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Tab.1 Meso parameters of Burgers-NVPB model
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Tab. 2 Basic mechanical parameters of numerical simulation and laboratory test
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Fig. 7 Comparison of failure modes between numerical simulation of mudstone

(b) v,=IMPa/min

(¢) v,=2MPa/min

B8 Pt NI IR IE X)L E
Fig.8 Comparison of failure modes between laboratory test of mudstone

U0 ) 3 R A v, = 2MPa/min W PR 3R T B PIA% e A 20 D 60° 19 X7 B sk 5 5T YA 4 2L

gr, B R 2 A RSB IRREE (B 7o) L FESRPLBEIR L B R A A BT IR IR . Be A, R 3 i A

(d) v,=3MPa/min

(d) v,=3MPa/min

=4 oA 1R R v, = 3MPa/min i 200 2 TR B 0 D) R L AR SR A PR
30°AY X7 B BEZF 1 R 38 Dy S B sk R 2L (BT 7 (D) s AR 8 () T LU HE sl 1 3 i B 2 801 B

JeHr ek

ST < A [R]85 1F T B0 RO A 00 3 30 Y A 5 72 g 28 R P 5 3 Nl 4 SR R — B i — 20
BIE T Burgers-NVPB 51X T e i 728 il 28R P il 00 9 365 FH 2 5 5 T I 480 288 25 PR 1L I 4R 45 1R T
Je o B AL A I 25 T g 2 24 5 A i ) A8 A ) 38 0 L 8 S S SR vl LA 5T DDA D = e K BRI Oy 3
T P 2 SR 5 e e R R0 5 25D 808 R B (v, = 3MPa/min) I B BT ) 207 1) 7 5K 4L
0 5 A S0 A8 A B 3G 0 BCR B BB R A S BN



879

&

55 W FAOBAE . He T ORI AR F A () 1 48 2% 18 T U8 o % 22 il RO A

(2) MARLER AR

B AT UL 25 SR 2 B S [ o 480 28 B R R AR L T P A I M S R A B R
F AT BUEBA G 25 J AN RN A T R SR A B 9 TR

LIRS P TE 0~ 0. 1ty Cop H IR B 2L BT 5 I ) P 0 20 i e 1 2 i R 1 KL L
Bl R R D 5 B S TR SO B G K HE AR E WY BEL TR 0. 9ty Ja I BB B B S R, %
A 2R A0 0 A8 B BE L B R AR IR .

FEAN R 55 4 B B A6 b L & AN IR AR 0~0. Te, YA 0 SO80R 28 Ak A 5 Pl T
245 0585 7 G R A BOR [R] A o 0 28 L R R B B B AL SR T R B R TR . oY,
=1MPa/min B , 028 7 55 = U B 25 1 e 5 O s B B0 1S K, IR 408 1. 69h J5 R AERIR ;Y v, =
2MPa/min B} 3 UFE L 58 R HI R R 1. 74h 5 B AR Y v, = 3MPa/min B, 3 7R 55 R R
T L B e B A R, 455 T 7 (D) K 8D T I R R & A BE LR

F4 BEBRIR KL R %

Tab. 4 Results of numerical simulation test results

IVEIE=2/ €54 IR E] ¢ /h [DEIAUEN 4

HA T he AR — 28. 37 530
v, =1MPa/min 2 8. 11 1058
v, =2MPa/min 2 9.74 810
v, =3MPa/min 3 14. 69 662

M9 T LA H 2 A Uk 1 2 BB B, B 2 S0 R 2R3 T, AS TR i 2B 28 33 % ) JH: 5 i B 5 7 B R )
W E OMPa Ji5 W SUHH MR 3 T 28, BB TR 140 2 10 09 =il e 4 R 3 24 1 e AL OMPa
Jn# A 3MPa, 2808 B A Frisi b 85 B8 2 1 AH H, 2ES08U A TG i . 3 = T 7E R 2R
sl RE P B ASURE 22 [ Sy 8 B8 0 1 0 Al L 23 AN TR ) L R/INE 80 A AR A B e R . A
5 SR M DA S 2 1) 3 22 i A A A B Sl e TR A A

ASEALL 25 B30 ] LU 055 78 A 0 30 28R Bl e 4 A% F R BT AR I IR 8RBy B Dl 1058810,
662 F1 530, HLLAH 292 2. 0.1, 5.1, 2, B M T 1A I 300 268 2% P T A 5 728 A 284 T 7 2 1 1 28 S0 A B8
R T PR R 4 0 A

1200 ~ 800 -

1000
600 |-
300

=g S 400
a0t R
J 200 -
wof
ol ' ' 0
0.0 02 0.4 0.6 0.8 10 0.0
't L"[r
o AR DI R (T RO ECRHO H el 10 [ S 28k 4% 4 e LT 99 400 4800 L
Fig. 9 Comparison of the total number of microcracks Fig. 10 Comparison of tensile and shear cracks under
under different loading and unloading conditions different loading and unloading conditions

