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Abstract :

fractured

The stress-seepage coupling mechanism of

rock mass is the theoretical basis of
geotechnical engineering activities such as oil and gas
exploitation, in-situ stress measurement, and geological
hazard prevention and control. In this paper, based on
peridynamics nonlocal effects, a material points double
repeat cover theoretical model was proposed. Combining
the advantages of peridynamics in simulating the solid
material deformation and damage and groundwater
seepage, a peridynamics simulation method of fluid
pressure driven stress-seepage coupling in fractured rock
mass was established by using a hybrid time integration
scheme and applied to the simulation of water injection
test of hollow cylinder to reveal the mechanism of
initiation, propagation, and connection of hydraulic
fractures. The effectiveness of the simulation method was
verified by comparing the results of laboratory tests with
traditional numerical methods. The simulation results
show that the deformation and failure of rock mass in the
hollow cylinder water injection test are completely driven
by hydraulic power, and the generation of hydraulic
fractures is random. Therefore, there is no need to specify
the fracture propagation path. In addition, the energy
causing the fracture of the specimen in the process of
hydraulic fracturing has a process of accumulation and

release, which can be well captured by peridynamics.

Key words: fractured rock mass; peridynamics;
hydraulic fracturing; stress-seepage coupling; numerical

simulation

W R KR BT RS R AR B £ 2RI Z
— R KB S Y AR A A R TR A AR Y

FZK A RFREE4: (51991391, U1806226,52021005) 5 4 = 2 55 b B 55 A4 5 ST 1 40 S0 28 i3

PREAERE T 15

SEN S

5



o5 4 1

PRI, S R ORI R ) — B TR I 8 1 A 471

ARG A5 A AR AL AR Z T TSN B0 1Y
PR, IR A K I e 800 - ORIz 1l By 4 iy
W . H ORI R R t TR T 5 RS
R U AR 5 R LG  FE e il <
J7 AT H A R AE ™, R 7K T 2kt
[l B £ )2 2 g sy i 7z —
e b TR, S5 K g LA S — R i 5
AR, AR IR K R AE S K AE , FETE I A
FEE BT I, B R RO R
i B PR I ) -B RRS BAHLE, X Tl O
KRNI F Wi A A B RS

XA ) R, E NS E TR T R
HIE T BT R RS A5 B | T R
SHE RS SE R N T 2R A D R R
L7 52 BRI, IR S A TRUAR XS KK 7
PPN B 22 SR 2R TR AR HEA T A BEAG M RS
TE28 RS )7 1T, [ A AR5 2 BT Xo K T e 2L R 2R
SEYT SRR TR AT, Herh B =Rl ADU 3R
IR BN T I —FE A BRI SR TR
H =LA R e 4N A P RS IR A X R IR
FERINGE A AR R AT K ) R SR R 4 ) FRe ML AR A1 52
B, 78 TSI W Y BRI SR SR S I
UV AR £/ EIKE S S E i S DR
I SLAL) A RS R G X R e AR A T TR S
BB RN R Y RS, 158 T 5 248 )L
AR 2 285 R s 2 At o s B R T] Fr) S A U . SR
[F] S5 A O A AR R I AR =
e £ TARBENAI LS & Tolk CT FMEOR T
T B TR K I R R BN 5 T A SR AE DT 1%
FFIFIRE T 5UA 7K ) R 2 A R i T, 2B T
KT R BB 1 25 MR 54k R85 1K J1 5884k
5 RIRREE AN T AR IR . BRI =l 203K
ZYaia Tl CT I 5 A SR X AT a5 Soitt
AR BRI FE S A REE 25 T8 LR = 20 T~
B AE2 T A BRI BB 45 R A s B 52 R
P A LR R K ) 2L I e ok R A 2 LU A A
MER

e IR AR UE T A A1 o R R =k
AR . B BUE IS 507k 00 4 W 583, T
FEN SR BRI i SO FIBORE B BOC 45 7 1A 5
XK RS AR TR %A PO T
=YK B R FROGTHT R AR B9 T T RXE 1B
PEBGR IR . R S5 SR RS - IO R 5 A 1
XfK 3 ERGS REEAT T =4 A IRITHESY . =S

LR ANSYS SR T 28 )25 LK ) R4 3
eI . RO A ABAQUS BRAEF XK
71 R B4 K V- 2455 5 i S H00T e T BUE R SE
Francisco % F| Y A BROCHH T Z2 LA A K
TR TSR BN 2 HAE T, 3878 T Hupy g 22 0
B S SO M W 45 & TR R O R . BV
LS RAT BROCIE AT T A K R s i
JERL . Olson' " Fl ik Foe G #37. T/KFE I+ £
B R s Y iR AR AR e i AR
S TR AT O AL BRARFEAR 1 T ek 1
S B A AR 4R A BUE AR . Yang
SRR AR B SO AR PRC R T KK S
BEY R SY  HE R T AL A B A L A X [
R BAEEY ML A R S M LA

R RAG GEBUE DT AR AOK T e 2 A v
B T8 R gE 25 1 (R Aok o R 24 A 2
MY ) - AR LN ) B RN A R B G i AR
TE 5 BT i AAE SR TE A3 M 5 ik A A BN
St A SRR e ot AR LR, Y5 SEBRE BUA
WA TR VR F AR 3T 380 1 2 A R
SRR TGRS, 17 e 1k A3y SR A 4 B ) 2 )
L, G T AL G0 ) 2B SR AR A R, R >R A
SR LM — A SO TR TR AL
A DIASEADL A 8} 5 07 T8 A ML, 3 FE 6% 4 35 b
TFAKAESLBRA T BB B B AR . A SR
UL 80 J1 F AR ARV I 5 1 T KB i W 7
T B P ARG A AL B R B0 25 1F N 4B A
N F1-35 kA B H S BT 380 ) 2 A 5 1,
ot 5 & PRI S ARG EUE 5 45 A LI A
U5 A 3t 4B 7R KR Aok 91 R 3 i A ok
TR LA

