%39 55 6 R | 2 Vol.39 No.6
2018 4 6 H Rock and Soil Mechanics Jun. 2018

DOI: 10.16285/j.rsm.2016.1924

I /5 Bl & EP £ 3 R AR B AN B RO Fo 0

AR ARV, A D R, RAR S A ok

(1. EPRZE WK FH) )24 S E R E S5, K 4000305 2. FPOKZE PR IR Rb224 08, K 4000305
3. HPRORE RAUZ U R B 5t 5 BCA TRESLK S, EK 400030)

B GsH B BRI EEE AR SR RS, DURBON TN S, AT SR DR TR A RS 7P T S (1 S
R, LA S0 R AR A MR B B R 1 s . ST 45 SRR RS o, o BRI AR & FARNAE &, (AN
AIYRSZ AR 4k A S =381y N8l R v g i R P8 R e SBT3 il AR 478 B TR AR AR X TR0, 1], FF LA TSR A B4k,
MR, AR RIER SRR o) REEAR, XS o) BHMTEENN, Bttt D B o, BN R, SRR FE
AR s R ST BUASRI N B, R (K09202 26 b R R S0 B g i3 K, R WY o, VN, o, SHBIB R R
BRI, [RINERE P LB R LR B - § 8 AT, B4, BIER ko, HEVI, LA Yo, 4k4:
LI, & TFARIR, JF HARMRESRERK, RIEFER . 1R o, AAE, X o, BEATENEN, YT EERN ) [F
BHR, JEFEM BRI ARE, KA TIRBIR A et . B o, MENEL, EVRERNT o, BOK, BRI BIE R R,
TR R e ks, B85 R AR SRR T RR,  RIAERERE (Rl i N AR & FIAR VAR &) RAETEAR .

X OB BIREE: B0 B REREA BIER BURNIIE: IR

h K4S TD 712 SCERIHGIEG: A XEHRS: 1000—7598 (2018) 06—2017—09

Influence of confining pressure unloading at post-peak on deformation and
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Abstract: In this study, experiments were conducted on raw coal specimens by using the self-developed triaxial servo-controlled
seepage equipment for thermo-hydro-mechanical coupling of coal containing methane. Experiments were carried out when the axial
pressure maintained at different stress levels but the confining pressure was unloaded. We studied the effects of unloading confining
pressure on deformation properties and permeability characteristics of gas-filled coal at the post-peak. The results showed that the
damage variable was defined by the unrecoverable deformations of radial straineg, , axial strain &, and volumetric strain g, and the
response of these three parameters during the process of unloading. The interval [0, 1] of damage variable was satisfied to calculate
the damage quantity of coal specimen in the process of unloading. When the axial pressure o, remained constant and the confining
pressure o, was unloaded, the amount of damage quantity D increased with the decrease of o, and the damage degree of coal
specimen increased greatly. When unloading the axial pressure to different stress levels, the permeability of coal specimen increased
with the growing unloading times of confining pressure. It indicated that the influence of confining pressure o, on permeability was
more and more important when o, decreased. At the same time, the pores and fractures in the coal specimen were developed,
expanded and extended. In addition, the permeability k hardly increased at the beginning of unloading o, . As o, continued to unload,
k began to increase and the slope became growing, indicating the severe damage of coal specimen. The radius of Mohr stress circle

was equivalent to an increase under this stress path of loading and unloading, and coal specimens tended to destruction causing the
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increasing possibility of the occurrence of secondary failure. At the higher level of o, , with the unloading of o, , the radius of Mohr

stress circle increased and the supportability of coal specimens became weaker. Hence, the secondary failure easily occurred, which

manifested the abrupt change of axial strain ¢, and radial strain g; .

Keywords: confining pressure unloading; damage; damage variable expression; permeability; Mohr stress circle; secondary failure
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Table1 Damage parameters related to the first confining
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15 0.310 1.814 3317
14 0.517 3.064 5612
13 0.724 4628 8.532
12 1.137 8.630 16.123
11 2274 15384 28.494
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Table 2 Damage variable D when unloading
the confining pressure
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0.821 0.828 0.840 0.855 0.871 0.889 0.911 0.925 0.953 0.953

A W oD =

MRS e LRI 1.2 ATRLE H: R HF o
AR, B REATEEN, SR o B, B
o, S R I EARARE )N, 15 52 Bt A
¥, Relg s i B . sk, X2
BARETE &y« HIMASIE ¢ AARN A ¢, X 3 A%
NRAR 5 DR AR A ] S SR SR 8 R B PR AR T
AR R R e N R e R 2, EAER
IR R A, AR RIS AR
JEFE R0 1 D BEAE R o, A4 B0 1 HLAF
BT E ARFAE (XA) 0,17, sk BIAEMIH]
ME 2 o3 A bR B g0 iF B0 AR 2 It T
De[0,1]. Mk, Frfe gt Ar e Rk 0% A28
(1. Bl 8 by 4 UK F Hs 4 I 453405 7% & D B L o, 1)

