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BN R 4556, JF ST T G AL T RR, 855 I S 0 #r T 7 & 5 (acoustic emission, AE) F 4 1Y i} 25
SAIEHRAE, FHT CERP i [ JE AT (4 B2 g 1 W I R0 458 405 174 o

ZE F AR, AR EE4E P T FRP MR &L R IE X, 35 B FRP #8420 29 31 ) BF 55 40 X 45 20,
T E AR I [ A5, (R, ASF A5 48 FRP N [R5k 48 09 i & 56, 455 15 FE i [ (4 A0 S 5T,
SR CFRP 4570 SHEAE SR T30 AR ) 5 %2, LAZNBUSERE IR 58 X 42, e CFRP 4577 3543 2 TR )
PR A 56, 1 JE R CFRP (14 )22 B0R 4675 1 0] BE F , 44550k 2 PR 22 X6 S I3 AR S it 3 i B g 2 25
J12E M RE R B2 A, 43 A CFRP 05 30 20 R 5 4 24 RO IR AR 76 29 SR AL AN KA = i 22 7, 257
CFRP 257 543 240 ok I [ A Fi i o A 0
1 K I
1.1 iRKAEES

T 06 BT FH M 150 A R 1 ) O 4 P 38 LR, A8 [T PR 2 A 7 2227 25 (ISRMD) #7573 56 722 2%, 0
B A T 45 0 50 mm. &5 Rk 100 mm 9 B A B RE . B R RE 19 R H R Z 45 5 72 0.03 mm
DAY, A i T PS4 T B s 25 7 F 0.05 mim, i 1T -5 30 26 10 30 B I 22 /N T 0.25°, L& 1 39 AN,
B 17N o XN TS A0 8 B A R AT I, A5 B Y B S B 1 400~ 1 600 kg/m’, FIKFE N
3.41%~5.82%, I A 1 600~2 800 m/s.
1.2 CFRP R iK1

HAE GB/T 3354—2014 G In] 41 4k 185 58 I 5 W) 5o 55 5 b B8 P R 156 07 1 )15 3] CFRP 1y iz f

Hhak, an i 222 Fr s, i 4 41 4% 5 S CFRP-1~CFRP-7. CFRP i 14 14 $i7 A i 36 76 WDW-300 fHL
P F T BRI ML VR T, fHE %k 2 mm/min, £ 245 %) CFRP MORFBY M BE S 5an 8 122 s .

6

z 4L SOmm” 150 mm 750 mm

< | —CFRP-1 -+~ CFRP-6 7 -
g - - -CFRP-2 CFRP-7 o i
=3 CFRP-3 } i
= - - CFRP-4 P2 H
g€,k CFRP-5 /,f i
S P

Pt
Pt

0k '

0.5 1.0 1.5 2.0 2.5
Axial strain/10°?
BT BRI 2 CFRP i g fir - oy A2 i 46
Fig. 1 Standard coal columns specimens Fig.2 Tensile load-strain curves of CFRP sheets™™”

%= 1 CFRP i ERES H(™
Table 1 Parameters of CFRP sheets”

Elastic modulus/GPa Thickness/mm Tensile strength/MPa Ultimate tensile strain/%
47.54 0.167 918.07 1.94

1.3 REFE

% % R R I CFRP 73 11977 20, SR AR T2 2529, CFRP 4% Vi I IBA: (10 150 & 7 170 2 1) 2 25,
PR 50 mm. FETEHE T 20, (0 FH U440 T P BE B 45 A CFRP RS ZE B I RE 1, A 4143 (5
FE T M R FR UG, B 4140 M EALF, I IR ol 2 ¢ 1, SRS BUNE 2 iR,
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#2 ABESH
Table 2 Parameters of A and B glue

Type Tensile strength/MPa Elastic modulus/MPa Elongation ratio/% Compressive strength/MPa
A 240 22500 1.5 =270
B 230 21500 1.5 270

iz WK [R) 249 o1 5 S8 B IR AR 3R 1k R AT 20 4L, 45 3 SR A RIAME . 6 4~ CFRP 2293 14F A 30 4>
CFRP £k U F, 2048 CFRP 25 B9 ] BE LE, T RS ] i 29 o) =X, & 3 e, Herpe DL H 43501
RRERAE A EAR R B . 2858 iR, B RE BT 9286 55 B Ol WAL #4735 30, B 2RI IT 4R