1 EBHEHNFERFEE

sl 53 i R X BB O A PR Y
AYEAE BB B —E AR Y s, JF BRI
A7 o s 5 () S B O 2R AR AL AR A B sl A5 B Y
i 3 R RAE MBI SR . AR T80 T2 1
e RHAE B OR EERIDLE 1), 7HE XS R, Y
Y A R i x5 H— S BN A )
O E R (2 €R,, | 20— 2 |[< O
YEH , Ho 0 4B (horizon) , H— AN IEH AL, o, 2
55 ARSI R 8 ) Jox s A A B AR D, i 5
XA SRl X B ) s =z ] AR AR % . ok



472 [l o K 2 2 MCH 9K BE 2% O

% 50 %

S TGS BRI Y
(A 9 A LA P I T o P
30 17 e B LB SR T 5
IS

E1l EFsHZERTBIERATE
Fig.1 Schematic diagram of nonlocal action of

peridynamics

TERE RT3l )3 2 R R W) B0 22 (A7
R/NAREE T A B 7 B Rt R e, S AR
Sl AT LM A) I A1 1) o, 22 D A B F 033

Ty(u,—u,x,—x, z‘)ZEf(uj— Uy X;— T 1)

D
1
T,-,-(ul-—uj,xf—xj,Z):—Ef(u,—uj,xf—xj,l)

@))
A TR R 5 Nem® su NS LS R
m; ¢ K B[R], s f O AR M J7 bR %R (constitutive
function) , £ & M B B G AHIE B AN LME SR
N 7 -J0i A% e R IE A B, AN EE R S 1 1 S
iz St B ki ras k. ik, Ttie i
HIELL S #AN T2 W LA T R SK g, i3580 77
2P TR SR A AN 3% B2 P S S P BB AT St 5
S AN
L8 15 AT R R
,o(xf)ii(xi,t):J(T,»j(uj—u,»,x,-—x,,z)— T (u,—
w,x,—x,0))dV, +b(x,t]) 3
Jiqj o NIRRT kg m” s ) B RN B
5 VR SARE m? s H oA I s i AR SR A
ﬁﬁ{B@,bﬁﬁl\ﬁﬁ%ﬂf,N-m’go s M AT A5 R ASAE
PRECFN Y 2 Wiz B R, s (4)

olx)u(x,t) Jf(u—u x;—x,1)dV, +

b(x;,t) €))
TR 8h I35 W S S B o s AT Ll

AR L =, — 2 MAHX L p=u, —u, &
N, E(5)
_ 818
5
TEIL Y8l 1 77 A 5 2 Pl ad 5 A by i pRi AR
p(t, &) RAEAT R BIR R , AN1E] 2 i EU%%E’J
ﬁﬂt?‘—é 3o A BIR AL s IS, DUIDA Ay Xof 7 1 B BT 222,
I B i (B AH AR I i %

f“

B2 #RAEEEERTSHRENLRD

Fig. 2 Relationship between interaction force and

(5)

u=0

wy

stretch of material points®®”

PRI I, X FfOUR 381G P (PMIB) B4 E 7 LA H)
JIRECH
f(t,E)=p(t, &)cs (6)
oA HRERTERLE  Pa-m™ s u( s, &) BA B Ak
I R A (R PRI R, 2R W SR R e v BIY
p(s, &)= 1 BB SE R0 T 2 p( 2, &)= O IR T
WEI’J HLR Ky

1, s<s,
ult, &)= 0. i @)
250 A PR R RAEY) i 5 B PT BLAT e R
KA. W BT, e PMBMRHER IR A

IR [E R A /}'Zﬁ/ai%z*%ﬁb%%ﬁﬁ%
F4 T SRORE 5 B3OS S MR 7 ) 25 ) S

Pt , T LLaE i ST T W R Y K 5
BRARAS Y LU AELE ST ) R A7 , anzXi(8) «

Lelx,t,§)dV,
gD(JC,Z)_l—J : (8)

[,av;

G T UL, W B R e — N 03 1 22
BIZEALIIME . 4 o= LI, IrE SY S A B AR
HEETRWIZL ;2 o = OB, T A SYBUS A EAER- Y
AR SR CER T AR AL BRI TE A
U i b WA ke N AR RE R R S O v SO E K ]
SRR FEASEUA AR 5 A B VR RS, AN PR L




%4l G, S < AOK T RN ) — B Al G R sl T35 473
W ZLYAEI] P 156G e
MMMﬁ@Q ‘ FJwK—EHm:5€@: % o
R T R BPR R 4 K 2 4 2 3 2nd”" " dmo
3 0 45 5 58 R A 2 B S A 0 4 a=t(k—26).,6="9 4= % —y
st (9) 2 7ho 7ho
. =0,b= E d—'1 —4k
| etz.01av, TP T a0 2as i
X**“‘irgg;f“* 9 (14)

