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Abstract

The deep surrounding rock is in a three-directional stress state before mining. The process of roadway excavation is the
process of confining pressure unloading due to the engineering needs. Therefore, the confining pressure effect plays an indis-
pensable and important role in deep engineering. Based on the above engineering background, the current research status
and development trend on the confining pressure effect are introduced. Besides, combined with the results of rock mechanics
tests, the basic mechanical parameters, strength and deformation evolution law, energy evolution law, damage evolution law,
and failure characteristics of coal and rock under different confining pressures are revealed. Meanwhile, four new insights
are proposed: (1) It is urgent to establish the detailed evaluation index system to quantitatively and qualitatively characterize
the brittleness and ductility of rock under the confining pressure effect; (2) It is necessary to strengthen the research on the
time-dependent deformation mechanism and the construction of time-dependent strength evolution model of coal and rock,
so that the localization of time effect is gradually transferred from rheological mechanics to other mechanical fields; (3) It
is valuable to strengthen the research on the mechanical properties of coal and rock under the confining pressure effect from
the microscopic perspective; (4) It is meaningful to strengthen the creep mechanical experimental research on coal and rock
with the new stress path of “three stages” loading, which includes initial high in-situ stress state reduction, constant axial
pressure with unloading confining pressure, and constant confining pressure with loading axial pressure corresponding to
three stages of the stress variation characteristics of the surrounding rock around the roadway of deep mines: before excava-
tion, being excavated, and after excavation.

Keywords Confining pressure effect - Evaluation index system - Time-dependent deformation mechanism - Microscopic
perspective - “Three stages” loading - Rock mechanics

Introduction

A comprehensive and accurate understanding of the mechan-
ical properties of coal and rock under the confining pres-
sure effect can provide certain theoretical basis and practical
value for controlling the stability of underground engineer-
ing (including the long-term stability of whole-coal seam,
half-coal seam, and whole-rock seam roadway surrounding
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rock) (Chen et al. 2021a; Tang et al. 2019; Vazaios et al.
2019; Xiao et al. 2018; Yao et al. 2016; Yao et al. 2020).
Currently, a great of research on the mechanical properties
of coal and rock with the confining pressure effect has been
done, and the domestic and foreign scholars have achieved
relatively abundant research achievements mainly from load-
ing methods (true or conventional triaxial static loading, and
true or conventional triaxial dynamic loading, and true or
conventional triaxial dynamic and static coupling loading),
the loading stress paths (conventional triaxial loading, tri-
axial hierarchical loading, triaxial cyclic loading and unload-
ing, etc.), even the research perspectives (macroscopic,
mesoscopic, microscopic), and other aspects. However,
there are still few studies and reports on the effect of confin-
ing pressure on the mechanical properties of coal and rock.
Therefore, it is necessary to strengthen and comprehensively
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review the confining pressure effect on the mechanical prop-
erties of coal and rock.

Additionally, both coal and rock have the attributes of
“heterogeneity, discontinuity, and anisotropy,” which to a
great extent determine their strength bearing capacity, defor-
mation capacity, energy storage and consumption capacity,
and even crack initiation and propagation capacity. Besides,
in terms of the construction and mining process of coal
mine, the underground space of coal mine will be affected
by different degree of in-situ stress, especially the roadway
surrounding rock of coal mine is under long-term high in-
situ stress condition (including the confining pressure effect,
water-rock effect, temperature effect, and the external strong
disturbance). Among them, especially the mining depth
transferring into 800 m, there is more significant effect of
high in-situ stress. And it is easy to cause the mechanical
behavior characteristics of “large deformation, high energy
level, strong time-dependent, difficult maintenance, and non-
linearity” (Chen et al. 2021b; Zhang et al. 2021a; Zhou et al.
2005; Zhu et al. 2014), which will significantly affect the
roadway stability of coal mines and the mining efficiency
of coal resources. The mining coefficient, mining technol-
ogy, and lithologic environment of metal mines are relatively
smaller and simpler compared with coal mines. However,
the construction and operation of metal mines still cannot
get rid of the long-term effects of in-situ stress (including
the confining pressure effect and the external strong distur-
bance). Especially the mining depth transferring into 1500
m, there is more significant effect of high in-situ stress,
which mainly showing a series of strong dynamic disasters
such as “rock burst”. Therefore, from the perspective of coal
or rock’s property characteristics or field disaster prevention
and stability control, it is necessary to strengthen the com-
prehensive study on the fundamental theory of “the effect
of confining pressure on the mechanical properties of coal
and rock.” A series of fundamental theories apply to the field
practice are summarized systematically, such as strength cri-
terion, brittle-ductility transformation, damage evolution,
energy competition evolution mechanism, and crack initia-
tion and propagation mechanism (Chen et al. 2019a; Chen
et al. 2019b; Chen et al. 2021c; Galindo et al. 2017; Liu et al.
2018; Wang et al. 2017; Wang et al. 2021a; Xi et al. 2018;
Zhang et al. 2013; Zhang et al. 2018a).

Method and material

Methods

The literature review method, theoretical derivation, compre-
hensive evaluation method, and other methods are adopted
to review the effect of confining pressure on mechanical
properties in coal and rock.
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Materials

All the materials mentioned in this article are referred to
Fu et al. (2016), Feng et al. (2019), Hashiba et al. (2006),
Hamza and Stace (2018), Hao et al. (2020), Li et al. (2019),
Miao et al. (2021), Walton et al. (2015), Wang et al. (2021a),
Yao et al. (2016), Zhou et al. (2014), Zheng (2019), Zhang
and Song (2020), Zhang et al. (2020), Zhang et al. (2018b),
and Zhang et al. (2021b), and they contained different types
of coal and rock.

Evolution characteristics of basic mechanical
parameters

The acquisition of the basic parameters of coal and rock
and the exploration of their evolution law is an important
research direction in rock mechanics, including the evolution
characteristics of the basic mechanical parameters of coal
and rock under the confining pressure effect.

Stress-strain curve types and zonal rupture

As shown in Fig. 1, in general, there are two types of typical
stress-strain curves, namely “I type” and “II type” stress-
strain curves (Song and Zhang 2021; Zhang et al. 2019).
Among them, Wawersik and Fairhurst (1970) divided the
stress-stress curve into “I type” and “II type” stress-strain
curve according to the post-peak stress-strain characteris-
tics of the brittle rock to establish the brittle-ductility trans-
formation model; Ge et al. (1992) has corrected the type
classification of post-peak stress-strain curve of brittle rock,
and the type of peak stress—strain curve of coal and rock is
divided into “obvious brittle failure” type and “not obvious
brittle failure” type, and established the new brittle-ductility
transformation model.

However, as shown in Fig. 1, no matter the “I type” or
the “II type” stress-strain curve, each stage of the stress-
strain curve (I—initial compaction stage (OA), II—linear
elastic deformation stage (AB), III—plastic deformation
stage (BC), IV—post-peak strain softening stage (CD), and
V—residual strength stage (DE)) corresponds to the fracture
zoning state of surrounding rock in deep roadway: e-initial
damage zone, d-elastic zone, c-plastic zone and loosen-
ing zone (including b-strain softening zone and a-residual
strength zone). The surrounding rock of deep roadway is in
the complex environment, and the characteristics of high
stress and strong time-dependent are obvious. The confining
pressure effect also significantly affects the stability of sur-
rounding rock of deep roadway. Therefore, further research
on the stress-strain curve types of deep coal and rock and
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Fig. 1 Sketch map of stress-
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its relationship with the zonal fracture of deep roadway can
provide some fundamental theoretical basis for the stability
control of the surrounding rock around the roadway of deep
mines.

