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ABSTRACT

Structures in coastal areas may suffer multiple damage due to massive tsunamis
generated by largely intensive earthquakes, such as the 2004 Sumatra-Andaman Earthquake
and the 2011 Great East Japan Earthquake. Thus, it is imperative to establish an evaluation
methodology that comprehensively addresses the impact of complex earthquake—tsunami
disasters. Few studies on earthquake—tsunami multihazard scenarios have adequately
considered soil-structure interaction, especially nonlinear aspects such as foundation uplift.
This phenomenon has influence to structural response and may be directly linked to the loss of
human life. For example, numerous buildings were overturned and washed away due to the
complex disaster resulting from the earthquake and following tsunami in 2011. Consequently,
this study aims to enhance the earthquake-tsunami interaction diagram that Carey et al. (2019)
proposed by incorporating foundation uplift. However, before generating the diagrams, the
effect of seismic isolation due to foundation uplift on building structures during earthquake
ground motion is also investigated to understand the physical foundation uplift behavior.

This dissertation starts with discussing a comparison of two numerical models
considering foundation uplift in Chapter 2. The primary objective of this chapter is not to
devalue the assumptions of each model. The comparison aims to discuss the impact of soil
nonlinearity or geometrical nonlinearity on foundation uplift behavior, particularly
emphasizing scenarios with a low ground contact ratio. Low-rise and medium-rise buildings
with shallow foundations on stiff soil are prepared. Five different frequency characteristic
ground motions are employed for thorough time history analysis. The computational results
underscore the similarity in structural responses between the two numerical models for
structures situated on stiff soil and rock, even in cases where there is a notable difference in the
ground contact ratio for both models. This similarity is particularly evident when the ground
contact ratio is less than 40%. Additionally, the observations reveal that plastic deformation of
the soil may reduce the degree of foundation uplift. Moreover, the comparison results present
that the level of uplifting of the foundation will depend on various different factors, such as
structural characteristics, seismic input motions, and soil conditions.

Subsequently, the effects of seismic isolation due to foundation uplift are investigated
in Chapter 3 by considering three scenarios: a fixed base case, a case with foundation
considering linear soil-structure interaction (SSI), and a case considering nonlinear SSI
accompanied by foundation uplift. Chapter 3 attempts to discuss the effects of seismic isolation

due to foundation uplift, considering both structure nonlinearity and soil nonlinearity by using



the energy concept. For this purpose, taking up low-rise and medium-rise buildings with
shallow foundations on stiff soil as analytical models and fifteen ground motions recorded
during major earthquakes are applied by varying their magnitude to discuss the impact of
intensity of the seismic motions. The computation results demonstrate that foundation uplift
has advantageous effects on the structural response. Foundation uplift works for cutting off
seismic motion, consequently leading to reduced structural acceleration responses.
Furthermore, foundation uplift may reduce the formation of a hysteretic loop or the
accumulation of nonlinear deformation in the superstructure. However, in some scenarios
where the structure is subjected to high-intensity and low-frequency ground motion, foundation
uplift may have an adverse impact on structural responses. Excessive foundation uplift can
render the structure unstable, which has to avoid.

In Chapter 4, earthquake—tsunami interaction diagrams considering foundation uplift
are generated. Additionally, this chapter also simultaneously considers two different limit
states: structural damage (inter-layer drift deformation angle) and foundation uplift (ground
contact ratio). This simultaneous consideration was necessary, as determining whether the
building or the foundation reaches a critical state first depends on the characteristics of ground
motions. To generate the earthquake—tsunami interaction diagram considering foundation
uplift, a three-story building with a mat foundation on stiff soil is prepared. Thirty recorded
ground motions in the coastal area of Japan during the 2011 Tohoku earthquake and the
hydrodynamic force are applied as earthquake loading and tsunami loading, respectively. In
addition to generating the diagrams considering the two different limit states simultaneously,
six ground motions with diverse frequency characteristics are selected. The earthquake—
tsunami interaction diagrams illustrate that the damage resulting from the earthquake could
reduce the required intensity of the tsunami via the hydrodynamic force (Fp) to reach the
corresponding limit states. It can be concluded that the resistance of the structure to a
subsequent tsunami can be reduced due to the residual effects or damage caused by
earthquakes. Furthermore, the diagrams also show the dependence of the dominant limit state
on the characteristics of the input ground motion.

Finally, the authors believe that this study is necessary and useful to determine and
prevent the human damage caused by the complex disaster of earthquake and tsunami and this
dissertation will provide valuable information for the effective reinforcement of buildings
against not only earthquakes or tsunamis but also earthquake—tsunamis multihazard in the

future.
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1. INTRODUCTION

In this opening chapter, Section 1.1 presents the study background, Section 1.2 reviews
the research on multihazard problems; Section 1.3 provides an overview of foundation uplift;
Section 1.4 describes the purpose of this work; and Section 1.5 presents the organization of this

thesis.

1.1 Background

The extensive tsunami generated by the Great East Japan Earthquake damaged the east
coastal areas of Japan on March 11, 2011 [1]. Many buildings suffered severe damage, with
some structures overturned by the 2011 Tohoku Earthquake and Tsunami events [2,3].
Previous studies investigated factors that caused buildings to overturn. Yeh et al. [4] presented
that buildings are overturned because of hydrodynamic and buoyancy forces and soil instability.
Latcharote et al. [5] suggested that the buoyancy force has a greater effect on building
overturning than the hydrodynamic force. Nevertheless, the decisive factors leading to an
overturned building must be investigated. Mimura et al. [6] and Gokon and Koshimura [7]
stated that the coastal areas of Japan affected by the 2011 Great East Japan Earthquake and
Tsunami events suffered from multiple damages due to sequential earthquake and tsunami
hazards. The damages were accumulated due to the successively occurring major earthquakes,
which included the 2016 Kumamoto Earthquake [8]. Extremely large earthquakes generate
giant tsunamis that cause considerable damage to coastal structures; hence, an evaluation

method for describing the effects of an earthquake—tsunami combined disaster is necessary.

1.2 Literature Review

Studies on multihazard problems have gained significant attention in recent years.
Ishibashi et al. [9] developed a probabilistic approach for assessing the reliability of structures
under continuous earthquake and tsunami hazards while accounting for various uncertainty
sources. Their methodology offers a comprehensive framework for evaluating the structural
responses to these hazards and can be used to inform decision-making regarding risk mitigation
and management. Goda et al. [10] presented a new multihazard catastrophe model for coastal
area buildings that can produce beneficial information for more advanced analysis in
earthquake—tsunami engineering. Their results indicated that the contribution of a tsunami to
the total multihazard losses associated with an earthquake substantially increases with the

earthquake magnitude. Carey et al. [11] suggested a framework for demonstrating the effects



of a earthquake—tsunami event on the soil-foundation-bridge system. Meanwhile, Scott and
Mason [12] developed constant-ductility response spectra to consider the hydrodynamic
tsunami loads following the seismic loads, leading to the strength demand estimation. They
concluded that the amplification response considering the sequential earthquake and tsunami
loading over considering only one earthquake case is crucial for structures with long natural
periods and a high ductility capacity. In a subsequent work, Carey et al. [13] suggested a
diagram illustrating the effects of an earthquake and a tsunami on a bridge structure and found
that the impact of an earthquake on a structure decreases its ability to resist subsequent tsunamis.
An earthquake-tsunami interaction diagram is highly beneficent because the diagrams can
indicate the residual effects of the earthquake loading impact on the reduction strength of the
structure to resist subsequent tsunami loading [13]. Although some studies on the earthquake—
tsunami multihazard considered the effect of the soil-structure interaction, most studies did not
consider the nonlinear soil-structure interaction with the foundation uplift, which has
significant positive and negative effects on structural responses [14]. As described above, many
buildings fell and were washed away due to the multihazard caused by the Tohoku Earthquake
and the subsequent tsunami events in 2011. Therefore, any study on the responses of the soil—
structure interaction systems should consider the effect of the foundation uplift phenomenon.
The foundation uplift is not recommended in current seismic designs, and most
conventional seismic design standards [15] assume that a structure's foundation is fixed at the
base. However, a structure supported by a shallow foundation may be separated from the soil
when subjected to a relatively strong earthquake ground motion, as illustrated in Figure 1.1.

This phenomenon is known as the foundation uplift, which is classified as a nonlinear soil—

F: Seismic load or tsunami force
G: Gravity load

I I I M: Overturning moment (those applied moments,
SEISMIC WAVE SOIL | shears, and uplift forces that cause the foundation to
become unstable and overturn.)

SOIL SURFACE

Figure 1.1 Illustration of the foundation uplift



structure interaction. Numerous examples of the foundation uplift can be observed in many
earthquake events. For example, several tall and slender petroleum cracking towers
experienced stretched anchor bolts and swayed back and forth on their foundations during the
1952 Arvin-Tehachapi Earthquake in California [16]. Hanson [17] reported that ice was
discovered under some oil tanks after the March 1964 Alaska Earthquake, indicating that uplift
occurred during the event. The foundation uplift occurred in Veterans Hospital Building 41
during the San Fernando Earthquake [18] and in high-rise buildings during the 1995 Kobe
Earthquake [19]. Sometimes, the foundation uplift becomes excessive, such as some buildings
overturned by the 2011 Tohoku earthquake and tsunami were found [5], as shown in Figure
1.2. It is generally considered as an unstable phenomenon; hence, the behavior of structures
must be studied beyond design to ensure safety during extreme events, such as earthquakes and
other natural disasters. Considering the long-term effects of the foundation uplift on the
structural integrity of a building is also essential because the repeated cycles of uplift and
settlement can lead to significant damage over time.

Numerous studies examined structural responses considering the foundation uplift. In
fact, the phenomenon was studied in the early 1960s by Housner [16]. His research was inspired
by the observation that some elevated water tanks with a peculiar design comprising 11 golf-
ball-on-a-tee-shaped structures survived the ground motion during the 1960 Chilean
earthquakes, whereas other seemingly more stable reinforced concrete elevated water tanks
were severely damaged. To understand this phenomenon, he conducted an analysis and derived

an equation expressing the period of a rocking block as a function of its amplitude. He also

(@) A three-story overturned building (b) A two-story overturned building

Figure 1.2 Photo of example overturned buildings owing to the 2011 Tohoku Earthquake
and Tsunami in the town of Onagawa (referred to Latcharote et al. [5]). Note
that the photos were taken by the survey team of International Research Institute
of Disaster Science, Tohoku University [5]
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developed a formula for estimating the energy dissipation that occurs during the rocking motion.
His results formed the basis of FEMA-356 [20]. Yim and Chopra [21] studied a single degree-
of-freedom (SDOF) system supported on a rigid foundation, prevented and permitted the uplift,
and concluded that the foundation uplift reduced the base shear of the structure. Hayashi [20],
Hayashi and Takahashi [22], and Hayashi et al. [23] investigated the building structure damage
during the 1995 Hyogo-ken Nanbu Earthquake using joint elements with a two-dimensional
(2D) finite element method. Consequently, the uplifting effect may be the reason why slender
buildings did not suffer from any structural damage during the 1995 Hyogo-ken Nanbu
Earthquake. The reduction effect caused by the basemat uplift, however, may have been
dependent on the ground motion intensity and the structure strength. Apostolou et al. [24]
analyzed how slender structures respond to overturning and rocking considering the possibility
of the foundation uplift. They found that the size and the slenderness of the structure affect the
overturning response. Gazetas and Apostolou [25] studied the effect of the foundation uplift
and soil yielding by modeling a rigid block sustained on soil. They found that the foundation
uplift has a beneficial effect on the superstructure, provided that certain conditions related to
the dynamic characteristics of both the structure and the ground motion are met. Iwashita and
Taniguchi [26] investigated the effect of uplift on earthquake response by using a model of a
one-span, 11-story frame and a frame with a shear wall. They concluded that the foundation
uplift reduces the base shear of structures. Asari et al. [27] investigated the reduction effect of
the foundation uplift on a building structure from the energy response perspective by treating
an analytical model as an equivalent single-degree-of-freedom system. Similarly, Inoue and
Mikami [28-30] discussed the reduction effect of the foundation uplift on a bridge structure
using the energy concept by using the macroelement model proposed by Nakatani et al. [31].
They found that the effect of the foundation uplift leads to a significant input energy reduction
to structures and strain energy. They [27-30] also assumed the linear behavior of structures. On
the contrary, some other studies demonstrated that the foundation uplift can affect the nonlinear
behavior of structures. Khoshnoudian and Hashemi [32] examined the nonlinear behavior of a
2D frame under the foundation uplift effect using a bilinear model to account for the structural
nonlinearities. They found that the foundation uplift leads to the axial force decrease. Qin et al.
[33] investigated the foundation uplift effect and the plastic behavior of both the structure and
the soil on the structural response by performing shake table simulations. Their results
indicated that the foundation uplift can reduce the plastic hinge development. Pecker and
Chatzigogos [34] studied the effect of foundation compliance on the structural responses of a

bridge structure and concluded that the nonlinear soil-structure interaction (SSI) has a positive
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impact on the reduction of the superstructure's ductility demand. Sarrafzadeh et al. [35]
performed ‘shake table tests’ to investigate the reduction effect of the foundation uplift on
induced energies. Their results demonstrated that the kinetic and damping energies of the
structure were reduced by the effects of the foundation uplift and soil nonlinearity. Ghannad
and Jafarie [36] modeled an equivalent bilinear SDOF model on a rigid foundation sustained
on a spring—damper soil element to examine the effect of the foundation uplift. They concluded
that the ductility demand decreased due to the foundation uplift, whereas the displacement
ratios increased for both linear and nonlinear structures. Dolatshahi et al. [37] obtained a similar
conclusion by investigating the effect of material deterioration, p-delta, and foundation uplift

on the response of SSI systems.

1.3 Study Objective

Few studies on earthquake-tsunami multihazard were conducted by considering the
soil-structure interaction, especially the foundation uplift. The present study aims to further
develop the earthquake—tsunami interaction diagrams proposed by Carey et al. [13] by
considering the foundation uplift. Their proposed diagrams [13] are essentially useful because
they can illustrate that the residual effects of earthquake loading significantly affect the
reduction strength of a structure to withstand subsequent tsunami loading. The effect of the
nonlinear soil-structure interaction considering the foundation uplift cannot be neglected in
earthquake engineering. However, before generating earthquake—tsunami interaction diagrams
considering the foundation uplift, the foundation uplift behavior must first be investigated, and
the foundation uplift effect must be discussed because the foundation uplift effects must
repeatedly be considered to ensure an accurate estimation of the structural response and the
damage potential during seismic motion.

This work attempts to further discuss the effect of the foundation uplift on building
structures and extend the study on earthquake—tsunami multihazard considering the foundation
uplift as follows:

(1) The seismic isolation effect caused by the foundation uplift is discussed from the

structural response and energy flow perspective.

(2) Earthquake—tsunami interaction diagrams are further developed by considering the

foundation uplift.

(3) Earthquake—tsunami interaction diagrams are further improved by simultaneously

considering the foundation uplift and the inter-layer deformation.



1.4 Study Organization

This article comprises five chapters outlined below.

Chapter 1: This chapter describes the foundation uplift overview, reviews research on
the foundation uplift, and presents the objectives and organization of this research.

Chapter 2: This chapter briefly describes the fundamentals of the soil-structure
interaction and the foundation uplift behavior, introduces two numerical models for calculating
the structural responses considering the foundation uplift, including mass, stiffness, damping,
and soil-foundation properties, presents the analytical models and recorded ground motions
used in this work, and compares and discusses the seismic responses considering the foundation
uplift of a linear structure system on a mat foundation based on two different numerical models.