PRI, SO RE RE BRI, e {FL B

ST Gy 80 1 R S R AR O BAR A A
BELE RIS T A R BLLL T B, (BB AR IR AFAE 3
AT E AR — R BE R AL TR AR L2 2 T BRI s —
SEHERLIT Y 80 127 LI s s A R R AR AL
TCHE GG ST -RIAR A 5 28 FAR AL CR s =7
Tovk Ko iR R RS IE FII ARSI | [H] e JE 12
RBP4 . R, Silling S5 18 i
FIA R BB S L TR Yy gl ) 2
YGRS TR IR T 1], S RN 3 80 1 A5
SURT A3 Sy A T AN AT

TE T LS R Y 8l 1A v ) Jo o ] B A
BAE T S5 1 — 2, e 8 R i AL A
S EE L, NI, Ty Bl E N

1 y—yz

T (u,—u,x,—x,,1 =_— AL S

u,—u,x;—x,,1) 24, —
(10

Ly~

T'i P is i _,[ :—foi

/(u Up X — X; ) 2 L,y]__yi|
(1D

Ay B GV S A B R A BRI 8)
J15 240, AT DL AR RE 2 AR 415 2, an=t(12) |
(13D

A=4w;| adb, Vi Vi & by, — oy —
b’j_yi| |xj—‘rf|
2, 2))] (12)
YiYi i X
B:4w,[ad6' . +b( i Vil T
i J Lyi - y]| |~ri - xj| Ly y/|
|~ri7~l'j|):| (13

K s Rt g — bR M PR AR, 355 o, S ) B a5 6 L
YER I KN s 0 IARFRRN AR sa b o d R 8) 12
ZH, T LA IR 8) 0120 )RR T 5 48 MG B
JoT 3 2 0 AR iR 9% B AR RCR o R 3% Madenci il
Oterkus™ BIWFFY , AR LERE %4 T i 78 1122 58
(Ew)

A h S ARSI s A S BT B
m*; K1 G 3 B A R i ST IR, Pa.

E E
R 20,y
E E ‘

K= G= 4
20— a0

(15
A BB, Pas N TARA HE s 0, R EEAD 57
Pral B Ho/ R

w;

0
N i, —
[ERE R 37 3h 127 %8 B s b e iy g, It
13 ENW 5T o5 e ARFR R AR (1 — OB =k
< . (y,—yi)(x;,— )
/ d;w[jé[j b’/*yf‘
VL3580 I3 2 AT LU R [ A A 108 453 4 7
I AAT DAHR R MR KB . TEE 3l T4
R P DU P AT B D R e, 5 AR P
L Fi A ) o e e B R O EAE D Sl R )
B VERAEAE K A4S | K SR VR R AL K Y
HE , AT LA T KA Z LA B s i 7
b ) T A AE 7K I B R 25 A 2 3K )
Kigkin s )y . TEsEANR 3 ) 8eh A b i
AN A AR IS B AR E S Y, S AR AN A
FHELFZMR o X T 4R I4 5] 46 1] [ P 22 LAY B i) B o)
Tshid fE , Har sl ) A 5 fie

I (pulx)pla))=

(16

vV, Aan

i Mo
2 )0y
20|

(18)
. @ TR S A BOK SRR, Pas AR RS
B, Pass; R AMBRBE R, m’; 0, WK B kg -m™;
@ RFLBRF R AL, kg s w A 40— L5
BB, AR AW T A e, 038 UK 2557 LA 9



474 R Wk 2 HROA KRR B 550 %
;H\:'f@%}ﬁ"{_i E"J X ?‘2 “@ﬁzg B@ jt/J\ 5 HX w (l‘,’, f/): % ((Of(x,)gp[(x,)):
Ve o G5 s mEALRA Rkl 7
pf(xi,xj) 2&[ @f(-rj)i @f’(l'i)
BV, W T KB K ) R T AR f - el dA,+
O(x,)=P(x,)+ go.(x:)z(x;) a9 ‘ o
Ri(x;) (23)

A PO IRAKRE SR, Pas g M E IS, m-s?;2 0
e 7 ) K Sk R, me %R R A 1E T UIME 2
FE4iL , A BT LR
ou(x)=p,(1+y(P(x,)—P,)) (20)
oo MIARE LR 10 PO 52 kg -m™; y
SRR (4 R 22 50, S8 AR A R 4 R/ N iy ) P
I, WOE SR AR T A A B | A 1 9 A PR AR
AR A KR 4 RS D AR A 6, Pa
YRS T A2 B R I, — R B
SR O AR AR AL PR I8 TASAE . TR %
SER A A WY B BRI T AL, A A A Y
BIE ] DL R AR A R 25k i 2B iz
gy, PRI L S5 0% S S Y A5 45 5B
T
T 2R A PRI TR R BEE T, 10 A AR
FR R A R, BRI AR 22 5 00 O
HARB AW W0 7 1P AT T 25 ] (155
FECRAR LT BT 2B 0 158 R RS £
LR ATB W LA W A 45 1) SRR . SR
B S TRV (0 B B BRI 434 A5 ) 4y
A B B RLRABS 26 5 SRR B AR BRI PR RN
HURE B 32300 P R FEIEURR PR 25 s R =2 T 1) 45 ] 28
K F s HPALBRE RS B KM TSR E . i
TX BB R B S Ak BEHLPE AU P ZEEUE T
SRR T AR AT FP A LA ST R 0 R AE BB T
RRPEROC R, DR 3 4B SRR AL el B
— A I A A N A 2 [ B AR B A
N7 RE AR AR 12 I R SR LS g
KPEEHRIEA
Q:kfgljdj
A, BRI TERE , msy RS SRR R AL
m’ s AR ITRBRE s ke HEEBRIOBIE R, m*
w0,
T2
P o S P E A, AR 2 (18) () 33 4 5 1Y =Y
w (x,2)=1/| &, | iF, “4EZBRE WAL G5 )
FHATTREN

QD

ky Q22

T o BRI A B, RIS B %) S A A
WY S B AR B kg o, — B AT O S 5 0 M
24 s [ AR 5 W) T s AR B LA @,y 24BR 3R T
Wy 5 5 AT ROK TR, Pas R, 9 2L B J5C I, kg -
st MABRTARELE , Pass.