Additionally, can it get some new ideas of laboratory
mechanical test be extended from the above “I type” or “II
type” stress-strain curve corresponding to the zonal fracture
characteristics of the surrounding rock around the roadway
of deep mines? Such as the new methods and new ideas with
conducting the initial high in-situ stress state reduction of
the triaxial mechanics experiment according to the stress
distribution characteristics and the external deformation
law of the surrounding rock around the roadway of deep
mines in the pre-excavation, excavation and post-excavation
states (Zhang and Song 2020; Zhang et al. 2020; Zhang et al.
2021b), which can make the conclusion and parameters
obtained of indoor mechanics test more accurate and appli-
cable, to better serve the deep engineering.

Elastic modulus (E) and Poisson’s ratio ()

A large number of studies have shown that the basic mechan-
ical parameters of coal and rock are obtained by calculat-
ing the stress-strain curve characteristics of either “I type”
or “II type” stress-strain curve: Elastic (strain hardening,
drop, volume, deformation) modulus, Poisson’s ratio, and
the confining pressure effect have significant influence on
them (Hao et al. 2020; Huang and Liu 2013; Jiang et al.
2019; Liang et al. 2010; Rybacki et al. 2015; Rybacki et al.

2016; Tang et al. 2019; Wang et al. 2021a; Xie et al. 2021a;
Xie et al. 2021b; Xu and Yang 2016; Xue et al. 2014; Yang
etal. 2011; Zhang et al. 2007; Zhu et al. 2019).

In general, the evolution law between the elastic modulus
and Poisson’s ratio with the confining pressure of coal and
rock is shown as follows: with the increases of the confining
pressure, the elastic modulus and Poisson’s ratio basically
show the trends of increase, decrease, respectively, but their
evolution characteristics are both nonlinear (see Fig. 2).
However, if there is a significant bedding effect in the coal
and rock, its elastic modulus first increases, then decreases,
and finally increases with the increases of the confining
pressure (Hao et al. 2020). Besides, the temperature effect
(see Fig. 2), pre-set crack effect, the effect of stress path,
cycle effect, depth effect, the rate effect, lithologic effect,
size effect, etc. will also significantly affect the evolution
characteristics of the elastic modulus (strain hardening, drop,
volume, deformation) and Poisson’s ratio with the confining
pressure.

Additionally, from a large number of research achieve-
ments (Hao et al. 2020; Huang and Liu 2013; Jiang et al.
2019; Liang et al. 2010; Rybacki et al. 2015; Rybacki et al.
2016; Tang et al. 2019; Wang et al. 2021a; Xie et al. 2021a;
Xie et al. 2021b; Xu and Yang 2016; Xue et al. 2014; Yang
et al. 2011; Zhang et al. 2007; Zhu et al. 2019), it can be
found that the confining pressure effect has the significant
influence on the elastic modulus and Poisson’s ratio of coal
and rock, but all have obvious upper and lower limits in the
evolution law, and it is not infinitely nonlinear. Meanwhile,
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the fluctuated range of elastic modulus and Poisson’s ratio
are both small. Can it explain the essence of the confining
pressure effect is that it cannot change the inherent proper-
ties of coal and rock (including the internal components)?
Such as the different effect mechanism of the confining pres-
sure effect and the water-rock effect, the confining pressure
effect is only to limited change the deformation and bearing
capacity of coal and rock by an outside force, but the water-
rock effect is to change the deformation and bearing capacity
of coal or rock by changing their inherent properties, and the
effect can be unlimited. They are just the author’s personal
opinions, and relevant evidence needs to be further studied
and verified.

Cohesion (C) and internal friction angle (¢)

It is generally appreciated that the main purpose of the con-
ventional triaxial mechanical tests is to obtain the Cohe-
sion and the internal friction angle of coal and rock, which
is the significance of the conventional triaxial mechanical
tests and can also provide the important basic mechanical
parameters for the inversion verification of the correspond-
ing mechanical tests in terms of the numerical simulation.
It also indirectly indicates that the confining pressure effect
has a significant contribution to the mechanical properties
of coal and rock.

Additionally, when the domestic and foreign scholars
conducted the laboratory triaxial tests on the confining
pressure effect, most of them would conduct the tests cou-
pled with other experimental conditions, which can better
obtain the evolution law of Cohesion and internal friction
angle of coal and rock. Relevant studies showed that the
bedding effect and depth effect both can significantly affect
the evolution law of Cohesion and internal friction angle
of coal and rock (Hao et al. 2020; Zheng 2019). Besides,
relevant studies have shown that the size effect and tem-
perature effect can both significantly weaken the strength
properties of coal and rock (Yang et al. 2020; Zhu et al.
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2019). Therefore, would the Cohesion and internal friction
angle, which is closely related to strength properties, and
be significantly affected by the size effect and tempera-
ture effect? Currently, there are few reports by domestic
and foreign scholars on the answer to this problem, which
needs further research and verification.

Summary of evolution characteristics of basic
mechanical parameters

A new laboratory test method of “three-stage” loading
stress path is proposed (Zhang and Song 2020; Zhang
et al. 2020; Zhang et al. 2021b) according to the zonal
rupture of the surrounding rock around the roadway of
deep mines. Besides, the confining pressure effect has
a significant influence on evolution characteristics of
basic parameters of coal and rock, but its influence has
upper limit. However, whether the water-rock effect,
temperature effect, and size effect have upper limit influ-
ence on the evolution characteristics of basic mechanical
parameters of coal and rock remains to be studied and
verified.

Strength properties

Based on the evolution characteristics of basic mechanical
parameters of coal and rock under the confining pressure
effect obtained, the strength properties of coal and rock
is also a key scientific issue that needs to be strength-
ened. The strength properties of coal and rock are closely
related to its own bearing capacity and deformation char-
acteristics. And they included the stress drop and brittle-
ductile transformation characteristics, time dependence of
strength and strength failure criterion of coal and rock
under the confining pressure effect.
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Stress drop and brittle-ductile transformation
characteristics

Additionally, when most domestic and foreign scholars study
the influence of confining pressure effect on the strength
characteristics of coal and rock, it is easy to find the stress
drop phenomenon and brittle-ductility transformation char-
acteristics during the deformation process of coal and rock
under the confining pressure effect. Therefore, the focus and
attention of domestic and foreign scholars on the phenom-
enon of stress drop and the brittle-ductility transformation
of rock are enhanced to further study the influence of con-
fining pressure effect on the strength characteristics of coal
and rock.

Stress drop originated from a mechanical phenomenon
in early warning and monitoring for the earthquake, and
it is also one of the important parameters for studying the
earthquake fault mechanism and seismic energy (Shapiro
and Dinske 2021; Wang et al. 1988; Zang 1984; Zhang et al.
2021c). Besides, Salamon (1970) explained the stress drop
phenomenon before the main fracture of rock in laboratory
mechanical tests in 1970 for the first time, which is affected
by a variety of factors, including the strain rate effect and
scale effect.

o.-uniaxial compressive strength (UCS), o,-uniaxial ten-
sile strength (UTYS), €;,-unrecoverable axial strain, ,-plastic
strain necessary for frictional strengthening, £/-plastic strain
necessary for cohesion loss, P,,.-average force decrement
period, P;, -average force increment period, W, -content of
quartz, W,,,,-content of clay, W,,,,-content of carbonate min-
erals, YMS_C-composite determination of elastic modulus,
PR_C-composite determination of Poisson ratio, S-stiffness
factor, G-texture factor, F-foliation factor, W, ,-content of
clay and dolomite, W, ,-total mineral weight, F,,,,-the max-
imum applied force, P-the penetration depth at the maximum
force, E-elastic modulus, M-post-peak modulus, rp—peak of
shear strength, 7,-residual of shear strength, W -weight frac-
tion of component, QFM = quartz + feldspar + mica, Carb
= carbonate, H-hardening modulus, defined as the slope of
the linearized plastic yielding platform; f-the internal fric-
tion angle of brittle rock, E . 4, are the normalized elastic
modulus and Poisson’s ratio, respectively; K, 4 are the bulk
modulus and the Lame’s constant, respectively; p-the density
of rock; 6, 6, are the peak strength and residual strength,
respectively; ¢, €, are the peak strain and residual strain,
respectively; eg-the pre-peak recoverable strain, W,, W, are
the recoverable elastic energy and the bursting energy stored
before fracturing, respectively; W, -energy at onset of frac-
ture initiation (dilatancy), F,-fraction of strong/brittle min-
erals, F, -fraction of weak/ductile minerals, F,-fraction of
carbonates, @-porosity (in vol%), W, -weighting factor [0-1]
for fraction xx, QFP = Q, +F,+P (pyrite); Q,, = quartz, F,
= feldspar, Ch = carbonates, Cly = clay, Dol = dolomite,

