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Abstract: In the process of coal mining, the connectivity of primary fractures in overlying rock is one of the
important factors leading to water damage in the working face. The different occurrence conditions of primary
fractures affect the form of connectivity between fractures. Therefore. studying the failure and connectivity modes

of different forms of primary fractures is particularly important for revealing the mechanism of water inrush in the
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working face. This paper conducted uniaxial compression tests on fracture composite rocks with different dip angles
by using the MTS816 rock mechanics shear tester. The stress-strain, peak strength, and energy dissipation
characteristics of the rock samples during the failure process were studied, and the macroscopic and microscopic
failure characteristics of the rock samples were analyzed using particle flow code (PFC) numerical simulation
software. The research results indicate that the stress-strain curves of the rock samples show a trend of slow rise,
steep rise, and sudden drop. When the fracture angle is 30° and 60°, the curve exhibits significant quadratic
fluctuations. The compressive strength of composite rocks is more significantly affected by weaker rocks. and the
peak strength of rock samples is positively correlated with the dip angle of fractures. When the dip angle of fractures
is 30° and 90°, the peak strength of rock samples decreases by 73.17% and 21.07% respectively compared to non-
fractured composite rocks. The conversion rate of dissipated energy corresponding to peak stress increases with the
increase of fracture dip angles. It is 17.52% when the fracture dip angle is 30° and 47.5% when the fracture dip
angle is 90°. The damage variable D corresponding to the peak stress point is 0. 252. The damage degree of rock
samples is relatively small in the pre-peak stage and the proportion of dissipated energy in the post-peak stage
increases sharply, resulting in a significant increase in the damage degree of rock samples. All composite rocks with
different fracture angles undergo a “inverted Y” type of tensile shear mixed failure, with tensile failure being the
main mode. The failure process of rock samples with different fracture angles can be divided into four stages: Crack
initiation, pre-existing fracture penetration, crack propagation, and rock sample failure. The connectivity between
fractures with different dip angles in rock samples is related to the fracture toughness and stress intensity factor of
the rock mass. As the dip angle of the fractures increases, the number of fractures generated during rock sample
failure increases. The prefabricated fracture connectivity methods are divided into three types: Adjacent fracture tip
connectivity, diagonal fracture tip connectivity, and two fracture near contact surface connectivity with fracture tip
connectivity.

Key words: composite rock; fracture inclination angle; mechanical behavior; energy dissipation; failure characteristic
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Fig. 1 3D seismic detection map of overlying cracks in Gaojiabu coal seam
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Fig. 3 Stress-strain curves of specimens under uniaxial compression

RIS 1T B AD S AR A S G S A W SR B A ) Dy 23. 84,18, 03,20, 02 MPa, SRR & 4351l 2. 21,
2.31.2. 33 GPa, & 45 A VE(H 5 FE B R T P oib 5 s, BB AP AR 24. 37 %0 . B b 45 85 9. 94 %6 . iX B
YA A O R 2 R B RS A A R R O 1 Y BB 43 I D 30°.45°.60°.75° 90 B, T X R -1
WA {1 58 5 40 ) A 4. 38.4. 98.5. 71.8. 74 . 14. 71 MPa., Fifi 24 B i £ 8 K, 5 F W5 (B0 58 3 Il =2 186 K, 4 4 B 051 A7y
9 30°HT X PRI BT R B R C MR AL A A SRR IR B 73,17 06 s BRI Sy 907 BT, - 4 Ll BT 1 5
JETREIRE N 21. 07 %,



.22 - b AAEK T FIRCA KA F RO 2025 % 1

2.2 BABAEESHT
2.2.1 FHAWAAER

TR P R By e S BUE A BT IR A SRR . ERT X A ST R B A S A A AN TR0 A B RE
5N B A LR T L T R R AT 0 W SR S D [ AR I AR A R i 25 5 BT R B BT 1 2R
I 11 45T R GRS E 8 s B SCTEAS BRI 0 (0 LAl 42 1 L BR 24 B0y e o B i R 1Y) B i L 6 A 4
8 R AR Y TS AERE & . N [A)T RAE BPUR SC 32 5K FH 2B S XN T S 1) i 5 W R a0 R I
Wi 44 K0 R R 1N g I AR g 1) SR 5 E ST R I K PR

