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« Analyse dynamique non-linéaire de l'interaction sol-fondation-structure »

Résumé :

En présence d'un comportement linéaire équivalent du sol induit par un fort séisme, les
caractéristiques de rigidité et d'amortissement du sol ainsi que la réponse dynamique de la
structure peuvent étre affectées. Par conséquent, ce travail vise a étudier l'influence du
comportement linéaire équivalent du sol sur la réponse sismique du systeme sol-structure avec
une nouvelle approche utilisant le code de calcul CALDYNASOIL de Sbartai et Filali (2012).
Basé sur la méthode linéaire équivalente avec le modele hyperbolique de Masing (1926), le
comportement non linéaire du sol a été analysé pour différents niveaux de déformation (faible,
moyen et élevé). En utilisant la méthode de la sous-structure, la réponse sismique de la
structure sélectionnée a été obtenue pour un comportement non linéaire du sol et pour deux
formes de fonctions d'impédance. Deux types d'analyses ont été effectués : d'abord, par une
formulation analytique basée sur 1'équilibre dynamique du systeme sol-structure modélisé par
un modele analogique a trois degrés de liberté, puis par une analyse numérique réalisée avec
une modélisation par éléments finis en 2D a l'aide du logiciel ABAQUS. Les résultats de ce
dernier type d'analyse ont été comparés a ceux de la solution analytique. Enfin, nous
proposons de nouvelles relations analytiques non linéaires entre les déplacements de la
structure, le niveau d'accélération sismique et les fréquences d'excitation, en tenant compte du
comportement linéaire équivalent du sol.

Le changement de comportement du sol di au mouvement sismique imposé dans ce travail
montre un effet significatif sur la réponse et le déplacement de la structure. Cet effet est
caractérisé par une surestimation du déplacement de la structure et une forte dépendance au
type de fonction d'impédance et aux propriétés du sol. Un excellent accord entre I'analyse par
éléments finis et les résultats analytiques a été obtenu grace a la représentation raisonnable

du modéele.

Mots clés : Interaction sol-structure (ISS) ; modeéle viscoélastique ; modele de sol linéaire
équivalent ; CALDYNASOIL ; comportement non linéaire du sol ; fonction d'impédance ;

réponse sismique.



« Nonlinear dynamic analysis of soil-foundation-structure interaction »

Abstract:

In the event of equivalent linear soil behavior caused by a strong earthquake, the soil's
stiffness, damping characteristics, and the dynamic response of the structure can be impacted.
Thus, this study employs the CALDYNASOIL computational code developed by Sbartai and
Filali (2012) to investigate how such equivalent linear soil behavior influences the seismic
response of the soil-structure system utilizing a novel approach. Based on the Masing's
hyperbolic model (1926), the equivalent linear method was used to examine the nonlinear soil
behavior at various levels of deformation (low, medium, and high). The substructure method
was then applied to determine the seismic response of the structure under nonlinear soil
conditions and two forms of impedance functions. Two types of analyses were conducted: first,
through an analytical formulation based on the dynamic equilibrium of the soil-structure
system modeled by an analog model with three degrees of freedom, and then through a
numerical analysis performed with 2D finite element modeling using ABAQUS software. The
findings of the latter analysis were compared to those of the analytic solution. Finally, we
propose new analytical, nonlinear relationships between the structure's displacements,
seismic acceleration levels, and excitation frequencies while considering the equivalent linear
soil behavior.

The seismic motion induced change in soil behavior significantly affects structure response
and displacement. This effect leads to a higher displacement of the structure along with
increased dependence on the impedance function type and soil properties. Our finite element
analysis and analytical results display excellent correlation, which we attribute to our model's

reasonable representation.

Key words: Soil-structure interaction (SSI); Viscoelastic model; Equivalent linear soil model;

CALDYNASOIL; Nonlinear soil behavior; impedance function; seismic response.
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General introduction

GENERAL INTRODUCTION

The dynamic (seismic) response of an engineered structure depends on many structural
characteristics, seismic input, structural typology, and material properties, among others. A
significant contributor to the dynamic response is the influence of soil-structure interaction
(SSI) (Farghaly and Ahmed 2013; Harichane, Guellil, and Gadouri 2018; Park, Choo, and
Cho 2013; Shartai and Boumekik 2008; Sobhi and Far 2021), the consideration of which
mostly modifies the seismic response of structures by increasing or decreasing the
displacement values and their natural frequency. However, many building codes (EC8-2004)
ignore its effects under the assumption that its inclusion generally leads to a conservative
design and that it is only considered in the case of massive structures on soft ground (Abdel
Raheem, Ahmed, and Alazrak 2015). Regardless of the type of analytical or numerical
analysis used, Soil-Structure Interaction (SSI) has been subjected to numerous studies over
the past few decades (Awchat and Monde 2021; Cakir and Coskun 2021; Thejaswini,
Govindaraju, and Devaraj 2021), their conclusions on the beneficial or detrimental effects of
the phenomenon have been controversial (Mylonakis and Gazetas 2000; Renzi, Madiai, and
Vannucchi 2013; Abate and Massimino 2017), pointing to the importance of considering its
effects to ensure the safety and economic efficiency of structures during earthquakes. This
problem is particularly severe for structures located in relatively soft soils. In seismically
active regions, the shear wave velocity of the supporting soil is less than 100 m/s. (Bolisetti
2015; Celebi, Goktepe, and Karahan 2012; Karabork, Deneme, and Bilgehan 2014)

Most seismic analyses and risk assessments are now performed under fixed base
conditions. Although several studies have shown the importance of soil effects on buildings,
relating these effects to nonlinear soil behavior remains a complex problem due to its
difficulty and lack of data. This is despite the fact that soils subjected to seismic loading
generally exhibit nonlinear soil physical behavior. It is recommended to use the same soil
behavior model for the site response analysis and the SSI analysis to obtain more accurate and
fair results. Usually, the SSI is considered in the dynamic analysis by assuming linear
viscoelastic soil behavior. This is due to the ease of use of this model. However, the dynamic
interactions between the soil and the structure can be affected by the deformations due to
strong seismic accelerations, which can cause soil strains outside the elastic behavior of the
soil. These effects lead to a reduction of stiffness at the base of the structure on the one hand,
and an increase of energy dissipation in the soil on the other hand. Therefore, it is very

important to develop methods that account for the nonlinear soil behavior in the soil-structure
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interaction, as this nonlinear behavior cannot be captured by an elastic or viscoelastic
model.(Andrzej Truty 2018; Martakis et al. 2021)

Several studies have been conducted on the subject of soil-structure interaction with
nonlinear soil behavior, such as the study by Petridis and Pitilakis (2020), which investigated
how soil-structure interaction (SSI) and nonlinear soil behavior affect the seismic fragility of
reinforced concrete (RC) buildings with shallow foundations. They used nonlinear dynamic
models to derive fragility curves for a wide range of building typologies and soil profiles.
They found that site amplification and SSI effects together resulted in greater fragility. This
highlights the differences that result from nonlinear soil dynamics and SSI. In addition,
Petridis and Pitilakis (2021) investigated the effectiveness of a wide range of fragility
modifiers (FM) to account for nonlinear soil behavior and/or SSI effects in large-scale seismic
risk assessment procedures, and applied their strategy to an existing block of mostly
residential structures in Thessaloniki, Greece. The usefulness of the proposed FM for large-
scale risk assessment and the importance of considering soil-related effects were
demonstrated by comparing the results in terms of fragility and vulnerability. Meanwhile,
Massimino et al. (2019) compared two different strategies to account for soil nonlinearity in
2D numerical analyses of a fully coupled soil-structure system, using seven accelerograms
scaled to the same PGA, regarding the estimated seismicity of Catania. The results of the fully
coupled system studies were compared with those of the free field (FF) site response in the
time and frequency domains. The obtained ground gain ratios and the response spectra have
also been compared with those specified in the Italian technical standards (NTC 2008). Their
comparative study showed that, when comparing the alignment under the structure with the
alignment in free field conditions, the presence of the structure generated a strong gain at the
ground surface for certain accelerograms that were subjected to a much lower gain in free
field conditions, and that the presence of the structure has clearly altered the frequency
content of the ground. This finding emphasizes the importance of considering the soil-
structure interaction when evaluating the seismic safety of buildings. The work of Garevski
and Ansal (2010) presents the results of the incremental dynamic analysis (IDA) of a basic

structural system with nonlinear soil-structure interaction.

For the soil-foundation system, a nonlinear dynamic macroelement is used to simplify
the analysis. The results are compared to studies without SSI (fixed-base structure) and with
linear SSI to illustrate the differences in structure behavior when SSI is accounted for either

with a linear or non-linear assumption, they also emphasize the importance of foundation non-
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linearities in decreasing the superstructure's ductility demand. While, Bahuguna and Firoj
(2021) performed static, cyclic, and dynamic analysis using the IDA method on an NPP of
FEM model resting on layered soil. they found that ignoring SSI and the raft's embedment
impact can result in an inaccurate estimate of NPP's seismic response and uneconomical
design. They also found that accounting for superstructure nonlinearity using CDP and soil
nonlinearity with the Drucker—Prager model increases the response of NPP structure by a
significant amount. As a result, they insisted that these issues should be reviewed for crucial
and vital facilities such as NPP structures, as erroneous and inaccurate seismic response

evaluation might result in serious structural damage and health effects.

The dynamic impedance functions (i.e., stiffness and damping) of a soil-foundation
system are among the most important subtasks in soil-structure interaction analysis. Many
studies have focused on identifying and investigating the effect of the latter. For the sake of
simplicity, most of their research has been based on the use of frequency-independent
impedances or on simple rheological models, due to the convincing and very interesting
results obtained with this type of analysis. Therefore, the effect of frequency-dependent
dynamic impedance functions is neglected (Celebi, Firat, and Cankaya 2006; Guellil et al.
2017; Lesgidis, Sextos, and Kwon 2017), although it is well known that the nature of the soil-
structure interaction mainly depends on the excitation frequency. So, to what extent can

impedance function form influence the response of the structure to address the SSI problem?

According to EC8-2004, if the ground acceleration is equal to or greater than 0.1g, the
shear modulus must be multiplied by the average reduction factor. Therefore, the fact that
higher ground motion intensity leads to nonlinear soil response at certain depths, more
complex dynamic behavior of the soil field, and possibly more significant differences in the
corresponding impedance functions, which is reflected in the difference between frequency-
dependent and frequency-independent models, cannot be ignored. So how can the response of
the structure to an SSI problem be affected by the type of impedance function and the

nonlinear behavior of the soil due to a seismic event?

In order to answer the above questions, the present work presents an illustrative
example of the influence of the change of the soil behavior under seismic excitation on the
seismic response of a building (frequency, damping ratio, shear modulus, displacement...).
The inspiration behind this work stems from Sbartai's studies (Badreddine and Fillali 2012;

Filali and Sbartai 2017) on how a semi-infinite soil profile responds to seismic activity, using
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an equivalent linear model of soil behavior. The seismic response of the chosen structure in
this thesis, under nonlinear soil behavior, was obtained using two types of analysis. Firstly, an
analytical formulation based on the dynamic equilibrium of the soil-structure system was
modeled through an analog model with three degrees of freedom. Secondly, a numerical
analysis was generated using ABAQUS software with 2D finite element modeling. The
results of the numerical analysis were compared to those of the analytical solution. In this
study, the superstructure in each SSI model is represented as a linear SDOF system. The
research aims to examine differences in the dynamic response of the soil-structure system for
both linear and nonlinear soil behavior due to the effects of impedance functions. Springs and
dashpots with two frequency cases, independent and dependent frequencies (static impedance
function, dynamic impedance function), are used. Finally, based on the comparable linear soil
behavior, we suggest a fresh analytical nonlinear connection among the building's

displacements, the seismic acceleration rate, and the stimulation frequencies.

The change in soil behavior caused by seismic activity has a significant impact on the
structure's response and can lead to an overestimation of displacement. This effect is
characterized by an overestimation of the displacement of the structure. It is also strongly
dependent on the type of impedance function and the soil properties. Excellent agreement has
been achieved between finite element analysis and analytical results due to the simple model

representation.
The novelties of the present work are as follows

e To emphasize the importance of the shape of the impedance function on the dynamic

behavior of the soil-structure system;

e Evaluation of the dynamic nonlinear soil parameters (G, ¢,4) using an equivalent linear

model by the CALDYNASOIL computational code of Shartai and Filali (2012);

e Evaluation of the influence of nonlinear soil behavior on the seismic response of

structures resting on shallow foundations;

e To propose new analytic nonlinear relations between the displacements of the
structure, the seismic acceleration level, and the excitation frequencies, taking into

account the equivalent linear behavior of the soil;
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e Considering the equivalent linear behavior of the soil, to propose new analytical
nonlinear relationships between the displacements of the structure, the seismic

acceleration level and the excitation frequencies;
This thesis is divided into three main parts, as follows:
» Analytical analysis of the soil structure system with viscoelastic soil behavior.

» Analytical analysis of the soil structure system with equivalent linear soil
behavior.

» Numerical analysis and comparison with analytical results.

The organization chart below represents the structure of the work reported in this thesis
manuscript.
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Analytical analysis

L

Numerical analysis and comparison with analytical results
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I.1. INTRODUCTION

The 19th and early 20th centuries were a period of rapid innovation and development in
structural design and analysis. Today, structures are becoming taller and larger, and several
factors can affect their seismic response. Many of these things are still ignored by engineers
and building codes, even though several studies have demonstrated their importance and
impact. Soil-Structure Interaction (SSI) is one of these factors that can cause many complex
effects. The structure, the foundation, and the underlying and surrounding soil all influence
the response of the structure during an earthquake. However, it is still common for the
influence of SSI to be completely ignored when designing a structure, assuming that the
integration of SSI results in a conservative design (Abdel Raheem et al., 2015). Despite its
effect, which can be beneficial or detrimental (Abate & Massimino, 2017; Mylonakis &
Gazetas, 2000), it is still a controversial topic (Renzi et al., 2013). However, in both cases, it
should be taken into account because it could lead to a significant overestimation of the
design response spectra for buildings (Guellil et al., 2020), as a result uneconomic designs, it
is imperative to encourage the studies of coupled soil-structure systems, because without
them, a risk of rough and inaccurate assessment of the seismic response of the structure.
(Massimino et al., 2019)

Many analytical, numerical, and experimental studies have been conducted on this
topic, especially on soil-structure interaction, highlighting its important role in the analysis of
structures. Among these studies, the influence of soil-structure interaction on the behavior and
dynamic response of structures, such as the work of Worku (2014), which shows the
importance of SSI in increasing the total lateral deformation of buildings and its beneficial
effect in reducing the design spectral values or base shear in most building structures. Gao et
al., (2020), using the Response Spectrum Method (RSM), investigated the effect of seismic
SSI on a structure with a shallow foundation. Other studies that investigate the effect of SSI
on the dynamic properties/response of the base-isolated structure, Abdeddaim et al., (2022);
Karabork et al., (2014); Spyrakos et al., (2009), analyzed the dynamic behavior of multistory
structures with an isolated base under the influence of three different types of earthquakes
with and without SSI using the SAP2000 computer program. The results showed that SSI is
an important factor to be considered when selecting the appropriate isolator for isolated base
structures in soft soils. Other studies have focused on the influence of SSI on the fragility
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curves and seismic vulnerability assessment of structures. (Karapetrou et al., 2015; Rajeev &
Tesfamariam, 2012)

It has been well demonstrated that the nature of the SSI is essentially frequency
dependent (Saitoh, 2007; Wolf & Preisig, 2003), and thus the dynamic impedance functions
are affected by the frequency content of the seismic motion input. However, due to various
difficulties in the numerical analysis, the simplified hypotheses have been adopted. The
frequency-independent representation of the soil-structure interaction in a structure can, under
certain circumstances, lead to a structural behavior that is very different from the actual
behavior and, therefore, can cause misdirection in the design engineer's decision. For
example, Lesgidis et al., (2017) investigated the effect of the frequency dependence of the
soil-structure interaction on the fragility of RC bridges by comparing the predicted fragility of
a reference bridge using both a conventional, frequency-independent Kelvin-Voigt model and
the lumped parameter formulation developed by the same authors. Several studies have
shown that the simplified, frequency-independent approach can both underestimate and
overestimate the actual fragility curves of a bridge, resulting in a structural behavior that is
significantly different from the actual one. According to Betti et al., (1993), the outcome of
the response of the structure to seismic excitation depends on the characteristics of the ground
motion and the dynamic properties of the structure and the underlying soil, and these
influencing factors should be sufficiently considered to correctly estimate the behavior of the

structure under seismic loading.

This thesis deals with the dynamic soil-structure interaction (SSI), which is often
ignored in the dynamic analysis of reinforced concrete structures. This first chapter illustrates
the complexity of the SSI phenomenon by focusing on the kinematic and inertial interaction.
It presents the different analysis methods used to model this phenomenon and the dynamic
impedance of the foundation, which is an essential parameter to represent the SSI and obtain

the response of the soil-foundation-structure system.

1.2. THE SOIL-STRUCTURE INTERACTION PHENOMENON

Consider two identical structures, one embedded in rock and the other resting on a
softer soil mass. Under seismic loading, we can imagine that the two structures will behave
very differently. The structure embedded in rock has no effect on the behavior of the soil in

the free field. The stiffness of the rock is infinite. Therefore, embedding the structure in the
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rock does not change the stiffness of the soil-structure system. Similarly, the inertial forces
generated by the mass of the structure have no effect on the very stiff rock. In the case of a
structure resting on a soft soil mass, whose stiffness and natural frequencies are less important
than those of a structure embedded in rock, it is possible that more amplified displacements
will occur. This indicates that the soil properties have a significant effect on the dynamic
behavior of the structure. Conversely, the behavior of the soil can be modified by the presence
of the structure. In fact, the behavior of the soil in the free field can be significantly different
from that in the presence of the structure. The term free field is used to describe the motion
that occurs unaffected by vibrating structures. If structures are present, the motion in the
vicinity of the foundations may be different from the free field motion.

Thus, soil-structure interaction refers to the way in which the soil and a structure built
on it interact with each other; it evaluates the collective response of the structure, the
foundation, and the soil underlying and surrounding the foundation to a given ground motion.
The behavior of the soil and the structure can influence each other, and understanding this
interaction is important for designing safe and efficient buildings, bridges, and other
structures. This interaction is, of course, more or less important depending on the nature of the
soil, the characteristics of the structure, and the type of foundation. The soil-structure
interaction can have a significant effect on the behavior of the structure during loading events,
such as earthquakes. Therefore, SSI analysis is an essential part of the design process for

structures that must withstand extreme loading events.

Fig. 1.1, illustrates the SSI problem. This figure shows the general case of a raft-type
foundation embedded in the ground and supported by piles crossing several layers of soil
resting on a rigid or rocky layer. However, the SSI problem is the same for all types of
foundations. The soil layer surrounding a structure is subject to different types of seismic
waves, such as shear waves (S waves), compressional waves (P waves), and surface waves (R
or L waves). (Pecker, 2007)
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Fig. I.1. lllustration of the SSI. (Pecker, 2007)

There are several factors that can affect soil-structure interaction, such as the

characteristics of the soil, the geometry and stiffness of the structure, and the type and

magnitude of loads applied to the system. Some of these key factors are:

>

Soil type and properties: Different soil types have different properties, such as stiffness,
strength, and permeability, that can affect the way they interact with structures. For
example, loose, sandy soils are generally less stiff than dense, clay soils, which can

affect the deformation and stability of structures founded on these soils.

