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Tab.1 Material parameters of nuclear power plants

e RN 5 A5 iﬁ/‘ SRS I %E{ /
Hoy (10° N+m?) (kg'm?)

TKF 3.17 0.17 2450
HEJE = T 3.19 0.17 2369
SRR HI S AN 3.27 0.17 2180
TRBE + 2 45T 3.29 0.17 2168
LB 2.49 0.17 2400

N R o 21.0 0.30 7750
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Tab.2 Parameters of dry soil

23 L=

Dry 1 Dry 2 Dry 3

JELRE /m 20 20 20
% /(kgem ®) 1762 2083 2403

B Y)E &/(10°N-m 2 0.33 0.77 1.42
TR 0.35 0.30 0.25

FH e & %k 0.02 0.02 0.02

By Y/ (mes ) 433 608 769
JE4R 9% /(m-s ) 901 1137 1332

x3 MLt ESH

Tab.3 Parameters of saturated soil

ZH L=
Satl Sat2 Sat3
JEBE h/m 20 20 20
[ 40 % B 0./ (kg+m ) 1762 2083 2403
WAREE o,/ (kg-m™?) 1000 1000 1000
LB 0.30  0.35  0.40

AR AR K /(10" N-m™?) 2.83 325  3.70
WARMER R K/(10°N-m 2 218 218  2.18
BRI K,/(10°N-m 3 430  6.20  7.80
FRWYIBR G/A0°N-m %) 0.33 077 142

TR IR « 0.001  0.001  0.001
BB k,/(107) 6.00  5.00  4.00
HEL /A 0.35  0.30  0.25
BHJE R 5 0.02 0.02 0.02
BYI P V,/(mes ) 517 754 992
PR R 4R P V,/(mes ) 2470 2572 2733
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Tab.4 Parameter combination of dry soil and saturated

soil under different groundwater levels
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Fig.2 Displacement time-history, acceleration time-history and acceleration Fourier spectrum of selected seismic waves
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4 & S % 30k

ARSCELIL T — Bl 25 LR KA B B A A
S5 EAE R AT o KOV A b T AR AR
FHR MR 7K A7 AE Al %o 35 35 it FAZ HL &5 44 3l g o
LB o BT RS AR SCREA) A AR S598

(1) FEHLF=Z AR R, R KL A4 28 1% 37 4 |

R ity 0% R 45 4 1) 57 F 52 AN W A8, X6 T R ) 7
GRES AR

(2) BEA N K AL 1T, 3 i Rl A0 A% L 45 4
F1AD 0 T JRE U AL % T 49 K, L 45 A T R U ] L R il
4 38 T TR, BRI KA T A% F S5 A SN Y S R L
Xk il R A 4 5 O

(3) Ml T 7R A X 2% R 8 BB A o 3k R % ) 2 Wi
PR, BE A T K AL B T T U R
.

PRI, 6 A% H 45 R R g BURE BT e i b, B
P25 JE MR KA YR o 53 Ah AR SO ST B R
MR KA B -5 AR B A S BL R o Ay 5 kil T
FE Al AR 5 1) R R o3 B, 7T 30— 20 25 8 b R e 51k
P18 il S Z5CRN 235 K B IR 5

ISIA
2

PN I, WAl 2 X Hb 3R Sl 07 R R R W A A
BB 13 1 AT LT] MR TR TR R 3, 2005,
25(2): 150-154.

Sun Jizhu, Gao Hui. Effective stress analysis for the ef-

[1]

fects of liquefaction condition on ground motions[J].
Earthquake Engineering and Engineering Vibration,
2005, 25(2): 150-154.

IS, BRI A, MIREE, L MU R KA ETRXE B
TG R R B RS [T]. A b TR AR, 2011, 33
(7):989-995.

Gao Guangyun, Chen Qingsheng, He Junfeng, et al.

[2]

Effect of rise of groundwater table on seismic ground re-
sponse of soft soil in Shanghai[J]. Chinese Journal of
Geotechnical Engineering, 2011, 33(7): 989-995.

