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SUMMARY:

The vibration behaviour and seismic performance ofpical bridge pier steel pipe sheet pile fouimatvere
investigated by nonlinear dynamic response analpsthis study. The foundation was built on a saftface
ground that was a clay layer with a SPT value ah8 a depth of 21 m. The analysis was carried ptaking
into account the effects of soil-structure intei@ttand non-linear properties of the soil and thiats between
the pipes. In order to investigate the influencahef 2011 Off the Pacific Coast of Tohoku Earthaquak the
seismic performance, the ground motion recordethduhis Earthquake was considered as well. Asaltethe
soil-structure interaction and the joint nonlingaoperties affect the vibration behaviour and tleésmaic
performance of the bridge pier and the steel piespile structure. The influence on the seismidgumance
of the input wave used in this study from the 2@ffithe Pacific Coast of Tohoku Earthquake is ledit

Keywords: seismic performance; steel pipe sheet pile foundation; soft ground; soil-structure interaction; 2011
Off the Pacific Coast of Tohoku Earthquake

1. INTRODUCTION

Because of the difference in stiffness between aod foundation structure, and the inertia of the
foundation structure, almost all the foundatiouatres including caisson, pile and steel pipe tshee
pile etc., and soil interact under seismic ex@tatiUp to now, the study on soil-structural intéi@c
(SSI) has been carried out mostly focused on milendation, and some results show that SSI can
elongate the natural period and increase the daymfithe structures. It is conservative if the effef

SSl is neglected in the seismic design. However,rétent research results and the observations of
earthquake damage show that the SSI caused amasecia the seismic response of structures
especially for the response displacements of sirest Steel pipe sheet pile (SPSP) is composed of a
steel pipe and couplings welded on the side/sitiéisecsteel pipe. The interlocking of the couplfg

the steel pipe sheet pile links SPSP to constrB&RSfoundation and the interlocked couplings form
the joints of SPSP structure. With strong stiffndege bearing capacity and trustworthy constougti
SPSP structures have been widely used as the fiomslaf large scale bridges, especially in cases
that the bridge spans a river or a bay where thlasaiground is very weak and/or the water is very
deep. As a flexible structure, the seismic perfaroeaof SPSP foundation is affected by the seismic
interaction of soil and structure especially inesathat the structure was built on soft ground e@iv
the interaction of soil and structure, and the ho@ar behaviour of soil, steel pipe and the pipatj
may yield during earthquakes, meaning the dynaregponse of SPSP structures are extremely
complex and not yet clearly understood. In curréapanese "Seismic design specifications for
highway bridges", the steel pipe sheet pile foulndaand soil are modelled as a couple of linear
concentrated springs for the structure analysid,tha reaction forces of the springs are usedeas th
loads to design the foundation structures, i.e.siismic effect of soil-structure interaction aheé t
nonlinear properties of the soil, joint and stegdepare not completely taken into account in the
structural seismic analysis and design. It is S$icgmt to appropriately verify the effects of the
interaction between soil and steel pipe sheetgpilecture, and the nonlinear properties of the awil
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Figure 2.2. Soil condition
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Figure 2.1. Prototype bridge pier-SPSP foundation ation built on soft ground by

considering the effect of SSI and
the nonlinear properties of the SPSP, and thednfla of the SPSP joint properties on the seismic
performance was investigated as well. Besidesthtigaseismic wave recorded during the 2011 Off the
Pacific Coast of Tohoku Earthquake (hereinaftezre to as the 2011 Tohoku Earthquake) was also
considered in this work.

