$25% 6
2025 4F 3 H

I S

Science Technology and Industry

Foo

Vol. 25, No. 6
Mar. , 2025

ZTF DEM WfLiRMEN Z A XA HH
F 81 1 F T R R M

R, T AEED AR, X

O 4R

(. B TAEHEEARAS . 3T 4% 3120005 2. MEABRAFHFRARELLTRFR. M@ HE 411201;
3. HMEHMAAFZDH AR, BE =T 572024)

HWE: 2 LX 2 oMM ETAFHBES 0 IR LRS- EHR, HAESFARILAKSHRMHEAR, B3 DEM &
TR A S A3 X0y BB IR AR R E AT A FHAEG Hra, SRK IR HF I dn, 45 5%
EVEBREW BRRAAFBEADRRB X TR, S50 B0 R TARILZEKFFQLARLRLLAKLEY
W R TAMEIREE K P — 2 ARAR LA ERw EZFH T IR TR =R EZHFH-T R,
KW BMAHMABER; LRAKE; $ILEE M BT HFHR

FESES: TULS2 XHIRERG: A

XEHS: 1671—1807(2025)06—0024—06

Z LKA MR A A JBORD | kLl | ik K A
SEOE H AR B AT AE L IR IZ T B R | 2 A
R TRRR Y A Ok KUK Il EORL S N TR R
WA FEAAAE KA ALIR . e Ah 3 R R AR R, 1
=S B AT A S 22 A LR O 5 0 b 3R 8 S TR
T T3 e B 0 3 18 A 5 A7 22 A LA I 52 0 3 Bl AR
EPES . BB S TR S R R U A X e
5553 ) L) 45 ) (A5 3 2R R 28 5 O A W IR [
T2 5 A1 45 F 19 2% A B IR A J A it 26 AL T 4
P W58 22 AL 38 0 10 B OREB g 2 1 TROKS T A Al
MZ AR E - TR & A 2 KRR T 7 1 &%
W Z AL B TR ) e AR E MR T R

[l N AP AR 22 2 25 3l 5 ) 3 3 6 K S L
FE T AL D Z S 2 FL 355 A kL g 2 PR RE R 52
BEXE A A LR B S5 A RV 22 BT 9 o R
AR IR PR ST T LA AL 7 B R LR R AR A X
Ui P 5 8 TR R IE R W SR A S e AR,
R BETE 32 AR b e A LR X 7 2 P R R R L
HALRI R, Z 0% T Z AL Z AR EAE R, 5
S L Z2 AL G A b RE R AT RE R B A A 2 A LR

KB 2024-09-13

SO Z 0 RS W, — s )
ERUEEZR SN FE WIS e ih A TIEE ]
BEFL AR H B A 35 0, 2855 bR BT 9 R
BN IR LY L B /b i LI 23 [ HE A TR
ERC R ARG P B 2 AR AR, A ST
PR LA B O AE 0~15, 5 SEBR A A # ok
KL SR B LA B A T HAHES S B R SN
FFE R, RS AR A B = A AT, BT
I, Fang 45 38 it 50 b 1 46 1 3 i A 4R 58 7 AL A
Hrit 0~500 AZ LI 255 A7 bR TR 4 45 1E 5 IR
FHIE

AR bR W ST BT R LR R R R TR & T AE
FEARTF T &M, SRR 2 BE X W 2 TR 4R E T T
W15 AT . S B S A MR BT R BT 5
PE R RE S PP Al AR e M ) AR (R
SCHR AR AR 58 LI B X 2R 5 b R B ) 2
T A 520

BEXT A WE T B9 A JE o A< SORE A8 5 4% b £L AR
Bt py A A BUE AL, I 2% T B T 2 (distinet
element method, DEM) JF J& $i fifl 5 87 ] B 401 56

HEWMB: Adh aRX#AFEAL2024]]6219) ;A HBE KR FHT R HEA L (ES23CT) ;M AR FTHEARKLSFF

M B (24B0441)

