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Abstract: The theory and technology of shaking table model tests on earth-rockfill dams are sys-
tematically described and discussed. A model similarity design method based on static and dynam-
ic characteristics tests of a prototypical model dam, and a vibration test method using input from
ground motions of different intensities are proposed. Based on the performance parameters of a 1g
large-scale shaking table and ng super-gravity centrifuge-shaking table equipment., advantages
and disadvantages of shaking table model tests of earth-rockfill dams were analyzed. Combined
with existing projects, the application of shaking table tests in earth-rock dam engineering was
summarized. The evolution law of structural dynamic characteristics of a high concrete-faced

rockfill dam under many strong earthquakes was studied.
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Fig.1 Relationship between model and prototype

H1 T AR Bl R R B e AN A
A B RURLAT 1) 1 o3 BORL G TE | 8 B A A K a8 5 [
BEI IR LT3 K B AR K F S RO AT OG . B
RS S NP AR NN VAP ) i e S S S S SRS
PLEPE o 1R A IR Y AN [a] H PR AL B, A
ASTR BB BRI GR BE . AR AR A P AR ST 2B
75 G A AN TS T A A LR 3 5 R
B o o T LA R R AE G K AR A AL R 4 A R
PRAE BRI AR L A T

TAARYE R A AR R O T R R
55 A5 R A2 6] B9 AR B0 2% R AR 4T 3R 30
AR G A 5 7 8 AR B bR OO,

(D) BEIR-FECEH . Dl SIUACHE IR BL G2 AR DL
SR D Y HURIARSE TR 30 R 22 (4 395 A2 47T 5 55 J3E A A
K. L ARUBT IR o EIEER - RO E

t=0,tang + ¢’ @)
VL AR SRS S EY NG & DR A
FREER T,

(2) A I M 72 3l 1 A8 B 5 200 M T T 17
AR BT LT TR Y. U A R R TR AR ER
NI AR Z 110D #5 RRRL JIRZS TR LRk B 1 g
AR K AT ML . A8 R % A 38T ) A8
LN S AR SO R LD NV ST IDNE= O DO I S £ N2 3
JE RN 1 RS H — et R s 00

G _ (v
Gmaxif‘[nj 2
Y
= J2| (3)
e=r.(7)
G=— (4
Y
O'E) "
rmax = CP,
nmr () o
Tn]f\x
yr_Gn]E\X (6)
1+4ky , . , ,
fmx{[ +2 o, sing JrCCosgoJ—
A=k ]9 1
[2 o }2 D)

K G R B AR ITTAE /NI S B (9 B YIS 5L L R R
KRB R C 5 H RS A RN R
P, W REEN,P, =98 kPa;n N LENIEE G N
Xof o7 B E 3« FNBY R A y B A EI 2R B DA e R Bl
NSy BFEIBHIE L 57 75 B AR s 7. IR BRATEY
SR BE

LS BWME L RNE NS T 1g +
AR B G B AR5 AL . AR 1 AT, R
AR C, =CYPC, et i AR B AR AR L 2R Y
C. =1, UIH 5100 A AL 1 22 . H AR AL AR B
BRI K, AERNBIEEMET.Co # 1 5111
RI58 22 AT LA Z20 W%, 3 7 TR 5E 45 1) 2l g A AL g v
B A3 FIUE W )3z g e 00
1.2 BOWIRS &EEIKIGHEME

20 fiteg 90 FAC LI . + T8 O LR 3 &5 4 3
TR B AR T K R Sk, S Y A - b R TR )
PRAL T e ik B 5T T B FIR 00 B R . — BB B 5T R
FHES O R s AL 56 %+ WA B vk e AT T

2y [29-40]

It

@ i E K FK AR B T B T AR A0 Y B R R R RS
TRER BT ST L T SRR TG < i AR K A
IR 3 £ 1 85K 1 BF 587 (96-221-02-03-01) BF 55 3] 25 = —.
1998.

@ A E KR KRR B 5 . T SR K A VR B v AR A 3 1
AR R IR S AT 5T L L T SRR B T 56 < i B K
TR 5 G AR B BF 5% 7 (96-221-02-03-01) BF 5 4R 5 2 —.
1998.

@ KFIAK BB T B M IR AR 8 A B ) A R
WF9E. £ VI R 0k (17-2-2-3-6) B 52 i 45, 1991,
® KRR BB ST B 3 LR A A TR R T AL

B M 45 b B R A 56 B 9 4R 45 1992.



724

WoE T OB ¥ i 2020 4E
1 HERMIRZE T ARERKIEHEESR
Table 1 Similitude of shaking table test for earth model of CFRD
5 i H lg k@& IR IEREE R AU S %]
L IN¥ C, C,
) iy C, c,
g Jn s RE C,=1 C,
C EETES C. C.
o [, C,=C,C, C_C,C,C,
G BY D) C,=cyzc.c,'? C,=cC,'*cyre.c,t?
E PR Cp=Cy{*C.C,""* Cp=Cy*cyrc.cy?
e Joj A% c.=c)yrcy?ce, C.=cyrcyrcy?/c,
u (%1 c,=crcy/ce, C,=cyrcyrc,*?/c,
o B c,=cycyt/clt c,=cytcycyt/elt
T it [i] c,=cyreyt/el c,=cVcyreit/clt
f A C,=C, Ve el Cc,=cyic, e el
& TR e C.=1 C.=1
c’ AR R S C.=C,C, C.=C,C,C,
' A A R AR Cy=1 Cy=1
O AR 50 fe 5 B T RE 2 38 5 ) A5 R it T AT SR F— SRR 52 B 22 J g H i 2 AR B 5 1Y

TS B T DRI AR B 5 TR i 2% X8 7 A B g
AR TRD S DT 32 3] FHASE TR ASE 00 J R YA T80 3 6 1 4R T
PR H A 5 R IR 3l & A58 5 16 A DL
— R R U LR 3l 5 A B R A
R S P i R OBl By oA € CCp o AR
3 Ty 2 25 R AT A

