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K FHFF A IR G /K B TE 19 7 IR AE B A VE R AL SRR A G R, JREE + 1Y 5 B A gh €30, FF
2 bk AT 1) ) 0 % T Ak B A RO R e LR B R B — bR e . R = A OB 2 A R 4,
DIRE R B SE T RE s A 5 IR EE R IR &5 RS o i 0 Ll i B3t B B A FR A R AR 72 11 RC-3020 T8 115K
IR T TR A 4B, U1 EIS B2 20,1 mm, SEk 97K T1 3 AR 0T DAARUEAE 5 A7 -TR Bk 2 AR b 1 s 8 B
12 EAERBRITERAEE

PFC 0] DL MG A B2 48 3R 4 L 19 0 24 R e R AT SR B8 8 A 3 <S50 - U 42 fioh 0 < R - 35 4> 42
fil, 388 o HORE 22 1] B9 AH ELAE FH B2 - TR BE 1 2 A BT i pORL AR A AR . AR TP R A R 22 (]
FIR Bt 1 JUkE 2 (8] () 266 435 Y5 R FHER P47 25 45 85 B (Tinear parallel bond model) #5480, 2 AR AY o, 42 finh BE
Al IR  J, MReAE B 25 0, H il AT — 8 RO AT A 2 A, R, RS e b f s A b Rk
B 12, W TR S A R, s A B RD AR SR ATDE M Y PR AY (smooth-joint contact
model) SRR S A5 IRAS . 6T 1 BB R 2 £ AR 4 A T 55 9 BE AP H s B, B FH TR EL A R Iy
PSSR T, 5 - 1 2 B R B 20 L B B A ] 1 TR .

Smooth joint contact between rock and concrete particles

Concrete particle

Rock particle < -~

Linear parallel bond contact Linear parallel bond contact
between rock particles between concrete particles

Bl AA RS A E R G s
Fig. 1 Hybrid contact model of rock-concrete combination
1.3 BA-BERITESHEREHE
BET AR T 00T 2 RS0 vh i A Y 2R, T8 5 ) 5 JORE 1) D7 608 A IR BB o LB (LB 55 K
S5 1 B A B) D 300, KBE (L) D9 30 mm YR (] SR-C-30-30°3% 71, HAh 2B 19 3 75 7 14 5 2
101) F ], BEL A A RLAY B4R R 50 mm, @54 100 mm, XHAERITR, JiFRES (A N 0.01 mm/s f4 fin 28
R, BRI R AR, 108 20 A A TR B+ 2 A R @B R an i 2 feos .
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Loading rate: 0.01 mm/s

01
TYYVYYYY

Linear parallel bond

100 mm

Concrete

50 mm Smooth-joint

Pradansd

(a) Load simulation (b) Prefabricated crack combination (c) Particle contact model
2 BRI A IR SR 2 A WY

Fig.2 Mesoscopic model of prefabricated crack rock-concrete combination

14 A-BRTHEEGHRAMNNESHAHE

TRAE I UL 5 A7 o o AR O | JOR B4 R B. RE A NI EE LU S5 AW S 80 e, 18 I SCHR [33-34]
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3 R, Horbe E st ae, o) WUE(EN ) o H T PRC ASEADL % JB0RL S WP JS0RE , 15 3 4K 5 o i 5 i
A E SRR R O, R b, AU 5 K00 T A N g - AR iR R I B — e 2 R . BIK LA, =
PRI 36 5 BSCMRASEAEL A5 2] 9 07 g - 7 A i 2 R SR T 2 FRE AR R[], 0 {0 107 g 0 3 A %) A X 1% 22 19 FE
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Table 1 Mesostructure parameters in PFC simulation

Material Particle density/ Particle friction Effective Stiffness Tensile strength/ Bonding
(kg'm™) coefficient modulus/GPa ratio MPa strength/MPa
Granite 2790 0.3 17.5 2.53 50 150
Concrete 2360 0.2 8.0 1.33 51 50
Material Normal stiffness/ Shear stiffness/ Frictional Cohesion/ Joint friction Friction
(MN-m ™) (MN'm ™) coefficient GPa angle/(°) angle/(°)
Granite 90 450 0.6 20 0.5 30
Concrete 90 450 0.6 20 0.5 70

