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Influence of nanofluidic dampers on seismic performance of pile-supported wharf
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Abstract: In order to explore the potential applications of nanofluidic materials in attenuating the dynamic response of pile-supported
wharves and reducing their damages, this work built a two-dimensional finite element model of a pile-supported wharf with dampers
using the open-source finite element platform OpenSees. The study compared the effects of conventional viscous dampers and
nanofluidic dampers on the seismic performance of the pile-supported wharf. Results show that nanofluidic dampers have a better ability
to limit the lateral deformation on the top of the piles than viscous dampers and are more effective than viscous dampers in reducing the
curvature on the top of the land-side piles. The energy dissipation of pile top with nanofluidic dampers is lower than that of pile top with
viscous dampers.
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Table 1 Material parameters of soil layers

+)Z Y5 B/ (/m’) NEESE S/ (°) By Y i/ MPa PRFU B/ MPa F% J1/kPa
/N IA 1.92 32 100 469 0
b IB 2.00 36 151 703 0
LRE Y Ic 2.00 34 127 591 0
LRl mA 1.76 26 122 80
% 1 M B1 1.84 43 200 108
[ B2 1.84 84 391 135
B VA 2.00 36 186 868 0
A 2 I VB 2.08 38 279 1300 0
[Lve) W TH 2.24 45 141 1363 20

A MR s R R 5 A 56 ) 22 i i SR PR A A AR ( PDMY ) BE48L , 26+ R T 5 B TG 56 i £
Ji I T 9 P AR MR (PIMLY ) AR R g 1 AP SR FH A T a5 in Y s K TR g R R Y 85 7
T5 AR, 2 AR A KR Ty, TR A A TR U R I R T A B T 2 AR T R B TR AN TR
Y TETASCR S A BTSN S T A B R AR R S RO R AT AR TR A
1.1. 1 TREL A7 4R A sk 1A 69 A AL 4

TN, 7 A TR A A A I /I IR B 610 mm, e R4 2 IR EE RN 75 mm , BEE
T R E A DL 3, R AT A A O IR T Y AT R A, 2T 4 v, RN 1 AT R T Steel02 #5E
L, ZHCNT S ISR 1490 MPa, Fi% 779 1062 MPa, $PER &k 204 GPa, W28 RAL R 0.0, 29 5
YR EE R T ConcreteO1 BEU S MBS HUNLEE 2, LSRMAE L HOREE + SN AE G 2R far 28 (1] 4) T 1Y)
o F1-TE AR R UL S (a) ~ () (B f iR+ BT SRBE ; & 0 HE 5 B T 7 4 R AE 5 £, A TR + A
PRSI EE 5 &, Ry HE RS BE 0T L P I8 5 o R SRS RO TR 7 5, Ay B3 00 D IR SR E 5 B S B sb A o ) Sl it
FE SCERTT FR AR T L 249 SR R AR 24 SRR BE - 0 bR AR, 45 2 A [a] Gk 1 767 45T AR 4 A0 2 A - R e N,
B S(d) (B F L BRI T 32 A g i fr 2% .

16@15

610

75

D10@100

(a) MEJLATARTE (HAAL: mm) (b) HELFAERLI
3 MILASHFEHE
Fig.3 Pile geometry and fiber section
1.1.2 4 XAREAER
N T S M AU AR AR ZEAE - IR R e e S D RN B TS - SR T R A



88

WK R H R R )