(3) T2 8oy Ak 40 WAL il
AR R S50 T sk b A sy 40 24806 e an 1 10 fras s B Co oG Co Cy BRI 804 ok T o
Ty Ty Ty B VI L 00 R Sy Si S Se o ISR L U4 Fe 48 FOM B 284514 T 05 48 Jr 7= 2B B ik hr



880 oK h (2019 4F) 55 34 %

L 2 TR 22850 A S P T AR 5 A P g U A R B SR ] I BT U RS0 A BT s 24
2k 2 i A8 PRl s Iy 7 L B9 29 TR I 7 A R 5 7 SR S s DR o3 AT T UG P B D) SR SO AR A
P sgm .

AFTE 0. 81,~0. 9ty I FEABEAS W R B B, ANIET 10 AT LUF Y 76 B TR 4 25 00 1 L sk 37 LS M BY
DI A7 WY 0 60 0 486 4 B B, 05 2 A 2 2 i v 0 B 1) M W) 4 ) VR T B 25 2R 5 24 v, = IMPa/min I v,
= 2MPa/min I . 75 ] T 560 480 A DR 5K S0 5K 7 5 SURTEY U] 2S00 B 3 L ] LA A i A2 1 3R
TS A SRR L A2 B A 5 0 D) R OR  [R] 4 f] A 45 2R L IR 2O IR bR B - DAY U O
B T P OB 5™ B I PR AT S DR P 5 2 A8 A ey N 5 A s R B O ) R SRR T T R A
TR B 1] 249 TR DR o S 28 I L e A DR R B SR T e B VG A AU AR A K 2 WL A 3 B O e
SRPLAEIR o T SREUE - FOEH .

4 28

(1) ¥ Bugers B85 FIBPEARAR L ME NVPB 31, JF 2 T e BRI A2 ¢ PEC? X #E AT — 3K
T o 308 3k BBl s 45 R = o 00 280 0 2 = N U 5 B (EL B UL A SR Y X L L SR IE T Bugers-NVPB L7
(T AT P A A

(2) e X~ T 0y - ™ e S BEAT AN [R50 28 2% 1 T 3 P O 7 1 R RS 0L . M SRTE 25 4 £
JEE X L 43 A7 E— 25 0 AIE T Bugers-NVPB A B0 T 58 ¢ 6 i A2 B RL ) 59 7T A7 M. 76 I a8 288 L T 2%
PER U8 A i R 25 He Sl e 20 A% P T B D 52 2% 5 B 3 T A0 85k 5 A I 90 S A8 2RO X ey LY D) IR
S 1) SRR Sy A I PR A K T SR A RN T

(3) IR A PE T Y8 i 728 Wi 3R ™ A Y TR S0 S B TR T AU T 40 05 78 4% R T I ™ AR A R B
i, TEER AR BB B, & A URE 1 7 AR DR Y i RS0, Y i ) E AR AN i b Y 1) 2 S0
PR IE IR A RTE

S %k

C1] #AT, mik, W BREAEIEMRSHRRI] A0 055 TR%MR. 2015, 34(11):2161 —2178 (XIE
Heping, GAO Feng., JU Yang. Research and development of rock mechanics in deep ground engineering[ J].
Chinese Journal of Rock Mechanics and Engineering, 2015, 34(11):2161—2178 (in Chinese))

C2] WP, JERM, XV, & AEIFFRFME TR TR HxZHM, 2011, 36(7):1067—1074
(XIE Heping, ZHOU Hongwei. LIU Jianfeng. et al. Mining-induced mechanical behavior in coal seams under
different mining layouts[J]. Journal of China Coal Society, 2011, 36(7): 1067—1074 (in Chinese))

(3] BBk, sak. Ny ST EI A 358 00 60 5 R B 2 et 2 A i A [T, & 1% 5 TR,
2010, 29(1):21—33 (HUANG Rungiu, HUANG Da. Experimental research on affection laws of unloading rates
on mechanical properties of jinping marble under high geostress[J]. Chinese Journal of Rock Mechanics and
Engineering, 2010, 29(1):21—33 (in Chinese))

4] BdJE. EEE. 5 TR RS AN ARG5S BRMBEAEDLT] Hx%iR, 2015, 40(6):1276—
1283 (LU Yinlong, WANG Lianguo. Numerical modeling of time-dependent damage and failure process of rocks
based on micro-crack propagation[]]. Journal of China Coal Society, 2015, 40(6):1276—1283 (in Chinese))

[5] HICW, &, JrRl B = %06 25 in 8 2 ) 2 e ik ORI [T, s &4, 2016, 41(3):603 —610
(TTAN Wenling, YANG Shengqi, FANG Gang. Particle flow simulation on mechanical behavior of coal specimen
under triaxial cyclic loading and unloading []J]. Journal of China Coal Society, 2016, 40 (3): 603 — 610 (in
Chinese))

[6] Tan T K, Kang W F. Lock in stress, creep and dilatancy of rocks and constitutive equation[ J]. Rock Mechanics.,
1980, 13(9):5—22.