C,=C,C.C, &

HHE bR OB L R 5 iR 4 R A7 2% A A
A5 T B B b R AR TR T
JEORY O AR JORL SRR AR AL B €, = 1. 4
AR A4S 20 R A i RO i 7 A 2 L AT e R P
FEAE R TLAT RO 4 /N B U B 1/, 4 B0 T3
JIE 4 RS F s B Y A% DUGRIEARE AL 4% 5
XS IO A IO 3 A TR) . A A A AR X B0 LR 3
308 R B0 AH L HE AT BIF T I L A 4 T X/ A AR
S R AR B 5 AR 0 AR oL ) LB TR (2)
(3 FrR L AORME R FIRHLE 5 0 1K SE &
PEAT AR AR e, 45 2 1 R A B LR 3 5 A T
] AR AL (R D).

g RRHIR 2l £ A58 20 14 Jon 3o B2 A AL 80k 1.0,
FEJLART EE ROAR [ 94 B0 R B0 HLAIR 3l 5 480 oy T
BB T B9 AR L R R B B g K P R LR B B
B AR/ C, 5 IWEIE EoR UL, B0 WLk 3h &5
% TR 6 A {0 B9 T B 2 E 4 1, U A M RE I
ALC, RR, BENE I 2 ELIE B A UEL

2 BrAaMiEsaREREREAR
76 B0 AR TR T L ] S B R AR A 3 2%

OGS R, A H AU B T T D AR R A IR
i 20 R Y B AU A Rl 15 T T v A [R] 5 R
b 752 2y 3o 3 B A CP R P A R -5 T M R A A% b 72 -
W IR ) /Y 9 3 050 7 2
2.1 #RBGEMIE T

155 Y AE DL 5 T 7 B A 5t A IURE RS AL HUEL Y
# o SRR S SRl b &5 A R 3h & 1 AR S B
1. B JLAT AL 5 C, VB EEARRLE %L C,
FIUIN AR AL H B C, = A DL R R
FHALH £ Co s ARV DL B DL A0 3R AT

(1) RIEIRZ) & 0 PERE S 50, o BB 3L, 25
A TR RN RsF 3 2 (9) ff i AR R % TLART AR B 8
C, .

C,=H,/H, (9

K H, AERI R . m; H, MEERE S,
m,

(2) HEEBAMMEEL C, = 1.8 2% EH L
WHC,.

@ X Ji A S0 A Aok AT SR A RS B
T B SRR I = A R A e, B A S 4 A
BHEBR T T % B 5 T B 65

@ X 4 R 04 60 7 3005 IR kL i AT IO 7 4R
A AN TR 5% BE TR 0 =l R 4 a0 B S [ S A T
9 TR BB AR I R Y BE AR A 8

() JEEFE ff1 AL Kicde PR U

Cy=¢"/¢"n (10)

2 ¢, Ry D A8 UL AT A0 N B 5 A s A AL DR
RN BEEE A, AR AR AR U RS AL UL = il 55 17 3



%42 % 3

WEA %L IR S A BRI R IS B R 5 725

g R R IR A A U R Cy =1 BEOR, B E
Aili 1 1 A5 R 0L ] 91 L PN R 106 196 A JBE 452 A A 1L R
Cy =1 BB BRI HE L 0.,
@ 2 MR B E % EE AR LR L C,
C,=p,/0m (1D
KP:p, Mo 2050 IR BRI B B 1T %5
(3) i 5 fin 3 3R B0 H R 1 RLOCG &R
e M AL E A C, . X T 1g IRSNBIAIA LK,
C, =1.0;:X F ng & LHLIR S BRI , # 1E (12)
e C,.
C,=g,/gn a2
Kbeg, WIEBMBRE ;g BB E
(4) 78 AU 4R R AL 8 3l ) A8 B R
I Y A w0 A R AR L Ce
@ X JE RS A0RE SEAT RN RS
T2 21T 0 3 ) AR B e M 0 i =X
(13) Fr7m i fe R 8l B A5 ik 1 TR 3800 6 &
| - oo\
G max C,xPa(paj (13)
K G HECKRFTUIRIGE , B 4 & BT HE /N N AR if
BT U &  C, i 5 E A+ ARk T8 A G
() B BT B R EL p. ARTIE T 98 kPaso) - F
VIR T sn, HICHE NG
@ X4 KRR AR5 RDIDUSR30URE R , A7 A0 0 g 4R
B VBERVEUR T B R 19 8 ) AR I R R i
(14D Frzm i fie R 8l B A B 1 TR 300 R &

/

Gmax Cnl/)ﬂ[a()j (14)
P{l

K. C, A5 FEAI A 4 R T %5 B O sh 8
B R0, NICHENIEEL.

@ #e MR (15) B 15 i R B BLH 5K Ce

Ce=C,/C, (15)

(5) 4% FEAR LI 2 B [ AR DL B 2 C, o Wi T
Hi R AT AR L AR AT R 3 0 A AL SR ) B R
S LT AR ) A LR U

(6) AR 4 AH L H By S Al &2 C,.Cy .Cy s
L B A M BB B C e Wi FE AR B L
22 WM B

+ 3 IR Bl A AL G v, A IR E A 4
DL JUASJ7 18 = (1) B 2 3OO 0 b 35 38 495 45 44 20y )
P CELHE [ R 0K B S Ee R 4R 7Y S5 3y g R 14
R 5 (2) I T 3 s 07 03K 5 (3 LA T g A0 1 B
JEE BN 5 (4) 3004 by 732 s o7 RN 3R 2k R EE X T
TR R A T Al M A L, B A 0T H Ab 3 T AT I

A A S g A, LR T A A% . X T I
TR BE O 5 0, 3 T EAT TR B O i A R 78
T3 LR IR BE A0 s i 2 B I i
23 MWAMFEFRE

AR 0 3 B T, A A 0 3K A B 35 o
IR AR (AED A B M A5 (BOL 21 e M 7% 1%
JEAR) A i A B AR AR A UL S AR Sz b FI RS A i
o DS 28 A A1 T A LA B0 T 3 R AR
A% i R L ey W TR A DAy 000 3 4% ) DRI T, 3 T 9 SO0 £k
T 4% 42 1) W T Ak A1 5 AE I A DU AN . BT AR R
Ly VT TR A1 B o T A SRR A o LA 1) LI IAT 7K S fi)
N A ) U 2 K SF- O ) B BT )
2.4 BT E