Chapter 3: This chapter further discusses the seismic responses considering the
foundation uplift with a nonlinear structure system and considering that the structure system
assumption in Chapter 2 is based on a linear behavior. This chapter also briefly describes the
trilinear model following Masing’s rule considering the nonlinear stiffness characteristics and
discusses the effect of the foundation uplift from the structural response and energy perspective
considering that when the foundation is separated from the soil, the energy from the soil
transmitted to the structure will not be high.

Chapter 4: After understanding the physics of the foundation uplift problem through
the discussions in Chapters 2 and 3, Chapter 4 generates and discusses the earthquake—tsunami
interaction diagrams considering the foundation uplift. The 2011 Tohoku Earthquake and
Tsunami events overturned buildings, and some publications reported on the multiplicative
damage in the coastal areas negatively affected by the sequential 2011 earthquake and tsunami.
The authors believe this chapter will be vital in determining severe damages, such as overturned
buildings, that may have been caused by the complex earthquake and tsunami disasters.

Chapter 5: This chapter provides a summary of the results obtained in Chapters 2 to 4.
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2. SEISMIC RESPONSE OF LINEAR STRUCTURE
SYSTEMS CONSIDERING FOUNDATION UPLIFT

As mentioned in Chapter 1, the authors attempt to investigate the foundation uplift
behavior and discuss the foundation uplift effect before generating the earthquake—tsunami
interaction diagrams considering the foundation uplift. Chapter 2 opens with the study's
background and purpose in Section 2.1. Section 2.2 then presents a brief explanation of the
soil-structure interaction. Section 2.3 describes the foundation uplift behavior and two
numerical models for calculating the seismic responses considering the foundation uplift,
which are the macroelement and the SR model considering foundation uplift by referring to
Nakatani et al. [1] and Tanaka et al. [2], respectively. Section 2.4 clarifies the numerical
evaluation method, including the mass, stiffness, damping, and soil-foundation properties.
Sections 2.5 and 2.6 explain the analytical models and the recorded ground motion used in this
study, respectively. Section 2.7 discusses the foundation uplift phenomenon by comparing the
structural responses considering the foundation uplift of the two numerical models. Finally,

Section 2.8 summarizes this chapter.

2.1 Background and Purpose

A structure on a shallow foundation subjected to a relatively intensive seismic motion
may be separated from the soil. This phenomenon is called the foundation uplift, which is
categorized as a nonlinear soil-structure interaction. The foundation uplift significantly affects
structural responses [3], even though structures are subjected to a weak or medium ground
motion [4]. Accordingly, the foundation uplift behavior must be considered to ensure structural
safety during earthquakes. Many numerical models calculate seismic responses considering the
foundation uplift. For example, Hayashi [5] modeled the foundation and the soil using joint
elements with a two-dimensional finite element method. This analysis type considers numerous
degrees of freedom and requires a prolonged calculation time. Hence, to avoid a considerable
amount of simulation work, some studies proposed simplified models for calculating the
seismic response considering the foundation uplift. For example, Tanaka et al. [2] and Momma
et al. [6] developed the SR model considering foundation uplift. According to Tanaka et al. [2]
and Momma et al. [6], the SR model considering foundation uplift was called the horizontal-
vertical interactive SR model; hence, hereinafter referred to as the horizontal—vertical
interactive SR model in this study. Nakamura et al. [7] compared structural responses
considering the foundation uplift by the model proposed by Tanaka et al. [2] and Momma et
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al. [6] with the finite-clement model and Green’s function method. Their results presented that
the horizontal maximum acceleration responses had almost the same values. The ground
contact ratio of the SR models was comparatively different from the finite-element model and
Green’s function method. Nakamura et al. [7] compared and discussed the structural responses
and ground contact ratios by considering that the structure was founded on comparatively hard
soil (shear wave velocities (Vs): 1000 and 2000 m/s), of which nonlinearity may not need
consideration. Some studies investigated and discussed the effect of soil nonlinearity and
foundation uplift on the structural response. For example, Qin et al. [8] conducted shake table
simulations to examine the foundation uplift effects and the nonlinear behavior of the structure
and the soil on the structure response. They found that soil nonlinearity reduces both the
structural response and the vertical displacement of the foundation. Inoue and Mikami [9,10]
also studied the effects of the foundation uplift and the soil nonlinearity on the reduction effects
of the section force by using the macroelement model of Nakatani et al. [1]. Their results
illustrated that the section force was notably reduced by the foundation uplift and soil
nonlinearity. The present study also investigates seismic responses considering the foundation
uplift by comparing the horizontal—vertical interaction SR and macroelement models proposed
by Nakatani et al. [1], which enabled the consideration of soil nonlinearity based on the plastic
theory and the foundation uplift.

Note that this chapter aims not to evaluate or devalue the rules or assumptions of the
models considering the foundation uplift, but to rather discuss the effect of soil nonlinearity or
geometrical nonlinearity on the foundation uplift behavior, especially in the case of a low
ground contact ratio. For this purpose, low- and medium-rise buildings with shallow
foundations on stiff soil considering the foundation are prepared. The seismic response is
calculated, and various results are discussed by performing five ground motions with different
frequency characteristics recorded from major earthquakes for the time history analysis. This

chapter considers structure based on the linear assumption.

2.2 Basic Soil-Structure Interaction

Ground motions unaffected by the presence of structures are referred to as free-field
motions. A structure sustained on a solid rock is commonly considered as a fixed-base structure
when subjected to an earthquake due to the high rock stiffness that constrains the rock motion
very close to the free-field motion during the earthquake. Rock-sustained structures are known
as fixed-base structures generally described in a Structural Dynamics textbook [11]. In contrast,

if a heavy structure is supported on soft soil, the mass or stiffness of that structure differs from
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that of the soil, making the ground and structure motions different. The soil response influences
the structure motion and vice versa. This is referred to as the soil-structure interaction. The SSI
effect can be neglected when light structures are founded on comparatively stiff soil or a rock.
In contrast, it is significantly notable for heavy structures resting on soft soils.

2.2.1 Two basic components of the soil-structure interaction

The extent of soil-structure interaction will depend not only on the soil stiffness but
also on the mass and stiffness of the structure. The soil-structure interaction is influenced by
two phenomena: kinematic and inertial interactions.
2.2.1.1 Kinematic interaction

In the free-field motion, an earthquake motion results in soil deformations. By contrast,
if a foundation is sustained on stiff soil, its inability will not match the free-field motion,
consequently deviating the motion of the structure base from the free-field motion. The motion
becomes result of the kinematic interaction. The deformation mode (e.g., torsion and rocking
motion) can be induced by the kinematic interaction, which is not present in the free-field
motion.
2.2.1.2 Inertial interaction

A structure subjected to a seismic motion generates inertia force by the structure mass.
The inertia force transmitted to the surrounding soil will then produce foundation movement,
which does not occur if structure is based on the fixed-base assumption. The dynamic responses
of the structure—foundation system, which cause soil deformation, are called the inertial
interaction. The amount of inertial interaction depends on the difference in stiffness between
the structure and soil. Therefore, the influence of the inertial interaction significantly increases
when a heavy structure is founded on soft soil.

2.2.2 Analytical methods considering the soil-structure interaction
The methods for analyzing the SSI effect on the seismic response are primarily
categorized as direct or substructure methods.

2.2.2.1 Direct method
The structure and the soil are considered within a complete system, as shown in Figure
2.1. Finite element or finite differential methods are mostly employed in this approach. The

direct method, however, requires considerable calculation time.
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Figure 2.1 Illustration of a direct method for soil-structure interaction

Figure 2.2 Illustration of a substructure method for soil-structure interaction

2.2.2.2 Substructure method

The substructure method considers the soil and the structure as a separate structural
system. The soil and foundation are treated as a rigid foundation supported by springs and a
dashpot, as illustrated in Figure 2.2. The stiffness and damping characteristics of the soil-
foundation system are represented by the springs and the dashpot, respectively.

The soil and foundation nonlinearity should be considered while considering
foundation compliance. This results in a non-conservative oversimplification, mainly in strong
geometric nonlinearities. The structure and soil can be modeled as linear systems, but nonlinear
behavior, such as sliding and foundation uplifting in the soil-structure system, is observed at
the contact surface, which must be considered.

2.3 Foundation Uplift Behavior

Figure 2.3 Foundation uplift behavior
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Figure 2.3 depicts the foundation behavior, where H, V, and M are the horizontal and
vertical forces and the overturning moment at the foundation center, respectively. The
displacement response in the horizontal, vertical, and rotational directions at the base center of
the foundation is denoted by u, v, and 6, respectively. B denotes the foundation width. The
foundation uplift can easily occur when a structure is subjected to a strong earthquake. This
results in the contact area reduction between the foundation and the soil, which can lead to a
nonlinear relationship between the moment and the rotation of the foundation. Figure 2.4
illustrates the relationship between the rotation displacement and the overturning moment, with
Mo and 6o representing the overturning moment and the rotation deformation at the starting
point of the foundation uplift, respectively. These values are computed using Equations (2.1)
and (2.2), respectively, where W is the building weight, and Kro represents the rotational spring
constant of the soil-foundation system. Figure 2.4 shows that the relationship between the
overturning moment and the rotation deformation becomes a nonlinear behavior when the
overturning moment (M) is more than the overturning moment at the uplift initiation (Mo). The

overturning moment (M) is calculated by Equation (2.3).
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Figure 2.4 Overturning moment and rotation deformation relationship of the shallow

foundation considering the foundation uplift
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This chapter presents two representative models for calculating the seismic response
considering the foundation uplift: the macroelement and horizontal—vertical interactive sway-
rocking models. Both numerical models are basically sway-rocking models that consider the
nonlinear relationship between the overturning moment and the rotation. The theory of both

models is described in subsequent sections.

2.3.1 Macroelement model

The current study uses the macroelement model developed by Nakatani et al. [1]
because it considers the soil nonlinearity and the foundation uplift phenomenon. Referring to
Nakatani et al. [1] and Shirato et al. [17], the macroelement model and the elasto-uplift-plastic
macroelement proposed by Nakatani et al. [1] will be summarized in this section.

The macroelement theory was invented by Nova and Montrasio [12]. A macroelement
treats the foundation and soil system as a rigid foundation supported by springs for the
nonlinear soil-structure interaction. This macroelement expresses the behavior inside the
content of the work-hardening plasticity of the soil-foundation system. Many studies
developed the macroelement model [13,14]. For example, Paolucci [15] was the first to develop
the elasto-plastic macroelement application to seismic problems. Cremer [16] suggested that
springs exhibit nonlinear characteristics based on the plasticity theory and uplift characteristics.
Nakatani et al. [10] developed the macroelement model that revised the assumption of the
elastic—uplift—plastic behavior. The displacement is given in an incremental form and
comprises elastic and plastic displacements. Compliance connects the incremental
displacement and load. Plastic and uplifting compliances are required. In these evaluations, the
yield surface, hardening law, and flow law are given based on the plasticity theory.

The total incremental displacement of the foundation vector ({du}) for the elasto-uplift-
plastic macroelement model proposed by Nakatani et al. [1], consists of the elastic ({du®'}),
uplift ({du“’}), and plastic ({duP'}) components, as expressed in Equation (2.4). The
relationship between the incremental force vector ({dF}) and the displacement (du) is
presented in Equation (2.5), where [D®'], [D'], and [DP'] are the elastic, uplift, and plastic
compliances matrices, respectively. The elasto-plastic macroelement is referred to as the

inverse of D¢ + D' + DP!,

{du} ={due'}+{du“p}+{dup'} (2.4)

(dF}=([D"]+[D*]+[D"]) " {cu} (2.5)
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2.3.1.1 Elastic compliance

The elastic compliance matrix ([D®']) is expressed as Equation (2.6), where Kno, Kvo,
and Kro are the initial spring coefficients of the soil-foundation system described in the soil-
foundation system properties (Section 2.4.5).

1/K,, 0 0
[D']=| 0 1/K, O (2.6)
0 0 1/Kq,

2.3.1.2 Uplift compliance

Figure 2.4 indicates that the uplift compliance is determined based on the relationship
between the rotation displacement and the overturning moment of the foundation. The rotation
and vertical displacements of the foundation in the uplift component are expressed as Equations
(2.7) and (2.8), respectively, where M, is the mobilized overturning moment influenced when
soil becomes plastic. When the overturning moment (M) is less than the overturning moment
at the foundation uplift initiation (Mo), the vertical and rotation displacements of the foundation
in uplift component (v*? and 6P, respectively) will be zero.
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A weight function is applied to the uplift compliance because the uplift component will
be predominant when the dead load decreases. Therefore, the uplift compliance matrix ([D""])
IS written as Equation (2.9), where Vo is the dead load, and Vr is the ultimate bearing capacity
in terms of the vertical loading.

0 0 0

[D*]=]0 0 (1—\/—][?’“:} (2.9)
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2.3.1.3 Plastic compliance

The bearing capacity surface is necessary to describe the plastic component. Nova and
Montrasio [12] expressed the bearing capacity surface in Equation (2.10), where h = H/(uVm);
m = M/(yBVm); and ¢ = V/(Vm). The foundation's bearing capacity is estimated as a rugby ball
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Figure 2.5 Diagrammatic bearing capacity surface

shaped in the function H-V-M/B, as presented in Figure 2.5.
f, =h?>+m?>—&21-&)* =0 (2.10)
The yield function expressed in Equation (2.11) is used to describe the plastic
deformation based on Nova and Montrasio [12], where p¢ is the hidden parameter determining
the immediate capacity of the yield surface and converting the instantaneous combined loads
into the magnitude of an equivalent vertical force. The yield surface is specified by parameters
w w,and ¢
f,=h?+m?-&2(1-&/ p,)* =0 (2.11)

Assuming that the soil is plastic hardening, the yield surface size develops based on the
hardening rule. The hardening function is approximated by an exponential function, as shown
in Equation (2.12), where the geometric mean of the plastic components in the horizontal,
vertical, and rotational displacements (v¢) is expressed in Equation (2.13). Parameters Ro, awm,

and ym prescribe the yield surface size based on the hardening rule.

p.=1— exp(—%j (2.12)
vV, = {(aMup' )2 +(vpI )2 +(;/M BO” )2}0'5 (2.13)

The rating form of the hardening function is written as Equation (2.14) by using the
Taylor expansion, taking the first-order term, and obtaining the incremental displacement (du,
dv, and d6).

dp, = (1—pc)\%(a,vl \dup'\+\dvp'\+yMB\dep'\) (2.14)
M

The incremental plastic component is expressed as Equations (2.15)—(2.17), where g is
the plastic potential function computed by Equation (2.18). Parameters 4 and y are the nonlinear
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soil behavior beyond the yielding point. A is a scalar parameter calculated by Equation (2.1.9)

proposed by Nova and Montrasio [12].

du® :Aa—g
oH

av” :Aa—g
oV

do” =28
oM

g=Ah"+ y’m? =& (1-¢&/ p,)* =0

of of of
—YdH +2dVv + y dM
oH oV
A=—
T
Pe)
apc M
The plastic compliance matrix is eventually expressed as Equation (2.20).
(O, o9 o9 o, og
oHoH oH oV oH oM
DY — A of, a9 of, a9 of, 09
NOH VoV oV oM
of, a9 of, o9 of, og
(M OH oM oV oM M |

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

Based on Nova and Montrasio [12] suggestion and referring to Nakatani et al. [1], Table

2.1 summarizes the parameters describing the nonlinear behavior of the macroelement model.

Table 2.1 Parameter setting for the nonlinear behavior of the macroelement model (referred

to Nakatani et al. [1])

Parameters Value
U 0.90
Yield function w 048
¢ 10.95

Ro | 48946
Hardening function om | 2.80
ym | 1.70
: . A 0.45
Plastic potential Y 0.45
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2.3.2 Horizontal—-vertical interactive sway-rocking model

A horizontal—vertical interactive SR model is one convenient model for evaluating the
seismic responses considering the foundation uplift [2,6]. According to the TDAP 11 manual
[18] and the Nuclear Standard Committee of Japan Electric Association (JEA) [19], the
foundation uplift analysis method depends on the ground contact ratio (7). # indicates the area
at the base of the foundation in contact with the soil (i.e., the ground contact ratio can represent
the degree of the foundation uplift). It can be calculated using Equation (2.21), where the
coefficients are according to the ground reaction force distribution (¢). « is 6 when the triangle

distribution is considered and 4.7 when the rigid plate distribution is taken.

