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RESEARCH ON TRANSIENT CHARACTERISTICS OF EXCAVATION
UNLOADING

LU Wenbo, ZHOU Chuangbing, CHEN Ming, JIN Li, YAN Peng
(State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University, Wuhan, Hubei 430072, China)

Abstract: On the basis of the analysis of process of excavation unloading and the calculation of its releasing
duration, it is shown that the excavation unloading during rock blasting is a transient process under middle to high
in-situ stress conditions. It is proposed that the transient characteristics of the excavation unloading and
correspondingly induced dynamic responses of surrounding rock should be considered under middle to high
in-situ stress conditions. Problems such as the determination of divisional excavation unloading corresponding to
millisecond delay initiation, the path of transient releasing of excavation unloading, releasing of excavation
unloading-induced vibration and the mechanism of dynamic loosening of jointed rock mass induced by the
transient unloading of in-situ stress, etc. are also discussed. Finally, two historical cases of excavation
unloading-induced vibration and dynamic failure of jointed rock mass in Pubugou and Ertan Hydropower stations
are presented as verifications.
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Fig.2 Blasting design for tunnel excavation

e s e e

i
Fi=l1=7 )k ()

e PO S i BUMOE BRI 0] N (5 40y
THERT G rey r NS =1 i B R AR DT
TE R B T T 214585 Py N A AR R zE 3 3 S WU N
o

X FBRON ) 45 1 [ TR B i) oot 2 1] 2()
71 B AR [BT B ) JF42 51 T b 1R 25 A4 40 38 IR 454
B, ERAARICESUE TS E . BRI, 2T
FIREIR  ANMRR T3 B a1 (P IR Y. ) 04
2s I 1) BY Y. ) 1R E
3.2 FEMEHBIZSERATR

FHZREJER I L, A AN ) (T 4247 230) 1 S 800
PR — N = e 3 ) . AR T2t 8
AP TR B FL B S G U T2 T TR i & R T
AT,

SR YL EapON L S AC N SN A RN S ) PN
L T A ) R B A, AR ) i AR Y

DIWTUR S AR A AT B8 5 A 42 1 (BB 31 91)
TE L5 R 1T R AR (R T2 B A R IR U : 8L I
SR S LA AR, AT A A

Wi e T TFAE AT BRSBTS 40 20 TT425 A 28R )
TERFEEI ) JS, AR — M EGETT, 27 AT
BB, T4 Ao 25 110 W 4 1) i R TR ) e ek
fif~ AFRECENAT R 104 5% EN Ay S5 A [ 047 7 2K
AT G, WK 3 pros(thd: 1, 2 #1 3 /a4
PEEIfT . SR B ey T 174 4R 5% EIAr ) o

Pt)

T, 4

K3 JTfestr i s X
Fig.3 Paths for the transient unloading of in-situ stress

1l 3 H 1K) 1 2 1~ 35Xk I ) R 8GR AT L3 3l 3
INA

P()=P, [1—%] (6)
B()=Be %
P(®)=P, cos(gTi] ®)

K P ATHZEIGT I LN ), o R 5
TAREN I, E ey DR e, i ik
A7 A PR sl i WAL, SR e A AU SRR S K
BEATRI R, 8 BB B 1 A T2 Sy D R h 2 2
IHEIE. WP IR, 1 — Rt JTHEer
BN EITBUE AT — B TR T SORS EEEK

4 FHEZGr BTSRRI Eh D B

4.1 FEEBTSEE IS A R E SRS

BT 2@ ERE, ASCER A3 AT R
TSN T HR N A S T4 A A A8 S 175 A 1)
H) NP TSR, AR HCR T S A
A3, AT BB T I [ AT IE M A F I 18] 2373 HYX 0.05



* 2188«

HAT D1 TR

1 0.75 ms; TR AR E T 1 FE R F e iy 4 5
(LB 3 g ihde 1), FFAEREAR EIAT (1) 47 252 I TA] Y
2.0 ms,

TS R, 8 BRI 1 4 7 TH B FLAR A
T B — Wl ik FLCE VR AL) A A s
FEC ) R A A R B S (PPV) e K. XT3 VB AL
BRI AR, AT SO AERUREf AUIR A 11.8
MPa)FlL R 4H . ) 739 24 20, 10, 5 F1 2 MPa
AT T2 I A A 5 R B IR s ) L L 4(BL
RS 73 BIARTR R fur BRI 407 28 Aar 15 A 110 4
).

