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In practical work, buildings are generally designed with the assumption of
having fixed support. In reality, the supporting soil creates some movement of the
foundation. This alters the response of the structures due to inappropriate assumption
of building supports. The present study considered a reinforced concrete building
resting on pile foundation. Influence of soil-structure interaction (SSI) on response of
the building subjected to seismic excitation was investigated by using the equivalent
spring stiffness to represent the surrounding soil. The stiffness of the springs were
calculated from the literature and calibrated by using the lateral pile load test. The
model of the building with its piles was analyzed by using a conventional design
software, ETABS. Response spectrum analysis was adopted to simulate the earthquake
excitation. Modal periods, story displacements, story drifts, story shear, and overturning
moment were observed and compared between 2 different support conditions. In
addition to the specific seismic response of the structure with calibrated spring stiffness,
various seismic responses were also investigated with variable stiffness of the springs.
The study shows that the incorporation of soil in the analysis affects the overall response
of the structure. The structural period increases two times when SSI was implemented

in the model. The increase in structural period causes the spectral acceleration plotted



in response spectrum to increase. The periods of the structure with various case studies
of the spring stiffness were also observed. The results reveal that the structural period
decreases when the spring stiffness increases. Regarding to story displacement and
story drift, significant increasing results are noticed. With the consideration of SSI, the
structure exhibits higher displacements and drift ratio in both E-W and N-S directions.
However in this study, drift ratios are still in the limit of drift ratio specified in ASCE.
Both displacement and drift express the same decreasing trend while the spring stiffness
increases. Also, story shear and moment are dramatically altered due to the
implementation of SSI. Story shear and moment increase in all considered directions.
Moreover shear force exhibits higher fluctuation at low stiffness and tends to be
constant at higher stiffness. The constant of the shear force may be obtained when the
higher rigidity of the support is satisfied and the value tends to be that obtained in case
of fixed support. The research outcome provides a considerable effect of SSI in seismic

response of the buildings.
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CHAPTER 1

INTRODUCTION

1.1 Background

A problem endemic in design environment is a poor communication between
structural and geotechnical specialists. This is a consequence of ever-increasing
fragmentation of the engineering profession into sub-specializations. The structural
engineer has a sophisticated understanding of construction materials and complicated
design of structural elements, whereas geotechnical engineer is expert in the properties
of soil and design of foundations on which structures are founded. The absence of
closed involvement between the two results in confusion and/or inefficiency in
structure/foundation design, especially when these two main parts of the construction
are placed to perform together in severe conditions. The problem turns into more
serious if the structure itself locates in an earthquake hazardous area. Earthquake has
been a devastating phenomenon happening naturally for hundreds of millions of years
(Datta, 2010). Even though the earth suffered from earthquake very long time ago, it
was until around nineteenth century that people could develop instruments for
measuring earthquake data. With this seismological data, earthquake engineers are able
to make a rational design of structure to withstand earthquake. However it has also left
the uncertain nature of future earthquakes for which such structures are to be designed.
And the cost of damage remains a big problem for people to solve. There have been

many cases reporting on seismic damages of structures. One of the most powerful



earthquakes in history happened in Chile in 1960. This enormous seismic caused
millions dollars of damage and claimed hundreds of people’s lives. Therefore the
seismic design of structures needs to be carried out rigorously to prevent such an
unexpected catastrophe, particularly for seismic hazardous zones.

Bangkok, the capital city of Thailand, which is located far from active faults of
low seismic activity rate (120 to 300 km) or more seismic active sources (400 to 1000
km) is still suffered from earthquake excitation. This is due to the underlying soft clay
that amplifies earthquake ground motions up to 4 times (Warnitchai et al., 2000). The
1985 Michoacan earthquake with amplitude of 8.1 is another well-known case of far
fault earthquake excitation causing considerable destruction and death tolls. The
earthquake causing the destruction in Mexico City, 350 km from the epicentral location,
was due to significant amplification of earthquake ground motions by underlying soft
soil deposits in the downtown area of the city (Seed, 1987). These problems have led
many researches of seismic response of structures especially with participation of soil
performance. The participation of soil performance which is called soil-structure
interaction (SSI) has become an active research topic for both structural and
geotechnical engineers in the last few decades. A widely-accepted perception of soil-
structure interaction in most design codes is its beneficial role in the design of
structures. Design acceleration spectra resulting from actual recordings of many elastic
response spectra consists normally three branches: increasing, constant and decreasing
acceleration branches. Whereas the constant acceleration branch of a soft deposit soil
can take up to 1 sec period (Gazetas, 2006). This long natural period may lead to smaller
acceleration, bending moment, and base shear of majority of building structures and

their foundation due to its position in the decreasing acceleration branch of



conventional response spectra (Fardis, 2005). It is also noted similarly in ASCE7-05
(2006) that the base shear of the structure is reduced for an amount in case of soil-
structure interaction. However the beneficial role of soil in SSI has become an unclear
thing. It has been shown in many documents and case histories that over-simplification
of the beneficial role of SSI may lead to a non-conservative design of structures, hence
causes destruction of structures during earthquake. The collapses of long elevated
highway section of Hanshin Expressway’s Route 3 in Kobe (Mylonakis et al., 2006)
and buildings in the recent Adana-Ceyhan earthquake (Celebi, 1998) have been caused
by detrimental role of soil.

Therefore this paper aims to study the detrimental role of soil participating in
seismic response of structures. A case study of a building with its corresponding soil
profile was used to observe its elastic response while it is subjected to earthquake
excitation. This study is useful for understanding the performance of a structure with

its underlying soil properties when earthquake occurs.

1.2 Research objective

1.2.1 To analyze of a reinforced concrete structure subjected to earthquake
excitation.

1.2.2 To compare the seismic response of building structure with different

support conditions: fixed and spring-support bases and to compare both results with

design requirements specified in design provisions.



1.3  Hypothesis of research

A reinforced concrete core-wall building with 10 stories was analyzed by using
a conventional structural analysis and design software, ETABS (Computers & Structure
Inc, Berkeley, USA, 1995). The building located in Bangkok area was constructed on
pile foundation. The soil surrounding the pile foundation was simulated to be equivalent

springs with appropriate stiffness and be applied to the corresponding piles.

1.4 Scope of research

1.4.1 Analysis of 10-story building by using three-dimensional analysis
program with different support conditions: fixed base which is commonly adopted in
building design and spring-support base (elastic base) in which surrounding soil is taken
into account.

1.4.2 Considered building is a reinforced concrete building with post tension
flat-slab. In the ease to understand clearly the behavior as well as interaction properties,
structural model is modified to be a symmetry model.

1.4.3 The underlying soil is soft clay in Bangkok area.

1.4.4 The equivalent soil springs are considered in linearly elastic range.

1.4.5 Response spectrum in Bangkok area is used for simulating earthquake

excitation on building.

1.5 Research procedure

1.5.1 Study the previous research on related problems and considered

building.



1.5.2 Determine significant properties of soil to be applied in the analysis
procedure.

1.5.3 Evaluate the equivalent soil spring properties.

1.5.4 Analyze response spectrum resulted from earthquake excitation in
Bangkok.

1.5.5 Create the models and apply input data.

1.5.6 Analyze the model and check the results.

1.5.7 Conclusion and discussion on obtained results.

1.6  Advantage of research

1.6.1 Understand the behavior of reinforced concrete building structure
subjected to earthquake excitation.

1.6.2 Understand the participation of soil in seismic response of building and
influence of soil stiffness on seismic response of structures

1.6.3 Be able to predict and decide whether or not soil structure interaction

should be taken into account in building design.



CHAPTER Il

THEORITICAL BACKGROUND AND

LITERATURE REVIEW

2.1 Introduction

The state-of-the-art in Soil-Structure-Interaction (SSI) has been developed
gradually over the last several decades. The participation of soil in the analysis of
structures has started since the machinery basements were analyzed for the dynamic
interaction with soil foundation (the most impressive of them probably being turbines).
It was obviously a quasi-static approach such as the well-known static solution for rigid
stamps, beams and plates on elastic foundation. However, the term “SSI”” was not yet
introduced at the time (Tyapin, 2012). To understand more clearly on SSI, the
development of new powerful tools is needed to analyze more realistic models. Then
homogeneous half-space with surface rigid stamp was used as SSI models. The
improvement of the model was applied to move from the homogeneous half space to
the horizontally-layered medium in soil modeling (Enrique Luco, 1976; Kausel et al.,
1975). Through the continuous process of researches in SSI, its application has been
introduced in some seismic provisions such as NEHRP Recommended Provisions for
Seismic Regulations for New Buildings and Other Structures and FEMA 440,
Improvement of Inelastic Seismic Analysis Procedures. However the latter provides a
practical application of SSI since it incorporates the effects of soil-structure interaction

in nonlinear static pushover-type analyses. The procedures were finally adopted into



ASCE/SEI 41-06, Seismic Rehabilitation of Existing Buildings (ASCE, 2007). This
has shown the importance of soil participation in the analysis of structures subjected to

seismic loading.

2.2 Overview on the analysis of SSI

The analysis of SSI can be done with the finite element method or any other
discretization scheme such as finite differences or the boundary element method
(Villaverde, 2009). The finite element method is a powerful technique for modeling
soil-structure systems since it considers the three dimensional problem, irregular
geometries, the vertical and horizontal variation of soil stiffness, foundation
embedment, foundation flexibility, and nonlinear behavior of the soil and structural
elements. Even though finite element method can be used for various conditions of
soil-structure interaction, it is not free of problem. First, artificial boundary which is
theoretically unbounded is required. Highly computational computer with large amount
of storage is needed as the modeling of soil and structure with finite elements consists
of an extraordinarily large number of degrees of freedom. Different methods have been
used to solve soil-structure interaction problems due to the boundary condition and the
desire to reduce the complexity of the problem. Broadly, the methods of the analysis
are categorized as direct and substructure approaches. In a direct analysis, the soil and
structure are modeled and analyzed as a complete system. In a substructure approach,
soil and structure are divided into distinct parts that are combined to formulate a

complete solution.



2.2.1 Direct analysis
As mentioned above, the soil and structure are included in one unit and
analyzed as a complete system. The soil is represented as a continuum together with

structural elements and foundation. The method is illustrated in Figure 2.1.
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Figure 2.1 Schematic illustration of a direct analysis of soil-structure interaction
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using continuum modeling by finite element (NIST, 2012)

The performance of such analysis is normally done by using equivalent
linear representation of soil properties in finite element, finite difference or boundary
element formulations (Wolf, 1985). Figure 2.2 shows an example of a direct method
using linear soil and structural elements in the program OpenSees (Mazzoni et al.,

2006).
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Figure 2.2 Example of direct model of soil-foundation-structure system using

openSees (Stewart & Tileylioglu, 2007).