B SEAR, INEA . M T KA B £ 4 )2 LR s
IERLT]. iR TR TR RS, 2012, 32(6): 45-52.

Xia Kun, Dong Lin, Sun Junjie. Preliminary investiga-

[3]

tion on effect of groundwater rise on earthquake respons-
es for loess sites[J]. Earthquake Engineering and Engi-
neering Vibration, 2012, 32(6): 45-52.

KL, B, BRAER A TR KL fh N BD - 30 3



1 SGNEAF o R KA X A% HL 45 R 3 52 SR 4 5 W AT

563

(6]

[8]

[9]

[10]

[12]

Sl Jyma N S AF LT e A g 5 IR,
2014, 33(3E T 1) : 2698-2706.

Song Bo, Huang Shuai, Cai Degou, et al. Seismic dy-
namic response of sand slope induced by variations of
groundwater level[ J]. Chinese Journal of Rock Mechan-
ics and Engineering, 2014, 33(Supl): 2698-2706.
BOW, R Tr, BB, S R KA AR Ak X D T A 4
Mo AR E MBS W WF 5T L] B 9 U K TR A AR,
2015, 35(5): 599-606.

Huang Shuai, Zhang Lifang, Li Yuejun, et al. Study
on seismic stability of sandy slope in different under-
ground water levels[J]. Journal of Disaster Prevention
and Mitigation Engineering, 2015, 35(5) : 599-606.
Takahiro Yoshikawa, Toshihiro Noda, Takeshi Koda-
ka, et al. Analysis of the effect of groundwater level on
the seismic behavior of an unsaturated embankment on
clayey ground[J]. Soil Dynamics and Earthquake Engi-
neering, 2016, 85: 217-230.

B, T, M, 5. PRI AG T AR IS S il
B B S5 K M e ma B ML BE S (7). TR g, 2020, 37
(12): 43-51.

Zhao Mi, Wang Xin, Zhong Zilan, et al. Study on seis~
mic responses of nuclear island structure in non-bedrock
site under obliquely incidence of P waves[J]. Engineer-
ing Mechanics, 2020, 37(12): 43-51.

MR/ bk, SRS, R R R A S5 BAE A
Bror KA 3ROk [T, 122244k, 2020, 52(1) -
258-282.

Chen Shaolin, Guo Qichao, Zhou Guoliang. Partitioned
hybrid method for soil-structure interaction analysis of
nuclear power structure[ J]. Chinese Journal of Theoret-
ical and Applied Mechanics, 2020, 52(1): 258-282.
PRk, sk, SRBLRE , &5 . B B2 i AL R g
Sl -5 A AR 2 AT (D). A 2 TR A, 2020,
42(2): 308-316.

Chen Shaolin, Zhang Jiao, Guo Qichao, et al. Time-do-
main soil-structure interaction analysis of nuclear facili-
ties on non-horizontal layered site [J]. Chinese Journal
of Geotechnical Engineering, 2020, 42(2): 308-316.
BONE L, LBEE, LR A
CAP1400 %5 4y M 78 Sz b 73 #r [ 1] B2 H kil 5 T 7
2E2E 4, 2017, 25(3) : 584-594.

Li Xiaojun, Wang Xiaohui, Wang Guiying. Seismic re-
sponse analysis of nuclear power plant CAP1400 struc-
ture in non-rock site [J]. Journal of Basic Science and
Engineering, 2017, 25(3): 584-594.

ASCE. Seismic analysis of safety-related nuclear struc-
tures: ASCE/SEI 4-16[S]. New York: American So-
ciety of Civil Engineers, 2016.

Biot M A. Theory of propagation of elastic waves in a
fluid-saturated porous solid [J]. Journal of the Acousti-
cal Society of America, 1956, 28(2): 168-191.

Biot M A. Mechanics of deformation and acoustic propa-

[14]

[15]

[16]

[17]

[18]

[21]

[22]

[24]

[25]

gation in porous media[J]. Journal of Applied Physics,
1962, 33(4): 1482-1498.