2. PROTOTYPE BRIDGE PIER-SPSP FOUNDATION-SOIL SYSTEMS

A typical steel pipe sheet pile supported highwagde pier as shown iRigure 2.1 was considered
for this work that was demonstrated in “Materias $eismic Design of Highway Bridges”. It was one
of the pier foundations of a 5-span continuousl §tie¢e girder bridge. The foundation consiste@®f
steel pipes forming the outside wall of a diametiet1.145 m jointed by joint pipes. The steel pipes
with a diameter of 1000 mm were driven to a detB5 m below the pile cagpat had a thickness
of 4.0 m and a diameter of 12.145 m. The joint gipd a diameter of 165.2 mm. The material of the
pipes was SKY400. The pier was constructed of oedafd concrete with a typical T shape. The height
of the pier was 13.0 m including the overhanging.pBhe column was 11.0 m high with an oval
section of 2.5x7.5 m. The strengths of the concaei@ reinforcement were 21 MPa and 295 MPa
(yielding), respectively. The main reinforcementswaaranged in two rows with the space of around
125 mm for the outside and 250 mm for the insidee @iameters of the reinforcement were 41 mm
for the straight part and 38 mm for the circulartp@he tie hoop reinforcement with a diameter »f 2
mm was spaced at 150 mm in vertical direction. @twecrete was effectively confined with a length
of 100 mm both in longitudinal and transverse diogxs. The superstructure weights supported by the
consideration pier were 7,850 kN, 7,100 kN and @,kM in longitu- dinal, vertical and transverse
direction, respectively. The surface ground congatié layers as shown fxigure 2.2. The first layer
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SPT of 20 and angle of inner friction of 32 degreas
followed. It had a depth of 3.0 m and its densitysw Figure 3.2. SPSP-Spring model

1,800 kg/m. The base ground was a gravel layer where

the average SPT value was 50 and inner frictiofeangs 40 degrees. Its density was 2,000 kg/m

3. MODELLING METHODOLOGY

This work focused on investigating the effect ofl-S#SP interaction and the joint mechanics
properties on the vibration behaviour and seisngidgpmance of the bridge pier with SPSP found-
ation, the earthquake was assumed to be appliedandirection, moreover, the soil was treated as
nonlinear element, for convenience, the prototypege pier was modelled as a 2D model. Here, the
foundation was represented by two types of analygidel. One was that the soil around the SPSP
structure was directly introduced into the modeal #re SPSP was supported by soil element as shown
in Figure 3.1 (hereinafter referred to as SPSP-Soil Model)nat.only the rigidity and the strength of
the soil but the mass and the dissipation dampiniyeosoil were taken into account in this moddie T
other was that the surrounding soil was represdnydilinear springs and the SPSP was supported by
soil springs as shown iRigure 3.2 (hereinafter referred to as SPSP-Spring Modd),the stiffness
and the strength of the soil were considered brithss and the dissipation damping were neglected
in this model. This was one of the recommended tsofte seismic design used for large scale
earthquake by the current Japanese highway breilgmie design specifications. As to the SPSP-Soil
Model, the soil was represented by plane straimefgs. The constitution relationship between shear
stress and shear strain of soil was assumed to dmdinear and defined by a modified
Ramberg-Osgood model. The soil elements at thernatf the model were assumed to be fixed in all
directions and that at the two sides were assuméx troller in horizontal direction in the dynamic
analysis. As to the SPSP-Spring Model, the soihggrwere elasto-plastic with consideration of the
sliding, pushing and gapping between the pipessaildThe coefficient of subgrade reaction used to
calculate the stiffness of the soil was determibgdEquations 3.1 and 3.2 for horizontal directién o
front face and vertical direction of the bottomttoé SPSP foundation.

k, =a.k.(B, /03)**=a,(E, /03)(B, /0.3)%* (3.1)
k, =k (B, /103)"¥*=(E, /03)(B, /0.3)™¥* (3.2)

Where, K, : coefficient of horizontal subgrade reaction f®*S® front face; k,,,: reference value of
the coefficient of subgrade reaction in horizowliatction calculated by Equation 3.3y, : correction
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Figure4.1. Input ground motions

factor of coefficient of subgrade reaction (takerbe 1.5 here);B,: equivalent loaded widthk, :
coefficient of vertical subgrade reactiok;,, : reference value of the coefficient of verticabgrade

reaction calculated by Equation 3.By: equivalent loaded width of foundatiork, : dynamic
modulus of deformation of the ground obtained bydmpn 3.3

E, =20+v,)G, =2+V,)y Vi /g (3.3)

Where, V. dynamic Poisson’s ratio of the groun, : dynamic shear deformation modulus of the

ground; ), : unit weight of the ground;Vg, : shear elastic wave velocity of the ground;
g :acceleration of gravity. The yield strength of $mings depends on the inner friction angle for

sand soil and the cohesive strength for clayeyssdthe upper limit of horizontal ground reaction in
front of the foundation was calculated by EquaBoh

pHu = ap pEp (34)

Where, p,, : upper limit of horizontal unit ground reactiorrdée at foundation front ,: overdesign

factor of horizontal unit ground reaction forcg, : passive soil pressure intensity during earthquake