However, adaptation of this method in the analysis requires high
computational effort particularly when the geometry is complex or contains significant
nonlinearities in the soil or structural materials. Hence it is rarely used in practice
(NIST, 2012).

2.2.2  Substructure approach

Soil is considered to be unbounded, while structure is a bounded
system. It seems reasonable to consider the two sub systems with different properties
separately. Hence substructure methods have been proposed in analyzing SSI. In the
substructure approach, a proper consideration of SSI effects is required as followed: (i)
an evaluation of free-field soil motions and corresponding soil material properties; (ii)
an evaluation of transfer functions to convert free-field motions to foundation input
motions; (iii) incorporation of springs and dashpots to represent the stiffness and
damping at the soil foundation interface; and (iv) a response analysis of the combined
structure-spring/dashpots system with the foundation input motion applied (NIST,

2012). The step of the substructure approach is show in Figure 2.3.
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Figure 2.3 Schematic illustration of a substructure approach to analysis of soil-
structure interaction using either: (i) rigid foundation: (a) Complete
System; (b) Kinematic Interaction; or (ii) flexible foundation
assumptions: (c) Foundation-Soil Flexibility and Damping; (d)
Excitation with FIM of Structure with Foundation Flexibility/Damping

(Stewart & Tileylioglu, 2007).
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2.3  Modelling of SSI

Various approaches have been used for modeling the base of the buildings to
account for soil-structure interaction. Those approaches can be relatively simple or
complicated and time-consuming. The problem is whether a complicated and time-
consuming model can produce significantly more accurate results. The modeling
depends also on choosing the method of analysis (direct or substructure approach) and

whether it is an embedded structure or structure resting the ground surface.

2.4 Response of pile in SSI

To account for SSI, various methods have been used to observe the behaviors
of a structure according to the model used in the analysis. When a model consisting of
both superstructure and pile foundation is used, the performance of the piles obviously
has influence on the response of the superstructure. Several methods have been
published for predicting the response of single piles under lateral loading (Broms,
1966; Desai, 1974; Hetényi, 1946).

Dash et al. (2008) used p-y curve to model lateral response of pile foundations
in liquefied soils. Beam on Nonlinear Winkler Foundation (BNWF) was used to
analyze versatile soil-pile interaction. In the BNWF model, the soil is represented by a
set of independent springs lumped at discrete location along the pile. The study also
discussed the effect of the load-displacement curve in soil-pile interaction. Figure 2.4
illustrates the influence of pile movement on its p-y curve. As shown in Figure 2.4a,
when the differential soil-pile movement is small, the resistance on pile depends on the

initial stiffness of the soil and the value of deflection. When the differential soil-pile
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movement is large, the resistance offered by soil over pile is governed by the ultimate

strength of the pile.
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Figure 2.4 Soil-pile interaction, (a) for small amplitude soil-pile movement, (b) large

amplitude soil-pile movement. (Dash et al., 2008)

However the response of the pile will exactly change if the shape of the p-y
curve is chosen as in Figure 2.4b. The advantage of using the later model is the higher
strength and stiffness at large differential pile-soil movement, which may prevent a

complete collapse of a structure.
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In the evaluation of seismic capacity of post-tensioned concrete slab-column
frame buildings, Boonyapinyo et al. (2006) employed Winkler component model
(Figure 2.5) represented by series of independent or uncoupled lateral and axial springs

in order to study the behavior of foundations.
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Column Spl‘ulg
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- .% é— é

Figure 2.5 Winkler component model, (a) deep foundation; (b) model for analysis.

(Boonyapinyo et al., 2006)

On the other hand, it is complicated to analyze a pile under lateral loading since
the movements of soil and pile are dependent. In this study, the subgrade reaction
model originally proposed by Winkler in 1867 is used to determine the lateral force-

deformation relations. The model of the subgrade reaction is illustrated in Figure 2.6a.
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Figure 2.6 (a) Model of pile with fixed head; (b) lateral load-displacement

relationship of the pile. (Boonyapinyo et al., 2006)

The flexural hinge having moment-rotation relation is applied at the toe of the
pile to represent the flexural behavior of reinforced concrete pile under lateral load.
The predicted lateral load-displacement of pile is in good correlation with the test

results obtained from static lateral load test of three sites in Bangkok (Figure 2.6b).

2.5 Implementation of SSI in seismic design codes

Soil-structure interaction has been implemented in many seismic code
provisions such as ATC-40 (Comartin et al., 2000), ASCE. (1998), FEMA (2009),
PEER (2010). Even though soil-structure interaction is included in many seismic
provisions, its usage in practical work is still an optional procedure. It is believed that
accounting for SSI can only reduce base shear demands. Whereas ignoring SSI is not
only easier, but also more conservative. However including SSI in the analysis
provides a better insight into structural performance and to improve accuracy in the

analytical simulation of important structural response quantities.
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2.5.1 Force-based Procedures
The effective building period or period lengthening is calculated using

an equation (19.2-3) in ASCE 7-10.

. k K h?
T=T 1+L(1+ y J 2.1)
K, K,

where T : the effective period of the building

T :the fundamental period of the structure
k : the stiffness of the structure with fixed base, defined by the

following equation

— W
k =47r(gT2] (2.2)
where h : the effective height of the structure (0.7 hn)

Ky : the lateral stiffness of the foundation

K, : the rocking stiffness of the foundation

g :the acceleration of gravity

W : the effective seismic weight of the structure

However, ASCE/SEI 7-10 does not specify how to evaluate Ky andK,

. Their values are recommended elsewhere in the commentary to the NEHRP
Recommended Provisions (FEMA, 2009). Both ASCE/SEl 7-10 and NEHRP

Recommended Provisions provide adjusted values for average shear modulus (G) and

average shear wave velocity V, (at large strain levels from shear modulus at small

strain, GO, to account for large strain effects. The values of both G and V, in Table
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19.2-1 of ASCE/SEI 7-10 is summarized in Table 1 in which Spy is the design spectral
response acceleration parameter at a period of 1.0 s.

Table 2.1 Values of G/Goand vs/Vso

Spectral Response Acceleration, Sp:

<0.10 <0.15 <0.20 20.30
Value of G/Go 0.81 0.64 0.49 0.42
Value of vs/vso 0.90 0.80 0.70 0.65

In special case of near-ground surface or embedded structure supported
on mat foundations that the side wall contact with the soil is not considered to be
effective during the design ground maotion, the effective period of the structure is

determined by Equation 2.3.

h Ih 2
: =T\/1+ 2Sa,h (1+1.12ra21 } 3
Al a,r,
where a : the relative weight density of the structure and the soil defined as

in Equation (2.4).

w_
yAh

o= (2.4)

7 the average unit weight of the soils

I, and I, : characteristic foundation lengths shown in Equations (2.5)

and (2.6).
r, = A (2.5)
T
and ro==4 4, (2.6)




17

where A, : the area of the load-carrying foundation
I, : the static moment of inertia of the load-carrying foundation about
a horizontal centroidal axis normal to the direction in which the structure is analyzed

@, . dynamic foundation stiffness modifier for rocking as shown in

Table 2.2.

Table 2.2 Value of ¢,

r/vT a,

<0.05 1.00
0.15 0.85
0.35 0.70
0.50 0.60

Chapter 19 of ASCE/SEI 7-10 specifies the application of soil-structure
interaction into the equivalent lateral force procedure in which shear force is expressed
in Equation (2.7).

V=CW (2.7)

S

Where V : the seismic base shear considering SSI.

C, : the seismic coefficient taken as the design response spectral

ordinate.

W : the effective seismic weight of the structure (taken as 70% of the

total weight).
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Kinematic interaction effect is neglected in ASCE/SEI 7-10 and
NEHRP Recommended Provisions but account for inertial interaction effects related to
period lengthening and damping ratio. The reduction of base shear ( AV ) shall be

computed as follows and shall not exceed 0.3V (ASCE7-05, 2006).

AV {CS -C, (%J | }vv <0.3V (2.8)

where és  the value of C; calculated from the design spectrum at an elongated

period, T

~

S : the fraction of critical damping for the structure foundation system

determined as follows.

3 0.05
= +~— 2.9
B =5, I N
where ﬂo : the foundation damping factor as shown in Figure 2.7.
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Figure 2.7 Foundation damping factor (ASCE 7-10)
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For values of SZL;between 0.10 and 0.20 the values of /3, shall be

calculated by linear interpolation between the solid lines and the dashed lines of Figure
2.7.
The quantity r in Figure 2.7 is a characteristic foundation length that is

determined as follows:

For LL <05 r=r, (2.10)
h
For T >1, r=r, (2.11)
where L, : the overall length of the side of the foundation in the direction

being analyzed.

As noticed from the above calculation, base shear of the structure is
reduced when SSI is taken into account. In practice, beneficial effects of period
lengthening and foundation damping are negligible for tall, flexible building (NIST,
2012).

2.5.2 Response History Procedures

Many seismic provisions have included the methods for accounting soil-
structure interaction in force-based procedure. However some provisions are still silent
on the application of SSI effects in response history analyses. ASCE/SEI 7-10 does not
offer specific guidance on how to select and utilize springs in response history even
though they allow the use of equivalent soil springs in principal. Guidelines for
Performance-Based Seismic Design of Tall Buildings (PEER, 2010) recommends a
response history analysis procedure for SSI analysis. Figure 2.8 shows simplified

model to streamline response history analysis. Two idealization of SSI were considered
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in PEER Guidelines, depending on the shaking intensity: service level earthquake or
maximum considered earthquake which are shown in Figure 2.8b and Figure 2.8c,
respectively. As noticed in Figure 2.8b, response history analysis for service level
earthquake uses simple model with fixed base support, while that for maximum
considered earthquake is performed by considering soil-foundation interaction

represented by springs and dashpots.

E j u,
—b Egﬂ

O O 0 0 0 Uy OF Ugy
/AN TIRSS
(a) Complete system (b) Model for service- (c) Model for maximum-
level earthquake considered earthquake

Figure 2.8 Schematic illustration of a tall building with subterranean levels:
(@) complete system; (b) simplified for service-level earthquake
intensity and (c) simplified foundation model for maximum

considered earthquake intensity. (PEER, 2010)

2.6  Review of soil and structure responses in SSI

Seismic input and soil conditions are both important in determining the
performance of the soil-structure system. When flexibility of the soil underneath a
structure is taken into account in the analysis, it does not only change the behavior of
whole system but also increases the seismic response of the structure especially in case

that the underlying soil is soft deposit. Ashford et al. (2000) studied the potential
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amplification of earthquake ground motions in soft Bangkok soil. The study was
conducted by using the equivalent linear method. Soil property namely shear wave
velocity estimated from existing correlation with field and laboratory data was used as
input in the analysis of seismic site response. The estimated shear wave velocity is
shown in Figure 2.9. The value was also confirmed by a certain number of in situ tests
by the downhole method. Five input strong motion records from far-field sites and the

effect of the assumed depth to rock-like material were studied and used in the analysis.
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Figure 2.9 Comparison between measured shear wave velocity profiles to the
best-estimated profile for Bangkok based on empirical correlations.

