AE 

activity for samples with a large cavity group inclination 

angle. For the sample with a small cavity group inclination 

angle, Fig. 6(a) shows that except for the sudden rise in AE 

energy when macrofractures are generated, the AE energy is 

in a relatively calm period at other times, and the fractures 

expand stably. 
When the rock sample enters the later stage of 

interpenetration, Figs. 6(c) and 6(d) can hardly distinguish 
the boundary of the fracture stage from only the AE energy 
curve, as shown in Figs. 6(a) and 6(b). However, it can be 
observed from the stress-strain curves in both Figs. 6(c) and 
6(d) that a large stress drop occurs. In the experiment, the 
peak strength in Fig. 6(d) dropped from 18.75 MPa to 6.43 
MPa, a decrease of 12.32 MPa or 65.7%. In this stage, the 
strain increased by 0.23%, accounting for approximately 
1/8 of the total strain, and the post-peak drop characteristics 
are more significant. The analysis shows that the stress-
strain curve of the large-angle sample has a step-down 
phenomenon, which indicates that the bearing capacity of 
the sample decreases, and severe damage occurs in local 
areas. However, the failure of the local area does not lead to 
the complete loss of the bearing capacity of the sample, so 
the lag in the drop in the stress-strain curve shows a slow 
zigzag decline. 

To explore the influence of the change in cavity group 

inclination on the cumulative AE event count of specimens, 

the length l of the horizontal control area of the cavity 

group was introduced to express this influence 

quantitatively. 

l=2dcosα 

In the formula, d is the length of half of the line between 

the top and bottom of the cavity group along the centre of 

the holes, mm, and α is the inclination angle of the cavity 

group. Taking line AB, which is parallel to the end face and 

is the axis of rotation symmetry of the cavity group, the 
cavity group is projected on the line segment AB, where l is 

the length of the horizontal control area of the cavity group, 
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Fig. 7 Length of the horizontal control area of the cavity 

group 

 

Table 2 Statistics of deformation stages under different 

cavity group inclinations 

α 

(°) 

l 

(mm) 

Proportion of 

Stage 

o-a (%) 

Proportion of 

Stage 

a-b (%) 

Proportion of 

Stage 

b-c (%) 
ΣE 

(104) 

ΣN 

(104) 

Time Event Time Event Time Event 

30 30.31 18.22 3.03 42.46 74.71 39.32 22.26 12.86 17.18 

45 19.8 12.49 2.59 48.8 81.03 38.71 16.38 9.73 12.56 

60 10.5 17.04 6.61 47.37 82.53 35.59 10.86 16.69 18.76 

75 5.44 16.26 1.84 70 86.07 13.74 12.09 31.24 21.2 

 

 

as shown in Fig. 7. The length of the horizontal control 

area, the proportion of the stage duration, the proportion of 

the cumulative AE event in each stage, the cumulative AE 

energy ΣE, and the cumulative AE event count ΣN are listed 
in Table 2. 

As seen from the data in Table 2, the cumulative AE 

event count proportion of the sample during the compaction 

stage of o-a is small, and the rock sample has almost no 

damage. When loading continues and enters stages a-b, the 

cumulative AE event count starts to show certain regularity 

with the change in the cavity group inclination, that is, the 

event count shows a gradual increase with the increase in 

cavity group inclination in this stage. When the inclination 

angle of the cavity group reaches 75°, the event count 

accounts for 86.07%, indicating that the damage in the local 

area of the hole is more active under the condition of the 
larger cavity group inclination during this stage, resulting in 

more damage, which has the trend of dominating the whole 

fracture process. However, during the later stage of 

interpenetration of b-c, it could be observed that the time 

proportion of large-angle samples began to decrease 

significantly, and the stress-strain curve in Fig. 6 shows that 

the stress drop and brittleness increased remarkably, while 

the residual bearing capacity decreased. 

In addition, it can be seen from Table 2 that although the 

cumulative AE energy ΣE and the cumulative AE event 

count ΣN are different in magnitude, the overall change 
trends are basically the same, that is, as the inclination of 

the cavity group increases, the length of the horizontal 

control area of the cavity group decreases, and the 

cumulative AE energy ΣE and cumulative AE event count 

ΣN are bounded by the inclination angle of the cavity group 

at 45°, showing a trend of first decreasing and then 

increasing. Combined with the peak stress in Fig. 5, it can 

be seen that the axial peak stress diagram has a similar 
change trend with the cumulative AE energy ΣE and 

cumulative AE events count ΣN. This is because with the 

decrease in the length of the horizontal control area of the 

cavity group, the scope of the horizontal control of the 

cavity group decreases relative to the specimen as a whole, 

and the fracture mode of the specimen gradually changes 

from the integral rupture mode to the shear slip mode along 

the dip angle of the cavity group in the local area. 

