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ABSTRACT

INVESTIGATION OF DYNAMIC SOIL - PILE - STRUCTURE
INTERACTION IN CLAYEY SOILS BY NUMERICAL ANALYSIS

Mustafa KIRKIT

Department of Civil Engineering
Ph.D. Thesis

Adviser: Prof. Dr. Mehmet BERILGEN
Co-adviser: Assoc. Prof. Dr. Cem AKGUNER

The response of a pile-supported structures under seismic loads is generally influenced
by the interaction between the surrounding soil, the supporting piles, and the structure
itself (soil-foundation-structure interaction, “SFSI”). These interaction effects are
typically classified into two distinct categories: inertial and kinematic. During an
earthquake, the soil medium vibrates the piles and the superstructure, and when inertial
interaction is significant, the accelerated/mobilized masses of the piles and
superstructure shake the soil back. Kinematic interaction, on the other hand, is the
collective term given to the effects of the rigidity of piles, which usually is significantly
larger than that of the soil, leading to alterations in the incoming seismic waves.

In this study, soil-pile-structure interaction is investigated through simulations utilizing
the two-dimensional (plane-strain) finite element method (FEM). Initially, the
established models are verified by a site response analysis involving elastic behavior,
which is then compared to the analytical closed-form solution suggested for kinematic
interaction in literature. Subsequently, parametric studies are performed. The scope of
study are: (i) the kinematic interaction between soil and pile is investigated through
numerical methods considering effective parameters such as the material model for soil
(linear and nonlinear), the stiffness ratio between pile and soil (Ep/Es), and the
slenderness ratio (L/D: pile length over its diameter); (ii) the effect of variation in phase
angle of the soil’s movement, which is omitted in prior studies focusing only on
amplitudes, is scrutinized and a new kinematic interaction factor that considers the
phase angle variations is proposed; (iii) the complete soil-pile-structure model is
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investigated considering elasto-plastic soil behavior in time domain. Additionally,
foundation input motion at base level of the superstructure and the pile response under
seismic event are examined.

The important findings of this research are: (i) Nonlinear soil behavior substantially
influences the kinematic interaction. The elasto-plastic properties of soil reduce the
seismic motion effect, especially in terms of acceleration. On the other hand, piles have
a linear behavior increasing the outcomes. Consequently, kinematic interaction factor in
terms of acceleration (la) is larger than unity. (ii) The inertial interaction due to
superstructure vibration is more dominant on the pile response; however, the kinematic
interaction should not be neglected since it increases the bending moment acting on
pile. (iii) The presence of piles in the ground creates a relatively stiffer area below the
superstructure. This condition may increase the forces acting on the superstructure.

Key words: Inertial Interaction, Kinematic Interaction, Pile Foundations, Numerical
Modelling, Seismic Analysis
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OZET

KiLLi ZEMINLERDE DINAMIK KAZIK — ZEMIN - YAPI
ETKILESIMININ SAYISAL ANALIZLERLE INCELENMESI

Mustafa KIRKIT

Insaat Miihendisligi Anabilim Dali
Doktora Tezi

Tez Danigsmani: Prof. Dr. Mehmet BERILGEN
Es Danisman: Dog. Dr. Cem AKGUNER

Kaziklt yap1 sistemlerinin deprem yiikleri altindaki tepkisi sistemin igerisinde
bulundugu zeminin, yap: yliklerini zemine ileten kazikli temellerin ve yapinin kendisi
arasinda bulunan etkilesimden etkilenmektedir (zemin-temel-yap: etkilesimi). Bu
etkilesimler tipik olarak iki kategoride ele alinmaktadir: atalet etkilesimi ve kinematik
etkilesim. Deprem esnasinda zemin ortami kazik ve yapi sisteminde titresime neden
olmakta ve atalet etkilesimi etkili oldugu zaman ivmelenmis/hareket ettirilmis yap1 ve
kazik kiitlesi zemini geri sarsmaktadir. Diger taraftan kinematik etkilesim kazikl
temelin zemine gore daha rijit olmasindan kaynaklanmakta ve kazikli yapi sistemine
gelen sismik dalgalarda degisime neden olmaktadir.

Bu calismada, zemin-kazik-yap1 etkilesimi iki boyutlu sonlu eleman modelleri
yardimiyla arastirilmistir.  Oncelikle, olusturulan sonlu eleman modelleri, elastik
davranig1 dikkate alan zemin davranis analizi ve literatiirde kinematik etkilesim icin
Onerilmis analitik kapali ¢6ziim yontemi ile dogrulanmistir. Devaminda parametrik
calismalar gerceklestirilmistir. Calisma kapsaminda: (i) zemin ve kazik arasindaki
kinematik etkilesim kurulan niimerik model yardimiyla etkili parametreleri— malzeme
modeli (dogrusal ve dogrusal olmayan), kazik ile zemin arasindaki rijitlik oran1 (Ep/Es)
ve kazik narinligi (L/D)— dikkate alinarak arastirilmistir; (ii) zeminin faz agisinin
degisiminin etkileri, onceki ¢alismalar bunu ihmal ederek genlige yogunlagsmislardir,
incelenmis ve bunu dikkate alan yeni bir kinematik etkilesim faktorii onerilmistir; (iii)
zemin-kazik-yap1 arasindaki etkilesim, elasto-plastik zemin davranisi dikkate alinarak
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zaman tanim alaninda incelenmistir. Ayrica tistyap1 taban seviyesindeki girdi hareketi
ve kazigin sismik etkiler altindaki tepkisi degerlendirilmistir.

Yapilan arastirmanin sonucunda elde edilen 6nemli bulgular: (i) Zeminin dogrusal
olmayan davranist kinematik etkilesimi 6nemli derecede etkilemektedir. Zeminin
elasto-plastik 6zellikleri sismik hareket etkisini, Ozellikle de ivmeler cinsinden
azaltmaktadir. Buna karsilik, kazik temel davranisi lineer sinirlar i¢inde kalmakta ve
zeminin lineer olmayan davranisi ile karsilastirildiginda daha yiiksek ivme degerleri
vermektedir. Sonug olarak ivmeler cinsinden kinematik etkilesim faktorii la birim
degerinden biiyiik ¢ikmaktadir. (ii) Ust yapi titresiminden kaynakli atalet etkilesimi
kazik temellerin dinamik tepkisi iizerinde daha baskindir; ancak, kinematik etkilesim
kazik temele gelen egilme momentlerini artirdigindan dolay1r hesaplarda ihmal
edilmemelidir. (iii) Zemin igerisinde kazik temellerin varlig1 list yap1 altinda daha sert
bir bolge meydana getirmektedir. Bu durum st yapiya etkiyen yiikleri
artirabilmektedir.

Anahtar Kelimeler: Atalet Etkilesimi, Kinematik Etkilesim, Kazik Temeller, Sayisal
Modelleme, Sismik Analiz
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CHAPTER 1

INTRODUCTION

The demands of growing populations from today’s civil engineering profession for
safe/affordable living spaces and an improved infrastructure are ever increasing. Thus,
civil engineers are challenged to build structures that are larger, higher, and heavier;
such as massive skyscrapers, multi-storied highways, grand concrete dams, off-shore
platforms at large water depths, and large underground and underwater structures.
Engineers are forced to find solutions for additional risks involved with new/little-
experienced problems in construction and design, especially in less-desirable
areas/conditions. Most of the vital structures are supported by pile foundations in order
to transmit heavy structural (static) and dynamic (earthquake, winds) loads to competent
soil layers. Recent destructive earthquakes in Northridge, (USA, 1994), Kobe (Japan,
1995), Izmit (Turkey, 1999), Tohoku (Japan, 2011) have proven the necessity of

considering the interaction between structure, foundation, and soil.

Pile foundations have been used for hundreds of years, especially when the properties of
the underlying soils do not provide the necessary support through a shallow foundation.
Dynamic behavior and analysis of single piles and pile groups under dynamic loadings,
such as in earthquakes, have become an area of interest for researchers and practitioners
in civil engineering for over forty years because of serious damages observed in

structures.

1.1 Literature Review

Soil-structure interaction (SSI) is a very complex phenomenon. SSI studies require an
interdisciplinary approach with contributions from soil and structural mechanics, soil

and structural dynamics, earthquake engineering, geophysics, material science,



computational and numerical methodologies, applied mathematics among others. Some
of the principal problems related to SSI are summarized below (Kausel [1]):

e Response of a soil domain to external static or dynamic loads that acts on (or
near) the surface. The loads originated from superstructures could be
concentrated (column footing) or distributed (mat foundations), and they may be
harmonic (machine foundations) in time or arbitrary (wind or wave).

e Response of the soil to seismic vibrations (called ground-borne) arising from
earthquakes or some other sources such as fast moving trains in an underground
tunnel.

e Response of rigid structures to ground-borne waves propagating in soil domain.

e Response of footings, foundations, piles, caissons, or tunnels embedded in soils
to static, harmonic, or transient loads applied directly onto these structural

elements.

Structures founded in rock are considered to be fixed-base structures because the
extremely high stiffness (rigidity) of solid rock constrains the rock motion. However,
structures in a soft soil deposit have a different response [2]. Ground motions that are
not influenced by the existence of structures are referred to as the free-field motions;
however, the inability of the foundation to conform to the deformations of the free-field
motion would cause the motion of the base of the structure to deviate from the free-field
motion. Secondly, the dynamic response of the structure itself would induce the
deformation of the supporting soil. Thus, the response of the soil influences the motion
of the structure and the response of the structure influences the motion of the soil, which

is commonly referred to as the soil-structure interaction.

The most important effects of SSI is illustrated by Wolf [3] considering the case of the
single degree of freedom (SDOF) system mounted on a rigid, massless, L-shaped
foundation supported on an elastic soil deposit with a shear modulus, G, and a Poisson’s
ratio, v, impacted with a harmonic base input motion, un(t) (Figure 1.1). The SDOF
structure is characterized by its mass, m, stiffness, k, and damping (dissipation of energy
stored in the oscillation) coefficient, c.
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Figure 1.1 SDOF system on an elastic soil deposit [2]

Two significant effects of SSI on soil-foundation-structure system are as following:

e SSI reduces the natural frequency of the soil-structure system to a value lower
than that of the structure under fixed-base condition. In other words, the period
of the system increases.

e SSI increases the effective damping ratio to a value greater than that of the

structure itself.

1.1.1 Analysis Methods of SSI

Analysis methods of SSI can be divided into two main categories: the direct method and

the multi-step method.

1.1.1.1 Direct Method

In the direct method the entire soil-foundation-structure system (Figure 1.2) is modeled
and analyzed in a single step. Its use requires a computer program that can consider
models behavior of both the soil and the structure with equal rigor. The dynamic
response of the interacting system is computed (for a finite element model) from the

equations of motion

[M1{ii} + [K1{u} = —[M]{iis; (6)} (1.1)

where [M] mass matrix, [K] stiffness matrix, {u} displacement vector, and {ilff(t)} the

specified free-field accelerations.
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Figure 1.2 Entire soil-foundation-structure model in the direct method [2]

1.1.1.2 Multi-step (Substructure) Method

The multi-step method utilizes the principle of superposition to analyze the response of
an entire system. In this method, the soil-foundation and superstructure are evaluated
separately. This method is limited to the analysis of linear (or equivalent linear) systems

because of its dependence on superposition.
The multi-step procedure consists of two steps:

1) Kinematic interaction analysis: foundation input motion is determined.
2) Inertial interaction analysis: the foundation input motion is applied to the

superstructure and then the response of entire model is examined.

Kinematic Interaction

Earthquakes cause soil displacements in both horizontal and vertical directions due to
seismic shaking. A structural foundation on the ground surface, or embedded in a soil
layer, resists soil deformations since it is much stiffer than the soil; therefore, the
deformations are different from that observed in the free-field. Thus, the presence of
foundation influences the free-field soil motion. The relationship between soil and

foundation is termed kinematic interaction.

The flexural mat foundation shown in Figure 1.3(a), for example, cannot follow the
horizontally varying vertical component of the free-field motion. The rigidity of the
embedded foundation in Figure 1.3(b) prevents it from following the vertically varying
horizontal free-field motion. Likewise, the axial stiffness of the slab (Figure 1.3(c))

prevents developments of the incoherent deformation in immediately underlying soil. In



each of these cases, the motion of the foundation is affected by the kinematic
interaction.

(@ (b) ()

Figure 1.3 Kinematic interaction with free-field motions indicated by dashed lines: (a)
flexural mat foundation on surface; (b) rigid embedded foundation; (c) stiff slab on
surface [2]

The deformations due to kinematic interaction can be computed by assuming that the
foundation has a stiffness but no mass. The equation of motion for this case is then:

[Msoil]{ukin} + [K]{ukin} = _[Msoil]ﬁb ®) (1-2)

where [Msoil] is the mass matrix assuming that the structure and the foundation have no
mass (Figure 1.4(a)). Equation (1.2) is solved for {uy;,}, which is referred to as the

foundation input motion (FIM).
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Figure 1.4 Analysis of (a) kinematic interaction and (b) inertial interaction [2]

Inertial Interaction
Structures and their foundation have a dynamic response to earthquake loads due to

their mass. If the supporting soil is compliant, the dynamic forces of superstructure



transmitted through its foundation will produce foundation movements. The soil
compliance effects on the resulting response are due to inertial interaction. The
deformations related to inertial interaction can be computed from the equation of

motion:

[M]{UII} + [K]{uiner} = _[Mstructure]{ukin(t) - ub (t)} (1-3)
where [Mstructure] 1S the mass matrix assuming that the soil has no mass (Figure 1.4(b)).

Note: A comprehensive literature review regarding subject of this thesis is presented in
Chapter 2

1.2 Objectives of the Thesis

Pile foundations, as structural elements, are used to transfer structural loads through soft
compressible soils, onto stiffer or less compressible soils (or rock) at depth, if and when
the support provided by shallow foundations is inadequate. Weak soils, which may
amplify ground motions, create a serious risk in earthquake-prone areas. Liquefaction

and/or strain softening may impose additional demands on pile foundations.

Soil-pile-structure interaction (SPSI) problem may be investigated through numerous
methods, such as through using an analytical solution, the multi-step (substructure)
method, the p-y method, the finite element method, etc., recommended in literature.
Analytical solutions are attractive for researchers investigating the basis of a problem
although typically many simplifying assumptions are required. On the other hand,
practicing/design engineers are typically interested in the stress and strain relationship
of the piled-structure system under static and dynamic loads, thus only need tools to
solve the problem. Advanced computer software that are able to consider soil and
structure response using sophisticated constitutive material models have been developed
in the last decade. Practical engineers use these programs creating numerical model of

the problem during design and analysis process.
The objectives of the present study are listed in the following:

e To establish a numerical model for the SPSI problem that considers boundary
conditions that are as realistic and as accurate as possible.
e To analyze soil — pile — structure interaction.

e To show the importance of kinematic interaction in piled-structure response.



e To investigate parameters (soil material behavior, phase angle, input motion
characteristics, pile slenderness, period of superstructure) affecting the SPSI.

e To examine seismic motion acting on foundation in which site response,
kinematic interaction, and inertial interaction are taken into account.

e To analyze pile response under dynamic earthquake loading.

1.3 Hypothesis

The analysis of piled-structures under earthquake loading is a formidable task for design
engineers due to interaction within soil, foundation system embedded in ground, and
superstructure (“SFSI” soil-foundation-structure interaction). The piles, which transfer
superstructure loads to the ground as structural elements, and the superstructure are
main components of the design problem.

With respect to pile foundations, only the inertial loads due to vibration of the
superstructure are considered or soil displacements due to seismic waves propagating in
soil domain (kinematic loading) are applied along the pile directly. However, both
loading conditions should be taken into account in evaluation of pile response under

seismic loading.

On the other hand, it is a common design practice regarding superstructure to neglect or
simplify the effect of pile foundations on ground motions applied to the structure
assuming a flexible pile results in period lengthening and increased damping that
corresponds decreased structural forces relative to a fixed-base condition. However, the
presence of piles influences system response significantly by refracting and reflecting
incoming waves. Additionally, the superstructure and piles radiate vibration waves into
the ground because of their mass.

1.4 Organizations

In Chapter 2: A literature review is presented including early history of soil-pile
interaction, forces on pile during earthquakes, analysis methods, and pile performance
under dynamic loads. Pioneering studies and important findings in them are explained

briefly as well.

In Chapter 3: Established numerical models created by OpenSees v.2.4.4 and Plaxis 2D
AE.02 are elucidated in detail. Model geometry, boundary conditions (significant for



dynamic loading), material models, damping properties, and solution method are
provided in a comprehensive manner. Model is verified by analytical method (regarding
soil-pile interaction) and different numerical tools (with respect to site response

analysis).

In Chapter 4: Kinematic interaction between soil and pile is investigated using
numerical tool created by OpenSees v.2.4.4 under harmonic load and transient
earthquake loads. The presence of solid piles in ground alters the wave propagation by
refracting and reflecting incoming waves and, therefore, free-field motion and near pile
motion indicate differences. Parametric analysis are performed to research effective
parameters such as material model (linear or nonlinear), stiffness ratio between soil and
pile, pile slenderness ratio, and input motion in terms of displacement and acceleration.
Additionally, a kinematic interaction factor is proposed that considers phase angle

variation in spatial direction.

In Chapter 5: Complete soil-pile-structure interaction problem has been addressed by
numerical tool Plaxis 2D AE.02 to make evaluation regarding soil-structure interaction
phenomenon in which soil influences piled-superstructure response and vice versa.
Sophisticated hypoplastic soil material model and embedded pile element features are
used in the numerical model. The superstructure is modeled as single-degree-of-
freedom system. Pile and superstructure responses are investigated by different

parametric cases. Discussion is also made on the input motion.

In Chapter 6: The results of the parametric studies are summarized and

recommendations for future research are made.



CHAPTER 2

LITERATURE REVIEW

A detailed review of the literature regarding the pile response to dynamic effects,
specifically to earthquake loading, is presented in this chapter. A brief summary of the
history of kinematic interaction is followed by a discussion of the forces acting on piles
during earthquakes and performance of piles to this type of loading. Then, analyses used
to solve such problems are given. Finally, important findings from previous works

regarding soil-pile-structure interaction are presented.

2.1 Early History of Kinematic Interaction

French mathematicians Gabriel Lame and Benoit Paul Emily Clapeyron have studied
the problem of loads on or within an infinite (or semi-infinite) elastic body in the early
part of the 19" century [1]. Thomson [4] gave expressions related to the problem of
static forces acting on an elastic, infinite solid. This was followed by the solution of
time varying problem about point forces in an infinite medium provided by Sir Gabriel
Stokes [5]. The Stokes solution was adopted as a cornerstone in the boundary element
method (BEM) and also that exerted influence in geophysics, acoustics, and other

branches of science.

Joseph Boussinesq [6]-[8], another French mathematician, presented a solution for
static, point vertical loads on the surface of elastic half-space, and also gave a closed-
form solution for a rigid disk with flexible contact on the surface of a half-space in the
last quarter of the 19" century. Sir Horace Lamb [9], a mathematician from South
Australia, developed a fundamental solution for a homogeneous half-space subjected to
a dynamic load on its surface. Raymond David Mindlin [10], who worked with
Timoshenko at University of Michigan on applied mechanics, gave closed-form

equations for the displacement relating to vertical and horizontal point loads buried at
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an arbitrary depth below the surface of an elastic half-space. Erich Reissner [11]
investigated the behavior of circular disks on elastic half-spaces subjected to harmonic
vertical loads. He made notable contributions especially in analyzing radiation damping

and equivalent mass-spring-damper analog system.