15 HAEFBEEREULTR

ﬁTﬁ*ﬁﬁ”lﬁ?ﬂﬁﬁ% B AR BE L o A7 IR E LA R T~ R R S e L, SR 12 Fh T
0 20 PR ASEARL , Sof A B T s 4 5 (S0, 990 LB Y T 0 B 2 5 PR B TS 25 mum, B 43 531 4 0°
30°, 60°. 90°, L ﬁj%up@ 10, 20 F1 30 mm, W1 2 i .
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45
60 Test PFC Test PFC
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2 | E-1873GPa = sl
8 30| 0,55.54 MPa - 8 E=10.16 GPa )
z Z 201 5=40.14MPa -~
Z 20t Z s} s
10 +
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5t
O B = 1 1 1 0 -
1 2 3 4 5 1 2 3 4 5 6
Axial strain/107° Axial strain/107
(a) Granite (b) Concrete
50 50
Test PFC Test PFC
40 + E: 6.08-7.42 GPa / - 40 | E 5.94-6.65 GPa )
< 0, 40.37-41.49 MPa .= /1 ‘ B 0, 37.64-42.23 MPa -~
o K - / o
230 F718GPa 230t
172) . 172}
g 0,=41.46 MPa s E=679GPa
|72} |72} — .
= 20/ X T 20 54254 MPy.
10 ¢ 10
0l= ' ' ' : 0L
2 4 6 8 10 2 4 6 8 10
Axial strain/1073 Axial strain/107
(c) Granite-concrete combination (d) Granite-concrete combination with single crack
3 BUEBH SR RN
Fig. 3 Comparison of the test results with simulation results
F2 BWERMFZR
Table 2 Numerical simulation scheme
Rock-concrete combination model
L/mm
p=0° B=30° B=60° £=90°
10
20
30
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BT RAR T A - TR E AR R -1 AR AN 5] 4 FroR o AT UL, AS TR S4B AR AT TR
B A1 - TR BBE - 4H A R A A 7 - 107 728 il 2R AT (L 5 TR, Ik DL RS . X e Tindw s A
TR PR A A D s SR B A SO G5 A TE I T A TR AL, PR 4 A 1 W i %, R B N T I, IR At
HH Y, B A A & AR BIR, R A A 0 MEPE B SRR

BT RA R AR 3, Horb: o) UGN AR, o, WU N T) o 2 T30 2L B 1 10 7 - 1oy A% ity 2k 7 0
B ) Z R 22 2377 A R N T T B, 240 A BE O/ INI G W I . BB B B3R, A - IR BE R A SR
1 e W A 1 7 5 SE 1 RS W/ e # 24 L=10 mm B}, B=30°F1 B=60°H] [ W8 1 77 5 F T 15 B4 &
i, 1024 £=20 mm B L=30 mm i, B T =90°R 41 A il 14k B I {E 1B, 7 (42.54 MPa) LTG5 BRAL &
WA 1 W {E S, F7 (41.48 MPa) 15 2.5% b, Ho 4y 3 20 A AR 0 0 D8 R 07 7 B B AR 6 4 B F, A%
34.9%~52.0%, B B AS[R] (14 41 -G A4 ity e (B 17 7 I Iz A8 1 185 DKl B8 A7 7 22 57, IXAE I 4(c) LR
B . MNIE 4(c) ATLAFE H: 24 B AN 0038 K 2 90°R, 3 {24 ) W (BN 7 384 K, 4351k 18.18. 19.53 28.13,
42.54 MPa, Rl & I\ 60°48 K 5 900, WA I ) 1 1 3235 51| 57.4%, 2 W T 5 24 Bk i 14 ok B 2L A7 dnd
FH S5 1E ;2L R R R B 30 mm B, T 2 B R 194 W (L NV ) S 2 B AU 194 184 o i 2 G

