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ot 4o [ 0K [B] 4 BE R LRV F2 M
BRI, B KR HFHLE AL RN SEE #BH

(1 L F T K% EARER TR, 07 #M 121001;
2. F EES R T B A o AT T BN, 12T W 110004)

WE: WV BE R LR RF LM% S S5 M (carbon fiber reinforced plastic, CFRP ) i 2 %k xt
HEBBAENFRERGCERMNY N, EAZNEHELERR, RAARZS-BH T E
(FDM-DEM ) #AT#HEHEN . RBEER LW, TbE KA KK F A4, £ & CFRP 4 KK, i
A-REHEAHERTER BHE.ERMIEE 4 &, CFRP A 4 KA AZE B B A 5 I B
FAHAENEREHRA, HPHBEAL ) BELEmBEREEEL ARG RKFERE B A2,
2540 1 HEENERE F: MM%E CFRPH EX M v, WE N X @ N H 2R RAE
733% 1 548%; T M B KR LA, KAAERITCFRPAEE M FFTHBEE SN E . %
b, CFRP A7 2 20 09 3 o 2 BUa R AL iy TR B0 B 30 45 8 0 7 1 83, R WA L xE AL 0 5 ) 0 A7
AR HEE, BEAENE G EME NG E CFRPAERN Y W EERA, # ERK
BERHTLI051F, ErEnkREHNEFYE. VY ENCFRP AL RN, IINT “%
BEE MBS, RALMECFRPAFERE mEF A M KBS, HECTSER, FUEE UL
TREFR, WA T CFRPAEERABRBAEENR TR T EHNEES, W ARARRBTEES L,

KB P HESR R EHBE M, R, AR ZD-BHTE R ERN, SRNEE

B [E 53 5 : TU4S5; 0521.9 MRRARARAD: A

2R 23 DX M F DTG ) AL A AR ST 1 R S AR AR 3R D A IB e 2k o e S 2R I U IR A6 1F T, BEAE AN Y
RS BERRRE ], B 2 B A IS XA R A b BT PR A ARk, R SR S BN
[t A58 RE RN 14 22 4 Ay Jl ™ TR Y0 PRI, AT AT SO [ B S A, AR R A X B AR E M, B
h AT ) A U R R 23 IX TR % ) o B R O T R 22— R, A0 [T 5 AR T 5 3 2R
TR RARAR RS B | KPS 00 K% B0 37 W 000 45 D7k o

FEMERE N J7 T8, 2 F AR T 2R 5. BT IAED B i A8 BT XU A o vk BRI TR R
REBAERENE, TR B A T L TG0k o A K58 S5 3 G A 5 i B 0] 25 i R A o 2
BB ST 0 [ o ) P, 255 BRI S IR S, UE] TR A e AL T o sk AR
Bt B0 55 T SN BT B AR 25 B T T A AL AR E M, BLSGIE 1 FEURTE 20% 724 I BORCR e, A
SRR A X I 1 [ g S U i A BT AR U B Y TR A R R, 4R T AR I AR E
P, S EER TR B R R A T BB ARYE o BWREAANAEN BORT ST R W, ST G 2o 0] i) 249 SRR 2345 48 T LA
3 I R AT 1R 2 RE