2 YRR NEEREREE

KIR AR RAEA K DI FLBL A 2B, AL T
BUARR )R TR AR AR s I 3 B B AL
Z M AR T B SE R, MR TR LA AN AL T —E 1)
R I IREE T, R AT —E BB g, v 713
58 5 2 [0 A8 A0 B 5200 3R ORH B 52 M B AR A
NS -B kA VEH (S -ER A e . AP R
T EF S AE R 24T — & H T KFE
AR B R S ECA R A B RER T, E
B FEFR KR A8 DK R, DT AR 5 AR S
N ITRAS s IR B AR RIS A i AR T U R
SR R A AR T L BRI, ST O R 18 i T g
ST KB AR

LM J12E, Terzaghi CRUP I $E i T4
B0 T A R g D T D B A A AR B AR R
+ ks FFLBR K 2 R A B AR, AR AR I H 4
BB AT AR A R B . Terzaghi 472800
TR BRAE AT R AN AR ) R AR 8] TR A%
SRR A AR, X 4= 7 2 Bk — 1 ST Y 2 )
R T EBEHESIER . SR H T A AR [E AR
S 3% T AR B L, BRI Terzaghi A %00 1 Ji
FANFAE . A, a5 A % R AR RHA T R
478 B IE R AL o P LUEE ST 36 H A bR A
RO Fy k=, ki (24)

d=oc—aP 24>
Ko NI TT, Pasa ly Biot 0, AR T FLEUK R
FIRATRN ST DTRR AR B . R 7 45Ok H Cross-
plotting ¥ HE/K S 803k 5 75 P sh 2SN 7oA A2
B RIR A Biot REUE, 45 R =B H A
0. 90~1. 00, H& A4 0. 80~0. 90, MK B At H
0. 60~0. 75,
FIHA BN 7 B, AR SCH H A L B A



o5 4 1

PRI, S R ORI R ) — B TR I 8 1 A 475

IS 7 -3 VA 2o A PR 3 80 7 2 0 o s O A
PSRRI 3 7R o R B ANURAT FRAER R
AT TR g2 P B, ) It i K 28, R K
S B A A AL R K R g o ol LB T B9

P

VERT, Wy o st [ A i A 1 S A T ) i
AP RMMABEIE T 5B AR RSS2
B2, A s S S5 A R T SR E ARG T i A
IR, W2 A RA S B R RE T

I
IPNPNPIPIPY]

!\J/T‘\!\lwllw
o/o/e/ee[00/0 0|0

[EHZISEE:-.#..-..-.

o e/e/eee 00 e e
Phd

seleelee R Gelelaiiiol
s[sl > He[slelele e stalsle

oooooo“o‘ ﬁﬁ;

itk seseeaes

R

B3 NA-ERAasilnyRaNEESE SRR

Fig. 3 Theoretical model of material point double repeated cap for stress-seepage coupling

R T KB R, U 35 ) 1 S I A5 TR] A AR
HAER A GR10) (1)) AT LG
1 2aP;

Yi— )i
z|) (25)
b/]_yi‘
1. P,
T (s —wj, 2, — x5, 1 )=( B Wl
Yi— )i
x|) == (26)
b',_yj|
P IRBUIAC R B, HZeak =l
m=[w,(@—a)z—2)dV, o)

Xt TR AT, P RN B A LE AR AR AT (H
I TR E TR 1 A, ez SlpR SR R 32 3]
BIEVEIIIR o IR, 5900 5 [ R BT SR
HIPRIE T Rom A

2P, v =y

TJ(I 1)=— mh wz‘j|x/ — ) b’j _yi| (28)
2P; vy,

Ty t)=—"" wlx;— ) i j-\ (29

A RLE B LA 00 R SRR T R K
JTBIFEF N A S T2 51 5, TR T A4k 8
I FPIRAS o

3 HEIERKMERE

UTEh 1 7Aia s 07 RE B I T RE R A 24 e 2
i BB D7 12 ok S B, 168 3 A BIR e 2 P ) Jo
A, L REAT I TR A3, R FH 25 i ] 255 14 o7 A% G =
BRI BT — A AR B A T AL
BRK s 7, S PN W) S S A - 55 R B IR o

[28]

i () B A 38 g AR A A% e R A v
YRl B B B BEA T S B A3 | 5 22 R i O ik
FALE, T8l =i AR 7 S0P o i 25 22 5+

IRNEIEiRSA 7w R TN i 11 20 S wip A LTR AT
Forpr, e s (] BR 2 i o R A 3l N s ] 28R R
B 7 ZR GRS RALLE AR A e 07, 368 ] T B A A4, 1
B TR BRI MBI R b B S D, s
I T) B 7338 5 TR ULEAT AR AR 8 251 H.
Sl AR R] L2 AN T B0 L G0 R R I
R AT B S A 1 1 7