AR 3 0 5C 3 T A9 22 7 o A AR Bl 15 Y
B AL G LU JURR : O W52 £ A7 3008l Jy e 19 Bl IR
s @ M E A IS T3 R A IR © A
WA AL . b A7 R 2 & AR 6 9% P 4K
7 o R — YOI B P LR AT BE S 0 B I AS A T £ R
PRI I o ph T35 JL AP K 56 i A B 7= O U (A T AN
[7) 149 7K 7 ] M Bl 0 2 3 7 R R T B S A A [
M (L ) 7 0 0 i b A 300 2R B g S R R L B
PEAT MR IR . e A, AT L 2 ol IR RO R
L b, 5 W0 7 P9 5 W] o 0 K bR IO T R L A
7 Ty CEAL o) 2 22 ol g A AR 3 P S 4%

(1) xR E Jo ik 47 P M A o i o 00 A
TR SULAR) T JBE 2 IO A W) R 8 i 300 D s B R
fY AR L BELJE e FIR B A 45 4 3 1 R E S AL

(2) B AT BUE 1 = 3h i AR 3 il 56 1L
7 B0 it 1 7 0 U 0 A9 R TR A 1 S R K
5 DI E 28 5 Hb 52 Jim 0 A R 3 g R R AR AR O
I 47 3 7 SR R G L 4 - D R 7 i
TS R T M O R AT U U K 9K M AR U
HEATIRE s @ i A s 4 7 M 3t 72 0 80 1 44 K R
B AT ISR . A ZRAT A LAY T 3 S5 S 0 Rl 72 5
RAERAER .

(3) BEATHIRR IR IATR . A SRR BN I
A H 2R P s 246 70 M 3t 752 904 o 4 K R Ml R AT
A AT A O R BRI R B E B .

TE X0 I 2 ISCR A [ 8% 32 722 50 326 3o g A
A M P BRI 33e T Hb 7- H -  R  ) 1) 91 3
IS Tr VR . DN E Bl e P 8 TR 1 0 R o b 2
3 B B B T e SR R AT R L DL E i
M7 i BOARE L Bl g R A A AR B0, T K BT 4
XS R A BL REBE . g TR B S I U 0 R Y 5



726 o=

=

T B ¥ iR

2020 4

W] , %l 3t 52 02 4 g AL RT A EL 5 4 R AT 5 A I0LAY
o O VR A 8 10 WO e R AT o 1 R 9 TR 4
3 U R T A R 9 A e T [ A AL R AT
206 15 2 Y 5 Ay A M 5 I B0 T 1) AT AR Al LA B0 e 4%
LIS E AL TN,

3 BXAaORFHERBIKBEAERFBR

e AU A B 25 R R A Bh R
AT ARARUR 0L 45 5 1T A9 B3R L T 1g R ARV IR 3l 5 A
ng BOHURSN B &7 AR SF VR E R S R
1 g R o R 5V R Oy TR 45 AR S 17 BT B A
FEIR I IR w5 A 3000 25 # R o5 3 3R X A
IR 0L ) BER DL R PR 3l 65 3% # M BE S8 =4 D7 THI 25
BUET 1g RANESh G M ng B.OHLIR ) & A
I A A AR AR,

3.1 1g IR EERKE

HA. BN 1g |G EHRTH 3 mX3 m
~6 mX6 m,HERN 10~80 t, TAEM R HE K
ZTE 0.1~50 Hz, DL E K F K H B2 6 58 B
(IWHR) &3l & R 1 AT U T

MWETRFKF, IWHR 3 & & 11 R T K
5mxX5m, XT 100 m 2 300 m A A3,
% JE R I R B 9 O 1) 9 RS 4 BROLAAT e R
AR Z J5 BRI 5 KB 1.0~1.5 m, IUAH L
BRI A BE TR 5 mL X i AR 1g RBh &
RN N B 7 S EZS U N N N N
JE TR AR SEAS 4 M 0 T 25 RRAE . L RE 8 R AR A5 411
ML X,

MEFFKRA . IWHR JR3h &5 38 E 20 «, HER
W RECN 6~16 . H g 5 L Bk,

N TAESHKFE  IWHR R 51 & TAEM R 0.1
~120 Hz, @ ASHRBES 1.0~2.0 Hz, # MR
AEARL Hb RO 1 A5 A8 300, [ 4R MR 24 20 ~ 60 Hz,
I 2l £ A0 2 00 A0 B A AR TR 0L i A 2 0 )
SR . SR MR I R A B K £ 3~5 Hz (O
el 2~10 Hz) 4Z MBI C, 4 5 o o 5l B g
HERKZAALF IWHR R 3h & T /ES % (0.1~120
Hz) 38 Bl L PN o DR O 35 A 8 T e X i 7 U0 T 44 17 2
KLGBEREXT 100 m D b T AT

AT B 5K L TWHR iR 3 45 0 5 B P 4> 7K SF
5 16 14 e R ERE 5k 1.0g . 6 T i K S B
0.7¢ fm H AWM IRITBAE I KL N 0.5¢ ~
0.6g """, AT Y T R A A 00 b 75 A PR (K

Ik, 1g KRAR 8 5 AL & R SE AR

R W B TR A L 7 R S A A P ST A T Y
AEARLAE o BE A b Ay LR 2y 5 45 78 3 30 5 A A2 A L
WK, BRI AT ik 1.0~ 1.5 m, BERE AL
IR S5 48, SRR B 4 RS At B8 6 A 08 35 5+ P4
fIE o X0 3B AR T SRARAI A% T K R R B i
T, a0 Ah SR S5 4 2h 70 R D A R
;b A e 2 T DA R UL R (A A G R
BT H T PR R AE L B8 K g b R e S B R
FRp T B E 1g N A MRS S A
TR 50 N 8 56 4 Tl R A U 20K, A A RS B
I FH S0 TR % 77 4k 2 8 A B 58 FIER T .
3.2 ng BOWRZNAEEIKE

