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MACHINE LEARNING-DRIVEN EFFICIENT IDENTIFICATION AND
ANALYSIS OF SEISMIC ENERGY DISSIPATION MECHANISMS FOR
SCOURED BRIDGE PILE-GROUP FOUNDATIONS IN COHESIONLESS
SOILS
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Abstract: Scour can transfer the seismic vulnerable portions of a bridge from piers to pile-group foundations,
which increases the cost and difficulty of implementing the conventional capacity-protection design strategy for
pile-group foundations. Therefore, leveraging the energy dissipation of pile-group foundations becomes a
potential alternative strategy. The seismic energy dissipation mechanisms of scoured bridge pile-group
foundations are mainly categorized into three types, i.e., rocking-induced energy dissipation, plasticity-induced
energy dissipation, and the energy dissipation induced by both the rocking and plastic behaviors. For pile-group

Wkt FH: 2024-03-14; 22 H: 2024-08-20;

HEWH: EHxRERRBEERS T (52178155, 52378183, 52008155). H i 3k ARV 2% 3 & Tl %5 4 151 H

JAWAEE: TBefi(1987—), 5, TLIrA, Bz, 8Lt FEAFHRHUED L (E-mail: xiaoweiwang@tongji.edu.cn).

PE# TR FWERE(1995—), 55, WHLA, M4, FEAFHRESEH1(E-mail: jc_wang@tongji.edu.cn);
MEH(1970—), 2, WHLA, #d%, 4, FLNENRPUEDFL(E-mail: yeaijun@tongji.edu.cn);
JAE(1993—), B, =N, it FENFEHFRIUZEHFT(E-mail: lianxu.zhou@ubc.ca).



R

foundations with different soil properties, scour depths, and structural parameters, accurate and efficient
identification of their seismic energy dissipation mechanisms is a premise for the seismic design of scoured
bridges. However, the conventional nonlinear seismic behavior analysis of pile-group foundations relies on
complex finite element simulations frequently with computational convergence problems. In this study, a machine
learning-driven method is proposed for efficient identification and analysis of the seismic energy dissipation
mechanism of scoured bridge pile-group foundations in cohesionless soils. A dataset for seismic energy
dissipation mechanism of scoured bridge pile-group foundations is established by using the experimentally
validated finite element analysis method and by random sampling technique. The optimized support vector
machine, neural network, and ensemble tree algorithms are used to establish a machine learning-driven model for
efficient identification and analysis of seismic energy dissipation mechanisms. The study results show that the
neural network can more accurately identify the seismic energy dissipation mechanism of scoured bridge
pile-group foundations with both the precision and recall basically larger than 90%. The number of pile rows, of
pile length, of pile longitudinal reinforcement ratio, of pier height and, of pile axial load ratio are important
variables for the identification of the seismic energy dissipation mechanism of scoured pile-group foundations.
The smaller the number of pile rows, of pile length and, of pile axial load ratio, and the larger the pile longitudinal
reinforcement ratio and pier height, the more the scoured pile-group foundation tends to consume energy by the
rocking behavior, and conversely, the more it tends to dissipate energy by the structural plasticity. For easy
implementation, the dataset and neural network established in this study are available at https://bit.ly/JW912.

Key words: bridge engineering; scoured pile-group foundation; seismic energy dissipation mechanism; machine
learning; variable importance analysis
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Fig.1 Three seismic energy dissipation mechanisms of scoured bridge pile-group foundations
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N Tt Xt AN R BLAS 5% S BVA I 2R 3R

Bl 1B 10 i 1 p IR AE A AL AL R AR REAL ]
NIRRT . R SRR HL T, FRIEHL S
5 2] oy AR AR 0 Z TRl R 5 i
YRR ARLANE R 5L, W DA Hriles o2 2]

B[R 52 28 BE RN 932K 08 1. T EEIIMRRAEA S Bk
BUWR: MEHEE N=2, #EfR d=1.2m, BRIEK L,
FCA e pi AL H LA R S HOR E R R(
R DICERIME, MK Ly, FHE p LR H 1
HUEaE 10 From. daPEmr A, bl e Bl iR



T %

Ji 11

FERENLHI DS I — 2 P ARZR M . SCRF &ML
B 22 WX 24 B (1) R SR T R B CTE TE SR £, 1
LR AR (1) PR SR T OB UG . B 10(1) &4 Rk
B, 3R /INT 8m, S RO T F A B At RE R
BUE LA R AR, X AR & B 4y
Frivgs 5, RI4E b i i R S BHAS AR e N B 1, &
BRI TR AERERE, IE WIS BN U Z
gyt IR TN 45 5 (B 10(g) & 10(h)). [AIFE, 7
Pl 10(c) (FyH, B2 BB S0 £ FE BEATL i) 75 458 R e Y
ANBEAE A R A A9 2 A A R A RE S B AR
(), T SR AL S A 4 45 R (B 10(a). K
10(b) 5 10(d). K 10(e))fEilr HAF& e o bl
M, BIMERCK,  JEORRE (B R S A R 2 (125 S
N, BEAREEAN, TR A A ) T 2R RE . [N
B, SR ) B ATLAN A 45 X 4% A A g L VA B A S A
IR FEFEREALH, 1 AR B R IR AE