52 4%

®2 RBEIMBSH & 05
Table 2 Material parameters of concrete %(
g DURIIE.  BUREUE RRUE JERE =05
MPa XERLAYRAE  MPa  XERHRAE ~1.0 AP
2R+ 74.9 0.005 63.0 0.018 0 10 20 30 40 50 60 70 80
FEAHIREEL 490 0.002 0.0 0.004 s
4 fEIRTTH
Fig.4 Cyclic load
100 60
80 I
£ 60 §40
§40 5 20
7 20 =) :
0 S S
20 -20
-0.10 -0.05 0 0.05 0.10 5-4-3-2-101 23 45
AR JiAE/1073
(a) ZUHCREE+ N -1 A (b) FEAHGREE LR -1 A
2000 900
= 1000F -
& £ 600
= Z,
R 0f < — Fgia1 =—1 500 kN
= L — Fiar=—1000 kN
~1000 - ' 300 — Fygar=— 500 kN
— Faiar=0 kN
-2 000 ‘ : Fiia1=500 kN
-0.04 -002 0 002 004 0 0.05 0.10 0.15
AR HEN
(c) SN F7-Ri AR (d) HEAEE- MR
5 FRL 7N AR iR 5 MR AR I
Fig.5 Modeling of prestressed reinforced concrete pile
% L H 455 Edy AR 1%
SIBLELIFE 6 PR JUeh b 458 HERE AP B0 e O sameni
PR LA SALBRAK T, AR5 53 B H B KPS | 56 ) et
\ . e NITN _ _ zeroLengt yn .
{3165 e £y, DI 1 R A TR % FECRE - 7 1 1) 30 . - S
. o o NN ; NI 2 4 R
Y, I E SO VR, FTLLBEOE LRI . s (O R
1.1.3  ZAkal kB A 3T S5 b A7 BT
R SCSR T ) Sk B FRDAEAB) S B 4 J32 O R serdlengftiSection 570

PEFEAR LA | I iy 37300 S AR A A A AR
P B A B o A28 B BEE S Y Bl A -4
PR Z RS AR B IE " XU 2 e AR
U MR FH T R BT Sk 0 A e T DR AR SR
B BAT R BT SEE
1.1.4 MREHEE

FEEE 1.1 1 P R AR Sk R R R T RS AR BN 1 m 9 X |
YRR AR I, FEMEHE A ~ F P45 BT — MR (B 1 2 5 A 9 70 A i 2
S HENE T — AN 4 BRI, N T X H AT, FE E ST Y
PERS Sk — 44 FROTAAR v 23 A 9K AR BELE 48 AL e Zh T R e 4%,
BTN T iR, TEmAERS sk 4 FROCH fOEHE F A E TR AN
BRI BELIC AR , BELIC #8535 — el e b 7 L FLOR S ARG e f1 A 459,

1.2 EEAN

AR A T T 52 BB A A e A M v | Y

Bl6 Z4itE 15 ERil
Fig.6 Modeling of 2D soil-pile interface

7 HERHBEAR

Fig.7 Arrangement of dampers



55 4 1) FILIR A AR GAABEE 0 AL Sk TR P AR A4 52 ) 89

LT ML= Bl R FHAH N A5 e (R (NS B8 . BB 1979 4F Imperial 0.4¢
Valley HIE T Brawley £330 RITHAE Y , 5 18 G w oo |
AR A 12T 00 M FE WA A, 5 o1 )
K H OpenSees H144 5] 3L #4 il Uniform Excitation , R 3 J5E 4% 45, = 01 :“""‘”“A’-ﬁ\r\ r’H’M |
OISR, AR RN RN 8 PR e 02 L
JE (LT BRI « F TR A, Bh R )5 PR ] Newmark T05 10 15 20 25 30 35 40
HHIA TR FUrS8y =0.6 FIB =0.3025, (& T4 Pl
— 2 H RSB TE 19 Newton-Raphson P53k i — IR A r#e i B8 EREAMRRMEERE G
ﬁz:ﬁiﬁﬁ%? Wﬂfﬁﬁﬁiﬁu‘lﬂ% ﬂ&ﬁﬂ , @/ﬁ\:ﬁﬁl ﬂjfﬁ 1 Wﬁiﬁﬁ ] T’f Fig.8 Time series of input acceleration on
BRI HT | 5 Ky BELIR TR T U ( Rayleigh) BELIE , BELE the model base
FHUE C=a' M+B,K , Firlr o WITRE LI 2R 50, M Ry SRt A5 I B, W JE LU 19 52 80, K R B A I, % r Ak
FBA RN
1.3 HEELSE