K =Yo+a , D

Kb Y JUATTR A F oo —SMIMRE 1o — R K . BIBER 1 o AS W38 K, 288 SCRiT o I 98 3 97 K 3
K AR 134 K RS B I AN T o B KW R ARk D 24 8 1
2.2.2 HMEWEIRFRE

X6 i 15 45 20 o FE R IR ROR SR A7 07 8 45 B W01 2L B AR R R 25 81 4 iz HLD & 3 o 1 3k
B WY S A HL IR b A S BT IR A B AR 7 AR 5~6 SR 2SR . A R LB A S BOA
BERE 4 A & A A AL BUE A RE R SRR S AN TR) R 0 24 R 4 B a b R

ML A 30°IF L a b AHARJ3 35 5t
WA B a B b R R 43 il 7 AR
ZABR Bt gy 1 P R ik AR A BT IR A
440 RAD 43 7 AU JE N T 5 1) i Bl
SRR RS, R AR SR B DL
W EMR-BTR A 0N, 2Bk
AS°HY ,a b Y 3 N 7 J5 1] B X AR 2B B
(B, MR R AR IR . 2P
i ff1 Ry 60°HF, PR BEIE A B A#L,a |
It b T AR S 4 ) 7 A I TR 0 5 1) Y
S5 B 5 1) 24 20 K T R B 1) 4 R i 3R
RIS HLRD R b b 43 7= AR i 32 W
307 ) W B S R sk R a, R I 1E

= =

TR A W TP AR A A B4 REESRB RS
RERE AL RS R, 2 [ 4 TR A A Fig. 4 Failure modes of fractured rock samples
F R R BB S A B R AL with different inclination angles

Y S z H Mo Mo

LB S 75 P 2B BUE L SRR B AL RARBIA L S S AT AL, IXHITE T a B K B AL E A
), 3 55 24 Bt 2 o o7 ) 56 B DR - G . Y BRI g 90° R e T A AR Ml 1 5 b R AU BT (C B ,a AR
Uit b 3L Al T Ak ) 7 A T I T 1) ) SRRL i A S K 3R R - BT IR R R, R A e A DAL
N E BB TIR A BN DR U a b AR = AR A PUE B sk A7 A, a b REUH A KRB T P A
RF 0 fh i Ak DT 45 R 5 G Al DX SRR, HL L i 8 TR TR

L LTI  CE AR IE 25 5 A B Y 2 5% BB A 2B AT 3 O 2B ) B0 7 5 307 AR 4% ¢
Wit 2 B 1 538, 3] 45°~ 75 I X 1 BB AR i Y 5L L P21 90° I S A SR Bt AT 3 ik T 5 28 R 4 Sy 1) B, R WY T
S A] 9 5L 75 305 2 A0 W SR 1k B I T B B TR A O . SRR TR R B A T A E T S YR HoOA R
HEAR R R P SR AR i 7 A Y 3 R B i S B R R O 1) R B AR AR R IR D A B Y B R B IR
FOR.
2.3 BEERMME

BTy 25— SRR T R A B TR 4 R AR A T A R TS TR [ I A
FEIE R RE AL AL T DL S B o BE SR BB B AN Wi R, BV A BE U ARSI R R R AR R RIS I



FWn S R R U o R R B G S 0 T A R RE SO SR R AT 5 ¢ 23 -

JEF B BB ARE U 55 RS RE U, 19 & AZAARL, PR 1557 22 L THE 3, R WL BUA AR RS 82/ L Bk
T3 A TP 2 e A DAy A I8 2 B i 7 7 A AR B e AR DAY 0L ) 4 P R 2 R SRS W 7 R B L
PRI AR RESE AL N AR BN AR BE U, BYERR PR FERINL AL RE U, thZ B i AR L LT ).

