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ABSTRACT

The 2011 Great East Earthquake and Tsunami in Japanleft unexpected remains
of the devastation of many buildings and casualtiéscording to seismologists’
estimation, the great future earthquake will hgalaagain along the Nankai Trough and
can trigger another subsequent powerful tsunanastks. These disasters can cause
more devastations and casualties than the 2011t Geest Earthquake and Tsunami.
Thus, many efforts have been made to mitigate #nastation of these inevitable
disasters.

The structural damage experienced from the 201l1atGEast Earthquake and
Tsunami disaster is important for future structuwdesign guidelines. According to the
field survey report, the structural response resylfrom the interaction of nonlinear
response of soil medium was assigned as a cruffietteunder earthquake and
subsequent tsunami disaster. This interaction @usec serious damage to structure
during earthquake and overturning during tsunasaster.

Therefore, the objective of this thesis is to psm@nalytical models considering
nonlinear soil-structure interaction (SSI) usingpswucture approach during earthquake
disaster and the nonlinear effect of near-field eaithe response of structure during
tsunami disaster. However, in order to obtain thaggets, the nonlinear response of soill
material and motion in each time step was signiticahus, another analytical model is
proposed to consider nonlinear response of sognahiand motion.

In this paper, the analytical model consideringlme@ar response of soil material
and motion was presented. The target motion andnsaierial at surface layer was
achieved. This nonlinear response motion showedo@d gagreement with linear
response for a few seconds from starting point\aitid equivalent-linear response for
the last several seconds. This agreement confirabedit the validation of proposed
analytical model considering nonlinear responssodfmaterial and motion.

Furthermore, the seismic response of structure ru8&e effect using substructure
approach was conducted under existing and propasatitical model considering
nonlinear response of soil material and motion. Thmparison results of structural
response under both analytical model showed that résponses under existing
analytical model were larger than the proposedysinal model. These discrepancies
showed the overestimated results of using existim@lytical under substructure
approach compared to actual response of struchderiearthquake disaster. Thus, the
nonlinear SSI effect on the response of structhaulsl be considered and taken into
account. This analytical model also showed abow #dequateness of using



substructure approach.

Beside this, the analytical model considering tbelinear effect of near-field soil
on the response of structure under tsunami force wasented. This proposed
analytical model was included boundary and segmiergion of near-field soil column.
In addition, the effect of earthquake and tsunamid on the near-field soil column was
also presented. The effect of near-field soil snctural response was considered under
two significant effects: tsunami and earthquakesuoi effect. In case of tsunami effect,
the responses of fixed-base structure were largan tthe responses considering
near-field soil effect. This result showed the @stimated result of using fixed-base
structure without considering the effect of neaidi soil, especially the nonlinear
response of near-field soil. In case of earthquakeami effect, the responses of
structure considering near-field soil effect undgunami force were larger than the
responses under earthquake-tsunami relationshis fEsult showed the effect of
earthquake on the near-field soil and the respoossucture during tsunami disaster.
Thus, the effect of earthquake-tsunami relationsimghe response of structure should
be considered and taken into account, especiatlycliyey soil condition that needs
long time to recover after earthquake disaster.

In conclusion, the effect of nonlinear responsesofi medium was absolutely
significant on the response of structure duringheprake and tsunami disaster. Thus,
this effect should be considered and taken intoaaichased on the proposed analytical
models.
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CHAPTERII. INTRODUCTION

l.1. BACKGROUND

The tragedy of the 2011 Great East Earthquake auhami in Japan has left
unexpected remains of the devastation of many imgigd and casualties. This
experience brings to a serious concern for thet quéare earthquake that can occur any
time along the Nankai Trough in the near future ean trigger a subsequent powerful
tsunami disaster, as shown in Fig. 1.1.

The structural damage experienced from these misgatdrs is very important and
necessary for the future structural design gui@sliander earthquake and tsunami force.
According to the field reports, many RC buildingesresdamaged and overturned under
earthquake and tsunami disaster.

From these structural damage, it can be categontedwo types of RC building
damage: partially damage and overturning of stnectu

North American Plate

Eurasian Plate

hypocentral region
of Tokai eanthauakes

hypocentral region
of Tonankai earthquakes, *

hypocentral region 3%
of; Ngnka\ eanthquakes. ™,

Pacific Plate

Nankai Trough

Philippine Sea Plate

Figure I.1 Future earthquake zones along Nankaighdl]

[.1.1. Partially Damage of Structure

The effect of earthquake and tsunami force has dathanany structural elements
such as pile foundation, column, and RC wall assshm Fig. 1.2. Among of many
recommendations for future structural design, tifeceof nonlinearity of soil medium
and ground motion amplification is important fastdhat need to consider [2]. The
effect of SSI was regarded as a significant fadt@t causes serious damage of

-1 -



structural element, especially for soft soil comdhitthat is commonly located along the

coastal area.
Thus, the interaction of nonlinear response of swtlium is a potential effect that
needs to consider on the structural damage response

(c) Damage of RC wall [4] (d) Damage of RCldimg [2]
Figure 1.2 Partially damage of RC building

[.1.2. Overturning of Structure

The overturning of RC building in Onagawa town,saswn in Fig. 1.3, is another
impressive issue for the damage of RC buildings euntsunami force. The
overturning-moment response of structure is reghetea significant factor to control
the stability of structure during tsunami disastéydrostatic and buoyant force were
regarded as the main effects on the overturningtroicture while the contribution of
soil medium was considered only for pile foundatiaction.

Regarding the contribution of soil medium on themwrning-moment of structure,
the soil condition was performed a significant raBuring earthquake disaster, soill
condition has been deformed or changed the stagitcan from hard to soft soil. This



situation causes seriously response of structuderusubsequent tsunami disaster such
as overturning of structure.

Figure 1.3 Overturned buildings in Onagawa town [5]

|.2. STATEMENT OF PROBLEMS

Based on the recommendation from field reports,effiect of nonlinear SSI was
recommended for future design of structure [2]. ldear, substructure approach, a
frequently used method in SSI problem, is unableeidorm a fully nonlinear response
analysis yet which is taken into account the nadnty of soil material.

Besides this, the nonlinear effect of near-field so the response of structure, such
as overturning-moment, under tsunami disaster babaen considered or studied yet.

The description of each problem was presenteddriatiowing sections.

[.2.1. Existing Analytical Model Considering SSI Effect under Earthquake Disaster

In order to perform SSI analysis, various methaus$ analytical models have been
proposed such as Finite Element Method (FEM), BamdElement Method (BEM),
the coupling of Finite-Boundary Element Method (FB#M), Discrete Element
Method (DEM), etc. These methods can be categoramedlirect and substructure
(indirect) approach [6]. Due to the simplicity amidhe consumption, substructure

-3-



approach is frequently used in practical work agskarch field. In this approach, the
analysis procedure is distinguished into three sstépundation input motion (FIM),
dynamic impedance, and the seismic response afigteu

However, this approach can be performed only wgbhivalent-linear SSI effect,
which corresponds to the equivalent-linear respafis®il material and FFGM in FD.
Thus, this restriction was regarded as a stateadl@m for substructure approach and
need for further improvement.

[.2.2. Existing Analytical Model for Response of Structure under Tsunami Disaster

During tsunami disaster, the overturning-momenpaease of structure was regarded
as a significant factor controlling the stability siructure. Many analytical studies and
guidelines have proposed various relative parame@nsidering the effect of tsunami
forces on the response of structure such as ldteca [7] and buoyant force [4].

However, the nonlinear effect near-field soil ore thresponse of structure was
another important parameter that needs to consities.consideration would contribute
on the response of structure such as overturningena

|.3. OBJECTIVE OF RESEARCH
[.3.1. Originality and Contribution of Research

The nonlinear effect of near-field soil on the stural response under tsunami
disaster was the originality of this thesis. Comigotine interaction effect between soil
and structure was considered and studied only uedgthquake force while the
consequence of this interaction effect under subssgtsunami force has not been
studied yet. This study would bring for further smeration and comprehension of
interaction effect between soil and structure urisienami disaster.

[.3.2. Proposed Analytical Model

In order to achieve the main objective of this thea few analytical models were
needed to propose. These proposed analytical magetsincluded:
Analytical model considering nonlinear responseaf material and motion.
Analytical model considering nonlinear SSI effesing substructure approach under
earthquake disaster.
Analytical model considering the nonlinear effe€tnear-field soil on the response of
structure under tsunami disaster.



|.4. RESEARCH OUTLINE
In order to obtain the objective of this reseattle, FFGM analysis procedure was
presented for both FD and TD. Then, these analysisedures were integrated into
Object-Based Structural Analysis (OBASAN), a stauat analysis program but unable
to perform FFGM analysis yet, in order to perforfrEM analysis under both domains.
- Nonlinear Response of Soil Material and Motion:
The procedure considering nonlinear response of NMFRG TD was
presented. FFGM analyses in TD were provided umhderdifferent
soil columns. The accuracy of proposed analyticatleh was explained
and compared to linear and equivalent-linear respaf FFGM in FD.

- Response of Structure under Nonlinear SSI Effect:

The analytical model considering nonlinear SSI @ff@as presented.
The comparison of existing and proposed analyticeddel was
conducted. The response of structure was perforoneder linear
response of base-shear, overturning-moment, relatisplacement, and
acceleration. The discussion of both analytical eh@dhs provided.

- Response of Structure under Near-Field Soil Effect Subjected to Tsunami:
Tsunami Effect
The analytical model considering the near-field solumn boundary
was presented. In this case, the near-field sdilnco was not suffered
from earthquake disaster. Thus, there was no arigrrdation of
near-field soil under earthquake disaster. Theaesp of structure under
near-field soil effect was performed under hydrawic force. The
deformation of near-field soil and response of dtite were provided
under linear and nonlinear response of near-field s

Earthquake-Tsunami Effect

+ Earthquake disaster

The base-shear and overturning-moment of struatager nonlinear
SSI effect was determined under nonlinear respohseotion and soll
material. The FIM, base-shear, and overturning-nmamere applied at
the surface of near-field soil column while the FF@t the same depth
of near-field soil was applied at the base in ortdeperform nonlinear
response of near-field soil under earthquake disashe last response
soil material was assigned as initial state of fiedat soil material under
tsunami effect.
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+ Tsunami disaster

In this case, the near-field soil column was penfed under linear, and
nonlinear response analysis subjected to tsunaroe.farhe effect of
near-field soil on the response of structure wasudised.

These procedures were divided as into seven clsaptech orderly introduced as in the
following:

Chapter I: This chapter introduces the experietetructural damage under the 2011
Great East Earthquake and Tsunami in Japan. Thedoateness of existing analytical

model for structure response under earthquake aamdhini disaster was presented. The
objective and research outline were describedigndimapter.

Chapter II: This chapter presents the literaturéieses which described about the
existing analytical model of SSI problem under lequike disaster and response of
structure under tsunami disaster. The statementaiifiems from these analytical model
were presented.

Chapter Ill: This chapter describes the integragwocedure of FFGM analysis into

OBASAN, which is a structural analysis program. sThitegration was conducted for
both procedures of FFGM analysis in FD and TD. @halytical model considering

nonlinear response of FFGM and soil material wagp@sed. The nonlinear response
analysis of FFGM in TD was performed and correspumndoil material was obtained.

Chapter IV: This chapter shows about the seisnsiparse of RC frame structure under
equivalent-linear and nonlinear SSI effect usinigsswcture approach. The responses of
structure were included linear response of basarstwmerturning-moment, relative
displacement, and acceleration of structure. Thepeawison of both analytical models
was conducted and discussed.

Chapter V: This chapter proposes the analytical ehambnsidering the effect of
near-field soil on the response of structure urtdanami disaster. The boundary of
near-field soil column was presented. The neadfisbil segment division was
recommended. The response of structure under fiasd-condition and near-field soil
were conducted. The comparison and discussion pvesented from these responses.



Chapter VI: This chapter presents the effect ofheprake on the near-field soil column
and the response of structure under subsequerdngutisaster was conducted. The
comparison and discussion of response of struatnder tsunami disaster after and
without earthquake disaster was provided.

Chapter VII: This chapter concludes the achievenaagnt contribution of this thesis.
The recommendation and further studies were predent



CHAPTERII. LITERATURE REVIEWS

[1.1. INTRODUCTION

The experiences of the 2011 Great East EarthquakeTaunami disaster have
remained an extreme concern for the future eartteydesaster that can occur anytime
along Nankai Trough with the estimated magnitude According to this magnitude, it
can generate another subsequent powerful tsunaastdr. Due to this reason, many
efforts have been conducted to improve the exigingctural design guideline based on
structural damage experienced from the 2011 Eaalkejand Tsunami disaster.

In this chapter, the literature reviews of existamgalytical model of SSI problem
under earthquake disaster and the response ofwstuender tsunami disaster were
presented. The inadequateness of existing andiytiocdels was described.

[1.2. SOIL-STRUCTURE INTERACTION UNDER EARTHQUAKE DISASTER

SSI problem is regarded as a crucial major in gadhke engineering domain. SSI
analysis permits evaluating the seismic responsstratture and foundation system
including the interaction effect of soil medium.i§lanalysis leads to an understanding
the actual response of structure under earthquesieestdr and controlling the damage
response of structural elements.

In order to perform SSI analysis, there are thigrificant interaction effects that
have to consider: kinematic interaction effect, rtiaé interaction effect, and
soil-foundation flexibility effect [8]. To evaluat¢hese interaction effects, various
methods have been proposed and utilized as Fitetmdnt Method (FEM), Boundary
Element Method (BEM), the coupling of FEM-BEM, Diste Element Method (DEM),
etc. However, these methods can be categorizenesxs dnd substructure approach [6].

[1.2.1. Direct Approach

Direct approach is considered as a rigorous me#émadcan deal with complicated
structural geometry and soil condition. In the dirapproach, as shown in Fig. 2.1, the
structure and soil medium are simulated within saene model and analyzed as a
complete system. Various studies have been pertbimase on this approach. These
include:

FEM: Ottaviani [9] analyzed a group pile, Rando]p@] studied a single cylindrical
pile, Lin et al. [11] conducted interaction betweshacent embedded foundations, etc.

BEM: Karabalis et al. [12] analyzed the dynamicpmsse of rigid embedded
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foundation of arbitrary, Estorff et al., [13] stedithe interaction effects in underground
traffic systems, Karabalis et al. [14] presented ithteraction between adjacent rigid
surface foundation, etc.

FEM-BEM: Padron et al. [15] studied the time harisahynamic analysis of piles
and pile groups embedded in an elastic half-sp@adron et al. [16] investigated the
interaction between nearby piles supported stractuehmann et al. [17] developed a
reliable analysis of the dynamic behavior of higderbuildings with fully considering
of the SSI effect, etc.

However, this approach is rarely used in practisatk especially for complex
geometrical structure and nonlinearity behaviorsoil medium as a result of large
computer-storage, running time, and cost consumptis].

y I \ R
s g .
| |
) ; .
| T i Vv
k3 Y o
» i

Figure II.1 Soil-structure interaction model undéeect approach [6]

[1.2.2. Substructure Approach

In substructure approach, SSI problem is commoidiinguished into three steps
which are combined to a complete solution of themsie response of structure base on
law of superposition [8]. These evaluation steguile foundation input motion (FIM),
dynamic impedance (spring-dashpot), and the seisesigonse of structure. However,
free field ground motion analysis was another ingoar factor that should be
considered in these evaluation steps. The exptanafithese steps was presented in the
following [6]:



Free Field Ground Motion (FFGM): an evaluation of free vibration of
ground motion without foundation or any structur€gnerally, the ground
motion analysis is performed with equivalent-linedrsoil material, which
can be obtained in FD based on equivalent-lineatyars method and use
the Fast Fourier Transform (FFT) to transform thation from FD to TD.
However, the nonlinear response analysis of soier@ in TD is favorable
for improving this approach.

