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Control effect of large geological discontinuity on seismic response
and stability of underground rock caverns

CUI Zhen"?, SHENG Qian"? LENG Xian-lun"?, LUO Qing-zi’
(1. State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, Wuhan, Hubei 430071, China; 2.University of Chinese Academy of Sciences, Beijing 100049, China;
3. School of Civil and Transportation Engineering, Guangdong University of Technology, Guangzhou, Guangdong 510006, China)

Abstract: This paper studied the seismic stability of the 1% surge chamber in the Baihetan hydropower plant under the influence of
interlayer shear weakness zone (ISWZ) C2 regarded as the large dominating geological discontinuity. Based on the dependent
behaviour of normal stress, a nonlinear continuous yielding (CY) model was adopted to describe the complex mechanical properties
of the ISWZ C2 under static and seismic dynamics. In this model, the deformation characteristics of the discontinuity surface were
expressed in terms of a power function, and the progressive destruction of the strength during shear failure was also considered.
Besides, 3DEC software was applied to verify the CY model. Then the applicability of the CY model was proved by comparing
experimental results with theoretical solutions. Three ground motion waveforms were utilised to conduct the seismic analysis of the
#1 surge chamber after the special response spectrum matching process. The seismic analysis confirmed the control effect of ISWZ
C2 on the seismic stability of the cavern. The seismic displacement of the cavern was mainly the elastic body movement and was
supplemented by the plastic deformation. Furthermore, most of the deformations were caused by the contact deformation of C2. For
the contact deformation of C2, the magnitude of permanent shear deformation was larger than that of the normal deformation. The

magnitude of permanent shear deformation was more obvious along the strike direction of C2, and the permanent normal

2016-04-22
(973) No. 2015CB057905 No. 51779253 No. 41672319
No. 2016YFC0401803 No. 2016A030310345
This work was supported by the National Basic Research Program of China (2015CB057905), the National Natural Science Foundation of China (51779253,
41672319), the National Key R&D Program of China (2016YFC0401803) and Guangdong Natural Science Foundation (2016A030310345).
1986 () E-mail: zcui@whrsm.ac.cn



1812 2018

displacement of C2 mainly occurred along the dip direction of C2. Finally, the seismic stability of the cavern was determined by the

overload method. The measured seismic safety factor of the cavern was approximately 2~3. The findings in this study may provide
helpful references for the seismic design of the underground caverns.

Keywords: underground cavern; seismic stability; structural failure; discrete element method; continuously yielding model

1 PSHA
2199
1)
8x1 000 MW 439.0 mx32.2/29.0 mx
90.0 m 400.0 mx20.5 mx33.2 m
4 44 48 m 1976
100 m 2" 1988  Spitak
350 m BI 1995 1999
Bl 2007  Singkarak
120° 145° 15= 20° 2008 =51
P, PPy PP P,
P,B;
P,B;
91
Cc2
1 [10-11]
22 17 10 MPa Chang [12]
Dowding [
[14]
& Chen
Genis!"!
Ayden!'®!
@ Zhao 7
\
1 Cc2
Fig.1 1SWZ C2 as dominating geological discontinuity in
the planned project site
[18-22]
DL5073-2000
(1) [13-14,23-24]

probabilistic seismic hazard analysis



1813

[25]

C2

continuously

yielding CY C2
CYy

CYy

C2

C2
C2

2.1

120, 26]

20 cm

10 cm

Fig.2 Photo of ISWZ C2 and its components

(271 0.5 mx0.5m
0.3 1.2 MPa

/ MPa
©

/ MPa

C2
3 Morh-Coulomb
f=025(p=149
c=0.04 MPa

1.2 | o9

1.0 | )

08 S8 B

0.6 | ] [y

04t /o N

0.2 ’/' —CY

0.0 1 1 1

/ mm

040
035 F
0.30 [
025 F
0.20 |
0.15 |
0.10 |
0.05 [
0.00 L L L L !