* U Es B EA: 2024-11-05; 1&[E HHEA:2024-11-22
EEWB: L T4 ARRBARES (2023-MS-298, 20180550297 ; il T4 # & JT 3L ABHIF i 0 H (JYTMS20230866) 5
1748 R 3 3 42 (2019-BS-120)
TEEE N PR C(1987—), B, WL, Rz, ZENFAA 122 bkl 53 A A 454 KB 8ot - B
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SR, AL GEIME 7 N 2R VRS . WESHIREE + M U A, AR — e R BRI T R e
PR, AETE S AT I AR 4807 B3 10 52 24k Ml S5t PR 458 07 TS A2 AE Jmy R, ELE DA eIt v 80T R 5 AR AR
o UTAESE, £F 4E 958 & 5 A1 Rl (fiber reinforced plastic, FRP) R HA2 i . o 3k B8 . it T 06 43 K it g okt 25
RS, 7E BOR TR S 2 1z i R, R R R R A M AR A TR 5 B R R i
[ oK, IR AR AL TR LR R . © — L IT UK FRP 2 F 2080 hn [543, Das 461
T e AR HOBE Bk 2T 4k 4 58 &2 45 1 ) (carbon fiber reinforced plastic, CFRP) A i FH - BEAE: i 31 45 3, 18 3 2
Bl R A BB AT T VR A R P4 BT, S5 2R R W], CFRP A3 i 35 48 & 1 EAE 18 7K 380 F S B
AE 7, IWITVPAL 13X B 7 VL AR HL T SR A Y 7 o B SCAEN T il o T P B 2050 F 9% T FRP 43
BT R s M R i R e PR I SRR, 45 R AR W, FRP L B 5 1R T T Ao, i et s T
SERR I PUEE APERE, S BF ALK TR B R ER A T HR k. Xia ARV FSY T CFRP AL ZE XA ) 2= Pk g
WSR2, & 30 CFRP AL 22482 55 1 0 IR 0 ) B, o028 T ek =, IR Ak 1 7 & 49 (acoustic emission,
AE)FAF 3 o Xia B I8 BT RE S 1H RO, M8 AR 7 -0 AR O R AP AR B AY R pRSC AR )
MIZ BRI . IN#RE R K R B R HSE M R R T CFRP A 29 BOBEAE A9 i 1k g, 45 S %11, CFRP £ii 4
W R TR R

g5 BT, A O A B9 240K FRP FOR 5 | A KR I i @ik, {3 32 24 rh 120 05, k= % 48 00
BLEI IR AR o 56T I, ACHE 52 0 30 40 == 9 Bl R 40 00 S EE RSB 25 6 1 7 ik, RSt AN TR
CFRP 171 )2 HO B IR AT 7 22 R P K g i Ak 1 52 ) o 38 5 000 % 0~ 1 J2 CFRP Al 29 3 4540 T HE 5 A
B 120 M, I HE— 2538 13 FR 22 - B BT 5 (finite difference method-discrete element method, FDM-
DEM) #5 & £ AL HL 5 BT 0~ 6 J2 CFRP A 29 B RIAT, Fei 2 Lo B | AR TR RE ik 5 s it I IOk, LA
57 CFRP Ml [ 5 AR AE S 22 b BT A B T 09 T AN H AR AL 3  Hie 2%
1 gEEtEFE

PR A AR Rl o) e 4 A2 I b fR b, 0 T RE R AR L R L FEHORURBS L, X g — B A R R R E AL
I FEPY RN IR EE R A BE B LT, AIMar 20 AR B A T A4 3 43 SR RS e — 00 DAL RE Y

XA THEBIRE T, 55— 9070 W LU PERE | 4000 RE SR AUAB L™, ML B R A i E 2 B A RIS, L4
PR e R AR, RE R B e BE AN AT 1 o, Hovh o AR )

/ —— " Accumulation Dissipation s
[ hi

. 900000 = 330 ih- 11 e
: | 300 000 8 ' 200 =

N ‘ Y i
. 00000® . S.09 e *® . 0P *®®
E . . ... ® J: : Elastic strain Plastic strain Destructive |1 Kinetic Frictional internal
. Mechanical energy \‘ energy energy energy ,_:i ! energy energy

O . -, -

P R B RE R e 7

Fig. 1 Energy conversion process of cylindrical coal samples
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SR, 5 AR )2, CFRP A 24 5ORE AT 14 1 4% BE 06 200 43 AR 418 6 R CFRP A 19 1 2% g 113545

tho HI T CFRP i —Fh L st APRL, AL AT LA 3k AR i 7R U B R 22 i, CFRP At I0A & A #E
WIR . HAh, XF T CFRP A AR BRI, U, 1 U /MG 2, I, (1) AT &1k

U=U.+Uy, (2)
HYE SCHR [22, 24], B REE U FisidE R AR B8 U, 43501k
U= IO o,dg, +IO 0'2d82+f? o3de; 3)
1 1 2 2 2
U, = 5 (0181 + 0028, +0383) = — [0’1 +05+05—=2v(010, 4+ 0,07 +a'10'3)] @)
Ko, oy oy BAVHE—. T S FENT, 8. 6y & BIHE— T S FEN SR NEE, E il