Hh 7 FE AR AL ) A4 A5 A0 A 2 2 LA N TF T
https://bit.ly/JW912., #5257 3L T MATLAB
FHIEAT, FER A H S AR 1) & A1
ARG VAT e i 24T & 1 A R SR AL R
FEREMLHI IR 25 2R

4 HlEEFE IRV EFE VL HI L
EEEZMSH
4.1 SHapley Additive exPlanations (SHAP) 733%

N T k2 i B S AT i G A v AR b
T LAl M R AR REA LI AU SEMR, A SCR A SHapley
Additive exPlanations (SHAP)MOIxf | — & b 37 (1)
FREE N 28 73 SR BEAT fifRE . SHAP SR T 183818,
Je — P a2 IR (IR PR “ AR T7 ) HIfRRE
J7ik . SHAP R 5 2 SI RS RL IR FI0I &5 AR R N 25
N IR UH RE 2 A

S R R R OS5 5, TR F0=00) =y + 3 gix, 5)
SR P 2 ) 26 A8 TR0 S0 A A 5 i ) 3t 722 °E RE VL 1 3
ATtRIE . HEWHBRI . O T ORI, ASSCEESLH
PEIRAERE JEIFIFERE pEFERE
15 15 15
13 13 13
g1 €1 €11
hY U 5y
& 09 & 09 & 09
BT B B
07 0.7 0.7
05 05 05
0 15 20 25 30 3 0 15 % 30 3B 10 15 20 25 30 3
BEKLy /m L, /m FEKL, /m
() SZHFFEFIEHL (H=9m) (b) FhLE 4% (H=9m) (c) B (H=9m)
15 15 15
13 13 13
gl e U et
E 9 E O 50
5 B 5
5 5 5
3 3 3
10 15 20 25 30 35 0 15 % 30 3B 0 15 20 25 30 3
BEKL, /m BEKL, /m BEKL, /m
(d) SCFFITEHL (0=1%) (e) LM% (p=1%) (f) S (=1%)
15 15 15
13 13 13
g e g u
E 9 E 9 E 9
7 7 7
5 5 5
3 3 3
05 07 09 11 13 15 05 07 11 13 15 05 07 09 11 13 15

Bl 55 %1 1%
(9) SHFIFIEEHL (L, =15m)

AL 155 %1 1%
(h) #1%:M% (L, =15m)

K10 ANFIFLES S 2 ik R SR I

e 5 %1 1%
(i) SR (Lp =15m)

Fig.10 Decision surfaces for various machine learning techniques



T %

Vaj & 11

A () APLES IR, g(x') N SHAP fifl %
R g NIEREAVEEG ¢ A | MIIANEE X
(U RME (BT SHAP {8); m NN REEE xR
Y5 xi BE MO ZE FIEL 1 8% 00 A S5 K (1) 1] it
Fra A m b Re g2, x| B 1. SHAP B 3 4~ #
B R, SURMERM—EUE. R
P SR A A N A B DRI 2 A T B g 2 S A A
BTN SE 5, B f(X)=g(x') 5 SRR om B Kb

|S['{(M—|

ANBEAHFEANE, X, =0=4¢=0; i —%
P SR AR 5 11 VA DRI il A 3 s o ik (B A\ AR
Jo AR TS B AR A ) R T A . N TR
SHAP fH, & X f,(S)=E[f(x)x], HA S AHA
BEITE, f(S)MEMAZETHE S KK
BH. A2 R 3 AN @ 1) SHAP fE AT #% R 2
SR i«

¢' = ZSg{xl,x2 e Xy PG}

A X%, Xy P XY ATEFT A AT RS
X Xy ey X 3 PR 5 X JER B |S|INT
£ S AR EAN K. SHAP kAl LR & —A
FE A Hp B N AR B0 TN 25 SR DTk, mT DLd
TL ST FEA [ SHAP 45 54 J=) 43 B 48 1 (1) 55 B 1
J e B
42 TEEEUHSHERITIE

g N7 B B L T DR AN S 4R
SHAP 25 H 1I~FIIEGC N mean([SHAP)))iEAT
RO, B 11 BoR T SN E RN EEEHT . 7E
A 3CH, mean(|SHAP|) KT 0.05 R EH NN 2 E
AR, A NZAE B 5 M R FERENLHI A E N
R 5%, K22, mean(SHAP|)/MF
0.05 MR BN &KL, HE 11 7751,
HEE N BEK Lo BERCH 2 i 805 H BAS Sl T
EE oo 2 IR 2 B A JEE At b B RE BE AL AR 1 91 f0) B
AR, X TRREFERE I ERERE R IR A, MEHEEUR
IEENR N R, SRR RmE 12% LA
Fo TR RIFERE RG], AR B B AR

M!