(Ashford et al., 2000)
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The results of the study reveal that the soils underlying Bangkok has the ability
to amplify earthquake ground motion, both in peak ground acceleration and spectral
acceleration. Figure 2.10 illustrates normalized acceleration response spectra for
Bangkok site. It was stated similarly on the amplification at soft clay sites in downtown

Mexico City and in the San Francisco Bay Area.
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Figure 2.10 Best-estimate normalized acceleration response spectra for Bangkok.

(Ashford et al., 2000)
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Similar to previous research, Warnitchai et al. (2000) investigated seismic
hazard in Bangkok due to long-distance earthquakes. The study was to assess a seismic
hazard of Bangkok by predicting peak ground accelerations for various levels of
probability of excedance in a 50-year period and the corresponding elastic response
spectra. To conduct the research, soil properties for generalized soil profile were
developed. Those properties includes shear wave velocity (or low-strain dynamic shear
modulus) and mass density, shown in Figure 2.11, and relationships for variation of
dynamic shear modulus and damping ratio as a function of strain, adopted from Vucetic

and Dobry (1991) for clay and Seed et al. (1986) for sand.
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Figure 2. 11 Generalized Bangkok soil and shear wave velocity profiles.

(Warnitchai et al., 2000)
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Seven different accelerograms selected from actual acceleration records at rock
sites with magnitude from 7 to 8 earthquakes at source-to-site distances from 80 to 350
km were used to represent rock outcrop motions in Bangkok area. Based on the study
result shown in Figure 2.12, the relationship between amplification factor and peak
rock acceleration clearly indicated that soft Bangkok soil has the ability to amplify
earthquake ground motion from 3 to 6 times for extremely low intensity input motions
and 3 to 4 times for relatively stronger input motions. The amplified ground motion
can be noticed by narrowband random motions with a relatively long predominant
period for about 1 second as shown in Figure 2.13. The mean and 84" percentile spectra
for ground motions characterized capable ground motion in Bangkok area are

comparable to spectral acceleration in Mexico City during the 1985 earthquake.
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Figure 2.12 Relationship between computed amplification factor and peak rock

outcrop acceleration. (Warnitchai et al., 2000)
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Figure 2.13 Comparison between the elastic response spectra of predicted ground
motions and the spectra of the damaging ground motions in Mexico

City. (Warnitchai et al., 2000)

According to these results, severe damage or complete collapse of structures
with periods ranging from about 0.5 sec to 1.5 sec as well as to short-period structures
would occur during earthquake event if sufficient lateral strength is provided.

Chandrasakha (2013) studied the effect of SSI on the response spectra for
earthquake resistant design in Bangkok by using conventional finite element analysis
program, STAAD Pro. The study was conducted on a case-study of a 10-storey
reinforced concrete building resting on pile foundation in Bangkok area. The equivalent
soil-spring stiffness was determined by using the modulus of subgrade reaction and
was applied along the pile. Figure 2.14 shows the model of equivalent soil spring. The

model was used to perform pushover analysis in STAAD Pro. A series of horizontal
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loads were applied at the head of the pile and displacements of pile head were recorded

correspondingly. Figure 2.15 shows the load-displacement curve of the pile.

0 5 10 15 20

Displacement (mm)

Figure 2.15 Load-displacement curve of pile head. (Chandrasakha, 2013)

Horizontal stiffness of the system (pile-spring) was computed and applied at the

base of the structure to account for flexibility of the pile foundation. The vertical
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stiffness of the pile was calculated by using the properties of the pile. The models for

the considered structure are illustrated in Figure 2.16a and 2.16b.
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Figure 2.16 The model of considered structure with (a) fixed base; (b) flexible base

(Chandrasakha, 2013)

Based on the study results, it was revealed that the performance of the structure
changed dramatically. Figure 2.17 illustrates the increase of floor displacement of the
building while its inter-story drifts are altered. It is noticed as well that the forces in the
structure such as base shears and overturning moments are also changed due to the

flexibility of the foundation.
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Figure 2.17 Floor displacements of the structure. (Chandrasakha, 2013)

However in this study, the load-displacement curve of the pile head is presented
as linear curve which is not a well-represented curve for behavior of the soil. The
present considers this effect by calibrating the considered model of the pile with test
data in order to obtain a reasonable performance of the used model.

Nakpant (2007) conducted a research on the seismic capacity of a building with
consideration of soil-structure interaction effects. A 14-storey building locating in
Bangkok area was used in the study. Vertical and horizontal springs were modeled at
the base of the building. In this study, nonlinear dynamic analysis was employed.
According to the study results, it was observed that the seismic capacity of the building
with flexible support was less than that of the building with fixed base. In addition, the
seismic damage of the structure with flexible support was greater than that of fixed
base. Nevertheless, point springs were employed at the base of the structure which

stood on pile foundation. This assumption may reduce the performance of the pile in
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the analysis. The aim of the present study is to model the pile foundation together with
its super-structure model. Hence, whole performance of the structure can be observed.

Similarly, Wan et al. (2000) studied the effect of SSI for continuous bridges.
The equivalent soil springs for both pile foundation and footing were calculated from
empirical equations and implemented in the model. The methodology in analyzing the
footing and pile foundation was to modify them as linear spring to calculate the
continuous bridge response. It was recommended that the simulation in linear soil

spring may not be accurate enough to predict the structural response.



CHAPTER Il

METHOD AND METHODOLOGY

3.1 Structural elements

3.1.1 Super-structure elements
To simplify the analysis and understand clearly the effect of soil
structure interaction, a case-study of a symmetric structural model was used. The
structure is a reinforced concrete core-wall building. The dimensions of the structure
are 36 m length by 24 m width with 27.5 m height. Floor plan supporting live load of 3

kN and supper imposed dead load of 1 kKN of the building is shown in Figure 3.1.

36m

24m

OO0 06 6

Figure 3.1 Floor plan of the case-study building
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There are totally 10 floors with height of 3 m for each floor. At each
floor level, it consists of a flat slab with thickness of 20 cm. 10-story building was
chosen in this study because the low rise building and medium rise buildings possess
short structural periods which are critical for the considered response spectrum in which
the maximum spectral acceleration is observed at the period of about 2 seconds. The
flat slab is supported by columns with dimensions of 50 cm by 60 cm and two core-
wall structures with the same thickness of 25 cm. The core wall were employed as
laterally resisting elements. In this study, the compressive strength of concrete was
chosen to be 30 MPa and yielding strength of rebar was 400 MPa. Young modulus of
concrete and steel were 25,743 MPa and 200,000 MPa, respectively.

3.1.2 Sub-structure elements

The sub-structure model consists of footings and piles while the links
between the first floor slab and the footings are stump columns with height of 0.5 m
and have the same dimensions as the columns of the upper stories. Each footing
measuring 1.5 m x 1.5 m x 1 m located under each column, while the footings with
dimensions of 4.2 m x 9.2 m x 1 m were used to support each core-wall structure. Figure

3.2 illustrates floor plan at footing level.
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Figure 3.2 Floor plan at footing level

Under each column as well as each footing, a pile with diameter of 1 m

and length of 55 m was modeled to support the load transferred from super-structure.

On the other hand, 6 piles with the same diameters and length were used to support the

load transferred from each core-wall. Figure 3.3 shows the 3 D model of piles with

footings.

Figure 3.3 3D pile-footing model
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3.2 Response spectrum acceleration

Response spectrum is a practical approach used in the design of structures and
development of lateral force requirements in building codes via implementing the
knowledge of structural dynamics. It is the plot of the peak value of a response quantity
such as spectral acceleration, circular frequency, and cyclic frequency as a function of
natural vibration period of the structure. Since it is the plot of the response quantity of
a specific site, it should be chosen corresponding to the location of the site. In this study,
the response spectrum acceleration was obtained from Thai seismic code which is used
specifically for seismic design of structures in Bangkok area. The design response
spectrum for the analysis is shown in Figure 3.4. As seen in Figure 3.4, the response
spectrum consists of 6 different branches. The first 3 branches are in the increasing
parts of the spectrum, whereas the last 3 branches are in the decreasing parts and the
maximum period considered is up to 6 seconds while the maximum spectral
acceleration occurs at the period of about 2 seconds. In addition this response spectrum
shows no constant acceleration branch as in some seismic codes. This case complies
with the study of the seismic response of soft soil such as that indicated by Ashford et

al. (2000) shown in Figure 2.10.
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Figure 3.4 Bangkok Response Spectrum

3.3 Soil properties of Bangkok

Bangkok is situated on a large flat plain with the length of about 250 km from
north to south and the average width of about 200 km. The underlying soil of Bangkok
area at the uppermost layer is soft silty marine clay, generally referred to as soft
Bangkok clay. Figures 3.5 and 3.6 shows the properties of the considered soil profile
under Bangkok area (Submaneewong, 2009). As noticed in the Figure, very soft to
medium clay layer, approximately 15 m thick, lies under a 1 m thick of weathered crust.
This shows a deep deposit of soft soil which may be detrimental for structures during

earthquake.
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Table 3.1 Summary of soil properties for the analysis. (Submaneewong, 2009)

Layer Soil type D(erg; " (kNI (kNS/umZ) (kNEmz) “
1 Crust 0-1 18.00 35 20000 |0.70
2 Very soft clay 1-6 16.00 18 9700 | 0.60
3 Soft clay 6-13 16.50 22 12000 | 0.60
4 Medium stiff clay 13-15 18.00 35 19000 | 0.65
5 Stiff clay 15-20.5 17.50 100 110000 | 0.70
6 Medium dense sand | 20.5-23.5 18.00 - 50000 |0.80
7 Very stiff clay 23.5-40 18.00 110 120000 | 0.80
8 Hard clay 40-53 19.00 200 190000 | 0.80
9 Very dense sand 53-70 19.50 - 120000 | 0.80

3.4  Evaluation of spring stiffness

3.4.1 Equivalent soil springs

Subgrade reaction model, which was originally proposed by Winkler in
1867, characterizes the soil as a series of unconnected linearly-elastic springs. There
exists some disadvantages on using the subgrade reaction to analyze laterally loaded
pile. Lack of continuity is one of the drawbacks, while another disadvantage is that the
spring modulus of the model is dependent on the size of the foundation (Poulos &
Davis, 1980). Despite the disadvantages, subgrade reaction approach is preferred to be
used for its simplicity of application. This method can also enable factors such as
nonlinearity, variation of soil stiffness with depth, and layering of the soil profile to be
taken into account. In Winkler model, the pressure p and the defection y at a point are
assumed to be related through a modulus of subgrade reaction, which for horizontal

loading, is denoted as kn. Thus,

p=k,y (3.1)
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kh: denoted modulus of subgrade reaction with the units of

where

(force/length®)

y : deflection of the pile

p :pressure exerted on pile

Figure 3.7 demonstrates the physical meaning of Equation 3.1

y Y
. P

Soil surface i R
7S

-..l. ;I
. i

Pile before loading | /

| Soil reaction

X

Pile after loading

Figure 3.7 Horizontal subgrade reaction of soil. (Poulos & Davis, 1980)

In addition, even though the determination of the modulus of subgrade

reaction is not an easy task, a considerable amount of experience has been obtained in

using theories to practical problems, and a number of empirical correlations are

available for calculating the modulus of subgrade reaction.
Terzaghi (1955) presented the evaluation of modulus of subgrade

reaction (kn) for sand as shown in Equation 3.2.
n, X
K = ? (3.2)
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where X . depth below surface (m)
B : width of pile or diameter (m)
N, : constant of horizontal subgrade reaction determined by Tables 3.2

and 3.3.