21 225 BT e RO i R P 0 Bl S BRGR, m)
PLREE 2 5 11 g SR S8 i , a2 Gt in S o, %
A 77 REREAT A AR, TS B R G 1 2 i o 2K
FAF T RIRE IR . TERRSI AR I R, RS
P RS AT L o B 22 Kl R, 4 5 22 (EL R M1 )
8 BY(EI , ERF SN B RS . HIt,
ARSCHG AT Y 80 T3 25 - R A SR e 4] o [T A
B FR AR 73 BT, R IR G "I R R 73 J7
S8, R R e R B 1) AR 23 AR R R ]
G W1 ) (21 5A07 3 B R 1 R

4 IKNRFEE-T BT ERY

FAO KRR K 7 TR i WL FB
— R K 1 RS9 o i 28 SR 50 R X 3
Bl 12 - R A D7 iR AT TSR Mo A R 2R 56
TE o 250 BAE AR 1 7K 50 2 22 UK ) IR 2450 2
—, SR FH V18 8 R TR R A S R s O R R K
FIEZGS B, W 5 R . iR 2R r=25mm),
Hor ] AN A% re=2mm B K FL . BEELR
PRIE 4500 7 BN 7 636 N1 TR S, W) I A ]



476 RPN GRS ) 450 %
| Wittt s s |
| M A D 5 4% 1 |
[
| TSR A A | ———— EWF B E ALK E S |
y
SIS [ WEmFa K ES R e
AR ¥ ¥ i1 KR
H1HI ] [GFB T W 2 R AR | [ TS IR AN TRKES | 3{1@
A
& £ &
YR i 3 5 T 0 R A s
EB it

L HEF S

E 4

T E]

353 N FR-ER S EMITERE

Fig. 4 Flowchart of peridynamics fluid-solid coupling simulation

H A=0. 5mm, &k f/h6=1. Smm.

E5 ZOEFEEK S EREEER
Fig. 5 Numerical model of hydraulic fracturing of

hollow cylinder

BEARLSR 5] 45 Il R PR, AR o=
2 090kg *m*, B AL E=5GPa, AN b £=0. 3, IIfi
TP 5=0. 001, 1 F A AK ) it B FERT
B, AR R B 2 DB 3, R
FHZLBRA BRI A4 NS T A TR0, DT Z2 %
HAETBRAIEH .. AR EHLER ¢ =0.5,

Biot ## a=1. 0, HBRFLARE L o =1 000kg-m”, Fh
J¥ 1=0.899Pa-s, JE4i ¥ y=0.048 5. HIKEBE
5 AR 9 B T B b, BIAF & S T e
BRI AR R R R s s e ik ik g, R
/NHR AP=10kPa-s, 18 i [E A5 He 5 7 AR e
B AT AR S O B A A 3 K e A ok ) 24
(AL R

230 [BIRE AR K T e S R b i AR ) 4540 IR
5B IE 6 R . fEd KRR, BIAL
PARE FL K ) 28 s 34 1B R 1A A2 20 K R ) 1
L FER R Z RN IVER, 15 DR R A AE R AR
o 2N FLKIE S BARRT 14 T 52 0 ) A i
SR, HURAEARIE oA B 45 A 24 . Bl LK
JE 10 T8, R 7E P=6. 6MPa i, Py 1L & 1] H7 57
JIB AP TRI R 240 P RE 7 AR I 1) S EEY
Ji& , BT BT S AR B IR

FETZALA 2 AR A A8 T R IR 52 42 2 1 7K 7 3K
B, K 1B P A SR BEALIY AN 2R A ARy



44 1R I, A AR RN ) — B 8 ) 2 AU 477
Tl
0.025 - hlﬁ% 0.025 - K /Pa g5
0.020 | 0.9 0.020 | 0.020 |
0.015 | 0.8 0.015 | 0.015 |
0.010 | 0.7 0.010 | 0.010 |
0.005 | 0.6 0.005 | 0.005 |
8 ol 05 £ 0} 4 0l
= ~0.005 | 04 ™ -0.005 | ™ -0.005 |
-0.010 | 03  —0.010 | -0.010 |
-0.015 | 02  -0.015 | -0.015 |
-0.020 | 0.1  -0.020 | -0.020 |
-0.025 P ) -0.025 P -0.025 -
-0.03-0.02-0.01 0 0.01 0.02 0.03 -0.03-0.02-0.01 0 0.01 0.02 0.03 C0.03-0.02-001 0 001 002 003
x/m x/m x/m
a P=6.5 MPaltf #11fi b P=6.5 MPaltf fLEK ¢ P=6.5 MPalif KK 10£H)
0.025 - 0.025 . KIE /P2 005
0.020 | 0.020 | 0.020 |
0.015 | 0.015 6 0.015
0.010 | 0.010 | 5 0.010 |
0.005 | 0.005 | 0.005 |-
& ol ol & & ol
= -0.005 | -0.005 | 3 ™ -0.005 |
-0.010 | -0.010 | 5 0010}
-0.015 | -0.015 | -0.015 |
-0.020 | -0.020 | L o020}
-0.025 e -0.025 0 -0.025 A
C0.03-002-001 0 001 002 0.03 20.03-0.02-0.01 001 0.02 0.03 C0.03-002-001 0 001 002 0.03
x/m X / m x/m
d P=7.2 MPaltf #5145 e P=7.2 MPalt} fLE /K & f P=7.2 MPalit BT (F K 104%)
EiLvi] JKJE / Pa
0.025 . 10 0.025 - 0.025 -
0.020 | 0.9 0.020 | 7 0.020 |-
0.015 | 0.8 0.015 | 0.015 |
0.010 | 0.7 0.010 | g 0.010 |
0.005 | 0.6 0.005 | 0.005 |
g M1 s & 01 s 200
= -0.005 | o4 T -0.005 3 T -0.005
-0.010 | 03  —0.010 | " -0.010 |
-0.015 | 02  -0.015 | -0.015 |
-0.020 | 0.1 -0.020 | 1 -0.020 |
-0.025 A )} -0.025 0 -0.025 .
-0.03-0.02-0.01 0 0.01 0.02 0.03 £0.03-0.02-0.01 001 002 0.03 C0.03-002-001 0 001 002 003
x/m x / m x/m
g P=8.0 MPaltf i1} h P=8.0 MPalt FLER /K i P=8.0 MPalf ZFFL(H K 101)
0.025 - 0.025 - KIE/Pa  goo5
0.020 | 0.020 | 0.020 |
0.015 | 0.015 | 0.015 |
0.010 | 0.010 | 0.010 |
= 0.005 | 0.005 | 0.005 |
2 ol 0l 0l
™ -0.005 | -0.005 | -0.005 |
-0.010 | -0.010 | -0.010 |
-0.015 | -0.015 | -0.015 |
-0.020 | -0.020 | -0.020 |
-0.025 -0.025 e -0.025 .
£0.03-0.02-001 0 001 002 0.03 C0.03-002-001 0 001 002 003 C0.03-002-001 0 001 002 003