R LR MRy XRS5 B R R - OFERI RS T, 3 L J2 i 1 5 47 etk
BT[RBT QU AR IA R PRES | B AR R A % B AR5 2 AR 2 1 LI
9354 BIMMAEAE 24T NI 12 BT RN BE BT, T 58 IR Sk 25 W0 5 2 A 18, BT Sk 2 AR B
P FRVIE ; @S2 ol 3 R 9 | ST A S 2 A T 8 5 B M R0 L S i A M 2 3l , 52 1
Sk SRR R M RZ

2 MARREMENHERE

AR ZAURPRHE 1% PR B L2 AR5 05 A A T IZ R B, 2001 4F Eroshenko %%
WFFE T 8 T AR A AT Z2 LBk A o i £ B 14 8 e W AT IR 5% 561 PR3 1A SCRIE 5 3 I 490 K A A R HE AL
PRBEREHI M B A7t TS LA LT 2 e SR TRT ) 25 () R ek B i 3 P e 0 R i i
AN 255 S W Y R (EPE v g SR £ B2 N e8] R R N S TR e e o iR el (ENVA |
HR RS SRR A A S R R 808 44K Z2 AL MR R A9 H AR TR (1000 ~ 10 000 m*/g) Sy st 41t 1 L
2 BFSE R RGN K T AR R RE B W I 5 FE T LASA 50 ~ 100 J/gH'2 %) i TR (0.1 ~3.0)/g) MIEARICIZ
AA(0.3 ~2.01/g) FEGERRL

|

(=

U 4 1 -
WHe ‘Q‘AW\‘\;]W,‘ TP A ortane

2.1 WReEFEHIIE R

AR BRI LK B9k AL B0 A LA 2 I
Kb ZAURERE AURIKOKBUKiFIR) . AR SABR VR | 2
KA BB, HALR TR 1o DR Sk JLETAK W23
FTE TR 2 08 AU IARAL 55 2K T4 A :
(P, BRI AR ) WO P A K AL B2 B A
FAARALIN IR SRR T A s BV AR, — 2 & I FADRALI IR S —
1 By B 5T R R 40K A Bt EG A 500 e
WA T F YA, BRI PR T g0, st A 0 REREEAED

WO FRRFEH TR RE . B9 AR AR A R LY B B AR
AL (B ST AR ) th4k (B 2 apzov BB B 1T 2 sbR) 78
PP EAERT B 1 Z )5 AR AR BB 11, B2 A fLIE g 7 e e
A AR R AR B B, X T EIEY B, S PITR AR AAR S B T AL RIS OO, TR BT AR o3
T ARBHALEMND, 5 E B2 90K AR R g0 B PRI AR B RRIE . 9K Tt (A b1t i W R i
P TARZ MRS, iR FLAR FLIEIR N LATZEA BRI (B ) BRBEIE R gt Ik
APERE A 0 7 BE T 5 BAT RT3 AT 45 0 e R CRRE
2.2 BhESESEN L

IR 9E =24 A e S N 55, BV ORISR AT BHE R AE 20 107 ~ 107 7' I8 IR 4R it 12

Fig.9 Typical pressure-volume

relationship of nanofluidic materials



90 WK E el (AR RS R ) 5552 &

SR R 0, DAl WAL B 1 A R e b B A e B O AR T T, O THR5T
UK AN RHE ST AR T b b AR T IO A PE B S 011 B TP LG TE IR RS0 . 4 T 1y
KPR AT AR IR AN A (U B8, EAFLIE 7K A0 T FE IR 2 5 AT 85 FFFLIE . Sun 25120 5R FH
bt R X — il 7 KA TS B ( ZIF-8 ) HEAT T SR AR , % SN K PR 15 75 2 T BT L o
BRSO A O RE SRR . S T IR 4 K A T 7 A o O S AT T ZIF-8 55 S R
HESE R, S5 R AOR LA PR S U ol T B 200 g
—EUOMERE, 1) B IR UEAT I R T T 2P IR | et o
[ PEREZ I T AR E —REEN2X10°

ASCHRA Sun 2 IR B Y ZIF-8 345K A 1 I Bl , i 1T T
A RICEUETT A& OpenSees H B A1 8L KikuchiAikenHDR #4744 5ot
A2, B 2B MR S8 MRS Ho= 1.0 m, MR RL A, = 2
0.9 m? BHRAL T, 0 X0.6, AT VIBERE C,= 1.0, BB MMLEL 0 005 010 0I5 020 025
C,= 1.0, WA A 10 B, 43 T Mebk A R 8T £ B oo
TR PR BB 3 TE e 2 2 SR L e Ay 10 SRR S R AR