1.2
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 1.0
................................... 0.8 2
| £
0.6 &
- =] lﬁ
- =2 04 %
—a— (=3
—~— i= 102
£ L L L 0.0
20 18 16 14 12 10 8
G;/MPa
(@) D Bfi o, Ak ik
. 2 1 1.00
—— i:3
- i=4 {095
Q
m\/m%
N a 4 0.90 &
_ ) R
3\[_‘\
/./'—__.—/_‘ {085
L L L L 0.80
125 115 10.5 9.5 8.5
G;/MPa

QRS ONL

K8 HEEBRNRIGZER DM E o, FERER
Fig.8 Change of damage variable D with confining
pressure o, when unloading the confining pressure



2022

o
n
&
4l

2018 4F

AL
M 8 AT LLE H: BEA o, IR, KRR
At D R . BT VIR S, AR o
AR, 5t IK oy BEAT ENARIN:, M 241 R AR B Ay 5 2
BHR, KA IRBEAATREE R SR, ABW
JESE A @ BB, WNERALE, AR
) BRI 3AR R o 1 FLENHE IR R o, K, Bl o,
(RENE, RN T AR, R AR RE T mh
FREG, RAE TR AT BEE RO, il 9 BoR,
o, (WMD) >0, (WEEMAE) >¢ (N
FEEE SN, B o, R HENE, AR TR Y
DA s, 2o s A SIS, ARk
oK, B4 © = o tany + ¢ HEREE N, 1E &
A RN T RE AR N . BRI, BRI
1 oy ARSI, WAVGRE, M o, TREFAAE,
o, 1 9 MPa IF, KRI85 5 H L T BRI 4
W, 4505 BB AL RS P AR KB R B i . A
KIS T LLA Y, AR 20 3. 4 o, MO
FE R B 05 A S AR R LSS 1 Ko, B
10 MPa HIZ 5 9 MPa I [ZEI %, X564, 5
SERRFIN . BTSRRI AL B
HIRALIERTT. KA R, ¥R 3 ST,
BT, MEERME LE, LB i
N IR R R SRR W A B R T R, BRI
PR R R R AN AR S AR I R . R,
PN R, B RO, IR 1. 2 T
DA e il 10 Frow, R T IR0 R 2 Fondt
VG S % He S B R T 2B Ak, R AE B D)
WG PEA 7 BB, (E R AT et AT R ik
PEREIR, AR B LR LR
A L,

T=otang, +tc¢

7/ MPa

T=otan@, +c¢

T=otang +c

B9 EE/RM RN M. BRI
Fig.9 Change of Mohr's stress circle radius with the stress
when loading and unloading the confining pressure

o, o, o,

! | |

o, m) (S% (o, o) @-O} o) )_03

B 10 L/ e =5 R 0 T LBRR BRI R R
Fig. 10 Evolution sketch of pore-crack of coal containing
gas at the post-peak under triaxial pressure

Fy—J5, BRI, EE, BYIm E
NP STOE R s IR . S MU %
TIER K/NB o, Bl o, IR AR AR T AR 247678, BT DITH
HEARA A G T S, X e gEs
A 8 B R EROR, B T EE R P R A B Ui B
PASIE NS L BCTS A I I, X B IE R
ECBHASVE o

B 11 20 50 4 IR R N 0B5 2Rk B A8
D Ao, WL, B A =,
FERENBIE R 2 B, D, RE R4 A
FEALEERT, JLps = AR R ANk B, [FIFE
MR IACIER BB R