EEBN: REARAI75—), F . HLBEEA ML, AT AR BE L TR 7 A%(1990—), B, A RxEA 4,8
BB RFTOABENFE B LI RZRKA993 ), F. BERAA ML, ANHR AR FTOART S5 EHF;0R
(1991—), B @ A ML BRI T OAFT LWELAF WEEAN—) . F . A a# A AR LR T B

ARET 5 & T,

24



BB SR HE T DEM A9 AL 0 o 2 L3 A b R Y 7 R E 1 52 e

38 7 FLAIR B0 i X 28 55 A o4 RERL BT g 2 R 1 1Y 5
A,
1 HBHMESERMTRE
1.1 tHEIHE

AR AN B 25 R 5l 45 - 2 1)
18 2 508 43 VA AL T 20 o 250 1 R 2R K A 22 s T
AFEI RO, 3 53 Voronoi #1437 15, B B A
W ARER & S i Ak 22 Voronoi 2 i1 JE 4 i 6 JL A
. BRH S ik 5425 % Fang 50, WA
TR, Hr L 5, SR KR, B R
FLIR % B Np 43 5120 0,20,50, 100,200, 300,400,
500, 4t 8 Ff T4 5 T 59 455 03 46 v, A58 S 0E 5 0
% &R LA K i Ny 43928 0,10,25,50,100,150,
200, 3L 7 LA, AR BCE AL AL ANE 1 s, AL
s R 0 B, K T2 FE ) Voronoi #&
1X10°4>, wbhb, B A f AL R/NE d/2~d
B3 H oA o DAARERR 0 45 5 AN 32 L £ 52 )

N=50 N =200 N =400 N=100 N =200

P

1 RS I 56 BT R

1.2 #EPiE

R AU AL 58 BE TS T J S i R B B Bl 5
FAL Y B v L O A A 58 U5 0k AR AR SR T L Y
B G50 AR O B PSR B . AR SO AR o o
IER SN LD RF /R E SR AR R SN VR AL R E N
S5 T W 2 Ca) B s o AR R O R #6
P 3 B JRH EL AT 9 W A 9 A 1CRE 5 3 AR ]
WA A R 45 0 2 o Bt o 191 JEG o O P 35 T B 1A
AR P93 1) % 8y T O P 85 o B 52 BRI 1) L
Her MREALL . i AR L S SR U 5 AR ) 52
SRS O, I AL T 5 R (R . B 8T T vk
SRR RS 2(h) B, 18 S A 18R A [l AR oS
TP 35 . B I 1T UG S -5 A 000 ) 7 4 355 SR
Al e i AL B ek T it itk %o A i s el 1) T
138 5 Pt 2 S A O A 1 A R
P BRI . R O A B i e G ) %
{EL 77 1 B4l i) TE 97 g 4 T B R S AN TR L A K
T EY S B % Fang 457 of i) B T R 58 )3
iy 5 o Ao 0 i) e ek 3 T

KB HOTEUE S PECP TR, T4
PEVAT R AR R 4% [7] I % 336 7 F0 07 0, S AL R 4
FARREY 1 27 A7 S (B0 T B0 S804 i e & B B Bk L K
Ve ER B RE 45 )z T G P A R AR AT
RORTRLR FE ), PRI, 35 FH 2R M AT 380 205 A R 4%
Voronoi ZMIERTE— BB, BEKSHS%
Fang %51 Mayer fil Stead™® , 3 1 iR,

v

100 mm

50 mm

50 mm I

(b) ELBYRLLIAK:

50 mm

(2) BB
B2 fsrRsule

1 BRTEMUPFARMERSHY

[LEIE 2 fE
MR B/ (kgem™?) 2 600
JRESBELE R & 0.7
LRI 45 S R/ Pa 3.5X1010
A BE L 2.0
B AR/ () 48. 2
UL B/ Pa 14. 8% 10°
& S1/Pa 11.3X10°

