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As coal mining gradually moves to deep earth, rock bursts have emerged as one of the main disasters threatening the safety of coal
production. It is beneficial to conduct economic and effective prevention and control work by evaluating the bursting liability and
improving the bursting liability evaluation system. In this paper, based on the energy transfer model, the relationship between the
bursting energy index and the mechanical parameters of coal bodies is obtained by testing the bursting liability of 16 coal seams
stratified in three coal mines. According to the bursting energy index and the elastic energy index, the parameter ¢ is defined to
represent the energy release ratio of coal. This paper thus presents a method to evaluate the bursting liability as the product of the
energy release ratio and energy transfer ratio and provides a definition for the energy transfer index. The results show that the
bursting energy index of coal is closely related to its mechanical parameters. The prepeak deformation energy exhibits a strong
positive correlation with uniaxial compressive strength and peak strain. The energy release ratio parameter ¢ and bursting energy
index have high sensitivity and wide applicability. The results of the energy transfer index Q) = ¢ are consistent with the results of
bursting liability identification, which can better reflect the bursting liability, and can be used as the basis for judgment when the
“ s ” result is obtained in bursting liability identification. It is anticipated that this approach will become an important evaluation

index for bursting liability identification.

1. Introduction

Decreasing shallow coal resources has led the coal mining
industry to rapidly turn to deep mining [1]. The frequency of
occurrence and degree of danger related to dynamic rock
burst disasters in deep coal mines are increasing [2], and
such disasters have become one of the major factors
threatening safe coal mining activities [3-7]. Understanding
the mechanisms associated with rock bursts has led to a large
number of theoretical and experimental studies [8-11].
Many theoretical models have been proposed, including
stiffness theory, strength theory, energy theory, bursting
liability theory, deformation system instability theory, and
“three factors” theory [12, 13]. By defining rock bursts
[14-21] as a dynamic phenomenon involving coal and rock
interactions during mining, studies have addressed the
processes by which coal and rock masses gradually trans-
form from static equilibrium to dynamic instability. Under
the action of high ground stress, coal-rock masses around

the coal mine roadway or working face will be destroyed due
to the instantaneous release of elastic energy, which is often
accompanied by huge sound, coal-rock mass being thrown
into the mining space, and airwaves. These events often
cause the destruction of support equipment and the de-
formation of the mining space; in serious cases, casualties
and major damage to the shaft and roadway can occur, as
well as surface collapse and local earthquake events.

The main means to evaluate whether a mine is at risk of
rock burst events involves the evaluation of the bursting
liability grade of a working face or coal seam. This neces-
sitates a bursting liability test on coal samples from within
the identification range. Identification work is performed
according to national standard GB/T 23561.1-2009,
“Methods for determining the physical and mechanical
properties of coal and rock Part 1: General requirements for
sampling,” coal body sampling sample preparation,
according to the national standard GB/T 25217.2-2010, and
“Methods for test, monitoring, and prevention of rock burst-
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Part 2: Classification and laboratory test method on bursting
liability of coal (hereinafter referred to as “Standard”).” The
duration of dynamic fracture, elastic strain energy index,
bursting energy index, and uniaxial compressive strength are
calculated, and the bursting liability grade is determined
according to an evaluation index (Table 1).

The definitions of the bursting energy index and elastic
strain energy index are shown in Figure 1; their calculation
formulas are as follows:

U
Kp=-5%,
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where Kj is the bursting energy index, Us is the deformation
energy accumulated before the peak, Uy is the deformation
energy consumed after the peak, Wgr is the elastic strain
energy index, ®g;; is the elastic strain energy, and ®gp is the
plastic strain energy.

The current classification method of bursting liability is
based on the statistics of a large number of mine-measured
results, which has certain theoretical limitations. It is,
therefore, necessary to improve the evaluation theory and
method in order to achieve more accurate identifications of
bursting liability. On the theoretical basis of
Mohr-Coulomb, Zhang et al. [22] put forward a mathe-
matical basis of judgment for coal seam bursting liability,
termed the shock buckling stress index. In general, higher
stress values are more likely to be greater than the stress
index, correlating with higher probabilities of coal seam
shock instability. By conducting bursting liability tests of
coal, Zuo et al. [23] found that prepeak and postpeak energy
dissipation increased with increasing uniaxial compressive
strength. When compared with coal sample monomers, the
bursting energy index of both coal and rock masses in-
creases, thereby improving impact liability. Deng [24]
performed a Hopkinson pressure bar test and numerical
simulations for typical coal rocks and determined the dy-
namic evaluation of coal-rock impact risks by considering
the wave velocity anomaly, wave velocity gradient, stress
anomaly, and stress gradient indices as evaluative metrics.
Gao et al. [25] used MTS815.03 servocontrolled rock me-
chanics test system to test the coal, rock, and combined
specimens with the buried depth of nearly 1200 m in Xinwen
Mining Area and analyzed the mechanical properties, energy
evolution, and blasting performance. Xu et al. [26] used
uniaxial compression tests to determine the mechanical
properties and bursting liability of specimens of coal-rock
composites with rock partings with different dip angles and
thicknesses. Ji et al. [27] combined with Weibull distribution
to construct a creep damage constitutive model that can
describe the whole process of coal-rock creep and analyzed
the impact of impact disturbance on coal-rock creep damage
under different initial creep stress and different impact
energy.