5. .25 6. L40 8- 150
— R 7 — R 7 — i
4l — 20 5 TY 12 —_ 140
I :ge A :ge 30 ~  6f :ge g
&3] ' 15 & ' 25 E & ' 30 F
é g§3 204 7%47 =
~J ~
52 11008 355 1508 ) 20 g
&2 108 2| &2
1 ] il 10
15
//0 /0 : . . 0
0 0.1 02 03 04 05 0 0.1 02 03 04 0.5 0 0.1 02 03 04 05
RiAE/107 Ri7E/107 RiAE/107
(a) fHFA30° (b) i Fa45° (c) 1R f160°
10 , L60 16 - . 100
— 5 — [ 7
—U ] —U ]
81 — 1o — 12t —U, & P
56l —U, W s —U, o =
=
é 130 2 é gl =z
~X
= 41 20 i) = 140 il
= 4l =
| ) /20
n . 0 . . 0
0 0.2 0.4 0.6 0 0.2 0.4 06 0.8
[ 75/107 R 75/107
(d) 750 (e) 1A 90°

Bs5 BHERARRBEMASHIETNEERL

Fig. 5 Pre-peak energy transformation of rock samples with different fracture angles under uniaxial compression

A 5L 2R BCRE U, 500 AR U 9 L1 2 60
S REICRE B A 2, 4 T 5 U (1 7 ) X R B o
R % 5 BRI 0 2L IR 6 R, HE s »
A R B SR T A9 11 B9 KT 0K o o 1 & aop /
S - B - T A0 R K R . B & p
047 9 307 L REBKRERE AL % 17. 522 s 2 BRI =% e
F 0y 90°IHF L RE LRSS f 0 47, 51 . VW1 RE 20/ -
e (A S RABEURTIT o 90400 S0 A4 G L 5 P L '
SR A O R 2, T o) 220 B ST T T TR

ZAPRAT AR /()

0 #E HCRE #Y BE 1B 22 FE HIAE % fb 3l vy
AR R R T R RE AR b a5 A AR Eo EENNLGHRUEEUEZEMFIREMANXER

PRSI AR . A I, BB B n 2 5 R v B B R Fig. 6 Relationship between pre-peak dissipation energy

SRR Y S R K ¢ B %) B R B AR conversion and the inclination angle of precast fracture

A RETE IR I B RRE R LA A8 Xk AR BICRE S AR AE A4 (5328 5 D ED

DU

XU
AU A AR B REFERLRE k) « m 50— WAl s. D EAT 0~1 Z [, D (M, FEHAE b Hodk
Ko N ER BB S kA LA9O g o, 40 A5 78 e 5 0 ) - 0 AR B O AR AN 7 BT i - (D IR B B B BB VL A W

D) = (2)



. 24 - L AHBEKXFFROARFAFZ RO 2025 5% 1

KK o PR T S 2 6 7 T 9%, JL T TR B Lor o - 5 e
P A A LT 5 5 @ BB A B B P bl >e > 18
A1 I3 FE FEE 4 R o 0 1 A ML 80, o R 1 R 081 116
VARG AP 7 4728 1 T s QBB RaE & M ERD 1
FEB L, HE BRI BB R TR A0S @0'6’_@73 zg
A ik I R 2 1 T K B s D BIR B £ 0 s
FERICAE 2200 1 T, 5 R F5 005 7 B KR 8 1.
EERERER, W O B R D W sl 1,
0. 252, W1 7 il 31 e {17 J0 T 4B P 96 40 / 12
BRI R A R R IR & ‘ ‘ ‘ oy
A 1 AE W W B RE AR o LR 3 ’ S

A BRI L P K B BE L 4 T U

(SRR AV S MM Bb N ap
2y B b A ﬁ oV g 2 ¥ Ak o e TR Fig. 7 Relationship between stress-strain and damage variables
FETH o

3 HEHEU

3.1 BRRERAR

T N R GEH TR R IR AL B R R S R BT AL ] o T (A AR R X R R A PR A A A
SR FE EATAIR ST Ae Mr . SR PEAT R Z5 MR, 76 PRC™ W42 il 50 mm X 100 mm 9 bR o [ A 21 525 A i,
HWEAHESHEENRE 5, PRREICEREEN 1.2 mm, &/NFERHN 1.0 mm, 324 23 058 A
KL, 3T = R A A 55 e L AR SR 17-18 I ki AT S8 . @ R 2, BB = Wil 5%
(EASE AL 43 J91) % by 9 17 - iy 72 il 2 G 18 8 o o R T RRO(E AR 40 T 1 B UL B B B, R U L kA R % B B it £

