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Multi-scale and multi-parameter testing and characterization of

coal sandstone throughout loaded rupture
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Huainan, Anhui 232001, China; 2. School of Earth and Environment,
Anhui University of Science and Technology, Huainan, Anhui 232001, China)

Abstract: Huainan mine has entered the critical period of Group A coal mining, with the in-
crease of mining depth, the rock mechanics problems faced are more and more complex, coal
sandstone as an important part of the quarry perimeter rock, the study of its mechanical prop-
erties, geological and geophysical properties is crucial. From the perspectives of fine-scale ob-
servation, specimens and actual measurements of rock layers, we obtain the fracture evolution
characteristics, strain and electrode current response characteristics of coal sandstone, and

comprehensively recognize the load-damaged fracture, parameter response characteristics and
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threshold values of coal sandstone. The results show that on the fine-scale, when the load rea-
ches 70.2% o,.. (maximum stress), the fine-scale parameters start to have a faster growth.
On the specimen scale, for sandstone specimens with different water contents, the distributed
fiber-optic strain values at the time of rupture were 61310 °, 787X 10 °, 933X 10 °, and
1 522X10 °, respectively. The strength of sandstone specimens was reduced by the action of
fissure water, and there was a quadratic relationship between the water content and the growth
rate of the strain; the overall trend of the electrode currents experienced four stages of stable,
slowly rising, slightly The overall trend of the electrode current went through four stages,
such as smooth, slow rise, slight decline and sudden drop., and the values of the time ratio of
rupture current (¢,/t,) of sandstone specimens with different water contents were 95. 4%,
85.7% ., 73.2% and 60. 5% in that order. As for the actual measurement of the rock layer, the
distributed fiber-optic strain and electrode current response characteristics of the sandstone lay-
ers throughout the back-mining process were obtained and are consistent with the multi-param-
eter response characteristics of the indoor tests. The test results can provide support for the in-
depth study of the mechanical properties and geo-geophysical properties of Group A coal sand-
stone, the mechanism of fissure generation, as well as on-site detection practice and disaster
early warning.

Key words: coal measure sandstone; multi-scale research; multi-field and multi-parameter;

distributed optical fiber; parallel electrical method
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Fig. 1 Sandstone specimens
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Table 1 Basic parameter information of the specimens

W HRE/ i/ it/ W/ KR/
Gy mm mm g (g+em™ ) %
S1 50. 22 100. 36 528.22 2.67 0.114
S2 50. 14 100. 41 531. 20 2.67 0.186
S3 50. 06 100. 39 525.90 2.67 0.224
S4 50. 10 100. 36 524.90 2.67 0.312
S5 36.22 80.12 216. 32 2.67 0.114
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Table 2 Statistical results of mechanical parameters of

sandstone specimens with different water contents

L oK WA R/ WRMERNAE/  mppkRiE/
R 2/% MPa 1077 GPa
S1 0.114 112.8 8.4 22.08
S2 0.186 106. 8 9.1 19. 40
S3 0.224 63.2 9.9 13.57
S4 0.312 58.9 16.0 11.58

HI T 10a FTRT, 4 FfOfR 2 59 85 2 1R 76 5 i

A A R B2 P T 0 0 TR B B 4 AR TP B
B IBYEASIE Wy B L e W A5 A B BE  ELHC R g -
ARRFAEAT P AN TR 25 85 K R BRI i T 0 ke
JEL A AL AT A K BOSE S DR O s % I B A R
B WO AT 00 S R 1 L P R A Y,
BeA W n SR T L R B 2 0 G 1 R, 2
KRB I TR A AT WA R P D e R
8 AR T R S L 3 -7 7 e 7 T A A ek 5 B
TR R AR R B BE B R S N 8] AR X B 5 T
W R Y B, B A BRI e TR AR KRS TR



1

KRG BRI E TR R 2L RUE L 280K K% R AE 179
BRI BUE MR 5. dr ] L SRS R R IR I DT g - R A H O K A .o
(8 3 2 T W 2845 0 e AR B AT 3 R S LR 4 %ﬂ b X PF ST F S2 E’J%ﬁﬂﬁfh ?EifchH