AP, v IR RIS .
FEFARWFIE BRI 5, AT E o,=0=0, 2 (3) I @) nI ik

U= :] U-Idgl (5)
i
Ue = ﬁ (6)
FIHE R IR, BB U AT S5 50h
& + i+1 i+1 i
U={"oude = Z (01 + ) ;(8 —4) %

o o Sy I F7 - AR 2R A S ST, MPa; &) Ry I 7 -1 AR 2R A SR R AR, %
B2 (6). 2 (7) RA (), A AS B FEHLTE

Ud_U U Z(O_ +0_z+])(81+1 1)_0__% (8)

2 2F

i=1

2 IR

2.1 CFRP i A8k 536

T 56 T FH Bl £F 4 A O s o R T SR 2F A
CFRP 7 il £ B Pl 46 22 SOk [28] Al E BP0
AT o B B, K & 4F 9 CFRP 2% 32 564X
%%E’H%J:'% I AR, I ORFF A A A0 5 e Sk

A4 T 71 CFRP i 4% %(CFRP 1~CFRP-7),
lznlzlzfﬁmo i DH3816 A I AR Pt A 5 R
AR A 3 SR AR S AR B B8, ?MEFﬁQEAxFHh*Z
il 4 4 2 mm/min.

[l 3 2 CFRP A fi A i - i A8 1 4%, 43 07 ]
s TE IR B K Aar 20T, 1h 4k b i 1 g 5 AR S AR

LR R s JA S (LA BT I U R, K B2 CFRP ZAralfr
W TR B B3R . CFRP 44 52 s Mk il SR = Fig.2 Preparation of CFRP strips
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M 3 Ha] LR B, CFRP 441 7K 5% 8 S A 11 7 S o

3.40~4.77 kN Z [i], -3 N 3.83 kN; BE K Z 1Y '

PR ARTE 1.56%~2.14% Z[a], F-I{E A 1.94%; | &

KPLE S 1E 816.2~1068.9 MPa 2 [a], V-1 {E N g

918.1 MPa. 7~ CFRP &4 i AKX LE R =

H 1 Fog. o Tome 5900 CFRPACHR &

Z RPN ) PN A IR SR E, x A WA

Ty iR . . . . . .
1 h, CFRP & I BRI ooy MIHTHIH TS

B Terne 13109 B3 CRRP AR B I

&crre = X/ lcerp ) Fig.3 Load-strain curves of CFRP strips

Terre = Fepre/ad (10)
o leppes av d 53524 CFRP 4547 I BE | 9 B S B2, B 250, 25 F110.167 mm.,

F1 CFRPHMNFESH
Table1 Mechanical parameters of CFRP sheets

CFRP No. Feppp/N x/mm Ecrrp/ %0 Terrp/MPa
CFRP-1 3846.0 4.71 1.88 921.2
CFRP-2 3880.5 5.19 2.07 929.5
CFRP-3 3889.5 5.18 2.07 931.6
CFRP-4 3877.5 4.57 1.83 928.7
CFRP-5 4462.5 5.35 2.14 1068.9
CFRP-6 3466.5 5.05 2.02 830.3
CFRP-7 3408.0 391 1.56 816.3

Average value 38329 4.85 1.94 918.1

2.2 BIHEHE LG

ABFIE AT CERP A5 S A LU0 IVBEI 0 1 205K ORI, R S~ 51 5 45
%27 4% (International Society for Rock Mechanics, ISRM) BY#EZE, il & W B2 (D) 2~ 50 mm, & (H) N
100 mm A AR 7 B AT AR, 3244 799 s 0 A 14 B R TS 8 B2 12978 T 0.02 mmPY . Horr, CFRP A7 9 B 4%
R PR S T AT, A

lCFRp =l’lT[D+lDJ (11)
Ao n g CFRP JZ40 D MIEBIH: B A% I, WIEHEKE, 50 mm. 12X} CFRP #i (K& )y 207.08 mm.