2 BUNEHMHE
2.1 HIRR BT

X BT A RE T R 4 P A AR 4B 5, N -0 AR
Mg anidl 3 s, WA, Fr A il £k ny i A2 e #4525
AAMEBAERL. o B SR N, 23k B — 1
S B B o) MK A B S R TR, AE S ICE
AR RE R B8O S g F 5 At I B T ALY
P, BLAN I JE Y T A B 5 B 2 LR SR 9 54
Mg/, IE U, &3 ey e A St R B, LR
B X 22 FL 2 5 A bR BB R AR A
R

WE 3 Fr7m o W -0 A8 i 2 i 4ok 23 il L 3] 45t
B AT R e W AR IR A 1) D S R L AL
Tl 8 Z2 bRk ) 1) 07 AR R OR 3 R R A L AR
(3 2 2 G B0k R R BT 1 A8 B 10 BE 0 58 .
Fang %7 @ i O R 4R 3B & LR E I

25



BRIl

%25 % %6

2r—=—n=0
—e—N =20

10T—a—nN =50

?L?ﬁﬁ?ii}ﬁ

—v—N =100

=)
)

BRI N S0 /MPa

0 0.05 0.10 0.15 0.20 0.25
iR /107

3 E#ERERINI TR A A B (R B - R 3F B £k

T 3 20 WL 45 A8 A A A D R LR R 3G 22 ) T
FIE 108 7 32 Tl ) 2 1oy ) R 0D B S LE . T3 T AT AR Y
WA R Ay b RE B0 P 5 B L P bz o BE 5 LR AR Y
KARWE 4 Frow, B 4wl LR R 5 P os
JEE R LB A B A DG . B B L R B Y 3
T AR B S R R S B T B B SRR R M R
. Dt R AL 0 350 B R T W0 IR 00 b Rk i
FIZE b 56 B, S BObp RL T A G 55 BT BE T I .
AR, LR E g A R 0 B, FLIR B S B b e B T
A& N LR o0 = aN, + b(R* =
0.985),

FEHLOR BE LU 2 28 5 A M RE D) 5 P4 AR
R TR BT B VAL 1 T AR b L BE S S 2K S A b R
0 WPk 551 AR JE BE il A7 BE ) RN ARE M. AR, 1
RA SCHEREE WAL B 5 R R B e AL G &R .
B BLAT AR S Fang 451 o B R 45 B
W AR s 4 — 20, Rk 5 431 T Fang &l1s]
T SR B 5 A R 9 b B b i B Y L (E S AL
B OCHR . MBS AlA, B LI ECE £, R R R
BELE R R T 2By Bl R Rk B, — ok U, RS
AT BB BT R FE /N T R B L i 1B 5 AT,
Bl AT RL ) LR B B 3 2, W Z RS Bl T

12
N
10
g 8r
=3 Bl iZio-aN +b, R=0.985
R
o -
& -
B 4r W
2| emel
.=
| | | | |
0 100 200 300 400 500
FLIBRN,

B4 FLAMESHREBEEXR
26

—
1

N
=

A %o jo=alnN +b, R=0.98

w
T

N
N
. n

R (o /o)
S
T

w
T
w

2
0 100 200 300 400 500
TR,

Bs5 FLAMESERBEELLMNXER

B IO ok A T EIE AR L AT AR R B R 5 R R
THohrsm B, A, K 5 M4 T4 G okt Boeki i, B
o./6, = alnN, +b6(R* = 0.98),
2.2 BIYIRESFME

6 2zl T LA g 0 AL 200 B RE £ 5
U ) A R R i s S P ST I N T
;3 FUAS T LAl B B 25 40 R i i AE L. FE WD IR
B B, ORE ™ Az 42 3R 1 AR JE L BT N ) BE 5 Y6 B 4k
PRSI s G 55 07 8% i — 2B B, 85 W ) RS A,
(ER 7y & i N R e A S e TR R v B
— R RS, 59 N )3k B B oK H CRI I (B 5T 1) 5
B2 s B J5 BY UL 1Y 4k S8 3 I, 85 0% ) I 4R B W T
K A1 1 AR S i A B B

DAL 6 ity B 5 il 2 e 1 9 B2 R A b, DA Al
1w TE I g o A B AR i =X (1D B BOAS [m] FL R
KT REAMBIREERT) c MNEEM ¢ AL
AR A RWME 7 iR,