D

(a) s/D=0.700 (b) s/D=0.550 (c) s/D=0.400 (d) s/D=0.250 (e) s/D=0.125 (f) s/D=0
K3 CFRP 2RI 7R 7]
Fig. 3 Examples of coal columns constrained by CFRP

45 5 1 CERP A B BEAI B404% 3 %, FEofve s Sk CERP A 2 [ I, L 5 2032 KL
n IR b WAL 23 . 50 1 4D RLFAIIE (SC), 45 2 41% CFRP 245 AUHEIIRE (SF)
5 3 H~50 5 HNAE 1~ 3 JR AR EIHE L (s/D) T ) CFRP 47 29 OME P A (SP) . CFRP 2% 24 U
R RE IR (4 1 TR L35/ T 1, 24 s/D=0 B, %% CFRP 4= 2y sUBEIR A

®3 HBRAR
Table 3 Test scheme

Group No. Specimen s/D L s/mm n b/mm

1 SC 0 3

SF-1 0 1 0 2 100

2 SF-2 0 2 0 2 100

SF-3 0 3 0 2 100

SP-1-0.700 0.700 1 35.00 2 10

SP-1-0.550 0.550 1 27.50 2 15

3 SP-1-0.400 0.400 1 20.00 2 10

SP-1-0.250 0.250 1 12.50 2 10

SP-1-0.125 0.125 1 6.25 2 15

SP-2-0.700 0.700 2 35.00 2 10

SP-2-0.550 0.550 2 27.50 2 15

4 SP-2-0.400 0.400 2 20.00 2 10

SP-2-0.250 0.250 2 12.50 2 10

SP-2-0.125 0.125 2 6.25 2 15

SP-3-0.700 0.700 3 35.00 2 10

SP-3-0.550 0.550 3 27.50 2 15

5 SP-3-0.400 0.400 3 20.00 2 10

SP-3-0.250 0.250 3 12.50 2 10

SP-3-0.125 0.125 3 6.25 2 15
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14 REKRE

K I SAM-2000 fAL 32 il F VB AR] R 2 A =l i 7 33 6 AL X6 3l 2R A7 B Al R 4 3K 58, An 8] 4(a) B
R, INEGHE 2R 0.12 mm/min. S5 HL AT N Y fe A% 1) R T R 2 000 KNG Sk T M ARS8 A 1) AR O A5
L, FE IR A 45 27t b | R 1) R[] 57 018 v Ak G 00 0 A R A g B ) 7 A8 R 1) R AR, G P 4(b) B
No Hi: H1, H2, H3 F H4 W& B4R, ST, S2 M4l 48 i o 2R DH3816 #2514 Il i 2 4t %
£E RS B, RFESR K 50 Hz, KB 4% M8 GB/T 50266—2013 ( TR A AR 6 J7 bR ) EAT, T A7
Y0 B A o 2L A8 A% A AR S ) R B T SR AR A SR

CFRP

\Y
Strain » &

gauge !I
1 S1 L S2
N
~—1 —| Overlapping 'v
areas

iy T
- —

(a) Laboratory instruments (b) Strain gauge paste schematic

Bl 4 R4

Fig. 4 Uniaxial compression test

2 EERDH

21 WEIRHES

N[ CFRP 23 0T BEBIAL A B B 25 22 BT B35 22 5, Wk 4 s o vl DU 2, OR 20 O [ A
R e DR ASE X B AR AR IR O 32 . BT DB Dy Bl A L - B SR B o AR AR A Al 1) B B84 R
B S 4R T (A5 R 0 DX ek A ) 5 BTN I RR S, S S R o TR, I A P ) TROCR B L LB
S5 R B A A 4 TR P 5 BRI DX A 52 ) T B 7 A LN B R ok S i B R AR T A
B 5y, it — AR T -0 IR A BRI

/D=0 H) 4= 2 FOME 5 A ) B A 505 AR 2 TR LA B S AN ), LA 5 B Ay 4 24 SRR (B A v 3 i
R IR CFRP % A2 B[] 32 437 W 2R, 3 S5O R4 2 25 1) R 8T IR o e e RS S0 1% 1l (R 2 CFRP 1 24
HAEHIFIRE AR S o AR A A3 i 2> 3 BOR GE N B S RE T T B3R5 il T CFRP (14 gy 5 J32 AR (5
FR I P, B A T BB AR N 3 7K T B Gl 2 S 2R 5 EL R, T S 45 405 A REAT SBORE T AL 8 Y BE
BT RE B AR ZAE RGN R IR, AR Y BE B J0 I8 ok — A0 A sFR PR AR T o Wi A, T o SR, R i AR
O R B W R XA BRI T CFRP XA IR RE 1958 29 R AE H, L S CFRP M BHE 7K 32
Py 437 3 I B AR BRAPERE