(b)

cy/ « 7 )

Fig.3 Field test results of C2 (solid lines with dot) and the
corresponding simulated results via CY/Linear model

(red/blue dashed lines)

Morh-Coulomb (271



2018

1814
Cundall CY
(221 CcY CcY C2
3 CY
/ CY Morh-
Coulomb
CYy
Ao, =K Au, W cy o
g 400 F °
Gn ul] g °
G
K, =
Kn = ano—nn
an Kni
e ]
n 0.0 02 04 06 08 10 12 14
2 CY / MPa
(a)
500 .
cYy Z 400 | ° ° °
=2 °
= 300 | °
At =FKAu, 00T o
<
r FCY 100 r
0 1 1 1 1 1 1 1
K, Us 00 02 04 06 08 1.0 12 14
/ MPa
K.=ao ®
0 4 C2
a, Ky Fig.4 Relationships between contact stiffness
e and normal stress
F
3
2 P C2
[22]
2.3
3DEC 3.1
Cy 3.1.1
ISWZ C2
CYy 1 (291
1 ISWzZ C2 CY
Table1 CY parameters for ISWZ C2
Kn Kni @ Pm
/ (GPa/m) & / (GPa/m) & /() /()
033 025 0391 0652 155 7.0  1x10° Pyrak-Nolte’"
4 C2 1
R =
5

1+4( K“j
wl



5 1815
dma
p CY 2 oo
B
Kn = KniIB 8
R T BB y
Z Z= pC P [25] CY
C w w = 2nf B
f 5 6 2 700 kg/m’ 2981 m/s
p C 20 GPa 0.25
1 GPa/m 8 Hz
3.1.2 CY
Rlin 6(3) Rnon 6(3')
Tlin 6(b) Tnon 6(b) ﬂ
[18]
6
5 Tnon Kni
6 Rnon Kni
[25]
Tlin lin non
Rnon ﬂ ﬂ Rnon
Toon BB
CY
Barton-Bandis (BB) (19, 25, 32]
CY 5 BB
CY
e 0.02 GPa/m  — — 0.05 GPa/m
1.2 ---0.10GPa/m —--0.20 GPa/m
o -- —__‘(120 GPa/m —-- 1.00 GPa/m
BB CYy R.n'o?\-\'i = - ----.
08 [ N T ==
N ~
06 [ N s
04 I AT
A 02 T Rin — =
__ ©y ) 0.0 X X X X )
--- (BB ) 0.0 0.2 0.4 0.6 0.8 1.0
s B
s (a)
22
e 2 0.02GPa/m  — — 0.05 GPa/m
=z : ---0.10GPa/m —--0.20 GPa/m
ZZ - -.0.50GPa/m —-- 1.00 GPa/m
= > 1.0 Tiin == -
0s L // 4"’4’____ -
5 0.6 Tnon_/' ,/’ //’
Fig.5 Comparison of two nonlinear models and linear ' K4 /_/-’ ' = _
elastic joint contact model 041 Lo T e
02 /7 ___,_—”‘ ,,,,,,,
0.0 § /,__—:_I__—’II ............ § .
BB 0.0 0.2 0.4 0.6 0.8 1.0
V4 B
(b)
K. K. 6 B
= a/d Y o) ! ! /
(1-d/ ma) =7 Fig.6 Rnon & Thon as a function of gat various Ky
K, d and in comparison with Ry, & Ty,