Based on the energy transfer of coal seams, this paper
constructs an energy transfer model for a coal seam, defines
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TaBLE 1: Standard for classification of coal bursting tendency.
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FIGURE 1: Schematic diagram showing the energy index calculation
method.

the parameters of energy transfer efficiency, and establishes
and validates a method by which the bursting liability may
be characterized as a product of the energy release and
energy transfer ratios through identification tests of bursting
liability in several coal seams.

2. Test Scheme and Results

The main coal seams of three coal mines (M, Y, Z) were
selected for sampling tests: the M2 (buried depth 355.17 m),
M3-1 (393.69 m), M3-2 (403.02 m), M4-3 (414.66 m), and
M6 (475.01 m) coal seams in mine M; the Y1 (368.92 m), Y2
(392.75m), Y14 (611.45m), and Y15 (628.86 m) coal seams
in mine Y; the Z2 (638.20m), Z6 (694.02m), and Z7
(703.62 m) coal seams in mine Z. The coal seam number is
arranged from top to bottom according to the burial depth in
the area. These seams were identified after sampling
according to the requirements of the standard. A GCTS-
RTR-4600 test instrument was used. The coal bodies of these
three seams are classified as hard coal with high uniaxial
compressive strength; some representative samples are
shown in Figure 2.

The results of the bursting energy index in the identi-
fication test are shown in Table 2, and the stress-strain curves
of the impact energy of 81 standard coal specimens were
obtained. The stress-strain curves are classified into five
types: (1) ordinary, (2) prepeak fluctuation, (3) postpeak
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FIGURE 2: Representative partial coal samples.

fluctuation, (4) postpeak stress precipitous, and (5) postpeak
strain rebound. The number of samples without fluctuation
or featuring a sudden drop in the whole process accounted
for 9.9% of the total samples analyzed. The test results
demonstrate that the proportion of “perfect” stress-strain
curves obtained when performing the bursting energy index
test is less than 10%. The uniaxial compressive strength of
coal was found to be relatively large, and the postpeak
performance is mainly a “sudden stress drop” in nature.

3. Energy and Mechanical
Characteristics of Coal

The bursting energy index represents the ratio of prepeak
and postpeak deformation energy of coal. The prepeak curve
area includes the dissipated energy and stored elastic de-
formation energy of coal. The area of the postpeak curve
includes mainly the dissipated deformation energy of the
coal mass. The main mechanical parameters in the bursting
energy index test are uniaxial compressive strength R, strain
at peak stress, peak strain € and the elastic modulus E.

The prepeak deformation energy can be expressed by the
integral of the stress-strain curve as shown in the following
equation:

n
L+ 0
Ug = jALade ~ALY % (e —) ()
i=1

Equation (3) is then used to correlate the approximate
triangular area with the mechanical parameters of coal to
form a control:

1
US = ESPALRC, (3)

where Us is the deformation energy accumulated in the
prepeak stage of uniaxial compression, o is the stress, ¢ is the
strain, A is the cross sectional area of the specimen, L is the
specimen height, R, is the uniaxial compressive strength, and
g, is the peak strain.

The uniaxial compressive strength R, of the tested coal is
7.87-56.3 MPa, and the peak strain ¢, is 0.41%-2.51%. The
total prepeak deformation energy is 4.49-122.43 ], according
to (2). According to (3), the prepeak deformation energy is
5.05-138.21].

According to the comparison between the two energy
calculation methods given in Figure 3, the approximate area

of the triangle is slightly larger than the integral result;
however, both exhibit a good linear relationship.

Considering the coal deformation energy prior to failure,
uniaxial compressive strength, and peak strain, Figure 4(a)
shows a strong positive correlation between the three values. As
shown in Figures 4(b)-4(d), a power function relationship exists
between the deformation energy of coal and its uniaxial com-
pressive strength and an exponential function relationship exists
with respect to peak strain. There is a weak power function
relationship between peak strain and uniaxial compressive
strength. Among the three values, the uniaxial compressive
strength of the coal body has the most significant influence on
the deformation energy; that is, the deformation energy of the
coal body can be roughly inferred from the uniaxial compressive
strength to provide a preliminary judgment concerning the
bursting energy index and bursting liability.

Figure 5 shows the relationship between the bursting
energy index grade of each coal sample tested and its uni-
axial compressive strength. Uniaxial compressive strength
has a significant influence on the bursting energy index.
When the uniaxial compressive strength is greater than
14 MPa, the bursting energy index of the coal body is weak.
The uniaxial compressive strength of coal bodies with strong
results is almost always greater than 14 MPa. This result is
consistent with current standards.