A great number of previous studies were focused on the behavior of a foundation
system. The alteration of seismic waves because of the interaction between soil and the
overlying structure is another substantial problem. Sezawa and Kanai [12]-[14], who
published remarkable and pioneering papers with respect to scattered waves, claimed
the severity of the motion in the superstructure was limited by the loss of energy in the
form of waves that feedback into the soil and thus SSI is beneficial. This topic was taken
up again by R. G. Merrit and G. Housner in 1954 [15]. They stated that lateral
compliance of foundation has little effect or no effect on motions based on observed
data. However, Housner [16] continued his observations and realized that motions were
altered by actual strong motion. He noted that the waves in the ground were subjected to
significant filtering. Nathan Newmark [17] discovered the Tau Effect, which provided

the time delay in excitation to parts of the foundation.

The beginning of the modern era on this subject began four decades ago with
profoundly influential papers by Veletsos and Wei [18] and Luco and Westmann [19],
in which complete rigorous solutions related to circular plates on elastic half-spaces

under dynamic excitations over a broad range of frequencies could be found.

“Kinematic and Inertial Interaction” terms were coined by Prof. Robert V. Whitman at
MIT and first appeared in Kausel’ s lecture notes in 1976 [20] and publication written
by Seed, Whitman, and Lysmer [21].

2.1.1 Kinematic Interaction Studies Associated with Pile Foundations

The earliest theoretical studies related to pile foundations and kinematic interactions
were made by Parmelee et al.,, Tajimi, Penzien, and Novak [22]-[25]. The first
researchers focused on the complex dynamic stiffness of pile, which is called the

“impedance function” [26].

The soil — pile interaction was studied using the finite element method (FEM) by
Blaney et al. [27], Wolf and von Arx [28], Kuhlemeyer [29], and also using boundary
element method (BEM) by Banerjee [30] and Banerjee & Sen [31].

10



Matlock et al. [32], [33] developed a lumped-mass model called the p-y method because
large displacements and nonlinear behavior are extremely difficult to consider with the
continuum theory. In addition to this, gapping between pile and soil was found to have

an influence on the kinematic interaction by Trochanis et al. [34].

Piles are typically used in groups and their interaction with each other is referred to as
the pile-soil-pile interaction or group effects. The first analyses involving pile-soil-pile
interaction was conducted by Wolf and von Arx [28] using a model based on the FEM.
Dynamic interaction factors considering the pile-to-pile effect due to pile grouping were
proposed by Dobry and Gazetas [35] and Fan et al. [36].

Mostly shaking table tests and centrifuge tests were conducted to study the behavior of
kinematic interaction between the soil and pile. Scott et al. [37] were the first to test
model piles in a centrifuge; then Finn and Gohl [38] implemented a base shaker device
to apply earthquake and harmonic motion to their centrifuge models. The first shaking
table test was conducted by Kubo [39]. Moreover, Kagawa and Kraft [40] developed a

nonlinear p-y method using shaking table results.

In 1990 - 2010, Gazetas and Mylonakis [41], [42] have contributed to kinematic
interaction studies. Additionally, nonlinear behavior of soils was considered in
kinematic interaction analyses by EI-Naggar and Novak [43], [44]. Moreover,

experimental tests were performed by Boulanger et al. [45] and Tokimatsu et al. [46].

Recently, Anoyatis et al. [47] have suggested an analytical formulation including pile
boundary conditions to calculate the kinematic interaction. Shaking table tests were
conducted to examine the effect of soil heterogeneity and nonlinearity on site response
and kinematic pile bending by Chidichimo et al. [48]. Additionally, pile response under
seismic excitation has been researched using numerical tools (FEM) by several
researchers [49]-[51].

2.2 Forces on Pile under Seismic Loading

Forces acting on embedded pile foundations during a seismic event result from two
phenomena: the first one is the resistance of the piles to the ground movements during
the passages of seismic waves, called kinematic forces; the latter is the response of piles

to the inertial forces generated by vibration of the superstructure [52].
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In most of the actual cases, the deformation of piles due to vibration of a superstructure
(inertial effect) attenuate very rapidly with depth and it typically vanishes within 10 —
15 pile diameters from the ground surface. Therefore, inertial forces acting on pile may
be significant only near the ground surface. Conversely, displacements of soil due to
wave propagation in the soil (kinematic forces) act only at relatively deep elevations
[53]. Kaynia and Mahzooni [52] investigated forces on pile under dynamic loads by
numerical method using a soil — pile — structure model. The numerical results showed
that the kinematic interaction can be the main factor for the developed seismic shear
force and bending moment in the piles except when the impacting frequencies are close
to the natural frequency of the soil — structure system. At or around a system’s natural
frequency, the effects of inertial interaction may significantly be larger than that from

kinematic interaction.

Tokimatsu et al. [46] performed tests to investigate the soil — pile — structure interaction
with the help of a large shaking table test facility at Japan National Research Institute
for Earth Science and Disaster Prevention (NIED). They found that inertial forces due
to superstructure vibration are dominant in stiff and/or non-liquefied ground. On the
other hand, in soft and/or liquefied grounds as well as laterally spreading ground, both

kinematic and inertial forces play an important role.

The response of pile foundations under seismic loading can be considered in three zones
(Figure 2.1) [54]:

I. Near surface zone: This zone, which extends to approximately eight pile
diameters beneath the soil surface, is dominated by the effects of inertial
loads.

ii. Intermediate zone: This zone, which exists between the near surface and
deep zone, is influenced by both inertial and kinematic effects.

iii. Deep Zone: This zone, which is below 12 to 15 pile diameters from the
ground surface, is dominated by kinematic effects.

12
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= 8D from ground surface
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Figure 2.1 Forces acting on pile along its length during seismic excitation

2.3 Pile Performance during Earthquakes

Many cases of damage to piles and pile-supported structures have been observed in
major earthquakes that have occurred in the last century, such as Alaska (1964), Niigata
(1964), Mexico City (1985), Loma Prieta (1989), Kobe (1995), and Kocaeli (1999).
Mizuno [55] investigated pile damages during earthquakes in Japan from 1923 to 1983.
Ross, Seed, and Migliacio [56] made a comprehensive survey related to pile supported
structures, especially bridges, after Alaska (1964) earthquake. Matsui and Oda [57]
observed damages on foundations supporting the six major elevated highways in the
Kobe area. Tokimatsu et al. [58] made observations related to liquefaction effects in
Fukaehama. In addition to qualitative observations after seismic shaking, data from

instrumented pile-supported structures has been obtained [59]-[61].

Meymand [62] made a comprehensive compilation of the literature related to pile
performance during earthquakes. From instrumented cases, it can be seen that soil-pile-
structure interaction often results in spectral de-amplification of pile cap motions
relative to free-field motions. It was generally seen to happen at periods less than the

period of the entire soil-pile-structure system. This condition was observed for a number

13



case histories of building structures subjected to low intensity shaking in Japan and
bridge structures subjected to moderate to high levels of ground shaking. Kinematic
interaction is generally the dominant effect at low intensity; inertial forces from the
superstructure dominate the system response at high levels of shaking. The following

failure modes can be recognized from observed damage after seismic shaking:

e Loss of soil bearing capacity may occur because of strain softening of cohesive
soils or liquefaction of granular soil. Pile head (or pile — cap connection) is
subjected to excessive displacements from structural inertial loads and bending
strain due to kinematic interaction. Additionally, the piles frequently undergo
settlement, punching failure, and/or tensile pull-out failure.

e Lateral spreading, large lateral loads and lateral displacements due to
liquefaction often cause damages in pile.

e Piles may be subjected to large bending moment at interfaces between soil

layers due to difference of stiffness between soft and stiff soil layers.

Potential failure modes of pile foundations under seismic shaking are given in Figure
2.2.

000 100 ] [

PILE PULLOUT FROM GAP PILE FAILURE AT HEAD IN
FLEXURE AND/OR SHEAR D [C1 £ SOFTSoIL

PILE FLEXURE/SHEAR FAILURE
AT STIFFNESS CONTRAST

+ g

PILE CAP FAILURE
BEARING CAPACITY OR

TENSION PULL-OUT FAILURE  gxcESSIVE LATERAL DEFORMATIONS

Figure 2.2 Possible failure modes for pile foundations under seismic shaking [62]
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2.4 Analysis Methods

As previously explained, the soil-pile-structure interaction problem can be analyzed
with the direct (one-step) method or the multi-step (substructure) method. Both methods
have their advantages and disadvantages. The sketch of the problem is shown in Figure
2.3, where M represents the mass of superstructure, as, ap, and ar correspond to the
acceleration of structure, pile foundation, and rock input motion, respectively.

The decomposition of the problem into subtasks enables the designer to consider
particular aspects of the problem. Empirical knowledge accumulated over years, can be
readily utilized as well. For instance, well-established methods of determining lateral
pile deflection can be used in determining pile-head stiffness and damping. However, in
the superposition theorem the values of the kinematic interaction and inertial interaction
are valid only if linearity for the soil, pile, and structure behavior is assumed.
Nevertheless, the superposition can be applied to moderately nonlinear systems as an
engineering approximation [42]. This is because pile deformations due to superstructure
load attenuate very rapidly with depth. They practically disappear below a pile length
on the order of 10 pile diameters below the ground surface. Hence, shear strains induced
in the soil due to superstructure loads can be significant only near the ground surface.
By contrast, soil displacements due to vertical S-waves can be important at relatively

deep elevations.

On the other hand, complete interaction analysis of a soil-pile-structure system is only
possible through utilizing computer codes that employ the finite element or the finite
difference method. However, few computer codes are readily available to analyze a
complete system response with foundations consisting of a group of piles. Additionally,
analysis outcomes are questionable especially when the nonlinear range for the soil

behavior is reached under strong seismic excitation.
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Figure 2.3 Sketch of the soil-pile-structure interaction problem

2.4.1 General Overview of Multi-Step (Substructure) Method

The seismic response of the system (such as in Figure 2.3) to a basal rock acceleration,

ar, can be computed either in a single step, by solving the following equation:

[M]{i} + [K]{u} = —[M]{I}a, (2.1)
where:

{u} = relative displacement vector of points in the soil, piles, or the structure
{1} = unit directional vector
{M} = mass matrix of the system

{K} = stiffness matrix of the system

Alternatively, the relative displacement vector {u} can be expressed as the sum of

inertial and kinematic displacements:

{u} = {uiner} + {ukin} (22)
where: {uiner} = inertial relative displacement vector and {uwin} = Kinematic relative

displacement. Then the following two coupled equations can be solved:
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[Mgoul{itin} + [KNugin} = —[Msoul{l}a, (2.3)
[Mstructurel{liiner} + [K{Uiner} = —[Mstructurel Qilkin} + {I}ay) (2.4)
where:

[Msoif] = mass matrix assuming that only the soil and pile have a mass

[Mstructure] = mass matrix assuming that only the structure has a mass

The superposition of Equations (2.3) and (2.4) results in Equation (2.1). Equations (2.3)
and (2.4) are the mathematical explanation of kinematic and inertial interaction,
respectively. The problem can be subdivided into two analyses: kinematic interaction

effect and inertial interaction effect, shown schematically in Figure 2.4.

B) INERTIAL

A) KINEMATIC 4
\ M INTERACTION

\ ;
INTERACTION yi Main

SOIL LAYER SOIL LAYER

Figure 2.4 Decomposition of the soil-pile-structure problem into kinematic and inertial
interaction

For convenience, the inertial response is further subdivided into two consecutive

independent analysis steps, as follows:

i. Estimation of the dynamic impedances, springs and dashpots, at pile head or the
pile group cap, associated with the swaying, rocking, and cross-swaying-rocking
motion of the foundation, Figure 2.5(a).

ii. Analysis of the dynamic response of the superstructure supported on the springs
and dashpots, Figure 2.5(b).
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Figure 2.5 Analysis of inertial interaction in two steps

2.4.2 General Overview of Analysis Methods

The soil-pile-structure system under seismic excitation can be analyzed using one of the
analysis methods that have been developed and suggested in the literature. Most
prominent analysis procedures are the Winkler model, the boundary element method,
and the finite element method.

2.4.2.1 Winkler Model

Pile deflection and settlement under static top loading (at pile-head) can be estimated by
a “Winkler foundation” considering the pile as a beam or column supported by a series
of independent horizontal (lateral) and/or vertical (axial) springs distributed along its
length. Based on field experiments and measurements, the soil response at a particular
point at depth is represented by a given p-y curve for lateral loading or a t-z curve for

axial loading.

The Winkler model has been applied to dynamic soil-structure interaction problem with
success [24]. With respect to soil-pile interaction, the soil reaction is represented by a
set of continuously-distributed springs, k, and dashpots, ¢, which are functions of the
loading frequency. An elasto-dynamic solution was developed by Novak et al. [63] to
estimate k and c, in which a rigid cylindrical rod of unit thickness (pile slice) is
surrounded by soil (extending radially to infinity) and is subjected to horizontal or
vertical oscillations. The spring parameter may be obtained with the finite element
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method to overcome some of the limitations of Novak’s solution [64], [65]. The
Winkler Model has been successfully extended to analyze soil-pile-structure interaction

for different boundary conditions of pile or layered soil profile [47], [66].

2.4.2.2 Finite Element Method (FEM)

The FEM is one type of numerical procedure from a class of finite methods and it is
most frequently used in practice. In analyses of dynamic problems by the FEM,

important points regarding boundary condition and element size must be considered.

The infinite soil geometry in the horizontal and vertical directions must be represented
by a model of finite size. Such a finite model can create a fictitious box effect that alters
wave propagation and, therefore, distorts its dynamic characteristics. Therefore, wave
absorbing boundaries are placed to consider the radiation of wave-carried energy into

the outer region, which is not included in the model.

Various boundary types are presented in literature. A viscous boundary absorbs most
(not all) of the incident outward going waves and it is placed at a definite distance from
the area of interest (foundation — structure system) [67]. A consistent boundary was
developed by Kausel et al. [68] and was utilized in dynamic analysis of pile by Blaney
et al. [27]. Additionally, the Domain Reduction Method [69] and the Periodic Boundary

Condition can also be used [70].

With respect to the element size, the general recommendation is to remain below one-

fifth to one-eighth of the shortest wavelength [2].

2.4.2.3 Boundary Element Method (BEM)

This semi-analytical method (BEM) utilizes closed-form solutions for the related wave
equations for the soil domain and discretizes only the boundaries and interfaces of the
system. This closed-form solution, known as “fundamental” solution or “Green’s
function”, is able to exactly reproduce radiation of wave energy to infinity, without
lateral boundaries. It also involves discretization of the pile-soil interface into a number

of cylindrical segments with the base of the pile as a circular disk.

Formulations of BEM have been developed for a single pile and a pile group subjected
to dynamic loading [71]-[74]. A method combining BEM and FEM has been developed
by Padrén et al. [75].
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2.5 Previous Studies with respect to Kinematic Interaction

Great number of studies exist in the literature researching soil-pile interaction and

kinematic interaction. Several pioneering studies are summarized below.

Note: Symbols in this section are given as they were used in their respective references
and were also not included in the symbol list. However, relevant explanations are given

as necessary.

Blaney et al. [27] studied pile behavior under dynamic loads using a discrete model and
finite elements method. The effect of the pile on the motion at the free surface was
investigated by comparing displacements atop the pile (up) and displacements at the free
surface of the soil (us) without pile with increasing frequency (bo = wH/Vs — w:circular
frequency, H: soil thickness, and Vs: soil shear wave velocity). The change in the ratio
of up/us is shown Figure 2.6. In the small frequency range, the pile displacement can be
larger than the free surface soil displacement. Small H/R values represent caisson type
of a foundation (H/R < 20) while large values represent pile foundations (R: width of
the pile). The caisson foundations restrict dynamic motion in low frequency values
(up/us drops quickly); pile foundation follow the soil displacement in those frequency

range.

Up/Us

Figure 2.6 Comparison of the pile displacement and free surface displacement for
different values of H/R [27]

20



The seismic response of pile groups was studied by Kaynia [72]. He proposed an
analytical formulation to estimate dynamic response of single pile and pile groups. He
performed parametric studies considering the boundary condition at the pile head (fixed
and hinged), different spacing “s” between adjacent piles, and soil strength (soft and
stiff) to gain insight into the response of piles under dynamic loading. The lateral
displacement at the pile head u was compared with the free-field displacement ug and a
transfer function was defined by increasing dimensionless frequency a, (2.5) in which
o is angular frequency, D is pile diameter, and Vs~ is a characteristic value of the soil S-

wave velocity:
a, = wD/I/;* (2.5)

Absolute value of transfer functions (u/ug) and rotation of the pile cap, ¢d/ug in which ¢
is rotation, for the horizontal displacement and 3x3 fixed head pile groups in soft soils is
given in Figure 2.7. The effect of pile number in group is presented in Figure 2.8 for
stiff soil with s/d = 5.

fultu

l¢l.diu
015}

010

0.05

Figure 2.7 Transfer function and rotation of the pile cap for 3x3 pile groups in soft soil
medium [72]
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Figure 2.8 Transfer function and rotation of the pile cap for pile groups in stiff soil
medium [72]

The results of Kaynia’s study indicate that: 1) behavior of pile group is strongly
frequency-dependent; 2) spacing and number of piles have minor effect on the lateral
seismic response; 3) interaction effects are more significant for flexible soil media; and

4) the rotation of the foundation can be neglected for foundations having a large width.

Gazetas [53] investigated the seismic response of end-bearing single piles embedded in
a number of idealized soil deposits and subjected to vertically propagating S-waves
using the finite element formulation suggested by Blaney et al. [27]. The studied
problem and soil profiles are shown in Figure 2.9 and Figure 2.10, respectively. The
pile was modeled as a linearly elastic flexural beam with a circular cross-section of
diameter D, stiffness Ep, and mass density of pile p». The soil is linearly hysteretic
continuum with a constant Poisson’s ratio vs, mass density of soil ps, and hysteretic
damping ratio fs, and Young modulus E(z) varying with depth. Vertically harmonic S

waves were applied at the base as a displacement: ug(t) = ug.exp(i2 zft).

The displacement of the pile due to lateral excitation transmitted from the superstructure
(inertial interaction) may attenuate rapidly with depth which is typically within 10 — 15
diameters from the ground surface. Hence, shear strains induced in the soil due to

inertial effects may be significant only near the ground surface. Conversely, shear
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strains induced by vertical S-waves in the soil (kinematic interaction) may be important

at only relatively deep levels.

If there was no pile, vertically S-waves would cause only horizontal displacements in
the free-field soil. However, a pile is relatively much stiffer and may change the wave
motion by diffracting and reflecting the vertical S-waves. Thus, the displacement atop
pile up differs from the free field displacement u,. Furthermore, the same conclusion is
also valid for rotational ¢ behavior. Therefore, displacement and rotation kinematic
interaction factors (these are equal to transfer functions defined by Kaynia [72]) were
defined as given by Equations (2.6) and (2.7), respectively. In these equations, Ily:
displacement kinematic interaction factor; l4 rotation kinematic interaction factor; ¢p:

rotation atop pile; ro: radius of pile (D/2).

=3 (2.6)
¢ To
Iy = Z—T 2.7)

u, (t) = u,e™

Soil properties
Es E ps 3 Vs 3 Bs

rigid base «———
u () =ue”

Figure 2.9 Studied soil-pile-structure problem [53]
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Figure 2.10 Soil profiles [53]

An extensive parametric study was presented by Gazetas [53] and the following

parameters were found to be the most influential factors for the response of a soil-pile

system:

Results

The stiffness ratio Ep/Es of the pile Young’s modulus over a characteristic
Young’s modulus of the soil.

