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Abstract: To review the rockburst proneness (or tendency) criteria of rock materials and compare the judgment
accuracy of them, twenty criteria were summarized, and their judgment accuracy was evaluated and compared based on
the laboratory tests on fourteen types of rocks. This study begins firstly by introducing the twenty rockburst proneness
criteria, and their origins, definitions, calculation methods and grading standards were summarized in detail.
Subsequently, to evaluate and compare the judgment accuracy of the twenty criteria, a series of laboratory tests were
carried out on fourteen types of rocks, and the rockburst proneness judgment results of the twenty criteria for the
fourteen types of rocks were obtained accordingly. Moreover, to provide a unified basis for the judgment accuracy
evaluation of above criteria, a classification standard (obtained according to the actual failure results and phenomena of
rock specimen) of rockburst proneness in laboratory tests was introduced. The judgment results of the twenty criteria
were compared with the judgment results of this classification standard. The results show that the judgment results of
the criterion based on residual elastic energy (REE) index are completely consistent with the actual rockburst proneness,
and the other criteria have some inconsistent situations more or less. Moreover, the REE index is based on the linear
energy storage law and defined in form of a difference value and considered the whole failure process, and these
superior characteristics ensure its accuracy. It is believed that the criterion based on REE index is comparatively more
accurate and scientific than other criteria, and it can be recommended to be applied to judge the rockburst proneness of
rock materials.
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surrounding rock failure phenomena are often

1 Introduction

With the continuous development and
utilization of underground space and mineral
resources, more and more underground rock
projects are being constructed at increasing depths
[1-4]. During the excavation of deep buried
tunnels, unconventional

caverns or many

encountered, such as spalling (or slabbing) [5—7],
rockburst [8—10]. Different from spalling failure,
rockburst is a dynamic geological disaster of deep
rock mass, which is usually caused by the sudden
and violent release of elastic strain energy stored in
rock [9—12]. Due to the massive damage caused by
rockburst, more and more attentions have
been drawn to the research on rockburstin the past
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decades from the theoretical analysis [13—17],
experimental study [18—22], numerical simulation
[23—25] and project case analysis [8, 9, 26],
especially the prediction of rockburst [27—34]. The
study of rockburst proneness (or tendency) of rock
material is one of the basic works of rockburst
prediction. After decades of research, based on the
laboratory tests, many researchers have put forward
a variety of rockburst proneness criteria of rock
materials in terms of energy or brittleness. For
example, the strain energy storage index (Wer) [35,
36], the energy impact index (Acr) [37] and the
potential energy of elastic strain (PES) [38, 39]
were three typical rockburst proneness criteria
considering energy. With the development of related
research, many researchers have revised the above
criteria. ZHANG et al [40] gave a new rockburst
proneness grading standard for Wgr combining with
the experiences in engineering practices. Based on
the accurate peak elastic strain energy, GONG et al
[41, 42] put forward the peak-strength strain energy
storage index WEPT and the peak-strength energy
impact index A'cr,. Moreover, combining the
characteristics of Wgr and Acr, the effective energy
impact index (W) [43] was proposed as a new
criterion. Besides, some other criteria are also
proposed from the perspective of energy. JIN et al
[44] thought that the pre-peak elastic energy can
reflect the rockburst proneness and proposed the
energy formula of rockburst (£). DENG et al [45]
studied the rockburst proneness considering the
energy evaluation characteristic of post-peak, and
put forward the rockburst energy index (By).
Moreover, some scholars believed that the
remaining elastic energy after the rock failure can
directly reflect rockburst proneness degree, and
proposed the surplus energy index (Wr) [46], and
the residual elastic energy index (Agr) [41]. In
addition, the rock brittleness is also considered to
be closely related to the rockburst proneness, and
several criteria were put forward as follows, the
brittleness index modified (BIM) [47, 48], the
deformation brittleness index (K.) [49], the
brittleness index of rockburst proneness (B) [50],
and the strength brittleness index (B: [38, 51], B>
[49], Bs [40]). Except for the energy and brittleness,
the deformation modulus was used to evaluate the
rockburst proneness by SINGH et al [52, 53] who
proposed the decrease modulus index (DMI).
Moreover, based on the load—unload response ratio

theory, GONG et al [54] proposed the lag time ratio
index (7Rr) for rockburst proneness evaluation.

The above rockburst proneness criteria have
been partially summarized in some literatures [32,
55, 56] and their characteristics are analyzed.
However, the existing summaries of criteria in these
researches are not complete enough, and the
characteristics of them are not described in detail.
Moreover, few studies focus on evaluating and
comparing the judgment accuracy of those criteria
according to actual rock experimental phenomenon.
The judgment results of some criteria are
sometimes inaccurate. For example, TAN [37]
pointed out that the overestimates of rockburst
proneness degree usually occur compared with the
practical situations, when the energy impact index
Acr is used for rockburst proneness evaluation. The
practical rockburst proneness of a rock can be
reflected by the rock failure phenomenon in
laboratory tests. In general, the more violent the
rock is destroyed, the higher the rockburst
proneness is. Thus, it is necessary to
comprehensively review the existing rockburst
proneness criteria, analyze their characteristics in
detail, and evaluate and compare the judgment
accuracy of them based on the practical rock failure
phenomenon in laboratory tests. In doing so, a
reference can be offered for the rockburst proneness
evaluation of rock materials in the future.

In this study, twenty criteria for rockburst
proneness  evaluation were comprehensively
summarized, including their origins, definitions,
calculation methods and grading standards. Besides,
a series of laboratory tests on fourteen types of
rocks were conducted to evaluate the judgment
accuracy of the twenty criteria according to
practical rock failure phenomenon. Moreover, the
judgment accuracy of the twenty criteria was
compared based on the evaluation results, and then
their characteristics were discussed.

2 Overviews of rockburst
proneness criteria

twenty

Numerous criteria were proposed by scholars
from diverse perspectives to evaluate the rockburst
proneness of rock materials. In this paper, we first
summarize the twenty criteria as follows, and the
grading standards of rockburst proneness of these
criteria are also summarized in Table 1.
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Table 1 Summary of twenty criteria calculation principles and their grading standards of rockburst proneness