K WDW-300 AL i it 5~ 07 BRI SR AL L Sz DH3820N 43 A5 2045 5 I ik 73 Mt R G AT AR IR
S 2 U, GG B A A 4 TR o R LA CFRP 70 2 HOCh A2 e, BTG R 0~ 1 )2, TF XA 25
JAEGRE L CERP A 25 SRS 26 0 FE 45000, TFSE 300 SR b U 5 P S s,
RN 0.12 mm/min, AL RIS R T, AT Z UK . RYE GB/T 50266—2013( T ##
ARG R )OY IR IR, B % LS 2, o CO FR R AU R AR, C1 % 1 J2 CFRP
ZPRT HOBEBIAE
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Experimental loading device

K4 kg RERG

Fig. 4 Test equipment and acquisition systems

*2 BHWMEHFLABATR

Table 2 Uniaxial compression test scheme

Specimen No. Layer Number of samples Loading rate/(mm-min™")
Co 0 3 0.12
Cl 1 3 0.12

23 REERDH

R LGHUH CFRP 2 OME B AL A Sk TR 4 T AL S e 48 0 S T L Bk L et IR IS 4 BB, 4%
Br B 5(a) Bz o 181 5(b) D 5 e 4 R aURE B N ) - 2R . (1) B4R 2% B BE(04) , 44 39
IO 73 - 7 A8 i 2 2 B M OF 1, pn TR AR B BOR R, DA A R BT | AL AR T A I A B ) i T 2
Wit &, R AL ANERRAE; (2) BRI B BE(AB) , MR HE ALENE KB, BT AR, 1Ak AR A
AR5 (3) JEIRASTE B Be (BC) , M 4R AR/, B8/ ) BRI, 77 A B3 3 vh AR BR Y e, B 2
PR BRI (4) V)5 IR Be (CD) , A80RE 18 B R B BRI, 07 g b [, 2R Bttt e 5 AE 1l % WL
40T, R B BEVERR .

oA c ——C0-1 — C02 — C0-3

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 40F——C1-1 —C1-2 —Cl-
Yield deformation stage Cl-1 Cl1-2 Cl1-3

Stress/MPa

Post-peak
destruction
stage

Initial co actin:g 5
sta i

KR 2
=)

25 30 35 40
Strain/107
(a) Stage diagram (b) Stress-strain curves of samples

Bl 5 il R AR Y B - B i
Fig. 5 Stress-strain curves of uniaxial compression tests
A LA 2, CFRP A 24 SO B AL 5 2K 249 SROARE 83 A 4 N7 - 17 228 oy 2 AR AL, (ELAE it I B B RITEE J5  Be
R TAFE BRRAE . FATIT T, CFRP Af3 24 SOGE I3 A 75 i A B B i £ 1 L0 S0 30 8, e ) o B ) 3 B

o
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Bk BT RN G o 3% T CERP A X BIAE TS G 1 B 18] 295, RV % A= WK, i REATS g
Rt B, Hg— 5 MR ZAE J1, M52 B Y SE PR B IR A

RLJHFN 1 JZ CFRP GBI AE (4% 3 ke ) OIS0 45 3R WL3K 3. CFRP A 24 AU [ AE A - 24y e
(B0 J) R IR L RMERIAE Y 2 F5 7 A7, S P W78 R 24 R R LY SO IR 1) 2.5 A% 7e A, P 4 s P A
RAEARARBERAER) 14574, W] CFRP A 5977 76 0 B AT A9 45 BIR 7 28 0 el 1) 22 E g ) 45 3]
TRERT.

#3 KEAERWBERARER

Table 3 Uniaxial compression test results of cylindrical coal specimens

Test No. Layer D/mm H/mm o/MPa &/107 E/GPa
Co-1 0 50.05 100.21 19.50 13.53 1.72
C0-2 0 49.08 100.06 21.00 14.10 1.79
C0-3 0 50.01 100.13 19.81 13.46 1.95

Average 20.10 13.70 1.82
Cl-1 1 49.04 100.00 42.14 38.04 1.61
C1-2 1 49.06 100.04 42.12 33.49 1.95
C1-3 1 49.81 100.37 39.38 29.55 1.92

