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Numerical simulation of blasting excavation
induced damage to deep tunnel

1,2 : 1,2 1,2 1,2 : 1,2
CHEN Ming"“, HUYing-guo“, LU Wen-bo~“, YAN Peng"“, ZHOU Chuang-bing"
(1. State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan 430072, China;
2. Key Laboratory of Rock Mechanics in Hydraulic Structural Engineering of Ministry of Education, Wuhan University, Wuhan 430072, China)

Abstract: Blasting excavation disturbance is an important influence factor to the inoculation and evolution of deep tunnel damaged
zone. According to the drilling and blasting excavation process of the tunnel, the disturbance effects induced by blast load and
transient unloading of excavation load are analyzed; and based on the LS-DYNA dynamic finite element program, the numerical
simulation method of blasting excavation disturbance is proposed that using nodes reaction to simulate the constraint of the awaiting
excavation tunnel rock, controlling the change process of nodes reaction to simulate transient unloading of excavation load, and using
blasting loading change curve to simulate the effect of explosion. After that, the blasting excavation induced damage of tunnel rock
mass is analyzed by the method. The results show that the surrounding rock damage zone is mainly caused by the in-situ stress
redistribution and increased by blasting load; the surrounding rock damage zone is maximum when the transient unloading of
excavation load is taken into account; and in-situ stress is higher, the damage caused by transient unloading of excavation load is
more remarkable.

Key words: tunnel; blasting; damage; transient unloading; numerical simulation

TR BIALE DR R4 S0 Bl 7 ) T 40 A TSR 1
o PR 3 LA % T o A A e o AR I B L B

IEAEXCEE AR B DE — S QUK B A ) A BRI Bl 4540 1 3= B i U,
IKAGTR PG L S — KRB SR KB K TR EARAE Cai MR T M R S TF5 58 U W T A e
REVEH . PEACHIX SR b, BT T RIS N TR AEL, AR R T i
INPAR SENN 3 R et i iR IS (L] D NI e () VWA W TS| DA et L1 N N N =
AL SREEA A RS, R AT E AN T bR, AU T A A A R R
P RIHZ I 2T B BB B, b SRS T A

PRI SRR BN L (e, F2k R P Ia ARG A8, Ma® 1 Zho!"
Weka HI: 2011-02-09

FEETH: EHZK 973 WRITIH (No.2010CB732003); [HZK AMEEHEEINH (No. 50909077, No. 50725931, No. 51097111
WEEEA: BRE, B, 1977 E4R, 1L, mIEER, RENGEEAF) ) TR T MIMFF . E-mail: whuchm@yahoo.com.cn




1532 w t

Joo 2011 4F

REAEREIAR J73E, BES0 T B BAE I A4k
(A5 KRGy el B, 1 WA RS T R
THZBE T AR S B o M ik . MERTSE
TR RS AN R (830 1 AR A 4 2
P Carter SF B LM, 5 RFF 5 E i %
P, XES MBI Cai FPRFFCRIL, wilb
IVFAE S S R L SHE raVap VAT NS Eabh BEE kU1
AT EZE; 5 SO R O RS T2 A
AR BOT AT HRFE, UCALE R SN g
AR, i B IR PR TTHZAT B IS E R S
g s R ek, an ki
BT B RRNER, TS EsR R g0k
Sl DA P R AR DA DN 4 R AR, R T )
Wt A S B PR B O (R SN o YOI T 5
W, BEBOT IR R 2 N T 5 2R
B O NP [N A S W W PR 21
WA EIAT N RO FERT, sk pe b, sy g i
BEROT I RE s DM FH 7= A T2 4 2%
AT, T2 AT A 4 5 S Y ) E A,
SAAYE, H AT AR KB = R
ARG A SCOCIRR T

ASCHT LS-DYNA B A IRIGHEF, Wt
SR ] oo M N2 s AR T2 PR B T2
AR AR T S B ) AT R B A R BB
Tk oA N ) AR T A2 B0 Rl 4%
PIRaNE, VPR T il 12 5 fE S S At o
2 IR (R TR LI

RIS AR AL T i N RS Y,
Ty RAE RS IR, AT AR LRE AR A R S
i) C2RD ABUE, RSO A i, goTes
AR BT D4 B VR 40 AT 23RS (IR TR 2K
BT B AS A, K B rh ORI A B,
T3, EVEN T BRENE N T B Er AL i, X IF
B EA P A BT AT, IR AT RE 2 X AT
T2 B R A AR SRR = [ AEAN RIS L, 51
Bl PRl R RVE, FER AT T RE A

