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Evaluation of Seismic Performance of Pile-supported Wharves
with Batter Piles through Response Spectrum Analysis
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Abstract

The pile-supported whart is the port structure in which the upper deck is supported by piles or columns. By installing
batter piles in this structure, horizontal load such as earthquake loads can be partially delivered as axial forces. The
codes suggests using the response spectrum analysis as a preliminary design method for seismic design of pile-supported
wharf, and suggests modeling the piles using virtual fixed points or soil spring methods for this analysis. Recently,
several studies have been conducted on pile-supported wharves composed of vertical piles to derive a modeling method
that appropriately simulates the dynamic response of structures during response spectrum analysis. However, studies related
to the response spectrum analysis of pile-supported wharves with batter piles are insufficient so far. Therefore, this study
performed the dynamic centrifuge model test and response spectrum analysis to evaluate the seismic performance according
to the modeling method of pile-supported wharves with batter piles. As a result of test and analysis, it is confirmed
that modeling using the Terzaghi (1955) constant of horizontal subgrade reaction (n,) most appropriately simulates the

actual response in the case of the pile-supported wharf with batter piles.
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Table 1. Model scaling factors and values (McCullough et al., 2007)

(Kim et al., 2013; Yun et al,, 2022). A& o] A-85 23
EXE Zo], Z Zo|7} Z+ZF 49¢cm, 49cm, 63cm2] A
AFZYE) Equivalent shear beam boxo|™, & Ex9] A<
Auke] £219)3} UG AFebEA WA uhajgte] o
S A= 98-S StHKim et al., 2013; Lee et
al., 2013).
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Centrifuge scale factors Centrifuge scale values
Acceleration (g) n—1 0.021
Velocity (m/s) 1 1
Length (m) n 48
Time (dynamic) (s) n 48
Mass density (kN/m®>) 1 1
Mass (kg) n3 110,592
Force (kN) n2 2,304
Stress (k/m?) 1 1
Pile stiffness (El) (kN-m?) n4 5,308,416
Moment (kN-m) n3 110,592
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Table 2. Prototype and model properties (scale factor=48)

Prototype Model

Diameter (mm) 914 19

Thickness (mm) 14 1

) Vertical pile 24,000 500

Pile length (mm) .
- Batter pile 24,900 519
ile
Density (kN+m™) 785 26.4
o , Pile with strain gauges 7.81x10° 0.147
Flexural rigidity (kN*m?) —— : s

Pile without strain gauges 8.41X10 0.157

Inclination angle of batter pile 1:3 1:3

Thickness 1,000 20

Deck - >

Density (kKN-m™) 245 26.4
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Table 3. Properties of silica sand

Soil property uscs o 5 Tamax (KN/MY) Tamin (KN/mMY)
Silica sand SP 1.16 1.96 2.63 16.5 124

Q
0

Batter piles

| Shaking direction

AT
(a) Pile and deck plate model (b) Pile model in sand before installing deck plate

Fig. 2. Experimental model
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Table 4. Input bedrock peak acceleration for each model

Model HAI55 IAIS
Relative density (%) 55 58

0.07 0.08

0.12 0.12

Input bedrock peak

: 0.15 0.14
acceleration (g)

0.2 0.19

0.26 0.24
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Table 5. Relationship between the relative density and N value (Meyerhof, 1956)

Consistency Very loose Loose Medium Dense Very dense
Relative density <02 0.2-0.4 0.4-0.6 0.6-0.8 > 08
N value < 4 4-10 10-30 30-50 > 50
Table 6. Constant of horizontal subgrade reaction (n,) value
Relative density of sand (%) 20 30 40 50 60 70 80
Terzaghi (1955) (kN/m°) 1,280 2,560 4,490 7,690 12,820 19,230 25,640
Davisson (1970) (kN/m°) 7,600 10,040 12,480 14,920 17,360 19,800 22,250
API (2000) (kN/m®) 2,630 6,570 12,330 25,930 43,200 58,890 75,230
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Fig. 5. Virtual fixed point model
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Fig. 6. Displacement time history of deck plate (in prototype scale)

