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Abstract: Determining the bursting liability of coal is one of the main basis for evaluating the bursting risk degree of coal
burst mine. Considering the complexity of existing classification procedures for determining coal bursting liability, a new
method based on portable Leeb hardness testing is proposed. Combined with the Leeb hardness test, longitudinal wave ve-
locity test and uniaxial compression experiment on 20 specimens from four coal mines, a fitting relationship between coal

Leeb hardness and rock mechanics parameters was established. The energy evolution law during the compression failure
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process of specimens with different Leeb hardness values were investigated. A coefficient K, was defined to describe the
energy release rate during the failure of specimens, and the correlation between Kpg and traditional indicators of coal burst-
ing liability was analyzed. Based on the relationship between Leeb hardness and Kpg, a coal bursting liability classifica-
tion criteria based on Leeb hardness was established. To validate the rationality of this criterion, its classification results
were compared with those based on the national standards and the ejection mass ratio of coal cuttingsF. Two engineering
application scenarios from a strong coal burst mine in the Ordos Basin were selected to further assess the criterion's effect-
iveness in practical applications. The results show that the Leeb hardness of coal demonstrates a strong correlation with
uniaxial compressive strength and elastic modulus, whereas there is no significant correlation with longitudinal wave velo-
city. The larger the Leeb hardnessis, the stronger the energy storage and energy release of the specimens in uniaxial com-
pression tests.The Kpg values varied significantly among specimens with different bursting liabilities and showed strong
correlation with traditional bursting liability indicators, indicating that Kpp can be effectively used for coal bursting liabil-
ity classification. The Kpg of specimens was positively correlated with Leeb hardness in a power function relationship, sug-
gesting that as Leeb hardness increases, the bursting liability of specimens changes markedly. The coal bursting liability
classification criteria based on portable Leeb hardness testing shows good consistency with national standards and the

ejection mass ratio of coal cuttingsF classification results, and performs well in two engineering application scenarios, in-

dicating that the method has a certain degree of feasibility and reliability.
Key words: Leeb hardness; coal; bursting liability; energy evolution
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Fig.1 Principle of Leeb hardness test and diagram of testing process
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Fig.3 Uniaxial compression test of coal samples
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Fig.4 Typical stress-strain curves of different coal samples
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Table1 Summary of Leeb hardness and mechanical

parameters of coal samples

HURME  AApUEE  JAN e R/

e
FERS Ls Lz JERcMPa v/(m-s') E/GPa (g-cm”)
TLH-1 402 464 1.80 97945 0.19 1.20
TLH-2 505 555 2.13 127274 0.20 1.24
TLH-3 447 565 1.91 90724 020 1.18
TLH4 391 444 1.35 1 082.03 0.16 1.23
SIZ-1 645 670  12.28 167055  1.89 1.46
SIZ2 653 677  11.65 177453 1.93 1.45
SIZ-3 654 696  11.73 160579  1.94 143
SIZ-4 648 672 1223 167405 198 1.43
HQH-1 719 736 3485 153209  2.19 1.31
HQH-2 728 750 3830 155787 211 1.30
HQH-3 719 753  32.95 141043 197 1.29
HQH-4 728 746  33.65 1507.11 1.98 1.29
HQH-5 722 751 2738 137025  1.95 1.30
FG-1 730 744  29.02 1279.84  1.84 1.39
FG2 737 751 4391 151891 216 1.40
FG-3 747 753  40.63 146254 2.11 1.39
FG-4 709 725  29.44 139126  1.54 1.33
FG-5 738 729 3935 147296 1.9 1.39
FG-6 701 712 2138 128870 143 1.33
FG-7 729 735 4887 148569 216 1.38
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®2 BEEEHNFSHHMEXER
Table 2 Fitting relationship of mechanical parameters of

coal samples
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Fig.6 Typical stress-strain curves and strain energy evolution laws of different coal samples
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Table 4 Bursting liability indexes of coal samples