S s v - 1,080 ©)

B, PR AR 9% . BAh, B
WL D AHERIECHER ps Xt 73 FREE R LT
FILLRNG, HEAE d AR SD thi Ik B B,
Xt A FERENLI IR A AR AR o HETRIEE S. A
3 JE R 5 P fy AR I - HUR SR fe R ROV AR
TR ARSI 0] IV ) B AT 28 A9 st A 5 P
FEFERE 0 10 B A, TR B R R R
FEREIR M M A T E U, PRRIERE SD
S AN 2 TR A S ik 2t R AR RE AL AR 0 S TR 3 g A
RIAS &R, K2 SNV LAl 72 rp o2 R FERE AN
FAR RIS, Ah, W E SR Dy XHURFEREAL
IR/, 3 RO R AR AU K -3 70 Ak
1Fi) JBE BHL 77 7 A R R R 2 [ 1] B4 910, /N Dy 239
NHEIEERH A7, BRARME B PTh AR BRE 7T, HIFR 2
PEARAEN 9077, FRAR T HEAESE AR SRR R,
T/ R A 22 ik AP T ) ol 0 75 SR BB
Dy 2 [F] I BEARME B il 7 A 7% RE 0 SR 755K, %
XHAEREH LA R FE M A X BN o

-

0.10

o
=4
o
a

0.15 0

0.05

0.10 0.15 0 0.05 0.10 0.15

mean(SHAP]) fi W BLERLT-25200) - mean(|SHAP|) i (RIBEELT-21500) - mean(ISHAP]) i (#8425 5 )

(a) FEAEFERE

(b) JEIFIFERE

(c) M PEFERE

K11 TEEEEHR

Fig.11 Variable importance ranking



13

i

Bl 12 JE8 TR SR R %A & SHAP {EIT
il B 12 PR MM EE T i E 2
mean(|SHAP))iE kS, F—A AR AR,
B R AE AR B )R/ (NI B 20K G K), =
B RUE y BT E), x AR SHAP {H . HE 12(a)
AL, AEHEE. AR, AEREREL. BERIPE. JREEL
PURGEE . DLAITRIR BB/, AERCZE . B0E .
BN S R B L AR DA R O A F R, IR
FEDEISAL R AR PR AR FERE MRy, Rz, kAR
IPERERE IR R R =, W 12(c)Fm . X432
BRI FERE 2 M L I AERE, K EEM
SHAP (T A S 3 A 72 O P, B &A% & Xt
TR M R A 5 it e ()R e 1 A % T B B ) E
AR

LB S H e v R RO ) LA e, [ 13
AT M I 25 R B HON R IBFERE I R R 5
AR S AR LA W EUE BoRTEHFh, %
A M B N % SHAP 4 By HES ], Rk A
LG TN R . U R EMEARAR, 2
FRFERE 0 RE 2 O BOHE 4R T PR AR FERERE AT S I T
B, Bl ¢, =0.33. B )5, TEH0EEMLHIA b i a4
A Drs oy, pr 35 12 AR, BRI HINMELE 6, 19
Fenb b B & AT B () SHAP {8 B2 1k 1 5 %
458 0.951, Rl TR 4AH 95.1% M3 IR 12 FE
e, T AR FERENLHIAIMESE, (R ph 22 )

LERAVRZFE ARG N REIEFERE . ILAh, FEIXFEA
rp A B E L ) HE T 5 10() S R — 2 ARBL
AR JRy S M AN A SR P48 EE L 1 X

R T b &% AR B KA H
oG, B 14 B THEHEE N BEK Ly B
KHEFR 2R py B 2 1] ) SHAP AR #1A o Ffh
—/NEENEE, PHAE - N ERIEERD
SHAP 8, #F—PrE AR, RBERE
BB REMIR/N . AT R AR bR [ R AR
K 52 B A 1T 5 0] PR AR P s  , Xo 8 A AR R AR A A A
IO T —ERERES). HIE 14(a). B 14(b) T %1,
MEHFEOR T-55 T 3 SRR A iR 4R FE Re (126
(BP SHAP /T 0), BRI 2 AH % 11 55 1k HE AL
(RIRZR, T AR IC A9 2R 14 s it — A A i HE RO 52
W, Bl 14(c). B 14(d)rT s, BERCE RN T 1.1%
2 FRARHE RS A R AR R RE OO ME RS, AR HEECRI R
(3G s 2 I g9 PEBC A B2 . B 14(e). &
14(F) AT %0, AR KT 20m 2 FRACEEAE SE Al B2 2 FEAE
(MR, BEHFECRIRE T A5 28 23 ) 22 Bl 55 A s AL AR
A