AR o X H A RS R LB K e g 53 A1 = [ T L)

x/m

j P=8.5 MPalf 15

x/m

k P=8.5 MPaltt FLEg/K &

6 ZEOEEEK N ERELER

Fig. 6 Simulation results of hydraulic fracturing of hollow cylinder
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P 8 3t 1 R A e s R BB - T 5 ik
RS R A 28 Co BRE R K T BB 25 R AR
FH A i 2R RN 38 W I ) & 20 A AR 4 (F-
RFPA) ¥R (B AT A R s A A (B A AL
SR K R oK T B o BRI EESR
T, I BEF K R A, 2T ol A BE ) S BE 2
A W EUE 2, U R R A B R . AR
SR 80 7122 - R S AU T 1545 2 T AR
MBS as e . (B2, T KRR AR R AR 21,
TR R R SRR ST ) B PR A A i A 1Y
B b I Ho iy T K s T 5 RS AV ) 4R vh S Bk
R A g X, ST 2. F-REPA
>R Weibull 73 AR AR 4 ) 2 2804 T REH LR EL,
PUHCR B R AR AR 24 1521 1 P2 LB
U PF R, 1A SO ST B3 37 8 1 27 BB X
VeSS, ELR A T 3298 4% 1] [ PR s, DRI 222
PARERUREE R S8 SRID PO 7N é

a DRI REIA IR 70

b RFPAMLHY G SR
B8 ZOLEEMAKNEZRAIF RFPARIIE R
Fig. 8 Results of hydraulic fracturing test and
RFPA simulation for hollow cylinder

5 H£hiE

BT AR S R 3 T - AR A
LN 4 0y S5 0T 35 B ARR JF T R T T L
PRIV AR IS [) 25 0 2 6 AR B4 SR e, 3 b fg 7k O e
S4B 7] FIU A o S ) TS B K R 77 3R 3 1
TR K ) RS R AR, S T SR
TR F1 RS EAIURR 5% , I mir A A58 45 SR ik A7
X EG, B E 2% B S A R G E ML DR BUS T IR
4EE

(D FETA RN S JFER 38 545 30 3780 1 24 e
oL ARAE I 55 R 0 B T A A 384 e sk T LU
g 3 2 TR R B R - R 5 8 1) 0 I R LT
T ELE AL B B SN T 06T R A s
TR0 12545 B Rt R S AR A i 1 25
i A ey S TRV R B FE TR R AR
TR

(2) 38 33 IF 25 0 AR A OK 7 EZHR I, I
552 PRI AT AN ST 45 B EA 506 L, 38 00E T AR SC
JIT ST 1) 24 B AR N ) -8 R A A8 1 4 A
PRI FEPE

()R R, 25 ORI K ) S R vp
2801 et PVBEFE AR IR AN BEY R B ZO0E B BT 2
LB, T B R 120 R o A 2t K B Bl i1
IK F BB 7 R BEALEY , AN T5 B4R 2 AR R
7, 3 HoK I 6 S i v sl R il 4 A0 g A7 AE
FUE B 12, 3 s 124 - R A AR AT LA 3K
BB S 4 BR A A= 2 0 B L , ISR
TOKR EBHR SR T T

{E&E STmk A A :

e U R PRI A BSOS
BARA TR T
JEERT TR E
BRSO S (=i
SR A - R A

D5 Wi A SR

XY AR SCAELT

S 3k :

(1] JATT, R, £, 45 BRI S /KL 5 B B iR K
AR PRI T [J]. A 0%, 2020, 41(11): 3621,
ZHOU  Zongqing, SHI  Shaoshuati,

Mechanism of water inrush in tunnels and simulation study on

LI Liping, et al.

seepage failure process[J]. Rock and Soil Mechanics, 2020, 41



o5 4 1

PRI, S R ORI R ) — B TR I 8 1 A

479

(6]

[10]

(11): 3621.

LIU B, JINY, CHEN M. Influence of vugs in fractured-vuggy
carbonate reservoirs on hydraulic fracture propagation based on
laboratory experiments [J]. Journal of Structural Geology,
2019, 124. 143.

EHR, fLat, B . K EECRE HN 7 E  EUE AL
[J]. R 25 TR, 2012, 8(1): 148.

