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Development of softening constitutive model based on Flat-Joint contact
model and parametric analysis
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Abstract: In order to study the bond softening effect on rock failure using the discrete element, the softening
relationship of the bond crack was implanted into the Flat-Joint constitutive model. The softening effect is
considered when the bonds of particles are breaking. PFC?" can call the subroutine(DLL) of constitutive model
written in C++. According to the stress-strain curve, the variation of the numbers of softened bonds and broken
bonds, the uniaxial compression process of rock is divided into 5 stages: a linear ascent stage, a nonlinear ascent
stage, a nonlinear descent stage, a brittle stage and a residual stress stage. Bond softening occurs mainly at the
nonlinear stages. The effects of strength and strain softening on the macroscopic parameters such as the peak
stress, the length of nonlinear zone, the number of softening bond and Poisson ratio were analyzed in detail

according to the horizontal softening curve. Finally, the fracturing energy of bond was analyzed preliminarily with
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the composite failure criterion. The method of simulating the rock failure with discrete element was improved.

Key words: numerical analysis; particle flow code(PFC); bonded contact; softening effect; uniaxial compression;

fracturing energy
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Fig.4 The bond failure with composite criterion
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Fig.21 Failure of six specimens under different softening

strengths
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Fig.22 Influence of strength softening on peak stress
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Fig.23 Influence of strain softening on peak stress
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Fig.24 Influence of strength softening on nonlinear zone
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Fig.25 Influence of strain softening on nonlinear zone
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Fig.26 Four softening curves with the same fracturing energy
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121

—_
(=}

ARG R10°

2 4 6 8 10 12 14 16 18
BiAF/107
28 AL SAER L

Fig.28 Curves of variation of number of softening contacts
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Fig.29 Variation curves of numbers of softening contacts in

normal and shear directions

4 PR £ AR A R A I e RE,  (EL B Al
I RUE P KA R ZFARR R, RUERAR
EHEN RSB P IR BE I S B INEA R, &
SEEECG R TR 45 AT . AL il
2 MRS KSR FEARI, B R R AR AR T
SERRReE U, B A A AR A R R A
Ko AR (L 28, 29), DRI LI ME R 4% AL



HF37E FE10H il H%%E.

3T Flat-Joint SEAMER K AL AR TT 5 e H S B o

* 2287«

WERTARZMEX A MR, LRSS B BRI KR
NG, (LR S RAR 2 A R I H — A R
TR JE TR Hg R ARV XA TE . 2
B i 2 NAR /N GREE Iy, BEAS R R R A A AR
MRS R S, Hakmang] 4k AL AL
MAECR R 2 (LA 28, 29), UL RN
Jrvm HUERTAR LR MEIX s IfE )5, LR dcE
BRI, 2R 3 RAE i 2 R L — MO BRE U
Ryl T BB

5 & #®

AR B B Flat-Joint A58 {56 K s
87 F31H JUIFT Mohr-Coulomb B E1 8 R vE M 31T 15 24
AT RTORE 1) 286 5 BRI 28 SRR AR, FFx 5 S AR
HEM 26 AF T R4 B WT L REREAT T HE /b DABR
RS RG], FEA T T Ak 2 & S HO
LR 3 AR T2 PR s e FAE s A 4 0K B BTx
F A SAPRBIR 10] #5123 A 45 S U, ARSCH)
FELE R

(1) K25 R IR A BB (1 36 &5 H2 b A5 B 3R AT 2.
MR BUE AN, ARYE FLEE R ). AR A bk
R R 4 B A A 4R TN R g AR 26
NS AN B et BTRBE. AR BB JEZRTE
NRERL. TR TR BRI AR B B AL
FERALEAEL M T BNARR M TR B, LA
SEEREIA 5 11 7E PR X B P R T LR IR 1k

() BRI F, TGRSR E Y
Wi R 2 W 2 e B o WA 7 A9 v R LR T
BAERRE, HEZRMMKIOCR, WP K
Mdem, HHESE, R I B 5 ) oy 5 3k
Fldee, HEWRLMENKRR; FoME KRN
IR R A B, PR R TE, B3RS
FAEE,

(3) Rt R R G G HE N, FikspA
20 5 1Y TR SR BR AR R T 2 AN RO 1) () A G 7
S B 2R B s I R e AR IR I I DL T
SRR I 2R PR TR T Ak 280 & B N W L 8 s i A e
T ER e 2 N g - AR 26 4 BRI .