Geometry and stiffness of the structure: The geometry and stiffness of the structure can
affect the way it interacts with the soil. For example, tall, slender structures are more

susceptible to wind loads and may sway more than shorter, more squat structures.

Loads applied to the structure: The type and magnitude of loads applied to the structure
can also affect the soil-structure interaction. For example, seismic loads can cause the
soil to liquefy, which can affect the stability and deformation of the structure.

To perform a comprehensive analysis of soil-structure interaction, several factors must

be considered, including the variation of soil properties with depth, the nonlinear behavior of

the soil, the three-dimensional nature of the problem, the complex pattern of wave

propagation that generates motion, and the interaction with adjacent structures. Observations
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and post-seismic analyses have shown that the interaction between the soil and the structure

plays an important role in the seismic damage. (Sbartai, 2016, 2018)

Studies of coupled soil-structure systems should be strongly encouraged, because

without them there is a risk of misinterpreting the seismic response of a structure (Abate &
Massimino, 2017; Massimino et al., 2019; Mylonakis & Gazetas, 2000). Thus, there are

several important reasons to consider soil-structure interaction in the design and construction

of structures (Guéguen et al., 2000):

@)

To include deformation modes and movements at the base of the structure in the

analysis by considering a coupled soil-structure system.

To obtain a better knowledge of the vibration frequency of the coupled system, which

will be extended with implications for its dimensioning or for its evaluation.
To fully evaluate the behavior of critical structures.

In contrast to the commonly assumed fixed base model, the soil-structure system is

certainly more flexible. Therefore, SSI effects (Crouse & McGuire, 2001; Pitilakis et al.,

2005) have been reported in the literature as natural period elongation and additional

composite damping. In general (V. Davidovici, 1999), soil deformability leads to:

» A lengthening of the period of vibration of the first mode in particular, which can cause

a plus or minus variation of the acceleration value depending on the zone. (Awchat &
Monde, 2021)

A non-negligible damping (radiation damping + material damping). Not taking it into

account leads to an overestimation of the response.

A rotation of the foundation, which can significantly change the calculation of the
modal deformation and thus the distribution of the accelerations over the height of the

building.

The ground motion at the base of the building is assumed to be identical to that of the

free field, and in most cases this approximation is considered acceptable.

The SSI effect is most significant for stiff and/or heavy structures supported on

relatively soft soils. However, for soft and/or light structures supported on stiff soils, the SSI

effect is generally small.
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Dynamic SSI can have several complex effects, and the beneficial or detrimental effect
of seismic SSI is still a controversial issue, and neglect of SSI in the analysis can lead to
unconservative design (Abdel Raheem et al., 2015). For structures for which the consideration
of SSI is not required by Eurocode 8 or Eurocode 5, the effects of SSI tend to be beneficial,
since they generally allow a reduction of the loads by dissipation at the ground level and by a
more favorable spectral value. In fact, we can see in Fig. 1.2 that the consideration of SSI
allows to increase the natural period of the structure, which in most cases reduces the value of
the seismic response. Furthermore, on the same figure, we can see that the higher the
damping, the lower the response. Other observations show that soil-structure interaction can
have a detrimental effect on the structural response and that simplification of the SSI effect in
seismic codes can lead to poor structural design. Shakib & Fuladgar, (2004) showed that soil-
foundation-structure interaction reduces lateral displacement and torsion of asymmetric
buildings. Numerical simulations by Jeremic et al., (2004) showed that the interaction
between the soil and the structure can have a beneficial or detrimental effect on the behavior
of the structures, depending on the characteristics of the soil and those of the seismic loading.
Mylonakis & Gazetas, (2000) have shown that an increase in the fundamental period of the
structure does not always lead to a decrease in the amplitude of the seismic response.
Consequently, the Soil-Structure Interaction (SSI) can have a detrimental effect on the
structural response and simplifying the SSI effect in seismic codes can lead to poor design of

structures.
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Fig. 1.2. A spectral reading that shows the effect of taking the SSI into account.
(Mylonakis & Gazetas, 2000)

1.3. THE COMPONENTS OF THE SOIL-STRUCTURE INTERACTION

Since the ground is very rigid, the addition of a structure does not change its behavior.
The mass of the structure does not change either, since the inertial forces generated by the
structure on the rigid rock do not affect it. On the other hand, for the structure resting on the
flexible soil, two phenomena of interaction occur simultaneously between the structure, the
foundation and the soil: Kinematic interaction and inertial interaction.

1.3.1. Kinematic interaction

It is due to the difference between the movement of the foundation and the movement of
the free ground. The excavation and insertion of a rigid foundation on or in the ground will
change the characteristics and subsequently modify the free field movement (ground without
foundation and superstructure). In fact, under seismic loads, the deformation of the ground
will force the foundations to move and consequently drag the supported structure. Even
without the superstructure, the total ground motion in the near field of the foundation and the

motion of the foundation will be different from that of the ground in the free field because of
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the difference in stiffness between the ground and the foundation. Incident waves are also
reflected and scattered by the foundation, which in turn develops bending moments (Fig. 1.3).
Since the soil is flexible, there must also be additional deformations at the foundation
(horizontal displacement and rocking) that are different from the case of a foundation
embedded in a rigid soil (Mahsuli & Ghannad, 2009; Mylonakis & Voyagaki, 2006). Thus,
this interaction between the rigid foundation and the soil (kinematic interaction) modifies the
seismic motion acting on the base and consequently leads to accelerations (inertial forces)
along the height of the structure that are different from those developed in the structure
embedded in the rock mass (embedded base). The kinematic interaction can be interpreted as
the response of the soil-foundation-structure system when the foundation-structure system is
considered massless and rigid interface connections are introduced at the soil-foundation
interface. The main effect of the introduction of the rigid foundation with negligible mass in
the soil is the modification of the input motion in the foundation from the free field ground
motion. The kinematic interaction analyses predict frequency-dependent transfer function
amplitudes between foundation and free-field motion (Jiachun, 2005). The kinematic
interaction effect is particularly important for massive deep foundations such as caissons
(Beltrami et al., 2006). In most cases, the kinematic interaction leads to a response U that is
smaller than the free field response but contains a rotational component. (Mylonakis &
Voyagaki, 2006)

1.3.2. Inertial interaction

The second and more important form of SSI is known as inertial interaction. It is caused
by the presence of structural masses (Fig. 1.3). The motion induced in the foundation
generates vibrations in the superstructure, resulting in inertial forces that are transmitted back
to the foundation in the form of forces and moments, creating a wave field that propagates
from the structure back into the ground. As the soil is flexible, these forces generate
displacements and rotations at the soil-foundation interface which contribute significantly to
the flexibility of the whole structure and increase the period of the structure (NEHRP 2012).
This in turn changes the movement at the base of the structure again. (J-1, 2008; Murono &
Nishimura, 2000; Stewart et al., 2003; Tileylioglu et al., 2011; Uildings et al., 1999) The
energy generated by the motion of the structure is dissipated in two ways: a hysteretic
(material) damping due to the nonlinearities present in the soil and in the foundation, and a
radiative damping due to the radiation of the waves in the soil, where the foundation

manifests itself as a wave source. In the general case of surface foundations without a large
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rigid foundation slab, the effects of the inertial interactions are more important than the effects
of the kinematic interactions for the foundation.

The generic term that encompasses both of these phenomena is called Soil-Structure
Interaction (SSI). However, most engineers use this term to refer to inertial loading and ignore

the portion due to kinematic load. This is because:

o In some cases, the kinematic interaction is negligible.
o Most seismic codes, except some including Eurocode 8, do not mention it.
o The effects of kinematic interaction are more difficult to evaluate rigorously than the

inertial effects.

This is also consistent with the results of most researchers who find that the kinematic
interaction is significantly less important than the inertial interaction. (Avilés & Pérez-Rocha,
2005a, 2005b). The importance of these two phenomena depends on the characteristics of the

structure, the foundation, the soil and the nature of the seismic waves.
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Fig. 1.3. (a)The SSI phenomenon; (b)Decomposition into kinematic and inertial

interaction; (c)Two-step analysis of the inertial interaction. (Mylonakis & Voyagaki, 2006)
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1.4. METHODS OF ANALYSIS OF DYNAMIC SOIL STRUCTURE
INTERACTION PHENOMENON

In general, the most commonly used methods for soil-structure interaction analysis can
be classified into three categories, each corresponding to a schematization of the soil-structure
model: the direct (global) method, which consists of modeling the soil and structure in a
single model, the substructure method, which decomposes the problem into simpler sub
problems and is applicable only in the linear domain and for weakly nonlinear systems
(MYLONAKIS et al., 1997), where the superposition principle can be justified (Jeremic¢ et al.,
2009; Pecker, 2007). and the hybrid method that was developed by Gupta et al in 1980. The
methods are described and detailed in numerous works. (Mohammadioun & Pecker, 1984;

Wolf, 1989). They are briefly presented in the following section:

1.4.1. The direct method

The first class of existing methods for SSI analysis, as mentioned before, is the direct
method. This method deals with the problem of soil-structure interaction in its entirety so as
to obtain the response of the soil and the structure simultaneously, it consists in directly
solving the equation of motion in the whole of the soil-structure system. The calculation is
performed in single step (Burman et al., 2012; Seghir & Torres-Martinez, 2011). As can be
seen in Fig. 1.4, the calculation is performed in one step by directly solving the equation of

motion (Eq. (1.1)) in the whole soil-structure system:

Mii+ Ci+Ku=F (1.1)

Where M,C and K are the mass, damping, and stiffness matrices of the system,
respectively, u is the displacement vector of the system, and F is the load vector applied to
the outer boundary of the system. To solve this system of equations, numerical methods
(Finite Element Methods) are widely used, because their direct solution is very complex. Fig.
1.5 shows the solution scheme of the global method. One of the main advantages of global
(direct) methods is their ability to integrate into the numerical model the material
heterogeneities of the soil and the structure, the geometrical singularities of the problem, and
the behavioral laws well adapted to take into account the nonlinearities in the soil or at the
soil-foundation interface of the system, under strong ground motions; thus, the soil and
structure foundation elements are considered with their behavior and contact condition in the
same analysis (G. Gazetas et al., 2008; Jingbo & Yandong, 1998; Maharjan & Bahadur, 2021;
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Mohammadioun & Pecker, 1984). It is also possible to treat with this type of method the
condition of radiation and energy dissipation (radiative damping) in the infinite part of the
unbounded soil. The main techniques used to treat this condition are the use of absorbing
boundaries, finite element-boundary element coupling and finite element-infinite element
coupling, as well as other techniques (B. Galy, 2013). Direct methods are expensive,
especially for three-dimensional problems. It requires mastery of specialized computational
software programs and a good knowledge of the laws of material behavior and the boundaries
between different parts of the system. Despite its complexity, this method remains realistic.

However, it is essential to formulate simpler and easier methods.
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Fig. 1.4. The direct method model.
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Fig. 1.5. The direct method solution scheme. (Tahar Berrabah, 2012)

1.4.2. The substructure method

The substructure model (Wolf 1994) (Fig. 1.6) has been widely used in SSI seismic
analysis of surface structures. In contrast to direct methods, the model consists of analyzing
the SSI problem in several successive steps, each of which is considered easier to solve from
a modeling or processing perspective than the global problem (direct method). This approach
generally decouples the kinematic and inertial analyses and uses the principle of superposition
developed by Kausel et al., (1978). Like any superposition problem, these methods are quite
limited in that they are only applicable to linear problems. However, a lot of work has shown
that this technique can give very good results (Pitilakis et al., 2008). The most important key
step in this method is the determination of a coupling element between the structure and the
soil-foundation system. In the linear elastic domain, this coupling element corresponds to
impedance functions that are applied to the foundation of the structure to determine its
response (Celebi et al., 2006). The sequential steps of this approach, shown in Fig. 1.7, are as
follows (Zhang and Wolf, 1998):

» First, the substructure consisting of the geotechnical profile and the foundation without

mass is considered. The soil-foundation interface is assumed to be infinitely rigid. A
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motion is applied to the base of the geotechnical profile to calculate the response U of
the system at the rigid soil-foundation interface. The presence of the rigid foundation
modifies the motion that would be obtained in the free field. This modification is known
as the kinematic interaction. This step can be neglected if there is a shallow foundation
and the structure is subjected to a wave that propagates only vertically (i.e., the
kinematic interaction is considered to be zero). (G. Gazetas et al., 2008; Pecker, 2007;
Stewart et al., 1999)

» The second step concerns the determination of the dynamic impedance of the
foundations, it consists in replacing the soil-foundation system by spring-damper
elements (Boumekik, 1985). The calculation of the dynamic impedances is the first step
in the analysis of the inertial interaction and the analysis of the kinematic interaction. In
most studies, the impedances are estimated by analytical, semi-analytical and numerical
methods (the boundary element method, the finite element method and the boundary
element method coupled with the finite element method) or by approximate expressions
(G. Gazetas, 1983; G. Gazetas & Stokoe, 1991; Kausel et al., 1975; Shartai &
Boumekik, 2008; Stewart et al., 2003; Wong & Luco, 1985). The impedance functions
have a real and an imaginary part depending on the frequency. The real part of the
impedance corresponds to the stiffness of the soil-foundation system, while the
imaginary part represents the radiation damping. This impedance is a characterization of
the dynamic forces acting on a foundation of negligible mass when subjected to a
harmonic load of unit amplitude. For each of the six degrees of freedom (three
translations and three rotations) of the foundation, complex impedance functions are
calculated that depend on the frequency of the applied load. The definition of impedance
functions is presented in Section 1.5.

» In the third step, we determine the dynamic response of the structure connected to the
mass of the ground through the impedance springs calculated in the second step and
subjected to the seismic loading obtained in the first step. The solution of this problem

remains classical and often uses the finite element method.

The substructure method reduces the computation time compared to the direct method.
The use of impedance simplifies the calculation assumptions compared to those that must be
introduced into a model using the direct method.
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In our work, the latter method was used to study the influence of changes in soil
behavior under seismic excitation on the seismic response of a building (frequency, damping

ratio, Shear modulus, displacement...).

Structure
A_»p A_p
r f r f
g g

Fig. 1.6. The substructure method model.
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Fig. 1.7. The most important steps of the substructure approach.

1.4.3. The hybrid method

The Hybrid Method is the third major family of methods used to assess the SSI
phenomenon. This method lies between the direct method and the substructure method. The
hybrid method was developed to overcome the disadvantages of the previous methods,
although it also has its drawbacks. This method is a combination of the direct and substructure
methods, taking advantage of each method's advantages (Chatzigogos et al., 2009). This
method divides the problem into two subdomains. The first semi-infinite domain, called the
far field, is formed only by the soil and is far enough away from the foundation that it is not
affected by the SSI. For these reasons, this field is considered elastic (linear) and the methods
adapted to linear problems (dynamic impedance) are used to model it. Thus, it is in this field
that the energy dissipated due to radiative damping can be considered (Fig. 1.8). The second
finite field, called the near field, is formed by a surface foundation and a finite volume of the
underlying soil. This field includes all the heterogeneities and nonlinearities of the system,

which are composed of two parts: the material nonlinearities (plasticity of the soil) and the
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geometric nonlinearities (due to foundation movement). It is integrated in the model of the
superstructure and can be treated by a direct method (the finite element method) and also the
concept of the macro-elements can be used (Cremer et al., 2001). Thus, this method reduces
the computational time compared to the direct method. The difficult part of the hybrid method
is the definition of the boundary between the near and far fields. Like the direct method, this
method provides an accurate model of the SSI because it takes into account the nonlinearity in
the near-field ground. This type of method requires sophisticated modeling. (Halabian & El
Naggar, 2002; Sayyadpour et al., 2016)

Structure
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Fig. 1.8. The soil-structure system considered in hybrid methods.

1.5. IMPEDANCE FUNCTIONS

From the previous sections, it is clear that the dynamic impedance of the foundation is an
essential parameter for the representation of the SSI and for obtaining the response of the soil-
foundation-structure system. the dynamic response of foundations is an important research

topic because it affects the safety and reliability of the structures built on them. When a
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structure is subjected to dynamic loads, such as earthquake or wind loads, the foundation can
deform and vibrate, which can cause damage or failure of the structure. Therefore,
understanding the dynamic behavior of foundations is critical to ensuring the safety and
longevity of structures. Many studies have been conducted on this topic since the early 1970s,
and researchers continue to investigate new methods for analyzing and designing foundations
to withstand dynamic loads (Ahmad & Rupani, 1999; Assimaki & Kausel, 2002; Badreddine
& Fillali, 2012; Bolisetti, 2015; Cavalieri et al., 2020; G. Gazetas, 1991; Ghandil et al., 2016;
Guellil et al., 2020; Jaya & Meher Prasad, 2002; Jayalekshmi et al., 2014; Masaeli & Ahmadi,
2021; Sbartai, 2018; Stewart et al., 2003; Tahar Berrabah et al., 2012; Tileylioglu et al., 2011;
Veletsos & Meek, 1974; Wolf & Preisig, 2003). Calculating the impedance functions of a
foundation is an important issue in geotechnical engineering (Liu et al., 2020; Zhang and
Wolf, 1998), its main role is to couple or facilitate the connection between the soil and the
structure that allows the two subdomains to interact. (Petridis et al., 2018; Ronak et al., 2021)

In simple terms, the impedance of a foundation is equal to the reaction exerted on the
massless foundation when it is subjected to unit harmonic displacements directed along one of
its degrees of freedom (EqQ. (1.2)) (Pecker, 2007). Thus, the impedance is the quotient of a
force applied directly to the foundation (which is equal to the soil reaction) and the resulting
displacement. (Pena and Guzman 2014).

s=F/, (12)

According to (G. Gazetas, 1991), the complex dynamic impedance S of the foundation
is expressed as follows:
S=K+iwC (1.3)

Where the real component K is the dynamic stiffness, which reflects the stiffness and
the inertia of the system (soil - foundation). The imaginary component wC of the dynamic
impedance is the circular frequency w multiplied by the damping coefficient C, which
expresses the radiation and material damping of the system (Eq. (1.3)). Radiation and material
damping result from waves propagating away from the foundation and energy dissipation due
to the effect of hysteretic material in the soil, respectively.

As shown in Fig. 1.9, the impedance can be represented by a set of springs and dampers.
In the general case, there is dynamic impedance of the foundation for translational (horizontal
or vertical), rocking, and torsional modes. There is also coupled horizontal rotation-
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displacement impedance. At this point, a rigid foundation has six degrees of freedom, so the
impedance matrix has the dimension (6x6). The different degrees of freedom are coupled and
the impedance matrix is full if the foundation has any shape at all. If the foundation has
symmetries, some off-diagonal coupling terms disappear. In the case of the circular
foundation, there are 4 degrees of freedom: horizontal and vertical translations, rotation about
a horizontal axis, and rotation about a vertical axis. The vertical translation and the rotation
around a vertical axis are completely uncoupled from the other degrees of freedom; on the
other hand, the horizontal displacement and the rotation around a horizontal axis are coupled
in all theories; but for the surface foundation the coupling term is negligible and it is allowed
to consider that the impedance matrix is a diagonal matrix of dimension (4x4).