7, = ¢+ otang (D

KA o, W IEAE BT N ) 50 Sl 1E Y ),

WEL 7 Ca) R B LR BCE 3Gn, 28E A R
P SR 7 2% B Sy B R 8 ek A, LR B A A AT B AT
HALA MR BCR B B ¢ = ae™r (R*=0.987), i
DU JE PRl — 75 TR 2 H T 3G Om  FLR o T R S A
RABBER TR By =5 1), 98> 1 8E R 1 1A %
i AL s 5 — 5 I W0 Fang 451 R LAY, SRR AL 1
T2 PR AL R F G 2L R L A Y
A Tl BRI B B L DRt e 2R ) 0 AR Y
RN BERACRFEAL . W& 7 (b) W] 45, Fifi £L i %X
YIS AN, 2 a0 bR N B AR O R SR B
Pohir o B R ) — AR R AL . BT AL A
A A T BB Y A ROEE 8 AR TR, AUk
ST = ARV /6 £ ) N 1 YA 1 < S = i) e 21



BB SR HE T DEM A9 AL 0 o 2 L3 A b R Y 7 R E 1 52 e

40
,=20 MPa

<30T 5=15 MP3
ey
=
Roo b
520
N
&= 0,=10 MPa

10 - 0,=5 MPa

Il 1 1 1 Il 1 1
0 0.5 10 15 20 25 30 35
BYIRA/107
() FLIAMEN,=0
35 0,=2.0 MPa

0 0.2 0.4 0.6 0.8 1.0 1.2
PP RAR/103
(b) FLIRHAN, =200

Blo6 BB S—RET ML

20 -
IsE
§ - P Lk c=ae™, R>=0.987
St "
B
e
sk N
[ -
0 1 L L p ; l
0 50 100 150 200
FLRAHERN,
(a) KEBMBHEER T
60
551
sof TR )
;&;45 - - .
®aor
s
35+ .
30
’s ) ) L 1 1 ]
0 50 100 150 200
FLIAEEN,
(b) AR PR BEBR A

B7 ALABESERAMAEZANXR
VAL AU J& Bl e 2R A0 J5 14 1 IR 5 00 i a2 PN JEE
5 AR R I B AT LR Sy B LR B A 8 m 2 3 R
Wi e 3

3 REFERNT

Iz B SIS SR R BRI 8 GEit T AL
AHRASEEL 1 6 245 AR I A T] L IR 50 % 7 ) 1 2R B
PR S B oA RRAE . W€ AT LR B 28 Al I R X
SR AR A T B S L SR OIR R R B
CWEARIR oA o T EL S AN TR TR AR TR R
T A e A B R AORR 2 TR LB Y 3 T ) 2 2 SR K
S5 1w o TR R B AOIR 25T AR P B O ) B R
R RSy e S D A G (29SS S B S N A AR N G R
1) F) 3 i A A W 27 A K 1) R

REZR/%
[ N NI NS T S RN
rT T T T T T T T T T T T 1

8 HMRBPARELBEENERE~KSH

9 GEit T L BY A LR 5 4 RS AS TR GE R g A
AN T LT 250 Xof 7 1 A 2R B ™ bR 45 ] 43 A R A
1P 9 Ca) BT, S [) 7 M 58 L 1 97 o 72 b 4 B
PR 5 4R R R AL, FR R AR AR AR A
i, H 2B A 5 K7 J5 1) 38 B A 5 30° 3 ff R
Ao WeANFE R E AL S50 N, E B B9 AR IS
25| 2 B IR B AR L BAS )l 1 O S H SRR
FAPATIRA Z o, R & m R, B IE 9(b)
AT, T B B R K, L B0 I S 2 5w 4 B
F 5 ) AH 2 BB R A5 ) R, X
IR 2 i L3I 5 %) 189 L i 32 O 1) B A R A SRR
FL 3z i 2 . D DR S TG LR A 24 Bt 3 S S O )
S B L Bk 3 i, 24 ) T 5% 5 AT O 1
S (IR I MR W = e 1 A e e 7 o il R P 1
Z A UIR L SBRR EE O 1 R AR L (H 24 LR 5L
SR, SRR 1 45 ) SRR AR
4 Zig

AR SRR g AN [ L IR 50 A 000 R A R O
T DEM AL 22 h ik 56 5 B 88 i 50 S5 AL
8 55 %o 2 LIS 2A A bR BT ) 2 R AE B s e,
BAEBIT .