13—, 3T SHAP 23 M 3 2 [l K Lp-
PERC 26 i B H OO R EFE BE AL AR 52 i A A (1)
11~ 14) 5 AR 2% 2] RS 18 73 A (B 10) 485 SR —
., BHYRFEY B, T EIE AL 5 SIA
J SHAP 73t 5 ik i n] Sk

[

N o cmanap H ..... [ _._....*_. N ‘ [P —

) .....,...#.... N ......._*_, Ly ....‘,.__

R . . S RS s n e —

H ......*.. a __., ,,,,, *_._ ,,,,,,

a ......*. Ho _*_. H +__ ,,,,,,
" b <t i b "+"' g b — o
Bs —p S —p K0 &

L —p— - s —p— € g SR SR

SD —p— SD —p— s B iR

d o _+_ ,,,,,, d +_ ...... d + ,,,,,,,,,,

Ps e +. ...... Ps e + “““““““ Dr oo + ..........

[0 R + ,,,,,,, D + ........ P e + ,,,,,,,,,,,,
050 025 0 025 050  -050 025 0 025 050 025 0 025 050 b

SHAPTIE (BRI
(2) FRIEFERE

SHAPTE R REALA )
(b) JEFIFERE

SHAPTiE R BEALi )
(c) ZBtEFERE

K12 SHAPJLEKE
Fig.12 SHAP summary plot



14 T R %
i 14(0.951)
p=15% +0.282
Lyet5m |- I o 2::
2 0 16
H=7m - -0.132 (I
g;t f,=447MPa - I 0120
mﬁr‘( d=1m - -0.055 (I
& S=31d - -0.047
< sl D 0.045
¥ sp=tm - I +0.040
p=08% - 00154
f,=34MPa |- -0.009 4
D,=53% |- -0 005*
0.2 HEEfE 0‘4 o‘.e o‘.a 1‘.0
0339 B TRIIME (RIEFEREMIBER)
13 14 TOLREREHLE] I RE I R AL R
Fig.13 Explanation of the rocking-induced energy dissipation mechanism for Case 1#
5 g (3) MEHREL. MEAC. BERD BN, MERCHIER
=A

ASCHE T — RS 5 ST SRS D -3 vk
TR AR LAt M FR AR RENL AN 5 ik &
e, FIMA RT3 BB MEEA LR R S =
FEREMLA Kt S, MG PR 2] 0 M RSk
CLIFRIENL ML, USSR ROR) 57 2 e
REMLAR AR, JFXTER AT RS, W R4
BEMLA R A B R . LRSS M. T ELS
W

(1) ASCRAB =Flas > HEH, tham
X AE VR 0 I R A AP SR i ) 2t R FE REMTL A1) 2%
Plilf, HERMEMERILALE 0% L. 3FF
FENRIIRZ, EaRMERERE 84% 1 L. £
R TS BLR, EHERANE 80%;

(2) BEHEE. M. BERCARAR . 38m DLR A Rl
Js LY e R R AP T2 it e o R RE LA TR ) 1 238
B, WhRRESERE . MERIECHE R . BEAR DL R

SECRBOR, iR AR AR AR A = R e
BAERE, ez, A T AR TERERE

wEW R, U ESRER T A XS0
PN PRI 7 il R A S it S ) R /N 5 42 N
BRI BB TR PR R A . ket
A2 AR ANAE AR SCHIBIE T 70 A IS (K B A
QErp KRR LA Rr KK 51 R B o ol
PRIt as), ASCEE RS %, R EITRE
i A L

K FUSE I T ol B A S A 2 7R R RE AL
B PRE IR R 5 . ESEPR TR, RS
BRI R, FEAESLA T Ae B B2 A R AR REAL
i, SV RS AN R AR REN LA RO A SR ALt 20 T T Jeé
PlmBit, DUA REE R = B R . 5 sk
WF U AT 3R FR AN [R] 3tb 72 FE RE AL ] A A7 2 i ) 70 7 1k
BETEAR, [RII A5 LA 7 5] 5 HY R AR S A3t 22 75 5K
Ry R ST, ST R B G I R 2 o