Biot M A, Willis D G. The elastic coefficients of the
theory of consolidation[J]. Journal of Applied Mechan-
ics, 1957, 24(4): 594-601.

Deresiewicz H. The effect of boundaries on wave propa-
gation in a liquid-filled porous solid: I. reflection of
plane waves at a free plane boundary(non-dissipative
case)[J]. Bulletin of the Seismological Society of Amer-
ica, 1960, 50(4): 599-607.

Deresiewicz H, Rice J T. The effect of boundaries on
wave propagation in a liquid-filled porous solid: III. re-
flection of plane waves at a free plane boundary (general
case)[ J]. Bulletin of the Seismological Society of Amer-
ica, 1962, 52(3): 595-625.

Deresiewicz H, Rice J T. The effect of boundaries on
wave propagation in a liquid-filled porous solid: V. trans-
mission across a plane interface[J]. Bulletin of the Seis-
mological Society of America, 1964, 54(1): 409-416.
Deresiewicz H, Levy A. The effect of boundaries on
wave propagation in a liquid-filled porous solid: X.
Transmission through a stratified medium [J]. Bulletin
of the Seismological Society of America, 1967, 57(3):
381-391.

Jocker J, Smeulders D, Drijkoningen G, et al. Matrix
propagator method for layered porous media: analytical
expressions and stability criteria[ J]. Geophysics, 2004,
69(4): 1071-1081.

Yang J. Importance of flow condition on seismic waves
at a saturated porous solid boundary[J]. Journal of
Sound and Vibration, 1999, 221(3): 391-413.

XTI, B AR G T 3 4 I 1 43 BT A R B A
7 PR B [T]. 2724, 2016, 48(5): 1145-1158.
Zhao Yunxin, Chen Shaolin. Discussion on the matrix
propagator method to analyze the response of saturated
layered media [J]. Chinese Journal of Theoretical and
Applied Mechanics, 2016, 48(5): 1145-1158.

Trifunac M D. Scattering of plane SH waves by a semi-
cylindrical canyon[J].
Structural Dynamics, 1972, 1(3): 267-281.

Wong H L, Trifunac M D. Scattering of plane SH
waves by a semi-elliptical canyon[J]. Earthquake Engi-
neering and Structural Dynamics, 1974, 3(2): 157-169.
AT, A ar L B X -SSR A B R g
B 5% W 1 — A~ fi B A (J]. b TR 2= 4R, 2017, 39
(5): 799-810.

Liang Jianwen, Jin Liguo. The effect of foundation flexi-

Earthquake Engineering and

bility on system response of dynamic soil-structure inter-
action: an analytical solution[J]. China Earthquake En-
gineering Journal, 2017, 39(5): 799-810.

Liang J W, FuJ, Todorovska M I, et al. In-plane soil-
structure interaction in layered, fluid-saturated, poro-

elastic half-space I: structural response[J]. Soil Dynam-



564 £ I N - 7 9037 &

ics and Earthquake Engineering, 2016, 81: 84-111. JH R — s dol B 42 4 A 7 ik (0], R TR TR R

[26] Han B, Liang J W, Fu J, et al. 3D dynamic soil-struc- g, 2010, 30(2): 24-31.
ture interaction in layered, fluid-saturated, poroelastic Chen Shaolin, Tang Gan, Liu Qifang, et al. A direct
half-space[J]. Soil Dynamics and Earthquake Engineer- time-domain method for analysis of three-dimensional
ing, 2019, 120: 113-126. soil-structure dynamic interaction[J]. Earthquake Engi-

[27] Song E X, Yao Z Q, Qiu Z L. Nonlinear dynamic anal- neering and Engineering Vibration, 2010, 30(2): 24-31.
ysis of saturated soil-structure interaction by FEM [J]. [31] BRAk, ERRE, XA T, % 2T R =
Developments in Geotechnical Engineering, 1998, 83: Y 1ot S5 -2 A B e BT R IR AT R R T
217-230. Bhag R B, 2017, 47(12): 1321-1330.