Criterion for

Grade of rockburst proneness

No.  rockburst Cilcrillatlfn Pa;a:ste;; of Existence
proneness ormu ormu No Very Low Medium High Very
low (Slight) (Moderate) (Heavy) high
Strain energy R Ugrand U ‘EiT are the elastic strain 20—
1 storage index ETT energy density and dissipated energy =~ <20 — 4.99 >50 —
Wer [35, 36] ET  density at the unloading level, respectively.
Enerev impact Ue U° and U* are the pre-peak total input
p herey imb A= — energy density and the post-peak failure <1.0 1.0-2.0 >2.0 —
index Acr [37] U? . .
energy density, respectively.
Potential
energy of o2 oc and Es are the uniaxial compression 50- 100— 150-
3 eclastic strain PES= 2EC strength and the unloading tangential — <50 100 150 200 >200
PES/(kJ-m™3) s modulus, respectively.
[38, 39]
Strain energy R d . .
orgeindex , _Upy  Ugrand Ugy are the castic stain encrey 20 35
4 modified Wer ET " ensity an 1§31pate energy .ens1ty at <20 — 35 50 >5.0 —
[40] ET the unloading level, respectively.
Peak-strength U* and U are the peak elastic strain
5 energy impact A'cr=U? energy density and post-peak failure ~ <2.0 2.0-5.0 >5.0 —
index 4 'cr [41] energy density, respectively.
Peal?-strength Ue UF and UM are the peak elastic strain
strain energy P _ . o 2.0-
6 . BT T energy density and the peak dissipated <2.0 — >5.0 —
storage index U energy density, respectivel 30
WPET [42] gy ys p y'
Effective W Wer and Acr are the strain energy storage
7 energy impact W=A., x 1+EV¥/ index and energy impact index, <18 — — 1.8-2.8 >2.8 @ —
index W [43] respectively.
Energy formula Wk is the work done by the pressure, 157 39,25
8  ofrockburst  E=We=2xwexV  we is the pre-peak elastic energy density, <15.7 — — 3 9'2 5 7'8 5 >78.5
E(Q)) [44] and V is the volume of the specimen. ) )
. . -
Rockb.urst - U; U represents the elastic strain energy 0.20— 0.50— 0.80—
9  energy index B = density, and U?*denotes the failure —
T yerye . 0.20 0.50  0.80 1. 00
Bq[45] q energy density.
wr is the proportion of the elastic strain
Up=U° x @ : : .
R R>  energy density to the input energy density
Surplus _ us-ut at the level of 80% of peak gtrength; U
. = . represents the pre-peak total input energy
10 energy index U2 e . >0
Wr [46] density; Uq represents the peak elastic
AW strain energy density; U? represents
B U the post-peak failure energy density; and
AW represents the surplus energy density.
R:Iile(iglii?:::c U*® and U? are the peak elastic strain 50— 150-
Apr=U*— i - i < — > —
11 Arr/()-m) erF=U—U energy density ansi the post peak failure <50 150 200 200
[41] energy density, respectively.
Peak-strength
potential
100- 200-
12 energy of — — <100 — 200 300 >300 —
elastic strain
PESP/(kJ-m3)
Brittleness U° U;,IM and U° are the peak elastic strain 12
i i BIM= i — — >15 o 1.0-1.2  —
13 index modified o energy density and the pre-peak total . 0-1.
. - 1.5
BIM [47, 48] BIM input energy density.
Deformation u and u1 are the total deformation and
|4 ritdeness o u &% permanent deformation; &, and & are the .0 2.0~ 6.0— 590
index You g, plastic strain and the elastic strain, ’ 6.0 9.0 ’
Ku [49] respectively.

to be continued
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Continued

Criterion for

Grades of rockburst proneness

No.  rockburst  Calculation formula Parameters of formula Existence
proneness No Very Low Medium High  Very
low (Slight) (Moderate) (Heavy) high
o is an adjustable parameter that
Brittleness is usually ta.ket} as 0.1; oc apd ot
index of are the uniaxial compressive
o, & iaxi i _
15 rockburst B=ag x 2oy &t strength and um:flmal tensile 3.0 3.0 ~5.0
o, & strength, respectively; ef and 5.0
proneness ;
B[50] &b are the pre-peak total strain
and post-peak total strain,
respectively.
Strength -
. o oc and o are the uniaxial 5 .
16 b.r ittleness B=—= compressive strength and tensile <14.5 145 267 >40
index Bi o, treneth. T tivel 26.7 40
38, 51] strength, respectively.
biittrtellelrit:}sls p oc and ot are the uniaxial
17 index B,= ac compressive strength and <10 — — 10-18 >18
A . .
B [49] tensile strength, respectively.
b?ittrteer%gsls . oc and o are the uniaxial
18 index By= o-c compressive strength and <15 — 15-18 18-22 >22
A . .
B [40] tensile strength, respectively.
Decrease EG is the pre-peak deformation
19 modulus index DMI=EG/|Em| modulus, and Ewm is the >1.0 <1.0
DMI [52, 53] post-peak deformation modulus.
Th is the interval time between
Lag time ratio the peak strength point and S-R 020 0.15-
20 index Tr=T1/Tp point and is marked as the lag  >0.25 O 25 0 20 <0.15
Tr [54] time, and 75 is the time of the ’ ’
whole loading period.
2.1 Strain energy storage index (Wgr) A
. . . o
Wer [35, 36] is a typical bursting proneness (0.8-0.9)a,
discriminant criterion for rocks, and is widely — et & iz
Dissipated energy

involved in many literatures [57—59]. The value of
Wer can be obtained according to the single
loading—unloading uniaxial compression test, where
the unloading level (the ratio of unloading point
stress to the uniaxial compressive strength) ranges
from 0.8 to 0.9, as shown in Figure 1.

It is defined as the proportion of the elastic
strain energy density to the dissipated energy
density at the corresponding unloading level. The
formula for calculating the criterion is as follows:

Uty = |7 ods (1)
Ul = [ ode 2)
UgT:U](E)T - Ugr 3)
ig= i @)

density Udgr

Elastic strain energy
density U &r

Unloading curve

Initial loading curve

|
O | 1 &
&, € k
p € . &

Figure 1 Calculation diagram of Wgr and K,
where US,, U, and Ul are the input energy
densities, the elastic strain energy density and
dissipated energy density at the corresponding
unloading level, respectively; glk and & are the
strain at the corresponding unloading level, and the
residual strain when the stress is unloaded to O,
respectively.
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2.2 Energy impact index (4cr)

According to the complete stress—strain curve
obtained in the uniaxial compression (UC) tests,
Acr [37] is defined as the proportion of the pre-peak
total input energy density to the post-peak failure
energy density. Figure 2 shows the calculating
method of Acr, which is expressed as follows:

U°=.f0£1 ode (5)
Ua:_[jz ode (6)
A= ™

where U° and U? are the pre-peak total input energy
density and post-peak failure energy density,
respectively, & is the strain at peak strength and e&;
is the maximum strain of the rock specimen during
UC tests, respectively.

A
o
i Post-peak
Pre-peak total input \  loading curve
energy density U° | \\’/
=1 Post-peak failure —\
energy density —\
U? \
Pre-peak —
loading curve — 1
4
1
=
:
1
&t g & 8'2 €

Figure 2 Calculation method diagram for Acr and B

2.3 Potential energy of elastic strain (PES)

The elastic strain energy stored in rock is also
applied to judge the bursting proneness for rock
materials, which is defined as the potential energy
of elastic strain PES [38, 39]. As Figure 3 shows, in
the single circle loading-unloading uniaxial
compression (SCLUC) test, the stress is first loaded
to 80% to 90% of peak strength and then unloaded
to 0, and the stress is reloaded until the rock
specimen is completely destroyed. The tangent of
the unloading curve is marked in the figure, whose
parallel line is assumed as an unloading curve at the
peak strength point (see Figure 3). The area under
the assumed unloading curve is considered as the
peak elastic strain energy density. Accordingly, the
PES is obtained, which can be illustrated by the

2797
& A
Secondary
2 R R I, loadingeyrve 4 B
o BB g Unloading point
w7 77c  Assumed Post-peak
Vs Us unloading % curve

Tangent of
unloading curve,

—
——
 re— |
—
E——D
0 & & & e

Figure 3 Calculation diagram of PES, Wr and B,

shaded area shown in Figure 3. The formula is

expressed as:

PES= (8)
2F

S

where o, and Es are the uniaxial compression
strength and the unloading tangential modulus,
respectively.

2.4 Strain energy storage index modified (W;;)
ZHANG et al [40] proposed an improved Wer

named W;., whose definition was the same as

Wer. However, a new grading standard of rockburst

proneness was provided.

2.5 Peak-strength energy impact index (A4'cr)

The peak elastic energy density plays an
important role in the study of rockburst proneness
criterion. In order to obtain the peak elastic energy
density accurately, GONG et al [41, 60] have
carried out a series of SCLUC tests. Based on the
test results, GONG et al [41, 60] first found the
linear energy storage law in the process of rock
uniaxial compression test. The linear energy storage
law has also been confirmed in the tensile failure
test and shear failure test, which can be regarded as
an inherent material property of rock materials [41,
42, 60—63]. According to the linear energy storage
law, there is a strong linear relationship between the
elastic energy density and the input energy density
during the uniaxial compression of rock specimen
[41, 42, 60]. The linear energy storage law can be
expressed as follows:

Uf =q x Ui0 +b )
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where U; and U; are the elastic energy density
and input energy density at different unloading level
i in SCLUC tests (i is the ratio of preset unloading
stress to the peak strength of each rock specimen),
which can be calculated by the area integral under
the initial loading stress—strain curve and unloading
stress-strain curve, respectively.