REREFHAZ P00 [ (K R, 3 S5 Bk g
B TTAEA BRSSP TA 20T B 4 1 3 S0
Bl N Ay AT DG, e B ) F oy A1 2 FF A2 A 282
WA AT 2R, DRI, ASSCE BT B A 3
DA AT 0% % X B R R o
2.1 BN

REXEAT BN S AR LAV, T2 B2 BN AT 2K

VA RSUACIAR R 76 C-J 40F R, K241
IR R T4 Py 7

D2
p =P (1

A BOMEAREEEIST) (Pa);  p, N ATAILE
WIS (gom®); D RIELIRE (m/s); y AL
ANERHREL B 3.

XA SR ARE A LA, R
[ BT REAT A AR P T LB S (AT e ol s g DA
PRI AR 2R 25 26 A 1 SLEE AT dr b o e I s

%[]7718]
2y 7
IR
b b

X d W ER; d, WHILER; LN
KEs 1, WIBALBEBK R, B =055 n A
TR S FLEEIN R KRB, n=
8~11, XFLIIEL, £9H 10,

G54 SCHRI191IIBF FE R, M FLARR I A 2
HFE B (2) i R 1 Bios, By W3
WA, ¢ RRRNETT R ETFIN ], o IR A LR
YERTAS FHE M A IS 2, ¢, IR ERTUE R
Y FH i)

B 1 RHFERTEAITTIEA B S I PIRE i £k
Fig.1 Curve of blasting load and transient release
of excavation load versus time

2.2 JHZAEBESEIR

O 200 A3 W 28 0 X L PR DL 8 52 TF 42 4y 3
WG SURE2 i

(1) FTHZATHIEE

BT e AT, DT A B A 5 B e Y
TG AT o F VAR ) I 8 A
BE oy M oy 7099 HIUR S T 1) MKP [ oy, )
] B R T R AT 4% (3) R,



%5 R WIS RHRBEIR AT AZ 0 S48 (5 1 B E R 1533

O
P ==2[1+A)(1-n%)-
s ==L+ =)
(1= 2)(1—4n, +3n,")cos 20 |

P[:%%ULh@O+mﬂ+ﬂ—lXHﬁmﬂam%q

2

e ) Ny
P, = 7"(1 —A)(1+2n,° —3n,")sin2¢

(3)
itl:'j A:GH/GV; 771':ri/ri—1’ r;*ﬂr;flj'ﬂﬁ%ri&%

i—1 BRI % 42 P,. P\ P,
Wk B J il o S BE B o SN S, R
ber s @ M FRRBIRIN; o R EIFEEEF
o

gitr i (3D, IR R B e R b5
A W THT 5 B S BRI ) 82 1) I g 2548 B 5 n
(4), P, RIAFFZ A 00 .

P =P-P, (4)

1 —

SR TERE IR T2 5 110 _Ee AT FE a2,
KA BT A HUEL T 2 5

(2) JFfEE i i

PR RE R, B REEMN R AE S YR, JTHEAT
BAERERIN AR, (RGO R N )
erbo D, ESLIRZRGUBT AT, ORISR E
FEJR DI, 2 R I B B R
SAAERGTT . AL AR T IHZ A8, 47
UGN EARBUEr 5N o Bl A AR,
Y gt MR, MU B RURR, A
SETHZ I R AP E A o TR A 28002
Fr L EEHE N I ESEAAE, L, THE AR RS
T AR AR I 21 5 o I R S R P T r 2 A A
e EAT LI E R B8O/ B R s A A
W 1, g NRIEETTAR IR TFE A B A e
R e 55 B 8 E DA L

3 H BT E ) B E AR VA

BT Ls-dyna s IATIRICRER, WITUGHR A AR
BB Z B B 5
3.1 BIERTE IR

AT L EEERIBU LA A TR (1D 2
e AT X E 29 A RHRAY K TWL 7 RS XA 2K
(2) MLz RN A58tk r 28 (3) MafLEE Bt
IR M 2 . RER A IOXELI PRI J TWL
TR, PR RSB X 28 B )
AR, (EAERET BT A2 e )
SOREN, R R . B4R