s Dr/ms A5 Wgr  Fi Kg FAH RogMPa A Iﬂﬁﬁé F F5 G
F51 Lg Lr

TLH-1 64125 J 2.74 55 1.43 x 1.80 x x 0.02 & g J
TLH-2 17 586 J 5.40 bt 1.75 55 2.13 & & 0.03 J ¥ ¥
TLH-3 44146 x 7.67 [t 0.89 ¥ 1.91 & & 0.02 7 & J
TLH-4 53063 J 0.90 J 11.90 R 1.35 x x 0.02 & g J
SIZ-1 345 55 7.55 [t 4.00 5 12.28 5 55 0.06 5 55 55
Siz-2 294 55 3.40 55 98.80 b 11.65 5 55 0.01 7 55 55
Siz-3 455 55 5.58 G 14.34 Eii 11.73 55 55 0.03 & 55 55
SIZ—4 424 55 9.63 pi 5.12 i 12.23 5 5| 0.06 55 5| 55
HQH-1 54 55 21.06 R 100.18 [ 34.85 5 [ 0.99 Ci [ Gy
HQH-2 49 R 17.31 R 343.62 R 38.30 iR R 0.99 5 R Gt
HQH-3 50 bt 7.58 5 495.02 piid 32.95 fiid piid 0.55 [ bt bt
HQH-4 56 55 35.22 [t 151.62 b 33.65 i b 0.53 pi piid G
HQH-5 34 R 37.47 R 527 R 27.38 iR R 0.77 5 R Gt
FG-1 60 55 15.45 [t 30.31 b 29.02 i b 0.83 [ piid i
FG-2 49 [l 34.97 [t 8.63 b 43.91 [ b 0.96 pi piid [l
FG-3 36 R 23.00 SR 68.96 Eii 40.63 5 Eii 0.82 5 Eid R
FG4 48 bt 23.66 bt 497.03 bt 29.44 fiid bt 0.54 [ bt bt
FG-5 52 55 17.46 [t 806.45 b 39.35 i b 0.76 pi piid G
FG-6 296 55 9.23 R 10.01 Eii 21.38 5 Eii 0.15 55 55 55
FG-7 72 55 22.53 Eid 174.35 Ei 48.87 5 Ei 0.99 SR piid G

X @) 52 (7), 153 Sl B A5 1) o A6 ] P 43 R 4 SR AT R B . N 2
Kop = We + Wy — W, (10) L% 4, 3% 4 ATLVE S, DL Ly, Ly PIFRIE5 5 20
Dy [], MR R B B 1) — Sk . LIEAR 4 348

XF TG ol A6 1) PR, L wy 5 W AR AR /N
(4N TLH-1, Wy 5 W, 535124 0.001 01, 0.001 37 J/em®);
XoF T g oo A6 v PR AR, IO ) DR (A S PR A BB
0, FE Wy 5w, LT 0. Ik, A RIEITE,
T Kop I SHE TR PR & wy 5 w,. 2% Eir
W Dy 0 1 S5 B B o KA A7 59 10 75 i 3 Sl
(EU249 IR LR A AR YGRS h A REFE IR i R P Y
T B B, B Ko < 100 KI/(m® - s) Rk
B APE, 100<Kp < 3 000 kJ/(m® + s) 55 vk i g
Kpp=3 000 kJ/(m’® + s) >y 5i e o fii 15 78, 30 IHE AR 5 =X
(8) KX (9) F5- 31432 J 5] e U] (40 lfe AL, (R 45 S 1
MIORE, WL 5, Hob Lgy Ly 8993 2l FHAE 73 51 0
595, 705 K 610, 720, 55 Kpp 04 HLR 10 31 F AR LAk
R, BUE T Kpp MR AR 2 S 8o i ) P A 222
4.3  SRFIBAEN & IR MHEIEE

SR I A 43R ) D) ) R, o R
25 5L 5 EAR Y 4 T i ) R R AR PR — R ZR A A

BR (Dr. Wer. Kg. Re) [R5 — 5 51 () 45 5 R 324, L,
Ly FI50 25 5 00352 458 50 5 4 25% . 35%. 30% ., 5%;
DL RREEA FI BG5S R R, Ly, Ly FI0) 45 5 (155
RN 5%, 53N IG5 R AR B — R 2R 4
HA i — 2k

PEAN, AR I s o b F X o R SR A 7
KAk, F 35 T SR na I RE e IR R )i A R
(32 B L, T DU S IR AREASE 1 o o o) 2 B, AL ke
X R A A e R 0 o O o P A S M ),
HERPR.

me  My—M

F= = 11
me +mg my (i

2 mg R IERERE IR 5 AL T 1R Sk M T 5 m, SRR
IR b 1 Sk 1 19 65 g A0 T ST ) S

UL XK F AR > 1240, RSO F <
0.05 I R e M . 0.05<F < 0.3 Jy 55 whas i 1]