L7 B, (kA S8, 5. VO IR B0 4 nl AR e Pk i 35 Pk e S B e ()], A 13 5 TR 2. 2005
(17):3165— 3171 (TAO Bo., WU Faquan. GUO Gaimei. Flexibility of visco-elastoplastic model to rheological

characteristics of rock and solution of rheological parameter [ J]. Chinese Journal of Rock Mechanics and



5 5 ]

FAOGAE . He T ORI AR P A () 1 48 2% 18 T 8 o % 2 il 2R A 881

&

[8]

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

Engineering, 2005, 24(17):3165—3171 (in Chinese))

W2 ar. &AW AE 1 R R W AE R K R R A LD]. i K44, 2006 (YANG Shenggqi. Study on rheological
mechanical properties of rock and its engineering applications [ D]. Nanjing: Hohai Unviersiyty, 2006 (in
Chinese))

RIS, A 25T, FEERIENECT G R R I IR AR AR O RAFSE L) ). A A 1S TR R, 2015, 34(3):537—
545 (XU Peng. YANG Shengqi. Study of visco-elasto-plastic constitutive model of coal under cyclic loading[ J].
Chinese Journal of Rock Mechanics and Engineering, 2015, 34(3):537—545 (in Chinese))

P XK. BE 2, & M ROKE s =Rl AR R R IS [T, SER e, 2014, 29(5) 1556 —
564 (JIANG Haifei, LIU Dong, ZHAO Baoyun, et al. Experimental study of sandstone triaxal creep behavior
under high stress and high water pressure[ J]. Journal of Experimental Mechanics, 2014, 29(5):556 —564 (in
Chinese))

FRHL, M. WIS AR, 5. ORI Ef R R A A R B R D). A %%, 2010, 31(7):2072 — 2078
(ZHANG Kai, ZHOU Hui, PAN Pengzhi, et al. Characteristics of strength of rocks under different unloading
rates[J]. Rock and Soil Mechanics, 2010, 31(7):2072—2078 (in Chinese))

BREA] . I E, SRAG PR, S5, AS[R]E) R R R ORI R B ey R I F LT, A A RS TR,
2010, 29(9):1807 — 1817 (QIU Shili, FENG Xiating, ZHANG Chuanqging, et al. Experimental research on
mechanical properties of deep-buried marble under different unloading rates of confining pressures[J]. Chinese
Journal of Rock Mechanics and Engineering, 2010, 29(9):1807—1817 (in Chinese))

B, 4 I%. B REN AT 2 B0 5 sh AR R PE AT L], b R4, 2013, 23(1):90— 94
(YIN Zhigiang, LI Xibing. Research on damage and dynamic fragmentation characteristics of sandstone under
unloading with confining pressers[J]. China Safety Science Journal, 2013, 23(1):90—94 (in Chinese))

B, XIRAE, XMET, SF. BRI HZ TBM ok BLE 2B st = Nl s L], A A 1% 5 TR
R, 2015, 34(1):76—92 (HUANG Xing, LIU Quansheng., LIU Kaide, et al. Laboratory study of deformation
and failure of soft rock for deep ground tunnelling with TBM[J]. Chinese Journal of Rock Mechanics and
Engineering. 2015, 34(1):76—92 (in Chinese))

B, XA, FEAOK . . b BTIR A =A% AR T AT, A A I 5 TR AR, 2016, 35(S1):2653—
2662 (HUANG Xing, LIU Quansheng, KANG Yongshui, et al. Triaxial unloading creep experimental study of
sandy mudstone[ J]. Chinese Journal of Rock Mechanics and Engineering, 2016, 35 (S1): 2653 — 2662 (in
Chinese))

XUMEZ, SRANIE . SRS, &%, 20 20 40RE 55 S I 8% A8 R PE SR BE FE LT ], S8 15, 2009, 24(5) 1459 — 466
(LIU Chuanxiao, ZHANG Jiawang, ZHANG Meizheng, et al. Experimental study of short-term creep
characteristics base on step loading-unloading method for hard rock[J]. Journal of Experimental Mechanics, 2009,
24(5) :459—466 (in Chinese))