The bursting energy index is also related to postpeak
failure processes. Test results show no significant relation-
ships between failure and the postpeak curve of coal mass
and uniaxial compressive strength.

4. Energy Release Ratio

Uniaxial compressive strength is a mechanical parameter
with greater weight in the existing bursting liability evalu-
ation system. Consequently, an energy release ratio was
introduced to construct an evaluation index of bursting
liability from the perspective of energy transfer.

4.1. Definition of the Energy Release Ratio ¢. The energy
release ratio is defined as the ratio between the impact energy
released during coal failure and the elastic deformation
energy obtained during coal loading, thereby reducing the
ratio of energy released by coal destruction to energy. The
impact energy released during the coal failure process under
compression is equal to the difference between the elastic
deformation energy obtained before failure and the dissi-
pated deformation energy after failure. The elastic de-
formation energy is equal to the integrated area of the
prepeak stress-strain curve minus dissipated energy in the
calculation of the elastic energy index.

According to Figure 1, the elastic energy index and
bursting energy index can be used to calculate and char-
acterize the energy release ratio ¢ as follows:

¢se —Ux =1_WET+1
sk WerKg
Figure 6 shows the relationship between the positive ¢

range of energy release ratio after coal mass failure and the
two energy indexes, both of which show a positive

$= (4)



Shock and Vibration

doxp
. . _ . . . 1
Ser'g 9.8°6 UappNS PUE 20U PUNOGIY Re 1£9°0 066°¢cT €C6'1 €A
) ) doip uappns . . . . 1
88°Cl (444> pue Suruayos ‘dorp uappng 4 9ce’l 00TLT 9499°C [ARON
. . doip uappns pue ouo . . . .
LTeC SET'TT Surpunoqas ‘doxp uappng 92UO0 SpuUNnoqay PRERT €690 0e9¢cl 98L% I-'¢X
8¥8Y €L6T1 dop uappng - i4 6180 098°'s1 (7A 44 S-1X
€va's ¥495°0C dop uappng - ¥ 620’1 0l6'61 80L°¢ V1A
1es's v8VI dop uappng - ¥ s8°0 0¥0°LT 069°C € 1X
€er's YLV'S - - ! ¥95°0 0/8°L 800°L (42PN
doxp uappns pue
STy €ST'IC Gunempny ‘doxp usppng Sunenjon(g PRERT IITT 0091 LTS I-1X
00C°0 09061 doip uappng - ¥ 0¥6°0 055°0C 0LT°S6 SO
6.V°0 £L9T°0C doxp uappng - 4 Ge0'l 0L€CC 611Cy Y9N
0100 L68'L punogqaI ureng - S €290 02491 - € 9N
14 €89°L1 - - ! 6’0 04681 €18 TIN
908°C €9691 - - ! 560 0cs61 09 I-9N
88¢'I1 6vLCl - - I £20'1 90¢CI 61T'1 S-¢- VN
¥6L'S eS8l Sunenyonyy - € 9140 SLT9C L6T°E V¢ vIN
98'F LEVT Supenjonyyg - € 86L°0 STl 6SS°C € VIN
§569°¢ Ly¥v'8 Zuruayog - € 6CL0 (41! 98¢C'C VN
¥50°C 9LTV gunenyonyyg - € 18%°0 €5¢'8 80°C [-€-vIN
(4404 785°6C - - I 98T'1 968°9¢ 9789 ST e
£96'8 6v'1v Sunenjonyg - € L69°1 LSSLT LT9Y VeI
£6¢9 861'6¢ Sunenpnyg - € LOT'T €8L°€T GE6'C € TN
€81°0T1 (441! Sunenyonyy Sunenyonyyg €8T 986°0 99801 66¢’1 TN
01T1’Z €L0°¢T Surusyog - ¥ L20'T 019°¢T SyTe [-T-¢eN
dox
€9T°L §CT'CC punoqaz sidnmy ssa118 2%532 €RT Y10°T 00¢€°0C 090°¢ S-T-¢W
doip
€879 (144! - ssoms o dnnpy (4 6180 00991 S0CTC V-1-¢eIN
L£9°6 6€T’ 1T punoga1 sdnmy - € STl 0€S81 ¥0C'C € T-¢EIN
L06'¢ 18971 - Sunenjon(g (4 Ly0'1 LeL'TT LSLE [l 34
€LLT 19¢'8 Sunenjonyg - S €590 60°€T VILY I-1-€EIN
Z19°0 €eTIe Buruayog doip ssams 2UQ €8T 0’1 059°1¢ ¥0Lve S-TN
dox
S61'S 146°8C Suruayos 1aye sainjreg sso1S 2%::2 €8T 9¢9'1 0€e'8T LLS'S ¥-TIN
0T¢'T CILCe yurod ejep M3 - 4 9791 0LT¥C VL6'VC € IN
08¢CI [£3444! jutod ejep duQ — 14 §09°C 00€°99 1£6°6 N
dox
991 €091 - sso1s 2%:32 [4 8I0°T ovest 676’6 I-CTIN
0O *n
AS10us payedissip (D Sn AS1oud saInjesy SON)SLI9)ORIRYD (%) urens (edIN) 2¥ pSuamns gy xapur
uoneuLIOp uorewojop yeadarg sa1mea) aAmd yeadisog aamd yeadaig 9AIND UTRIIS-SSAIIS yeadq aarssorduros ferxeruny  £810ue Sunsing uawiads
yeadysog

