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ABSTRACT

In this paper, pile behavior embedded in layered soil deposits subjected to
seismic loadings is analyzed using a nonlinear fiber element for simulation of
soil — pile interactions. In the created model, both pile and surrounding soil are
modeled using fiber elements in a practical Beam on Nonlinear Winkler
Foundation (BNWF) concept. Herein, the features of DRAIN-3DX finite
element software are utilized in order to develop the model. In the presented
approach for performing of Seismic Soil-Pile-Superstructure Interaction
(SSPSI) analysis, the constitutive behavior of soil and steel pile are assigned
to fiber elements using available soil p-y backbone curves and steel stress-
strain relationship. The effect of radiation damping is incorporated into the
model by adding a dashpot in parallel with nonlinear p-y element. In order to
consider the effects of free field site response in different soil layers, EERA
and NERA programs are used. Results of the analyses are compared with
available experimental data. The results are in good agreement with the
available centrifuge test results. The main purpose of the proposed method is
to make DRAIN-3DX software capable of performing SPSSI analysis of any

Interactions
Centrifuge experiments

pile supported structure especially Jacket Type Offshore Platforms (JTOP).

1. Introduction

The primary structural component of Jacket Type
Offshore Platforms (JTOP) include deck, jacket and
pile foundations. Pile foundations are an essential
structural component of this type of structure, and the
Seismic Soil-Pile-Superstructure Interaction (SSPSI) is
an important concern in seismic behavior of this kind
of structure. Strong ground motions have been a major
cause of past damages in pile foundations and reliably
evaluating the dynamic response of pile foundations
against this type of lateral loading plays paramount
important role in pile foundations design practice.
In the analysis of a soil-pile system subjected to strong
ground motions, where the soil is highly nonlinear,
hence, a time-domain analysis should be performed in
order to properly account for both the nonlinear
behavior of soil and the complicated coupling
interaction between the soil and steel pile [1,
2]. Thus, Providing an efficient and at the same time
accurate analytical or numerical analysis procedure for
performing lateral time history analysis of the pile
supported structures specially JTOPs, becomes
essential.
The Drain-3DX [3] software is a general finite-
element program for “dynamic response analysis of
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inelastic frame structures” which has the capability of
accounting for geometric and material non-linearity
properties. Asgarian et al. [4] formulated and
implemented the element “Fiber Beam Column Post
Buckling Element” as element type E16 in this
software, which is capable of simulating buckling
behavior, post buckling behavior and distributed
inelasticity of both strut and portal steel tubular
members. Asgarian et al. [5] verified Fiber Beam
Column Post Buckling Element behavior using
experimental data for individual strut and portal
members and also using nonlinear behavior of two
tested X-braced jackets, made up of tubular members
subjected to cyclic lateral displacement. They reported
that the results of their analyses with element type 16
agreed fairly well with experimental results, which
showed that the implementation of this element was
successful in predicting cyclic inelastic behavior of
frames of tubular members. Using this element in
conjunction with other types of elements such as
Elastic Beam—Column Element (EL. E17), Fiber Hinge
Beam Column Element (El. E08), and Fiber Beam-
Column Element (El. E15), the hysteretic response of
steel piles and jacket frame of JTOP structures under
cyclic and seismic loading can be simulated.
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However, for predicting global seismic response of
real JTOPs, additional considerations are needed for
modeling of pile-soil interaction mechanism. Drain-
3DX has no direct provisions for nonlinear p-y
elements, which are commonly used to simulate
nonlinear near field soil response. Thus, equivalent
methods should be introduced to substitute the soil
layers with equivalent elements having the identical
pile-soil interface characteristics. Asgarian and Lesani
[6] were used equivalent methods in pushover
analysis of two functional jacket offshore platforms in
the Persian Gulf using Fiber Beam Column Post
Buckling element for modeling both braces and soil-
pile-structure interaction. In their model, available p-y
curve characteristics were assigned to stress-strain
constitutive behavior of fibers of horizontal
supporting soil elements. In the current study, the
same procedures as those reported in Asgarian and
Lesani [6] is extended to be applied to dynamic
loading with some modifications to account for
radiation damping and opening of gaps. As a
conclusion, if simulation capability of Drain-3DX
software in modeling SSPSI problems and also the
method of this problem modeling are evaluated,
together with other material and element database of
Drain-3DX, the whole JTOPs dynamic analysis
subjected to earthquake loadings can be predicted
reliably by this software.