BT 1 o B s SR8 i T it 2 e 2 T oA
A FIME G AR, EH A, 18
1 KB RE SRR, o, AT RE N 7K,
o, 1 11 MPa I EIZ S 10 MPa B XHERE S 2K )
IVEICRAE 4 T o A T-HBARII N ) KN, oy B
10 MPa I} 1% %= 9 MPa I BTt 21 194/ AR, BRI
BIER k A B2 D R S I A KR
e WS 1 KEEBELREY, Yo, HEE
10 MPa I, 0] G HHTREAE 1) kG SR A L4
H&, BEFRHIT KRERM, ZEEmigs
9 MPa [Fidfirh, BRI AR R — BN, R
PWEBIIFLBREBA LAY . B =, Aar=Es]ik
BIER KRR IR R RO 99 1. BRI,
FEBIERA PR, AR SRR T35
2. 3. 4 RHEIREIEGSRE, SR ) B ARME,
AL T AL S 1 IRPT Bt N ) 58, IR
MERAHRN RN, I o) (N ACHRAG, AN
AT — e B I ALBR LRI, B A3
REPE (R e R RBRO,  BIY B s 23 e i) 4R il
ek K, o, /1 11 MPa B EIZE4E 10 MPa DL
i1 10 MPa [ EHIZ S 9 MPa I, 155 R4S AR KR
FERN, FIAELE 2. 3. 4 NS 1 KR 2



6 M

XA W [ s N AR TE NS B R R 1 S 2023

PRI o AHE 11(a)~ 11(d) [FRA3H T3iE R k B
FES 1 e e 5 S BT 14 I 13X — S R4 o

118
416 \IE
{147
11235
110
=] A
L 1 1 1 1 6
1.0 0.8 0.6 0.4 0.2 0.0
B = D
(a) 2 1 R R
18
16 5
14%3
=
12 %
s
10 %

8
088 086 084 08 080 078 076
PR D

(b) 52 W EEZK

e

8
0.90 0.88 0.86 0.84 0.82 0.80
PR D

]
F a =
K (107 m?)

1
S ©

(c) 5 3 KM HE#

~

8
098 095 092 08 08 083  0.80
PR D

]
2 > =
K (107 m?)

1
S ©

(d) 55 4 R

B 11 FIREBRMNSER LR ER D KIRER
Fig.11 Change of permeability & with damage variable D
when unloading the confining pressure

4 4 @

NSO I 0 i EEA T 0 i i s AR AN [ 82 ) 7K
AT T P ARG, A5 LU S8
(1) LA R NAZ &, A2 1 AR &y AAARNAE &,

ISR IZ AR T 1 UL S 35 A1 7 I8k R v o . 7
FEMIAR, SIABERE, @ X sERIA,
TR E Bt R b i, 15 A0 5 il s
o, RFEAAE, X HI L o, BT EIZN, $ithfE D bl
H oy IIVR/IN TR, AR (10 400 4 R 0 Bk
Ko BRI SRS E R AR

(2) Bl e PR AN ey, L P SE 3 IR A 11
BIEHE ki<ky<ks<kso ViHIE 5 il e Ah TR ) N
JI7KI i 208 2 (3R ok i 22 . b Ak,
JEFERBIER k AL o, BV, BB k LT AL
e Mo, QRELEIENT, & TFLRHR, I H Rk
R, RWPERE 07 il FLBRERERR LK T4 3,
{FBIE R R

(3D BEFEBIUIREIN TS, AR o, A, X
il s oy EAT ENAENT,  AH S TR R B R P42 K,
B thek © = o tan @ + ¢ MRS N, Kk, KA
DRI BEPERS R, RILAERERE I 4l ) AR &,
1R NAR &, RKAETEAR o

2 % 3 M

(1] VFIL, 2k, R, S5 IEEEAT TS R TR

5B IERAE I T T[], R 2E ), 2012, 37(9):
1493 —1498.
XU Jiang, LI Bo-bo, ZHOU Ting, et al. Experimental
study of coal deformation and permeability characteristics
under loading-unloading conditions[J]. Journal of China
Coal Society, 2012, 37(9): 1493 —1498.

2] @HidR, Bibg, @k, S5 ZHEPRINEN RSB
(KT REEEHLEI 2T [T]. BRI, 2014, 39(2): 245—252.
PENG Rui-dong, JU Yang, GAO Feng, et al. Energy
analysis on damage of coal under cyclical triaxial loading
and unloading conditions[J]. Journal of China Coal
Society, 2014, 39(2): 245—252.

31 &M, BB AT, S5 I AR A A AR

- SHe AL, & TRESAR, 2013, 35(5): 890
—896.
ZHAO Chuang, WU Ke, LI Shu-cai, et al. Energy
characteristics and damage deformation of rock subjected
to cyclic loading[J]. Chinese Journal of Geotechnical
Engineering, 2013, 35(5): 890—896.

[4] BEDG, B, SARL A I, EESRAE L
UL A B 59 B ). A e s TR
i, 2014, 33(9): 1740—1748.

ZHAO Xing-guang, LI Peng-fei, MA Li-ke, et al.



2024 b +

71

2 2018 4F

(5]

(8]

(]

[10]

Damage and dilation characteristics of deep granite at
Beishan under cyclic loading-unloading conditions[J].
Chinese Journal of Rock Mechanics and Engineering,
2014, 33(9): 1740—1748.