" e e Fig.10 Dynamic compression

(AR SR TR0 T A5 1 B 3 R 28 2R HEAT 1002, BB 22 W
W B IR T AR

3 EREHH

S T AT H AT , ARSI 245 Hh R 1 LR 28 1 AL G ML R B8 AN K (BB 28 3 A T80 T A9k
Hi AR KRR AR LS ST A TR A5 A R W T BT AR RE /NG A 4 BT BELJ2 S A R R M
3.1 EEESERESHME i 553 s

B T ARE AN B A5 LIE 28 2 MO A L 28 5 7 1 5 A 1
SRR 7 AT PR B ) A SRR | LA R P 11 BT 571 .
(I o WEEREHS R €, MBS 280 | TTZHE S (9 80 TT 1 2 TE 2
SR 5 AL Sk RS 80 A7 ] ) 8 T R~ Ak 2 50 4 o 44 = * o
BT 3 4TS ON ST Sk AR v 9 TR AR )

EGEE LR 2 o R €, AN SRS HOE X, ik A hE i i iy | Lesm 27
o \C,) B[R —HIFEEF (P 8) I 2HE 4 1 Wi 7 AN Sh W SELJE 5% 1
T8 4 2 PRI T B W BELJE 28l i, oy 1L REISUERRR
BT TR T AR R S S R, A A 4 T b 1T Model of single-layer portal frame
JE SRR THURE S5 H R R AR AR Bk L P T M2 M R OB LIS 28 ¢ il a JE R, LA
LR | AR SO BRI S8 AT SRS SR T 35 42 AN T8, Ml 4% T 03t [ 2R T AR ( 32 3) , e e
R B E 2R 2EL, e i HERS AR AL (Y B B e 2R 250 BN @ =0.70,C,=2000kN - (s/m)*7,

R3 AR TELHBEE 257 O] th £k m AR

Table 3 Area of hysteretic curves for viscous dampers under different conditions

i ] gt £ 1 AR (BTS2 SR FERE) / (KN - m)

100 ¢

¥ 11/MPa

response of nanofluidic materials

3m

a Cp= Cp= Cp= Cy= Cp= Cy=
500kN + (s/m)®7  1000kN « (s/m)%7 2000kN « (s/m)®7 3000kN « (s/m)®7 4000kN « (s/m)®7 5000kN « (s/m)°’

0.3 485.4 574.2 484.7 400.2 319.4 238.2

0.4 449.2 586.8 504.9 444.3 384.2 369.9

0.5 415.0 571.1 546.5 477.6 429.9 383.9

0.6 378.3 539.3 584.7 517.0 467.0 429.4

0.7 344.5 499.9 603.4 562.0 506.7 467.6

0.8 313.6 464.3 596.5 593.5 554.4 508.9

0.9 283.7 431.1 572.7 576.6 587.3 556.7

3.2 ERFHWBESN
TEA PP T BELE A8 A o R AL 22 7, 0 — 25 0 A PR B e S I 45 A R A B e 11 B



%5 4 1) FILIR A AR GAABEE 0 AL Sk TR P AR A4 52 ) 91

PRAGILZT SOREE b 3 I 1 A T BELE 26, 71 1 SURE 24 4
5 M BRI T ReAS . P 12 0 A BB
T HE SR R AR AR 8, WA K, 9 22
B AR T, W 0 P T BVIS AR 1 8 i A K 3 B
T RO HE ST AL 8 T RSB LR B TR A1, 1
LR ELILNT GG LR PERAE o P TR Bk, e by [ LR

faf 2/ MN

PIFEREYERE SR 11592 B E T, :g' — IAGKIRBELE 25
3.3 7K L -10 -5 0 5 10
HEHRKFEALF .