—8—BL-V

30r —+—1S - 20 MPa
24 + —#— S - 10 MPa
a —%—1S - 5MPa
£
S
2
R
o ———== e B R M 00
5 8 Il 14 17 20 23 26 29
r/m
Bl 4 JTH2I0E S BT 5 A 4R 2 5 AR R ) i 6 Ll

Fig.4 Comparison between PPV induced by transient
unloading and blasting

H 1 4 v %0, AEWIEGRI. T30 2 MPa (IR 71 4%
PEF, BERs) T2 B e T . B A A
GEINJ 3R] 5 MPa,  RUEE— 2 R I Y [
P BT 35 | RS () 9 B ATk e TR 0 47 5 R T i
31, (H7ERERSI 0 105 m DIANTISER 15 & [
B TR S R IR . A ARG N )
HE—2B G, A 10 MPa, T2 A 4 I 25 1)
A 5 R IR Bz KT 1A 805 I I 9 3 o

FHULAT AT, FEmHNY 4T, AT E a4
M 5 SE) i 55 A P91 0 2 [ 2 30 o i 7 o f AR T 22080
(LRG58 28 ] DLRRA 42 1 R 4 2 oK /N (9 5%
B
42 FEFHBSEESENBERE

A AR R 7% = g T R AR A M ) b o S8 T s
PRFFZEAT 5B SR BIHLE], g r & 5 iR
07T B R TR A 5 | R A AT A2 2 1) ) 4k T THI
P AR R0,

W BDH AR IE ek R T2 T 1w B S
S fER 5@, E AR AC R CD PRALIEAS
WEAIE, 7EK 5(b), (o), SAEHEEETH AC
AR EE CD VI BB ET T2 K

2008 4F
A B
I 7 7 7
|
| y
|
o} -
C D X
H r
(@) FERAER I
A B
i
-.k\
C \\\ )
\““\
“““ q\
af‘*\
0] D x
Hl
(b) A 2L i
A B
o M o ¥
|
|
: _A G,
(,L_..‘-f"'fr-r- D
vl x
HA—

(o) HERFTEE

K5 BhAEERA DS R e P
Fig.5 Scheme of calculating models for loosening of jointed
rock mass induced by transient unloading®”’

WAILAEHN ) o, s TR LA R AR . T
A, AR U B T2 I A AT 15 1T B AR B 1)
BUL, OSBRSS NI BEAROR,  Z2ms FL v [a] 5 A8 T
2. AP Ny B, AT K
H Lo
(1) HEFAEAT AR
¥ B 5(a) ELAL I BH /KK [ 446 H W
71 o, AMERRAS I T7 N, 2 EERH ) IR, I8
O AR H LY BD b ) B KK CEAL RS N
oy L1 E s MAEESI M ST AC A, HIK-Ar
B 0.
KPR CD AFAEERR ), IR AR H g i
SRR
__ oiL
" E(o, + pelf)
Kh: u, p, g B F0NERAE L3 BDH 1)
HOVRLRE AT T I3 3 0 R TR K

©9)



F2r E11WY

PSP, AL TEASEM AR PRI T

© 2189«

AR, BRI A R E BT A ) B KT RS
NTF o LIE ;s MAEEWRR AL, WEsHmh 4C
AL, HACTAIREA N 0. XK WIEMEF S EA L
PER, SEEREIIE AC T, ANa kLM
FFILG, RUASS LA AR R Z)) o