Table 3.2 Recommended value for constant of subgrade reaction (Davisson, 1970)

Soil type nn (KN/m®)
Granular 2840-28380
Silt 110-850

Peat 60

Table 3.3 Recommended value for constant of subgrade reaction (Prakash, 1990)

Moderate

3 3
Loose (KN/m®) (KN/m?) Dense (KN/m?®)
Terzaghi (1955) 740-2180 2180-7380 7380-14470
Reese et al. (1974) 5680 17030 35470

Tomlinson and Woodward (2008) investigated the relationship of SPT-
N value with relative density of soil by using the graphic given by Terzaghi and Reese
as shown in Figure 3.8. Table 3.4 shows the relationship of SPT-N value with various
soil types.

Modulus of subgrade reaction for clay was introduced by (Davisson,

1970) as shown in Equation 3.3.

S
k, =67 3.3
=672 (33)

where S, : undrained shear strength (KN/m?)

B : width of pile or diameter (m)
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Figure 3.8 Relationship between relative density and coefficient of subgrade reaction.
(Tomlinson & Woodward, 2008)

Table 3.4 Relationship between relative density and SPT-N.

SPT-N (blow/ft) Relative density Soil property
0-4 0-0.2 Very loose
4-10 0.2-0.4 Loose
10-30 0.4-0.6 Moderate
30-50 0.6-0.8 Hard
>50 0.8-1.0 Very hard

Spring stiffness is determined by using the Equation 3.4 below:
K =k, x BxAL (3.4)

Where AL is the increment along the pile length (m).
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By using th e equations and data given above, stiffness of equivalent soil

springs was determined and shown in Table 3.5.

Table 3.5 Equivalent soil spring stiffness

Spring No Soil type Su (KN/m?) | np (KN/m®) | K (KN/m) | Label
0 - 0 0 0 PSpr0
1 Crust 35 - 2345 PSprl
2 18 - 1206
3 18 - 1206
4 Very soft clay 18 - 1206 PSpr2
5 18 - 1206
6 18 - 1206
7 22 - 1474
8 22 - 1474
9 22 - 1474
10 Soft clay 22 - 1474 PSpr3
11 22 - 1474
12 22 - 1474
13 22 - 1474
14 di i ol 35 - 2345
15 Medium stiff clay 35 - 2345 PSprd
16 100 - 6700
17 100 - 6700
18 Stiff clay 100 - 6700 PSpr5
19 100 - 6700
20 100 - 6700
21 100 - 3350 PSpré
22 - 2180 22890 PSpr7
23 Medium dense sand - 2180 47960 PSpr8
24 - 2180 50140 PSpr9
25 - 2180 25615 PSpr10
26 110 - 3685 PSpril
27 110 - 7370
28 Very stiff clay 110 - 7379
29 110 - 7370 PSpr12
30 110 - 7370
31 110 - 7370




Table 3.5 Equivalent soil spring stiffness (Continued)
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32 110 - 7370
33 110 - 7370
34 110 - 7370
35 110 - 7370
36 110 - 7370
37 Very stiff clay 110 - 7370
38 110 - 7370
39 110 - 7370
40 110 - 7370
41 110 - 7370
42 110 - 7370
43 200 - 13400
44 200 - 13400
45 200 - 13400
46 200 - 13400
47 200 - 13400
48 200 - 13400
49 Hard clay 200 - 13400 PSpr13
50 200 - 13400
51 200 - 13400
52 200 - 13400
53 200 - 13400
54 200 - 13400
55 200 - 13400
56 Very dense sand - 7380 398520 | PSpr14
57 - 7380 405900 | PSpri5s

3.4.2 Lateral pile capacity analysis

Earthquake creates force on structure in the form of lateral load which

transfers from superstructure to its foundation. While pile foundation was used in this

study, the lateral pile capacity was required to be analyzed. Figure 3.9 shows the

simplified pile load test in which horizontal force was applied at the pile head. The

description and records of the tested pile for static lateral load test is given in Table 3.6
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(Submaneewong, 2009). In order to analyze the lateral capacity of the pile, complete

cross-section of the pile is required. Figure 3.10 shows cross section the studied

reinforced concrete pile.

Figure 3.9 Simplified pile load test

Table 3.6 The description and records of the test pile for static lateral load test

(Submaneewong, 2009)

No.

Type

¢ (M)

f.” (MPa)

fy (MPa)

1% Case

T4P13 & T4P14

Bored

1.65

27.468

490.5

44DB32

Figure 3.10 Cross section of the pile

1.65m
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Within the given structural parameters of the pile, its yield moment
could be calculated and is equal to 9534.333 kNm. Broms (1964) proposed the method
to calculate the lateral capacity of the restrained and free-head piles in both cohesive
and cohesiveless soils. The capacity of the free-head pile in cohesive soil was applied
in this study in which Equation (3.5) shows the ultimate lateral capacity of the pile

respected to its yield moment.

0.5H
M, =H, e+15B .
, [ ' +QSUB] (35)
where My : yield moment of the pile

H, : ultimate lateral capacity of the pile

B : diameter of the pile

e :the distance from the point of applied load to ground surface and e
was taken to be 0.65m.

From the calculated value of My = 9534.333 kNm, the ultimate lateral
capacity of the pile is equal 1571.927kN. This value of Hy = 1571.92kN was divided
by a factor of safety SF = 2.5 in order to determine the allowable lateral load in which
the pile can resist. From the calculation, H, = 628.771 kN.

3.4.3 Calibration of spring stiffness

After stiffness of springs at each layer was computed, a series of spring
was modeled along a pile. Pushover analysis was performed to observe the lateral
response of the pile by using a series of lateral load. The response of the laterally loaded
pile was then compared with the test data given in the literature. The method used is
called p-y method adopted and modified from Winkler principle by assuming that

surrounding ground as a series of non-linear spring and pile is an elastic beam.
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However, in this analysis, the springs were limited by their linear elastic property in
order to simplify the analysis and to meet the limit to the analysis program used. Once
the analysis was done, load-displacement curve of the response of the pile was created
and compared with the lateral load test data as shown in Figure 3.11. Since the springs
were considered to be linear, the result of the pushover analysis of the pile was in linear
form. To get an appropriate response of the soil subjected to lateral loading, the
allowable lateral load of the pile was used as the reference point for creating linear
response of the pile. The allowable lateral load was plotted on the Load axis and a
projection line parallel to the Displacement axis was drawn. The intersection between
projection line and the curve of the lateral load test was the reference point from where
the allowable load line was drawn. This line was used to represent the soil response
with which the analysis model was fitted. However as seen Figure 3.12, the lateral load
has big influence on deflection of the pile to the depth of the soft clay and has very little
effect to the pile in medium stiff clay. Hence only the stiffness of the springs in very
soft to soft clay layers were varied. In addition this study observed also the sensitivity
of the seismic response of structure to variable stiffness of the soil. The analysis was
done by changing the factor to be multiplied with S, in the empirical equation of
modulus of subgrade reaction leading to the calculation of equivalent spring stiffness

as shown in Equations (3.3) and (3.4).
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load test data of bored pile with diameter of 1.65m (T4P13) and

2.0 m (T4P14). (Submaneewong, 2009)
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3.1.3 Vertical spring stiffness
The vertical spring stiffness of the piles was that created by the elasticity
of the concrete used to cast to the piles. The concrete exhibits its elasticity which works
as its stiffness while the analysis is performed in the elastic range. Hence within the

frame of this study, the stiffness is expressed in Equation (3.6).

\4

K, = % =367422.283 kN /m (3.6)



CHAPTER 1V

EFFECTS OF SOIL-STRUCTURE INTERACTION ON

SEISMIC RESPONSE OF BUILDINGS

4.1 Introduction

From day to day, buildings are constructed everywhere. At the same, some are
also demolished and damaged due to its long service age, excess loading, natural
disaster such typhoon or earthquake. Hence engineers are doing challenging work in
order to fight against those disastrous phenomena by designing a sustainable structures
after being exposed to those unexpected extreme loads while maintaining reasonable
cost of building. One of the most detrimental disaster is earthquake which always hits
most parts of the world and causes massive damage and casualties.

Bangkok, the capital of Thailand, is still classified as earthquake prone area
even though it locates at a remote distance from seismic sources (Warnitchai et al.,
2000). The case of Bangkok capital is similar to that found in Mexico City (regarding
to geological situation) during the 1985 Michoacan earthquake which claimed
thousands of people’s lives and caused serious damage to the Greater Mexico City area.
Much of the destruction was due to significant amplification of earthquake ground
motions by thick soft surficial deposits in the downtown area of the City (H. B. Seed,
1987). While Bangkok is reported to situate on also such soft deposits with depth
ranging from 10 to 18 m, the amplification of earthquake ground motions can also occur

and may cause enormous destruction of the city.
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It is therefore of a great attention for engineers especially structural designer
while performing structural design. In conventional structural analysis and design,
structural models with fixed bases are often adopted and performed in design software.
However, it may not be the case while the structures are built on their corresponding
soil profile since soil provides more or less flexibility to the foundations as well as the
structures. The flexibility is relatively low if the soil is soft deposit such those under
Mexico City or Bangkok metropolitan area.