306 # % = #® 2025 445 50 %
70 000 50
s TLH
60 000 | SJZ ’ ;LZH
° HQH 401 . Hon
50 000 - SFG oFg L .
o REER@S o KE BRI
, 40000} * REPAFF 307 o ey i e
8 5
& 30000 S o, o R
20 + °
20000 4 ° W,=3.012 83K
_ ~0.412 94 R*=0.681 38
10000 L D,=25 313.546 86K 0
R=0.916 02 o
OF om T BT T L o7
0 3000 6000 9000 12000 15000 0 3000 6000 9000 12000 15000
Kpp/(kJ - m™ - s7") Kpp/(kJ * m>3 + s7h)
(@) Kpe—=Ds (b) Kpp—Wyr
5000 60
s TLH o TLH
e SJZ 50 e SJZ
4000 o HQH "o HQH °
» FG ° FG ?
o SR H B R GmEEN ° 40 Lo RHE GRS
3000} o EALfFE o | o RAFAMHE
& S 3 ° R=4.721 19K
_ 13 73,979 86 ) o R>=0.927 89
P :
- 20
1000 | 0
L)
)
822 2 T 1 - ) 1 1 1 1 1
0 3000 6000 9000 12000 15000 0 3000 6000 9000 12000 15000
Ko/(kJ »m™ +s7) Ko/(kJ »m™ + s7)
(¢) K=K (d) KR
B9 MERE Kpp 5uhi e dEFa bR ek

Fig.9 Correlation between Kpg and indexes of bursting liability

Ph . F=0.3 I s vh e i i vk . FM S5 R UL 4, L)
F AR EE R BEUE, Ls Le PS5 AR 31 0
10%, 73 FI BN 45 R F 25 R R R BAT B 10
— &k,

i b, H T 85 2L PR I A o o o5 414
25 5 5 [ AR BT S i LE F R 4G 2R 4 B
A B — Bk, U T R A B () G AR
JEMHAAY PR | fEHE H A TR S O SE BEPERRRE,
S ARG TR T I SR 2 iR, W] RN TR
A B 5 A SRR B

5 FHNMARREN

51 HBMAARR

SR ARG 56 R e 8 X L A 3 ) A e A0 )
PR3 G 5 T ) ) 347 107 PSR, TE SRR 22 i b e
oo e 06 e MR A Y 371802 TR TG TR HL L AR
o i RBR AL T A n] BE A7 78 10 B FH 3 =,
B R, RSO AR 2 N5 T R

1) X TAETH TR H BB i R, A i R

s} %% JULIE. KEVIN, CORKUMP"*145 iy ff 5% 2%
e, PEBUERE =5 cm, (AR =90 cm® fRE ST RN,
FLVEHL 13 Pk Sk A il

2) Xof AR T H 328 i A 118 S (A SR A s 355 T
JE A2 X, S e TAE TR AT 50 m Bl N .

FE LA b 2 Tz v T HL G A B, AR I ke
mn LRI 1 600 41558, B for H1s 40 41554 .
5.2 MREHEALIE A %

AV v B LR B ] 5300 1 1 3 Rt e TR A K
ZALBRAk, 5 1) 1T 3L 2 B XA R JE AR sl e
1 B A T AR YR F A BB B 1 SR R S AR
fief A 5 2, PR 2 B RS /N . PR L AT
FEIEHRE SR TS Lg. Ly S5 F 0100 SCHE, RI) AR A8 B A
Jr SERa T B (1 CIBeME, mT A R 5 75 A2 31 KUk
SO, NI E SCH R R kR RAE 2 B CEE, &
SR

- L (12)
L

R RR R i FTAR Y L Le B SEATIC I 22

k



5510 X LT 2 L kA AL o 60 P O 2 307
12000 —— £5 MEHEEMESR
i e SIZ Table 5 Classification of bursting liability
e PR El(ci e Bl i % % i
Z 80001 T Keg/(KI-m® s <100 100=Kpp<3000 =300
g 6000 | Ls <595 595<Lg <705 =705
§ ool gﬁiffgig 1339“0757@.10098 Ly <610 610<Lg <720 =720
2 - R¢/MPa <7 T<R.<14 =14
B 2859 b s
E 2000 | AR, K <15 L5<Kp<5 =5
o Wt <2 2<Wgr<5 =5
%00 ;(‘)‘0 ° 5(;0 ., 600 700 800 Dy/ms > 500 50 < Dp<500 <50
@ L FIRIR k 9522k, G 12 R, S0 SR SE R e &
R BT 075~ 1.05, &b T B IR 5 51 0 RY 94%,
S oo §1§H A3 T30 X 1 B0 T A28 3RV RO BRI
5 sone| — L KnilAZ H & 9 SCRT A, 2500 5532 ) RAR 52 ), 400 4 12 55 R
‘;; Lg FeAE /NN 2L ke A ARk, i FZ AR X A
fﬂg 6000 FR 0.75 AT DL 560 55 Lo A 32 B8 K1 AR 1 52 1)
| Ky 2210 7910 210 BI & < 0.75 (0 T 3A 32 5K BB i B
= MO w2 kRS R AR L 452
= 2000 AL .
g A WA T o G EHRE SR F 15 L. Ly HEAFHIE,
300 400 500 L 600 700 800 f}rﬁXﬂLﬂ:%‘ﬁi%ﬂEﬁﬁg, ,H;Ls Lﬁ‘ LR Z?Tf kj\:l 0.89 E/‘Jz%
(b) LKy K ZR, WFE 4 Fbs AR I 25 R rp 2 X 35 2