6. g i
— ENIRE 6 —ERRE T3 mpRk
iR iR  EmE
s 40 < 4L S 5010
5 R R
B, B, Boas
0 0.5 1.0 0 0.5 0 0.5 1.0
Ri7E/107 RiAE/107 RiAE/107
(a) 30° (b) 45° () 60°
10 pyikee — ENRE
—— B {E AR 15+ B
: S 0|
R 3 R
= =
5L
0 0.5 1.0 0 0.5 1.0
R A5/107 R AS/107
(d)75° () 90°

8 EHIBHAENRNSHERBA -3 i L3 bk

Fig. 8 Comparison of stress-strain curves of laboratory test and numerical simulation during compression



FWn S R R U o R R B G S 0 T A R RE SO SR R AT 5 ¢ 25 -

PEAT VA% L X HE A% A 2B A A 2 R R BRSO 2 SR, SR R P 3R 22 O 3. 46 00, VA {3 R 1 2 1R 22
5. 21 % ¥ 5 5 PRI ) A R IE T T RE A W S A A R
3.2 EHMARRERE

BRALAG BA [Al 60 A BB A G A A BRI S A0k 2 B B T 20 B B BB A8 21 A VB .C3 & 53 .

K2 AEHWALRE

Table 2 Failure process of rock samples

Z4 B i il 8 2o WA=
) {451 0
/O Ui ) T 1 4 B B 1 Hary & D HRERIR (V) B

TP .6 045

30 Te
B 4 B ZE.3 979
?g ST
. 5 B F 5o R 6 520
el Lo W | WU 3 518
60 akFr L6 793
WYL .4 131
75 kP 2L 8 397
’ y W BT 4 438
5
&
0 F i - AL 10 033

BYIRL.5 264

TE « BB AN S5 2R o 20 0 IO AR 3R 3K 1 220, 2 68 0K AR 3 BT U1 5 XL jo) 37 3k AR 32 2L B A% o i) 9 Sk e i 22 ROR RS R
g7



. 26 - L AHBEKXFFROARFAFZ RO 2025 4% 1 47

MR R 30°HE . T sa bCHNE] 4) bR R i Ak b 244, A R B AL R BR kB O A T,
a b AHABI NG BT , b b 4 v SRR S L 0 ) D5 A 5 I s b 2R o 1 79T ) 24 Bt B3 B 2 SR s ) R AR L b
TRmEE YRGB A C KRR EAEN-BIRA IR . BESRAT 3= A gk fr 28 6 045 4>, 87 b 2
a3 979 1>,

AR A Ry 4578 . 1 e BRI S MR (b PR o 0 AR SR R RA (1 L ab WY AR ) 5 ) 6 AR g B
W I ,ab 2R e DU el BV 20 1 07 M9 8 b TR ALY R R IV ,C . B KRR & AR IR,
A KRKAETIN, WedRn St = A sk R a0 6 520 4~ BT U240 3 548 4,

MBI A N 607 T LI A AR AT Lo N AR K b b A i AR R B sk B s T L a b W ERN S
D7 T Xt f AR v B s [ . a LARU S b WU 24 BRNY 0 H My e, Hoa bR M AL F BT R 1
REGE IV L C A MR KA AR Ry 32 0 H- 5 1R & B R AL IR e 4 B R A A T B R B-95 1R A
W, WS SE = A gk R 6 793 AL BT YL 4 131 4,

MBI A N 75 T LT A AR I o R ARG M b A AR sk R S 1T L a b Y RN T 1 R AR
A ut LA 5 I, A0l a F AR & b 4R 32 0 F1 0 ) LASK B8 0, b T 4 o 7= AR T 99 24 B ) TR
Y R -BRAHEG N LB .C KK E AN -BRA BN C BN EE R A KRR ABIR . BEIRa 3= 4
SRR 8 397 LB L 4 438 4>,