According to the obtained linear energy
storage law, the peak elastic strain energy density
U° can be accurately calculated by substituting the
pre-peak total input energy density U° into formula

(1)
US=a x U°+b (10)

The peak-strength energy impact index A'cr
was defined as the proportion of the peak elastic
strain energy density to the post-peak failure energy
density (see Figure 4) [41]. The formula is as
follows:

A'ci=UU? (11)

7777 Peak dissipated energy
7. density Udp

Peak elastic strain
energy density U®

—

=] Post-peak failure
energy density
v

o

Figure 4 Calculation method diagram for A'cr, W,
PESPand Agr

2.6 Peak-strength strain energy storage index

Wer)

As a modification from Wker, Wé)T [42] was
proposed on the basis of the linear storage energy
law, which is the proportion of the peak elastic
strain energy density to the peak dissipated energy
density (see Figure 4). The formula is as follows:

p_ U
ET Ud

(12)

where UF and U are the peak elastic strain energy
density and the peak dissipated energy density,
respectively. They can be calculated according to
the methods in Section 2.5.

2.7 Effective energy impact index (W)
Considering the characteristics of Wer and Acr,
W was proposed [43]. Its definition is the
proportion of the pre-peak elastic strain energy
density to the post-peak failure energy density. The
capacity for storing elastic energy w, is
approximated by the following formula:

WET

w,= (13)
O Wy,
After combining with Acr, W is given by
W
W=App x —2& (14)

Wy

2.8 Energy formula of rockburst (E)

Energy formula of rockburst E reflects the
pre-peak elastic energy [44]. In an UC test, the
pre-peak elastic energy density w. is as follows:

2

(o}
=—0o, e&=-% 15
WC 20-6 ZE ( )

1 1
wlV= E 0,& x sh= 5 so, X he

=%FxAh:%><WE (16)

where V' is the volume of the specimen; o, is the
uniaxial compressive strength; ¢ is the compressive
strain; s is the cross-sectional area of the specimen;
h is the height of the specimen; F is the pressure;
Ah is the displacement under the pressure; and We
is the work done by the pressure. After that, we
obtain F as:

E=Wi=2xwexV (17)

2.9 Rockburst energy index (B,)

Rockburst energy index Bg was proposed
according to the post-peak section of the complete
stress-strain curve [45]. Figure 3 shows the
approach for calculating the criterion, and the

relevant formula is

e
PR
q Ucel:+Ua

(18)

where U; represents the elastic strain energy
density, which is the area of ABC, and U® denotes
the failure energy density, which is the area of
ACDE.
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2.10 Surplus energy index (Wg)

Based on the SCLUC test, Wr [46] was
proposed. Figure 3 shows the test method of
calculating this criterion. The method can be
described as follows: the stress is unloaded to 0
when the stress reaches 80% of peak strength; then
the reloading starts until the rock specimen is
completely destroyed. The criterion is described as
wR:% (19)

0.8
Up=U° x (20)

- UrU AW
oo o

21)

where U;, and Ug, are the elastic strain energy
density and the input energy density at the stress
level of 80% of peak strength, respectively; wr
represents the elastic energy storage capacity of a
rock; U° represents the pre-peak total input energy
density calculated by integrating the pre-peak part
under stress-strain curve; U; represents the peak
elastic strain energy density calculated by Formula
(20); U" represents the post-peak failure energy
density; and AW represents the surplus energy
density.

2.11 Residual elastic energy index (4gr)

Considering the energy evolution law of the
whole failure process, GONG et al proposed the
residual elastic energy index Agr [41]. The residual
elastic energy index is defined as the difference
between the peak elastic strain energy density and
the post-peak failure energy density, which can be
expressed as

Ag=U—U" (22)

where U° and U* are the peak elastic strain energy
density and the post-peak failure energy density,
respectively. They can be obtained according to the
methods mentioned in Section 2.5.

2.12 Peak-strength potential energy of elastic
strain (PES®)

Based on the linear energy storage law, the
peak-strength potential energy of elastic strain PES”
was put forward, which represents the peak elastic
strain energy density at of rock specimen and is
modified from PES. The peak-strength potential
energy of elastic strain (shown in Figure 4) can be

calculated by the linear energy storage law
introduced in Section 2.5 [41]. The grading
standard of the rockburst proneness of this criterion
is shown in Table 1.

2.13 Brittleness index modified (BIM)

The BIM [47, 48] is defined as the ratio of the
total input energy density of the pre-peak to the
peak elastic strain energy density. The peak elastic
strain energy density is obtained based on the
tangential modulus in the elastic loading phase. The
parallel line to the elastic part of loading curve is
assumed the unloading curve at the peak strength
point (presented in Figure 5). The area under the
assumed unloading curve is considered the peak
elastic strain energy density. Figure 5 illustrates the
calculation of the criterion, and the calculation
formula is

UO
BIM= — (23)
UBIM
o
O-C
Post-peak
loading
curve
0.50,
o

& & &

Figure 5 Calculation method diagram for BIM and DMI

2.14 Deformation brittleness index (K,)

The rockburst proneness of a rock is closely
related to the brittleness of the rock. Based on this,
K, [49] was proposed. As Figure 1 shows, the stress
is unloaded to 0 when it reaches 80%—-90% of the
peak strength. K, is equivalent to the proportion of
the total deformation to the permanent deformation.
The formula of calculating K, is as follows:

u  E,TE,

(24)

where u and u; are the total deformation and
permanent deformation, &, and e. are the plastic
strain and the elastic strain, respectively.

2.15 Brittleness index of rockburst proneness (B)
Based on the close relationship between the
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rock brittleness and rockburst proneness, B [50]
(Figure 2) was proposed to judge the bursting
proneness for rock materials. B is given as:

B=a x Ze x & (25)

Oy &

where a is an adjustable parameter that is usually
taken as 0.1; o. and o, are the uniaxial compressive
strength and uniaxial tensile strength, respectively;
and & and &, are the pre-peak total strain and
post-peak total strain, respectively.

2.16 Strength brittleness index (B1)

As a classical criterion, strength brittleness
index B, [38, 51] is widely used to evaluate the rock
brittleness, and is defined as the proportion of the
uniaxial compressive strength to the uniaxial tensile
strength, as follows:

= (26)

where o, and oy are the uniaxial compressive
strength and tensile strength, respectively.

2.17 Strength brittleness index (B>)

There is another strength brittleness index B,
[49] whose definition is the same as Bj, but a new
grading standard of rockburst proneness is proposed
and presented in Table 1.

2.18 Strength brittleness index (B3)

ZHANG et al [40] also put forward a new
grading standard (Table 1) of rockburst proneness
as the strength brittleness index, B3, based on the
five-factor comprehensive rockburst criterion. The
five factors include the mechanical conditions of
rockburst o1/0. and oé/o., the rock brittleness o./ot,
the elastic energy index Wgr and the rock mass
integrity coefficient K,. o1 is the maximum
principal stress at the tunnel periphery, and oyis the
maximum tangential stress at the tunnel periphery.

2.19 Decrease modulus index (DMI)

The DMI [52, 53] is the proportion of the
pre-peak elastic modulus to the post-peak decrease
modulus. The calculation of DMI is demonstrated
in Figure 5, and the formula is as below:

DMI=Eq/|Ev| 27)

where Eg is the pre-peak elastic modulus obtained

by the slope of the linear part of pre-peak stress—
strain curve, and Fym is the post-peak decrease
modulus obtained by the slope of the post-peak
decreasing stress—strain curve.

2.20 Lag time ratio index (7r)

The load-unload response ratio (LURR) theory
was proposed by YIN [64] to study rock damage
precursors and instability prediction. During the
pre-peak uniaxial compressive test of rock material,
the deformation modulus of loading section is
different from that of unloading section except
elastic deformation stage. The differences can
reflect the deterioration degree of the rock
mechanical properties. The differences can be
quantified by the formula as follows [64]:

X= tim 28 (28)
AP0 AP

where AR is the response increment, and AP is the

load increment. The LURR is defined as

) S [AR ) /(AR]
LURR= — = lim |—* — (29)
X_ AP0 AP+ AP

where X: is the loading response rate and X- is the
unloading response rate [65—67].