(2) W I S fif Jo

el 5@, FREEASEEGRAT, MR
WIGHI Z(c = O)IS, BRIV REBUKF WA ) o,
£ 0. WRAIIRAKE )RR, EIEE e i
PEARTE BE BB IR RE 8 Al e A i) IS 8y, i
PR B AR SRR e — 0 B AR S B B
e, o T IR B A
Yelesii AC J5, YU BES Az g), 451 AC
PIFs SO E P AN AE A H T e IR EE RE 800,
[EECE S NN avmibun e

HY ACDB WM %, WEE5RTH AC K
S RIS, R e R S E ) R SR A

1 68 1oL
T 2Epef 2 E
e A4 BPACE [ NIARL R o

X A AR 5(b), (C)E L, [RIFE

FE AR W IR E R ATV TSN E SR A 2 2
= ot —pefo,L) (11)
2Epg(f —tana)

B FR o AT R AT LUR IR (1) fEdERRAS
AT, AP ACDB A FRPERI A R = A
BATWHAR L L, fEA ARSI AC b A2 L
iR A T IS . (2) Wk AT R, bk
ACDB I T H PRI B 7=k, has LK )
WHHARL R, FECEREIIN AC BhiHF, 7B
HWRTERAR SIS . (3) A BNIA R, S
SR AC HITR AR R R TP e 1 T A L s
T R AR, MR a<<0, N ZEAAYILAN )
SR, TESHII AC AR P P2 A 5K 88, B
SRIE IR PR 5K IS B8 ALK SR T 2N

(10)

1 (10) AN (LL) [l R LAt AT () S 5 A% A
N HERIRN IR, PR RIA AL
WK T PERI AT, A4S RS 1R 5K I
AN S HIAR I3 (K~ J7 B o e LT (20 A
SRR A, a2 A E e 1/ B RE
g iR LT A A I E AT AR S LA S B SR o

5 TiEHHE

5.1 FFIEEETTiE & iRzNEMER

TERER R AT K s, ML R 3 300 MW,
MR SR ER R UKBER . ) . 2ARE,
WA KBRS %, 6 4 FATA0 & 051 Kk
TR EE hy 28.9 m, 2 4% R KBETI I HhoCa [ 2R A
85.0m, I 6 fras. 51K TAE S 10.7 m 1)
(8] R4 BT T, R A D) A 3 1D R, G T RS
20.0 mx24.2m. MR X A AR S, BOE A
4 500~5 500 m/s.

| K B& I R R 7K Bl 42 3k e v 43 S 7 AT e
SR T o T4 35 1 0 FR A3 B 3647 T R S i 3
PREEIMEIN o 2 7K & V] 47 20 MR 00030 B8 P49 7K S ) AR L
] FELEHTAE N S84k 20 MPa Zid7: 51K B IRIRS)
AU B 1 B WO AR Y. )1 2008 10 MPa,  KAEh 2
ZK I 0 B ) —2F

VR _E 2 1 b SR T2 g v i B 2(b)
FiR. MALEAE N ¢42 mm, fLIEH 3.5 m, TaFELL.
LALLM G B 0 35, 32 il 25
mm. 7ERIAER 2° KA P IEXT 1R KR TFE 3% 1
[ B E IR SR ) iR Bl ) A i 22 DL T 7(a)(BL A
1REPRS), 1S ATFIZBEA A E RIS, MS JF#
HrREFE BN,

Tl 4R 22, 375 [ Bk 1 Bfim a2 1 4L
B 15 m, R SH05 RKIALL, B%Ed
HOh 48kg, 73 3 Butddg, d K2y E o 20 kg.
FERIAR IR 255 1 I P9 1E X 3% 5 K T2 25 1 1 B
SN P4 1 R B s R R L PR 7 ()

PR

(SR FRAY NG /5 A 3 ¥ i N Wiy =N

Fig.6  Scheme of underground tunnel and chamber group layout for Pubugou Hydropower Station