MBI A 90 W . | sa b EHEMM I NS a TR H AR KB 1 s a AR S b T 2R B
Il a 2R3 2L S FE 07 3 5 T 47 € o b 3 43 fi it 7= A5 bl N7 R H-0R & R8IV B.C R AR F
MPL-BT IR A R, AR R R s A KRR AR . BEIRAT L= A gk i 280 10 033 A4S, B PIREL 5 264 14,

25 LI AN TR 4B A 25 A A IR e R T MR Dy 4 AN BB T RECHE B R R TR R e 1 2L B A vy
A ARl T W A 5 LD, TR SR B B L B R R R AR B N O 1 R IV AR R A LR AR
R E MRS A WK . B 2B A B A R IR B A i R R S 2 Y BRI S 30°.45°.60°.75°,
90° I, BY T 2L 4 Bt o5 LA B R 39. 7096 .35. 24 % .37, 8% .34, 6% . 34. 4% X ik — A5 0 WY A P A DA
W3R A = W P-35 TR A B R

4 i

1) I -0 A% il 24 & Fe % L S AR Y BB AR I DL S S IR 4 AN B, it 4R IR 2 I TH-BE TSR
A BB AR Ry 30° 607 B, TR KM BE R W Bl . 4GS A bR R A2 5 S A S e T Dy
Fo BUBRIUAR O, e R I R iR BRSBTS 307, 90° I, W R BRI B 7 B 2H G R B I 4 ) o
73.17%.21.07%.

2) Pl BB AR 1S O, DRI EL B L 3R I AR B NORE RO A8 RE B T B K L W N 7 X N R R RE % R Bl 2
BT A 3 T 1S O, Y R B AR S 30° I, FE BB R AL 0 17, 5200, ZLRRETAA Sy 907, FEBLRE AL AL R
A7.51% . I T VAR SO R0 1 A8 B DRy 0. 252, 55 A W 15 05 AR B /N L U S Y B AR IR o Lb 2RI R B
A R

3) ANTRI R BRI 4B 2 A SR AR TR A AR AL L 35 & A DR A UK o 2 i 48] Y BUR-BTIR & SR, BAS
[7i] 5 Bt 0 £ 3 AF B O o R AT A B iy A TR 4B T B R SCA R EIR 4 AP B, RS R A R
B[] E 38 5 5 A W7 SR ) e B iz g ik BE R G o L S B AW A1 185 K, 5 R s O I 7 A ) B B iR 1 2
ZARE 5T 30 Ty 2 o7 Ry BB AR QI 4 vy T | S BT A 2 i BT | 7 SR BT 4 ik 1D 5 S PR v B 3 2K

SE K

(1] RE.ZFRS HFE,F SEXXEAWTEZZRLIESBIRIH R[] 5L 5 %.2014,35(7) :1863-1870.
ZHANG Bo, LI Shucai, YANG Xueying, et al. Uniaxial compression failure mechanism of jointed rock mass with cross-
cracks[ ] ]. Rock and Soil Mechanics,2014,35(7):1863-1870.

(2] RapHE, kAR, 1 N5, TR LA N % P EGA TR F LA ERB A T[] B RAFH AR, 2017,45(7) :44-49.



FWn S R R U o R R B G S 0 T A R RE SO SR R AT 5 . 27 -

ZHAO Yangfeng.ZHANG Chao, LIU Ligiang. et al. Experimental study of acoustic emission during fracture process of
pre-crack granite under uniaxial compression[ ] ]. Coal Science and Technology,2017,45(7) :44-49.

[3] kA, kol B s EHa AP 8 &5 R ARSI AT[T]. B 5% 4R .2021,46(4) :1253-1262.

ZHANG Ke,ZHANG Kai. Gray and texture features of strain field for fractured sandstone during failure process[J]. Jour-
nal of China Coal Society,2021,46(4):1253-1262.

[4] WANG Y Q.PENG K,SHANG X Y,et al. Experimental and numerical simulation study of crack coalescence modes and
microcrack propagation law of fissured sandstone under uniaxial compression[ J/OL]. Theoretical and Applied Fracture
Mechanics»2021,115. DOI:10. 1016/j. tafmec. 2021. 103060.