Fi s A B B K RN AE N | W E N
LA (B 10 b~10 &),

AR A
5 7K SR e {EL RV 7 TE A

AL, 73 A X' £ I3 A% A e (B IV ) a5 i B A 2% 12
B H PN A ST I RN AZ (o 613 X107

XK, P K RN AE R 7 PR AR o R G N AR RIS 0. 987 X 10 ° /s Wb S2 Y IIfe 1% 54
2.2.2 4y An G ER N AR R EL B HEL A e 0 R IR E R 787 X 10 %, B AE HE K F R 1,145 X10 % /s,
3 35 X A [R] B KR D R B o 2k 4 AR 30 O £F AR TE U N T a5 Ak 53 AR 1 R TR I
T2 S8 RE SR WK 11 B 7R 1) 6 E- 1 2 B AR U A ) i K T B
— 16000 . 5 . 2 5
125F =7 =L 125 Tae > 125 =163 — =7 1P
S =650 650 A B
L =05 - L = S 4 1
100p I 112000 100 e s
< e {oiiom v = el —':_%&‘5 - %51;5 0<
375» <5065 *80009%7* _mé LD : E
< g{; o= H ruww_4.5{«§
5 50 SIREL 52
= 4000 % R
25} 25} 35
0 4 0 o ‘ 3.0
L L L L L L L L il 9. L L L L L L 2.5
0 200 400 600 800 1000 0 200 400 600 800 1000 1200 200 400 600 800 1000 1200
B [A)'s 5} [5/s I /s
(a) WESGE Y AR (b) ES AR MR 1~8 () WhAEST AR T R9~16
16000 10 -
=777 8 —N)) b ETTT Sz
U —— il st e — M&g
1o = ~ B 100
112000 “lg 118
10«
2 8™ £gP g
w000 =5 S :
BR50 '63 550 63
L4000 BB mE ﬁ
25 14 25 4
10 0 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 200 400 600 800 1000 1200
s (/s B JAl/s it TAl/s
(d) AP 824 A (e) Wb S2 MR HHifi 1~8 0 (D) W05 S2 AL HLL9~16
=934's [—wn 70 10
[ Ho 60 i)
8 50F 21 8
o <
17 & gaol 7 %
P =2
: ©5Z 0 °%
[ 5 %12‘_207 5 %
¥ 14 10¢ 4
3 3
L L L L L L [ L L L L L L L 2 Or L L ' L L ' 2
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400 O @ O PP
I 8l/s i (/s I /s
(@) W34 A (h) BbA S3HLR i 1~8 () Wb A SIHAR HL i 9~16
607:‘%37 m(=624 12000 0
501 --*-4233m ’ 500 2lg
44441 m <
40L - +4493m o <40F g
§ e 4640m 18000 %‘Z’ £
2 30 < 4.805m ~<30 6 m
& 20 4000 kﬁ‘(gzo g
& 4155 5 &
10 10
of * 10 o .
£ 3O O Q QS 8 N D
PRI SO S 0 500 [11090 1500 2000 500 lqpo 1500 2000
EJ|FU/S Tltﬂ/s B‘“Fﬂ/s
() B & SANET /A% (k) 105 SAH AR IR 1~8 () 1525 SAHIAR H39~16
11 AT KA A Bl 28 4 B8 % £F 1o 28 A e A FL 25
Fig. 11 Results of fiber optic strain and electrode current during uniaxial loading

of sandstone with different water content states

Wik S3 R S4 1) 2 B 1 R

(P = W o O A A €

i %2 2 4
WA {107 3 i IS 2 B0 R G248

ROOR  Hrb b e S3 1 I il 240
NSRS KR 1,502 X 10 ° /s; Wb & S4 E@Wﬁ?bﬂi%%

AR Ky 933X 10



180 SRS N 2

o5 54 %

RS A 1 522X 10°°, W AR BE K ROl 2, 439 X
10 /s 5 5040 OB EF B A8 7 W (15 B A7 55 42b 32 50 A B
WK, Z G AR S A 3R AR R 0 i 1 R
KM SRR 2, oy A 2O ET R R AR A S 3
K SR B S Bt 2 S BE A R KR e e
i, R AR 7 T 8 TR X T R R L D A S1.S2
1S3 PR FEL U R 1 SE RO R R R T
R A B 1) 05 A AN [ A0 SA 1 F A fL 3 (B
TR g 5 8 F R AT

85. 79073, 200 F1 60. 56 « o 15 7K A Flle 28 rit g
] L EAT 400, P R SROR OC (TR 13). H B A
PG IR O « BEAE 5 K A T, % a1 F Y
BRARAE T A W Bk e B 0 e a0 A e 2 AR
FIT G RERE I T K, B 5 il i 2R B 9 7 % 1) A1 SR
R RE .