Therefore this study have been done with the aim of studying the effect of the
underlying soil on its foundation and superstructure. Two models with different support
conditions have been studied and their responses including modal periods, story
displacement, story drift, story shear and overturning moment have been compared. In
addition, the investigation of seismic response of the structure with respect to different

soil stiffness has also been introduced.

4.2  Horizontal response of the pile

Figure 4.1 shows the model of the analyzed pile with its lateral springs

represented soil resistance.

Figure 4.1 Original and deformed shapes of tested pile
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The model of the pushover analysis of the pile was done by using a conventional
design software, ETABS. The dimensions of the pile was set to be the same as that
tested pile in the field. The forces to be applied on pile head were taken from the values
given in the pile load test. After running the analysis, lateral response of the pile can be

plotted as shown in Figure 4.2.

1300
1200 |
1100 |
1000 |
900 |
800 |
2700 +
c‘§ 600 —e— T4P13
500 T4P14
400 —a— Allowable Load
300 — 67Su
200 —e—500Su
—— 600Su
100 —a—5555u

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Displacement (mm)

Figure 4.2 Lateral response of the pile.

Based on Equations (3.3), the spring stiffness can be referred to as the function
of the undrained shear strength (Sy). Whereas the recommended factor is taken to be 67
as shown in Equation (3.3).

Equation (3.3) k, =678—B“

However as seen in Figure 4.2, the response of the pile is far different from that

of test data. This is because, with the recommended factor, the stiffness calculated
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cannot well represent the characteristic of the soil due to high flexibility of the soil.
Hence trial values were assumed and analyses were done to check for a corresponding
tested pile’s performance. After doing some trial tests, the factor of 555 is the best fit
to represent pile’s response. Therefore the new stiffness of the springs were calculated
by using the factor of 555. On the other hand Equation (3.3) can be modified as follow:

S
k, =555—
= 5652 ©

Table 4.1 summarizes the new stiffness for the analysis. However only the
spring stiffness calculated for very soft to soft clay layer were subjected to be changed
since, according to the deflection profile of the pile from pile load test, only the upper
part of the pile deflected because the stiffness of soft clay is very low compared to other
layer.

Table 4.1 New spring stiffness for the analysis.

Spring No Soil type Su (KN/m?) | nn (kN/m®) | K (kN/m) | Label
0 - 0 0 0 PSpr0
1 Crust P - 19425 PSprl
2
3
4 Very soft clay 18 - 9990 PSpr2
5
6
7
8
9
10 Soft clay 22 - 12210 PSpr3
11
12
13
14 Medium stiff clay 3 - 2345 PSpr4
15 35 - 2345
16 Stiff clay 100 - 6700 PSpr5




Table 4.1 New spring stiffness for the analysis (Continued)
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H 100 - 6700
10 100 - 6700
19 Stiff clay 100 ; 6700
20 100 - 6700
2l 100 - 3350 | PSpré
22 - 2180 22890 | PSpr7
= Medium dense sand - 2180 47960 | PSpr8
24 : 2180 50140 | PSpro
25 : 2180 25615 | PSpri0
20 110 - 3685 | PSpril
27 110 - 7370
28 110 - 7370
29 110 - 7370
30 110 : 7370
31 110 : 7370
> 110 - 7370
33 110 - 7370
34 Very stiff clay 110 - 7370 —p
35 110 : 7370
36 110 : 7370
37 110 - 7370
38 110 - 7370
39 110 - 7370
40 110 - 7370
al 110 : 7370
42 110 - 7370
43 200 : 13400
a4 200 : 13400
45 200 : 13400
a6 200 : 13400
all 200 : 13400
48 Hard clay 200 - 13400 | PSpr13
i 200 : 13400
50 200 : 13400
51 200 : 13400
52 200 : 13400
53 200 i 13400
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Table 4.1 New spring stiffness for the analysis (Continued)

54 ord ol 200 i 13400

55 y 200 i 13400

56 i 7380 398520 | PSpri4
Very dense sand

57 Y i 7380 405900 | PSpri5

4.3 Complete model for analysis

The complete 3D model of the studied structure with horizontal springs along
the piles is shown in Figure 4.3, while the 3D model with fixed support is illustrated in
Figure 4.4. Parameters to be investigated are modal analysis of the structure, story

displacement, story drift, story shear, and overturning moment.

aq_
Ve VSuluBl

Ve R

Figure 4.3 Complete 3D model of the studied building with pile foundation
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Figure 4.4 Complete 3D model of the studied building with fixed support

4.4  Modal analysis

Modal analysis is the process of determining the dynamic characteristics of a
system in the form of natural frequencies, damping factors and mode shapes. Table 4.1
shows the comparison between the modal periods, circular frequencies, and Eigenvalue
of the structures with fixed and flexible supports where mode expresses the possible
shapes that the structure vibrates. Based on the study results, there is an increase in

periods of the structure with consideration of soil-structure interaction.



55

Table 4.2 Comparison of modal periods and frequencies of fixed and SSI models.

Mode Period (sec) Circular Freq. (rad/sec) Eigenvalue (rad?/sec?)
Fixed SSI Fixed SSi Fixed SSi

1 0.865 1.557 7.264 4.034 52.771 16.276
2 0.758 1.378 8.285 4.561 68.646 20.801
3 0.491 1.239 12.785 5.072 163.448 25.727
4 0.229 0.362 27.466 17.366 754.359 301.576
5 0.210 0.357 29.987 17.607 899.199 310.014
6 0.115 0.317 54.420 19.835 2961.540 393.445
7 0.111 0.200 56.655 31.484 3209.740 991.245
8 0.111 0.186 56.714 33.743 3216.500 | 1138.570
9 0.080 0.117 78.388 53.603 6144.738 | 2873.241
10 0.079 0.116 79.514 54.385 6322.489 | 2957.754
11 0.065 0.111 96.349 56.575 9283.200 | 3200.754
12 0.064 0.093 98.439 67.609 9690.266 | 4570.939

The periods of the structure with SSI model is about 2 times of the periods of

the structure with fixed base model. This is due to the flexibility of the soil provided to

the pile foundation through the form of spring stiffness. Figure 4.5 is the plot of the first

3 structural periods of both fixed and SSI support on the graph of response spectrum.

The dash lines represent the periods of the fixed base, while the dot lines represent the

periods of the SSI base. According to the response spectrum acceleration shown in

Figure 3.4, these higher periods locates their corresponding spectral acceleration near

to the highest spectral acceleration which tends to create higher response of the

structure. Comparing to conventional spectral acceleration, these higher periods are

obviously at the decreasing branch of the acceleration.
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Figure 4.5 Bangkok Response Spectrum

Moreover the result of the variation of the stiffness of the springs as seen in
Figure 4.6 reveals that the period of the structure decreases with the increase of the
stiffness of the support. The stiffness of the support was done by increasing the factor
of undrained shear strength which leads to higher equivalent spring stiffness. Because
of the high stiffness of the springs, rigidity of the supports increases and tends to restrain

the structure from vibrating. Hence short periods are observed.
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Figure 4.6 Variation of structural periods with spring stiffness

4.5 Story displacements and drifts

Lateral displacement and drift are all important design factors to be considered
in the design process. Design for drift and lateral stability is an issue that should be
addressed in the early stages of the design development (Naeim, 2001). There are 3
significant perspective for which the lateral displacement or drift of a structural system
under lateral loads such as wind or earthquake forces: (1) structural stability; (2)
architectural integrity and potential damage to various non-structural components; and
(3) human comfort during, and after, the building experiences these motions. Excessive
and uncontrolled lateral displacement can lead to structural problems. Scholl (1975)
revealed by doing empirical observations and theoretical dynamic response studies that
there is a strong correlation between the magnitude of inter story drift and building
damage potential. Based on this potential problem, the requirements of drift control are
including also in the design provisions in most building codes. Figure 4.5 shows the

determination of drift by ASCE standard.
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Figure 4.7 Story drift determination (ASCE7-05, 2006)

The design story drift ( A, ) shall be computed as the difference of the deflections
at the centers of mass at the top and bottom of the story under consideration (ASCE7-
05, 2006). The design drift as determined in Equation (4.3) shall not exceed the
allowable story drift (A, ) which is taken to be 0.015 hsi (where hs; is the height of the
considered story) as defined by ASCE standard for this considered structure. However
in many cases, the story drift ratio (A, /h,) which is the ratio of the design story drift

with the corresponding story height (hsi) is preferably used and expressed in no unit.

A = (% _Ié‘ei—l)cd <A, (43)

E

where s, and s,

ei—1

are elastic displacements of two adjacent stories.
c, and 1_are the deflection amplification factor and the importance factor

determined in ASCE, respectively.
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Hence the responses of the studied models in term of story displacement and
story drift were compared in order to check for critical state while SSI is taken into
consideration. It is revealed from the results that the maximum story displacements
increase significantly for the structure with SSI in both directions as illustrated in
Figures 4.8 and 4.9. These changes in story displacements may lead to dramatically
changes in internal forces of elements in the structure. It may possibly cause the
instability or damage to the structure. On the other hand, the displacements of the first
stories in both direction reveal a significant different between fixed and SSI supports.
While the structure with fixed support exhibits zero displacement at first story, the
structure with SSI support draws some 3.5 mm in both E-W and N-S direction. However
there is a big difference of displacement from 1% story to the top one. In E-W direction,
the difference is about 4 times comparing between fixed and SSI models. Where as in
N-S direction, 8-time difference is observed comparing between fixed and SSI models.
It is obvious that the increasing displacement and drift are caused by the flexibility of
the support which is, in this case, the foundation surrounded by very soft to soft clay
layers. In E-W direction, columns play a role of lateral resisting elements besides their
vertical load support and reinforced concrete-core walls help resist lateral load in
addition to columns in N-S direction. It is reason why displacements in N-S direction
are smaller than that in E-W direction. This reveals the importance of lateral structural

load resisting elements in maintain safe performance of overall structure.
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Figure 4.8 Story displacements of fixed base and flexible base structures —

E-W direction
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Figure 4.9 Story displacements of fixed base and flexible base structures-

N-S direction

It is noticed similarly for the inter-story drifts. The values of drift ratio shown

in Figures 4.10 and 4.11 indicate that drift ratios of SSI-support structure are higher
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than that of fixed-support structure. The maximum drift in E-W direction is about

0.395% and the maximum drift in N-S direction is about 0.272%.
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Figure 4.10 Story drifts of fixed base and flexible base structures — E-W direction
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Figure 4.11 Story drifts of fixed and flexible base structures — N-S direction
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However the maximum drift ratios in both directions are smaller than the limit
or allowable drift ratio which is equal to 0.015 specified in ASCE standard. Even though
the maximum analyzed drift ratios are smaller than that of the standard, the damage
may occur in structural elements since this change in drift causes the change of internal
forces of the structural elements. Moreover it may pose to non-structural elements. As
indicated by Naeim (2001), larger drift can cause damage to non-structural elements as
well as affect human behavior and psychology (Ohta & Omote, 1977).