£ DX v R A S At e 752 RE REATL ) P 52 M /)0 5 IR BT T .
Ly/m 1% N
024 021
30 14 02 4
£ 00 £ 001 Y
Ed 25 < 12% 90
% % % 3
£-02 £.0.2 1 1.0 2
z 20 Z -0.2
04 15 04 %8 o4 2
06
3 3 05 1.0 15
HEHEEIN HEHEEIN [
@ Lm (b) N (© %
02 30 4 14
- o 02 o 02 N
% 0.0+ 2% % g .
T T 0.0 3 T 00
2 2 4 10
Z.02 20 = 2
= 02 £0.21
0.4 2 08
-0 15
04 041 06

05 1.0 15 10
T 5% p1 1%

(@

20
BEKLy im

@)

30

Bl 14 phRIHERERE AR SEFERE 10 SHAP M E]
Fig.14 SHAP dependency plots for the rocking-induced energy dissipation mechanism



14 T B

“ i 5= R @A o A LR oE, 2023

SE3Hk: https://doi.org/10.6052/j.issn.1000-4750.2022.10.0850

[1] WARDHANA K, HADIPRIONO F C. Analysis of recent WANG Xiaowei, QIAN Jin, YE Aijun, et al. Simplified
bridge failures in the United States[J]. Journal of sg|sm|c demand pred_u:tmn met_hod for e_xtenQed
Performance of Constructed Facilities, 2003, 17(3): plle-shafts in  cohesionless  soils[J]. ~ Engineering
144-150. Mechanics, 2023.

[2] e, %4, KA HRKESCIRESRI]. PE A https://doi.org/10.6052/j.issn.1000-4750.2022.10.0850 (in
B 241, 2021, 34(L1): 10-28. Chinese) 3 .
XIONG Wen, CAI C S, ZHANG Rongzhao. Review of [11] WANG X, YE A, JI B. Fragility-based sensitivity
hydraulic bridge failures[J]. China Journal of Highway ar_1a|y5|s on  the _se|sm|$: _perfo_rmance of
and Transport, 2021, 34(11): 10-28. (in Chinese) pile-group-supported bridges in liquefiable ground

(3] JAfL, MRS XU, 2. WEREAE TR R E R 4 undergoing scour potentials[J]. Engineering Structures,
o B AR LR AT AR L), oI 2 B4R, 2021, 2019, 198: 109427. _
34(11): 72-82. [12] ZHOU L, ALAM M S, WANG X, et al. Optimal
ZHOU Hang, WANG Zengliang, LIU Hanlong, et al. intensity measure selection and probabilistic seismic
Analytical solution of soil stress variation under demand model of pile group supported bridges in sandy
condition of asymmetric local scour of pile foundation[J]. SO'I_ cor_15|der|ng variable ~ scour  effects[J]. ~Ocean
China Journal of Highway and Transport, 2021, 34(11): Engineering, 2023, 285: 115365. o
72-82. (in Chinese) [13] HE L G, HUNG H H, CHUANG C Y, et al. Seismic

[4] WRRESC, XUFEW. A LR R 3 CED RS 1L () F 5% assessments for scoured bridges with pile foundations[J].

HEREI]. P A B4R, 2021, 34(11): 29-47. Engineering Structures, 2020, 211: 110454,
ZHU Zhiwen, LIU Zhenging. Review on CFD [14] SONG ST, HU T F, CHIOU D J. Influence of riverbed
simulations for local scour around bridge foundations[J]. sc_our_on the performance of bridges subjected t_o Iatferal
China Journal of Highway and Transport, 2021, 34(11): seismic loads[J]. Journal of Earthquake Engineering,
29-47. (in Chinese) 2020, 26(&‘2: 2251-2282. o

[5] 3B, Fi%. T0MHRRER R G e e (5] FF VRO, TR, ELE AR DL SRR
FR[I]. +h 4 B2F4R, 2020, 33(7): 1-16. B Rp]. 2B AR, 2017, 30(12): 280-289.
GUO Jian, JIANG Bing. Research progress and key SHANG Yu, YE Aijun, WANG Xiaowei. Shake table
issues of bridge pile scour in recent 30 years[J]. China test of pile supported bridge under scour condition[J].
Journal of Highway and Transport, 2020, 33(7): 1-16. (in China Journal of Highway and Transport, 2017, 30(12):
Chinese) 280-289. (in Chinese)

[6] FAKkA, BURA, FOE, % MEEEMRSHRET 5 [16] LIU T, WANG X, YE A. Roles of pile-group and
B B O TR 7 3], TRERE 53R, 2020, 52(6): cap-rotation effects on seismic failure mechanisms of
83-94. partially-embedded bridge foundations: Quasi-static
WANG Qiusheng, FAN Junjie, WANG Xinyuan, et al. tests[J]. Soil Dynamics and Earthquake Engineering,
Statistical analysis and rapid prediction method of 2020, 132: 106074. o )
erodibility parameters of barrier dam[J]. Advanced [17] WANG J, WANG X, LIU T, et al. Seismic uplift
Engineering Sciences, 2020, 52(6): 83-94. (in Chinese) behavior and energy dissipation mechanism of scoured