2

2 (1 M 6, |*?
_2a (1 M) |6 221
i a—2(2 WBj [ QJ (2.21)

The seismic response analysis methods that consider the foundation uplift are classified
into three categories based on the level of the foundation uplift. Based on the information
provided in the TDAP 111 manual [18] and the Nuclear Standard Committee of JEA [19], this
classification is explained below and summarized in a flow chart in Figure 2.6.
2.3.2.1 When the ground contact ratio is 7 > 75%

A linear uplift seismic response analysis is considered acceptable when the foundation
uplift is approximately less than 1/4 of the foundation width.
2.3.2.2 When the ground contact ratio is 7 > 65%

Anonlinear SR model is used for the seismic response analysis when the ground contact

| START |

y

| Linear uplift analysis |

Nonlinear uplift analysis without
n=175% S . .
considering induced vertical motion

YES - 65% NO Nonlinear uplift analysis considering
=070 induced vertical motion

YES
NO
n=50% Special method

| END |

Figure 2.6 Flowchart of foundation uplift evaluation methods of the horizontal-vertical

interactive SR model
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ratio () is greater than or equal to 65%. However, in this analysis method, the induced vertical
motion of the foundation is not considered because it is assumed to have a negligible impact
on the structure response. This assumption is based on the observation that the vertical motion
induced by the rocking motion of the foundation is typically small compared to the horizontal
motion; therefore, it can be ignored for the seismic response analysis [2,6-7,20].

2.3.2.3 When the ground contact ratio is 65% > n > 50%

Therefore, the nonlinear seismic response analysis for the uplift is performed using the
SR model that considers the induced vertical motion. The model considers the vertical motion
induced by the coupling of the rotational and vertical degrees of freedom when the foundation
uplifts. The induced vertical motions caused by the uplift must be considered when the ground
contact ratio () ranges from 50 to 65%. Neglecting this effect can lead to inaccurate results
[2,6-7,20]. The SR model considers the vertical motion induced by the coupling of the
rotational and vertical degrees of freedom when the foundation uplift occurs during the seismic
motion.

However, a special evaluation method is required when the ground contact ratio is less
than 50%. This special evaluation method indicates that the accurate evaluation method for the
foundation uplift phenomenon is essentially necessary when the ground contact ratio is low.

When the foundation uplift occurs during an earthquake ground motion, the geometrical
nonlinearity caused by the foundation uplift will be considered in the stiffness and damping of
the soil-foundation system. The stiffness and the damping matrix of this soil-structure system
are written as Equations (2.22) and (2.23), respectively. The evaluation formula for the soil
stiffness and damping are Equations (2.24)—(2.28), where the parameters dealing with the

vertical spring nonlinearity (/) are equal to 0.46 [2,6].

Ky, O O

[Kel=| O Kw K (2.22)
L 0 Kir KRR_
C,, O 0]

[Cel= O Cy O (2.23)
| 0 0 Cg]

Kw =717"Kq (2.24)
1-n

KVR :T BKW (225)
M - KV

Ker = 0 = (2.26)



Cow =717Cy (2.27)

Crr = nECRO (2.28)

2.4 Numerical Evaluation Method and Structural Properties

The governing equation for this system is expressed as Equation (2.29), where [M] is
the mass matrix; [C] is the damping matrix of the structure and soil-foundation system; [Ks] is
the structural stiffness matrix; {uU}, {u}, and {u} are the acceleration, velocity, and
displacement response vectors, respectively; and {P} is the external force vector. The ground
reaction force vector denoted as {Fnp} is calculated by Equation (2.30), where [Kg] is the soil-

foundation system matrix.

[MJ{a}+[Cl{u} +[Ks [{u} +{Fp} ={P} (2.29)
ul (H

{Fo} =[Ke]qvi=1V (2.30)
o M

2.4.1 Time-step methods

Newmark’s method is used herein to calculate the structural responses considering the
foundation uplift. Referring to a Structural Dynamics textbook [11], Newmark developed the
calculation method for obtaining the displacement, velocity, and acceleration response at t =t
+ dt based on the following equations, where y and S are Newmark’s parameters that
correspond to 0.5 and 0.25, respectively, in this study:

Ut+dt = ut + (l_ }/)dtU't + ]/dtl',l'm (2.31)
. 1 . .
U,y = U, +dtu, + HE - ﬂj(dt2 )} G, +( Adt? )i, (2.32)
From Equations (2.31) and (2.32), the acceleration at t + dt is expressed as Equation
(2.33).
. 1 1 . 1 .
Upoar = W(uwdt _ut) _Hut _[ﬁ_lj Uy (2-33)
Substituting Equation (2.33) into Equation (2.31),
ut+dt = ﬁ (ut+dt _ut) +[1_%j ut +( _éj l'jt (2-34)
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At time =t + dt, the governing equation is written as Equation (2.35).

[M]{ta}+[Clu b+ (K, J+{Fo =P, ] (@35)

Next, substituting Equations (2.31) and (2.33) into Equation (2.35),

(e L) LR
[M]{(%— J{mhﬁ{ut}quﬂ;z {Ut}} (2.36)
gy 2 ()t

{Fnp} at t + dt is computed by Equation (2.37), where the incremental displacement
({du}) is computed by Equation (2.38).

{FHD““ } :{F”Dt } +Ke ]{d“ﬁ } (2.37)
{dUF, } = {upm }—{uﬁ } (238

Substituting Equations (2.37) and (2.38) in Equation (2.36), the governing equation is

rewritten as Equation (2.39).

L[M] L ke x ]j{xwt%{ﬁol}—[KF]{“#{PM}*

Bt pdt
(M ]ﬂ%_ J{Uxﬁﬁ{“’t}* ,Bclitz {ut}} (2.39)
Gl e CER PRS-

Revising Equation (2.39) into an incremental displacement term results in Equation

(2.40). The incremental displacement is finally computed in Equation (2.41).

DLttt foug = o, o - ]

(e -t 5 -s) w0 xR .
{du} = M_l{ Beaf (2.41)

where the effective load vector { p,,;} is the right term for Equation (2.40), as

expressed in Equation (2.42).
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(B = 1R o1 0 )]
Al 2wt Z-su -k - )

(2.42)
2p

The effective stiffness matrix ( k ) is the left term in Equation (2.40), as presented in Equation
(2.43).
. M] [C]
k= [—+—+ K [+[K 2.43
1)< S Bt e
The mass matrix, structural stiffness matrix, structural damping matrix, and stiffness
and damping matrix of the soil-foundation system are described in the subsequent section by
referring to the TDAP manual [18].

2.4.2 Mass properties

This study considers analytical models comprising lumped mass and beam elements on
a rigid foundation, as shown in Figure 2.7. Each lumped mass has one degree of freedom (i.e.,
horizontal direction). A foundation has three degrees of freedom (i.e., horizontal, vertical, and
rotational directions) because it can translate in the horizontal and vertical directions and rotate.
The mass matrix [M] is expressed as Equation (2.44), where m is the mass of each node, and

ms and Js are the mass and the rotation mass inertia of the foundation, respectively.

A ]
E
g

—

Figure 2.8 Example of an analytical model
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2.4.3 Stiffness properties (beam element)

(2.44)

This study generates a stiffness matrix using beam elements. The stiffness matrix [K]

is expressed as Equation (2.45), where K is the spring constant; N is the node number; E is the

Young’s modulus; | is the moment inertia; A is the cross-sectional area; and L is the beam

length.
[k, -k 0 0
—k, k+k, K, 0
0 —k, k+k, —k,
0 0 : ..
kN—Z kN—2+kN—1 _kN—l
[K]=
0 _kN—l kN
0 0 0 0 0 0 —
0 0 0 o L SE
L L L

2.4.4 Damping properties

L

(2.45)

The structural damping matrix is generated by Equation (2.46), where ¢ is the damping

coefficient, and fo is the rocking frequency that is computed by Equation (2.47), where J is the

rotation mass inertia of the foundation, and Kro is the initial spring constant of the soil-

foundation system corresponding to the rotational direction.

[C1=-2-1K]

0
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1 |K
f =— |[=R¢ 2.47
o= (2.47)

2.4.5 Soil-foundation system properties

This study treats the soil-foundation system as a rigid foundation supported by springs
and dashpots, as shown in Figure 2.7. These springs and dashpots represent the stiffness and
damping characteristics of the soil-foundation system. The initial stiffness and initial damping
matrices of the soil-foundation system are expressed by Equations (2.48) and (2.49),
respectively, where Kno, Kvo, and Kro are the initial spring constants of the soil-foundation
system corresponding to the horizontal, vertical, and rotational directions, respectively, and
CHo, Cwvo, and Cro are the initial damping coefficients of the soil-foundation system
corresponding to the horizontal, vertical, and rotational directions, respectively. The spring
constants and the damping coefficients for the soil-foundation system are calculated using
Equations (2.50)—(2.56) proposed by Gazetas [21], where G is the soil shear modulus; v is
Poisson’s ratio; Vs is the shear wave velocity; p is the soil density; A is the foundation area; and
I+ is the moment inertia of the foundation. The coefficient indicating the frequency dependence

of the damping vertical (C.) and rotational (C.) are 0.9 and 0.2, respectively [1].

Kio O 0
[Kel=] 0 Ky O (2.48)
0 0 Kgo
Ciho O 0
[Cl=| 0 ¢C, O (2.49)
0 0 Cg
K, = 2C(B/2) (2.50)
2—v
K,, = 4.5G(B/2) (251)
1-v
3
K - 3.6G(B/2) (252)
1-v
Cho = PVA (2.53)
Coo= pVLAAC_V (2.54)
Cro = Vil Cy (2.55)
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34y (2.56)

LA = 71—v) s

2.5 Analytical Models

Reports on the structural damage caused by the 2011 Tohoku Earthquake and Tsunami
events [22] revealed that low-rise buildings on a shallow foundation were the most significantly
damaged buildings during these events. However, Suppasri et al. [23] reported that five
reinforced concrete buildings were overturned by the 2011 Great East Japan Tsunami in
Onagawa town, and two of the five buildings were built on a shallow foundation. Nevertheless,
pile foundation damage was observed in buildings with pile foundations, making the resisting
moment against the overturning moment primarily rely on the building's self-weight.
Therefore, this study focuses on two building types, i.e., low- and medium-rise buildings,
supported by a shallow foundation sustained on three soil conditions (soft, stiff, and rocky) as
the analytical models to discuss universality results.

2.5.1 Lowe-rise building

A low-rise building is a type of structure typically with a maximum height of
approximately three or four stories. The specific height for low-rise structures varies depending
on local building codes. This study assumes a three-story analytical model supported by a mat
foundation demonstrated in Figure 2.8 as a low-rise building. Table 2.2 presents the parameters
for this low-rise analytical model with reference to Tokimatsu et al. [24] and Latcharote et al.
[25].

0ooo
0oo0
0oo0

Ground level

Figure 2.8 Low-rise building analytical model
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Table 2.2 Parameters for the low-rise building analytical model

Parameters Values
Lumped mass, Ms (t) 200
Foundation mass, M (t) 100
Rotation inertia mass of the foundation, J (t-m?) 840
Height, H (m) 3.5
Damping coefficient of the structure, # 0.05
Young modulus, E (kN/m?) 2 x 108
Moment of inertia, | (m*) 0.018
Cross section area, A (m?) 1.00
Foundation width, B (m) 10
Natu_ral period of the structure at the first mode for 0.1989
the fixed-base case, T1(S)

Natural period of the structure at the first mode for 0.2122
the soil-structure interaction system, T1 (S) '

2.5.2 Medium-rise building

A medium-rise building typically has stories ranging between five and eight stories and
a height less than 30 m. However, the classification depends on the local building codes.

Referring to Osaki [26], the five-story structure model demonstrated in Figure 2.9 is considered

Ground level

Figure 2.9 Medium-rise building analytical model
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as a mediume-rise building in this study. Table 2.3 presents the parameters for the medium-rise

model with reference to Osaki [26].

Table 2.3 Parameters for the medium-rise building analytical model

Parameters Values
Lumped mass, Ms (t) 50
Foundation mass, M (t) 100
Rotation inertia mass of foundation, J (t-m?) 840
Height, H (m) 3.5
Damping coefficient of the structure, 5 0.05
Young modulus, E (kN/m?) 2 x 108
Moment of inertia, | (m*) 3.4826 x 1073
Cross section area, A (m?) 1.00
Foundation width, B (m) 10
Natu_ral period of the structure at the first mode for 0.3535
the fixed-base case, T1 ()

Natural period of the structure at the first mode for

the soil-structure interaction system, T1 (S) 0.3565

2.5.3 Soil-foundation system model

This study considers the three following soil types to examine the effect of the soil
nonlinearity on the foundation uplift behavior and structural response: soft soil, stiff soil, and
rock. Referring to Awlla et al. [27] and Look, B.G. [28], Table 2.4 summarizes the typical
parameters for calculating the soil-foundation system. The shear modulus for different soil
types is calculated using Equation (2.57). Table 2.5 summarizes the parameters of the

foundation—soil system for each soil condition using Equations (2.47) and (2.50)—(2.56).

V.- e

yo,

(2.57)
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Table 2.4 Shear wave velocity, density, and Poisson’s ratio for different soil types

Soil types | Shear wave velocity, Vs (m/s) Density, p (t/m®) Poisson’s ratio, v
Soft soil 150 1.6 0.40
Stiff soil 300 1.8 0.40
Rock 1000 2.0 0.25

Table 2.5 Spring constants and damping coefficients of the foundation—soil system for

different soil types

Parameter

Soft soil

Stiff soil

Rock

Initial spring constants of the soil-foundation
system corresponding to the horizontal
direction, Kro (KN/m)

1.01 x 10°

4.56 x 10°

5.14 x 107

Initial spring constants of the soil-foundation
system corresponding to the vertical direction,
Kvo (KN/m)

1.36 x 10°

6.13 x 10°

6.05 x 107

Initial spring constants of the soil-foundation
system corresponding to the rotational
direction, Kro (kN-m/rad)

2.70 x 107

1.22 x 108

1.20 x 10°

Initial damping coefficients of the soil—
foundation system corresponding to the
horizontal direction, Cho (kN's/m)

2.40 x 10*

5.40 x 10*

2.00 x 10°

Initial damping coefficients of the soil-
foundation system corresponding to the
vertical direction, Cvo (kNs/m)

3.90 x 10*

8.77 x 10*

2.60 x 10°

Initial damping coefficients of the soil—
foundation system corresponding to the
rotational direction, Cro (kN's'm)

7.22 x 10*

1.62 x 10°

481 x 10°

Rocking frequency, fo (Hz)

28.53

60.56

193.23

30




2.6 Earthquake Ground Motions

This study prepares two kinds of ground motions as seismic loading (i.e., inland- and
subduction-type earthquakes) to discuss the effects of the frequency characteristics. Five
recorded ground motions were selected from the National Research Institute for Earth Science
and Disaster Resilience, Tokyo Institute of Technology, and the Pacific Earthquake
Engineering Research Center. Table 2.6 provides the properties of selected ground motions,
where the PGA denotes the peak ground acceleration; Fe is the predominant frequency; Vsso is
the averaged shear-wave velocity to a depth of 30 m; and the soil type class. The details of the
recorded ground motions are demonstrated in subsequent sections.

The maximum acceleration, also known as the amplitude or PGA is adjusted to discuss

the effect of the ground motion intensity.