WiEOE, FIEE, Bk, & B89 E A0 R N AR AL )
SERFPERITICN]. A% 5 T RESAAR, 2010, 29(3): 640
—648.

LU Yin-long, WANG Lian-guo, YANG Feng, et al. Post-
peak strain softening mechanical properties of weak
rock[J]. Chinese Journal of Rock Mechanics and
Engineering, 2010, 29(3): 640—648.

R, R, HEE. A ORGSR BT AL
TEFRFERTIE[). J15 5 55K, 2001, 23(5): 19—22.

ZHU Jian-ming, XU Bing-ye, CEN Zhang-zhi. Study on
the deformation mechanisms of sliding dilation of
post-failure rocks[J]. Mechanics in Engineering, 2001,
23(5): 19—22.

IR, JIRLYE, AR, &5 E e AR A 4 5 A
(PR R LR M), AERURHEOR 22244k, 2014, 36(12):
1567—1574.

HU Zhen-xiang, ZHOU Ke-ping, LI Jie-lin, et al.
Meso-damage evolution of unloading rock mass based on
nuclear magnetic resonance technology[J]. Journal of
University of Science and Technology Beijing, 2014,
36(12): 1567—1574.

B, WK, AT, A5 S GOm— RS AT R R
(13535 N RERERFIEWFGT[I]. & )12, 2018, 39(4):
1346—1354.

DUAN Min-ke, JIANG Chang-bao, YU Huan, et al.
Experimental research on energy dissipation and seepage
properties of coal under loading-unloading conditions at
different stress levels[J]. Rock and Soil Mechanics, 2018,
39(4): 1346—1354.

FOURR, BOCEE, R, & AFRINEEAE TSR
W AR BT[], AT TREAR, 2013,
32(5): 891—901.
YIN Guang-zhi, LI Wen-pu, LI Ming-hui, et al.
Experimental study of mechanical properties of coal
containing methane under different loading-unloading
conditions[J]. Chinese Journal of Rock Mechanics and
Engineering, 2013, 32(5): 891—901.

ATal, %, MR, 5. RbA E AR R S B R
Pe5 AR SHRIGHT T[], A %S TR, 2014,
33(1): 69—79.

[11]

[12]

[13]

[14]

[13]

YU Jin, LI Hong, CHEN Xu, et al. Experimental study of
permeability and acoustic emission characteristics of
sandstone during processes of unloading confining
pressure and deformation[J]. Chinese Journal of Rock
Mechanics and Engineering, 2014, 33(1): 69—79.
IR, RN, WO, 55 E e - N AR R
B IERF IO L[], SRR, 2012, 37(1): 107—
112.

WANG Guang-rong, XUE Dong-jie, GAO Hai-lian, et al.
Study on permeability characteristics of coal rock in
complete stress-strain process[J]. Journal of China Coal
Society, 2012, 37(1): 107—112.

BAT, AR, EERL SRS LTS R
SRR T[T, s, 2014, 39(1): 97—103.

WEI Jian-ping, WEI Le, WANG Deng-ke. Experimental
study of moisture content influences on permeability of
coal containing gas[J]. Journal of China Coal Society,
2014, 39(1): 97—103.

W, D, AR, AR S LTS [ S T BT
B L LA Y ARB WL [T]. A0 )R S T RE AR,
2015, 34(4): 713—719.

PAN Yi-shan, LUO Hao, LI Zhong-hua, et al.
Experimental study on gas permeability and charge
induction of gaseous coal rock under confining pressure
unloading[J]. Chinese Journal of Rock Mechanics and
Engineering, 2015, 34(4): 713—719.

TG, B, BOCEE, A5 BT 0 G AR
2 SOBBRE ISR, BERAAR, 2012, 37(9): 1499
—1504.

YIN Guang-zhi, LI Ming-hui, LI Wen-pu, et al. Influence
of gas pressure on mechanical and seepage characteristics
of coal under unloading condition[J]. Journal of China
Coal Society, 2012, 37(9): 1499—1504.

TG, KT, YR, S5 AN IR D R R
HritE oA A BB R P IR IS [0). A
% 5 TR, 2011, 30(1): 68—77.

YIN Guang-zhi, JIANG Chang-bao, WANG Wei-zhong,
et al. Experimental study of influence of confining
pressure unloading speed on mechanical properties and
gas permeability of containing-gas coal rock[J]. Chinese
Journal of Rock Mechanics and Engineering, 2011,

30(1): 68—77.

THE 2034 X