The slenderness ratio L/D (length over diameter) of the pile.

The frequency ratio f/f1 (excitation frequency over the fundamental frequency)
of undisturbed soil deposit.

The relative frequency factor fs/f1 (fundamental frequency of the pile-supported

superstructure over the fundamental frequency of the soil deposit).

from parametric studies for the variation of kinematic interaction factors

considering the stiffness ratio and the soil type are shown in Figure 2.11 and Figure

2.12, where interaction factors vary with increasing frequency ratio f/fi.

re
Free Field [ -
Qg s T o1
T~ ~— ‘. e

Figure 2.11 Influence of stiffness ratio (Ep/Es) on kinematic interaction factors; L/D =

40, Soil Model A, 5 = 0.05, 1=0.4, p/p=1.6 [53]
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Figure 2.12 Influence of soil type on kinematic interaction factors; L/D = 40, S = 0.05,
15=0.4, pol ps=1.6 [53]
An example of a complete analysis of soil-pile-structure interaction is depicted in
Figure 2.13, in which the effects of both kinematic and inertial interaction are
combined. First resonant peak occurs at natural frequencies of the superstructure.
Furthermore, the highest peaks of the displacement interaction curves occur at
approximately the same frequency, f = fs. Therefore, as the mass m of the superstructure
increases, the peak tends to occur at lower frequencies of excitation. On the contrary,

small mass means very flat resonant peaks.

m
Uplt'l\ uolil
” Bt i
40 - '
L=40d
4
A
quiﬂ
30
f
f—“- 1.5
20t !
[Vl
|Uq|
free-field
10
o i 2 3 4
f/f.‘

Figure 2.13 Complete soil-pile-structure analysis [53]
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Fan et al. [36] studied kinematic response of floating single piles and pile groups
connected through rigid massless caps and subjected to vertically propagating S waves.
Three categories of floating vertical piles were investigated in this paper with given soil

profiles (Figure 2.14):

e Asingle free-head and fixed-head pile.
e Avrigidly capped (fixed) pile group, which are two, three, four, six, and nine in
arow.

e Arrigidly capped square group with configurations of 2x2, 4x4, and 6x6.

rigid SOIL PROFILES
Free Field 1 massless cap

(a) () (©)
i}

u
fre So0il Young's Modulus

VERTICALLY-INCIDENT Y} - -
SHEAR WAVE

Figure 2.14 Studied problem and soil profiles [36]

All piles were considered as linear-elastic beam with constant stiffness and embedded in
three different soil deposits (Figure 2.14). The soil was assumed to be linear hysteretic
continuum with constant Poisson’s ratio vs, mass density of soil ps = 0.7pp, and
hysteretic damping ratio fs. Each soil — pile — foundation system was excited by
vertically propagating harmonic S-waves. Analyses were performed using the
formulation by Kaynia and Kausel [72], Blaney et al. finite element formulation [27],

and Ahmad boundary element formulation [74].
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Pile foundations resist soil motion when they are subjected to propagating seismic
waves. Therefore, seismic waves are scattered near piles and need to be modified. As a
result, the seismic excitation at the structure base differs from the free-field motion. The
kinematic interaction effect on soil-pile-foundation system were portrayed in the form
of two kinematic response factors I, (2.6) and 14 (2.7) as function of dimensionless
frequency (see (2.5)). The horizontal displacement up and angle rotation ¢, are complex
numbers due to generation of both radiation damping (diffracted waves spreading away

from each pile) and material damping (hysteretic action in the soil).

The general shape of kinematic interaction factor consists of three fairly distinct regions
in the frequency range (Figure 2.15). At low frequency region (0 < ap < ao1), pile
follows the seismic ground motion. At intermediate frequency region (ao1 < ap < ao2), lu
declines rapidly with increasing frequency. At high frequency region (a2 < ao),

fluctuates around a constant value.

0.5

Ay (230
g

Figure 2.15 General form of the displacement kinematic interaction factor [36]

A few results with respect to pile groups are also shown in Figure 2.16 and kinematic

interaction effects can easily be seen.
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Figure 2.16 Kinematic seismic response of pile groups [36]

Makris and Gazetas [64] researched dynamic pile-soil-pile interaction and lateral
seismic response of a pile group embedded in a homogeneous soil layer. The seismic
response of a pile group may differ from the response of each single pile in a group
because each pile is affected not only by its own load but also by the load and deflection
of neighboring piles. A simplified three-step procedure was proposed to estimate
dynamic interaction of two vertical piles in this study. Two loading types were
considered: lateral pile-head loading (inertial interaction) and vertically propagating

seismic S waves (kinematic interaction) (Figure 2.17).
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Figure 2.17 Three-step procedure for estimating the influence of Pile 1 upon the next
Pile 2 under kinematic loading [64]

In the first step, the lateral deflection, u11(z), of a single pile (pile 1) is determined using
procedures available such as FEM, BEM, or semi-analytical formulation. After that the
difference between single pile deflection and free-field soil is calculated in second step
(4uir = uwir — ug). Finally, soil displacements are applied on next pile (pile 2)
considering the effect of pile 1 and pile 2 resists incoming waves and will modify the

motion. An analysis result is shown in Figure 2.18 related to kinematic loading.
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Figure 2.18 Pile deflection due to kinematic loading at dimensionless frequency a = 0.3:
amplitude and phase angle corresponding to the homogeneous, the particular, and the
total solution to the governing equation (24) in [64]

Additionally, the proposed model was compared with rigorous solution from literature

[36] (Figure 2.19). According to analyses performed in this study regarding inertial and

kinematic loading, pile-to-pile interaction is significant mainly in the inertial condition
and group effects may be negligible for kinematic loading.
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Figure 2.19 Kinematic seismic response of 1 x 2 fixed-head pile group: comparison of
proposed method with rigorous results by Fan et al. [36] (o/ps=1.42, L/ID=20, v= 0.4,

(=0.05) [64]

A soil-pile-structure interaction study was performed by Mylonakis et al. [76] regarding
pile embedded in two-layered soil and two types of bridge as shown in Figure 2.20. To
analyze the problem, the multi-step (substructure) method was used and kinematic and
inertial interaction were estimated separately. Dynamic impedances were calculated
from kinematic loading by BWDF method under harmonic excitation or real earthquake
time history and then applied to superstructure as FIM (foundation input motion)
(Figure 2.21). A complete system analysis result as time histories calculated at pile cap
and bridge deck is shown in Figure 2.22 for single-column pile under Pacoima (1994)

downstream motion.

31



N /
Y X

1 [
sfugie»cofumr}\ / / T ;af:’e or two
bent h g H = _“column bents
on drilled pile

on piled footing

Ground Motion
Specified at
Outcropping Rock

™

lasuc Ro

"L

Figure 2.20 The bridge — pier systems and soil profile [76]

SN

Excitation: Vertical § Waves

=
W

Py

(2]

Figure 2.21 Soil — structure interaction model: (1) model parameters and (2) sketch of
response in terms of displacement and rotation [76]
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Figure 2.22 Results of the complete analysis in terms of time histories for bridge — pier
system carried by single-column pile under Pacoima (1994) motion [76]

Mylonakis [66] has developed a simplified analytical model for kinematic bending
moment due to the passage of the waves at soil layer interfaces. Kinematic bending may
be severe in the presence of sharp stiffness discontinuities in the soil profile and may
cause damage on pile or superstructure. Previous studies focused on seismic motion at
pile head [65], [77], [78]. However, kinematic bending occurs along pile length with
depth, even in the absence of the superstructure, due to soil deformation.

Kinematic bending moments tends to be amplified near at interfaces between stiff and
soft soil layer (Figure 2.23). Maximum kinematic bending may be shown at interface
level or at pile head (for fixed-head condition). Several pile damages were observed
deep below the soil surface during post-earthquake investigations because of kinematic
loading [55].
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Figure 2.23 Kinematic bending of a free-head pile subjected to vertical seismic S-waves
in a two-layer soil profile [66]

The proposed analytical model by Mylonakis [66] is based on Beam-on-Dynamic-
Winkler-Foundation (BDWF) formulation. Bending strain (2.8) was used to quantify
kinematic bending that has several advantages such as it is dimensionless,
experimentally measurable, and it can be used to quantify pile damage. Also, results
were presented in terms of strain transmissibility (& / 1), y is peak soil shear strain. The
studied problem which is single pile embedded in two layered soil subjected to
vertically-propagating seismic S-waves is shown in Figure 2.24. Soil material in each
layer was assumed as homogeneous and linear, and the pile was estimated long and
linearly elastic. Applied load at base was in the form of harmonic displacement: ug(t) =

exp(iwt). Both radiation and material damping in the soil were accounted.

e= 2 p (2.8)

Eplp

Kinematic bending strain transmissibility are shown in Figure 2.25 for homogeneous
soil layer and in Figure 2.26 for two-layered soil layer. At the low frequency region,
both pile and soil move together. On the other hand, the pile resists the input motion at
high frequency without bending. In the intermediate frequency region, kinematic
bending strain could be seen.
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Figure 2.25 Strain transmissibility for a solid pile embedded in a homogeneous soil
layer subjected to harmonic vertical S-waves (op / ps = 1.4, v=0.4, £=0) [66]
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Padron et al. [79] studied impedance function of embedded footings supported by
vertical piles in homogeneous viscoelastic soil (Figure 2.27). Parametric analyses were
carried out using coupled BEM-FEM method, in which BEM was used to model the soil
and footing and FEM was used to model piles. The impedance functions are complex
functions as given of the form K = k+iaoCc, where k and c are the frequency dependent
dynamic stiffness and damping coefficient. Impedance functions of system obtained by
superposition method (KP) were compared with whole system impedance function (KY)
and comparisons are shown in Figure 2.28 in terms of dimensionless real-valued
relative difference of moduli (y) and phase in degrees (46). According to results, s/d and
n affect significantly the difference of impedances and also pile-soil stiffness ratio and
embedment ratio are relevant. Kinematic interaction factor for embedded footing

supported by piles is shown in Figure 2.29.
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Figure 2.27 Simple superposition approach to solve embedded footing supported by
vertical piles [79]
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Figure 2.28 Comparison of horizontal impedances of embedded footing on piles
obtained rigorously K" and by superposition K [79]
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Figure 2.29 Translational and rotational kinematic interaction factor for embedded
footing on piles under SH waves [79]

A recent study on the kinematic response of piles has been conducted by Anoyatis et al.
[47]. Kinematic soil-pile interaction was studied analytically utilizing a BDWF (Beam-
on-dynamic Winkler foundation) model. A cylindrical vertical pile embedded in a
homogeneous soil layer resting on a rigid base and subjected to vertically propagating
harmonic S-waves for different boundary conditions at the head (fixed, free) and tip
(fixed, hinged, free) was examined utilizing the linear viscoelastic material model
(Figure 2.30). Solutions from such analyses were expressed by kinematic response
factors Iy and 14 New closed-form solutions were derived considering different

boundary conditions for the head and the tip.
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Figure 2.30 Problem associated boundary conditions at the pile head and tip [47]

Additionally, FEM analyses in two-dimension were performed to validate proposed

equations using ANSYS commercial software. A comparison also was made with

solution proposed by Fan et al. [36] (Figure 2.31).
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Figure 2.31 Kinematic response factor for free-head free-tip piles: (a) Ep / Es = 1000; (b)
Ep / Es = 10000 [47]
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The following summary can be made of the previous work related to pile-structure

interaction:

The kinematic interaction factor (in terms of displacement or acceleration) is
utilized to compare the free-field and the pile motions.

The response of soil — pile system is frequency dependent. Additionally,
effective parameters are: stiffness ratio between pile and soil (Ep/Es), slenderness
ratio (L/D), pile boundary conditions, and soil thickness (H).

Group effect (number of piles and pile spacing) has a minor effect on the
kinematic interaction factor; however, its effect is significant on impedance
functions of pile.

Inertial interaction is dominant near the soil surface while kinematic interaction
is significant at higher depths.

Maximum bending appears at (or near) pile head or at the interface between two

different layers.
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CHAPTER 3

METHODOLOGY

The soil — pile — structure interaction under the effect of earthquake loading is
investigated with the help of plane-strain finite element (FE) models created in
OpenSees v2.4.4 and Plaxis 2D AE.02 computer software. Software details, geometry of
model, boundary conditions, element size, material models and damping properties, and

solution of equation of motion are explained in this section.

3.1 The Established Model in OpenSees

OpenSees is an open-source development supported by NEES (Network for Earthquake
Engineering Simulation) and PEER (Pacific Earthquake Engineering Research Center)
used in to simulate the performance of structural and geotechnical systems subjected to
earthquake loads [80]. This program is typically preferred by researchers as it is free to

use and offers the possibility to write your own code to any material model.

Model set up is similar to earlier numerical studies on SPSI problems [81]-[84]. A
schematic configuration of the established plane-strain FE model of a single pile
embedded in a soil domain stratified on a bedrock is shown in Figure 3.1. A Lysmer-
Kuhlemeyer [67] dashpot was used at the truncated boundary within the elastic bedrock
— with shear wave velocity of (Vs)r = 760 m/s — to take the effects of radiation damping
into account. The damping coefficient is calculated by Equation (3.1) where pr
represents the density of the elastic bedrock (which is taken as 2.4 t/m? here) and Ay is
the base area of the FEM. The nodes at the base of the mesh are fixed in vertical

direction while these nodes are left free to move in horizontal direction.
¢ = pr(Ve)rAp (3.1)

In order to replicate the far field wave propagation effects within the soil region, free

field soil columns are attached to the vertical/side boundaries of the model [85]. The
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elements of soil columns are given increased thickness to ensure that they are
considerably more massive than the soil elements in the interior mesh. The increased
thicknesses of free field soil columns are determined through comparisons with separate
site response analyses, and are set at 100 m on both sides of the mesh. The displacement
degrees of freedom for the nodes on either side of these columns are tied together to
create periodic boundary conditions, following the example presented by McGann [86].
The free field columns must be located sufficiently far away from the critical region
(i.e., the location of the pile). Padron et al. [87] recommend a horizontal distance of 70D
from the pile as being a sufficient distance to mark the free field in their FEM-BEM
analyses. Here, the free field soil columns are placed at 200 m (i.e., 200D) on both sides

of the pile to ensure minimal interaction between the free-field and the pile.

Free-Ficld
Soil Column Free-Field

200 m .
¢ » Pile Soil Column

Increased
Thickness
of 100 m

7 7 7 ” 8 7 7 7 77 " v § F '
Dashpot

Elastic Bedrock
Vertically
Propagating
SH Waves

Figure 3.1 Representative delineation of established finite element model with boundary
conditions in OpenSees

The pile is modeled as a linearly elastic solid with diameter of D, Young’s modulus of
Ep, and mass density of pp. The soil can be modeled both as a linear solid continuum
(with Young’s modulus of Es, mass density of ps, shear wave velocity of Vs, and
damping ratio of &) or elasto-plastic solid continuum. To consider elasto-plastic material
behavior of soil, pressure independent multi yield soil model developed by Yang et al.

[88] was used.
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Four-noded quadrilateral SSP (Stabilized Single Point integration) elements are used for
discretizing both the pile and the soil domain, which circumvent volumetric and shear
locking effects [89]. The element sizes in the vertical direction are set to 0.5 m or less to
remain below the one-fifth to one-eighth of the shortest wavelength [2]. The finite
element mesh is graded along the horizontal direction with the finest mesh located at
and around the pile region. The width of the elements are gradually reduced from 2 m at
the interface of the interior mesh and the free-field soil column to 0.5 m toward the pile,

and it is set to 0.25 m in and around the pile region (see Figure 3.1).

In reality, the interface elements between soil and structure are weaker and more
flexible than the surrounding soil, which means that a reduction coefficient should be
applied to the soil strength. The strength reduction coefficient for soil-structure interface
was studied by experimental methods [90], [91] or by pile settlement analysis [92] and
it can be considered to be in the range of 0.7—1.0. It may be assumed that the reduction
coefficient is in the order of 2/3 in the absence of detailed information as an engineering
approximation. Based on previous experiences of modelling piles under similar
conditions, zero length elements [93]-[95] are employed with a reduction coefficient of

0.8 applied to the soil strength.

The loads are applied in two stages: first, gravity loading is applied to determine the
initial stress state within the domain; then, dynamic loading is applied as a force time

history given by:

f(@®) = pr(Vs)rApvo (£) 3.2)
along the base of the model, using the method proposed by Joyner and Chen [96]. This
force history is obtained by multiplying the velocity time history of the input motion
w(t) by the mass density pr and shear wave velocity of the underlying bedrock (Vs)r,
and the area of the base of the model A,. The general semi-discrete form of the

equations of motion is:

[MI{i ()} + [CHu (D)} + [KH{u(®)} = f(©) (3.3)
where [M] denotes the mass matrix; [C], the viscous damping matrix; [K], the stiffness
matrix; {u}, {i}, {u} the acceleration, velocity and displacement vectors; and f (t), the
force vector with non-zero entries at degrees of freedom where the input motion is
described. The unconditionally stable implicit Newmark integrator with parameters y =

0.5 and £ =0.25 is used to solve the Equation (3.3).
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Theoretically, it is possible to construct a frequency-independent damping matrix using
extended rational Rayleigh damping [97]. However, based on available damping models
in OpenSees, a two-parameter Rayleigh damping formulation, given in equation (3.4), is

used to consider dissipation of energy within the small-strain range [98]:
[C] = a1[M] + ay[K] (3.4)

The values of a; and az can be computed through the following equation, which sets the

damping ratio (&) to be constant throughout the soil profile at b-th and c-th modes:

fb] iﬁ 4 fy a1}

¢ |1 4mc2f, {az (35)

The n-th natural frequency of the homogeneous soil layer on a bedrock with thickness

H and shear wave velocity Vs can be calculated using:

fu=22(@2n—-1) (3.6)

where n is the mode number. In (3.5), indices b and c are, respectively, considered as
those the first mode of the soil column, obtained from (3.6) and a higher mode that
corresponds to the predominant frequency of the input motion [99]. Kwok et al. [100]
proposed a value equal to five times the natural frequency for the higher mode.
Accordingly, the values of b and c are assumed as 1 and 3, respectively. The average
shear wave velocity is computed based on the Eurocode EN 1998-1 standard [101] to be
used in (3.6) to evaluate the equivalent natural frequency of multi-layered soil profiles.

3.2 The Established Model with Plaxis

Soil — pile — structure interaction problem is investigated by Plaxis, which is a finite
element software to analyze geotechnical problems in civil engineering projects. It is
able to consider the different aspects of geotechnical problems such as elasto-plastic
behavior of soils, dynamic loading, time dependent behaviors, drainage conditions,
anisotropic behavior of soils and rocks etc. Easy-to-use user interface helps to designer
(or researcher) in modelling, calculation, and evaluation of results. Quadratic 6-node
and 4" order 15-node triangular elements are available to model the stress and strain in

the soil. Joint elements, as an interface, are usable for soil-structure interaction.

Dynamic boundary conditions, existing in Plaxis, are used for truncated boundaries.
Free-field boundary conditions are defined to horizontal borders, simulating the

44



continuation of waves into the far field with minimum reflection. Compliant base
boundary condition is applied to base border. The compliant base consists of a
combination of a line prescribed displacement, transferred into load history, and viscous
boundary. This combination allows for input of an earthquake motion while still
absorbing incoming waves [102]. Free-field boundaries are placed at distance of 200 m
from the pile as in OpenSees.