Table 2.6 Properties of the selected ground motions

Earthquake (type) Station ((I;Dn(];/?Z) (Iiez) (\rﬁig) Site class
Imperial Valley (inland) El Centro 341.695 | 1.477 | 213.44 D
Tokachi-Oki (subduction) |  Hachinohe Harbor | 231.030 | 0.378 | 400.00 C

Loma (inland) Anderson Dam (L Abut)| 62.917 | 0.562 | 488.77 C
Kobe (inland) JMA 817.544 | 1.440 | 312.00 D
Chi-Chi (subduction) CHYO010 170.791 | 2.319 | 538.69 C

*Site classification: C (soft rock/dense soil), D (stift soil)

References: [29] and [30]

NEHRP, National Earthquake Hazard Reduction Program, Recommended provisions for
seismic regulations of new buildings: Part I, Provisions, FEMA 222A, Federal Emergency
Management Agency, Washington, D.C., 1994.

ASCE: Minimum design loads and associated criteria for buildings and other structures,
ASCE/SEI 7-10, 2010.
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2.6.1 1940 Imperial Valley earthquake

The ground motion recorded at a site in EI Centro during the Imperial Valley, California
Earthquake on May 18, 1940 is presented here. This recorded ground motion was selected from
the Pacific Earthquake Engineering Research Center Figure 2.10 shows the acceleration time
history, spectral acceleration, and power spectrum of the ground motion recorded at a site in

El Centro during this event.
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Figure 2.10 Recorded ground motion during the 1940 Imperial Valley Earthquake at the El
Centro station
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2.6.2 1968 Tokachi—OKi earthquake

The 1968 Tokachi-Oki Earthquake occurred in Japan on May 16, 1968. The ground
motion recorded at Hachinohe Harbor during the 1968 Tokachi-Oki earthquake by Midorikawa
and Miura, Tokyo Institute of Technology is selected in this study. Figure 2.11 presents the
acceleration time history, spectral acceleration, and power spectrum of the recorded ground

motion.
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Figure 2.11 Recorded ground motion during the 1968 Tokachi—Oki earthquake at Hachinohe

Harbor
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2.6.3 1989 Loma Prieta Earthquake

The Loma Prieta Earthquake, also known as the World Series Earthquake, was a major
earthquake that occurred in the San Francisco Bay Area in California on October 17, 1989.
This study selects the ground motion recorded at Anderson Dam during the 1989 Loma Prieta
earthquake by the Pacific Earthquake Engineering Research Center. The peak ground
acceleration is 62.917 cm/s?. The predominant frequency is approximately 0.562 Hz, as

presented in Figure 2.12.
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Figure 2.12 Recorded ground motion during the 1989 Loma Prieta Earthquake at Anderson

Dam
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2.6.4 1995 Kobe Earthquake

The 1995 Kobe Earthquake or the 1995 Hyogoken—Nanbu Earthquake, also known as
the Great Hanshin Earthquake, was an extremely intensive earthquake that struck the city of
Kobe and its surrounding areas in Japan on January 17, 1995. This study selected the ground
motion recorded in Kobe (EW component) by Japan Meteorological Agency. Figure 2.13
illustrates the acceleration time history, spectral acceleration, and power spectrum of the

ground motion recorded at the KIMA station during this event.
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Figure 2.13 Recorded ground motion during the 1995 Kobe Earthquake at the JMA station

35



2.6.5 1999 Chi—Chi Earthquake

The Chi-Chi Earthquake that occurred at the center of Taiwan on September 21, 1999
was a large earthquake. The ground motion recorded at the CHY010 station during the 1999
Chi-Chi earthquake by Pacific Earthquake Engineering Research Center (PEER) is selected in
this study as shown in Figure 2.14. According to Figure 2.14 The peak ground acceleration is

170.791 cm/s?. The predominant frequency is approximately 2.319 Hz.
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Figure 2.14 Recorded ground motion during the 1999 Chi—Chi Earthquake at the CHY010
station

36



2.7 Seismic Responses in Time History

This section compares structural responses using two numerical models considering the
foundation uplift to discuss the influence of the soil and geometrical nonlinearities on the uplift
behavior and examine the models' reliability and suitability. The computation results are
compared and discussed from the viewpoint of the following:

(1) the structure sustained on different soil types;

(2) structural (horizontal direction) and foundation (rotational direction) responses; and

(3) foundation behavior (overturning moment and ground contact ratio)

Figure 2.15 compares the structural responses when a five-story building sustained on
three different soil conditions was subjected to the recorded ground motion at El Centro during
the 1940 Imperial Earthquake for the horizontal—vertical interactive SR and macroelement
models. Figures 2.15(a)—(c) compare the structural responses of both numerical models for the
structure founded on soft soil, stiff soil, and rock, respectively. Figure 2.15 shows that the
structural responses for the macroelement model are almost equivalent to those for the
horizontal—vertical interactive SR model, except when the structure is on soft soil. The
structural response for the macroelement model significantly deviates for soft soil and
comparatively differs from that for the horizontal-vertical interactive SR model. Soft soil
exhibits a nonlinear behavior. Figures 2.16(a)—(c) illustrate the rotational displacement of the
foundation of the horizontal—vertical interactive SR and macroelement models for the structure
on soft soil, stiff soil, and rock, respectively. The responses for the structure founded on soft
soil do not fluctuate around zero displacement, as illustrated in Figure 2.16(a). Figure 2.16(b)
presents that the stiff soil responses slightly deviate, which may lightly affect the structural
response and resulted in a similar structural response for the macroelement and horizontal—
vertical interactive SR models, as indicated in Figure 2.15(b). The rotational displacement for
the horizontal—-vertical interactive SR model is almost equivalent to that for the macroelement

model.
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Figure 2.15 Structural responses when the five-story building was subjected to the ground

motion recorded at EI Centro during the 1940 Imperial Valley Earthquake.

38



0.0006 — S — X
— Horizontal-vertical interactive SR model
— Macroelement model

0.0003

0.0000 w

Rotational displacement
of the foundation (rad)

-0.0003

-0.0006 c 5
0 20 40 60
Time (sec)

(a) When the structure is sustained on soft soil.

0.00006 T

T = "
— Horizontal-vertical interactive SR model
~—— Macroelement model

0.00004
0.00002

0.00000 A LR A A OO e AR
‘ A e

-0.00002

Rotational displacement
of the foundation (rad)

-0.00004

-0.00006 g =
0 20 40 60

Time (sec)
(b) When the structure is sustained on stiff soil.
0.000006 T

- I — — — "
~—— Horizontal-vertical interactive SR model
— Macroelement model

0.000003

0.000000

-0.000003

Rotational displacement
of the foundation (rad)

-0.000006 ; '
0 20 40 60

Time (sec)
(c) When the structure is sustained on a rock.
Figure 2.16 Rotational displacement of the foundation when the five-story building was
subjected to the ground motion recorded at El Centro during the 1940 Imperial
Valley Earthquake.
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Figure 2.17 Overturning moment of the foundation when the five-story building was
subjected to the ground motion recorded at EI Centro during the 1940 Imperial
Valley Earthquake.
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Figure 2.18 Ground contact ratio when the five-story building was subjected to the ground
motion recorded at EI Centro during the 1940 Imperial Valley Earthquake.
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To pursue the foundation uplift, the overturning moment of the foundation and the
ground contact ratio for both numerical models are compared in Figures 2.17 and 2.18. Figures
2.17(a)—(c) compare the overturning moments of the foundation for the horizontal—vertical
interactive SR and macroelement models when the structure is founded on soft soil, stiff soil,
and rock, respectively. When the structure is sustained on soft soil, the overturning moment
seems to decay compared to that for the structures on stiff soil and a rock, as presented in Figure
2.17(a). Figures 2.18(a)—(c) illustrate the ground contact ratio for the horizontal—vertical
interactive SR and macroelement models when the structures are on soft soil, stiff soil, and
rock, respectively. The foundation exhibits an uplift, as shown in Figure 2.18(c). Figures 2.19—
2.21 compare the relationships between the rotational displacement and the overturning
moment at the foundation for both numerical models for the structures on soft solil, stiff soil,
and rock, respectively. The relationship between the rotational displacement and the
overturning moment at the foundation for the horizontal—vertical interactive SR model of all
cases (i.e., structures on soft soil, stiff soil, and rock) is a linear behavior, as presented in
Figures 2.19(a), 2.20(a), and 2.21(a), respectively. Although the foundation exhibits an uplift
when the structure is sustained in a rock, the relationship between the rotational displacement
and the overturning moment remains linear for both numerical models because the foundation
slightly uplifts and is still almost in contact with the soil. Figures 2.19(b) and 2.20(b) illustrate

that the relationship between the rotational displacement and the overturning moment for the

4000 / 4000
£ S 2000 ,/ £ < 2000
=3 S 9
= Z / = Z
s / g
- ap S
2L o / £2 o
& 2 -2000 / & 2 -2000
-4000 e : -4000 .

-0.0006 -0.0003 0.0000 0.0003 0.0006 -0.0006 -0.0003 0.0000 0.0003 0.0006
Rotaional Displacement Rotaional Displacement
of the foundation (rad) of the foundation (rad)

(a) Horizontal—vertical interactive SR model (b) Macroelement model

Figure 2.19 Relationship between the rotational displacement and the overturning moment
at the foundation when the five-story building sustained on soft soil was
subjected to the recorded ground motion at EI Centro during the 1940 Imperial
Valley Earthquake during an earthquake.
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macroelement model is a nonlinear curve for the soft and stiff soil cases due to the soil

nonlinearity.
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Figure 2.20 Relationship between the rotational displacement and the overturning moment
at the foundation when the five-story building sustained on stiff soil was
subjected to the recorded ground motion at EI Centro during the 1940 Imperial
Valley Earthquake during an earthquake.
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Figure 2.21 Relationship between the rotational displacement and the overturning moment
at the foundation when the five-story building sustained on a rock was
subjected to the recorded ground motion at EI Centro during the 1940 Imperial
Valley Earthquake during an earthquake.

Two analytical models (i.e., low- and medium-rise structures) under three soil
conditions are subjected to five selected recorded ground motions with various amplitudes (i.e.,
PGA or maximum acceleration is adjusted). The results will be discussed in Sections 2.7.1 and
2.7.2 for the low- and medium-rise buildings, respectively, from the following viewpoints:

(1) maximum horizontal structural response;

(2) minimum ground contact ratio; and
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(3) rotation angle of the foundation in the plastic and uplift components for the

macroelement model to discuss the amount of soil displacement in the plastic deformation.

2.7.1 Comparison responses for the low-rise building cases

Figures 2.22 and 2.23 compare the maximum structural displacements and the
minimum ground contact ratios for both numerical models, respectively. Figures 2.22(a)—(c)
depict the maximum structural displacement for the low-rise building found on soft soil, stiff
soil, and rock, respectively. Figure 2.22(a) illustrates comparatively different values of the
maximum structural response for the structure on soft soil. Figures 2.22(b) and (c) show that
the maximum value of the structural responses for the horizontal-vertical interactive SR

models is almost equivalent to the macroelement model for the structure sustained on stiff soil
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and rock. To discuss the foundation uplift behavior, Figures 2.23(a)—(c) compare the minimum
values of the ground contact ratio for the low-rise buildings sustained on soft soil, stiff soil,
and rock, respectively. Except in some cases, in which the structure is sustained on soft soil,
the degree of the ground contact ratio mostly agrees well when the ground contact ratio range
is higher than 40%. This might be the result of the soil nonlinearity. Figures 2.24 and 2.25 show
the rotational angle ratio in the plastic and uplift components to the total rational angle of the
foundation or the macroelement model, respectively, for the structure sustained on soft soil,
stiff soil, and rock to discuss the plastic deformation of the soil and the foundation uplift
behavior. According to the ground acceleration increase, the total rotational angle of the

foundation for the structure on soft soil mostly comprises plastic components, as shown in
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Figure 2.24(a) corresponding to a high value of the ground contact ratio, as shown in Figure
2.23(a). In contrast, even though the structure sustained on a rock has less rotation in plastic
components, most of the deformation comprises uplift components, as indicated in Figures

2.24(c) and 2.25(c), corresponding to a lesser ground contact ratio, as presented in Figure
2.23(c).

2.7.2 Comparison responses for the medium-rise building cases
The maximum structural displacements and the minimum ground contact ratios for the
medium-rise structure subjected to various recorded ground motions are compared in Figures

2.26 and 2.27, respectively. Figures 2.26(a)—(c) illustrate the maximum structural displacement
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for the medium-rise buildings sustained on soft soil, stiff soil, and rock, respectively. When the
medium-rise building is sustained on soft soil, the maximum structural responses for the
horizontal—vertical interactive SR models comparatively differ from the macroelement model
as the maximum acceleration of the ground input motion increases. In contrast, the maximum
value of the structural responses for the horizontal—vertical interactive SR models is almost
equivalent to that of the macroelement model when the structures are sustained on stiff soil and
rock, as illustrated in Figures 2.26(b) and 2.26(c). Figures 2.27(a)—(c) compare the minimum
values of the ground contact ratio for the medium-rise building sustained on soft soil, stiff soil,
and rock, respectively. Figure 2.27(a) shows that the structure on soft soil demonstrates

relatively different values, even though the ground contact ratio is not low. Meanwhile, the
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ground contact ratio of each case almost agrees well for both numerical models when the
ground contact ratio is not less than 40% for the structure sustained on stiff soil or rock, as
illustrated in Figures 2.27(b) and 2.27(c). Figures 2.28 and 2.29 display the ratios of the
rotational angle in the plastic and uplift components to the total rational angle of the foundation
for the macroelement model for the five-story building sustained on soft soil, stiff soil, and
rock. Figure 2.28(a) illustrates that the rotational angle in the plastic component for the
structure sustained on soft soil is the highest when compared with that sustained on stiff soil
and rock. By contrast, less deformation is found in the plastic component when the structure is
founded on a rock. Most of this deformation comprises the uplift component, as shown in
Figure 2.29(c).

The comparison results show that, although the structures on stiffer soil are safely
sustained, the foundation becomes more likely to uplift. However, if foundation uplift become
excessive, which is caused by intensive earthquakes and may bring structural instability. The
level of the foundation uplift will also vary depending on the intensity of the seismic ground
motion input and the dynamic structure characteristics, frequency characteristics of ground

input motion, and soil conditions.

2.8 Summary

In summary, Chapter 2 compared two numerical models considering the foundation
uplift, that is, the horizontal—vertical interactive sway-rocking model proposed by Tanaka et al.
[4] and Momma et al. [5] and the macroelement model proposed by Nakatani et al. [7], to
discuss the effect of soil nonlinearity or geometrical nonlinearity on the foundation uplift
behavior and structural responses. This objective was achieved by preparing low- and medium-
rise buildings with shallow foundations considering the foundation uplift with three different
soil conditions. This chapter prepared two different types of ground motions considering inland
and subduction-zone earthquakes; hence, five ground motions with different frequency
characteristics recorded from major earthquakes were selected for the time history analysis.
The conclusions are drawn:

1. Although the ground contact ratios for both models are relatively different, the

structural responses of both are relatively similar when the structures are sustained on

stiff soil and rock. When the structures are sustained on soft soil, the structural

responses of both numerical models are comparatively different due to the soil

nonlinearity. Hence, the effect of the soil nonlinearity should be considered when the

structures are sustained on soft soil.
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2. When structures are sustained on soft soil, the macroelement model may be more
suitable for calculating the seismic response considering the foundation uplift because
it considers the soil nonlinearity and the foundation uplift. However, structures
supported by a mat foundation are generally sustained on stiff soil or rock; therefore,
the macroelement and horizontal—vertical interactive SR models are appropriate for
calculating the seismic responses considering the foundation uplift.

3. The plastic deformation of soil might reduce the rotational angle in the uplift

component, resulting in a higher ground contact ratio level.