JOTRORIN, F B0 BRI/ o B b S oo s
%, BUUTHE R PR, SR AL 2 i n 4%
BRAT R %, AR b 43 BT e X (1 A AR )
FEME, AP B A AR, ek
M LT X () N B R B RE I, AN RE A AT AL X
FRIIBNm NAREE  T ML b A A 2
ek, FERAE 1 PR EmEcR it 2, BE
Ay BT, XA RE AL LT X 1 3l g
MR (ERRIR 2 R, AL — %, R
K FURE F i hn ke far 2t Ze i) 7, wl AR
HiE, HRREHER,
3.2 IAFFAHIEL

10 52 IR Kb B — T2 Bl ) A7 B T 2 B 1)
o BEIRFZ Z B0 52 8] — AN WIERHUNY. Sy 52, - (7]
i, TR TE AR, K, AR — AL
BT S, N WA S A, — A SRR
W RS AR FEE . Ls-dyna 18K
FATG S S 320 5 BRI (R A RS, H 2k i 5t
AT AREC L RN, TG R A, WG R
BT R L, IS R s, B,
AT I B ORABE AR ST I 428 il 550 N ) LS s S S
X HE BT AR U LA SRR o G N S
FEI AT AT 2 2l 2

Ct

LBTP (5)

A LRI FHTE R C, ha iR rh Ppad iz ;
t NGNS G A A IR B RS ] o

XTTAG N J7 AR, R AR (1 S B 7R
A&, IR )4y AN 2 N e A A S
s IR 2R LA B STAT IR M AR, R
PR (A2 JI AR ST S5 D REREAT A N 282057 25 73 A 1
IS RIRaAG AT ST A LS 337 (KA o
3.3 JHSAT BB EI AR

ML T LSS R T I 8 Py
e AR E AL N, T2 2 A
T AR AR IS 21 5 o I ) B R P T r 2 A A
Feo THZBU T, AT e A 5o R A4k N L)
TTHZRR S B DR R AR AR E RIS AR (19 e
GITER RN IR i S Sebr A 220 . LI, 45
LB TR R R ER IR AR, AETT2 8 BRI L
Tt BT RIS, i 3 %
Al B IR, RUTH2 Ay 5 I 2 0 r i o

WRHEA (3D, A MITHIE)E, THEM K B 2421
Hpi KDY 3 AT R ST 1 T AT
AT BOICVE RSN 2 A, R BRI T2 A



1534 b +

Joo 2011 4F

L G DR LR ANMR i RS S RN )]
(R T Y IRy ES SR e an cNINESE (B ER
W 2 P, BRI R AR R, B
I S S ET R, ST RN e 3
AT 1) i B R AT A0 O B AR R 452
JSCT RIS g I A T AR R AL T 5 1%
L, RINE CRR EPOTHZ AR |, ik
FUREUTTZ Ay B A EAT 1K H 19 o

Py

JHZ eI

B2 FRRAMEATEHE
Fig.2 Sketch of the node counter-force

TR B A T I FE - 2 WL 1 R e i
ﬁ JHERe R BN T, RIS L — A
S IR R BS TR A, FLE8 1B 2 5 e 2
W%m%iﬁﬂ o

4 BEROTIZIEh 05 N AU 73 A

4.1 ERREREEUHEN

(1) BBTFZILEN T A i i

EARI RS 5N AR R M, Olsson 5T T kit
DEEAE I T RAS SN 10°~10" /s 1 1 Sl He
SRPEEARAE, K HR B AR R R RN

{éo.om £<76 S—I
G4 o35 . -1 (6)
£ E=76s

TR o b Y g W A D 28T 5 RS 1) A N AR
K eAR10"'~10"s mEP, Bk, "TLLAK, Hb
I35 e IR TR A I AR FEAN SR A i B AR
ERW, MEER AR R, NARRAIE10° L,
UBIN, AR B ) s A

(2) H g v

NN, SRR N 222,
TR B 4 AT T R = R A, AR Y R
AIANE, AR AT BRI H Hs BRI b7 i S5 475 A
FRAE o SCHR[16)SK A Griffith 5i 5 W ) 43 BT 5 A e
(RIREIR AN Cai A5 R B o (¥ 3 ) TR AR
A, BT DR, AR SUR RN RS

A AR N AT ORIBRA DX, [l e b /R
AR R,
0, -0, =A0'0m}
7
0-1 _0-3 :Bo-cm

L o oy R RN EN T o, N
R BAIPUESREE ;s A B MBS KL 25
Py VAR RS AN E A G A ST IE S E AL (TP N = AR P X e
B, 0TS R EEA R, A B IHUEEH
I35 0.4~0.5 F10.8~0.9; fTr e ml 7 i 1
aE, A BIIBMETEHE 4 0.5~0.6 A1 0.9~
1.0.