B 10 BARE L. Lg 5 Kpp 0 HHZR

Fig.10 Fitting curves of coal samples Lg, Ly and Kpg

HUE SR R AT HEE AR B & W2k 0.96, 2B SIM
¥ K RIM i I IRACRAE A IR b 32 B 1) 52

A A A S e

L v %

Ok
JEAZ IR X 3

SO

QO%DOQQC 37180245 TAE I mmwfv WQQ C%
C A A DA DA A WA {3somR TR EmE N\

37180245 K TAF M4 B iz fi A%

802 T1ETHI JF VI R

Foad
B
R\
4N

(b) TAF I B EURE b

(a) URE K5 I b i

(O i HEL R A 2 00 X

(e) My H S A ) HE PR X

Fig.11

K 11

(F) JE R EEL FR P 5
LGB

Application scenarios for Leeb hardness testing



308 # %

F #®

2025 4F55 50 4

1 000

900 - 1.=0.887 79L,
800 -

700 -

$ 600f

400 500 600 700 800 900 1 000

Bl12 Lg. Lp 85RCHK
Fig.12 Correlation between Lg and Ly results

Ml 452/
53 MR

Zeat kKIS R oA A s 13 . TR
SR A A O A O T B S I, PR O
TR S AE . DA b v S F0 R, A
BARE R A LR, oIS R A et
rm i, Ly A 531 285 R 35 i o A ) 14, T L 91
S8 SR 34 S 5555 e AT v P 5 DLRMABSCE 00 £ BE 1Ok R
Lg 76 A7 DU 8 Bt gt 00 3 e g 15 30 536 4 3 oy
71.43%. 58.40%, T Lg WK 37.50%. 23.30%. A] LA
B AR T LI = A, By TR P AR ) R A
XTH iR, 3 A PR PR 2 R T, BT R A R 20
I TJERMEACH | & KALEEAR, 456 AR
T HLCAE BT T AR s, B p e 5 E bR
G HN 25 AR AR TR BT i B A i
B, B SR 0 e R TR LA, ] I T B RE IR
Al REsZ WAL, TR SR R AR B 22 AR I R R
Mg, 33k SE PR R AL [R5 e 1 5L QA B A TR IR
BARG N kK50 50020 HEBR T 32 KAL 52 e B s, (H
Ly(WIia A ) 52 2] FoK 3 AR B 2, 35 1 T

1 000
=L,
000 | H L,

800 |

700
a
~

600 - T

500 -

400 -

300

JEA I SRR ik

13 BRI 2R
Fig.13 Leeb hardness test results

FEH R o AR 285 T L (J SEARE BEEE ) FEAE 32 311X
BB IR R A R2 MR/, IR PR B, IATiaf £ 1 L EC A
JERFIMACR o 25 b, S B0 AR TR R o
RESARE 18 b ok A 1 PR 7 B 01, Bk 1 0 ) o
W] 845 B

6 & i

1) B R 5 0 ) S B e 5 B B s b A i L
A EBAE (R KT 0.8), B HLECHEEERG N, Bk
HEHUE IR K Bt AR T B Ty 45 5 1 -5 DAk e s e W i
KB (R BI/NT 0.5) 0 AS[) HE FC A 32 A AL B4l T
A0 T RO RE R AR 22 5 ) B L PR 1 3 T,
PR e SRR o

2) AN[] B EA BE IRAE 1Y) Kop AP AERE K 22 5, FG
PERER) Ko 2{EJE TLH ) 15314 6%, SIZ B9 69 £i5
HQH 1Y 1.1 £, 28 Kpg AT LA FIAS [ RE A by
WERAYRE ST . [ Kpp 5 GB/T 25217.2-2010 H 4 15
FEAR BT B A DG, 2 B LR FH 45w A 1)
PERIPEAN

3) G5 G HICEEEE 5 Ko M35 OC R 2 A 4
BRIl AL, 25 T e 485 X B Pl 3y O o o
A2 ) 13- D 30 A D 2 D 5 AR 245 0 ) B T
LG I o L N Z5 SR A R FR A5k 5% 10%, TER]
TN A M Sl R 2 A TR S R T
I, 235 50 3 B Jr T 1 4 3 DU 2 b TR N FH
S PSTRE XTI o A0 [ MR A TR M A S