Foundation Input Motion (FIM): an evaluation of transfer function to
convert the free field motion to the foundationuhmotion, which based on
stiffness and type of foundation. In order evalull®l, the structure and
foundation are supposed to be massless. This masaally differs from
FFGM due to the present of pile or/and embedmentoohdation. This
motion is generally involved with both translatibnand rotational
components which represent the seismic demandeapfi the foundation
and structure system. The ratio of FIM and FFGMasned as a transfer
function (TF), which expresses the effect of kineémeateraction only when
the effect of inertial interaction is neglectedniakes sure that the FIM is
varied along the depth of the foundation (suchil@sfpundation), therefore,
the distributed of spring-dashpot should be usetithe variation of ground
motion should be considered along the depth ofdhedation.

Dynamic Impedances. an evaluation the characteristics of stiffnessl an
damping which is represented by using a relatigatyple function models
or a series of distributed springs and dashpotss ihmpedance function is
generally the frequency-dependent and represemtsnteraction between
soil and foundation system. The dynamic impedaneagrimis a complex
value and can be a fully form matrix (translatiootation, and coupling of
translation-rotation) according to the conditionstfucture and foundation.
The real-value expresses the stiffness of the fgoitdation system and
represented by the spring as a function of frequemndile the
imaginary-value expresses the energy dissipatisoibfdue to the vibration
of the foundation subjected to the earthquake hapdind represented by
dashpot with a frequency-dependent function. Trstriduted springs and
dashpots are needed when the foundation is nash-sigiwhen internal force
demands (shear, deformation, moment) are requiretthé analysis.
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- Saismic Response of Sructure: an evaluation the seismic response of the
whole system, which the structure was supportedpoyng-dashpot element
subjected to the FIM. The inertial interaction effes taken into account in
this step. The dynamic response analysis of thelevkgstem can be
performed by response spectrum method or timerfjistethod.

This approach is widely used in research and mactvork due to the simplicity,
time, and cost consumption. Various studies andstigations have been performed in
order improve the seismic response of structuresutkis approach. These include
Javier et al. [19] [20] investigated the effectfofindation embedment on the effective
period, effective damping, and response of strectumder different type of wave
motion, Cristina et al. [21] proposed a simple atable procedure for estimation of
periods and damping of piled shear buildings, Mejial. [22] proposed the formulation
of the substructure method of SSI analysis forsttiemic evaluation of the Manhattan
bridge in New York city, etc.

However, this approach can be performed only wghiealent-linear analysis of
soil material in FD and the corresponding FFGM .sTHaistriction can cause mismatched
response and overestimated results compared tacthal response of structure under
earthquake disaster.

Therefore, a new analytical model considering mmd@r response of soil material
and corresponding motion should be proposed. Thpgsal would facilitate

performing the seismic response of structure undalinear SSI effect.

The analytical procedure above was presented ifotlosving section in each step.
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Figure 1.2 Soil-structure interaction model undabstructure approach [6]

11.2.3. Existing Analytical Model for SSI problem under Substructure Approach
Foundation Input Motion Analysis
As described above, FIM can be derived from the MR(&d transfer function. FIM

component is composed by translational and rotatiortion that can be expressed in
Eq. (2.1) and (2.2) [23] [24], respectively.

Uy = (Hu,ug) (2.1)

R = T (ug’ I((J’B) (2.2)

Where
H,.1,: Translational and rotational of transfer function

Ugy @y - Translational and rotational of FIM

u,: FFGM response

B : Foundation half-width or equivalent radius
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In this step, FFGM is performed in FD using equavllinear method analysis. This
method is used and described in many programs as&HAKE [25], EERA [26], etc.
According to this method, the equivalent-linearuesl of soil material G, ,<., ) and
corresponding FFGM at the ground surface are aetiev

For the transfer function, various expressiongeeléo foundation and wave motion
types were described in NIST guideline for SSI peob[24], Mylonakis et al. [23],
Nikolaou et al. [27], etc. According to this degtion, the FIM can be achieved
corresponding to soil conditions, wave motions, Emohdation types.

Dynamic I mpedances (Spring-Dashpot)

Dynamic impedances function is an interaction fiomctoetween foundation and
soil medium. This function is represented by sprangl dashpot of soil-foundation
interaction system as shown in Fig. 2.3. The equoatif this function is composed by
stiffness and damping as expressed in Eq. (2.3)24§[18] [23] [24]:

K, =k +iax, (2.3)
K =k (1+i28) (2.4)
ac
= 2.5
B 2 (2.5)
Where

B Radiation damping ratio

K, : Complex-valued impedance function

k ,c : Frequency-dependent foundation stiffness and dagnp

In the Eq. (2.4), the foundation stiffneds can be expressed in function of
equivalent-linear soil material obtaining from tl&GM analysis and foundation
dimension while foundation damping can be expregsddnction foundation stiffness

and radiation damping ratio as expressed in EB).(2.
There are various expressions proposed for botttibtm(k ,c ) related to different

types of foundation and soil conditions such agaserand embedded foundation [23]
[28]-[30], and piles foundation [24].
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Figure 1.3 Soil-foundation interaction system [24]

Seismic Response of Structure

The structure was assumed to support by springpdéstnat computed in the
second step and subjected to FIM in the first séspshown in Fig. 2.4. The seismic
response of structure under SSI effect can be doiveboth TD and FD [31] as
expressed in Eq. (2.6) and (2.7), respectively.

[MI{a}+[Cl{u} +[ K {u} =-[M]{ } i, (2.6)

(- [M]+iefC]+[K]){U} =& [MI{Z U, 2.7)
Where
[M],[c],[K]: Mass, damping, stiffness of the whole structure
{u},{u} {u} : Acceleration, velocity, displacement of structure

{t,} {U,} : Acceleration and displacement of FIM

According to the description, in the existing amiaBl model, the seismic response
of structure considering SSI effect is solved uretgrivalent-linear of soil material and
FFGM in FD. However, due to this condition, thisabical model might not represent
the actual response of structure. Therefore, arytoa model considering the
nonlinear response of soil material and FFGM inskiduld be proposed and applied for
the response of structure under nonlinear SSlteffec
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Figure 1.4 Structural model under SSI effect

[1.3. RESPONSE OF STRUCTURE UNDER TSUNAMI DISASTER

After the 2011 Great East Earthquake and Tsunamajpan, the overturning of RC
building, in Onagawa town, has become an impresssae for structural design
guideline. The resisting of structure to the owveritug-moment was considered under

four significant effects such as hydrostatic fotmggyant force, self-weight of structure,
and tensile resistance of piles, as shown in Ffg. 2

T '_B;oyant ;‘i’ﬁeu Inundation depth h.

U ==y
%/ ;._:- t*}t-::—-‘ﬁt Overturning moment

/ Yl' L. || by tsunami load
—|
Rotation F&Seﬂh’le'ght Il
Center V////’{T:\ ¢ l aw: //%
[} |

\ I'| |', f J> Hydrostatic pressure
i l

\ 'Ill | ll.l Tensile resistance of piles
| u

Figure 1.5 Overturning mechanism of the buildidg [

[1.3.1. Hydrostatic Force

The hydrostatic force was supposed as tsunami doathe building. The design
guideline considering the effect of hydrostaticcemwas proposed by Japan Cabinet
Office [7], as shown in Fig. 2.6. This proposal viesed on the experimental study or
tsunami damage survey from the 2004 Sumatra Eaakeqy4]. The hydrostatic

-15 -



pressure equation is expressed in Eg. (2.8).

,og (ah, - 2) (1—())dz (2.8)

(,,-U
o '—:o’

Where
a : Water depth ratio
o - Density of water
g : Gravity acceleration
h,: Inundation depth
B : Building width
h, : Minimum value within inundation depth and buildiheight
¢ : Aerial opening ratio

Figure 1.6 Japanese design guideline for hydrastatce [4]

I1.3.2. Buoyant Force
Basically, buoyant force is equal to the weightvater sinking the building and can
be expressed in Eq. (2.9).

F, = pghA (2.9)
Where
p: Density of water
g: Gravity acceleration
h: Sinking depth of water
A: Sinking area of water

I1.3.3. Tensile Resistance of Piles

According to AlJ design guideline [32], the tengisistance of piles is expressed
in Eq. (2.10).
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Re = (X rals+ X terle)p+W, (2.10)

Where
I : Friction stress on peripheral surface of pilesand layer
T, : Friction stress on peripheral surface of pileslay layer
L, : Thickness of sand soil layer
L. : Thickness of clay soil layer
@ Peripheral length of pile
W, : Pile weight

However, the nonlinear effect of near-field soilogld be considered on the
overturning-moment response of structure. This cefferould contribute on the
overturning-moment response of structure in casadhquake-tsunami effect.

The detail of proposed analytical model considermanlinear SSI effect and
analytical model considering the effect near-fietd on the response of structure under

tsunami disaster were described in the followingptars.
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CHAPTERIII. FREE FIELD GROUND MOTION ANALYSIS

[11.2. INTRODUCTION

Many mega earthquake disasters, such as Michoaaéhgdake (Mexico, 1985),
Northbridge Earthquake (US, 1994), and Great EasthBuake (Japan, 2011) have
indicated how the effect of geological conditiontbe ground motion and the structure
interaction response under these disasters.

In order to perform SSI effect, FFGM analysis isfid&ely significant.
One-dimensional site response analysis methodwidedy used approach to determine
FFGM. These methods are divided into FD and TDyam[33].

In this chapter, wave propagation analysis proadwas integrated into
Object-Based Structural Analysis (OBASAN) progra®®][[51] for both FD and TD.
The analytical model considering nonlinear resparfssil material was proposed and
examples of FFGM analysis in TD were conductethaieind of this chapter.

[11.2. GROUND MOTION ANALYSISIN FREQUENCY DOMAIN (FD)

The FFGM analysis in FD is the most widely used hodt in earthquake
engineering domain due to the simplicity, flexityiland low computational requirement
[33]. This method was assumed that the cyclic Iseflavior can be simulated using an
equivalent-linear model, which is extensively déssl in the geotechnical earthquake
engineering literature [34]. Many programs considtés procedure such as SHAKE91
[25], EERA [26], DEEPSOIL [35], etc. This analytigarocedure was presented briefly
in the following section.

[11.2.1. One-Dimensional Wave Propagation in Soil Deposits
The equation of 1D ground motion analysis subjetbedertically incident wave S
can be expressed in Eqg. (3.1) and (3.2).

E o = 5 Enll+ @) +F, (1-d e @D
-1 Cyako 4 1 * Yarikilh
I:m+1 _EEm(l_am)e +§Fm(1+ ap, )e (32)

Where
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g = KeGn _ | PuCn K2 = 00F
K km+1Gm+1 p m+le+1 G

G =G(1+2¢), G=pV;

E.. F,: Incident and reflected wave motion at layer m
a’ - Complex impedance ratio at layer m

k : Complex wave number at layer m

G,,: Complex shear modulus at layer m

p,V,: Density and shear velocity of soil deposits

G, £ : Shear modulus and ratio damping
The recursive algorithm is started at the top ekfsurface, the shear stress was
assumed to be zero:
,(0t)=0 (3.3)

Therefore: E =F

The transfer function between the displacementattop layer m and n can be
expressed in Eq. (3.4)

u, o, _u,_ E +F
W=—"T"M="M=_"M=_"m m 34
An(@) === = 34

The shear strain and stress at depth z and tirma be expressed in Eg. (3.5) and
(3.6)

au
0z
r(z,t)=G'y(z,t) (3.6)

Y(z,t) =— =ik (Ee¥? - Fe ¥ ?)d* (3.5)

At free surface, it was assumed thaE, = F, =1.
As shown in Fig. 3.1, the bedrock outcropping moi® 2E, , because there is no

shear stress on free surface. The motion at tliacguof bedrock isg, + F, while the
motion at free surface i2E,.
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Figure Ill.1 Site response motion [26]

[11.2.2. Equivalent-Linear Analysis M ethod

In the equivalent-linear analysis, shear modulug rand damping ratio was
assumed as a function of effective shear straire Value of shear modulus and
damping ratio curve can be obtained from dynamjgeerental of soil properties as
shown in Fig. 3.2. The procedure of equivalentdmanalysis was decribed as in the
following several steps [34]:

Stepl: initialize value ofG,& £, at small strain

Step2: calculate ground motion response in eadr lafytime step.
Step3: calculate maximum shear strain in each .layer

Step4: calculate effective shear strapy, =a.y, ., Which a =0.65
ora = Ml—c_)l M is magnitude of earthquake.

Step5: define new value o6 & corresponding to effective strain.
Step6: repeat the procedure from step2 to stepb nmteffective

change of effective shear strain. Generally moea t8 iterations are

adequate to obtain convergence.
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Figure IIl.2 Shear modulus and damping ratio cy2&j

[11.3. GROUND MOTIONANALYSISIN TIME DOMAIN

As mentioned above, FFGM analysis in FD is the madely used method to
analyze site motion response due to its simpliatyd less computational time
consumption. However, this method was performedguivalent-linear method which
might not perform the actual response of motion garad to the reality. Therefore, in
this case, FFGM analysis in TD was conducted irotd obtain the nonlinear response
of soil materials and motion.

In nonlinear analysis, the FFGM response motionb@asolved by Eq. (3.7):

MG £ H{ B Kiu £-1M 1 G 3.7)

Where

[M],[C,[ K : Mass, damping, and stiffness matrix of soil eleme
{G,{ &{ Ju : Acceleration, velocity, and displacement of sddment
{Ug : Acceleration of ground motion

{1} : Unit vector

In order to solve the Eg. (3.7), Newmark method] [8@s used for numerically
solving in each time step. In each soil layer wgwesented by consistent mass, spring,
and dashpot as shown in Fig 3.3. Instead of usimgpéd mass, the consistent mass can
represent the reality of soil behavior and perfanfully matrix as indicated in the
following section. The stiffness value was upddted@ach time increment to represent
the nonlinear behavior of soil deposits and dampiagrix was expressed by viscous
damping in the elastic range and updated in each itncrement for nonlinear response
of soil medium.
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Figure I11.3 Soil deposit model for FFGM analysisTiD

[11.3.1. Soil MassMatrix

As mentioned above, mass matrix of soil deposit madeled as consistent matrix.
This consistent mass matrix allowed performinglarmfiass matrix which can represent
the actual behavior of soil deposit. The consisteass matrix of soil deposit [45] for
each layer is shown in the Eq. (3.8).

_phj21
[M _?L 2} (3.8)

Where
p: Density of soil in each layer

h: Thickness of soil in each layer

[11.3.2. Soil StiffnessMatrix
The stiffness matrix was initialized by the Eq9)3and updated in each time step to
incorporate the non-linearity of soil behavior apressed in Eg. (3.10).

1-1
(K :%{_1 J (3.9)
K. :%:AhriT(’;) (3.10)

Where
G : Shear modulus in each layer

h: Thickness of soil in each layer
At Ay, : Stress and strain in each time step
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[11.3.3. Soil Damping Matrix

111.3.3.1. Viscous Damping
The original expression for small strain dampingsvproposed by Rayleigh [37]

was the most widely used for wave propagation @iy TD. This expression results
from the addition of two matrices: stiffness andsmenatrix as expressed in EqQ. (3.11).