®3 BERGRENBEESBTURITHN

Table 3 Statistical analysis of parameters change

during uniaxial loading of sandstone specimen

. - e e s s i fF R ZE A/ /s /s /
J T RGBT L A L g T A e Gis 10 bg /s tals f1/t2
E‘J%ﬂ‘]%?ﬁﬁﬂ'{‘{t‘%?ﬁ,ﬁm@ 12 E]"/?\‘ /I% 3 ﬁi+ﬁ3\ S1 0.987 728 763 95.4%
*ﬁT%mﬁﬂﬁﬁﬁquﬁmEﬁﬁmﬁﬁﬁfy_‘uﬂﬂLi'J S2 1.145 666 777 85.7%
tl\ﬁE%%EﬂLZ'th U&W%Eﬁiﬁﬁ“fﬁtktl/tw%@fﬁ S3 1.502 684 934 73‘2%
S B A % 0 0 0
AE & KRN 0. 114%, 0. 186 %, 0. 224 % FI S 2 139 “43 064 60.5%
0.3120% I, B ¢ L Ui I E] B AR UK 95, 4%,
1251 HUVALL AL 5 148 RLRAE B I
I XS 100} sy 165
100 F—1i 771 WA lis = s 0 <
—— i 9 T £ I 160 E
g 75¢ om &7 o
= 5 = 155 ®
£ sof 140 & Rs0 B
B @ E 15.0 &
E RN 3
25t " 257 145
or ‘ ‘ ‘ . ‘ ‘ 13.4 or . ) . . . . 14.0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
il /& B ) /s
(a) REESI (b) ik #FS2
701 R B AR AE T 16.4 60l | R ARAE T 5.0
601 16.2
i L 160 s0r {45
g > 158 £ é 40t %
401 15.6 @ 14.0 =
% 30t -2.4 K 530t =
20¢ P 207 =
150 3 50 B
101 14.8 101 :
ot 14.6 ot 12.5
0 200 400 600 800 1000 1200 0 500 1000 1500 2000
L] 1) /& I Tl
(c) ulfFs3 (d) BifFs4
12 b i i g R 2
Fig. 12 Average electrode current statistical result curve
26r . o 1.00 ¢ _—
2.4F DA 128 95 F Y é. 24
9598 o 095 f)ls%g%m
- 228 95%6 R 0.90 - 95%4TH iy
% 201 085}
o 1.8f By y=1.17-1.82x
i = o080t N
R el R2=0.96
= 075}
W14k
E y=1.37-7.43 x+34.87x2 8-
’ " R%2=0.99 0.65F
1.0
0.8 ! L L L L ' 060 ! 1 ! ! L |
010 015 020 025 030 035 0.10 0.15 020 025 030 035
BIKE% IR %
(a) BRFE-RA A (b) & 7K IR F IR A b AL
K13 Al & KR Mgt S B E A 4
Fig. 13 Fitting results of water content and statistical parameter values of sandstone specimens



1

KPR R A Z R L RE L 280K R A 181

2.3 BEERESSHMEHERSHT
2.3.1 WM ARG

oM B FLA T A A2 IR (B 14) , B3R
Wrb 5 2 78 Wi i L oA A 20 A3 20O £F Fn A vk
e, SEIR Bl A B D 2 L A8 R A R 9T R B
2 LR K e 43 Be i 38, i R AZ IR 45 70 B bR
20 R