)5 R %y w5 v e X A oo S A B
Sy, T LG R O TR A Y T B, SR
DU 5 1% 2% TR0 R 0 AF DG o T vl ok A ) 42 5
;75 g BN RE 1 HLA A G, DR ok B P R 7 v
] P BV 7 o AR SCIE 2 T 3 R S B
oo O e e ) PR S0 A T T R R R, AT
BUER) TR S BN A IR, J5 88 51 X2 5 e TR
M A L BRI R A A 0 T SRt — A AR
TR B AN G 78 35

2% X #k (References):

(1] SR, W1, 244, 5. FREHERIT R P byt WL
R[], B, 2014, 39(2): 205-213.
JIANG Yaodong, PAN Yishan, JIANG Fuxing, et al. State of the art
review on mechanism and prevention of coal bumps in China[J].
Journal of China Coal Society, 2014, 39(2): 205-213.

[2] BXBkaE, FEAR, RN, vhiliil HIP i 7 o e i FE U IE A 5T
[7]. BEBEFAR, 2010, 35(12): 1979-1983.
ZHAO Yixin, JIANG Yaodong, TIAN Supeng. Investigation on the

characteristics of energy dissipation in the preparation process of coal



5514

AR A s T (e 485 e L S 38 A JAE oot i A4 320 40 31 4 )

309

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

bumps[J]. Journal of China Coal Society, 2010, 35(12): 1979—1983.
TRA2SC, ABEZN, ASE K. TR By i B i A AL it b i 55k
WEFE[N]. B4 1L, 2024, 2(2): 103-121.
ZHANG Junwen, DENG Xuejie, ZHENG Tongda. A review on hard
roof rock burst prevention and control by backfill technology[J].
Journal of Green Mine, 2024, 2(2): 103—121.
FEERHN, AR, 2R, A5 B il B SR [D]. A 1% S
TR, 2011, 30(S1): 2736-2742.
QI Qingxin, PENG Yongwei, LI Hongyan, et al. Study of bursting li-
ability of coal and rock[J]. Chinese Journal of Rock Mechanics and
Engineering, 2011, 30(S1): 2736—2742.
FEPHT, XUTRIR. it Hb e AL 2 45 M I 5 R S i B AT LB AT 74
[CY/EE I 4 [ A 3l ) 22 R 2 R SCHE. VAT, 1994: 231-235.
TR, TR, ATV R ekt B A A FR T B SR ] AR
[0]. MER Rl R, 2023, 51(1): 203-213.
JIANG Fuxing, ZHANG Xiang, ZHU Sitao. Discussion on key prob-
lems in prevention and control system of coal mine rock burst[J].
Coal Science and Technology, 2023, 51(1): 203—213.
VFRRE, THIE, PRV 5™ b 5T 9 T B B8 32 AL R I B R ke 5
B g@ail, 2023, 1(1): 56-69.
XU Xianlei, MA Zheng, CHEN Lingzhou. Progress and thinking of
transparent detection technology for hidden geological hazards in
coal mines[J]. Journal of Green Mine, 2023, 1(1): 56—69.
Hhe N RN [ AR 5 4. GB/T 25217.2—2010 thifi bR
W | W S BIR I EE(S]. AEat: thEARE T AR, 2020.
BSCH, PR, R, A5 A bt M T R R L
P EARIIT[I]. S50 J127 5 TR, 2021, 40(9): 1839-1856.
JU Wenjun, LU Zhiguo, GAO Fugqiang, et al. Research progress and
comprehensive quantitative evaluation index of coal rock bursting li-
ability[J]. Chinese Journal of Rock Mechanics and Engineering, 2021,
40(9): 1839-1856.
HTEA, e, TAEE, 5. 5 1RG5 A it JERR S R e R 1
JEFRARI]. A0 155 TREEER, 2017, 36(11): 2641-2649.
HAO Xianjie, YUAN Liang, GUO Yanding, et al. A new brittle-
ness index for hard coal considering unsteady energy release at post-
peak stage[J]. Chinese Journal of Rock Mechanics and Engineering,
2017, 36(11): 2641-2649.
BARH, s, R . BT R B A AR A S b i v AN 18
PRI AL RN, 2024, 9(1): 22-31.
ZHAO Yang, HOU Yukun, TANG Tiewu. Evaluation index of
bursting liability of coal based on energy transfer efficiency[J].
Journal of Mining Science and Technology, 2024, 9(1): 22-31.
BRI, F a5, 5 Y b PERT ST R K bt
JE N HE-FR7 =B ML (0] B R i, 2022, 47(5):
1974-2010.
GONG Fengqgiang, ZHAO Yingjie, WANG Yunliang, et al. Re-
search progress of coal bursting liability indices and coal burst “Hu-
man-Coal-Environment” three elements mechanism[J]. Journal of
China Coal Society, 2022, 47(5): 1974-2010.
GONG F Q, WANG Y L, WANG Z G, et al. A new criterion of coal
burst proneness based on the residual elastic energy index[J]. Inter-
national Journal of Mining Science and Technology, 2021, 31(4):
553-563.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

