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Abstract
With the shallow resources dwindling, many countries have entered into deep mining one after another. Rock fracture caused 
by high stress mining disturbances is a significant concern. Destabilization caused by rock fracture not only diminishes 
productivity, but can also poses the risk of injuries and property damage. Therefore, it is of great significance to investigate 
the rock fracture mechanism of deep mining to ensure mining safety and improve production efficiency. This paper begins 
by summarizing key challenges associated with deep mining. Subsequently, it categorizes the outcomes of previous research 
on this issue into various themes, encompassing laboratory tests, theoretical analyses, numerical simulations and field 
measurement. This paper provides an overview of a number of representative studies that the growing scenarios and an 
increase in our understanding of this issue. A summary of the limitations of each contribution is presented, as well as the 
expected aspects that need to be optimized in the future research. It is found that our knowledge is far from complete, and 
there are still gaps to be narrowed, particularly concerning the theory of deep rock mechanics, identification of deformation 
and fracture in deep rock, establishment of three-dimension strength criterion, accuracy of numerical modelling and accuracy 
of field measurement. The review aims at providing researchers and engineers with a comprehensive understanding of the 
pertinent issue and guiding them for more in-depth exploration and research.

Highlights

• Deep mining poses significant challenges and risks due to rock rupture caused by high stress mining disturbances, which 
directly impact productivity, safety, and property.

• The review provides a comprehensive understanding of the key challenges associated with deep mining induced by high 
ground stress and categorizes previous research outcomes into various themes, including laboratory tests, theoretical 
analyses, numerical simulations, and field measurement.

• The study highlights the urgent need for a consensus on the concept of "deep" in deep rock mechanics, as it significantly 
affects the ground stress and requires specialized approaches beyond traditional rock mechanics theories and methods.

• The advancements in dynamic and static true triaxial apparatus offer crucial technology for accurately measuring various 
physical and mechanical properties of rocks under deep burial conditions, promoting the development of deep rock mechanics.

• The comparison and analysis of different strength criteria underscore the significance of establishing a three-dimensional 
strength criterion that considers geological structure, intermediate principal stress, lode angle, and excavation disturbance, 
enabling more accurate detection and understanding of the rock fracture mechanism in deep mining.

• This study focuses on the high ground stress in deep mining has some limitations. Therefore, other influencing factors in 
deep mining are prospected.
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1 Introduction

With the growth of the world's economy and the escalating 
in human needs, there has been a compelling impetus 
to utilize underground space and extract underground 
resources. This trend has given rise to a multitude of deeply 
buried underground projects across diverse sectors including 
transportation, energy extraction, water conservancy, and 
hydropower (Jiang and Zou 2023). The development and 
utilization of underground spaces, such as transportation 
tunnels, underground chambers, nuclear waste storage 
sites, and geothermal energy facilities, have significantly 
enhanced transportation and storage efficiency (Jiang 
et al. 2023; Qian and Li 2008). Moreover, the extraction of 
underground resources, including coal, metal ores, oil, and 
natural gas, is fundamental to global economic development. 
(Meng et al. 2021). However, with the gradual depletion 
of shallow mineral resources, it has become inevitable for 
different countries and regions to go deeper and deeper into 
the earth, and explores deeper resources by 1,000-m-deep 
wells has gradually become the new normal for resource 
development (Chen et al. 2022; Feng et al. 2019; Heping 
2019; Xie et al. 2022). At present, there are more than 110 
mines with a depth of more than 1,000 m. These deeply 
buried mines are mainly metal mines, mainly located in 
South Africa, Canada, the United States, India, Russia, and 
other countries and regions, and most of them are mined at 
a depth of more than 2,000 m (Vogel and Rast 2000; Yong 
et al. 2023). The deepest gold mine in the western part of 
South Africa has reached 3,700 m (Malan et al. 1998); in 
terms of waste disposal, the deep cavern disposal method 
is used, with a depth of 500–1,000 m (Wang et al. 2006); 
in terms of transportation, the diversion tunnel of China's 
Jinping II Hydropower Station has an excavation diameter of 
13 m, a length of 16.7 km, and a maximum burial depth of 
2,525 m (Li et al. 2023d). Overall, underground engineering 
presents the characteristics of considerable buried depth, 
significant mining height and large sections (Maolin et al. 
2022; Tang et al. 2010).

Once underground engineering enters deep mining, the 
complex high-stress environment, the nonlinear mechanical 
behavior of the rock, and the significant difference of the 
principal stresses become the common characteristics that 
distinguish it from shallow engineering (Chen et al. 2021; 
Hoek and Brown 1997; Meng et al. 2021; Yong et al. 2023). 
Deep mining inevitably leads to high three-dimensional 
stress readjustment, resulting in deformation and fracture 
of the rock, which in turn presents features such as zonal 
disintegration and slabbing and may eventually lead to 

the production of unpredictable hazards such as spalling, 
large deformations, collapsing, and rock burst (Jiang et al. 
2021; Li et al. 2019; Sun et al. 2018b). In addition, the deep 
rock body shows prominent anisotropic characteristics 
(σ1 > σ2 > σ3) under the influence of geological structure 
and engineering perturbation, which makes the theories 
and methods for studying rock fracture in shallow mining 
no longer applicable to deeply buried projects (Cai et al. 
2022b; He and Wang 2022; Lu et al. 2021a; Wang et al. 
2022; Zhao et  al. 2021). For example, shallow mining 
of the surrounding rock produces fractured, plastic, and 
elastic zones. While deep mining shows zonal fracturing 
with alternating fractured and intact zones. The lack of 
theoretical methods has brought unprecedented challenges 
to deep underground engineering. The key to preventing 
and controlling deep engineering disasters is to clarify the 
characteristics and mechanism of rock failure under true 
three-dimensional stress adjustment. This can not only help 
to identify the possibility of deep rock fracture as early as 
possible to facilitate the adoption of effective reinforcement 
measures to ensure the safety of construction and long-term 
stability of operation but also promote the innovation of deep 
mining methods and theories to promote rock mechanics to 
a new level (Feng et al. 2017a, 2022; Han et al. 2020a). 
The key to understanding the mechanisms of rock fracture 
in deep mining is to choose the suitable method. A large 
number of papers have been written on the study of rock 
fracture mechanisms in deep resource extraction, which 
can be categorized into four groups based on the research 
methods of the papers: laboratory tests, theoretical analysis, 
numerical simulation, and field measurement. The core 
of any research method is how to clarify the microscopic 
damage and macroscopic fracture of rock under the constant 
adjustment of true three-dimensional stress. Each of the 
four research methods summarized in the literature has its 
characteristics. Laboratory tests can avoid difficulties in 
the field of mathematics and mechanics, which becomes 
the mainstream research method using the corresponding 
equipment to reflect the physical and mechanical phenomena 
and deformation and fracture laws of rocks (Li et al. 2015a; 
Zhao et al. 2022b; Zhao and Zhang 2015). Many scholars 
also favor theoretical analysis and numerical simulation 
because of their low cost, high efficiency, and high 
repeatability (Sun et al. 2021b; Wu et al. 2019; Zheng et al. 
2021).

In general, the current research work has been fruitful 
and has provided a wealth of information for developing 
deep engineering theory and underground engineering 
construction. However, so far, there has not been a single 
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piece of literature that has systematically reviewed rock 
fracture research methods for deep resource extraction. 
In this study, the contributions of previous scholars to 
this problem are divided into four parts: laboratory tests, 
theoretical analysis, numerical simulation, and field 
measurement. This paper will analyze and summarize some 
of the key issues involved in deep underground space mining 
and the characteristics and prospects of four methods.

2  Problems Related to Deep Mining Induced 
by High Ground Stress

After entering the deep mining environment, high-ground 
stress is the first problem. A large number of experiments 
and studies have proved that the mechanical properties and 
mechanical responses of deep rock and shallow rock are 
very different. If the technology adapted to the high-stress 
environment is not adopted, it will inevitably cause severe 
engineering disasters and inhibit the efficiency of deep 
mining. Therefore, the definition of "deep" is necessary 
before the review.

Different countries have different definitions of "deep" 
in deep resource mining engineering. China and Japan 
believe that when the mining depth exceeds 600 m, it 
enters deep mining; Canada, Russia, and Australia set 
1,000 m as the boundary to enter deep mining; the initial 
limits of deep mining in South Africa and the United 
States are 1,500 m and 1,542 m respectively (Diering 
1997; Li et al. 2017b). In addition, after the concept of 
"Ultra deep" was first proposed by the South African 
industry in 1996, other countries have also divided the 
Ultra deep boundaries accordingly. The specific division 
is shown in Fig. 1. Different countries have not reached a 
unified boundary for the deep, but entering deep mining 
means that high-ground stress has become an indisputable 

fact. It is generally believed that when the mining enters 
the deep part, the self-weight stress plus the structure 
stress is usually greater than 20 Mpa, and the stress 
concentration caused by the engineering disturbance often 
makes the rock stress exceed 40 Mpa, far exceeding its 
strength (He et al. 2005; Li et al. 2007). Therefore, "deep" 
is not only related to depth but should also be a concept 
related to the mechanical properties of rock. Therefore, 
in the academic field of deep mining, some scholars try 
to use rock mechanics phenomena, empirical formulas, 
lifting capacity, and ground temperature to determine 
the boundaries of the deep. These methods have been 
described in detail in the article "Probabilistic analysis 
of tunnel displacements based on correlative recognition 
of rock mass parameters" and will not be repeated in 
this paper. It is worth noting that ergonomics theory is 
used when considering the factors of ground temperature 
to define deep burial. The method considers that when 
the limit of deep burial when the mining depth exceeds 
a certain limit, it is also difficult to meet the workers' 
needs for underground work comfort with the existing 
cooling and ventilation technology. The method breaks 
the limitation of the traditional method of considering only 
the research object and fully considers the staff's working 
environment. Therefore, "Deep" is a mechanical state that 
should be comprehensively defined regarding stress level, 
stress state, and mechanical behavior of the surrounding 
rock.

Although scholars have proposed some methods to 
define the critical value of "deep", this field has no unified 
international standard. This has considerably hindered the 
development and exchange of this field, so it is urgent to 
unify the concept of "deep" and its scientific evaluation 
index to study the basis of deep rock mechanics.

Rock fracture under high-ground stress conditions is 
directly related to the stability of the project, so the problem 
has received extensive attention from the academic and 
engineering communities. In the mining of deep resources, 
the stress of rock mass will be constantly adjusted. To 
simplify the study of this problem, some scholars have 
transformed it into a plane strain problem (Cui et al. 2017; 
Song et al. 2016; Zhang et al. 2017a). That is, the tangential 
stress σt (σθ) and radial stress σr are the maximum principal 
stress σ1 and minimum principal stress σ3, respectively, and 
the axial stress σa is the intermediate principal stress σ2, 
ignoring the effect of the σ2. However, many scholars have 
concluded that the intermediate principal stress significantly 
influences the strength, mechanical properties, damage 
patterns, crack development, and dynamic hazards of deeply 
buried rocks (Du et al. 2015; Feng et al. 2020, 2022; Kong 
et al. 2018; Lu et al. 2020; Zhang et al. 2021b; Zhao et al. 
2018). For example, as shown in Fig. 2, the evolution of 
the damage mode of deep granite is affected by σ2, with the Fig. 1  Definition of deep in different countries, after Li et al. (2017b)
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increase of σ2, the damage mode of granite changes from 
shear damage to plate damage (Du et al. 2015). As shown 
in Fig. 3, the strength of the deep hard rock is characterized 
by asymmetric variation with increasing σ2, and the peak 
strength of the rock increases with increasing σ2 (Feng et al. 
2020). Crack extension in sandstone is closely related to the 
σ2, which affects the crack initiation stress σci, as shown in 
Fig. 4 (Kong et al. 2018). As shown in Fig. 5, the composite 
dynamic hazard (coal and gas protrusion) generated by deep 
coal mining increases and then decreases with the rise of σ2 
(Lu et al. 2020). As shown in Fig. 6, with the increase of 
the σ2, the Jinping marble gradually changes from ductile 
to brittle (Zhao et al. 2018). In addition, the effect of the σ2 
on the rock increases with the depth of burial, and the σ2 
cause axial plastic flow, leading to increased deformation 
of the surrounding rock (Cai et  al. 2022b; Guan et  al. 
2018). When using the plane strain model to solve the 
deformation of surrounding rock, it is often assumed that 
all the deformations are in the plane perpendicular to the 
axis of the roadway. The plane strain model mainly focuses 

on the variation of radial stress-displacement and tangential 
stress-displacement of surrounding rocks (Cai et al. 2022a; 
Sun et al. 2021a). The plane strain model does not consider 
the underground cavern's axial stress, overemphasizes the 
surrounding rock's radial convergence deformation, and 
ignores the extrusion and pre-convergence deformation 
of the core surrounding rock (Cai et al. 2022a; Sun et al. 
2021a). However, the ground stress in the axial direction 
will not be released entirely at excavation, which will be 
gradually released as the working face advances. Therefore, 
using the plane strain model to study rock fracture due to 
deep mining leads to results that are too conservative and 
does not effectively consider the strength and self-supporting 
effects of the rock mass.

It is well known that the ground stress will be 
redistributed during the excavation process. As shown in 
Fig. 7, the surrounding rock rapidly changes from a three-
dimensional stress state to a one-way stress, two-way stress, 
or five-sided stress state (Su et al. 2017b; Sun et al. 2021a). 
The results of redistribution of ground stress by different 

Fig. 2  Failure mode evolution process of granite specimens under different σ2 (MPa): a σ2 = 0, b σ2 = 10, c σ2 = 20, c σ2 = 30, d σ2 = 40, after (Du 
et al. 2015)
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excavation methods or excavation along different principal 
stress directions are different. Specifically, the rock is 
affected by the "excavation unloading" effect and the "stress 
concentration" effect. As shown in Fig. 8, a free surface is 
formed in the surrounding rock after excavation. On the 
one hand, the radial stress σr decreases gradually with the 
approaching of the free surface and decreases to zero at the 
roadway wall; on the other hand, the tangential stress σt (σθ) 
increases with the approaching the free surface and even 

doubles the original rock stress at the chamber wall (Chen 
et al. 2021; Yang et al. 2019b; Zhao et al. 2022a). He and 
Wang (2022) called it digging effect I and digging effect 
II, respectively. In addition, with the advancement of the 
tunnel face, the stress concentration zone will be generated 
in front of the tunnel face. The stress adjustment in the 
whole excavation process can be divided into four stages: 
(1) initial stage, (2) stress concentration stage, (3) stress 
unloading stage, (4) stable stage. The stress adjustment 

Fig. 3  Effect of σ2 on rock 
strength: a Turkey andesite, b 
CJPL-II marble, c Hornblende 
granite, d Porphyritic basalt, 
after Feng et al. (2020)

Fig. 4  Effect of different σ2 on initiation cracking stresses in sandstones, after Kong et al. (2018)
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process is sharp, so the deviatoric stress increases rapidly 
to form a stress concentration zone. On the one hand, as 
a unique natural material, rock is affected by stratum 
and geological structure, and there are many randomly 
distributed natural defects. On the other hand, under the 
action of load, the randomly distributed defects of rock 
are constantly changing. New microcracks are generated 
and expanded when the stress on the rock is exceeded by 
the minimum stress for crack initiation (CI) (Meng et al. 
2021). Microcracks first appear at the tip, which gradual 
development leads to the continuous damage of the rock, 
making it a dominant meso-fracture and macro-crack. In 

other words, when the stress reaches the extreme strength 
of the rock, the rock begins to break and then generates a 
macroscopic fracture surface. It is worth noting that in the 
coal mining process, the vertical stress increases and the 
horizontal stress decreases, which is slightly different from 
the above description (Huang et al. 2001). However, the core 
of the rock fracture is still due to the rapid increase of bias 
stress caused by excavation to form a stress concentration 
area. The excavation of deep underground caverns changes 
the original stress state. The peak stress of the surrounding 
rock shifts to the deep part. The magnitude of stress controls 
the degree of stress concentration. The stress direction 

Fig. 5  Effect of σ2 (MPa) on 
coal-rock dynamic hazards: a 
σ2 = 15, b σ2 = 25, c σ2 = 35, 
after Lu et al. (2020)

Fig. 6  The effect of σ2 on the mechanical properties of granite, after 
Zhao et al. (2018)
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Fig. 7  Change in stress state before and after excavation: a before 
excavation, b after excavation
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determines the position of stress concentration after 
excavation (Gu et al. 2023). Therefore, as shown in Fig. 9, 
the typical forms of microscopic damage in the surrounding 
rock at different depths are not the same.