F BRSNS R 5 N AR FAH K IR, (D

EIEA
0, -0y =A4o
(8
o, -0, =Bo,

Kt o, WK DU
TS A AE DL AT R 4 R ) 2
o, AR K N R

0y, =—04 D)

Lt o, WA ERNTT: o IERIIBhBUh R .

AR5 283 (8) FIWT A (040 S ik
Y, bR, WO RAESGGR A A XK
R A IR, 4 EHECR 0.5,
42 HAE5ZH

K Is-dyna SRR TTF2PLEN 0 RS BE 5
ENINEGEviT 27N (BT

(1) s

TRESE B, 32 B TR RA 0 R I 5 (1 £
T, T TR K VR FLI R O B TR s
— AT B B R VO R Y, O YO g
B FEA2 50 BB AR A0 200 o AR B T s F LR B
RS BERETE, WE 3 FrR, g 4 FRIoRIY,
HAEALEA A 42 mm, FBIFIZEENE 1, B
K550 160 mx 160 m.

(2) B8

PRI AR I Z R F B VE BB A, % a s i
I AR ARG, NWARA ] Cowper-Symonds F7 K
H L&, P RNAR AT S N B R i IR 1P,
RS H S AR Bt BOK sk S K BRI K 514k ) 25
HHUE, W& 2. NAERSE CH PR EZE
558 8 B AR 2R PSR R A A 2



55 73

WAk YRR I R AR P2 B0 0 R0 ) B A A4 1535

B3 BRI A
Fig.3 Drilling and blasting design sketch of tunnel

R1 BRSBRUITZEER

Talbe 1 Tunnel excavation radius of each section

e HALA SR
/m
1 LR 0.32
2 AL 1.10
3 AL 2.00
4 JepEeL 2.50

R2 HEBHWENFESH

Table 2 Parameters of rock mass

P EERUS Pk P2k B¥ BN
i SR WAkt g R c »

/GPa  /(g/em’) /MPa / GPa

40.0 2.65 0.22 50.0 6.0 40 22

WFgTt RErp, B ) [ 2 B 20 MPa, A
VT NCIb: AV Y e 3 8 B a7 )b N E=diNE ]
RN, MR REA 4350 0.5, 1.0 & 2.0,
IR YAy NS I = 57 3 B vk WP R EE b
MBI, T3 R Lol (1) {5 ER SRS
IS S AR (2) 2 R KE iy R Bl )
FO AN (3) FHRBERNEARTE. FFEm 3
ST B DR 425 Ao 8 A AT S B0 B B ) . A
SLfR 4 FH IR S

PRI R b, 2e 25BN 25 mm, MEZYE)E
1.1 gleny’, BRI 4 000 mv/s, BENERTEIE(E 122.3 MPa,
VEFAREFE MR 0 1 TR, 1, 8.0 mso ARHEIRNERT
BB A IR K AR I (RS fr DS, A
S8 TTH2 AT A3 % 2 0 (1062 L N 200 AR A R, 24
FESZREA AN LI, BRI TR A s 0 2 2
SR R ) SR I R 2 1 4 TR
43 HEER

THEAS B PR T8 B LA B2 41X 43
AT S, P P B SR F2 50 0 T (1) 2 R 42 280
ENES A GERE TSEUNHIX, B2

PN A 28055 R e N B A AR B 5 0 X
IRANER G A RENEAT R TFAZ AT B R A E AT e Bl Y
T ATIERAE ] I A B

200
160 ) e

- — X IIFE gk £k

<0 BT Y [ PRk

a2

T

&

® 80

H
40
0 1

0 2 4 6 8

s} 7]/ ms

B4 THEFERES A PR 2
Fig.4 Curves of transient release of excavation
load versus time

A 28N 154 47 Vi

2 FERNEAT 305 TTHZ
5% 25 T ER45 475 Vi

(@)a=05

IS W) (VALY 418

B RN B 5 TTHE

AL fitimE| Tl 25 Ay NI 40 71 P

(©)a=2.0

B 5 ANFENESD BRI B GIX A
Fig.5 The damage zone distribution under different
lateral pressure coefficients