+ TELHLR 3 & BRI B R sE R AL E
BT, (AR Y 5 I Y g 18 g R AR A A AR T A AR L B
IRALERAR (] o Wb v R 1 35 3 R 2l 5 455 78R 56 G
B B Y R (1 sl T AR S i i b .
U FE TR A R S L R 3 T b 3 ) 3 g i
JO7 UL 49 ELBTL A | 7S B 00 R L 6 B S R R A
B PPH ik B E AR T O R AR A %
P

UTAE S Lt A B LR 3 5 BB ST HLAG
ML, HAF 15 A BEFZRAFIE 10 5. 81K
L R Ll R 0 ol TR TN R ) =
MES O AL 3l £ 15 A5 M RE R U, P AN R
O HLIR Bl 6 A2 PR ] K P 9% 3, 2D B 3] K 7 Pk
SRR TE B R . B O LS i R £
£ 50g ~100g , HLIE BE K B (& s # i K £
1E 50g ~80g , il KR g Wi %24 100 ~500 Hz, fix K
KL N 35~400 kg, FNHE KL A 1200 kg, H
SRASBIREILF] 2 700~3 000 kg, IWHR + T 5.0
ML 3 & 6 52 BLK - T 3k B 0L 4 36, 3h i 56 2
LIS e I BE 120 . 7K L 3 B fe KR 2 o e
539k 30g 1 20g e KAIR S AR A 400 Hz, i K
ik 400 kg, M 2hJ7 i EE B0 HILS e o L A
A aNae Mg 1 F A ek E , B O ML
Bl M LA AT IR R 1 A 200 5 o 7 AR AL AN
X — )+ T 254, HL ISR B B 20~30 m AWY
(14 (6K 100 HE 47 D 750 e, 522 o 7 A48

M E AT E TR A 30 O LR 3 S AL
KA o A RS Y i BE AR R ) R SF R Ay 17~
40 cm, 56 JE — AN 20 em ZE AT, BEAUL Y 5 R M v
CER M JE S ) AN M5 20~30 m A5 3k kL 22 2 210k
+ 5.

e+ A OE IR F AR E WA — R



%42 % 3

WEA %L IR S A BRI R IS B R 5 27

iR DR SEME R SRR g A LR AR B O 4
RGBT YGE F AN 40 om , M DL AT 40 38 45 44
S VNER L BINB U RV VAR A O RN N S R NP
IUHE AR i KORLAR 38 B LA JHOK S 28 3R, iy TR
TR RUSE /)N BT 200 15 A R i R f2 il R AR AR /DN T g
FECAE R AR K P G RORE AR B R R
AR VTl -t 2 5 BE S A A

T b U AR [ R AR — R 2 iy L 5K
BT 1 AR SR A 22 B AEBETE R BRI A9 58 4 1R T BE R
o7 T A 4 (EL R T IO R Y R R KF I A B
RN RE A 2R AN RE 7 0 BR A £ i phe TR ) K
RARZ WU ZALBE I h ik — gtk . AR+
A1 IR 3l & A5 1 56 AT 5T b A 30UAY BT P RE N L 1
BHIE# 5 B0 HUIR3) G B R A 1 T fa
IR B 5 AR5 59 V8 6 A ol i 02 A5 PO 114
N RS BE X B2 A 4 A A DD S B g S0 52 AN RE Joit
BERAY AR AR B O — GO A A T ik g
A3 — Pk SR BK T 3 B A R TS . ME ANl A RE
L b R IR 30 15 5 R a8 O O i 1 9 b g A 0T
FEHUREAIE T AV 52 i 5L mib OF 5% 1 &5 SCHF k&
T AMGUERE T AR,

4 BrEUURIEERIKLERNA

i sh 5 B 2 B T A 30U R
TRBIL SRR 52 41 it A JH AL BRI 5 | 3t 78 3 7 S g 4y
A 7 0 A K A 58 ik LA % B 7 5 G A 288 1P A i 25
T3 T o JC 2 A 0 AR R 3T 722 2y 7 v o7 MR AR AT
SRR B A L T A B A S B i R AR T SR Y
b7 Bl 3 e SR 4 7 JRURL v A LR BT s
PR AR IRAE 5, S R 2 VAN SR AR G L i 4
S AR,

54t o DX 1A B Ry b A AR X AT PR A 4
M R R 1 il A 80P B E B, A A U 2 5 BRI
6 e A T BB A — B, UL AR T A SR R Sl
Ty S A 04 3t 72 B0 7 SR B L 5 TE A 1B
FRAY A IR 8 5 B R | [ 9 Ah s o IR
SRR E LS R I 2 B s B R  JE RA
Lif REZK Y AL BRI A A A
PR DT

ATAE R L b A IR Bl £ 8 R 7R P I
R CINRIN RTINS =0 o I E A (SRS
IR RIE CMSHS 45 75 AR 5 72 DX [E Sh g A7 30
PUREPEREAY BT PP O 00 72 4 il A 280 1 56 9k 25 7
T4 2 B . 7Y R IR AR B A 200 mo R T AR

AV AL HE e W A R DL A e B R B A A
AR M A AL T T IR 8 (5 B TAE . T
SCAE A TS BRI AR I TR L 4A R R B B
Y56 (9 B2 FH S 4]

A2 RAEBRE-BMHyHAALEEG S L LM
HWEZEFNTEA

Fig.2 Seismic safety assessment of high earth rockfill dams

based on prototype-mode-numerical analysis

FEE AR ME A HUE 211 m, 34k Hh A B
JE g U EE B Bl ZURE S VI BE . F T 3000k XA T b 752
TG 2 AT B A Ml DX, 7 A= i S 3BT PN AT R 22 UK O 8 o
R o 28 My ak SR AN M RE B2 e 1 ORI, AE R R PR
SHR SR I 1) ML R MR 8L R BT AR A A Tk R W ORI Y TR
RBE T A A SO b 7 e 7 R B R R B S O T
by 52 I WAL 023 R Bl 1 S I R] S5 090 AR AIE 5 HE
A0 B I A 455 RN BELJE L A S5 48 B ) Rk . (H
PAAE B0 58 X0 6 S 35 /b, A S i KAV IR 3 5
RO BF 5 IR 3l D s xof I Al HE A 30045 4y 2 ) R
F1%) 5% e AR i) Y T MR A= i ] 0T PN 48 D) 22 U R B
b 52 1R FH B 25 4 Bl 0 R 0 v A R AR, Dy R R IX
e T AR BT RE BT A PR RS %