1816 2018
p=o,. . vy
£
o, 7 5112
s S
i —
Ff
IR
Y hei| X =
10 mN\_ : v
X
10 m
---------- 0.02GPa/m  — — 0.05 GPa/m 8
12 -- 8-;8&1:27“ —"?-gggiajm Fig.8 Geometry of the problem containing
=-=- 0. m —_ . a/m . . . .
1.0 ke . a horizontal discontinuity
‘\' ————————————————
0.8 f -
.\. _____________
0.6 -\'\ \Rnon
04 P\ — e 9 0.40 GPa/m
02f e — - 2Hz 8 Hz
lin
0.0 s s s | 10
0.0 0.5 1.0 15 2.0
/ MPa 0.10 GPa/m  0.50 GPa/m
(a)
Ly T 0.02GPa/m —— 0.05GPa/m
21  ---010GPa/m —--0.20 GPa/m
Lo | - 050GPam  — 100 GPa/m 0.50 GPa/m
",,T— ''''''''''''''''' B 2 8Hz B
08 .7 non _
g ——= —= T 11 3.1 CY
06 F _.— fin
R
04 | T__----
I
0.0 B 1 1 1 1l
0.0 0.5 1.0 1.5 2.0 CY
/ MPa
(b
7 /
10 1 R
/ 08 | J/ Y A
Fig.7 Rnon & Thon as a function of o, at various Ky; 0.6 F --- B
and in comparison with Ry, & Tjin = 8‘2‘ i N
R AN
= 00 ' S e !
32 -02 60 o3 0.6 \ 'go /12 15
L 1
) :82 | /s 1’
08 | ‘\,”
-10 *
(a) 2 Hz
1.0
08 | — A
8 2 000 m 06 | " -—- B
10m 3.1 z M0 I
s 02 r ANl
e 1 il 1 1
2 700 kg/m’ 20 GPa < 00 T
-02 60 |] 03 04y, 09 12 15
0.25 -04 g /s
-0.6 |
-08 |
-1o t
8 A 1 m/s
(b) 8 Hz
A B

Fig.9

9 A B
Simulated waveforms at point A and B



5 1817
12
PSHA
PSHA
12
DL5073—
/H
g 2000 M
(a) Ky=0.1 GPa/m
3
127
1.0 I'_r‘.—‘._‘r\.-\
0.8 | T~ o
* [ ]
0.6 | * Koyna
. —R
041 -—-T 12(a)
o2 b ¢ R3DEC
’ ®  T3DEC
" 0 5 10 15 20 Hancock ™!
/Hz
(b) K,=0.5 GPa/m 12(b)
10
10
Fig.10 Comparison between theoretical and numerical A
solutions of reflection and transmission coefficients for
linear behaviour discontinuity
<10
12
10—] ]
1072 107! 10° 10'
/s
(a)
02 b 4 o R3DEC
S ® T3DEC -
0.0 . . . . ) 10
0.0 0.2 0.4 0.6 0.8 1.0
B
(a) 2 Hz
10’ |
12
1.0 i AR it
7
0.8 — R 107! I 1 |
06 -—-T 107 107" 10° 10'
1 " T3DEC /s
L ¢ R3DEC
04T )
!
02k
1 12
00 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 ) )
B Fig.12 Response spectrum of ground motion records used
(b) 8 Hz for analysis, before/after matching, and specified design
11 response spectrum

Fig.11 Comparisons between theoretical and numerical

solutions

of reflection and transmission coefficients for
nonlinear behaviour discontinuity

13



1818 2018

10 1 1
@ 0.5 F
E
< 00 7
051
_10 1 1 1 1 J
0 5 10 15 20 25 /
/s
(a) 1" \A
1.0
o 05
E
< 00 Tf
05 (a)
-1.0 ! ; ! ' ! T736 T735
0 2 4 6 8 10 722
/s T734
(b) Koyna 723 /
\
1.0
o 05}
g
< 0.0
-05 |
_1.0 1 1 1 J
0 5 10 15 20 (b)
/s 14
() Fig.14 3D numerical model
13 ( )
Fig.13 Normalised waveforms of the ground motion 2
records after matching Table 2 Mechanical properties of rock mass and
structural surface
5 K, K,
/ (kg/m’) /GPa /(GPa/m) /(GPa/m) /(MPa) /(°)
5.1 2700 20 025 / / 350 51.0
4 722 / / / 8 4 0.11 254
3DEC 1 723 / / / 8 4 0.10 26.6
T734 / / / 10 5 0.10 266
14 T735 / / / 10 5 0.17 266
T736 / / / 10 5 0.10  26.0
0 m y4 X =100 4 / / / 10 5 0.10 266
100y —-100 100 z 500 720
1 [34]
1/10
2981 m/s
10 Hz
C2 29.8 m
T736 T735 T734 {723 {722 f4 10 m
8 m
I 2 [23, 35]