*2190 « FAA D1 TR 2008 4F
10T BL - wms1
o M BL-MS3 BL-MSSp, g,  BL-MS9 BL - MSI1 BL - MSI3 BL - MSI5
e i il At s
< 1S- MS3 ‘J\W\N‘*‘*“Wﬂ Is-ms13 ! ?:1‘— MSI5
‘% —05t IS-MS5 1 I1S-MS7 ' |g_ mso IS-MSI1
1o IS - MS1 . . . .
—0.030 8 0.1740 0378 8 0.583 6 0.788 4
EF A /s
(3) 4R R AK I R Py 2O 4R 3 i 4%
2
P BL - MS3
o 1f 1S-MS3  BL - MS5
£ 1S - MSS5
é@ 0 —
_1 1 1 1 1 1 1 1 1 1 1 1 1
0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.210.24 0.27 0.30 0.33 0.36
BHiE /s
(b) B4 5] K% 3 P g 5290 4R 20 o 4
7 RHABBE IR P ) S B AR B A 2
Fig.7 Monitored vibration time-history curves in adjacent tunnels
FH T R A ) M 000 A DE X 2 S i, mT A B e
S ] S 10 - \ N i T3 3 it T3
T SR B o R 3 7(a), P ﬁf
. N N o 2 b R PE )3 .
(O)FEAIITELS P S WRITHEENHTV KA 213 PR G = | RS
N . L — ~ A SO | -
I 22 0B, T LAHEWT, AR BRSNS el R / I TP e |
= 22 UE% SH SR N = ) 3% N I [
SRR L TR A I VR R ) R T AL o =
R

HARNZR 1.

R 1 SEHRBNBIE T AR VE T 2 1 I R 2 434
Table 1 Delay time analysis of different waves in measured
vibration curves

S o L S WG P B RIRENH G P
IpEe=1EA FL /M W 2/ms ST 22 ms
JEKBE 65 9.9~11.2 30
517K B&IR 23 3.5~4.0 11

H 53 L7 R 1] e 0 M 00 1] BB £ B 4 43 12 75 4
R MBI, 2T KBRS T2 15
A AT 5 A PR ARXT e 3 e 2L (9 1 A e 3 1) LA ) R
BRI NI/

5.2 FEBRSEHMEELZESXERIERLH

AIMPITHEREE, HECRRM R Iz K2
KM = KA % BRI HZRERAR LR ORI T2 9747
AT S AR — I GBI TTHZRER, Inl&l 8 .

H T T2 A7 R S ) F A0 (R R, TR
HARAE SUE AT A 1 N S, IR TR

K8 R il =R o
Fig.8 Scheme of excavation procedure of underground
hydropower station

(R R AR B o AR PR AR A B8, 5 AR
TN P2 AT 8 M PR TR, T B A I 2 3
fap[algi, SERKALTE, FFn] feik— ik R AL A
(1 Jet B 1 o

K L R TS S AR, ST 2
YRR P B 45728 T 5728 e B ) 220 e 370, 45—
Yk 2% ) VA = R N 45 B TF S R 989~1 010 m— ik
VSt BT, kT 28R Bl s
AR I B R 1 30~60 mm,  [A] I & T Mt
ERISEFIT R SR, R 1P~ 2 K 2 1],
S RE R B DR R TS 7 A 150 m®; 4 2
YRR B B AR B 98 A8 o Mg vl 2P WL ss A e
979.8~998.0 m — XTI G, HRTT Hts
0+60~0+130 Bt MG A A RERIE, HRAETE
B s 24.0~41.5 mm; 3 AR I A RN A R



P RN

PSP, AL TEASEM AR PRI T

*2191

TIFREL )T R & 4 #1750 KN AR b
Wro THEULHHMIE, % 2 A4 T A AR 42
il 53 30 Wk () A A 1

BRATVE K FLS R ) s TS A B T A
N (F5)0+107 ~0+117 iAk% 2 R w4508 2
cm ZiAi R 0.5 m [154%, 28T AL S 1
IR I T sE XN s B R e A TS
1T, RETTRE 2 AYPIRBEER, JFLLoe R B8,
UL AR T I R E  JEE AR 5 B R A AR R P2 A
BB BRI