F

90000000000 0000000 0000000000000 0000 0
1902620767 % %% %% %% %% % % % IS &

Fig. 1.9. Vertical impedance of a simple oscillator.

The impedance functions are an important parameters, especially when selecting the
mathematical model to be used for the analysis, and it can be affected by several factors,
including: (i) the shape of the foundation, whether it is circular, rectangular, or arbitrary; (ii)
the type of soil profile, such as a deep layer, a multi-layer soil profile, or layers over bedrock;
and (iii) the embedment of the foundation, such as whether it is a surface foundation, an
embedded foundation, or a pile foundation.

The dynamic response of a rigid, massless foundation has been the subject of numerous

studies over the past three decades. Horace Lamb, (1904) studied the vibrations of a semi-
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infinite linear elastic body subjected to a concentrated harmonic load. In 1936, Reissner,
(1936) analyzed the response of a disk placed on the surface of an isotropic and semi-infinite
elastic body. This analysis revealed the existence of energy dissipation by radiation as if the
propagation medium had some damping. Based on these results, Sung, (1953) extended
Reissner's work to the motion of the six degrees of freedom of the foundation. The idea of
treating the behavior of the soil-foundation system, in vertical translation, as a simple
oscillator of constant stiffness and damping was introduced by Lysmer, (1965). This approach
is known as the "Lysmer analogy”. The work of Veletsos & Wei, (1971) on the dynamic
analysis of the flexibly mounted system was a significant contribution to the field of structural
engineering. They introduced the concept of a massless disk as a way to simplify the analysis
of flexible foundations. By modeling the foundation as a disk, they were able to calculate the
dynamic response of the system with greater accuracy and efficiency.

We also note the important contribution of Gazetas (B. G. Gazetas, 1992; G. Gazetas,
1983; G. Gazetas & Stokoe, 1991). In his research work on soil-structure interaction, and in
particular on the determination of impedance functions, he provides a set of graphs and tables
for the calculation of impedance functions of certain dimensionless parameters and valid for a
foundation of any shape on the surface or buried resting on a homogeneous semi-infinite
medium or on a soil mass resting on a bedrock. It also provides algebraic formulas and
dimensionless curves corresponding to an unburied surface foundation resting on a
heterogeneous half-space. These results are based on simple physical models calibrated by the
results of the boundary element formulation. They make use of all previous work related to
the calculation of impedance functions. The case of strip footings on a semi-infinite elastic,
homogeneous and isotropic medium is also treated. The impedance functions have been
developed by an analytical method of integral equations solved numerically. (Mylonakis &
Gazetas, 2000)
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Fig. 1.10. Impedance functions of rigid circular foundations on homogeneous half-space. (G.
Gazetas, 1983)

1.6. SOIL-STRUCTURE INTERACTION IN SEISMIC CODES:

In the majority of current building codes, the design calculations of structures are

performed by neglecting the soil-structure interaction (SSI); the dynamic response is obtained
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by assuming that they are embedded at their base. This assumption has been adopted by the
codes in the belief that the SSI always plays a beneficial role in reducing the inertial forces
acting on the structures. This assumption proves to be correct for the majority of buildings
and seismic environments, but it results in a design that is often too conservative and not in
line with the performance-based seismic design approach. Moreover, post-earthquake
observations have shown that the SSI can be detrimental for some buildings built on
unconventional soils (Mylonakis & Gazetas, 1998). One of the main reasons for not
considering the SSI in engineering studies is the complexity of the methods used in the
analyses, since they require a good definition of the soil parameters under the foundation of
the structure to be studied, which is very difficult and very expensive. However, seismic
codes try to approach this problem in a simplified way. In order to optimize the design of
buildings or to predict their seismic behavior in a more realistic way, international building
codes are beginning to introduce clauses that allow the consideration of SSI in the design
phase. Eurocode 8 (EN-1998-5) requires the study of the effects of dynamic soil-structure
interaction in the following cases:

% Structures where P-A (2nd order) effects play a significant role, such as slender
structures, where the eccentricity of the weight of the masses with respect to the vertical
axis induces an additional bending moment;

¢+ Structures with massive or deep foundations, such as bridge piers, silos or similar
industrial structures;

+«+ Narrow and thin structures such as towers and chimneys covered by EN 1998-6: 2004;

+ Buildings supported on very soft soils with average shear wave velocity Vs less than

100m/s, such as S1 soils.

1.7. CONCLUSION

The phenomenon of soil-structure interaction is an essential field of study in civil
engineering. It refers to the complex relationship that exists between the soil and the
structures built on it. It can have adverse or beneficial effects on structures. Understanding
this interaction and considering the geotechnical characteristics of the soil in the design of
structures is critical to the design and construction of durable and safe structures.

In order to design and construct durable and safe structures, it is essential to understand
this interaction and to consider the geotechnical characteristics of the soil in the design of

structures. As we continue to increase our knowledge in this area, we will be able to design
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structures that are more resistant and better adapted to the geotechnical environment in which
they are located.

This chapter is dedicated to a bibliographical analysis of the soil-structure interaction
phenomenon and its two components that occur simultaneously between the structure, the
foundation and the soil: Kinematic interaction and Inertial interaction, as well as to their
different analysis methods and to the dynamic impedance of the foundation, which is an
essential parameter to represent the SSI and to obtain the response of the soil-foundation-
structure system.

Finally, a general view on the soil-structure interaction in seismic codes and the cases
required by the Eurocode 8 (EN-1998-5) for taking into account its effects in the studies.

A detailed study of the linear and nonlinear behavior of the soil and its criteria is presented

in the following chapter.
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11.1. INTRODUCTION

The determination of shear modulus and damping in particular, and soil properties in
general, highlights the complexity of describing the behavior of this material. In the literature,
soil behavior models range from simple linear elastic models to more complex nonlinear
elastoplastic models (Pitilakis et al., 2005). The approach generally taken to determine soil
behavior laws is to derive simplified concepts from experimental data that express the
essential characteristics of soil behavior. These concepts are then assembled into a model

based on the fundamental theories of continuum mechanics.

Although soil can be approximated as a linear material in many geotechnical analyses,
strong seismic excitation generates additional deformations that can induce nonlinear
behavior (de Silva et al., 2018; Halabian & El Naggar, 2002). For example, high stresses and
strains can lead to variations in stiffness and strength, as well as elastoplastic behavior. These

nonlinearities can affect the response of the soil and the structures built on it.

In the process of designing a soil-foundation-structure system subjected to earthquakes,
the behavior of the soil must be considered with the best possible prediction to represent its
actual behavior (as a nonlinear constitutive model). Soil nonlinearity has a large effect on the
dynamic response of the system and is more appropriate for simulating real soil-structure
interactions. (Pecker et al., 2014; Wood, 2014)

Sreya Dhar, Ali Giiney Ozcebe, Kaustubh Dasgupta ,Arindam Dey, (2016) find that due
to soil nonlinearity, there were changes in the PGA and maximum shear strain profile of the
studied column between the FF (free field) and SFB (soil-foundation-bridge) models. Due to
the high level of soil nonlinearity under the foundation, it was found that the seismic demand
on the superstructure was significantly modified, with additional kinematic effects due to

residual displacements of the bridge foundations.

According to the results of a numerical study by Luo et al., (2016) using a 3D finite
element analysis of the SPSI system based on linear and nonlinear equivalent models, the
seismic soil-pile-structure interaction can be significantly affected by soil nonlinearity, and
the traditional linear equivalent soil model underestimates the structural acceleration response

under seismic excitation.

In practice, the use of a computational code based on finite element or boundary

element methods to account for soil nonlinearity is reserved for very specific structures
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(nuclear power plants, dams, etc.). To this end, the researchers focused on simplified methods
for numerical modeling of the SSI problem, taking into account the nonlinear behavior of the
soil. (Fatahi & Tabatabaiefar, 2014; Sameti & Ghannad, 2016)

Robert et al., (2015) develops a general strategy for studying nonlinear dynamic soil-
structure interaction problems in the context of seismic vulnerability analysis of buildings.
Thus, realistic finite element models are developed and applied to nonlinear dynamic soil-
structure interaction problems. The models cover a wide range of soil conditions and building
typologies exposed to different seismic databases. A modeling strategy has been developed

and validated to significantly reduce the numerical cost.

Sekhri, (2021) has numerically studied the global soil-pile-structure interaction problem
under lateral loading and the soil-pile-structure and pile group interaction under dynamic
loading using the ABAQUS code with consideration of soil nonlinearity by the "linear
equivalent” method. His results confirm the reliability of this method, which provides a good
fit for soil-pile-structure interaction problems.

The key step in the response of the soil-structure system is to study the behavior of the
soil under cyclic loading and the resulting movement. Thus, a soil behavior law is defined by
the relationship between stresses and strains due to imposed loads. The choice of soil
behavior type is strongly dependent on the amplitude of the load (strain). The key parameter
describing soil behavior is the amplitude of deformation. (Anastasopoulos & Kontoroupi,
2014; Johansson & Kaynia, 2021)

Soil behavior models and analysis methods as a function of shear strain are presented in
the following table (Table 11.1).

Table 11.1: Soil Behavior Model and Analysis Method as a Function of Cyclic Deformation
Amplitude According to Davidovici (1985).

Shear deformation Less than 10° Between 10° and 10* | Greater than 1073
Behavioral Law Linear Hysteretic Model Highly nonlinear
Soil Representation Linear Elastic Viscoelastic Incremental laws
Analysis Method Linear Equivalent Linear Step-by-step
integration
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11.2. LINEAR SOIL BEHAVIOR

The linear elastic behavior of soil refers to the way a material deforms when subjected
to external forces. In the case of soil, it describes the linear relationship between applied
stresses and resulting deformations as long as the elastic limit of the material is not exceeded.

According to linear elastic behavior, when stress is applied to soil, it deforms reversibly
and in proportion to the applied stress. This means that if you double the applied stress, the
resulting deformation will also be doubled. Once the load has been released, the soil returns to

its original shape without being permanently deformed.

This linear elastic behavior is a simplification used to model soil in many geotechnical
engineering calculations. It is valid for small deformations and for soils that do not undergo
significant changes in their internal structure when subjected to stress. However, it is
important to note that some soils, such as clay soils, may exhibit non-linear elastic behavior
due to the presence of consolidation, creep or particle interaction phenomena.

The concept of linear elasticity is illustrated in the following figure:

€ Y

Fig. 11.1. lllustration of Linear Behavior. (Davidovici, 1985)

In this figure, the shear modulus is defined by the constant G, which represents the
behavior of the soil and is written by the following relationship:

G = (11.2)

T
)4
where:

» T is the cyclic shear stress,

» y = cyclic shear strain.
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Linear elastic behavior is generally represented by the following phenomena

» Large deformation amplitudes remain elastic.
» The overall safety factor is sufficiently high, or the loading is not very high.
» Local failures do not control the behavior in the region of interest.

» Low-amplitude seismic loads, such as those generated by geophysical testing.

11.3. NON-LINEAR SOIL MODEL

Nonlinear soil behavior refers to soil response that does not follow a linear relationship
between applied stresses and resulting deformations. In contrast to linear elastic behavior,
soils exhibiting nonlinear behavior may undergo permanent or irreversible deformation when
subjected to loading.

During an intense seismic event, nonlinear ground behavior can play an important role,
where the ground can undergo significant deformation and reach stress levels that exceed the
elastic limit. This results in complex nonlinear responses due to the dynamic forces and
accelerations induced by the earthquake. (Jia, 2018)

Nonlinear soil behavior is generally characterized by the decrease in the normalized
shear modulus G/Gmax and the increase in its damping ratio &/£_max as a function of shear
strain y (Fig. 11.2). These two main parameters help to describe the behavior of the soil
between low and high strains.

Module G
Amortissamant B

—
-

A 4

Distorsion a Distorsion Y

Fig. 11.2. Variations in shear modulus and damping as a function of shear strain.
(Davidovici, 1985)
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11.3.1. Nonlinear soil models under cyclic loading

The nonlinear stress-strain relationship can be more accurately represented by nonlinear
cyclic models that translate the actual stress history described during cyclic loading tests.
These models are based on the rules of Masing (1926), which suggest that the shape of the
initial stress-strain curves follows the law t = F,,(y) and can be represented by two
parameters, the initial shear modulus and the shear strength.

Gmax y

Fpp(y) = m
Tmax y

(11.2)

Gmax aNd T,,4, Can be measured directly or calculated from empirical correlations.

11.3.1.1. Hyperbolic model of Masing

This model belongs to the family of models that use two parameters to define the stress-
strain relationship (Kondner and Zelasko, 1963; Duncan and Chang, 1970), following the
rules established by Masing (1926) for the construction of the skeletal curve and the
hysteresis loop.

The stress-strain relationship for this model is defined by the following equation:

- _ Gmaxy
max 1+(l) (||.3)
Vr
The secant modulus G can be derived from Eq. (11.3) in the following form:
¢ 1
Gmax 1 + (l) (11.4)
Vr

The values of the G/G,,,, ratio calculated by Eq. (I1.4) are shown in Fig. 1.3 as a

function of the ratio . Note that the secant shear modulus is halved when the shear strain

Yr

becomes equal to the reference unit strain.
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Fig. 11.3. Shear modulus and damping fraction of the hyperbolic model. (Ishihara, 1996)

The expression for the damping fraction of the model can be derived by applying the rules
of Masing (1926) to the skeletal curve given by Eq. (11.3).

1 ”1_ In(I+ya/vr)] 2

Ya/Vr G (15

4
D =—[1+
T Ya/Vr T

Note that as the ratio <~ becomes infinite, the value of D tends to 2/n=0.637.

Yr

The damping fraction D can be expressed as a function of the ratio G/Gmax by substituting
Eq. (11.4) into Eq. (11.5):

p=t_1 1, GG 1(6)] - 1.6
~71-G/G, 1— G/G, "\G,/] " = (116)

The following figure shows the calculated values of Eq. (11.6):
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Fig. 11.4. Relationship between shear modulus and damping fraction (Ishihara, 1996)

11.3.1.2. Hyperbolic model of Hardin and Drnevich

Hardin and Drnevich (1972b) proposed a model based on the rules proposed by Masing
(1926), in which the hyperbolic expression proposed by Kondner (1963) is transformed into a
relationship between shear stress 7 and shear strain y:

-1 Y (1.7)

Where G, 1S the maximum shear modulus and t,,;; is the maximum shear stress, which
depends on the initial state of stresses in the soil and the manner in which they are applied.
For a soil composed of horizontal layers, the ultimate shear stress is a function of the soil
strength curve.
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Fig. 11.5. Hyperbolic stress-strain relationship (Hardin and Drnevich, 1972b)

11.4. METHODS FOR ANALYZING THE SEISMIC RESPONSE OF
SOILS

Soil seismic response analysis is an important branch of geotechnical engineering that aims
to understand how soils respond to seismic vibrations. This is essential for the design and
stability assessment of structures in seismic zones. When the magnitude of the cyclic shear
deformation is less than 104, the cyclic behavior of soils can be represented with reasonable
accuracy by a constitutive model based on the classical theory of linear viscoelasticity. The
response of soils with nonlinear behavior is solved by several methods. The choice of the
method depends on the value of the deformation (One-Dimensional Linear Analysis,
Temporal Nonlinear Analysis, Equivalent Linear Analysis, ....) (Table 11.1). (Abate &
Massimino, 2017; Assimaki & Kausel, 2002)

11.4.1. Equivalent Linear Analysis

Due to the complexity of seismic ground response, several researchers have proposed an
equivalent linear method for calculating the response of a one-dimensional, horizontally
layered soil profile subjected to vertical propagation. It can approximate the nonlinear
behavior of soils under cyclic or seismic loading by equivalent simple linear
laws.(Moghaddasi et al., 2011; Pitilakis & Clouteau, 2010)

The equivalent linear method is an iterative procedure in which, at each iteration, for each
soil layer (Fig. 1V.1), the changes in the dynamic parameters of the soil are evaluated. These
are reflected in the decrease of the shear modulus ratio, the increase of the damping

percentage, the displacements, velocities, accelerations and stresses for each soil layer,
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knowing that the soil profile is subjected to the seismic accelerogram applied at the bedrock

level.

The equivalent linear method is the most widely used method in soil engineering practice
because of its simplicity and ease of implementation and calculation speed, and is
implemented in many calculation codes such as CALDYNASOIL, CYBERQUAKE, FLAC,
SHAKE, ...

The principles and stages of analysis of this approach are as follows:
» Step 1: Estimation of soil physical parameters

The first procedure in this method is to estimate the initial physical parameters for each
homogeneous soil layer i (the maximum shear modulus Gmax, density p, maximum critical

damping &max).
In this step, all soil parameters are determined by in-situ tests or low-strain laboratory tests.
» Step 2: Select the number of soil layers to analyze

In this step, we can limit the total number of layers to be used in the analysis. This number
depends on the accuracy of the result.

Idriss and Seed (1968) proposed the graph shown in Fig. 11.6, where ERS is the percentage

error in concentrated mass analysis.

Fig. 11.6. Number of Soil Layers vs. Calculation Accuracy.
T; : The fundamental period of each type of soil i composed of a homogeneous material.

4h;

Ty =—=
t G; (11.8)

Pi
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Where:

» h; : Thickness of layer i,
» G, : Shear modulus of layer i,

> p; . Density of layer i.

Finally, the total number of layers, N, is the sum of all the layers needed to model all the

soil types that make up the N,,, deposit:

N=ZNi (11.9)

1

» N, is the number of different materials that make up the soil deposit.

» Step 3: Calculate mass, stiffness, and damping matrices.

In this calculation method, the soil layer is modeled by concentrated masses connected by
spring and viscous damping elements (Fig. 1V.1).

The soil mass is calculated for each layer using the formulas:

_ Piny

11.10
my ) ( )
m; = (pi‘lh"‘zl toh) s N (11.11)
Where: m; is the elementary mass of layer i, p; is its density.
The mass matrix, [m], is a diagonal matrix of the form:
m; O 0o .. O
0O m, 0 .. O
0 (1.12)

0
0 0 0 0 myl,,

The stiffness for each soil layer is related to the shear modulus G; and the sublayer height

h; by the following equation:
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G;
ki =3 (11.13)
The total stiffness of the system is written in matrix form as follows:
r ky -k, 0 0
ki ki+k, —k, 0
0 —k k, +k 0
[k] = 2 K2l (11.14)
0 0 0 0 —ky_q
L O 0 O _kN—l kN—l + kN'IVXIV
For the total damping matrix, the following form of expression is given:
[ €1 —Cq 0 0
—c1 ¢ty —C; 0
0 - + 0
[c] = 2 aTs (11.15)
0 0 0 0 —cy
L 0 0 0 —cy  Cn-1tondy oy

» Step 4: Calculate dynamic response.

Solve the equations governing the motion of all soil layers (e.g., using a modal dynamic

analysis method), taking into account the dynamic equilibrium for each layer:

[m] (%) + [c] (*) + [k] (x) = —(m) %, (1V.16)
Where (x); (x); (¥)= vectors of displacements, velocities and horizontal accelerations of
each layer with respect to the rock; (m) a vector containing the mass of each soil layer; X, =

accelerogram at the rock level.