60 60 60

—m— Combination —@—SR-C-10-0° —m— Combination —@—SR-C-20-0° —u— Combination —@—SR-C-30-0°
—a— Concrete —a—SR-C-10-30° —a— Concrete —a—SR-C-20-30° —a— Concrete —a—SR-C-30-30°
50 F —— Granite —a—SR-C-10-60° 50 + —+— Granite —a—SR-C-20-60° 50 t—o— Granite —a—SR-C-30-60°
K ——SR-C-10-90° s —0—SR-C-20-90° 2 ——SR-C-30-90°
Z 40 + g 40 + 2 40 +
30t A g 30} S30}
£ 20 g 20 =20}
< < <
10 ¢ 10 + 10 +
1 2 3 4 5 6 7 8 1 2 3 4 5 6 17 1 2 3 4 5 6 7 8
Axial strain/1073 Axial strain/1073 Axial strain/1073
(a) L=10 mm (b) L=20 mm (c) L=30 mm
8 4 BURNRAE T T0E AR 2L 05 A - TR 20 G R A I g -1 AR 4k
Fig. 4 Stress-strain curves of rock-concrete combination with different pre-cracks under uniaxial compression
*3 EA-RRTHEGHRMEROBETEER
Table 3 Numerical results of rock-concrete combination under uniaxial compression
Sample L/mm BI(°) o ,/MPa £, E/GPa o /MPa oo,
SR-C 41.48 0.61 7.180 25.47 0.614
SR-C-10-0° 10 0 38.90 0.59 6.644 23.51 0.604
SR-C-10-30° 10 30 44.01 0.68 6.500 19.52 0.444
SR-C-10-60° 10 60 43.41 0.66 6.614 18.87 0.435
SR-C-10-90° 10 90 40.37 0.61 6.671 18.87 0.467
SR-C-20-0° 20 0 31.85 0.52 6.137 20.32 0.638
SR-C-20-30° 20 30 34.06 0.56 6.112 20.24 0.594
SR-C-20-60° 20 60 40.90 0.64 6.390 26.10 0.638
SR-C-20-90° 20 90 43.23 0.68 6.376 12.25 0.283
SR-C-30-0° 30 0 18.18 0.33 5.516 12.65 0.696
SR-C-30-30° 30 30 19.53 0.37 5.222 14.30 0.732
SR-C-30-60° 30 60 28.13 0.46 6.159 19.84 0.705
SR-C-30-90° 30 90 42.54 0.71 6.791 19.75 0.464
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22 HMES
e R SRR E S S R Z A O AR, S SRR B AR X T AR S
S =LD (1)
Kb D WEBUIL.O 5 TRIEE  FRrEE R E SAXS TR S, M g Z EAOCR WA 5 R

E/GPa 70

Fit surface 7.250
7.041
6.832 6.51
6.623
6414 g
6205 £ 60¢ —a— e

- 5.996 O p=30°
5.787 ¢ p=60°
5.578 55t po
5.369
5.160 . . . . .
200 300 400 500 600 700 800
S/mm?
(a) Three-dimensional function surface (b) Relationship between elastic modulus and relative area

K5 BB A A -IREE T AL S R R PR S A R Z A R

Fig. 5 Elastic modulus of rock-concrete combination with different pre-crack

i1 5 AL BEE S B3GR, A0 - TR e e AL (A - 32 B P A B R 2 /N i 3, (LBl / N3 4 A8 4k

AW ; 2 S M 250 mm? K E 750 mm?® B, g=30°1 H BRI AL £ 1T B H e 3%,

6.500 GPa T [& %] 5.222 GPa, [&IE K 19.67%, BiZE B B K, E ARSI K aH; 24 §=750 mm? I}, E B
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BT ERATE S F A -IREE LA G IR E BE B fE fRLEE, 25 BRI 5 200, 19815 £ -

IREE LA MR ECRRAZ S GPa) 5 SRRy mm?®) & BCEAAE S (9) I K R =X

= 6.44-7.6x10735 -1.2x1028+1.4x 1082 - 1.0x 10758°

1-1.2%x103S —1.4x 1038 @
2.3 WMRLURN R BRI
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A 19 20 B R LA T 4 3 T eoppnarcncls S
2L SETIVCAE B0 TRt L, e Prefabricated ergck \ Y1

Secondary
inclined cracks ;’

HH, WU ORI, P 6 B Seeondanys
R, Hoifs S FOR VRN AL, T 4R SR

\ Wing crack -
287 Secondé;y N initiation angle T
R N N e coplanar cracks ,/ Wing crack
25 HURL AR 52 BRI ) 5 R g 4 ) e e R