[Cl=ad M] + 51 K (3.11)

Where
a, B: Scalar value selected to obtain given dampingevébr

two control frequencies.
[M],[ K] : Mass and stiffness matrix

a, andg; coefficient of Eqg. (3.12) can be computed using significant natural
modes m and n [37] [38]:

S, “ {a} H 012

%% w, ﬁR Ctn

This matrix can be solved as the following expr@ssi

1
2

ol

If the damping ratio is frequency independent,kibth coefficients becomes:

Where
w,, w,: Frequency mode m and n

& : Damping ratio

Generally, for the small strain damping, the fimstural mode is widely used and
supposed no the second relevant mode oegurd. The damping matrix of small

strain at each layer becomes:
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(3.13)

K &K
[C]:E[mzﬁr' e }
w w

_{i Ki <(| Ki

However, according to Youssef [39], Eq. (3.13) veasilable only for short soil
columns where only the first mode dominates. Fank#r soil columns, Eq. (3.11) was
available and showed a good agreement with FD sisatipge to contribution of higher
mode. As higher modes was used, increased ands, decreased.

For the site response analysis the natural frequaricthe selected mode is
commonly calculated as [34]:

v,
4H

f =(2n-1) (3.14)

Where
n: Mode number
H : Total thickness of soil column,
V. : Equivalent shear velocity.
[11.3.3.2. Hysteretic Damping

The hysteretic damping is the equivalent viscousplag ratio that represents the
dissipation due to the nonlinear behavior soil polu The concept of dissipated

( Eusspared ) @nd stored £, ;) energy is used to represent equivalent viscoopadw as

shown in Eq. (3.15) and Fig. 3.4:

E, . _
Ehysteretic = i el = i Awerenc (3.15)
4 Egyeg 2T 1,),

Where
7,,V,. Reversal stress and strain
Ayseraic - Area of hysteretic loop
nysareiic - Hysteretic damping
Essparea - DiSSIpated energy
Eqoed - Stored energy

For nonlinear response of soil column, the modifRaimberg-Osgood model [40]
was used in this study. The Ramberg-Osgood modrlplimg with the extended
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Masing criterion, is one of the most used constutelations in nonlinear analysis of
FFGM as shown in Fig. 3.5.

Firstly, Ramberg-Osgood model [50] was proposedigscribe the stress-strain
curve of aluminums-alloy and steel sheets. Idrisal.e[41] were the first authors who
proposed the use of the Ramberg-Osgood model onotite shear modulus reduction.
At the same year, the modification of Ramberg-Odgoodel for nonlinear analysis of
FFGM was proposed by Tatsuoka et al. as mentionedea

Shear Stress -z-

Shear Strain -y-

Figure IIl.4 Stress-strain relationship [33]
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Figure II1.5 Ramberg-Osgood model [42]

According to the modified Ramberg-Osgood, the hgsie damping due to the
nonlinear behavior of soil column is shown in E}16).

1 B atf _2 B (1_EJ (3.16)

oerge = —
wEe o B+21+var? mpB+ 2 G,

Where
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= 2y G 1 :( 2 ]ﬂ

2-h.. G 1+0’|VG| VoG

Y, 5 Corresponds tog =0.5
0

N, o . Maximum damping, whery - ©,soh - h__,G - 0

The skeleton and hysteretic curve of modified Raigiigsgood can be expressed in

Eq. (3.17) and (3.18):
(3.17)

- Skeleton or Backbone curve: y= GL (1+ a |T|ﬂ)
0

YV,

+ +
- Hysteretic curve: =120) 14/ =0
2 2G,

g
j (3.18)

Based on the hysteretic rule, the nonlinear respofshear moduluss, t ( xan be

derived from Eq. (3.19).

Gi (t) - Z.| _Ti—l (319)
G, Vi =Via

Where
7,,7,_,: Reversal shear stress of pointi and i-1

¥, V., - Reversal shear strain of point i and i-1

Shear Stress

y/ Shear Strain

i ]

(v6.16)

Figure 1.6 Reversal points of shear stress-strain
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[11.4. PROPOSED ANALYTICAL MODEL FOR NONLINEAR RESPONSE OF
SOIL MATERIAL AND MOTION

In order to perform FFGM in TD, the FFGM analysisHD was necessary to obtain
a properly input motion for FFGM in TD. The proceelwf FFGM analysis in TD was
presented under both linear and nonlinear analigsiamples of FFGM analysis in TD
were conducted at the end of this chapter.

[11.4.1. Linear Response Analysis

In linear (LN) response analysis, the target eardkg@ motion was input at the base
of soil column (or surface layer) as an outcropiom(2E). Then, the FFGM analysis in
FD was performed and the within output moti@n F) was extracted at the base of soil
column. This motion was applied at the same layaiod column (as input motion) for
FFGM analysis in TD, as shown in Fig. 3.7. The witmotion E+F) of any location is
an actual motion of that location.

FD TD

2E E+F

—

\y

—,\\

LN

Figure II.7 Linear input motion for FFGM in TD

[11.4.2. Nonlinear Response Analysis

In nonlinear (NL) response analysis, the procedkithe same as linear analysis but
it was required to perform in both linear (LN) aaguivalent-linear (EL) analysis in FD
and the within output motiorEtF) of both analyses were significant to be the same
almost the same. Then, this motion was applieti@gput motion at the same layer for
FFGM analysis in TD.

Some extra layers might be needed in order to hte& same or similar motion as
described above. This procedure is shown in F&). 3.
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E+F
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Figure 1.8 Nonlinear input motion for FFGM in TD

Besides this, in order to validate the nonlineaposise output motion in TD, the
comparison of this motion with linear and equivaéliemear analysis in FD was
immensely significant. This comparison leads taiaderstanding how correctly of this
nonlinear response motion.

[11.4.3. Example of Free Field Ground Motion Analysisin TD
[11.4.3.1. First Soil Column

In this example, the uniform soil column in a deptOm was assumed resting on
the rock. This uniform soil column consisted thenegproperties as in class D of IBC
code [43] as shown in Table 3.1 and the nonlinedrpsoperty (G/GO-y, -y) is
shown in Table 3.2.

The Kobe earthquake record data were assumed aisnmgiion at the base of soil
column. The motion in X and Y direct were assumedh& motion in EW and NS of
record data as shown in Fig. 3.9 while the UD moti@s ignored in this study.

Table I11.1 Uniform soil column properties

H (m) Vs (m/s) y (KN/m3) & (%)
0.0-40.0 300 21.0 5
Rock 500 23.0 1
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Table 111.2 Dynamic soil property [25]

Y-soil (%) G/GOsoil C:-soil (%) Y-rock (%) G/GOrock Ct,-rock (%)
0.0001 1.000 0.24 0.0001 1.000 0.40
0.0003 1.000 0.42 0.0003 1.000 0.40
0.001 0.990 0.80 0.001 0.987 0.80
0.003 0.960 1.40 0.003 0.952 0.80

0.01 0.850 2.80 0.01 0.900 1.50
0.03 0.640 5.10 0.03 0.810 1.50
0.1 0.370 9.80 0.10 0.725 3.00
0.3 0.180 15.50 1.00 0.550 4.60
1 0.080 21.00
3 0.050 25.00
10 0.035 28.00
' E-W
'7'§ 0 [ §) yio™ "t ¥ 715 20 25
. Time (s)
N-S

ol Tas T g0 25

Acceleration (g)
o

Time (s)
Figure I11.9 Kobe earthquake record motion data

Linear Response of FFGM Analysis
In linear analysis, based on the procedure destabeve, the output motion results

at the ground surface for both analysis in FD abdafe shown in Fig. 3.10.
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Figure I11.10 Linear response analysis of FFGM iv&nd TD

Nonlinear Response of FFGM Analysis

In nonlinear analysis, based on the procedure ibestabove, two extra layers were
needed for this study as shown in Fig. 3.11. Thet fayer consisted 5m in depth and
500m/s for shear velocity while the second layarsisted 1000m in depth and 8km/s
for shear velocity. The within output motioBXF) in FD is shown in Fig. 3.12 and the
output motion at the ground surface in TD is shawhig. 3.13.

FD ™D Target motion
- it ,
V., =300m/s hy =40m
2E
> = -
V., =500m/ s hy=5m
V.. =Skn/s B = 1000m
E+F
|| p—
V,=8km/s - 4
| |iv=EQ| |

Figure I11.11 Procedure for input motion in TD
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Figure [11.12 Within output motionH+F) in FD

As shown in Fig. 3.12, the within output motidg+F) results from both analysis
showed a good agreement and adequate for inpubmutiTD analysis. This motion
was applied at the same layer and property for malysis. The FFGM at the ground

surface for both direction, as shown in Fig. 343 nonlinear response of soil stiffness
G, Were obtained. However, as mentioned above, thepaoson of these nonlinear

response motions with linear and equivalent-limaations at the ground surface in FD
was significant. These comparisons are shown inFigl and 3.15.
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Figure 111.13 Nonlinear response of FFGM analysigD
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Figure I11.15 Comparison between LN, EL, and NL rantin NS direction

As shown in Fig. 3.14 and 3.15, these comparisodgated that the nonlinear
response motion at the ground surface showed a ggoeEment with linear motion
response for a few seconds from starting point atth equivalent-linear motion
response for the last several seconds. These agméermmonfirmed that the nonlinear
response at the ground surface in TD started frioenlinear to nonlinear response
motion. This confirmation showed about the validatof proposed analytical model
considering the nonlinear response of soil matefiatthermore, the hysteretic curve of
nonlinear response motion at the ground surfashasvn in Fig. 3.16 and the maximum
strain in each layer is shown in Table 3.3.

Shear Stress

0.0006
E-W

0.0004

0.0002 -

=

-0.000S -0.0006 -0:000 0 0.0003 0.0006 0.0009

AZ=9.0002

Shear Strain

-0.0004

-0.0006
Shear Stress
0.0006

N-S
0.0004

0.0002 ==

—

-0.0009 -0.0006 20.0008—= 0.0003 0.0006 0.0009

30,0002

Shear Strain

-0.0004

-0.0006

Figure 111.16 Hysteretic curve of nonlinear resp@msotion
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Table 111.3 Maximum strain in each layer

Layer Max.strain (E-W) Max. strain (N-S)
1 0.00066 0.00069
2 0.00391 0.00413
3 0.00823 0.00868
4 0.01281 0.01331
5 0.01747 0.01771
6 0.02217 0.02196
7 0.02707 0.02625
8 0.03247 0.03094

The nonlinear response of soil material for botlections is shown in Fig. 3.17.

1.2

E-W
0.8 ‘ [ i

0.6 r

04

0.2

Shear Modulus Reduction G/GO

1.2

N-S
0.8 { l
0.6
04

0.2

Shear Modulus Reduction G/GO

0 5 10 15 20
Time (s)

Figure I11.17 Nonlinear response of soil materiesarface layer

[11.4.3.2. Second Soil Column

In this example, the uniform soil in depth 60m v@asumed resting on the rock. The
soil property was shown in Table 3.4 while the mwadr soil property and earthquake
input motion were the same as shown in Table 32Fag. 3.9. According to the same
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procedure described above, the response of FFGMawlaigved as in the following

sections.
Table 111.4 Uniform soil property

H (m) Vs (m/s) ¥ (KN/m3) & (%)
0.0-60.0 350 22.0 5
Rock 600 23.0 1

Linear Response of FFGM Analysis
According to Fig. 3.18, the linear response of bBh and TD was the same as
described above.

ke EW

0.8

04

Acceleration (g)
o

04
0.8 FD TD
.12 Time (s)

1.2 N-S

i
B

©
=

Acceleration (g)
o

o
o

FD D
-1.2 Time (s)
Figure I11.18 Linear response analysis of FFGM i &hd TD

Nonlinear Response of FFGM Analysis
For nonlinear response analysis, there were twa éayers added to existing layers
as shown in Fig. 3.19. The first layer consisted3m and \& 600m/s while the second
layer consisted h = 800m and®\5km/s.
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Figure I11.19 Procedure for input motion in TD

The within output motion at the base of column lboth directions is shown in
Fig. 3.20. The response results showed a good ragraefor both analytical model
LN and EL, thus, these motions were adequate ®gaisig as input motion in TD.
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Figure [11.20 Within output motionH+F) in FD

The nonlinear response motion at surface layepdthn directions was shown in Fig.
3.21 while the comparisons of both motions are shimwFig. 3.22 and 3.23.
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Figure I11.21 Nonlinear response of FFGM analysigD
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Figure 111.23 Comparison between LN, EL, NL motionNS direction

The hysteretic curves of nonlinear response motbrsurface layer for both
directions and maximum strain in each layer showifrig. 3.24 and Table 3.5 while
nonlinear response of soil material is shown in Big5.
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Figure I11.24 Hysteretic curve of nonlinear resp@msotion

Table 111.5 Maximum strain in each layer

Layer Max.strain (E-W) Max. strain (N-S)

1 0.0002 0.0003
2 0.0013 0.0018
3 0.0031 0.0043
4 0.0053 0.0073
5 0.0077 0.0105
6 0.0101 0.0138
7 0.0124 0.0171
8 0.0147 0.0203
9 0.0168 0.0233
10 0.0186 0.0262
11 0.0204 0.0290
12 0.0223 0.0319

8 12 E-W

g’ vy JUAI 1A

é 0.8 v 1T

% 0.6

g 04

E 0.2 Time ()
0
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Figure I11.25 Nonlinear response of soil materiesarface layer

[11.5. CONCLUSIONS

The conclusion of this chapter was presented #geifiollowing:

- The necessity of FFGM analysis was introduced aedritegration of FFGM
analysis into OBASAN was presented for both FD @&bd The verification of
FFGM analysis in OBASAN was provided in Appendix.

- An analytical model considering nonlinear respoméesoil material was
proposed and examples of FFGM analyses were pmbvidiee nonlinear
response motion of FFGM at the ground surface irwE3 compared to linear
and equivalent-linear response motion in FD. Thelinear response results
showed a good agreement with linear response fiewvaeconds from starting
point and with equivalent-linear response for thst Iseveral seconds. The
agreement confirmed about the validation of prodosmalytical model
considering nonlinear response motion and soil nate

According to the description above, this proposedlyical model considering
nonlinear response of soil material and motion wdwt adequate and a potential
model for nonlinear FFGM analysis in TD. This noefar response of soil material
and motion was a significant part for conducting geismic response of structure
considering nonlinear SSI effect using substrucymeroach.

- 40 -



CHAPTER V. SEISMIC RESPONSE OF STRUCTURE
UNDER NONLINEAR SOIL-STRUCTURE INTERACTION
EFFECT

IV.1. INTRODUCTION

Generally, the seismic response of structure censig SSI effect under
substructure approach can be performed only withivatent-linear response of soll
material and corresponding motion in FD. This ieBtm can cause mismatched
response and overestimated results compared tacthal response of structure under
earthquake. Therefore, the objective of this chajgeto present analytical model
considering nonlinear SSI effect on the responsestaiicture using substructure
approach. In order to achieve this objective, thalygical model was divided into four
steps: FFGM, FIM, dynamic impedance, and responkestiucture. For better
understanding, an example of 3D RC frame struatuvdel supported by rigid surface
foundation was conducted. The soil column modetsiaput earthquake motion from
Chapter Il were used in this study. The relevaatameters were provided in the
following sections.