» Step 5: Calculation of the maximum shear unit deformations

For each layer i, the maximum shear unit deformations, y,,.. (i), are calculated from the
maximum inter-layer displacements:
|xi - xi+1(t)|max
h;
» Step 6: Update of the stiffness and the effective equivalent critical damping

Ymax (D) = (1v.17)

fraction
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Update the stiffness and the equivalent damping, from the maximum shear unit
deformations calculated in step 5. In general, a fraction of the maximum values of 2/3 is used,

because the maximum deformation levels are reached only once during the dynamic response.

Among the three models of nonlinear soil behavior integrated in the code
CALDYNSOIL (Sbartai & Fillali, 2012), in this study we choose the model of behavior of
Massing (1926), represented by the following relation:

__r
1 . (1V.18)
Gmax Tuit

Where:

> 1 is the shear stress.
» y is the shear strain.

» Ty 1S the ultimate shear stress.

By dividing the Eq. (1V.18) by y, we obtain the effective shear modulus of the soil G,

according to the unitary deformation in shear y by:

G 1

G B 1+l
max Yr

Where v, = T,1:/Gmax » 1S the unit deformation of the reference.

(1V.19)

For the critical damping coefficient, &;/&;max, Massing (1926) proposed the

relationship between critical damping and shear modulus as:

fi =(1— ¢ ) (IV.20)

fg max Gmax

Where: &, mq IS the maximum critical damping (initial value).
» Step 7: Stiffness and damping convergence

Steps 3 through 7 are repeated until the stiffness and damping converge. In general,

only a few iterations are sufficient to achieve convergence.

This method has been integrated into the CALDYNASOL calculation software (Kamel
Filali, 2018), which is intended for dynamic calculations by equivalent linear analysis with

concentrated masses, based on three hyperbolic laws, Hardin & Drnevich (1972), Ramberg &
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Osgood (1943) and Masing (1926), to model the nonlinear behavior of the soil. This code can
be used to estimate:

» The stress generated by dynamic loading
» The seismic response of the soil deposit

» The liquefaction potential using a variety of methods available in the literature.

The advantage of this program is that it doesn't take much time to perform the calculations

and the results are very accurate.

In the present work, the CALDYNASOL calculation software (Kamel Filali, 2018) was
used to determine the nonlinear dynamic parameters of the soil at different levels of seismic
deformation in order to integrate them into the analysis of the interaction of the soil structure

system with the nonlinear soil behavior.

11.5. CONCLUSION

It is important to note that many factors, such as the geological and geotechnical
characteristics of the site, the magnitude and duration of the shock, and the distance from the
source of the earthquake, affect the response of the ground to a seismic shock. Geotechnical
studies and seismic analyses are performed to understand and account for these effects in the
design of earthquake-resistant structures.

The nonlinearity of the soil during an earthquake plays an important role in the dynamic
response of the soil-structure system. It is important to consider the nonlinear behavior of the
soil when modeling soil-structure interaction (SSI) problems. This is necessary to obtain
results that are very close to reality with respect to the response of structures, especially when
subjected to high seismic loads. Two approaches can be used: a fully nonlinear analysis or an
equivalent linear analysis.

This chapter presents a review of the literature on the dynamic properties of soils, their
behavioral laws, and methods for analyzing the seismic response of soils.
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Chapter 111 Analytical analysis with viscoelastic soil behavior

111.1. INTRODUCTION

The risks associated with seismic loads and ground motions have created the need for a
rigorous dynamic analysis that takes into account the phenomenon of interaction between the
structure and the soil supporting it, which is an essential phenomenon in the dynamic analysis

of structures.

When structures are built on or in the ground, they interact with the surrounding soil,
which can have a significant impact on their dynamic behavior, and this impact can be
beneficial or detrimental depending on the type of soil, the seismic loading, the characteristics
of the structure and several other factors that enter into its effect.

The basic objective of this chapter is to study and analyze the dynamic response of
structures during earthquakes, considering the effect of soil-structure interaction. To this end,
an analytical analysis based on the dynamic equilibrium of the soil-structure system modeled
by an analog model with three degrees of freedom is performed in this work to obtain the
seismic response of the selected structure. In order to explore the sensitivity of the response of
a soil-structure system to different soil and structure parameters, this chapter investigates the
effect of adopting different impedance function types on the structural response of the soil-
structure system using springs and dashpots with two frequency cases: independent and

dependent frequencies.

Finally, new analytical nonlinear relationships are proposed between the displacements
of the structure, the embedding ratio of the foundation and the dimensionless circular

frequency of the excitation.

The slenderness ratio, the mass ratio, the shear wave velocity of the soil and some other

parameters are the main parameters considered in this parametric study of the model.

111.2. SYSTEM AND METHOD OF ANALYSIS

111.2.1. Dynamic soil-foundation-structure model

For the dynamic analysis of the soil-foundation-structure interaction, a simplified
rheological model was used, as shown in Fig. 111.1, where the superstructure is represented in
a simplified way as a single-degree-of-freedom system resting on a circular shallow

foundation, which resting on a soil deposit. The structure is described by its mass m, a lateral
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stiffness with a spring coefficient K, and a damper with a coefficient C placed at a height h of
a rigid bar. The soil-foundation system is modeled by discrete elements including horizontal
and rocking equivalent linear springs and viscous dashpots with frequency-independent (EQ.
(111.16) to Eq. (111.19)) and frequency-dependent (Eq. (111.22) to Eq. (111.25)) coefficients,
where the spring and damping coefficients are denoted as K, and C; in the horizontal
direction and as K, and C, in the rotational direction. The mass m, of the foundation is
neglected. The system is subjected to a horizontal displacement of the ground support of

pulsation w and an amplitude u, (g for ground). The fixed base frequency and the damping

ratio of the structure are given by w, = (K/m)O-S, and ¢ (= Cwg/2K) (Wolf 1985). In this
study, only the inertial interaction needs to be considered. The coupled system oscillates in
the horizontal and rocking directions, as the effects of these motions are more important than

the vertical and torsional motions. (Durmus and Livaoglu 2015)

m l

. . o | Ug Uy he u
[

S

AL PP ELI TSI

Fig. 111.1. simplified soil-structure interaction model (for a single-degree-of-freedom

structure).

System has three global degrees of freedom, the total lateral displacements of the mass
with amplitude u* and the base of the structure uf can be divided into individual components

as follows:

ut =ug+up+ho+u (1n.1)

ul = uy + up (111.2)
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Where:

> uy: Amplitude of the horizontal excitation or free-field motion.
» u: Amplitude of the relative displacement of the mass and which is equal to the
structural distortion.

» uy: Amplitude of the horizontal displacement of the foundation relative to the free-
field motion.

» ¢: Amplitude of the rotation of the foundation around a horizontal axis.

» P, and M, denote the horizontal-force and moment amplitudes of the soil,

respectively, formulated as:
Py = K (1 + 028, + i2€, )uq (1.3)

M, = Ky(1 + 28 + i28,)¢ (111.4)
Where:

» &,: The viscous radiation damping ratio of the elastic soil in the horizontal
direction.

> &g+ The viscous radiation damping ratio of the elastic soil in the rocking
direction.

» &4 : The hysteretic damping ratio of the soil.

Starting from scratch, the formulation of the dynamic equilibrium of the mass point and
the horizontal and rocking equilibrium equations of the whole system (see Fig. 111.1) can be
established to obtain the equations of motion for this structure with a rigid basement by using
Eq. (111.3) and Eqg. (I11.4) and introducing the following critical depreciation percentages
leads to:

wC w Cy

§=opié= 2K, $o =m: Cp = Cx+—8gKy s G =Cp +—8gKy (11.5)

—w*m(uy + hep +u) + k(1 + 2&)u = mw?y,
—w?m(ug + hep + u) + kp(1 + 2&,i + 2840 uy = mw?y, (111.6)
—w?mh(uo + ho +w) + k, (1 + 2841 + 2§,i)p = mhw?u,

By introducing the following notations:
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mw? =k mw? = ky mh?wj = kg, (11.7)

Furthermore, by eliminating u, and ¢ from the three previous equations, we obtain:

1+ 2¢i w?  w? 1+ 2¢&i w? 1+ 2¢i _w? (11.8)
S WE T+ 28,0 + 28,0 wP1+4285i+2851) © w29 '

Now consider a simple oscillator with one degree of freedom of the same mass m, of its

own pulsation @& and of damping & subjected to a harmonic displacement il

of the pulsation w at its base (case of the structure embedded at its base).

The response of the oscillator is:
. w? w? _
1+2€l—ﬁ u=ﬁug (|||9)

The equivalent oscillator will have the same response as the structure shown in Fig.

111.1 when the following equation is satisfied:

==t =+t =2a0'= (111.10)

It follows that the fixed-base frequency wg is always higher than the fundamental
frequency of the soil-structure system, from the Eq. (111.8), Eq. (111.9) and Eq. (111.10), and

in the resonance case @ = w the equivalent damping ratio becomes:

. @ nE e »*
_ v _e L e L 11.11
And
_ @
Uy = w—szug (|||12)
1 1 1N 280 28,
u0+h¢+u=w§<ﬁ+2(f—fg)l<ﬁ—w—3>—7’%— (A),z u (|||13)

The dimensionless parameters given in Eq. (111.14) can be used to generalize the results
obtained and to better evaluate the soil-structure interaction effect, where c is the shear wave
velocity of the soil, r is the radius of the foundation, p is the mass density, and G(= pc?) is

the shear modulus.
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wsh m

; h=

5= ;= (111.14)

XS

Cs pr3

Since the judicious evaluation of the impedance function is a step that must be
addressed, we aim to evaluate the differences that occur due to the effects of their form on the
seismic response of structures. For this purpose, two expressions are used to estimate the
stiffness and damping parameters of the soil-foundation interaction (static parameters:

"frequency independent”, dynamic parameters: "frequency dependent").

In real conditions, the stiffness and damping coefficient of the foundation depend on the
frequency. Therefore, to illustrate the effect of SSI and the influence of its expression forms,
the following frequency-independent and frequency-dependent approximate expressions are
used to estimate the stiffness and damping coefficient of a rigid circular foundation of radius r
(Wolf 1985; Wolf and Preisig 2003).

]
|
'
|
]
H ,—L\ Soil laycr

- -~
~ ~
” ' ~N

a._

Fig.111.2. Schematic representation of a rigid cylindrical foundation embedded in a

layer of soil over half the space.

The general form of the foundation impedance function can be described by the

following equation:
K% =KS(k +iaqc) (111.15)
Where:

» K?®: Static rigidity coefficient.
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» k: Dimensionless spring coefficient.
» a,: Dimensionless frequency.

» c: Dimensionless damping coefficient.

111.2.2. Case of Frequency Independent Expressions:

K = ZSETV (111.16)
C, = 24;6 pcsr? (111.17)
K = 3?16i3v) (111.18)
Cop = 10;4vpcsr4 (111.19)

Where:

» Kj: Static stiffness coefficient in horizontal direction.

> Ky: Static stiffness coefficient in rocking direction.

» C,: Damping coefficient in horizontal direction.

> (g Damping coefficient in rocking direction.

The expression of the frequency @& and the equivalent damping coefficient & calculated
in Eq. (111.10) and Eq. (111.11) using the dimensionless parameters mentioned above for a

rigid surface base (D = 0) leads to:

e 1
P il (111.20)
@s 1+%[7"+3(1—v)]

. @2 »* »3 §3m 2—v

== — )8, + — ——[0.036 —— + 0. - 11.21

R R 0036 ="+ 00281 - )| (111.21)
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111.2.3. Case of Frequency-Dependent Expressions:

In the case of frequency-dependent expressions (a, # 0), stiffness K¢ is now expressed
in terms of a static part, K (see Eq. (111.16) and Eq. (111.18)), times a dynamic modifier, k;
the radiation dashpot coefficient is similarly expressed in terms of static stiffness and the

product of a dimensionless frequency a,(= “’r/cs), times a dynamic modifier, c¢. The
dimensionless spring and damping coefficients k,, c., ks and cg4 are functions of a,

evaluated at the resonance case @ = w. (Pais, Kausel, and Eirgirreerirlg 1988)

ky(w) =1 (111.22)

n[l+(1+a) D/r] (111.23)

0.35 a2 (111.24)

(111.25)

1+a)\2 3 2 25 b
nlg+ P+ (G75)5CM 15 Ea 08+ o) g

’ 7 K(;/ Gr3
r

Where:
k.. Dimensionless spring coefficients in the horizontal direction.
kg Dimensionless spring coefficients in the rocking direction.

: Dimensionless frequency.
¢,. Dimensionless damping coefficients in the horizontal direction.

vV V V V V
o
o

ce- Dimensionless damping coefficients in the rocking direction.

The same dimensionless parameters (Eq. (111.14)) are again used to describe the key
parameters of this coupled system: the stiffness ratio of the structure and the soil s, the mass

ratio m, and the slenderness ratio h. In this case, the frequency @& of the soil-structure

interaction system (Eq. (111.10)) is given by:

> B 1
wsz_l_l_ﬁls_z[ 2—v 3(1—v) : (111.26)
8 h2k,(1+D) ke(1+ 23D+ 0.58D3)
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And & : the equivalent damping ratio (Eq. (111.11) is given by:

. @2 g
= 6+ 0- %

@3 $3mc, [ (2 —v)? 9(1 — )? (11.27)

2= +
? 128hr |h2kZ(1+ D)2 * ' K3(1+ 2.3D + 0.58D3)2 ¢

Where:
» D = E/r :The embedment ratio
> b= % = 2 for a rigid surface base (D = 0).
> a = cp/c, : The velocity ratio.
> cp: The compression wave velocity.
» ¢, The shear wave velocity.
» v isthe Poisson's ratio of the soil.
Eq. (111.26) and Eq. (111.27) are the new analytical formulas that we propose to

calculate the equivalent frequency and the equivalent damping of the soil-structure system

based on frequency-dependent impedance functions.

If the shear wave velocity of the soil is equal to infinity (5=0), it means that the base
state of the structure is fixed, but if the stiffness ratio is infinite (c¢; = 0), it shows that a
relatively rigid structure rests on relatively soft soil. more discussion on this issue is provided

in the results section.

111.3. PARAMETRIC ANALYSIS AND RESULTS

The problem considered in this work consists of a structure (¢ = 0.025) on a half-space,
which is represented in a simplified way as an SDOF system in all of the SSI models. The soil
properties are described by Poisson's ratio v = 0.33 and material damping & = 0.05. The
superstructure and the soil were modeled linearly. This work aims to evaluate the influence of
considering and neglecting the SSI and the effect of the impedance function form on the
structural response of the soil-structure system by using springs and dashpots with two
frequency cases: independent (static impedance function) and dependent frequencies

(dynamic impedance function).
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The slenderness ratio, the mass ratio, the shear wave velocity of the soil, and several
other parameters are the essential parameters that are considered in this parametric analysis.

111.3.1. Natural frequency and damping of the soil-structure system

111.3.1.1. Frequency-independent impedance function case

The properties of the equivalent one-degree-of-freedom system aj/wsand & are plotted
in Fig. 111.3(a), (b) and Fig. 111.4(a), (b) as a function of § (=0.1... 10), varying the
slenderness ratio (h) and the mass ratio (). We observe that the frequency ratio ‘5/0)5 (Fig.
I11.3(a) and Fig. 111.4(a)) decreases monotonically with the decrease of h and the increase of
§ and m, respectively, while with respect to the effective damping ratio & (Fig. 111.3(b)), the
increase of the latter with increasing of § is evident, due to the effect of a large amount of
radiation damping (mainly in the horizontal direction) applied over the whole range, it is

found that £ is larger for squat structures (h small) than for slender structures (h large).

12 & &/ws ::fi
F=1
. F=0.67
—— F=0.33
0.8
0.6
0.4
0.2
3
0 >
0.1 1 10

(a) Equivalent natural frequency.
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0.25

e =5
A S o
h=1
0.2 h=0.67
e h=0.33
0.15
0.1
s
0 >
0.1 1 10

(b) Equivalent damping.
Fig. 111.3. Properties of the equivalent one degree of freedom system (7 =3, v=0.33, £=0.025,

§4=0.05), varying slenderness ratio /.

0.1 1 10

(a) Equivalent natural frequency.
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025 , f =10
=5
=3

0.2 m=1

=705

0.15

0.1

0.05

s
0 >
0.1 1 10

(b) Equivalent damping.
Fig. 111.4. Properties of the equivalent one degree of freedom system (h=1, v=0.33, £=0.025,

§4=0.05), varying mass ratio m.

Interestingly, in contrast to the variation of h, in the variation of m, (Fig. 111.4(a)), the
magnitude of & increases with increasing mass ratio (/) in the lower frequency ratio range
(5 < 1), and € increases with decreasing of the mass ratio (/) in the higher frequency ratio
range (5§ > 1) (softer soil). Since the slenderness ratio (h) is large, the damping is small and
this leads to an increase in displacement, increasing the mass ratio (m) may lead to an
increase or decrease in displacement, depending on the type of soil. In general, the change in
the dynamic properties of the soil-structure system is due to the dominant role of the soil and

its properties, the dominant role of the structure and its properties, and the interaction between

them. (Lin, Wang, and Tsai 2008)
111.3.1.2. Frequency-dependent impedance function case
Similarly, for frequency-dependent expressions, the equivalent system parameters are

plotted as ‘5/0)5 and & for §= (wsh/cs). In Fig. 111.5(a), (b), we have also varied the

dimensionless circular frequency a, (=1, 1.5, 2, 3, 6). We observe that the combination of SSI
effects and frequency-dependent impedance functions leads to an increased value of change in
the results compared to the static case (the frequency-independent parameters). We note that

the dimensionless circular frequency a, has a strong influence on the equivalent-damping
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coefficient of the soil- structure system, but has little influence on the equivalent natural
frequency of the system. However, similar trends are observed compared to the case of the
frequency-independent expression (static impedance function) with different values, this
similarity is due to the prevalent role of the soil in the structure response (Celebi, Goktepe,
and Karahan 2012). The influence of the embedment ratio of the foundation D on the
properties of the equivalent system was also considered (see Fig. 111.6(a), (b)). We find that
the embedment ratio of the foundation D significantly influences the equivalent damping ratio
and the equivalent natural frequency of the system (i.e., the structure and the soil). With its
increase (D), we observe an increase in the equivalent damping coefficient and a decrease in
the equivalent natural frequency of the system compared to the case of a surface rigid
foundation (D = 0). This is due to the increase in the contact surface between the foundation
and the ground, where the significantly increases the stiffness of the foundation. The results
are similar to those obtained by (Ahmad and Rupani 1999) when studying the dynamic

response to horizontal excitation of a rigid square footing in a two-layer soil profile by using

an advanced BEM algorithm, where they find that when the embedment ratio, D/B, and the

sidewalls to soil contact ratio, d/D, are both increased, the horizontal impedance generally

increases.

12 4 &/ws STATIQUE
a0=1
a0=1.5

1 a0=2
a0=3
a0=6

0.8

0.6

0.4

0.2

0.1 1

(a) Equivalent natural frequency.
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1.6 e STATIQUE
4 E a0=1
a0=1.5
1.4 a0=2

(b) Equivalent damping.
Fig. 111.5. Properties of the equivalent one degree of freedom system (m =3,

h=1,v=0.33, £=0.025, {,=0.05, D=0), varying the dimensionless circular frequency a,.

12 o d/ws

(a) Equivalent natural frequency.
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07 4 ;
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——D=0.25
05 D=0.5
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0.4 D=1
0.3
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0.1
——— 5
0 >
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(b) Equivalent damping.
Fig. 111.6. Properties of the equivalent one degree of freedom system (m =3,
h=1,v=0.33, £=0.025, {,=0.05, a,=1), varying the embedment ratio D.