The steel pipes were modelled with beam elemestsitieract with the surrounding soil through a
series of normal and shear coupling springs. The jpes were modelled with normal and shear
coupling springs. The nonlinear property of thesgpting springs was elasto-plastic. The pile cap wa
modelled using plane strain elements with concpetgerties and beam elements for the SPSP-Saill
Model and SPSP-Spring Model, respectively. Thessnehts interact with the surrounding soil
elements through interface elements made of assefimormal and shear springs that connect the
opposing surfaces at the interacting nodes. Thidgérpier was modelled using beam elements. A
plastic hinge was introduced into the bottom of pier column to evaluate the bending performance
of the column. The bending nonlinearity includirg tflexural cracking, yielding and the hysteretic
behaviour of the plastic hinge and the column efgiter was considered by the Takeda model.

4. INPUT GROUND MOTIONS

Acceleration time history was used as the inputigdomotion. Two earthquake records as shown in
Figure 4.1 were considered in this work. They were recordeajen stiff ground. One of them was

specified in "Seismic design specifications forhvigy bridges" for Level 2 seismic design, it was
from 1995 Hyogokennabu Earthquake (intraplate tgpethquake), named JMA KOB wave. The

maximum acceleration was 812 gal and the lastimg tvas 30 s. Another record was from 2011 Off
the Pacific Coast of Tohoku Earthquake at Tsukidat®liyagi, named Tsukidate wave. The wave

was comprised of two main motions. The peak acagder of the first main motion was 1320 gal and
that of the second main motion was 2,700 gal, heddtal lasting time was 300 s. The input ground
motion was applied at the bottom of the soil laiyethe dynamic analysis for SPSP-Soil Model and
for SPSP-Spring Model was exerted at the soil ggrirsing multi-point input method.



5.ANALYTICAL METHOD AND VERIFICATION PROCEDURE

Nonlinear dynamic analysis method was applied is Work. The analysis was performed by direct
time history integral calculus method. The inteigratwas conducted by Newmagk{ = 0.25)
method and the time interval of integration wasOQ.®. In addition, the Rayleigh’s damping was
adopted in the dynamic analysis. The coefficienRafleigh type damping was calculated by strain
energy damping ratios.

To conduct the analysis on the SPSP-Spring Moldelgtound motion inputs were firstly calculated
under seismic excitation on the soil model whichs\ilae model excluded the structural part from
SPSP-Soil Model. The horizontal displacements eptbsition of soil springs were used as the ground
motion input for the SPSP-Spring Model. The eigalug analyses were then carried out on the
SPSP-Soil Model and the SPSP-Soil Model. Time hjstoonlinear dynamic analyses were
subsequently conducted on the two models. Fintéyoscillation behaviour and seismic performance
of the bridge pier and SPSP foundation were verifiecording to the dynamic analysis results. The
influence of the SPSP joint properties and the 2Dffthe Pacific Coast of Tohoku Earthquake on the
seismic performance was investigated by the dynamadysis results on SPSP-Soil model.

Table 5.1 shows the analytical cases of this wikrmal” indicated that the recommended stiffness
and upper limit resistance of the joint were adopta this case the shearing stiffness and theruppe
limit resistance were 1,200,000 kN/nand 200 kN/m, respectively. Joint stiffness asidtjresistance
indicated that the stiffness and the upper limgistance were used as parameters to conduct the
dynamic analysis. The stiffness and the upper ligststance of the joint were assumed to be 10stime
larger than that of the normal case in this worlhéWthe joints were damaged, i.e. the case that the
stiffness of the joints was “0” was analysed aslw&he normal case of the SPSP-Soil Model
calculated by the JMA KOB wave was referred to BSB-Soil, and that calculated by the Tsukidate
wave was referred to as Tsukidate. The normal ohske SPSP-Spring Model was referred to as
SPSP-Spring. The 10 times stiffness case and thien®8 upper limit resistance case were referred to
as J-Ten-Stiffness and J-Ten-Resistance, resplctiVee “0” stiffness case was referred to as
J-0-Stiffness.