TREE T, VT, FESLI, A FHAR AR Al e R B E M b
B FIPE)]. BEBE AR, 2009, 34(9): 1165-1168.

ZHANG Xuyan, FENG Guorui, KANG Lixun, et al. Method to de-
termine burst tendency of coal rock by residual energy emission
speed[J]. Journal of China Coal Society, 2009, 34(9): 1165—1168.
FARSIE, WISCOH, FE R, 5. FET AR AR SRR E A A e
S FRI]. Ao 12 5 TREAR, 2021, 40(8): 1559-1569.
LU Zhiguo, JU Wenjun, GAO Fugiang, et al. Bursting liability in-
dex of coal based on nonlinear storage and release characteristics of
elastic energy[J]. Chinese Journal of Rock Mechanics and Engineer-
ing, 2021, 40(8): 1559—-1569.

W — 1L, B, 2 e R el e 1 S A B M PP AN SR AR AT
[]. B4, 2010, 35(12): 1975-1978.

PAN Yishan, GENG Lin, LI Zhonghua. Research on evaluation in-
dices for impact tendency and danger of coal seam[J]. Journal of
China Coal Society, 2010, 35(12): 1975-1978.

FRBEL, WS, W — L, 55 BE SR EOPP A AR ) v i 1 P 52
BT[], SR 24, 2019, 44(6): 1726-1731.

DAI Shuhong, WANG Xiaochen, PAN Yishan, et al. Experimental
study on the evaluation of coal burst tendency utilizing modulus in-
dex[J]. Journal of China Coal Society, 2019, 44(6): 1726—1731.
AR, RAK, XU, . R IT RO A R I AR
SRGEPERI[T]. B4R, 2018, 43(10): 2668-2678.

YU Weijian, WU Genshui, LIU Hai, et al. Deformation characterist-
ics and stability control of soft coal-rock mining roadway in thin
coal seam[J]. Journal of China Coal Society, 2018, 43(10):
2668-2678.

KOSSOVICH E L, BORODICH F M, EPSHTEIN S A, et al. Mech-
anical, structural and scaling properties of coals: Depth-sensing in-
dentation studies[J]. Applied Physics A, 2019, 125(3): 195.
ROSTAMSOWLAT I, EVANS B, SAROUT J, et al. Determination
of internal friction angle of rocks using scratch test with a blunt
PDC cutter[J]. Rock Mechanics and Rock Engineering, 2022, 55(12):
7859—-7880.

BILGIN N, COPUR H, BALCI C. Use of Schmidt hammer with
special reference to strength reduction factor related to cleat pres-
ence in a coal mine[J]. International Journal of Rock Mechanics and
Mining Sciences, 2016, 84: 25-33.

L, BB, w56 MR AR A B AL P S (o 5k B 3t
I D IFR, 2017(5): 13-16.

LEI Shun, YANG Jinghe, SI Linpo, et al. Analysis and drilling in
situ penetration strength measurement of broken coal[J]. Coal Min-
ing Technology, 2017(5): 13—16.

AB AR, AR, R 23 O e R BT BRI 0], B
2447, 2023, 48(5): 1932-1942.

ZHAO Yixin, XIE Ronghuan, GAO Yirui. Coal bursting tendency
evaluation by needle penetration test[J]. Journal of China Coal Soci-
ety, 2023, 48(5): 1932-1942.

SRAT, Shdie, 2B, 45 BT R AR EE AN R) 2 K SRR i
SCRFIE S RORALEI[T]. BERBLHOR, 2023, 51(S1): 40-49.
ZHANG Cun, MA lJianqi, LAN Shiyong, et al. Strength weakening
characteristics and microscopic mechanism of coal samples with dif-

ferent water contents based on penetration strength[J]. Coal Science


https://doi.org/10.1016/j.ijmst.2021.04.001
https://doi.org/10.1016/j.ijmst.2021.04.001
https://doi.org/10.3321/j.issn:0253-9993.2009.09.003
https://doi.org/10.3321/j.issn:0253-9993.2009.09.003
https://doi.org/10.1007/s00339-018-2282-1
https://doi.org/10.1007/s00603-022-03037-w
https://doi.org/10.1016/j.ijrmms.2016.01.016
https://doi.org/10.1016/j.ijrmms.2016.01.016

310

%X

Fi:3 2025 4E45 50 %

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

and Technology, 2023, 51(S1): 40—49.