[7]  rhe N RER E A IZ 0. 2N B e R e bridge pile-group foundations: Quasi-static test and

(TGIT 2231-01—2020)[M]. Jb50: o A RILAIE A numerical analysis[J]. Ocean Engineering, 2022, 266:
@@iﬁﬁ%ﬁ, 2020. 113172. - -
Ministry of Transport of the People's Republic of China [18] WANG J, YE A, ZHOU L. Quasi-static tests and
(MTPRC). Specifications for seismic design of highway numerical simulations of ductile seismic behavior for
bridges(JTG/T 2231-01—2020)[M]. Beijing: MTPRC, scoured bridge pile group foundations considering pile
2020. (in Chinese) uplift[J]. Ocean Engineering, 2023, 290: 116370.

[8] e N\ RILRIE 5 AR £ J W 00, SR N RS % [19] WANG X, YE A, HE Z, et al. Quasi-static cyclic testing
HHITE(CI) 166-2011)[M]. db 5t H [ E 4 Tl R of elevated RC pile-cap foundation for bridge
¥t 2011. structures[J]. Journal of Bridge Engineering, 2016, 21(2):
Ministry of Housing and Urban-Rural Development of 04015042. )
the People's Republic of China. Code for seismic design [20] ZHOU L, BARBATO M, YE A. Experimental
of urban bridges(CJJ 166-2011)[M]. Beijing: China investigation of postearthquake vertical load-carrying
Construction Industry Press, 2011. (in Chinese) capacity of scoured reinforced concrete pile group bridge

[9] MANDER J B, DUTTA A, GOEL P. Capacity design of foundations[J]. Journal of Bridge Engineering, 2021,
bridge piers and the analysis of overstrength[R]. 26(12): 04021091. o .

[21] EHEfF, GUILLERMO BLANCO, M #, & w1t

MCEER-98-0003. Buffalo, NY: Dept. of Civil, Structural
and Environmental Engineering, Univ. at Buffalo., 1998.

[10] EWefh, %, mHBE, 5% Wbk R srgEh

MR b & ZERl PR ZE 1 Be 1 S E i [3]. LR
TR, 2018, 51(5): 112-121.



T %

/i

=2 15

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

WANG Xiaowei, GUILLERMO BLANCO, YE Aijun, et
al. Parametric study on seismic ductility capacity of
bridge elevated pile-cap foundation in sand. China Civil
Engineering Journal[J], 2018, 51(5): 112-121. (in
Chinese)

ZHOU L, BARBATO M, YE A. Pile group effect
modelling and parametric sensitivity analysis of scoured
pile group bridge foundations in sandy soils under lateral
loads[J]. Journal of Bridge Engineering, 2023, 28(8):
04023046.

ZHANG X, YANG Z (Joey), CHEN X, et al.
Experimental study of frozen soil effect on seismic
behavior of bridge pile foundations in cold regions[J].
Structures, 2021, 32: 1752-1762.

ZHANG X, YU S, WANG W, et al. Nonlinear seismic
response of the bridge pile foundation with elevated and
embedded caps in frozen soils[J]. Soil Dynamics and
Earthquake Engineering, 2022, 161: 107403.

WANG J, WANG X, YE A. Ductile behavior of scoured
RC pile-group foundations for bridges in cohesionless
soils:  Parametric incremental dynamic analysis[J].
Journal of Bridge Engineering, 2023, 28(9): 04023057.
WANG J, YE A, WANG X. Quantifying easy-to-repair
displacement ductility and lateral strength of scoured
bridge pile-group foundations in cohesionless soils: A
classification-regression combination surrogate model[J].
Journal of Bridge Engineering, 2023, 28(11): 04023080.
DEZI F, CARBONARI S, LEONI G. Kinematic
interaction and rocking effects on the seismic response of
viaducts on pile foundations[C]//AIP Conference
Proceedings: Volume 1020. Reggio Calabria: AIP, 2008:
626-633.

R, RIS, BT, A N TR BERIRIEMZL
o QUK N 4R 0], MR AR 5 LR 3, 2023,
43(4).

ZHENG Shixiong, LEI Chuanhe, JIA Hongyu, et al,
Application overview of artificial intelligence technology
in bridge seismic field[J]. Earthquake Engineering and
Engineering Dynamics, 2023, 43(4). (in Chinese)

WANG X, MAZUMDER R K, SALARIEH B, et al.
Machine learning for risk and resilience assessment in
structural engineering: Progress and future trends[J].
Journal of Structural Engineering, 2022, 148(8):
03122003.