Average 41.21 33.69 1.83

3 HERLER
3.1 FDM-DEM (£ 4RI

A 5T K FH UKL 2 17 (particle flow code, PFC) 3% 22 P s 1 4% B H 43 #1414 ( fast Lagrangian
analysis of continua, FLAC), PFC ‘& ] T #5400 25 #5047 Jox 19 408 ) 45k, i FLAC WU ] T 482400 % 224 Jot
MW 4T o PEC FEAR B 2% J LA A5 B i 2 Velocity
FRER, T FLAC 1E% 77 A BT %M. R il PEC-
FLAC [ B HL- 1% 2 M85 J7 5, 7T LATE 400 43 #r
4 ] FsF 36 DR RUBE 0 BT 5 oK, R IR BRI 6 B

7R, JeT: CPL GP L A SY SR A L WA A A K e S
ﬁlz‘jl]i9ﬁ~fé 7‘7*%@&7‘3, xle3 j{]?ﬁﬁij}ﬁfﬁ]o ZIK |7/§I6 PFCSD-FLACSD%TJ%‘H“%:EEE

B SR JH 5 IRTAR & , 3 A A 30 45 ) 19 B Fig. 6 Calculation principle of PFC*"-FLAC*” coupling
LSRRG .
32 EUHEER
PFC 0 75 ¥ sh R | [ B2 AR 25 B AU 3E 3 Mo il i 80 o ¥ SR L T JE 6 SR AR, AT 5
TEEADUAE A AR o6 25 A0 ] T ASADL B P 0 A 286 2R 0, 3 S 5 R0 0 A ) A5 DO R A 7 55 2k
R FR 22 A Y, FCrP b 22 A B0 3 T TR A5 BORE, T 7 JURE -5 358 (A A A 1 P v O 3 P e R AL
RHAE AT A I TR A R LB BRI AT R AR o S b B 45 R R T 28, (L RE A3 Ty, ANfE
3o 75 R AT BRAS BRI T T8 A IR R -, B mT A% ) SCRT s 25 R . AL, AR 8 JH - A7 b 45
BB B AL 4, A& 7 B, Hovhs oo M. D, 2350 S 4 fh 03 . 3 fih o R RVISORE 22 ) 1 6 floh B
koo kg 53 AT AT RS T 0 W EE RN DD 1] W BE, o, g O € @40 Bl R PR A, UKL R 25 M) B . Zh 4 e vy
T FhEE 9 IS A
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TE PFCP o Az p R SF 5 35 RE AH [R] A0 B0 (B A 0, A5 70 60 355 8 881 /N ik, WUk AR5 Bl hy 1.4~
1.6 mm, % [ A 2650 kg/m?, fLER L4 0.4, CFRP il i FLAC ) + T A& Ml B oc A $U, 315 PFC® 4
o AR E IR CERP A 5280, 1n&l 8 frzs .

- Bonded
Piece 2

------------------------- S| Eew
i Dashpot force £y &s J‘ O, -
! Linear force F!' ! %V <
N k, = |

= _ Unconfined cylindrical CFRP sheet confined
F=FFF, M=M coal sample cylindrical coal sample
K7 ARG RAC I valifa el
Fig. 7 Parallel bonding model™*** Fig. 8 Model of cylindrical coal samples

3.3 CFRP f R &L
FEHEAT CFRP 35 24 o [ A: S0 B80T, 75 1200

SEikAT CFRP A5 3 S BERL, LLAR & 4105 KOF oo} A

RUSLE ST FIE IO 250 mmx60mm |

F T BB C BN KU [ 1 OFRL 2 mm/min £

R R AT Ro M. 7 4L CFRP At B T

L R F R KGRI 1o 3.83 kN, XTI 2 7400 e CFRP-]1 —+— CFRP-5
o 0.08%; WA J1 4b (0 7 -4 {8 > 5.003 mm, AT 200 - —o CFRP-2 o ERb
PR 22K 3.2%; BLAR R 2%, HIXHR % K o e
3.1%; SRR FF $9 1 919 MPa, H X4 522 peo e e e 2 e
0.1%. B4R 2 44 1E 5% BAI, RUIBAE 4 ik o CERP AL i