1536 b +

71

2 2011 4F

S w5, AFENIPRETS, FE X
OIATRFAES AR . S R B 1, #i5IX
W FHZ R B 3 A AN, TR, JKF
[ FTRE BT ARSI [F) s U D RECAR A 1 INE, i
DX IAE s KN, g 5 1) S A o SR
TR BRI VE R R %5 BRI (A9 ) v )
WA 3o HEAHL, NI E A A SRR,
FLA 0 X E 2t N A P S8 BT
BRI KA G, 5 IS 2 A BB E 4R
AR X K. i H, SR MR, TF
AT 28 M 2 R A A FH B84 K %) L2 3 4 91 B AH G 82
AN, EEARATLLZNE, Wi S(@)FTs, SN
fEn I, A AT R 2 SE Ay ] B LS 0 X N Y
K, Wl Se)fim. W, fEmHN 400N, A
A TFAZ A7 3 P A Ay VKT BB (R B A A
ANET 2 A0

®3 FEBRAROER

Talbe 3 The maximum range of excavation damage zone

T B EE/ m
A=05 A=10 1=20
Ny E oA 0.97 0.82 4.12
N ) F Sy AT A+ PR 3 1.15 0.93 4.55
JR AT B A F 325 4 0 A5 B Ao 1.15 0.99 5.21
5 4w

(1) SRR R T AR R TT 42 4
g S (BT PPN EP S AR s R A A 1
BEIEAE RS, AT A M AT A2 1 rh e i 2
LT A B A B nr R 15 A HN B sl o

(2) BERRBITHZIEN &, Bla v dgp Aoxt Bl
W, A AR X 32 e e Y F A
B BT B AR KB S R L, %5 80T
FAr 2B 2 S A 1 R e B 0 Vs T e K

(3) ANFHUY IR, S R ITFEe 2E As El
Arr 1 FORE B B2 s AR, 23t AR
JTFEtr R A E o Bl B i, Al T
P Y F AN, T2 Ay I A X L (K34
L IVATE

ASCHEFERERE A, DI R AT 5, R
7 L& MRS R TR SN, i AR S A T Bl
EI LR XA X o AAT B, %0 AR
(Bptimi 20/

2 % X B
L EAEEIMY bt KR R A, 1993,

(2]

[4]

(3]

[7]

(]

SRAGIR, ERE, M, A R0 IR e e A
I SHERAUD]. 540 0775 TREAR, 2010, 29(10):
2063 —2068.

ZHANG Chuan-qing, FENG Xia-ting, ZHOU Hui, et al.
Brittle failure of surrounding rock mass in deep test
tunnels and its numerical simulation[J]. Chinese Journal
of Rock Mechanics and Engineering, 2010, 29(10):
2063 —2068.

B e, XSGR, N ) AN KB R T s RS
X AR L SRR, A%, 2010, 31¢ 1):
330—336.

WEI Jin-bing, DENG Jian-hui. Variation of excavation
damaged zone and back analysis of large scale
underground powerhouse with high geostress[J]. Rock
and Soil Mechanics, 2010, 31(Supp.1): 330—336.
KWON S, LEE C S, CHO S J, et al. An investigation of
the excavation damaged zone at the KAERI underground
research tunnel[J]. Tunnelling and Underground Space
Technology, 2009, 24(1): 1—13.

READ R S. 20 years of excavation response studies at
AECL's underground research laboratory[J]. Inter-
national Journal of Rock Mechanics and Mining
Sciences, 2004, 41(8): 1251 —1275.

CAI M, TASAKA P K, MAEJIMA Y, et al. Generalized
crack initiation and crack damage stress thresholds of
brittle rock masses near underground excavations[J].
International Journal of Rock Mechanics and Mining
Sciences, 2004, 41(5): 833—2847.

B, WREE, SR EL A ORI T B ket
W], TAEEERE, 1997, 3(2): 17—22.

LI Ning, CHEN Yun-sheng, HAN Huo-yuan, et al. Study
on dynamic damage behavior of rock under blasting[J].
Engineering Blasting, 1997, 3(2): 17—22.

Bk, AL BRAEARIE RN A A REUN T L
BRI BRKE S ek, 2001, 21(2): 111—116.

YANG Xiao-lin, WANG Meng-shu. Mechanism of rock
crack growth under detonation gas loading[J]. Explesion
and Shock Waves, 2001, 21(2): 111—116.