Deep rocks have long been stored to high geothermal 
temperatures, high ground stress, and high karst water 
pressures, and their past history will influence the rocks' 
present and future mechanical behavior (Brown and Hoek 
1978; Cai et al. 2022b; Qian and Zhou 2018). Deep rocks 
exhibit nonlinear mechanical properties, which are quite 
different from shallow buried rocks. In shallow buried 
areas, rocks generally satisfy an elastic state with a limited 
plastic zone, which can be explained using elasticity theory. 
In addition, Yan et al. (2015) measured the ground stress in 
the Jinping II diversion tunnel using hydraulic fracturing, 
and the principal stresses varied linearly in the shallow 

burial zone, while increased nonlinearly in the deep burial 
zone (see Fig. 10). The nonlinear variation of ground stress 
in deeply buried rocks is the primary factor that causes 
their physicomechanical properties to differ from those 
of shallow rocks. Second, as shown in Fig. 11, the basic 
physicomechanical parameters of deep rocks, such as 
modulus of elasticity, Poisson's ratio, and strength, change 
continuously with depth (Zhang et al. 2019b; Zhou et al. 
2010). However, traditional rock mechanics theory assumes 
that rocks' microstructure and physicomechanical parameters 
are constant. This is one of the reasons why conventional 
rock mechanics theories and methods are inapplicable 
to deeply buried projects. At present, researchers have 
conducted extensive studies on the mechanical properties 
of deep rock (Kaiser and Kim 2015; Verman et al. 1997; 
Wang et al. 2016b; Zhang et al. 2015). The related studies 

Fig. 8  Variation of σt and σr 
for different distances from the 
excavated surface, after Zhao 
et al. (2022a)

Fig. 9  Typical damage 
schematic of surrounding 
rock at different depths of the 
cave chamber, after Sun et al. 
(2022a) and Zhao et al. (2022a)
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can be divided into two categories. In the first category, 
the deformation and damage behavior at different depths 
was simulated by applying different temperatures and 
circumferential pressures for rocks at the same position, but 
this method must consider the variability of rock's physical 

properties due to different depths. In the second category, 
only the differences in the physical properties of the rocks 
as affected by the depths were taken into account, without 
considering the stress environment (Zhang et al. 2019b). 
Therefore, to accurately characterize the physicomechanical 

Fig. 10  Non-linear variation of 
principal stresses with depth, 
after Yan et al. (2015)

Fig. 11  Variation of rock mechanical parameters with depth: a Elastic modulus, b Poisson’s ratio, c strength, d axial strain corresponding to 
stress peak, after Zhang et al. (2019b)
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properties of the rock mass at the microscopic (presence 
and extension of defects at different scales and levels, 
interactions in the formation of tectonic units) and 
macroscopic (cohesion, internal friction, dilatation, and 
energy release properties) it is necessary to take into account 
both the depth of the rock storage and the environment in 
which the rock exists.

At present, the study of deep rock mass mechanics has 
lagged behind the practice of geotechnical engineering, and 
factors such as depth, engineering activities, and ground 
stress environment have yet to be fully understood, resulting 
in a lot of uncertainty and inefficiency in practice (Xie et al. 
2005). Therefore, promoting the development of deep rock 
mechanics and the innovation of theoretical methods is the 
key to the deep earth.

3  Laboratory Tests

The mechanical properties of rock, such as compressive 
strength (including uniaxial compressive strength and 
compressive strength under confining pressure), tensile 
strength, shear strength, and fracture angle, are related to 
the stress state, temperature and loading rate of rock, but 
the stress state has the most significant influence on the 
mechanical properties of rock. Laboratory tests, especially 
true triaxial apparatus, are considered one of the most 
practical test methods due to their ability to simulate real 
underground stress conditions and a unique understanding 
of the three-dimensional stress state of the rock mass. The 
laboratory test can compensate for the lack of relevant 
theories of deep rock mechanics and clarify the rock's 
failure mechanism under a three-dimensional stress state. 
Xie et al. (2022) has systematically described a variety of 

typical triaxial test apparatus in the "Experimental study on 
the mechanical and failure behaviors of deep rock subjected 
to true triaxial stress: A review". Therefore, this paper will 
briefly summarize the true triaxial test apparatus of rock, 
and focus on the discussion and summary of several key 
issues involved in the triaxial tests (end effect and eccentric 
loading, stress path, similar experiment, crack initiation 
stress, and characterization methods).

3.1  True Triaxial Apparatus

The true triaxial apparatus is divided into quasi-static true 
triaxial apparatus and dynamic triaxial apparatus according 
to its loading speed and loading mode. The quasi-static 
triaxial testing machine applies a stable and continuous static 
loading during the test. A hydraulic cylinder or screw drive 
generally realizes the loading method, and the loading rate 
can be adjusted to meet the experimental requirements. The 
dynamic triaxial apparatus applies dynamic loading during 
the test to simulate dynamic loads such as earthquakes and 
blasting, which can be achieved quickly and instantly using 
an electromagnetic drive and hydraulic drive. True static 
triaxial apparatus can study rocks' strength, deformation, 
stability, and other mechanical properties under different 
stress conditions. True dynamic triaxial apparatus can 
be used to study the response, strength, damage mode, 
and other dynamic mechanical properties of rocks under 
dynamic loads such as earthquakes and explosions.

As shown in Fig. 12, the first true triaxial experimental 
apparatus for rocks was developed in 1970 by Mogi 
Kiyoo, a seismologist at the University of Tokyo, and it 
used a hybrid loading structure (Mogi 1967, 1971). For 
the loading structure, the maximum principal stress (σ1) 
and the intermediate principal stress (σ2) are loaded by 
rigid loading plate, and the minimum principal stress (σ3) 

Fig.12  Mogi type testing 
apparatus, after Mogi (1971)
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is loaded by hydraulic flexible loading. The true triaxial 
apparatus is also known as the Mogi test machine or the "two 
rigid and one flexible" true triaxial test machine. The test 
machine uses a small sample (15 mm × 15 mm × 30 mm). 
The maximum fluid pressure that can be applied is 0.8Mpa, 
the maximum principal stress is 700 KN, and the maximum 
intermediate principal stress is 300 KN. Mogi concluded 
that the intermediate principal stress plays a vital role in the 
mechanical properties of deep rock through the developed 
triaxial testing machine. Since then, the intermediate 
principal stress effect has gradually become a research 
topic in rock mechanics. The test machine has a milestone 
significance, so most of the subsequent true triaxial 
experimental equipment is based on this idea. However, 
the test machine is suitable for low-confining pressure soft 
rock, which will produce large errors in measuring small 
specimens (Xie et al. 2022).

When the triaxial apparatus was first created, its function 
was uncomplicated, and it was mainly used to study the 
strength and stress–strain relationship of rocks under 
specific stress conditions, which had little requirement for 
equipment refinement. However, with the increasing mining 
depth, the academic community has higher expectations for 
understanding and studying the mechanism of deep rock 
fracture (Yu et al. 2020). Therefore, many scholars have 

developed different types of rock true triaxial apparatus, 
which promotes the development of true triaxial apparatus. 
According to the loading method, true triaxial apparatus 
can be divided into three types: (1) mixed loading type (see 
Fig. 13), which is also the Mogi test machine. In addition 
to the Mogi type, there are Spetzler et al. (1981), Wawersik 
et  al. (1997), Haimson and Chang (2000), Feng et  al. 
(2021; 2016; 2018), Li et al. (2016a), etc. (2) Rigid loading 
type (see Fig. 14), this instrument's three principal stress 
directions are all imposed by rigid loading plates. Typical 
representatives include Furuzumi and Sugimoto (1986), 
Skoczylas and Henry (1995), Sibai et al. (1997), Cheon 
et al. (2006), He et al. (2012), Nasseri et al. (2014), etc. 
(3) Flexible loading type (see Fig. 15). The three principal 
stresses of this type of instrument are all applied by flexible 
loads, such as Smart et al. (1995),  Lee et al. (1999), etc. Xie 
et al. (2022) also classified it as: (a) true triaxial compression 
under three rigid platens. (b) compression and torsion of 
the hollow cylinder under fluid confining pressure, and (c) 
triaxial compression under a biaxial solid piston and fluid 
confining pressure corresponds to the above rigid loading 
type, flexible loading type, and mixed loading type, respe
ctively.

In the actual project, the deeply buried rock is in the 
static high true triaxial stress state before the disturbance, 

High voltage supply

Microwave source

Thermal imager
Fill-in light

Industrial camera
Shield cavity

Demodulator

True triaxial apparatus

Fluid pressure

Solid piston

1

2 3

Sectional view of A-AThree principal stress loading views
(a) (b)

Fig. 13  Schematic diagram of a mixed loading true triaxial apparatus: a Actual apparatus, b loading method, after Feng et al. (2021)
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and the dynamic load impact will be generated after the 
excavation disturbance and blasting. To meet the actual 
engineering situation, the dynamic true triaxial perturbation 
instrument was developed. He et al. (2021) developed an 
impact rock burst test system that applies multi-directional 
periodic disturbance load and single-sided rapid unloading 
based on true triaxial loading. Li et al. (2015b) and Su et al. 
(2017a) have also developed high-pressure servo dynamic 
true triaxial experimental instruments that can realize 
periodic disturbance load application and single-sided 
rapid unloading, respectively, and studied the mechanism of 
rapid unloading leading to deterioration of rock mechanical 
properties and inducing engineering disasters such as rock 
burst. Feng et al. (2023) developed a true triaxial test device 
for low-frequency disturbance and high-speed impact of 
high-pressure hard rock.

The true triaxial apparatus is in the stage of rapid 
development, which is developing in the direction of 
high tonnage, high rigidity, super precision, and strong 
disturbance. In the future, multi-field coupling rock 
true triaxial apparatus can be considered to reveal rock 

deformation and failure law under complex environmental 
conditions and promote the development of rock mechanics.

3.2  End Effect and Eccentric Loading

As shown in Fig. 16a, when the rock sample is subjected 
to true triaxial loading, the fixed-end constraint produces 
additional shear stresses, resulting in an uneven distribution 
of stresses in the sample (Zhang et al. 2017b). Two methods 
can be considered to ensure that the center position of the 
rock sample remains constant during compression. One 
method is to use four or six actuators simultaneously in 
a true three-axis setup to compress the specimen using a 
master–slave control algorithm, and the other method is to 
use two actuators with a moving or floating loading frame 
(Feng et al. 2016). The first method is costly and requires 
high servo precision control. The second method has a low 
carrying capacity. To solve the problem, Feng et al. (2016) 
proposed a new technique of servo-controlled free up and 
down floating with a combined pneumatic-hydraulic drive 
while retaining the second method. This method realizes 
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Fig. 14  Schematic diagram of a rigidly loading true triaxial testing apparatus: a Actual apparatus, b loading method, after Nasseri et al. (2014)
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the free up and down movement of the vertical loading 
frame so that the high pressure generated by the pneumatic 
pressure balances the weight of the loading frame and thus 
realizes the concentric loading (see Fig.  16b). The end 
friction effect is mainly due to the friction effect between 
the surface of the sample and the testing machine to hinder 
the uniform deformation of the rock; when greater the 
confining pressure, the greater the axial pressure required, 
and the end friction effect will be more obvious (Meng et al. 
2021). In rock mechanics experiments, friction reduction 
is usually achieved by adding cushioning material between 
the rock specimen surface and the testing machine. Feng 
et  al. (2017b) conducted true triaxial tests on granite 
and sandstone with and without friction reducers. The 

experimental results showed that end friction promotes an 
increase in the strength of the rock, which is functionally 
equivalent to an improvement in the minimum principal 
stress (see Fig. 17). The mixture of butter, stearic acid, 
single-layer Teflon film, stearic acid and Vaseline has 
been favored by scholars because of its anti-friction effect 
(Haimson and Chang 2000; Lu et al. 2021b). Currently, there 
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Fig. 15  Schematic diagram of a flexibly loading true triaxial apparatus: a Actual apparatus, b loading method, after Lee et al. (1999)

Fig. 16  Triaxial compressive stresses on specimen: a eccentric 
loading, b eccentric suppression technique, after Feng et al. (2016)

Fig. 17  Effect of friction reducer on rock strength in true triaxial test: 
a Granite, b Sandstone, after Feng et al. (2017b) Note: black dashed 
line represents use of friction reducer
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are no standards for friction reducer composition and ratios, 
which need to be evaluated and quantified for different 
materials. The end friction effect can be characterized in true 
triaxial experiments by minimum compressive strain rate at 
room temperature, high positive stress and plane friction. For 
this reason, Feng and Zhang et al. (2016; 2017b) proposed a 
multi-point strain measurement method and made a mixture 
(MSV) of stearic acid and Vaseline in the ratio of 1:1 as 
a friction reducer for true triaxial experiments with good 
results. In addition, Mogi believes that the friction effect 
can be reduced by adding metal shims between the specimen 
and the experimental equipment and by improving the 
specimen's shape. The first method is the ideal one, which 
can make the rock surface not produce shear stress. However, 
finding metal blocks identical to rock materials is difficult. 
The second method can be realized by increasing the height-
to-diameter ratio, which will cause the rock specimen not 
to extend to the end when damage occurs. Therefore, this 
method will not affect the experiment results even if there 
is an end effect. Combining the characteristics of the above 
three methods, the measures to reduce the end effect in 
triaxial rock mechanics experiments can be summarized as 
follows: (1) select the specimen with a relatively large height 
and diameter, (2) try to find a gasket matching the elastic 
modulus of the rock material, and (3) improve the friction 
reducing agent.

3.3  Stress Path

The mechanical behavior of deep rock mass depends on its 
occurrence environment and the change of stress state. The 
failure mechanism of rock mass will change significantly 
under different stress paths. As shown in Table  1, the 
damage patterns of Jinping II marble under different stress 

paths were demonstrated. Therefore, it is necessary to 
consider the loading and unloading paths to simulate the 
stress redistribution under three-dimensional stress states 
when doing true triaxial experiments on rocks (Jiang et al. 
2021). Using true triaxial to simulate the stress path changes 
in deep mining generally consists of (1) triaxial loading, 
simulating the stress environment before excavation of deep 
rock mass mechanics; (2) unloading: stress effect caused 
by excavation; (3) uniaxial loading stage: used to simulate 
the working face to take advanced support; (4) cyclic 
loading–unloading: repeated loading–unloading is used to 
simulate the influence of unexcavated rock mass (Yuan et al. 
2020). In the triaxial loading stage, it is mainly to realize the 
three-dimensional unequal pressure condition (σ1 > σ2 > σ3). 
Generally speaking, the steps are: (1) hydrostatic pressure 
loading (σ1 = σ2 = σ3); (2) biaxial loading (σ1, σ2 loading, 
σ3 constant); (3) maximum principal stress loading (σ1 
loading, σ2, σ3 constant); (4) the minimum principal strain 
controls the maximum principal stress loading (σ1 loading, 
σ2, σ3 constant) (Zheng et al. 2020). The accuracy of ground 
stress values is the first step in correctly analyzing a rock's 
entire deformation and fracture process. To restore the 
real stress environment of the rock, the most important 
thing at the triaxial loading stage is to determine the value 
of the principal stress accurately (Note: the method of 
determining the ground stress will describe in Sect. 6). In 
practical engineering, the horizontal principal stresses are 
different due to the different directions of the underground 
cavern arrangement (Gong et al. 2018). Therefore, it is 
necessary to design a multi-group experimental program 
by considering the vertical stress as a constant and 
adjusting the combination of the maximum and minimum 
horizontal principal stress (Gong et al. 2019). The unloading 
perturbation effect is a research hotspot in rock mechanics, 

Table 1  Failure modes of CJPL-II marble under true triaxial loading and unloading paths, after Feng et al. (2022)

Item True triaxial compression and unloading True triaxial compression

I II III IV V

Stress path

Failure mode
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and many experimental studies have been carried out on the 
unloading effect of excavated rock bodies in deep-buried 
engineering. For example, He et  al. (2007) carried out 
an experimental study of the rock burst process in deep, 
highly stressed granite through unloading, which showed 
that rapid unloading of stress in one direction would lead 
to the occurrence of rock bursts. Based on the unloading 
rate, unloading can be divided into quasi-static unloading 
and intensive unloading. Quasi-static unloading refers 
to the process of unloading in limited equilibrium at all 
times; strong unloading is mainly used to study the effect 
of dynamic loads such as blasting (Frenelus et al. 2021; 
Xie et al. 2022). Different stress paths are selected to carry 
out the unloading tests based on the various processes of 
stress change induced by the engineering excavation. For 
underground chamber excavation, the increase of tangential 
stress in the surrounding rock is generally simulated by σ1 
loading path, and then the decrease of radial stress in the 
rock near the free surface of the chamber is simulated by 
σ3 unloading at one face (Jiang et al. 2021). The unloading 
process corresponding to the remaining works is shown 
in Table 2. The biggest problem in the previous research 
for the unloading experiment is that it needs to remove the 
coupling control role of the initial damage degree and the 
unloading path. The controlling role of the unloading path in 
the experiment is masked by the initial damage degree, and 
the conclusion obtained may be unreliable. The triaxial test 
can only approximately simulate the simple change process 
of the stress change trend and the engineering rock mass's 
initial to final stress state, which usually simplifies the stress 
path. The simplification of the stress path often depends on 
the scholars' understanding of the trend of stress change and 
the stress state, as well as the convenience of experimental 
control.