*159) xopur AS1ous Zurising jo symsay g AI9V],



865°C CLTCL doxp usppng - 4 §52°0 0LT°ST L89Y 1-97

€CL9 L9091 dop uoppns pue 3unenionfy  doxp uappng 214 LS80 0€L81 06¢€°C s-f7z
109 L9911 Sunenjong Sunenjonyy €8T 92L°0 () Vat [§4! ¥-<¢Z
viey €0¥°01 doxp uappng - ¥ 990 0c0¥I e €77
119°C 1661 doxp uappng - ¥ ¥26°0 060°61 G8¢L (A
099°¢ ¥re9 Sunenyonyy Sunenjonyg €8T 815°0 08801 vel'l -2z
¥¥0°C [434°] doxp uappng - ¥ 668°0 05691 8¢0'8 s-‘zz
sIce 79181 dop uappng - ¥ 006°0 0£9°0C 0’8 vz
Vi8¢ 0sT'S Sunenionyg - € 6£¥°0 04701 0¢e'T €%z
£88'S yorv Sunenjonyy - € €170 080°0T ¥9L°0 ez
9¢9v 8976 doip uappng - ¥ 65990 0v6'CI woc 1-¢Z
089°C 980°S1T doxp uappng Sunenyonyg 214 0€L°0 0s8°61 0€9°s s-'zz
ave VLTST doxp uappng - ¥ S¥L°0 050°1C LEVY vtz
9¢TC 9V’ LI doxp uappng - ¥ 6L°0 060°TC L6L'L €2z
£599°C 16201 Sunenjong - € L1L°0 ovLel 088°¢ 'tz
LSLT 1€9°¢l - - ! 968°0 01091 ey 1-2Z
618 o¢eCl - - I 0980 096°¢T 60S°T G-STA
€9Ty 6¢T°01L doxp uappng - 4 124°0 0s0°¢cT 6L¢C ¥-S1X
S6C'C ¥81°G1 doxp uappng - ¥ 9¢0'T ooret L19°9 €-SIA
889°¢ 6¢8°6 punoqaz sidnmy - € 989°0 09¢l 0Ll ¢-STA
09S¢ 79T'81 dop uappng - ¥ §56°0 09961 I€TL 1-STA
S6L°L 0TC'TI punoqar ureng Sunenjonyy €8T €vL°0 0eT¥I 8cT'l 9-¥1X
6LVl 0v€09 doxp uappng - ¥ 6141 08T°s¢ 678 0¥ S-VIA
819°L 68LV1 doxp uappng - ¥ 0520 00¢'6l we'l 4N
8649 9T 0c doxp uappng - ¥ £66°0 018°0T 966°C €VIA
€6L'¢ £v8el doxp uappng - ¥ 9€L0 09091 8¥9°¢ [4i4VN
LIV 61¢°8¢C dop uappng - ¥ 880°L 088°sT §Ce9 I[-VIX
194°C 196°C1 doip uappng - 4 7980 0c0'sT i Y G-<TX
LeTT 9¢T'61 doxp uappng - 14 860 06981 LLV'ST ¥-<7X
€9¢'8 0c6 V1 - - ! £66°0 08¥cl S8L°1 €Tk
See'l Se1'69 doxp uappng - ¥ 698’1 001'8¢ 96L°1S (RIS
9 118°09 dop uappng - ¥ 8¢8’l 089°7¢ Sev'6 I-2X
9798 96€°81 Sunenyonyg Sunenjonyg €8T 6<6°0 06691 (424 STtk
L9TY YL 81 doap uappng - 1213 020°T 0Ty 91 €9¢cy ¥-7X
88L°¢ 90571 doxp uappng - 14 €480 086'S1T 678'¢ €Tk
296°'1 G80°91 doxp uappng - ¥ €6°0 060°ST 618 (RO
. . doap Jouo . . . 2
9¢G9 15071 uoppns pue doip uappng Surpunoqay PRERT €€8°0 08T°ZT 0ST°C 1-“CA
. . doip uappns pue ouo ERli() . . . .