Cal = calcite, Mca = mica, TOC = total organic carbon;
g-percentage of fines obtained from Protodyakonov’s impact
test; Hﬂ—micro—indentation hardness, H,,-macro-indentation
hardness, ¢ = 2.6 for Vicker’s hardness testing; H -hardness
(resistance to deformation, in GPa), K _-fracture toughness
(resistance to fracture propagation, in MPa-m”z; C-char-
acteristic crack length, a-indentation diagonal length for
Vicker’s indentation testing in glass; W-work consumed in
the failure of rock; h-core disk thickness, d-core diameter;
6.-NC = UCS of a normally consolidated rock in non-over
pressurized areas, 6.-NCx0:50,,5 with o, -effective in-
situ stress corresponding to normal consolidation at the
depth of interest; OCR = ¢,,,,,/6,,-0ver consolidation
ratio, 6,,, ;~8.6-6,%°-maximum effective stress that a rock
was subjected in history; c,.-current effective stress, and
b=0.89; G-the critical energy release rate; B-the brittleness
index; ¢-the internal friction angle

Additionally, there are two types of rock deformation
associated with sudden stress drops: viscous sliding phe-
nomena and brittle fracture. Among them, the temperature
effect and lithologic effect are the main contributing factors
for the viscous sliding phenomenon, while the confining
pressure effect and lithologic effect are the main contribut-
ing factors for the brittle fracture phenomenon (Zang 1984).
The results showed that the confining pressure effect, tem-
perature effect, and lithology effect all significantly affect
the stress drop phenomenon during the deformation process
of rock. Besides, the explanation and characterization of the
relationship between the stress-drop phenomenon generated
in the deformation process of rock and the brittle-ductil-
ity transition characteristics of rock are shown in Fig. 3.
Among them, to better reveal the connection and mechanism
between the stress drop phenomenon and brittle-ductility
transition characteristics, domestic and foreign scholars
mainly through the introduction of brittleness index B to
semi-quantitative or qualitative characterized, and the rank
evaluation system of brittleness is established according to
the scope of the brittleness index values, the various defini-
tion of brittleness index B and the rank evaluation system of
brittleness is shown in Tables 1 and 2, respectively.

€,-Axial strain; M-post-peak modulus, E-the unloading
elastic modulus (see Fig. 3)

Therefore, the quantitative and qualitative characteriza-
tion of brittleness and ductility of rock is a hot spot, which
should need to be a further breakthrough in future research,
and the brittle-ductility transition characteristics are closely
related to the confining pressure effect. And subsequent stud-
ies on the quantitative and qualitative characterization of
brittleness and ductility of rock under the confining pres-
sure effect should be strengthened. Meanwhile, the detailed
evaluation index system with obvious hierarchical effect
should be established to in-depth reveal the brittleness and
ductility of rock.
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Fig.3 Sketch map of explanation between stress drop effect and brittleness-ductile transformation relationship (Modified with Hou et al. 2016;
Shi et al. 2019; Tarasov and Potvin 2013; Xia et al. 2019; Xie et al. 2021a). M-post-peak modulus, E-the unloading elastic modulus

Time dependence of strength

Among the characteristics such as “high energy level, large
deformation, strong time-dependent and difficult mainte-
nance” of the surrounding rock around the roadway of deep
mines, the strong time-dependent characteristic is the most
easily to be ignored. Meanwhile, most of the studies on the
rock mechanics considering time effect by domestic and for-
eign scholars are only limited to the rheological mechanics
field, and it is easy to ignore the existence of time effect in
the studies on the mechanical properties of rock and coal
under the conventional static, dynamic, static, and dynamic
loading coupling conditions. Therefore, strengthening the
research on the time-dependent strength characteristics is
helpful to accurately master the strength attenuation law
of rock, and it is also helpful to accurately determine the
reasonable supporting time of the surrounding rock around
the roadway of deep mines, to better control the long-term
stability of the surrounding rock around the roadway of
deep mines. And the time-dependent strength characteris-
tics of rock and coal under the confining pressure effect are
comprehensively reviewed in order to enhance the focus of
scholars’ response to the application of the time effect and
the innovative perspective.

Additionally, related studies (Fu et al. 2016; Hashiba
et al. 2006; Zhou et al. 2014) showed that the strength of
coal and rock could exhibit a negative decay exponential
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function with the time extension under the external load-
ing, which is often presented with the sudden failure
mechanical behavior of coal and rock due to strength
weakening in engineering. It is well known that the sur-
rounding rock around the roadway of deep mines is stable
after excavation, the overburden loading is constant. Cur-
rently, because of its internal joint with holes, fissures,
even all kinds of microstructures, each part of the internal
components both exist more or less differently, meanwhile
affected by the different degree of mining disturbances, the
continuous migration and secondary redistribution of abut-
ment pressure, temperature effect, gas pressure, dissolved
water pressure, and other factors make the accurate deter-
mination of reasonable support time to control the stability
of the surrounding rock around the roadway of deep mines
is a key scientific issue that needs to be solved. Meanwhile,
the corresponding rock and coal has its characteristics such
as heterogeneity, discontinuity, anisotropy, as well as the
difference of its spatial structure and composition, which
can also make its strength and deformation-bearing capac-
ity different under the same continuous loading rate in the
laboratory mechanical tests. However, the time effect is a
good factor to better measure and characterize the strength
attenuation and deformation bearing capacity of coal or
rock, but it is also the most easily ignored by domestic and
foreign scholars when studying the mechanical properties
of coal and rock.
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Table 1 Summary of brittleness indices to characterized stress-drop effect (Shi et al. 2019; Xia et al. 2019)

Year Material type Brittleness index
2002 41 rock types B, =ZorB, = %
2007 Singapore granite By =£1i,>< 100%
2002 Lac du Bonnet granite B, = % X (gc 1% 6[) or B, = %‘ 26, X o,
2003 11 rock types B = &/,
1 &
f
2007 Barnett shale rock B, = Pec
Piru
2012 Shale rocks B = W
1 WoatWearntWeiay
2008 Shale rocks ( YMS C-1 , PRC-04 )
B, = 8-1 0.15-0.4 /2
2009 10 rock types B, =S:GpF
2009 Shale rocks B, = (qu +W dﬂ,) /
total
2010 48 rock types B, = Fou »
2012 Rock _E - M-E)
5=t o 2=
2013 Dolerite rock B, = (WQFM + Wth)/
Tot
2015 Cement mortar and marble B, = H /E
1974 Shale rocks B,=sinp
2008 Shale rocks B,=0.5E,,;,+0.5u,:;
(Ehr,-, = I)/(x 1y X100, = 7 0'4)/0.15 —04% 100)
2015 Rock B = BK— 5/1)/
1= A
2015 Barnett Shale B = E/
1= /i
2016 Anisotropic tight-oil sandstone B, =Eep
2015 Rock B, = A+ ZG)/A
2016 Shale rocks B, = (‘7,, _ Ur) /6
4
1995 Rock B, = <5r _ 6”)/6
P
1974 Shale rocks B = w
1= W,
1995 Rock w
B, ="¢
1 W,
1995 Rock B W /
1= W,
1995 Rock B =M
1= /M+E)
2018 Black sandstone, marble and red sandstone B, =k, x K, X sin ﬂ;(kl =)eﬁ,k2 e M=
E,.—Ep
2016 Shale rocks B, = W Fp .
U Wy Foy 4 W Fyt W, Fwd+ W,
(Wch + Wy + W+ W, =1LFy, =Fopp, Fq + FCly+TOC)
2017 Rocks drilled in Shengli Oilfield