B AR o 4= W FE LR SVE T, AT L 22006 1 Al A B 7= A

O ASTE . R S (A0 v 24 B K 06 5 T 3 3 A B 12 ARG B 5

Fig.12 Hysteresis curves of frame structure

M, 13 250 T HURVER (K 8) THE A FIF METH A4 K S S

FENZR . B 13 BT A R INABRJE#R REO0F , BETR A KPS R (B AT 40 em, BB RBHE &S , (1 F
WAL LA K I i PR 08 203 BB AR AR T R AR BB A8 ARG SRR i AR K AR BELJE #5% J , 1o A A Sk ABE 78 (9% A7 T
IO B BRAR . 3X -5 KRB 25 o] LA S8 388 o 25 R (I B A 5

50 -
HEA

£ 30r R Rk MR |
2 -40 s :
E‘- '

0k i — KINRESE 28

20 F : — IMAZEH e % :

_?18 - . i [ J — MAZORFERLER: |

- 5 10 15 20 25 30 35 40
A [a] /s

13 #E A 0 F BOHET0 7K T 78 B 72 ph 2k

Fig.13 Horizontal displacement time histories of pile A and pile F
N T 2B 3T A BELJE 45 %8 ol A ) Sk b i 107 )8R , o6 BB 7oV T IR A 57 % i B s 220 A
TRLEWIN Z) A5 2 WA BN 220 T AR AL e N, IR 14 B, 7R TR RS i R I 220 FI b R 2 RO 21, 2%
BERETIU) LA FEAAHIR] . AETHA R A B ) (RS AT SR D IR 1 P A BEBIS, R T i) 7K
PRS2 s B 1 P A RERORE, W SR O 1) L B RS A BRI FE SRR AR B B, PSR 2) T
3 PSRRI AL R KRS AR 22 AN K, 30 fR TR S A 1 2 BRI T AR s 1 248, FE MR B S bR
B IABRFAR B A5 AT AR R K P2 R B /N T I AR BEL s B S R K R R IR

— RIMBLEAs — MAFILES: — INAGUKTREE &

60 60
% (% % e
fﬂ 40 A ) fﬂ 40
Jui N o
iz 30 i 30
20 20
ol BEF | #EE | 4D | bk | BEB | kA ol #F | wxe | mEp | 4tc | kB | hEa
02040 0 2040 0 2040 0 2040 0 2040 0 20 40 60 02040 0 2040 0 2040 0 2040 0 2040 0 20 40 60
i #/em {51 #/em
(a) TR BT Z] (b) HREEHRZ)

B 14 AEE KT AR 1R R A Mg R
Fig. 14 Horizontal displacement response of piles along the depth



92 IORGIPNE S S QI S D) 55 52 &

TRBI SRR TR R, R A G ARS8, W S R o8 1 S 5 A By 0 1) BB, RS A 8 Sk 54y
KRS . GORTIARBHIC AR EA RN RE R N A B AT — 2 i WL E , DRt b 1 28 0 B 2% HAT BE A i B
AR AT B RE ST, SO T AR EE L08R Ve S A T LA AR R DA% . BT LA, 76 Bl 4 i )
YKL 78 W Sk 245 T AT 0 ) 5 T | 10K B0 MR I AR A 0 i e R A% 5 B e A e M R BT
3.4 HRHEFTIE

H1IE 15 T, H B BB AR RN, H B BE R 1 il R A, oA B il 56 174 e (i s B A A
Tl Al 5ARMABLE ZAH LG, I ABLE 285 , W3 S T AR AL f iR, H &l 16 ml %, SR mARLE
TR T D S B R g 37 255 SRR EL, T 9 K AR BELJE 25 I, B Sk 448 A4 45 e T 174 SR I AR T 509% ~
68% ; M AZE T BELE 25 , B 3k 45 ¥ 25 A ATE TU A it R e (R A 23 % ~48% .,