The pile can be modeled as elastic solid or embedded-pile element defined in Plaxis.
The mechanical behavior of soil can be modeled by various material models, such as
Mohr-Coulomb, Hardening Soil, Soft Soil (Cam-Clay), Hypoplastic, etc., defined in
material library of Plaxis [103], [104]. The pile element (embedded-pile) and the soil

model (hypoplastic model) used in this study are explained in detail in Chapter 5.

15-node triangular elements with a relative element size of 0.5 m are used for
discretizing both the pile and the soil domain. The generated mesh for the entire soil —

pile system is shown in Figure 3.2 and the near pile mesh is shown in Figure 3.3.

Figure 3.2 Mesh of entire soil — pile system

Loading steps, material damping (Rayleigh), and solution of motion Equation (3.3) in

time domain with Newmark integrator are identical to those considered in OpenSees.
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Figure 3.3 Mesh generated near the pile

3.3 Verification of the Established FE models

An established numerical model must be validated by experimental methods or verified
by analytical closed-form solutions [105]. Therefore, site response analysis is performed
without a pile and the results are compared with those from two well-established
software packages, namely Shake2000 [106] and DeepSoil [107]. Moreover, the
kinematic interaction factor calculated by the FE model in OpenSees and in Plaxis are
compared with the analytical solution suggested by Anoyatis et al. [47].

3.3.1 Site Response Analysis

Shake and its algorithm, originally developed by Schnabel et al. [106], has for many
years been utilized as reference for site response analyses in geotechnical earthquake
engineering. It has linear and equivalent-linear soil models and performs analysis in the
frequency domain. On the other hand, DeepSoil is more extensive since it includes a
large library of material models for various soils (linear, equivalent linear, and

nonlinear) and can conduct analyses in the frequency domain and the time domain.

An actual earthquake time-history from the 1999 Kocaeli earthquake recorded at the
Duzce Station is used for validation purposes. The soil is modeled as linear-elastic
material with elastic shear modulus of 200 m/s and damping of 5% to consider

comparable conditions. The results of the site response analyses in terms of acceleration
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and displacement are shown in Figure 3.4 where z denotes the depth, amax(z) and Umax(z)
are the maximum acceleration and displacement at depth z, respectively. arock IS the
acceleration of the bedrock input motion and urock is the displacement of the bedrock
input motion. The results obtained from the established models (OpenSees and Plaxis)

agree well with those from Shake2000 and DeepSoil.

a-max(z) / a-rock umax(z) / Urock
0.0 2.0 4.0 6.0 0.5 1.0 15
0 / 0 A
0.2 0.2
0.4 0.4
I
N
0.6 0.6
DeepSoil
08 1 £ . Shake2000 08
—O— Opensees
—#— Plaxis
1 1

Figure 3.4 Comparison for a linear soil with 5% damping: results from two-dimensional
OpenSees and Plaxis models versus calculations in Shake2000 and DeepSoil.

3.3.2 Closed-form Solution for Kinematic Interaction

The analytical formulation by Anoyatis et al. [47], which is based on the Beam-on-
Dynamic-Winkler-Foundation model (BDWF), presents closed-form solutions for
bending, displacements, and rotations on top of a pile for different boundary conditions
at its head (fixed and free) and tip (fixed, hinged, and free). A single cylindrical vertical
pile embedded in a homogeneous soil layer resting on rigid base is considered Figure
3.5. The material behavior of the pile and soil are assumed as linear elastic with
Young’s modulus E, Poisson’s ratio v, mass density p, and frequency-independent
material damping S, where s and p are subscripts for soil and pile, respectively. A
harmonic horizontal displacement u, (t) = U, sin(wt) is applied at rock level. Soil-pile

interaction is expressed by the kinematic interaction factor Iy as given in (2.6).
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The free-field displacement at ground surface level (z = 0) usx is determined by
amplification function Equation (3.7) using the known motion at base level (z = H) ug:

o A
ug "~ cos(wH/VY) (3.7)

where I = V,/1 + 2ip, is the complex shear wave velocity of soil.

The equation governing pile motion that is caused by free-field displacement in the

Navier form:

4
d*up
dz*

k*
+ 42411, = @uff (38)

where k* corresponds to complex-valued Winkler modulus (k*=k+iac)and A represents

the characteristic wavenumber:

*__ 2
A=L0m (3.9)

4EpIp

where mp is the mass per unit length of the pile (= ppAp).

The coefficient for the dashpot is as follows:

¢ = 6ay"*p VD + 2B,6Es/w (3.10)
The general solution of the pile motion is given below:

uy(z, w) = (PcosAz + RsinAz)e 2 + (ScosAz + TsinAz)e?? + Tugr(z, w) (3.11)

where P, R, S, and T are integration constants determined based on the boundary

conditions. I" is a dimensionless response coefficient:

k*
= o (3.12)
where g is wavenumber (= o / Vs*).
The kinematic interaction factor I, for fixed-head and free-tip pile:
2 cos(qL)[cosh(AL) sin(AL)—cos(AL) sinh(/'lL)]—(g) cos(AL) cosh(AL)sin(qL)
_ _ (4 2
Ly=T [1 (/1) sin(2AL)+sinh(24L) (313)

The kinematic interaction factor calculated by the established finite element model is
compared with those obtained from the closed-form solution (3.13). A pile length (L) of
20 m, which is equal to soil thickness on the rigid base (H), and a pile diameter (D) of 1

m are assumed for this purpose. With respect to the soil, shear wave velocity of 120

48



m/s, which represents a soft clay is considered and a soil damping of 5% is estimated. A
stiffness ratio of 500 between soil and pile (Ep/Es) is taken into account. Parameters

used in analyses are summarized in Table 3.1.

Table 3.1 Soil and pile material properties used in comparison of FEM and Analytical

method
Material pt/m®) | Vs(m/s) v G (MPa) E (MPa)
Soil 15 120 0.4 21.6 60.5
Pile 2.5 2300 0.15 13150 30250

As seen in Figure 3.6, the results from FE models and analytical solution are in good
agreement, although slight differences are observed at higher frequencies (i.e., for a, >
0.2). These differences can be attributed to the fact that different methods are used for
(i) modelling the pile (continuum elements for FE models and beam elements for the
semi-analytical model) and (ii) for representing damping (Rayleigh for FE models and
linearly hysteretic model for the semi-analytical model). Frequency independency of the
springs used in the semi-analytical solution may yet be another factor causing the
discrepancies. However, the most pertinent a, values usually range between 0 and 0.25
for pile-soil interaction problems. This is because the fundamental natural frequencies
of soil deposits are quite small and the pile diameter ranges from 0.5 m to 1.5 m in most

practical applications.
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Figure 3.5 The schematic representation of the embedded pile in homogeneous soil on
rigid base (Anoyatis et al. [47])
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Figure 3.6 Comparison of FEM results with the analytical solution by Anoyatis et al.
[47].

In summary, two working numerical models have been created by OpenSees and Plaxis
and have been verified by site response analysis and analytical method suggested for

soil — pile interaction.
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CHAPTER 4

SOIL - PILE (KINEMATIC) INTERACTION

A pile foundation displays complex behavior during earthquakes because of its
interaction with the surrounding soil and the superstructure. Seismic waves propagate
within the soil domain, arrive to, and excite the embedded piles and their superstructure.
In turn, the vibrating superstructure reacts back with dynamic loads to the pile
foundation, which causes deformations within the surrounding soil. This is the so-called
inertial interaction. Additionally, even for a case where there is no superstructure — i.e.
when there is no inertial feedback from the superstructure to the foundation or the soil —
the motion in the vicinity of the pile will still be different from the free field motion (the
latter may be obtained through conventional site response analyses). This is due to the
difference between the rigidities of a pile foundation and its surrounding soil, which
prevents the pile to conform to soil's deformations. This may alter not only the
amplitude of the motion within the pile but also its phase angle relative to the free field.
These effects are known as kinematic interaction, which generate moments and shear
forces in the pile even in the absence of a superstructure. It should be noted that the pile
foundation itself might induce inertial effects due to its mass. However, this is not

usually considered separately in studying kinematic interaction effects.

With respect to the design of pile foundations in practice, only the loads transmitted
from the superstructure (inertial effects) are considered, or free-field soil displacements
are applied along the pile directly without modifications [61], [66]. That is while the
free field and near pile motions are different because of the presence of the pile as
mentioned above. Then, the simplest approach to compute the bending moment along
the pile is to assume that the soil and pile movements coincide at all times. Margason
[77] suggested the following predictive equation for the pile bending moment:

M = E,I,(1/R), = E,I,(1/R); = Eplp%; (4.1)
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where Ep is Young's modulus of the pile, 1, is cross-sectional moment of inertia of the
pile, (1/R)p, and (1/R)s are the pile and soil curvatures, respectively, as is the horizontal
ground acceleration, and Vs is the shear wave velocity of the soil. This simplified
method is incapable of considering boundary conditions (of the pile-head and pile-tip)

and layered soils [47].

In this section kinematic soil — pile interaction is investigated. Parametric studies are
performed by applying harmonic input motions and real earthquake records to examine
the behavior of the soil-pile system. Parameters considered in these analyses are soil
behavior model (linear and elasto-plastic), pile-soil stiffness ratio (Ep/Es), and
slenderness ratio defined as the pile length over pile diameter (L/d). Additionally, the
effect of phase angle (time lag between the free-field motion and the pile motion),
which little attention has been directed to by researchers and practical engineers, on
kinematic interaction is examined. OpenSees is preferred in analyses because it provides
the acceleration, displacement, stress, and strain data for all points and elements

(different from Plaxis).

The results are evaluated in terms of both displacement kinematic interaction factor (1)
and acceleration kinematic interaction factor (la) defined in (4.2), in which as is the
free-field acceleration at surface and ap is acceleration at pile head.

a
Ia = p/aff (42)

4.1 General Response of Single Pile

Soil layer properties have a substantial effect on the site response and the kinematic
interaction; the soil domain directly affects the response characteristics with the layers
either amplifying or de-amplifying the motions depending on the frequency content of
the input excitation. Natural soils may be gravels, sands, clays, silts, or mixtures such as
sandy clay; and the constitutive behavior of these different soil types can remarkably be
different from each other. In the present study, piles only in homogeneous clayey soils
are considered, where the effects of kinematic interaction may be significant.

Parametric studies are conducted using three cohesive soils with differing shear
strengths (C1: soft, C2: firm and C3: stiff) to consider the effects of quick loading
(undrained) as in earthquakes. A pressure-independent elasto-plastic model is used that

can simulate responses under monotonic as well as cyclic loading. Plastic behavior
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occurs only in the deviatoric stress-strain response in this model and volumetric stress-
strain response is linear-elastic and it is independent of the deviatoric response as well.
This material was developed to simulate monotonic or cyclic response of materials such
as clay under fast loading conditions, in which shear behavior of soil is insensitive to
the change of confinement. Von-Mises type yield surfaces delineate the hardening zone
as shown in Figure 4.1. The outmost surface determines the shear strength of the
material. Masing-type hysteretic behavior is reproduced by employing a nonlinear

kinematic hardening and associative flow rules as described in [81]. The shear stress 7—

shear strain ynonlinearity at a constant confinement P " is defined by a backbone curve:

T=—2 (4.3)

j
i P_’r)
1+Vr(P’

where B/ and y are reference effective confining pressure and strain, respectively.

Failure surface

(b)

Figure 4.1 Pressure independent soil material constitutive model: (a) shape of yield
surface in principal effective stress space, and (b) response of constitutive model (figure
adapted from [81])

Shear wave velocity (Vs) and undrained cohesion (cy) values are taken from Mayne et
al. [108]. Shear modulus (G), Young’s modulus (Es), and bulk modulus (K) of soil are
calculated by Equations (4.3), (4.4), and (4.5), respectively. Soil and pile properties are
presented in Table 4.1.

G= p-V? 4.3)

E=2-G-(1+v) (4.4)
_ E

k= 3-(1-2v) (4.5)

53



For convenience, the pile is assumed as a reinforced concrete cast-in-place pile (most
common type of piles in Turkey) and Ep/Es (stiffness ratio) is adjusted to ratios of 100,
200, and 400 by varying the Young’s modulus of pile (Ep), which had a range that

varied is approximately between 28-33 GPa.

The elasto-plastic material parameters suggested by the developers of the OpenSees
software are utilized for the reference pressure and pressure dependency coefficient
(Table 4.2).

Table 4.1 Pile and soil properties used in parametric analyses

Material p (Mg/m®) | Vs(m/s) v Gmax (MPa) E (MPa) cu (kPa) | Ey/Es
Pile (Elastic) 2.5 - 0.15 ~ (28-33)-10°

C1 (Soft) 1.7 120 0.4 ~24 ~70 40 400
C2 (Medium) 1.8 180 0.4 ~ 58 ~ 160 80 200
C3 (Stiff) 1.9 240 0.4 ~ 100 ~290 150 100
Elastic Bedrock 2.4 760 - - - -- -

Table 4.2 Other parameters used in analysis proposed by Opensees

Symbol Definition Value
Jpeak Peak shear strain 0.05

0 Friction angle (degree) 0

P, Reference mean effective confining pressure (kPa) 100

j A positive constant defining variations of G and K (If $ =0, j = 0) 0

NYS Number of yield surfaces 25

The pile is considered fixed-head (no rotation) and free-tip to better represent actual pile
boundary conditions. In general, a superstructure constructed on pile foundations limits

the pile head movement but frees the pile tip, with the exception of rock-socketed piles.

4.1.1 Harmonic Loading

In order to gain insight about kinematic interaction between pile and soil regarding
elasto-plastic soil behavior, further parametric studies are performed using harmonic
input motions with increasing dimensionless frequency “ap”. The soil-pile system is
loaded at the base level by vertically propagating shear waves expressed as harmonic

horizontal displacement ug(t) = ugo-Sin(w?) for a duration of 10 seconds. The input
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motion amplitude in terms of acceleration of 0.3g is used in the analyses to consider
strong ground motion. The time increment At of 0.005 sec is considered. In these
analyses, the effects of the soil material model (linear and elasto-plastic nonlinear), the
stiffness ratio between pile and soil (Ep/Es), and the pile slenderness ratio (L/D) on
kinematic interaction are examined. Analysis results in terms of displacement and
acceleration are shown in Figures 4.2 — 4.4. In general, kinematic interaction factor with
respect to displacement (l,) decreases with increasing frequency as suggested by Fan et
al. [36] (Figure 2.15). However, similar behavior cannot be attributed to the changes in

the estimated values of acceleration.

Displacement Acceleration

Kinematic Interaction, 7,
Kinematic Interaction, /,

0.8
0.6 —©&— Linear - C1 Soil 0.6
—&8— Elasto-plastic - C1 Soil
0.5 04
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Di ionless Freq Y, @, (= oD/V) Dimensionless Frequency, a,(= oD/Vy)

Figure 4.2 Kinematic interaction factors in terms of displacement and acceleration
considering linear and nonlinear soil behavior for C1 (soft) soil (H=30 m, L=20 m, D=1

m)
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Figure 4.3 Effect of soil stiffness on kinematic interaction (H=30 m, L=20 m, D=1 m)
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Figure 4.4 Pile slenderness effect on response of the soil-pile system (C1: soft soil,
H=30 m, L=20 m)
Soil nonlinearity effects can be seen in Figure 4.2 considering displacements and
acceleration. In the analyses, the effects of the soil material model are investigated with
the following parameters: a soft soil (C1) thickness (H) of 30 m on the elastic base, a
floating pile diameter (d) and length (L) of 1 m and of 20 m, respectively. The same
geometry (H = 30 m and L = 20 m) is used in other parametric analyses within this
study. Both kinematic interaction factors related to displacement (ly) and acceleration
(1a) decrease with frequency for linear soil. On the other hand, for a nonlinear response,
lu decreases with increasing frequency while la increases up to a dimensionless
frequency of 0.15 (la > 1). The difference between linear and elasto-plastic kinematic
interaction factor with respect to acceleration (la < 1 for linear; 1o > 1 for elasto-plastic)
can be explained by nonlinear soil response. Plastic behavior of soil is related to cyclic
shear strain level of the soil (Mucetic & Dobry [109]). Subjected to small strains (yc =
0.001), soils commonly demonstrate linear-elastic material properties. G/Gmax decreases
and damping ratio increases with increasing strain level so that plastic soil behavior
occurs. Additionally, overestimation of shear stress z by linear method affects the
response. The mechanism of overestimation of the shear stress employed in equivalent-
linear method, where the shear stress increase with shear strain is linear, is plotted
schematically by Yoshida et al. [110] (Figure 4.5). The shear stress — strain relationship
is given by the solid line. When a maximum shear strain is reached, the shear stress
obtained by the equivalent-linear method (O — A — C line) =1 is larger than = that
corresponds to point B on the actual stress-strain curve. In small strain range, this
overestimation may be ignored without much error, however, this mechanism becomes
influential when soils are subjected to strong ground excitations. Shear strength of the

soil governing the response is affected from this overestimation, therefore, the peak
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acceleration is also overestimated. Regarding kinematic interaction problem, the free-
field acceleration at the surface (as) for plastic behavior might be lower than that for
linear behavior since damping increases with shear strain. On the other hand,
acceleration calculated at pile head (ap) indicates a linear response. Hence, the

kinematic interaction factor related to acceleration could be greater than unity.