s/DF0 1) 26715 20 RO BAT BB IR AL CFRP 45717 W 2255 8 89 A Jm) 3 i e ) 1R & i AR XB il
TR DR X 2 32 B v 18] B LU AR 52 MR R0 2 RS IR HIL R A9 2245 VR T o CFRP 28l S L T, P77 ek
LYK, AT DI 249 SRR 2 5o 3 BUR BN 58 BE I RO DR IS, 2 T2 m B A8, CFRP 2K
2805 ] [ DX 3 ) 10z R e A e AR IR A ) R RS, A 2l B ER A, IR CFRP 2% 1) %
Ju, W b, CFRP % W7 2 32 8 e A A 2%l 20 SROBE B R ) rp s o 25 0 B R 52 5 % Bl I
CFRP JR3ZIRAH T o IR HURLHR A R LUHRGTER B, i AR Wi, BB RIRE 2R R 30100,
T3 A, SREIGAE JRy AR e 32 B AR AR TC AR X R T IR YR XA 2 T3/ T CFRP 40717 293X
SR LT, R B T, 25| K o 2 R DI A R I A 52 1 AR T IR

BE& CFRP JZ B0, 7EAR A1 B LU TR, B BT i A8 JE 7R 52 B T 3 i, (EL T DR AR B o i B2, 24
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s/D BRI, CFRP 2% 22 [6] (4 18] R, e S ) 73 A FH T, 8 I8 A ) DI 249 R DX ™ A A R AR T R
S, BT R X IR R AL, T IR . CFRP 2%t Xof ¢ 1B A 1) Jmy 38 249 SR 1 FH {0l 75 T8 24 3 IX 3k
B I B BEIR o 24 /D BN, CERP 4971 [A] (9 29 50 ) 0 25 050, A R T BB AE AR o A
S R LT, BE R RE A8 T AF M R 45 K v AL AR HIL, FRAR T80 ZUEIR i mT R, L)) B8 7 4T3 /2
N R — g2 XML T AEE/ING s/D T CFRP SRR HE B AT 3% 29 SR RE 1, CFRP fB6E B b 5
R AE A A O SR AL A T 1 S, DT S THBE RIAE (9 7R B BE T

*F 4 AR CFRP AYRFER TEEHMBIFER

Table 4 Failure modes of coal columns under different CFRP confinement

s/D Unconfined coal

column

0 0.125 0.250

Note: The areas circled by the white dashed lines in the table indicate localized crushing of the coal column, while the
areas circled by the blue dashed lines indicate the fracture of the CFRP strips.

2 b TR, AR AR B A = A2 5] /D A1 CFRP 2052 m . Hid, R4 s A T
E ARSI RN A B T s 4 29 R R A By T CFRP (9 3R 29 s VEFH, 2 % 4= CFRP Wi, i CFRP 4%
WA FBERIAE i T /D B2 ) 52 B0 CFRP 45947 i 20 55 15 B AT =) 3 i s AR TR i S A =X,

22 NA-METEiZ%

el 5 R T ARIR /D F CERP 245 sk e R 57 1 - A M2, Hohr: ory a0 47, e, Sh 0 1 25
I3E 6 1 29U T AL R R 24 SRR B 725 P R R

S 2 A T 0 977 - 728 28 o, 57 9 2480 R 9 e L I, 2 B 04 R 1 P R B R 6
7 CFRP WUBR LA T, Bk BRI i B 2 1L, 4 2y kO IR IR T 56 2 R IR 1245 . 7E ik )
R R FE T, CFRP 41486 T 55 6] 29 0, 28 T 04 4 19 B 5F i 2, 6 1 7 - 28 M 246 28 17 T e 1y 1 Tt By
P, 4 ATHUE R IR, CFRP FFRAUTZ, 11 2% 7R A1, BT F e RO 2 R HE b
122 BB I, BEURE 1 19 B4L075 534 T, A1) R M. 1 CFRP A 251 1T, 12 2 oh 30k
VEIR L TF IS . CERP BARYELAT e 03 10— i 0 G R, LH 2 o 1 1 240 o 506 A P 8
TR KT S AL IR 3 7k SR, CFRP 3 A 58 4 % HE A P DA T £ B 94 T 25 1 75
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B0, CFRP X JE I A ) 24 RS SiR, 0] 17 03 0 B Bk, 0 T KSR 2 B, SR B Bl A0 ) 4R
T A RS A AR AN, BiE CFRP Z BRS04 50T 5 3 A FR N AE B R