3.4  Similar Experiments

Traditional true triaxial tests are often based on rock samples 
to study their physico-mechanical properties and microscopic 
damage mechanisms. To reveal the damage mechanism of 
deep rock works in a macroscopic way, existing underground 
engineering projects (prototypes) are often downsize based 

on the similarity principle in the laboratory to simulate the 
mechanical behavior of rocks during the entire process of an 
underground engineering construction. Therefore, similar 
experiments are also called physical experiments or large-
scale geomechanical experiments. The similar experiment 
overcomes the shortcomings of using only small samples 
and restores underground engineering to make it more 
convenient and intuitive to reveal the failure mechanism 
of rock during excavation, which has become one of the 
main research methods (Sun et al. 2018b; Wu et al. 2023; 
Zhu et al. 2019). Due to its features, many scholars have 
studied the damage mechanism of surrounding rock under 
different engineering geological conditions through similar 
experiments. For example, Lee and Schubert (2008) studied 
the stability of the palm face of tunnel excavation through 
small-scale model tests. He et al. (2009) studied the damage 
mechanism of the roadway in the inclined layered rock body 
of a deep coal mine through a physical model test combined 
with an infrared camera. Lin et  al. (2015) studied the 
damage behavior of large underground caverns built in the 
Jinping second-level hydropower station and analyzed the 
causes of the damage. Li et al. (2021) conducted large-scale 
experiments on continuous arch tunnels with different burial 
depths and elucidated their damage mechanisms.

Similarity principle underlies the relationship between 
models and prototypes in similarity experiments (Lu et al. 
2021a). Similarity principle can be described as qualitative 
and quantitative. The first theorem of the similarity principle 
states that if all the instantaneous physical quantities of 
the prototype and the model are proportional, the two 
systems (phenomena) are similar. The second theorem 
of the similarity principle states that if the phenomena of 
the two systems are similar, the relation between different 
parameters used to describe similar phenomena can be 
transformed into a functional relation between similar 
principle (Yang et al. 2019a). According to the connotation 
of the similarity principle, when conducting simulated deep 
mining similarity experiments, the following aspects should 
be considered:

Geometric conditions: The models are scaled to a certain 
ratio to ensure similarity in shape. For parts that cannot be 
strictly similar due to environmental factors, it should be 

Table 2  Engineering items corresponding to different unloading paths for rocks

Number Rock force diagram Initial stress Unloading process Type of project

1 σ1 > σ2 > σ3 Unload σ3, constant σ1 and σ2 slope foundation

2 Unload first σ3, after unload σ2, constant σ1 open pit

3 Unload first σ3, constant σ2, increase σ1 separate lanes

4 Unload first σ3, increase σ1, after unload σ2 roadway
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ensured that they have similar physical properties (Wu et al. 
2023).

(2) Parameter conditions: The following parameter 
relationships should be satisfied Eq.  (1) between the 
simulated material and the prototype (Zhu et al. 2019):

where p is prototype, m is model, C is similarity constant.
As the centrifuge is not the source of gravity in similar 

experiments, the following relationship should also be 
satisfied the Eq. (2):

where i is physico-mechanical parameter, include stress 
(σ), modulus of elasticity (E), cohesion (c), angle of 
internal friction (φ), strain (ε), length (L), gravity (γ), and 
displacement (δ).

Finally, the similarity ratio must be 1 for dimensionless 
parameters and equal for parameters of the same magnitude 
(Yang et al. 2019a):

(3) Boundary and initial conditions: Since deep 
engineering take place in a complex stress environment, 
initial ground stress simulation and boundary fixation are 
required.

When doing similar experiments, the production of rock 
models must be involved. Currently, fruitful results have 
been achieved in modeling rocks using different materials, 
and some typical modeling materials and their ratios are 
given as shown in Table 3. It is worth noting that it is a great 
challenge to simulate rocks with high brittleness, high bulk 
density, high strength, brittle-ductile transition, and other 
characteristics of deep rocks. Previous researchers have often 
controlled the brittleness and strength of simulated materials 
by gelling, but this does not fully reveal the nature of deep 

(1)Ci =
ip

im
,

(2)
C�

CLC�

= 1,
C�

C�CE

= 1,
C�

C�CL

= 1,

(3)C� = CE = Cc,

(4)C� = CE = Cu = 1.

rocks. Therefore, Zhu et al. (2019) proposed a new method 
to control the properties of simulated materials based on 
aggregate and developed a new simulated material similar 
to marble by controlling the aggregate and grain size type, 
which improved the similarity relation of deep hard rock. 
The deep hard rock should satisfy the Eq. (5) in addition to 
the similarity relationship:

where b is brittleness, bd is brittle ductile transition, d is 
ductile.

The degree of similarity between the model and the 
field prototype determines the reliability of the experiment. 
However, the mechanical theory of deep rock isn't perfect, 
which leads to some lack of similarity with the theory 
of deep hard rock, and it's not easy to simulate some 
mechanical phenomena. Therefore, to reveal the destruction 
mechanism of deep mining rocks, firstly, we should do a 
lot of true triaxial experiments on deep rocks to study their 
physical and mechanical properties and micro destruction 
mechanisms to improve the mechanical theory of deep 
rocks. Secondly, materials consistent with rock mechanical 
properties and micro-fractures are made and applied to 
similar experiments so that micro-fractures are associated 
with macro-fractures. In addition, the model of similar 
experiments can be made with the help of 3D printing 
technology to construct a large-scale physical model of 
the roadway containing weak surfaces and defects that 
are consistent with the field engineering so that the indoor 
model specimen can be more realistically restored to the 
actual field engineering.

3.5  Identification of Crack Initiating Stresses

The complete stress–strain curve can analyze almost all 
mechanical behaviors of rocks (shear expansion, strain 
softening, plastic flow, etc.), which effectively reveals the 
strength and deformation characteristics of rocks (Cai 
et al. 2023; Chen et al. 2021). According to the classical 
complete stress–strain curve of rock, it is known that 

(5)Cb = Cbd = Cd = 1,

Table 3  Some typical modeling materials and their ratios

Number Rock type Simulated materials and ratios Bonding material or method Reference

1 Granite Iron powder, barite powder, and silica sand (1:1:0.5) Rosin cementation (Zhang et al. 2021a)
2 Clay rock River sand, cement, and gypsum (8:1.4:0.6) Cement and gypsum cementation (Lu et al. 2021a)
3 Fine sandstone River sand, cement, and gypsum (6:1.2:2.8)
4 Silty sandstone Rosin, paraffin, and river sand (3:0.8:100) Rosin and paraffin cementation (Yang et al. 2019a)
5 Coal rock Gypsum and water (1.2:1) Physical finite element plate (He et al. 2010b)
6 Limestone Gypsum and water (0.8:1)
7 Mudstone River sand, lime and gypsum (12:1:1) Lime and gypsum cementation (Sun et al. 2018b)
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the rock undergoes crack closure, elastic deformation, 
crack extension, post-peak deformation, and residual 
deformation stages from loading to destruction (Brace et al. 
1966; Eberhardt et al. 1998; Lajtai 1974). Important stress 
threshold points such as crack closure stress, crack initiation 
stress (CI), damage stress (CD), peak strength, and residual 
strength are included in these phases (Wen et al. 2018). 
It is obvious that CI is a vital node in studying the rock 
fracture mechanism. It is worth noting that a high-stiffness 
testing machine should be used to obtain the complete stress 
threshold point. If the stiffness of the testing machine is less 
than the stiffness of the rock, it will result in the strain energy 
of the testing machine being less than the strain energy 
stored in the specimen during loading. The pressure exerted 
by the testing machine will exceed the resistance of the 
specimen. Thus, the strain energy of the testing machine will 
be released suddenly during the loading process, resulting 
in the sudden destruction of the specimen and the failure of 
the complete stress–strain curve.

Some researchers have argued that the determination 
of CI is helpful in evaluating the brittleness of rocks, 
establishing a rock strength criterion (parameter mi for 
uniaxial compressive strength in the Hoke–Brown strength 
criterion) (Cai 2010; Wang et  al. 2014). However, it is 
difficult to determine the value of CI objectively. To be 
able to accurately determine the crack initiation stress, a 
large number of scholars have done extensive research 
and proposed a series of methods, such as the volumetric 
strain method (VSM), the lateral strain method (LSM), the 
instantaneous Poisson's ratio method (IPRM), the axial 
stiffness method (ASM), the crack volumetric strain method 
(CVSM), the lateral strain response method (LSR), the 
cumulative acoustic emission hitting tangent method, the 
relative compressive strain method (RCSR), etc. (Li et al. 
2023b). Brace et al. (1966) used the volume-strain of rocks 
to identify the initiation stress in rocks. VSM considers the 
stress–volume curve to be linear until the rock reaches CI, 
and when the stress–volume curve deviates from the linear 
state, it is considered to be the onset of the initiation stress 
(see Fig. 18a). It is worth noting that the lateral strain of 
rocks is more sensitive than the axial strain. Taking this into 
account, Lajtai (1974) proposed the LSM, which is similar to 
the VSM in that the CI can be determined from the point at 
which the lateral stress–strain curve deviates from the linear 
trajectory (see Fig. 18b). Compared to VSM, LSM is simple, 
intuitive and accurate (Wen et al. 2018). Diederichs (2007) 
proposed the IPRM and the method identifies points where 
the curve deviates from the linear region as CI using a plot 
of axial stress versus Poisson's ratio (see Fig. 18d). ASM was 
proposed by Gao et al. (2018), who consider the onset of the 
deviation from the horizontal region on the axial stiffness 
versus the axial strain curve as the crack initiation stress 
point. The four methods mentioned above all determine 

the CI by determining the points on the stress–strain curve 
that deviate from the linear trajectory. While all of these 
methods are highly feasible, they are heavily subjective. 
Second, Martin and Chandler (1994) argues that the linear 
trajectories referred to in the above approach do not occur 
when there are many joints in the rock mass. With this in 
mind, Martin proposed CVSM to identify CI (see Fig. 18g). 
This method considers that the rock fractures when the 
fracture volume strain deviates from 0 and continues to 
decrease. The calculation of the fracture volume strain is 
determined by Eq. (6) (Li et al. 2023c):

where εvCracks is the volume of fracture, εv is volumetric 
strain, εvElastic is the elastic bulk strain. The elastic bulk strain 
is determined by Eq. (7):

where μ Poisson's ratio, Es is the modulus of elasticity. 
CVSM is more accurate and objective than the previous 
methods. However, CVSM strongly depends on elastic 
modulus values and Poisson's ratio. When the rock itself 
has defects, the elastic modulus and Poisson's ratio are 
uncertain, which in turn affects the judgment of CI accuracy. 
Later, Nicksiar and Martin (2012) proposed LSR, which 
follows the idea of LSM, with the most significant change 
being that it allows the rock to produce only one maximum 
lateral strain difference, eliminating subjectivity. As shown 
in Fig. 18f, the LSR method first establishes a reference 
line by connecting the stress origin point with the unstable 
crack growth point. Subsequently, by calculating the 
distance ΔLSR between the lateral stress–strain curve and 
the reference line, the stress corresponding to the maximum 
ΔLSR is identified as the CI. However, the prerequisite for 
applying LSR is the accurate determination of the unstable 
crack growth point, as different unstable crack growth point 
can lead to significant errors in determining the CI. And, the 
physical significance of LSR is unclear, and it is impossible 
to prove that the difference in maximum lateral strains 
corresponds to the cracking stress. To overcome some of 
the shortcomings of the above methods, Wen et al. (2018) 
proposed RCSR, which takes the lateral strain corresponding 
to the lateral displacement as the initial deformation point, 
reflecting the change of the rock deformation state from 
compression to fracture and determines the initiating 
stress by the maximum strain difference (see Fig. 18e). In 
contrast to LSR, RCSR gives a specific physical meaning 
of the maximum strain difference, i.e., new microcrack 
generation. Considering that elastic waves are generated 
internally during rock fracture, Zhao et al. (2013) monitored 
the CI by acoustic emission techniques. CI is defined as the 
point at which the cumulative acoustic emission hits deviate 

(6)�vCracks = �v − �vElastic,

(7)�vElastic = (1 − 2�)�1∕Es,
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from the tangent line (see Fig. 18c). The method takes into 
account the point at which the cumulative number of impacts 
deviates from linear growth as the acoustic emission impact 

rate increases as CI. Moreover, the method relies on curves 
with a S-shaped feature when determining CI, but not all 

Fig. 18  Schematic diagram of the method for identifying cracking stresses: a VSM, b LSM, c AE, d IPRM, e RCSR, f LSR, g CVSM, after Li 
et al. (2023b), Nicksiar and Martin (2012), Wen et al. (2018)
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rocks can satisfy this feature, and it is not universal (Feng 
et al. 2017b).

Most of the methods based on stress–strain curves to 
recognize rock initial cracking stresses are based on uniaxial 
or conventional triaxial experiments, and the validity of these 
methods has yet to be verified under true triaxial conditions. 
Although the acoustic emission-based identification method 
is not restricted by the experimental method, the application 
range of this method is limited, and its accuracy needs to be 
improved. Therefore, it is necessary to establish a universal 
method to recognize the crack initiation stress in rocks.

3.6  Characterization Methods

With the rapid development of true triaxial experimental 
technology, researchers are no longer limited to summarizing 
and describing rock damage phenomena and patterns but 
have begun to explore the fracture mechanisms of rock in 
depth. In rock mechanics experiments, strain gauges and 
displacement gauges are commonly used to record data on 
rock deformation and fracture (Liu et al. 2020). The data 
measured by these tools reflect the average stress and total 
deformation within the rock. However, rocks often exhibit 
anisotropy, and their stress–strain distribution is uneven, 
making it difficult for traditional measurement methods 
to characterize the deformation and fracture processes of 
rocks accurately. Additionally, the interior of the rock is 
like a "black box," making it difficult to obtain information 
about its internal damage state through direct measurement 
methods. Notably, strain energy is released through 
acoustic, thermal signals when external forces damage 
rocks. Therefore, physical signals can be utilized to infer the 
damage state of rocks, for instance: acoustic emission (AE), 
infrared radiation (IR). Additionally, image acquisition 
processing techniques can be used to characterize the 
damage of rocks in triaxial tests, such as scanning electron 
microscopy (SEM), and computed tomography (CT).