Using the LURR theory, GONG et al [54, 68]
studied the relationship between load—unload
response ratio characteristic of rock material and
rockburst proneness degree based on the uniaxial
step load—unload test, and proposed the lag time
ratio index, which is defined as the ratio of the time
from the LURR S-R (start rise) point to the peak
strength point to the time of the whole loading
period (Figure 6). It can be expressed as

Tr=T/Ty (30)

where 71, which is marked as the lag time, is the

Peak strength point LURR

Damage
strength point

Stress—strain

.curve
LURR-strain |
| curve S-R pdint| .:

0

O ' T 1 $
Figure 6 Calculation method diagram for T
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interval time between the peak strength point and
S-R point, and T is the time of the whole loading
period. The S-R point can be obtained directly by
analyzing the data of LURR-strain curves, and it is
the last point whose LURR value is smaller than the
previous one. Besides, the time corresponding to
the LURR S-R point is consistent with the change
point of the AE counting rate, and the axial stress
corresponding to the LURR S-R point is the same
as the rock damage strength [68, 69].

The above 20 rockburst proneness criteria
were proposed from diverse perspectives and have
different characteristics. However, the judgment
accuracy of these criteria lacks a unified evaluation
and comparison, so that choosing a suitable
criterion for evaluation of rockburst proneness is
difficult. To obtain the judgment results of the
criteria and compare the judgment accuracy of them,
a series of laboratory tests on fourteen types of
rocks were conducted.

3 Test procedure and test results

In order to evaluate the rockburst proneness of
rock materials using the above criteria, different
types of laboratory tests are required to carry out
firstly. Generally, UC test, SCLUC test or Brazilian
disc (BD) test are involved. In this study, the BD
test, UC test and SCLUC test were conducted on
fourteen types of rocks to obtain the judgment
results of the criteria and compare the judgment
accuracy of them, and the details of the tests are as

Yueyang
granite

Fine granite Yellow granite

Green
sandstone

Yellow

Red granite
sandstone

Slate Limestone

Black sandstone

follows.

3.1 Specimen preparation and test instrument

Fourteen types of rocks were selected for the
tests, including six types of granite, four types of
sandstone, two types of marble, one type of slate,
and one type of limestone (Figure 7).

The rocks were processed into cylindrical with
two specifications: d50 mmx50 mm specimens
were prepared for the BD test, and 450 mmx
100 mm specimens were used for the UC and
SCLUC tests. The density and P-wave velocity of
the fourteen types of rocks are measured and listed
in Table 2.

The BD tests were conducted on the MTS 322
test system (Figure 8), and a loading module was
used in the tests. The UC and SCLUC tests were
carried out by INSTRON 1346 test system
(Figure 8), whose maximum axial loading force can
reach 2000 kN. The loading module and rock
specimen installation in the two test systems above
are shown in Figure 8. The instantaneous failure
process of each kind of rock under compression
was recorded by a high-speed camera.

3.2 Test procedure

The BD test on a rock specimen merely
comprised a sustained loading process, during
which the specimen was loaded until destruction by
force control with a loading rate of 10 kN/min. The
rock tensile strength can be obtained through the
BD tests.

Qingshan
granite

Yellow

. Marble
rust granite

White marble

Figure 7 Fourteen types of rock specimens (¢50 mmx>100 mm)
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Table 2 Basic properties of fourteen types of rocks

Rock type Average df:}r1sity/ Average P-wzi\fe Average elastic Average tensile  Average compressive
(grem™) velocity/(ms™) modulus/GPa strength, o/MPa strength, o./MPa

Fine granite 2.80 5419.36 57.91 6.48 261.55
Yueyang granite 2.60 4155.06 41.78 5.08 206.96
Yellow granite 2.58 3336.26 36.53 4.45 194.68
Slate 2.75 4753.26 34.51 10.49 212.70
Limestone 2.69 6136.86 45.05 4.05 169.91
Qingshan granite 2.64 4082.19 35.09 8.57 158.66
Red sandstone 2.43 2823.85 18.84 2.13 97.56
Red granite 2.60 4122.29 39.03 4.86 163.62
Green sandstone 2.41 3021.73 16.69 3.46 104.22
Yellow sandstone 2.57 3963.58 16.39 4.58 109.33
Black sandstone 2.59 3733.23 17.58 3.74 93.70
Yellow rust granite 2.58 3450.75 17.94 3.62 75.04
White marble 2.70 3961.72 23.40 3.49 67.66
Marble 2.69 4272.47 33.02 2.53 54.84

Rock . d
specimen ; =

Figure 8 MTS 322 test system (a), loading module and specimen installation in the BD tests (b), specimen installation
in the UC and SCLUC tests (c) and INSTRON 1346 test system (d)
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During the UC tests, the rock specimen was
loaded by pressure heads until it was completely
destroyed; the axial force and displacement were
recorded in real time. The tests were conducted by
force control with a loading rate of 120 kN/min,
and the control mode was transformed into
displacement control with a loading rate of
0.065 mm/min when the stress reached about the
80% of peak strength. Based on the UC tests, the
complete stress—strain curves and the uniaxial
compressive strength (oc) of the specimen tested
were attained.

The SCLUC tests are usually used to study the
energy evolution and storage characteristics of rock
specimens during uniaxial loading and unloading
[41, 42, 60, 70—72]. The SCLUC tests were
performed following the procedures hereinafter.
First, the initial loading was conducted on a rock
specimen until the stress reached ko. (k&=0.1, 0.3,
0.5, 0.7 and 0.9), and then the specimen was
unloaded until the stress reached 0.02¢.. Finally, the
secondary loading was performed until the
specimen was totally destroyed. During the loading
process, the loading mode was the same as that in
UC tests, besides, the unloading process was
conducted by force control with a loading rate of
120 kN/min. The associated loading path in a
SCLUC test is depicted in Figure 9.

Initial . Secondary Post-peak
UuloadingUnloadlng loading stage
1 ]
o, )
//‘
koo| //
P
P
O /// -

Figure 9 Loading path of SCLUC tests

3.3 Test results

After the tests, the average tensile strength,
average uniaxial compressive strength, average
elastic modulus (shown in Table 2), stress—strain
curves (shown in Figures 10 and 11) and other
necessary parameters of fourteen types of rocks
were obtained, which are the key factors for
obtaining the judgment results of rockburst
proneness using the criteria. From Figure 10, it can
be seen that the characteristics of these stress—strain

curves are different from each other. Some rock
specimens have complete stress—strain curves, such
as marble, white marble and yellow rust granite,
and their curves are flat, which shows that they
have obvious plasticity. However, some other rock
specimens like red sandstone and Yueyang granite
have incomplete post-peak curves and the stress of
these specimens drop sharply after peak, which
indicates that they have strong brittleness. Besides,
the stress—strain curves of three typical rock
specimens (Yellow granite, Green sandstone and
Marble) in SCLUC tests are shown in Figure 11. It
can be observed that the unloading curve is below
the initial loading curve for the existence of energy
dissipation during loading process, the irreversible
permanent deformation will occur in the
load-unloading process. The secondary loading
curve is between the initial loading curve and
unloading curve, and it develops as the trend of the
initial loading curve after going through the
unloading point.

Figure 12 shows the relationships between the

300 . _
(a) — Fine granite
— Yueyang granite
239 - — Yellow granite
—— Slate
—— Limestone
< 200 ——Qingshan
& granite
2 150 ~Red
3 sandstone
% 100
50
0 1
2 4 6 8 10 12
Strain/1073
2007 ) ~—Refl graife
—— Green sandstone
—— Yellow sandstone
150 —— Black sandstone

—— Yellow rust granite
—— White marble
—— Marble

100

Stress/MPa

50

2 4 6 8 10 12
Strain/1073
Figure 10 Stress—strain curves of fourteen rocks in UC

tests



J. Cent. South Univ. (2020) 27: 2793-2821

12

Strain/1073

elastic strain energy density and input energy
density of yellow granite, green sandstone and
marble in SCLUC tests, and the calculation results
of other eleven types of rocks are shown in Table 3.