On the other hand, it has been shown that in all cases the increase of the adimensional

frequency 5 (cg small, soft soil) (Garevski, M., & Ansal 2010) also significantly affects the
two equivalent parameters (‘T’/wsand %), where we observe a clear decrease of the frequency

ratio, often deviating from the unit value, and a clear increase of the equivalent damping ratio.
The nonzero value of the latter at a very low value of the soil stiffness ratio (5=0.1) indicates
the presence of hysteretic dissipation of the structure (assumed to be 2.5%), and for a
significant soil-structure-interaction effect, the ratio & essentially converges to the soil
material-damping ratio £, = 0.05. The few small undulations observed in the curves are the

result of resonance phenomena in the soil-structure system.

From the above results, it can be summarized that the effect of SSI in this part is to shift
the fundamental frequency of the system to lower frequencies (height period) and to increase
the dissipated energy in the ground compared to the fixed base structure as the ground
becomes softer (Farghaly and Ahmed 2013; Sobhi and Far 2021), and that the characteristics
of the ground as well as the structure have a very important influence on this phenomenon.
These results are consistent with those described in the literature on the SSI effect (Crouse
and McGuire 2001; Forcellini, Mina, and Karampour 2022) and in major design codes
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(FEMA 440, ATC-3-06). On the other hand, as widely observed by many researchers
interested in studying the effects of soil-structure interactions on the impedance function and
structural response of soil-foundation-structure (SFS) systems (Guellil et al. 2017; Massimino
et al. 2019; Veletsos and Meek 1974), soil properties and structural parameters, especially
shear wave velocity and layer thickness, structure height, and foundation radius, have a
significant influence on the impedance function and, at the same time, on the response of the
coupled system.

As a result, the change in the fundamental dynamic characteristics of the structure due
to the SSI effect must be considered in the design of the structure to avoid the resonance

effect, and the analysis will be more realistic.

111.3.2. Relative and absolute displacement of the structure

In the following Fig. 111.7 to Fig. 111.9, the different dimensionless displacements of the
structure for =1 and § =0 are plotted as a function of the dimensionless excitation
frequency ‘U/ws(: 0,0.2,0.4,0.6,0.8, 1, 1.2, 1.4). This follows from Eq. (111.9), Eq. (111.12)

and Eq. (111.13) by using the two analytical "frequency independent” and "frequency
dependent” expressions for the viscoelastic soil behavior. For the stiffness s = 0 (rigid soil, ¢
= ), i.e., we are in the case of a fixed base structure (or & = &, & = wg and iy = ug).
However, the stiffness (5 = 1), which takes into account the soil-structure interaction is

always different from that of the same structure on rigid soil.

111.3.2.1. Case of Frequency-Independent Impedance Functions

It is very interesting to observe how the displacement of the structure was strongly
influenced by the presence of the soil, where the SSI here (see Fig. I111.7(a), (b)) had a
beneficial effect by again reducing the maximum response (Veletsos and Damodaran Nair
1974). Of course, this is due to an increase in the effective damping of the entire system,
which is related to the effect of the soil-structure interaction. This brings us back to the basic
function of the soil. However, it is important to emphasize that in several cases the SSI has
been shown to have a detrimental effect (Karatzetzou and Pitilakis 2018; Rovithis et al. 2017).
It's clear from Fig. 111.7(a), (b) that the interaction effect is negligible for the extremely small

and very large ©/, ratios.
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(a) Structural distortion.
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(b) Displacement of the mass relative to free field.
Fig. I11.7. Influence of soil-structure interaction as a function of excitation frequency (m =3,
h=1,v=0.33, £=0.025, ¢, =0.05, D=0) (a), (b).

111.3.2.2. Case of frequency-dependent Impedance Function

In Fig. 111.8 and Fig. 111.9, we have calculated the displacements using the form of the

frequency-dependent expression, where we have varied the dimensionless circular
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frequency a, = (1, 1.5, 2,3, 6) and the embedment ratio D of the foundation as a function of

the excitation frequency ratio “’/mS fors =1.

We find that increasing in the value of the foundation embedment ratio, (D), not only
reduces the structural distortion and increases the mass displacement (Fig. 111.9(a), (b)),
(Moghaddasi et al. 2011), but also shifts the frequency to the right. However, the effect of the
dimensionless circular frequency, a,, is greater than the effect of the foundation embedment
ratio, Fig. 111.8(a), (b), where it reduces structural distortion and mass displacement as the
frequency content increases and expands. This general pattern is typical of and holds true for
infinite domains. As the frequency increases, K¢ decreases and C increases, which explains

the decrease in displacements. (Wen, Hu, and Chau 2002)

Moreover, the frequency-dependent expressions seem to mainly affect the amplitude of
the dynamic response of the structure compared to the case of the frequency-independent
expressions (static impedance function), while the shape of the curves remains the same and
the peak is at the same frequency, in other words, the damping in the system is greater when
the frequency-dependent impedance function is considered (Far and Flint 2017; Maheshwari
and Sarkar 2011; Zhang and Tang 2009). However, at low frequencies, the structural

distortion and mass displacement are not different from the static case.

2.5 A I”I/I”gl STATIQUE
a0=1
a0=1.5
a0=2

2 a0=3
a0=6
1.5
1
0.5
w/w,
0 >
0 0.2 0.4 0.6 0.8 1 1.2 1.4

(a) Structural distortion.
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(b) Displacement of the mass relative to free field.
Fig. 111.8. Influence of soil-structure interaction as a function of excitation frequency (m =3,
h=1,v=0.33, £=0.025, ¢, =0.05, D=0), varying a.
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(a) Structural distortion.
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(b) Displacement of the mass relative to free field.
Fig. 111.9. Influence of soil-structure interaction as a function of excitation frequency (m =3,
h=1,v=0.33, £=0.025, ¢, =0.05, a,=1), varying D.

111.4. NEW ANALYTICAL NONLINEAR RELATIONSHIPS

Fig. 111.10(a), (b) shows the maximum values of structural distortion and mass
displacement for the dynamic case studied as a function of the embedment ratio of the
foundation height D. It can be clearly observed that the soil structure interaction has a strong
influence on the values of the peaks. The trend curves were also calculated by polynomial

interpolation (dotted line) of the nonlinear function. The nonlinear relationships between the
dimensionless displacement |u|/|ug| and the acceleration level D can be predicted with the

following relationships:

e For the dynamic impedance function:

lul/|uy| = 0.671 032920 (111.28)

The goodness of statistical fit of the equation (Eq. (111.28)) is R? =0.9794, the proposed
formula (Eq. (111.28)) correctly predicts the results presented in this study.
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(a) Structural distortion.
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(b) Absolute displacement of the mass.
Fig. 111.10. Max Displacement- the foundation embedment ratio D (m =3, h=1, v=0.33,
§=0.025, £,=0.05, a,=3).

A nonlinear relation between |u+u0+h(p|/|ug| and the embedment ratio of the

foundation D can be assumed. The given relation is equal to:

e For the dynamic impedance function:
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lu +uo + hol/|uy| = —0.2631 D% + 0.739 D? — 0.8003 D + 1.7876 (111.29)

The statistical goodness of fit of the equation (Eqg. (111.29)) is R?=0.9998, the
proposed formula (Eq. (111.29)) correctly predicts the results presented in this study.

It should be noted that the adjusted R? statistic is generally the best indicator of the
quality of the fit when its value is closer to one. These curves describe the nonlinear behavior
of the equivalent system, which makes it possible to determine the maximum value of the

displacement at any desired level of the embedment ratio of the foundation D for a, = 3.

For different ranges of the dimensionless frequency a,, we want to clarify how the
anchorage height of the foundation D modifies the structural displacement u/u, and the total
displacement of the mass u + u, + h¢ /u,. Thus, it can be seen from Fig. I111.11(a) to (e) and
Fig. 111.12(a) to (e) that u/u, and u + uy + hep/u, are not only a function of the foundation
embedment ratio D itself, but also a function of a,. This has not been extensively discussed in
the literature. Therefore, revised displacements u/u, and u + u, + h¢ /u, are proposed here.

They depend on both D and a,.

215 o ful/ugl -
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5 Expon. (a0=1)
y = 1.8358e0-1336x
R?=0.9506
1.95
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Fig. 111.11. Max Structural distortion versus the foundation embedment ratio D ( A=1, m
=3, v=0.33, £=0.025, £,=0.05, a, (= 1, 2, 4, 5, and 6)).
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Fig. I11.12. Max absolute displacement versus the foundation embedment ratio D (h=1, m

=3,v=0.33, £=0.025, §g=0.05, ap(=1,2, 4,5 and 6)).
From Fig. 111.11(a) to (e), the best-fit curve for the structural distortion correction versus the
foundation embedment ratio D was an exponential function for each frequency in the form of:

[ul
bo.e"P (111.30)

[g]

The values of the coefficients bo, and by were recorded for a, = 1, 2, 3, 4, 5, 6. Fig.

111.13 shows the values of b and by, thus simulating the dependence of % on a,.
g

From the Fig. I111.13, it is clear that bo and b1 have been fitted with polynomial function,
see Table I111.1.

From Fig. 111.12(a) to (e), the best fit curve for the absolute displacement versus the
anchorage height of the foundation D was a polynomial function for each frequency in the

form of;

lu + uy + hol

g

The values of the coefficients b2, bs, bs, and bs were recorded for a, = 1, 2, 3, 4, 5, 6.

lu+ug+he|

Fig. 111.14 shows the values of b, b3, bs and bs, thus simulating the dependence of ]
g

on a,. From the Fig. 13, it is clear that b> and bs follow a different trend and were given

different polynomial functions, see Table I111.2.
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Fig. 111.13. Variation of the coefficients bg and b1 with ao.
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Fig. 111.14. Variation of the coefficients by, bs, b4 and bs with ao.
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Table I11.1. The fitting functions of the bg and b1 coefficients.

Coefficients Fit Equations R?
bo bo = -0.0297ag + O.4043a% - 1.8251ay +3.2706 0.9954
b1 b1 =-0.0128 aZ + 0.1502 a, - 0.0075 0.9989

Table 111.2. The fitting functions of the b2, b3, b4 and b5 coefficients.

Coefficients Fit Equations R?

b2 b, =0.0544 a3 -0.7213 a2 +3.1015 a, - 4.4785 0.9916
bs b3 =0.3455 a3 -3.2246 a, + 7.453 0.9327
ba by =-0.2848 a2 +2.7098 a, - 6.4812 0.9477
bs bs = 0.2304 a -2.2239 a, + 6.4679 0.957

As a result, from the above analysis, the structural distortion and absolute displacement
can be summarized by Eq. (111.32) and Eq. (111.33):

|ul 3 5
—— = (—0.0297a3 + 0.4043a2 — 1.8251a,

|ug| (111.32)
+ 3.2706 ). e(-0.0128 aZ +0.1502 ag — 0.0075).D

lu + uy + hol 3 5 5

T= (0.0544 a3 — 0.7213 a3 + 3.1015a, — 4.4785).D

Ug
+ (0.3455 a3 — 3.2246 a, + 7.453).D? (111.33)
+ (—0.2848 aZ + 2.7098 a, — 6.4812).D + (0.2304 a;

— 2.2239 a, + 6.4679)

These new analytical nonlinear relationships between the relative and absolute
displacement of the structure, the embedment ratio of the foundation and the dimensionless
circular frequency of the excitation are proposed in order to consider this influence in a simple
way in the calculation of the soil-structure interaction for different soil and structure types and

for different seismic excitation frequencies.
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111.5. CONCLUSION

This chapter performs an analytical analysis based on the dynamic equilibrium of the
soil-structure system modeled by an analog model with three degrees of freedom to obtain the
seismic response of the selected structure with viscoelastic soil behavior. To explore the
sensitivity of the response of a soil-structure system to different soil and structure parameters,
this chapter investigates the effect of adopting different impedance function types on the
structural response of the soil-structure system using springs and dashpots with two frequency

cases: independent and dependent frequencies.

Finally, new analytical nonlinear relationships are proposed between the displacements
of the structure, the embedment ratio of the foundation and the dimensionless circular
frequency of the excitation, in order to consider in a simple way this influence in the
calculation of the soil-structure interaction for different soil types and seismic excitation

frequency.
From the analyses presented in this chapter, we can conclude that

» The massive and/or higher structures, the soft soil and the excitation frequency
are the main parameters where the SSI influence is more evident.

» This study shows the differences due to the influence of the form of the
impedance function (static or dynamic).

» The dynamic responses of the structure under seismic motion, taking into
account the soil-structure interaction, are highly dependent on: the type of soil
(cs), the characteristic of the structure (massive, slender, ...), the foundation
embedding D, and the dimensionless excitation frequency (a, ), since its
increase leads to a decrease in the displacement amplitude and an increase in the

equivalent damping &.

In conclusion, a significant detrimental effect on the response and displacement performance
of the structure is shown by the inclusion of the soil-structure interaction in the structural
analysis in this work. This effect is characterized by an overestimation of the displacement of
the structure and a strong dependence on the soil and structure properties. Ignoring the soil-
structure interaction effect and the approximate representation of the impedance functions can
lead to a behavior that is very different from the real one, and therefore can mislead the

engineer's decision-making process and thus compromise the seismic safety of buildings.
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Therefore, to ensure safety and structural integrity against seismic actions, it is strongly
recommended that practicing engineers and engineering firms consider the effects of soil-
structure interaction and properly address the dynamic characteristics of the soil in seismic

analysis and building design.
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IV.1. INTRODUCTION

For strong earthquakes, the behavior of the soil becomes nonlinear due to the
degradation of its shear modulus G, which can have significant effects on the amplitude and
the shape of the impedance function of the soil-foundation system as well as on the seismic

response of the structures.

The study of the phenomenon of soil-structure interaction in nonlinear behavior is very
complicated and requires sophisticated methods and tools. Unlike its study in the case of
linear elastic soil behavior, where the soil parameters (especially the shear modulus G /G,,qx,
the critical damping coefficient ¢ /&,,4and the shear wave variation V /V,,,,) are constant
during the analysis, in nonlinear soil behavior all the values of the soil parameters are related
by the amplitude of the excitation imposed on the soil. This behavior occurs when the soil is

subjected to strong seismic level excitations.

Therefore, in the present work we have improved an approach that takes into account
the nonlinearities of soil behavior in soil-structure interaction to solve this problem in a
simple way using the equivalent linear method, where we have studied the influence of
nonlinear soil behavior and the effect of the impedance function form using springs and
dashpots with two frequency cases: independent and dependent frequencies (static impedance
function, dynamic impedance function) on the seismic response of a coupled soil-structure

system.

The problem considered in this study consists of a structure modeled as a single-degree-
of-freedom system (¢ = 0.025) resting on shallow foundations. For the linear case, the soil
properties are described by its Poisson's ratio v = 0.33, shear modulus G = 1, and material
damping ¢, = 0.05. In the case of nonlinear soil behavior and according to Eurocode 8
(2003), the consideration of the nonlinearity of the soil has been introduced in this work by
taking into account the degradation of the soil shear modulus (G /G4, ) and the amplification
of the damping coefficient ratio (§,/&, max) as a function of the increase of the shear strain of
the soil each time the earthquake is taken stronger. This part was processed by the
Caldynasoil calculation code Shartai & Filali (2012) and Filali & Sbartai (2017) to determine

the nonlinear dynamic parameters of the soil at different levels of seismic deformation.
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IV.2. SYSTEM AND METHOD OF ANALYSIS

IV.2.1. Methodology for calculating nonlinear soil behavior parameters

The nonlinear soil behavior is integrated into the analysis of the present model by the
equivalent linear method and compared with the linear case. A seismic deformation variation
is applied to the soil (weak, medium, and strong excitation). The behavior of the soil is thus
described by curves giving the variation of the shear modulus ratio G /G,,,, and the critical
damping ratio &¢;/&;max as a function of each imposed deformation. This behavior is
determined by the CALDYNASOIL calculation code of Shartai and Filali (2012), which uses
the equivalent linear method with concentrated masses and the hyperbolic models of Hardin
and Drenevich (1972), Ramberg and Osgood (1943) and Massing (1926). This procedure is
iterative and allows to estimate the seismic response of a soil profile consisting of horizontal
layers, subjected to any seismic acceleration at the level of the substratum. Each layer is
considered linear-elastic and modeled by a concentrated mass model. Fig. 1V.1 shows the
simple mechanical model and the equivalent soil profile. The soil mass of this model is also

concentrated above and below each layer.

x4(8)

x,(t)

my
Layer 1 ki e
m;
Layer 2 ky ¢
ms
¢ x3(6)
[ J
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
my xn(t)
Layer N ky Cy I hy

Fig. IV.1. Lumped Mass Model. (Filali and Sbartai 2017)

Where:

p1 hy N Pi-1hi—1 + pi h
2 l 2

(i =2,3..N) (IV.1)
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m;, and h; are the concentrated mass, and the thickness of the soil layer i, respectively.

Briefly, the analysis steps of the equivalent linear concentrated mass method are as

follows:

» Step 1: Estimate the initial physical parameters for each soil layer i (shear modulus
Gmax, Mass density p, Poisson's ratio v, hysteretic damping ¢ g pmqy. In this step, all
soil parameters are determined by in-situ tests or laboratory tests with low
deformation.

» Step 2: Select the number of soil layers to be analyzed.

» Step 3: Calculate the mass, stiffness, and damping matrices.

» Step 4: Solve the equations governing the motion of all soil layers (e.g., using a modal

dynamic analysis method), taking into account the dynamic equilibrium for each layer:

[m] (%) + [c] (X) + [k] (x) = —(m) %, (1vV.2)
Where (x); (x); (¥)= vectors of displacements, velocities and horizontal accelerations of
each layer with respect to the rock; (m) a vector containing the mass of each soil layer; X, =

accelerogram at the rock level.

» Step 5: For each layer i, the maximum shear unit deformations, ¥,..(i), are

calculated from the maximum inter-layer displacements:

C— x. A (t
Ymax (D) = il xl-;ll.( mes (IvV.3)
i

» Step 6: Update the stiffness and the equivalent damping, from the maximum shear

unit deformations calculated in step 5. In general, a fraction of the maximum values of
2/3 is used, because the maximum deformation levels are reached only once during the

dynamic response.

Among the three models of nonlinear soil behavior integrated in the code
CALDYNSOIL (Shartai and Fillali 2012), in this study we choose the model of behavior of
Massing (1926), represented by the following relation:

1 Y (IV.4)

Where:

> 1 is the shear stress.
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» y is the shear strain.

» Ty IS the ultimate shear stress.

By dividing the Eq. (IVV.4) by y, we obtain the effective shear modulus of the soil G,

according to the unitary deformation in shear y by:

G 1

G - 1+
max Yr

Where v, = Tt /Gmax » 1S the unit deformation of the reference.

(IV.5)

For the critical damping coefficient, &;/&;max, Massing (1926) proposed the

relationship between critical damping and shear modulus as:

1l =(1— ¢ ) (1V.6)

‘fg max Gmax

Where: &, mq IS the maximum critical damping (initial value).

» Step 7: Steps 3 through 7 are repeated until the stiffness and damping converge. In

general, only a few iterations are sufficient to achieve convergence.

