$A3% BT "= T B % Vol.43 No.7
2021 4 7H Chinese Journal of Geotechnical Engineering July 2021

DOI: 10.11779/CJGE202107013

T EILFH0 SSI AE S T AR IE 7

TR, REERT, EMHg’
(1. KRFEF TR G TR ERE SR, T KHE 116024; 2. KEF TS 4 TR 223K R TR bt TR EDILT,
W K% 116024; 3. VHILRMAEHE KRR S E5 TR2#BE, BT Mk 712100)

1§ F. SRHSMHRE i SRR A A WU S S UL AT KIS Iy R MR ST 00—l 47 10 5 2 AR i rh i
WS A8 3R R B AL W) 7 22 R AN IR AL 2 (A1 45570 (stochastic subspace identification, SSI), i A4iE 2 AN RIZE T
Hankel #FERIERAGE R, v LB AR, TR A e, R RBBIIHILE i, AMOT LA
SCHI AR TR [ [ G AR AR L, 1M FLSEIL T W BRES S 80 AR, BT AW IRz . i N4
TEEA R T 42 H B AL T 25 RV T iR B8l o A A e PERORE MG I N TR LI O i A U S 245
W, SRAS T AR HLARTE A SR FIRR JE L, M%7 v n] DU P s U AR R A 2 50, AT IRIE 0 TREN
A PUR s A IR 2 A BR T ARt —E RIS %

XEBIR: AL RESEL BENLTASA); Hankel 5005, ROl wEREE

PESES: TU43S XHERFRINAD: A NERE: 1000 - 4548(2021)07 - 1279 - 09

YEZ TR T KH(1994— ), B, WA, S e A IUEUE 537 5 T IR 5E T4 - E-mail: wmhgryx1@163.com.

Modal identification of high earth-rock dams based on seismic records and
SSI method

1,2 . 1,2 . .
-Nu 1-cnun 10nNg-X10n
WANG Mao-hua"?, CHI Shi-chun"?, ZHOU X ’
(1. State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116024, China; 2. Institute of

Earthquake Engineering, School of Hydraulic Engineering, Faculty of Infrastructure Engineering, Dalian University of Technology,
Dalian 116024, China; 3. College of Water Resources and Architectural Engineering, Northwest A & F University, Yangling 712100,
China)

Abstract: Using the measured seismic records to identify the modal parameters of high earth-rock dams is a feasible way to
study the dynamic characteristics of dams. Constructing the covariance-driven stochastic subspace identification (SSI) based on
the data recorded at the monitoring points of a dam during the earthquake and the stable graph by establishing multiple Hankel
matrices with different dimensions can effectively eliminate false modes. The hierarchical clustering can effectively identify the
natural frequency and damping ratio of the dam, and realize the automatic identification of physical modal parameters, avoiding
the errors introduced by human selection. The effectiveness and accuracy of the proposed SSI method for seismic data analysis
are verified by numerical examples. It is applied to the identification of modal parameters of Nuozhadu core-wall rockfill dam,
and the reasonable frequency and damping ratio are obtained, indicating that the method can identify the modal parameters of
the dam well and has a good engineering application, and it can provide a certain basis and reference for the finite element
analysis of seismic safety of high earth-rock dams.
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Fig. 1 Two degrees of freedom system model
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Fig. 3 Original stable graph
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Fig. 5 Cluster analysis chart of frequency-damping ratio
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Table 1 Identified model parameters of two degrees of freedom

system model

- i [Hz FiLJe bt
gl dSEE EHRE HSHE

1B 4.653 4.614 0.107 0.105

2 fr 12.458 12.856 0.234 0.246
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HEATRI U — LBl B N AR AN JE E S 3 B B AR )2 R
KL mt P 0 P4, e e L AE N R AR
10° BFZ124 0.02. 3 BRIGH A 21 1 KR DY B 4%
W% 2. Mk N AR AS 754 BI Centro eIk
) MR A 5%, BT HEA TR 559 78 I IRl AR 4L,
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Fig. 7 Original stable graph (i=100)
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Table 2 Identified model parameters of homogeneous rockfill

dam
s ‘ Fi /Hz ‘ FH et
VA FEM VA FEM
1 B 1.11 1.09 0.023 0.020
2 By 1.75 1.76 0.016 0.020
3B 1.93 1.96 0.022 0.020
4 [y 2.20 2.24 0.015 0.020

4 FHILEOIHEHEAIMESSEIA
4.1 TiEHUR

Fi FLIE A RS A7 TR S T M VT S S R
W BLAZ FAL, WUHE XA 75 8 7= DX PR VY T R A
X N R S LA a2, LR IEAZL S VI, % T
FEEARRY K G5 K s 261.5 m (I OBSHEA I, & H AT
B P Ll ) s 1 A T 8241 m, H
T 630 m, %8 18 m, LIUFMELL N 1.9 11, T
JELEA 1.8 11, KRIUKEIERE /KA 812 mo AT I
DR INSZ B FEAS O R 52 m, AR 25 R 0] M 7% 1)
IVARFAE,  E RIS W 22 B T 47 T AN iR A,

U e 7R T T 580 R ASCAT B ) 10 IR, A8 SR T
WU T2 9, R 780 mfeab e T6 WAL, T~
JE I AR 701 EREALSE T7 WS, UL SRR 626
I FEAL S TS Wl A, IXLEEP SAE 2014 410 H 7 HE
21K 6.6 SR ECAT HURE HR 8 Bl s T 5E S N g
RE, P11 45 TS AN ST e 1 b RE Bl 5%
4.2 ETF SSI BHIARZSSER 5