[27]



5 1819
50 —p°
el [ T o
40  ---180°
--=-270°
0 =) l
1% £ 30
20
[34-37]
10
/
O 1 1 1 1
0 5 10 15 20 25
/s
17
50% 15 . . I o
Fig.17 Time histories of seismic displacement of some
history points (under Wenchuan records)
i o)
"
270° 18
S
90° 1#
00
¢ C2
15
Fig.15 Layout of history points 17
5.2
18 0=
16
3 #
17
C2 0= 3 MPa
/m /m
8.750 1107 3.1054x10™
I8.750 0x107 31000107
2 3.090 0x10~ r
& L o 20
8.600 0107 3070 Oxl(): |
’ e 3.060 0x107! 25
8.5500x10 2090 (10! g W
8.500 0<10° 3,040 0x10™" S 20 f
8:4500x107 3030 0x107™! - 11—
8.400 0x107 3.0200<10™"
8350 0x10° 3.0100x10™ 15 2—
8.3000x10°2 Iz.ooo 0x10’! 3—
8282810 2.9943x10™ 10 F P
@ 4s ®) 10 S T N A
5 -
/ m C2 _'_IH_«-'_M_FIU_'- 1 -n-?— 3 1
4.093 8x10™ / 0
4.0850x107 o 0 5 10 15 20 25
0 4075 0x107! 1679 5x10
C 40650107 2 1,600 0x10° /s
i 22: gxmj; 1,400 0x107 -
X -2
4035 0xmj i:(z)gggzig—z . 18 . . . 0 o )
40300 8000010 Fig.18 Time histories of principal stress at the 0= history
. & -3 .
4005 0107 40000410 point (under Wenchuan records)
I31985 0x10" 2.0000x10°
3978 7x10™ 8.909 6x107™
(c) 185 (d) =25s 19
16

Fig.16 Seismic displacement contour at deferent seismic
moments (under Wenchuan records)

10%



1820 2018

/ mm

21 c2
Fig.21 Seismic displacement of history points
@) ) of C2 after different earthquake actions
1.503x10° m’ 1.652x10° m’

19
Fig.19 Failure zones before/after Wenchuan earthquake

C2 st
20 '

/ MPa

- 22 Cc2
‘Mh ﬂ Fig.22 The maximum principal stress of history points
j\ \ I of C2 after different earthquake actions

1

mm
(=S -
T
—

50 5 20 25
4k /s 23 C2
-6 F
-8 L
C2 C2
20 0= I
Fig.20 Time histories of contact deformations at 0=
history point (under Wenchuan records)
24
3
21 C2 GB50011-
c2 2010 P75
C2
C2
3
Koyna C2

22

C2
C2
Koyna C2



CYy

1821

C2

35 1
25 F

15 F°

/ mm

05

05 [270° 90
15 b

25 F

35 b

/ mm

23

c2
Fig.23 Contact deformations of ISWZ C2 after different
earthquake actions

1.70 1

)

A 1.65 T

/(10*m

1.60
1.55 F

1.50
1.40 : : :

Koyna

24

Fig.24 Volume of fail zone after different
earthquake actions

C2

25(a) C2

25(b)
C2

151

ot

/ mm
W
T

(@

/ mm

1 2 3 4 5
()
25 Cc2
Fig.25 Normal deformation of C2 under overloading
26(a) C2

26(b)

C2

C2

C2



1822

2018

27

/ mm

(@

180
160
€ 140
< 120
100

(b)
26 Cc2
Fig.26 Shear deformations of C2 under overloading

27
Fig.27 Relationship of fail zone volume
under overloading

CY

CYy

2 CY C2
CYy

CYy

CY

3DEC

C2

C2
C2
C2

C2

2 3
438y 6579

.DL5073 2000
[S]. : , 2001.
The Professional Standards Compilation Group of
People’s Republic of China. DL5073 2000
Specifications for seismic design of hydraulic

structures[S]. Beijing: China Electric Power Press, 2001.