-

H
ot
)
™
>
)
~ L
o|N
1
~
o
o
T
N
'
et
4
pas
lo
fai
HU

[>
|m
o™
%
o
_?L
2
o
oy M
sy
2 i
S
5 i
flo N
2o
)
>

BNJ% ol
N

& o

(m

o

%

>

>,

N

)

o,

o

1%

N

1B

H

o
1o = &
=)
fu
N

oz

rE

lo l
[e}(e]

o
[ 4

,d
4c o

=2

ofN o I o olo

o2
_>|Z H-HN'
Ol

sp 913 A8 Sastgon, ZA

ol
o,
o
>
jud)
>
o rH oM

oo mx W ox

o
S
s

ol

ot
ot o r|r

I, oF
ol
ok
2

o

o I
ot
N
Fel
=
o>
i
2
o)
ofN
o
il
s
N,
i)

Ll



N~

. BAILEO| MR WA TEABO| SH NS
B2
=1

B AROAE A ue FEEe] A5S BAe)
7] 93l Fig. 13} Zro] A& L dof high speed camera
target-2 AX|5lH o, 1A% 7HH|2E 3 slow-motion
movieE #Y3sto] ou|x] 42 FPsIA. F2=
gtoll A targete] MRS F457] ) AR
T3 9] TEMA ver. 3.55 &-851%2M, Fig. 61} 0]
X W yZo] Wg) ARRITAS 717t EEejo) E
o il W Aol e ¥ ol xi
¥% 7M. Azl RS EEslirkFie 7). 4
Ge % U SIslo] HojE ges, s
© = HAI55(bedrock input peak acceleration: 0.26g) X
glo] ooke o=y 9t}

Fig. 69 W1 722 AthFig 122 THoIA x&
HFo= Ao W7t oF 26mm WSRO, yF
ko g o HY ) oF 7Tmm HHAYSISITE E3St Fig. 72

EISL
o]o N

.I.4

y= Weke R Hdf 7F5E7F 0.04g WS =AY
o A= Fig. 29} o] x& Wefo 24l 5153 7+ 54l
SOl Bkl yEollA xFol| vlsl 28%2] X[ He
7F e o, 22%20] F o ZhESETF A Zlo s
ettt B3 MG SHAYEY 34 B, xS
4 yE SH BF FARE 7] 999l 0.47s FofA
M 2 AHEY VMR gho] =&E Sl

Fig. 80X+ 259 S0l 2A T 6.8-7.5s
Atolof x% 9 y& wg] S vlmete] HojFar gl
o IS HH, yHolA xSl vlal 30% Hr=o] i
HR7E Ayt on, x5 WFe Rt —zs}%—& 7}@33}9}
Solle skl AY mEe s)xo] WA
EfRtT) o= Fig. 13} Zo] 25 SHo l o/\} o]
x| E]o] 9lom, AEH]] Alo|A|7} Aty UE 9 &
ZhE| 2] RS W] g o g gt A4 Apol7t wrAYs)
B g(Table 2), 732 vt o2 <la 3|7 o] wysh
Ao R wE. 9 A1E FPHCRE s & o,
% WFo R oS 7ol ARl Fd
of WAstA LM, x5 U y= K& o gHol WAt
= I/ AR BEEQeng LxES] 3
A A B B L/F717F 047552 BE2EH A0R 3
el

>

e xZ WgoR A 7EwEst 0.2g wHYEke. B Ao 20| 3l AL W] Awn] 9
0.3 C) 12 A
"ab . : 1.0 -
&0 0.2 o Peak: 0.2g .5
§ 0.1 - g 08 ]
ﬁ —
5 00 g 06 -
801 1 2 04
< 02 g 02 -
=V -1 3] .
Q
03 & 00 . : - :
0 3 6 9 12 15 18 21 0 0.5 1 115 2
Time (s) Periods (s)
(a) x—axis
0.3 4 @0.3 -
= = 8
§ 01 202
£ 00 3
) 3
9 01 A & 0.1 A
< =
02 A =
9]
.03 A & 0.0 T T T ]
0 3 6 9 12 15 18 21 0 0.5 1 1.5 2

Time (s)

Periods (s)

(b) y—axis

Fig. 7. Acceleration time history and response spectrum curve of deck plate (in prototype scale)

64 E=XBtE8sEl=EE M37A Mi122



Shaking direction

——

30 4

|

y-axis (mm)