BR T T AR S & i 300 AR Y 253 2 T 22 4%
PR S 28 I3 7 [R) 5 B b 728 3 A T S — B A 4R 400 % A
FHJE L 28 L 00 (8T 3 FIEL 4)

o Pl 3 A, 23 PR I 2 A7 i A\ W A N TR B
0.311g By MR BRI J5 , SUBCAE AL 5 4@ 431 48 W) 4
L SR, e LB i K, Z a7 T 5~ T
B 12 Z (8], BT 2852 1 b = o B2 R HH 22 BT Y Hb
R Bl B B R [ R 053 R B e L oA AR A
AR /N R FE U By o AR B T 30U B S0} 22 () 285 4 1) T
A, O 12 Z ), WUBAR Y 28 57 f K g A 0
{EIMEEE N 0.384g W) oz BUIn] JE 45 377 b 3 5= 0 1)



728 Wo®E T

B R 2020 4F

YER, A PR BT R0/, B e L R K. Z 5 1
2232 B KM A VEEL N BE S 0.356g B vy =z [l

30 1
28 o\ A,0=0.293g 12
A \05\ 7 14
26 D
2 1/ \ A,n=0.384g 16
5 24 1 =0311g
;Eé
E2 C Ama=0356g
20
18
16
0 2 4 6 8 10 12 14 16
Ll
(@) — B F A3 o e 5 e FEE 1) 784
A 3
Fig.3
38
% CAm0345¢
34
32
5 30
_L%ZS'
T o
24
2}
20
0 2 4 6 & 10 12 14 16 18
RS
(a) — B E AR B B 3 i (¥ 84K
A 4

i 46 7t 52 A T S SILBEASE Y A IR R o —
AU BB et — 2D 3R

17
1 16
s _\Amfogug A, :0.3—2?45\g 14X
13 Al
8 > 7, —
3 12
ENN e _/ /
7 — A\
A, =0.293g ( A.=0.356g
5 —
3
0 2 4 6 8 10 12 14 16

IRVTAES
(b) L Lt B4 sl )5 1) AE 4k

B HRIA R Ao PR LR T AL (B

The variations of the natural frequency and damping ratio during the experiment under empty reservior

A0 =0.817g

T

Lol

(b) B e LBl 2l 58 5 1) A2 4k,

B 3R IR 2 Fe LR P89 T AL Gl B

Fig.4 The variations of the natural frequency and damping ratio during the experiment under full reservior

P P 4 R T A R L 20 2 d A (D B R
0.294g 14 5Z S 4E F e 00 BEASE A 17 4 450 % il ) B
EHI R FEAL, B L B3 K., ZJE7E T8 5~ T
Bl 12 22 08] . h T 2052 10 152 Bl 58 3 R 22 11 A
S SIS, B AT [ 4R A B ks R O L BB L
HH 8 T8/ L 3 55 E KRR R T3 R 0B A AR
P A1 2 FNBEJE LU 9 A8 A0 1 B A BT AN TR] L, R 3 T & K
15 LT A 8 A7 b 7R B B 25 KOG A b R B2 R 1) 5
W, 76 TO0 12 Z )5, IUBERE Y 28 A7 g5 KB A (i
BN 0.379g B == MIA) K 45 3 b 7% 0% A9 1
F . BIRBURI/N BB 3SR, T 14 Z )5, B
B 2627 T e KA AN VEAE NG R 0.345¢ M 2.y«
x L JA) R 46 b Hb M R A VR AR ER T M AR B
KM Z A2 Z = sh iR 0.379¢ » H i F /K&
7338 3k AR LR B A T R 1 iR A R A — o
KB A — W/ . B e B A 28 37 d5 K

A WEAE R B 0.827 g By JK 46 37 bl 72 i 19 B 1<
P 4] ) 4 30 A T SOUBERE Y 00 4 B I K L BEL 2
EAIRTE: N

SR F R i B P LR B R R RS T
14738 A 5 A L Y 3 752 B0 A A 3 B0 IO R I G 2R
IR R) TR 2852 55 B0 0 3tb 7R s A O L A A
R B A BELE LU 0 O 2 R 2 A2 1 b R
S VE FH i B A 5 7 40 b 52 B0 4 P iR R L A A
PRAT A B JE Lo T8 H U B/ 8 Y 8l A 1T
A 1 IR A A 1] ARG R BELJE L B ] S O Y s
JU0 b 75 2l 5 2 R S T 30D 0 MAR 28 52 W) Ml R Sl i RE I
U BRI R e it — 20 AR, LS e 23 ik — AP0 R
IR A3 3 A AT BEL e L 8 O ) W 2 15 28 32 119 Hb 7 )
SR LR G, SRS N A — SRR U H
IR 28 32 B I [8] B 53 204t 72 2l & A ™ o SR
PR B ARG SR AR BLE Hofs 2RI R, &



%42 % 3

WEA %L IR S A BRI R IS B R 5 729

KO MR B AR T A LA B IR AR R R S AT —
SE IS0 AE ANl 2oL /T 9152 3l 00 /0N i b 7= 3h 4R
BRI P I 1 PRI A T R LR L2
AT P AR B T 3t 52 Sl A T A K s 38 T AR
X LA T S0 295 4 2 6 9 4

5 #HiE

A MR RN, 1g THRAEIRS G B A
T A WU WL BRI 5% 254 Bl J1H R T L R
T B BRI 5 R AR S 5 T TS A R AT AL
R RH 1g TR sh & 8856 3845 1 K45 1
2y 3R b RN R RN R M E E MR E i Y
5 i 7 SR 000 0 50 {1 A 0L 5 R A A — BOhE L b
A HENPRPURRE ST H R . 1g R IR Bh
3 A 70 3 0 445 SR 5 A b SR T A I A A 3 AR
PR R, B AR B IR A RE R KT,
lg KAUHR 3 & B AL 50 7K 78 i 1 A 302 BF 5%
MR P R EZEM . H 1g T A 3R &4
RN I AN ¢ 4 2 AH RUE 2k, SR IR )
12 B T T Rl | B AR B ) IR B
3 A5 76 3 50 1 R R RS BB RIE FH VU LA Rk — b 4k
SR AWEFE RS . BL A 72 A5 T AR ADL A0 I 3 B R
D O