BE ik (References):

(11 A %, HIEW. BERBUESE SIS 5L M]. dbat: hEE
FHARH:, 2015: 1 - 12.(SHI Chong, XU Weiya. Technique and
practice of numerical simulation of particle flow[M]. Beijing: China
Architecture and Building Press, 2015: 1 - 12.(in Chinese))

(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Itasca Consulting Group Inc.. Particle flow code in two dimensions[R].
Minneapolis: Itasca Consulting Group Inc., 2008.

CUNDALL P A. A discrete numerical model for granular assemble[J].
Geotechnique, 1979, 19(1): 47 - 65.

POTYONDY D O, CUNDALL P A. A Bonded-particle model for
rock[J]. International Journal of Rock Mechanics and Mining
Sciences, 2004, 41(8): 1329 -1364.

POTYONDY D O. A Flat-Jointed Bonded-Particle material for hard
rock[C]// Proceedings of the 46th US Rock Mechanics Symposium.
Chicago: [s.n.], 2012: 24 -27.

5, EAER, BB, S BT R0RIR L 5 A AR
SHIABPII]. & L TRER, 2015, 37(6): 1 031 -1 040.
(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 -1 040.(in Chinese))

skEE, SRERR, 2R, S ORI EY L S B R L
M TZEPE RIS MT]. KRR, 2014, 45(2): 215 - 220.(ZHANG
Zhihua, ZHANG Guodong, LI Mindi, et al. The influence of
mesoscopic parameters in particle flow model on macro-reaction of
coarse grained soil[J]. Journal of Hydraulic Engineering, 2014, 45(2):
215 - 220.(in Chinese))

XEH, BT, RZEW. 5T Flat-Joint Sy ()5 4 B K
2501 5 P B L ORL AR TE D). AL RL B fed, 2016, 33(9):
60 - 65.(LIU Fuyou, CHEN Pengyu, YU Hongming. PFC simulation
of uniaxial compression and Brazilian splitting test of rock based on
Flat-Joint bonded-particle material[J]. Journal of Yangtze River
Scientific Research Institute, 2016, 33(9): 60 - 65.(in Chinese))
FRIGSE, AR P B ER S UR AR MRS B R L &
bR DRSS L, 2016, 38(5): 74 - 84.(CHEN
Pengyu, YU Hongming. Relationship between macroparameters and
microparemeters of Flat-Joint Bonded-Particle material and calibration
of microparameters[J]. Journal of Civil Architectural and
Environmental Engineering, 2016, 38(5): 74 - 84.(in Chinese))

£ E B K FE B, F SR h EAE R T R [D].
B NS TSR, 2009, 28(2): 4 040 - 4 045.(WANG Tao,
LU Qing, LI Yang, et al. Development of contact model in particle
discrete element method[J]. Chinese Journal of Rock Mechanics and
Engineering, 2009, 28(2): 4 040 - 4 045.(in Chinese))

&R, £ o, kHR, FEETIRIREF I X Kelvin £574
Fe NI, A& H1%, 2015, 36(9): 2695 -2 701.(JIN Aibing,
WANG Kai, ZHANG Xiufeng, et al. A generalized Kelvin model
based on the particle flow code and its application[J]. Rock and Soil
Mechanics, 2015, 36(9): 2 695 -2 701.(in Chinese))

R, &FI%, wUKE, S BT RORLAURE T I A B T SR A
RIT]. TAERFE2R, 2015, 37(7): 831 - 838.(YANG Zhenwei, JIN
Aibing, GAO Yongtao, et al. Non-atationary nishihara model in the
particle flow code[J]. Chinese Journal of Engineering, 2015, 37(7):
831 - 838.(in Chinese))

R, &ELE, W oW, & ARSI S A A AR
PR A M), A £ 1%, 2015, 36(1): 240 - 247.(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 - 247.(in Chinese))
MEHRANPOUR M H, KULATILAKE P H. Improvement for the
smooth joint contact model of the particle flow code and its
application[J]. Computer and Geotechnics, 2017, 87(1): 163 - 177.
oA, AR, XIS, B TB0RL B BOT T VA I E R R AR R AL
R R LRI, F1%24), 2016, 48(1): 76 - 85.(FENG Chun,
LI Shihai, LIU Xiaoyu. Particle-DEM based linked bar strain softening
model and its application[J]. Chinese Journal of Theoretical and
Applied Mechanics, 2016, 48(1): 76 - 85.(in Chinese))

IRR. REEL TR T M), et B d A, 2011 129 -
139.(XU Shilang. Fracture mechanics of concrete[M]. Beijing: Science
Press, 2011: 129 - 139.(in Chinese))