0191 919°T¢ Surpunoqas ‘doxp uappng Surpunoqoy PRERT 8¢0'L 07881 werel §-CA
¥¥s0 €9¢79 doxp uappng - ¥ €98°'1 089°L¢ 0€T'8I1 v-'7X
0 *n

A310ua payedissip (D Sn AS1oud somyeay aammd yeadsog $aIN)edJ SO1ISLIdIORIRYD (%) urens (edIN) 2¥ pSuamns gy xapur usupadg

uoneuLIOp uorewojop yeadaig aamd yeadaig 9AIND UTRIIS-SSAIIS yeadq aarssardwoo ferxerun)  AS1ous Junsing :
yeadisoq

Shock and Vibration

ponunuo) g IdV],



Shock and Vibration

v16'C ¥09°9 doip uappng - 14 670 0€0°CI €C6'1 S-L7
0LL91 96L°'6¢ doip uappng - 14 7051 016°LT €LET V-L7Z
¥6¢'S 69971 Surrenjonyg Surrenjonyg €RT 6LL0 079°S1 0CLC €-L7
88L'C ¥8L°C1 doip usppng - 14 108°0 098°S1 78SY L7
G59'¢g SITTI Sunennyg Sunenonyyg €RT 7660 0LL'8 €86'1 1-LZ
0000 19961 punogalr ureng - S 868°0 026°0¢ - G-97Z
1S0°L 6vL'6 Sunenonyg - ¢ 099°0 099°¢1 €8¢’ v-97Z
97001 €/8'8 — Sunenjon(g 4 165°0 008°¢cT G88°0 €97
wory ILT¢l doip uappng - i4 €S20 08¢€91 766'C 97
(D *n

A810u0 paredissip D Sn J&AEYE) soxmyeay oaImd yeadsod saInjesy SONSLIa)ORIRYD (9%) urens (edIN) Y Emaobm gy xapur uswpadg

UoneULIOP uorewojop yeadarg aamyd yeadaig JAIND UTRI}S-SSAIIS yead aarssaxdwod ferxerun)  AS1ous Junsing :
yeadysog

‘panunuo)) g A14V],



Shock and Vibration

140

—

353

o
T

U, = 1.103U, R* = 0.992
100 +

80 |
60

40 +

deformation energy U_(])

Approximate triangular area algorithm
53
(=)
T

1 1 1 1 1 J
0 20 40 60 80 100 120 140
Integral algorithm deformation energy U, (J)

FIGURE 3: Scatter diagram showing the relationship between the estimated deformation energy and observed values.

e 140 -
40 [ ] o 120t
= ° = U, =0.108R 7, R* = 0.948
% 0 > 100 |
30 o
g6 =
g 100 / s 80t
] S
E W -
g 5 60
£ 5
< 40 < 40
v a,
3 :
2 20 & 20F
< 70
=0
2 0 1 1 1 1 J
&N 0 10 20 30 40 50 60
R > L .
N Uniaxial compressive strength R (MPa)
SIS
& 2.5 N %
% 0 &\%&o
(a) (b)
140 ~ 25 F [ ]
100£P = 0.0826Rc"'8‘“, R*=0.701
= 120 +
e 2.0
)
? 100 _
g X
= 80f 0T
= £
< <
-
E 6o} 2
i ~ L0
> &
g 40 +
! 0.5 |- -
L
& 20| -
0 J 0.0 L L L L Il J
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 10 20 30 40 50 60
Peak strain g, (%) Uniaxial compressive strength R (MPa)
(c) (d)

FIGURE 4: (a) Scatter diagram showing the relationship between deformation energy and uniaxial strength and peak strain. (b) Scatter
diagram showing the relationship between deformation energy and uniaxial compressive strength. (c) Scatter diagram showing the re-

lationship between deformation energy and peak strain. (d) Scatter diagram showing the relationship between peak strain and uniaxial
compressive strength.



correlation; the bursting energy index is shown to have
a higher sensitivity.

The energy transfer process in coal seams is regarded as
a chain reaction of energy to the roadway or working face such
that the ability of coal bodies in each area of the coal seam to
transfer energy to adjacent areas determines the impact risk. A
necessary condition for the occurrence of rock bursts is
continuous energy transfer within the coal seam. According to
the definition of the energy release ratio, when the energy
release ratio ¢ < 0, the coal body does not release impact energy
to the outside; thus, coal bodies meeting this condition tend to
not continuously transfer energy. Under such conditions, the
coal seam is not liable to burst. Conversely, when ¢ >0, in
addition to being dissipated by deformation energy, a certain
proportion of energy is released to adjacent coal bodies; such
coal bodies may have bursting liability. When ¢ = 0, the system
is at the critical point of rock burst, and equation (5) can be
obtained from equation (4) as follows:

Kg=1+ ! (5)
Wy

Several groups of critical values related to the bursting
liability index are (Kg, Wgr) ={(1.2, 5), (1.5, 2), (5, 0.25)}.
These are consistent with the critical value of the bursting
liability identification index, indicating that it is rea-
sonable and feasible to use the energy release proportion
parameter ¢ to classify the bursting liability grade due to
energy transfer.