=For
B, = Qt”/FQm+Cb+Cly
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Table 1 (continued)

Year Material type Brittleness index
2017 Rocks drilled in Shengli Oilfield — Foripur
By =" 0mbo Fy. + Dol + Toc + Cly
2017 Rocks drilled in Shengli Oilfield Forch
By =70 [ p 4+ Cb+ Toc + Cly
2017 Rocks drilled in Shengli Oilfield B, = F o FsptmcatCh /
Total
1974 Shale rocks B,=q-o,
1974 Shale rocks B, = <Hu_> H, l/c
1979 Rock B =Ha
1= K,
1997 Ceramics EH
B 1= a K2
1995 Glasses B = C/
1= /fa
1995 Glasses g W
1 /o,
1995 Glasses B = h/
1= /d
1999 Muds and mudstones .
Bi="/(6, - NC)
2006 Shales and mud rocks B,=0CR"
2015 Tight sandstone B, = (Bn +X">/2;(X —G,orX = E)
= B_Bmin —X_Xmin
B” - < )/(Bmcu - Bmin) ,X,, - /mec - Xmin
2015 Tight sandstone

Bl = <Belastic + Bmmpu )/2

Strength failure criterion

The establishment and application of the strength failure cri-
terion are inseparable from the contribution of confining pres-
sure effect. Currently, the strength failure criteria are mainly
as follows.

1. Mohr-Coulomb failure criterion (M-C)

The M-C criterion mainly contains two parameters, which
are the Cohesion C and the internal friction angle ¢. The
relationship between the shear strength and the Cohesion
and the internal friction angle can be expressed as follows:

t=C+o, tan @ (D

Additionally, it can be obtained through stress
transformation:

{O’n=%(0']+0'3)+%(61—63> )

T= %(0'1 - 0'3) sin (2/9)

@ Springer

where ¢, and o; are the axial pressure and confining
pressure of coal and rock, respectively. f is the angle
between the direction of maximum principal stress and
the fracture plane.

Additionally, it can be expressed that:

2CCOS(p
1 + sin

1 +sing
= - o
1 +sing

0 3 (3)

Besides, since the M-C strength criterion ignores the
influence of intermediate principal stress on the strength
failure characteristics of coal or rock (Xu and Yu 2006),
domestic and foreign scholars have conducted a large num-
ber of studies on the strength failure criterion of coal and
rock considered the intermediate principal stress effect,
and the following typical strength failure criteria have
been obtained.

2. Hoek-Brown failure criterion (H-B)
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° 2 Hoek-Brown strength failure criterion was proposed by
= 252 Hoek and Brown in 1980 for the first time. Its expression
S = = .
| s 8 § E 2 is as follows:
il 53 :3
Ol a T = 2 A 03
01 = 03,01 |m—+s @)
GL‘
& Tges _ o
Q| T oaa-—=9o where o;, 03, and o, are the maximum principal stress,
el a Q= =g minimum principal stress and, uniaxial compressive
strength of coal and rock, respectively, and m and s are the
° 2 corresponding parameters of coal and rock, respectively.
£ 8522 If the first stress invariant is used to express the failure
S = = B o . .
.|z g § _‘-: 5 2 criterion, its expression can be:
flE822: ¢ rosto
= = ;
OlaEL=wva3A F(1y.026,) = 08" 0, /5 %[1
_ i . ®)
-] 8 = n o +mr/J,| cosf, — —sinf, | —so.
|+ “ o g V3
ol -8l
Among them,
v 1 +o0,+
) = =0,+0,+0
S o T o o 1 1 T0yT03 (6)
EEs:zg
Bl = =
2| & E § Z 53 1 2 2 2
¢l 23 E & 8 J=—[O‘—6 + (0, -0 +o-—o-] @)
= = 5 3 2 1 2 2703 3
O|laE=83A4 6 ( )+ )+ )
. where o;, 0,, and ¢; are the maximum, intermediate,
o) ~ & | and minimum principal stresses of coal and rock, respec-
TS~ E tively; I, is the first stress invariant; J, is the second devia-
toric stress invariant; 8, is the Lode angle; m and m are the
£) ° 3 corresponding parameters of coal and rock, respectively.
S k= T 9
a i L,; 8 E 3
B 5 EEEE o 3. Modified H-B failure criterion
< G = =
=142 &858 E = 8
Sl18|282552 . . . ‘
= Additionally, Mogi proposed the Mogi strength failure
o criterion in 1967, and the corresponding expression is as
< ~
S |~ 8 :
2 | -~ & 3 follows:
flelcSs-Zad
= 0| — 03 (G+O)62+G3)
: 2 T2 ®
> © o 2
o le | g = =
2=
SI1E|E 2 32 . .
51919° ~ A where fis the function symbol of the n-plane shape (deter-
£ mined by the type of rock) and @ is constant (w < 1).
E - 0= § After that, many domestic and foreign scholars have
< ~| = ) . .
A RS replaced and modified the parameters of the Mogi strength
212l ¢© =2 failure criterion, and obtained the modified H-B strength
g . o . .
Z failure criterion. The corresponding expression is as
E o B follows:
22 ELE 2 o
) 5 E 'g £ = a
= = B 5T o 0| — 03 o3 + no,
Tly| B2 2L % ——=m=— s )
2|2l 529 % £ 3 O Oc
20| aE = »naA
S where n, m, s, and a are the corresponding parameters of
75! —~ .
~ E ST R T coal and rock (0 < n < 0.5). Besides, when n = 0 and a =
2|gf T 0.5, the modified H-B strength failure criterion degenerates
Q2 | ~A| S v Sy S 8
Clz|lIaoaas
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into the H-B strength failure criterion. When s = 1, the type
of rock that applicable to the strength criterion is intact rock.

Additionally, if I; and 6, are used to express the crite-
rion, its expression can be:

. ; 2
m(n + DI, 2M\/.E(ﬂ.§‘ln95 + sm(()‘, + T)) .
A - s

30, \/EJL_ (10)
+24/J,5c086,

F(1,J5.0,) =

4. Drucker-Prager failure criterion (D-P)

D-P strength failure criterion is mainly derived from the
Von Mises strength failure criterion, which is considered
the hydrostatic pressure effect and the intermediate prin-
cipal stress effect. The specific expression is as follows:

VI, =al, +K (11)

Among them,

0= 2sing
V3(3 - sing) (12
6Ccosq@
K= —7
V3G - sing) 4

where a and K are the parameters of rock mass, whose spe-
cific values depend on the type of rock mass. When a = 0,
the criterion degenerates to the Von Mises strength failure
criterion.

Additionally, if I; and 6, are used to express the crite-
rion, its expression can be:

F(1,,J,,0,) = /], —al, - K (14)

5. Mogi-Coulomb criterion

Mogi strength failure criterion mainly describes the
relationship between octahedral shear stress and effec-
tive average stress, and the corresponding expression is
as follows:

Tocz =f<o-l ;G3> (15)

Among them,

Toct = %[(01_02)2(52_"3)2"'("3—51)2]2 16)

where f'is the function symbol of the n-plane shape (deter-
mined by the type of rock).