CAO lJinfeng, KONG Liang, WANG Xuchun. Numerical
simulation of hydraulic fracturing technique in geostress
measurement [ J]. Chinese Journal of Underground Space and
Engineering, 2012, 8(1): 148.

PR A 25, JRESE . 2K R v i s B ] =L ). i )i
MR £ AR, 1993, 8(3): 39.

YANG Youkui, ZHOU Shiguang. Factors for hydraulic
fracturing in rock formation [J]. Journal of Sichuan Institute of
Building Materials, 1993, 8(3): 39.

X, FFIROR, WORT, 5F KRR LB IR R [T]. Sk
T2, 2006, 29(3): 36.

LIU Hong, FU Zhaorong, HUANG Zhen, ez al. Study on
hydraulic fracturing mechanics [J].
Technology, 2006, 29(3): 36.
ERF, LRE, XE . ST 128500k ) R =4
ORI A+ J1%%, 2011, 32(7) . 2205.

WANG  Suling, JIANG Minzheng, LIU He. Study of
hydraulic fracturing morphology based on damage mechanics
analysis[J]. Rock and Soil Mechanics, 2011, 32(7): 2205.
BRfh, DE K, &t . RRSHE =3k R298E 8 5001 [T, &
A2 E S TREAN, 2000, 19(S): 868.

CHEN Mian, PANG Fei, JIN Yan. Experiments and analysis

on hydraulic fracturing by a large-size triaxial simulator [J].

Drilling &. Production

Chinese Journal of Rock Mechanics and Engineering, 2000, 19
(S): 868.

A, ML, FIERE, R A HEHLZ K ) R
JE LA AL SR [T ], A A il R i CH AR B2 R0
2007, 31(3): 63.

ZHAO Yizhong, QU Lianzhong, WANG Xingzun, et al.
Simulation experiment on prolongation law of hydraulic fracture
of China
University of Petroleum (Edition of Natural Science), 2007, 31
(3): 63.

SRENE, AR, BTR BT, & DUA/K T R B S e ak
FACITEDTELT ] A0 55 TR, 2014, 33(1): 52.
GUO Yintong, YANG Chunhe, JIA Changgui,

Research on hydraulic fracturing physical simulation of shale

for different lithologic formations [J]. Journal

et al.

and fracture characterization methods [J]. Chinese Journal of
Rock Mechanics and Engineering, 2014, 33(1): 52.
Hroh, AR, B 4, A5 TUAK )RR S YR B
FELI] TR, 2014, 36(7): 1243
HENG  Shuai, YANG Chunhe, ZENG Yijin,

Experimental study on hydraulic fracture geometry of shale [J].

et al.

Chinese Journal of Geotechnical Engieering, 2014, 36 (7) :
1243.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

e

i, PR S, BB, 5. TUAKIEROK 1 R85 R
PRI [T]. A )25 TSR, 2005, 34(1): 12.

LI Zhi, JIA Changgui, YANG Chunhe, ez a/. Propagation of
hydraulic fissures and bedding planes in hydraulic fracturing of
shale[J]. Chinese Journal of Rock Mechanics and Engineering,
2005, 34(1): 12.

BRI, BB, 4, & TR =RCE KK R
2L PRI TG 5 AR SE L BT (D], 5 L J1°%, 2016,
37(2): 407.

HOU Zhenkun, YANG Chunhe, WANG Lei, et a/. Hydraulic
fracture propagation of shale horizontal well by large-scale true
triaxial physical simulation test[J]. Rock and Soil Mechanics,
2016, 37(2): 407.

WAL ROK T B LB S BRI ST [ D] AT
TR, 2004
XIE Xinghua.
mechanism of rock mass and numerical simulation [D].
Nanjing: Hohai University, 2004.

REN, SR, RAEZ, 45K ) R = 4R EE R
(3], P EBREEOR K224, 2008, 38(11): 1322.

XUE Bing, ZHANG Guangming, WU Heng an, ez al. Three-

dimensional numerical simulation of hydraulic fracture in oil

Experimental study on hydraulic fracture

wells [J]. Journal of University of Science and Technology of
China, 2008, 38(11): 1322.

AR, TREL SEE, & RELK I RS K
TR T ] MR, 2012, 37(S1): 109.

YUAN Zhigang, WANG Hongtu, HE Guozhong, et al.
Numerical simulation of hydraulic fracturing of crossing
borehole and its engineering application [J]. Journal of China
Coal Society, 2012, 37(S1): 109.

R, XUG, bk, 55 . KRR 2452 0m S B
ERAUBTTELT]. TR )%, 2011, 28(10): 228.

BIAO Fangjun, LIU He, ZHANG Shicheng, er al. A
numerical study of parameter influences on horizontal hydraulic
fracture[ J ]. Engineering Mechanics, 2011, 28(10): 228.
FRANCISCO C, DEANE R, EURIPEDES A V. An XFEM
element to model intersections between hydraulic and natural
fractures in porous rocks [J]. International Journal of Rock
Mechanics and Mining Sciences, 2018, 112: 385.

Fi, wiE, WG, T RA IRITEERY K I R
FESEIR R EATIN[T]. A2 M (A RRBIARD , 2014,
54(10): 1304.

WANG Tao, GAO Yue, LIU Zhanli, et al/. Numerical
simulations of hydraulic fracturing in large objects using an
method [J].
University (Science and Technology ), 2014, 54(10): 1304.
OLSON ] E.

extend finite element Journal of Tsinghua

Multi-fracture  propagation  modeling:
Applications to hydraulic fracturing in shales and tight gas sands
[C]// The 42nd U. S. Rock Mechanics
(USRMS). San Francisco:
Association, 2008: ARMA-08-327.