HI Pl 17 AT 0, I A Z i BELJG 28 5, AEE TR AT T00 25 6 Ao A 5 A T A BELJE #8447 T00 25 66 Ao A A L el AR

— RIMEEZE — IMABHEZ  — MAGR B2

60 60
50 50
E i £ K
gm 40 E%ﬁ 40 m%%
T 30 iz 30
20 20
ol BEF| THEE|  IHED|  IBEC|  [4EB|  IHEA jol . I#EF| I#EE]  I#D|  I4kC]  I#EB|  I4EA
6-303-6-303-6-303-6-303-6-303-6-3036 6-303-6-303-6-303-6-303-6-303-6-3036
=/ (10-2m-1) 5/ (10-2m-1)
(a) TR RS X (b)) HiRZEERAT %]
15k B 2R e R 3 T
Fig.15 Curvature response profile of piles
— KMBEEE — MAZERFES  — IAGPKIARLE 2% — RMBLERS — IMAFRRLER:  — IAGUKFUER e &
0.08 1 1200
HEA 800 | HEA
0.04 400
0 — 0
| -400 f
-0.04 —800 }
-0.08 -1200
.04l WEB 800 [ B
o=y o SLOARAY
-0.04 } [
-0.08
HEC
0.04
0 ——W@@%@@s&&
T 004}
= 008
g 0.04 - HED
0
-0.04 1
-0.08
0
-0.08 |
-0.16 |
-0.24
0
-0.08
-0.16 |
-0.24 T — -1200 —
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
1) /s P ) /s
E 16 HETR M 2 AT 52 17 WS ERTE

Fig.16 Time histories of curvature at the top of piles Fig.17 Time histories of bending moment at the top of piles



%5 4 1) FILIR A AR GAABEE 0 AL Sk TR P AR A4 52 ) 93

AW, AT RESE th TR A BELE 5 A REAR G 2 A T 3%, 45 b J2 00 Tl AR B9 249 SR AR R T A 1
BORMZ T, (I MIAE A F1 B, A BHJE 25 AR L 7 A= 525 RIS /N TR N LS 2% AR RS, I A4 K I
PREHJEARIG ME B R F 2550 I e 1 8 B (B, i 10 Y8 25 A, 25 REL O (L AR AT, /NS I, PR A ke
T 227 A T BORIIALRS  BORBLARAT R E A T AR R AR B, K 23T S8 KL, AR SR BHLJE 4= fiE
FHERARIE AR/ T A5 RS R AT 48, HRHLE AR i S T B 2 B2 SR
3.5 HETEAITAERE

He BELEAS A v PR Sk 1) 3222 A0 S SRR v 7 A B RE B, AR RS Sk B 23 RO FE BE | DA T Dol ) Sk
R . MR S TR A R AL Rt SR BRI, PR 18 SR TR MR A R SR A0 N BT LY
TR AT LA S5 Aa) B I S e, AN U B BELE BT OO T, X S0 BBl 3 ik 4548 19 3 IR 1 A8 el Ry B i 47
(IOT2E IBVE LG Sh A8 ) RER, IR 18 WD, FE s RR AT FH T R A A Skl 0 AFE A ToT A% WAL 1) F8 s oA 96 )
AR T A F) BE i, 302 phy TRt AE 19 P A BT, b3 LA RO AL BE T J2 A9 29 R0k ™ A RS R M i
B A BEL 2 7 4 e A A S AR 4 AFATE TOLER T A AE RE 240 /I8 T A T LT 445 PO A% Sk AR | T o A 490 A 3t AR L
JEA IS A TOURE RE SL/N TN ARl BELJE A O RS Sk BETRRERE . [H D 2 ir BHELJE fe AS B A HoAT MIBE il i 7
o e BRI RE R | Sl IR A Sk SRR 237 AR R W . I 20 AL AR BELJE 45 T AAE RS Sk 3t
R SN/ N B B A A W S A 0l NES A KRS