B 2R, LAY L 7 - R A 2 AN AT 9 R o

3.4 BIHFEAXEEULBRSHUITE

WE 10 Fis, SR AR RS b N mZAR L 0.12 mm/min #3617 R 46, BRI BIR . B
WS IR 45 SRR, H B E DL I3 ) - A8 it 26 55 28 N U6 i 2 R BT ) . 2 B89 A [A] 2 b A

Fig. 9 Simulated stress-strain curves of CFRP strips

21 45
— CO0-test — Cl-test
18 — CO0-simulation 40 -— Cl-simulation
s o 35k
g g 30+
b= 12 = 25
g Z 20
91 o g B
& &
6l 15
10+
3F sk
0 L L 0 N\
3 6 5 10 15 20 25 30 35 40
Strain/1073 Strain/1073
(a) Unconfined cylindrical coal sample (b) CFRP confined cylindrical coal sample

K10 R ST

Fig. 10 Verification of tests and simulations
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55 39 & AP ST BRI RN [R] CFRPAT 2 4506 P [ 4 8 VAL 4 52 1 54

TRl £ B 17 AR /N T 6 i £k, PT REJE B T PRC A ks S WM, LA A 80 S s N ¥ A HES, R AF
PR AR R S 850 = W b R 8 B

Shy TG i 2 AR 1) T A A g e e B TR G B S BTN, A5 B S 0 S A BE S A
BIXTLEIE AL, WK 40 FTLAE s R A AR R A BUE S = A5 B (I (B0 ) o, BB AE &,
SPERL D E RN 2 25 53 51 R 3.0%. 6.1% F 5.2%:; 24 AR R AT B 400 55 2 P a0 15 28] A (0 7
UG (1 07 A8 B s A A AR X 1R 22 00 S 1.2%. 9.8% Fll 8.1%., iR ZEITE 10% LA, XS HGE AT
AR BAEAAUE 5T, BARAM S EL % 5, ol B EoL k. oy 1. ¢ 20 A OB | B 45 AT ROt
RhASWIBE LG | vk RE A5 IR | VI BE45 R . BEIE AR, T, 6,. E,. d. K. ¢;. ¢, 735 R BLHism BE |l FR 4
NpAS | FRVERE . CFRP A )RR ST sy UIRN B ST E6 3R ) . SRR A .

#4 HESERUERAEHERPNZESHILL

Table 4 Comparison of mechanical parameters of cylindrical coal sample between test and simulation

O-P 8}" E
Sample
TestMPa Sim./MPa Error/% Test/10° Sim./107 Error/% Test/GPa Sim./GPa Error/%
Unconfined 19.50 20.08 3.0 13.53 12.71 6.1 1.72 1.63 52
CFRP confined 42.14 41.63 1.2 37.04 33.40 9.8 1.61 1.48 8.10
%5 JEEH CFRP AN S H
Table 5 Microscopic parameters of cylindrical coal sample and CFRP sheet
Sample E/GPa E./GPa k o/MPa 7,/MPa &/(°) u
Cylindrical coal 1.2 1 1 18.9 11 50 0.5
Sample T,/MPa £/% E,/GPa d/mm KJ(N'm™) ¢/kPa $/(°)
CFRP sheet 918.07 1.94 47.54 0.168 3.5x10° 10 30

35 HEERENAER

TEARFR I B0 AE 5 RS L 2k s R R FURL B S AT HE R, L CFRP MR 280 8 &, #Ef7 0~6 )2
CERP A7 249 B4 [5R1 FE A4 B 20 s 4 BOMEL B UL, 43 5310 A 22 00 0 400 0L A 5 T 5 JFE T 2k . AW 48 2 I
%% 6, Hitf. DZ-C0~DZ-C6 H1 i) DZ £/n R 4h, C KR HE, 0~6 XA HRIZE.

xo HWERMAR

Table 6 Numerical simulation scheme

Sample Size/(mmxmm) Layer Number of particles Loading rate/(mm-min ")

DZ-C0-Dz-C6 50100 0-6 8881 0.12

4 CFRP A REFERTEIULER
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A V2R S, AT By e 000 ) MDA (LW A8 4 B2 b T 3 . e A, 2 SRR ) D (1 28 ) S i T
Ay ahE, Sl a R —2.