LS 1 58 #5 ME EORF R B O HLR 3h 5 B
BRI 5T = 4 I UM RE A . H T
T A R AR 14 BR 1] 18 AN B8 L 2 455 400 =5 100119 b 7 i)
L o BAT 150 AR A AE — 28 R BEAR G i e 1 X A
PRI, 7F A 1% 45 il 0 AR R ZKSE R, el >R A 250
BLPR 3h 15 B 4 b Bl 55 1 s A 300 TR R T R
WF T AE N 5L o) T,

FEARK R b A W30 & 50 3% A % 2 )
KEME AN G = & &, b B KRR B IE 76 8%
lg KEMREh A G NF 6.0 m X 8.0 m, # H ik
150 t.de KIRBH ML 1k 2.0g . IEFEEK KT 000
g-ton MBSO ALY 3 5 . Fo 5 Ko & ok 350g B,
X fx K 2k o 2 500 kg B KN B R A 200g
I, X 1 i K B 2k 5 000 kg s B EE R SR 2.0
mX 1.5 mX2.0 m, BA KA K e Flise o5 P g
(4 5 T A 8 A 3L R A 5 4 (L S 1
B, R i O AR BB I Y S A L
DAL Bh 5 1B 56 7F A WL R F 58 R TR % 4
VAN D T 0K 4% 51 R I VE T

2 % Lk (References)
[1] &R AR IS i BLS F 7 2 M. b 50 K R #E 7 H iiats
1984.

ZUO Dongqi. Theory and Method of Model Test[ M ]. Beijing:
Water Resources and Electric Power Press, 1984,

[2] EWZI/REK H,E RIEL TSP M AL
STl it . 1986
HOSDORF H. Structural Model Analysis[ M]. Translated by
XU Zhengzhong.Beijing: China Architecture &. Building Press,
1986.

[3] CLOUGH R W,PIRTZ D.Earthquake Resistance of Rock-fill
Dams[ J].Journal of the Soil Mechanics and Foundations Divi-
sion,1956,82(2) . 1-26.

(4] VEMR, &5, T ool £ 0 WU b= 1 50 R i S 55 T2 J A

WL T KA 2 4% . 1987,18(12) : 1-16.
WANG Wenshao,JIN Chongpan, WANG Kecheng. Aseismatic
Calculation, Model and Prototype Experiments and Field Moni-
toring of Earth-Rock Dams[J].Journal of Hydraulic Engineer-
ing,1987,18(12):1-16.

[5] AW LA BT A R g R 37 L) . i 36 R £ e, 1992, 12
(1):47-55.

TANG Shuming. TANG Shuming. Review on Aseismic Model
Tests of Rockfill Dam[J].Advances in Science and Technology
of Hohai University,1992,12(1) :47-55.

L6 XU/, Efhy WG BT, 55. AR i A 30U 2 A 8 58 K 5l

SRS LT K A 22 4. 2002, 33(2) :29-35.
LIU Xiaosheng, WANG Zhongning,ZHAOQO Jianming,et al. Ad-
vancement of Technology on Shaking Table Model Test And-
dynamic Analysis of CFRD[]J].Journal of Hydraulic Engineer-
ing,2002,33(2):29-35.

L7] XU/NAE B0, /NN, 45 TR AR B4R o)) & BRI 50 5 2

353 HIEMIL AL L« KR K L S R, 2005,
LIU Xiaosheng, WANG Zhongning, WANG Xiaogang, et al.
Large-scale Model Test on and Dynamic Analysis of Concrete
Face Rockfill Dams[ M. Beijing: China Water Power Press,
2005.

(81 JE B, X /A L X 6] B, 46 5% 7 4l T AR 300 o0 3 B2 b 7% N iR

FAEBAIKIEBI T[] ]. LA TR 2%, 2012, 45 (Tl 1)« 20-
24.DOT1:10.15951/j.tmgcxb.2012,51.017.
ZHOU Guobin, LIU Xiaosheng, ZHAO Jianming, et al. The
Shaking Table Model Test Study on Acceleration Seismic Re-
sponse of Zipingpu CFRD[]].China Civil Engineering Journal,
2012,45(Suppl) :20-24.

[9]  BIEAL ST, X /NAE 56 58 P74 30U e 0B 3R U5 BB o
o 5 it R AR 3 5 A B g B e () ). A B R AR, 2015, 37
(11):2058-2066.

YANG Zhengquan, ZHAO Jianming, LIU Xiaosheng, et al.

Large-Scale Shaking Model Tests on Anti-Seismic and Reinfor-



730

==
=

H

T #&

¥R

2020 4

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(171

[18]

cing Measures for Slope of Zipingpu Earth-Rock Fill Dam after
“5.12” Wenchuan Earthquake[]J].Chinese Journal of Geotech-
nical Engineering,2015,37(11) :2058-2066.
LIU J,LIU F H,KONG X J,et al.Large-Scale Shaking Table
Model Tests of Aseismic Measures for Concrete Faced Rock-
Fill Dams [ ] ]. Soil Dynamics and Earthquake Engineering.
2014,61-62:152-163.
LIU J, LIU F, KONG X, et al. Large-scale Shaking Table
Model Tests on Seismically Induced Failure of Concrete-
Faced Rockfill Dams[ ] ].Soil Dynamics and Earthquake Engi-
neering,2016,82:11-23.
FUSE B XA, 00l 52 VR T T A M A 0 TR AR G 5 R 2
KB FEL) ] 4 b TR 2E 4. 2012, 34(2) : 258-267.
KONG Xianjing, LIU Fuhai, LIU Jun. Shaking Table Model
Tests on Face-slab Dislocation of Concrete Faced Rock-fill
Dams under Earthquakes[ ]J].Chinese Journal of Geotechnical
Engineering,2012, 34(2) :258-267.
XIJE E , XU/INAE S BT 5 S SO 0 15 3 4R 2 5 A58 78 3 56
WFELI 17K J1 K B4R . 2009, 28(5) 1 114-120.
LIU Qiwang,LIU Xiaosheng, CHEN Ning,et al.Shaking Ta-
ble Model Tests of Shuangjiangkou Core Rock-Fill Dam[ ] ].
Journal of Hydroelectric Engineering,2009,28(5) :114-120.
B B A X/INAE X BE &5 BUVL 100 15 HE A 300 b 7% 3 IR
T (¥ 4% 3l 5 A5 280 X 4 5 (D). K g & L A% 4R, 2011, 30 (1)
120-125.
YANG Yusheng, LIU Xiaosheng, LIU Qiwang, et al.Shaking
Table Model Tests on Seismic Acceleration Response of
Shuangjiangkou High Earth-Rockfill Dam[]].Journal of Hy-
droelectric Engineering,2011,30(1) :120-125.
o A XU NAE S XS BE 25 B0 100 35 3 A 30080 7 o v A R
B G BALR BT[]k ) & L 2E4R . 2011.30(1) 1 114-119.
YANG Yusheng,LIU Xiaosheng, LIU Qiwang, et al.Shaking
Table Model Dynamic of
Shuangjiangkou High Earth-Rockfill Dam[]].Journal of Hy-