1. , 1982, 2(1): 67 77.
Coal Mines Planning and Design Institute, Chinese
Ministry of Coal Industry. Damage to structures and
installations in the underground excavations of the

Kailuan colliery during the Tangshan earthquake[J].



1823

[10]

Earthquake Engineering and Engineering vibration,
1982, 2(1): 67 77.
KUDOYAROV L I, SUKHANOV G K, BUNE V I, et al.
State of hydropower installations in Armenia after the
Spitak  earthquake[J]. Power  Technology and
Engineering (Formerly Hydrotechnical Construction),
1989, 23(8): 450  455.
ASAKURA T, SATO Y. Mountain tunnels damage in the
1995 Hyogoken-Nanbu earthquake[J]. Quarterly Report
of Railway Technical Research Institute, 1998, 39(3):
9 16.
WANG W L, WANG T T, SU J J, et al. Assessment of
damages in mountain tunnels due to the Taiwan Chi-Chi
earthquake[J]. Tunnelling and Underground Space
Technology, 2001, 16(3): 133 150.
AYDAN O, GENIS M. The seismic effects on the
Bukit-Tinggi WWII underground shelter by 2007
Singkarak (Solok) earthquake[C]//Proceedings of the
ISRM International Symposium 2008, Fifth Asian Rock
Mechanics Symposium, Tehran, Iran, 24-26 November
2008. Salzburg: [s. n.], 2008: 917 924.
WANG Z Z, GAO B, JIANG Y J, et al. Investigation and
assessment on mountain tunnels and geotechnical damage
after the Wenchuan earthquake[J]. Science in China
(Series E: Technological Sciences), 2009, 52(2): 546
558.
LI T B. Damage to mountain tunnels related to the
Wenchuan earthquake and some suggestions for aseismic
tunnel construction[J]. Bulletin of Engineering Geology
and the Environment, 2011: 1 12.
[J]. ,2013, 33(5): 606 617.

CUI Zhen, SHENG Qian, LENG Xian-lun. A review of
study on seismic catastrophe of large-scale underground
cavern group[J]. Journal of Disaster Prevention and
Mitigation Engineering, 2013, 33(5):616 617.

[91. ,2012,33(8): 2253  2259.
SHENG Qian, CUI Zhen, LIU Jia-jin, et al. Application

study of transfer function for seismic response analysis of

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

underground engineering[J]. Rock and Soil Mechanics,
2012, 33(8): 2253 2259.

[31. 2012, 33(12):
3760 3767.
CUI Zhen, SHENG Qian, SONG Yan-hua, et al.
Application of transfer function to stochastic seismic
response analysis of underground caverns[J]. Rock and
Soil Mechanics, 2012, 33(12): 3760 3767.
CHANG S P, SEO J M. Seismic fragility analysis of
underground rock caverns for nuclear facilities[C]/
Transaction of the 14th International Conference on
Structural Mechanics in Reactor Technology. Raleigh:
[s.n.], 1997, 10: 151 158.
DOWDING C H, BELYTSCHKO T B, DMYTRYSHYN
O. Dynamic response of million block cavern models
with parallel processing[J]. Rock Mechanics and Rock
Engineering, 2000, 33(3): 207 214.
CHEN J C, CHANG Y L, LEE H C. Seismic safety
analysis of Kukuan underground power cavern[J].
Tunnelling and Underground Space Technology, 2004,
194 5):516 527.
GENIS M, AYDAN O. Static and dynamic stability of a
large underground opening[C]//Proceedings of the Second
Symposium  on  Underground  Excavations  for
Transportation. Istanbul: [s. n.], 2007: 317  326.
AYDEN O, OHTA Y, GENIS M. et al. Response and
stability of underground structures in rock mass during
earthquakes[J]. Rock Mechanics and Rock Engineering,
2010, 43(6): 857 875.
ZHAO B Y, MA Z Y. Influence of cavern spacing on the
stability of large cavern groups in a hydraulic power
station[J]. International Journal of Rock Mechanics
and Mining Sciences, 2009, 46(3): 506 513.
GOODMAN R E. Introduction to rock mechanics (2nd
ed.)[M]. New York: John Wiley & Sons, 1989.
BANDIS S C, LUMSDEN A C, BARTON N R.
Fundamentals of rock fracture deformation[J]. Inter-

national Journal of Rock Mechanics and Mining

Sciences, 1983, 20(6): 249  268.