3.6.1  AE

AE is defined as the generation of transient elastic wave 
energy pulses from the rapid release of elastic properties 
during crack expansion or deformation within a material. 
At present, AE has been applied in various rock mechanics 
experiments such as uniaxial compression, triaxial tests, 
cyclic loading experiments, multi-field coupling (Kong 
et al. 2016; Ting et al. 2012; Yang et al. 2014; Zhou et al. 
2019). In early AE experiments on rocks, the main focus 
was on studying the similarities between AE activities and 
microseismic (MS) activities (Mogi 1962). MS activities are 
induced by rock fracturing at engineering scales, and MS 
monitoring can be used to address various rock engineering 
problems (MS monitoring techniques will be systematically 
introduced in Sect. 6). Compared to MS, AE is an effective 
method for detecting the initiation and propagation of 
microcracks before macroscopic fracture occurs. As 
shown in Fig. 19, AE sensors are placed on rock samples 
in laboratory tests. When deformation, crack expansion, or 
other stress-releasing phenomena occur within the rock, a 
high-frequency elastic wave signal is generated, known as an 
AE phenomenon. This process is also called the occurrence 
of AE event. Therefore, analyzing AE events can reveal 
the deformation and fracture process of rocks. Jia et al. 
(2020) used AE to reveal the damage mechanism of deeply 
buried coal rocks. The study concluded that the AE events 
are mainly caused by the generation of new cracks and the 
expansion of primary cracks. A large number of primary 
cracks lead to fragmented deep coal structures, inducing 
a large number of plastic slip events along the preexisting 
microcracks and the destruction of rock structures.

The main principle of AE is based on the Kaiser 
effect, which utilizes spatial localization to analyze the 
internal damage state of rocks. Therefore, the localization 
of AE events is the key for studying the rock fracturing 
process (Zhao et al. 2006). Currently, the methods for AE 

Fig. 19  AE System in a Laboratory: a Console, b AE Sensor Arrangement, after Jia et al. (2020)
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localization mainly include the Geiger localization method, 
the simplex method, the relative localization techniques, 
and the generalized least squares method (Shi et al. 2022b). 
Although there are many methods for acoustic emission 
localization, a consensus on the optimal localization method 
has not yet been reached, and the accuracy of localization 
still needs to be improved. The number of AE sensors 
also directly affects the accuracy of the research. In true 
triaxial experiments, due to spatial constraints, it is not 
easy to install sensors on the surface of rocks, making it 
challenging to meet the requirements for the accuracy of AE 
event localization. In addition, the loading path and loading 
rate also affect the localization results of AE events. For 
example, the faster of the loading rate, the fewer AE events 
are received. Displacement-controlled loading is better to 
get accurate localization of AE events compared to force-
controlled loading methods (Xu et al. 2008). The above 
mentioned are external factors that affect the localization of 
AE events. In fact, microcracks inside the rock also affect 
the localization effect of AE. This is because the defects 
inside the rock cause the elastic waves generated by acoustic 
emission to be refracted and reflected inside the rock. This 
is because defects within the rock cause the elastic waves 
generated by acoustic emission to be refracted and reflected 
within the rock.

Considering the multiple factors that affect the localization 
of acoustic emission events, the ratio of signal rise time (RA) to 
average frequency (AF) method (RA-AF method) was emerged 
(Dong et al. 2020; Ohno and Ohtsu 2010). RA-AF does not 
require localization of AE signals and has no requirement for 
the number of sensors. Therefore, many researchers have used 
RA-AF to study the fracture mechanism of rocks. Kong et al. 
(2021) used the RA-AF method to accurately identify the type 
of fracture in andesite rock, where rock fracture is dominated 
by tensile fractures in the previous loading period, and the 
number of shear fractures rises rapidly when the load exceeds 
the yield strength. Bi et al. (2024) determined the boundaries 
of tensile fracture and shear crack generation in the tested 
rocks based on RA-AF data from rock uniaxial compression 
experiments (UCS) and Brazilian splitting experiments (BTS) 
combined with the KDE algorithm. Du et al. (2024) performed 
compression and tension experiments on four types of rocks 
and analyzed the transition trends of rock crack types based on 
RA-AF data. Although RA-AF is simple and easy to use, the 
discriminatory criteria for shearing and tensile are not uniform 
and subjective. Although RA-AF is simple and easy to use, the 
criteria for distinguishing shear fracture and tensile fracture are 
not consistent, leading to subjectivity (Li et al. 2022).

It is worth noting that AE is not only applicable at the 
laboratory scale but also for field monitoring. The suitability 
of AE for field monitoring will be discussed in Sect. 6.

3.6.2  IR

During the fracturing process of rocks, phenomena such 
as friction and crack formation occur. The elastic energy 
accumulated during these processes can convert into 
thermal energy, leading to localized temperature increases. 
The changes in rock temperature will excite infrared 
electromagnetic waves (Liu et al. 2023c). Infrared thermal 
imaging devices can capture the infrared radiation emitted 
from the surface of the object and convert it into visual 
temperature images. As shown in Fig. 20, the localized 
temperature increase during rock fracture can be detected 
by an infrared imager and a temperature distribution map 
can be generated. Therefore, the fracture of rocks can be 
characterized using IR (Sun et al. 2017b; Wang et al. 2016a). 
In rock mechanics experiments, the infrared radiation 
temperature increment ΔT, can be explained qualitatively 
by the following Eq. (8) (Wu and Wang 1998):

where ΔT1 is infrared radiation temperature increment 
caused by the thermal-elastic effect (The value can be 
positive or negative), ΔT2 is caused by the initial fissures, 
joints and newly produced fractures of rocks (The value 
is negative), ΔT3 is caused by the friction (The value is 
positive). And, ΔT1 can be determined by Eq. (9) (Wu et al. 
2006):

where γ is a transfer factor, β is a constant correction factor, 
T is the physical temperature of rock, Δ(σ1 + σ2) is the change 
of the rock's principal stress (If Δ(σ1 + σ2) > 0. ΔT1 is positive 
and vice versa (Sun et al. 2018a). IR can quantitatively 
monitor the entire rock fracture process without touching 
the rock specimen, which helps researchers to observe the 
initiation and propagation of cracks in real time (Lou and 
He 2018).

It is worth noting that during the process of rock fracture, 
the variation in infrared temperature is very small, and the 

(8)ΔT = ΔT1 + ΔT2 + ΔT3,

(9)ΔT1 = ��−1TΔ(�1 + �2 + �3),

Fig. 20  Infrared thermal image of rock crack extension, after Sun 
et al. (2018a)
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original temperature information of IR is easily obscured 
by noise signals (Gao et al. 2023). Meanwhile, there is 
significant discrete in the quantitative indicators (average 
infrared radiation temperature, AIRT) used to characterize 
the IR features of rocks under load in different studies (Sun 
et al. 2017a). This is largely attributed to the influence 
of noise on the IR information during the experimental 
process (He et al. 2010a). The impact of noise often makes 
experimental conclusions unreliable, making it difficult 
to accurately assess the rock fracture process (Shi et al. 
2022a). Therefore, reducing infrared radiation noise during 
experiments is particularly crucial. During the experimental 
process, noise mainly originates from experimental 
operations and the experimental environment. To mitigate 
experimental operational noise, it is imperative to maintain 
closed doors and windows throughout the experimental 
process, prohibiting personnel movement, and employing 
high-precision infrared observation equipment (Sun et al. 
2018a). Currently, two main methods are used to reduce 

background noise in experimental environments: median 
filtering noise reduction method (Gong et al. 2013) and 
reference sample noise reduction method (Sun et al. 2022b). 
The median filtering noise reduction method can enhance the 
clarity of infrared images; however, it remains ineffective in 
eliminating noise values from the AIRT curve. The principle 
of the reference sample noise reduction method is to place a 
reference rock sample next to the experimental rock sample, 
and subtract the AIRT value of the reference rock sample 
from the AIRT value of the experimental rock sample to 
eliminate the influence of environmental noise. This method 
effectively improves the signal-to-noise ratio. The method 
requires that the change trend of the AIRT curve between 
the experimental rock sample and the reference rock sample 
remain consistent.

Fig. 21  Micro-damage and macro-damage of sandstone under true triaxial compression: a SEM100x, b SEM500x, c SEM1000x, d Macro-
damage, after Zhang et al. (2019a)
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3.6.3  SEM

The microscopic fracture characteristics of rocks are the 
most direct reflection of the fracture mechanism. SEM can 
observe changes in the microstructure of rocks, thereby 
qualitatively revealing the rock fracture mechanism from a 
microscopic perspective (Tao et al. 2020). SEM analyzes 
rock fracture based on scanned rock surface images. Since 
the introduction of SEM in rock mechanics, which has played 
a significant role in studying rock fracture mechanism. 
Zhang et al. (2019a) investigated the fracture mechanism of 
sandstone under triaxial conditions. The study indicates that 
the primary reason for the reduction in rock strength is the 
formation of microcracks on the fracture surfaces of highly 
hydrophilic clastic sandstone during shear. The fracture 
mechanism is mainly due to shear slip in the direction of 
the maximum shear stress in the rock (see Fig. 21). SEM 
focuses on the destruction and changes in rock crystals 
when analyzing microscopic fractures in rocks. From a 
microscopic point of view, rock fracture can be categorized 
into along-crystal fracture and through-crystal fracture. 
In triaxial experiments, rocks typically exhibit through-
crystal fracture due to severe friction between crystals. The 
microscopic fracture characteristics can only qualitatively 
reflect local fracture mechanisms, and cannot quantitatively 
depict the mechanisms of fracture surfaces on a macroscopic 
scale (Li et al. 2022). To make SEM more powerful in rock 
mechanics, it is necessary to establish a connection between 
microscopic fracture and macroscopic fracture in rocks. Liu 
et al. (2022) suggested that measuring a sufficient amount 
of data and conducting statistical analysis can establish a 
connection between microscopic damage characteristics and 
macroscopic fracture characteristics.

3.6.4  CT

CT is a non-destructive testing technique, which is a 
significant achievement stemming from the collaboration 
between physics and computer science. The development 
of CT technology can be traced back to the early 1970s 
and was first used for biomedical imaging. In 1972, British 

engineer Hounsfield (Hounsfield 1973) invented the first 
CT scanner, revolutionizing the field of medical imaging. 
CT technique maintains the integrity of the sample and 
can be used for subsequent evaluation (Košek et al. 2024). 
As rock damage processes make it difficult to accurately 
observe internal structures and describe fracture processes, 
CT technology has gradually found applications in the field 
of rock mechanics (Duan et al. 2020). CT technology can 
achieve high-resolution acquisition of information about 
various materials through computer image reconstruction. 
When X-rays penetrate substances, their intensity decays 
exponentially. The density of a material affects the degree of 
X-ray attenuation, manifested specifically as the attenuation 
coefficient of the object under measurement. The light 
intensity of the X-rays as they penetrate the detected object 
follows Beer's theorem as shown in Eq. (10) (McCullough 
1975):

where I0 is the incident intensity of the X-ray, and I is the 
transmitted intensity after it traverses a thickness (x) of 
material characterized by a linear attenuation coefficient 
μ(x) (Wang and Miller 2020).

Over the past 20 years, many researchers have utilized 
CT image reconstruction technology to study the 
mesoscopic fracture characteristics of rock specimens, 
greatly advancing the application of CT technology in rock 
fracture analysis. Duan et al. (2022) and Feng et al. (2004) 
used in  situ CT to study the mechanical properties and 
microstructural evolution of rock samples under uniaxial 
and triaxial compression conditions. These studies can 
capture information on the internal damage during loading 
processes. However, due to the limited resolution of CT 
apparatus, the images cannot provide detailed damage or 
microcracks. Micro-CT technology can generate smaller 
focal spots and has higher resolution, providing a new 
method for detailed exploration of the internal damage 
processes of rocks. Commonly used tomography systems can 
be roughly classified as conventional milli-CT (focal spot 
sizes larger than 0.1 mm), micro-CT (spot sizes down to one 

(10)I� = I0exp�(x),

Fig. 22  Illustration of high-
resolution micro-CT: a 
micro-CT scanning principle, 
b micro-CT scanning machine, 
after Yang et al. (2019c)
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micrometers) and nano-CT (spot size down to 0.4 microns), 
based on spatial resolution (Wang and Miller 2020). As 
shown in Fig. 22, a typical micro-CT system usually consists 
of a high-intensity X-ray source, a detector, a sample stage, 
and a rotation device. The X-ray source passes through the 
rock, and the detector receives the X-rays that pass through 
the rock, converting them into electrical signals to generate 
2D projection images. By rotating the sample, multiple 2D 
projection images from different angles can be obtained. 
These 2D images are reconstructed into 3D images using 
CT reconstruction algorithms, ultimately revealing the 
microstructure inside the rock (Yang et al. 2019c). The 
process of CT reconstructing rock images is essentially the 
digitalization of rock cores, also referred to as digital core 
reconstruction. The high-resolution 3D image reconstruction 
capability of micro-CT provides crucial support for digital 
rock physics research. Zhu et al. (2018) and Kong et al. 
(2019) utilized micro-CT to study the behavior of crack 
propagation and microstructural evolution of rocks under 
external forces, and further analyzed by printing 3D rock 
specimens with 3D imaging information. As shown in 
Fig.  23, Zhao et  al. (2024) generated realistic-shaped 
particles with internal defects based on micro-CT images 
for investigating the effect of granite morphology on micro-
damage behavior. Yang et  al. (2023) utilized micro-CT 
and digital image processing techniques to establish three-
dimensional non-uniform numerical models reflecting the 
fine-scale structure of rock masses for investigating the 
fracture mechanisms of pre-existing fractures in shale. 
These studies demonstrate that digital core reconstruction 
combined with 3D printing technology and numerical 
simulations, enables precise investigation of the evolution of 
crack propagation in rocks at both micro and macro scales. 
It has become an important method in the study of macro 

and micro mechanics of rocks. Currently, micro-CT and 
in-situ micro-CT are mainly applied in uniaxial compression 
tests and small-scale triaxial compression tests, but their 
application in large-scale true triaxial experiments has not 
been reported. This is mainly because micro-CT equipment 
cannot accommodate large-scale true triaxial instruments. 
It is worth noting that the quality (resolution) of CT images 
determines the accuracy of digital core reconstruction work. 
The image resolution is influenced by various factors such 
as voxel size, field of view, and signal-to-noise ratio. Zhao 
et al. (2023) suggest that image resolution of micro-CT can 
be artificially enhanced using super-resolution algorithms to 
obtain higher resolution images.

In addition to the aforementioned characterization 
methods, electromagnetic radiation techniques (Wei et al. 
2020), three-dimensional morphology of rock fracture 
surfaces (Li et al. 2016b), fractal theory (Ding et al. 2021), 
and digital image techniques (Aliabadian et  al. 2019) 
have been widely used to characterize rock fractures. 
Unfortunately, these methods are less frequently used in true 
triaxial experiments.

SEM and AE can characterize rock fractures from two-
dimensional images and interpret the process of cracks 
initiation and propagation of cracks in the rock surface. 
However, in reality, cracks are distributed non-uniformly 
within the rock in 3D space. 2D characterization methods 
can only describe the crack distribution on a specific 2D 
plane within the 3D space. Therefore, 2D characterization 
methods have technical limitations in comprehensively 
characterizing crack distribution under true triaxial 
conditions. In contrast, the 3D characterization capabilities 
of AE and CT can more accurately reveal the initiation and 
propagation processes of internal cracks throughout the rock, 
providing a basis for studying rock fracture mechanisms. 