Figures 4.12 and 4.13 show the variation of the maximum story displacement
and drift ratio respectively with variation of spring stiffness. The maximum story
displacement are those recorded at the top story. The same as the period of the structure,
story displacement and drift ratio in both direction decrease with the increase of the
spring stiffness. The values of displacements indicate high fluctuation at low spring
stiffness. However at larger stiffness, the displacements decrease slightly and tend to

be constant. Whereas the drift ratio does not show much difference in both directions.
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Figure 4.12 Variation of maximum story displacements with spring stiffness



63

0.14%
0-12% 7 \\‘\O\M
o i
50.10% _
£ 0.08% -\-\'\D\.\._._H
o
c L
E 0.06% —
P
s 0.04% |
0.02% - —e—E_W direction
- —=—N-S direction
0009 L——v v v v

0O 100 200 300 400 500 600 700
Factor of Su

Figure 4.13 Variation of maximum drift ratio with spring stiffness

4.6  Story shears

As addressed in the modal response about the increase of the period due to the
effect of soil on the foundation, this increased period have dramatically alters value of
force occurring in the structural elements. Story shears of the structure with flexible
support are higher than that of fixed-base structure in all considered directions. In E-W
direction (Figure 4.14), the difference is about 1.4 time and SSI model exhibits higher
value. Moreover the difference goes to about 1.6 time in N-S direction as shown in

Figure 4.15.
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Figure 4.15 Story shears of fixed and flexible base structures — N-S direction

Figure 4.16 shows the plot of maximum shear forces in term of spring stiffness

presented in the force of factor of Sy as in Equation (3.3). These maximum shears are a
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series of shear forces at the footing level where the superstructure and substructure are
connected. Due to the flexibility of the soil, shear forces of the structure should be
decreased. However in the application of the response spectrum of this study, low
flexibility of the soil causes period lengthening which leads to higher spectral
acceleration in the analysis calculation. The curves of shear forces in both direction
flatten out while the spring stiffness gets higher. This is reasonable since when the
rigidity of the support is big enough, the support can be considered as fixed and period
of the structure obviously decreases and shear force of fixed-base structure will be
observed. Even though lower spring stiffness creates higher shear forces, maximum
allowable shear force specified in the code of practice should be considered for safe

performance of the structure.
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Figure 4.16 Variation of maximum shear force with spring stiffness

4.7  Overturning moments

In addition to increase of shear force, overturning moments also increase to

significant values. The moments at the tops of both structural models are equally zero.
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The values tend to separate from each other to higher values until it reaches its
maximum value which is at the base of the structure. The maximum values as seen in
Figures 4.17 and 4.18 are about 1.3 time and 1.5 time differences in E-W and N-S

directions when SSI is taken into account, respectively.
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Figure 4.17 Overturning moments of fixed base and SSI models — E-W direction

[
[

(BN
o

Story
OFRPNWPMMOUGIOO N OO

0 10000 20000 30000 40000

Overturning moment (kNm)

Figure 4.18 Overturning moments of fixed base and SSI models—N-S direction



67

While the shear forces change, the moments also change. The same other
response parameters, the moments of the building exhibit higher value at low stiffness
of the spring. The curves of the moments in both direction flatten out and the value of

the moment converges to a constant when the spring stiffness becomes higher.
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Figure 4.19 Variation of the maximum moments with spring stiffness

4.8 Response at footing level

Pile cap which is located at footing level and the connection between the
superstructure and substructure, distributes the loads of the building to the piles. Overall
loads such as axial loads, lateral loads, moment, direct shear, punching shear occur and
exert onto the pile caps supporting the structure. The analysis and design of the pile
caps must be done and checked properly since there are many kind of loads as well as
the combination of internal forces acting on it. In addition the connections between the

pile caps to piles and columns are crucial. This part aims to check for the forces
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happening at footing level and the upper part of the piles of both fixed and SSI models.
Figure 4.20 shows an elevation view of the studied model. As seen in the Figure, under
the story 1, there are stump columns which are linked to the piles supported by series

of lateral springs via pile caps. Figure 4.21 shows a typical pile cap layout.
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Based on the internal force diagrams shown from Figures 4.22 to 4.27, it
indicates that the internal forces of the structural elements change when SSI interaction
is taken into account. Excluding axial force, shear force and moment are increased.
Figures 4.22 and 4.25 show the axial force diagrams in Elevation 1 and B, respectively.
The axial force does not exhibit any change in value because it is not affected by the
lateral force which, in this study, is the earthquake force. Obviously shear forces shown
in Figures 4.23 and 4.26 in Elevation 1 and B, respectively, indicates that there is an
increase in shear force while SSI is taken into consideration. The increase of the force
is caused by the period lengthening of the structure which locates the response spectral
acceleration at higher value compared to fixed base model. In addition some structural
elements are subjected to change in working function or additional working function
such additional compression or tension force occurs in structural elements. Also lateral
load from earthquake excitation causes higher moments in the structural elements, on
pile caps and piles (Figures 4.24 and 4.27). Pile caps are subjected to additional forces
which are transferred to piles (Figures 4.23b, 4.24b, 4.26b, and 4.27b). However only
the upper part of the pile are influenced by the lateral force. It complies with the lateral
pile load test in which the upper part of the pile deflects while lower part of the pile
started from medium stiff clay are less influenced by the lateral load. The changing of
these internal forces makes significance in structural design of each member including
structural piles and pile caps particularly the joints connected pile with pile cap and pile
caps with columns. Therefore the forces created by the interaction of soil and structure
provide considerable change in the design process which should be paid attention to by

engineers.
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4.8.1 Internal force diagrams of structural elements in Elevation 1

Figures 4.22 shows axial force diagrams in Elevation 1.
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Figure 4.22 Axial force diagrams in Elevation 1 (a) fixed base model; (b) SSI model



Figure 4.23 shows shear force diagrams of in Elevation 1.
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Figure 4.24 shows moment diagrams in Elevation 1.
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Figure 4.24 Moment diagrams in Elevation 1 (a) Fixed base model; (b) SSI model



4.8.2 Internal force diagrams of structural elements in Elevation B.

Figures 4.25 shows axial force diagrams in Elevation B.
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Figure 4.26 shows shear force diagrams in Elevation B.

Storyl0
5. 7650 -5.356 2 16!
Storyg
5576 -1.8467 54,0326
Story
foo1a -3.2520| 813
Story?
9188 -3.232 s9.5515
Story®
2435 40524 sa.773
StoryS
5564 2.7161 60,1899
Storyd
5.5908 -4.4948| 58,4358
Storyd
79 -6.186 s8.ass
Story2
7535 5651, 52 4056
Store
v dghates 245488, dy e

N | | |
O O 6 O
(a) Fixed base model

Story10

L Storyd
l
| L [ Storys
|
H || Story?
|
i ' Storys
|
|
| L I Story5
L Story4
h | Story3
_ | Story2
:__I_I :__I_I glend

SNNCENONNC

(b) SSI model
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Figure 4.27 shows moment diagrams in Elevation B.
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Figure 4.27 Moment diagrams in Elevation B (a) Fixed base model; (b) SSI model



CHAPTERV

CONCLUSIONS

In the conventional design, structures are analyzed and designed with
assumption of having fixed support. However this assumption can lead to unrealistic
response due to the flexibility of the soil underlying and surrounding the foundation
supporting the superstructures. It is reported that for the earthquake prone areas such
Bangkok (Warnitchai et al., 2000) and Mexico City (Seed, 1987) where soft soil
deposits occupy for a large depth, the amplification of earthquake force leads to
hazardous problems to these far-fault earthquake sites. To improve the analysis as well
as the design consideration in a detail manner, the effect of soil underlying the structure
should be taken into consideration and thorough study should be done in order to
maintain an effective and conservative design.

The study aiming to investigate the effect of soil on the seismic response of
buildings has been done. The following conclusions can be drawn from the study:

1. Based on pushover analysis of the pile, it is noticed that the empirical
equations used to determine the equivalent spring stiffness of the soil are not sufficient
to implement in the analysis. Pile load test data is needed to calibrate between the
analyzed and test data to get a more realistic force-displacement curve.

2. The period of the structures increases when SSI is introduced into the

analysis. This 2-time increase of the period lead to the increase spectral acceleration.
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Hence increase in other structural response parameters. The period of the structure
decreases when the stiffness of the springs increase.

3. The story displacements and story drift are significantly modified. The
model of the structures with SSI shows large values of both displacement and drift in
all considered directions. However the obtained results are smaller than the allowable
value. The story displacement and the drift ratio also decrease when the stiffness of the
spring increase.

4. Not only are the story displacement and story drift changed, the shear
force and overturning moment are dramatically altered. By taking into account of the
effect of soil, overall force and moment increase to higher values. Story shear and
overturning moment decrease as well when the stiffness of the springs increases by
changing the factor of Sy. Story shear shows a steep decrease at very small stiffness but
it flattens when the stiffness get higher and higher. The value tends to converge to a
constant corresponding to a very high rigidity of the support or in an ideal case of the
assumption of fixed base.

Due to this study, the consideration of SSI in the design process is significant
and make a considerable change for the design of structural elements. While these
effects are caused by lateral loads created by earthquake ground motion, the lateral
resisting elements such shear walls, core walls, bigger dimensions for corresponding
structural elements, and bracings should be provided in order to absorb those lateral
loads and prevent damages on the structures. However this study is a part of the work
on SSI research. It is recommended to perform other case studies on different soil
properties, site locations, structure configurations and other related parameters in order

to get all aspects of possible solution.
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APPENDIX A

PUSHOVER ANALYSIS OF A PILE USING ETABS



Pushover analysis of the pile using ETABS
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Figure A.1 Material Properties in pile analysis
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Figure A.3 Concrete Design Data in pile analysis
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Figure A.5 Steel Design Data in pile analysis
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Figure A.6 Frame Properties in pile analysis
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Shape Type
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Figure A.7 Frame Property Shape Type in pile analysis

rm Frame Section Property Data L x e ﬂj

General Data

Property Name Fil11.65m | B

Material ICBD E | I:I

Display Color _ EJ

Notes [ Modify/Show Nates.. ]
Shape

Section Shape | Concrete Circle hd I

Section Property Source
Source: User Defined

Property Modfiers

Modify/Show Modifiers...