The results show that there is a very obvious
linear function relationship between the elastic
energy and the input energy of rock specimens
during uniaxial compression, indicating that the
linear energy storage law is applicable to all kinds
of rocks. By using the linear energy storage law, the
peak elastic energy density can be accurately

2804
200 200
(@) — Yellow granite (®) — Yellow granite
—— Green sandstone —— Green sandstone
—— Marble —— Marble
150 150 +
< <
= S
% 100 'z 100
7] )
50 50
0 10 12 0 2 4 6 8 10 12
Strain/1073 Strain/1073
200 200
(©) = Yellow granite @ Yellow granite
~ Green sandstone —— Green sandstone
—— Marble —— Marble
150 + 150
< <
o =D
=
% 100 + 2 100
2 g
7] »n
50 + 50
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Strain/1073 Strain/1073
200
(&) — Yellow granite
—— Green sandstone
—— Marble
150
& Figure 11 Stress—strain curves of three
% 100 rocks in SCLUC tests: (a) &=0.1; (b) k&=0.3;
8 (c) £=0.5; (d) £=0.7; () £=0.9
)
50

calculated by substituting the peak total input
energy density into the calculation formula, and the
calculation results are shown in Table 3.

4 Classification standard for rockburst
proneness in laboratory tests

Using the test data in Section 3, the rockburst
proneness grade of the 14 kinds of rocks can be
evaluated according to the definition of each
rockburst proneness criterion in Section 2 and the
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Figure 12 Relationships between elastic strain
energy density and input energy density of three
rocks in SCLUC tests: (a) Yellow granite;
(b) Green sandstone; (c) Marble

Table 3 Calculations of average peak elastic strain energy density based on linear energy storage law

Rock type

Relationships of U® and U°

Average peak input energy
density, U%(mJ-mm™3)

Average peak elastic strain
energy density, U%(mJ-mm3)

Fine granite
Yueyang granite
Yellow granite
Slate
Limestone
Qingshan granite
Red sandstone
Red granite
Green sandstone
Yellow sandstone
Black sandstone
Yellow rust granite
White marble

Marble

U=0.8542xU°+0.0037
U=0.8726xU°+0.0016
U=0.8632x0U°+0.0034
U=0.6985xU°+0.0081
U=0.8721xU°+0.0014
U=0.8010x0U°+0.0010
U=0.7584xU°+0.0003
U=0.8821xU°+0.0033
U=0.7234xU°+0.0017
U=0.5991xU°+0.0035
U=0.6059xU°+0.0006
U=0.5580xU°+0.0003
U=0.6168xU°+0.0007
U=0.5191x0U°+0.0019

0.6980 0.5999
0.5390 0.4687
0.5015 0.4281
0.5484 0.3911
0.3220 0.2822
0.3870 0.3109
0.3110 0.2361
0.3170 0.2763
0.3310 0.2351
0.5280 0.3198
0.2673 0.1672
0.1852 0.1045
0.1430 0.8750
0.0700 0.0382

grading standards in Table 1.
As mentioned above, the judgment results of
some criteria are sometimes inconsistent with the

actual state of rock specimens

after failure.

Therefore, the judgment results need to be analyzed
based on the practical experimental phenomenon to
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evaluate and compare the judgment accuracy of the
criteria. To complete it, the classification standard
of rockburst proneness based on the practical
experimental phenomenon was introduced in this
section that was used as the basis for evaluating the
judgment accuracy of the criteria.

Similar to the rockburst occurring in deep
in-site engineering, the rock specimen failure in the
laboratory tests was generally accompanied by an
ejection phenomenon of rock fragments. The
rockburst proneness of the rocks is closely related
to the kinetic energy of the ejected rock fragments.
The most ideal method of judging the rockburst
proneness of a rock specimen is to obtain the mass
and velocity of each rock fragment and calculate its
kinetic energy precisely. However, there are
numerous rock fragments being ejected in diverse
directions in a very short time during rock failure,
as shown in Figure 13 (the failure process of
Yueyang granite recorded by the high-speed

Photron

Photron

Figure 13 Failure process of Yueyang granite

camera). In Figure 13, it is impossible to track the
path of each rock fragment and calculate its velocity.
Collecting and weighing each rock fragment are
also hard to achieve. Therefore, the ideal method
will not work under the current technical conditions.
Under this circumstance, the factors such as the
ejection distance of rock fragments, failure and
motion  characteristics are  considered to
comprehensively judge the rockburst proneness. In
this study, a classification standard for rockburst
proneness in laboratory tests (S;) [41] was
introduced considering four factors (ejection
distance of rock fragments, failure and motion
characteristics, distribution characteristics of rock
fragments and failure sound characteristics) from
qualitative and quantitative aspects by analyzing the
practical failure processes (recorded by the
high-speed camera) and failure characteristics of the
rock specimens. The rockburst proneness degree is
divided into four grades (no, low, medium, and

Photron

o -

After 8 ms
Photron

@

)

After test S
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high). The details of the classification standard are
as follows.

Firstly, the rockburst proneness of the rock
materials is the quantitative
perspective, and the far-field ejection mass ratio
(Mr) was introduced [41]. In view of the difficulty
of rockburst proneness evaluation with the ideal
method, an approximate calculation method was
proposed considering the ejection distance and
mass of rock fragments. Kinetic energy includes
two parameters, i.e., mass and velocity. The farther
the rock fragments eject, the greater the velocity.
Thus, the more rock fragments eject into a wider
range, the greater the kinetic energy. Accordingly,
the rockburst proneness could be judged
quantitatively by collecting and counting the rock
fragments ejecting in different distances. To
simplify the calculation, the rock specimen tested
was taken as the center, and the distribution area of
rock fragments was divided into two parts: the area
in the device pressure head range, and the area
beyond the device pressure head range and in the
test platform (Figure 14). This method was defined
as Mr which is the ratio of the mass of the rock
fragments falling outside the device pressure head
range to the total mass of rock fragments separated
from the rock sample. The formula is as follows:

analyzed from

__m
MF—

31

i, €19
where m; and m, are the mass of rock fragments
falling outside the device pressure head range but
within the test platform range, and the mass of rock
fragments falling within the scope of pressure head,

Destroyed rock specimen

N
N

Baffle |

Rock fragn)ts{\

(2)

Pressure head

respectively.

By comprehensively considering the practical
failure characteristics and the value of Mr, a
specific grading standard for rockburst proneness of
Mk is obtained as follows [41]:

M =0, no rockburst proneness

M =0 - 0.4, low rockburst proneness
(32)

M=0.4 — 0.6, medium rockburst proneness

M=0.6 - 1.0, high rockburst proneness

There are two typical states: 1) m;=0, namely
no rock fragments fell outside the device pressure
head range, and Mp=0 at this state, which
corresponds to no rockburst proneness. 2) m,=0, all
the rock fragments separated from the rock sample
and fell outside the device pressure head range but
within the test platform range, and Mr=1; in this
state, the rock is subjected to high rockburst
proneness.

Secondly, the rockburst proneness is analyzed
from the qualitative perspective based on the failure
and motion characteristics, the distribution
characteristics of rock fragments, and the failure
sound characteristics. The detailed analyses are
described as follows.

No rockburst proneness: A small number of
particles of rock fell around the specimen after it
failed. There are penetrating cracks on the surface
of the rock specimen, and no fragments separated
from the specimen during the failure process.
Moreover, there is no sound when the specimen is
destroyed. These situations appeared in the marble,
white marble and yellow rust granite, as shown in
Figures 15(a)—(c).