The Equivalent Linear Method has been briefly described in this section; see Chapter 11

for more details.

IV.2.2. Presentation of the calculation program

The calculation code Caldynasoil (2012) has been written in Matlab language and is
intended for dynamic calculation of seismic response of soil deposits and evaluation of
liquefaction potential of saturated sandy soils based on the equivalent linear calculation
method with concentrated masses. The nonlinear soil behavior is modeled by three hyperbolic
laws, Hardin & Drnevich (1972), Ramberg & Osgood (1943) and Masing (1926).

We have chosen the example of a seismic excitation of PGA=0.3g on a sandy soil
profile of height H = 10m, characterized by its dry density ys.. = 19.1 k N/m3and saturated
density yqq: = 21.3 k N/m3, shear wave velocity ¢, = 100 m/s, to illustrate how to find the
dynamic properties of the soil using this calculation code. All soil parameters are displayed in

the software interface, see Fig.1V.2.
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CALDYNASOIL Input data and processing W [ ——
File Data base
Geotechnical characteristics of the soil layers Choice of Analysis Methods Methods for computing CRR
Type of soil : Sand Simplified Method @ Dynamic Method N
SPT (Blake(1999) / Simplified Method
Layer number: 1 cPT SPT @ Vs SPT Blake(1999} / Dynamic Analysis
Soil designation : Sand SPT Seed and al.(1984) / Simplified Method
Depth of the water table {m): 10 Magnitude 64  Max.Acc (g)  0.30877 SPT Seed and al.(1934) / Dynamic Analysis
. . SPT HBF.{2012) / Simplified Method
Total unit weight (kN/m3) : 191 i . Masi -
Hyperbolic Model: Masing SPT HBF.(2012) / DynamicAnalysis
Saturated unit weight (kN/m3) : 21.3 - . . -
Calculation precision (ERS): 1% - SPT ldriss and Boulanger {2008} / Simplified Method
Height of the layer {m): 1 i J i j
Accelerogram : ChUsers\WUSER\Docum... ~ SPT Idriss and Boulanger (2008) / Dynamic Analysis
Standard blow counts (SPT): 318878 . SPT Youd and ldriss (2001) / Simplified Method
Number of loading cycles: 10 SPT Youd and ldriss (2001) { Dynamic Analysi
Angle of internal friction (): 354937 i i i - - oudandldrss ‘Dynamic Enalysts
Relative density (%) Cor fact of liquefaction resistance: 15003 CPT Robertson and Wride (1998) / Simplified Method
elative densi : 5 . . .
ty 038438 Condition of iterations step 0.001 CPT Robertson and Wride {1998} / Dynamic Analysis
Cohesion (KPa) : ] - N N U
Average frequency of Ioading (Hz): 15 CPT Seed and ldriss (1982) / Simplified Method
Plasticity Index (%): 1] Calculation interval CPT Seed and Wriss (1982) / Dynamic Analysis
Void ratio: 0.5 Begin Step End CPT Olsens (1997) / Simplified Method
Preconsolidation stress (kPa): s00 o 002 59 CPT Olsens (1997) / Dynamic Analysis
CPT Idriss and Boulanger (2003 / Simplified Method
fines content (%): 5
CPT Idriss and Boulanger (2003) / Dynamic Analysis
Shear wave velocity (m/s): 100 VS Andrus and Stokoe (1997) / Simplified Method
Water content (%) : 1} VS.Andrus and Stokoe (1997) / Dynamic Analysis
Overconsolidation ratie (OGr): 1 VS Andrus and Stokoe (2000) / Simplified Method
</ VS.Andrus and Stokoe (2000) / Dynamic Analysis
Medium diameter D50 {mm): 02 "
Start calculation
Tip resistance (kPa): o
Sleeve friction (kPa) o
previous validate | MNext Resuits ‘
Delete modify

Fig. IV.2. Main interface of the Caldynasoil software. (Kamel Filali 2018)

This interface contains three main columns, as shown in Fig. 1V.2, the first of which is
dedicated to the input of all the geotechnical parameters of the initial soil profile. The second
is dedicated to the selection of the analysis methods (either the simplified or the dynamic
method), and also includes hyperbolic soil models, layer number accuracy (ERS) and, finally,
the selection of the seismic accelerogram. The last column specifies the selection of the
Cyclic Resistance Ratio (CRR) and Cyclic Stress Ratio (CRR/CSR or CRR/CSRD)
calculation methods.

In this example, we have chosen the dynamic calculation method to simulate the
nonlinear behavior of the soil with the hyperbolic model of Masing (1926) and we have also

checked Vs option, as shown in Fig. 1V.3.
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Fig. IV.4 shows the calculation accuracy (ERS), which is set to 1% in this example.

Choice of Analysis fMethods

o Simplified Method

@ Dymnamic Method

— CPT

o SPT @ Ws

Magnitude 6.4 MMax_Acc (g) 030877 |

-

Masing

Hyperkolic Model:

Calculation precisi Hardin et Drnewich 1
Rambert et Osgood 2

Accelerogram : ]

Mumber of loading cycles: 10

Cor fact of liquefaction resistance: 1.5003
Condition of iterations stop a.o0A
Average frequency of loading (H=): 15
Calculation interwval
Begin Step End
0.0z 59

o

Fig. 1V.3. Analysis method selection.

Choice of Analysis Metho<ds
@ Dymamic Method

0 Simplified Method
o CPT — SPT @ Ws

Magnitude 6.4 Max_Acc (g) 0.30877T |

Hyperbolic Model: |[Masing -~

Calculation precision (ERS): 1 —]
Accelercogram : C:\Users\USERWD { -
MNMumber of loading cycles:

Cor fact of ligqguefaction resistance:

2
=

i##

1.5003

Condition of iterations stop 0.001
Average frequency of loading (H=): 15
Calculation interval
Begin Step End
0.02 59

o

Fig. IV.4. Calculation precision (ERS).

In this window (see Fig. 1V.5), we have selected the accelerogram for our dynamic

load selection, where we have chosen an earthquake with an acceleration of Acc(g)=0.3g.

M. Lagaguine

Page | 80



Chapter IV Analytical analysis with equivalent linear soil behavior

File Data base

Choice of Analysis Methods Methods for

* Simplified Method @ Dynamic Method
[T]SPT (Blake(1999) / Simplified Method
9 Vs

Layer number: 1 @ - SPT [ SPT Blake(1999) | Dynamic Analysis
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Type of soil : Sand =
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Depth of the water table {m): o Magnitude 6.4 | MaxAcc(g) | 030877 | [ |SPTSeedandal(1984) /Dynamic Anal
Total unit weight (kNim3) : 191 Hyperbolic Model: |Masing - g:; :g;.(zmzn s:mmnﬁeu Method
o (2012) { DynamicAnalysis
Saturated unit weight (kN/m#) : 213 Calculation precision (ERS): 1% .|| [71SPT idriss and Boulanger (2008) / Simy
Height of the layer (m): 1 Accaleregram : | [l Ee [7] SPT Idriss and Boulanger (2008) / Dynal
Standard blow counts (SPT): 318878 = il -
BOUMERDES_HDEY_NS.mat
Angle of internal friction (): 35.4037 D:\kame\MATLAB\INTERFACE\BOUMERDES_AZAZGA_EW.mat
N - N D:\deux1.mat
Relative density (%): 0.38436 c 2g\two.mat
Cehesion (KPa) : 0 C:\Users\USER\Documentstquakesi. 1g\one.mat
Plasticity Index (%): 0 = | 2g\two.mat

C:\Users\USER\Documents\quakes\0.3g\three.mat
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Preconsolidation stress (kPa): 200 C: 3 Sg\five.mat
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D:\nahanni.mat
Shear wave velocity (mis): 100 D:\vinration.mat
Water content (%) : ) Ci\Users\USER\Desktop\L ogiciel de CalDynaSoil\0.010.5¢ 0.01gsei: 1g.mat
o . D:\Nouveau dossier (3)\seismed01g.mat
Qverconsolidation ratio (Ocr): 1 C ibrati 19.mat
Medium diameter D50 (mm): 02 D:\Aricle du jornal\CaldynaSoil\Quake 0.01-0.5g\one.mat
Tip resistance (kPaj: 5 de CalDynaSoil0.01.0.5\quakes . 1g\un. mat
de CalDynaSoil\0.01.0.5g\quakes\0.1g\one. mat
Sleeve friction (kPa) 0 de CalDynaSoil\0.01.0.5g\quakes'0.1g\un.mat

C:\Users\USER\Desktop\Logiciel de CalDynaSoil\Quake of validation\shake001g.mat

| _previous | | validate Next
w Delete modify | I

Fig. IV.5. Selecting the Seismic Acceleration.

To start the calculation, click on the "Start Calculation” button after selecting all

geotechnical soil parameters, the appropriate analysis method and the earthquake (Fig. 1V.6).

CIL Input data and processing n =) L]

File Data base
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Cohesion (KPa) :
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[7] CPT Seed and Idriss (1982) / Simplified Method

[T] CPT Seed and ldriss (1982) / Dynamic Analysis
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[7] CPT Olsens (1997) / Dynamic Analysis

[T] CPT riss and Boulanger (2008 / Simplified Method

Please wait...

Precensolidation stress (kPa):

fines content (%): L . ) _
[ CPT ldriss and Boulanger (2008) / Dynamic Analysis

Shear wave velocity (m/s): 100 [F]VS Andrus and Stokoe (1997) / Simplified Method

Water content (%) : 0 [7] VS.Andrus and Stokoe (1997) / Dynamic Analysis

[C1VS Andrus and Stokoe (2000} / Simplified Method

Overconsclidation ratio (Ocr): 1
VS.Andrus and Stokoe (2000) / Dynamic Analysis
Medium diameter D50 {(mm): 02 Start calculation
Tip resistance (kPa): 0
Sleeve friction (kPa) 0

Error for evaluate the number of sub-layers Results

previous validate Next
Delete modify |

Fig. IV.6. Start Calculation Step.

At the end of the calculation step (Fig. 1V.7), the following window appears,
displaying the results of the analysis (number of calculation iterations, number of sublayers in

the soil profile, dynamic soil parameters, etc.).
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Fichier Base de don es
: : Layer number : 8 -
Layer number| Number of sulayer| Layer Depth (m)|Shear modulus (KN, shear stress KN, dum | eration number © 2 =
1 2 0.50 70951.30 5.59 R
2 2 1.00 70951.30 5.59 Calculation method of Fs  WS.Andrus and Stokoe... +
3 2 2.00 112670.31 16.27 Max shear modulus (KN/m2) : 187046
4 2 3.00 112870.31 16.27
5 2 450 151030.04 3168 Ultimate shear stress (KN/m2) : 515850
[ 2 6.00 151030.04 31.68 B H
Max dumping ratio (%) :
7 2 8.00 167045.68 51.59 EZd 53 0315
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Fig. IV.7. Results window.

In the following Fig. 1.8, we can easily extract the curves of the decrease of the shear
modulus G/Gmax and the increase of the damping coefficient (§/Emax) and even their

minimum and maximum values.
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Fig. I'V.8. Dynamic soil property values after analysis.

In this research work, we have chosen this calculation program to estimate the
properties of nonlinear soil behavior to use it in the study of the seismic response of a soil-
structure system with nonlinear soil behavior, because this calculation code gives good results
of nonlinear soil behavior and it is not time-consuming to calculate. (Belkhir et al. 2022)
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1VV.2.3. Dynamic properties of nonlinear soil behavior

The soil profile (Fig. 1V.9) is sandy with a height H = 10m, characterized by its
density y =19.1k N/m3, shear wave velocity ¢, =100m/s, and critical damping
coefficient & ,,,4,= 0.05. After applying the seismic accelerations of Loma Prieta-Diamond-
0.10g, Nahanni-0.20-g, EI-Centro-0.30g, Loma Preita-0.40g, Northridge-0.5g shown in Fig.
1VV.10(a) to (e) to this soil profile, we have obtained its nonlinear dynamic properties for each
seismic excitation, where they are recorded in Table. 1V.1. The two moduli (G/Gmax, ¢4/
&g max) are shown in Fig. 1V.11 to Fig. IV.15 as a function of soil shear strain, and the peak
ground acceleration PGA (= 0.1g to 0.5g). For the linear case, the soil properties are described

by its Poisson's ratio v = 0.33, shear modulus ¢ = 1, and material damping ¢, = 0.05.

free field
G =18.1 MPa
ol0n|  Sand $ .= 005
layer £ = 1910 Kgim
V=033

Fig. IV.9. Soil characteristics.
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Fig. IV.10. Seismic accelerations used in this study.

Fig. IV.11 to Fig. 1V.15 show the effects of seismic accelerations imposed on the soil
model. For a small seismic acceleration PGA=0.1g, the behavior of the soil is almost linear,
because the amplitude of this deformation is very small, the value of the shear modulus is
equal to G/Gmax=0.6 and in the linear case it is equal to Gmax=1 and the same remark is
recorded in the soil damping coefficient £&/£_max=0.16 and in the linear case it is equal to

& max=0.05. From the excitation of PGA=0.2g, the behavior of the soil enters the nonlinear
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behavior, we see that the value of the shear modulus decreases and an increase in damping

means that the soil loses its stiffness. The nonlinearity of the soil becomes more pronounced,
especially for PGA=0.3g, 0.4 and 0.5g, as shown in Fig. 1V.13, Fig. 1V.14 and Fig. IV.15.
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Shear modulus/ Max shear modulus
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Damping ration / Max damping ration
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Fig. IV.11. Variation of shear modulus (G/Gmax) and damping coefficient (§/¢max) as a

function of shear strain (y/yr) due to acceleration of "Diamond HTs" , 1989 (0.1g).
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Fig. V.12 Variation of shear modulus (G/Gmax) and damping coefficient (§/£max) as a

function of shear strain (y/yr) due to acceleration of of Nahanni, 1985 (0.29).
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Fig. V.13 Variation of shear modulus (G/Gmax) and damping coefficient (§/£max) as a

function of shear strain (y/yr) due to acceleration of the El-Centro, 1940 (0.30).
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Fig. V.14 Variation of shear modulus (G/Gmax) and damping coefficient (¢/£max) as a
function of shear strain (y/yr) due to acceleration of the Loma Preita,1989 (0.49).
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Fig. IV.15. Variation of shear modulus (G/Gmax) and damping coefficient (§/¢max) as a
function of shear strain (y/yr) due to acceleration of the Northridge ,1994 (0.509).

The variation of shear modulus (G/Gmax) and damping coefficient (§/Emax) at each

acceleration level of the earthquakes are shown in Table 1V.1.
Table IV.1. Variations of the nonlinear dynamic properties of the soil vs the

acceleration level of the earthquakes.

Accelerogram(s) G/Gmax $g/§gmax
Linear 1 0.05
Earthquake 0.1g 0.6 0.16
Earthquake 0.2g 0.26 0.43
Earthquake 0.3g 0.12 0.6
Earthquake 0.4g 0.04 0.8
Earthquake 0.5¢g 0.02 0.87

IV.3. PARAMETRIC ANALYSIS AND RESULTS

The results are presented in this study in terms of natural frequency and damping of the

analog system, structural distortion, and displacement of the mass relative to the free field for
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an equivalent linear soil behavior, and then they are compared to the linear case to clarify the

differences between the two cases.

IVV.3.1. Natural frequency and damping of the soil-structure system

Fig. IV.16 and Fig. 1V.17 show the properties of the coupled system obtained
according to the dynamic equivalent linear soil behavior and plotted as a function of 5(=0.1,
..,10), five earthquake records (G/Gmax,&g/&gmax), and for the two impedance function
cases: independent and dependent frequencies (static impedance function, dynamic
impedance function), including the linear case. It can be seen from these figures that the effect
of the nonlinear soil behavior is remarkable. Both the natural frequency and the hysteretic
damping ratio £ of the equivalent system change from the linear case as the excitation
amplitude changes. It is observed that the magnitude of the frequency ratio @/w, decreases
and the equivalent damping & increases significantly from the linear case as the excitation
amplitude increases, i.e., the soil damping increases while the shear modulus decreases, so,
this effect is reflected in the value of the deformations. This means that when considering the
SSI with equivalent linear soil behavior, the natural frequency of the system is shifted to low
frequencies, which should be considered in the design of structures to avoid the resonance
effect. Furthermore, the increase in damping will cause the reduction of the vibrations of the

structure giving it more safety.

From the results obtained using the frequency-dependent impedance function
expressions with equivalent linear soil behavior (Fig. 1V.17(a), (b)), the trends of the
properties of the analog system are similar to those of the static case (frequency-independent
impedance function expressions) with equivalent linear soil behavior (Fig. 1V.16(a), (b)). For
the same parameters and excitation levels, it's clear from Fig. 1VV.17(b) that the values of the
damping ratio for the case of dynamic impedance function with a, = 3 are about four times
the values of the static case. The higher the excitation amplitude, the greater the shift of the
damping ratio curve to higher values in the dynamic case (the frequency-dependent

impedance function expressions).
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Fig. IV.16. Properties of the equivalent one degree of freedom system for the frequency-

independent impedance function expressions with equivalent linear soil behavior (m =3,

h=1,v=0.33, £=0.025, £,=0.05).
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(b) Damping.

Fig. IV.17. Properties of the equivalent one degree of freedom system for the frequency-
dependent impedance function expressions with equivalent linear soil behavior (A=1, m =3,
v=0.33, £=0.025, {,=0.05, a,=3).

On the other hand, it was shown that the increase of the dimensionless frequency § (cg

small, soft soil) in all cases (Garevski, M., & Ansal 2010) also significantly affects the two
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equivalent parameters (G)/wsand £), where a significant decrease in the natural frequency ratio

IS observed and its deviation from the value of the unit, and an increase in the equivalent
damping ratio, where the non-zero value of the latter at a very low value of the soil stiffness
ratio (5=0.1) indicates the presence of hysteretic dissipation of the structure (assumed to be
2.5%), and for a significant soil-structure-interaction effect, the ratio € essentially converges
to the soil material damping ratio §,=0.05. The few small undulations observed in the curves

are the result of resonance phenomena in the soil-structure system. (Alzabeebee 2021;
Kaklamanos et al. 2015; Mylonakis and VVoyagaki 2006)

IV.3.2. Relative and absolute displacement of the structure

Using Eq. (I111.9), Eq. (111.12) and Eqg. (111.13), the equivalent linear dimensionless

amplitudes of the different displacements of the structure (u/uy , u + uo + he/uy) for the

two cases of the impedance function form (static, dynamic) were plotted against the
dimensional frequency w/wg (= 0 ... ... 1.4) and for 05 seismic acceleration levels Acc(g)
(=0.1g, 0.2g, 0.3g, 0.4g, and 0.5g) in Fig. 1V.18, Fig. 1V. 19, and Fig. 1V.20. The same data
were used as in the previous section, except in the case of the dynamic impedance functions,

where two values of the dimensionless frequency a, (= 1 and 3) were studied.

From Fig. 1V.18, Fig. IV. 19, and Fig. 1V.20, the dynamic response of the structure
decreases with the implementation of equivalent linear soil behavior for both cases of
impedance function shape (static and dynamic). From the following results, it is clear that the
equivalent linear soil behavior (nonlinear), i.e., increasing the soil damping and decreasing the
shear modulus, introduces additional seismic wave absorption. This is consistent with the
results of Raychowdhury (2011), who use a beam-on-nonlinear-Winkler-foundation (BNWF)
technique to describe the nonlinear soil-structure interaction behavior and evaluate its effect
on the seismic response of low-rise steel moment-resisting frame (SMRF) buildings. They
find that the force and displacement demands are significantly reduced when the foundation
nonlinearity is accounted for, and that the foundation compliance has a significant effect on

the structural response.