(1) Bt FLAIR 50 2 386 0m W RH 08 B P8 B B HL

27



B Al 25 46l
lescence and failure processes of rock-like materials con-
2 EF 2 —=—0=5MPa taining preexisting joints and circular holes under uniaxial
10 - —e—0,=10 MPa compression: experimental and numerical study[J]. The-
2 i 150 30 —a—0,=15MPa oretical and Applied Fracture Mechanics, 2023, 125
4F —v—0,=20 MPa 103898.
2 2r [6] ®Aedk, FaWl, 24 1%, & —4Eshfpdl & T LSl
@ 2:180 0 TRAE B A ) 2 v ng R 2R ELT ] P EA 4R %
4 R, 2023, 33(9): 3077-3091.
g : 210 330 [7] BAIQS, TUSH, ZHANG C. DEM investigation of the
10 - fracture mechanism of rock disc containing hole(s) and its
12 influence on tensile strength[J]. Theoretical and Applied
270 Fracture Mechanics, 2016, 86.: 197-216.
[8] FIBA=, Eilde, £ 5k, . FLIR RO X & A 5kl
12f —=—N=0 JE 45 7127 50 B B R RRAE S i B B 5 (], Bk b it 1%
10F —e—N=25 M, 2017, 61(8): 96-100.
i: —AN,E100 [9] WONG R H C, LIN P, TANG C A. Experimental and
4r —v—N;=200 numerical study on splitting failure of brittle solids contai-
§_ 3: ning single pore under uniaxial compression[ ]J]. Mecha-
oot nics of Materials, 2006, 38(1/2); 142-159.
2: [10] B4, A I%, Zbot. & FLIR K HLA 0% 5K R M 0 5
sk Rt sy A (1], TR A2, 2017, 39(12): 1791-
10| 1801.
12t 0 [11] ASHBY M F., HALLAM S D. The failure of brittle so-
(b) REFLIAZ R BN lids containing small cracks under compressive stress
O U A B R A B R 4 7 states[J]. Acta Metall, 1986, 34(3): 497-510.
[12] sk, REARr, BR¥, % FUREGE RILE N KA
SRR 4 0 F W oty 2 b T B3 L 5 X1 SRR BRI e 2017, 38
ﬁ/;it:‘FlS%o (S2): 41-50.
o . . . [13] HUANG Y H, YANG S Q, RANJITH P G, et al.
2 ?L i ﬁi Bg i jJﬂ Ej’i ﬁjﬂ‘ *4 Bg @% % jj = *Elk‘ ﬁ Strength failure behavior and crack evolution mechanism
g!_F Iz% ’ Wﬁfé%ﬁ %M:J:—I:J‘TL ‘Zlﬂ ﬁi%ﬁ *H%‘@ ° of granite containing pre-existing non-coplanar holes: ex-
(3 *j‘ 1EF /ﬁE HT % Fﬁ: F}: >H( 23 j:_f ['EJ 7J( ‘T'Z‘ E"J “ I perimental study and particle flow modeling[ J]. Com-
AR, HAZ LI B = s, i B /E N 2 puters and Geotechnics, 2017, 88: 182-198.
A5 9 I 30 AR AR, LA L IR R 1, 2 [14] FeEvk. BVEA. RS ER T & 2 AR EDERALIR &
B R 1 2% [ S R i%::ﬁffmuﬁ?ﬁm. BHE R S5 R, 2012, 13C11D)
%%iﬁﬁ [15] FANG C, MEI G, YU W, et al. DEM for investigating
the mechanical properties of porous rock-like materials
[1] Zekiar, Bsix, FE, 4 Jolids Bk €% 2 % % under uniaxial compression[ J]. Computers and Geotech-
WRAERHILI]. MR R M CHRBL A MO , 2020, 47 nics, 2024, 170: 106307.
(3): 131-139. [16] HE Z. GONG F, WU W, et al. Experimental investiga-
[2] CAO S, XU C, YE H, et al. The use of air bricks for tion of the mechanical behaviors and energy evolution
planting roadside vegetation: a new technique to improve characteristics of red sandstone specimens with holes un-
landscaping of steep roadsides in China’s Hubei Province der uniaxial compression[ J]. Bulletin of Engineering Ge-
[J]. Ecological Engineering, 2010, 36(5): 697-702. ology and the Environment, 2021, 80(7) . 5845-5865.
(3] EF, BBUE, REE. % H A0 TS B oe B KB [17] E&E, 707, XU&W, % 5T =40 |55 5D 1 25
BT, B AR5 TR, 2022, 22(15): 6240-6247. MR AR T AR M P[], Bh R 5 TR, 2022, 22
[4] WANG J, ZHANG C, ZHANG Y. et al. The mechanical (10): 4090-4097.
evolution behaviors and failure mechanism of rock-like (18] A, By, ZEHaNE, 45, My IR 3k o 3B & W br 4 v g
specimen containing complex shape goaf[ J]. Theoretical WFEEELT]). B AR S T8, 2016, 16(24): 87-92.
and Applied Fracture Mechanics, 2023, 125: 103908. [19] 7fuME, 20852, SRkE, & ETHRFERGHERNEA