Test machine
platform

(b)

Figure 14 Diagrammatic sketch for Mr: (a) Three-dimensional diagram; (b) Profile diagram
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Figure 15 State of white marble, marble, yellow rust granite and black sandstone after failure: (a) White marble;

(b) Marble; (c) Yellow rust granite; (d) Black sandstone

Low rockburst proneness: As the failure of
black sandstone shown in Figure 15(d), after the
specimen failure, a few small fragments are
distributed in the area around the specimen,
including the areas of the device pressure head and
test platform. Some fragments are ejected down
obliquely from the specimen with a lower velocity
when the specimen is totally destroyed. This can be
observed from the failure process of black
sandstone, as shown in Figure 16. There is a slight
sound when the specimen is destroyed.

Medium rockburst proneness: After the failure
of the rock specimen, some large pieces of
fragments and a small number of particles distribute
around the specimen and most of them are on the
device pressure head (see the failures of red
sandstone, red granite, green sandstone, and yellow
sandstone shown in Figure 17). Many fragments are
ejected down obliquely from the specimen with a
higher velocity when the specimen totally fails, e.g.,
the failure of red granite shown in Figure 18. There
is a clear and crisp cracking sound when the
specimen is destroyed.

High rockburst proneness: Massive pieces of

fragments and some particles are distributed around
the specimen, and most of them are on the test
platform (see the failures of Fine granite, Yueyang
granite, Yellow granite, Slate, Limestone, and
Qingshan granite shown in Figure 19). When the
specimens totally fail, a large number of fragments
with some particles are ejected nearly along the
horizontal direction from the specimen at a very
high velocity, as can be observed from Figure 20.
There is a burst sound when the specimen is
destroyed.

Thus, by combining the above quantitative and
qualitative analyses of rockburst proneness of rock
materials, the classification standard for rockburst
proneness (S;) in laboratory tests is obtained, as
shown in Table 4.

It is noted that the S: is a comprehensive
empirical classification standard for rockburst
proneness considering diverse factors based on the
practical experimental phenomenon. The judgment
standard will vary if the testing condition changes,
and it will take a lot of work if S; is directly used for
the judgment of rockburst proneness degrees of
rock specimens. Therefore, S; is not suitable to be
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Figure 16 Failure process of black sandstone

Figure 17 Situation of rock specimens after failure for medium rockburst proneness: (a) Red sandstone; (b) Red granite;

(¢) Green sandstone; (d) Yellow sandstone
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Figure 19 Situation of rock specimens after failure for high rockburst proneness: (a) Fine granite;
(c) Yellow granite; (d) Slate; (e) Limestone; (f) Qingshan granite

(b) Yueyang granite;
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Figure 20 Failure process of Qingshan granite

Table 4 Classification standard for rockburst proneness of rock materials [41]

Considerations

Rockburst -
proneness Failure and motion characteristics Distribution characteristics of rock fragments Failure sgupd Mr
characteristics
Penetrating cracks, no fragments A small number of rock particles being
. . - . N
No being ejected out after failing on the device pressure head o sound 0
Obvious cracks, a few fragments being A few small rock fragments being mainly .
L . . o . light 0-0.4
ow ejected out by lower velocity after failing on the device pressure head Slight sound
Some rock fragments falling off during Some large piece of fragments and a .
. . . . . . . Clear and crisp
Medium loading, many fragments being ejected out small number of particles being mainly . 0.4-0.6
. . . . cracking sound
by higher velocity after failing on the device pressure head

Some rock specimens existing situation of
fragments falling off during loading but some
High specimens being intact, a large number of
fragments being ejected out by very high
velocity after failing

Massive large piece of fragments and some

particles being mainly on the test platform Burst sound - 0.6-1.0

popularized as a discriminant criterion for the

judgment of rockburst proneness in laboratory 5 Judgment accuracy analysis of twenty
conditions; S, is merely used as a basis of criteria

evaluating the judgment accuracy of rockburst

proneness criteria in this study. According to the rockburst proneness grading
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standards of the twenty criteria and the test results
of the fourteen types of rocks, the judgment results
of the rockburst proneness for each type of rock
regarding every specific criterion were obtained.
The calculation results of the criteria are listed in
Table 5, and the judgment results of the criteria are
shown in Table 6. It can be seen that the results of
different criteria for one type of rock are different
from each other, as each criterion has its own
limitation. This also indicates that the judgement
accuracies of these criteria are worth analyzing.

In this study, S; is taken as the standard to
evaluate the judgment results of the twenty criteria
of rockburst proneness to obtain their judgment
accuracies. To achieve it, the judgment results of
the fourteen rocks by S; are obtained and presented
in Table 6. Besides, the applicability and validity of
S: are explained as follows based on the judgment

results in Table 6 and the actual rockburst proneness.

Taking yellow rust granite, white marble and
marble as examples and according to the actual
state of rock failure (shown in Figure 15), these
three kinds of rocks have no rockburst proneness,
but only the judgment results of six criteria (Wker,
W, W, A'ce, WFEr, Agr) and S, (Table 6) accord

Table 5 Calculation results of the twenty criteria and Mg

with this situation. Moreover, the black sandstone
has low rockburst proneness (Figurel5(d)) and red
granite has medium rockburst proneness
(Figure 17(b)) according to the actual situation of
rock failure. However, the judgment results (Table 6)
of Wgr, W¢gr, W and W't for these two rocks are
evidently wrong. The result of 4'cr is not precise,
which cannot distinguish the rockburst proneness in
low and medium degrees. Only the judgment results
of Agr and S; are consistent to the actual situation.
Similarly, the other rocks are also analyzed as the
above way. It is found that the judgment results of
S; totally conform the actual rockburst proneness,
which indicates that S; is appropriate and effective
to be an evaluation standard for the judgment
accuracy of the twenty criteria.

The preliminary evaluation of the accuracy
regarding the judgment results of the twenty criteria
are shown in Table 6. There, the “1” represents that
the judgment result of the criterion is higher than
the judgment result of S; for the same type of rock,
the “|” represents that the judgment result of the
criterion is lower than the judgment result of S; for
the same type of rock, and the “—” represents that
the judgment results of the criterion and S; for the

Criterion
Rock type Mr
Wer Ack PES W%t A'ce WPer W E  Bq Aer PESPBIM K« B Bi B: B3 DMI Tx
gf:;rrlliete 6.47 6.57 543 6.47 5.63 6.12 5.69 195.8 0.10 3.91 477 600 1.14 5.34 57.8340.3640.3640.36 0.48 0.12 0.68
Yueyang
aranite 6.23 9.86 461 6.23 8.58 6.67 8.50 173.9 0.07 6.11 403 470 1.12 8.54 87.0940.7440.7440.74 0.35 0.13 0.71
Yellow

636 7.16 418 6.36 6.14 5.85 6.20 161.9 0.20 4.83 356 428 1.

granite

—_—

5.50 69.8743.7543.7543.75 0.20 0.08 0.83

Slate  4.81 9.65 379 4.81 6.91 2.48 7.99 157.4 0.20 5.28 318 391 1.07 5.1 49.6720.2820.2820.28 0.45 0.07 1.00
Limestone 6.29 22.41 256 6.29 19.65 7.10 19.3495.34 0.92 17.07 266 282 1.13 8.83 179 41.9541.9541.95 0.35 0.07 0.83

Qingshan
granite
Red

4.12 578 283 4.12 4.65 4.09 4.65 108 0.15 24 220 311 1.12 6.63 16.2118.5118.5118.51 0.36 0.07 0.65