6 EARNRAR T AR BE L A5 M B R RO R

Fig. 6 Failure diagram of pre-crack in the rock-concrete

PLIEFT (0 ) MR K BT R F) (7, ) BF, SPAT RS A
HERBEIR, AR A B AR SR RSO BT D) 4, 3kl
JE PFC B {ELAR DL 0 vh 280y = A HL A o 141 7
N T RBEIR INAS () 90 PR A - TR R e 2L A B0 3 Mk ) S 00 A1 BORL (2 88 O i L R BRI . K
SLE A R oAl LUV A A RN R LSRR R B0 T, IR EELATRN A ER LS VIR S0 I 5 BEE
SBT3 R, A AR BB e, TR SRR BE AR SRR T 2 . K7 R,

combination under uniaxial compression
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2 4% BHL A 2 75 e fioh 3 AL RS ) RN, A2 S FH 0 B R ROk B OB . T AR, A A - iR e
AR B B 2T A 352 S WU A PR T, 0 DAt 8 I 57 SR B AT A P9 394 DA TG 3 a4 i, I LR ) 52 Bt A
AT B A4 0T 1R 5 R R ) I Dk 538 , Tk IR A R A [ S O O°IN e 3

Contact Displacement Crack Contact Displacement Crack
force chain vector plot sketch force chain vector plot sketch
T i
T T
g T
L=10 mm Iy \ L=10 mm ' \
% S
3 , LT
(T T
: T
L=20 mm L=20 mm
}s
i
T T
T T
L=30 mm L=30 mm
(b) 30°
Contact Displacement Crack Contact Displacement Crack
force chain vector plot sketch force chain vector plot sketch
L=10 mm
L=20 mm
L=30 mm

(c) 60° (d) 90°
7 sy B oA B UKL A% (G (AN R (SR B DI, 2T AR IT M RAL, IR AR AR R 48 1 B, 18 (AR 58 )

Fig. 7 Contact force chain distribution and particle displacement (Blue and black represent shear cracks, while red represents tensile
cracks. The gray line represents the compression force chain, and the orange line represents the tensile force chain.)
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Particle Flow Simulation of Fracture Characteristics of
Rock-Concrete Combination with Single Crack

LI Qingwen', CAI Shiting', LI Hanjing', ZHONG Yugi', LIU Yiwei'?

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

2. School of Civil Engineering, Shandong Jianzhu University, Jinan 250101, Shandong, China)

Abstract: To study the influence of cracks with varying lengths and inclination angles on the strength and
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failure modes of rock-concrete combination, a numerical model of rock-concrete combination with pre-
existing cracks was developed using the particle flow code (PFC). The model underwent calibration by
comparing its results with indoor test data from prefabricated fractured specimens to select a set of
microstructural parameters that closely align with the indoor test results. Subsequently, uniaxial compression
tests were conducted on numerical models of rock-concrete composites containing pre-existing fractures. The
results indicate that the bearing capacity and elastic modulus of fractured rock-concrete composites increase
with the increase of fracture inclination angle. Moreover, functions were established to calculate the peak
strength increment for fractures with varying lengths and inclination angles. The fracture length significantly
influences the mechanical properties of composite models. The stress state at the rock interface and the
confinement effect near the concrete interface determine whether cracks can extend through the interface. By
analyzing the distribution of cracks, it was found that the fundamental reasons for crack initiation and
propagation are the changes and transfers of the stress field. During the failure process, the failure mode
gradually transitions from tension-dominated to macroscopic shear failure. The results reveal the damage
evolution of uniaxial compression of single fissure rock-concrete combination material.

Keywords: single crack; rock-concrete combination; uniaxial compression test; crack evolution; particle

flow

054202-16



	1 组合体单轴压缩数值试验
	1.1 室内试验材料
	1.2 岩石与混凝土模型选择
	1.3 岩石-混凝土组合体模型构建
	1.4 岩石-混凝土组合体细观力学参数确定
	1.5 组合体数值模拟方案

	2 数值计算结果与讨论
	2.1 裂隙对组合体强度的影响
	2.2 弹性模量
	2.3 微裂纹演化及颗粒位移场
	2.4 裂隙对起裂应力的影响
	2.5 损伤演化规律

	3 结　论
	参考文献