Fig. 23  Final failure patterns of 
particles in micro-CT tests and 
DEM simulations: a top view, 
b front view, c side view, after 
Zhao et al. (2024)
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However, AE and CT also have drawbacks. CT is difficult 
to apply in large-scale true triaxial experiments, mainly 
because it cannot to accommodate large-scale true triaxial 
apparatus within CT machines. During experiments, 
microscopic fractures within the rock are not visible, and 
AE results cannot directly correlate with microscopic 
fractures. Considering the distinctive features of different 
characterization methods, combining various methods 
can be achieved to accurately quantitatively analyze the 
fracture mechanisms of rocks under true triaxial conditions. 
For instance, integrating AE with CT and utilizing CT to 
establish the correlation between AE and microscopic 
fractures can facilitate linking AE with microscopic 
fractures, thereby enabling a quantitative characterization 
of micro–macro fractures in rocks. Additionally, novel 
experimental methods can be designed, such as fabricating 
transparent rock specimens according to similarity principle. 
Conducting experiments with transparent rocks can address 
the challenge of "difficulty in observing internal fracture," 
enabling comprehensive three-dimensional observations of 
the exterior and interior of rock specimens.

4  Theoretical Analysis

Theoretical analysis is the basic method to analyze the 
deformation and fracture of rock using the constitutive 
relation and strength criterion of rock, also called 
mechanical analysis. The constitutive model of rock 
reveals the relationship between stress and strain, 
including the elastic, nonlinear, plastic, damage, and 
strain softening models. The constitutive model can be 
used to study the behavior of rock under different loading 
conditions to provide an essential basis for engineering 
design, resource exploitation, and disaster prediction. 
The strength criterion is the critical condition to describe 
the failure of rock under different stress states. In deep 
underground mining, the bearing capacity of rock 
determines whether the surrounding rock breaks, which 
is the most critical factor in controlling the stability of 
surrounding rock. Selecting the appropriate strength 
criterion is the key to correctly calculating rock fracture, 
and incorrectly calculating the critical conditions for rock 
damage in a real stress environment can lead to serious 
engineering waste or even result in major casualties and 
property damage. Therefore, establishing rock strength 
criterion to accurately predict the rock bearing capacity is 
of great significance to ensure the rational design and safe 
construction of underground projects. Compared with the 
intrinsic relationship, the strength criteria focus more on 
studying the fracture mechanism of the rock. Therefore, 

the traditional strength criteria and its modified criteria 
will be introduced in this Section.

4.1  Mohr–Coulomb (MC) Criterion and Its Modified 
Criteria

The MC criterion has been widely used due to its simplicity 
of form and clarity of physical significance, etc. The MC 
criterion considers that shear damage occurs when a rock 
reaches its extreme strength under the combined action 
of normal stress (σn) and shear (τ) stresses, and it can be 
determined by Eq. (11):

where, c is cohesion and φ is angle of internal friction.
A linear expression for its principal stress can be obtained 

by Eq. (12):

In numerical calculations, to facilitate a uniform 
treatment of the expressions for different strength and 
elastic–plastic constitutive relationships, the MC criterion 
is often expressed in a tensor-invariant form, with the stress 
tensor versus strain invariant given by Eq. (13) (Cai et al. 
2022b):

where θσ is the lode angle, I1, I2 and I3 are the first, second 
and third invariants of stress tensor, respectively, and J2 
is the second stress bias tensor invariant. As can be seen 
from Eq. 12 and Eq. 13, the MC criterion has two main 
limitations: (i) it expresses the rock strength as a linear 
function of the circumferential pressure or positive stress; 
(ii) it neglects the effect of the σ2 (Singh et al. 2011). The 
MC criterion is often chosen by assuming the rock strength 
parameters as constants and converting them to a plane 
strain model. As a result, MC is able to accurately predict 
the strength of rocks in shallow burial conditions, while it 
is conservative for deeply buried rocks (Xie et al. 2022). 
The limitations of the MC criterion have been improved by 
some scholars. For example, Zhang et al. (2023) modified 
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the MC criterion using a vein angular shape function based 
on a spatial slip surface, which considers the intermediate 
principal stresses and satisfies the smoothness and convexity 
requirements in the π-plane. Shen et al. (2018) modified the 
cohesion and internal friction angle parameters based on the 
original expression, which changed the linear relationship 
between the original expression's shear stress and positive 
stress. In addition, this modified criterion also links the, 
cohesion, and angle of internal friction, which breaks the 
linear relationship and the invariant strength parameters 
of the original expression and obtains the nonlinear MC 
strength criterion. Where, the relationship between the three 
parameters of uniaxial compressive strength (σc), cohesion 
(c0) and apparent angle of internal friction (ϕ0) can be 
determined by Eq. (15):

Singh et al. (2011) considered the concept of critical 
state proposed by Barton and modified the MC criterion 
under conventional triaxial conditions. The expression is as 
Eq. (16):

where σci is uniaxial compressive strength (UCS), (σ1-
σ3) is the deviatoric stress of rock failure. Considering its 
application to a deeply buried true triaxial state of stress, 
Singh then introduced σ2 to generalize Eq.  (17). The 
expression is as Eq. (17):

where σci is UCS here. Although the formula has considered 
the effect of σ2, the criterion shows a large error when the σ2 
is more significant than the UCS. Therefore, Singh suggests 
that it should be used for 0 ≤ σ3 ≤ σ2 ≤ σci.

4.2  Drucker–Prager (DP) Criterion and Its Modified 
Criteria

Considering the effect of intermediate principal stresses and 
bias stresses in rock damage, Drucker and Prager (1952) 
proposed the DP criterion based on the generalized Mises 
yield criterion, whose yield function can be expressed as 
Eq. (18):
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where α and k are material yield parameters determined by 
cohesion (c) and angle of internal friction (φ). Depending 
on the fitting method, the parameters (α, k) are expressed 
inconsistently and, in general, have the following five forms 
(Deng et al. 2006):

(1) MC external contact external circle (compression 
cone):

(2) MC internal contact external circle (elongation cone):

(3) MC tangent circle (internal tangent cone):

(4) MC equal area circle (DP criterion yields area equal 
to MC in the π-plane):

(5) MC Match DP Circle:

The parameters (α, k) of the DP criterion in geotechnical 
engineering are generally determined by fitting the 
parameters of the MC criterion. Therefore, the DP series 
of criterion can also be considered as a modification of the 
MC strength criterion. Although the DP criterion considers 
the σ2 and hydrostatic pressure, the Lode angle effect of 
rock strength is not considered. Therefore, the DP criterion 
cannot match the state of triaxial compression and triaxial 
tension. In this regard, Guo et  al. (2021) modified the 
DP criterion from the perspective of elastic strain energy 
to solve the problems of the large tensile-shear zone and 
Lode angle effect, and proposed a generalized DP strength 
criterion. The yield function expression is determined by 
Eq. (24):

where v is the Poisson's ratio.
Notably, different forms of the DP criterion predict rock 

strengths quite differently. For example, the DP criterion in 
the form of internal tangent cone underestimates the strength 
of the rock, and the DP criterion in the form of equal area 

(19)� =
2 sin�√

3(3 − sin�)
k =

6c cos�√
3(3 − sin�)

.

(20)� =
2 sin�√

3(3 + sin�)
k =

6c cos�√
3(3 + sin�)

(21)� =
sin�√

3
√
3 + sin

2 �

k =
3c cos�√

3
√
3 + sin

2 �

.

(22)� =
2
√
3 sin��

2
√
3�(9 − sin

2 �)

k =
6
√
3 cos��

2
√
3�(9 − sin

2 �)

.

(23)� =
sin�

3
k = c cos�.

(24)
√

J2 −
1 − 2v

3
I2 = k + �I1,



Contributions to Rock Fracture Induced by High Ground Stress in Deep Mining: A Review  

circle overestimates the strength of the rock. In addition, 
the DP criterion overestimates the strengthening effect of 
intermediate principal stresses on rock strength and must 
be used cautiously in geotechnical engineering (Zhang et al. 
2023). Although DP overcomes the disadvantages of the 
MC criterion, it is more applicable to brittle rocks at low 
perimeter pressures (Bavdekar and Subhash 2018).

4.3  Lade–Duncan Criterion and Its Modified Criteria

Considering the shortcomings of the DP criterion and the 
MC criterion, Lade and Duncan (1975) proposed a strength 
criterion that includes three principal stresses. The criterion 
is simple in form, being a curved triangle in the π-plane, 
with the three outer corner points of the MC criterion 
connected to the outside (see Fig.  24c). The strength 
criterion expression is determined by Eq. (25):

where ηLD is a strength parameter related to the angle of 
internal friction with the expression is determined by 
Eq. (26):

(25)
I3
1

I3
= �LD,

I1, I2 are calculated as Eq. (27):

According to Eq. (26), the LD criterion does not take 
into account the effect of cohesion. Therefore, the criterion 
is only applicable to weakly cemented sandy soil materials. 
Later, Lade (1977) modified the original criterion by 
considering the damaged form of cohesionless soils at 
the flexural yield surface, and the new strength criterion 
expression is determined by Eq. (28):

where η1, m are material constants. Consistent with the 
original criterion, the modified DP criterion still does not 
consider the effect of cohesion, which limits the application 
of the DP criterion in rock mechanics. Later, Ewy (1999) 
introduced cohesion into the LD criterion, which led to 
a wide range of applications in rock mechanics. This is 
also known as the Modified Lade criterion (MLC), whose 
strength criterion is expressed as Eq. (29):

where I′′
1
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3

 are the effective first and third principal 
stress invariants, respectively, which can be determined from 
the translation distance along the hydrostatic pressure axis 
(Sa), the fluid pressure (PP), and its expression is determined 
by Eq. (30):

Sa, PP are determined by the angle of internal friction and 
cohesion, calculated as Eq. (31):

The MLC criterion is a curved triangle with a smooth 
envelope in the π-plane, which is more accurate than the MC 
criterion and the DP criterion for predicting the true triaxial 
strength of rocks. However, in the triaxial tensile stress state, 
the envelope is not connected to the MC criterion, which 
overestimates the rock strength (Xie et al. 2022; Zhang et al. 
2023).
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Fig. 24  Failure criterion in principal stress space and in the deviatoric 
plane, after Benz and Schwab (2008)
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4.4  Mogi–Coulomb Criterion(MG‑C) and Its 
Modified Criteria

The effect of the σ2 on rock damage was clarified by 
Mogi in his study of rock triaxial experiments. Although 
its impact is smaller than the σ3, it is still not negligible. 
Subsequently, according to the triaxial experimental 
results and von Mises theory, Mogi suggested a criterion 
considering that the fracture plane of rocks strikes in the 
σ2 direction, in which the octahedral shear stress τoct is a 
function of average normal stress σm in true triaxial state 
(Mogi 1971):

where

where f1 is a monotonically increasing function. On this 
basis, Chang and Haimson (2000) further developed the 
Mogi strength criterion by proposing an exponential form 
of the Mogi strength criterion, which can be expressed as 
Eq. (34):

where A and n are rock material parameters (The specific 
values need to fit by true triaxial experimental data, 
for amphibolite A is 1.77 and n is 0.86). Al-Ajmi and 
Zimmerman (2005) cast doubt on the validity of the power-
law form of the Mogi strength criterion because it cannot 
be related to the parameters calibrated by Coulomb's 
destruction law, such as cohesion and angle of internal 
friction. Second, Al-Ajmi proposed a linear expression of the 
Mogi strength criterion, also known as the Mogi–Coulomb 
strength criterion, after a large amount of rock triaxial 
experimental data combined with cohesion and internal 
friction angle. The modified strength criterion expression is 
determined by Eq. (35):

where a and b are determined by Eq. (36):

Although scholars have proposed different expressions 
of the Mogi–Coulomb criterion, we consider the 
assumption of τoct = f(σm) to be the key point of Mogi's 
contribution, and the specific algebraic form of the 
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function f being a somewhat secondary matter of 
convenience. The Mogi criterion in its original form 
can accurately describes the strength of rocks under true 
triaxial conditions, however, its shape in the π-plane (see 
Fig. 24d) does not conform to the assumption of continuity, 
limiting its further development into an intrinsic model. 
Mogi–Coulomb combines Mogi's theory of elasticity 
and Coulomb's theory of sliding friction, making its 
application in rock mechanics widespread. However, 
the fact that it is based on axisymmetric assumptions 
leads to deviations from the results of many true triaxial 
experiments, especially when the predicted intensity tends 
to be low at large lode angle (Xie et al. 2022).

4.5  Hoek–Brown Criterion (HB) and Its Modified 
Criteria

Hoek and Brown (1980) discarded assumptions about the 
damage mechanism of rocks and obtained the profoundly 
influential two-dimensional nonlinear Hoek–Brown strength 
criterion (HB) by fitting the data into a curve from several 
hundred sets of rock triaxial test data and a large number of 
field tests. The expression of the HB strength criterion is 
determined by Eq. (37):

where mi is a material constant for the intact rock reflecting 
the brittleness of the rock, σci is the unconfined compressive 
strength (The parameters of mi and σci can be obtained 
by fitting Eq. (37) to results of laboratory tests on intact 
samples of rocks). Since the HB strength criterion is derived 
from fitting a large amount of experimental data, it can 
accurately predict the strength of conventional triaxial of 
rocks. In addition, the HB criterion can distinguish between 
triaxial compressive and triaxial tensile stress states, and 
the envelope has a nonlinear characteristic, which is more 
applicable under high-stress conditions (Zhang et al. 2023). 
To apply it widely to practical geotechnical engineering, 
Hoek et al. introduced the geological strength parameter 
(GSI) into the original criterion to modify it, which is 
called the Generalized HB Strength Criterion (GHB) (Hoek 
and Brown 2019). The strength criterion for the GHB is 
expressed by Eq. (38):

where mb, s and a are the rock mass material constants, 
which are related to geological strength (For intact rock, 
s = 1 and a = 0.5). Their calculation formula is determined 
by Eq. (39):
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where D is the excavation disturbance factor and GSI reflects 
the structural surface characteristics of the rock mass. In a 
recent study, Hoek and Brown further refined the values of 
these parameters, discussing the range of GSI values and the 
selection criteria for D (Hoek and Brown 2019).

However, neither HB nor GHB takes into account the 
effect of intermediate principal stresses and belongs to 
the two-dimensional strength criterion. Considering the 
high accuracy of its prediction under conventional triaxial, 
some scholars have tried to construct a three-dimensional 
HB strength criterion using the HB strength criterion as 
a framework. Pan and Hudson (1988) proposed a three-
dimensional HB strength criterion called Pan-Hudson 
strength criterion (GPH). GPH can be expressed as Eq. (40):

This criterion has a similar shape to the DP criterion in 
the π-plane. Both are circular. Therefore, GPH does not 
consider the vein angle effect and is more applicable to 
weak rock bodies (Su et al. 2022). Zhang and Zhu (2007) 
proposed another form of 3D HB strength criterion based 
on the MGC and HB strength criterion, which Zhang (2008) 
later generalized as generalized Zhang-Zhu strength (GZZ). 
The expression of the strength criterion is:

The GZZ criterion can be degraded to the HB criterion in 
regular triaxial elongation and regular triaxial compression 
and to the Pan-Hudson criterion in pure shear radial surfaces 
(Zhang 2008). However, the GZZ criterion does not comply 
with the assumptions of outer convexity and continuity of 
the π-plane under triaxial conditions and is defective in 
numerical calculations. Considering this, Cai et al. (2021) 
modified it to overcome the defects of the original criterion 
in the π-plane. They successfully applied it in 3D finite 
element numerical simulation software, and the modified 
strength criterion is also called the Smooth GZZ strength 
criterion. The strength criterion is expressed by Eq. (42):
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where J3 is the third stress bias tensor invariant. The 
calculation formula is:

Similarly, Wu (2018a) also noticed this problem and 
adopted a new bias plane and corrected it to overcome 
the defect that GZZ is not fully convex in the bias plane. 
Different from Smooth GZZ, this correction preserves the 
characteristics of the original criterion in the meridional 
plane. After continuous development and refinement by 
Hoek, Brown, and other scholars, the HB criterion has 
formed a more complete system, which can better respond 
to the effects of structural surfaces and anisotropy on rock 
strength. The series of strength criterion has now become 
the most influential strength criterion in geotechnical 
engineering. Because of their high accuracy of prediction, 
the GPH criterion and the GZZ criteria have become the 
recommended strength criterion of the International Society 
for Rock Mechanics and Engineering (Su et al. 2022).