Table5.1. Analytical Cases

SPSP-Soil Model SPSP-Spring Model
Normal Joint Stiffness Joint Resistance Normal
JMA KOB O O O O
Tsukidate O

6. EIGEN-VALUE AND VIBRATIONAL MODE

Eigen-value was calculated by subspace methodyatiicthe 50" vibration mode was calculated. As
an example, the results of the longitudinal diattivere taken up to present. The principal vibretio
modes in longitudinal direction (X direction) calated on the SPSP-Soil case and SPSP-Spring case
were shown irFigure 6.1. The first mode of the SPSP-Soil was both of tireldmental modes of the
structure and the soil, i.e. the structure wallgtsural vibration and the soil was its shear vilmma. As

for the SPSP-Spring case, the first mode was @sufll vibration. As shown in Table 6.1, the
effective mass ratio of the first mode for the SFS8# case was 64.8% and that for SPSP-Spring case
was 68.9%. The first mode was dominant for bottheftwo cases. The natural frequency of the SPSP
-Soil case was 1.248 Hz and that of the SPSP-Speag was 1.985 Hz. The ratio between them was
1.00:1.59. The '8vibrational mode for SPSP-Soil case was a comioimatf the second mode of the
structure and the soil. Its frequency and effecthass ratio was respectively 3.575 Hz and 6.5%. As
to the 2 mode of the SPSP-Spring case, the natural frequeas 5.683 Hz and the effective mass
ratio was 27.5%. From this point of view, the ma$ghe soil shortens the natural frequency and
changes the effective mass, significantly affdo¢sdominant vibrational mode of the structure.
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Figure 6.1. Principal vibrational modes

Table 6.1. Eigen-Value of Principal Modes in Longitudinal Bétion

SPSP-Soil Case SPSP-Spring Case
Mode f (Hz) P.F.-X E. Mass Ratio  Mode f (Hz) P-K | E. Mass Ratig
1 1.2481 188.75( 64.80% 1 1.9845  45.4960 68.92%
3| 2.2698 33.214 2.01% 2 5.6834 28.7490 27.92%
4| 26431 28.127 1.44% 4 21.2151 6.7021 1.50%
8| 3.5752 59.571 6.45% 7 51.1955 5.7944 1.12%

7. RESPONSES OF SUPERSTRUCTURE

Focusing on the response displacement and acéeterdtthe superstructure, the vibration behaviour
of the bridge pier was investigated. The time mstesponses of the displacement were shown in
Figure 7.1. The maximum displacement of the SPSP-Soil case w834 m and that of the
SPSP-Spring case was 0.472 m. The ratio between Was about 1.00:1.42, i.e. the SPSP-Spring
case calculated lager displacement than the SPBRfo It is thought that the mass and the
dissipation damping of the soil decreased the mspalisplacement of the superstructure. The
maximum displacement calculated by the Ten-Stinemse and J-0-Stiffness case was respectively
0.411 m and 0.338 m, comparing that calculatedhlbySPSP-Soil case, there is a tendency that the
enlargement of the stiffness of the pipe joint @&ges the response displacement of the superséuctu
while the reduction of stiffness has little effext the response displacement. When the upper limit
resistant force of the pipe joint was increasedL®yimes (the J-Ten-Resistance case), the response
displacement of the superstructure reached 0.620isn1.89 times bigger than that of SPSP-Soikcas
i.e. the increase of the upper limit resistant éoof the pipe joint enlarges the response displaoém

of the superstructure. It is because that the &sa®f the upper limit of the resistance makegdine
within elastic state and the energy cannot dissipé the joint yielding. The maximum response
displacement calculated by the Tsukidate wave whi870m. It was half of that caused by the JMA
KOB wave. The influence on the displacement ofdtiperstructure by Tsukidate wave was limited.
As shown inFigure 7.1, the maximum response accelerations calculateidogPSP-Soil and SPSP-
Spring were 7.32 misand 10.06 mfs respectively, i.e. the mass and the dissipatamping of the

soil decreased the response acceleration of thergmycture by 37%. The J-Ten-Stiffness, J-Ten-
Resistance and J-0-Stiffness calculated the maximasponse accelerations of 7.21 n&93 m/é
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Figure7.1. Time history responses of the superstructure

and 7.21 m/ respectively. Comparing with the SPSP-Spring ctisere were little differences in
maximum response acceleration of the superstru@mreng these cases, i.e. the joint mechanics
properties had little effect on the response acagtm. The maximum acceleration caused by the
Tsukidate wave was 3.56 m/svhich was less than that calculated in the SP@P<3se. The
influence on the acceleration of the super-striechyr Tsukidate wave was limited.

8. SEISMIC PERFORMACE

The seismic performance of the structure was eetrifitased on the dynamic responses of the pier
column and SPSP structure. The longitudinal dioectesults were introduced.