6 ZHit5RE

I LA B ATANE, AT EL A INIZ, i

(1) FERES RIRBIOT A2 AL I a2 0 B0RE
BUR TS Ee IR, e MmN RN,
PRITA A7 B EA7 75 2225 S A 3 T I RE 1% 2
(LSBT IR

(2) THoer B RO RE T LU 5 20 Bt 22
BB BRI 9020 T A 3 WA s iy g 3 Aoy £
2 1] 55 =5 T ) 2 BOdE AT Hi A

(3) T ar B R TR B 7 R0, T2 BARBLAE
T2 B 5 5 B e sl B T A 375 0 B AR
AEFAZN 2 A5 1

(4) - MERIIER AT YR A% v N ) 4 DK H st R
] B3 T AERE R R T T 375 A Bl S e 3 B ke 2
AL B (123) SIS I AE T8 SO A

ARSCI) T AR T2 A7 282055 25 4 [ 50 3 580
I BRI ST IR0 G5 R, R I 424y 2 2 a0 AL
T2 A B A E A L R I e lod . AR
HRI B AR I RA ) AR S BB ik, T
XS R ARBN 1 50 LL SRR B 5 TTHZ 4 5
PRBNTR] R 73 2555 1 2 L e AR B — P9

& Z ik (References):

[1] READ R S. 20 years of excavation response studies at AECL's
underground research laboratory[J]. International Journal of Rock
Mechanics and Mining Sciences, 2004, 41(8): 1251 -1 275.

[2] MARTINO J B, CHANDLER N A. Excavation-induced damage
studies at the underground research laboratory[J]. International Journal
of Rock Mechanics and Mining Sciences, 2004, 41(8): 1413 - 1 426.

[3] BACKBLOM G. Recent experiments in hard rocks to study the
excavation response: implications for the performance of a nuclear
waste geological repository[J]. Tunnelling and Underground Space

Technology, 1999, 14(3): 377 - 394.

[4]

[3]

[6]

(7]

(8]

[]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

NGUYEN T S, BORGESSON L, CHNIMATSU M, et al. Hydro-
mechanical response of a fractured granitic rock mass to excavation of
a test pit—the Kamaishi Mine experiment in Japan[J]. International
Journal of Rock Mechanics and Mining Sciences, 2001, 38(1):
79 - 94.

SAYERS C M. Orientation of microcracks formed in rocks during
strain relaxation[J]. International Journal of Rock Mechanics and
Mining Sciences and Geomechanics Abstracts, 1990, 27(5): 437 -
439.

CAI M, KAISER P K, TASAKAYY, 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 - 847.

KESALL P C, CASE J B, CHABANNES C R. Evaluation of
excavation-induced changes in rock permeability[J]. International
Journal of Rock Mechanics and Mining Sciences and Geomechanics
Abstracts, 1984, 21(3): 123 - 135.

ENQELDER T, PLUMB R. Changes in in-situ ultrasonic properties of
rock on strain relaxation[J]. International Journal of Rock Mechanics
and Mining Sciences and Geomechanics Abstracts, 1984, 21(2):
75 - 82.

BOSSART P, MEIER P M, MOERI. Geological and hydraulic
characterization of the excavation disturbed zone in the Opalinus clay
of the Mont Terri Rock Laboratory[J]. Engineering Geology, 2002,
66(1): 19 - 38.

MITAIM S, DETOURNAY E. Damage around a cylindrical opening
in a brittle rock mass[J]. International Journal of Rock Mechanics
and Mining Sciences, 2004, 41(8): 1447 -1457.

MOLINERO J, SAMPER J, JUANES R. Numerical modeling of the
transient hydrogeological response produced by tunnel construction in
fractured bedrocks[J]. Engineering Geology, 2002, 64(4): 369 - 386.
MAEJIMAT, MORIOKAH, MORI T, etal. Evaluation of loosened
zones on excavation of a large underground rock cavern and application
of observational construction techniques[J]. Tunnelling and Underground
Space Technology, 2003, 18(2/3): 223 - 232.