An increase in the soil nonlinearity does not only significantly attenuates the peak
values of the structural distortion and the mass displacement, but also shifts the frequency to
the left (low frequencies) with a widening of the frequency content, implying that the soil

becomes more rigid (Fig. V.18 and Fig. 1V.19). The results are also similar to those obtained
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by Guellil, Harichane, and Celebi (2019, 2020), who used the strain-dependent shear modulus
and the damping ratio to take into account for the nonlinear behavior in order to perform a
comparative study between the nonlinear and stochastic methods. They showed that the
impedance functions and the response of the coupled system are strongly affected by the
nonlinear method compared to the stochastic method, and that the displacements decrease
with a remarkable shift of the frequency ratio for the displacements.

In this section, the same trend as in the linear case appears in all the curves, and the
peaks progressively disappear and become flat curves as the level of seismic load increases,
due to the progressive increase in the hysteretic damping of the soil material.

On the other hand, in addition to the effect of the equivalent linear soil behavior, Fig.
IV.19 and Fig. 1V.20 show the effect of the impedance function form on the structural
distortion and mass displacement relative to the free field using frequency-dependent
expressions (dynamic impedance function). It is clear that the effect of the impedance
function form greatly affects the response of the structure. For a, = 1, it is observed that the
same structure responds as in the previous case (static impedance function with the equivalent
linear soil behavior) with a negligible difference. In Fig. 1V.20, the displacement values are
reduced compared to those of Fig. 1V.19, especially the peak values, since in the case of a,=3
and for an earthquake acceleration equal to 0.2g, the peak value has been reduced by about
50% of the case of a,=1. This returns to the soil behavior representing soft soil (a,=3), which
behaves like a damper, by reducing the displacement amplitude and widening the range of the
peak value. These results are in agreement with those obtained by Pitilakis, Moderessi-
farahmand-razavi, and Clouteau (2013); Sbartai (2018), who illustrated the effect of soil
material nonlinearity on the estimation of dynamic impedance functions using an equivalent
linear process. They found that with increasing seismic acceleration level and dimensionless
frequency ag,the dynamic stiffness coefficients decrease and the damping coefficients
increase compared to the linear case. This is also consistent with the findings of other
researchers, such as (Pais, Kausel, and Eirgirreerirlg 1988; Zafarkhah and Dehkordi 2017),
who presented the effects of soil type variability (different shear moduli) and structure height
variability on soil-structure system response. (Forcellini 2022; Forcellini, Mina, and
Karampour 2022; El Hoseny et al. 2023; Zhidong et al. 2021)

For w/wgs = 0.5, and a, = 3 we notice that for any seismic acceleration level u + u, +

h¢ = u, (see in Fig. 1V.20(b)), which shows that the structure moves as a rigid body.
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Fig. IV.18. Influence of soil-structure interaction as a function of excitation frequency (case

for the frequency-independent impedance function expressions with equivalent linear soil

behavior) (7 =3, h=1, v=0.33, £=0.025, £,=0.05).
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(a) Structural distortion.
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(b) Displacement of the mass relative to free field.

Fig. IV.19. Influence of soil-structure interaction as a function of excitation frequency
(case for the frequency-dependent impedance function expressions with equivalent
linear soil behavior) (m =3, #=1, v=0.33, £=0.025, ¢, =0.05, a,=1).
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(a) Structural distortion.
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(b) Displacement of the mass relative to free field.
Fig. I1V.20. Influence of soil-structure interaction as a function of excitation frequency (case
for the frequency-dependent impedance function expressions with equivalent linear soil
behavior) (m =3, h=1, v=0.33, {=0.025, £,=0.05, a,=3).

1VV.3.3. Superposition of the different studied cases

The following graphs (see Fig. 1V.21) have been constructed for the different cases with

(or without) soil-structure interaction, namely:
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e Fixed base.
e Flexible base:

» Visco-elastic soil behavior with static impedance function (frequency-independ

ent impedance function).

» Visco-elastic soil behavior with dynamic impedance function (frequency-depe

ndent impedance function).

» Equivalent linear soil behavior with static impedance function (frequency-inde

pendent impedance function).

» Equivalent linear soil behavior with dynamic impedance function (frequency-d
ependent impedance function).

> AJul/|ugl

Static-linear

—— Dynamic-linear

2.5 ——0.3g Static-Eq-linear
0.3g Dynamic-Eq-linear
Fixed-Base

15

0.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4

(a) Structural distortion.
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0 0.2 0.4 0.6 0.8 1 1.2 14
(b) Displacement of the mass relative to free field.
Fig. IV.21. Comparison of the four analysis cases with the fixed base case (7 =3, h=1,
v=0.33, £=0.025, £,=0.05, a,=3).

In Fig. 1V.21, the displacements before and after the introduction of the equivalent
linear soil behavior for the two forms of the impedance function are compared to the fixed
base case. Our illustrative superposition curves show that both flexibility and soil behavior
play an important role in the dynamic response of the structures. The different displacement
curves indicate that the same structure responds differently in all the cases studied (fixed base,
flexible base: static, dynamic; visco-linear, equivalent linear...) and that the equivalent linear
behavior of the soil influences the different displacements of a soil-structure system to a
greater extent than the SSI effects alone. Furthermore, it is noted that its introduction in the
analysis of the soil-structure interaction system significantly reduces the values of
displacement of the linear case. However, the model shows the same tendency as in the case
of the fixed base, but reaches lower values. Moreover, in Table 1.2, which summarizes the
resonance peak and the difference margin between "visco-linear and fixed base", "equivalent
linear and fixed base responses™ and between “equivalent linear and visco-linear responses”,
we observe that the nonlinear behavior of the soil and the effects of the dynamic impedance
functions form combined lead to a more significant decrease in displacement. It was also
observed that the structural distortion is reduced up to 89.85% when the flexibility of the base

is introduced (visco-linear), where it further decreases to about 96% when frequency-

M. Lagaguine Page | 97



Chapter IV Analytical analysis with equivalent linear soil behavior

dependent impedance functions are used. However, the reduction rate becomes 98% and 99%,
respectively, when both soil flexibility and equivalent linear soil behavior are considered at a

seismic acceleration level of 0.2g using static impedance functions.

For an earthquake amplitude of 0.2g, the absolute displacement (u + ug + h¢/ug) in
the dynamic equivalent linear case is reduced by about 37% compared to the dynamic linear
case. Similarly, w/w,; decreases less for softer soils. This shift is primarily due to the
hysteretic material damping of the equivalent system, which increases as the excitation level

increases.

In addition, the dimensionless frequency is shifted to the left (low frequencies) by 30%
and 6.67%, respectively, for the flexible base with equivalent linear soil behavior using static
and dynamic impedance functions relative to the visco-linear soil, implying that the soil

becomes more flexible.

Table IVV.2. Difference in maximum displacement and frequency margin between an

SSI system and equivalent linear soil behavior.(lagaguine and Sbartai 2023)

Difference displacement Difference margin (%)

Visco-linear vs. Equivalent linear [Equivalent linear vs.

Visco-linear Equivalent linear (0.29)
Fixed base vs. Fixed base Visco-linear
SSI  |Fixed
Static
response| base| Static | Dynamic Static Dynamic Static | Dynamic Dynamic| Static |Dynamic
impeda
impedance| impedance | impedance | impedance |impedanceiimpedance impedanc|impedanc|impedanc
nce
function | function | function | function | function | function e function|e function|e function
function

u/u,1| 20| 2.03 | 0.655 | 0.36 |0.1477
89.85|96.72198.2|99.26|82.66|77.45

lu+uy - - - _ _ _

+he |20] 4.84 1 1.788 | 2.28 |1.1207

/gl

75.80(91.06|88.6|94.36|52.89|37.32

w/w for]

lu+uy

1/065| 075|045 | 0.7 | -35|-25|-55|-30|-30
*hol 6.667

/gl

M. Lagaguine Page | 98



Chapter IV Analytical analysis with equivalent linear soil behavior

IV.4. NEW ANALYTICAL NONLINEAR RELATIONSHIPS

Fig. V.22 shows the maximum values of structural distortion and mass displacement
for each case studied (static, dynamic) and with equivalent linear soil behavior as a function
of seismic acceleration, it can be clearly observed that the nonlinearity has a strong influence
on the reduction of the peak values. The higher the level of seismic acceleration, the greater
the effect of soil nonlinearity. The trend curves were also calculated by polynomial

interpolation (dotted line) of the nonlinear function. The nonlinear relationships between the
dimensionless displacement |u|/|ug| and the acceleration level Acc(g) can be predicted with

the followings relations:
» For the static equivalent linear:
lul/|uy| = 3.4679 e=11.084cc(9) (IV.7)
» For the dynamic equivalent linear:
lul/|uy| = 0.8736 ¢=87754c¢(9) (1V.8)

The goodness of statistical fit of the equations (Eg. (IV.7) and Eq. (1V.8) are R?
=0.9986 and R?=0.9994, respectively. Thus, the two proposed formulas (Eq. (1V.7) and Eq.
(1V.8)) correctly predict the results presented in this study.

12 4 1/l —ao— Static-Eq-Linear
Dynamic-Eq-Linear
1 Expon. (Static-Eq-Linear)
Expon. (Dynamic-Eq-Linear)
0.8
0.6 y =3.4679e-11.08x
R?=0.9986
0.4
02 \
.
\\ Acc (g)
0 —

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

(a) Structural distortion.
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45
A
wru0+hgl/| —0— Static-Eq-Linear
4 ug| Dynamic-Eq-Linear
35 Poly. (Static-Eq-Linear)
3 Poly. (Dynamic-Eq-Linear)
25 y =-68.016x3 + 87.409x2 - 38.761x + 7.1249
R?=0.9987
2 \
15
\.\
\-‘-.

y =-15.321x3 + 18.146x2 - 7.1663x + 1.9676

0.5 R?=0.9972
Acc (g)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
(b) Absolute displacement of the mass.
Fig. 1V.22. Max Displacement-Seismic acceleration curves of the soil-structure system (m =3,
h=1, v=0.33, £§=0.025, £,=0.05, a,=3).

A nonlinear relation between |u + u, + h(pl/lug| and the acceleration level Acc(g) can

be assumed. The given relations are equal to:

» For the static equivalent linear:

lu +uo + hol/|uy| = —68.016Accg® + 87.409Accg? — 38.761Accg + 7.1249  (IV.9)

» For the dynamic equivalent linear:

lu + ug +h<p|/|ug| = —15.3214ccg® + 18.146Accg?® — 7.1663Accg + 1.9676  (IV.10)

The statistical goodness of fit of both Eg. (1V.9) and Eq. (1V.10) are R?=0.9987 and
R?=0.9972, respectively. Thus, the two proposed formulas (Eq. (1V.9) and Eq. (1V.10))

correctly predict the results presented in this study.

It should be noted that the adjusted R? statistic is generally the best indicator of the
quality of the fit when its value is closer to one. These curves describe the nonlinear
behavior of the equivalent system, which allows for the determination of the maximum

value of the displacement at any desired level of seismic acceleration for a, = 3.
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For different ranges of the dimensionless frequency a,, we want to clarify how the
seismic acceleration levels modify the structural displacement u/u, and the total
displacement of the mass u + u, + h¢p/uy. Thus, it can be seen from Fig. 1V.23 and Fig.
IV.24 that u/u, and u +u, + hep/u, are not only a function of the seismic acceleration

levels themselves, but also a function of a,. This has not been extensively discussed in the

literature. Therefore, revised displacements w/u, and u + ug + h/u, are proposed here.

They depend on both Acc(g) and a,.

14 Jul/|uml| 06 o
{ a0=1 11/l g1 oo
1.2 Expon. (a0=1)
- 0.5 Expon. (a0=2)
1
0.4
0.8
0.3
0.6
y = 3.2079e11-14x 0.2
0.4 R?=0.9974
0.1
0.2 y = 1.255e°-497%
Acc(g) R?=0.9981 Acc(g)
0 0 >
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
035 A 1ul/| ] 035 & Jul/lugl
a0=4 —@— a0=5
0.3 0.3
Expon. (a0=4) Expon. (a0=5)
0.25 0.25
0.2 0.2
0.15 0.15
0.1 0.1
0.05 y = 0.7502¢846% 0.05 y = 0.6953e5:305x
R?=0.999 Acc(g) R?=0.9982 Acc(g)
0 > 0 >
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
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Fig. IV.23. Max Structural distortion versus seismic acceleration levels of the soil-
structure system: 2=1, m =3, v=0.33, £=0.025, {,=0.05, a5 (= 1, 2, 4, 5, and 6).
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Fig. IV.24. Max absolute displacement versus seismic acceleration levels of the soil-
structure system: 2=1, m =3, v=0.33, £=0.025, £,=0.05, a, (= 1, 2, 4, 5, and 6).

From Fig. 1V.23, the best-fit curve for the structural distortion correction versus seismic

acceleration levels was an exponential function for each frequency in the form of:

lul
m — by, e~br-Acc(9) (1V.11)
g

The values of the coefficients bo, and by were recorded for ay, = 1, 2, 3, 4, 5, 6. Fig.

V.25 shows the values of bo and bs, thus simulating the dependence of % on a,. From the
g
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Fig. IV.23, it is clear that bo and b: follow a different trend and have been fitted with power
and logarithmic functions, respectively, see Table 1V.3.

From Fig. 1V.24, the best fit curve for the absolute displacement versus seismic

acceleration levels was a polynomial function for each frequency in the form of:

lu + uy + hol

] = by,Acc(g)® + bs. Acc(g)? + by. Acc(g) + bs (IV.12)
g

The values of the coefficients by, bz, bs, and bs were recorded for ap =1, 2, 3, 4, 5, 6.
f lu+ug+he|

Fig. 1V.26 shows the values of bz, bs, bs and bs, thus simulating the dependence o o]
g

on a,. From the Fig. 1V.26, it is clear that bz and bz follow a different trend and were given

different polynomial functions, see Table 1V .4.

4 —
y = 2.8383x-0.963
5 L \ R?=0.9739
~ a0
0 -.Q 1 1 1 1 )
)
< 1 2 3 4 5
2 r — h0
b1
4
—— Power (b0)
6 L —Log. (b1)
-8 |
-10 F
_12 L

Fig. 1V.25. Variation of the coefficients bo and b; with ao.
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150 ——b2 b3 b4
b5 ——Poly. (b2) —— Poly. (b3)
——Poly. (b4) —— Poly. (b5)
100 |
Q50 f
5
i;‘ a0
g o '
0 L y = 0.9806x? - 13.147x? + 58.002x - 87.915
R? = 0.9937
y = 1.7723x3 - 23.888x? + 106.51x - 165.15
R? = 0.9944
-100 L
Fig. 1V.26. Variation of the coefficients by, bz, b4 and bs with ao.
Table 1V.3. The fitting functions of the bo and by coefficients.
Coefficients Fit Equations R?
bo bo=2,8383ap " 0,9737
b1 b1 =1,7937In (ao) - 10,953 0,9666
Table IV.4. The fitting functions of the by, bs, bs and bs coefficients.
Coefficients Fit Equations R?
b, by =1,7723a0" - 23,888ap + 106,51a0 - 165,15 0,9944
bs bs = -2,3588a0° + 31,3252 - 136,99a0+ 207,72 0,9957
bs ba = 0,9806a0" - 13,1472y + 58,002a0 - 87,915 0,9937
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bs bs =-0,1579a0° + 2,1029a0" - 9,1652a0 + 14,568 0,9926

As a result, from the above analysis, the structural distortion and absolute displacement

correction can be summarized by equations Eq. (IV.13) and Eq. (1V.14):

|u| — 2,8383&50’963. e(l,7937ln ag —10,953).4cc(9) (|V13)

|ug|
|lu + uy + ho| 3 ) 3
T = (1,7723a5 — 23,888a; + 106,51a, — 165,15). Acc(g)
u
g
+(—2,3588a3 + 31,325a3 — 136,99a, + 207,72).Acc(g)®>  (IV.14)
+ (0,9806a3 — 13,147a% + 58,002 ay — 87,915). Acc(g)

+ (=0.1579a} + 2,1029a2 — 9,1652a, + 14,568)

These new analytical nonlinear relationships between the relative and absolute
displacement of the structure, the acceleration level Acc(g) and the dimensionless circular
frequency of the excitation are proposed in order to consider this influence in a simple way in
the calculation of the soil-structure interaction for different acceleration level Acc(g) and for

different seismic excitation frequencies.

IV.5. CONCLUSION

This chapter performs an analytical analysis based on the dynamic equilibrium of the
soil-structure system modeled by an analog model with three degrees of freedom to obtain the
seismic response of the selected structure with equivalent linear soil behavior using the
CALDYNASOIL computational code of Sbhartai and Filali (2012). To explore the sensitivity
of the response of a soil-structure system to different soil and structure parameters, this
chapter investigates the effect of adopting different impedance function types on the structural
response of the soil-structure system using springs and dashpots with two frequency cases:

independent and dependent frequencies.
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Finally, new analytical nonlinear relationships are proposed between the displacements

of the structure, the acceleration level Acc(g) and the dimensionless circular frequency of the

excitation, in order to consider in a simple way this influence in the calculation of the soil-

structure interaction for different soil types and seismic excitation frequency.

From the analyses presented in this chapter, we can conclude that

>

The Our illustrative results show that the soil behavior plays an important role in
the dynamic responses of the structures.

The dynamic response of a soil structure system depends on more parameters in the
case of nonlinear soil behavior which is more complex than the linear elastic soil
behavior, where the energy dissipation depends on the amplitude of the motion and its
frequency, the type of impedance function form (static, dynamic), shear modulus
reduction and damping increase.

The effect of the change in soil behavior due to the imposed seismic motion is very
remarkable and strongly related to the form of the impedance function at all
frequencies. This effect is characterized by an overestimation of the displacement of the
structure and a strong dependence on the type of impedance function and the soil
properties. Compared to the viscoelastic soil, we find that the structural distortion has a
displacement decrease of about 82% and 77%, respectively, for the static and dynamic
impedance function and the equivalent linear soil, while the displacement of the mass
decreases by about 52% and 37%, respectively.

The higher the excitation amplitude, the greater the attenuation of the amplitude of the
structural distortion and the displacement of the mass to lower values.

As the nonlinearity of the soil becomes important, i.e., the soil damping increases and
the shear modulus decreases, the amplitude of the structural deformation as well as the
displacement of the mass are dominated by lower frequencies (shift to the left in the
dimensionless frequency of the flexible base with equivalent linear soil behavior using

the static and dynamic impedance function by 30% and 6.67%, respectively, compared
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to the visco-linear soil behavior). This variation explains that the structure becomes
more stiffer and the soil becomes more flexible.

» It is clear that the dynamic response of a structure under a seismic motion and taking
into account the soil-structure interaction can strongly depend on the type of soil (cy),
the characterization of the impedance function (static or dynamic) and the soil behavior.

» We observe that the combined (SSI) effects and frequency-dependent impedance
functions lead to an increased value of change in the results.