IV.2. NONLINEAR SOIL-STRUCTURE INTERACTION EFFECT
IV.2.1. Free Field Ground Mation (FFGM)

In order to obtain the target, the nonlinear respaof soil material and motion was
very important. Based on the analytical procedumenf Chapter I, the nonlinear
response of soil materia®, (t) and motion can be achieved with corresponding input
data of soil deposits.

IV.2.2. Foundation Input Motion (FIM)

FIM is an evaluation of transfer functions to comvite FFGM to the FIM. This
motion is generally composed by both translaticeradl rotational component which
represent the seismic demand applied to the foiomdand structure system. The
translational and rotational of FIM can be exprdssdhe Eq. (4.1) and (4.2).

- Trandation Motion: U,y =H,.u (4.2)

urg
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Where

i s T
| k(vj 2 VS
ao S
Vapp
2 mV,
H == f kK> D _@p
Yo % 2V,
o =45
VS
: : U,
- Rotation Motion: (17 :?U (4.2)
Where
\V \/
| =0.30 1- cosal| —= if af<——2*
=030 - ofat[ g |1 o<
V
| =0.30 if 5 7T Zamp
v %75 vV,
« _ B
ao_—

H,,1,: Translation and rotation of transfer function
Ugy @y - Translation and rotation of FIM

a¢: Dimensional of frequency

u,: Free field ground motion

Vs,V - Shear velocity and apparent shear velocity
B%: Foundation half-width or equivalent radius

To determine Mpp there are various solutions have been proposedr@iog to
wave motion types and geology conditions such aslémt S wave [23], surface wave
[53], multiple layers of soil deposits [54]-[56]n@ the increasing stiffness with depth
[54]. However, apart from these theoretical propod@ere were numerous indirect
measurement of apparent velocity in body wave aditated that the apparent velocity

for a typical soil site ranges from 2.0km/s to 3r#&, thus,V,, /V, =10 [24].

-42 -



IV.2.3. Dynamic I mpedance
The dynamic impedance is an evaluation the interactection between soil and

structure. This function can be expressed in EQ) @nd (4.4) [24].

k, =k, +iax, (4.3)

k, =k ,(1+2p) (4.4)

=t (4.5)
b2k '

Where
I?j : Complex-valued impedance function
k;, ¢, : Foundation stiffness and dashpot
B; - Radiation damping

V.2.3.1. Foundation Stiffness

The equation of foundation stiffness can be expebssccording to the type of
foundation [24]. Due to the scope of this studynlimear SSI effect, the simply
equation of surface foundation was expressed sgtudy. The foundation stiffness of
surface foundation rested on the uniform soil medis expressed in Eq. (4.6).This
foundation stiffness is composed by static stiffpedynamic stiffness modifiers, and

embedment modifier.

ki =Kj.a;.n, (4.6)

Where
K,: Static foundation stiffness at zero frequency
a; : Dynamic stiffness modifiers

77;- Embedment modifier

Static Foundation Stiffness
The static foundation stiffness is expressed in(&d)-(4.12) for six directions.

K =K, -—22 g [1-8 4.7)
' 0.75-0 L
0.85
Ky=22i|:2+2.5(%j } 4.8)
-V
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0.75
K, =2CL10.73+ 1.5{Ej
1-v L

Ky = %(lx)"'m(aozs{z.m o.{%ﬂ

G . L \%5]
Kyy = E(l y)o 75|:3(Ej

B 107]
K, = GJtO'75[4 + 11( 1- fj

Rigid Surface Foundation Stiffness Modifiers
The foundation stiffness modifiers are expressdeqgn(4.13)-(4.18).

a,=1.0
a,=1.0
0.2 |,
0.4+(L] a;
a,=1- B

10 2
L "%
1+ 3(— 1)
| B

L
0.55+ 0.1/ = - 1la?
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(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)



0.552 (4.17)

a, =1-
0.6+ 1L'43 +a;
o)
- %ZL_ 2
L 0.33-0.33 = J}ao (4.18)

Rigid Surface Foundation Embedment Modifiers
Due to the scope of this study, as mentioned abthee,embedment modifier is
n, =1.0.

V.2.3.2. Radiation Damping
The radiation damping is expressed in Eq. (4.1D4%

5. = 4{(@ {2% (4.19)
GB
By:4%] LEZJ (4.20)
| GB
ﬂz=_4w£2';) Bd (4.21)
| GB

-45 -



5, - 25 {280 } (4.22)

B, = ( )(;)a" Lao } (4.23)

@KEHEH% 2] (4.24)

Where
G,V : Shear modulus and Poisson’s coefficient
B, L : Width and length of rectangular foundation
I, I, Area moment of inertia of soil-foundation contact
J;=1,+1,: Polar moment of inertia of soil-foundation
contact surface

W=J20-0)IA-2), @< 2t

wB
=—, B<L
% V.

S

In this section, the soil stiffness val@, was varied according to each time step in
order to perform nonlinear SSI effect. The variatiof soil stiffnessG, (t), can be

achieved from the analytical procedure in Chagter |
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IV.2.4. Seismic Response of Structure under Nonlinear SSI Effect

In order to perform seismic response of structwasiering SSI effect under
substructure approach, the upper structure wasectenh to soil spring-dashpot and
subjected to the FIM which were determined in thevipus sections, as shown in
literature reviews. In this section, the seismapanse of structure under SSI effect was
performed using nonlinear response value of intenacsection with the corresponding
motions. The seismic response of structure waopeed in TD, as expressed in Eq.
(4.23). The analytical procedure allowed performihg seismic response of structure
under nonlinear SSI effect.

[M]{d}+[Cl{u} +[K]{u} =-[M|{Z g (4.23)

Where
[M],[C].[K]: Mass, damping, and stiffness matrix of wholecttite
{u} ,{u} {u} : Acceleration, velocity, and displacement vectowhole
structure
U, : Foundation input motion

IV.3. EXAMPLE OF SEISMIC RESPONSE OF STRUCTURE UNDER
NONLINEAE SSI EFFECT

For better understanding, an example of 3D RC framder SSI effect was
provided. This structure was assumed as a rigithsairfoundation and supported by
uniform soil medium. The interaction between stoetand soil was represented by
spring-dashpot, which was performed for both edaemnalinear and nonlinear value in
order to evaluate the response of structure undetinear SSI effect. This frame
structure was rested on the two types of soil calsiand subjected to vertically S wave,
as described in Chapter Il1.

IV.3.1. Structural Model Outline

This 3D frame structural model was the same motitleE-Defense test structure
[44] [45], as shown in Fig. 4.1. This structure sisted six stories 3.5m for height in
each floor. There were two spans in X-direction #irde spans in Y-direction with the
same length 5m in each span. In this study, thenooIC1 section was 0.5mx0.5m with
8-D19 and C2 section was 0.3mx0.3m with 4-D19, beagtion was 0.3mx0.5m with
5-D19, and both shear-wall and sidewalls thickivesie 0.15m with doubly reinforcing
bar D10@300. Furthermore, the shear reinforcingabarolumn was D10@2100 while
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beam element was D10@200. The nominal strengteifiorcing bars were SD345 and
SD295 for D19 and D10, respectively, and concretength was 21MPa for all
structural elements. Besides this, the non-strattiement load was assumed 3.0kPa

and live load 2.5kPa for each floor.

— L
[
«

i H

I 5000 5000 !

‘ : :
® ® ®

-

(a) Perspective view of frame structural model (b) Top view of structure

B
S
m; Structure u
c
“1

M; | Foundation | i,

%
o N

@

X

Soil

(c) Soil-structure interaction analytical model
Figure 1V.1 3D RC frame structural model

1V.3.2. Uniform Soil Medium and Earthquake Input Motion
In this study, the uniform soil was assumed to supthe structure and the soil
property was described in the previous chapterrapdated here again in Table 4.1 and

4.2.
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Table IV.1 Uniform soil property of first column

H (m) Vs (m/s) ¥ (KN/m3) & (%)
0.0-40.0 300 21 5
Rock 500 23 1

Table 1V.2 Uniform soil property of second column

H (m) Vs (m/s) ¥ (KN/m?) & (%)
0.0-60.0 350 22 5
Rock 600 23 1

Moreover, the Kobe earthquake record motion wasmasd as input motion at the
base of soil column in both direction E-W and N-Bilesthe motion in U-D direction
was ignored in this study. The motion from bottedirons was shown in Fig. 4.2.
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Figure IV.2 Kobe earthquake input motion

1V.3.3. Foundation Input Motion (FIM)
As described above, the frame structure was sugghdoy surface foundation and

25

subjected to vertically S wave. Thus, tlig,, =, andd, =0. The FIM of both soil

columns are shown in Fig. 4.3 and 4.4, respectifalyD and TD.
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Figure IV.4 Foundation Input Motion in TD

IV.3.4. Dynamic I mpedance
As described above, the dynamic impedance of botilyacal models were

achieved. The comparison of foundation stiffnessyolag under both analytical models
was conducted. There were six directions of stfnk and dampingc as shown in

Fig. 4.5 for both soil columns. Furthermore, thsnparison also included the linear
response of foundation stiffness-damping.
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Figure IV.5 Comparison of foundation stiffness-damgpunder both analytical models

The hysteretic curve of foundation-soil system unoleth analytical models was
also provided. There were six directions of fouratasoil system hysteretic curve as
shown in Fig. 4.6 for both soil columns. Due to #igsence of motion in vertical
direction, there was no force in this direction.
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Figure IV.6 Hysteretic curve of foundation-soil sym under both analytical models

IV.3.5. Seismic Response of RC Frame Structure under SSI Effect

The structural responses were provided under rlimeaponse of base-shear,
overturning-moment, acceleration, and relative ldisgment. The comparison of both
analytical model responses were conducted underdifferent soil columns and the
evaluation was presented at the end of this chapter

V.3.5.1. Base-Shear of Structure

The base-shear response of structure under botitiaaemodels was conducted.
The comparison results from both analytical modef®wed that the base-shear
response under equivalent-linear SSI effect wagefathan the response from the
nonlinear SSI effect. This discrepancy showed almugrestimated result of using
existing analytical model under substructure apgrodhe both response results is

showed in Fig. 4.7 and the maximum values of basessresponse was shown in Table
4.3.
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Figure IV.7 Base-shear responses under both acallytiodels

Table 1V.3 Maximum base-shear of structure undéh lboalytical models

Analytical model First soil column (kN) Second soilumn (kN)
EL-SSI 7898.1 7079.8
NL-SSI 4893.9 3553.6

V.3.5.2. Overturning-Moment of Structure

The overturning-moment response of structural urddh analytical models was
performed. The comparison from both analytical ni®dbowed that the response result
under equivalent-linear SSI effect was larger ttienresponse from the nonlinear SSI
effect. This different response showed about owienased result of using existing
analytical model. The both response results is skdow Fig. 4.8 and the maximum of
value of overturning-moment response is shown bierd.4
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Figure IV.8 Overturning-moment responses under ha#lytical models
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Table IV.4 Maximum value of overturning-moment

Analytical model First soil column (kN.m)  Secondl solumn (KN.m)
EL-SSI 1409.50 1864.00
NL-SSI 669.96 867.76

V.3.5.3. Acceleration of Structure

The acceleration response in each floor under ao#hytical model was performed.
The comparison from both analytical models showeat the response result under
equivalent-linear SSI effect was larger than tlepoase from the nonlinear SSI effect.
This different response showed about overestimedsdlt of using existing analytical

model. The both response result is showed in Fi§. ahd maximum value of
acceleration in each floor is shown in Table 4.5.
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Figure IV.9 Acceleration responses in each floatarrboth analytical models
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Table IVV.5 Maximum value of acceleration

Floor EL-SSI-First soil column (g) NL-SSI-First sablumn (g)
Roof 1.411 0.857

6 1.371 0.761

5 1.290 0.641

4 1.169 0.568

3 1.008 0.502

2 0.816 0.373
Floor EL-SSI-Second soil column (g)NL-SSI-Second soil column (g
Roof 1.356 0.684

6 1.308 0.654

5 1.211 0.616

4 1.072 0.506

3 0.889 0.372

2 0.675 0.251

IV.3.5.4. Relative Displacement of Structure

The relative displacement of structure under bothydical models was performed.
The comparison of both analytical model showed it response result under
equivalent-linear SSI effect was larger than tlepoase from the nonlinear SSI effect.
This different response showed about the overesonaesult of using existing
analytical model of SSI problem. The both resporesailt is shown in Fig. 4.10 and
maximum value of relative displacement in eachrfisshown in Table 4.6.

=}
o
w

0.3 EL-SSI-First Soil Column NL-SSI-First Soil Column
g, 0.02 - ; X foc o i i:, 0.02 i{:f 7;:; 5’:
8 1 | 4th —3rd 2nd E " | 2 |
E0.0- 1 | il » | ‘ g 0.01 L. N I, ‘ Y “"“
o oo, £ e
% 001 ' /AL | ) y ® 001 R ' SR |
¥ 002 ' = 002

003 ! Time() 5 Time (s)

-59 -



Relative Displacement (m)

& b o © ©o

o o Q Q (=]
2 3 @

o
o

0 AWM~ "HJ] il “ Pd”'i.gﬁn,«u.;,wn-w Hwnﬂn

o
o
W

EL-SSI-Second Soil Column NL-SSI-Second Soil Column

,
o
Q

Roof 6th Sth

| Roof 6th Sth
4th 3rd 2nd

4th 3rd 2nd

o
Q
=

0 e i (i wlmmu; aumouam
¢! WA Jmfg m’ﬂ,wm%,. " “’vt"‘"’;gl‘m'mﬂ' f: /

W"\j,g Y

il

|

wmmp VWY "0

Relative stplacemem (m)
- )
o

(=]
o
~

Time (s) 003 Time ()

Figure IV.10 Relative displacement responses ubd#r analytical models

Table IV.6 Maximum value of relative displacement

Floor EL-SSI-First soil column (m) NL-SSI-First sapolumn (m)
Roof 0.030 0.016

6 0.028 0.015

5 0.025 0.013

4 0.021 0.010

3 0.015 0.007

2 0.007 0.003
Floor EL-SSI-Second soil column (m) NL-SSI-Second soil column (m)
Roof 0.028 0.014

6 0.026 0.013

5 0.024 0.011

4 0.019 0.009

3 0.013 0.006

2 0.006 0.003

IV.4. CONCLUSIONS
The conclusion of this chapter was presented #geifollowing:

The seismic response of structure considering neati SSI effect under

substructure approach was presented.

The seismic response of structure under existiradyaoal model and proposed
analytical model were conducted. The responsetsesgire showed under linear
response of base-shear, overturning-moment, aeatieler and relative

displacement. Furthermore, the foundation stiffrée®ping and hysteretic
curve were also provided.

The response results showed that the structurglonsgs under existing
analytical model using substructure approach wargel than the responses
under the proposed analytical model. There were gigaificant factors that
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caused the differences between both analytical lmode
Nonlinear response of soil material
Nonlinear response of FFGM.

These discrepancies showed about the overestimesedts of using existing
analytical model compared to the actual responsstrotture under earthquake
loading.