[28] BRAB, Aal/NTK, oK UEF . I 3 M TR 30t [ & ) Chen Shaolin, Wang Junquan, Liu Qifang, et al. Asyn-
i —iFEMER[T]. S12FF3k, 2019, 51(2): 594-606. chronous parallel algorithm for three-dimensional soil-
Chen Shaolin, Ke Xiaofei, Zhang Hongxiang. A unified structure interaction analysis based on explicit-implicit
computational framework for fluid-solid coupling in ma- integration scheme [J]. Scientia Sinica Technologica,
rine earthquake engineering[ J]. Chinese Journal of The- 2017, 47(12) : 1321-1330.
oretical and Applied Mechanics, 2019, 51(2): 594-606. [32] Bk, BT . —Bh = 4e i A - - BL Al -5 1 3 ) A0

[29] BRA K, BRATAR, AT/ 6. T3 R TR A A A ) YER BT 1:[T]. J1%5 4, 2016, 48(6): 1362-1371.
RLE — T S HE R TR ARINPI =2 Chen Shaolin, Zhao Yuxin. A method for three-dimen-
2019, 51(5): 1517-1529. sional saturated soil-foundation-structure dynamic inter-
Chen Shaolin, Cheng Shulin, Ke Xiaofei. A unified action analysis [J]. Chinese Journal of Theoretical and
computational framework for fluid-solid coupling in ma- Applied Mechanics, 2016, 48(6): 1362-1371.
rine earthquake engineering: irregular interface case[J]. [33] Liao Z P, Wong H L. A transmitting boundary for the
Chinese Journal of Theoretical and Applied Mechanics, numerical simulation of elastic wave propagation[J]. In-
2019, 51(5): 1517-1529. ternational Journal of Soil Dynamics and Earthquake En-

[30] BRA MK, JHEL, XS T, 55 . =48 1458 3 J) A0 B.AE gineering, 1984, 3(4): 174-183.

Influence of groundwater level on the seismic response of

nuclear power structure

WU Shao-heng', CHEN Shao-lin', LIU Hong-quan', SUN Xiao-ying**®
(1.Department of Civil and Airport Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2.Institute of Engineering Mechanics, CEA, Harbin 150080, China;
3.China Nuclear Power Engineering Co., Ltd., Beijing 100840, China)

Abstract: Most of the nuclear power plants are built around the coastal or along the rivers. Below the underground water level, dis-
tribution of the water in the soil pore has a great influence on the seismic response of soil, which affects the response of the nuclear
power plants. To analyze the effect of the underground water level on the seismic response of nuclear power plant, a saturated po-
rous medium model considering the interaction of the saturated soil and structure is used in this paper. Firstly, the free field of the
horizontal layered site of dry soil-saturated soil is obtained by the transfer matrix method, and the wave input of soil-structure inter-
action analysis is realized combined with the transmission boundary; Then, the partitioned parallel calculation method of soil-struc-
ture interaction is used to analyze the saturated soil-structure interaction. The soil with groundwater level is described by the gener-
alized saturated porous medium model which is simulated by the lumped-mass explicit finite element combined with the transmis-
sion boundary using the self-programmed FORTRAN code, and the structure is analyzed by ANSYS using implicit finite element.
Taking a nuclear power plant as an example, the dynamic response of soil-base-nuclear power plant system is analyzed in five sites
with different groundwater levels of —10 m, —20 m, —30 m and —40 m, as well as pure saturated soil. The results show that
the groundwater level has a great influence on the response of foundation and structure. For the calculation example in this paper,
the results show that the groundwater level has little effect on the displacement of the foundation and structure, but has a great ef-

fect on the acceleration of the foundation and structure.

Key words: soil-structure interaction; nuclear power structure; groundwater level; saturated porous media; lumped-mass explicit

finite element; artificial boundary
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