Tests on Characteristics
droelectric Engineering,2011,30(1) :114-119.

T XN A TENRIL S A BT E O 3 HE A 300 = 4k 8y 0 43 BT
B AN Y 03k (11K T K HL 41, 2012, 31(5) 1 198-202.
YUAN Linjuan, LIU Xiaosheng, WANG Xiaogang, et al. 3D
Dynamic Analysis and Shaking Table Tests Verification of
Shuangjiangkou Core Rock-Fill Dam[ J].Journal of Hydroe-
lectric Engineering.2012,31(5):198-202.

XIS B /AR IR T o B RO B A 30U R 5k A AR T IR
BB AT 52 [J]. 7K J1 & L, 2009,35(5) :60-62,89.

LIU Qiwang, LIU Xiaosheng, CHEN Ning, et al.Shaking Ta-
ble Model Tests on Seismic Residual Deformation and Dam-
age Pattern of Shuangjiangkou High Earth-Rockfill Dam[J].
Water Power,2009,35(5) :60-62,89.

YUAN L J,LIU X S, WANG X G,et al.Seismic Performance
of Earth-Core and Concrete-Faced Rock-Fill Dams by Large-

Scale Shaking Table Tests[J].Soil Dynamics and Earthquake

(191

[20]

(21]

[22]

[23]

[24]

[25]

[26]

Engineering,2014.,56:1-12.

B IERL XN A X BE L 45 ) i 4 sl S Rt R 3 &
BRI T ST LT ] KA 241, 2011,42(10) :1226-1233.

YANG Zhengquan, LIU Xiaosheng, LIU Qiwang, et al. Study
on Shaking Table Model Tests for Dynamic Characteristic
Analysis of the Lianghekou High Rock-Fill Dam[ ] ].Journal
of Hydraulic Engineering,2011,42(10):1226-1233.

B IER XN A S BR T 45 SRR AR R B T 10 5 4 A 30U 72
BRAREIE FUBER 3 2l &5 B RO g6 o 5e (1] K J1 & i 2 3k
2011,30(3):152-157.

YANG Zhengquan, LIU Xiaosheng, CHEN Ning, et al.Study
on Shaking Table Model Tests of Seismic Residual Deforma-
tion and Failure for Lianghekou High Rock-Fill Dam[ ] ].Jour-
nal of Hydroelectric Engineering,2011,30(3):152-157.

W7 s A% IE A, o AR S5 TR 11 7K ER 35 1) o 0t 7% R O
AR B & B AL BF 5T () ] K Rk L R 2010, 41
(10) :80-86.D

CHEN Ning, YANG Zhengquan, YUAN Linjuan, et al. Model
Test Study on Dynamic Response from High Earth-Rock Fill
Dam of Lianghekou Hydropower Station with Shaking Table
for Seismic Simulation[J]. Water Resources and Hydropower
Engineering,2010,41(10) : 80-86.

B IERL XN A TR /NRI 45 A U 72 8 g s e R R
P2l A BRI B 5 [T K Rl 4] , 2014, 45(11) ; 1361-1372.
YANG Zhengquan, LIU Xiaosheng, WANG Xiaogang, et al.
Study on Dynamic Response Characteristics of High Rock-Fill
Dam in Earthquake by ILarge-Scale Shaking Table Model
Tests[ J]. Journal of Hydraulic Engineering, 2014, 45(11):
1361-1372.

o AL X /NAE S X i3 BE S 55 0 3 i TS HE A 300 72 A2 4L
FHAEBRK I T[] ] E TR S TR K 3. 2010.30(5):
113-119.

YANG Zhengquan, LIU Xiaosheng, LIU Qiwang, et al. Study
on Shaking Table Model Tests for Houziyan High Concrete
Faced Rock-Fill Dam[ ] ]. Earthquake Engineering and Engi-
neering Vibration,2010,30(5) :113-119.
RU/INAE A% TE AL, R JE BE 55 A TR ) 5 A 2
B RIUEEH 3 Sy R I 5T (1], i S 28 T2, 2010, 26 (4)
121-127.

LIU Xiaosheng, YANG Zhengquan, LIU Qiwang, et al.Study
on Shaking Table Model Tests for Dynamic Characteristics of
Houziyan High Concrete Face Rock-Fill Dam [ ]J]. World
EarthquakeEngineering,2010,26(4) :121-127.

B IEAL XN A X S BE 46 v T AT M A 300 b 7% 52 7 R 3R 41
A BRG] RS TR 4] . 2015,28(6) :937-945..
YANG Zhengquan, LIU Xiaosheng, LIU Qiwang, et al. Study
on Shaking Table Model Tests for Dynamic Response and
Failure of High Concrete Face Rock-Fill Dam[]].Journal of
Vibration Engineering,2015,28(6) :937-945.

ARG, BB AR B 25 R AR 92 8 [ ML bt B4 R



%42 % 3

W B LA A IR S B RS L BOR 5 R

731

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

#1996,

LI Deyin, WANG Bangmei, LIN Yachao.Stractural Model Ex-
periment[ M ]. Beijing : Science Press.1996.