— RIMBERS — IMAFRFES: — IAGUKTRRELE &
1 000

300 | TEA WEB i HED HEE HEF
— 600
£ 400t
z 200+t
< 0f
=200
#—400
-600 |
-800 |
B R S — S e S T ——
-1 o1 -1o 123 -4 -2 0 2 4 -4-20 2 4 6-8-404281216-12-6 0 6 12 18 24
/(102 m-1)
B 18  #ET S 5 H 220w i
Fig. 18 Moment-curvature response at the top of piles
4 & &

a. DOKRPAEHEE S AN RN 208 B R A B B — e ORI BE , DRI Ot e BEL e i LA B 14 BIR o A7 Tt
6] AT B BE T, AR BELJE 45 7T L2 B A 247 SRR Tt ) i 1] A2 3

b. FEHUEEAETR , AN Sk el (0 Ak Ak T50 R MAC F) s DA T T O P AV T Wi ) RE B, A LE T bt B2
v, DKL PRBELJE 85 1T LS G- o R i DA A7 T 3, AT el Sk ik TG 2R 3

c. GURGLIRBLIE AR P A bbA B HAT — s NI EE LA K W RE 8% 2 o 7 e, T8 BRI SR AR A (2 B8 25
R LR AR B AR ARE DT R PEREDL TR e 2%

SE

[ 1] A R 3 A A2 3 o 5. 4 [V 98 1 A Jmy B [ EB/OL . (2006-09-12). hitps;//xxgk. mot. gov. ¢n/2020/jigou/
zhghs/202006/t20200630_3320031. html.

[2] wMEAE L HZE b R K E ARk M E (1], £ AR TR, 1982,15(4) :88-91. (MENG Zhaohua. Tangshan
earthquake 1976 ,damaged the pile-elevated docks in Tianjin region[ J]. China Civil Engineering Journal ,1982,15(4) :88-91.
(in Chinese) )

[ 3 ] KILBORN J,FIRAT Y,HARN R, et al. Seismic retrofit of a historic pier using lead-rubber bearings[ C]//Proceedings of Ports’13:13th
Triennial International Conference. Seattle; ASCE,2013.

[ 4] B03E SRR, REID Sk BEE R TSR [ )], B T 5175, 1982 (3) :20-23. ( BAO Zhen, LI Chengquan. Research on
friction damping of pile-supported wharf[ J]. Earthquake Resistant Engineering,1982(3) :20-23. (in Chinese) )

[ 5] ABHESC, ARER. SRR Sk 3 2 0 s AR RS Sk B M RE AT [ 1] AN 14,2007 ,28 (2) :122-123. (ZOU Jianwen, XU

Ying. Analysis in improving earthquake resistance ability of high pile wharf by viscoelasticity connection [ J]. Science and



94 WK E el (AR RS R ) 5552 &

Technology of Overseas Building Materials,2007,28 (2) :122-123. (in Chinese) )

[ 6] 2l AUk, wobEi ki E A7 Kol i i it [ ] /KB #% 171,2006,27 (2) :101-104. (LI Yue,SONG Bo. Earthquake-damage
analysis and damping measures of high-piled piers[ J]. Journal of Waterway and Harbor,2006,27(2) :101-104. (in Chinese) )

[ 7] LEE H H, CHUNG P Y, LIAO S R, et al. Seismic and vibration mitigation on the harbor wharf structural system[ C]//
Proceedings of the Ninth Canadian Conference on Earthquake Engineering. Ottawa: Canadian Association for Earthquake
Engineering,2007.

[ 8] MF. MEFLAD B B AT [ 1], KB RL2EAFST,1995(2) :145-152. (ZHAO Ying. Experimental study technique
of absorbing adaptor for pile supported wharf[ J]. Research on Waterborne Transportation,1995(2) :145-152. (in Chinese) )

[ 9] WA, BCE R i AR BEL e d = WERS Sk BT MR RE S BROT /AT [ D] L iU TR 2, 2010.

[10] SODERBERG E,LIND D,LONI S. Innovative wharf details ; elastomeric bearing pile-deck connection and finned monopile[ C]//
Proceedings of Ports’ 13 :13th Triennial International. Seattle ; ASCE,2013.

[11] MOUSAVI S A, BARGI K. Enhancing seismic capacity of pile-supported wharves using yielding dampers [ J]. Journal of
Structures ,2013,2013 :329130.

[12] SUN Yueting, ROGGE S M J, LAMAIRE A, et al. High-rate nanofluidic energy absorption in porous zeolitic frameworks[ J].
Nature Materials,2021,20(7) :1015-1023.

[13] TAN Jinchong,SUN Yueting, JJANG Hebin,et al. Mechanical behaviour of metal-organic framework materials|[ M ]. London ; The
Royal Society of Chemistry,2023.