Therefore, the proposed analytical model would beotential model for SSI
problem using substructure approach. This analyticadel was taken into account the
nonlinear response of soil material and motion, simlwed about the adequateness of
using substructure approach compared to actuabmespof structure under earthquake
disaster. Furthermore, this analytical model ftat#id performing the structural
response under nonlinear response of near-fielekBect subjected to tsunami force by
taken into account the effect of pre-earthquakasiés.
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CHAPTERV. EFFECT OF NEAR-FIELD SOIL
NONLINEARITY ON THE RESPONSE OF STRUCTURE
UNDER TSUNAMI DISASTER

V.1. INTRODUCTION

After the 2011 Great East Earthquake and Tsunamiajpan, the response of
structure under tsunami force has become an inmpeesssue for structural design
guidelines. The overturning of RC buildings in Caag town was an example of the
effect of tsunami force on the response and stgbiif structure. The response of
structure during tsunami force was composed by rivain factors: tsunami force and
the effect of soil interaction. Many analytical dies and guidelines have proposed
various relative parameters for design the effédswnami force on the structure such
as lateral force [7] and buoyant force [4]. Howewbe nonlinear effect of near-field
soil on the response of structure subjected toatsuriorce has not been studied and
deeply investigated yet. During tsunami disaste,rtear-field soil around the structure
can perform a significant role on the responsetafcture during tsunami disaster,
especially nonlinear response behavior. Thus, bjective of this chapter is to propose
an analytical model considering the nonlinear ¢fedmear-field soil on the response of
structure under tsunami force.

However, in order to achieve this objective, thalmear response analysis of soll
deposits from Chapter Il was indispensable. Iis thapter, the procedure considering
the boundary and analytical model of near-fieldl swere presented. For better
understanding, an example of 3D RC frame structuggoorted by two types of soil
column subjected to tsunami force was provided. ddraparison between the effect of
near-field soil and fixed-base condition on thepmase of structure was conducted in
order to evaluate the nonlinear effect of neadfsdil.

V.2. NEAR-FIELD SOIL COLUMN BOUNDARY
The procedure considering the near-field soil baupdas shown in Fig. 5.1, was
described as in the following:
- Area of the near-field soil at surface layer was shme as the area of the
structural base.
- Effective angle was assumed = 45’
- Area of near-field soil for the second segment wended corresponding
to the effective angle and assumption depth H.
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- Keeping the same procedure for other segments thdilbase of soll
column or any favorable segment.

- Near-field soil column boundary was achieved innfoof truncated
rectangular pyramid but round at the edge as showig 5.1.

- Area, volume, and mass of soil column were deteethinased on the size
of soil segment.

B L

a a al a

B’ r

(a) Parallel side L view

L’
L
B
~ |\
vy |
(c) Top view (d) Perspective view

Figure V.1 Near-field soil column boundary

V.3.ANALYTICAL MODEL OF NEAR-FIELD SOIL COLUMN
Based on the soil column segment, the lumped mshssr and bending stiffness can
be computed and expressed in Eq. (5.1)-(5.3).

M, =V..0, (5.1)
Where

Vi ={BL (B LM H) + T HE - HH, +HE) ()

V., : Volume of near-field soil segment between heidghtand H:1
p. - Solil density of near-field soil segment
B,L: Width and length of structural base

_ GA

s (Hi+1‘Hi) (5.2)
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Where

i+1 i+

A =BL+(B+L)(H,, + Hi)+7ZT(H2 +2H,

G = ini2

K.

Bl

. Shear stiffness of near-field soil segment

G, : Shear modulus of near-field soil segment

A : Average area of near-field soil segment betweesnid H:1
. Shear velocity of near-field soil segment

p. . Density of near-field soil segment

B,L: Width and length of near-field soil segment

E Il
K,=—"'"+ (5.3)
f (Hi+1_Hi)
Where
o 4 T, , B? L 3
Ii _Z((Hi +Hi+1)/2) +ZB ((Hi +Hi+1)/2) +E(Hi +Hi+i)+T2(Hi +Hi+l+B)
E =2G (1+v,)

[, : Inertia moment of near-field soil segment for korital direction
between Hand H:1
E. : Young’'s modulus of near-field soil segment

Gi: Shear modulus of near-field soil segment
v, . Poisson’s ratio of near-field soil segment

K4 : Bending stiffness of near-field soil segment
B,L: Width and length of near-field soil segment

According to the expressions above, the near-geitl column can be shown as in
Fig. 5.2 by lumped mass, connected by shear andifgesprings from one segment to
another segment.

perslsgl kg3 Vkg

pn’Vsn’gn k.2 9k

(a) Near-field soil column (b) Analyticalodel of near-field soil
Figure V.2 Near-field soil column analytical model
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For nonlinearity of near-field soil segment anadyshe modified Ramberg-Osgood
model [40] was utilized in this study. The skeletomd hysteretic curve was expressed

in Eq. (5.4) and (5.5), respectively.

r
y:—(1+ a|r|ﬁ) (5.4)
G,
s
VEVo _TETo( 7% (5.5)
2 26, 2

Where

4
a:( 2 ) 5= 27h,
yO.SGO 2_mmax

r,y:. Stress and strain of near-field soil segment

T,,V, . Reversal of stress and strain

B, a . Parameters of modified Ramberg-Osgood

Gy, h,. : Initial shear modulus and maximum damping soil

max *

Vo . Half strain corresponds t&/G, = 05

According to hysteretic rule of modified Rambergg@sd model, the nonlinear
response of shear modulugtiscan be derived from Eq. (5.6) and shown in Bi§.

G _noha (5.6)
Gy, Vi~Va

Where
G, /G, :Secant shear modulus for nonlinear response

r,,T,_, . Reversal shear strain of point i and i-1
V.. Vi., . Reversal shear strain of pointi and i-1

Shear Stress

(1521)

Y4ft4)

Shear Strain

(16.16)

Figure V.3 Stress-strain relationship of modifieghiberg-Osgood model
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This nonlinear response analysis can be achievagiog OBASAN program [50],
which can perform for both structural and groundiormanalysis.

V.4. ANALYTICAL PROCEDURE OF STRUCTURE UNDER NEAR-FIELD
SOIL EFFECT SUBJECTED TO TSUNAMI FORCE

According to the boundary and analytical model e&mfield soil above, the upper
structure was connected to near-field soil by slka@arbending spring, as shown in Fig.
5.4. Under tsunami disaster, the input tsunamiegf@twould be divided into striking and
receding wave attacking the structure, as showsigrb.5. The analytical procedure of
tsunami force on structure in Panon’s work [47] waed in this study.

Based on the description above, the response wétste can be obtained under
linear and nonlinear effect of near-field soil. Bes this, the equivalent-linear response
of near-field soil was assumed to be the same ggonse of near-field soil due to
tsunami force, which was a push over loading.
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Figure V.4 Analytical model of structure under néald soil effect
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V.5. EXAMPLE OF 3D RC FRAME STRUCTURE SUBJECTED TO TSUNAMI
FORCE

For better understanding the nonlinear effect arfield soil on the response of
structure subjected to tsunami force, an exampRBDoRC frame structure from chapter
IV was used in this study. This frame structure assumed to subject to hydrodynamic
force as input tsunami force. The relevant pararsetere presented in the following
sections.

V.5.1. Input Tsunami Force

In this study, the hydrodynamic force was regaraedhput tsunami force attacking
on the structure. This hydrodynamic force was dididnto striking (¥ wave) and
receding wave (? wave), as shown in Fig. 5.6, which was applieddissribution
pressure from the first floor to the roof in Y diten of structure [48]. The
hydrodynamic pressure was obtained from the inuowlasimulation [46] [47], as
shown in Fig 5.7.
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(a) Direction of input tsunami load (b) Dibution of tsunami pressure

Figure V.6 Input tsunami forces on the structure
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Figure V.7 Input hydrodynamic pressure
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V.5.2. Response of Structure under Near-Field Soil Effect
According to the description above, the near-feddl column was achieved based

on the effective anglex = 45°[59] and the depth of soil column for both condispas
shown in Fig. 5.8 and 5.9.
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Figure V.8 First column of near-field soil conditio
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Figure V.9 Second column of near-field soil coruiti

V.5.2.1. Near-Field Soil Segment Divisions

After obtaining the near-field soil column, the nréald segment division was
another significant factor that impacted on thepoese of structure during tsunami
disaster. In order to achieve a proper divisiomeér-field segment, several divisions
were tested including 0.5m, 1m, 2m, 4m, 5m, and.Ilme response of structure under
these divisions were shown in Fig. 5.10 and 5.1llethe maximum of shear strain at
surface layer under these divisions were showrabiel5.1 for both soil columns.
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divisions of first near-field soil column
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Table V.1 Maximum shear strain at surface layerenmtifferent segment divisions

Segment Division First Soil Column Second Soil Gatu
0.5m 0.001229 0.001125
1.0m 0.001202 0.000451
2.0m 0.001197 0.000814
4.0m 0.001926 0.001306
5.0m 0.002173 0.001468
10.0m 0.004625 0.001845

According to the response of structure under difiesegment division of near-field
soil column, the segment division with 2m, 4m, &ma showed almost response while
the segment division with 0.5m and 1.0m showednapticated response under tsunami
disaster, which was like the push over excitation.

Besides this, the maximum shear at surface undeneset division of near-field soill
column from 0.5m to 5.0m showed a similar respawepared to 10.0m.

Thus, based response results above, the propereseégiivision of near-field soil
should be 2m, 4m, and 5m. However, in this stuldg, recommendation of near-field
soil segment was 4m, which was the average valiveelea these values.

The both near-field soil columns were divided ifitband 15 segment, respectively,
with the thickness of 4m in each segment, as shiowing 5.12. Then, the lumped mass,
shear and bending spring were obatined, as showabile 5.2 and 5.3.
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(a) First column of near-field soll (b) Sedarolumn of near-field soil
Figure V.12 Near-field soil segment divisions
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Table V.2 Lumped mass, shear and bending stiffaefsst near-field soil column

H(m) Vs (m/s) | y (KN/m3) & (%) M (t) Ks (KN/m) | Kg (kN.m)
0 0.11e5 1 2461l 5 2261
4 0.54e5
4.82e1( 8.64el.
8 1.38e5 — oo
. . . el.

12 2.63e5
1.88e1. 1.37el.
16 4.28e5 > 9361 33301
. . ooel:

300 21 5

20 63465 1 20el | 6.89e1.

24 8.81e5
5.70el 1.27el!

28 11.68e5
- L4 96eE 7.43e1l. | 2.17el!
989 M9 39e1 | 3.47el!

36 18.65e5
1.16el. | 5.28el!

40 10.30e5

Table V.3 Lumped mass, shear and bending stiffakesscond near-field soil column

H(m) Vs (m/s) | y (KN/m3) & (%) M (t) Ks (KN/m) | Kg(kN.m)
0 LEE T S
4 057€5 "6 87etlr | 1.23e1

1.4
8 % 15261 | 6226l
12 27565 | o
16 4.48e5 4'17 1: 4‘75e1'
20 6.64€5 5'99e1j o8
. e . 4
24 0.23¢5 | 9.82e1|
28 12.24e5 |— o 1.82el!
32 350 22 5 15.67e5 - | 3.00el
' 1.34el. | 4.94e1!
36 19.546e5
€ "1 65e1 | 7.52el
40 23.83e5
2.00el. | 1.10ell
44 28.54e5
237el | 1.56ell
48 33.69e5 =
2.78e1: | 2.14ell
52 39.26e5 ‘
3.23el, | 2.88ell
56 45.25€5 | —— —1—__—
. el. . e
60 24.18e5
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The linear response of structure was performed rutide effect of near-field soil
and fixed-based condition in order to evaluatertbelinear effect of near-field soil. In
this study, the linear response of structure wakided overturning-moment and story
shear of structure, which controlled the stabiiiyd damage response of structure
during tsunami disaster.

V.5.2.2. Shear modulusreduction and shear strain of near-field soil

The shear modulus reduction and shear strain df hear-field soil columns at
surface layer (top segment) subjected to tsunaroefare shown in Fig. 5.13 and 5.14,
respectively. Moreover, the maximum shear strai@ach layer of both soil columns are
shown in Fig. 5.15.
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Figure V.13 Shear modulus reductions G/GO of nigdd-5oil at surface layer
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According to the response results above, the maxirshear strain in each layer
was under 5%. Thus, the near-field soil column was failed and can support the
structure subjected to tsunami force.

V.5.2.3. Overturning-M oment Response of Structure
The overturning-moment response of structure urar-field soil effect and
fixed-base condition subjected to tsunami forcghiswn in Fig. 5.16.
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Figure V.16 Overturning-moment of structure undeamfield soil effects and
fixed-base condition

Based on the results above, it was shown that\ikeguwning-moment response of
structure under fixed-base structure was largen tha response under the effect of
near-field soil. Besides this, the overturning-moimesponse of structure under linear
response of near-field soil was larger than th@aese under nonlinear response of
near-field soil. These output results showed alibatoverestimated results of using
fixed-base structure condition without considerihg nonlinear effect of near-field soil
around the structure. Thus, the nonlinear effecatear-soil on the overturning-moment
response of structure subjected to tsunami forocelldhbe considered and taken into
account.
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V.5.2.4. Story Shear Response of Structure

The story shear responses of structure under reddrdoil effect and fixed-base
condition subjected to tsunami force are shown imn B.17 and 5.18 for both soil
conditions, respectively.
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Figure V.18 Story shear response of structure useleond column of near-field soil

Based on the response results above, it was shmatrhte story shear responses of
structure under near-field soil effect and fixeddaondition were slightly different.
There was no any significant effect for story sheaponse of structure under near-field
soil effect and fixed-base condition under tsuntorge.

These response results showed about the ineffiziagar-field soil nonlinearity on
the story shear response of structure under tsuftaiod. However, further study should
be conducted to investigate for further understaodi

Furthermore, the effect of near-field soil on teeponse of structure under tsunami
force was applicable for some conditions of soilime such as:

- Tsunami Disaster: all types of soil condition
- Earthguake-Subsequent Tsunami Disaster: applicable for sandy soill
condition that can recover quickly after earthquaksaster. So, the
deformation of near-field soil during earthquaksagier would not impact
on the overturning-moment response of structureingursubsequent
tsunami disaster. Thus, it meant that the effechedr-field soil on the
response of structure under both disasters wespardient.
According to the description above, the nonlinetiecé of near-field soil on the

response of structure was significant and should dmmsidered, especially
overturning-moment response of structure.

V.6. CONCLUSION
The conclusion of this chapter was presented #geifollowing:
Near-field soil boundary: the near-field soil boundary was proposed based o
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the effective anglead and depth H. In this study, the effective angie was
proposed 4% This value was recommended by guidebook on exicevevorks
considering neighboring structures.

Near-field soil segment division: based on the variety of near-field soil segment
divisions, the segment division of 4m was recommeendThis segment
division value allowed the correctly response aludure under tsunami
disaster and applicable for the most of soil coons.

Overturning-moment response of structure: the overturning-moment response
of structure under fixed base structure was lathan the response under
near-field soil effect. Besides this, the overtngimoment response under
linear response of near-field soil was larger tti@response under nonlinear
response of near-field soil. These results shovbeditathe significant effect of
near-field soil nonlinearity on the overturning-memb of structure under
tsunami force. Thus, the nonlinear effect of négldfsoil should be considered
and taken into account on the overturning-momesparse of structure under
tsunami force. The ignoring of this effect can @ube overestimated
resistance of structure during tsunami disaster.

Sory shear response of structure: the story shear response of structure
subjected to tsunami force under fixed-base camditand near-field soil
nonlinearity effect were slightly different. Thessponse results showed about
the inefficacy of near-field soil nonlinearity ohet story shear response of
structure. However, further investigation should dmnducted to understand
deeply about the effect of near-field soil on tlesponse of structure under
tsunami disaster.