MAXWELL S C, YOUNG RP, READ R S. A micro-velocity tool to
assess the excavation damaged zone[J]. International Journal of Rock
Mechanics and Mining Sciences, 1998, 35(2): 235 - 247.
YOUNG R P, COLLINS D S. Seismic studies of rock fracture at the
underground research laboratory, Canada[J]. International Journal of
Rock Mechanics and Mining Sciences, 2001, 38(6): 787 - 799.
CAI M, KAISER P K, MARTIN C D. Quantification of rock mass
damage in underground excavations from micro-seismic event
monitoring[J]. International Journal of Rock Mechanics and Mining
Sciences, 2001, 38(7): 1135-1 145.

WERKAS. A A RS E AR £ (1K) 12 0). e s
T FE% 3%, 1997, 16(4): 386 - 391.(HA Qiuling. Rock slope
engineering and unload in nonlinear rock mass mechanics[J]. Chinese
Journal of Rock Mechanics and Engineering, 1997, 16(4): 386 -
391.(in Chinese))

PREERE, Ak, ARG, A U TREA M N I R e M



© 2192«

HAT D1 TR

2008 4F

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

FUH LA LR EI]. TREHTEEAR, 2000, 8(1): 7 - 15.(CHEN
Deji, YU Yongzhi, MA Nengwu, et al. Some main problems on the
stability of high permanent shiplock slope for Three Gorges Project[J].
Journal of Engineering Geology, 2000, 8(1): 7 - 15.(in Chinese))
k. A R M]. dEst: TP IE AR L HE SR, 2003.(LI
Jianlin. Unloading rock mass mechanics[M]. Beijing: China Water
Power Press, 2003.(in Chinese))

BB, R AR A AR B R[], e
5T, 2004, 23(23): 4 095 -4 098.(LU Aizhong, JIAO
Chunmao. Discussion on two elementary problems in rock mechanics[J].
Chinese Journal of Rock Mechanics and Engineering, 2004, 23(23):
4095 - 4 098.(in Chinese))

FUSCE A A BROW], AR B RIR BRI R (R B AS
AT T[], A0 707 5 TREA#R, 2005, 24044 1): 4 653 -
4 657.(LU Wenbo, JIN Li, CHEN Ming, etal. Study on mechanism
of loosing of jointed rock mass caused by dynamic unloading of initial
stress during rock blasting[J]. Chinese Journal of Rock Mechanics and
Engineering, 2005, 24(Supp.1): 4 653 -4 657.(in Chinese))
FUSCH WML T M, SR w4 R R BRI R S R
PRBNFHEBIIE[]. A 0% TRk, 2007, 26(3% 1): 3293 -
3299.(LU Wenbo, 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): 3293 -3 299.(in Chinese))
ABUOV M G, AITALIEV S M, ERMEKOV T M, et al. Studies of the
effect of dynamic processes during explosive break-out upon the roof
of mining excavations[J]. Soviet Mining Science, 1989, 24(6): 581 -
590.

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 and Geomechanics Abstracts, 1990, 27(2):
129 - 132.

EWERE, BOEAK. A BB R AL S R AN 0], (LTS
1998, 16(4): 281 - 285.(WANG Xianneng, HUANG Rungiu. Analysis
of deformation and failure features characteristics of rock under
unloading conditions and their effects on rock burst[J]. Mountain
Research, 1998, 16(4): 281 - 285.(in Chinese))

R, Bk, DA, S5 B B RS BT TP R BRI &
HBEEAS NPT N). & A D155 TR, 2003,
22(8): 1255 -1 262.(XU Zemin, HUANG Rungiu, LUO Xingchun,
et al. Limitations of static load theory in rockburst research and
preliminary analysis of dynamics mechanism of rockburst[J]. Chinese
Journal of Rock Mechanics and Engineering, 2003, 22(8): 1 255 -
1262.(in Chinese)

DT OO, VFALYG, AR ARSI RERIAR N ) W A
BONARF[]. A4 0155 TRE2A4R, 2005, 24(3 1): 4 750 - 4 754.
(Y1 Changping, LU Wenbo, XU Hongtao, et al. Dynamic unloading
effect study of initial stress field in excavation process of large-scale
rock mass structure[J]. Chinese Journal of Rock Mechanics and
Engineering, 2005, 24(Supp.1): 4 750 - 4 754.(in Chinese))
HAZZARD J F, YOUNG R P. Dynamic modeling of induced

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

seismicity[J]. International Journal of Rock Mechanics and Mining
Sciences, 2004, 41(12): 1365 -1 376.