@ Springer

Additionally, many scholars continuously extended the
Mogi-Coulomb strength failure criterion, and the corre-
sponding expression is as follows:

(o8] +63
=t B( 22 a7)

or

212

2v/2
cC 0s<p+T\/_ sin @6, , (18)

Additionally, if I; and 6, are used to express the crite-
rion, its expression can be:

2v/6 \/3>

si sing. — Y°
9 smme smo; 3

F(1},1,.0,) =

V2

19
\/J_2+ZT sing I, +¥ C cos g

where 7, 6,, 5, A, B are the octahedral shear stress, effective
average stress, and the corresponding coefficient, respec-
tively. When o, = o3, the strength failure criterion degener-

ates into the M-C strength failure criterion.
6. Zhang-Zhu criterion (GZZ)

Zhang-Zhu three-dimensional nonlinear strength fail-
ure criterion of rock mass was drawn by Prof. Zhu from
Tongji University for the first time (Zhang 2008; Zhang
and Zhu 2007). Its essence is the three-dimensional H-B
strength failure criterion of rock mass, and its correspond-
ing expression is as follows:

i Tz 3 mt — Mo, = 50,
ZO-L. oct 2\/5 oct m,2 c (20)

Additionally, if /; and 6, are used to express the crite-
rion, its expression can be:

3 m V3 sind

Flnts) = 2= B0 e - ) o
c. 3 2 \/5

2D

c

In conclusion, the establishment of the strength failure
criterion for coal or rock is inseparable from the contribu-
tion of confining pressure effect. Therefore, it is necessary
to strengthen the comprehensive review and in-depth study
of the confining pressure effect if the strength failure cri-
terion with stronger applicability and wider application
scope is to be established.

Summary of strength properties

The detailed evaluation index system with obvious hierarchi-
cal effect should be established in terms of new technology.
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From the selection, types classification, the determination of
weight and ratio, quantitative classification of index factors,
and finally form the evaluation index system, to achieve the
leap and breakthrough from laboratory theory to engineering
field application.

Deformation properties

Generally speaking, the deformation behavior of coal and
rock under the external loading is mainly corresponding to
the external characteristics of “large deformation, strong
time-dependent and difficult maintenance” shown in the
roadway surrounding rock of deep mine, to provide a cer-
tain theoretical basis for better controlling the stability of the
surrounding rock around the roadway of deep mines.

Dilatancy deformation characteristics

Generally, the parameters described the dilatancy defor-
mation behavior of coal and rock are mainly as follows:
dilatancy angle y and plastic shear strain y” (Salehnia et al.
2017; Walton et al. 2015), and their corresponding expres-
sions can be expressed as:

Y= arcsini 22
e 22)

p_, P __P
e O (23)

where €. and 511’ are the increments of volume plastic strain

and axial plastic strain, respectively; 5}17 and e 5 are the axial

plastic strain and radial plastic strain, respectively.

As shown in Fig. 4, the relationship of the dilatancy angle
with the plastic shear strain of different types of rocks under
the confining pressure effect is that with the increases of
the plastic shear strain, the dilatancy angle of rock shows
the nonlinear evolution characteristics with firstly sharply
increase and then slowly decrease under different the pres-
sure effect, which indicates that there is the significant cor-
relation between the dilatancy angle and the plastic shear
strain. Meanwhile, it is not difficult to find that the relation-
ship between the dilatancy angle and the confining pressure
of the same rock is that with the increases of the confin-
ing pressure, the dilatancy angle of the same rock shows a
decreasing trend, and the confining pressure effect is sig-
nificant. It also indicates that the confining pressure effect
can significantly affect the dilatancy deformation behavior
of rock. Besides, the peak dilatancy angle evolution charac-
teristics of Carrara Marble are significantly different under
the same confining pressure, and the lithologic effect is
significant.

60
? o
50
! 6‘*9 80_
40 S 2
e @ o, =0MPa
=30 % o0, =1MPa

® 6,=4MPa

yP/mstrain

Fig.4 Evolution characteristics of dilatancy angle of Carrara Mar-
ble under different confining pressures (Modified with Walton et al.
2015).

In conclusion, the confining pressure effect can signifi-
cantly affect the dilatancy deformation characteristics of coal
and rock. Besides, there are many factors (such as depth
effect, Klinkenberg effect, etc.) that affect the dilatancy
deformation behavior characteristics of coal and rock, which
need to be further strengthened and improved in the future.

Creep deformation characteristics

Currently, there are many reports on the creep defor-
mation characteristics of coal and rock. However, due
to the long-term period of creep mechanical tests, the
multi-stages stress level hierarchical loading mode is
mostly adopted, and relatively few creep mechanical
tests of coal and rock under the confining pressure
effect are conducted (Kang 2021). However, the actual
loading with the overlying strata imposed on the sur-
rounding rock around the roadway of deep mines is a
constant value, and the roadway stability in deep mines
is becoming unbalanced under the coupling effect with
the time effect, confining pressure effect, and even the
disturbance effect, which formed the significant rheo-
logical external characteristics with “large deformation
and difficult maintenance, strong time-dependent.”
The stress variation characteristics of the surrounding
rock around the roadway of deep mines include three
stages: before excavation, being excavated, and after
excavation. Therefore, it is meaningful to strengthen
the creep mechanical experimental research on coal and
rock with the new stress path of “three stages” loading,
which includes initial high in-situ stress state reduction,

@ Springer
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constant axial pressure with unloading confining pres-
sure, and constant confining pressure with loading axial
pressure (time effect) (Zhang and Huo 2021). It can
better reveal the time-dependent failure mechanism of
the roadway surrounding rock in the deep mine. Fur-
thermore, it can also provide the theoretical basis and
reference for the stability control of deep mine roadway,
which is more consistent with the field practice of deep
engineering.

Generally speaking, the creep deformation charac-
teristics of intact and broken muddy siltstones mainly
presented the “three-stage” evolution law: I decelerated
creep stage, II stable creep stage, and III accelerated
creep stage in Fig. 5. Besides, it could be found that
the confining pressure effect has a significant influ-
ence on the creep deformation characteristics of both
intact rock and fractured rock, and the confining pres-
sure effect is significant. And it could be seen from
Fig. 5 that the confining pressure effect is more sen-
sitive to the creep deformation characteristics of the
fractured rock compared with that of the intact rock so
that the creep deformation characteristics of the frac-
tured rock under different confining pressures differ
more significantly.

Additionally, as shown in Fig. 5, the time taken for
the creep deformation at all stages of intact rock and bro-
ken rock is the same with the time perspective, and the
time effect is not significant. However, most domestic
and foreign scholars mainly focus on the time-dependent
creep deformation characteristics of the rock. Therefore,
the authors suggest that the research scope of the time
effect during the deformation and fracture process of
rock should be expanded and extended, which should
from the current rheological mechanics gradually shift
to the rock dynamics mechanics, damage mechanics, and
even quantum mechanics. In this way, the fundamental
mechanics theory obtained can provide a more accurate
theoretical basis and reference for the field practice of
deep engineering.

Progressive deformation characteristics

As we all know, the fracture of coal and rock is a process,
not an instant formation. In other words, the rock must expe-
rience the gradual deformation process under the action
of external loading, after which it would finally form the
complete fractural characteristics. Therefore, it is helpful
to better reveal the progressive failure mechanical behavior
mechanism of coal and rock by conducting a comprehensive
review and in-depth study of the progressive deformation
characteristics of coal and rock under the confining pres-
sure effect.