In conclusion, the near-field soil boundary waspmsed in this chapter. Based on

the effective angle , segment division, and the analytical model ofr+iedd solil, this

proposed analytical model was adequate and capeufiilr practical work. In this study,

the nonlinear effect of near-field soil has showleel significant impact on the response

of structure during tsunami disaster, such as au@rig-moment response of structure,

which was utilized to evaluate the stability olustiure during tsunami disaster.
However, during the 2011 Great East Earthquake Bsuhami in Japan, the
tsunami disaster was occurred after the mega emkieqdisaster. This subsequent
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disaster can bring for another consideration asgdudision on the effect of near-field
soil during tsunami after earthquake disaster. phisnomenon will be discussed in the
next chapter for further understanding on the maalr effect of near-field soil.
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CHAPTER VI. EFFECT OF NEAR-FIELD SOIL NONLINEARITY ON
THE RESPONSE OF STRUCTURE UNDER EARTHQUAKE AND
SUBSEQUENT TSUNAMI DISASTER

VI.1. INTRODUCTION

In the previous chapter, the analytical model afidce of near-field soil on the
response of structure subjected to tsunami foree theen clarified. The response of
structure, overturning-moment, have shown remaekdecreasing under the nonlinear
effect of near-field soil. However, according te texperience of the 2011 disaster in
Japan, the tsunami disaster was occurred aftegtbat earthquake disaster. These
subsequent disasters have raised the questiohdandnlinear effect of near-field soll
on the response of structure during tsunami disabi@ing earthquake disaster, the
near-field soil around the structure might be defed and impacted on the response of
structure during subsequent tsunami disaster. Tihaspbjective of this chapter is to
present the analytical procedure considering tifecebf earthquake and subsequent
tsunami disaster on the response of near-field caiimn, which impacted on the
response of structure.

In this chapter, the procedure considering theceftd earthquake force on the
near-field soil column was presented while theatftd tsunami force was the same as
presented in the previous chapter. An example ofREDframe structure subjected to
both disasters was conducted subsequently. The artsop and discussion for the
response of structure under the nonlinear effectesir-field soil subjected to tsunami
force without and after earthquake disaster wawigead for further understanding
about these impacts on the response of near-fidlésd structure.

V1.2, EARTHQUAKE EFFECT ON NEAR-FIELD SOIL COLUMN

In case of earthquake disaster, several effectsldghme considered and taken into
account. These effects included earthquake mottobhaae of near-field soil, FIM,
base-shear, and overturning-moment response oftsteu For better understanding
about these effects, the procedure of substruegppeoach for SSI effect was presented
briefly again in this section. Commonly, substruetapproach was divided into three
steps of analysis procedure: FIM, dynamic impedaace response of structure.

FIM was the required motion that needed to applthatbase of structure as input
motion. This FIM was significant for both structuaed near-field soil response.

Dynamic impedance was the interaction section betwesoil and structure
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represented by spring-dashpot. From this interaextion, the FIM was transferred to
structure and the response back from the struainréhe top of near-field soil was
achieved such as base-shear, and overturning-mpméith were other significant

effects on the top of near-field soil column.

Furthermore, the earthquake motion at the baseeaf-freld soil column was
another crucial effect to maintain the same mobetween FFGM and near-field soil
column. This motion can be achieved from the FFGRkha same depth.

According to the description above, the significaffiects on the near-field soll
column were achieved. The FIM, base-shear, andwwang-moment were applied at
the top of near-field soil column as the interatttesponse from the structure while the
earthquake motion from FFGM at the same depth \ppbeal to the base of near-field
soil column, as shown in Fig. 6.1b. The nonlinezsponse analysis of near-field soil
column under earthquake effect was conducted basdde procedure described in the
previous chapter.
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(a) Soil-structure interaction effect (b) Eatons on near-field soil column
Figure VI.1 Near-field soil column under earthquaiiect

V1.3, EARTHQUAKE AND SUBSEQUENT TSUNAMI EFFECT ON
NEAR-FIELD SOIL COLUMN

The analytical procedure of the effect of earthguakd subsequent tsunami force
on the near-field soil column was another objectivehis chapter. According to the
nonlinear response analysis under earthquake gffechonlinear response of near-field
soil material was achieved and assigned as irstak of near-field soil material under
tsunami disaster. Under tsunami effect, the neda-fsoil column was connected to
upper structure by shear and bending spring, asitled in the previous chapter. The
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response of structure subjected to subsequentrsuoece was conducted under the
effect of near-field soil, as shown in Fig. 6.2.eTresponse of near-field soil can be
performed under linear and nonlinear response saisalyBesides this, the
equivalent-linear response of near-field was assutnéde the same as linear response
of near-field soil.

—L

i Structure

T,
C
Striking Wave ‘ Receding Wave
m—) ’—1 =

1st Wave 2nd Wave
m,

u 2 Foundation

Figure V1.2 Analytical model of structure undernami force

V1.4, EXAMPLE OF 3D RC FRAME STRUCTURE SUBJECTED TO
EARTHQUAKE AND SUBSEQUENT TSUNAMI DISASTER

For further comprehension the response of struamaer near-field soil effect
subjected earthquake and subsequent tsunami farceexample of 3D RC frame
structure supported by two types of soil conditidrgm previous chapter, was
conducted again under both subsequent disasterseovir, FIM, base-shear, and
overturning-moment response of structure under ineat SSI effect [49] were
achieved from Chapter IV while the earthquake aebaf near-field soil column was
achieved from Chapter Ill. Besides this, othervatd parameters were presented in the
following sections.

V1.4.1. Excitations of Earthquake Effect on Near-Field Soil

The FIM, base-shear, and overturning-moment regpdrmsn structure were the
important effects on the top of near-field soil encearthquake disaster while the
earthquake motion at the base of near-field sdilrna was another significant effect on
the near-field soil column. These motions are shomwrFig. 6.3-6.6 for both saill
conditions.
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Under these excitations, the nonlinear responseai-field soil was performed and
the corresponding material was achieved.

V1.4.2. Near-Field Soil Response under Earthquake Excitations

The nonlinear response of near-field soil mateatasurface layer was achieved in
Y-direction, as shown in Fig. 6.7, while the maximghear strain in each segment of
near-field soil is shown in Fig. 6.8. The tablesboth initial near-field soil segment
properties are shown in Table 6.1 and 6.2.

Table VI.1 Initial lumped mass, shear and bendiiftness of the first near-field soil

column before earthquake disaster

H(m) Vs (m/s) | y(kN/m3) (%) M (t) Ks (KN/m) | Ko(kN.m)
0 0.11€5 | | 50e1( | 59901
4 0.54e5

4.82ell | 8.64el:
8 1.38e5 |———— 73601

. . . el.
12 2.63e5

1.88el. | 1.37el.
16 4.28¢5 ——— 23301
20 300 21 5 6.34e5 [ | Soo0

4.20el. 6.89e1.
24 8.81e5 |—— — .
28 11.685 |——— ;izei'

. . 1/el.

32 14.9665 5201 3 4701
36 18.65e5

1.16el; | 5.28e1l!
40 10.30e5
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Table VI.2 Initial lumped mass, shear and bendiiftness of the second near-field soil

column before earthquake disaster

Hm) | Vs(m/s) | y(kN/m3) | &%) M(t) | Ks(kN/m) | Ko (kN.m)
0 0.12e5
4 0 7e 1.77ell | 7.44el
9785 Mg 8761l | 1.23el:
8 1.45e5
12 5 7565 1.52el. 6.22el:
16 4.48e5 2.69el: 1.95e1.
20 6'64e5 417e1 | 4.75el.
24 92305 |.5:9%1 | 9.82el.
28 12 2205 | 8:13e1 | 1.82e1!
32 350 22 5 15 6705 | 10081 | 3.09e1!
36 19.54e5 1.34el. 4.94¢e]!
40 23.83 . 1.65el; | 7.52e1l!
. e
a4 28 a5 | 2:00eL: 1.10e1l
48 33'6965 2.37el. | 1.56ell
52 39'2665 2.78el; | 2.14ell
56 45'2565 3.23el. | 2.88elf
60 24'1865 3.70el; | 3.79ell
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Figure V1.7 Shear modulus reductions G/GO of neddfsoil at surface layer
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Figure V1.8 Maximum shear strains in each segmenbth soil columns

As shown in Fig. 6.8, the first segment of bothrdedd soil columns showed a
large response of shear strain more than 5% whédestibsequent segments showed a
small response of shear strain. In this case,dpeségment of near-field soil column
might be failed and needed for some kind of stgbénalysis. However, the objective
of this chapter tends to express the effect of-fiel soil on the response of structure
rather than focusing on the stability of structuféus, the stability analysis was not
discussed in this study.

The last nonlinear response of both near-field soiimns were assigned as initial
material of near-field soil under tsunami disasasrshown in Table 6.3 and 6.4.
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Table V1.3 Lumped mass, shear and bending stiffoé#ise first near-field soil column
after earthquake disaster

H(m) Vs (m/s) | y(kN/m3) | (%) M) | Ks(kN/m) | Ko(kN.m)
0 16E 0.11e5 3.736¢ 7ot
. 0.54e5

16€ 1.47ell 2.63el.
8 16/ 1.3865 2 30en ‘
L2 16'! 2.63e5 5.70e11 1-3561:
16 16': 4.28e5 8.85e1| 4.15el.
29 16; 21 5 6.34e5 1.26e1‘ 1.01el-
2 164 8.81e5 1'7161" 2.06el.
28 11.68e5 ' - 3.82¢el:
1o¢ 2.27el 6.62e1.

> 14.96€5 | 6.
17C 3.02el 1.12e1!
% 18¢ 18.65e5 PTSE 2-09 "
40 i 10.30e5 ' ' UYeL

Table V1.4 Lumped mass, shear and bending stiffoé#ise first near-field soil column
after earthquake disaster

H(m) Vs (m/s) | y (KN/m3) (%) M (t) Ks (KN/m) | Ko (kN.m)
Z 207 g'ge: 6.21e¢ | 2.6lel
106 278 '519ell | 3.93el:
8 1.45e5
18¢ 4.38ell | 1.79e1:
12 194 2.7585 8.27ell :
16 182 4.48e3 1.15 1 i.giei
20 - 6.64€5 1.7oe1: i
. el. .
24 — 9.23¢5 | 2./8el
A42el. )
28 12.24€5 | 5.40el
> 204 - . e 359%1 | 1.05el!
19¢ O7€9 ™396e1 | 1.46el
36 18E 19-54€5 16261 | 21001
40 o 23.83e5 .
. ,
” 28 5acs |_5:43eL | 2.99el!
181 6.31el: 4.14el!
48 33.69e5
17¢ 7.28¢e1. | 5.60el!
52 39.26e5
18¢€ 9.07el 8.09e1!
> 202 45.25€5 1.23el. | 1.26ell
Z . el . e
60 24.18e5
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V1.4.3. Response of Structure under Near-Field Soil Effect Subjected to
Subsequent Tsunami Disaster

In case of subsequent tsunami disaster, the linegponse of structure was
performed under the effect of near-field soil. Theponses of structure were included
overturning-moment and story shear of structurackvivas used to control the stability
and damage response of structure.

V1.4.3.1. Shear Modulus Reduction and Shear Strain of Near-Field Sail

The shear modulus reduction and shear strain df hear-field soil columns at
surface layer (top segment) subjected to subsedsiemami force are shown in Fig. 6.9
and 6.10, respectively. Furthermore, the maximumirsin each layer is shown in Fig.
6.11.
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Figure VI.11 Maximum shear strains in each layenedr-field soil

As shown in Fig. 6.11, the maximum shear straieaoh layer was smaller than 5%.
Thus, the near-field soil can support the structurder subsequent tsunami disaster.

V1.4.3.2. Overturning-M oment Response of Structure
The overturning-moment response of structure unéer-field soil effect for both

soil columns were conducted, as shown in Fig. 6Th2 near-field soil was performed

under linear and nonlinear response analysis wh#eequivalent-linear analysis was

the same as linear response analysis.
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Figure VI.12 Overturning-moment response of strrectunder near-field soil effect

Based on the results above, it was shown that ¥bewning-moment response of

structure under linear response of near-field s@b larger than the response under

nonlinear response analysis of near-field soil.sTigsponse result showed about the

nonlinear effect of near-field soil on the overingimoment response of structure

subjected to subsequent tsunami force. Thus, thénear effect of near-field soil on

the overturning-moment response of structure stdgeto subsequent tsunami force
should be considered and taken into account.

V1.4.3.3. Story Shear Response of Structure
The story shear responses of structure under bolimas of near-field soll

subjected to tsunami force are shown in Fig. 6riB@&14, respectively.
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Based on the response results above, it was shmatrhte story shear responses of
structure under linear and nonlinear response af-field soil effect were slightly
different. There was no any significant effect fetory shear response under the
nonlinear effect of near-field soil subjected tanami force. However, further study
should be conducted to investigate this effect.

V1.4.4. Response of Structure under Relationship of Earthquake and Subsequent
Tsunami Disaster

In this section, the comparison between the regson$ structure under tsunami
disaster without and after earthquake disasteromaducted. Moreover, the subsequent
response of structure was also provided. These aosgms would bring for further
understanding about the nonlinear effect of neddfsoil on the response of structure
under earthquake and subsequent tsunami disaster.

V1.4.4.1. Overturning-M oment Response of Structure

The comparison of overturning-moment response nfctire under the effect
near-field soil subjected to tsunami and earthquakeami relationship disaster is
shown in Fig. 6.15.
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Figure VI.15 Overturning-moment response of strrectunder near-field soil effect

-91 -



subjected to tsunami and earthquake-tsunami rakdtip

As shown in Fig. 6.15, the overturning-moment resgs of structure under
near-field soil effect subjected to tsunami forcaswarger than the response under
earthquake-tsunami relationship. These responsiétgeshowed that the near-field soil
column was deformed during earthquake disaster anghacted on the
overturning-moment response of structure duringegbent tsunami disaster. Thus, the
nonlinear effect of near-field soil on the overingimoment response of structure
under earthquake and subsequent tsunami relatpsbiould be considered and taken
into account. This condition was applicable for sotgpes of soil condition that
required long time to recover as the initial stter earthquake disaster such as clayey
soil condition.

V1.4.4.2. Near-Field Soil and Overturning-Moment Response of Structure under
Earthquake and Subsequent Tsunami Disaster

The nonlinear response of near-field soil mateatadurface layer under earthquake
and subsequent tsunami disaster is shown in Fig while the overturning-moment
response subjected to both disasters is showngn 617 for both near-field soil
columns.
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V1.5, CONCLUSION
The conclusion of this chapter was presented #geifollowing:
Earthquake effect on near-field soil column: the analytical procedure
considering the effect of earthquake on near-fe@d column was presented.
This analytical procedure was considered for boffiectes from structural
response and FFGM such as FIM, base-shear, oveigumoment, and
earthquake motion at the base of near-field soluma, which were the
necessary impacts on the near-field soil column.

Earthquake and subsequent tsunami effect on near-field soil column: the
analytical procedure considering the effect of bstibsequent disasters was
presented. The last response of near-field soilenatwas assigned as the
initial material of near-field soil under subsequesunami disaster. The
condition of soil deposit that was applicable foistanalytical model was also
presented.

Overturning-moment response of structure: the overturning-moment response of
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structure under linear response of near-field w@i$ larger than the response
under nonlinear response of near-field soil. Thesuit showed about the
necessity and importance of the nonlinear effectneér-field soil on the
overturning-moment response of structure underhgagke and subsequent
tsunami disaster. Furthermore, the nonlinear eftdchear-field soil on the
overturning-moment response of structure subjetbetsunami disaster was
larger than the response subjected to earthquakle sabsequent tsunami
disaster. The response results showed about thet effearthquake force on the
near-field soil response and impacted on the om@rtg-moment response of
structure during tsunami disaster. Thus, the efféearthquake and subsequent
tsunami disaster on the overturning-moment respafisgtructure under the
nonlinear effect of near-field soil should be caiesed and taken into account,
especially clayey soil condition that needed langetto recover as initial state
after earthquake disaster.