TANG C A, KAISER P K. Numerical simulation of cumulative
damage and seismic energy release during brittle rock failure—part I:
fundamentals[J]. International Journal of Rock Mechanics and Mining
Sciences, 1998, 35(2): 113 - 121.

KAISER P K, TANG C A. Numerical simulation of damage
accumulation and seismic energy release during brittle rock failure—
part I1: rib pillar collapse[J]. International Journal of Rock Mechanics
and Mining Sciences, 1998, 35(2): 123 - 134.

RS, REER, Lk, &% AR R R AR
) AR, 2003, 12(3): 104 - 110.(XU Zemin, WU Peiguan, WANG
Suda, et al. Analysis of energy released in process of rockburst[J].
Journal of Nature Disaster, 2003, 12(3): 104 - 110.(in Chinese))
Fdiey, PR, /o0, MO RTLE J AR A R A 3R 4 A S 0
HL RBOUKFI K2, 1994, 27(4): 394 - 399.(TAO
Zhenyu, DONG Zhenhua, LU Wenbo. A theoretical analysis and
calculation of pressure course of unstemmed borehole[J]. Journal of
Wuhan University of Hydraulic and Electric Engineering, 1994,
27(4): 394 - 399.(in Chinese))

TAAE. EAEh M) JEst: Qe BRSO e, 1990.(YU
Yalun. Rock mass dynamics[M]. Beijing: Science and Technology
University Beijing Press, 1990.(in Chinese))

FELICE J J, BEATTIE T A, SPATHIS A T. Face velocity
measurements using a microwave radar technique[C]// Proceedings of
the Conference on Explosives and Blasting Technique. [S. 1.]: [s.n.],
1991: 71-77.

PREECE D S, EVANS R, RICHARDS A B. Coupled explosive gas
flow and rock motion modeling with comparison to bench blast field
data[C]// Proceedings of the 4th International Symposium on Rock
Fragmentation by Blasting. Vienna, Austria: [s.n.], 1993: 239 - 246.
7, SO AR RSN IR N ) B A EV T
RINHEEIRIDIIR]. &A1 5 TR, 2008, 27(4): 773 -
781.(YAN Pen, LU Wenbo, ZHOU Chuangbing. Study on impaction
of initial geostress field on vibration of surrounding rock during
excavation with drilling and blasting method[J]. Chinese Journal of
Rock Mechanics and Engineering, 2008, 27(4): 773 - 781.(in Chinese))
AT MR T ERA M ABRHIE]. K A, 2000,
16(4): 54 - 61.(CAI Dewen. Deformation characteristics of surrounding
rock during excavation in Ertan Underground Hydropower Station[J].
Design of Hydropower Station, 2000, 16(4): 54 - 61.(in Chinese))
ZEIENN. K H bR T s FR G A AR AL[I]. YK
JikH, 2004, 23(1): 43 - 47.(LI Zhenggang. Study on surrounding
rock deformation of underground chambers at the system of Ertan
Hydropower Station[J]. Sichuan Water Power, 2004, 23(1): 43 - 47.
(in Chinese))

RIOAR, WG, B . AT K il =) 5 R =4
FBlA AR TE[9]. U)K F1 % HL, 2007, 26(4): 68 - 70.(SONG Xudong,
XIANG Yongtao, DUAN Wei. Surrounding rock deformation of
caverns in underground powerhouse complex at Pubugou Hydropower

Station[J]. Sichuan Water Power, 2007, 26(4): 68 - 70.(in Chinese))