4. In contrast, although the plastic component shows less rotation angle when the

structure is sustained on a rock, the total rotation angle mostly comprises the rotational

angle in the uplift components, which results in becoming more likely to uplift.

5. The degree of the foundation uplift will variously depend on the structure

characteristics, seismic input motion characteristics, and soil conditions.

Sometimes, when a structure supported by a shallow foundation is on stiffer soil for a
safer sustainment, the foundation becomes more likely to uplift, which may have a positive
impact on the dynamic structural response due to the seismic isolation. Nevertheless, if the
foundation uplift becomes excessive, the structure may become unstable, which must be

avoided.
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3. SEISMIC RESPONSE OF NONLINEAR STRUCTURE
SYSTEMS CONSIDERING FOUNDATION UPLIFT

Chapter 2 explained the basics of the soil-structure interaction considering the
foundation uplift, numerical models for calculating the seismic responses, and the foundation
uplift phenomenon. The superstructure assumptions are, however, based on linear or elastic
systems. The structural responses exhibit a nonlinear or inelastic behavior under the ground
motion intensity, which must be considered. Therefore, in Chapter 3, the superstructure
assumptions are considered herein based on a nonlinear system. Section 3.1 introduces the
background of the studies on the nonlinear structures considering the foundation uplift and the
study purpose. Section 3.2 presents the nonlinear system used in this chapter by referring to
Osaki [1]. Section 3.3 explains the recorded ground motion. Sections 3.4 and 3.5 discuss the
computation results from the viewpoints of the structural responses and the energy concept or

dissipation, respectively. Lastly, Section 3.6 summarizes this chapter.

3.1 Background and Purpose

As reviewed in Section 1.3, the foundation uplift significantly affects the structural
displacement [2] and reduces the base shear of structures [3,4]. Some studies showed that the
foundation uplift greatly affects the linear and nonlinear behaviors of superstructures [5,6].
Therefore, structures may suffer from different damages when the foundation uplift is
considered. However, when the foundation is separated from the soil, the energy from the soil
to the structure may not be high. Hence, investigating the foundation uplift effect may be more
interesting when discussed using the energy concept or the energy flow. Only few studies
introduced and investigated the foundation uplift effect from the energy viewpoint. For
example, Sarrafzadeh et al. [7] performed shake table tests while considering the structure and
soil nonlinearities and the foundation uplift to discuss the foundation uplift effect from the
energy viewpoint. They concluded that the foundation uplift effect and the soil nonlinearity
reduce the kinetic and damping energies of a structure. Inoue and Mikami [8-10] investigated
the reduction effect of the sectional force induced in the bridge structure by the foundation
uplift. They used the macroelement model to treat the soil-foundation system considering the
foundation uplift, emphasizing a structure based on a linear assumption. They concluded that
the foundation uplift effect significantly reduced the input energy to the structure and the
structure's strain energy. To extend the discussion of Inoue and Mikami [8-10], this chapter

also examines the seismic isolation effects caused by the foundation uplift on the building
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structure by considering the structural nonlinearity with the trilinear model and using the
macroelement model to treat the soil-structure interaction considering the foundation uplift
based on the energy concept.

This chapter discusses the effects of seismic isolation caused by the foundation uplift
considering both the structure and soil nonlinearities using the energy concept. For this purpose,
low- and medium-rise buildings with shallow foundations sustained on stiff soil are prepared.
The macroelement model proposed by Nakatani et al. [11] is used here to treat the soil-structure
interaction because the model considers the soil nonlinearity and the foundation uplift. Fifteen
ground motions with different frequency characteristics recorded from 100 ground motions at
the sites are prepared to construct the structure supported by a mat foundation as earthquake
loading for the time history analysis. Furthermore, the three different scenarios were taken to
discuss the foundation uplift effect: fixed-base case (i.e., the soil-structure interaction is not
considered); case of the structure considering the linear soil-structure interaction (without
foundation uplift); and case of the nonlinear soil-structure interaction considering the
foundation uplift. The computation results are discussed from the following perspective:

(1) different structure characteristics (i.e., fixed-base foundation, structure considering

the linear soil-structure interaction (without foundation uplift), and nonlinear soil—

structure interaction considering the foundation uplift);

(2) different structure types (i.e., low- and medium-rise buildings);

(3) different frequency characteristics of the ground input motions;

(4) structural responses; and

(5) energy flow.

3.2 Nonlinear Vibration of the Mass System Considering the Foundation Uplift
Chapter 3 considers the structural nonlinearity using a trilinear model following
Masing’s rules; hence, Section 3.2 will present a brief overview of the nonlinear system. Please

refer to Osaki for the details [1].

3.2.1 Governing equation for the nonlinear system
The governing equation of the linear model considering the foundation uplift, namely

Equation (2.29), is recalled here.
[M]{a}+[Cl{u}+[K, J{u}+{Fup} = {P} (3.1)

For a nonlinear system, the mass and damping matrices are assumed constant. The

54



stiffness matrix that expresses the restoring force characteristic will be changed by
displacement and velocity responses. Consequently, the governing equation for the structure
nonlinearity system is written as Equation (3.2), where Q is the restoring force for the nonlinear

structure system.

(M +[Cl{u+{Q({u} {u})f +{Fio} = {P} (3:2)

3.2.2 Nonlinear restoring force

Figure 3.1(a) shows the restoring force characteristics of the trilinear model. A indicates
the concrete cracking load. Point B is assumed to be the yield load of the reinforcing bar or
steel frame. The spring constant ratio ranges are ko/k: = 0.2-0.5 and ka/k: = 0.01-0.05. Figure
3.1(b) demonstrates that, when the load is increased or decreased, even for the same

displacement (u), the applied and damping forces differ.

3.2.3 Masing’s rule

This section describes Masing’s law as a method of analytically expressing the restoring
force characteristics of a nonlinear system. The definitions of the related terms are clarified in
Table 3.1 [1].

QJL Qll
B & 0,
3 (62>0)
A k,
0,

k, (6<0)

0 C 0—~ 0
(@) Trilinear model (b) When load is increased or decreased

Figure 3.1 Nonlinear restoring force—deformation curve (referred to Osaki [1])
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Table 3.1 Definitions of the related terms for the trilinear model following Masing’s rule
(referred to Osaki [1])

Terms

Definitions

Force—displacement
curve

In the nonlinear case, a curve consists of a skeleton curve and
a hysteresis curve.

Turning point

This is the point where the sign of the velocity displacement
changes. The velocity displacement at the turning point is
zero.

Skeleton curve

When the displacement starts from 0, the restoring force—
displacement curve has no turning point, and the
displacement monotonically increases or decreases.

Hysteretic curve

Restoring the force—displacement curve after the turning
point appears; when the velocity displacement is less and
higher than 0, the hysteresis curves are called loading and
unloading curves, respectively.

Initial point

This is a turning point where one hysteresis curve is formed.
The starting point of the skeletal curve is the origin.

Terminal point

If no new turnaround point occurs, this is the point where the
history curve intersects the skeleton curve or the history
curve immediately before its initial point

Effective branch

Thi is the portion of the curve between the origin of the
skeletal curve and the first turning point or if a new turning
point occurs between the initial and terminal points of the
history curve, the part of the curve between the starting and
turning points.

3.2.3.1 Skeleton curve

Figure 3.2 Skeleton curve (referred to Osaki [1])
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The skeleton curve is expressed as Equation (3.3) and symmetrical with respect to the
origin according to its definition (f (0) = 0) and considering that the material is the same for

both loading directions [Equation (3.4)].
Q=f(9) (3.3)
—f(6)="f(5) (3.4)
Function f(J) is considered as the softening type. For the J1 and J2 combination, the
inequality is held, and the function of the softening type and the slope are written as Equations

(3.5) and (3.6), respectively. The slope monotonically decreases with the increasing

displacement, as illustrated in Figure 3.2.

dfd(gl) > dfd(§2) 51 < 52 (3.5)
dQ _ df (9) (36)
dé ds '

3.2.3.2 Hysteretic curve

The hysteretic curve is expressed as Equation (3.7), where do and Qo denote the initial
points. The system expressed by Equations (3.3) and (3.5) is the main point of Masing’s rule.
The relationship between the restoring force and the displacement in Figure 3.3 indicates that

if the skeleton curve is expanded twice in both axes, the hysteretic curve shape is drawn.

Hysteric curve

— Skeleton curve

[i=]

Figure 3.3 Hysteretic curve (referred to Osaki [1])
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Q_Qo_ 5_50
> —f( > j 3.7)

Equation (2.1) is rewritten as Equations (3.8) and (3.9).

Q=Q0+2f(5_25°j (3.8)
dQ_d (5,
d5_d§f( 2 ] (3:9)

Therefore, the slope of the initial point of the hysteretic curve is equal to that at the
origin of the skeleton curve, as expressed in Equation (3.10).

[d_Qj i) (3.10)
dé )55 4o '

Figure 3.4 depicts the hysteretic loop shape. When curve AB is a hysteretic curve, and
point A is the initial point (do, Qo), this curve is expressed as Equation (3.7). A new hysteretic
curve CD is expressed in Equation (3.11) by supposing that a turning point occurs at point C
(01, Q1) and following Masing’s rule.

Q—2Q1 = f(gjlj (3.11)

According to Equation (3.4), Equation (3.11) is rewritten as Equations (3.12) and (3.13)

C(%,.q,)

Figure 3.4 Formation loop by the hysteretic curve (referred to Osaki [1])
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A(Bo. Qo)

Figure 3.5 Hysteretic curve branched from the skeleton curve (referred to Osaki [1])

by substituting ¢ = do into Equation (3.11).

Q_Ql — f(50_51j
2 2

(3.12)

Q_Ql :_[Qi_on (3.13)

2 2
Equation (3.13) indicates that the CD curve passes through Point A and closes the loop,
as displayed in Figure 3.4. In other words, the end of a new hysteretic curve is the same as the
initial point of the previous hysteretic curve. This relationship must, however, be modified
when the previous curve is a skeleton curve, as presented in Figure 3.5.
Assuming that curve AB is a hysteretic curve branched at Point A (do, Qo) on the
skeleton curve, it can be written as Equation (3.14) by following Equations (3.3), (3.4), and
(3.7).

Q_ZQO = f (5_250) (3.14)

Equation (3.14) is then rewritten by substituting ¢ = -do into Equation (3.11), as shown
in Equation (3.15).

Lt - (3.15)

Equation (3.15) indicates that the end point of a hysteretic curve, which starts on a
skeleton curve, is the point on a skeleton curve that is symmetrical to the initial point with

respect to the origin. Thus, the hysteretic curve shares Point C with the skeleton curve.
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3.2.3.3 Hysteretic loop area

-5,

-Q,

Figure 3.6 Hysteretic loop (referred to Osaki [1])

A close hysteretic loop occurs when displacement cycles are applied between +o
(Figure 3.6). The initial points of the adding and reducing curves are (-do, -Qo) and (do, Qo),
respectively. Therefore, the curves are calculated using Equations (3.16) and (3.17),

respectively. The loop is computed with Equation (3.18).

Ql;QO . f(5;5°j (3.16)
Q, ;Qo — f [5_250j (3.17)

A= ? (Ql—QZ)d5:2U9 f(%}ié— (] f(5_25°]d5—250Q0} (3.18)

=% —% %
The hysteretic loop is rewritten as Equation (3.19), where u and -u are expressed in

Equations (3.20) and (3.21), respectively.

A:B{J.0 f (u)du—%&oQo} (3.19)

y(6+%) (3.20)
2

G —250) (3.21)

Therefore, the enclosed area will be eight times by the skeleton curve and its chord.

This relationship is a feature of Masing’s model.
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3.2.4 Structural nonlinear model

Referring to Osaki [1] and the TDAP Il manual [12], the structural stiffness is
considered herein using a trilinear model. Figure 3.7(a) illustrates the relationship between the
restoring force and the displacement for the low- and medium-rise buildings. Tables 3.2 and

3.3 summarize the parameters defining the restoring force characteristics for the low- and
medium-rise buildings.
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= X
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0 : 0 :
0.00 002 004 006 008 0.10 0.00 0.02 004 006 008 0.10

Displacement (m) Displacement (m)

(a) Low-rise building (b) Medium-rise building

Figure 3.7 Trilinear skeleton curve

Table 3.2 Parameters for the restoring force characteristics for the low-rise building

Parameters Value
First yield point displacement (m) 0.15
Second yield point displacement (m) 0.25
Initial stiffness, ki (KN/m) 1.0076 x 10°
First stiffness reduction rate 0.5
Second stiffness reduction rate 0.1

Table 3.3 Parameters for the restoring force characteristics for the medium-rise building

Parameters Value

First yield point displacement (m) 0.15
Second yield point displacement (m) 0.20
Initial stiffness, ki (KN/m) 1.9454 x 10°
First stiffness reduction rate 0.5
Second stiffness reduction rate 0.1
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3.3 Earthquake Ground Motions

Chapter 3 surveyed the 100 recorded ground motions at the sites for construction of the
structure supported by a mat foundation (allowable bearing capacity of the soil should be larger
30 kN/m? [13]), as illustrated in Figure 3.8. The predominant frequency of each recorded
ground motion and the sample ratio are presented in Figure 3.8 (a) and 3.8(b), respectively.

Therefore, Chapter 3 prepares 15 recorded ground motions with different frequency
characteristics to discuss the effect of the frequency characteristic of the ground motion by
following the sample ratio of the predominant frequency, as illustrated in Figure 3.8(b).
However, since this study aims to discuss the effect of the low-frequency characteristic of the
ground input motion, this study prepares two recorded ground motions with low-frequency
characteristics. Table 3.4 summarizes the selected 15 ground motion properties. These recorded
ground motions were selected from the National Research Institute for Earth Science and
Disaster Resilience and the Pacific Earthquake Engineering Research Center; hence, the soil
information differs. Considering the soil information, Chapter 3 classifies the soil type by the
averaged shear-wave velocity to a depth of 30 m (Vs30) and the fundamental natural frequency
of soil (fo).

30
F, =0-1Hz(8%) F,=4-5Hz(11%)

F,=3-4Hz(9%)

Sample number
S

—
=

0
0 1 2 3 4 5

The predominant frequency, F(’ (Hz)

() The predominant frequency (b) The ratio of the predominant frequency
of 100 ground motions recorded of 100 ground motions recorded

Figure 3.8. The predominant frequency of 100 ground motions recorded at site for

construction the structure supported by a mat foundation
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Table 3.4 Properties of the selected ground motions

. PGA Fe Vs30 fo Site
Earthquake (station) (cm/s?) | (Hz) | (m/s) | (Hz) |class/type
The 1940 Imperial Valley earthquake (EI 341.695 | 1.477 |213.44 i D
Centro)
The 1968 Tokachi-Oki earthquake
(Hachinohe Harbor) 231.030 | 0.378 |400.00| - C
The 1979 Imperial Valley earthquake (EI 138.299 | 2197 23733 D

Centro Array #1)

The 1989 Loma Prieta earthquake (Anderson

Dam (L Abut)) 62.917 |0.562 |488.77| - C
The 1989 I__oma Prieta earthquake (Agnews 165573 | 2.783 [239.69 i D
State Hospital)

The 1995 Kobe earthquake (HIK) 136.645 | 1.685 |256.00 - D
The 1995 Kobe earthquake (JMA) 817.544 | 1.440 |312.00 - D
The 1999 Chi-Chi earthquake (CHY010) 170.791 [ 2.319 |538.69| - C
The 1999 Chi-Chi earthquake (CHY014) 223.924 | 1.854 |347.63 - D
The 2011 Tohoku earthquake (FKS007) 690.900 | 4.761| - 8.257 I
The 2011 Tohoku earthquake (FKS011) 311.640 | 2.966 | - 5.551 1
The 2011 Tohoku earthquake (FKS031) 407.680 | 1.269 | - 10.914 I
The 2011 Tohoku earthquake (IWT008) 323.400 | 3.577| - 18.751 I
The 2011 Tohoku earthquake (IWTH23) 148.960 | 1.685 | - 7.691 1
The 2011 Tohoku earthquake (MYGHO03) 133.280 [ 2.002 | - 7.783 I

*Site classification: C(soft rock/dense soil), D(stiff soil)

References:

[14] NEHRP, National Earthquake Hazard Reduction Program, Recommended provisions
for seismic regulations of new buildings: Part I, Provisions, FEMA 222A, Federal
Emergency Management Agency, Washington, D.C., 1994.