2.81 9.39 222 2.81 7.13 3.15 6.93 80.46 0.06 5.24 199 236 1.22 5.20 90.3645.8045.8045.80 0.32 0.12 0.58

sandstone
Red

7.00 4.19 247 7.00 3.65 6.78 3.67 92.41 0.22 2.65 183 276 1.11 8.03 22.1 33.6733.6733.67 0.46 0.16 0.53

granite
Green

2.54 6.44 234 2.54 4.63 2.44 4.68 88.98 0.58 3.49 183 235 1.15 4.1539.6830.1230.1230.12 0.18 0.19 0.51

sandstone
Yellow

1.60 3.63 234 1.6 2.20 1.54 2.23 87.63 0.13 1.15 169 320 1.36 4.43 30.2723.8723.8723.87 0.32 0.20 0.53

sandstone
Black

1.44 7.01 153 1.44 425 1.55 4.1457.11 0.7 2.19 129 167 1.18 2.78 37.8125.0525.0525.05 0.22 0.25 0.37

sandstone
Yellow
rust granite

White 55158 63
marble

Marble 1.25 0.77 33

2 210 95

1.25 042 1.2 043

1.42 1.19 1.31 1.23 35.59 0.39 0.21

15 105 1.27 2.75 7.88 20.7320.7320.73 0.36 0.28 0

1.55 0.97 1.58 0.96 22.66 0.51 —0.04 —4 88 1.63 2.97 3.18 19.3919.3919.39 0.55 0.27 0

12 0.52-0.59 -58 38 1.55 2.69 1.9 21.6821.6821.68 1.2 032 0




J. Cent. South Univ. (2020) 27: 2793-2821

2813

Table 6 Judgment results of the twenty criteria and Sr

Criterion
Rock type St
Wer Ace PES W%t A'ck WPer W E  Bqy Wr Aer PES’BIM Ki B Bi B> B; DMI Tr

Fine granite H- H- VHt H- H- H- H- VH} N| E H- H H L] H- H- H H E H-
Yueyang oy VHp B H- H- H- VAt N| E- H- H- H- M, H- H| H- H- E- H-
granite

Yellow 'y VHY H- H- B~ H- VH} L, E- H- H- H- L, H- H- H- H- B H- H
granite

Slate L] H- VHf M| H- L, H- VH{ L| B~ H- H- H- L, H- L] H- M| BE- H- H
Limestone H- H- VH} H- H- H- H- VHf H- E- H- M| H- M| H- H, H- H- E- H- H
le?agjilzzn L H VHt M| E| L| H VA1 N| B H-  H H M| H L, H M| E- H H
Red

wndione LU HT VHT LI HP LL Hf VH? N| E- M- M- M- L| H{ H} H{ H} E- H} M
Red granite Hf H{ VH{ Hf E- Hf Hf VHt L| E- M- M- H} M- Hf M- Hf Hf B- M- M
Green

wnditor. LI HT VHP L| E- LI H{ VH} M- E- M- M- H{ L| H} M- H] H} E- M- M
Yellow ' ;p vH N] E- NJ M- VHP N) E- M- Hf M- L, H{ L, Hf Hf B~ M- M
sandstone !

Black

wndione NUOHTOHT N E- N HP HT M7 E- L- L- H{ L- H{ L- Hl Hp E- L- L
Ye;r‘;nwitreu“ - H} Lt N- N~ N- N- Mt Lt Ef N- Lt Mt Lt Hf Lt Ht Mt Ef N- N
White

owe N- ET LT N- N- N- N- M M{ N- N- N- Li Lt Lf Lt Ht Mp Ef N- N
Marble N- N- VLt N~ N- N- N- L} Mt N- N- N- Lt Lt N- L} H- Mt N- N- N

Note: H represents high rockburst proneness; L represents low rockburst proneness; M represents medium rockburst proneness; E represents
existence rockburst proneness; N represents no rockburst proneness; VH represents very high rockburst proneness; and VL represents very

oow rockburst proneness.

same type of rock are the same. The detailed
analysis for the judgment accuracy of the twenty
criteria, according to S;, is as follows.

Three indexes were put forward to further
analyze the judgment accuracy of the twenty
criteria of rockburst proneness: misjudgment rate,
high-judgment rate and low-judgment rate. These
three indexes were obtained by comparing the
judgement results of the twenty criteria to the
judgment results of S; for each rock specimen. The
misjudgment rate is defined as the ratio of the
number of rocks that are misjudged to the total
amount of rocks. The high-judgment rate is the ratio
of the number of the rocks that are higher than the
practical rockburst proneness to the total number of
rocks. The low-judgment rate is defined as the ratio
of the number of the rocks that are lower than the
practical rockburst proneness to the total number of
rocks. The calculation results for these three
indexes are presented in Figure 21. From
Figure 21(a), we can see that the criteria are ranked
by the misjudgment rate from high to low. As can
be seen in Figure 21(a), the misjudgment rates of
thirteen criteria are greater than or equal to 50%, the

misjudgment rates of six criteria are less than 50%,
and there is only one criterion Agr Wwhose
misjudgment rate is 0.

The criteria are ranked by the high-judgment
rate from high to low, as shown in Figure 21(b).
From Figure 21(b), we can see that all of the criteria
have some judgment results that are higher than the
practical rockburst proneness, excluding Agr.
Moreover, the high-judgment rates of seven criteria
are greater than 40%, and it is also worth noting
that the high-judgment rates of PES and £ are 100%.
However, as the judgment results of the criteria are
higher, the supporting strength in the practical
projects is stronger, and can guarantee safety.

Figure 21(c) presents the criteria that are
ranked by the low-judgment rate from high to low.
From Figure 21(c), we can see that nine criteria
have some judgment results lower than the actual
rockburst proneness, whose low-judgment rates
range from 7% to 64 %. The lower judgment results
would not allow the supporting work to achieve the
desired effects in practical projects, and could be
dangerous for people and equipment. Therefore,
these cases should be avoided.
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Figure 21 Calculation results for misjudgment rate (a),

high-judgment rate (b) and low-judgment rate (c) of each
criterion for rockburst proneness

The judgment accuracy of the twenty criteria
has been evaluated and compared above. It can be
observed from the analyses that all the criteria
except Agr can result in some misjudgments, and
the judgment results of Agr are completely
consistent with S;’s. In addition, Figure 22 illustrates

the corresponding relationship between the
judgment results of four criteria (Wgr, Ky, B1 and
Agr) and the judgment results of Mr, in which the
“H, M, L, N” represent high rockburst proneness,
medium rockburst proneness, low rockburst
proneness, no rockburst proneness, respectively. It
can be seen that Agr yields the completely
consistent judgment results with Mp, and the other
remaining criteria show some discrepancies in their
judgment results. Therefore, compared to other
criteria, Agr is believed to be more accurate and
scientific in evaluating the rockburst proneness of
the rock materials.

6 Discussion

The rockburst proneness criteria summarized
in this study are widely used for rockburst
proneness evaluation, and they exist different
characteristics due to the various considerations
when being proposed. Besides, the obtaining
methods of the parameters in the calculation
formulas of different criteria also exist differences.
The differences of the two aspects will affect the
judgment accuracy of the criteria, therefore, the
different characteristics of the criteria and the
different obtaining methods of the parameters in
criteria are analyzed and discussed to study their
influences on the judgment accuracy of criteria.

6.1 Characteristics
criteria

The characteristics differences of the various
criteria are mainly reflected in theoretical bases,
definition forms, and research objects.

In terms of theoretical bases, the twenty
rockburst proneness criteria involve energy (e.g.,
Wrer, Acr, PES, Wr and Agr), brittleness (e.g., K., B,
B1), rigidity (DMI), and LURR theory (7x). It is
known to all that rockburst happens accompanied
by the release of energy accumulated in rock mass.
The occurrence of rockburst is closely related to the
energy evolution of rock mass, including energy
storage, dissipation and release. Hence, the criteria
based on energy can more directly reflect the
rockburst proneness than others. The brittleness,
rigidity and LURR indeed have some connections
with rockburst proneness of rock materials, whereas
it is difficult to use them to evaluate the rockburst
proneness degree accurately. As shown in

of rockburst proneness
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Figure 22 Relationship between judgment results of four criteria and Mr (H represents high rockburst proneness;
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(a) Wer and Mr; (b) K, and Mr; (c) By and Mr; (d) Agr and Mg

Figure 21(a), among the criteria whose
misjudgment rate are lower than 50%, most of them
are proposed based on energy. Thus, the energy-
based criteria are more suitable and scientific for
the evaluation of the rockburst proneness of rock
materials.