K14 JEACE JZ IR SEAL A

Fig. 14 Composition of bottom layer monitoring system

2.3.2  MHAES R b
15a g JE)Z 101 2R b A rp Ola £ 7 722 M 300 45 2R

8000 |
70001~ ¢

6000 |-+ 5
5000
4000 -
3000 |
2000 | : ‘
1000 | : -,

0F m-»-—r,‘a#‘* Ef F

—1000

A1§A2§

FEE AR 107

0 s 10 15 20 25 30
WE %
() RO GEF AR

e D )2 B A5 5 AR T A3 S TG R i B B
(AD) Sl EZ By B CA2) L 8 3% 52 i By BE CA3) Fl A
R LB Bt (A4 . AL B Be LT A 32 R gl 2, ol
2 0 AR H AR AR /N s A2 B B TR el B [ SR
AR TH 2 T S T I L, W AL A AR SR R
TR IS B % o A KOG F B A2 {3 K A3
hy S 2 R B B, S TRT SR T T T Al L AR
A WL D S R AL 2 BRI R , S R
FRRLBR Y, O 2T hr A8 KM Y K s Ad S R Bk
AR B B R AR, I AR (E /. R I R 4R
F14) FELBR JBB D VA HEA T SR o 5 Ak B SR AR BHE D
MR FL N A A A P TE 60 mA DL b, HL iR
HiAE O R 4. an &l 15b Fros . B1 BB, R T AR 1H
I8 5 W L, W 2 A HL B T PR T AR B2 B
B, B T A D R] SR A L W DU L P ) S FE R R AL
IR R s B3 B B, TSR AR T AL L B
FLIE A o ik — 20 R S i B AR Ak 3, HUACh 7R
SORFEJIE R AR R S AR A S T .
J5 2 I Ry SR SO IR I R AR B4 B
B WD SR I E SRR 1 mA LUN SR
SLIT L 2 0 1 R

1001
80
60

101

AR AL /mA

201

L 1 i L i L ]
0 5 10 15 20 25 30

< 4 A
(b) HAR it

F15 BRI ER AR iR )2 2 2 K I 2

Fig. 15

Full range pressure and response curves of various parameters for

sandstone specimens under uniaxial loading

Sk BB 00 SR o AR PR A R R TR i IR
FHZSBIREGRIES 3. K 16a AP AR
2 5 WE I A5 1) 22 2 B0 LA L 43 B R AT I )
199 D62 7 7 i RT H A I AR R, i AR AR
fBTE 100 X 10°° DL, HL B HL 3 P/ FE #E 65. 0
mA R 4EE WL 55 6~15 d, JELF A8 A 2 X
10 ° HE % 387X 10 °, A LA 64. 4 mA B &
65.0 mA; 5 16~25 d, JeLF AR Jp i K F] 1 305 X
1070, 5 M A 4 507 X10 ", o A H i ) S 38k 3

K ZE 78.7 mARJGIE TR 77.7 mA, X PG
W20 ) S EO R AR IE S 2. 2 TR E NS AR
P 5 A — 0, A I X = IR e A R A
A E. WIS A2 Ak A B N AR {E R Y B R R
AU AR A R SRFE R 1 mA DUF,
SH R BEIRRRAE O 5 $7 0 AR Bl 2 SR B I 16D Ry
WEI A5 4 1Y) 22 S 850 R % EE A AT, BB A A 2
SRR AR AL 35 W AN 2 — B



182 SRR ES IR N S 3 54
000r | 8000 | s psmpioesriing 00
—— 2B R R R 180 7000 b —=— 4% W5 HUR R
4000 |
6000 |- 180
% 160 75000 <
2 3000 é s {60 E
EE{ Ja0 & £{ 4000 B
Z 2000 B 2 B
E;S = & 3000 140
- 1sp & e bt
el 20 2000 14
1000 |
ok 10 ol H40
0 5 10 15 20 25 30 0 5 10 15 20 25 30
W R A /d SR
(2) 45 52 (b)) 54

K 16 BSET A Hr

Fig. 16 Comparative analysis of two parameters

2.4 BREZSEELSH

AN ROBE 9 2 2 80w hp B — 2 QR
D 18 52 480 7 3 43 Ry 32 2T 0 L 32 48 b 3 R ik
ZLBY B AN R ROBE D 25 7E 3 A2 3 B i 4L
e o7 S 28 16 AR 25 & A . 52 8 il R |
DLWt S1TIZR | 5. 065 m Ak A4 5y 441, Aif
766 s L IEEFRIR AR 0 B K 561 <10 7, LR
HLE AN 4. 48 mA B K & 4. 79 mA; X A 2 R E
B I 1 AR D RA RN AE DA O B E 341
X110 H M EL LM 74. 4 mA B K F 80. 0 mA; 4
MRS bt CT F 4 45 3 0T 0, b 2 il 40 7 i 2%
I S DR A AL B R O LR D R R BR
W AR AR S5 8 R, B A B AR B BE ). £
e AERD A DR A AL B R B B B G 2R AR L H R
L i 2 R B e 1 K