4.6  Unified Strength Theory (UST) and Its Modified 
Criteria

Yu et al. (1992) proposed the Unified Strength Theory (UST) 
based on the mechanical model and mathematical modelling 
method of a double shear unit body. The principal stresses 
for metal-like materials are expressed as Eq. (44):

where F represents the strength function of the material, 
b is the intermediate principal shear stress effect factor 
(0 ≤ b ≤ 1). After that, the rock mechanics double shear 
unified strength theory was established after considering the 
specificity of rock materials with hydrostatic pressure, and 
the strength criterion expression is as Eq. (45):

where α is the ratio of uniaxial tensile strength to UCS of 
the rock.
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According to different values of b, a series of different 
yield trajectories can be determined from hexagons and 
12 deformations. As shown in Fig. 25, when b = 0, UST 
becomes the solo-shear strength criterion; when b = 1, UST 
becomes the double-shear strength criterion and when b 
takes other values, new strength criteria are obtained (Yu 
and He 1992). After decades of development, the UST 
has been systematically improved and elaborated, and an 
original new strength criterion system has been formed 
(Xie et al. 2022). More importantly, the proposal of the 
UST provides new ideas to solve the two major problems of 
the strength criterion proposed by Voigt–Joshenko (First, 
the shear stresses on all surfaces except the maximum 
shear stresses in the faces are not considered in the damage 
analysis; secondly, the strength criterion of rocks cannot be 

unified into a single damage criterion) (Zhang et al. 2023). 
However, Li et al. (2023a) believed that the UST predicts the 
same strength at σ2 = σ3 and σ2 = σ1, which contradicts with 
the test results of some rock types and limits its application. 
Therefore, in their study, they reinterpreted the contribution 
of σ2 in the UST. By introducing a mobilization factor χ 
to characterize the weakening effect of σ2 on rock strength 
at high σ2 values and proposed the Generalized Unified 
Strength Theory (GUST). By examining true triaxial data 
from fourteen types of rocks, the GUST's high precision 
predictive capability was verified.

Considering the ability of the HB criterion to reflect the 
nonlinear characteristics of deep rock and its limitation of 
not accounting for the influence of the intermediate principal 
stress. Zan and Yu (2013) modified the HB criterion using 
the UCT and proposed the generalized nonlinear unified 
strength theory (GNUST). The expression is as Eq. (46):

where m, s and a correspond to mb, s and a in the GHB 
strength criterion, respectively. The GNUST can transform 
into different strength theories depending on the parameter 
values. When a = 0, GNUST becomes the unified strength 
criterion; when a = 0.5, it becomes the nonlinear unified 
strength theory; when a = 1.0, it transforms into the unified 
strength theory represented by the Mohr–Coulomb (MC) 
criterion; when 0 < a < 1, GNUST can produce numerous 
new strength criteria. The relationship between GNUST 
and other strength criterion is shown in Fig. 26. GNUST 
encompasses most existing nonlinear strength theories, 
elevating rock strength criteria to a new level. However, 
similar to the HB strength criterion, GNUST heavily 
relies on the experience of researchers for parameter 
selection. There are various strength criteria at present. The 
strength criteria have the same theoretical basis, but their 
mathematical forms and parameter meanings are not the 
same, and even the physical meanings of the parameters are 
not clear. The introduction of UST and GNUST addresses 
the problem. It is worth noting that other scholars have also 
improved on the single strength criterion based on the idea 
of "unification" and have attempted to encompass the current 
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Fig. 25  UST yield trajectory, after Xie et al. (2022)

Fig. 26  GNUST in relation to 
other intensity theories
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strength criterion with a unified mathematical expression. 
Zienkiewicz (1971) proposed a general formula for strength 
criteria and integrated most strength criterion into the 
framework of existing procedures. Desai et  al. (1986) 
proposed a unified strength criterion in polynomial form. 
Aubertin et al. (1999) proposed Mises–Schleicher and DP 
unified (MSDPu) criterion. Benz et al. (2008) combined the 
HB criterion with the Matsukawa-Nakagawa (MN) criterion, 
proposing a unified HB and MN (HBMN) criterion. These 
strength criteria have highly theoretical. However, Wang 
et al. (2023) argued that these unified strength criteria have 
some limitations, such as, it is difficult to characterize the 
hydrostatic pressure effect, and some of the strength criterion 
have complex expressions. To overcome these limitations, 
Wang et al. (2023) utilized the nonlinear properties of power 
functions to establish a new three-dimensional nonlinear 
unified strength criterion.

Overall, the two-dimensional strength criteria have 
achieved excellent results in assessing rock damage 
on shallow buried underground works and remains the 
preferred choice for most geotechnical projects. However, 
with the gradual increase of the mining depth, the true 
three-dimensional stress characteristics of the rock become 
increasingly obvious, and the two-dimensional strength 
criteria will make the calculation results too conservative. 
The three-dimensional strength criteria existing at present 
does not have a clear understanding of the failure surfaces 
in the three-dimensional stress space. Therefore, many true 
triaxial experiments on rocks need to be carried out in the 
future to clarify the effects of intermediate principal stress, 
hydrostatic pressure, and lode angle on the rock damage 
surface in the three-dimensional stress space. Constructing a 
three-dimensional strength criterion for rocks that conforms 
to the convexity and smoothness is necessary to detect the 
mechanism of rock fracture in deep mining more accurately.

5  Numerical Simulation

Rock fracture in deep underground space excavation 
is a complex problem requiring large-scale numerical 
calculations for fine results. Numerical calculations can 
be divided into analytical, semi-analytical and numerical 
solutions according to the ease of solution. Analytical 
and semi-analytical solutions are simpler and faster than 
numerical solutions (Su et al. 2022). The numerical solution 
is a tool for analysis and computation when dealing with 
multiple complex problems for which no analytical solution 
can be proposed, which is also called numerical simulation. 
Due to the complexity of the mechanical properties of deep 
rocks, it is challenging to study the fracture mechanism of 
rocks using the traditional analytical method. Numerical 

simulation has become one of the main approaches to this 
problem, enabling complex calculations and visualization.

5.1  Numerical Simulation Methods

At present, several scholars have reviewed numerical 
simulation methods for rock mechanics. Initially, Jing and 
Hudson (2003; 2002) reviewed the numerical simulation 
techniques and their progress in rock mechanics and 
engineering. Nikolić et al. (2016) updated the 2002 version 
of the review with the latest numerical modelling techniques. 
Bobet et al. (2009a, b) reviewed the numerical simulation 
methods of discontinuous media and their progress. 
Sun et  al. (2012) reviewed the contact relationship of 
numerical simulation in rock mechanics. Lisjak et al. (2014) 
analytically summarized the application of discrete elements 
in discontinuous rock fracture. Mohammadnejad et  al. 
(2018) summarized the research progress of computational 
fracture mechanics of rocks. Recently, Tahmasebi (2023) 
reviewed the experimental and numerical simulation 
research status of granular materials, and clarified the future 
research direction.

This Section presents a brief summary and discussion 
of numerical modelling methods and several key points 
involved in studying rock fracture mechanisms, building 
on previous work. In general, there are three most common 
numerical simulation methods in rock mechanics: (1) 
the continuous medium method, which contains finite 
difference (FDM), finite element (FEM), boundary 
element (BEM), mesh free method, and extended finite 
element method (XFEM); (2) the discontinuous medium 
method, which includes the discrete element method 
(DEM), and discrete fissure mesh method (DFN); and 
(3) the hybrid finite-discrete element method. Although 
there are numerous simulation methods, not all numerical 
techniques can correctly model rock fracture (Nikolic 
et al. 2016). The continuous methods simulate processes 
such as deformation and stress redistribution before 
damage occurs to the system. If the simulated area 
is large enough, applying the continuity method can 
respond to the mechanical behavior of the rock, even if 
there are joints and fissures within the rock. Still, it has 
some limitations in dealing with discontinuous structural 
surfaces such as faults, joints, and fissures. It is difficult 
to simulate the movement process of the material with 
an actual large displacement. The discontinuity method 
simulates the damage processes, such as crack initiation, 
extension, intersection, penetration, and the subsequent 
occurrence of large displacements in the system. The 
discontinuity method makes up for the shortcomings of 
the continuity method, but the technique cannot simulate 
the deformation and damage before the destruction of 
the rock mass. Therefore, the selection of the continuity 
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and discontinuity methods is based on the focus of the 
research problem. If only a small amount of fracture 
exists and contact between blocks is not a significant 
influence, the continuity method is a good choice. If 
the fractured rock is to have large-scale displacement, 
rotation, detachment, etc., the discontinuous method 
is a better choice. Hybrid finite discrete elements can 
avoid the shortcomings of both methods. Therefore, 
if it is necessary to study the deformation and stress 
distribution of rock before fracture, as well as the 
process of crack initiation, propagation, and eventual 
formation of block separation and movement, the hybrid 
continuous–discontinuous method is a better choice. First, 
the continuous method is used to describe the deformation 
and stress distribution of the rock; when the cracks further 
develop and lead to block separation, the discontinuous 
method is then employed to simulate the interaction and 
movement of the blocks.

Although there are numerous numerical simulation 
methods, no universal method can solve all rock mechanics 
problems. It is necessary to select the most appropriate 
method to solve the problem according to the focus of the 
problem. For the study of rock fracture, no matter which 
method is chosen, the core is to be able to accurately 
describe the emergence, expansion, and morphology of 
cracks in the rock. This requires researchers to have a 
certain knowledge and experience to focus on the core 
concepts of rock mechanics and geotechnical engineering 
to ensure that the selected methods and simulations meet 
engineering design requirements.

5.2  Fracture Technology

To realistically simulate the rock fracture process, 
the numerical simulation method needs to be able to 
simulate crack generation and expansion in any direction 
(Mohammadnejad et al. 2018). In other words, the fracture 
technique of the numerical simulation determines the 
realism of the results. Several typical fracture techniques 
will be described below.

5.2.1  Continuous Method

Among the standard continuous numerical simulation 
methods (excluding meshless techniques), FEM achieves 
rock fracture better than FDM and BEM. FEM implements 
crack expansion through adaptive mesh repartitioning. 
As shown in Fig. 27, the main steps are divided into four 
main stages (Branco et al. 2015): (1) establishing the finite 
element model, (2) calculating the strength factor at the 
tip, (3) determining the extension direction and extension 
distance using the crack extension criterion, and (4) 
re-meshing in conjunction with the morphology of the crack 
after extension. The above steps are repeated continuously, 
and the rock fracture simulation is finally realized. Although 
the adaptive meshing technique of the finite element 
method can deal with the complex three-dimensional crack 
extension problem, the crack extension is complicated in 
geotechnical engineering, and many extension sub-steps 
need to be set to obtain accurate results. This also leads 
to high computational costs and makes it difficult to meet 
the requirements for computational efficiency. In addition, 
various techniques have been used to achieve rock fracture 
within the framework of FEM, such as the internal unit 
cracking method, the embedded unit method, the elemental 
erosion method, and the XFEM. As shown in Fig. 28, the 
elemental erosion method simulates the generation of cracks 
in rocks by removing grid elements, and the element body 

Fig. 27  Adaptive meshing 
technology: a Establish the 
model, (b-c) is the calculation 
of the intensity factor, d 
determines the extension 
distance and direction, e 
re-meshing, after Branco et al. 
(2015)

Fig. 28  Element erosion method to realize rock fracture, after 
Mohammadnejad et al. (2018)
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containing the cracks is deactivated by setting the stress to 
zero to indicate its deactivation (Rabczuk 2013). Although 
simple and easy to use, this method does not simulate crack 
extension. Belytschko and Black (1999) proposed a finite 
element method with minimal mesh rescaling, also known as 
the XFEM, to enrich the finite element method with cracks. 
The extended finite element method considers the effect of 
cracks and introduces a discontinuous enhancement function 
in the finite element approximation. The extended finite 
element method retains all the advantages of the traditional 
finite element method but also has unique benefits due to its 
characteristics: for example, the crack and the computational 
mesh are independent of each other, so there is no need for 
mesh re-drawing, which saves a lot of computational costs; 
the use of special enhancement functions can easily capture 
the discontinuity in the crack surface and the singularity near 
the tip of the crack, and very accurate results can be obtained 
with a small number of meshes.

Unlike the FEM, which divides the elements in the 
continuous domain, the BEM divides the elements only on 
the boundaries of the domain of definition. It approximates 
the boundary conditions by functions of the control 
equations. Therefore, the number of BEM elements is 
less, and the pre-processing is simpler compared to FEM. 
In addition, the error of BEM only originates from the 
boundary nodes, and the computational accuracy is higher. 
The error BEM generates at the nodes is due to crack node 
overlap. For this reason, Subdomain Boundary Element 
Method (SBEM), Displacement Discontinuity Method 
(DDM), and Dual Boundary Element Method (DBEM) are 
generated to solve the problem.

Standard numerical simulations of continuity have 
achieved some success in implementing rock fracture, but 
the presence of discontinuities in the rock mass must be 
addressed. In standard continuous numerical simulation 
methods, homogenization techniques and continuous-
interface combinations are usually used to implement 

structural surfaces in the model. The first method is used 
for more discontinuous surfaces and responds to the 
deterioration effect of the rock mass by reducing its modulus 
of elasticity (Hoek and Diederichs 2006). This method does 
not accurately capture the slippage and separation of the rock 
mass due to size effects (Hammah et al. 2008). The second 
method accommodates large displacements and rotations 
with negligible contact variation between meshes. Therefore, 
both methods have certain limitations in modeling the 
structural planes of rock masses. Overall, homogenization 
techniques are suitable for studying the macroscopic 
failure of rocks containing structural planes, while the 
continuous-interface combination method can accurately 
simulate the microscopic failure of rocks with structural 
planes. Thus, in practical geotechnical engineering, these 
two methods should be used in combination. For instance, 
when simulating a large geotechnical engineering, 
homogenization techniques can be employed for most areas, 
while the continuous-interface combination method can be 
used to investigate the fracture process in critical fracture 
zones. This combined approach can ensure computational 
efficiency while enhancing the accuracy and reliability of 
the simulation results. Therefore, the continuous medium 
method can only simulate rock fracture to a certain extent.

A large part of the reason for the shortcomings of the 
continuous numerical modelling approach described 
above in modelling rock fracture is due to the mesh. In this 
reason, meshless methods have created a wave of research. 
Meshless method uses a set of scattered nodes to discretize 
the solution area. It constructs the approximation function 
with the help of the discrete points without establishing 
the connection relationship of the elements, thus avoiding 
the disadvantage of mesh redrawing. The characteristics of 
the meshless method make it widely used in rock fracture 
studies. For example, Das and Cleary (2010) used the SPH 
method to study the effect of rock shape on rock fracture. 
Deb and Pramanik (2013) used the SPH method to study the 

Fig. 29  The parallel bond 
model implemented in 
PFC: a Normal and shear 
stiffnesses between particles, b 
Constitutive behavior in shear 
and tension, after Lisjak and 
Grasselli (2014)
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fracture process of brittle rocks. Although meshless methods 
overcome the drawbacks of mesh-based numerical methods, 
the complex function construction methods for dealing 
with discontinuous surfaces make them computationally 
expensive, and the difficulty of developing suitable 
constitutive models makes them less popular than FEM.

5.2.2  Discontinuous Medium Method

The discontinuous medium method is narrowly defined 
as the DEM. The core idea of the DEM was proposed by 
Cundall (1971) and is widely used in numerical analysis 
software. The discrete element method divides the whole 
into single units and calculates the forces on each unit 
subjected to external forces. Numerical analysis software 
developed from discrete element methods have been widely 
used in geotechnical engineering, such as Particle Flow 
Code (PFC), Universal Distinct Element Code (UDEC), 
Engineering Discrete Element Method (EDEM), etc. (Cao 
et al. 2023; Cong et al. 2015). Most traditional discrete 
element software is based on particle flow, while the UDEC 
series is implemented as a mesh.