Sory shear response of structure: there were very slightly different for the story
shear response of structure subjected to earthgam#lesubsequent tsunami
disaster under the linear and nonlinear responseaffield soil. This response
result showed about the inefficacy of near-field sonlinearity on the story
shear response of structure under subsequent tsdisaster. However, further
investigation and discussion should be conducteddéeply comprehension
about this effect under tsunami disaster.

In conclusion, the analytical procedure considering effect of earthquake and
subsequent tsunami disaster was presented in hiaigter. This proposed analytical
procedure was adequate for utilization in practioal research work due to the
assumption conditions compared to the reality Sina In this study, the nonlinear
effect of near-field soil has showed the signifibaeffect on the response of structure
under earthquake and subsequent tsunami disastelh as overturning-moment
response of structure, which was utilized to eualube stability of structure during
tsunami disaster. This study would bring for furthensideration and discussion about
the effect of near-field soil on the response aictire during subsequent tsunami after
earthquake disaster.
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CHAPTER VII. CONCLUSIONS

The tragedy of the 2011 Great East Earthquake aohami disaster has left
unexpected remains of devastation of many buildiagd casualties. The structural
damages experienced from these disasters areisagntiy essential for future structural
design guideline under earthquake and tsunamitdisasccording to the field reports,
many RC buildings were damaged and overturned,cedpein Onagawa Town. The
effect of nonlinear soil-structure interaction wagarded as a significant factor on the
structural damage response and the overturningwdtare, which has become another
impressive issue for structural response undehgaake and tsunami disaster. In order
to contribute the solution for these problems, thissis has proposed some significant
analytical models:

- Analytical model considering nonlinear response sofl material and
FFGM

- Analytical model considering nonlinear SSI effeatdar substructure
approach

- Analytical model considering the nonlinear effe€tnear-field soil on the
response of structure under earthquake and sub#etguaami force.

Nonlinear Response of Soil Material and FFGM

¢ Linear Response Analysis

In linear response analysis, the target earthquad&on was input at the
base of soil column (or surface layer) as an optermtion (E). Then, the
FFGM analysis in FD was performed and the withitpatmotion E+F) was
extracted at the base of soil column. This moti@s &pplied at the same layer
of soil column (as input motion) for FFGM analysisTD and the target output
motion at surface layer was obtained. The withiniom(E+F) of any location
IS an actual motion of that location.

+ Nonlinear Response Analysis

In nonlinear response analysis, the procedureeiséime as linear analysis
but it was required to perform in both linear ampligalent-linear analysis in
FD and the within output motiore¢ F) of both analysis was significant to be
the same or almost the same. Then, this motiorappked as the input motion
at the same layer for FFGM analysis in TD and #rgdt output motion at the
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surface layer was obtained. Some extra layers nbghheeded in order to
obtain the same or similar motion as described @bov

In order to verify this analytical model, the nowar response of FFGM in
TD at the surface layer was compared with the fireead equivalent-linear
response motion in FD.

The nonlinear response results showed a good agréewith linear
response for a few seconds from starting point atth equivalent-linear
response for the last several seconds. The agréernafirmed about the
validation of proposed analytical model considenmoglinear response of soll
material and motion. Thus, proposed analytical redeuld be a potential
model and adequateness for nonlinear FFGM analysiED and facilitated
performing the seismic response of structure undalinear SSI effect.

Nonlinear SSI Analysis

Due to the simplicity requirement, substructurerapph is frequently used
in practical work and research field. However, thgproach can be performed
only with equivalent-linear of soil material in FDhis restriction can cause
mismatched response and overestimated results cechpa the actual
response of structure under earthquake loadingtder to solve this restriction,
an analytical model was conducted by taking intcoaat the nonlinear
response of soil material and motion.

The seismic response of structure under existirgyaoal model and
proposed analytical model was performed considefingar response of
base-shear, overturning-moment, acceleration, a@tative displacement in
each floor. The response results showed that thuetstal responses under
existing analytical model were larger than the oesgs under proposed
analytical model.

These differences showed the overestimated resdiltasing existing
analytical model under substructure approach. Tthes,proposed analytical
model considering nonlinear SSI effect would beoteptial candidate for SSI
problem and showed about the adequateness ofgpreach compared to the
actual response of structure.

Nonlinear Effect of Near-Field Sail
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The analytical model considering the effect of Aezld soil on the response of

structure under earthquake and subsequent tsunsasiel was proposed.

*

Near-Field Soil Column Boundary

The analytical procedure considering near-field solumn boundary was
proposed based on the effective amgénd depth H. The effective angtavas
assumed 45

Near-Field Soil Segment Division

Based on the variety of near-field soil segmenisitms, the segment of 4m
was recommended. This segment division value atiowletaining correctly
response of structure under earthquake and tsudisaster for all typical of
soil conditions.

Earthquake effect on near-field soil column: the analytical model considering
both effects from structural response and FFGM prasented. These effects
were included FIM, base-shear, overturning-momemtgd the earthquake
motion at the base of near-field soil column.

Earthquake and subsequent tsunami effect on near-field soil column: the
analytical procedure considering the effect of bstibsequent disasters was
presented. The last response of near-field soilen@ht under earthquake
disaster was assigned as initial material of niedd-fsoil under subsequent
tsunami.

The structural response was performed under twaifggnt effects: tsunami

and tsunami-earthquake effect. The response aftateiunder near-field soil effect
showed that:

*

Under Tsunami Effect

- Overturning-moment response of structure
The overturning-moment response of fixed-base straovas larger than
the response considering the effect of near-fiedd solumn. This result
showed about the overestimated result of usinglfbxa@se structure. Thus, the
effect of near-field soil should be considered faetermining the
overturning-moment of structure under tsunami foespecially for soft soll
condition.
- Story shear response of structure
There were very slightly different for the storyspense of structure under
fixed-base and near-field soil effect. This resgorshowed about the
inefficacy of near-field soil nonlinearity on theéosy shear response of
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structure during tsunami disaster.
o Under Earthquake-Tsunami Effect

- Overturning-moment response of structure

The overturning-moment of structure considering éffiect of near-field
soil under tsunami effect was larger than the nmespo under
earthquake-tsunami relationship. These results stioabout the effect of
earthquake on the near-field soil and the ovemigrmoment response of
structure during tsunami disaster. Thus, the efféearthquake-tsunami on the
response of structure should be considered andh tiaite account, especially
clayey soil condition that needs long time to remoafter earthquake disaster.
- Story shear response of structure

There were very slight different for the story shessponse of structure
under tsunami and earthquake-tsunami relationshigese results showed
about the inefficacy of near-field soil nonlinegrdn the story shear response
of structure during subsequent tsunami disaster.

In conclusion, the proposed analytical model ofr+iedd soil effect was adequate
for utilization in practical and research work kdhsen the assumption conditions
compared to the reality situation. However, thelimear effect of near-field soil on the
response of structure should be investigated ddeplfurther comprehension in order
to develop this analytical model for practical imition and structural design guidelines
under tsunami disaster.

Further Research and Investigation

In this thesis, the effect of nonlinear responsaimiform soil on the response of
structure has been conducted under earthquake samdhnhi disaster. For further
research and investigation, there are some aspeit®ieed to consider for the effect
nonlinearity of soil on the structural response:

- non-uniform soil medium
- liguefaction effect

These effects would permit for further understagdire response of structure under
nonlinear response of soil medium subjected tdigagke and tsunami force.

Moreover, based on the proposed analytical modets assumptions, the city
damage simulation considering SSI effect subjetiiegarthquake and tsunami disaster
should be conducted in order to evaluate the darohgéy and prepare for the great
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further earthquake that can occur any time alongkisaTrough.

Lastly, this thesis has proposed a few analyticadiets for further consideration and
investigation on the nonlinear effect of soil medion the response of structure,
especially under tsunami disaster which is theimaigy and contribution of this thesis
for engineering society and structural design dinds under earthquake and tsunami
disaster.
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FURTHER RESEARCH

According to the estimation, the great future egutike will hit many prefectures
along Nankai Trough. In order to mitigate this inable disaster, many disaster
management plans has been preparing includingdatpage simulations. The city
damage simulation was one of significant managenpdart that can visualize the
response of structures in city during earthqualketannami disaster. This visualization
can bring for some kinds of disaster mitigatiompla

- The most dangerous zone in the city

- Intervention or preparation for the damage of bngd
- Evacuation zones and directions

- Cost estimation of city damage

- Awareness of city residents preparation

However, in order to simulate the city damage unearthquake and tsunami
disaster, the potential and capable program is ladedp significant. Recently,
OBASAN, structural analysis program, has been natiegl into Integrated Earthquake
Simulation (IES) program. This cooperation facikth performing the city damage
simulation, as shown in Fig. 1. However, this siatioih can perform only fixed-base
structure condition that is unable to represent #wuotual response of structure
considering the interaction of soil and structuneiry earthquake and tsunami disaster.

Figure 1 City damage simulation under fixed-basacttire condition [47]

Advantages of Proposed Analytical Models

As described above, the city damage simulationidensag SSI effect subjected to
earthquake and tsunami disaster is very impor@nmepresent the actual response of

- 100 -



city damage during disasters.
+ Earthquake disaster

As mentioned in literature reviews, the seismigpoese of structure under SSI
effect can be performed under two main approacki@gct and substructure
approach. Direct approach is a rigorous methodSfél, however, this approach
consumed much time and cost, especially for a hhgege dimensional analysis
such city damage simulation. On the other hand,stitestructure approach is a
frequently used method in SSI problem due to itgpsicity and time consumption,
however, this approach can perform only equivalieeiar value of interaction part.
Due to this reason, the simulation was unable ttope a fully nonlinear response
analysis. However, under the proposed analyticalehdrom this thesis, the
substructure approach can perform with the nontinesponse value of interaction
part and facilitated performing the nonlinear resgcity damage simulation under
earthquake disaster.

+ Tsunami disaster

Generally, the interaction effect of soil on thespense of structure can be
performed only under earthquake force while theppsed analytical model
brought for further consideration the effect of m@ld soil on the response of
structure subjected to tsunami force after or withearthquake disaster. This
proposed analytical model facilitated performinge tbity damage simulation
subjected to tsunami force under the effect offfietd soil around the structure.

+ Conclusion

In conclusion, the proposed analytical models ia thesis have developed not
only the analytical models considering the inteoactbetween soil and structure
but also facilitated performing the city damagedation considering soil-structure
interaction effect under earthquake and tsunanaistis.

City Damage Simulation Input Data

In order to conduct the city damage simulation, sa®velopments of program and
input data are significantly important. These ralgvparameters were described in the
following sections.

+ FreeField Ground Motion and Dynamic | mpedance Integrations

In order to perform SSI analysis, the FFGM and dyisaimpedance analysis
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were important factors. These integrations haven likme and can perform in
OBASAN program.

GISData of Buildings

The target of city damage simulation is Kochi Citlgus, the GIS data of
buildings in this city is very important. From tleduilding data, some
important information can be provided:

- Selected and studied area
- Building shape

- Building height

- Construction year.

The GIS data of buildings in Kochi City was shownFig.2 while the select
area was shown in Fig. 3.

s 5 {s *‘ " Y ‘*/'
-~y M ; Q‘
;, /.‘ﬁi“’\‘, R
I SRR RN :ig o
Figure 2 GIS data of buildings in Kochi City

RC Structures . m @%
: Wooden Structures ﬁ

(a) Selected area in GIS data
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(b) Selected area in Google map

Figure 3 Selected area for city damage simulation

As shown in Fig. 3, the selected area consists rhagtyrise RC buildings that
facilitated performing the city damage simulation.

+ Soil Boring Data

The boring data of selected area was achieved eotechnical new of Kochi
Prefecture [57], as shown in Fig. 4. Accordinghe boring data from selected area,
the soil condition is very soft. Due to this comalit the interaction of soil on the
response of structure was performed a significaié under earthquake and
tsunami disaster.

=
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(a) Boring data location in selected area
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Figure 4 Boring data of selected area

+ Earthguake and Tsunami Prediction Data

The prediction of great future was shown in Figvitile the tsunami inundation
height was shown in Fig. 6.

N-S E-W
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Figure 6 Tsunami inundation around selected argp [5

City Damage Simulation Procedure
+ Earthguake Disaster

The city damage simulation procedure under earftgjuhsaster was described
briefly as in the following:

+ The FFGM of selected area was achieved by OBASAN

+ The FIM can be achieved by FFGM, soil conditiond anave
motion type

+ The dynamic impedance was obtained by OBASAN adagrtb
soil condition and building foundation shape.
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+ The seismic response of buildings and visualizatibeelected area
can be obtained by integration of OBASAN and IES.

o Tsunami Disaster

The city damage simulation procedure under tsundisaster was described
briefly as in the following:

4+ The near-field soil was modeled according soil o

+ The near-field soil response under earthquake tedisasmn be
obtained by OBASAN.

4+ The response of structure under near-field sogaefsubjected
tsunami force and visualization can be achievethtggration of
OBASAN and IES.

According to description above, the city damageusation under earthquake and
subsequent tsunami disaster considering soil ictiera effect can be obtained and
visualized.
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APPENDI X:
OBJECT-BASED STRUCTURAL ANALYSISPROGRAM
(OBASAN)

A.1.INTRODUCTION

OBASAN, stands for Object-Based Structural Analysss a structural analysis
program based on C/C++ language. OBASAN is oritynadnstituted by Prof. Yoshiro
Kai and being developed by several researchersder @ enhance OBASAN capacity.
In OBASAN, one building can be performed as a sndggree of freedom (SDOF),
multi-degree of freedom (MDOF), or frame structunedel represented by mass and
beam components. OBASAN can perform well for reioénl concrete and steel
structure which can be analyzed in static and dymdoading such as earthquake
loading. OBASAN consists several types of strudtww@amponents such as beam,
column, wall, spring, etc. These elements can bmweed with six degrees of freedom,
which means three directions in translation (dx,d®) and three directions in rotation
(tyz, txz, txy). OBASAN demands four steps for ai3&d process such as input data,
computation and analysis, output data, and systemtra. The architecture of
OBASAN and analysis step are presented in theviatig sections.

A.2. ARCHITECTURE OF OBASAN

As mentioned above, OBASAN has been constructecC/@++ language and
composed more than 300 classes to perform difféypes of structural analysis. These
classes are divided under eight main classes asnsiho Fig. 1. These classes are
CUnitValue, TransElement, NastranData, ObjectDa@EemObject, OutPutData,
OutTypeData, and SystemController.

A.2.1. OBASAN Input Data

In order to analyze structural response undercstatdynamic loading, OBASAN
requires input data elements to model structurae ignd other settings as described in
Table 1. These requirements include node data,egienata, element type, material,
damping type, dof, load type, hysteretic role, andlysis type. However, another type
of input data for ground motion analysis has beawaenas the objective of this thesis.
This new input data will be provided in the followgi section for OBASAN capacity
enhancement.
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Table 1 OBASAN input data

Node data Node ID, DOF, node coordinate, mass, mass momertial
Element data Element ID, element type, ne number, material nan
Element type Spring, beam, column, mas-shell

Material Depth, width, young modulus, shear modulus, stirergit
Damping type Rayleigh, Caughey, local viscous, stiffness prapost, etc.
DOF Translation: dx,dy,dz and Rdion: tyz, tzx, txy

Load type Nodal load, surface load, €

Hysteretic type Bilinear, Tr-linear, Inada, Takeda, Kabeyazawa,
Analysis type Newmark, Static, Differential, Frequency,

A.2.2. OBASAN Output Data

After analyzing structural model, OBASAN can generautput data in various
forms including node output, element output, moalalput, and hysteretic output as
described in Table 2. In OBASAN, output data cangbeerated in the same file or
different file according to user.