Therefore, the sample has a higher degree of fracture, and 

more AE signals are collected. However, when the 

inclination angle of the cavity group is 45°, the axial peak 
stress, the cumulative AE energy ΣE, and the cumulative 

AE event count ΣN all show the smallest values obtained. 

The main reason for this result is as follows: when there are 

multiple defects, the crack propagation is affected by both 

the cavity group and the strip-shaped through-going crack. 

When the angle of the cavity group is 45°, the cubic 

structure of the specimen is more likely to cause general 

shear failure and cracks, and the points of intersection 

between the extension line of the cavity group and the front 

end of the strip-shaped through-going crack are closest to 

the high stress area around the strip-shaped through-going 

crack, making the specimen more likely to be destroyed 
under compression, so the degree of rupture in the local 

area is relatively small, and the number of AE signals 

recorded also decreases accordingly. 
 

3.3 Analysis of rock-like deformation characteristics 
 

To plot the axial stress-time-local strain curve, as shown 
in Fig. 8, the local strain is collected by the strain sensor. It 

can be seen from the figure that the four sets of samples 

clearly undergo compression during the closing stage I, 

elastic deformation stage II, rupture and yield stage III and 

softening stage IV. 

The stress-strain curves corresponding to the cavity 

group inclination angles of 30° and 45° did not show a large 

stress drop after reaching the peak stress in the rupture and 

yield stage, but a yield platform appeared, clearly showing a 

plastic flow phenomenon. When the inclination angle of the 

cavity group reaches 60°, the sample clearly exhibits a 
stepped stress drop after the peak stress. The peak stress 

drops from 16.03 MPa to 12.47 MPa, which is a decrease of 

3.56 MPa, or 22.2%, and the strain in this stage increases by 

1.5%. When the inclination angle of the cavity group 

reaches 75°, the vertical stress drop of the stress-strain 

curve is more obvious after reaching the peak stress, 

reaching 65.7%. Compared with the results for other angles, 

the residual bearing capacity of the rock sample decreases 

more at this angle, which means that with the increase in the 

inclination of the cavity group, the fracture degree of the 

sample surface after the softening stage becomes 
increasingly severe, the plasticity of the rock gradually 
weakens, and the fracture mode shows a transition trend 

from plastic failure to brittle failure. The reason for these  
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trends is that as the inclination angle of the cavity group 

increases, the shear cracks between the cavities in the cavity 

group aggravate the slip and wear between the holes under 
the action of the external load, resulting in stress 

concentration, so that the shear cracks between the cavities 

in the cavity group are more easily connected with the 

tensile cracks. As a result, the energy accumulated by the 

specimen under compression can be released suddenly, 

resulting in deformation mutation and greater brittleness. 

The phenomenon of “flake off” in Fig. 3 provides strong 

proof of this conclusion. Therefore, the change in the 

inclination angle of the cavity group is quite sensitive to the 

influence of the rock mass properties in actual engineering, 

and a large inclination angle of a cavity group defect 

structure in a rock mass should be avoided to prevent the 
sudden failure of the rock mass. 

The strain gauge mentioned above is used to monitor the 

local deformation in this area. The analysis can be obtained 

from Fig. 8(a). The strain gauge monitoring area of a 

specimen under uniaxial compression is mainly affected by 

the tensile stress perpendicular to the axial stress direction. 

When the specimen reaches the initiation stress of 2.06 

MPa, the strain in the local area increases sharply and then 

reaches the strain peak. The reason for this result is that the 

crack A-1 of the specimen rapidly expanded to the top of 

the cavity group after the crack started and then developed 
into an intersecting crack with the high-stress area at the tip 

of the strip-shaped through-going crack, resulting in a rapid  

 

 

Fig. 9 Regional strain-axial stress curve 

 

 

increase in the tensile strain within the local area. Under 

uniaxial compression, the specimens with cavity group 

inclination angles of 45°, 60° and 75° exhibited a small 

tensile stress perpendicular to the axial stress direction in 

the early stage of the strain gauge monitoring area. With 

loading, the stress changed from tensile stress to 

compressive stress and then fluctuated between 

compressive stress and tensile stress. With a further increase 
in the load, it appears that the monitoring area was mainly 

subjected to tensile stress perpendicular to the axial stress 

direction. The reason for this result is that the distance 

  
(a) α=30° (b) α=45° 

  
(c) α=60° (d) α=75° 

Fig. 8 Local strain curve of axial stress under different cave group inclinations of the defective rock sample 
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between the tip of the strip-shaped through-going crack and 

the top of the cavity group is greater, which causes the 

effective force area in the local area to increase, and the 

compressive stress environment formed later is more 

conducive to suppressing the growth of cracks, resulting in 

a small fluctuation in the local strain in a considerable 
period of time. 