Curmently Default

Section Dimensions

Diameter 1650 mm

Reirforcement

Modify,/Show Rebar...

oK

Show Section Properties.. Cancel

Figure A.8 Frame Section Property Data in pile analysis

3. Draw pile: Draw — Draw Beam/Column/Brace Object — Draw

Beam/Column/Brace Object (Plan, Elev, 3D)
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Figure A.9 Draw pile Element
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4. Create Spring properties: Define — Spring Properties — Point Springs

-
m Point Spring Properties
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Figure A.10 Point Spring Properties in pile analysis
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m Point Spring Property Data .- v ae ﬂ

General Data

Property Name Kr1|

Dty ot e
Property Notes Modify/Shaw Notes..

Simple Spring Stiffness in Global Directions

Translation X 1407 kMN/m
Translation Y 1407 kN/m
Translation £ a kN/m
Rotation about X-fuds a kN-m/rad
Rotation about ‘Y-Audis a kN-m/rad
Rotation about Z-feds a kN-m/rad
Single Joint Links at Point
Link Property Muial Direction  Auxis 2 Angle
Add

Figure A.11 Point Spring Property Data in pile analysis

5. Assign Springs: Assign — Joint — Springs

Joint Assignment - Springs @
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[ Modify/Show Definitions... |

ok ) (e ] [ ]

Figure A.12 Joint Assignment in pile analysis
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Figure A.13 Section and Lateral springs of the pile in ETABS

6. Create Load Patterns: Define — Load Patterns

rm Define Load Patterns \ ':, Mw
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Figure A.14 Define Load Patterns in pile analysis



7. Assign Loads: Assign — Joint Loads — Forces

Joint Load Assignment - Force
Load Pattem Name [Hx hd
Loads Options

Force Global X 11.39.7) kN ™) Addto Exsting Loads
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Moment Global YY 0 leM-m
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Figure A.15 Joint Load Assignment in pile analysis

[ FidElevation View - 1 Joint Loads (Hx) |

11397 Story

Figure A.16 Joint Load view in pile analysis

8. Run Analysis: Analyze — Run Analysis
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9. Check analysis results

Hicad o - x

| Model | Display | Tables | Repoits | Detailing |

4 || =-Tables
- Model

N, =- Analysis
1 -- Oiptions
Lo -- Responsze Spectrum Functions
! - Time History Functions
';-E_JI -- Load Cases
H| o
R &I Displacements

. i-Joint Drifts

[i] --Stn.n:ture Results
[+ Frame Results

L El- Energy/Virtual Work

— =~ D_esign

= [+~ Preferences

= - Table Sets

Figure A.17 Result check for pile analysis
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Figure A.18 Section and deflection of the pile
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Structural modelling using ETABS

1. Create Material Properties: Define — Material properties
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Materials Click to:
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Figure B.1 Define Materials

2. Create Section Properties: Define — Section Properties

- Frame Section
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Figure B.2 Frame Properties
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rm Frame Section Property Data - v v W - o> . ﬂw

General Data

Property Name jC50:60]
Material = -] E] 2
—_—- e ; :

Notes [ Modify/Show Notes.. | *

Shape

Section Shape [Conu'e‘ne Rectangular v] eeeees

Section Property Source
Source: User Defined
Property Modifiers

[ Modiy/Show Modiers... |
Cumently Default

Section Dimensions
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Width 500 mm
Reinforcement

[ Modify/Show Rebar... |

Show Section Properties... Cancel

Figure B.3 Frame Section Property Data

- Slab Section

i Y
m Slab Properties g

Slab Property Click to:
Footing i Add New Property... i
Slabi

[ Add Copy of Property.. |

| Modiy/Show Property... |

Figure B.4 Slab Properties
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m Slab Property Data u
General Data
Property Name Sizb2]
Slab Material 30 [
Modeling Type [Shel-'ﬂin ']
Modifiers (Cumently Defaut) ( Modfy/Show.. J
—— L]
Property Notes ( Modfy/Show.. |
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Type Slab -
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oK [ Cancal
A - - - - J

Figure B.5 Slab Property Data

Wall Section

-
m Wall Properties

Wall Property

Wall25

Click to:

l Add New Property...

[ Add Copy of Property...

[ Modify/Show Property...

Figure B.6 Wall Properties
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rm Wall Property Data ﬂw

General Data
Property Name
Property Type [Spw'ﬁed ']
Wal Material [c30 ).
Modeing Type [shetThin -]
Modifiers (Cumently Default) [ Modify/Show... I

Display Color | Change...

Property Notes [ Modify/Show... ]

Property Data
Thickness 250 mm

Figure B.7 Wall Property Data

3. Model the structural elements as indicated in the drawings

4. Create Spring properties: Define — Spring Properties — Point Springs

r '
m Point Spring Properties ﬁ
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- 1 Add New Property...
PSpril | |
PSpril ' Add Copy of P
PSpei2 ’ py of Propery... |
PSprl3 E
by i | Modify/Show Property... |
PSpr2 3 -
PSprd TEEiaLE
PSprd
PSpi5
PSprf — oK
poer Lok |

Figure B.8 Point Spring Properties
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Property Name PSprl
e C .
Property Notes [ Modify/Show Notes... |
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Translation Y 2345 keM/m
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Figure B.9 Point Spring Property Data

5. Create Load Patterns: Define — Load Patterns
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Figure B.10 Define Load Patterns
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6. Create Function: Define — Function — Response Spectrum

s
m Define Response Spectrum Functions

[55c)

Response Spectra

SPEC7-10
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Choose Function Type to Add

[User v]

Click to:

Add New Function...

Figure B.11 Define Response Spectrum Functions
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Figure B.12 Response Spectrum Function Definition
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7. Create Load Cases: Define — Load Cases

rm Load Cases gﬂ

Load Cases Click to:
Load Case Name Load Case Type Add New Case...
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Figure B.13 Load Cases
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Diaphragm Eccentricty | 0 for All Diaphragms Modify/Show...
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Figure B.14 Load Case Data
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8. Assign Spring Properties: Select Node(s) — Assign — Joint — Springs

Joint Assignment - Springs @

Springs

MNone
PSpr10
PSprii
PSpr12
PSpr13
PSprid
PSpr2
PSpr3
PSprd
PSprs
PSpré
PSpr7
PSprg
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Lok | [ Cese | [ feey |

Figure B.15 Joint Assignment - Springs

mB-D View Joint Springs. v X
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Figure B.16 3-D View Joint Springs



9. Run analysis: Analyze — Run analysis

10. Check analysis results.

[ BiiModel Explorer | v X
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Figure B.17 Model Explorer - Analysis check

11. Display results of stories: Display — Story Response Plots

102

Figure B.18 Story Response Plots
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Effects of Soil Structure Interaction on Seismic Response of Buildings

Suranaree University of Technology
27-29 August 2014

S. Prum & M. Jiravacharadet

Suranaree University of Technology, Nakhon Raichasima, Thailand

ABSTRACT: In practical work, buildings are generally designed with the assumption of having fixed sup-
port. In reality, the supporting soil creates some movement of the foundation. This alters the response of the
structure due to inappropriate assumption of building supports. The present study considers a reinforced con-
crete building resting on pile foundation. Influence of soil-structure interaction (SSI) on response of the build-
ing subjected to seismic excitation is investigated. The model of the building is created by using a conven-
tional structural analysis and design, ETABS. Response spectrum analysis is adopted to simulate the
earthquake excitation. Story displacements, story drifts, overturning moment, and story shear are ohserved
and compared between different support conditions. Based on the study results, SSI affects the overall re-
ponse of the structure. The results indicate that the structure exhibits larger displacements as well as story
drifts caused by elastic support condition. [n addition, story shears and overturning moments are modified

significantly.

I INTRODUCTION

A widely-accepted perception of soil-structure inter-
action in most design codes is its beneficial role in
the design of structures. Design acceleration spectra
resulting from actual recordings of many elastic re-
sponse spectra consists normally three branches: in-
creasing, constant and decreasing acceleration
branches. Whereas the constant acceleration branch
of a soft deposit soil can take up to | sec period
(Gazetas, 2006). This long natural period may lead
to smaller acceleration, bending moment, and base
shear of majority of building structures and their
foundation due to its position in the decreasing ac-
celeration branch of conventional response spectra
(Fardis, 2003). 1t is also noted similarly in ASCE7-
05 (2006) that the base shear of the structure is re-
duced for an amount in case that soil-structure inter-
action is taken into account. However the beneficial
role of soil in soil-structure interaction has hecome
an unclear thing. It has been shown in many docu-
ments and case histories that over-simplification of
the beneficial role of soil-structure interaction may
lead to a non-conservative design of structures,
hence cause destruction of structures during earth-
quake. The collapses of a long elevated highway
section of Hanshin Expressway’s Route 3 in Kobe

(Mylonakis, Syngros, Gazetas, & Tazoh, 2006) and
buildings in the recent Adana-Ceyhan earthquake
(Celebi, 1998) were caused by detrimental role of
soil.

Therefore this paper aims to study the detrimental
role of soil participating in seismic response of
structures. A case study of a building with its corre-
sponding soil profile is used to observe its elastic re-
sponse while it is subjected to earthquake excitation.
This study is useful for understanding the perfor-
mance of a structure with consideration of its under-
lying soil properties.

2 STRUCTURAL MODEL

2.1 Superstructure model

The case-study building is a concrete core-wall
building with the height of 27.5 m and 36 m x 24 m
floor plan (Figure 1). The column cross section is 60
em by 50 em and the wall thickness is 25 em. The
lateral load resisting elements of the building are re-
inforced concrete core wall and columns. The com-
pressive strength of concrete is 30 MPa and yielding
strength of rebar is 400 MPa. Young modulus of
concrete and steel are 25,743 MPa and 200,000
MPa, respectively. The gravity-load carrying system

:549:
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used to support a super-imposed dead load of |
kN/m’ and a live load of 3 kN/m’ is a 20 cm thick
post-tension concrete flat slab resting on reinforced
concrete columns and shear walls.

[N

24m

i6m

[} ] L

Figure 1. Floor plan of the case-study building.

The flat slab and wall are modeled as shell ele-
ment, while columns are modeled as beam-column
frame element. Finite element program, ETABS
(2005} is used to model the considered building. 3D
model of the studied fixed-base structure is shown in
Figure 2.

Figure 2. 3-D model in ETABS.

2.2 Substructure model

Footings and piles are also included the model. 1m-
thickness footing with 1.5 m width by 1.5 m length
is modeled under each column, while footing with
4.2 m width by 9.2 m length is modeled under each
core wall. Property of the footings is defined as
shell-thick element in the model. Under each col-
umn, a circular-column element with diameter of Im
and length of 39 m is modeled to represent a pile
supporting the superstructure. There are totally 6
piles used to support a core wall. A 3D model of
footings with piles is shown in Figure 3.