The discrete element method of particle flow is also 
known as the BPM method, represented by the PFC family of 
software. BPM divides the domain into circular and spherical 
rigid elements, which are non-uniformly distributed 
(Mohammadnejad et al. 2018). As shown in Fig. 29a and 
the PFC software, there are two contacts: contact bonding 
model (CBM) and parallel bonding model (PBM). CBM 
can be considered as two elastic springs with constant 
shear and normal stiffnesses at a given point. However, the 
parallel bond model approximates particle pair bonding 
as cement material, assuming elastic interactions between 
particles parallel to the sliding or contact bond constitutive 
model (Ao et al. 2022). Cracks initiation when the tensile, 
shear and compressive stresses in the element exceed the 
maximum tensile strength, maximum shear strength, and 
maximum compressive strength of the contact bonds, and 

cracks extend along rigid element boundaries (Lisjak and 
Grasselli 2014). For CBM, the particles can move and rotate 
freely in the normal and tangential directions. As shown 
in Fig. 29b, the shear strength decreases to a constant, and 
the tensile strength decreases to 0 when the contact bond 
breaks, but the contact stiffness still exists. CBM does not 
enable rotation between particles, and the difference between 
the two contact models is that parallel bond breaking in the 
latter immediately reduces the model's stiffness.

In UDEC, the rock model is divided into numerous blocks 
interconnected by discontinuous surface. Each block and 
discontinuous surface exhibits distinct mechanical behavior, 
and the deformation and failure of the model are determined 
jointly by the blocks and discontinuous surface. UDEC 
considers the interaction between discontinuous blocks 
and discontinuous surfaces and divides rigid blocks into 
units that can slide, slip, interact, and separate. Therefore, 
this method enables accurate simulation of the mechanical 
behavior of underground rocks (Bobet et al. 2009b). As 
shown in Fig. 30a, the blocks in UDEC are connected by 
normal and tangential springs. As shown in Fig. 30b, the 
fracture mechanisms of UDEC software are normal tension 
damage and tangential shear damage. The blocks separate 
when the tensile stress between them exceeds their tensile 
strength. Shear failure is determined using the MC criterion, 
checking in each computational iteration whether the 
shear stress exceeds the maximum shear strength. Sliding 
between the blocks occurs when the shear stress exceeds 
their maximum shear strength. Otherwise, there is a linear 
relationship between displacement and stress between the 
blocks.

The discontinuous medium method has specific 
advantages over continuous software, particularly in 
accurately simulating block motion, crack initiation, and 
extension. For instance, it can better capture the discrete 
movements and interactions of individual blocks, predict 
the initiation of cracks more accurately, and model the 
propagation of these cracks under various stress conditions. 

Fig. 30  UDEC modeling of 
fracture propagation in rock: a 
Normal and shear stiffnesses 
between blocks, b Constitutive 
behavior in shear and tension, 
after Lisjak and Grasselli (2014)
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Studies such as Karampinos et al. (2015) and Gao et al. 
(2019) have demonstrated these benefits in underground 
geotechnical engineering applications. However, its 
drawbacks are also apparent, such as parameter calibration, 
difficulty in complex modeling, and difficulty in simulating 
the behavior of rocks before the damage.

5.2.3  Hybrid Continuous–Discontinuous Method

Munjiza et  al. (1995) proposed the Combined Finite-
Discrete Element Method to overcome the drawbacks of 
the continuous and discontinuous methods. The method 

unites the principles of continuous and discontinuous 
media, allowing the creation of new discrete bodies 
when the material satisfies the fracture criterion. Hybrid 
continuous–discontinuous methods have been successfully 
used to simulate rock fracture and fragmentation to achieve 
the transition from continuous to discontinuous (An et al. 
2017; Han et al. 2020a; Ma et al. 2022). At present, most of 
the hybrid continuous–discontinuous methods are extended 
based on the original version of Combined Finite-Discrete 
Element Method, and the methods to achieve rock fracture 
are similar. Among these methods, the parallel computation 
of HFDEM based on a graphical processing unit (GPGPU) 

Fig. 31  Fracture types of rocks in HFDEM: a tensile failure, b shear failure, c mixed tensile-shear failure

Fig. 32  a Relationship between bond stress and opening displacement under tensile and shear conditions, b failure criterion of mixed fracture 
mode, after An et al. (2021)
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proposed by Liu et al (2013a) has dramatically improved 
the computational efficiency. It has been widely used, and 
this Section will briefly introduce the method of HFDEM 
to achieve the fracture. It is worth noting that the coupling 
of continuous and discontinuous methods at physical 
boundaries can also serve as a hybrid numerical simulation 
approach, such as BEM/DEM (Barros et al. 2023), FEM/
DEM (Wu et al. 2018c), and FDM/DEM (Zhang et al. 2018). 
However, unlike the Combined Finite-Discrete Element 
Method, the coupling of continuous–discontinuous methods 
cannot freely simulate the continuous and discontinuous 
behaviors of rocks and their transitions.

HFDEM classifies rock fracture into three modes 
according to the rock being under different stress conditions. 
For example, Fig. 31a shows pure-mode-I fracture when 
subjected to pure tensile stress; Fig. 31b shows pure-mode-II 
fracture when subjected to pure shear stress; and Fig. 31c 
shows mixed-mode I-II fracture when subjected to mixed 
tensile-shear stress. In HFDEM, the whole can be discretized 
into several finite elements, and adhesive forces bond 
together the finite elements. The relationship between the 
bond force and the opening distance of the elements when 
they are subjected to tensile and shear stresses is shown in 
Fig. 32a. For tensile fracture, the tensile stress determines 
the opening (o) between the elements. The opening distance 
between the elements continues to increase as the normal 
bond stress σcoh reaches the extreme tensile strength value 
(Ts). It is worth noting that the opening between the units 
cannot be reversed when the tensile strength between the 
units exceeds Ts. Subsequently, the σcoh decreases gradually 
and tensile cracking starts to occur in the rock when its 
strength decreases to zero. Finally, when the element 
opening distance reaches the ultimate opening size (ot), 
the finite element separates, and the rock undergoes tensile 
fracture. The shear fracture mechanism is much the same as 
tensile fracture. It is worth noting that the tangential bond 
stress τcoh does not decrease to zero when the element is 
subjected to a shear-slip type of damage. At this point, τcoh 
becomes pure frictional resistance, which also corresponds 
to some extent to the presence of residual strength after 
rock fracture. Whether a mixed type I-II fracture occurs is 
determined by the expression in Fig. 32b, which represents 
the maximum distance between the elements at which 
separation can occur. Mixed fracture arises in the green area, 
and the units separate in the other areas.

The hybrid continuous–discontinuous method integrates 
the advantages of both continuous method and discontinuous 
method, can simulate the behavior of rocks before and 
after damage, and can accurately simulate the initiation 
and propagation of rock cracks and the transition from 
continuous to discontinuous (An et al. 2017; Han et al. 
2020b; Mohammadnejad et al. 2020). All three classes of 
methods enable the simulation of rock fracture, but there 

are some differences in the methods used to achieve fracture. 
In addition, various methods have different advantages. 
Therefore, the selection of the method should be based 
on the focus of the study. For example, if it is dedicated to 
the study of rock fracture, the discontinuous method is a 
superior choice. However, it is also necessary to study the 
mechanical behavior of the rock prior to its destruction, the 
hybrid method is superior.

5.3  Ground Stress Equilibrium Method

Ground stress is an essential influence on the mechanics of 
deeply buried rocks. Therefore, the implementation of ground 
stress in numerical simulations must be fully considered. In 
numerical simulations, the initial stress balance is generally 
achieved by applying the ground stresses to different 
surfaces. This approach can have two major drawbacks: (1) 
three-way unequal pressure will cause the stress applied at 
the boundary of the model to be realized by interpolation, 
which is inconsistent with the actual stress applied, and 
(2) when multiple contact surfaces are involved, especially 
in the presence of nodal fissures, applying ground stresses 
by the conventional method can result in dissipation of the 
stresses during equilibrium (Tal et al. 2014). For this reason, 
Lisjak et al. (2014) proposed a new ground stress equilibrium 
technique in which the magnitude of predetermined ground 
stress is calculated at each node, and the calculated force 
is applied backward to the nodes during ground stress 
equilibrium to achieve initial ground stress equilibrium. Then, 
the node stresses are released by fixing the model boundary to 
achieve the final ground stress equilibrium.

5.4  Computational Efficiency

Currently, most numerical simulation methods require 
meshing, but meshing is not the focus of the study. 
Therefore, when simulating the generation and expansion 
of rock cracks, it is necessary to finely divide the mesh so 
that the fracture mode is independent of the mesh to give 
full play to the crack expansion technology of numerical 
simulation software to capture the fracture mechanism of 
the rock accurately (Vazaios et al. 2019). As the depth 
increases, the complexity of the model increases again. 
Complex models with mesh refinement can affect the 
computational efficiency of the software. Especially for 
quasi-static problems, the loading and unloading rates 
are small, and the dynamic energy dissipates over a 
considerable period. The combination of the above two 
factors can lead to an increase in the number of elements 
and time steps, making it possible for a simulation to 
take several weeks. This is unacceptable for numerical 
simulation, which is known for its efficiency and 
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convenience. At the same time, particle-based methods 
(BPM, SPH) also have problems with computational 
efficiency. The refinement of the model leads to an 
increase in the computation time for contact detection 
between particles, velocity and position reset of particles. 
Therefore, computational efficiency is a problem common 
to all numerical simulation software. For this reason, some 
scholars have successfully applied to hybrid finite discrete 
element and particle flow software (FDEM, CDEM, PFC, 
SPH) using parallel acceleration of graphical processing 
unit (GPGPU), which has improved the computational 
efficiency by dozens or even hundreds of times (Chen et al. 
2020; Das and Cleary 2010; Gujjala et al. 2023; Tang et al. 
2022). The computation of GPU parallel architecture takes 
the numerical simulation of rock mechanics to a new level, 
making it infinitely possible to simulate deep and complex 
scenarios such as large-scale and multi-coupling. Of 
course, it is also possible to simplify the model to improve 
computational efficiency, but this is not a wise choice for 
the study of rock fracturing in deep mining.

5.5  Mechanical Parameter

When studying the numerical simulation of rock fracture, 
the mechanical behavior of the model depends mainly on 
the microscopic parameters of the contact between the 
rock bodies (Han et  al. 2020a). However, conventional 
rock mechanics experiments can only obtain conventional 
mechanical parameters (e.g., modulus of elasticity, Poisson's 
ratio, etc.). Microscopic mechanical parameters (bond 
modulus, bond stiffness, etc.) require back analysis for 
acquisition. Back analysis is the process of determining 
a set of input conditions that lead to outputs consistent 
with observed phenomena. In numerical simulation of 
geotechnical engineering, back analysis is always used to 
determining the input parameters. In numerical simulations 
of geotechnical engineering, back analysis is often used 
to determine input parameters inaccessible to direct 
measurement, a process commonly recognized as model 
calibration. However, at present, limited and non-unique 
data make it challenging to develop a universally usable 
framework for numerical back analysis of rock mechanics, 
resulting in the manual trial-and-error method remaining the 
dominant approach (Walton and Sinha 2022). Considering 
the limitations of back analysis on rock mechanical 
parameters, Cai et al. (2022a) proposed a real-time and 
fast forward analysis method for deep excavation. The rock 
strength parameters were obtained using digital in-situ 
inspection of the palm face information. The method requires 
a rigorous investigation of the geological and environmental 
formations. In addition, there are deterministic and uncertain 
relationships between parameters of deep rock mechanics. 
Uncertainty relationship refers to the change in parameters 

caused by the disturbance of the rock, which in turn 
leads to changes in the associated parameters. However, 
most numerical simulations are analyzed and calculated 
deterministically, ignoring parameter changes (Tiwari et al. 
2018). Although the correlations between rock parameters 
are widely recognized, research on this topic remains 
limited. Cao et al. (2017) argue that the use of probabilistic 
methods can adequately take into account the correlation 
between rock parameters. To this end, Zheng et al. (2021) 
proposed a multivariate distribution combined with a 
relevance vector machine (RVM) method, which considers 
the variability of all input parameters and can identify 
uncertainties and correlations between rock parameters. 
Therefore, the relationship between mechanical parameters 
should be fully considered in numerical simulations in the 
future, and a multivariate distribution model should be 
established to describe the multi-dependent characteristics 
of different parameters.

6  Field Measurement

Field measurements provide critical data for understanding 
geological conditions and predicting potential risks. In 
the context of researching rock fracture in deep mining, 
determining ground stress and field monitoring play 
significant roles. Field monitoring can obtain information 
on rock fracturing at different scales, providing data and 
validation for numerical simulations and laboratory 
experiments. The accuracy of ground stress values is the 
first step in correctly analyzing rock fracture process. 
Therefore, this Section will review field monitoring method 
and determination of ground stress.

6.1  Field Monitoring

At present, most field monitoring can only qualitatively 
study rock fracture mechanisms. The techniques currently 
used for monitoring rock fracture in the field encompass 
both the macroscopic and microscopic scales. Macro-
monitoring is aimed at deformation and stresses in the rock 
and is generally achieved by means of stress gauges and 
strain gauges (Sun et al. 2018a). More importantly, this type 
of method only addresses the local deformation of the rock 
and does not allow for comprehensive monitoring of the 
rock and rock mass. With the development of digital image 
technology, non-contact deformation monitoring methods 
(DIC) are also used to study the deformation and fracture 
of rocks. The basic principle of DIC is to match the digital 
scattering images of different states of the object surface 
with geometric points and track the movement of the points 
to obtain the deformation information of the object surface 
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(Hou et al. 2021). The DIC technique is highly accurate and 
is widely used to study rock deformation and fracture. For 
example, Zhao et al. (2015) quantified the initiation law 
of rock specimens using DIC technique from the global 
strain field. Su et al. (2018) investigated the fracture law of 
marble using DIC. During field monitoring, the successful 
installation and consistent operation of monitoring 
instruments is not always guaranteed, due to the complex 
geological conditions in deep underground (Wu et  al. 
2018b). Especially when extremely severe deformation of 
the rock mass extrusion is encountered, which often leads to 
severe damage to the instrument. Therefore, DIC technique 
have high requirements for the on-site environment in field 
monitoring. Fiber-optic sensing technology, which is not 
site-specific, has been applied to underground excavation 
deformation monitoring and is an efficient and convenient 
method for monitoring rock deformation at the macro-scale 
(Ren et al. 2023, 2021; Song et al. 2021).

For microscopic monitoring there are microseismic 
monitoring techniques (MS), acoustic emission (AE), 
scanning electron microscopy (SEM) etc. (Li et al. 2017a; 
Wu et al. 2017; Xiao et al. 2019). In comparison, MS is 
suitable for field monitoring and the remaining techniques 
are more suitable for laboratory tests. MS technique is a 
micro-scale 3D monitoring method, which fills the gap in 
obtaining microscopic fracture information of rocks that 
cannot be acquired through field monitoring (Li et al. 2020a). 
It is worth noting that AE and MS theories are similar both 
are based on seismology. MS techniques can be considered 
as AE techniques in a broad sense. The AE technique is 
suitable for source-reception distances of a few meters or 
less, and specimens can be as small as millimeters (Liu et al. 
2020). Although the principles of AE and MS are similar, 
their application scenarios differ. MS is primarily used to 

monitor the stress state and fractures of underground rocks, 
while AE is commonly used to monitor the propagation of 
microcracks within laboratory-scale materials. And, due 
to the complexity of field test conditions, it is difficult to 
synchronize the information on the fracture process and AE 
signals (Zhu et al. 2020).

Under the influence of external disturbances, the rock 
mass generates microfractures internally and releases strain 
energy in the form of elastic waves, known as microseismic 
in MS. MS first collects the microseismic fluctuation signals 
emitted during the fracture of the rock mass. Then, using 
waveform analysis to obtain information on the time and 
location of the source event (microseismic event) of the rock 
mass fracture, as well as the intensity of the source of the 
earthquake. By accurately locating microseismic events, it 
is possible to determine the site of development of a rock 
fracture surface or the geometry of the fracture surface 
(Cai et al. 2001). As shown in Fig. 33, the microseismic 
signal is transmitted through the microseismic sensor. In 
underground cavern excavation, sensors generally form a 
spatial array along the axis of the cavern and the excavation 
elevation, which can effectively capture the fracture signals 
of the rock during the excavation process. The localization 
of seismic sources is a complex task, and the accuracy of the 
localization will directly affect the accuracy of the analysis. 
Field monitoring is mainly based on the theory of arrival-
time difference (arrival time) to achieve seismic source 
localization.