-10 A

-20 1

-30 -

-30 -20 -10 0 10 20 30

X-axis (mm)

Fig. 8. Comparison of the displacement of x and y—axis (in
prototype scale)

Before deformation

Mode 1 Mode 2

O Okx] 3o A A
7]”%3’-@ E‘fil El Terzagh1(1955) S 2|9k
AukAzE] mulS 88359
1’4-1]-71-575]] x| tish u)i WA B
o5l elelo] o R ZF AEnTo uE
2SI 8 4 9l 7)ok Wilkinson,
TFoAe 1832 S Fa Zzte] 11y
L2715 =& o, AL Q) AF
£3 2 73421 MIDAS GEN 2016 ver. 1.42 2835}k
(MIDAS FEA, 2016).

Fig. 9 2 10 A|dlAe]
2Ew) oF HAISS EH‘QJ ks
e o2 yEal 9lem,
1571 915 o 250 221z zm%s}oq
Table 7 9 8oj|A= x|wtAaze] me
g9l a1 f

I:I After deformation

2}

3T

N
o
Kl
ox
In oz
oE
o

ofl
o

ZH
(r
Lo & oo fu

Al A
a X

o o o

rE =2
oflt =
o rju
o
o
i

it

BEo ute AapgelA et 3

N,

o> L
INOROX

oX
=)

Jo
N

v (Eigenvector (kN,m))

0.04 0.04

0
—*
y-axis|
L.' xi-axis ‘4
0.04 0.04
Mode 3

Fig. 9. Mode shape of deck plate according to the natural model (soil spring model)

Before deformation

y-axis
X-axis |

Mode 1

141

Mode 2

After deformation

v (Eigenvector (kN,m))

126

* -
y-axis
L; X-axis
136 136
Mode 3

Fig. 10. Mode shape of deck plate according to the natural model (virtual fixed point model)

65



Table 7. Mode participation mass and natural periods according to the natural mode (soil spring model)

Modal participation mass (%) )
Natural periods (s)
Tran. —X Tran, =Y Rot, — Z
Mode 1 0.0 88.4 1.2 0.54
Mode 2 0.9 1.1 859 0.44
Mode 3 89.3 1.0 0.34
Mode 4 0.9 0 0.08
Mode 5 0 0 0.08

Table 8. Mode participation mass and natural periods according to the natural mode (virtual fixed point model)
Tran. =X = parfli'(r:;ia.“c—)r\]( = Rot. — Z Natural periods (s)

Mode 1 0.0 97.0 0.4 0.44

Mode 2 0.1 0.4 96.7 0.34

Mode 3 97.3 0.1 0.23

Mode 4 0 0 0.05

Mode 5 0 0 0.05
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A 71 0.54s2 =EH TR Mode 2014 214 AEFAAL7F 97.3% 24 x5 7150] AHiAQl A&
o] Ao A7 85.9% =M 2= QX* et o = glen, o] AFFEY]= 0.23s2 =EE
71so] Al e o o e, OIHJH 7l ARkasze) Bl 73R o] Aol Alee
0.44s2 ==tk Mode 3 Oﬂ/ﬂh = Hlsko] zlekz) v sl B, X|HkAzE EHE‘_J 39 HE Mode 1-3
A7} 89.3% A F2E 2 x5 71Fo] AuiE e A Ao eo] 2442 80% $Hte = = F =, 7MY
S o 4 glom, ojuf] LG 034sE EEHY AW mAY A9 90% FHOR EHE AT T 5
oh T4 S el sl ET ek gl aleh ol FTAH 2l A% sl Wil g
o s, 7] M9lE Fol FRE nG AF  wAToR FEo] glo] Afwst oug, Az w
RES AYSHs Wolth B o) wdle] 49, AN Eojli FxEe] A%l AWy frolct. w3k 14
uHEo] xZ3} Les] AAElo] x Wk AFeol A wyH mule] ¢ sk wEe] By wyToR 4
R nR, y& o 1} REAF BEE AL Ho] lom ANARy mdo] uls) 14577} 2
2 HQlty Ty & dRdoM = x5 et Al =% Aoz AdgE
15 Ttslg o y3 o gl 13 B B A9hE 53 AArto] HeE M 1z
Eo] JFol A9 glon, 3 As= dhe 23k BET) -7 Terzaghi(1955) =AM d+g 283 A
FaEo] ASel o 2 JFS vlA S b Ao W Y W g A FREY ngFY)E AU AR
gtk Aee Sl =2 el IS anF T Q= Ao R gk B3 FAF do] AAE &
7] R A{A] AR mEEH 22F RES] MRS WA FRE Ff A2 vdAdeR Qs A
Bl B Z12E 0475, 04452 EEElo]l A W AN o] MAF S gon®, shte] mERke e 4 9
2mel mYo] 183771 fARE Ao Yebdt Lt danc rdedandg AT 1ensst
o202 7MY 2E(Fig. 10, Table 8)S HH, xotE theo] nEE 3% £ 9k thEre A"E