4.2. Analysis of Experimental Results of Energy Release Ratio ¢.
Because the bursting energy index and elastic energy
index cannot be obtained from the same specimen and
because the bursting energy index is highly sensitive, the
bursting energy index is taken as the test value and then
the elastic energy index is taken as the average value of the
stratified test results. According to the elastic energy index
test of each coal seam in the three mines examined, the
average elastic energy indices of each coal seam layer can
be obtained as follows: M2 (22.546); M3-1 (13.538); M3-2
(13.003); M4-3 (10.339); M6 (19.743); Z2 (21.216); Z6
(21.961); Z7 (21.147); Y1 (18.772); Y2 (23.747); Y14
(14.180); and Y15 (31.954).

After obtaining the calculated results (Table 3 and
Figure 7(a)), the bursting liability of 19 coal layers
according to the author’s wunit was determined
(Figure 7(b)). Finally, all results were integrated to obtain
Figure 7(c). The distribution of the bursting energy index
and energy proportion ¢ under three data conditions at
the mean elastic energy index value is shown in
Figures 7(a)-7(c). These results show that the energy
release ratio can achieve fitting convergence for different
coal seams in different coal mines and has wide appli-
cability. Based on the energy release ratio parameter, this
paper reuses the bursting energy index and elastic energy
index and combines the energy transfer efficiency to
construct an evaluation index of bursting liability, termed
the energy transfer index.

Shock and Vibration

5. Evaluation Index of Bursting Liability
(Energy Transfer Index)

5.1. Energy Transfer Model. Qi et al. [28] proposed the
concepts of “stress flow” and “energy flow,” showing that
energy transfer in coal has the property of the field. Three
hypotheses can be made as follows. Hypothesis 1: when
a coal body releases energy, most energy propagates in the
opposite direction of energy storage, and the propagation
ratio of multiple directions is positively correlated with the
form of energy storage. Hypothesis 2: energy transfer occurs
along a continuous path. Hypothesis 3: energy transfer
velocity is consistent with stress transfer velocity. On this
basis, a model for transferring large-scale energy to the
roadway through the coal seam may be built, as shown in
Figure 8.

The coal seam was then divided into several blocks.
When large energy sources are transferred to the coal seam
at a distance, the energy transferred by coal bodies in each
region can be simplified into three conditions: (1) regional
large-scale destructive transfer; (2) coexisting failure and
elastic propagation; and (3) only elastic propagation. For
regional large-scale failure transfer, the energy is far greater
than the instability limit of the coal mass. Consequently,
a rock burst with large-scale failure will occur, and it is
meaningless to study the energy transfer efficiency between
coal masses. In the case of elastic propagation only, the
energy is stored in the coal body in the form of elastic energy
during the transfer process and shows a state of gradual
dissipation, finally showing an increase in the overall energy
storage of the coal seam; this will not result in a rock burst.
When elasticity and destructive transfer coexist, coal initially
absorbs the impact energy into its own elastic energy and
then transfers the elastic energy to the next region. After
reaching its limit, the coal becomes unstable and fails, re-
leasing the impact energy into the next region. Finally,
a chain reaction of continuous instability of coal in each
region is formed.

5.2. Energy Transfer Efficiency. As shown in Figure 8, when
energy is transferred to the coal seam, it begins at region
X, and ends at the roadway. The size and form of the
energy finally transferred to the roadway determine
whether the energy source will trigger a rock burst. Based
on energy flow assumptions, most energy will be trans-
ferred along a path such that the proportion of the energy
released by the upstream coal body to the downstream
coal body per unit volume in the energy flow field is
defined as the energy transfer proportion f. The energy
initially accumulated by coal X, in each region of the coal
seam is taken to be U,, and the energy released to the
downstream path after instability failure is a,,. Beginning
with the release of energy U, in the upstream path, which
is transferred to the coal mass in region X;, the in-
terregional energy transfer value g, can be obtained using
the energy release ratio ¢ and energy transfer ratio f3, as
shown in the following equation:
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ay = UyPo,
a; = (U, +ay)Bp =U,Bp +U, (ﬁq’)z’
a, = (U, +a,)Bp =U,fp +U, (ﬁq))z +U, (ﬁ‘P)3’

ay = (Us +a,)Bp = Us o + U, (Bp)* + U, (Bg)’ + Uy (Be)', (6)
a, = Unﬂ§0 + Un—l (ﬁ¢)2 Tt UO (ﬁ(P)nH = z Un (ﬁ(P)Hl'
i=0
_ )n+1 .
Assuming that the initial energy storage discretization of a, = U% +Uy (Bp)"™,

coal masses in each area of the coal seam is low, U,_, is 4 )
uniformly simplified to U. In general, Uy is greater than U, Bo
and the negative energy release ratio is not considered. Let a, ,o=U -

0< ¢ <1. Equation (6) can be simplified as follows:
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TaBLE 3: Calculation results of the energy release ratio.

Shock and Vibration

TaBLE 3: Continued.