Stress-strain curve

\F\'_‘)

O }/(/j’ ' %}z{-’.r

Figure 4.5 Over-estimating shear stress by the equivalent linear method [110]

The stiffness ratio between soil and pile is crucial for kinematic interaction (see Figure
4.3). Pile embedded in stiff soil (Ep/Es = 100) follows the soil movement while it resists
soil displacements for Ep/Es = 200 - 400. Moreover, the pile amplifies accelerations for
all types of soil as shown in Figure 4.3. The slenderness ratio (L/D) of pile is another
significant parameter for soil-pile interaction. The effects of the slenderness ratio are
investigated by changing the pile diameter and keeping its length constant (L=20 m).
Results are presented in Figure 4.4. For a rather flexible pile, where L/D is high, the
displacements are similar to those obtained for the soil; conversely, kinematic
interaction declines with decreasing slenderness/increasing diameter. Pile slenderness
magnifies the kinematic interaction factor for acceleration except for a diameter of 2 m,
in which I, fluctuates around unity. This behavior can also be evaluated as the effect of

increasing pile diameter.
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4.1.2 Earthquake Loading

The changes in kinematic interaction is investigated for six real earthquake acceleration-
time histories. The records are selected based on an average shear wave velocity to a
depth of 30 m (Vs 30) that is commonly considered an indicator of the site condition (EN
1998-1 2013 [101]; TDY 2007 [111]). Motions recorded at sites with Vs 3o > 500 m/s are
selected so that very stiff soil or bedrock outcropping motion are used as the input
motion. The chosen time histories with respective earthquakes, station names, and the
Fourier spectra of the signals are shown in Figure 4.6. Seismic intensity and frequency
content of the input motion are important properties for the response of soils and
structures to earthquakes. The record of 1989 Loma Prieta earthquake Gilroy # 1 station
have high amplitude (peak ground acceleration > 0.4g). The predominant frequency for
all input motions range between 0 Hz and 5 Hz. Peak ground displacement measured
during 1999 Kocaeli earthquake Gebze station (=0.427 m) is larger than others. In these
analyses, only floating piles are investigated, where a soil thickness of 30 m, a pile
length of 20 m, and a pile diameter of 1 m are used. Peak ground acceleration (PGA)
and displacement (PGD) of the records, soil types and models used in the analyses, and

the results of analyses in terms of acceleration and displacement are given in Table 4.3.
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Figure 4.6 Time histories and Fourier spectra of earthquakes recorded at very stiff soil
or outcropping rock (Vs > 500 m/s) used in analyses
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Table 4.3 Results of earthquake analyses

Earthquake and Station P(Cg;)A P(Snl)3 Material ot (Zp) (ng) Ia/:affap (lrjr:) (lrJ:) ulpu/Tm
1989 Loma Prieta 0.473 0.08 C1-NL 0.238 | 0.200 1.19 011 | 011 1.0
Gilroy #1 Station Cl-L 0.692 | 0.689 1.00 012 | 0.12 1.0
C2-NL 0.323 | 0.303 1.07 0.10 0.10 1.0
C3-NL 0.435 | 0.399 1.09 0.08 | 0.08 1.0
1987 Whittier Narrows 0.304 0.03 C1-NL 0.163 | 0.193 0.84 0.04 | 0.04 1.0
San Gabriel Station Cl-L 0.366 | 0.399 0.92 0.08 0.08 1.0
C2-NL 0.235 | 0.250 0.94 0.04 | 0.04 1.0
C3-NL 0.32 | 0.335 0.96 0.05 | 0.05 1.0
1999 Kocaeli 0.244 0.427 Cl1-NL 0.14 | 0.145 0.97 0.43 0.43 1.0
Gebze Station C2-NL 0.181 | 0.163 111 0.42 0.42 1.0
C2-L 0.387 | 0.390 0.99 043 | 043 1.0
C3-NL 0.279 | 0.241 1.16 0.42 0.42 1.0
1999 Kocaeli 0.22 0.171 C1-NL 0.145 | 0.150 0.97 0.23 | 0.23 1.0
Izmit Station C2-NL 0.241 | 0.220 1.10 0.19 0.19 1.0
C2-L 0.391 | 0.393 0.99 0.19 | 0.19 1.0
C3-NL 0.271 | 0.258 1.05 0.18 | 0.18 1.0
1999 Duzce 0.159 0.078 C1-NL 0.128 | 0.124 1.03 0.08 | 0.08 1.0
Lamont 531 Station C2-NL 0.196 | 0.187 1.05 0.07 0.07 1.0
C2-L 0.269 | 0.272 0.99 0.08 | 0.08 1.0
C3-NL 0.182 | 0.182 1.00 0.08 | 0.08 1.0
1999 Duzce 0.12 0.076 C1-NL 0.124 | 0.120 1.03 0.08 | 0.08 1.0
Mudurnu Station C2-NL 0.138 | 0.133 1.04 0.08 0.08 1.0
C2-L 0.139 | 0.139 1.00 0.08 | 0.08 1.0
C3-NL 0.131 | 0.132 0.99 0.08 | 0.08 1.0

*C1: Soft, C2: Medium, C3: Stiff, L: Linear, NL: Nonlinear

Kinematic interaction factors related to displacement are equal to one for all motions

and soil types. With respect to acceleration, some of the kinematic interaction factors

(1a) are greater than one, some are lower, and while others are almost equal to one. The

values depend mainly on the stiffnesses of the soil layer and the pile foundation, along

with the frequency content of the input signal. Moreover, the free-field accelerations

calculated by the linear material model are greater than those from the nonlinear model

in which the plastic properties of soils come into play. Consequently, kinematic

interaction substantially influences the design of superstructures because input motion

for the foundations of pile-supported structures is different from that calculated in the

free-field.
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The variation of accelerations and displacements with depth for both near pile and free-
field are presented in Figure 4.7. Additionally, frequency contents of calculated time
histories at pile head and at free-field are compared for a several earthquakes and
conditions (Figure 4.8). It can clearly be seen that relatively high frequency content (> 5

Hz) are filtered by the presence of piles.

1989 Loma Prieta - Station:Gilroy #1 - C1 - Nonlinear 1999 Koceli - Station:Gebze - C3 - Nonlinear
PGA(z) PGD(z) PGA(z) PGD(z)
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[
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20 20 20 20
30 30 30 30

Figure 4.7 Calculated accelerations and displacements with depth at free-field and at a
distance of 2 m from the pile)

4.1.3 Discussion of Harmonic vs. Earthquake Input Motion

There are significant differences between the findings when harmonic motion rather
than actual earthquake loading is applied as input motion to simplify analyses.
Kinematic interaction factor changes according to both acceleration and displacement
under harmonic loading (ly, la < 1 or la > 1), whereas, la varies under earthquake loading
while I, remains equal to one. A similar result regarding pile deflection under dynamic

earthquake loading was also obtained by de Sanctis et al. [112].

Harmonic loading is widely used in soil dynamics problems including soil-structure
interaction to study the response of a system to seismic loading. However, one should
be careful in using it since this type of loading does have some disadvantages. As for
the kinematic soil-pile interaction in this study, the following reasons may explain the
differences in outcomes when harmonic vs. earthquake records are used as input

motions and why the latter should be preferred.
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Figure 4.8 Effect of the presence of the pile on frequency content
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Harmonic loading represents a more severe loading than any actually recorded
earthquake loading, even when their peak values may be identical. Both
harmonic and transient (as in a typical earthquake) shear strain-time histories
having the same peak cyclic shear strain are shown in Figure 4.9. The overall
time history of shear strain for a typical earthquake motion is considerably lower
than that for a harmonic load. Therefore, the strain level of a transient motion is
characterized in terms of effective shear strain, which varies between about 50
% or 70 % of the maximum shear strain (Kramer [2]).

Time

Shear Strain
b g

Figure 4.9 Shear time histories of earthquake and harmonic motions with peak identical

shear strains [2]

The wavelength becomes smaller with increasing frequency (wavelength
wave=Vs/ f) and stiffer piles deflect differently (both in terms of amount and
frequency) as compared to the soil surrounding them. As a result, the
displacement interaction factor might be lower than one in the high frequency
range.

The magnitude of harmonic input motion in terms of acceleration depends on
the amplitude of displacement U and time increment At. In Figure 4.10, steady-
state harmonic motions in terms of acceleration and displacement for a C3 soil
based on dimensionless frequency is depicted. In the low frequency (a, = 0.05)
range, the amplitude of input motion for displacement is equal to 0.02 m, which
is a reasonable value for soil dynamics problems, corresponding to an
acceleration of 0.3g; however, the amplitude of the acceleration is very large
(approximately 8g!), which is not possible for an input displacement of 0.02 m
in the high frequency range (a, = 0.25). When the acceleration is scaled down to
0.3g, the displacement amplitude decreases to 0.00085 m, which can safely be

ignored for most practical purposes.

63



Acceleration (g)

Displacement (m)

Acceleration (g)

Low frequency (ap=0.05) High frequency (ag=0.25) High frequency (ap=0.25) - scaled to 0.3g
04

02

02

Acceleration ()
°

0.0012
0.0008
0.0004

-0.0004
-0.0008
-0.0012

Displacement (m)
Displacement (m)

|
4 6 8 2 4 6 8 2 4 6 8
Time (sec) Time (sec) Time (sec)

Figure 4.10 The amplitude of accelerations and displacements with dimensionless

frequency for C3 soil and pile diameter of 1 m

With respect to the dimensionless frequency, it depends on the frequency of
input motion, the pile diameter, shear wave velocity of the soil, and the
thickness of soil deposit. As can be seen in Figure 4.6, the frequency content of
outcropping bedrock motions vary between 0 Hz and 5 Hz. The fundamental
natural frequencies of soil deposits, however, are usually significantly smaller.
Moreover, generally pile diameters vary from 0.5 m to 1.5 m in practical
applications!. Furthermore, loose-to-medium cohesionless soil or predominantly
soft-to-firm cohesive soil deposits are high risk areas prone to earthquake
damages. The shear wave velocity of such soils are defined smaller than 180 m/s
(ground type D) in Eurocode 8 [101]. Reasonable and relevant parameters (w, D,
and Vs) should be selected within the framework of analyzing dynamic

geotechnical problems.

Consequently, the reasonable parameters of soil and structure are taken into account

when selecting harmonic motion. It is preferable to consider data recorded in actual

earthquakes for kinematic soil response analyses where more rigorous solutions may be

obtained by incorporating computers and numerical approaches.

1 In geotechnical literature, piles having a diameter less than 0.5 m are commonly referred to as
micropiles, whereas piles larger than 1.5 m diameter may not be very practical. Thus, these are not
considered in this study.
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4.2 Effect of Phase Angle on Kinematic Interaction

Even when SPSI is considered, kinematic interaction effects are either completely
neglected, or partially taken into account by modifying only the amplitude (but not the
phase angle!) of the earthquake input motion along the embedded portion of the pile
[52]. In the present study, a more realistic representation of kinematic interaction is
researched by considering changes in both amplitude and phase angle, and show that
phase angle variations relative to the free field can become significant for pile/deep
foundations. These phase angle variations can induce (or more precisely, they are signs
of) additional bending moments/curvatures within the pile, and may even affect the

response of superstructures.

All of the aforementioned studies [27], [36], [47], [53], [72], [78] have solely focused
on amplitude variations due to kinematic interaction effects, and only a few studies
explored the evaluation of changes in the phase angle of the response. Makris and
Gazetas [113] studied the phase difference of displacement response for a top loaded
single pile using dynamic Winkler model to investigate pile-to-pile interaction under
dynamic loads and this influence was found to have a negligible contribution. Recently,
Kirkit et al. [114] studied phase variations for a pile in homogeneous soil that is
subjected to base excitations. They concluded that the presence of the pile disturbs the
spatial variation of the phase angle of the ground motions (to be used as the input)
relative to the free field, in addition to their amplitudes. This meant that the free field
soil displacements are not necessarily in phase with those adjacent to the pile and that
these differences may also have variations with respect to depth — a recipe for inducing
additional curvatures within the pile. Therefore, some sections of pile might be
subjected to higher or lower forces, and neglecting the phase effects could be

detrimental.

In the present study, the previous work in this area [114] is extended and an extensive
parametric study is performed to examine the effects of kinematic interaction on the
steady-state behavior of free and fixed head piles embedded in multi-layered soil

deposits.

4.2.1 Problem Definition

The geometry of a single pile embedded in a multi-layered soil medium that rests on top

of an elastic bedrock is depicted in Figure 4.11. It is assumed that the input seismic
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waves are vertically propagating horizontally polarized shear (SH) waves, which are
applied at the soil's bedrock boundary. Wave reflections and refractions in multi-layered
media —along with the nominally higher stiffness of the pile relative to its surrounding
soil— may significantly alter the input waveforms from their initial states, which, in

turn, influence the effective loading acting on the pile.

End-Bearing Pile

Layer 1 Hy P1:¥1, Vet

£o, V0, V,s

P3, V3, Vi

Figure 4.11 Geometry of a single pile embedded in a layered soil rest on elastic bedrock

In this study, the effects of soil layering, pile boundary condition, and frequency content
of the input excitations on pile-soil kinematic interaction is examined. The model matrix
comprised of a homogeneous and a three-layered soil domain (with a soft intermediate

layer), and free- and fixed-head piles.

Based on literature research for this study it can be deemed that past studies on soil
layering effects on kinematic interaction have been limited to two-layered soils, and
these studies concluded that the pile is subject to force constraints at the interface of
those two layers [11, 24, 28-30]. It should also be noted that in geotechnical engineering
practice, soil profiles are usually idealized to simplify and accelerate the analyses, and

adverse conditions are taken into account only indirectly by applying safety factors. The
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simplest idealization is to assume that the soil layer is completely homogeneous. The

consequences of using this simplifying assumption will also be examined.

4.2.2 Parametric Studies

Two types of soil configurations are considered to investigate the effects of soil
heterogeneity on the spatial variation of the phase angle: (i) homogeneous (single-layer)
soil on elastic bedrock and (ii) three-layered soil with an intermediate soft layer on

elastic bedrock. Analyses are carried out for both free and fixed pile-head conditions.

The total soil layer thickness on elastic bedrock is taken as H = 20 m. Linear elastic
material model is considered for pile and soil in phase angle study. The pile diameter is
D =1m, and it is socketed into the stiff rock layer by 2D =2 m (i.e., the pile length is L
= 22 m)2. The pile's (i.e., cast-in-place concrete's) mass density, Poisson's ratio, and
Young's modulus are taken as pp = 2.5 t/m3, 1, = 0.15, E, = 30 GPa, respectively. The
layered soil profile consists of three layers —with mass densities of p1 = 1.6 t/m?, p, =
1.5 t/m?, and p3 = 1.7 t/m?®, thicknesses of Hi, Ho, and Hs, and shear wave velocities of
Vsi, Vsz, and Vss—resting on elastic bedrock. The shear wave velocities of the layers are
determined according to EC8 (Eurocode 8) [101], considering “Ground type D”. Details
of soil layering and parameters used in subsequent parametric studies are provided in
Table 4.4, where fayg (calculated by equation (3.6) using Vay) represents the average
natural frequency of the multi-layered soil, which is also used to evaluate the
coefficients of the Rayleigh damping. Four different input frequencies finp ranging from

low to high values are considered in all cases —i.e. finp/fag = 1, 2, 4, and 8.

Table 4.4 Soil profiles considered in parametric phase angle studies

Case Hi (m) Ha/H1 Vs1 (m/ S) Vai/Vs2 | Vsi/Vss (\rﬁ/\lsg) ({_ar;)
Single-layered 20 — 180 — — 180 2.25
Three-layered 5 0.6 150 2.0 0.5 175 2.20

2 It is useful to note here that in previous studies concerning kinematic interaction, the end-bearing piles
were placed directly on the bedrock — a configuration that is actually rare in engineering practice — but
were not socketed as they are in the present study.
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4.2.2.1 Kinematic Steady-State Curvature Response
The curvature time history at each depth z can be computed as follows:

0—52 (Z:t)_o'%z (Zrt)

k(z,t) = e

(4.6)

where of (z,t) and al,(z,t) are stresses recorded at depth z at two Gauss points (right
and left) within the width of the pile or free-field soil column and d is the distance
between these two points (it is useful to mention that the SSP quadrilateral element has
only one Gauss point); E(z) is the Young's modulus, which can be a function of z. Then,
the steady-state part of the curvature response is used to fit a two-parameter sinusoidal

function oscillating with frequency @ = 2 zfinp. TO Wit,
k(z,t) = (1/R)(w, z)cos[—wt + ¢ (w, 2)] 4.7

where (1/R)(w, z) and @ wz) are the curvature amplitude and its phase angle at
frequency o and at depth z, respectively. This procedure is used to compute pile and

free field soil curvatures in all cases studied.

The variation of the curvature amplitude and phase angle with depth for free and fixed
head piles embedded in homogeneous and layered soil, respectively, are presented in
Figures 4.12 — 4.15. Free field soil curvature is also shown. The green dashed line at z =
—20 m shows the interface of the soil and elastic bedrock, at which a sudden change

occurs in the soil curvature due to the change in Young's modulus.
As seen in Figure 4.12 and Figure 4.13:

e In all cases, the amplitude of soil curvature is negligible in comparison to the
pile curvature. This is mainly because the dominant mode of vibration of
vertically propagating horizontally polarized waves within the soil is shear when
there is no pile.

e The pile curvature becomes large when the input frequency is equal to natural
frequency of the soil layer. As w increases, the pile curvature decreases while its
fluctuations along the pile-length increases. It is also interesting to note that the
soil curvature is higher when the input frequency is two times the natural
frequency of the soil layer — i.e., finp/fayg = 2. This is probably so, because the
bending behavior is more active in the second mode than the first, which is more

dominated by shear-type deformations.
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e At low and moderate frequencies, the maximum curvatures occur at the pile-
head and somewhere at mid-length for fixed and free head piles, respectively.
However, this trend is not true for high frequencies —viz. finpfavg = 8. Moreover,
as we move away from the pile-head, the effect of the pile boundary condition
on both the amplitude and the phase angle of the curvature diminishes, and

fixed- and free-head pile behaviors converge to each other.
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Figure 4.12 Pile and free field soil curvature amplitude for homogeneous soil condition
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Figure 4.13 Pile and free field phase angle for homogeneous soil condition

In order to visualize the phase variation along the pile length, the curvature
phase angle at depth z = — 22 m, which is equal to the pile length, is subtracted

from the phase angles ¢ and ¢. As seen, for finp/fay = 2 and 4, the soil phase

shift is negligible (less than 5 degrees). However, for finp/fayg = 1, the free-field
soil and pile phase angles change approximately 180 degrees at z~ — 10 m and z
~ — 16 m, respectively, where the curvatures become minimum. This, in fact,
depicts a change in the sign of curvature. In order to show this clearly, we
rewrite the steady state curvature in the following form, considering the Hilbert

transform of the real curvature data:
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K(z,t) = (%) (w, 2){cos[—wt + ¢p(w, 2)] + i sin[—wt + Pp(w, 2)]} (4.8)
or
k(z,t) = K(w,z)e"i0d (4.9)

where K (w, z) = (%) (w, 2)[cosp(w, z) + ising(w, z)]. The spatial variation of
the real and imaginary components of K (w, z) for fixed- and free-head piles in
homogeneous soil layer are given in Figure 4.16 — Figure 4.17 for finp/fag = 1
and finp/favg = 4, respectively. As seen, for finp/fag = 1, @ is constant along the
pile except at z =~ — 16 m where the curvature changes sign. For finp/fag = 4,
again, we can see the change in sign at z = — 5 and —15 m for the fixed-head pile,
and at z = — 15 m for the free-head pile. However, in each segment, there are
slight changes in the phase angle as well, which in turn result in open- and

closed-loop behavior as shown in the top-view plots in Figure 4.17, respectively.

As seen in Figure 4.14 and Figure 4.15 in most cases, the introduced heterogeneity
increases the curvature amplitudes in comparison to the homogeneous cases. For finp/favg
= 1, the pile curvature behavior for both fixed- and free-head conditions is changed
significantly. Moreover, in all cases, the intermediate soft layer causes building up of
curvatures and thus the maximum curvatures occur in its vicinity. This, in turn, will
cause the intensification of pile moments in this area. Also, the phase patterns are
changed significantly in comparison with their homogeneous counterparts, which again
will result in completely different curvature behavior. These results highlight the
detrimental effects that a simplifying approach may have in pile design.

4.2.2.2 Kinematic Steady-State Displacement Response

As mentioned earlier, the kinematic pile interaction alters the space and frequency
dependency of the amplitude and the phase angle of the free field soil response. An
accurate knowledge of these effects can be used to properly transform the free field
motions into kinematic pile input motions to be used in inertial SPSI analysis.

In this section, the effects of using the free field phase angle ¢ —instead of the

kinematic phase angle of the pile ¢,- to compute the kinematic response of the pile (the

input motion) is investigated. Considering a harmonic loading with frequency o, the
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steady-state response u(z,t) can be written in the same way introduced in §4.2.2.1. To

wit:
u(z,t) = U(w, z)e "D (4.10)
where U(w, z) = A(w, 2)[cosdp(w, z) + ising(w, z)] (4.11)

(@) finp/farg = 1 (b) finp/favg = 2
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Figure 4.14 Pile and free field soil curvature for layered soil condition with intermediate
soft layer
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Figure 4.15 Pile and free field phase angle for layered soil condition with intermediate
soft layer

Again, in all numerically studied cases, the steady state part of the calculated simulation
data is used to fit a two-parameter sinusoidal function in order to obtain the amplitude
A(w, z) and the phase angle ¢ (w, z) of the pile, and the free field soil response. Then,
the kinematic interaction factor I(w, z)—taking the spatial variations of both amplitude

and phase into account—can be defined as follows:

I(w,2) = Ap(©2) [cosAp(w, z) + isinAp(w, z)] 4.12)
Af(w,2)
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where Ap(w, z) = ¢p(w,z) — ¢r(w, z). Itis useful to note here that previously defined
kinematic interaction factor I, —is a point-wise factor that only takes the amplitude

changes into account—is equal to I,(w, 0) if A¢(w, 0) is set zero in Equation (4.12).