8.1. Seismic performance of pier column

Focusing on the dynamic responses of the plastigehithe shear forces of the column and the
residual displacement at the position of the supertire, the seismic performance of the column was
verified. The hysteresis loops of the bending managainst the rotational angle of the plastic hinge
were shown irFigure 8.1. The main rebars at the plastic hinge were catledlgielding by all the
other cases except the Tsukidate case. The maximtational angle of the SPSP-Soil case was 6.29
mrad and that of the SPSP-Spring case was 10.04, rtinair ratio was 1.00:1.60, i.e. a bigger
rotational angle was calculated by SPSP-Soil ditgemass and the dissipation damping of the soil
reduced the rotational angle of the plastic hing&®6. In case that the stiffness of the pipe joias
enlarged by 10 times (J-Ten-Stiffness case), therman rotational angle (9.18 mrad) increased by
1.46 times. When the joint was damaged and thinaesé was 0 (J-0-Stiffness case), the maximum
rotational angle was 7.10 mrad which increased.bg fimes. The stiffness of the pipe joint affected
the seismic behaviour of the plastic hinge. Theimam rotational angle of the J-Ten-Resistance was
17.63 mrad. It was 2.80 times bigger than thatRBB-Soil case. The upper limit resistant forcénef t
pipe joint affected the seismic behaviour of thaspt hinge as well. The rebars at the plastic éing



1.OE+05
8.0E+04
6.0E+04 /'}

Moment (kN-m)

-1.0E-02 - 0100 L0 1oF 00 1.5E-02  2.0E-02

Rotational angle (rad)

— SPSP-Soil - — = SPSP-Spring ~ ----- J-Ten-Stiffness
J-0-Stiffnesss Tsukidate

——— J-Ten-Resistance
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was still within the elastic state under the Tsakédwave. The influence on the seismic behaviour of
the plastic hinge by Tsukidate wave was limitedadidition, the upper limit rotational angle of the
plastic hinge was 22.85 mrad, i.e. all the resppmg&e less than the limit.

The maximum shear force,aC of the pier column (shown in Table 8.1) of tHeSP-Soil and the
SPSP-Spring were 7947 kN and 11495 kN, respectiVidlg mass and the dissipation damping of the
soil reduced the shear force of the pier column 1bg5 times. The J-Ten- Stiffness, the
J-Ten-Resistance, the J-0-Stiffness and the Tukitkse calculated the maximum shear force of the
pier column of 8496 kN, 9120 kN, 8195 kN and 5958 kespectively. The soil mass and dissipation
damping largely reduced the shear force, whileddumage of the pipe joint, the enlargement of the
joint stiffness and the upper limit resistance @éased the shear force of the pier column. The upper
limit shear force was 19965 kN, i.e. all the resgmmwere less than the limit.

The residual displacement-B of the pier column of the SPSP-Soil, the SPS§pthe J-Ten-
Stiffness, the J-Ten-Resistance, the J-0-Stiffreess the Tuskidate case was respectively 0.051 m,
0.118 m, 0.084 m, 0.215 m, 0.055 m and 0.004 nhewsin Table 8.1. The soil mass and dissipation
damping largely reduced the residual displacemehile the damage of the pipe joint slightly, the
enlargement of the joint stiffness and the uppaeritliresistance largely increase the residual
displacement of the pier column. The upper limgidaal displacement was 0.130 m, i.e. the residual
displacement of J-Ten-Resistance case went beyenichtit.

Table 8.1. Shear Force and Residual Displacement of the@ikmmn, Displacement of Top Slab

1%

SPSP-Soil| SPSP-Spring J-Ten-Stiffnéss  J-Ten-Resista J-0-Stiffness|  Tsukidate

Smax C(kN) 7947 11495 8496 9120 8195 5966

D,-C (m) 0.051 0.118 0.084 0.215 0.0p5 0.qo4

8.2. Seismic performance of SPSP

The sectional forces of the pile and the reactwnéds at the bottom of the pile were used to vehiéy
performance of the SPSP structure. The sectiomed fdistribution of the leftmost pile was shown in
Figure 8.2. As to the compressive axial forces, the maximatne was calculated at the intermediate
part of the pile because of the resistance of tipe foints, except the J-0-Stiffness case. The
maximum compressive axial force of SPSP-Soil cageSPSP-Spring case was respectively 3810 kN
and 5270 kN. The ratio between them was 1.00:T.B8.mass and the dissipation damping of the soil
reduced the maximum compressive axial force of pilee J-Ten-Stiffness case calculated a maximum
compressive axial force of 4180 kN, while the Jtidfiigss case calculated that of 3376 kN. With the
enlargement of the stiffness of the pipe joint, toenpressive axial force of the pile increased. The
maximum compressive axial force of the J-Ten-Rasc# case was 5026 kN. It was 1.32 times bigger
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Figure 8.3. Vertical reaction forces at the ends of the pile