:550:

Figure 3. 3D model of substructure elements.

3 REPONSE SPECTRUM

In this study, the design response spectrum from
Thai seismic design code is used. Figure 4 below
shows the plot of pseudo acceleration with natural
period of the structure.

at:
=3
=

pseudo acceleration

Natural period (sec)

Figure 4. Design response spectrum

4 EQUIVALENT SOIL SPRING AND
VERTICAL STIFFNESS FOR PILE
FOUNDATION

The analysis of the laterally loaded piles has been
done by many researchers. The widely used and
simple method of analysis is by using the subgrade
reaction medel proposed by Winkler 1867. In that
method, the surrounding soil is modeled as a series
of unconnected linearly-elastic springs. The spring
stiffness is defined in term of modulus of horizontal
subgrade reaction {k, : kN/m’) as shown in Equation
L.

K, =k, xBxAL n
where &; = modulus of horizontal subgrade reaction;

B = width or diameter of the pile; and AL = spring
spacing.
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In Winkler model, the pressure p and the deflec-
tion y at a point are assumed to be related through
the modulus of subgrade reaction, which for hori-
zontal loading, is denoted as %, and shown in Equa-
tion 2. The physical meaning of £,is illustrated in
Figure 5.

k=2 )
}J
Soil surface ). y

/s WP

Pile before loading; I

7

+ ' Soil reaction

A 4

- =2
y

Pile afterloading /’ "
Figure 5. Horizontal subgrade reaction of soil.

4.1 Modulus of subgrade reaction for sand

Terzaghi (1955) presented the evaluation of modulus
of subgrade reaction for sand as shown in Equation
3.

nz
k,= % (3)
where z = depth below ground surface; B = width or
diameter of the pile; and », = constant of horizontal
subgrade reaction.
Recommended values for constant of subgrade reac-
tion are shown in Tables [ and 2.

Table [. Recommended values for constant of subgrade reac-
tion (Davisson, 1970).

Very Medium Very

loose | Loose dense Dense | gense
E451 .
Y 4
z
=401 B
<
g 354 -
5 Reese et al.—__
o 30+ B
'g 25+ J
B
o
T 204 .
¥
2 154 B
S
g 10 ) .
é’ Terzaghi —__| /
g T / 5
O

y ey 1y =
0 10 20 30 40 50 60 70 8 90
Relative density Dy (%)

Figure 6. Relationship between relative density and coefficient
of subgrade reaction.
42 Modulus of subgrade reaction for clay

Modulus of subgrade reaction for clay was intro-
duced by Davisson (1970) as shown in Equation 4.

S
k=672 4
3 U “)

where § = undrained shear strength and B = width
or diameter of the pile.

43 Soil properties

In this study, Bangkok subsoil is used. Soil profile
and its correstponding properties are shown in Table
3 (Chandrasakha, 2013). As seen in Table 3, the un-
derlying soil in Bangkok area consists of a very deep

Soil type n i . "
op kN/h . soft deposit which may be vulnerable to earthquake
i excitation tending to amplify the response of the
Granular 2840-28380 structure
Silt 110-850 ’
Peat 60 Table 3. Soil layers and their properties.
Table 2. Recommended values for constant of subgrade reac- Depth | Soil type SPT-N | Su(kN/md) | ¢
tion (Reese, Cox, & Koop, 1974; Terzaghi, 1955). 2-15 | Very softotsoftclay | 2-12 21 -
Soil property Loose  Moderate  Hard 1FH | Medmmehy L ] 57 '
Author N/ KN/ WNm 18-25 | Stiff to very stiff clay | 15-35 | 120 -
Terzaght (1955) 7402180 2180-7380 738014470 SRl | Denieard fE. | - 5
Reeseetal (1974) 5680 17030 35470 40-45 | Hard clay 27-62 | 262 -
45-60 | Very dense sand 25-80 | - 36

Tomlinson and Woodward (2008) investigated
the the relationship of SPT-N value with relative
density of soil (Tab. 3) by using the graphic given by
Terzaghi and Reese as shown in Figure 6.

4.4 Calculation of spring stiffness

Based on the calculation procedure and soil proper-
ties given above, stiffness of each spring can then be
evaluated. The constant of subgrade reaction for
sand is chosed from the recommended value given
by Terzaghi (1955). The following table is the sum-
mary of the spring stiffness to be used in the analy-
Sis.

551
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Table 4. Summary of spring stiffness.

Table 5. Modal periods and frequencies

Eﬁpth To)flI]?e of SPT-N l?;llmj t\'fml IlfN/m Mode Period (sec) Frequency (rad/sec)
Very soff Fixed ST | Fixed | SSI
15 |10 212 |2 1407 | 1407 1 0.865 1823|7264 |3.4461
;}:dtulfmy 2 0.758 1675 |82853 [3752
1618 |y 618 1 57 3819 | 3819 3 0491 1508 | 127847 | 41667
Stiff
19-25 tovery | 15-35 | 120 8040 | 8040 The detrimental effect of soil structure interaction
stiff clay is clearly seen in Figures 8 and 9. In Figure 7, the
26 191880 displacement at story 1 refers to the displacement at
27 199260 ground level of the structure. It is noticeable at that
2% 206640 level that the displacement of the structure with pile
2 514020 foundation is not zero, while that of fixed base struc-
. ture is approximately zero (Figs 8 and 9). Due to the
30 2146 flexibility of the soil represented by a series of
3l 228780 springs, the pile heads can move for some distance.
32 | Dense 16-65 1350 |236160 The displacement then continues increasing from the
13 sand . 243540 base of the structure to its maximum value which is
2 250920 about 3 times compared to the d_isplacement gf fixed
5 v b_ase structure (Figure 8). The .dlsplacez_jaent_s in E-W
= = direction are larger than that in N-S direction since
36 265680 in N-S direction the two core wall provide large
37 273060 stitthess to resist the lateral load applied.
38 280440 Story 10
39 287820 Story 9
. o i Story 8
4.5 Stiffness of vertical spring Story 7
The stiffness of the vertical spring applied at the tip Story 6
of the pile (K, = 518159.58 kN/m) is used in the Story 3
analysis. Equation 5 shows its relation with section Story 4
modulus and length of the pile. Y
Story 3
K. = E (5) Story 2
L

where £ = Young’s modulus of pile; 4 = area of
cross section of the pile; and L = length of the pile.

5 RESULTS AND DISCUSSION

Analyzed model is shown in Figure 7. According to
the study results, it is found that the periods of the
model with flexible base support are higher than that
of fixed base support for all considered modes. The
period of the first mode of the model with SST is
about 2 times of the period of the fixed base model.
This is caused by the flexibility of the soil that tends
to lengthen the structural period. Table 5 summariz-
es the modal periods and frequencies of each studied
model. The notation “SSI” refers to the model of the
structure with springs supporting the piles and
“Fixed” refers to the model of the structure with
fixed support.

w
[

Story 1 (GL)
Footing level

) 232233333332237333723773237733733333333333123
1233333133333 11313313 ]
333333233333 33337333333373313313333333313 3
13333333333333333333333%7333333333333333333333"

Base

L AL i i B B B B
[

Figure 7. An elevation of the studied model.

It is similarly observed for the structure with SSI
that story drifts (Figures 10 and 11) are magnified
significantly.




109

= =

Story
~ e o

= T B SN VR N

<
=

Displacement (mm)

Figure 8. Story displacements of fixed and flexible base struc-
tures - E-W direction
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Figure 9. Story displacements of fixed and flexible base struc-
tures - N-S direction.

The maximum drifts in both directions are at the
first story of the structure with flexible base, while
the maximum drifts for fixed base structure are at its
7" story for drift in E-W direction and at its 9 story
for drift in N-S direction. The difference between the
two maximum drifts in E-W direction is about 3.3
times.

11

—e—Tixed
10 f —a—SSI
9 L
8 |
=1
26
W
3
4
3
2
| . .
0 0.00035 0.001 0.0013

Drift

Figure 10. Story drifts of fixed and flexible base structures  E-
W direction.
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Figure 11. Story drifts of fixed and flexible base structures  N-
S direction.

The maximum drift among all cases is about
0.0013 which is relatively small compared to allow-
able drift of 0.02 mentioned in ASCE7-05 (2006).
Even though the drifts do not exceed the limit, high-
er drifts may cause higher change of internal forces
of structural elements in each story.

Refered to Figures 12 and 13, the story shears of
both fixed and flexible base are compared. The story
shear indicates the value of force exerting on each
floor of the structure. As seen in Figures 12 and 13,
shear forces at each story of flexihle base structure
are higher than that of fixed base structure regarless
of directions. The value is more important at the
base of the structrue where the shear force of the
structure with SSI is about 1.5 times of that of fixed
base structure in E-W direction and 1.8 times in N-S
direction. According to this result, the value of base
shear is almost double when SSI is taken into ac-
count. This high value of shear force should be paid
attention to during analysis as well as design of re-
sisting elements.
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Figure 12. Story shears of fixed and flexible base structures
E-W direction




110

y! ——TFixe
—a—55]
g s
8 F
7k
o
z6f
w
5 s
4 L
3t
2 L
1 . L .
i 500 1600 1500 2000

Shear (kN)

Figure 13. Story shears of fixed and flexible base structures
N-S direction.

Similar to story shears, the overturning moments
of each floor also increase to a significant value
(Figs 14 and 15). The moments at the top of both
structures are equally zero. The values then tend to
separate from each other to higher values until they
reach their maximums which are the base of the
structures. Both values are about 1.5 times differ-
ence in hoth direction and the structure with SST
shows a higher value.
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Figure 14. Overturning moments of fixed and flexible base
structures  E-W direction.
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Figure 15. Overturning moments of fixed and flexible base
structures  N-S direction.

6 CONCLUSION

In this study, a reinforced concrete core-wall buiding
is analyzed with the consideration of soil-structure
interaction. The structure is modeled in conventional
structural analysis and design program, ETABS. Re-
sponse spectrum analysis is used in the analysis to
simulate earthquake excitation. The study shows that
SSI affects the overall response of the structure. The
period of the structure with SST increases to about 2
times compared to that of fixed base structure. The
results also reveal that the structure exhibits larger
displacements as well as story drifts while SSI inter-
action is taken into account. Moreover, the forces in
the structure such story shears and overturning mo-
ments are magnified significantly. However, it is
recommended to do further research on ditterent
building configurations and height as well as differ-
ent soil profiles to understand clearly on the seismic
response of buildings.
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