Table 2 OBASAN output data

Node output Displacement, velocity, acceleration, reaction é
Element output Stress, strain, deformation, internal fo
Modal output Eigenvalue, eigenvector, period, freque
Hysteresis output Ductility, stiffness degrading feor.
NastranData
OutPutData
OutTypeData
SystemController
CGaussPoint
CDomain
I CFunction | CEvaluateMethod Clteration
CDamping | | CBodyLoad | | CBoundaryCondition | [ CNodalload || SetRestoingForce P
CElement CSurfaceLoad CBandSystem CNol I—l
= ‘Nolteration N
O CComplextinearsysiem || CLoadTineFuncton || CNumericFuncion | Clrialiert ke i
CNode I edWrighe l | CDaplacsment CFrequency CICCGBandSystem .
y y ‘ModifiedNewtonRaphson
CStep CICCGBandComplexSystem CConstantFunction CCosFunction |
CVelocity - CPeakFunction CSinFunction |
CBCFrequency COutofPlaneSh CLinear
CLoadFrequency 4 CIEAGShear CBiLiner
CTransferFrequency COutofPlaneBending CBiLinear2
ClnPlanBending CTriLinear
Clnada
CMaterial CHypetKayazawa
CNode CHyperElastic
CTaitokui
cDwtPor | | crutsizeamper | [ crroporionaiDamper | [ Crrequencysiep | [Ccriscatmayss | [ Climes ] | Clalaboas
CMassProportionalDamper
CSpeing CFemElemest CStiffnessProportionalDamper
CMultiSpring
COx N CDifferential
[ clincBiemen | [ cnacrasen [ cPmsicain | Damper
CCaugheyDamper
CModelFactorDamper CHystereticDamper
I CBeam?D l | CColumn3D || CTruss2D | COmegaDashPot CLocalViscousDamper

[ e | | Gt
Figure 1 Original OBASAN architecture
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CUnitValue

NastranData

OutPutData
OutTypeData

SystemController

A.3. ENHANCEMENT OF OBASAN CAPACITY

As described above, OBASAN capacity has been ewmdaraccording to the
requirement of each researcher. However, the abgeci this thesis is to integrate
FFGM analysis into OBASAN and can be performedioth FD and TD. The theory
of wave propagation for both FD and TD has beesemted already in chapter 3. In
this section, the new architecture of OBASAN andregle for input data of ground
analysis are provided for both domains.

A.3.1. New Architecture of OBASAN

As shown in Fig. 2, new classes for performing gabmotion analysis are shown
in green colors. This extension includes CShake @&hakeTime (soil-element),
CSoilDashot (damping), CWavePropogationStep (arsalys step), and
CModifiedRambergOsgood (hysteretic rule).

CFemObject

o
CGaussPoint

CDomain
: [ cromion | [ Coramatenes |
CDamping I CBodyLoad | CBoundaryCondition CNodalLoad SetRestoringForce CLinearSystem
CElement CSurfaceLoad CBandSystem e
CLink earSv: olteration I CNewtonRaphson
ENaterii ' — CComplexLinearSystem | CLoaTimeFunction || CNumericFunction | Cralleat ?
CNode | CDeadWeight | I | CFrequency CICCGBandSystem Csinglelterstion CModifiedNewtonRaphson
CStep CICCGBandComplexSystem CConstantFunction CCosFunction
CVelocity = CPeakF CSinFunction |
CBCFrequency COo CLinear
ClLoadFrequsacy P CIEAGShear CBiLiner
CTransferFrequency COutofPlaneBending CBiLinear2
CInPlanBending CTriLinear
- Clnada
CMaterial CHyperKayazawa
CNode CHyperElastic
COmega CKabeyazawa
CElement 3
by
: CTaitokuist
[ cpwstpor | [ crunsizepamper | [ cproporionatDamper | [ creauencysi | [ Chigeaaatysis | [ Crimeseer | CWakabayashi
CModifiedWakabayas!
“Shake’ e . “ModifiedRambergOsgood
hake Tim: CMassProportionalDamper — CModifi mbergOsgoo
CSpring CFemElement CStiffnessProportionalDamper I CWavePropagationStep || CStatic | | CDynamic
COmegaSprin; CDifferential
= CQadElcmen‘
CEnergyProportional
I CLineElement | | CMacroShell | | CPlanStrain | Damper
CCaugheyDamper
CMS_MacroShell CReyleighDamper
CModelFactorDamper CHystereticDamper
[ CBeam2D I | CColumn3D || CTruss2D l COmegaDashPot CLocalViscousDamper

CBeamEnd CColumnEnd
CMS_Model

Figure 2 New architecture of OBASAN
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A.3.2. Input Data Model for Ground Motion Analysis
Frequency Domain
The input data for ground motion analysis in FDsisown in the following
description:
#Ouput
Output, object, “Output.txt”
ElementOption, acceleration;
ElementID, 1;
manual;

#System
System, Type, Gauss;

#Component classification
ElementType, Soil, Shake;
ElementType, Bedrock, Shake;

#Object direct input type
FromHere, Object

#Component

Layer, ID, 1, Type, Soil, Depth, 3.5[m], Materidlayerl, includel, “GGO0-Sand.txt”,
include2, “D-Sand.txt”;

Layer, ID, 2, Type, Soil, Depth, 3.5[m], Materidlayer2, includel, “GGO0-Sand.txt”,
include2, “D-Sand.txt”;

Layer, ID, 3, Type, Soil, Depth, 3.5[m], Materidlayer3, includel, “GGO0-Sand.txt”,
include2, “D-Sand.txt”;

Layer, ID, 4, Type, Soil, Depth, 4.5[m], Materidlayer4, includel, “GGO0-Sand.txt”,
include2, “D-Sand.txt”;

Layer, ID, 5, Type, Soil, Depth, 5.0[m], Materidlayer5, includel, “GGO0-Sand.txt”,
include2, “D-Sand.txt”;

Layer, ID, 6, Type, Bedrock, Material, BedRock, ludel, “GGO0-Rock.txt”, include2,
“D-Rock.txt”;

#Material
Material, Layerl, Rho, 18.1[kN/m3];
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Material,
Material,
Material,
Material,
Material,
Material,
Material,

Material,
Material,
Material,
Material,
Material,
Material,
Material,
Material,

Material,
Material,
Material,
Material,
Material,
Material,
Material,
Material,

Material,
Material,
Material,
Material,
Material,
Material,
Material,
Material,

Material,

Layerl,
Layerl,
Layerl,
Layerl,
Layerl,
Layerl,
Layerl,

Layer2,
Layer2,
Layer2,
Layer2,
Layer2,
Layer2,
Layer2,
Layer2,

Layer3,
Layer3,
Layer3,
Layer3,
Layer3,
Layer3,
Layer3,
Layer3,

Layer4,
Layer4,
Layer4,
Layer4,
Layer4,
Layer4,
Layer4,
Layer4,

Layers,

Vs, 180[m/s];

OutputMotionType,
InputMotionType,

Ds,

InputMotionLayer,

lteration,

InitialStrain,

Rho, 18.1[kN/m3];
Vs, 180[m/s];
OutputMotionType,
InputMotionType,

Ds,

InputMotionLayer,

lteration,

InitialStrain,

Rho, 18.1[kN/m3];
Vs, 180[m/s];
OutputMotionType,
InputMotionType,

Ds,

InputMotionLayer,

lteration,

InitialStrain,

Rho, 18.1[kN/m3];
Vs, 180[m/s];
OutputMotionType,
InputMotionType,

Ds,

InputMotionLayer,

lteration,

InitialStrain,

Rho, 18.1[kN/m3];
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Material, Layer5, Vs, 180[m/s];

Material, Layer5, OutputMotionType, 1;
Material, Layer5, InputMotionType, 0;
Material, Layer5, Ds, 0.05;
Material, Layer5, InputMotionLayer, 6;
Material, Layer5, Iteration, 10;
Material, Layer5, InitialStrain, 0;
Material, BedRock, Rho, 19.3[kN/m3];
Material, BedRock, Vs, 550[m/s];

Material, BedRock, OutputMotionType, 1;
Material, BedRock, InputMotionType, 0;
Material, BedRock, Ds, 0.02;
Material, BedRock, InputMotionLayer, 6;
Material, BedRock, lteration, 10;
Material, BedRock, InitialStrain, 0;
#Wave

Acceleration, ID, 0, Dof, dx, Type, peak, inclui€pbe.txt”;

#Analysis Frequency Setting
Analysis, Type, Wavepropagation, Numebr, 1000,,06}®;

#end of object type input
enddata

#end of all data input
enddata

+ TimeDomain
The input data for ground motion analysis in TDsisown in the following
description:

#output
output, object, “Output.txt”
NodeOption, acceleration;

- 119 -



NodelD, 1;
manual;

#System
System, Type, Gauss;

#Component Classification
ElementType, soil, ShakeTime;
ElementType, rock, ShakeTime;

#Object direct input type
FromHere, Object

#Damping
Damp, ID, 0, Type, SoilDashPot, h, 5%, ElementIl;, A

#Node

Node, ID, 1, Dof, 1, 0, 0, 0, 0O, 0, xyZ.0[m],0.0[m], 0.0[m];
Node, ID, 2, Dof, 1, O, 0O, 0O, 0O, 0, xyZ.0[m], 0.0[m],-5.0[m];
Node, ID, 3, Dof, 1, 0, 0, 0, 0, 0, xyZ.0[m], 0.0[m],-9.0[m];
Node, ID, 4, Dof, 1, 0, 0, 0, 0, 0, xyZ.0[m],0.0[m],-13.0[m];
Node, ID, 5, Dof, 0, 0, 0, 0, 0O, 0, xyZ.0[m],0.0[m],-17.0[m];
#Component

Layer, ID, 1, Type, Soil, Node, 1, 2, Madér
“GGO0-Sand.txt”, include2, “D-Sand.txt”;
Layer, ID, 2, Type, Soil, Node, 2, 3, Madér
“GGO0-Sand.txt”, include2, “D-Sand.txt”;
Layer, ID, 3, Type, Soil, Node, 3, 4, Madér
“GGO0-Sand.txt”, include2, “D-Sand.txt”;
Layer, ID, 4, Type, Soil, Node, 4, 5, Madér
“GGO0-Sand.txt”, include2, “D-Sand.txt”;

# Material
Material, Layerl, Rho, 19.0[kN/m3];
Material, Layerl, Vs, 350[m/s];
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Layer2,
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includel,

includel,
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Material,
Material,
Material,
Material,
Material,
Material,

Material,
Material,
Material,
Material,
Material,
Material,
Material,
Material,

Material,
Material,
Material,
Material,
Material,
Material,
Material,
Material,

Material,
Material,
Material,
Material,
Material,
Material,
Material,
Material,

H#wave
acceleration,

Layerl,
Layerl,
Layerl,
Layerl,
Layerl,
Layerl,

Layer2,
Layer2,
Layer2,
Layer2,
Layer2,
Layer2,
Layer2,
Layer2,

Layer3,
Layer3,
Layer3,
Layer3,
Layer3,
Layer3,
Layer3,
Layer3,

Layer4,
Layer4,
Layer4,
Layer4,
Layer4,
Layer4,
Layer4,
Layer4,

ID,

0,

Dof,

dof, dx;
FirstFrequencyMode, 1;
HighFrequencyMode, 0;
HalfStrain, 0.000694;
restoringforce, ModifiedRamb@gsgood;
MaxDamping, 0.28;
Rho, 19.0[kN/m3];
Vs, 350[m/s];
dof, dx;
FirstFrequencyMode, 1;
HighFrequencyMode, 0;
HalfStrain, 0.000694;
restoringforce, ModifiedRamb@gsgood;
MaxDamping, 0.28;
Rho, 19.0[kN/m3];
Vs, 350[m/s];
dof, dx;
FirstFrequencyMode, 1;
HighFrequencyMode, 0;
HalfStrain, 0.000694;
restoringforce, ModifiedRamb@gsgood;
MaxDamping, 0.28;
Rho, 19.0[kN/m3];
Vs, 350[m/s];
dof, dx;
FirstFrequencyMode, 1;
HighFrequencyMode, 0;
HalfStrain, 0.000694;
restoringforce, ModifiedRamb@gsgood;
MaxDamping, 0.28;

dx, NodelD, 5, ®&p peak, include,
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“Kobe.txt”;
#Analysis Setting

Analysis, Type, Newmark, start, 0, end, 20,epst 0.02;

#end of object type input

enddata

#end of all data input

enddata

A.3.3. Exampleof Free Field Ground Motion Analysisin FD

In this study, an example, uniform soil deposit vaasumed in the depth 20m
rested on the bedrock. The properties of both @awil bedrock are shown the table 3.
The record motion of Kobe earthquake was assumatpas motion at bedrock in this
example, as shown in Fig. 3. In this example, linaad equivalent analysis are
performed under OBASAN and verified by a widely diggogram, for FD analysis,
SHAKE91. The results show a good agreement for bo#lysis as illustrated in Fig. 4

and 5.
Table 3 Soil and bedrock property
Layer Unit Weight (KN/rf) Shear Velocity (m/s) (%)
0.00-3.50 18.10 180 5
3.50-7.00 18.10 180 5
7.00-10.5 18.10 180 5
10.5-15.0 18.10 180 5
15.0-20.0 18.10 180 5
BedRock (Soft) 19.30 550 2
5 10
& 5 |
£ -0 5 110 A T 20
] 2
“‘_10 ' Time (s)

Figure 3 Kobe earthquake input motion
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Figure 4 Linear response analysis of FFGM
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Equivalent Linear Analysis

Acceleration-layer 1 (g) Acceleration-layer 2 (g)
Acceleration-layer 3 (g) Acceleration-layer 4 (g)
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\
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FERSARS S SHAKE91 OBASAN

Figure 5 Equivalent-linear response analysis of MFG

A.3.4. Example of Free Field Ground Motion Analysisin TD

For FFGM analysis in TD, an example, soil deposis assumed in the depth
17m rested on the bedrock. The properties of boithasd bedrock are shown the table
4. The same Kobe earthquake motion is used iretample. In this analysis, linear and
equivalent analysis is performed under TD analgsid verified by FD analysis. As
shown in Fig. 6 and 7, the results show a goodemgeat between both analyses.
Furthermore, the nonlinear response analysis imsTdlso presented in Fig. 8.
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Table 4 Soil and bedrock property

Depth (m) V,(m/s) y(KN /m3) € (%)
0.00-5.00 180 18.0 5
5.00-9.00 340 18.0 5
9.00-13.0 600 19.0 5
13.0-17.0 600 19.0 5

Bedrock 900 21.0 1

Time Domain
Linear Analysis

Acceleration-layer 1(g) Acceleration-layer 2(g)

09

Acceleration-layer 4(g)

Acceleration-layer 5(g)

0.9

0.6

0.9

FD ™

Figure 6 Linear response analysis of FFGM in FD &d
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Figure 7 Equivalent-linear response analysis of MAGFD and TD
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Figure 8 Nonlinear response analysis of FFGM in TD
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