As shown in Fig. 6, the anisotropic deformation of sand-
stone presented the significant phased gradual evolution
characteristics no matter under the conventional triaxial
loading or the true triaxial loading condition, which can
better correspond to the zonal fracture characteristics in
“Stress-strain curve types and zonal rupture” section. The
axial strain corresponding to the crack initiation stress, dam-
age stress, and peak stress basically linearly increases with
the increases of the confining pressure under the conven-
tional triaxial loading condition, and the confining pressure
effect is significant. However, the maximum principal strains
corresponding to the crack initiation stress, damage stress,
and peak stress of sandstone shows different evolution law
with the increases of the intermediate principal stress under
true triaxial loading conditions. Its strength thresholds cor-
responding to the maximum principal strain basically linear
increases with the increase of the intermediate principal
stress (IIT and IV stages are both linear evolution character-
istics), and the corresponding radial and volumetric progres-
sive deformation characteristics corresponding to the crack
initiation stress, damage stress, and peak stress of sandstone
with the confining pressure under the conventional triaxial
loading or the true triaxial loading condition can reference
Li et al. (2019). It can see that the progressive deformation
mechanism of rock under the true triaxial loading condi-
tion is relatively complex, which needs to be further studied
using high-precision auxiliary monitoring equipment and

Fig.5 Creep deformation 0.70 1.0
characteristics under different 0.65 _(a) Intact muddy siltstone 0.9 g_b;)-l"raclr:i muddy siltstone
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muddy siltstone and b fractured 0.60 0.8 e o,=2mPa III: Accelerated creep sfgge
y T . . 055 | Y Wy 0.7 |.—@= o=4MPa
muddy siltstone (Modified with HI: / creep stage| —9— 6.=6MPa
Hamza and Stace 2018) N 0.50 - ° 0.6
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Fig.6 Progressive deformation characteristics of sandstone under
the conventional triaxial test: a axial strain and b maximum principal
strain (Modified with Li et al. 2019). €, €4, €1 in (@) are axial
strains corresponding to crack initiation stress, damage stress, and
peak stress, respectively; €y, €1c4s E1cep Eaciv Eacd> Ec> Eaciv Eaeds Exet 1N

means (real-time dynamic 3D CT scanner, 3D printing visu-
alization technology, etc.) in the future.

Summary of deformation properties

Time-dependent deformation is one of the mechanical char-
acteristics of coal and rock under confining pressure. The
time effect should from the current rheological mechanics
gradually shift to other fields of mechanics in terms of new
technology. New technology included 3D (dimensions)
printing technology, AE (acoustic emission technology),
CT (computerized tomography), real-time scanning technol-
ogy, neutron imaging real-time monitoring technology, and
molecular dynamics numerical simulation technology. Then
the results could reflect the importance of the time effect for
the early-warning and prevention of disasters in deep mines.

Energy evolution properties

According to the stress condition of rock, it is bound to pro-
duce deformation or failure characteristics when subjected
to the external field. However, the deformation and failure
process of rock can be regarded as the process of energy
transfer and conversion between the rock mass and the out-
side system started from the perspective of thermodynamics
according to the principle of minimum energy consumption
(Zhang et al. 2018b).

Additionally, domestic and foreign scholars have pro-
posed two kinds of energy-driven mechanism theories for
the failure of rock. The one is that when the limit of its
internal energy storage E. and the energy-driven value E,
reach the same value during the deformation process of
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(b) are maximum principal strains corresponding to crack initiation
stress, damage stress, and peak stress, respectively; o3 is confining
pressure, 6, is intermediate principal stress. III: stable crack develop-
ment stage, [V: unstable crack development stage

rock (E. = E,), the rock will be a failure. The other one
is that there is an obvious stage-corresponding relationship
between the energy-driven evolution characteristics during
the deformation process of rock and the stress-strain curve,
and the gradual deformation of rock at each stage is driven
by the energy accumulation inside the rock. When the stress
reaches the peak stress strength, macroscopic crack gener-
ated in rock and formed the macroscopic damage, the accu-
mulation energy can be gradually dissipation and release,
and then rock occurs the failure phenomenon.

Therefore, it is helpful to further reveal the energy dis-
sipation mechanism of coal and rock by conducting the com-
prehensive review and in-depth study of the energy evolution
characteristics of coal and rock under the confining pressure
effect, which can provide some fundamental theoretical basis
and guidance for the early-warning and prevention of disas-
ter (rock burst, etc.) in deep engineering.

Energy evolution law

As shown in Fig. 7, the confining pressure effect signifi-
cantly affects the evolution characteristics of the total input
energy, elastic energy, and dissipated energy of coal. The
specific characteristics are as follows: The total input energy,
elastic energy, and dissipated energy of coal all increase with
the increases of the confining pressure, but their increas-
ing rates are significantly different (linear and nonlinear
increased phenomenon existed), which may be related to
the properties of coal. Besides, there are significant differ-
ences in the total input energy, elastic energy, and dissipated
energy required of coal under external loading, which indi-
cates that the lithologic effect also significantly affects the
evolution characteristics of various types of energy of coal.

@ Springer
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Fig.7 Energy evolution characteristics of coal under different con-
fining pressures conditions (Modified with Wang et al. 2021a; Zhang
et al. 2018b)

In conclusion, the comprehensive review accurately
grasp the energy evolution law under the confining pres-
sure effect of coal and rock; meanwhile, the accurate
quantification of the elastic energy, total input energy,
and dissipation energy, and the establishment of accurate
and efficient grade evaluation index system can provide
the accurate and fundamental theoretical basis for the
early-warning and prevention of disasters in deep mines.
Therefore, it is necessary to strengthen the comprehensive
review and exploration of the energy evolution law of coal
and rock under the confining pressure effect.

Energy strength failure criterion

Relevant studies show that the strength-bearing capacity
of a rock system is closely related to its internal capacity
of energy storage, accumulation, and dissipation. There-
fore, some scholars put forward the corresponding energy-
strength criteria based on the internal relationship between
strength and energy.

Xie et al. (2005) studied the internal failure relationship
between the energy dissipation and the strength and pro-
posed the overall failure energy-strength criterion of rock
based on the elastic energy released. The corresponding
failure energy-strength criterion of rock under the com-
pression and tension condition is expressed as follows:

1. Under the compression condition (6;,>0,>0;>0, the
compressive stress is positive)

@ Springer

o’
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%) = 2E,Ue

(o) — (24)

or

(0'1 - 0'3) [612 + 65 + 0'§ - 2/4(0'10'2 + 0,03 + 0'10'3)] = 63

(25)

2.Under the tension condition (6;<0)
63 26
o1=3 EyU. (26)

or
of! [612 + 0'5 + 0'§ - 2;4(0'102 + 0,05 + 0'10'3)] = 613 27

Additionally, to further elaborate the overall failure
energy-strength criterion based on the elastic energy
released, Guo et al. (2016) introduced the released disper-
sion coefficient N of the elastic strain energy and proposed
the strength criterion based on the elastic strain energy. The
specific expression is as follows:

1. Under the compression condition (¢,>0,>0;>0, the
compressive stress is positive)

(0] - 03) [0'12 + 0% + cr§ - 2/4(010'2 + 0,05 + 0'163)] = N3GC3
(28)

or

1-2u

(o) — 03) [ I} +2(1 + wl,| =N’ (29)
2. Under the tension condition (¢;<0)

o, [612 + 65 + 0'§ - 2/4(0’10’2 + 0,03 + 0'10'3)] = N3613 (30)

or

1-2
0'1[ ; ”112+2(1+,4)12] = N’o? 31)

Additionally, Huang et al. (2008) fully considered the
hydrostatic pressure effect, intermediate principal stress
effect, and Lode angle effect, and proposed the generalized
poly-axial strain energy-strength criterion (GPSE) for brittle
rock. The specific expression is as follows:

0.5
o-oct 2 O-oct : O-UL'[
f G_ = |la O'_ + bo_— +c (32)

Among them,

0, + 0,03
Coet = —3 (33)
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where ¢,, 0,, and o3 are the maximum, intermediate, and
minimum principal stresses, respectively; o, and o, are the
uniaxial compressive strength and uniaxial tensile strength,
respectively; and E, u, and U, are the initial elastic modu-
lus, Poisson’s ratio, and elastic energy density, respectively.
1,,J,, 0, are the first stress invariant, the second deviatoric
stress invariant, and the octahedral normal stress, respec-
tively. v, vy, 11, f, &, f, and ¢ are the ratio of the triaxial ten-
sion strength to the compression strength, the reference ratio
of the triaxial tension strength to the compression strength,
the ratio of the uniaxial tension strength to the uniaxial com-
pression strength, the material parameter, the exponential
function symbol of parameter, and the internal friction angle
of rock, respectively.