225 105
——8C
200 gp. 90 -
175 ——SF2
ok —SF3 751
[+ <
& 125 e 60
= =
g 100 5 451
75 0k
50 ——SP-1-0.700
5 15F —— SP-2-0.700
5 ——— SP-3-0.700
0 0 1 1 1 1
2 4 6 8 10 12 14 2 4 6 8 10
£,/1073 &/107
(a) s/D=0 (b) /D=0.700
120 125
100 b 100 L
80 |
g g 75 F
S 60F 2
S 5 50k
40 F
——SP-1-0.550 — SP-1-0.400
20 ——— SP-2-0.550 25 ——— SP-2-0.400
—— SP-3-0.550 —— SP-3-0.400
0 1 1 1 1 0 1 1 1 1 1
2 4 6 8 10 2 4 6 8 10 12
£,/107 £,/107
(¢) s/D=0.550 (d) /D=0.400
150 240
210
120
180
g 9% s 150
2 S 120
: g
60 5 g0
30 ——SP-1-0.250 60 ——SP-1-0.125
——SP-2-0.250 30 ——8P-2-0.125
——SP-3-0.250 ——SP-3-0.125
O 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 18 20
£,/1073 £,/107
(e) s/D=0.250 (f) s/D=0.125

P 5 AN[rl ) L T BE IR ) - il 2
Fig. 5 Stress-strain curves of coal columns under different net spacing ratios
S 2 SRR B3 A 79 1 g - 7 7 ot 2 D) e B 1 5 4 24 ROARE B3 A S AL Ay SR M BRESRRRAIE o B A A 3
i, B g TR BBk VR FE B A o IR BB R BT R S, b 1 ) G108 T W, T AR G AR A e )
AT R, BSARARBERIAEAE L, 2500 A RO R AL RO PSR B S HUR IR RE ) BRI . A, Rl
SROBRE B AT B 107 A8 T A TR ZY SO B AL, 2 I 2Rl 20 B i 1 R B A ) B I E

23 MERE

P 6 JE7R T AN CFRP JZ %08 s/D X BEBIAE ST 38 52 £, B2, e R=0 SR A 20 ORI AL Y4t
JE 5 B LR M2k O R AU AL (s/D=0) BIPTIRSR BES B 28, T 0 H AR AR 5 e A WY ROCR 22
FITLNFER VR (LL0) 2 JZCEE) | 3 JZ (5% 0) CFRP 4417 2950 T MR AL BT TR 58 B2 /9 28 1L #

553 7%
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. ZEATING CFRP 20T, 5 o 20 s B FE AR 300 .

e (R 245 SO 47 38 T 52.6 MPa)., CERP 4¢ 251 ’ﬂ<§aﬁiitxgeiﬂ
e 2 kOB B 0 3 BE AT T AR TH . CFRP 28 nsp Nommalized by -0 (100%) ~
W1 3 5/D=0.7000F, SUIRSREE AP BT 2 1os | =i
17.03%. 49.83%. 91.32%; s/D=0.550 K}, $ii JF 3 i § ool B

4 AR 42.59% . 89.09%. 103.91%; s/D=0.400 I, 100

H0FE 383 43 B4R 75 82.34% . 111.41% ., 127.23%; » I
s/D=0.250 B, 0 58 B 53 51 42w 95.75% . 25 : l

157.56%. 161.93%; s/D=0.125 B}, 7 58 B 43 51 3 0 0.125 O'ZSOS/DO'4OO 0.550  0.700
1 150.11%. 207.59%. 309.36%. K% s/D i34, . ‘
Fl6 RS N EAEHURIREE MY L

RRTARE O DU 55 22 52 R 5, AT A 29U Fig. 6 Comparison of compressive strength of specimens
FE, Bo R 5 BE 1 B8 TH I R Bl 2 8/ o 3X 2 under different wrapping schemes
EREACIN S A RN W O W U3 TN
T B A T 25ty 29 RO (9 5