Using ABAQUS software, a detailed numerical analysis with the same model and its

comparison with the analytical results is presented in the following chapter.
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V.1. INTRODUCTION

The numerical method is an approach to solving structural design problems using
mathematical and computer techniques. It consists of approximating the behavior of a real
structure by discretizing it into smaller elements and using mathematical equations to describe
the behavior of these elements. (Amina et al. 2015; Castelli et al. 2021)

The most commonly used numerical method for structural design is the Finite Element
Method (FEM). FEM divides a structure into a set of finite elements, such as triangles or
quadrilaterals for 2D structures, or tetrahedrons or hexahedrons for 3D structures. Each finite
element is assigned material and geometric properties such as stiffness, elasticity, and loading

conditions. (Naji, Firoozi, and Firoozi 2020)

FEM is based on the principle that the behavior of a finite element can be described by
simple mathematical equations. By assembling all the finite elements, a system of equations is
obtained that represents the overall behavior of the structure. This system of equations is then
solved numerically to obtain the strains, stresses, and other quantities of interest. (Nagakumar,
Ajay, and John 2022)

The finite difference method is another commonly used numerical method for structural
design. It consists of discretizing the point space and approximating the derivatives of the
differential equations describing the behavior of the structure by finite differences. This
approach transforms the differential equations into a system of algebraic equations that can
then be solved numerically. (Wei, Cui, and Dai 2013)

Great efforts have been made at the numerical level to make the modeling and analysis
of civil engineering structures more reliable, easier, and less expensive, and today's more
powerful computer tools allow the use of more complicated meshes. Many numerical
analyses (Andreotti and Lai 2017; Bolisetti, Whittaker, and Coleman 2018; Boudaa et al.
2021; Tahar Berrabah et al. 2012) have been carried out to study the soil-structure interaction
phenomena using different calculation codes (ABAQUS, ADINA, ANSYS), which have

confirmed the reliability and usefulness of these programs.

The following chapter gives a general presentation of ABAQUS, including the

definition of the program and its characteristics, as well as the methods adopted to use it to
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simulate the same model studied in the analytical analysis. Finally, a comparison between the

analytical and numerical results is presented.

V.2. ABAQUS

Abaqus is a numerical simulation software for the analysis of mechanical structures and
systems. It is widely used in the engineering field to perform behavioral and performance
analysis of various structures such as automotive components, aircraft, bridges, buildings, etc.
It provides a wide range of capabilities for modeling, simulating, and analyzing complex
structures (Fig. V.1). The software uses the finite element method, a numerical technique that
approximates the behavior of materials and structures by dividing them into small finite

elements.

Abaqus users can create virtual models of their structures by defining material
properties, loading conditions, and simulation parameters. The software also allows users to
perform static, dynamic, thermal, electromagnetic, creep, fracture, and other analyses. The
results of these analyses help to understand the behavior of structures and optimize their
design to improve their performance and safety.

Abagus has an easy-to-use interface that allows you to define models, view results, and
generate analysis reports. It is also compatible with other computer-aided design (CAD) and
computer-aided manufacturing (CAM) software, making it easy to integrate the design and

analysis process.

In summary, Abaqus is a powerful and versatile software package for the numerical
simulation and analysis of mechanical structures. It helps engineers and researchers to
understand the behavior of structures and to make informed decisions in the design and

optimization of products and systems.

The choice of the ABAQUS code in this thesis is based on two main reasons. On the
one hand, many numerical modeling works adapted to soil-structure interaction problems with
nonlinear behavior have been successfully performed using this code. On the other hand, the

various capabilities of this code correspond well to our needs.
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Fig. V.1. The main window of the Abaqus CAE 2021 software.

V.2.1. Element Types in ABAQUS

ABAQUS provides a huge library of element types that can be used in the analysis. The

possible basic types are four: point, line, area, and volume.

» A single node is usually used to specify a point element, such as a mass element.

» The one-dimensional (1D) element is usually a line or arc connecting two or three
nodes, such as a beam, truss, or member.

» A two-dimensional (2D) element is a shell element or a 2D solid element with a
triangular or quadrilateral shape, such as plates in bending.

» A three-dimensional (3D) element is a solid element with a tetrahedral or brick shape.

tetrahedral, hexahedral, etc.

and there are other elements such as springs, dashpot and rigid. The different elements

can be summarized in the following figure:
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Fig. V.2. Some of the most commonly used elements (Abaqus document).

V.3. REPRESENTATION OF THE STUDIED MODEL.:

In addition to the analytical results, we conducted a numerical study to investigate the
effect of soil-structure interaction on the dynamic response of structures. We numerically
simulated the dynamic response of a fully coupled soil-structure system by (2D) finite
element modeling using ABAQUS software, see Fig. V.3, which shows the representation of
the Abaqus model in its initial states for fixed and flexible base. By considering two soil
behaviors, visco-linear, and linear-equivalent, which are described by the dynamic soil shear

modulus and damping coefficient for a series of earthquake records (see Table 1V.1).

V.3.1. Calculation assumptions, model geometry and material properties

To validate the analytical results with this numerical analysis, we have modeled the
same model shown in Fig. I11.1. The superstructure is represented in a simplified manner as a
one-degree-of-freedom system resting on a circular shallow foundation resting on a circular
shallow foundation resting on a soil deposit. The structure is described by its mass m, a lateral
stiffness with spring coefficient X, and a damper with coefficient C placed at a height 4 of a
rigid beam. The soil-foundation system is modeled by discrete elements, including horizontal
and rocking equivalent linear springs and viscous dashpots with frequency-independent (Eq.
(111.16) to Eq. (111.19)) and frequency-dependent (Eq. (111.22) to Eq. (111.25)) coefficients,
where the spring and damping coefficients are given by K and C,, in the horizontal direction

and K,. and C,. in the rotational direction.
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Calculation Assumption:

» The soil behavior law used in this study is the "equivalent linear method". This
behavior is determined by the CALDYNASOIL design code of Sbartai and
Filali (2012).

> The behavior law used for the structure is linear elastic.

In the ABAQUS modeling, using the same values as in the analytical analysis, we have
used a point element to model it as the mass of the structure connected to a rigid beam, and
the soil-foundation interface was modeled using elastic springs and appropriate dashpot
elements in ABAQUS and the model was subjected to a harmonic oscillator (Eq. (V.1)).

y(t) = A cos (wt) (V.1)
Where, A is the maximum amplitude of the force, taken as unit in the present work, and
w IS the excitation frequency (=0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4) (Fig. V.4).

hd

e & .

Fig. V.3. Representation of the Abaqus model in the initial states (a) fixed base (b) flexible

base.
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Fig. V.4 Harmonic input motion (Abaqus, 2021).

BETWEEN THE  ANALYTICAL  AND

NUMERICAL RESULTS

Fig. V.5 shows the representation of the Abaqus model in its deformed states for fixed

and flexible base. It is clear from this figure how the deformation is different for the fixed and

flexible base conditions. It can be seen that the relative displacement is more pronounced in

the case of the flexible support than in the case of the fixed support.

U, Ut

=
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+9. Te4+00
+5.52+00
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Fig. V.5. Representation of the Abaqus model in deformed state (a) fixed base (b) flexible

base.
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Fig. V.6. Absolute displacement of the fixed base structure (Abaqus, 2021).
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Fig. V.7. Different displacements of the flexible base structure: total or relative displacement
(u + uy + ho; red line); displacement of the base (u, + h¢; blue line); horizontal
displacement of the base (u,; purple line) (Abaqus, 2021).

This part is divided into two parts, the first part is dedicated to the analysis of the soil-
structure interaction with a viscoelastic soil behavior, and the second part will be dedicated to
the analysis of the soil-structure interaction with a nonlinear soil behavior using the
equivalent linear method, which is determined by the CALDYNASOIL design code by
Badreddine and Fillali (2012) in the present study. Before starting the study of the influences
of the nonlinear soil behavior in the ABAQUS 2D model, we will first validate it with the
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analysis of the soil-structure interaction with a viscoelastic behavior of the soil under

harmonic loading.

V.4.1. Part I: Viscoelastic soil behavior

Using the same values as in the analytical analysis of the viscoelastic soil behavior, in
the following part we have simulated the model numerically using ABAQUS software.

The following graphs (see Fig. V.8 and Fig. V.9)) have been constructed for the
different cases with (or without) soil-structure interaction, namely:

» Fixed base.

» Flexible base:

e Visco-elastic soil behavior with static impedance function (frequency-
independent impedance function).

e Visco-elastic soil behavior with dynamic impedance function (frequency-
dependent impedance function).

It should be noted that in the following graphs we denote by:

e Ana: Analytical results (solid line).
e Num: Numerical results (dotted line).
e Static: Results Using the Frequency Independent Impedance Function.

e Dynamic: Results Using the Frequency Dependent Impedance Function.

V.4.1.1. Natural frequency and damping of the soil-structure system

Fig. V.8(a), (b) shows the properties of the coupled system d/wsand & obtained

numerically for the different cases that were studied and mentioned above, and plotted as a
function of 5(=0.1, ...,10).
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(b) Damping.

Fig. V.8. Numerical results of the properties of the equivalent one-degree-of-freedom system
for the viscoelastic soil behavior (7 =3, h=1, v=0.33, £=0.025, ¢ ,=0.05): (a), (b).

V.4.1.2. Relative and absolute displacement of the structure

The relative and absolute displacements of the structure (u/uy , u + uy + he/uy,) for

the two cases of the structure base condition (fixed and flexible bases) and for the two cases

of the impedance function form (static, dynamic) and for the two viscoelastic soil behavior
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were numerically analyzed and plotted against the dimensionless frequency w/wg (=0 ... ...

1.4) in Fig. V.9(a), (b) and compared to the analytical analysis.
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(a) Structural distortion.
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(b) Displacement of the mass relative to free field.
Fig. V.9. Numerical results of the relative and absolute displacements of the structure for the
viscoelastic soil behavior: (a), (b).

As can be seen from the results presented in Fig. V.8(a), (b) and Fig. V.9(a), (b), a very
satisfactory agreement is observed between the two types of analysis used in the present work

(analytical analysis (solid line), numerical analysis (dotted line)), which is due to the good

M. Lagaguine Page | 119



Chapter V Numerical analysis

simulation of the model. These results confirm the capability of the numerical method. After
these validations, we can say that our model simulation is capable of numerically determining
the response of the soil-foundation interaction problem, taking into account the nonlinear

behavior of the soil.

V.4.2. Part Il: Equivalent linear soil behavior

In the following section, we have simulated the model numerically using ABAQUS
software, using the same values as in the analytical analysis of the equivalent linear soil
behavior. The results of the numerical simulation are compared with the results of the
analytical analysis.

The following graphs (see Fig. V.10, Fig. V.11 and Fig. V.12)) have been constructed
for the different cases with (or without) soil-structure interaction, namely:

» Fixed base.

» Flexible base:

e Visco-elastic soil behavior with static impedance function (frequency-
independent impedance function).

e Visco-elastic soil behavior with dynamic impedance function (frequency-
dependent impedance function).

e Equivalent linear soil behavior with static impedance function (frequency-
independent impedance function).

e Equivalent linear soil behavior with dynamic impedance function (frequency-

dependent impedance function).

V.4.2.1. Natural frequency and damping of the soil-structure system

Fig. V.10 shows the properties of the coupled system d/wsand & obtained numerically

for the different cases studied and plotted as a function of 5(=0.1, ...,10).
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Fig. V.10. Numerical results of the properties of the equivalent one-degree-of-freedom system
for the various cases studied (m =3, h=1, v=0.33, £=0.025, £,=0.05): (a), (b).

V.4.2.2. Relative and absolute displacement of the structure:

The relative and absolute displacements of the structure (u/u, , u + uy + he/uy,) for
the two cases of the structure base condition (fixed and flexible bases) and for the two cases
of the impedance function form (static, dynamic) and for the two soil behaviors (viscoelastic

and equivalent linear soil behavior) were numerically analyzed and compared with the
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analytical results and plotted against the dimensionless frequency w/wg (=0 ... ... 1.4) in Fig.

V.11 and Fig. V.12. The same data were used as in the previous section, except in the case of

the dynamic impedance functions, where two values of the dimensionless frequency a, (= 1

and 3) were studied, and in the case of the equivalent linear soil behavior, where two values

of the seismic acceleration levels Acc(g) (=0.1g and 0.3g) were also studied (Fig. V.12).
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(b) Displacement of the mass relative to free field.

Fig. V.11. Numerical results of the relative and absolute displacements of the structure: (a),

(b).
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Fig. V.12. Comparative study between the analytical and numerical analysis: (a), (b).

The comparisons of the numerical data (dotted line) (see Fig. V.10, Fig. V.11 and Fig.

V.12) with the predictions obtained by an analytical formulation based on the dynamic

equilibrium of the soil-structure system modeled by an analogous model with three degrees of

freedom (solid line) show, in general, a very good agreement between the analytical and the

numerical results, especially, in phase I (results obtained according to the visco-elastic soil

M. Lagaguine

Page | 123



Chapter V Numerical analysis

behavior), where the agreement is excellent. In the case of the second soil behavior approach
(equivalent linear), a slight deviation in displacements is observed, which can be related to the
numerical precision. However, the differences found are very small. This is a significant
computational advantage for the designer who wants to take into account the nonlinearity of

the soil, without having to apply cumbersome and lengthy procedures.

V.5. CONCLUSION

Simulation is widely used in many fields, including engineering. The purpose of
simulation is to reproduce or represent the behavior or operation of a particular system,
phenomenon, or situation in a realistic way. To do this, the physics of the problem and the

mechanical parameters must be taken into account by the numerical model.

In this chapter, we have presented a numerical analysis of the behavior of the soil-
structure system under dynamic loading for two cases of the structure base condition (fixed
and flexible bases), for two cases of the impedance function form (static, dynamic), and for
two soil behaviors (viscoelastic and equivalent linear soil behavior). A brief comparison with
the analytical results is then presented.

The same analytical model has been simulated numerically using ABAQUS software,
and the same analyses performed analytically in previous chapters have been performed
numerically in this chapter. The comparisons made between these two types of analyses
generally show a very good agreement, especially in Phase | (results obtained according to the
viscoelastic soil behavior), where the agreement is excellent. In the case of the second soil
behavior approach (equivalent linear), a slight deviation in the displacements is observed,
which can be related to the numerical precision. However, the differences found are very

small.
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GENERAL CONCLUSION

In this work, we have investigated the influence of nonlinear soil behavior using an
equivalent linear model on the seismic response of buildings resting on shallow foundations.
This behavior is determined by the CALDYNASOIL design code of Shartai and Filali (2012).
First, an analytical formulation based on the dynamic equilibrium of the soil-structure system
represented by an analog model, and second, numerical analysis using 2D finite element
modeling with ABAQUS software. Results of the latter analysis were compared with those of
the analytical solution. The present work presents a holistic methodology for considering

nonlinear soil behavior and soil-foundation-structure interaction in a modular manner.
In this study, the following main points are considered:

The dynamic response of a structure under seismic motion and taking into account the
soil-structure interaction can strongly depend on the type of soil (c), the characteristic of the
structure (massive, slender, ...), the foundation embedment ratio D, and the dimensionless
excitation frequency (a,), since its increase leads to a decrease of the displacement amplitude
and an increase of the equivalent damping . And it is also highly dependent on the

characterization of the impedance function (static or dynamic) and the ground behavior.

Propose new analytical formulas that allow the calculation of the equivalent frequency
and equivalent damping of a soil-structure system based on frequency-dependent impedance
functions. These formulas have shown how the combined (SSI) effects and frequency-
dependent impedance functions lead to an increased value of change in the results and
demonstrate the differences that occur due to the effect of the form of the impedance function

(static or dynamic).

The presence of soil significantly modifies the dynamic characteristics and the seismic

response of the structure. This effect depends entirely on the damping radiation of the soil.

The massive and/or higher structures, the soft soil and the excitation frequency are the
main parameters where the SSI effect is more evident. The soil behavior also plays an

important role in the dynamic responses of the structures.

The dynamic response of a soil structure system depends on more parameters in the
case of nonlinear soil behavior which is more complex than the linear elastic soil behavior,

where the energy dissipation depends on the amplitude of the motion and its frequency, the
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type of impedance function form (static, dynamic), shear modulus reduction and damping

increase.

The dynamic responses of the structure are quite dependent on the excitation amplitude,
since its increase leads to a decrease in the magnitude of the frequency ratio @/ws and an
increase in the equivalent damping & from the linear case, and this effect is reflected in the
deformation value. The higher the excitation amplitude, the greater the attenuation of the

amplitude of the structural distortion and the displacement of the mass to lower values.

The effect of the change in soil behavior due to the imposed seismic motion is very
remarkable and strongly related to the form of the impedance function at all frequencies. This
effect is characterized by an overestimation of the displacement of the structure and a strong
dependence on the type of impedance function and the soil properties. Compared to the
viscoelastic soil, we find that the structural distortion has a displacement decrease of about
82% and 77%, respectively, for the static and dynamic impedance function and the equivalent

linear soil, while the displacement of the mass decreases by about 52% and 37%, respectively.

As the nonlinearity of the soil becomes important, i.e., the soil damping increases and
the shear modulus decreases, the amplitude of the structural deformation as well as the
displacement of the mass are dominated by lower frequencies (shift to the left in the
dimensionless frequency of the flexible base with equivalent linear soil behavior using the
static and dynamic impedance function by 30% and 6.67%, respectively, compared to the
visco-linear soil behavior). This variation explains that the structure becomes more stiffer and

the soil becomes more flexible.

New analytical nonlinear relationships are proposed for the viscoelastic soil behavior
between the relative and absolute displacement of the structure, the embedment ratio of the
foundation and the dimensionless circular frequency of the excitation, and for the equivalent
linear soil behavior between the relative and absolute displacement of the structure, the
acceleration level Acc(g) and the dimensionless circular frequency of the excitation, in order
to consider this influence in a simple way in the calculation of the soil-structure interaction

for different soil and structure types and for different seismic excitation frequencies.

Excellent agreement between the finite element analysis and the analytical results,
obtained thanks to the judicious representation of the model, which is an important
computational advantage for the designer who wants to take into account the nonlinearity of

the soil without using cumbersome and lengthy procedures.
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In conclusion, neglecting the effect of soil-structure interaction and the effect of soil
behavior and/or the approximate representation of impedance functions in the analysis of
structures can, under certain circumstances, result in behavior that is very different from the
real one and, therefore, can lead to misdirection in the engineer's decision-making process,
thus affecting the seismic safety of buildings. Therefore, it is strongly recommended that
practicing engineers and engineering companies to consider the effects of soil-structure
interaction and properly address the dynamic characteristics of the soil and its behavior
simultaneously in seismic analysis and building design to ensure safety and structural

integrity against seismic actions.
s Perspectives:

The study of the seismic response of a structure, taking into account the nonlinear soil
behavior found in this thesis, opens the door to verify the response of several structures in the

field of civil engineering, especially those structures located in the most seismic zones.

To conclude this work, it is useful to draw up a list of topics that could be developed in

future research:

» Use of other types of foundations (rectangular, square, shallow or deep) and
other types of structures (comparison of the response between regular and

irregular structures; tall structures with and without piles, ...etc.).

» Use other types of soils (loose, firm, rocky) and other types of nonlinear models

to study the SSI system.
» Study the influence of the choice of soil behavior laws on the modeling.

» Use a more powerful model than the analogous three-degrees-of-freedom model.
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