(a) Fixed-head pile; fip/fove = 1
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Figure 4.16 Spatial variation of real and imaginary components of the steady state pile
curvature with depth for finp/favg = 1
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(a) Fixed-head pile; fip/fove = 4
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Figure 4.17 Spatial variation of real and imaginary components of the steady state pile
curvature with depth for finp/favg = 4

Free field response of a homogeneous soil layer on elastic rock

The spatial variation of the free field response with depth is shown in Figure 4.18. The
response is normalized using the reference point—filled dot in Figure 4.18—at depth z, =
— 20 m. As seen, the maximum displacement occurs when the bedrock is excited at the

natural frequency of the soil layer. By increasing o, the amplitude decreases while its
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fluctuations increase with depth, which can be approximately related to the number of
wavelengths encompassed in the soil layer at each frequency. In other words:

_ 4H
finp/favg

A (4.13)

where A is the wavelength, H is the layer thickness, and fayg is the natural frequency of
the homogenous soil layer. Using Equation (4.13), H becomes equal to A/4, /2, A, and
2 A for finplfag = 1, 2, 4, and 8, respectively. The existing phase shifts are also related to
the minimums that are visible in the amplitude plots (see Figure 4.18(a)), which again
are indications of sign changes in the soil response at those locations. As ® increases,
the number of these shifts increases commensurately. It is useful to note here that the
entire phase shifts from the bottom to the top of the soil layer (A¢*) are approximately
n/2, w, 2r and 4= for finp/favg = 1, 2, 4, and 8, respectively. This can be justified by the

following equation.
AP ~ 2mH /A (4.14)
Effects of phase angle on steady state response of the pile

The changes of the real and imaginary parts of the pile response with depth for the
homogeneous soil case is given in Figure 4.19 and Figure 4.20, respectively. In order to
explore the effects of neglecting the kinematically induced phase differences with
respect to free field condition, the pile responses—when they are in-phase with the free-
field condition—are also plotted. Again, the free field response at the interface of the soil
layer and the bedrock is used to normalize the pile amplitude and phase angle. The
spatial variation of the amplitude and phase angle of the pile and the free field soil
responses in polar coordinates is shown in Figure 4.21, wherein the horizontal and
vertical axes measure the real and imaginary parts of the response, respectively. As seen
in these figures, fixed- and free-head piles respond in almost identical fashion, except
near the pile head. At finp/fag = 1, the actual pile response becomes significantly
different along the entire length of the pile from the case where phase changes are
neglected. This is mainly because an almost constant phase shift of about 45 degrees
exists between free field and kinematic pile responses in this case (see Figure 4.21(a)).
As o increases, these differences become more localized. Moreover, the increase in
loop behavior for higher frequencies (see Figure 4.21) depict the increase in changes of

phase angle with depth and with a pattern that is different from the free field condition.
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Figure 4.18 Free field response of a homogeneous soil on bedrock
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Figure 4.21 Spatial variation of the amplitude and phase angle of the pile and free field
soil steady-state response in polar coordinate for the homogeneous soil

The same variations for the three-layered soil case are plotted in Figures 4.22 — 4.24.
Again, we see that by taking the kinematic phase angle to be the same as its free field
counterpart, errors are created in computing the actual kinematic responses of the pile.
Moreover, phase differences between the fixed- and free-head pile become more
pronounced at finp/faig = 1 (although this difference is almost constant along the pile
length).
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Figure 4.22 Effects of kinematic phase difference on real components of pile
displacement in three-layered soil with an intermediate soft layer
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displacement in three-layered soil with an intermediate soft layer
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Figure 4.24 Spatial variations of the amplitude and the phase angle of the steady-state
responses of the pile and the free field soil in polar coordinates for the three-layered soil
with an intermediate soft layer

4.3 Concluding Remarks

In this chapter, the kinematic interaction between pile and soil is examined by an
established numerical model with OpenSees. The significant findings are summarized

below:

e Nonlinear soil behavior substantially influences the kinematic interaction. The
elasto-plastic properties of soil reduce the seismic motion effect (especially in
terms of acceleration). On the other hand, piles have a linear behavior
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increasing the outcomes. Consequently, kinematic interaction factor in terms of
acceleration (l,) is larger than unity.

Based on results obtained from earthquake loading, the kinematic interaction
factor in terms of displacement is one, while in terms of acceleration it is
variable depending on soil properties, pile properties, and motion features.

A new kinematic interaction factor including phase angle have been suggested.
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CHAPTER 5

SOIL - PILE - STRUCTURE INTERACTION

The analysis of piled-structures under earthquake loading is a formidable task for design
engineers due to interaction within soil, foundation system embedded in ground, and
superstructure (“SFSI” soil-foundation-structure interaction). The piles, which transfer
superstructure loads to the ground as structural elements, and the superstructure are

main components of the design problem.

SFSI can be taken into consideration by direct method or substructure method [2]. In the
direct method, complete soil — foundation — structure system is modeled as a continuum
(e.g., with finite elements) and analyzed in single step. This method is rarely used in
practice because a direct solution of SFSI problems is difficult, especially when the
system is geometrically complex or the soil/structure behaves nonlinearly once loaded.
Furthermore, conducting analyses through this method requires a computer program
with which soil and structural elements can appropriately be modeled. On the other
hand, in the substructure method, the foundation-superstructure system is analyzed
separately and the response of the entire system is obtained by superposition, which
actually is only valid for linear soil, pile, and structure. Nevertheless, the superposition
can be applied to moderately-nonlinear systems as an engineering approximation [42],
[115]. The substructure method includes the following steps [116]: (i) an evaluation of
free-field soil motions; (ii) an estimation of transfer functions to convert free-field
motions to foundation input motions (FIM); (iii) incorporation of springs and dashpots
to represent stiffness and damping at the soil-foundation interface; and (iv) a response

analysis of the combined structure-foundation system.

In this section, the responses of pile and structure under earthquake loading are
investigated with a separate soil-pile-structure model established in Plaxis 2D. Various
cases are modeled considering the complete soil-pile-superstructure system (i.e.,
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kinematic and inertial effects) and the soil-pile system (only the kinematic effect) for a
single pile and pile groups. The inertial effect, by an engineering approximation, is

calculated by taking difference between complete model and soil-pile model.

5.1 Complete Soil — Pile — Structure Model

The geometry, boundary conditions, and solution of equation of motion are explained in
Chapter 3 for the established model in Plaxis. Advanced features is used, such as
hypoplastic soil material model to consider plastic behavior of soil and embedded-pile
element. The superstructure is modelled as a single-degree-of-freedom system (SDOF).
The piles and superstructure are linked by a massless pile cap resting directly on the

soil. The complete model in Plaxis is shown schematically in Figure 5.1.

Single-degree-
of-freedom
Structure

m: Mass

ET: Flexural rigidity

[Pilo cap rETE

Eml.)ed-d.eld piles

Figure 5.1 The complete soil — pile — structure model
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5.1.1 Hypoplastic Soil Model

Many constitutive soil models, from simple to sophisticated, have been proposed for
various geotechnical engineering problems. Design engineers need to select an
applicable model in accordance with their project requirements. They want to be
familiar with the scopes and limitations of the soil model; on the other hand, they do not
interest and do not need to have a detailed background on the formulation of yield
surfaces and complicated hardening rules. Constitutive model of soils are developed
through laboratory experiments on specimens considering some fundamental properties

of soils, such as [117]:

- Soil nonlinearity

- Soil irreversibility (loading — unloading - reloading)

- Asymptotic behavior in proportional stress and strain paths
- Failure criteria

- Stress-volumetric coupling

- Deformation history

- Anisotropy

- Time-dependence (rate-effects).

Goldscheider [118] initially developed hypoplasticity through an investigation of the
sand behavior under cuboidal deformations, which has the following properties: (1)
limited elastic behavior with a flow rule, (2) with a constant mean pressure the amount
of contraction (negative dilatancy) after a reversal is larger than the one of dilatancy
before a reversal, and (3) the proportional compressive deformation paths
asymptotically lead to proportional stress paths. Kolymbas [119] proposed constitutive
equations considering the aforementioned properties, however, the determination and
physical meaning of the parameters were unsatisfactory. The hypoplastic model was
improved by Kolymbas [120] by combining the effects of pressure and density. The
hypoplastic model, contrary to the elasto-plastic model, does not separate deformations
into elastic and plastic components, and hence, explicit definitions of yield function,
flow rule, hardening, softening, etc. are not required [121]. Nevertheless, it is capable of
predicting significant features of soil behavior, such as the critical state, dependency of
the peak strength on density of soil, non-linear behavior for a wide range of strains

(small to large), dependency of the soil stiffness on the loading direction.

87



The early hypoplastic models focused on the development of constitutive models for
granular materials, i.e., sands and gravels. Niemunis & Krieg [122], Herle & Kolymbas

[123], and Masin [124] have applied hypoplastic principles to fine grained soils.

The general form of hypoplastic equation is:

T = £:+D + N||D|| (5.1)

where T represents the objective (Jaumann) stress rate, which is a function of Cauchy
stress; D is the Euler’s stretching tensor; £ and N are fourth- and second- order
constitutive tensors, respectively. The model features and parameters considering soil
type (clay and sand) are given in detail by Lanier et al. [125]; Weifner & Kolymbas
[126]; Fuentes et al. [127]; and Masin [128].

5.1.2 User Defined Hypoplastic Model for Clay in Plaxis

The hypoplastic model for clay implemented in Plaxis 2D AE.02 [104] requires five
constitutive parameters (N, A°, &, ¢, and r), which correspond to the parameters of the
modified Cam-clay model and can be obtained by standard laboratory experiments. The
model parameters N, A, and « are determined from isotropic compression line (Figure
5.2). The parameter ¢ is critical state friction angle; the parameter r controls the shear

stiffness and needs to be calibrated by laboratory experiments.

In (1+e)

Isotropic normal compression line

Isotropic unloading line
Current state

P % Inp

Figure 5.2 Isotropic compression and unloading lines defining parameters N, A°, and x
(adapted from [124])
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The small strain behavior of clay is taken into consideration by the intergranular strain
concept requiring five additional parameters [104]: R for the size of the elastic range; fr
and y for the rate of stiffness degradation; mr controls the initial shear stiffness for the
initial and reverse loading conditions; and mr for the stiffness on neutral loading
conditions. The parameters must be calibrated by laboratory experiments utilizing
dynamic methods capable of measuring very-small strains (less than 10 %), such as in

bender elements and resonant column testing.

The parameter p: represents the shift of the mean stress due to cohesion and non-zero
value of p: is required to overcome problems related to the stress-free state. Default
value in Plaxis for pt is 10 kPa and it may be set to a very low number, e.g. pt = 10, for
basic hypoplasticity applications. The bulk modulus of water Ky, for undrained analysis
should be set to 0.

London clay properties determined by Gasparre [129] are used in the present study.
Typical parameters are given in Table 5.1. Additionally, the shear strength degradation
curve (G/Gmax) (Figure 5.3) and damping ratio (&) (Figure 5.4) with increasing stiffness
of London clay by hypoplastic model is compared with proposed curves for clay
considering plasticity index (P1) by Vucetic & Dobry [109]. G/Gmax curve is calculated
by the “Soil Test” feature of Plaxis and &is computed by:

Wp
4ntW s

§= (5.2)

where, Wp (dissipated energy in a load cycle) and Ws (energy stored at maximum strain
1) are calculated by Equations (5.3) and (5.4), respectively, though they are derived for

a small strain model by Brinkgreve et al. [130]:

__ 4GmaxYo.7 _ Vs _ 2Yo.7 Ysa
WD N a [2]/5 1+y0.7/¥sa a In (1 + V0.7)] (53)
We = Gmasz2 (5 4)
5T 242y5a/v07 '

Y07 corresponds to shear strain at which G/Gmax is equal to 0.7 and a is a constant value

of 0.385. Damping ratio bounded by a certain lower limit of shear strain Jeut-of :

Gmax
Yeut—off = VOTZ( /H - 1) (5.5)
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in which Gyr denotes unloading reloading shear modulus (Gur~ Gmax/10 for soft soils).

A damping of 5 % is considered in Plaxis using the Rayleigh method [98], in which
ai and a, are calculated for a shear wave velocity of Vs = 180 m/s and a soil thickness of
the top H = 30 m from the surface, which are determined considering a soil type of Z4
in the Turkish Earthquake Code [111] for Vs <200 m/s and H > 10 m.

Table 5.1 Used parameters for the London clay in the hypoplastic model

Hypoplastic model | Intergranular strain
parameters concept parameters
08 21.9° R 5.00E-05

A 0.1 MR 9.0

K 0.02 mr 9.0

N 1.26 pr 0.1

r 0.5 X 1.0

1.2

1.0

0.8
—PI=0 06 ¢
= =P|=15 o
eee PI=30 o
e P| =50 0.4
- «=P| =100
e P| =200 0.2
—6— London Clay

I T T T T T 0.0
0.00001  0.0001 0.001 0.01 0.1 1 10

¥ (%0)

Figure 5.3 Shear stiffness degradation curve of London clay with comparison by curves
of fine-grained material for different PI recommended by Vucetic & Dobry [109]
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Figure 5.4 Damping ratio calculated by equation (5.2) and comparison with curves of
fine-grained material for different Pl recommended by Vucetic & Dobry [109]

The undrained cohesion cy of clay layer is determined by simulation in “Soil Test” in
Plaxis, similar to G/Gmax curve. The relationship between shear and normal stresses are

shown in Figure 5.5. Accordingly, the value of cyis calculated as 60 kPa.
80

60

40

Shear Stress

20

50 100 150 200 250
Normal stress (kPa)

Figure 5.5 Mohr circle of London clay under undrained condition calculated through the
“Soil Test” simulation feature in Plaxis
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5.1.3 Embedded Pile Element

A special modeling element called the “embedded pile” is defined in Plaxis to model
the pile based on the embedded beam approach [131], [132]. Embedded piles comprise
of beam elements (represented by Mindlin beam element allowing deflections due to
shearing as well as bending) to model pile itself and interface elements to model the
interaction between the pile and the surrounding soil at the pile skin and tip. Moreover,
the embedded pile element, unlike the solid or plate elements, deals with a row of piles
in the out-of-plane direction in a two-dimensional plane strain model. As seen in Figure
5.6 the pile is not in a two-dimensional mesh, where the soil element is continuous, and
the pile is superimposed on the mesh by special out-of-plane interface elements. The
stiffness of the interface element should be determined considering loads transferred

from the pile onto the soil and vice versa.

Geometry line

Interaction between embedded , ~
pile (row) and mesh through
interface elements

4 \
Embedded pile (row), :
“floats™ above mesh

Figure 5.6 Schematic representation of embedded pile in the plane strain model [133]

5.1.3.1 Material Properties of Embedded Pile

The embedded pile is defined by a certain type of material data set: the properties of
pile material and its geometric features, the interaction properties with the surrounding

soil, and the out-of-plane pile spacing Lspacing in @ row. The pile is considered as an
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elastic beam with a Young’s modulus E, and unit weight ». Geometric features of the
pile are defined by a predefined pile shape given by a massive circular pile and pile
diameter D which determines the elastic zone around the actual pile.

5.1.3.2 Soil — Pile Interaction

The behavior of interface between the pile and the surrounding soil is described by an
elastic-plastic model. The elastic behavior considers the differences between the pile
displacements and the average soil displacements in out-of-plane direction. A skin
resistance Tmax (in unit of force per length) and a base resistance Fmax (in unit of force)

are defined with a failure criteria to distinguish the elastic and plastic behavior.
In the elastic region, the shear force ts at a particular point:

|ts| < Trax (5.6)

For the plastic behavior:

|ts| = Tnax (5-7)
The shaft resistance is defined by means of skin resistance at the pile top and bottom:
Ttopmax and Thot,max. The total pile bearing capacity Npile is calculated by:

Npile = Fmax + 1/2 Lpile (Ttop,max + Ttop,min) (5-8)

The equivalent bearing capacity per unit of width in the out-of-plane direction is

calculated by dividing the bearing capacity by the pile spacing Lspacing.

Modelling of soil-pile interaction is portrayed in Figure 5.7.

Rs
TS:max
Rn
R = stiffness lateral direction
Rs = stiffness axial direction
Ke Ke = stiffness base
F Tsmax = maximum force axial direction
I bot;max Frormax = maximum base resistance

Figure 5.7 Soil-pile interaction model in Plaxis [102]
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The interface stiffnesses:

Rg = ISFpg—= (5.9)
spacing

Ry = ISFgy—— (5.10)
spacing

Kp = ISFyp—= (5.11)

spacing

The interface stiffness factors for axial ISFgs, lateral ISFrn, and base ISFkg:

. -0.75
ISFys = ISFay = 2.5 (Lspaany/Deq) (5.12)

Lspacing —075

where Deq is the embedded pile diameter (5.14).

Deg = |22 (5.14)

An elastic zone around the embedded pile row in the surrounding soil is automatically
defined by the Plaxis software. The size of this zone is equal to the equivalent diameter
of embedded pile along the pile and is equal to the equivalent radius Req (=Deq/2) at the
base of the pile (Figure 5.8).

Embedded pile row

eq

', Elastic zone

Figure 5.8 Elastic zone in the surrounding soil [102]
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Parameters used in analysis for the pile geometry and bearing capacity vary according
to pile diameter D and material (concrete or steel). The skin resistance is calculated by
the o method (5.15) assuming an o value of 0.6 based on cy and the base resistance is
determined by (5.16) [134].

T = acynD (5.15)
F =9c,mD?/4 (5.16)

5.1.4 Single-Degree-of-Freedom (SDOF) System

The superstructure is modelled as a linear mass-spring system represented by a mass on

top of a beam (Figure 5.9) and verified by a free-vibration analysis.

The natural frequency f, of the beam is:

1 k 1 F
fa an/ang\E:Z\/% 17

where on natural frequency, k spring constant, F force, u deflection, m mass.

u
S
m
L, El
\
\
\
\\ m=0
\
L, [

T/ 777

Figure 5.9 Mass-spring system with a cantilever beam and a mass on top
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The deflection of the beam (u) consists of two components: deflection due to the load
applied at the top of the beam Ubending (5.18) and deflection due to in the cross-section of
the beam Ushear (5.19) [102].

FL3

Upending = 3EL (5.18)
12FL(1+V)
Ushear = " epr (5.19)

The natural frequency f, of a beam with mass on top can be calculated by:

1 F
fo =5 m (5.20)

3EI SEA

In the two dimensional model, a rectangular cross-section is considered with a width b
of 1 m. Then, cross-sectional area is A = b-h = h m? and moment of inertia is/ =
b-h3/12 = h3/12. A slender beam (h/L < 0.1) is chosen to minimize (or ignore) the
effect of the shear part (< 1 %).

The mass-spring system is modelled by two plate elements in the FE model. The first
element representing the spring has a length L equal to the height of the center of the
mass; the latter is mass, which has a very small length (L2 = 0.02 x Ly).

The geometry (Figure 5.10) and stiffness parameters of plates are given in Table 5.2.
The structural elements are assumed as reinforced concrete. The weight of mass varies
according to the natural frequency (or period) of SDOF system (Table 5.3), which is
calculated using equation (5.20). The soil geometry and properties are insignificant (for
SDOF system) without affecting the results and this is necessary for mesh and
calculation because Plaxis cannot run without soil with error: “stiffness matrix is nearly
singular and cannot be solved”. The column plate element is extended due to similar

reason as well.
Free-vibration analysis, for verifying of the SDOF system, is performed in four phases.