66 e=AptEsel=28 HM37A H12s



Heje o) AAE sk o] HAE o B
shei}
5. ZAILE0| MRS TmA| PRE| SHAHE

2 oA

2 Aol A= Terzaghi(1955) A|HF 3] vy 9 7}
AT 7S BEoiel SHAUER A 4
sjgov, 0% FAUURAH vnslol B
Hlol w2 M T2E] WANES Bl

QF wEon LAY wA T2EY 9 A7,
st 9 4 5] el oJe) Wihol 2 Aol
wAle 5 glon A A Bl 9 Ak s 44
Bt Alo] vl Fasieh 1y A do] A4
H d rxEl] Ae, ¥ oS FEoR Hdst
of & 59 E3 HAstEE HHE B ohygt 871
A FoloF FcK(Yun and Han, 2020). 1322 E
Aol HE SHANRIAT % SeagETsse
2wy wEe) sl 228 FHHeR vunal
.

Fig. 11 9 Fig. 120]|A4= =5 A|RF had] S125(HAISS

£ 1
d
2
(&l
°

oz
rE %0,

i)
o
it
i
o
=

1o %2 ot
o
=
Mo
ot
o
o
=)
1=}
i
N
u)
oo U

M
I
I8
I
2
=
™
&
o H
;
W,
oy
&
(0%]
QIL
r
il%ad
D U
H
=
[
1o

ot
o
a
A
N
1o
o
S
fu
N
A
RO 1)
A
o
> o

o

it Y

o

il 38
[Su i)

WA, gy 7
Aapoh 4 P v
o 2 Holt Y&

o)
=
(Pile 1~3) H9) A3} B9 2() FF

m

=, 2 m ol
m ad

B &
4 2
A A
£ &
TN
oomgo
=
ﬂXEm
e =

g_&
I

(i)
47
%
4
=2
R
ez
oZ
ol
ol
=
1=}
Ar
ol
ol
4
HU O:
N
+
S
o
3
of

2
FOR Z7Hsktht oF 10m Zolol A G+
SUEsL WA ), 16m oA 002 4
o v, S4] melo] Q%] Sl 1-3) 2o
EEREEIEREE R B EREE S

SpRE wgHOR mAsgY] e Bk 1
O

of
ofl
b

>' N
)
ot

%

— @

HA

i)
5
o o 1r = i &

o (m

2 Fig. 12 AF BEPile 4-5) 0] 8 H2 2

uEl, R Y 2 HA0R B2 S 2

Aol7 91g-E o 4 lek. Zolo] utel fARE Z ol

E2E oL, Aol o] Hla) ol 2 Heo]

F¥ 7o wolth Eak Ay mHo| 49 Aey
A

Aol 47k 528 20m Zol7HA] gol

=
ki
o

1y
)
pats
|o
&

Analysis (virtual fixed point)
Analysis (soil spring)

Dynamic centrifuge test

Ground surface N

Depth (m)
.

-1000 -500 [ 500 1000

Moment (kN-m)

Depth (m)

Ground surface

®
N Ground surface N

Depth (m)

-500

o]

20
500 1000 -1000 -500 0 500 1000

Moment (KN-m) Moment (kN-m)

Fig. 11. Comparison of the maximum pile moment of vertical pile (HAI55 model, input bedrock peak acceleration : 0.26g, in prototype scale)
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Fig. 12. Comparison of the maximum pile moment and axial force of batter pile (HAI55 model, input bedrock peak acceleration : 0.26g,
in prototype scale)
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