BRI, Pk, W, . BT L ICRE B (9 A A . SR B T
BERIBISEN]. )8 11, 2023(6): 24-32.

GUAN Shenggong, ZHONG Yang, CAO Rungqing, et al. Research
on prediction model of uniaxial compressive and tensile strength of
rock based on equotip hardness[J]. Metal Mine, 2023(6): 24—32.
TAGERSEN M K, KLEIV R A, ELLEFMO S, et al. Mineralogy
and texture of the Storforshei iron formation, and their effect on
grindability[J]. Minerals Engineering, 2018, 125: 176—189.
GHANIZADEH A, CLARKSON C R, AQUINO S, et al. Petro-
physical and geomechanical characteristics of Canadian tight oil and
liquid-rich gas reservoirs: II. geomechanical property estimation[J].
Fuel, 2015, 153: 682—691.

ALDEEKY H, AL HATTAMLEH O, RABABAH S. Assessing the
uniaxial compressive strength and tangent Young’s modulus of
basalt rock using the Leeb rebound hardness test[J]. Materiales de
Construccion, 2020, 70(340): 230.

CORKUM A G, ASIRI Y, EL NAGGAR H, et al. The leeb hard-
ness test for rock: An updated methodology and UCS correlation[J].
Rock Mechanics and Rock Engineering, 2018, 51(3): 665—675.
AOKI H, MATSUKURA Y. A new technique for non-destructive
field measurement of rock-surface strength: An application of the
equotip hardness tester to weathering studies[J]. Earth Surface Pro-
cesses and Landforms, 2007, 32(12): 1759—1769.

YILMAZ N G. The influence of testing procedures on uniaxial com-
pressive strength prediction of carbonate rocks from equotip hard-
ness tester (EHT) and proposal of a new testing methodology:
Hybrid dynamic hardness (HDH)[J]. Rock Mechanics and Rock
Engineering, 2013, 46(1): 95-106.

SMART K J, FERRILL D A, MCKEIGHAN C A, et al. Estimating
rock mechanical properties from microrebound measurements[J].
Engineering Geology, 2023, 312: 106954.

DESARNAUD J, KIRIYAMA K, BICER SIMSIR B, et al. A labor-
atory study of equotip surface hardness measurements on a range of
sandstones: What influences the values and what do they mean?[J].
Earth Surface Processes and Landforms, 2019, 44(7): 1419-1429.
CELIK S B, COBANOGLU i, KORALAY T, et al. Investigation of
the Leeb hardness test in rapid characterisation of rock cores with
particular emphasis on the effect of length to diameter ratio[J]. Inter-
national Journal of Mining, Reclamation and Environment, 2023,
37(7): 524—543.

LEEB D. Dynamic hardness testing of metallic materials[J]. NDT
International, 1979, 12(6): 274-278.

AOKI H, MATSUKURA Y. Estimating the unconfined compress-
ive strength of intact rocks from Equotip hardness[J]. Bulletin of En-
gineering Geology and the Environment, 2008, 67(1): 23—29.
CELIK S B, COBANOGLU 1. Investigation of the effect of satur-
ated conditions and number of measurements on the Leeb hardness
test and improved correlations to estimate basic rock properties[J].

Acta Geotechnica, 2023, 18(8): 4261-4278.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

BENAVENTE D, FORT R, GOMEZ-HERAS M. Improving uniaxi-
al compressive strength estimation of carbonate sedimentary rocks
by combining minimally invasive and non-destructive techniques[J].
International Journal of Rock Mechanics and Mining Sciences, 2021,
147:104915.
GOMEZ-HERAS M, BENAVENTE D, PLA C, et al. Ultrasonic
pulse velocity as a way of improving uniaxial compressive strength
estimations from Leeb hardness measurements[J]. Construction and
Building Materials, 2020, 261: 119996.
B, $9t7, Bor . R T RE B FETRC S BRI A e A iR B
IRBERAENI[I]. 7540 1245 TR, 2005, 24(17): 3003-3010.
XIE Heping, JU Yang, LI Liyun. Criteria for strength and structural
failure of rocks based on energy dissipation and energy release prin-
ciples[J]. Chinese Journal of Rock Mechanics and Engineering,
2005, 24(17): 3003-3010.
TRl e, i, AF. B FUITISURE = A ST I A e
SIATLI]. A PR AR, 2016, 45(4): 663-669.
TENG Teng, GAO Feng, ZHANG Zhizhen, et al. Analysis of en-
ergy evolution on gas saturated raw coal under triaxial
compression[J]. Journal of China University of Mining & Techno-
logy, 2016, 45(4): 663—669.
WANG J A, PARK H D. Comprehensive prediction of rockburst
based on analysis of strain energy in rocks[J]. Tunnelling and Un-
derground Space Technology, 2001, 16(1): 49-57.