MANGALATHU S, JEON J S. Machine Learning—Based
Failure Mode Recognition of Circular Reinforced

Concrete Bridge Columns: Comparative Study[J].
Journal of Structural Engineering, 2019, 145(10):
04019104.

FENG D C, CETINER B, AZADI KAKAVAND M R, et
al. Data-driven approach to predict the plastic hinge
length of reinforced concrete columns and its
Application[J]. Journal of Structural Engineering, 2021,
147(2): 04020332.

LIU Z, GUO A. Empirical-based support vector machine
method for seismic assessment and simulation of
reinforced concrete columns using historical cyclic

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

tests[J]. Engineering Structures, 2021, 237: 112141.
TODOROV B, MUNTASIR BILLAH A H M. Machine
learning driven seismic performance limit state
identification for performance-based seismic design of
bridge piers[J]. Engineering Structures, 2022, 255:
1139109.

BRI, WAL, ARV, SE. DU IR AT R AR
AW B RF R EHLUITVAQN]. LREJI%, 2022
39(2): 148-158.

LI Qiming, YU Zecheng, YU Bo, et al. Two-stage
support vector machine method for failure mode
classification  of  reinforcedconcrete  columns[J].
Engineering Mechanics, 2022, 39(2): 148-158. (in
Chinese)

TR, SR VB S5 R B AT R A T AR LA 2
SIEBTVRL]. BRI SAR, 2022, 43(4): 228-238.
FENG Decheng, WU Gang. Interpretable machine
learning-based modeling approach for fundamental
properties of concrete structures[J]. Journal of Building
Structures, 2022, 43(4): 228-238. (in Chinese)

TRERE, EAG, TR, FET UG S RN TR Rt
FERBOE KPR BRI D7 5[], i SR i 24, 2022
43(8): 220-231.

YU Xiaohui, WANG Meng, NING Chaolie. A
machine-learning-based two-step method for failure
mode classification of reinforced concrete columns[J].
Journal of Building Structures, 2022, 43(8): 220-231. (in
Chinese)

NGUYEN H D, LAFAVE J M, LEE Y, et al. Rapid
seismic damage-state assessment of steel moment frames
using machine learning [J]. Engineering Structures, 2022,
252: 113737.

MCHL, BT, EREE, S SR RS S SR E LY
RCHE 42 471 72 90 1k VP Al [9]. & SR 45 4 % 4k, 2023
https://doi.org/10.14006/j.jzjgxb.2022.0922

SHI Wenkai, ZHOU Yu, WANG Weikuo, et al. Basis
vectors-guided support vector machines for seismic
resilience assessment of RC frames[J]. Journal of
Building Structures, 2023.
https://doi.org/10.14006/j.jzjgxb.2022.0922 (in Chinese)
FERRE, ML AT, SRR RS S SRR B L
fi1 RC AE 42 IDA i 25 0 9 [3]. L #2 1 %%, 2023.
https://doi.org/10.6052/j.issn.1000-4750.2022.12.1074
WANG Weikuo, SHI Wenkai, ZHOU Yu, et al.
Low-rank matrix guided support vector machines for ida
curve predicttion of RC frame[J]. Engineering Mechanics,
2023.
https://doi.org/10.6052/j.issn.1000-4750.2022.12.1074 (in
Chinese)

LUNDBERG S M, LEE S I. A unified approach to
interpreting model predictions[C]//Proceedings of the
31st International Conference on Neural Information
Processing Systems. NY: Curran Associates Inc., 2017:
4768-4777.

MANGALATHU S, HWANG S H, JEON J S. Failure
mode and effects analysis of RC members based on
machine-learning-based SHapley Additive exPlanations



/i

2

16 T & 5
(SHAP) approach[J]. Engineering Structures, 2020, 219: [52] JONES AL, KRAMER S L, ARDUINO P. Estimation of
110927. uncertainty in geotechnical properties for

[42] WAKIJIIRA T G, ALAM M S, EBEAD U. Plastic hinge performance-based earthquake engineering[R]. Berkeley,
length of rectangular RC columns using ensemble CA: Pacific Earthquake Engineering Research Center,
machine learning model[J]. Engineering Structures, 2021, 2002.

244:112808. [53] PEER(PACIFIC EARTHQUAKE ENGINEERING

[43] CAKIROGLU C, ISLAM K, BEKDAS G, et al. RESEARCH CENTER). Structural  performance
Explainable machine learning models for predicting the database[EB]//http://nisee.berkeley .edu/spd/index.html.
axial compression capacity of concrete filled steel tubular (2003).
columns[J]. Construction and Building Materials, 2022, [54] AVIRAM A, MACKIE K, STOJADINOVIC B.
356: 129227. Guidelines of nonlinear analysis of bridge structures in

[44] Frigifge, PhEi, AR, 5. fb4G XGBoostMISHAP ()i California[R]//PEER report. Berkeley, CA: Pacific
2 W AR TR /A B R [0]. S AR ER, 2023, Earthquake Engineering Research Center, 2008.