[15] ASCE: Minimum Design Loads and Associated Criteria for Buildings and Other
Structures, ASCE/SEI 7-10, 2010.

*Site classification: Type II(medium), Type IlI(soft), Type IV(very soft)

References:

[16] Kanai, K., Seismology in Engineering, Tokyo University, Japan, 1983.

[17] Varecha V. P., Fadllan A., and Hartono, H.: Soil classification using horizontal to
vertical spectrum ratio methods on Scilab in Sendangmulyo, Semarang, Physics Education
Research Journal, 4, 71-78, 2022.
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3.4 Structural Responses

This section discusses the foundation uplift effect on the structural displacement and
acceleration responses. The two analytical models in Section 2.5 are recalled for this discussion.
This section, however, focuses on the structures supported by a shallow foundation on stiff soil.
Three different scenarios are taken up to discuss the effect of the nonlinear soil-structure
interaction considering the foundation uplift: (1) fixed-base case, wherein the effect of the soil-
structure interaction is not considered; (2) case of the structure considering the linear soil—
structure; and (3) case of the structure considering the nonlinear soil-structure with the
foundation uplift.

Figures 3.9 and 3.10 depict the two different structural responses when the five-story
(medium-rise) building is subjected to the recorded ground motion during the 1995 Kobe
Earthquake, in which the maximum acceleration is adjusted to 50 cm/s? representing a small
ground motion and 800 cm/s? representing a large ground motion. The structural responses for
the fixed-base case and the case considering the soil-structure interaction (i.e., linear soil—
structure and nonlinear soil-structure interactions considering the foundation uplift) are
compared for the small and large ground motions to discuss the foundation uplift effect. Figures
3.9(a) and 3.10(a) show the horizontal displacement of node one (i.e., top of the structure) as
two examples of structural responses in the case of 50 and 800 cm/s? ground motions,
respectively. Figures 3.9(b) and 3.10(b) compare the structural response accelerations in the
horizontal direction for the fixed-base case, the case of the structure considering the linear SSI,
and the case considering the nonlinear SSI with the foundation uplift. To pursue the foundation
uplift phenomenon, Figures 3.9(c) and 3.10(c) present the corresponding rotation angles in the
uplift component for the small and large ground motions, respectively. Figures 3.9(a) and (b)
and 3.10(a) and (b) show that the structural displacement and acceleration responses for the
fixed-base case do not decay as much as that in the case of the structure considering the soil—
structure interaction (linear and nonlinear SSI) in both the small and large ground motions,
even though the foundation does not exhibit an uplift for the small ground input motion case
corresponding to the zero rotation angle in the uplift component, as illustrated in Figure 3.9(c).
When the structure is subjected to a comparatively intensive ground motion, the structure
response exhibits a nonlinear interaction, and the foundation exhibits a noticeable uplift, as
illustrated in Figure 3.10. In Figure 3.10(b), the structural acceleration response for the case
considering the foundation uplift is less than that for the fixed-base and linear SSI cases. In
conclusion, the foundation uplift may work as a seismic isolation, resulting in the cutting-off

of the seismic input motion.
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Figure 3.12 Restoring the force—displacement curve when the five-story building is subjected

to the 800 cm/s? ground motion.

Figures 3.11 and 3.12 demonstrate the restoring force and displacement relationship for

the small and large ground input motions, respectively. The restoring force and displacement

relationship is linear for all three cases, as displayed in Figure 3.11. However, when the

structure is subjected to a large ground motion, a remarkable hysteresis loop is drawn for all
cases, as shown in Figure 3.12.

To discuss the universality of the effect of the nonlinear soil-structure interaction

considering the foundation uplift, the structures with a fixed base and considering the soil—

structure interaction are subjected to fifteen recorded ground motions with various amplitudes

(i.e., PGA or maximum acceleration is adjusted). The results are compared and discussed in
subsequent sections.
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3.3.1 Lowe-rise building
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Figure 3.13 Maximum acceleration response of the low-rise building when subjected to

various ground motions.
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Figure 3.14 Comparison of the responses of the low-rise building when subjected to various

ground motions.

Figures 3.13(a)—(c) illustrate the maximum structural acceleration responses for the

fixed-base, structure considering the linear SSI, and structure considering the nonlinear SSI

with the foundation uplift cases, respectively, when the low-rise building sustained on stiff soil

is subjected to the fifteen recorded ground motions with various amplitudes. The maximum

structural acceleration for the fixed-base case increased more than those for the cases of the

structure considering the SSI (i.e., linear and nonlinear SSI considering the foundation uplift),

as shown in Figure 3.13, except when the structure is subjected to the ground motion recorded
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at the Hachinohe Harbor station during the 1968 Tokachi—Oki Earthquake. Figures 3.14(a) and
(b) illustrate the ratios of the maximum structural acceleration response of the cases considering
the linear SSI to the structural acceleration response for the fixed-base foundation case and the
nonlinear SSI with the foundation uplift to the structural acceleration response for the fixed-
base foundation case, respectively, to more evidently compare the effects of the soil-structure
interaction. Most ratios indicate that the acceleration responses for the structure considering
the soil-structure interaction, especially with the foundation uplift, tend to be less than those
for the fixed base. This indicates that the horizontal structural response is reduced in most cases
by the effect of the soil-structure interaction, especially the nonlinear SSI considering the

foundation uplift corresponding to the ground contact ratio, as shown in Figure 3.14(c).

3.3.2 Medium-rise building

Figure 3.15 presents the maximum structural response acceleration for the cases of the
fixed base, linear SSI, and nonlinear SSI considering the foundation uplift when the medium-
rise building sustained on stiff soil is subject to 15 selected recorded ground motions with
various amplitudes. Figure 3.15 shows that the maximum structural acceleration responses for
the cases considering the soil-structure interaction (i.e., linear and nonlinear SSI with the
foundation uplift) moderately increase compared to those in the fixed-base case, except when
the structure is subjected to the ground motion with a low predominant frequency (i.e., the
ground motions recorded at the Hachinohe Harbor station during the 1968 Tokachi—OKki
Earthquake. Figures 3.16(a) and (b) present the maximum ratios of the structural acceleration
responses for the cases considering the linear SSI and SSI with the foundation uplift to the
structural acceleration response of the fixed-base case. The ratio indicates that the maximum
acceleration response for the fixed-base case tends to be larger than that for the cases of the
structure considering the soil-structure interaction (i.e., linear and nonlinear SSI with the
foundation uplift), as illustrated in Figure 3.16(a) and (b). This indicates that the horizontal
response is reduced in most cases due to the increasing foundation uplift corresponding to the
ground contact ratio as shown in Figure 3.16(c). When the structure is subjected to the recorded
ground motion at the Agnews State Hospital station during the 1989 Loma Prieta Earthquake,
the maximum acceleration response for the linear SSI becomes larger than that for the cases
with the fixed base and a nonlinear SSI with the foundation uplift because the predominant
frequency of the ground motion recorded at the Agnews State Hospital station during this event

is close to the natural frequency of the linear SSI system; hence, the structure becomes close to
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the resonance state. In conclusion, the reduction effect of the reduction degree depends on the

structure and frequency characteristics of the ground input motion.
3.5 Energy flow

Referring to Chopra [18] and Akiyama [19], various energy terms can be calculated by

integrating the equation of motion. Therefore, the energy balance equation for the nonlinear
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system considering the foundation uplift, namely Equation (3.2), is expressed in Equation
(3.22).

I{u}T [M]{u} dt +i{u}T [Cs]{u}dt +i{u‘}T {Q}dt
oy e oy o) (Fip = (o) (P}

The right side of the energy balance equation of Equation (3.22) is the energy input to

(3.22)

the structure (Ei). When a structure is subjected to an earthquake ground motion, the energy
input to the structure is written as Equation (3.23), where {ig} is the ground acceleration vector.

j ) MI{u (3.23)

The first term of the left side of the energy balance equation of Equation (3.22) is the
kinetic energy (Exk) of the lumped mass due to its motion relative to the ground, as presented in
Equation (2.44).

£ = [ {0} [M]{a) (3.24)

The second term of Equation (3.22) is the dissipation energy caused by structural

damping (Ep) expressed in Equation (3.25).
t
E, = [{u}' [C,]{u}dt (3.25)
0

The third term of Equation (3.22) is the absorbed energy since the nonlinear structural
stiffness (Eask) written in Equation (3.26), where {Q} is the restoring force vector. The
absorbed energy comprises the recoverable elastic strain energy (Esk) and the irrecoverable
hysteretic energy (i.e., Eirk, energy dissipated by yielding) expressed in Equation (3.27). The
recoverable elastic strain energy (Esk) is calculated using Equation (3.28), where [Kso] is the
initial stiffness matrix of a structure. Therefore, the irrecoverable hysteretic energy (Eirk) can

be computed using Equation (3.29).

E s = {0} {Q}dt (3.26)
Eask = Esk + By (3.27)
Eg :j{u}T [Kgo]{uldt (3.28)
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Eirc =Easc —Esk (3.29)

The fourth term of Equation (3.22) is the absorbed energy caused by the damping of

the soil-foundation system (Erp) calculated by Equation (3.30), where {ur} is the velocity
response of the foundation, and [Cr] is the damping matrix of the damping of the soil-

foundation system.
t
Eeo = [{Ue}" [Cr J{ue |t (3.30)
0

The fifth term of Equation (3.22) is the strain energy of the foundation (Enp) written in
Equation (3.31), where {Fnp} is the horizontal force, vertical force, and overturning moment
at the base of the foundation (Section 2.2).

E.o = j{uF}T {F.p ) dt (3.31)

Accordingly, the energy balance equation is rewritten as Equation (3.32).
B« +Ep +Eusk +Ep +Erp =E, (3.32)
Chapter 3 prepares two scenarios to compare and discuss the effects of the soil—
structure interaction considering the foundation uplift; thus, the energy balance equation for
the fixed-base case considering the structure nonlinearity (i.e., neglecting the effect of the soil-

structure interaction) is written as Equations (3.33) and (3.34) by integrating the governing

equation for the fixed-base case with reference to Chopra [13] and Akiyama [14].

{u}" [M]{u}dt +j;{u}T [Cs[{u}dt +f([{u}T {Q}dt= i{U}T {P}dt (3.33)

O t—\

E«+E;+Ex =E (3.34)

Recall that the structure responses are presented in Figures 3.09 and 3.10 in Section 3.3.
Figures 3.17 and 3.18 illustrate the energy variation with time for the structure subjected to the
recorded ground motion during the 1995 Kobe Earthquake, in which the maximum acceleration
was adjusted to 50 and 800 cm/s?. Figures 3.17(a)—(c) compare the energy time variations for

the cases of the fixed-base structure, structure with the linear soil-structure interaction, and
structure with the nonlinear soil-structure interaction considering the foundation uplift,

respectively, when the structure is subjected to 50 cm/s? ground input motion. The foundation
uplift does not occur when the structure is subjected to a comparatively small ground motion,
as illustrated in Figure 3.9(c); hence, the energy for case of the structure with the linear SSI
seems equivalent to that for the structure with the nonlinear SSI considering the foundation
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uplift. The comparison results indicate that the energy input to the structure considering the
linear soil-structure interaction cases is less than that for the structure in the fixed-base case.
Consequently, the reduction in the kinetic and strain energies of the structure and the dissipated
energy caused by structure damping is demonstrated, implying smaller structural velocity
responses caused by the reduction effect of the soil-structure interaction. Figure 3.11 shows
that a remarkable hysteresis loop in the restoring force and displacement relationship does not

occur in both cases when the structures are subjected to the small ground motion, implying the
absence of irrecoverable hysteretic energy (Eirx).
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Figure 3.18 Energy in time history when the structure is subjected to 800 cm/s? ground motion.

Figure 3.18 illustrates the energy variation with time for the structure subjected to the
comparatively large ground motion of 800 cm/s?. The results are compared with the cases
having a fixed-base foundation and that considering the soil-structure interaction allowing the
foundation, as presented in Figures 3.18(a) and 3.18(b), clarifying the difference in the energy
variation for the cases with a fixed base and considering the foundation. The foundation uplift
reduces the structural velocity responses. In Figure 3.18(a), when the structure is subjected to
a more intensive ground motion, the energy is absorbed by the nonlinear structural stiffness
resulting from the remarkable hysteresis loop. This cumulative nonlinear deformation may
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damage the superstructure. In contrast, Figure 3.18(c) illustrates that the foundation uplift tends
to reduce the energy absorption by the nonlinear structural stiffness.

The maximum energy input to the structure in the cases of a fixed base, linear SSI, and
nonlinear SSI considering the foundation uplift with various ground motion amplitudes are

compared and discussed in the subsequent section.

3.5.1 Low-rise building
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Figure 3.19 compares the maximum energy input to the structure for the fixed-base,
linear SSI, and nonlinear SSI with the foundation uplift cases when the low-rise building is
subjected to various ground motion amplitudes. Figure 3.19 demonstrates that, in most cases,
the maximum energy for the case considering the foundation uplift results in less maximum
input energy to the structure when compared to the fixed-base foundation. Figure 3.20 depicts
the maximum energy input ratios for the cases considering the linear and nonlinear SSI with
the foundation uplift to the structural acceleration response of the fixed-base case. Figures
3.20(a) and 3.20(b) highlight the beneficial effect of the linear soil-structure and nonlinear
soil-structure interactions considering the foundation in reducing the energy imparted to the
structure. However, when the structure is subjected to a low-frequency seismic motion, the
energy input to the structure becomes excessive for the case considering the foundation uplift
(e.g., when the structure is subjected to the ground motion recorded at Hachinohe Harbor
during the 1968 Tokachi—Oki Earthquake), as indicated in Figure 3.20(b) corresponding to the
ground contact ratio in Figure 3.20(c). Nevertheless, when the low-rise structure is subjected
to the recorded ground motions at FKS007 during the 2011 Tohoku Earthquake, the energy for
the linear SSI becomes more extensive than in other cases because the predominant frequency
of the ground motion is close to the natural frequency at the first mode of the linear SSI

structure system.