ZE b R ST R I 5. 065 m AbEY
WSS AE 767~814 s N, GEF R BB K 2
1 095X 10 °, A LI AN 4. 79 mA K & 4. 97
mA ;X A E R B W s 1, 7 R 1 S
IFLAL O B LR R AR I 341X 10 ° BE K &
1107X10 °, FE A& HL M 80. 0 mA H K £ 96. 0
mA 4R EE 1L 25 A CT 45 1m0, 24 oy 2%
KF 70. 2%00,., BF B0 PN 24 B R 30 45 bl A 1
R 25 b FERD A A R R BB K g 2R By
B OGEF R AR | A H I A B B AR Ak

W2 B W0 iR ST LR | 5. 065 m AbfY
A5, 7E 814 ~ 900 s W, Fi I A8 {H 4 P 3t K =
6 921X 10 "X A 2 ROBE b M A5 1, 1R T
A T I 30 W FLAL A, AR A 1107 X 10 4
KZFE4112X10 °, IR R ERFE E 0. 4 mA; 410
ROBE b B CT 25 R T A, % B Be 4 B e 2 4
G R I YA 7 B N e B T R oD A

P S BUA JIC A A R 28 AR R AL 2 b AR D A Y
12 B B . Jey w8 4 It B3 T Bl 2R BT I 5% L Ol £ 417 1
ARSI | R R R

35

DA R E s bR TFHa CT s H
TR TG B 0 G 28 4 R N 7 R 45 40 0L 2 KU TR
MR R EE € R T A A AR R MR
F1IRE] 70, 2% 0 0 BF 5 25 410 2 BT U 3 B 42 PR
AL BB A 5 N AR 3 43 A BOA R B B R 56
LA R B 2R RIS W Y s AR
X 5.

DR RE MRS L, 38 T 5 A2 &
RN ZSHR L RERG, LT E %2
AT N 7 AR Ko F B R U A S B 3 2R
.40 AR TS KELS DN 0. 114%,
0.186% ,0.224 % F1 0. 312 % B, e il g 2L mf 19 43
A X E R N AR AR KA 613 10 °,787 X 10",
933X 10" I 1 522X 10 °, ZL B /K 4 VE R AR 1 b
i o B A AR PR A P U Y R A A Al O P
L8 E T RN B AR BRAR, BN & K%
W0 i F A 2 H I B R B Cey /e B S B R
95.4%,85. 7% ,73. 2% Hl 60. 5% , F 7K % Fl i 4
FEL i A ] B AR DG

DAEERE MM L, 5645 T M mR o
T )2 IR N 748 R R A R A e R R AR L 45 SR R T B
o 101 SR A T 30 0 A8t L L B L A SO £
ARKE(E AE 100 X 10" DL, AL B R 90 PR 5 7E
65.0 mA I F 5 ], g3 A O 5 AR S g e i
KOG R R NI LT, LE AR
YER R T R 24 B 5 )5 1, 40 A O 2F 5 22 A
FL A FEL O 35 28 B Ry 98 AR B IS, B 3 W 5 5 6



1

KPR R A Z R L RE L 280K R A 183

RS R AT B — Bk, 2 OB BF 58
FR D B R 2R M 0 AR 9 U B T AT R A A

Sk

[1]

[2]

[3]

[4]

[6]

[7]

o5, BT B, S ME B ) R CE BRI
AL JZ LA LT ] BER S R B LT DL b b R
2FH,2024,53(5) :827-856.

YUAN Liang, MA Yankun, HUANG Qinhao, et al.
Development status and prospects of simulation ma-
terials for catastrophic prone strata in the physical
model experiments on coal and rock dynamic disas-
ters[J]. Journal of China University of Mining &
Technology,2024,53(5) :827-856.
RT3 59 R B W oy #E R (T . 5 A%
2F 4R .2019,44(5) :1283-1305.

XIE Heping. Research review of the state key re-
search development program of China:Deep rock me-
chanics and mining theory[ J]. Journal of China Coal
Society,2019,44(5):1283-1305.

BOSE L BROTAL. BT I B M BT A T B A T AL 0 G B
FRGBAREE [T A 2023.48(1) 1 1-14.
YUAN Liang, ZHANG Pingsong. Key technology
and path thinking of dynamic reconstruction of mine
transparent geological model [ J]. Journal of China
Coal Society,2023,48(1) :1-14.

i, KB B S IRER A A ) R
(1. B 24,2024, 49 (1) 1 75-99.