Specimen 9 Specimen )
M2-1 0.895 Y14-1 0.831
M2-2 0.895 Y14-2 0.707
M2-3 0.958 Y14-3 0.643
M2-4 0.813 Y14-4 0.448
M2-5 0.970 Y14-5 0.974
M3-1-1 0.772 Y14-6 0.256
M3-1-2 0.714 Y15-1 0.855
M3-1-3 0.513 Y15-2 0.404
M3-1-4 0.513 Y15-3 0.844
M3-1-5 0.649 Y15-4 0.567
M3-2-1 0.668 Y15-5 0.317
M3-2-2 0.230 76-1 0.777
M3-2-3 0.726 76-2 0.651
M3-2-4 0.767 76-3 -0.181
M3-2-5 0.843 76-4 0.244
M4-3-1 0.473 76-5 —
M4-3-2 0.520 Z77-1 0.472
M4-3-3 0.571 Z77-2 0.772
M4-3-4 0.657 77-3 0.615
M4-3-5 0.020 Z77-4 0.559
Mé6-1 0.826 Z77-5 0.455
Me6-2 0.872
Mé6-3 —
Meé-4 0.975 It is then facile to demonstrate that when fp=0.5, the
Me6-5 0.989 : ; ;

: transfer efficiency at infinity a,/U=1, and when
22,1 0.788 0<Bp<0.5, the energy transfer efficiency at infinity is
72,-2 0.730 ) )
72,3 0.866 always less than 1. Wh.en /3<p >0.5, the transfer .eﬂic1ency is
72,4 0.764 greater than 1 at noninfinite distances; that is, the total
72,-5 0.814 amount of energy involved in the energy transfer process
72,-1 0.487 is gradually enlarged. For coal seams that are not in
72,2 ~0.371 a critical state of instability, it is difficult to form a chain
72,-3 0.213 reaction when the transfer efficiency is less than 1.
22,-4 0.872 Conversely, when the transfer efficiency is greater than 1,
72,-5 0.870 a chain reaction of continuous failure may occur, thus
2251 0.396 triggering rock bursts at the end point of the roadway,
2252 0.858 which functions as the transfer path.
72,3 0.566
724-4 0.461
7245 0.562 . . .
Y11 0.795 5.3. Calculation of the Energy Transfer Ratio . According to
Y12 -0.045 the energy flow hypothesis, the direction of energy release is
Y1-3 0.608 inversely related to the time of energy storage, whereas the
Y1-4 0.716 magnitude is positively correlated. The energy release ratio ¢
Y1-5 0.574 represents the energy dissipation ratio, and the energy
Y2,-1 0.782 transfer ratio 3 represents the energy propagation ratio along
Y2,-2 0.608 the path. The direction of the transfer path is defined as the
Y2,-3 0.458 main direction, the energy transferred to the main direction
Y2,-4 0.991 is U,,, and the energy dissipated vertically and horizontally
¥2,-5 0.922 orthogonal to the main direction are U, and U,,, re-
Y2,-1 0.515 . . .
Y22 0.873 speFtlvc?ly. "l?hen, th<.e energy tfansfer ratlg parameter 3 in the
Y2,3 0728 main direction during the failure of regional coal mass can
Y2,-4 0.761 be expressed as follows:
Y2,-5 0.511 U,
Y2,-1 0.890 p=—r——r (8)
Y25-2 0.980 Un+Un +Usn
¥25-3 0.416 The product of the three parameters of section A(f)
¥2,-4 0.933 length L(¢) stress o(#) in the affected region is expressed as
Y2,-5 0.771

the following function:
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FIGURE 8: Energy transfer process model in a coal seam.
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g(@t) = A)L(t)o (1) 9)

The energy transferred by coal in the main direction
when energy transfer arrives may be determined using the
following formula:

U, - ng(t)dem. (10)

U

m

p

Shock and Vibration

For U,, and U, the strain has a relationship of v,,, = ev,
and v is Poisson’s ratio. The energy in the direction or-
thogonal to the principal direction is as follows:

Uv = j gvl (t)dsv + J 91/2 (t)dsv
(11)
~ [ (90 ©+ 9. (O)vde,,

Substituting into (8), we obtain the following expression:

| gm (D)de,,

U, +Un+Uy, [ gp(Odey, + [ g (09de, + [ g, (B)9de,,

(12)

[ A, (L, (t)o,, (H)de

B j (A, (1)L, ()0, (£) + VA, ()L, ()0, (£) + vA,, (t)L,, (t)0,, (£))de

As shown in Figure 9, the stress state of the coal unit
before and after energy transfer may be constructed. In its
initial state, the stress in three directions is small and in-
creases according to the relative fixed proportional co-
efficient after energy transfer. The main directional stress
coefficient k,, is defined, with two orthogonal direction
stress coefficients of k; and k,, respectively. Further sim-
plifying the boundary conditions obtains the following
expression:

o) ky
0y (D) +0, () ky+k (13)
Ay (1) = A, (£) = Ay (1), .

L,(t)=L, (t)=L,().