AT, ZEGL, WK, A5 A AR AR AR R E 5 vhdi i
I PERIFTE[I]. BEBRLAHOR, 2023, 51(5): 32-44.
ZHU Zhijie, LI Ruiqi, TANG Guoshui, et al. Research on energy
dissipation characteristics and coal burst tendency of fissured coal
mass[J]. Coal Science and Technology, 2023, 51(5): 32—44.
RYRYL, SCGEAR, B0, 55 R 5A R ER OGRS K T
FEN ). BB, 2024, 49(1): 16-35.
SONG Zhenqi, WEN Zhijie, JIANG Yujing, et al. Theory and ap-
plication of mining mechanics and strata control[J]. Journal of China
Coal Society, 2024, 49(1): 16-35.
ZRELAR, IR, TR0 K, A5, 2 B e B ORAT g B A ) 44
PEM ). A 1125 TRE2EAR, 2024, 43(9): 2178-2188.
LI Hongru, HE Manchao, QIAO Yafei, et al. Burst behavior and its
proneness evaluation of bedding coal[J]. Chinese Journal of Rock
Mechanics and Engineering, 2024, 43(9): 2178-2188.
BRER, FlF—, 24 . BT R MEAERE AR AR B R R £y
R BT R ). A A ) TR SR, 2018, 37(9):
1993-2014.
GONG Fenggqiang, YAN Jingyi, LI Xibing. A new criterion of rock
burst proneness based on the linear energy storage law and the resid-
ual elastic energy index[J]. Chinese Journal of Rock Mechanics and
Engineering, 2018, 37(9): 1993-2014.
WILHELM K, VILES H, BURKE O. Low impact surface hardness
testing (Equotip) on porous surfaces—advances in methodology with
implications for rock weathering and stone deterioration research[J].

Earth Surface Processes and Landforms, 2016, 41(8): 1027—-1038.


https://doi.org/10.1016/j.mineng.2018.06.009
https://doi.org/10.1016/j.fuel.2015.02.113
https://doi.org/10.1007/s00603-017-1372-2
https://doi.org/10.1002/esp.1492
https://doi.org/10.1002/esp.1492
https://doi.org/10.1002/esp.1492
https://doi.org/10.1007/s00603-012-0261-y
https://doi.org/10.1007/s00603-012-0261-y
https://doi.org/10.1016/j.enggeo.2022.106954
https://doi.org/10.1002/esp.4584
https://doi.org/10.1080/17480930.2023.2213549
https://doi.org/10.1080/17480930.2023.2213549
https://doi.org/10.1016/0308-9126(79)90087-7
https://doi.org/10.1016/0308-9126(79)90087-7
https://doi.org/10.1007/s10064-007-0116-z
https://doi.org/10.1007/s10064-007-0116-z
https://doi.org/10.1007/s10064-007-0116-z
https://doi.org/10.1007/s11440-023-01823-6
https://doi.org/10.1016/j.ijrmms.2021.104915
https://doi.org/10.1016/j.conbuildmat.2020.119996
https://doi.org/10.1016/j.conbuildmat.2020.119996
https://doi.org/10.3321/j.issn:1000-6915.2005.17.001
https://doi.org/10.3321/j.issn:1000-6915.2005.17.001
https://doi.org/10.1016/S0886-7798(01)00030-X
https://doi.org/10.1016/S0886-7798(01)00030-X
https://doi.org/10.1016/S0886-7798(01)00030-X
https://doi.org/10.1002/esp.3882

	0 引　　言
	1 试验设计
	1.1 样品的选择及制备
	1.2 试验方法

	2 煤里氏硬度与物理力学参数关联性分析
	3 不同里氏硬度煤样应变能积累与释放特征
	3.1 煤样加载过程能量演化规律
	3.2 不同里氏硬度煤样能量积累、释放特性差异

	4 分级判别准则的建立及验证
	4.1 峰后耗散能释放速率
	4.2 分级判别准则的建立
	4.3 分级判别准则合理性验证

	5 现场应用效果评价
	5.1 现场应用方案
	5.2 测试数据处理方法
	5.3 测试效果

	6 结　　论
	参考文献