In conclusion, although the established strength cri-
terion based on the energy can comprehensively con-
sider the influence characteristics of the intermediate
principal stress effect, hydrostatic pressure effect, Lode
angle effect, brittleness, and other factors, its essence
is still inseparable from the outstanding contribution of
the confining pressure effect. Therefore, whether from
the perspective of energy evolution characteristics or
the establishment of strength criteria of rock, whether
under the true triaxial loading or conventional triaxial
loading condition, the confining pressure effect plays
a pivotal role. And the confining pressure effect is one
of the major factors that must be considered in future
research.

Summary of energy evolution properties

Combined with the strength failure criterion, an appropri-
ate energy failure criterion needs to be established, which
can effectively characterize the progressive failure pro-
cess of coal and rock. Therefore, it is necessary to semi-
quantitative and quantitative reveal the energy competition
evolution mechanism of coal and rock from different scales
(microscopic, mesoscopic, and macroscopic) using high-
precision equipment, multiple methods, and innovative
technology, to achieve from laboratory theory gradually
transition to the field engineering application.

Damage evolution properties

Coal or rock is a kind of medium with internal defects.
It is bound to be accompanied by the change of internal
microstructure during the action process of the external
loading, and then its mechanical properties would be also
changed. Naturally, it is also accompanied by the change
of internal damage. The confining pressure effect is one
of the external loading factors, which can also lead to the
obvious damage of coal and rock. Therefore, it has the
important theoretical significance and practical value of
deep engineering to comprehensively review the damage
evolution characteristics of coal and rock under the confin-
ing pressure effect.

Definition of damage

The definition of damage variable is the core issue to study
the damage evolution law of rock and coal under the load-
ing action. In the field of damage mechanics, there are
many definitions of damage caused by coal and rock under
external loading. Specific and typical damage definitions
are as follows:

1. Damage variable D is defined by the elastic modulus
(Lemaitre 1996)

po1_b (41)

2. Damage variable D is defined by the deformation modu-
lus (Wang et al. 2021b)
&y &£ —&

p—--<4 — 9
13 £d - _80 (42)

3. Damage variable D is defined by the damage area (Chen
et al. 2019¢)
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Among them,
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4. Damage variable D is defined by the acoustic wave
velocity (Xu et al. 2010)

2
D=1- <l> (46)
Yo

Among them,
E(—p)
=4/ 47
"\ Ao -20 @

5. Damage variable D is defined by the parameters of

acoustic emission (Chi et al. 2020)
N, 48)

6. Damage variable D is defined by the parameters of
energy (Xu et al. 2019)

,- i
D= z; iy (49)
1=

In the above equations, E, and E; are the elastic modu-
lus of none damaged and damaged rock or coal, respec-
tively. €, €, and ¢, are the strain generated in the process
of none failure, failure with final loading, and the ini-
tial loading, respectively; ¢ and F, are the parameters of
Weibull distribution function, F* is the strength of rock
element, ¢(F) is the probability of Weibull distribution,
S*and §,, are the damaged area and total area of coal or
rock material, respectively; The meanings of a, K, I;, and
J, are explained in “Strength failure criterion” section; v
and v, are the initial velocity and the velocity of acoustic
wave after impact loading of coal or rock, respectively;
p, E, and p are the density, elastic modulus, and Pois-
son’s ratio of coal or rock, respectively. N, and N, are the
cumulative energy values of acoustic emission of coal or
rock under the initial loading and complete failure. U,
is the dissipated energy generated by coal or rock during
the jth cyclic loading and unloading process; U, is the
total dissipated energy with failure of coal or rock under
cyclic loading and unloading of equal loading; and N; is
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the cumulative cycles number at all levels of loading (j
=1,2,3...).

In conclusion, the internal damage evolution process
of coal and rock is complex under the external load-
ing, and the definition of damage variables is varied.
Therefore, it is necessary to elaborate on the damage
evolution law of coal and rock under the confining pres-
sure effect.

Damage evolution law

General speaking, the damage evolution characteristics dur-
ing the whole deformation process of rock and the deforma-
tion characteristics of the stress-strain curve at each stage
show the significant phased corresponding relationship,
which indicates that the deformation process of rock from
the deformation to the failure is a gradual changeable pro-
cess, rather than an instantaneous completion.

As shown in Fig. 8, the damage evolution law of Beishan
granite showed the significant “three stages” evolution law
under the different confining pressures, namely the initial
damage development stage, the damage increased sharply
stage, and the damage deceleration increased stage; the
damage evolution law of each stage were significantly cor-
responding to the stress-strain curve of elastic deformation
stage, the plastic deformation stage, and the post-peak defor-
mation stage. However, the brittle failure characteristics of
Beishan granite under low confining pressure are significant,
and the corresponding damage rapid development, which
belongs to the type of high-speed damage development. But
the ductile failure characteristics of Beishan granite are more
significant under medium confining pressure, and the speed
during the whole development process of damage is slowed
down, which belongs to the type of medium-high speed

320

4 1.0
2l 6,-6;, 6,;=1MPa
240 k- —&k— 6,-6;,6,=10MPa  ().8

=& ¢,-6,, 6,=30MPa

g 200 ~/\= D, 6,=1MPa
S —%— D,o=10MPa - 0.6
= 160
¢ =
¢ 120 0.4
80
4 0.2
40
0 . : 0.0
00 04 08 1.2 1.6 20 24

£/%

Fig. 8 Damage evolution characteristic of Beishan granite under dif-
ferent confining pressures (Modified with Miao et al. 2021).
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damage development. And the ductile failure characteristics
of Beishan granite are obvious under high confining pres-
sure, and the corresponding damage development process is
slow, which belongs to the type of low-speed damage devel-
opment. The damage development speed of rock indirectly
corresponds to the evolution degree of meso-mechanical
behavior such as the development, expansion, and nuclea-
tion of internal cracks or defects, which can better reveal the
failure mechanical behavior mechanism of rock under the
external loading condition.

Additionally, it can be found that the confining pressure
effect not only significantly affects the brittle-ductile trans-
formation characteristics of coal and rock, but also signifi-
cantly affects the damage evolution law during the whole
deformation process. Therefore, it is necessary to compre-
hensively review the damage characteristics of coal and rock
under the confining pressure effect.

Summary of damage evolution properties

Although there are many definitions of the damage caused
by the deformation of coal and rock, which indicates that
the deformation process of rock from the deformation to the
failure is a gradual changeable process, rather than an instan-
taneous completion. Besides, the damage evolution law of
coal and rock corresponds to the progressive failure char-
acteristics under the confining pressure effect. Therefore,
the quantitative and qualitative characterization of damage
properties of rock and coal is a hot spot, and the damage
properties are closely related to the confining pressure effect.

Fracture properties

Based on the comprehensive description of the evolution
characteristics of the basic mechanical parameters and the
evolution laws of strength, deformation, energy, and damage,
the fracture characteristics of coal and rock under the confin-
ing pressure effect are comprehensively characterized from
the macroscopic, mesoscopic, and microscopic perspectives.