HE Manchao, WU Yiyi,GAO Yubing,et al. Research
progress of rock mechanics in deep mining[]]. Jour-
nal of China Coal Society,2024,49(1) :75-99.
ZoE. E DL A O R TR R R SR
PR B LT ], R 2% 41, 2020,45(7) :2331-2345,
PENG Suping. Current status and prospects of re-
search on geological assurance system for coal mine
safe and high efficient mining[]]. Journal of China-
Coal Society,2020,45(7),2331-2345.

TSR VRN B SR A BR R B R BUZE 4
0T TR A e PR T AR T R AE [T, ME k2= 4, 2024, 49
(1) :628-644.

ZHANG Pingsong, XU Shiang, FU Xianjie, et al. In-
ternal deformation characteristics and full section
monitoring for extremely thick loose layers under
mining conditions[J]. Journal of China Coal Society,
2024,49 (1) :628-644.

FE AT o A o R SR, SRR B A T W R
PR 52 19 B 20 B K B2 T, % H o BT 5 4R
2021,49(4) :60-70.

TIAN Yutong, ZHANG Pingsong, WU Rongxin. et

al. Research status and prospect of fault activation

(8]

(9]

[10]

[11]

(12]

[13]

(14]

[15]

under coal mining conditions[ ]]. Coalfield Geology &-
Exploration,2021,49(4) :60-70.
WU K,MENG Q S,WANG C,et al. Investigation of
damage characteristics of coral reef limestone under
uniaxial compression based on pore structure[ ] ]. En-
gineering Geology,2023,313:106976.
XUE D J,ZHOU H W,ZHAO Y W,et al. Real-time
SEM observation of mesoscale failures under ther-
mal-mechanical coupling sequences in granite[ J ], In-
ternational Journal of Rock Mechanics and Mining
Sciences,2018,112:35-46.
ZHANG T,YUAN L,TANG M,et al. Investigation
on the coupling response of stress-fracture-seepage
field during oil-bearing coal mining[]]. International
Journal of Rock Mechanics and Mining Sciences,
2024,174.105648.
1% Y I § e U I e i B ) e =
A 4 LA AL ], A E K AR R ] 2023,
52(1):43-51.
LI Zhaolin,ZHOU Wei, WANG Lianguo, et al. Nu-
merical simulation of fracture evolution of rock with
random cracks during true triaxial tests process[]].
Journal of China University of Mining & Technolo-
gy»2023,52(1) :43-51.
TR IRER AR L X AE SRS AR T CT s A =4k
B RAE XY R AL A MBI ()], A £ T2,
2021,42(10) :2659-2671.
ZHANG Yanbo, XU Yuedong, LIU Xiangxin, et al.
Quantitative characterization and mesoscopic study
of propagation and evolution of three-dimensional
rock fractures based on CT[J]. Rock and Soil Me-
chanics,2021,42(10) :2659-2671.
SUN Y K,LI Q, YANG D X,et al. Investigation of
the dynamic strain responses of sandstone using
multichannel fiber-optic sensor arrays[]]. Engineer-
ing Geology,2016,213:1-10.
WL IME R, A B SFL DU SRR 4 0 3K R
B (19 G 41 A R RS G M B R LT . A 1%
2017,38(8) :2456-2464.
FAN Chengkai, SUN Yankun, LI Qi, et al. Testing
technology of fiber Bragg grating in the shale dam-
age experiments under uniaxial compression condi-
tions[ ] ]. Rock and Soil Mechanics, 2017, 38 (8):
2456-2464.
FAN C K,LI Q,MA ] L,et al. Fiber Bragg grating-
based experimental and numerical investigations of
CO, migration front in saturated sandstone under
subcritical and supercritical conditions [ J]. Green-

house Gases,2019,9(1):106-124.



184 HOE Ok KR % 54 %

[16] LINS Q,TAN D Y.YIN J H,et al. A novel ap- roadway below a coal seam under dynamic pressure:
proach to surface strain measurement for cylindrical A case study of the 11123 floor gas drainage road-
rock specimens under uniaxial compression using way of a mine in Huainan, China[ ]J]. Advances in
distributed fibre optic sensor technology[]]. Rock Civil Engineering,2020,2020:8478043.