[5] WANG M, LU Z, ZHAO Y. et al. Peak strength, coa-

MR E SRR AT ). REROR S TR, 2022, 22



BB SR HE T DEM A9 AL 0 o 2 L3 A b R Y 7 R E 1 52 e

(25): 11147-11154.
HUANG Y H, YANG S Q. TIAN W L.

microscale and macroscale shear behaviours of granular

materials with breakable and irregularly shaped particles

[20] Cracking
[J1. 2021, 137 (5):
104271.

MAYER ] M, STEAD D. Exploration into the causes of

process of a granite specimen that contains multiple pre- Computers and Geotechnics,
existing holes under uniaxial compression[J]. Fatigue &.
Fracture of Engineering Materials & Structures, 2019, [23]
42(6): 1341-1356.

GHAZVINIAN E, DIEDERICHS M S, QUEY R. 3D

uncertainty in UDEC grain boundary models[J]. Com-
puters and Geotechnics, 2017, 82 110-123.

FARIC, . B b 55 18 e P A 8
BERIBFFE[)]. BRI 2248, 2009, 30(5): 509-514.
FEWBE, PREL, XUJ5. A GOVl R &5 4 B e B i T KU
TiH T MR, A0 025 TR, 2013, 32(1)
15-23.

[21]
random Voronoi grain-based models for simulation of [24]
brittle rock damage and fabric-guided micro-fracturing
[J]. Journal of Rock Mechanics and Geotechnical Engi-
neering, 2014, 6(6): 506-521.

[22] FANG C, GONG J, NIE Z, et al. DEM study on the

Influence of Pore Number on the Tensile and Shear Mechanical Characteristics of
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Abstract: The tensile and shear properties of porous rock-like materials affect the safety and stability of engineering. In this paper, numerical
models with different number of pores were constructed, and the numerical simulation of direct tensile and direct shear tests were carried out by
the DEM to explore the influence of the pore number on the tensile and shear characteristics of materials. The results show that the tensile
strength, the ratio of compressive strength to tensile strength, cohesion and internal friction angle decrease in different forms with the increase
of the pore number. In addition, under tensile action, cracks are mainly formed along the horizontal direction and are not affected by the number
of pores. Under shear action, cracks are mainly formed along a certain Angle with the horizontal direction. The increase of the pore number
mainly leads to the decrease of the anisotropy of fracture occurrence under shear action.

Keywords: discrete element numerical simulation; pore numbers; porous rock-like materials; tensile and shear mechanical characteristics
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