Macroscopic failure characteristics

As shown in Fig. 9, the macroscopic failure modes of hard
rock can be divided into three categories under the true tri-
axial loading condition: tensile failure, tension-shear mixed
failure, and shear failure. Among them, with the increases
of the minimum principal stress, the failure mode of sand-
stone gradually shifts from the tensile failure to the shear
failure, and the confining pressure effect is significant.
Besides, the corresponding upper boundary is as follows:
the failure mode of hard rock under the conventional triaxial
loading (o, = o03) gradually shifts from the tensile failure
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Fig.9 Failure characteristics of sandstone under different stress con-
ditions (Feng et al. 2019)

to the tension-shear failure with the increases of confining
pressure, and finally, the macro failure mode under the high
confining pressure is a shear failure. However, the corre-
sponding lower boundary under the generalized triaxial
tensile stress loading (6, = o,) is as follows: with the syn-
chronous increases of the maximum and intermediate prin-
cipal stress, the failure mode transformation characteristics
of hard rock: tensile failure — tension-shear mixed failure
— shear failure.

In conclusion, the intermediate principal stress effect and
the biaxial loading effect both belong to the category of con-
fining pressure effect, and both can significantly affect the
macroscopic failure mode of rock.

Mesoscopic failure characteristics

Additionally, it is not enough to reveal the failure mechanism
to preliminarily clarify the macroscopic failure characteris-
tics of rock under the confining pressure effect. Therefore,
it is necessary to strengthen the further exploration of the
meso-fracture mechanism of rock, which can make the con-
clusions better serve deep engineering.

Relevant studies showed that the rock shows three sig-
nificant mesoscopic failure types (Zheng et al. 2020): ten-
sile failure of trans granular fracture with brittle failure at
low o3, shear slip failure along intergranular fracture with
ductile failure at high ¢; and low o,, and tensile-shear mix-
ture mode of trans granular fracture with brittle failure at
high o; and o, under the different intermediate principal
stress and minimum principal stress; the confining pressure
effect is significant, which also more intuitively reveals the
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mesoscopic failure mechanism of rock under the confining
pressure effect.

Microscopic failure characteristics

Most domestic and foreign scholars are limited to the scope
of macroscopic and mesoscopic failure scale of coal and
rock, including the research of “the influence of confining
pressure effect on the failure characteristics of coal and
rock.”

To better reveal the failure mechanism of coal and rock
from the microscopic perspective, the research group of
Prof. Zhao from China University of Mining and Tech-
nology (Beijing) established the micro-structure of kao-
linite and montmorillonite by using the first-principles
calculation method, and better revealed their anisotropy
characteristics.

Additionally, as shown in Fig. 10, the research group
used the molecular dynamics method to propose a quantum
mechanics theoretical concept (including chemical bonds,
crystal cells, etc.) based on the microscopic perspective
to study the failure mechanism of coal and rock. It is con-
cluded that the failure of coal and rock under different load-
ing modes is mainly caused by the chemical bond fracture,
dislocation, and recombination of the internal microscopic

structure of coal and rock (Han et al. 2019; Yang et al.
2019a; Yang et al. 2019b).

Summary of fracture properties

The fracture mode and the classification of crack of coal and
rock are still in the qualitative research stage. Therefore, the
semi-quantitative or quantitative identification, characteri-
zation and judgment for the fracture characteristics of coal
and rock under the confining pressure effect is a hot spot.
Based on new technologies, methods, and theories, the semi-
quantitative or quantitative fracture law of coal and rock
under the confining pressure effect needs to be breakthrough.

New perspective on the confining pressure
effect

After years of research and development, abundant research
achievements have been made in the research on the confin-
ing pressure effect of coal and rock. Based on the existing
test system functions and research conditions, several new
perspectives are proposed for future research on the confin-
ing pressure effect of coal and rock:
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1. Ttis necessary to quantitatively and qualitatively charac-
terize the brittleness and ductility of rock and coal under
the confining pressure effect for setting up the detailed
and obvious hierarchical evaluation index system with
the combination of multiple approaches including the
fusion of more advanced scientific methods such as the
Big Data, artificial intelligence, and the multi-discipli-
nary crossing such as the calculated rock mechanics,
statistical rock mechanics, which is one of the key sci-
entific issues that need to breakthrough in the future.

2. It is urgent to strengthen the research on the time-
dependent deformation of coal and rock and the con-
struction of time-dependent strength model. Then the
positioning of time effect is gradually transferred from
the rheological mechanics to other mechanical fields,
and the blank of time effect research in other mechanical
fields will be filled in the future.

3. Based on the perspective of quantum mechanics, it is
urgent to strengthen the research on the mechanical
properties and failure mechanism of coal and rock from
the microscopic perspective (located at atomic, crystal
bond, chemical bond or cell scale).

4. It is meaningful to strengthen the creep mechanical
experimental research on coal and rock with the new
stress path of “three stages” loading, which includes
initial high in-situ stress state reduction, constant axial
pressure with unloading confining pressure, and con-
stant confining pressure with loading axial pressure
corresponding to three stages of the stress variation
characteristics of the surrounding rock around the road-
way of deep mines: before excavation, being excavated,
and after excavation. Furthermore, it can provide the
theoretical basis and reference for the roadway stability
control of deep mines.

Conclusion and summary

In the future, in terms of the combination of multiple
approaches including the fusion of more advanced scien-
tific methods such as the Big Data, artificial intelligence,
etc. and the multi-disciplinary crossing such as the transpar-
ent catastrophical rock mechanics, statistical rock mechan-
ics, calculated rock mechanics, intelligent rock mechanics,
multi-scale rock mechanics, etc., the comprehensive research
of the confining pressure effect of coal and rock will gradu-
ally breakthrough and improve part of the branch of deep
rock mechanics theory, the conclusions, and results can also
better serve the practice of deep engineering. And the main
conclusions are summarized as follows:

1. According to the corresponding characteristics of
stress-strain curve and zonal rupture of the surround-

ing rock around the roadway of deep mines, a new
laboratory test method of “three-stage” loading stress
path loading and unloading is proposed. Based on this
method, the conclusions obtained in the laboratory
can be better applied to the stability maintenance of
the surrounding rock around the roadway of deep
mines.

The confining pressure effect has a significant influence
on deformation, strength, energy, damage, and evolu-
tion characteristics of basic parameters of coal and rock,
but its influence has upper limit. However, whether the
water-rock effect, temperature effect, and size effect have
the upper limit influence on the evolution characteristics
of basic mechanical parameters, strength, deformation,
energy, and damage of coal and rock remains to be stud-
ied and verified.

The quantitative and qualitative characterization of
brittleness and ductility properties, energy properties,
damage properties, and even fracture properties of
rock and coal need to be further breakthrough in future
research. Besides, the evolution characteristics of brit-
tle-ductility transition properties, energy properties,
damage properties, and even fracture properties are
closely related to the confining pressure effect. Mean-
while, the detailed evaluation index system with obvi-
ous hierarchical effect should be established in terms
of new technology. The new technology included the
Big Data, 5G technology, and intelligent transparent
monitoring technology. Besides, from the selection,
types classification, the determination of weight and
ratio, quantitative classification of index factors, and
finally form the evaluation index system, to achieve
the leap and breakthrough from laboratory theory to
engineering field application.

The time effect should from the current rheologi-
cal mechanics gradually shift to the rock dynamics
mechanics, damage mechanics, and even quantum
mechanics. New technology included 3D printing,
AE, CT, neutron imaging technology, molecular
dynamics simulation technology. Then the results
can reflect the importance of the time effect for the
early-warning and prevention of disasters in a deep
mine.

Currently, the fracture mode, the classification of
crack, and crack of the derivative expansion law
of coal and rock is still in the qualitative research
stage. Therefore, based on new technologies, meth-
ods, and theories, the semi-quantitative or quantita-
tive identification, characterization, and judgment
for the fracture characteristics and crack propa-
gation evolution law of coal and rock under the
confining pressure effect needed to be constantly
breakthrough.
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