1. |Initial phase

2. Construction of SDOF structure

3. Loading: the beam is loaded at the top with a horizontal force of -10 kN/m.

4. Free-vibration: the applied force is released and then the system is allowed to
vibrate.
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Mass e——p- _ Horizontal point load

A

Sm «— Column element (massless)

Fixed-base

rd

T\ Extended part of plate

Soil (necessary for calculation)

.

X

Figure 5.10 Fixed-base SDOF system created by Plaxis to verify superstructure model

Table 5.2 Geometric and stiffness features of SDOF system

Parameter Plate 1 (Spring) Plate 2 (Mass)

Material Type Isotropic Linear Elastic Isotropic Linear Elastic
Length, L 5m 0.1m

Young's modulus, E 30 GPa 30 GPa
Cross-sectional area, A | 0.1 m? 0.1 m?

Moment of inertia, | 8.33E-5m* 8.33E-5m*

Weight, w 0 KN/m/m variable

Table 5.3 Weight of mass based on the natural frequency of fixed-base beam

Frequency, f (Hz) Period, T (sec) Weight, w (KN/m/m)
2.0 0.5 38
0.5 2.0 607

Results calculated by the finite element method (Plaxis) are compared with the
analytical solutions in terms of bending deflection Ubending (5.18) and presented in Table
5.4. Moreover, the periods of SDOF system calculated by FEM using definite weights
computed by equation (5.20) to reach the desired period (Table 5.5) are shown in Figure
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5.11. It could be seen that the obtained values by established FEM are in accord with
the calculated values by analytical methods.

Table 5.4 Comparison of bending deflection calculated by FEM and analytical method

Ubending (FEM) Ubending EQ.(5.15) Difference
0.174m 0.167 m 4.19 %
T=0.5 sec
0.2 o
= 0.1
5
§ 0.0
A 01
-02
0.0 0.5 1.0 1.5 2.0
Time (sec)
T=2.0sec
0.2 4 >
= 0.1
5
5 0.0
A 01
-02
0.0 1.0 2.0 30 4.0 5.0
Time (sec)

Figure 5.11 Periods of SDOF system obtained by FEM for different weight in Table 5.5

5.2 Investigation of Pile and Superstructure Responses by Parametric studies

The response of pile have been investigated in this study by complete model created by
FEM (Plaxis) applying three real earthquake records at the base of the model (Table
5.5). Besides, the response of superstructure and foundation input motion have been
addressed. Analyses were performed considering situations presented in Figure 5.12 for

single pile and Figure 5.13 for pile group. The cases are as the following:

o Case | represents free-field condition.
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e Case Il corresponds to kinematic loading; Case Il reflects complete situation

(soil-pile-structure) for a single pile.

e Case IV is modeled to compare mass response with pile (Case Ill: point E) and

without pile (point F).

e Case V and Case VI is modeled to simulate pile response against kinematic

loading considering free-head and restrained-head (with cap).

e Case VII demonstrates complete model which is similar in practical problem.

Table 5.5 Earthquake records used in the analyses

Motion ID Earthquake Station (Direction) Vs,30 (M/S) * PGA (g)
Diizce 1999 Diizce Mudurnu (000) 535 0.120
Kocaeli 1999 Kocaeli Eregli (090) 585 0.101
Loma Prieta | 1989 Loma Prieta Gilroy #1 (090) 1428 0.473

*Vs 30 represents site condition where the station is located.

Parameters used in analyses for embedded-pile and SDOF system are presented in

Table 5.6 and Table 5.7, respectively. The diameter of 1 m and the SDOF system period

of 0.5 sec is preferred in analyses, except pile diameter and SDOF system period effects

on complete (soil-pile-structure) system response. The pile cap is considered as a

massless plate element with a Young’s modulus of 30 GPa and thickness of 1 m. Pile,

SDOF system, and cap are considered as undamped. With respect to soil, London clay

properties are used considering hypoplastic material model (Table 5.1).

Table 5.6 Parameters used for embedded pile

Parameter Values

Diameter, D (m) 1 0.5 2
Length, Lpie (M) 20 20 20
Slenderness ratio, L/D 20 40 10
Spacing in out-of-plane, Lspacing (m) = 3D 3 15 6
Young's modulus, Epie (GPa) 30 30 30
Unit weight, » (KN/m3) 25 25 25
Skin resistance at pile top, Tiop,max (KN/m) 120 60 240
Skin resistance at pile top, Toot,max (KN/m) 120 60 240
Base resistance, Fmax (KN) 425 105 1700
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Table 5.7 SDOF system parameters considering system period T and width (which is
equal to pile diameter D)

Parameter T=05sec | T=20sec | T=1.0sec | T=0.5sec | T=0.5sec
D=10m | D=10m | D=10m | D=05m | D=20m

Spring length, Lspring (M) 5 10 10 5 10
Mass length, Lmass (M) 0.1 0.2 0.2 0.1 0.2
Young's modulus, E(Gpa) 30 30 30 30 30
Cross-sectional area, A(m?) 1 1 1 0.5 2
Moment of inertia, | (m*) 8.33E-02 8.33E-02 8.33E-02 1.04E-02 6.66E-01
Weight of mass, w(kN/m/m) 3800 3800 950 950 950

Case | Case II

Free-Field ile

Case 111
Single Pile
SDOF Structure

Figure 5.12 Investigated cases for single pile

Single P:

Case IV
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Case VI
Case V Pile Group

Pile Group @ with cap @

Case VII
Pile Group
with cap

Figure 5.13 Pile group cases considered in analyses

5.2.1 Pile Response

In design of the pile foundations, only the inertial loads due to vibration of the
superstructure are considered or soil displacements due to seismic waves propagating in

soil domain are applied along the pile directly [61], [66].

Turkish Earthquake Code [111] and Eurocode 8 [101] suggest that the piles should be
designed to resist the inertial loading due to superstructure with axial loads and

kinematic loading because of the soil deformation during earthquake.

Pile bending moments occurred along the pile and pile displacement are presented in

Figures 5.14 — 5.16 for single pile cases (Case Il and Case Il in Figure 5.12). Firstly,
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the absolute maximum bending moment in Case 11 (kinematic) occurs at deep level that
is approximately in the middle level of pile length; on the other hand, the maximum
moment appears near surface in Case Il (kinematic + inertial). Secondly, the moment
increases significantly by superstructure effect. Furthermore, the displacement of pile
near surface for Case Ill is larger than Case Il. Here, it is clear that the inertial
interaction is more dominant in homogeneous soil condition under earthquake loading.
Additionally, the large earthquake record (Loma Prieta) causes greater bending moment

on pile as expected.

The maximum moment Mmaxinertial (5.21) due to superstructure vibration (inertial
interaction) is calculated by taking the difference between complete soil-pile-structure
Mmax.total (Case Ill: inertial + kinematic) and soil-pile Mmaxkinematic (Case Il: kinematic)

moments considering absolute values of maximum moments.

Mmax,inertial = |Mmax,total| - |Mmax,kinematic| (5-21)

The maximum inertial, kinematic, and total moments for different earthquake motion
are presented in Figures 5.17 — 5.19. Accordingly, the vibration of superstructure
(inertial interaction) has the greatest impact on pile response. However, the kinematic

interaction should not be neglected as it increases the bending moment.
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Figure 5.14 Minimum and maximum bending moments (Mmin & Mmax) and minimum
and max pile displacements (Umin & Umax) calculated by applying Diizce earthquake

motion
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Figure 5.16 Mmin & Mmax and Umin & Umax Calculated by applying Loma Prieta earthquake

motion
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Figure 5.17 Mmax for different cases with inertial interaction calculated by applying
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Figure 5.18 Mmax for different cases with inertial interaction calculated by applying
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106



Case Il (Kinematic) Case Il - Case Il (Inertial) Case I11 (Total)

0 0 0
2 2 2
4 4 4
6 6 6
€ 8 € 8 € 8
£ 10 £ 10 £ 10
c c c
J12 312 J12
@ @ @
a 14 T 14 a 14
16 16 16
18 18 18
20 20 20
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Mmax,kinematic (kNm/m) Mmax;, inertial (kNm/m) Mmax;, total (kNm/m)

Figure 5.19 Mmax for different cases with inertial interaction calculated by applying
Loma Prieta earthquake

Even though in some cases (such as monopile with wind turbine or under a bridge pier)
the singular pile is used, piles, in general, are designed as a group to support a given
structure. A basic 1x4 (Figure 5.13) pile group model with and without structure
including cap (boundary condition of pile at head level) is developed to investigate the
group effects on general response of pile and superstructure. The distance between two
piles is selected as 3D center-to-center to minimize pile-to-pile interaction (pile-to-pile
interaction is outside of the context of this study). The pile maximum bending moments
and displacements with depth are presented for Diizce earthquake without cap (Case V),
with cap (Case VI), and with cap and superstructure (Case VII) in Figures 5.20 — 5.25.
Piles are identified as #1 to #4 representing left-to-side in a group. The pile group
response under other earthquake motions (Kocaeli and Loma Prieta) show similar
behavior. Moments and displacements of them are presented in Appendix-B. The
following results are observed regarding pile group behavior.

e In Case V (free-head piles), the maximum moment occurs at deep level,
approximately near Lpiie/2, as single pile condition in Case Il. The magnitude of
moment is almost identical for all piles in group (Case V) and there is no
significant difference in magnitude when compared by single pile (Case II).

e With respect to Case VI (fixed-head piles), the maximum moment appears at
surface level (pile-head) and its magnitude (= 80 KNm/m) is a bit larger than
free-head condition Case V (= 60 kKNm/m).
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Figure 5.20 Mmin & Mmax calculated by applying Diizce earthquake motion for Case V
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Figure 5.21 Mmin & Mmax calculated by applying Diizce earthquake motion for Case VI

109



Pile #1

Min & Mo (KNM/m)

Mnin & M2 (KNM/m)

Pile #2
0 . 0 ~Z
[N N\
2 \\ 2 \\\
\\ \‘
4 \ 4 -
6 \ 6 \
\ ]
E 8 \ E 8 \
\ \
S 10 \ £ 10 \
c \ c [}
- 12 1 - 12 ]
= \ = \
o 14 \ o 14 \
\ \
16 16 \
\
18 18 \
20 20
-300  -200 -100 0 100 -200 -100 0 100
Ivlmin & Mmax (kNm/m) Ivlmin & Mmax (kNm/m)
Pile #3 Pile #4
0 . 0
‘\
2 \ 2
]
4 ’ 4
I, I’
6 ) 6 ’
[} l,
E 8 E 8 :
]
10 S10 | !
= ] c ]
- 12 \ — 12 \
= \ = \
Q14 \ o140\
\
16 \‘ 6 |
18 \ 18 \
20 20
-100 0 100 200 300 -100 0 100 200 300

Figure 5.22 Mmin & Mmax calculated by applying Diizce earthquake motion for Case VII

110



Pile #2

Pile #1

O N < © O O N < O oo o
=~ o = = <« «

(w) ybua ayid

O N < © O O N < O oo o
~ 4 —«H <+ <« «

(w) ypbua ayid

-0.1 0.0 0.1 0.2

-0.2

0.2

0.1

0.0

-0.1

umin &- umny (m)

|Jmin &- umm( (m)

Pile #4

Pile #3

O N < © o O N T« O oo o
I 4 Hd H <+ «

(w) yrbua a)id

O N < © O O N «© O oo o
T = = = — «

(w) ybus a)id

-0.1 0.0 0.1 0.2

-0.2

0.0 0.1 0.2

-0.1

umin & umax (m)

umin & l'Imalx (m)

Figure 5.23 umin & Umax calculated by applying Diizce earthquake motion for Case V
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Figure 5.24 Umin & Umax calculated by applying Diizce earthquake motion for Case VI
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Figure 5.25 Umin & Umax Calculated by applying Diizce earthquake motion for Case VII

e With regard to complete model Case VII (soil-pile-structure interaction), the
maximum moment takes place at pile-head; however, the increase of magnitude

is significant (=80 kNm/m for Case VI and ~235 kNm/m for Case VII). If Case
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VIl (group pile) is compared with Case I11 (single pile), each pile in the group
takes less bending moment than single pile condition (=350 kNm/m). The
dominance of inertial interaction can be seen here again. Additionally, all pile in
a group do not take the same bending moment.

e The pile #1 and pile #2 takes the moment in (-) direction while pile #3 and pile
#4 returns to (+) direction. Here, placing the superstructure at center of pile cap
and the symmetry of the system are effective, otherwise, some piles in a group
might take larger moments (or load).

e For all cases, any significant change is not observed in terms of displacement
(Figures 5.23 — 5.25)

5.2.2 Superstructure Response

With respect to superstructure design, it is widely believed that the presence of piles is
beneficial to the response of structure system under earthquake loading. Pile
foundations are generally assumed to be rigid enough and fixed-base model is deemed
suitable for structures [115]. This perception stems from analytical studies performed
for fixed- and flexible- base showing that SFSI increases elastic structural period which
means smaller acceleration and stresses in the structure according to design spectrum

recommended in seismic provisions [135], [136].

The structures (except tall buildings, bridges, etc.) are generally analyzed against
seismic loading using elastic response spectra. This spectra can be plotted basically
considering soil type as proposed in regulations or it can be represented by more than
one shape of spectra generated by different earthquake sources. Time history analysis
may be performed as well. Here, the following questions regarding piled-structures

must be answered:

e How should the response spectra be plotted?

e Which motion should be used in analysis of time history?

The free-field motion is altered due to the presence of piles, which is explained in
Chapter 4 and will further be discussed here. Hence, the motion below (or near) the
structure may be different from the free-field motion.

Turkish Earthquake Code [111] suggests the soil layer at the lower tip of the shortest
pile may be taken into consideration as soil class used in design response spectra.
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However, in such a case, it is essential to take piles into account as structural elements
of support system together with the superstructure in the seismic analysis or to idealize

horizontal and vertical rigidities of piles with equivalent springs under the pile caps.

Time histories calculated for different cases pointed in Figure 5.12 under different
earthquake loadings, including input motion at base, are presented in Figures 5.26 —
5.28. The pile diameter of 1 m and the period of SDOF system of 0.5 sec were
considered. For all cases, maximum acceleration amax IS the largest in Case Il (single
pile). In complete model Case Ill, though amax value is slightly smaller than calculated
in Case Il, nevertheless, it is larger than input motion. Accordingly, the use of input

motion in calculations directly does not make sense.

The effect of pile on mass responses are presented in terms of acceleration in Figure
5.29 and in terms of displacement in Figure 5.30 considering Case Ill and Case IV in
Figure 5.12. It can be seen that the existence of pile affects mass acceleration severely
in an unfavorable side increasing the mass acceleration. This is expected situation
because the presence of pile raises the amax. On the other hand, Case Il and Case IV
show similar manner in terms of displacement, except results calculated by Loma

earthquake.
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Figure 5.26 Time histories calculated at base level of SDOF system for different cases
applying Diizce Earthquake Mudurnu station record (D = 1 m; T = 0.5 sec)
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Figure 5.28 Time histories calculated at base level of SDOF system for different cases
applying Loma Prieta Earthquake Gilroy #1 station record (D =1 m; T = 0.5 sec)
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With respect to the motion used in calculations, elastic response spectra with damping
of 5% for different cases under particular earthquake motions are presented in Figures
5.31 — 5.33. Larger peak spectral acceleration (PSA) arises in Case Il and Case V in
which free-head piles with only kinematic loading is considered. The vibration of
superstructure and pile-head boundary condition (fixed-head) influence the system
response. Linking pile heads by cap decreases the spectral acceleration; besides, taking
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superstructure vibration (inertial effect) decreases spectral acceleration and changes
period range of the system. Conversely, inertial interaction increases bending moment

acting on piles seriously— actually, this reflects piled-structure response.
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Figure 5.31 Response spectra for damping of 5 % for different cases applying Diizce
motion (D =1mand T = 0.5 sec)
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Figure 5.32 Response spectra for damping of 5 % for different cases applying Kocaeli
motion (D=1 mand T = 0.5 sec)

Seed et al. [137] plotted average acceleration elastic response spectra (Figure 5.34) for
different site conditions. According to this, stiff site conditions have larger spectral
acceleration in a narrow period range while soft site conditions have smaller spectral
acceleration in a broad range. The embedded-piles make stiffer zone in soil domain
influencing wave propagation. For this reason, higher spectral acceleration values

appear in the piled zone.
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123



4 | 1 I I I
Spectra for 5% Damping

Deep Cohesionless Soil
Stiff Site Conditions
Rock

3F / Soft to Medium Clay & Sand .

0 | | | I | ]
0 0.5 1.0 1.5 2.0 2.5 3.0

Period (sec)

Spectral  Acceleration
Maximum Ground Acceleration
N

Figure 5.34 Average acceleration response spectra for different site conditions [137]

The effects of SDOF system period and pile diameter on soil — pile — structure
interaction are also investigated considering Case Il (single pile with structure). The
engineering properties of motion are summarized in Table 5.8 for different cases
(Figures 5.12 and 5.13) and earthquake motions. T, is the predominant period at which
the maximum spectral acceleration occurs; Tm represents the mean period and being
estimated with the Equation (5.22) in which C; are the Fourier amplitudes and f; is the
discrete Fourier transform frequencies between 0.25 and 20 Hz [138].

xct/fi
T = S (5.22)
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Table 5.8 Summarization of results including the effects of pile diameter (slenderness)
and structure period

Motion ID Case (Point) D (m) Tstr (S€C) amax (Q) gﬂg};::f:ig Tp (sec) | Tm (sec)
Diizce Input motion - - 0.120 1.00 0.300 0.414
Case | (A) -- -- 0.151 1.26 0.320 0.540
Case Il (B) 1 - 0.208 1.73 0.320 0.542
Case I11 (C) 1 05 0.116 0.97 0.080 | 1.227
Case 11 (C) 05 05 0.222 1.85 0.060 0.927
Case I11 (C) 2 05 0.184 1.53 0.760 | 0.967
Case 11 (C) 1 1 0.297 2.48 0.780 0.771
Case 11 (C) 1 2 0.144 1.20 0.320 0.858
Case V (G) 1 - 0.194 1.62 0.320 0.538
Case VI (H) 1 05 0.152 1.27 0.320 0.648
Case VII (1) 1 05 0.103 0.86 0.760 1.040
Kocaeli Input motion - - 0.101 1.00 0.640 0.688
Case | (A) - - 0.145 1.44 0.680 | 0.752
Case Il (B) 1 - 0.235 2.33 0.680 0.742
Case 11 (C) 1 05 0.214 2.12 0.080 0.923
Case 11 (C) 05 05 0.176 1.74 0.060 0.813
Case 11 (C) 2 05 0.426 4.22 0.120 0.899
Case 11 (C) 1 1 0.515 5.10 0.940 0.769
Case Il (C) 1 2 0.177 1.75 0.100 0.940
Case V (G) 1 - 0.255 2.52 0.680 0.780
Case VI (H) 1 05 0.170 1.68 0.960 0.841
Case VII (1) 1 05 0.144 1.43 1.080 1.030
Loma Prieta Input motion -- -- 0.473 1.00 0.380 0.392
Case | (A) - - 0.428 0.90 0.420 0.909
Case 1l (B) 1 -- 1.473 3.11 0.040 0.511
Case 11 (C) 1 05 0.664 1.40 0.080 0.752
Case I11 (C) 05 05 1.359 2.87 0.020 | 0.876
Case 11 (C) 2 05 0.667 141 0.120 0.766
Case Il (C) 1 1 1.676 3.54 0.060 0.388
Case 11 (C) 1 2 0.867 1.83 0.080 0.355
Case V (G) 1 -- 1.242 2.63 0.120 0.423
Case VI (H) 1 05 0.756 1.60 0.120 0.622
Case VII (1) 1 05 0.895 1.89 0.060 0.590

In Table 5.8, Case Il with the pile diameter of 1 m and the structure period of 1 sec is
the most critical condition, in which the amplification has maximum value, for all
earthquake motion. The system (complete soil-pile-structure) period and the motion

period may coincide in that condition. Considering all the results, consequently, the
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motion characteristics with embedded-pile and superstructure change seriously, and
hence, the use of input motion in analysis (or design) directly might be erroneous.