45(9): 1934-1943. [65] Emefh, MEZE, FEt. AP
QI Wanwan, SUN Rui, ZHENG Tong, et al. Prediction SRR S SR AT [3]. T2 J1%%, 2016, 33(8):
and analysis model for ground peak acceleration based on 132-140.

XGBoost and SHAP[J]. Chinese Journal of Geotechnical WANG Xiaowei, YE Aijun, LUO Fuyuan. Sesimic
Engineering, 2023, 45(9): 1934-1943. (in Chinese) response sensitivity analysis of pile supported bridge

[45] &, £5H, BRIV, & HTHBRZEIMZB] ERE structures  in  liquefiable ground[J].  Engineering
05 VE Al B B2 FROM 7 9% 0] LA J1 %, 2023 Mechanics, 2016, 33(8): 132-140. (in Chinese)
https://doi.org/10.6052/j.issn.1000-4750.2023.04.0250 [56] MANDER J B, PRIESTLEY M J N, PARK R.
ZHENG Zhi, WANG Yong, WENG Weiping, et al. A Theoretical stress-strain model for confined concrete[J].
machine learning-based approach to post-earthquake Journal of Structural Engineering, 1988, 114(8):
damage assessment and response prediction for nuclear 1804-1826.
power plants.  Engineering  Mechanics, 2023. [57] MCKENNA F. OpenSees: A framework for earthquake
https://doi.org/10.6052/j.issn.1000-4750.2023.04.0250 engineering simulation[J]. Computing in Science and
((in Chinese) Engineering, 2011, 13(4): 58-66.

[46] XiEiE, ¥iE, WREERE, 55, B T ANNAIXGBEIEM [58] API(AMERICAN PETROLEUM INSTITUTE).
B e ) 7 VT R A S TN VA D]. AR 1A, Recommended practice for planning, designing and
2024, 41(3%T): 300-309. constructing fixed offshore platforms - Working stress
LIU Tingbin, HUANG Tao, OU lJiaxiang, et al. design[M]. Washington, DC: API, 2005.

Prediction method of bond strength of corroded [59] WANG X, LUO F, SU Z, et al. Efficient finite-element
reinforced concrete at high temperature based on ANN model for seismic response estimation of piles and soils
and XGB algorithm. Engineering Mechanics, 2024, in liquefied and laterally spreading ground considering
41(Suppl): 300-309. (in Chinese) shear  localization[J].  International ~ Journal  of

[47] HUTCHINSON T C, CHAI Y H, BOULANGER R W, et Geomechanics, 2017, 17(6): 06016039.
al.  Inelastic  seismic  response of  extended [60] ROLLINS K M, LANE J D, GERBER T M. Measured
pile-shaft-supported bridge structures[J]. Earthquake and computed lateral response of a pile group in sand[J].
Spectra, 2004, 20(4): 1057-1080. Journal of Geotechnical and Geoenvironmental

[48] WANG X, SHAFIEEZADEH A, YE A. Optimal Engineering, 2005, 131(1): 103-114.
intensity measures for probabilistic seismic demand [61] BROWN D A, MORRISON C, REESE L C. Lateral load
modeling of extended pile-shaft-supported bridges in behavior of pile group in sand[J]. Journal of Geotechnical
liquefied and laterally spreading ground[J]. Bulletin of Engineering, 1988, 114(11): 1261-1276.

Earthquake Engineering, 2018, 16: 229-257. [62] AASHTO. AASHTO LRFD bridge  design

[49] DAS B. Principles of foundation engineering[M]. specifications[M]. Washington, DC: AASHTO, 2012.
Stamford, USA: Cengage Learning, 2011. [63] MOSHER R L. Load-transfer criteria for numerical

[50] BLANCO G, YE A, WANG X, et al. Parametric analysis of axially loaded piles in sand. Part
pushover analysis on elevated RC pile-cap foundations 1:Load-transfer criteria.[R]. Vicksburg, MS: US Army
for bridges in cohesionless soils[J]. Journal of Bridge Engineer Waterways Experiment Station, 1984.
Engineering, 2019, 24(1): 04018104. [64] MADHUSUDAN REDDY K, AYOTHIRAMAN R.

[51] RAMANATHAN. Next generation seismic fragility Experimental studies on behavior of single pile under

curves for California bridges incorporating the evolution
in seismic design philosophy[D]. Ph.D. thesis, Georgia
Institute of Technology, 2012.

combined uplift and lateral loading[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2015,
141(7): 04015030.