1824

2018

(20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

XU D P, FENG X T, CUI Y J. Use of the equivalent
continuum approach to model the behavior of a rock mass
containing an interlayer shear weakness zone in an
underground cavern excavation[J]. Tunnelling and
Underground Space Technology, 2015, 47(2): 35 51.
WU Q, KULATILAKE P H S W. REV and its properties
on fracture system and mechanical properties, and an
orthotropic constitutive model for a jointed rock mass in a
dam site in China[J]. Computers and Geotechnics, 2012,
43(3): 124 142.

CUNDALL P A, LEMOS J V. Numerical simulation of
fault instability with the continuously-yielding joint
model[C]/Rockbursts and  Seismicity in Mines.
Rotterdam: A. A. Balkema, 1990.

ZHANG Y H, FU X D, SHENG Q. Modification of the
discontinuous deformation analysis method and its
application to seismic response analysis of large
underground caverns[J]. Tunnelling and Underground
Space Technology, 2014, 40(1): 241  250.

LIJ C, MA G W. Analysis of blast wave interaction with
a rock joint[J]. Rock Mechanics and Rock Engineering,
2009, 43(6): 777  787.

ZHAO J, CAI J G. Transmission of elastic P-waves across
single fractures with a nonlinear normal deformational
behavior[J]. Rock Mechanics and Rock Engineering,
2001, 34(1): 3 22.

XU D P, FENG X T, CUI Y J. An experimental study on
the shear strength behavior of an interlayered shear

weakness zone[J]. Bulletin of Engineering Geology and

Environment, 2013, 72(3 4): 327 338.

[R].
, 2006.
PowerChina Huadong Engineering Co., Ltd. (ECIDI).
Engineering geology report for dam site selection of the
Baihetan hydropower station at the feasibility study
stage[R]. Hangzhou: PowerChina Huadong Engineering

Corporation, 2006.

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

PANDE G N, BEER G, WILLIAMS J R. Numerical
methods in rock mechanics[M]. New York: John Wiley &
Sons, 1990.

JONES J P, WHITTIER J S. Waves at a flexibly bonded
interface[J]. Journal of Applied Mechanics, 1967, 34(4):
905  909.

PYRAK-NOLTE L J. Seismic visibility of fractures[D].
Berkeley: University of California, 1988.
PYRAK-NOLTE L J. The seismic response of fractures
and the interrelations among fracture properties[J].
International Journal of Rock Mechanics and Mining
Sciences, 1996, 33(8): 787  802.

BARTON N R, BANDIS S. Review of predictive
JRC-JCS model in

capabilities  of engineering

practice[C]//Proceedings of International Symposium
on Rock Joints. Rotterdam: A. A. Balkema, 1990.
HANCOCK J, WATSON-LAMPREY J, ABRAHAMSON
N A. An improved method of matching response spectra
of recorded earthquake ground motion using wavelets[J].
Journal of Earthquake Engineering, 2006, 10(Supp.1):
67 89.

KUHLEMEYER R L, LYSMER J. Finite element method
accuracy for wave propagation problems[J]. Journal of
and Geoenvironmental

Geotechnical Engineering,

1973, 99(5): 421 427.
Itasca Consulting Group. 3DEC user’s manual (version
5.0)[R]. Minneapolis: [s. n.], 2013.
, . FLAC/FLAC™ 2
[M]. ,2013.
CHEN Yu-min, XU Ding-ping. Basic knowledge and
engineering examples of FLAC/FLAC (2nd eds.). [M].
Beijing: China Water & Power Press, 2013.
. GB50011—2010
[S]. : , 2010.
The National Standards Compilation Group of People’s
Republic of China. GB50011—2010 Code for seismic
design of buildings[S]. Beijing: China Architecture and

Building Press, 2010.