Mechanics and Rock Engineering, 2021, 54 (12) . [26] #hktm. = 0. V0,5 EEBRSE T RYES
6605-6619. 18 8 5 8 R A B - B e WS ()], P A

[17] LIU C, YAO D X, ZHANG P S, et al. 2022. De- K224, 2024,53(5) :977-992.
formation and damage characteristics of deep rock SUN Binyang, YUAN Liang, ZHANG Pingsong, et
specimens based on 3D-DIC and FBG []J]. Litho- al. Study on the optic-electric perception experiment
sphere,2022(10) :4329713. of overburden movement and separation evolution in

[18] YANG C,LIU S D,FENG Y.et al. Influence of e- the mining area under super-thick conglomerates
lectrode polarization on the potential of DC electrical [J]. Journal of China University of Mining & Tech-
exploration [ J ]. Journal of Applied Geophysics, nology.2024,53(5):977-992.
2018,149:63-76. [27] ZHANG D,WANG ] C,ZHANG P S,et al. Internal

[19] X #, XVBEAR e 55T 24 B 2R o 3 A L 7 4% strain monitoring for coal mining similarity model
TR R WA B R4 AT [T ). HER 4 B 4 4R, based on distributed fiber optical sensing[]J]. Meas-
2018,61(1):323-330. urement,2016,97:234-241.

LIU Jing, LIU Shengdong, CAO Yu. Self-potential (28] & WL.ERTZ.l .5 RGBS LZERZH
characteristics in deep rock mass damage based on L P 22 RN 5 T R AR R R L], B R
point discharge mechanism[]]. Chinese Journal of B AR ,2023,51(11):104-118.

Geophysics,2018,61(1) :323-330. CHENG Gang.WANG Zhenxue, SHI Bin,et al. Re-

[20] KAHRAMAN S. Estimating the physico-mechanical search on multi-field fiber optic neural sensing and
properties of pyroclastic rocks from electrical resis- safety guarantee system constructing for mining o-
tivity[ ] ]. Pure Apply Geophysics, 2022, 179 (1) verburden deformation[ J]. Coal Science and Tech-
301-309. nology,2023,51(11) :104-118.

[21] #ATHERBIVE, 2250, % B4 B8 T 202 [29] XUEEZR. X ., 08 R % B I IFAT R AR IK
TR I WL I 3 i 57 23 A [0 . AR %A 4T 2021546 (1) R R B E 42019, 44(8) 1 2336-2345.
211-219. LIU Shengdong, LIU Jing, QI Jun, et al. Applied
HU Qianting, SONG Mingyang, LI Quangui, et al. technologies and new advances of parallel electrical
Analysis of resistivity response of stratified bri- method in mining geophysics[J]. Journal of China
quette during uniaxial compression[]]. Journal of Coal Society,2019,44(8) :2336-2345.

China Coal Society,2021,46(1):211-219. [30] WU R X, HU Z A, HU X W. Principle of using

[22] QU C Q,XUE Y G,SU M X, et al. Quantitative borehole electrode current method to monitor the o-
modeling of rock electrical resistivity under uniaxial verburden stratum failure after coal seam mining
loading and unloading[ J]. Acta Geophysica,2023,72 and its application[ J]. Journal of Applied Geophys-
(1):195-212. ics,2020,179:104111.

[23] SONG M Y,LI Q G,HU Q T,et al. Evolution and (311 RAH, R, B R, A5 5L 1R i A e
correlation of acoustic emission and resistance pa- THAR T A TH B A IR Lk I [ . R B4R,
rameters during coal fracture propagation[]]. Natu- 2020,48(1) :239-245.
ral Resources Research,2024,33(5):2135-2154. WU Rongxin, WU Maolin, CAO Jianfu, et al. Elec-

(247 RS W5, BROGHE, 5. 5 R 5 H 55 R 5 2 trical monitoring of overburden failure in hard roof
TSR JER AR I R AT 25 6 DU AF 5 [ ). 48 FE b 5 55 48 working face with thick loose layer and thin bedrock
#%,2021,49(1) :263-269. [J]. Coal Science and Technology, 2020, 48 (1):
ZHANG Pingsong, LIU Chang., OU Yuanchao, et 239-245.
al. Comprehensive testing research on floor damage [32] & 5y, T 0E R 3 B 30 i B v BH 36 3 25 i o7 455 fiF
characteristics of mining extra-thick seam in Jungar WroEl]]. LW B34k .2023,49(1) :36-45.
Coalfield[J]. Coal Geology & Exploration,2021,49 LU Jingjin. Study on dynamic response characteris-
(1):263-269. tics of resistivity in mining failure process of work-