3 s/D A A, B CFRP JZ A HE AN, CFRP 41 24 ORI A Y 2 ROSCR 35 1S 0k, 0T ik i L Bt
Z¥GR. B 6 R: 2 s/D=0.125 [}, 3 )22 CFRP 257 (BT R 38 5 3 ) e 1 2001 2 )2 CFRP 254 I g 1
63.67% Fl1 33.09%:; >4 5/D=0.700 I, 7 K5 B 73 B HE 5 T 63.48% 1 27.69%. LAk, 44 2 OME IR A
(s/D=0) ) CFRP JZHN 1 5§05 3 Ihf, HHT R0 5 o/D=0.125 Ihf 1 JZH] 3 2 541 29 BRI AL: 1 BT o
FERBOHAE, 8 RCR 22 A K, Btk 78 52 Br TR v, {8 1] CFRP 2% 24 T RE 6% B0 A 200 15 4 M1
BEFIREAR A . CFRP 570 25 4 0 7 5 B A (9§09 B2, W) 3 ik 4 %% CFRP 2% 119 )2 8505 ¥ ) B L
FE TR R K 2 BE

2.4 HROPR 4 =) R 3F

E 7 s T ANIE] CFRP JZE0 M s/D X 4 [3] 4: 24 Normalized by R0 (100%) 150%
e B B 1) 7 A8 P S e, G v R=0 AR 3R 2 M A Y L 2 -Hﬁég‘fii:ffb:\\.
BB 1 RS R 2k ORI (D=0 ot = T e
B R B A T A LA R S e 2 ) = HEN
AT HE S % 5 3 BT AR LR (). F ]
2 )Z2(5@) 3 )2 (L) CFRP 29 3T 45 5] A 4% B g 6
LIRS SRR Y = 5,

M7 W LLE H, 24 CFRP R 3 21}, s/D= 0
0.125 B 13 A F i Ll 01 2534 S5 £ A1 L o0 00 DA 0esh T
[ 25 2 2 B R A4 T 37.21%. TEAHIRI Y B 7 AR 722 iR b Bl I s 1 e
CFRP 2T, Wi s/D (34K, CFRP %7t 25 i Fig. 7 Comparison of ultimate axial strain of specimens
(5] A3 Pl AR B i i) o 28 24198k 20N, I AE s/D=0.700 I} 35 under different wrapping schemes

B e /ME . 5RO R A L, R 5] 2 50 CFRP 4545 24 o 5 (53 4% 1% A3 IR ety 1) o7 725 34 A5 T 42 v - 7
s/D=0.700 B 43 5145 25 T 19.58%. 43.92%. 59.32%, s/D=0.550 [} 53 M HE 5 T 26.99%. 51.33%. 76.62%,
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Constraint Mechanism and Mechanical Characteristics of CFRP
Partially Wrapped Coal Columns

LI Qingwen, LI Ling, PAN Chuangchuang, ZHONG Yugqi, NIE Fanfan, YANG Hao

(School of Civil and Architectural Engineering, Liaoning University of Technology, Jinzhou 121001, Liaoning, China)

Abstract: Carbon fiber-reinforced plastic (CFRP) wrapping is a promising technique for enhancing the

structural integrity of coal columns. When applied to coal columns in roadway environments, CFRP

reinforcement offers significant advantages over unreinforced columns. Specifically, the compressive

strength of coal columns subjected to triaxial compression is markedly higher than that of columns subjected

to uniaxial compression, primarily due to the restricted lateral expansion in the former case. This study

investigates coal column specimens with varying CFRP layer configurations and net spacing ratios,
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evaluating mechanical properties such as stress-strain behavior, peak strength, and ultimate strain through
uniaxial compression testing. The research explores the impact of CFRP confinement on the mechanical
performance and damage modes of coal columns under different conditions. The results indicate that coal
columns confined by CFRP strips or fully wrapped with CFRP exhibit similar mechanical behaviors. CFRP
strip confinement provides a notable strengthening effect under uniaxial compression, with peak strength and
deformation resistant capacity significantly improved as the net spacing ratio decreases and the number of
CFRP layers increases. Additionally, the CFRP reinforcement effectively mitigates lateral expansion, alters
the failure mode, and delays the onset of damage. Furthermore, using the Richart and Hoek-Brown models,
the study incorporates the test data for model refinement and comparative analysis, leading to the
development of a modified Richart strength model for CFRP-constrained coal columns.

Keywords: carbon fiber-reinforced plastic; coal column; net spacing ratio; hoop strain; strength model
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