The theory of arrival time source localization refers to 
establishing a function between the arrival time difference 
and wave velocity of the waves generated during rock 
fracture and the spatial coordinates of the sensors, which is 
then solved to obtain the location of the seismic source and 
the moment of seismicity. Methods based on the arrival time 

Fig. 33  MS sensor layout diagram of an underground cavern: a three-dimensional layout diagram, b front view diagram, after Zhao et  al. 
(2022b)
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theory include the Inglada method, Geiger iteration method, 
double residual localization method, simplex algorithm, 
and so on. These methods are susceptible to extraction 
accuracy and wave velocity modelling, and have poor 
positioning accuracy (Cheng et al. 2018). After entering 
the twenty-first century, some scholars have improved it, 
such as Lin et al. (2010) who used the linear positioning 
method combined with the Geiger iteration method to 
locate the seismic source. Dong et al. (2011) proposed a 
method of seismic source localization that does not need 
to measure the velocity in advance, which better solves the 
impact of the traditional method on the localization accuracy 
due to the velocity error. Bisrat et al. (2012) based on the 
particle swarm model to determine the wave velocity and 
the moment of seismicity, and solved the seismic source 
location using the seismic source hierarchical localization 
method. Li et al. (2014) used the statistics of paradoxical 
numbers to locate the source based on simplex algorithms, 
which improves the accuracy. In addition, the accuracy of 
the data can be improved by coordinating between automatic 
pickup, wave velocity modelling and positioning methods, 
and by installing microseismic sensors at specific locations 
(Cheng et al. 2018).

6.2  Determination of Ground Stress

Ground stress is the internal stress within a rock mass. Due 
to the presence of ground stress, the interior of the rock 
mass is in a constant state of deformation and movement. 
Accurately determining ground stress is the key point 
in using numerical simulations and laboratory tests to 
analyzing rock's fracture and stability in geotechnical 
engineering (Cai and Peng 2011; Zhao et al. 2012). The 
main methods of determining ground stress are field direct 
measurements and inverse reconstruction. Field direct 
measurement of ground stress is the most straightforward 
approach to obtaining an accurate stress field in a specific 
area (Liu et al. 2013b). At present, the main field direct 
measurement methods are as follows: strain relief, acoustic 
emission, borehole cores, and hydraulic fracturing 
tests (Qian et al. 2021). However, the measurement has 
limitations, including high costs, discreteness of results, and 
lack of representativeness (Kang et al. 2010). The results 
obtained from the measurement point can only reflect the 

local stress distribution at that point. Therefore, researchers 
have engaged in extensive practical exploration and found 
various methods for obtaining ground stress. At present, 
methods for ground stress include: (1) Heim's hypothesis, 
(2) lateral pressure method, (3) regression analysis method, 
(4) boundary load adjustment method, and (5) artificial 
intelligence combining the above methods, such as genetic 
algorithms, neural networks and machine Learning (Yao 
et al. 2021).

Haimson proposed the "hydrostatic pressure" hypothesis 
in 1987. According to Haimson's hypothesis, ground stress 
stored in rock masses approximates a state of hydrostatic 
pressure. This means that ground stress in any direction 
within the rock mass equals the overburden stress i.e. σ = γH 
(σ is the stress in any direction, γ is gravity of the rock, H is 
buried depth). However, in reality, the lateral stress does not 
adhere to Haimson's hypothesis. Lateral pressure method is 
used to obtain the magnitude of ground stress by calculating 
the depth of burial, gravity, and lateral pressure coefficient, 
and the formula is as Eq. (47):

where σv is the vertical stress, σH is the maximum horizontal 
principal stress, K is the lateral pressure coefficient. The 
obtained principal stresses calculated using this formula do 
not consider the real stress environment (Jia et al. 2020). 
In order to be able to accurately calculate the ground 
stress, some scholars have given calculation formulas 
based on local ground stress measured data. For vertical 
stress,  Brown and Hoek (1978) summarized the worldwide 
patterns of vertical stress variation with depth. Studies 
suggest that vertical stress is essentially equal to the weight 
of overlying rock layers. Although there may be some error 
under tectonic movement, this conclusion has been widely 
accepted by scholars and extensively applied in geotechnical 
engineering. For horizontal stresses, a linear regression can 
be fitted to the measured data (Haimson 1978; Jing et al. 
2008; Stephansson et al. 1986). Therefore, the ground stress 
formula can be represented by a linear equation related to 
depth:

(47)
�v = �H,

�H = K�H,

Table 4  The values of A, B, C 
and D are given in some regions 
Note: In USA, H is measured 
in km

Number Country or rock types A B C D Reference

1 Fennoscandia 6.700 0.800 0.0444 0.0329 (Stephansson et al. 1986)
2 USA 70.000 20.000 0.1600 0.2400 (Haimson 1978)
3 China Igneous rock 5.8950 0.2325 0.0318 0.0198 (Jing et al. 2008)

sedimentary rock 4.9125 1.5673 0.0240 0.0183
metamorphic rock 4.0567 1.6589 0.0264 0.0194
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where σH
max is the maximum horizontal principal stress, 

σH
min is the minimum horizontal principal stress, A and C 

are the magnitude of horizontal stress at the surface, B and 
D are the gradient of horizontal principal stress change. As 
shown in Table 4, the values of A, B, C and D are given in 
some countries. It is noteworthy that this method is primarily 
suitable for regions characterized by weak geological 
structures and relatively f lat geological formations 
(Long et al. 2020). According to the fitting formula, the 
ground stress field in deeper underground spaces can be 
approximated. However, the approximate ground stress 
field may not meet researcher' requirements for accurately 
determining stress values. Zhang et al. (2005) proposed an 
improved algorithm for calculating ground stress regression. 
Based on the determination of Eq. (48), this method employs 
distance interpolation for each Gauss point in the stress field 
to obtain its stress component. Consequently, an auxiliary 
stress field is formulated, which participates in multivariate 
linear regression, ultimately yielding the ground stress field 
for the entire computational domain. In addition, based on 
ground stress measured data, regression analysis can be 
combined with numerical simulation methods to accurately 
invert ground stress. This method first assumes the type 
and form of boundary loads, then establishes a multivariate 
regression equation between stress at measurement points 
and boundary loadings (Pu et al. 2021). Then, the obtained 
boundary loads are embedded into the finite element model 
to calculate the coefficients of the regression equation. 
The obtained boundary loadings would be embedded in 
the numerical simulation to calculate the coefficients of 
the regression equation. The actual ground stress field 
is a linear combination of these regression coefficients 
multiplied by the corresponding stress field. It is worth 
noting that ground stress multivariate linear regression 
analysis in engineering is mainly divided into stress 
regression analysis and displacement inversion analysis. 
However, displacements of surrounding rocks occur after 
engineering activities, hence stress regression analysis 
is preferred. The multivariate linear regression inversion 
method is convenient and efficient. However, as depth 
increases, ground stress often exhibits nonlinear variations. 
This method cannot address the problem of nonlinear 
relationships between ground stress and burial depth. To 
overcome this limitation, many researchers have attempted 
to utilize artificial neural networks and genetic algorithms 
for ground stress inversion. Li et al. (2020b) employed neural 
networks to establish the relationship between measured 
ground stress data and numerical calculations in the Luodu 
region of China. By comparing with measured data, the 

(48)
�v = �H,

�max

H
= A + BH

�min

H
= C + DH,

,

combined approach of numerical analysis and neural 
network inversion was reliable. Yao et al. (2021) proposed 
a local stress field correction (LSFC) method to address 
the problem of discrete and nonlinear in measured stresses. 
The method of LSFC combines genetic algorithms and BP 
neural networks. By comparing with the inversion results of 
multivariate regression analysis, the effectiveness of LSFC 
was validated. Zhang et al. (2016) proposed a secondary 
inversion method capable of reflecting complex geological 
conditions, known as the stepwise regression-differential 
evolution-support vector Machine (SR-DE-SVM) secondary 
nonlinear inversion algorithm. This model can analyze 
the primary causes of initial ground stress formation and 
more accurately calculate the distribution patterns of the 
three-dimensional ground stress field. Nonlinear inversion 
methods such as neural networks and genetic algorithms 
offer advantages over traditional ground stress calculation 
methods, particularly under complex geological conditions. 
These methods have greater development prospects, 
especially for studying the distribution characteristics of 
initial ground stress fields in deep mining.

It is worth noting that the rationality of boundary 
condition settings is crucial to ensure the reliability of results 
during inversion (Li et al. 2009). In many studies, lateral 
boundary stresses are often simplified as constant values 
or represented through lateral pressure coefficients (Meng 
and He 2020). However, the relationship between lateral 
boundary stresses and depth is more complex. Therefore, 
setting reasonable boundary conditions is paramount.
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7  Prospect

High ground stress is the first problem that needs to be 
addressed in deep mining. Therefore, we provide a review 
of research methods for deep rock fracture under high 
ground stress disturbances in this paper. Researchers 
have conducted in-depth studies through laboratory 
experiments, theoretical analysis, numerical simulations, 
and field measurements, achieving significant results. 
However, the factors affecting rock fracture in deep mining 
extend beyond high stress. As shown in Fig. 34, deep 
rock is subjected to a "three highs and one disturbance" 
environment (high stress, high temperature, high osmotic 
pressure and dynamic disturbance) (He et al. 2005). In this 
environment, deep rock masses will exhibit more intense 
mechanical reactions and complex fracture mechanisms, 
leading to frequent occurrences of deep engineering 
disasters, and the mechanisms involved remain unclear, 
making prediction and effective control difficult.

Therefore, researchers have attempted to analyze multi-
field coupling law from the perspective of multi-field 
coupling models, which is beneficial for understanding the 
mechanical responses and fracturing mechanisms of rocks, 
thereby reducing accidents and improving mining efficiency. 
Cao et al. (2020) suggested that crack instability under deep 
mining unloading results from gas desorption driving crack 
formation and expansion, and constructed models for gas 
pressure rise, crack formation and expansion, and instability 
criterion. Liu et al. (2023b) investigated crack instability 
in deep coal seams induced by the coupling of mining 
unloading and gas driving, as well as the transformation of 
failure modes. They established control equations for the 
evolution of tensile stress and gas pressure within coal-
rock cracks during the unloading process and revealed the 
dynamic evolution patterns of tensile stress and gas pressure, 
along with their primary controlling factors. Fianu et al. 
(2020) developed an electromagnetic-thermal coupling 
model to describe the enhancement of shale gas production 
through microwave heating. The study suggests that thermal 
stimulation improves the rate of gas adsorption in the 
matrix and increases the diffusion rate of reservoir matrix, 
potentially boosting production by 25% within a year. Liu 
et  al. (2023a) established an electromagnetic–thermal 
fluid–solid coupling model to conduct numerical simulations 
of the microwave heating process for shale gas. Their 
study suggests that the microwave power increased from 
20 to 100 W, and the gas production-increasing efficiency 
increased from 24.6% to 156.0%. These studies have laid a 
solid foundation for the multi-field coupling theory in deep 
mining. However, the fracture mechanism and damage 
evolution law of rocks under the coupling of stress field, 
seepage field, temperature field and dynamic perturbation in 

deep mining still need further research and breakthroughs. 
Future research should consider the influence of these factors 
to comprehensively understand the fracture mechanisms in 
deep mining, thereby enhancing the safety and efficiency of 
deep mining operations. The research methods reviewed in 
this paper can also provide some references for the selection 
of research methods in future deep mining studies.

8  Summary

In the past few decades, a large number of scholars from the 
experimental, theoretical, and computational perspectives 
to study the fracture mechanism of the deep rock mass 
have achieved fruitful results, laying a solid foundation for 
deep rock mechanics has dramatically promoted the human 
exploration of the underground space. In this paper, the key 
issues involving deep rock mechanics are summarized and 
discussed based on an extensive collection of literature. In 
addition, the research methods of rock fracture mechanisms 
for deep underground space development are reviewed. At 
present, there are four methods used to study the problem: 
laboratory tests, theoretical analysis, numerical simulation 
and field measurements. Some of the summaries are as 
follows.

(1) The lack of consensus on the boundaries of deep 
mining in different countries has hindered the development 
and communication of deep rock mechanics, but it has 
become an indisputable fact that deep means high ground 
stress. The unification of the concept of "deep" is an urgent 
task in the study of deep rock mechanics. Deep mining 
cannot be simplified and treated as a plane strain model, 
which would lead to conservative analyses. In addition, 
the deep rock body is affected by "three highs and one 
disturbance"; its physical and mechanical properties are 
very different from the shallow part, and the traditional 
rock mechanics theory and method no longer apply to deep 
mining. It is urgent to build a theory of deep rock mechanics.

(2) The rapid development of dynamic and static true 
triaxial apparatus has provided key technology to solve the 
problem of measuring various physical and mechanical 
properties exhibited by rocks under deep burial conditions 
and has promoted the development of deep rock mechanics. 
The testing machine and rock shape should be improved to 
overcome eccentric loading and end effects when performing 
true triaxial tests. In addition, flaws, initial damage, and 
stress paths in the rock should be considered in mechanical 
and similar experiments on rocks. In view of the fact that the 
mechanical properties of the rock mass are like a "black box" 
and the fracture mechanism cannot be derived directly from 
experiments, the identification of crack initiation stress and 
a series of characterization methods have been established. 
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Experimental materials can be improved in the future, e.g. 
by focusing on the production of "transparent rock bodies".

(3) MC, DP, LD, MGC, HB, UST and their associated 
modified strength criteria are analyzed in comparison. 
Most strength criteria make several assumptions that 
make their accuracy vary considerably under different 
conditions and in different rock types. Among the many 
strength criteria, the HB series of strength criteria are more 
suitable for deep underground works because it considers 
the geological structure, intermediate principal stress, lode 
angle, and excavation disturbance. The three-dimensional 
strength criteria existing at present does not have a 
clear understanding of the failure surfaces in the three-
dimensional stress space. In the future, many true triaxial 
experiments on rocks need to be carried out to clarify the 
effects of intermediate principal stress, hydrostatic pressure, 
and lode angle on the rock damage surface in the three-
dimensional stress space. Constructing a three-dimensional 
strength criterion for rocks that conforms to the convexity 
and smoothness is necessary to detect the mechanism of rock 
fracture in deep mining more accurately.

(4) There are many numerical simulation methods, and 
not all are good at simulating rock fractures. The methods 
need to be selected according to the focus of the study. 
More importantly, the real mechanical properties of the 
rock body should be represented as much as possible based 
on the existing data. Numerical simulations are performed 
with a refined mesh to maximize the fracture technique of 
the numerical simulation method to capture the fracture 
mechanism of the rock. In addition, the ground stress 
equilibrium method is directly related to the accuracy of the 
calculation results, and the traditional equilibrium method 
should be eliminated. Finally, for the numerical simulation 
to significantly contribute to the study of deep rock fracture 
mechanisms, more in-depth research should be carried out 
in dealing with rock anisotropy and nonlinearity, improving 
the computational efficiency and optimizing the acquisition 
of parameters.

(5) There are numerous monitoring techniques, but 
most are limited in their application due to site constraints. 
Through comparative analysis, fiber-optic technology and 
microseismic monitoring are superior methods to study 
rock fracture from both macro and fine-scale perspectives. 
The microseismic monitoring technique still has the 
disadvantages of low data transmission and prediction 
accuracy for fractured rocks, which can be improved to time 
theory or new positioning methods.

Among the four methods mentioned above, none of them 
has an absolute advantage over the others, and none of them 
can completely elaborate the fracture mechanism of the 
deep rock mass. Researchers should give full play to the 
characteristics and advantages of each method, link them 
closely, and establish a link between microscopic damage 

and macroscopic fracture to jointly elaborate the essence of 
the damage mechanism of the deep rock mass.
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