[14] SU Lei,LU Jinchi, ELGAMAL A et al. Seismic performance of a pile-supported wharf ; three-dimensional finite element simulation
[J]. Soil Dynamics and Earthquake Engineering,2017,95:167-179.

[15] MAZZONI S, MCKENNA F, SCOTT M H, et al. OpenSees command language manual[ M]. Berkeley: Pacific Earthquake
Engineering Research Center,2001.

[16] ELGAMAL A,YAN Linjun, YANG Zhaohui, et al. Three-dimensional seismic response of Humboldt Bay bridge-foundation-ground
system[ J]. Journal of Structural Engineering,2008,134(7) :1165-1176.

[17] SU Lei, WAN Huaping, LI Yong, et al. Soil-pile-quay wall system with liquefaction-induced lateral spreading: experimental
investigation, numerical simulation, and global sensitivity analysis[ J]. Journal of Geotechnical and Geoenvironmental
Engineering,2018 ,144(11) .:04018087.

[18] SU Lei, WAN Huaping, ABTAHI S, et al. Dynamic response of soil-pile-structure system subjected to lateral spreading:shaking
table test and parallel finite element simulation[ J]. Canadian Geotechnical Journal ,2020,57(4) :497-517.

[19] SU Lei, WAN Huaping, DONG You, et al. Seismic fragility assessment of large-scale pile-supported wharf structures considering
soil-pile interaction[ J |. Engineering Structures,2019,186:270-281.

[20] PARRA E. Numerical modeling of liquefaction and lateral ground deformation including cyclic mobility and dilation response in
soil systems[ D ]. Troy; Rensselaer Polytechnic Institute,1996.

[21] ERmIAR, 202, TR, T SCBH e A 28 e AR B 4 oy 30U 5 i 7 23 B v A R [ ] T R 2l ( A SRRl )
2022,50(4) :98-104. ( QIAN Xiangdong, LI Chen, SHEN Renjie. A generalized damping model and its application in seismic
response analysis of concrete gravity dam [ J ]. Journal of Hohai University ( Natural Sciences),2022,50 (4):98-104. (in
Chinese) )

[22] BRMIAR, AR5 , 20 k. TR RE oy 30U 60ty BELJE S R e 107 A3 T [ ] 09 DR 2 2 4k ( FARFLA ) ,2021,49 (4) :342-348.
(QIAN Xiangdong, LI Zhendong, LI Chen. Non-viscous damped seismic response analysis of concrete gravity dam[ ] ]. Journal of
Hohai University ( Natural Sciences) ,2021,49(4) :342-348. (in Chinese) )

[23] EROSHENKO V,REGIS R C,SOULARD M, et al. Energetics:a new field of applications for hydrophobic zeolites[ J]. Journal of
the American Chemical Society,2001,123(33) :8129-8130.

[24] CHEN Xi, XU Baoxing, LIU Ling. Nanoscale fluid mechanics and energy conversion[ J]. Applied Mechanics Reviews,2014 ,66
(5) :050803.

[25] FRAUX G,COUDERT F X,BOUTIN A, et al. Forced intrusion of water and aqueous solutions in microporous materials ; from
fundamental thermodynamics to energy storage devices|J]. Chemical Society Reviews,2017,46(23) :7421-7437.

[26] HEZE YK EWIFEEI RS 1], 12EdE)E 2017 ,47:201707. (CAO Guoxin. Nanofluidic energy absorption system:a
review[ J |. Advances in Mechanics,2017 ,47:201707. (in Chinese) )

[27] mlfy, e, SRAE 55 WAL ke B b T BEL e A O RE- 25 A A R BURRMERR /1A [ )] 7 TR S TR RSy, 2022 ,42(5) : 150-
157. (SI Pan, TANG Liang, ZHANG Zheng, et al. Seismic performance analysis of pile foundation-structure system with viscous
dampers in liquefiable soil[ J]. Earthquake Engineering and Engineering Dynamics,2022,42(5) :150-157. (in Chinese) )

(W B #7.2023 -08 -22  Zahi . X1 HéHe )