The definition forms of the criteria can also
affect their judgment accuracies. 4'cr is modified
from Acr based on the linear energy storage law,
according to which the peak elastic energy can be
precisely obtained to make the criterion more
[41]. However, A'cy still has some
misjudgment situations as presented in Figure 21(a)
and the misjudgment rate of Agr is 0. When
comparing the two criteria following the description
in Sections 2.5 and 2.11, it can be observed that
both the criteria involve the peak elastic energy and
the failure energy. However, the defined forms of
them are different: A'cr is defined in the form of
ratio value, and Agr is defined in the form of a
difference value. The form of ratio value for criteria
such as A'cr can only reflect the relative grade of
rockburst proneness to some extent; they can’t

accurate

reflect the absolute grade of rockburst proneness.
Taking the judgment results of A'cr in Tables 5 and
6 for an example, the results show that both the
black sandstone and red granite exist rockburst
proneness, and the value of black sandstone for 4'cr
is greater than that of the red granite. However, it is
observed that the red granite (Figure 17(b)) has
more violent rock fragments ejections than the
black sandstone (Figure 15(d)). Moreover, the
judgment results of Agr show that the red granite
has higher rockburst proneness than the black
sandstone and that the Agr value of red granite is
greater than that of the black sandstone. The above
analyses confirm that the criteria in the form of a
difference value can evaluate the rockburst
proneness grades more accurately.

Rockburst is related to the whole rock failure
process, and it should be considered in the
rockburst proneness criteria. The pre-peak stage
involves the energy storage and dissipation, and the
stored elastic energy is the main source of the
kinetic energy of rock fragments ejection. The
post-peak stage involves the energy dissipation and
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release. A part of the elastic strain energy is used for
rock failure, and the remaining elastic strain energy
can drive the rock fragments flying out. Therefore,
both of pre-peak and post-peak stages are
significant for analyzing the rockburst proneness
and the whole rock failure process should be
considered for the criteria of rockburst proneness.
From the above analyses, it is found that the
criteria that are energy-based, defined in the form of
a difference value and involving the whole rock
failure process are more scientific and accurate.

6.2 Calculation method of peak elastic energy

density

As mentioned above, the energy-based criteria
are more scientific relative to the others.
Additionally, the calculation method of energy
parameters, especially the peak elastic strain energy
density U, can also affect the judgment accuracy of
criteria. However, owing to the indeterminacy of
the peak strength of rock, it is impossible to unload
promptly at the peak strength point during the UC
test. Thus, the peak elastic strain energy density
could not be directly obtained by integral according
to the stress-strain curve. Under this circumstance,
some approximate calculation methods for peak
elastic strain energy density were used in criteria
such as PES, BIM, Wr, and W. There is a typical
approximate calculation method that was widely
used [38, 43, 59], and its formula is

U*=c’/(2E,) (33)

where o, is the uniaxial compression strength, and
E, is the linear modulus of an ideal unloading curve
at the peak strength point as presented in Figure 23
[41]. Two methods are usually applied to calculate
Ey: 1) E, is regarded as the unloading tangential
modulus Es (Figure 23(a)); 2) E, is regarded as the
elastic modulus of the loading curve £
(Figure 23(b)).

The approximate calculation methods will
inevitably lead to inaccurate judgment results of
criteria, and the four criteria mentioned above all
have some misjudgment situations as presented in
Figure 21(a).

To solve the above problem and obtain the
peak elastic strain energy density precisely, GONG
etal [41, 42, 62] found the linear energy storage law,
which indicates that there is a linear relationship
between the elastic strain energy density and input

— . — Assuming unloading curve
......... Actual unloading curve

Axial stress

Axial strain

(2)

— - — Assuming unloading curve

Axial stress

o

Axial strain
(b)
Figure 23 Schematic drawing of calculation of £, [60]

energy density, and their functional relationship can
be obtained by SCLUC tests.

The pre-peak total input energy density could
be easily obtained by integrating based on the
stress-strain curve. Then, the elastic energy density
could be precisely calculated by the functional
relationship between the elastic strain energy
density and the input energy density.

According to the linear energy storage law,
PES was modified into PES" that reflect the peak
elastic strain energy more precisely. It is evident
that the value of PES” is greater than that of PES as
Figure 24 shows.

This can also be confirmed by the test data
(Figure 25), the values of PES® for the fourteen
rocks are greater than PES’s. Moreover, the
judgment results of PES” are more accurate than
PES’s (Figure 21(a)), which indicates the
significance of calculating the peak elastic strain
energy density precisely.

Overall, the above analyses indicate that the
criteria that are energy-based, defined in the form of
a difference value, involving the whole rock failure
process, and based on the linear energy storage law
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to calculate the peak elastic strain energy are more
scientific and accurate. Among the summarized
twenty criteria, Agr meets all of the above
characteristics, which indicates Agr 1S a scientific
and reliable rockburst proneness criterion.

7 Conclusions

1) Twenty criteria for rockburst proneness
were summarized in detail, including their origins,
definitions, calculation methods and grading
standards. The detailed provide
convenience for evaluating the rockburst proneness
of rock materials.

2) The judgement results of the twenty criteria
were obtained by a series of laboratory tests on

summaries

fourteen types of rocks. The results show that
different criteria have diverse judgment results even
for the same rock type, which implies the accuracy
of them is worth evaluating and comparing.

3) The judgement accuracy of the twenty
criteria was evaluated based on a classification
standard for the rockburst proneness in laboratory
tests (S;) obtained from qualitative and quantitative
aspects according to the practical test phenomena.
The result shows that the judgment results of Agr
are completely consistent with the actual rockburst
proneness. In contrast, all the other criteria have
some inconsistencies.

4) The characteristics of the criteria were
analyzed. The results show that the criteria that are
energy-based, defined in the form of a difference
value, involving the whole rock failure process, and
based on precise methods to calculate parameters
are more scientific and can evaluate the rockburst
proneness accurately. Agr meets all these
characteristics, which further demonstrates the
superiority of Agr. Thus, we conclude that Agr is
relatively more accurate and scientific than other
criteria and it is recommend to evaluate the
rockburst proneness of rock materials.
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HAMRH A R PR 7T I8 508

FEEE: O 1 OREE AR HR A P G R HE R PR AT SR A LU, AT TELE I 20 Fhoa bk
Wi vEA s, JERI 14 Rea AT 17— RAISER SN, AR A REZ S VR IX 20 Flea gt ik
FIEHHAAERE . SR E SR VEAI 2 T 20 Blia e MR, AR HSCR i Ab . s L Tk
ABARE AR ebritE . BEJ, X 14 Fea A iT 7 — BP0 = u, b g il . — ik
T 28K B s 4 16 AT B2 PG B 2R %, R PR IR SR TH AR 1 20 R RIS X B Rb o A ) HR i
FPEFIBISE R BEAh, 8T Ge— Al R A SR HERYE, ST T — Rk T = S S A A
FERIAR G5 FRANIL R 5 B ) 1R 7> AR e o REARYE 1% 7> AR HEARS Hh ) B8 0 R SE P B v 5 20
Tl B 45 R AT XL, S5 RRYT, R R RERREOX — AR A RS 14 Flea A ise
B A P 1 56 4 — B8, FLAMHIE B0 45 SRISAF AE DRI DL o FAR 50 1 RS i LR VE A E LA 9 2l
i HAZE R T E XL, HHE T a A e d IR R, LR Rl Or 1 HA 50 e ARk
FEAHERAE . ARGE A_E 3 n] DAFG A, S SR A S BE 5 S50 o P 0 i 28 0 T 2 A 4 30 B
BEE HER, XA ORI A B R R AT PP N HERE DL SR S ik B
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