[25] ZHANG P S,0U Y C,LIU C,et al. Stability of a ing face[ J]. Journal of Mine Automation, 2023, 49



KPR R A Z R L RE L 280K R A

185

[33]

[34]

[35]

(1):36-45.

e N R R R . TR A AR T ik e
GB/T50266—99[S]. Jb 5T . i [H 3 4] t i &t 1999
1-62.

Ministry of Construction of the PRC. Standard for
rock massas: GB/
T50266—99 [ S]. Beijing: China Planning Press,
1999:1-62.

B IP  OS S S = e S B 3 B UG o 5
ARWFFE 5T m LT o Bl K2 24, 2022,
51(6):1069-1085.

LIU Gang, XIAN Jie, ZANG Dongdong, et al. The

tests method of engineering

concept.model and reserve forecast of green coal re-
sources in Chinal J]. Journal of China University of
Mining &. Technology,2022,51(6):1069-1085.

SHI B,ZHANG D,ZHU H H,et al. DFOS Applica-
tions to geo-engineering monitoring [ J ]. Photonic

Sensors,2021,11(2) :158-186.

(L% 160 )

[29]

[30]

[31]

AR FE. 7 - AR A b A AT AR A ik R B
JEWBGE B [D]. 5 K I T KA, 2014,
ZOU Yu. Mesozoic sedimentary-tectonic evolution
and its late reformation in Ningwu-Jingle Basin[ D].
Taiyuan: Taiyuan University of technology, 2014.
& BLROLEGKRTCLE RERARAREER
BTt B xb #e[1]. B4, 2023, 48(2) :900-917.
LI Yong, XU Lifu. ZHANG Shouren, et al. Gas
bearing system difference in deep coal seams and
corresponded development strategy [J]. Journal of
China Coal Society, 2023, 48(2): 900-917.

R JEHEAT LR A AR HLIh SRR L
WA AHEAEMNS T EAEM D] fmiRsS
% .2021,48(3) :437-451.

JIA Chengzao, PANG Xiongqi, SONG Yan. The

mechanism of unconventional hydrocarbon forma-

tion: Hydrocarbon self-containment and intermolec-

[36]

[37]

[38]

[32]

[33]

XA R, oK P b, A = 4E IR AT ik B IR
RGO K EHRE T BB, 2009, 34 (7
927-932.

LIU Shengdong, WU Rongxin. ZHANG Pingsong,
et al. Three-dimensional parallel electric surveying
and its applications water disaster exploration in coal
mines[ J]. Journal of China Coal Society, 2009, 34
(7):927-932.

LIY Y.CUI H Q,ZHANG P, et al. Three-dimen-
sional visualization and quantitative characterization
of coal fracture dynamic evolution under uniaxial
and triaxial compression based on mu CT scanning
[J]. Fuel,2020,262:116568.

HUANG Y H,YANG S Q,TIAN W L. Crack coa-
lescence behavior of sandstone specimen containing
two pre-existing flaws under different confining
pressures[ J]. Theoretical and Applied Fracture Me-
chanics,2019,99:118-130.

GiEHE W % 2~ B

ular forces [J]. Petroleum Exploration and Develop-
ment, 2021, 48(3).: 437-451.

% B, PEEWERI BRSO A
##,2023,44(11) :1791-1811.

QIN Yong. Progress on geological research of deep
coalbed methane in China [J]. Acta Petrolei Sinica,
2023, 44(11): 1791-1811.

RAR, B2, 70 A K- B X PR 2
AEBOT R B BRERLI/OL]. BB ¥4, 1-17
(2023-11-22) [ 2024-09-24 1. https://doi. org/10.
13225/j. cnki. jees. YH23. 1290.

XU Fengyin, NIE Zhihong, SUN Wei. Theoretical
and technological system for highly efficient develop-
ment of deep coalbed methane in Daning-Jixian Block
[J/OLJ]. Journal of China Coal Society, 1-17(2023-
11-22)[2024-09-24 7. https://doi. org/10. 13225/].
cnki. jees. YH23. 1290.

GULgiH WHER 2~ B