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

[6] ZHAO Y S.GAO Y T,WU S C,et al. Experimental and numerical study of failure characteristics of brittle rocks with sin-
gle internal 3D open-type flaw[ ] ]. Acta Geotechnica,2021,16(10):3087-3113.

(7] FEE . &AL AR . F. LMEGFHTEZXARES D RME N FH RO @A) £ £ %,2018,39(10) :3668-
3676.

LI Lulu,GAO Yongtao,ZHOU Yu,et al. Meso-scale modelling mechanical properties of rock-like material containing tri-
dent cracks under uniaxial compression[ J]. Rock and Soil Mechanics,2018,39(10) :3668-3676.

(8] it , FRA . SFX.F LU EFRARFELADER =4y BEXART[J]. LAHRXFFHRA X F1R),2016,
35(5):63-69.

CHEN Dianhao, LI Tingchun,LU Xuean,et al. Three-dimensional extension mode of red sandstone with different opening
surface crack[J]. Journal of Shandong University of Science and Technology (Natural Science),2016,35(5) :63-69.
(9] A4 AAA FHL .5 &AL WL E @A HESAMARB R[] b AARKXFFRAAAFR,
2023,42(4) :32-42.
HUANG Dongmei,ZHU Yingying, QIAO Shuyu.et al. Numerical experiments on macro-and micro-damage characteristics
of red sandstone with pore-double fractures[]]. Journal of Shandong University of Science and Technology (Natural Sci-
ence) ,2023,42(4) :32-42.
[10] A . 2R . ER2R.F. FRAENALRLBRD L LG R R BA = S HMERM[]]. 26055 D25 H.2023.42
(10) :2466-2477.
YANG Chao, WANG Jiao,DONG Xingchen,et al. Uniaxial creep test and three-dimensional numerical simulation of doub-
le flawed sandstone with different rock bridge angles[]]. Chinese Journal of Rock Mechanics and Engineering, 2023, 42
(10) :2466-2247.

M 2%, ER. L2 5 & FTRARaD BN FAAMMINI] ThEIRFFRARHF R 2024,43(3);
161-170.
WANG Yunfei, DONG He, MA Yongchao,et al. Numerical analysis of mechanical behavior of white sandstone with paral-
lel double fissures[J]. Journal of Henan Polytechnic University (Natural Science) ,2024,43(3):161-170.
[12] #AF . DA AEG. S ATHANFERGAFOE LR ELATRHERI]] A RAFHE2004(10):7-13.
XIE Heping,PENG Ruidong.ZHOU Hongwei,et al. Research progress of rock strength theory based on fracture mechan-
ics and damage mechanics| J]. Progress in Natural Science,2004(10) :7-13.

[(13] #AF . 0H  Rax ATHREZAREERREOELRAL EARKAEN]]. 28 05%5 T4 5R,2005,24(17)
3303-3010.
XIE Heping.JU Yang,LI Liyun. Criteria for strength and structural failure of rocks based on energy dissipation and ener-
gy release principles[]J]. Chinese Journal of Rock Mechanics and Engineering,2005,24(17):3303-3010.

(140 2l sh iRFR IR F R AR L 50 E G A TR R ER A p A R[]]. TRMFHHAK,2025,57(1):189-200.

LIU Xiaoling,ZHANG Zetian,ZHANG Ru.et al. Study on energy failure mechanism and bedding effect of soaked coal un-
der uniaxial compression[ ]J]. Advanced Engineering Sciences,2025,57(1) :189-200.

(T#FE 40 IT)



. 40 - L AHBEKXFFROARFAFZ RO 2025 5% 1

[20] BAI Y.SHEN Y F,WANG T X. Multi-objective optimization of heating operation of stratum ventilation under different
clothing insulations using Taguchi method, RSM, and SPA-TOPSIS[J/OL]. International Journal of Thermal Sciences,
2023,186. DOI:10. 1016/j. ijthermalsci. 2022. 108124.