Although the axial stress-time-local strain curves of 

specimens with cavity group inclination angles of 75° were 

partially consistent with those of specimens with cavity 

group inclinations of 45° and 60° in the early stage, there 

were two obvious large fluctuations in the later stage. It can 

be seen from Fig. 9 that the local peak strain (4.6×10-2) of 

the specimen with a cavity group inclination angle of 75° 

reaches the local peak strain (4.9×10-2), which is similar to 

that of the specimen with a 30° cavity group inclination, 

indicating that when the inclination angle of the cavity 
group is 30° or 75°, the specimen is more likely to form 

cracks under the tensile stress in the monitored local area 

than under the conditions of 45° and 60°. The main reason 

for this phenomenon is that when the cavity group 

inclination angle is close to 0°, the length of the horizontal 

control area of the cavity group increases greatly, and the 

defects increase in the same horizontal plane, which may 

decrease the bearing capacity of the specimen. When the 

cavity group inclination angle is close to 90°, the cracks 

between the cavities in the cavity group can slip along the 

inclination angle of the cavity group under the shear 

mechanism, resulting in the failure of the monitoring local 
area due to tension. In view of this experimental 

phenomenon, the excavation of caverns with too large or 

too small inclination angle should be minimized as far as 

possible in engineering practice, so as to avoid the crack 

propagation in local area, and then connect the confined 

water aquifer to form a water inrush channel, leading to 

flood. Entering the intermediate extension stage, the 

tendency of cracks A-2 and A-3 to interpenetrate is the main 

reason for the sharp rise in the strain in the local area, and 

the second fluctuation is due to the phenomenon of “flake 

off” in the monitoring area caused by strain gauge failure. 
 

 

4. Conclusions 
 

This work used a Shimadzu AG-X250 rock testing 
machine and AE system to conduct uniaxial compression 
tests and AE tests on prefabricated rock specimens with 
multiple defects, analysing the influence of the change in 
the inclination angle of the cavity group on the crack 
propagation and deformation and failure characteristics of 
the specimen. In addition, based on the characteristics of the 
AE signal, the differences in the fracture mechanisms of 
rock samples in different test scenes were compared. 
Finally, with the help of the DH-3816N strain acquisition 
system, the variation in the area between the strip-shaped 
through-going crack defects and the cavity group defects 
was studied. The main conclusions are as follows: 

• The cracks evolution process of the specimen with 

strip-shaped through-going cracks and cavity groups has 

obvious stage characteristics after compression. The change 

of the cavity group inclination angle has an effect on the 

crack initiation stress and crack initiation time at the 

incipient cracking stage. 

• As the angle of α increases its relationship with crack 

development tends to strengthen, and more small-scale and 

densely distributed shear cracks between the cavity group 

are the main reasons for the interconnection of the cavities. 

• The crack initiation angle of tensile cracks has obvious 
regularity, and such cracks play a major role in the fracture 

mode of rock. After the initial crack propagation, it is 

generally connected at the tip of the prefabricated strip-

shaped through-going crack. At this time, the specimen will 

be cracked into an independent bearing unit, resulting in the 

possibility of bending of the rock above the prefabricated 

strip-shaped through-going crack, which has a great impact 

on the failure of the specimen. 

• The evolution law of the AE signal parameters of each 

sample is in good agreement with the trend of the stress-

strain curve, and the frequency of AE energy fluctuation at 
the peak stress is generally higher than that at other times. 

• With the increase in the inclination angle of the cavity 

group, the length of the horizontal control area of the cavity 

group decreases linearly, but the cumulative AE energy and 

the cumulative AE event count first decrease and then 

increase. When the inclination angle of the cavity group is 

45°, the weakening of both values is the greatest. 

• When the cavity group inclination angle is close to 0° 

or 90°, showing that cracks easily occur in the local area at 

this angle, and the cracks further develop, weakening the 

overall strength of the rock, and increasing the probability 

of damage to the engineering quality. 
• The research content of this paper mainly focuses on a 

comparison of rock samples with various cavity group 

inclinations, while the influence of the prefabricated strip-

shaped through-going cracks on the edge is only 

preliminarily discussed. In the next step, the mechanical 

properties of samples with different lengths of strip-shaped 

through-going cracks and different cavity group shapes will 

be investigated to provide theoretical support for 

underground engineering construction, such as tunnels and 

chambers. 
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