JAL fi PR L ARAS U R S b 7R B AR R LB [ C/ /5 =
Joi 4 [ b 7R TR S5 008 SCAEL K% . RE BT R 2 AR At
1990:10.

ZHOU Jing, LIN Gao, WANG Chenglun. Seismic Rupture
Model Test of Double Culvature Arch Dam[C]// Proceeding
of Third China Symposia on Earthquake Engineering. Dalian:
Dalian University of Technology Press,1990:10.

EARAS A HEUE) ) i RS R BRI LCL./ /58 = 4
FE M 2 TR 2 BGE S (D L R L 1990.10.

WANG Chenglun, ZHOU Jing. Design and Development of
Dynamic Rupture Model of Arch Dam[C]// Proceeding of
Third China Symposia on Earthquake Engineering. Dalian:
Dalian University of Technology Press,1990:10.

GE L,BAO Y,NI C K,et al.Seismic Centrifuge Modelling of
Earth Dams[ ] ]. Geomechanics and Geoengineering, 2010, 5
(4) :247-257.

YANG Z H.ELGAMAL A, ADALIER K, et al. Earth Dam
on Liquefiable Foundation and Remediation: Numerical Simu-
lation of Centrifuge Experiments[]].Journal of Engineering
Mechanics,2004,130(10) :1168-1176.

ARULANANDAN K,SEED H B, YOGACHANDRAN C,et
al.Centrifuge Study on Volume Changes and Dynamic Stabili-
ty of Earth Dams[ ] ].Journal of Geotechnical Engineering,
1993,119(11):1717-1731.

KIM M K,LEE S H,CHOO Y W,et al.Seismic Behaviors of
Earth-Core and Concrete-Faced Rock-Fill Dams by Dynamic
Centrifuge Tests[ J].Soil Dynamics and Earthquake Engineer-
ing,2011,31(11):1579-1593.

PEIRIS L M N, MADABHUSHI S P G,SCHOFIELD A N.
Centrifuge Modeling of Rock-Fill Embankments on Deep
Loose Saturated Sand Deposits Subjected to Earthquakes[]].
Journal of Geotechnical and Geoenvironmental Engineering,
2008,134(9):1364-1374.

KIM N R,LIM J Y,IM E S.A Study on Geotechnical Centri-
fuge Testing Method for Seismic Performance Evaluation of
Large Embankment Dams[J].Journal of the Earthquake En-
gineering Society of Korea,2016,20(4):201-209.

WANG L P, ZHANG G, ZHANG ] M. Centrifuge Model
Tests of Geotextile-Reinforced Soil Embankments during an
Earthquake[ ] ].Geotextiles and Geomembranes,2011,29(3) :
222-232.

i, o Al B TRTAR ME A L0 3l ) 0 BB i S [ . R
THYE TSN, 2011,31(2):98-102.

CHENG Song, ZHANG Jianmin. Dynamic Centrifuge Model
Test on Concrete-Faced Rockfill Dam/[ ] ]. Journal of Earth-

quake Engineering and Engineering Vibration, 2011, 31(2) .

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

98-102.

FARF T B IR B AR M A gl 2 0 A5 B O
(.4 £ DA %42, 2003,25(4) :504-507.

WANG Nianxiang, ZHANG Weimin. Dynamic Centrifuge
Model Test for Concrete Face Rock Fill Dam []J. Chinese
Journal of Geotechnical Engineering,2003,25(4) :504-507.
AR Tl R BT IR R £ VR TR AR ME A 3000 A A R
WFFELCT/ /o K R % 22 i 7 4R B e dn e SO TR I,
2003:363-367.

WANG Nianxiang, ZHANG Weimin. Centrifugal Model Test
on Concrete Faced Rockfill Dam in Jilintai, Xinjiang [C]//
Proceeding of the First Youth Science and Technology Forum
of Chinese Hydraulic Engineering Society. Shenzhen, 2003
363-367.

FAET TR R AT 3C, A5 AR I Sl 7 0 B AL i 56 B 5
(117K H1 % "1, 2009, 35(5) :67-70.

WANG Nianxiang,ZHANG Weimin, GU Xingwen, et al. Dy-
namic Centrifuge Model Test for Changhe Dam [ ] ]. Water
Power,2009,35(5) :67-70.

FAEF, FEHR. L TEOBEERBE AR SN M] At . h
3 Tl Hh Rk 2015,

WANG Nianxiang, ZHANG Weimin. Technology and Appli-
cation of Geotechnical Centrifugal Model Test[ M. Beijing:
China Architecture &. Building Press,2015.

RXEIWT XN A A AR A5 T A T R 4 4 T A
S BRpTRZ RE I WFsE )] 45 £ TR 4R, 2015, 37(12) : 2255~
2263.

ZHAOQO Jianming, LIU Xiaosheng, YANG Yusheng, et al.Cri-
teria for Seismic Safety Evaluation and Maximum Aseismic
Capability of High Concrete Face Rockfill Dams[ ] ]. Chinese
Journal of Geotechnical Engineering, 2015, 37 (12): 2255-
2263.

RGN, XN A L BR T, 46 e O it 3 L 0 R 7 72 18 O W 5%
(70K F1 % B 24, 2009, 28(5) : 97-102.

ZHAOQO Jianming, LIU Xiaosheng, CHEN Ning, et al.Research
on the Maximum Anti-Seismic Capability of High Earth Core
Rock-Fill Dam [ J]. Journal of Hydroelectric Engineering,
2009,28(5):97-102.

TR R, TR O BRI, A AR IR T B O LR 3h B R 5
WL ] 1 TR0, 200426 (6) : 843-845.

ZHANG Jianmin, YU Yuzhen, PU Jialiu, et al. Development
of a Shaking Table in Electro-Hydraulic Servo-Control Cen-
trifuge [ ] ]. Chinese Journal of Geotechnical Engineering,
2004,26(6) :843-845.

X Bt HOU Yu-jing. - T8O ALK 31 5 BB BoAR[T ]
o [ K F K e R B 5T g 2 i, 2006, 4(1) £ 15-22.

HOU Yujing, HOU Yujing. Centrifuge Shakers and Testing
Technique[ ] ].Journal of China Institute of Water Resources

and Hydropower Research,2006,4(1):15-22.