[21] TANG Y.,YU H,YE H,et al. Estimating local thermal insulation of clothing garments: Modelling and application[ J/OL].
Building and Environment,2023. DOI:10. 1016/j. buildenv. 2023. 110558,

[22]1 HU J L,QIAN Y.LIU T J,et al. Preparation of needled nonwoven enhanced silica aerogel for thermal insulation[ J/OL].
Case Studies in Thermal Engineering.2023,45. DOI.:10. 1016/j. csite. 2023. 103025.

(23] 2AMBER.FHF.F. TARATERE RN T E I 57540 [J]. BH %4 ,2007(6) :66-68.

WANG Chunyao,CHENG Weimin, LI Weiqging, et al. Measurement, analysis and evaluation of thermal comfort index of
miners[ J]. Safety in Coal Mine,2007(6) :66-68.

[24] #mB4. EXLk RER. HBF R ERZFNEFGIRLI]. 57 k% 457K ,2008,35(3):27-29.

SU Zhaogui,DONG Wengeng, CHENG Weimin. Study on thermal comfort of high-temperature mine and its appraisal in-
dexes[J]. Mining Safety & Environmental Protection,2008,35(3) :27-29.

(5] MaF, 24 HRGEF HF T ARAFEHMBEM R[] &k TR 2009,24(3) :66-69.

XIANG Liping. WANG Hanging. Numerical simulation study of thermal comfort on high temperature and humidity mine
[J]. Mineral Engineering Research,2009,24(3) ;:66-69.

[26] MCCULLOUGH E A.,JONES B W, T AMURA T. A data base for determining the evaporative resistance of clothing[J].
ASHRAE Transactions,1989,95(2) :316-328.

[27] 2 F. 7ok K FAEBREBY B FHABRAAL] AR FHERLZHF,2021(2):72-73.

CAOQO Yaping. The level of the mine roadway ventilation cooling factors affecting numerical simulation[ J]. Journal of Inner
Mongolia Coal Economy,2021(2):72-73.

(28] Zerdt. RMETAEEBERRBHAMLLID]. F &b AAH X F,2018.

WANG Hongyan. Research on cooling and dehumidification technology of coal face[ D]. Qingdao: Shandong University of
Science and Technology.2018.
(Fr e 2 48 A4

(E#E 27 1)

[15] Zat &k, F 304, B BT R T HREILRE BRG] 58055 TA25H,2007(12):2526-2531.
PENG Ruidong, XIE Heping,]JU Yang. Analysis of energy dissipation and damage evolution of sandstone during tensile
process[ ] ]. Chinese Journal of Rock Mechanics and Engineering,2007(12) :2526-2531.

[16] TH .V A . REAH . 5. ARBETHSCEAWMSEAFAEAREEBMANAR[]]. K55 %42 T2 FH.2020,37
(2):385-393.

YU Hui, LIU Shaowei,JIA Housheng,et al. Mechanical response and energy dissipation mechanism of closed single frac-
tured sandstone under different confining pressures[]]. Journal of Mining &. Safety Engineering,2020,37(2) :385-393.

(17] Fif G2 . = % & #OUH FFASR R B[] %8755 14253k .2004,23(21):3642-3651.

LI Shihai, WANG Yuannian. Selection study of computational parameters for DEM in geomechanics[ ] |. Chinese Journal of
Rock Mechanics and Engineering,2004,23(21) :3642-3651.

(18] #H4L. F A, AL FE, F. BME L FITRBERAHALKAFZL]] DA RFFR(TFM]M),2015,45(4) :50-56.
JIANG Mingjing, FANG Wei, SIMA Jun, et al. Calibration of micro-parameters of parallel bonded model for rocks[ J].
Journal of Shandong University (Engineering Science) ,2015,45(4) :50-56.

[19] FE . HE2FH.IMLF RAWMIESBEELMERAFRRAARGMEBRAEM]]. FARXFFRORAAFIR,
2023,54(10) :4000-4014.

LI Heng, YANG Shengqi, SUN Bowen,et al. Discrete element simulation of mechanical properties and damage mechanism
of composite rock containing two fissures under uniaxial compression[ J]. Journal of Central South University (Science and
Technology) ,2023,54(10) :4000-4014.

(AR . B HT)