Assuming that the stress ratio remains almost constant
during the energy transfer process, the value of f3 is obtained
by substitution of (13) and (14) into (12) as follows:

| 0, (D)de,,
[ (0, () + vo,, (1) + v0,,(1))de,,

B=

- O (£) (15)
T, (t) +va,, (t) +vo,,(t)

_ km
ok + vk +ky)

Equation (15) indicates that the energy transfer pro-
portion is affected by the stress coeflicient in the main di-
rection of coal, but it is very difficult to obtain an accurate
stress coefficient. Consequently, this paper adopts the
boundary condition of the value for analysis. For the uniaxial
case, k; =k, =0 and =1. For the triaxial case, k,,/k; <6 can
be obtained from the statistical rule of triaxial compression
test data for the three mines examined. For a deep hydro-
static pressure environment, k,,>k;=k,. For a shallow
environment, Xie et al. [29, 30] showed that the horizontal

principal stress (tectonic stress) of the coal body was greater
than the vertical principal stress in the range of burial depth
from 1000 to 400 m, and the ratio range was k,/k; = 1~2. The
value range of the energy transfer ratio is then obtained as
follows:

1
1+2v

IN

B

IN

7D bl
1+1/30 P

(16)
1

, Fallow.
1+ 1.5v

IN

B

IN

1+0.5v

In order to confirm the accuracy of the evaluation index,
the minimum value of the corresponding energy transfer
ratio of coal seams with different burial depths was con-
sidered. Given that the buried depth of the coal seam in this
paper is less than 800 m, it belongs to the shallow range, and
the following equation applies:

1

= . 17
1+1.5v (17)

B

5.4. Evaluation Index of Bursting Liability and Energy Transfer
Index. Based on the product parameter Q=f¢ of energy
release ratio and transfer efficiency and taking 0 and 0.5 as
critical standards, the bursting liability energy flow index is
set as shown in Table 4.

The burst liability evaluation results of mines M, Y, and Z
were determined based on the energy release ratio and
calculated according to stratified average values, as shown in
Table 5.

Identification results labeled “ * ” in Table 5 indicate that
the four indicators measured according to the current
standard had uncertain results and needed to be further
judged according to their identification values. The results of
the energy transfer index are consistent with the total
identification results. Therefore, the energy transfer index
can be used as the basis of judgment when the
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TaBLE 4: Energy release ratio impulse liability index.
Indication range Formula Result
Q<0 WerK = Wgr =1/ (1 + v)WprKp <0 None
0<Q<05 0<WgrK - Wgr — 1/(1 + V)W Kp<0.5 Weak
Q>05 WegrK = Wgp — 1/ (1 + v)Wgp K >0.5 Strong
TaBLE 5: Validation results of the energy transfer index.
Coal seam Kg Wer Poisson’s ratio Q result Standard result
M2 32.569 22.546 0.331 0.647 strong Strong
M3-1 1.731 13.538 0.342 0.251 weak *
M3-2 3.224 13.003 0.318 0.451 weak ®
M4-3 1.590 10.339 0.296 0.215 weak *
M6 9.137 19.743 0.283 0.621 strong Strong
72, 4.535 18.433 0.351 0.503 strong ®
72, 3.807 20.568 0.312 0.494 weak *
72, 3.065 24.648 0.292 0.459 weak *
76 2.404 21.961 0.304 0.388 weak ®
77 2.575 21.147 0.310 0.405 weak Weak
Y1 2.853 18.772 0.306 0.432 weak Weak
Y2, 26.669 20.341 0.294 0.667 strong Strong
Y2, 3.931 28.909 0.316 0.500 strong *
Y2, 15.325 21.991 0.263 0.668 strong Strong
Y14 2.999 14.180 0.286 0.450 weak ®
Y15 3.295 31.954 0.345 0.453 weak ®

comprehensive result of bursting liability is

«

*” Further-

more, this suggests that the metric can be used as an im-
portant reference for bursting liability identification.

6. Conclusion

In this study, bursting liability identification tests have been
conducted for 16 layers in three coal mines to determine the
bursting liability of coal bodies. Furthermore, the energy
release ratio and energy transfer index were defined. The
following conclusions were obtained from this study:

(1) The bursting energy index of coal is closely related to
its mechanical parameters. A strong positive corre-
lation exists between the prepeak deformation en-
ergy, uniaxial compressive strength, and peak strain.
When the value of a certain mechanical parameter

increases, the values of other parameters will in-
crease; consequently, the prepeak deformation en-
ergy and energy accumulation capacity will also
increase. No strong correlation was found between
the elastic modulus and other mechanical parame-
ters; this is therefore considered a relatively in-
dependent mechanical parameter.

(2) The energy release proportion parameter ¢ is con-
sistent with the values of the elastic energy and
bursting energy indices. When compared with the
elastic energy index, the energy release ratio ¢ and
bursting energy index have higher sensitivities.

(3) The energy transfer index Q = ¢ = Wy Kg— Wy —
1/(1+ 1.5v)WppKy can better reflect the bursting
liability of coal and can be used as the basis of
judgment when the result “x” appears in the
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identification of bursting liability. Furthermore, the
energy transfer index can be used as an important
reference for identifying bursting liability.
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