EHAR, R, R, AR SETHRAA Nk e gk )RR

Symposium

American Rock Mechanics



480

6] 5% K 2 2 (A 4K BE 2 B

% 50 %

[21]

[22]

[23]

[24]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

BUABLT]. Ji2274R, 2015, 47(6): 973,

WANG Lixiang, TANG Dehong, LI Shihai, e/ al. Numerical
simulation of hydraulic fracturing by a mixed method in two
dimensions [J]. Chinese Journal of Theoretical and Applied
Mechanics, 2015, 47(6): 973.

YANG W M, GENG Y, ZHOU Z Q, et al. DEM numerical
simulation study on fracture propagation of synchronous
fracturing in a double fracture rock mass[J]. Geomechanics and
Geophysics for Geo-Energy and Geo-Resources, 2020, 6
(39): L.

GAO C L, ZHOU Z Q, LI Z H, et al. Peridynamics
simulation of surrounding rock damage characteristics during
tunnel excavation [J]. Tunnelling and Underground Space
Technology, 2020, 97: 103289.

ZHOU Z Q, L1 Z H, GAO C L, ez al. Peridynamic micro-
elastoplastic constitutive model and its application in the failure
analysis of rock masses[J]. Computers and Geotechnics, 2021,
132: 104037.

GAO C L, ZHOU Z Q, LI L P, et al. Strength reduction
model for jointed rock masses and peridynamics simulation of
uniaxial compression testing[J]. Geomechanics and Geophysics
for Geo-Energy and Geo-Resources, 2021, 7: 34.

GAO C L, LI L P, ZHOU Z Q, et al. Peridynamics
simulation of water inrush channels evolution process due to
rock mass progressive failure in karst tunnels [J]. International
Journal of Geomechanics, 2021, 21(4): 04021028.

SILLING S A. Reformulation of elasticity theory for
discontinuities and long-range forces [J]. Journal of the
Mechanics and Physics of Solids, 2000, 48: 175.

SILLING S A, ASKARI E. A meshfree method based on the
peridynamic model of solid mechanics [J].
Structures, 2005, 83: 1526.

o B . BRI T TR T A IR 5K T Y ) 2740
SrRTTTID]. Here s LA, 2021

GAO Chenglu. Peridynamics simulation analysis method of

Computers and

water inrush due to rock mass failure under tunnel excavation
[D]. Jinan: Shandong University, 2021.

SILLING S A, EPTON M, WECHNER O,
Peridynamics states and constitutive modeling [J]. Journal of
Elasticity, 2007, 88(2): 151.

MADENCI E, OTERKUS E. Peridynamic theory and its
applications[ M ]. New York: Springer, 2014.

JABAKHANII R, MOHTAR R H. A peridynamic model of
flow in porous media[ J]. Advances in Water Resources, 2015,
78: 22.

KATIYAR A, FOSTER J T, OUCHI H,

et al.

et al. A

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

peridynamics formulation of pressure driven convective fluid
transport in porous media [J].
Physics, 2014, 261: 2009.
EHAN . AT B R TC A B RGBT 5 N AR
PERFSE[D]. BRI s TR, 2007.

WANG Yanli. Research on the coupling of seepage field and

Journal of Computational

stress field in fractured rock masses based on the distinct
method [DJ]. Wuhan:
Technology, 2007.

WAE, W RBUAROK BRI ] A 1T,
2004, 25(2): 330.

XIE Xinghua, SU Baoyu. A review of fracture rock hydraulic
fracturing research [J]. Rock and Soil Mechanics, 2004, 25
(2): 330.

PR, HAETT, VRN AR ) R (], AR
Hiz, 2013, 35(S1): 146.

LU Dechun, DU Xiuli, XU Chengshun. Analytical solutions to
principle of effective stress[J]. Chinese Journal of Geotechnical
Engineering, 2013, 35(S1): 146.

IR . RTINS LA )R (7] A b TR,
2011, 33(2): 315.

LI Guangxin. Some problems about principle of effective stress

element Wuhan  University — of

[J]. Chinese Journal of Geotechnical Engineering, 2011, 33
(2): 315.

FHLTT . FEAkbR, BE, 45 RIS E A2 Biot REMIA Ty
LRSS HSE M 3 0 (7). S5 40 2 5 TR, 2015,
34(S2): 3998.

CHENG Yuanfang, CHENG Linlin, LI Hui, ez a/. Research
on testing methods of Biot coefficient in reservoir with different
permeability and its influencing factors [J]. Chinese Journal of
Rock Mechanics and Engineering, 2015, 34(S2): 3998.
OUCHI H. Development of peridynamics-based hydraulic
fracturing model for fracture growth in heterogeneous reservoirs
[D]. Austin: The University of Texas at Austin, 2016.
FEPK, #2600, R AR BRI TE T]. R S
T4 TR, 2006, 23(4): 480.

WANG Guoqing, XIE Xinghua, SU Baoyu. Experimental
study of hydraulic fracturing of rock mass[J]. Journal of Mining
&. Safety Engineering, 2006, 23(4): 480.

BT, R, bR, & ALK RS R BB AR
SPHTLT] ARAERA A (B AR, 2002, 23(11): 1104,
LENG Xunfeng, TANG Chun’ an, YANG Tianhong, et al.
Numerical simulation and analysis on heterogeneous and
permeable rocks under hydraulic fracturing [J]. Journal of
Northeastern University (Natural Science) , 2002, 23 (11) :
1104.