MA G W, AN X M. Numerical simulation of blasting-
induced rock fractures[J]. International Journal of Rock
Mechanics and Mining Sciences, 2008, 45(6): 966—
975.



55 73

WAk YRR I R AR P2 B0 0 R0 ) B A A4

1537

[10]

(11]

[12]

[13]

[14]

[13]

[16]

ZHU Z M, MOHANTY B, XIE H P. Numerical
investigation of blastinginduced crack initiation and
propagation in rocks[J]. International Journal of Rock
Mechanics and Mining Sciences, 2007, 44(3): 412—
424.

M, TREZE, BRIRVE, 5. MR = T2 AL
S BUE T ). 0024, 2010, 31(8): 2613
—2618.

XIAO Ming, ZHANG Yu-ting, CHEN Jun-tao, et al.
Numerical analysis of excavation damaged zone of
underground caverns induced by excavation blasting[J].
Rock and Soil Mechanics, 2010, 31(8): 2613 —2618.
CARTER J P, BOOKER J R. Sudden excavation of a long
circular tunnel in elastic ground[J]. International
Journal of Rock Mechanics and Mining Sciences, 1990,
27(2): 129—132.

CAI M. Influence of stress path on tunnel excavation
response —— Numerical tool selection and modeling
strategy[J]. International Journal of Rock Mechanics
and Mining Sciences, 2008, 23(6): 618—628.

PG, AT, BRI, AF THZE ISR T,
FAT A5 T RE2ER, 2008, 27(11): 2184—2192.

LU Wen-bo, ZHOU Chuang-bing, CHEN Ming, et al.
Research on transient characteristics of excavation
unloading[J]. Chinese Journal of Rock Mechanics and
Engineering, 2008, 27(11): 2184—2192.

FWIE, VSt ASCH AT RN L],
FA 1R S TR, 2010, 29(2): 234 —241.

WANG Ming-yang, FAN Peng-xian, LI Wen-pei, et al.
Mechanism of splitting and unloading failure of rock[J].
Chinese Journal of Rock Mechanics and Engineering,
2010, 29(2): 234—241.

PR, SO, AN, A RRBRIR R TR B X
ISR PERE T[], A 00 TARRR, 2000, 28(8):
1552—1561.

YAN Peng, LU Wen-bo, SHAN Zhi-gang, et al. Detecting
and study of blasting excavation-induced damage of deep

tunnel and its characters[J]. Chinese Journal of Rock

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

Mechanics and Engineering, 2009, 28(8): 1552—1561.
T, BHIREER MY, o KR Tk AL, 1984,

AR, HAZIF R SRR M. dbR B4 T
b H AL, 2002.

Wi, B, BRI LR G 2R A R 1 A
SE[CY/3 —mA E T2 A5 RSI Jb:
2010, 773—777.

PO, BRE, TG, A
R PRERF AR 5[]
26(3% 1): 3329—3334.

N ) 2 AT BRI TTHE
HA N TTREAR, 2007,

LU Wen-bo, CHEN Ming, YAN Peng, et al. Study on
vibration characteristics of surrounding rock induced by
tunnel excavation under high in-situ stress[J]. Chinese
Journal of Rock Mechanics and Engineering, 2007,
26(Supp.1): 3329—3334.

OLSSON W A. The compressive stength of tuff as a
function of strain rate from 10-6 to 103s-1[J].
International Journal of Rock Mechanics and Mining
Sciences, 1991, 28(1): 115—118.

PR PR 1L g I A A o R B R A R S i 18
FALRSC D). B BB, 2010.

BbR, BUKE. A0 A Rsh s S sl S i
W] B (A RREARR), 2008, 36(12): 1599
—1605.

QIAN Qi-hu, QI Chen-zhi. Dynamic strength and
dynamic fracture criteria of rock and rock mass[J].
Journal of Tongji University (Natural Science), 2008,
36(12): 1599—1605.

PSS, BEACRS, KA. A AR N S A
B A4 15 TRESAR, 2003, 22(11): 1771 —
1776.

SHAN Ren-liang, XUE You-song, ZHANG Qian. Time
dependent damage model of rock under dynamic
loading[J]. Chinese Journal of Rock Mechanics and
Engineering, 2003, 22(11): 1771—1776.

LSTC. LS-DYNA keyword user’s manual, version

970[M]. Livermore: Livermore Software Technology

Corporation, 2003.