LI, PRIELL, Bacs, S5 RN[R EA AN R HS B R 8ok M S LA R [T ). 4 £ AR, 2017, 39
(9):1565—1574 (LI Xibing, CHEN Zhenghong, CAO Wenzhuo, et al. Time-effect properties and mechanisms of
marble failure under different unloading rates[J]. Chinese Journal of Geotechnical Engineering, 2017, 39(9):1565
—1574 (in Chinese))

M, ETESR ., BN, S5, JETRURLI S 5 A B R I S B IR AT e [T ). A R AR, 2015, 37
(6):1031 — 1040 (CONG Yu, WANG Zaiquan, ZHENG Yingren, et al. Experimental study on microscopic
parameters of brittle materials based on particle flow theory[J]. Chinese Journal of Geotechnical Engineering,
2015, 37(6):1031—1040 (in Chinese))

TRE L W, BN SF SR TROR s BOTRL ALY S A B BLA IR LT ). PR R F M (A ARBLERD . 2015,
46(10):3914—3921 (ZHANG Xuepeng, JIANG Yujing, WANG Gang, et al. Creep simulation test of rock based
on particle discrete element method[ J]. Journal of Central South University (Science and Technology). 2015, 46
(10):3914—3921 (in Chinese))

Cundall P A, Strack O D L. A discrete numerical model for granular assemblies[ ]]. Géotechnique, 1979, 30(30) :
331—336.

INA L. BRI, ZLUEME. SF. BB BRI 0T AR 40 0 U8 AL A UL ) 2 R AE i BUE R U R [T ). A R0, 2013, 34



882 oK % (2019 4F) 55 34 %

(12):3601—3608 (SUN Jinshan, CHEN Ming, JIANG Qinghui, et al. Numerical simulation of mesomechanical
characteristics of creep demage evolution for Jingping marble[J]. Rock and Soil Mechanics, 2013, 34(12):3601—
3608 (in Chinese))

[22] #p¥eflh. &x2de, R, S (AT R S 800 5 55 0 00 A8 R ORI 4 A LT ). & B %%, 2015, 36(1):240
—248 (YANG Zhenwei, JIN Aibing. ZHOU Yu, et al. Parametric analysis of Burgers model and creep properties
of rock with particle flow code[ J]. Rock and Soil Mechanics, 2015, 36(1):240—248 (in Chinese))

(23] #¥efh, 2ic, £, 5. LT POREERT MRS BRI &5 A3 J1%, 2015, 36(9):2708
—2715 (YANG Zhenwei, JIN Aibing, WANG Kai, et al. Development and application of a visco-elastoplastic
constitutive model in particle flow code[J]. Rock and Soil Mechanics, 2015, 36(9):2708—2715 (in Chinese))

[24] J4E, R, (TR, ET A AEZRE R Burgers BB II]]. PR RFFR A RBIZEMD . 2017, 48(9)
2414—2424 (TANG Jia, PENG Zhenbin, HE Zhongming. Research on improved Burgers model based on rock
mass creep test[J]. Journal of Central South University (Science and Technology), 2017, 48(9):2414—2424 (in
Chinese))

Study on the creep fracture laws of mudstone under different
loading and unloading conditions based on particle flow code

WANG Jun-guang, YANG Peng-jin, LIANG Bing, JIN Qiao

(Liaoning Technology University school of Mechanics &. Engineering, Fuxin 123000, China)

Abstract: In order to study the creep fracture laws of mudstone in Pingdingshan 12 mine under
different loading and unloading conditions, the Bugers-NVPB model is developed by combining the
Bugers creep model and the nonlinear viscoplastic body (NVPB). The numerical integration scheme of
force and displacement between particles is established based on the particle flow theory. New two-
dimensional Particle Flow Code (PFC™) is obtained and the viscoelastic plastic creep model with the

¥ model is established and

accelerated creep characteristics is further developed. In this work, the PFC
subjected to uniaxial compression and three axis loading creep numerical simulation, and the feasibility
of Bugers-NVPB model for creep test is verified by comparing with the laboratory tests. Moreover,
uniaxial compression and creep tests under different loading and unloading confining pressure rates are
carried out, and the fracture morphology, the number of microcracks and the fracture mechanism of
samples under different conditions are analyzed. The results show that under the loading and
unloading confining pressure condition, the fracture morphology of the specimen is much more
complicated and the total number of microcracks is more than that under uniaxial compression. With
the increase of loading and unloading rate, the specimen’s fracture mode can transfer from the shear
failure to the tensile failure, the localization effect of microcrack development becomes significant, and
the total number of microcracks is reduced. In the creep fracture stage, a large number of tensile
cracks are produced in the specimens, and with the decrease of loading and unloading rate, less shear
cracks in the specimens have more significant impact on the macroscopic fracture morphology.

Keywords: rock mechanics; particle flow code; NVPB; loading and unloading rate; creep fracture