In conclusion, an embedded structural element having more stiffness into ground forms
a rigid zone. Wave propagation in such area is altered by refraction and reflection; and
therefore, the free-field motion and near structure system motion show different features
in frequency content, peak acceleration, peak displacement, predominant period, etc.

5.3 Concluding Remarks

In this chapter, complete soil — pile — structure interaction is investigated by FEM (using

Plaxis). The findings are highlighted below:

e The inertial interaction due to superstructure vibration is more dominant on the
pile response; however, the kinematic interaction should not be neglected since
it increases the bending moment acting on pile.

e The pile is forced especially at the pile head during soil — pile — structure
interaction while it is forced at a higher depth without a superstructure present
(kinematic interaction).

e The presence of piles in the ground creates a stiffer area below the
superstructure. This condition may increase forces acting on the superstructure,
which can clearly be seen in the response spectra plotted with and without pile
for different cases (Figures 5.31 — 5.33).
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CHAPTER 6

RESULTS AND DISCUSSION

The response of a pile-supported structures under seismic loading condition such as an
earthquake is influenced by the interaction between the structure itself, the pile
foundations, and the surrounding soil. Furthermore, the characteristics of input motion

is influential in response.

During an earthquake, wave propagation in soil domain causes vibration
(displacements) inducing soil deformations on the foundations (piles) and the supported
structure — kinematic interaction. In turn, the vibrating superstructure reacts back with
dynamic inertial loads to the pile foundations, which causes deformations within the
surrounding soil — inertial interaction. The response of soil affects the motion of the
structure and the response of the structure affects the soil motion. This phenomenon is

called soil — structure interaction (SSI).

In design of pile-supported structures, SSI should be taken into account to analyze
closer to reality. The most widely methods used to consider SSI: (i) the substructure
method, in which inertial and kinematic interactions are evaluated separately, and then
superposition theorem is applied for entire system; (ii) the direct method, where the

overall seismic response of the whole soil-structure system is analyzed in single step.

In this study, pile-supported structures under dynamic loads are investigated by
numerical models for different cases. Analyses are performed by two particular
numerical tools (OpenSees v.2.4.4 and Plaxis 2D AE.02). Detailed information

regarding methodology is given in Chapter 3.

Chapter 4 focuses especially on kinematic interaction between soil and pile. To examine
the kinematic interaction, parametric analyses are performed by established numerical

model using OpenSees v2.4.4 under dynamic loads (harmonic motion and real

127



earthquake records) considering soil behavior (linear or nonlinear), pile-soil stiffness
ratio (Ep/Es), and slenderness ratio defined as the pile length over pile diameter (L/D).
The results are evaluated in terms of displacement and acceleration. Additionally, the
phase angle (phase difference between force applied to the system and the current
moving in soil domain in vertical and horizontal direction) effect is examined. A new
kinematic interaction factor (ratio between pile and free-field motion) is recommended

including phase angle variation.

In Chapter 5, complete soil-pile-structure model is discussed according to analysis
results obtained by numerical model in Plaxis 2D AE.02. Sophisticated software
features such as embedded-pile element and hypoplastic soil model are used. Kinematic
interaction and inertial interaction are evaluated separately for different cases. Pile
response and foundation input motion which is necessary for superstructure design are

examined.

6.1 Conclusions

Some of the important findings of this study and recommendations are summarized in

the following.

e An overall pattern of for the “kinematic interaction”, both in terms of
displacement and acceleration, is presented for harmonic input motions (Figures
4.2 — 4.4). The effects of soil nonlinearity, the stiffness ratio between the pile
and the soil, the pile slenderness ratio, and the dimensionless frequency are
shown. The kinematic interaction factor for displacements (l,) decreases or
remains constant within the range of relevant frequencies (a < 0.15), whereas the
kinematic interaction factor for accelerations (la) increases in general. The effect
of soil plasticity can clearly be seen when comparing linear and elasto-plastic
soil models, where the value of la decreases with frequency for linear soil while
la increases for nonlinear soil. Under dynamic loading, the free-field
acceleration considering plastic soil behavior is lower than that for linear elastic
behavior in general because soil strain level has significant role on strength and
damping of the soil.

e The three-layered soil profile with an intermediate soft layer introduced
additional bending demands within the pile length in general -in comparison

with the corresponding homogeneous soil- with more demand concentrations at
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vicinity of the soft layer. On the other hand, the effects of pile head condition-
I.e., fixed or free-on both the amplitude and the phase angle of the pile response-
although significant at close proximity of the pile head- became negligible with
depth. Moreover, it was shown that the kinematic interaction effect was more
significant at input frequencies that are close to the fundamental natural
frequency of the soil deposit. As input the frequency increased, these effects
became more localized due to the increase of pile length with respect to the
incoming shear wave wavelength.
It was shown that the kinematically induced phase angle may cause significant
changes in the steady state responses of the pile. For frequencies close to the
natural frequency of the soil layer, these changes -although quite constant along
the whole length of the pile- can significantly alter the pile response, especially
for the studied pile embedded in the homogeneous soil deposit. As the frequency
of the loading increases, kinematically induced phase angle variations become
more oscillatory along the pile length for both homogeneous and layered soils,
with patterns that are different from their corresponding free field phase angle
profiles. This, in turn will change the free field motion profile, and may affect
the response of not only pile but also the superstructure, after being combined
with inertial interaction analysis.
Response of pile foundation embedded in ground as single or an element of a
pile group w/ or w/o superstructure under earthquake loading are evaluated by
parametric studies considering different cases. In the condition no superstructure
(kinematic interaction), the maximum bending moment appears at deep level (=
Lpile/2) for free-head piles and its value is almost identical for single pile and pile
in a group. If pile rotation is strained by a pile cap in a group, the maximum
moment occurs at pile head with approximate value. On the other hand, the
maximum pile bending moment increases too much in case with superstructure
(inertial interaction) and it occurs near surface. Consequently, inertial
interaction (vibration of superstructure) is more dominant in pile response;
however, kinematic interaction should not be neglected as it increases the
bending moment.
There is a misconception regarding piled-structure that the pile is always
beneficial in response of the system. However, the presence of piles change the
system response significantly and generally in damaging side. The input motion
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used in analysis becomes a problem in seismic design since the pile, the
superstructure, and the interaction between them affect the motion— the near
structure motion and the free-field motion show different behavior. The rigid
piles, with its vibration due to its mass, alter motion characteristics amplifying
peak ground acceleration (indirectly spectral acceleration). Additionally, the
superstructure vibration should be taken into consideration in input motion near
piled-structure as it amplifies/de-amplifies the acceleration. As a result, the input
motion including pile and superstructure vibration should be considered in

analysis.

Some inferences could be made using results from transient analyses with earthquake

records. However, they may not be valid for all situations; thus any generalization does

not seem possible because there are a great numbers of parameters affecting the overall

system behavior such as soil and pile properties, earthquake characteristics, and

superstructure features.

6.2 Recommendations

The following suggestions are made for future work in this area.

Engineering structures are located on or very close to earth’s surface and surface
waves (Rayleigh and Love) can be more damaging. Especially, waves are
trapped (with reflection) between earth surface and bedrock in soft soil layer on
semi-infinite bedrock. Kinematic interaction may be investigated in such cases
in which surface waves are significant.

In urban areas, existing (pile-supported) structures (many of these tall buildings)
may be placed close to each other. Wave propagation close to surface in such
areas can show more different behavior. Building interactions and other near
pile groups are also included in the soil-pile-structure problem.

The performance-based design concepts are used in seismic design over the past
10-15 years. In the performance-based approach, structures and facilities may be
analyzed and designed under anticipated seismic loading at two or more discrete
hazard levels with an acceptable degree of accuracy. Kinematic interaction
between soil and pile and complete SPSI may be analyzed by the performance-

based approach.
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APPENDIX-A

OPENSEES SCRIPT FOR SOIL - PILE INTERACTION

A small model (Figure A.1) and its “tclI” (which is a programming language named
“tool command language” used by OpenSees) script regarding geometry, boundary
conditions, and analysis steps are presented in the following. Researchers may create
their own model with large geometry utilizing this small model.

Free-field Free-field
column Pile column
6 L12 18 40i44 24 30 l 36
(0,5 @ Y, D i <P Y, Q (5,5)
5 11 17 139: 43|23 29 35
& N \_j{« “D % Sh
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Figure A.1 Small model to demonstrate analysis performed by OpenSees

140



Tcl Script

#

ki

# Step 1: Crealing geomelry

#

wipe

# Soil nodes are created in 2 dimensions, with 2 translational dof

model BasicBuilder -ndm 2 -ndi 2

#node number Coordinate X Coordinate Y

# soil nodes
node |
node 2
node 3
node 4
node 5

0

7

node

node

node 8
node 9
node 10
node 11
node 12
node 13
node 14
node 15
node 16
node 17
node 18
node 19
node 20
node 21
node 22
node 23
node 24
node 25
node 26
node 20
node 28
node 29
node 30
node 31
node 32
node 33
node 34
node 35
node 36
# pile nodes
node 37
node 38
node 39
node 40
node 41
node 42
node 43
node 44
# dashpot nodes
node 101
node 102

0.00
0.00
0.00
0.00
0.00
0.00
1.00
1.00
1.00
1.00
1.00
1.00
2.00
2.00
2.00
2.00
2.00
2.00
3.00
3.00
3.00
3.00
3.00
3.00
4.00
4.00
4.00
4.00
4.00
4.00
5.00
5.00
5.00
5.00
5.00
5.00

2.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

0.00
0.00

0.00
1.00
2.00
3.00
4.00
500
0.00
1.00
2.00
3.00
4.00
5.00
0.00
1.00
2.00
3.00
4.00
5.00
0.00
1.00
2.00
3.00
4.00
.00
0.00
1.00
2.00
3.00
4.00
.00
0.00
1.00
2.00
3.00
4.00
5.00

2.00
3.00
4.00
5.00
2.00
3.00
4.00
3.00

0.00
0.00
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#

# Step 2: Defining material, motion, and analysis parameters
#

"

# Soil Paramelers

set  tho L7 # soil mass density (Mg/m”3)
sel Vs 120.0; # soil shear wave velocity (m/s)
sel G |expr $rho*§Vs*§Vs]: # soil shear modulus (kPa)

set  nu 04; # poisson's ratio of soil

set B [expr 26*(1+Snu)); # soil elastic modulus (kPa)

sel  bulk [expr SE/(3*(1-2*$nu))| s # soil bulk modulus (kPa)

sl cohesion 0.0 ; # soil cohesion (kPa)

sel  gammaPeak  0.1; # peak shear strain

set  phi 0.0; # soil friction angle

set  refPress 100.0 ; # reference pressure

set  pressCoeff  0.0; # pressure dependency coefficient

# Pile Parameters

sel  pileE 26000000.0; # pile elastic modulus (kPa)
set  pileNu  (.15; # poisson's ratio of pile
sel  pileDen 2.5 # pile mass density (Mg/m”3)

# Dashpot Material

sel rockDen  2.5; # rock mass density (Mg/m"3)
sel rockVs  760; # rock shear wave velocity (m/s)
sel  baseArea 203 ; # calculated by hand

set  m( [expr $rockDen*SrockVs*ShaseArea|

sl dashpotCoeff  |expr SrockDen*SrockVs|
# Base area = 2*100*1 + 3*1 = 203 m”2 (Extended free-field 100 m)

# Input Motion

set  IDloadTag |

set  VelFile HarmonicMotion.out; ~ #time history is loaded from separate file
set  numSteps 500; #number of steps in molion record

sl dt0.01; #lime step in motion record

set  sizeEleX 1.0

# Define conslant scaling factor for applied velocily
set cFactor [expr $haseArea*SdashpotCoeff]

# Rayleigh Damping Parameters

sel  pi 3141592654

set  damp 0.05: # damping ratio

sel  omegal |expr 2*§pi*l]; # lower frequency

sel  omega2 |expr 2*§pi*5]: # upper frequency

sel a0 [expr 2*$damp*Somegal*Somega2/(Somegal + Somega2)|: # damping coefficients
sel al  |expr 2*§damp/(Somegal + Somega2)|

puts  "Damping Coefficients: a_0 = $al; a_1 = Sal"

# Newmark Parameters
set gamma 0.5
sel beta 0.25

#

"

# Step 3: Materials and Elements
#

# Soil Material
nDMaterial PressurelndependMultiYield 1 2 $rho §6 Sbulk Scohesion $gammaPeak \
$phi SrefPress SpressCoefi 25

# Pile Material
nDMaterial Elasticlsotropic 2 SpileE SpileNu $pileDen
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# Dashpot Material
uniaxialMaterial Viscous 3 $Sm( 1

# Interface Material between soil and pile
uniaxialMaterial Elastic 4 [expr 0.8*SE[;

selt wgtX 0.0

set wgtY [expr-9.81*Srho)

set wgtPX 0.0

set wgiPY [expr -9.61*SpileDen]
set thick 1.0

sel thickff 100

# Soil Elements

element SSPquad 1 1 7
0.0 SwetX SwatY
element SSPquad 2 2 8
0.0 SwgtX SwatY
element SSPquad 3 3 9
0.0 SwgtX SwatY
element SSPquad 4 4 10
0.0 SwgtX SwatY
element SSPquad 5 B 11
0.0 SwgtX SwatY
element SSPquad 6 7 13
0.0 SwetX SwatY
element SSPquad 7 8 14
0.0 SwgtX SwatY
element SSPquad 8 9 15
0.0 SwgtX SwatY
element SSPquad 9 10 16
0.0 $SwglX SwetY
element SSPquad 10 1 17
0.0 $SwglX SwetY
element SSPquad 11 13 19
0.0 SwglX SwatY
element SSPquad 12 14 20
0.0 SwglX SwatY
element SSPquad 13 19 25
0.0 $SwglX SwetY
element SSPquad 14 20 26
0.0 $SwglX SwetY
element SSPquad 15 21 27
0.0 SwglX SwatY
element SSPquad 16 22 28
0.0 SwglX SwatY
element SSPquad 17 23 29
0.0 $wglX SwatY
element SSPquad 18 25 3l
0.0 $SwglX SwatY
element SSPquad 19 26 32
0.0 SwelX SwatY
element SSPquad 20 27 33
0.0 SwelX SwatY
element SSPquad 21 28 A
0.0 $wglX SwatY
element SSPquad 22 29 35
0.0 $SwglX SwatY
# Pile Elements
element SSPquad 23 37 41
0.0 SwolPX SwolPY
element SSPquad 24 38 42
0.0 SwolPX SwolPY

20

21

26

20

28

29

30

32

33

A

36

42

43

w

20
21
22
2
I}
26
2
28
29

30

38

39
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element SSPquad 25 39 43 H 40 2 "PlaneStrain" $thick 0.0 \
0.0 SwalPX SwelPY

# Dashpot Element
element zerolength 100 101 102 -mat 3 -dir 1

# Interface Elements

element zerolength 3l 15 37 -mat 3 3 -dir 1 2
element zerolength 32 16 38 -mat 3 3 -dir | 2
element zerolength 33 17 39 -mat 3 3 -dir | 2
element zerolength A 18 40 -mat 3 3 -dir | 2
element zerolength 3 41 21 -mat 3 3 -dir | 2
element zerolength 36 42 22 -mat 3 3 -dir 1 2
element zerolength 57 43 23 -mat 3 3 -dir 1 2
element zerolength 30 H A -mal 3 3 -dir | 2
#

# Step 4: Boundary Conditions

#

# Base boundary (horizontal: free — vertical: fixed)

fix | 0 |

fix 7 0 |

fix 13 0 |

fix 19 0 |

fiix 25 0 1

fiix 31 0 1

# Dashpot boundary

fix 101 | |

fix 102 0 |

# Base dashpot

equalDOF | 102 |

equalDOF | 7 |

equalDOF | 13 |

equalDOF | 19 I

equalDOF | 25 |

equalDOF | 3l |

# Free-field soil columns

equalDOF 2 8 | 2
equalDOF 3 9 | 2
equalDOF 4 10 | 2
equalDOF 5 1 | 2
equalDOF 6 12 | 2

#
# Step 5: Analysis Commands and Recorders
#

"

# update material to consider elastic behavior (0: linear elastic, 1: non-linear)
updateMaterial Stage -material | -stage (

# Gravity Analysis

constraints Transformation

test  NormDispIncr le-2 40 1

algorithm  Newton

numberer  RCM

system  ProfileSPD

integrator Newmark $gamma §beta

analysis  VariableTransient

analyze 10 5.0e2

puts "Finished with elastic gravity analysis..."

# update material to consider elastoplastic behavior (0: linear elastic, 1: non-linear)
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updateMaterialStage -material 1 -stage |

# plastic gravity loading
analyze 40 5.0¢2

puts "Finished with plastic gravity analysis..."

#Define Dynamic Recorder and Perform Analysis

recorder Node file Freefieldacc.out -lime
4 5 6 -dof

recorder Node file Pileacc.oul  -lime T
17 18 ~dof 1

recorder Node -lile Freefielddisp.out -lime
4 5 6 -dof

recorder Node file Piledisp.out -time -qT
17 18 -dof 1

# rezero lime
setTime 0.0
wipeAnalysis

# timeseries object for force history
set mSeries "Path -dt $dt -filePath $VelFile -factor ScFactor"

# loading object
pattern Plain 10 $mSeries §{
load 1 1.0 0.0

}
rayleigh ~ $a $al 0.0 0.0

# Determine Stable Analysis Time Step
set duration |expr Sdt*$numSteps| ; # duration of ground motion (s)
set KTrial ~ [expr SsizeEleX/(pow($Vs,0.5))] : # trial analysis lime step
# Define lime step and number of steps for analysis
if { §dt <= $kTrial } {

sel nSteps $numSteps

setdT  Sdt
}else {

sel nSteps [expr floor(Sduration/$kTrial)+1]

sel dT |expr Sduration/$nSteps|

puts "number of steps in analysis: $nSteps"
puts "analysis time step: $dT"

# Analysis objects

constraints Transformation

test — NormDisplncr 5e-3 30 1
algorithm  Newton

numberer  RCM

system  ProfileSPD

integrator Newmark §gamma Sbela
analysis  VariableTransient

# Analyze

set startT | clock seconds|

analyze ~ $nSteps SdT

sel endT [clock seconds)

puts "Execution time: [expr $endT-SstartT] seconds."

-dT Sdt -node
| accel

Sdt -node 13
accel

-dT Sdt -node
| disp

Sdt -node 13
disp
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APPENDIX-B

PILE BENDING AND DISPLACEMENT FOR DIFFERENT

PILE GROUP CASES
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Figure B.1 Mmin & Mmax calculated by applying Kocaeli earthquake motion for Case V
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Figure B.2 Mmin & Mmax calculated by applying Kocaeli earthquake motion for Case VI
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Figure B.3 Mmin & Mmax calculated by applying Kocaeli earthquake motion for Case VII
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Figure B.4 umin & Umax Calculated by applying Kocaeli earthquake motion for Case V
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Figure B.5 umin & Umax calculated by applying Kocaeli earthquake motion for Case VI
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