3.5.2 Medium-rise building

The maximum energy input to the structure when the medium-rise building sustained
on stiff soil is subjected to various ground motion amplitudes for the cases with a fixed base,
linear SSI, and nonlinear SSI considering the foundation uplift are compared in Figure 3.18.
The maximum input energy to the structure value for the fixed-base case is mostly higher than
those for the cases of the structure for the linear and nonlinear SSI with the foundation uplift,
except when the structure is subjected to the low-frequency seismic motion (i.e., the ground
motion recorded at Hachinohe Harbor during the 1968 Tokachi—Oki Earthquake), as illustrated
in Figure 3.21. For the discussion, the ratio of the input energy is presented in Figure 3.22 for
the structures considering the linear and nonlinear SSI with the foundation uplift to the fixed-
base foundation structure. The input energy ratio for the structure with the linear and nonlinear
SSI considering the foundation uplift tends to be less than that for the structure in the fixed-
base case. In contrast, when the structure is subjected to the ground motions recorded at
Hachinohe Harbor the 1968 Tokachi—Oki Earthquake, the foundation uplift becomes excessive,

making the structures more unstable. The foundation uplift may reduce and change the natural
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frequency of structures; thus, it may be close to the predominant frequency of the ground
motions, which will become the resonance state and make the structures more unstable.
However, when the predominant frequency of the ground motion is close to the structure
system (e.g., recorded ground motion at the Agnews State Hospital station during the 1989
Loma Prieta Earthquake), it will become a resonance state, resulting in a higher energy input.
This indicates that the reduction effect of the SSI, especially the foundation uplift, depends on
various factors, including the structure and frequency characteristics of the seismic motion,

which must repeatedly be investigated and discussed to ensure the effect of the nonlinear soil—

structure interaction considering the foundation on structures.
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3.6 Summary
This chapter discussed the effect of the seismic isolation caused by the foundation uplift
on structures using the energy concept. This study specifically focused on the amount of
irrecoverable hysteretic energy that can be used to estimate the structural damage and
considered a low-rise building and a five-story building constructed on a mat foundation
supported by stiff soil. The current chapter compared the performances under three different
scenarios (i.e., fixed-base condition, structure considering the linear soil-structure interaction,
and structure considering the nonlinear soil-structure interaction with the foundation uplift) to
discuss the foundation uplift effect. The structures were subjected to 15 different ground
motions recorded during various earthquake events. The obtained results are as follows:
1. The soil-structure interaction, especially the nonlinear soil-structure interaction with
the foundation uplift, positively affects the structure because the foundation uplift
works to cut off the seismic motion, resulting in less structural acceleration responses.
2. The effectiveness of the foundation uplift in reducing the structural responses
depends on the intensity and frequency characteristics of the earthquake ground motion.
In some cases, the foundation uplift may not effectively reduce the structural responses,
such as when a structure is subjected to a high-intensity and low-frequency ground
motion.
3. The foundation uplift has a beneficial effect in reducing the input energy, which may
result in smaller structural velocity responses. However, the amount of the energy input
to the structure can be influenced by the intensity and frequency characteristics of the
earthquake ground motion, which can affect the structural responses.
4. The foundation uplift may prevent the occurrence of a hysteretic loop or the
accumulation of the nonlinear deformation of the superstructure.

Some factors, such as the structural slenderness ratio and the foundation size, must still be
considered because the reduction effect varies depending on the dynamic characteristics of the
structure and the input ground motion. Further research is also necessary to better understand
the complex interactions between these various factors and develop a more accurate predicting
method for the effectiveness of the foundation uplift in various situations. Additionally,

experiment tests are recommended to verify the investigation in this work.
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4. EARTHQUAKE-TSUNAMI MULTIHAZARD
ANALYSIS CONSIDERING FOUNDATION UPLIFT

After the physics of the foundation uplift problems were discussed in Chapters 2 and 3,
this chapter combines the earthquake—tsunami multihazard problems considering the
foundation uplift problems. Section 4.1 introduces the study background and purpose. Section
4.2 describes the framework analysis. Section 4.3 explains the definition of the limit state
considered in this study. Sections 4.4 and 4.5 clarify the earthquake and tsunami loadings.
Sections 4.6 presents the earthquake—tsunami interaction diagrams. Section 4.7 summarizes

this chapter.

4.1 Background and Purpose

Mimura et al. [1] reported that the combination of sequential earthquakes and tsunamis
resulted in extensive damage to numerous coastal area structures during the 2011 Tohoku
Earthquake and Tsunami events. Large intensive earthquakes generate massive tsunamis that
cause considerable damage to coastal structures; hence, a method for evaluating the effects of
sequential earthquake—tsunami hazards (i.e., a multihazard) is essentially required. Studies on
the combined earthquake—tsunami disasters are nowadays garnering considerable interest. For
example, Carey et al. [2] established an earthquake—tsunami interaction diagram that can
illustrate that a structures' resistance to subsequent tsunamis is reduced by the effects of the
earthquake on the structure. Carey et al. [2] focused on the bridge structure considering the
soil-structure interaction and prescribed the structural damage as the limit state. However,
during the 2011 Great Tohoku Earthquake, numerous buildings were overturned by the
earthquake and the following tsunami [3], which are directly associated with the loss of human
life and must be prevented. The foundation uplift significantly affects the structural responses
during earthquakes (Chapter 3). This chapter further develops the earthquake—tsunami
interaction diagram by considering the foundation uplift because the limit state considered as
the target structure system is different. Whether or not the building or foundation damage has
a dominant effect may differ depending on the input seismic motion characteristics. This
chapter simultaneously considers two different limit states, namely the inter-layer deformation
angle that represents the structural damage, and the ground contact ratio that denotes the
amount of the foundation uplift. The purpose of this chapter is explained in Sections 4.6.1 and
4.6.2 and summarized as follows.

(1) Earthquake—tsunami interaction diagrams are further developed by considering the
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foundation uplift.
(2) The earthquake-tsunami interaction diagrams are further developed by

simultaneously considering the foundation uplift and the inter-layer deformation.

4.2 Analytical Framework and Earthquake—Tsunami Interaction Diagram

This study follows the analysis framework developed by Carey et al. [2]; therefore, this
chapter describes the analytical framework and the flow chart of the earthquake—tsunami
interaction diagram method.

4.2.1 Analytical framework

Referring to Carey et al. [13], the earthquake—tsunami framework analysis sequence is
separated into three stages , as illustrated in Figure 4.1.
4.2.1.1 Stage 1: Earthquake ground motion loading

In the first stage, the earthquake ground motion is applied to a shallow foundation at
the ground surface level, as presented in Figure 4.1(a). This stage applies the ground motion as
earthquake loading to the structure at the ground surface level for the time history analysis.
4.2.1.2 Stage 2: Before the tsunami loading

In the second stage, the structure is presented as the initial condition with its damaged
state caused by the earthquake. This study considers the application of zero external load in the
second stage before the tsunami loading. Note that Mimura et al. [1] reported that the time
between the 2011 Tohoku Earthquake and the arrival time of the highest tsunami waves in
Iwate Prefecture is approximately 30 to 40 min. However, a tsunami force is applied to the

structure after the earthquake analysis a few minutes later in this study.

=

(a) Earthquake loading (b) Preparation before a tsunami (c) Tsunami loading

Figure. 4.1 Analysis framework of the three stages
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4.2.1.3 Stage 3: Tsunami loading

The third stage involves a hydrodynamic pushover analysis. Referring to ASCE/SEI 7-
16 [3], the hydrodynamic force is statically applied to the whole structure from the ground
surface level to the specific tsunami height (h), and the tsunami flow velocity is evaluated as
entirely uniform with the tsunami height. Accordingly, the hydrodynamic pressure distribution
will be treated as a uniform load. Figure 4.1(c) illustrates the hydrodynamic force applied at
the center of the tsunami height by assuming the maximum tsunami height (hmax). The
hydrodynamic force intensity is increased by gradually increasing the tsunami flow velocity

(u) in a nonlinear pushover analysis [4] until the defined limit state is reached.

4.2.2 Earthquake—tsunami interaction diagram method

We referred to the approach of Carey et al. [2] in this work. The interaction diagrams
for the sequential earthquake—tsunami multihazards are created following the procedures
presented below and in Figure 4.2.
4.2.2.1 Step 1: Define the structure performance.

The limit state is interpreted as the structure failure caused by any of the two (i.e.,

earthquake or the tsunami) or both. The limit state of a structure is defined here.

[ Step 1: Define the limit state of the structure ]

k J

Step 2: Apply ground Step 3: Apply tsunami
motion in time history hydrodynamic force in
analysis nonlinear pushover analysis
Calculate F),
y Determine 7 and #,)

Gradually increase the

. NO v
amplitude of ground

A J

v

Nonlinear pushover

motion _
analysis by gradually
increase the amplitude
Perform same YES of ground motion

analyses
UNTIL

L J v

— Reaching the limit state

Figure 4.2 Flow chart of the generated the earthquake—tsunami interaction diagram
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4.2.2.2 Step 2: Apply a ground motion as an earthquake loading.

An earthquake ground motion is applied at the ground surface of the structure. The
ground motion amplitude is gradually increased until the ground motion reaches one of the
prescribed limit states.
4.2.2.3 Step 3: Apply the tsunami hydrodynamic force as the tsunami loading.

A fixed inundation depth of tsunami (h) and an initial tsunami flow velocity (ug) are
determined. The hydrodynamic force (Fp) is calculated using Equation (4.1) (Section 4.5).
After the second stage, the Fp is given as the input loading to the structure. The nonlinear static

pushover analysis starts by increasing the tsunami flow velocity.

F, =%CD pB(hu?) (4.1)

4.3 Limit State

According to ASCE/SEI 7-10 [5], the limit state is the condition beyond which a
structure or a portion of a structure is considered to no longer be suitable for its intended use
and is judged unsafe. This definition corresponds to serviceability, which refers to the point at
which a structure may still be standing, but can no longer perform its intended function or
provide a satisfactory service level to its users. Referring to the work of Carey et al. [2], the
limit state is denoted as the structure failure caused by either one or both of the hazards
considering the effects of a combined earthquake and tsunami. Carey at el. [2], however, only
prescribed the story drift ratio (i.e., inter-layer deformation angle) as the limit state. In Section
4.6.2, the earthquake—tsunami interaction diagram is further developed by simultaneously
considering two different limit states as the objective of this chapter. Therefore, two prescribed

limit states in this study are explained below.

4.3.1 Inter-layer deformation angle

The inter-layer drift deformation angle or story drift angle is the first prescribed limit
state in this work because it may indicate a direct link to building damage. The inter-layer drift
deformation angle is the ratio of the relative displacement of each floor to the height of each
layer. Referring to the building structural design standards [6], the limit value of the inter-story
drift angle (o) is 1/200.

4.3.2 Ground contact ratio

The degree of the foundation uplift that can be indicated by the ground contact ratio is
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prescribed as the second limit state because the amount of deformation in some structures (e.g.,
foundation structure) must be considered to verify structural safety [7]. Referring to the Nuclear
Standard Committee of the JEA [8] and the description in Section 2.2.2, special consideration
is needed to accurately investigate the foundation uplift phenomenon when the ground contact

ratio is less than 50%. Therefore, the limit value of the ground contact ratio () is less than 50%.

4.4 Earthquake Loading

This study prepares the subduction-zone ground motions recorded during the 2011
Great Tohoku Earthquake (Mw 9.0), which occurred at 14:46 JST on March 11, 2011. In this
chapter, 30 recorded ground motions from the Fukushima, Iwate, and Miyagi prefectures,
which suffered the largest damages from the 2011 Tohoku Earthquake and Tsunami events,
from the K-NET and the KiK-net stations were selected, as shown in Figure 4.3. Table 4.1
summarizes the 30 selected ground motion properties, where the PGA stands for peak ground
acceleration; Sa is the spectral acceleration calculated by assuming 5% damping at the first
period of the soil-structure interaction system; Fe is the predominant frequency of the ground
motion; and fo is the fundamental natural soil frequency used to classify the soil characteristics.
The soil classification differs from Section 2.6 due to the soil information.

As described in Section 4.2, the recorded ground motion amplitude is gradually
increased until the defined limit states are attained to create a diagram representing the

interaction between an earthquake and a tsunami.

FKSH20
TKUSHIMA <5006 o ris007

Figure 4.3 Stations in three prefectures in the Tohoku area site map
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Table 4.1 Thirty ground motions recorded in three prefectures in the 2011 Tohoku
Earthquake—Tsunami events

Prefecture Station (En?/?z) (Sgr?]t/;;; (E;) (:;’Z) Type
Fukushima FKS001 552.720 851.620 | 2.417 3.810 i
Fukushima FKS004 504.700 | 1312.220 | 4.993 5.935 |
Fukushima FKS005 444,920 | 1494.500 | 3.442 8.172 I
Fukushima FKS006 525.280 | 1254.400 | 2.344 4,334 I
Fukushima FKS007 690.900 | 1256.360 | 4.761 8.257 I
Fukushima FKS010 882.000 | 2720.480 | 2.739 6.521 I
Fukushima FKS011 311.640 826.140 | 2.966 5.551 I
Fukushima FKS031 407.680 | 1279.880 | 1.269 10.914 I
Fukushima FKSH14 122.500 363.580 | 0.476 1.971 v
Fukushima FKSH20 356.720 185.220 | 2.576 2.590 1
Iwate IWTO005 163.660 353.780 | 1.159 7.252 |
Iwate IWTO007 696.780 | 1179.920 | 2.576 3.970 1
Iwate IWT008 323.400 839.860 | 3.577 18.751 I
Iwate IWT009 512.540 | 1692.460 | 6.323 8.143 |
Iwate IWTO016 236.180 590.940 | 7.397 5.097 1|
Iwate IWTHO5 654.640 | 1144.640 | 9.119 4,660 1|
Iwate IWTH14 229.320 257.740 | 4.053 7.252 1|
Iwate IWTH21 413.560 | 1628.760 | 1.697 4,985 1|
Iwate IWTH23 148.960 268.520 | 1.685 7.691 1|
Iwate IWTH27 98.980 870.240 | 2.649 5.586 1|
Miyagi MY G001 426.300 | 1594.460 | 4.126 8.929 1
Miyagi MY G002 657.580 | 2167.760 | 6.677 8.324 1
Miyagi MY G008 294.000 837.900 | 1.550 6.353 1
Miyagi MYGO011 687.960 | 1374.940 | 5.774 15.684 1
Miyagi MY G015 352.800 560.560 | 2.234 2.369 v
Miyagi MYGO017 348.880 837.900 | 2.209 1.376 v
Miyagi MYGHO03 133.280 187.180 | 2.002 7.783 I
Miyagi MYGHO08 255.780 731.080 | 1.782 1.695 v
Miyagi MYGH10 852.600 | 2463.720 | 7.177 2.896 1
Miyagi MYGH12 459.620 849.660 | 14.705 6.233 I

*Site classification: Type II (medium), Type III (soft), and Type IV (very soft)

References: [9] and [10]

Kanai, K., Seismology in Engineering, Tokyo University, Japan, 1983.

Varecha V. P., Fadllan A., and Hartono, Soil Classification Using Horizontal to Vertical
Spectrum Ratio Methods on Scilab in Sendangmulyo, Semarang, Physics Education
Research Journal, Vol. 4, No.2, pp. 71-78, 2022.
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4.5 Tsunami Loading

Although the buoyancy and debris impact forces in FEMA 2019 [11] are significant
forces that needed consideration, Carey et al. [2] suggested that the hydrodynamic force (Fp)
is the main factor for the overturned buildings during the 2011 Great East Japan Earthquake
and Tsunami events [12,13]. This study focuses on Fp as the tsunami loading with reference to
FEMA 2019 [11]. The hydrodynamic force is applied to the structure, as illustrated in Figure
4.1(c) and calculated using Equation (4.1), where p is the seawater density, including the
sediment; Cp is the drag coefficient; B is the building width that the tsunami affects; h is the
tsunami height; and u is the tsunami flow velocity. Table 4.2 presents the parameters for
calculating the tsunami hydrodynamic force with reference to FEMA 2019 [11]. Following the
suggestions of Carey et al. [2], the tsunami height (h) and initial tsunami velocity (u) are
determined and fixed. The tsunami loading intensity (i.e., hydrodynamic force) is also
increased by increasing the tsunami flow (u) in the nonlinear pushover analysis.