TEHIAA b 4 NI e 0 MR ] Jor 3 R Sk A S i
N, KJi& Hankel HiFE, WIEE =4, AEIEKE A
35s, KRHIBEN 400 Hz, FHFEATHC =60, j=13880,
T By 22 SREN I BE ML 125 AE AT LASkAR L 12 Fios
PR B, nT BUR W s aa i I BB T R 2 10 18
Bl s, 0TRSO T 4. KA 2 154t
(1) 590 Bk AR AR R I 2R RO 1BV, BTN AA)iEs 5 4
AN AT B0 Hankel HFE, 0 BERIAT N =50+
randn(50, 50, 3RAE 13 PrRiiese &, 78 0~4 Hz
Y, AT 4 BBESSER UK. B 14 240 A
BHJE LL AR AT I, AT DAY 28 MG AN [RI B KT AR
FIBHJE L At A NS S T R
3 P BRANFRIA BRIToH T 45 B0 b, J3 R FHAH
A IR RI NI 1 A R e A 34T 404, AHELAE

10 A S 2 i K2 SRR A B

Fig. 10 Typical cross-section with material zones in Nuozhadu core-wall rockfill dam
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Fig. 11 Downstream acceleration records of dam body at monitoring points T2, T6, T7 and T8
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Fig. 12 Original stable graph of Nuozhadu dam
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Fig. 13 Stable graph after removing false polar modes
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Fig. 14 Cluster analysis chart of frequency-damping ratio
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Fig. 15 3D FEM of Nuozhadu dam
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Table 3 Identified model parameters of Nuozhadu dam

s A% /Hz FHLJE EE
MM FEM1I  FEM2  i45{i  FEM
1 1.15 1.10 1.22 0.051 0.04
2 1.35 1.27 1.42 0.034 0.04
3 1.83 1.54 1.73 0.027 0.04
4 2.37 1.74 1.96 0.043 0.04

v FEMI AR A AT BROTHEIR, FEM2 A NIl FAS ]

MNFE 3 RTLAE Y, SSI TR AR BT = M R A4
REEAR FRE—F), FIUMESIZER K. a4
(1) J5 A AT e SR AR5 RO T, AR UOA LA 1) e vy
BB, 01 b O P Sl R e A i Y o B
SEREARI o JE— 2D S NI A BR O IR A = AT
PR 5 B AN 2.13 Hz, 55 6 (% 4 2.30 Hz,
Xof AT DL A IILAE S 7 b 5 A e U3 SEBR 13 4 F0
5 BrRA, (AR AT hUERE M T, —
P LA OGO PR PRI A%, SST 725 AT LA i R3]
H AL A — e, n] LA KIGRE 2 e VT
Prdfi—e A . LA BR TCRSHIN BH e Ll o3k
FH YRR LRI = N 3 =Rk ge 43 2] (W BH e Lt 5 3)
BY N ARMRAE 2 (M G R LR, AR it e e 3 B85 .
ASWEAG A 107 I HEATRHEELE ELZ1 0 0.04, DaBEELFLE
H202 0.03%, 25 fe B4 Rh KL E B4y, N
KINAEGI RSO BN 0.04, X ELIAIEIZ S
H, WURET LB I BHJE LE#EAE 0.05 Ay, A= ik
HWECA B, FFE DAL 59 R OL T 10— oA,
10 I 54 RO WU RS M AN R, b Tt e Rl A

A o I 28 PON 1o 2 pe = 2 3] 25 2% B P Ak 20
AR LA LR SRR AR B R SR SR AT T St
B, $EH T RII—BY AR I A, RIS A X
FRFLIE R —B A RAR L0 1.1 Hzo B3CUEE
AN [T R 23 M T DR 28504 H 300 2435 Jeal F 9%
AFAE 0.84~1.06 Hz, HTHBTRAHGE TOEE K
0.2g, HUERHUASE NAELEMEAETT AR M/ DN HE
B2 300 m AL 1O s AT BB BRI RS 3R
HOSOE 1 B IUAE 55 2 00 — B B4R AER AL 0.8~
1.2 Hzo WX ELLL B2 0F 9T, ASCR 1 3 1A
FLIE LB HEA WU B RIFAE S FEHE N, X5
ARSCHEH I = A IS S E OO T A .

5 & &

NSO PR AR D0 LA 1 e I R s By 22 5K
B BEHL T2 AR A, R A 3G 2 LA [R] 4E
Hankel #fF%, ANUAT AR &7 3530 B R BB 2, [R]I
WG T AE R R AT RN I B K, RITE &R
SRERITHIE 512, AT LAAT R PR3 LA TR [ A7 A4 A



1286 P

o2 R 2021 4F
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TR AL, AR e A T, HRTR A
ARG SERRBAS AT 85 R — 3, UiATE
I M FE % I AR T AR BTN R, AT VEATy AT BASK
U IS S HOR AR .

HR 523 M 72 A b R I I EScdh: 0N T T RR L
PEOBEHEAT I IS EORA], B LA [
AAEAPLJE LG, ] DL — AR S S HOR R 1L
WIS, I AINPUE 2 AV — R
o

BEE KRR 300 m i, fEMRRERGOLF K
U I AT 7K AR TR 52 BRI DG, IEA ST
it b3k DRI U T 8 R T S PR RIS 2 3 i,
AT LA R RIIUE AT 1 11 et R M 00 N0 RS 22 A 3 BT e A3
filt, o EAT F KBRS = ORI T RE N AN

SE K-

(11 FL%, KRR, BEI, & HT 3= A ¢
IS % 1) e A IR 2 VPN [T, A B TR AR, 2019,
41(5): 934 -941. (LI Hong-jun, ZHU Kai-bin, ZHAO
Jian-ming, et al. Safety evaluation of high rock-fill dams
subjected to earthquakes based on the site-related response
spectra[J]. Chinese Journal of Geotechnical Engineering,
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