12 25 T R R AR R RO BRI A, e, £D @ NSk (8 3 i A3 BT D 2B Al L. T UL,
RO PRIV IR . 454 1 12 I B0 fT LB e 1~2 J2 CFRP 29U, AR o 7 4 B A
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T _‘Lm F1 53, BRI % 2 ﬁi i Fig. 11 Numerical simulated stress-strain curves of cylindrical
1) B UIRE R G A8 o Sl S UL 52 ) 2 S0 coal samples with different CFRP layers
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DZ-C4 DZ-C5 DZ-C6
12 BEREBIRIES

Fig. 12 Damage patterns of the cylindrical coal samples

®7 TEICFRPHEHTREZEHNNFESH

Table 7 Mechanical parameters of cylindrical coal samples with different CFRP sheet layers

Sample n £/107 o ,/MPa E/GPa
DZ-C0 0 12.71 20.083 11 1.63
Dz-C1 1 33.40 41.63361 1.48
Dz-C2 2 48.31 60.29511 1.30
DZ-C3 3 63.95 84.83669 1.38
DZz-C4 4 75.46 101.03746 1.41
DZz-C5 5 88.68 114.25265 1.35
DZ-Cé6 6 105.91 130.264 86 1.29
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Table 8 Confinement stiffness and equivalent thickness of cylindrical coal samples with different CFRP layers

n d/mm Erp/GPa Koprp/MPa A d,,/mm

1 0.167 47.54 317.57 0.165 1.86

2 0.334 47.54 635.13 0.329 4.37

3 0.501 47.54 952.70 0.494 7.99

4 0.668 47.54 1270.27 0.658 13.83

5 0.835 47.54 1587.84 0.823 25.53

6 1.002 47.54 1905.40 0.987 74.05
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Fig. 20 Equivalent thickness histograms and fitting curve
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Effect of CFRP Layers on the Energy Evolution of Axial Compressed
Cylindrical Coal Based on Particle Flow Software

LI Qingwen', PAN Chuangchuang', ZHANG Xuelei’, ZHONG Yugqi',
LI Ling', NIE Fanfan', LI Wenxia', XU Mengjiao'

(1. School of Civil and Architectural Engineering, Liaoning University of Technology, Jinzhou 121001, Liaoning, China;
2. China Building Materials Industry Geologic Exploration Center Liaoning Branch, Shenyang 110004, Liaoning, China)

Abstract: To investigate the effects of different layers of carbon fiber reinforced plastic (CFRP) on the
mechanical properties and energy evolution of axially compressed cylindrical coal samples, the finite
difference method-discrete element method (FDM-DEM) coupled numerical simulation and laboratory
uniaxial compression tests are combined in this paper. The test results show that both unconfined cylindrical
coal samples and CFRP-confined samples undergo four stages in the stress-strain curve, namely,
compression-tightness, elasticity, yielding, and post-peak. The CFRP-confined samples show obvious ductile
damage in the yielding and post-peak stages, and their average peak stresses, peak strains, and elasticity
modulus are about 2, 2.5 and 1 times higher than those of the unconfined samples, respectively. Numerical
simulations show that the peak strain and peak stress increased to 733% and 548%, respectively, with the
increase in the number of CFRP layers. The elastic modulus does not increase monotonically, indicating that
a balance between strength and stiffness is required when designing the CFRP layers. In addition, the
increase of CFRP layers leads to the change of the damage mechanism from tensile damage to shear damage,
indicating that it has a significant effect on the stress distribution and damage process of the cylindrical coal
samples. The total and dissipated energy of the cylindrical coal samples significantly increased with the
increase of CFRP layers, and the energy absorption efficiency reaches up to 10.51 times, showing a
significant enhancement of their destabilization resistance. To quantify the confinement effect of CFRP
sheets, the concept of “equivalent thickness” is introduced. It is found that the equivalent thickness increases
nonlinearly with the number of CFRP layers, and at 6.78 layers, the equivalent thickness approaches infinity,
which emphasizes the importance of CFRP sheet in improving the stability of cylindrical coal sample
structure, and provides an important reference for future research.

Keywords: uniaxial compression; carbon fiber reinforced plastic sheet; cylindrical coal; finite difference
method-discrete element method; energy evolution; equivalent thickness
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