Although some investigation reports [1] presented that the interval between the 2011
Tohoku Earthquake and the arrival of the highest tsunami waves in the Iwate Prefecture is
approximately 30 to 40 min, in this work, a tsunami force is applied a few minutes after the

earthquake.
Table 4.2 Parameters for the calculating the tsunami hydrodynamic force
Parameters Value
Sea water density, including sediment, p (t/m3) 1.2
Drag coefficient, C, 2
Building width that the tsunami affected, B (m) 10
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4.6 Computation Results

In this chapter, the earthquake—tsunami interaction diagrams are further developed into
two parts. Section 4.6.1 presents the earthquake—tsunami interaction diagrams considering the
foundation uplift by determining only one limit state, that is, the ground contact ratio, but
considering different levels (y < 75%, n < 65%, and n < 50%). Note that the structure is
considered based on a linear assumption in Section 4.6.1. In Section 4.6.2, the earthquake—
tsunami interaction diagrams are further developed by simultaneously considering two
different limit states, namely the inter-layer deformation angle and the ground contact ratio.
Reports on the structural damage by the 2011 Tohoku Earthquake and Tsunami event showed
that the overturned buildings were mainly low-rise buildings sustained on a shallow foundation.
Therefore, the three-story building on a mat foundation sustained on stiff soil described in
Section 2.4.1 is the analytical model used in the current chapter. For simplicity, a horizontal—
vertical interactive sway-rocking model is considered (Section 2.2.2) to calculate the structural

responses considering the foundation uplift against earthquake and tsunami events.

4.6.1 Earthquake-tsunami interaction diagram considering the foundation uplift
Figures 4.4 and 4.5 display examples of two different mechanisms for the structure
reaching the limit state for a comparatively small earthquake and a large earthquake,
respectively, when the structure is subjected to the ground motion recorded at the IWTH23
station. Figure 4.4(a) presents the time history of the rotational displacement of the foundation
for each of the three different stages (i.e., 0-300, 300-400, and 400-600 s). Figure 4.4(b)
illustrates the corresponding ground contact ratio time histories. Figure 4.4 demonstrates that
the ground motion is not large enough to reach the limit state during the earthquake; therefore,
the prescribed limit state ( < 50%) is reached by tsunami loading. Figure 4.5 illustrates the
time histories of the foundation deformation and the corresponding time histories of the
foundation—ground contact ratio, which is intensive enough for reaching the limit state during

an earthquake. The dashed line in the figure indicates the limit state.
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Figure 4.4 Response when the tsunami via the hydrodynamic force reached the prescribed

limit state.
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Figure 4.5 Response when the ground motion reached the prescribed limit state.
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Figure 4.6 Four examples of the earthquake—tsunami interaction diagrams when the

structure is subjected to the recorded ground motion at the IWTH23 station.

Figure 4.6 shows four examples of the earthquake—tsunami interaction diagrams for
two different tsunami heights and the recorded ground motion at the IWTH23 station. The
ground motion intensity is depicted at the horizontal axis. The vertical axis denotes the required
tsunami hydrodynamic force for reaching the limit state. Figures 4.6(a) and 4.6(b) depict the
interaction diagrams of the tsunami velocity and the hydrodynamic force at tsunami heights of
7 and 14 m, respectively. In Figure 4.6, the diagrams indicate that, when the ground motion is
low, the limit state is reached due to the tsunami force. Conversely, when the ground motion is
large, the tsunami force becomes zero on the vertical axis because the limit state is reached by

the ground motion prior to the tsunami arrival. The diagrams also depict that at tsunami heights
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of 14 and 7 m, the tsunami flow velocities of the hydrodynamic force for reaching the
prescribed limit state are between 2.8 and 4.5 m/s, respectively. The range of the tsunami flow
velocities is close to that in the interaction diagrams established by Carey et al. [2], even though
the analytical model is different, and an approximate value of the tsunami flow velocity from
the tsunami in the 2011 Tohoku Earthquake—Tsunami events is used [14,15].

Figure 4.7 displays the overall interaction diagrams for the 30 ground motions in three
prefectures with a tsunami height of 14 m and three limit states (ground contact ratio). Figure
4.7 illustrates that, when the intensity of the spectral acceleration (Sa) is more than 200 cm/s?,
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Figure 4.7 Overall interaction diagrams for the Fukushima, Iwate, and Miyagi prefectures

with the three prescribed limit states of # <75%, n < 65%, and n < 50%
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the hydrodynamic force will not be required in leading this structure to reach the limit states in
the three prefectures.
Figures 4.8 and 4.9 present the median and the average interaction diagrams for the
three prefectures, respectively. The interaction diagrams illustrate almost constant values for a
small Sa range. This means that the earthquakes have slight effects on the tsunami loading
needed to reach the limit state when the spectral acceleration (Sa) is lower than 200 cm/s? in
Fukushima and lower than 300 cm/s? in Iwate and Miyagi, as shown in Figure 4.8. Figure 4.9
indicates that at spectral accelerations over 200 cm/s?, the structure resistance is rapidly
reduced for all prefectures. The median and the average earthquake—tsunami interaction
diagrams indicate the damage caused by the earthquake intensity, which then reduces the
structural resistance to a subsequent tsunami. The earthquake intensity causes a damage that
weakens the structural resistance, leaving it vulnerable to a potential tsunami. The earthquake—
tsunami interaction diagram estimates the earthquake damage that reduces structural resistance
to a subsequent tsunami. The diagrams show that an earthquake might be one factor for
overturning buildings, as presented by the earthquake—tsunami interaction diagrams. The
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earthquake characteristics affect the reduction of the structural resistance for tsunami resistance.

4.6.2 Earthquake-tsunami interaction diagram simultaneously considering two different
limit states

Damage occurrence cannot be accurately estimated; therefore, this section
simultaneously considers two different two different limit states, that is, the inter-layer
deformation angle and the foundation uplift. Six ground motions with different frequency
characteristics were selected from Table 4.3 to be applied as earthquake loading. Figures 4.10
to 4.15 show the acceleration time history and the power spectrum of the recorded ground
motion, even though the properties of the six selected ground motions were already
summarized in Table 4.3, to explicitly illustrate the difference in the frequency characteristic
of the ground motions.

Table 4.3 Six ground motions recorded to generate the earthquake—tsunami interaction
diagram by simultaneously considering two different limit states

PGA Saat T1 Fe
(cm/s?) | (cm/s?) (Hz)
Fukushima FKS001 552.720 851.620 | 2.417
Fukushima FKS004 504.700 | 1312.220 | 4.993

Prefecture Station

Iwate IWTO005 163.660 353.780 | 1.159
Iwate IWTO012 454,574 | 1105.708 | 4.260
Miyagi MYG001 426.300 | 1594.460 | 4.126
Miyagi MY G008 294.000 837.900 | 1.550
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Figure 4.10 Ground motion recorded at the FKS001 station
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Figure 4.12 Ground motion recorded at the IWTOO5 station
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Figure 4.14 Ground motion recorded at the MY G001 station
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Figure 4.15 Ground motion recorded at the MY G018 station
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Figures 4.16 and 4.17 show the two different mechanisms for the structure reaching the
two limit states for a comparatively small ground motion and a large ground motion. The
selected ground motions were prepared by changing the ground motion amplitude of the 2011
Tohoku Earthquake as in Section 4.6.1. When the structure is subjected to the recorded ground
motion at the MY G008 station, the ground motion reaches the inter-layer deformation angle
before the ground contact ratio as the limit state during the ground motion. Figure 4.16 displays
an example of the inter-layer deformation angle at the top of the structure in the time history at
three different stages (i.e., 0-300, 300—350, and 350-500 s). The dashed line represents the
limit state. The inter-layer deformation angle does not reach the limit state by the ground
motion. The first limit state (6 < 0.005) is reached by the following tsunami loading via the
hydrodynamic force. Figure 4.16(b) presents the inter-layer deformation angle of the
earthquake, which was large enough to reach the limit state.
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Figure 4.16 Inter-layer deformation when the structure is subjected to the recorded ground
motion at station MY GO008.
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Figure 4.17 Ground contact ratio when the structure is subjected to the recorded ground
motion at the MY G001 station.

In contrast, when the structure is subjected to the recorded ground motion at the
MYGO0O01 station, the ground contact ratio reaches the limit state before the inter-layer
deformation angle by the ground motion, as presented in Figure 4.17. At a small ground motion
intensity, the ground contact ratio is large enough not to reach the limit state during the
earthquake, as exemplified in Figure 4.17(a). Figure 4.17(b) illustrates an example case when
the ground contact ratio is small enough for reaching the limit state during the earthquake.

Figure 4.18 presents the two resulting earthquake—tsunami interaction diagrams for the
two different limit states and the six selected ground motions during the 2011 Tohoku
Earthquake. Figure 4.18(a) shows the hydrodynamic force interaction when the earthquake
loading reaches the story drift angle before the ground contact ratio. Figure 4.18(b) depicts the
hydrodynamic force interaction when the ground contact ratio is reached before the inter-layer
deformation angle during the earthquake ground motion. Interestingly, the value of the
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Figure 4.18 Earthquake—tsunami interaction diagrams

hydrodynamic tsunami force on the ordinate axis gradually decreases when the ground motion
intensity increases on the vertical axis in Figure 4.18(a), while that on the ordinate axis is
constant on the vertical axis in Figure 4.18(b). The earthquake—tsunami interaction diagrams
will improve the accuracy when a nonlinear behavior occurs, although this section considered
only the structural nonlinearity and not the soil nonlinearity because the horizontal—vertical
interactive SR model is employed. In Figure 4.18, the structural system becomes close to the
resonance state, and the ground motions reach the ground contact ratio as the limit state before
the inter-layer deformation angle when the predominant frequency of the six selected ground
motions is close to the natural frequency of the first mode of the soil and foundation system
(e.g., recorded ground motions at the FKS004, IWT012, and MYGO0O01 stations). In contrast,
when the structure is subjected to ground motions (e.g., recorded ground motion at the FKS001,
IWTO005, and MY G008 stations), the inter-layer deformation angle is reached as the limit state
before the ground contact ratio. This indicates two different cases: (1) the structure nonlinearity
progresses and reaches the limit state of the structure due to the ground motion increases; and
(2) the foundation limit state suddenly comes without structural damage.

4.7 Summary

This chapter extended the earthquake—tsunami interaction diagram proposed by Carey
et al. [2] by considering the nonlinear soil-structure interactions with the foundation uplift and
simultaneously considered two different limit states of structural damage (i.e., inter-layer drift
deformation angle) and foundation uplift (i.e., ground contact ratio) considering that whether

or not the building or the foundation reaches the critical state first will depend on the input
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ground motion characteristics. A three-story building on a mat foundation sustained on stiff
soil was prepared to develop the earthquake—tsunami interaction diagram considering the
foundation uplift. Thirty recorded ground motions in the Fukushima, lwate, and Miyagi
prefectures during the 2011 Tohoku Earthquake (EW component) and the hydrodynamic force
were applied as the earthquake and tsunami loadings, respectively. Six ground motions with
different frequency characteristics from the 30 ground motions were selected to generate the
diagrams by simultaneously considering two different limit states. The obtained results are as
follows:

1. The structural resistance to the following tsunami is reduced by the residual effects

of earthquakes.

2. The resistance remaining after the earthquake differs depending on the different

degrees of the foundation uplift during an earthquake.

3. In addition to the hydrodynamic force, buoyancy force, and soil instability, the

occurrence of a building overturn may also be caused by earthquakes and their specific

characteristics, which can reduce the structural resistance needed to withstand a

tsunami.

4. The limit states differ for each case; thus, the input ground motion characteristics

will affect the dominant limit states.

5. The diagrams indicate that the damage caused by the ground motion will reduce the

intensity of the needed tsunami loading via the hydrodynamic force (Fp) to reach the

limit states.

6. Multiple limit states must be considered when preventing complex disasters caused

by earthquakes and tsunamis.

Further research is necessary in understanding the complex interactions between
earthquakes and tsunamis better and in developing prevention methods for earthquake—tsunami
multihazards because some factors (e.g., soil properties, buoyancy, and debris impact forces)
must still be taken into account to more accurately improve the earthquake—tsunami interaction
diagrams for estimating the remaining strength of structures after earthquakes to withstand

subsequent tsunamis.
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5. CONCLUSIONS

According to the literature review, giant tsunamis generated by extremely intensive
earthquakes cause numerous structural damages to coastal structures. Therefore, a method for
evaluating and describing the effects of earthquake—tsunami multihazards is necessary for
preventing coastal area damages. Many studies on earthquake—tsunami multihazard have
tackled this problem, but only a few considered the nonlinear soil-structure interaction,
especially the foundation uplift, which has significant effects on structural responses. In
addition to reports on the structural damage caused by the 2011 Tohoku Earthquake and
Tsunami events, the disaster overturned many buildings. This phenomenon must be prevented
at all costs because it is directly linked to the loss of human life. This study aimed to further
develop the earthquake—tsunami interaction diagram proposed by Carey et al. (2019) by
considering the foundation uplift. However, before generating the diagrams, the effect of
seismic isolation caused by the foundation uplift on building structures was first discussed to
understand the physical foundation uplift behavior. The obtained results are summarized below
by separating each chapter.

In Chapter 2, a comparative analysis was conducted on two numerical models
considering the foundation uplift, that is, the horizontal-vertical interactive sway-rocking
model and the macroelement model, to examine the influence of soil and geometrical
nonlinearities on the foundation uplift behavior and structural responses. To achieve this
objective, the study focused on low- and medium-rise buildings with shallow foundations and
three different soil types. Two ground motion categories were prepared, namely simulating
inland and subduction-zone earthquakes. Five ground motions, each with varying frequency
characteristics and recorded from significant earthquakes, were selected for the time history
analysis. The results presented that the structural responses of both numerical models were
similar for the structures sustained on stiff soil and rock, even though the ground contact ratios
for both models relatively differed, especially at the ground contact ratio of less than 40%.
Furthermore, the plastic soil deformation might reduce the foundation uplift. The comparison
results also indicated that the degree of foundation uplift depends on the structure and seismic
input motion characteristics and the soil conditions.

In Chapter 3, the effect of the seismic isolation caused by the foundation uplift on the
structural behavior was examined by using the energy concept. The analysis focused on both a
low-rise building and a five-story building constructed on a mat foundation supported by stiff

soil. For a clear discussion of the foundation uplift effect, this chapter compared the
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performances of the structures under three different scenarios (i.e., one with a fixed-base
foundation, one with a structure with the linear soil-structure interaction, and one with a
structure considering the soil-structure interaction with the foundation uplift). The structures
were subjected to fifteen distinct ground motions recorded during various earthquake events.
The computation results showed that the foundation uplift was beneficial for the structure
because the foundation uplift worked in cutting off the seismic motion, thereby resulting in less
structural acceleration responses. However, the reduction effect of the foundation uplift will
depend on the characteristics of structures and ground input motion. In addition, if the structure
is subjected to a high-intensity and low-frequency ground motion, the foundation uplift may
negatively affect the structural responses because an excessive foundation uplift may make the
structure unstable, which must be avoided.

In Chapter 4, earthquake—tsunami interaction diagrams considering the foundation
uplift were generated. This chapter also delved into a simultaneous consideration of two
distinct limit states related to structural damage (i.e., inter-layer drift deformation angle) and
foundation uplift (i.e., ground contact ratio). This approach was necessary because determining
whether or not the building or the foundation reaches a critical state first hinges on the input
ground motion characteristics. A three-story building with a mat foundation on stiff soil was
prepared to generate the earthquake—tsunami interaction diagram considering the foundation
uplift. Subsequently, 30 recorded ground motions from the Fukushima, Iwate, and Miyagi
prefectures during the 2011 Tohoku Earthquake were applied as the earthquake loading, with
the hydrodynamic force representing the tsunami loading. In addition to generating the
diagrams by simultaneously considering the two different limit states, six ground motions with
different frequency characteristics were selected. The earthquake—tsunami interaction
diagrams illustrated that the damage resulting from the earthquake represented by the ground
motion reduces the required tsunami intensity via the hydrodynamic force (Fp) to reach the
corresponding limit states. It conclusion, the structural resistance to the following tsunami can
be reduced by the remaining effects or damage caused by earthquakes. The diagrams also
indicated the dependence of the dominant limit state on the ground input ground motion
characteristics. Hence, the earthquake—tsunami interaction diagrams considering multiple limit
states are necessary for an effectual multihazard prevention, particularly in complex disasters

caused by both earthquakes and tsunamis.
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