than that of the SPSP-Soil case. The enlargemethieofipper limit of the resistant force of the pipe
joint increased the compressive axial force of pile. The Tsukidate wave caused a maximum
compressive axial force of the pile of 3145 kN.tAghe tensile axial force, the maximum value &f th
SPSP-Soil case and the SPSP-Spring case was reslyet056 kN and 1880 kN. The ratio between
them was 1.00:1.78. The J-Ten-Stiffness case edtmila maximum tensile axial force of 1443 kN,
while the J-0-Stiffness case calculated that of21&H. The maximum tensile axial force of the
J-Ten-Resistance case was 1196 kN, which was im&3 bigger than that of the SPSP-Soil case. The
enlargement of the upper limit of the resistantéoof the pipe joint increased the tensile axieddéaf

the pile. The Tsukidate wave caused a maximumleensial force of the pile of 611 kN. As to the
fluctuation range of the axial force of the pillee tcalculation of the SPSP-Soil, the SPSP-Sprirey, t
J-Ten-Stiffness, the J-Ten-Resistance, the J-@i8#$ and the Tuskidate case was 4866 kN, 7150 kN,
5623 kN, 6222 kN, 5018 kN and 3756 kN, respectivélye soil mass and the dissipation damping
reduce the fluctuation range of the pile axial érd¢he joint damage, the enlargement of the joint
stiffness and upper limit resistance increase ltreduation range of the pile axial force. The ieftce

on the fluctuation range of the pile axial force Tgukidate wave is limited. The maximum shearing



force of the SPSP-Soil, the SPSP-Spring, the JSidgmess, the J-Ten-Resistance, the J-0-Stiffness
and the Tuskidate case was 1043 kN, 855 kN, 7181RBN7 kN, 1775 kN and 1228 kN, respectively.
The damage of the pipe joint increases the sheé&wiog of the pipe. The maximum bending moment
of the SPSP-Soil, the SPSP-Spring, the J-Ten-88fnthe J-Ten-Resistance, the J-0-Stiffness &nd th
Tuskidate case was 2353 kNm, 3130 kNm, 1574 kNn% BSm, 3925 kNm and 1331 kNm,
respectively. The soil mass and dissipation damgind the enlargement of the joint stiffness amd th
upper limit resistance largely reduce the pipe bendnoment, while the damage of the pipe joint
largely increases the pipe bending moment.

The maximum and minimum vertical reaction forcethatend of the piles were shownHigure. 8.3.

The outermost pile was uplifted (minimum reactiorcé was 0 kN) at the end, but the ground did not
yield (maximum reaction force was less than 2758 ki SPSP-Soil case. However, for the

SPSP-Spring case, piles from the outermost sidieetstructural centre were uplifted and the ground
where from the other outermost side pile to thetfogolumn pile went beyond its bearing capacity.
The enlargement of the pipe joint stiffness andeugimit resistance increased the uplift piles and
made the ground yield. The damage of the jointeased the uplift piles. The influence on the pile
reaction force by Tsukidate wave was limited.

9. CONCLUSION

The main findings in this work were as follows:ThHe model including the soil significantly shortens
the dominant natural frequency of the structuree Thass and dissipation damping reduce the
responses of the superstructure, the pier colurdritenSPSP structure, and serve a function in favou
of the seismic performance of the structure; 2) &hlargement of the pipe joint stiffness incredbes
pile reaction forces, the responses of the supetstie and the pier column, but reduces the pile
bending moment; 3) The enlargement of the uppat tesistance of the pipe joint largely reduces the
pile bending moment, but affects the responseestiperstructure and the seismic performance of the
pier column; 4) The damage of the pipe joints litle leffect on the response of the superstructure,
while largely affects the seismic performance ef slibstructure especially the SPSP structure; &) Th
influence on the vibrational behaviour and seispgdformance of the 2011 Earthquake wave used in
this study is limited.
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