In this paper, a nonlinear fiber element is used for
modeling of soil-pile-structure system and their
interaction during earthquakes. To this manner, a
numerical model which is capable of handling both
nonlinear steel pile, and nonlinear soil support
behavior is developed using Fiber Beam Column
Element (Type 15) of DRAIN-3DX software [3]. The
model is applied to perform a series of dynamic
centrifuge tests of a pile supported superstructures,
and the analysis results are compared with the
available test results. Sensitivity of the analysis results
to pile equivalent viscous damping, and site response
calculation methods is evaluated by numerical
parameter studies. It should be noted that the
numerical model presented in this study was
previously introduced by authors in [7]. In current
paper, the numerical model is demonstrated in more
detail with some discussions on various advantages
and shortcomings of the proposed model.
Furthermore, the model is verified herein with more
events of centrifuge experiment and is extended to
case of pile foundations driven in cohesive soils.

2. Soil - Pile - Structure Interaction

Various numerical and experimental methods with
varying complexity and efficiency have been used in
the past for the seismic response analysis of pile
foundations. The level of complexity needs to be
considered depends on the purpose, importance and
type of structure, type of loading during design life,
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severity of loading and as a result level of nonlinearity
in materials. In general, there are two main numerical
methods for predicting response of pile foundations.
The first method is a continuum based method, and
the second one is discrete element method that models
the soil through a set of independent springs [8].
Finite difference, boundary element and finite-element
methods are categorized as the continuum based
methods and Beam on Nonlinear Winkler Foundations
(BNWEF) is categorized as a discrete element method
[9, 10].

Although the continuum approaches have no
limitation in solving different issues of SSPSI
problems such as soil and pile nonlinearities, contact
mechanism, various loading cases and different
geometries, however, the high computational demands
along with inherent complexity that they require make
them less attractive to be used in common design
practices. On the other hand, discrete element method
is a simplified and efficient approach which is
considerably less complex than the continuum based
methods.

The most accepted discrete element method is the p-y
method. By ignoring the shear transfer between
adjacent layers and accepting Winkler’s foundation
assumption (1876) in which each layer of soil
responds independently to surrounding layers, an
approach named p-y method arose, which is used
throughout this paper. In this method, the pile is
modeled as beam elements while the surrounding soil
is modeled using continuously springs and dashpots.
The dashpots placed in series or parallel with the
nonlinear springs account for energy loss due to
radiation damping under dynamic loading conditions.
The force displacement behavior of springs has been
back calculated from the results of well instrumented
pile lateral load tests in different soil conditions.
Matlock [11] conducted some static and dynamic in
situ tests and derived p-y curves for soft clays, which
have been codified in API recommended practice [2].
In 1983, O’neil and Murchison [12] compared the
accuracy of the hyperbolic tangent curve for sandy
soils by works of other researchers and found it as the
best relation for this type of soil. Bea [13] presented
guidelines for formulating t-z and g-z curves with
taking into account strain rate effects and cyclic
degradation. Similarly, different p-y curves have been
formulated during last years of research. In the
original BNWF method, the pile was assumed to
behave linearly. However, Pile nonlinearity may be
considered in the analysis using an appropriate
material model. The considerable shortcoming of
BNWF method is the two-dimensional simplification
of analysis with no additional efforts made for
carefully modeling radial and the slipping mechanism
between pile and soil. However, BNWF method is a
versatile and economic method that can account for
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various complicated conditions in a simplified manner
which makes it attractive to engineers.

When a pile is subjected to ground motion, the
behavior and response of soil in the vicinity of pile
and the part of soil that is far from the pile are
different. Thus, the soil is divided into two regions.
The region closest to the pile is an inner zone which is
adjacent to the pile and accounts for the soil
nonlinearity. The other region is the outer zone that
allows for wave propagation away from the pile and
provides for the radiation damping in the soil medium
[10]. The inner zone is the near field, and the outer
zone is the far field. Any implementation of BNWF
model should provide some features for simulating the
response of these two zones precisely.

For the structures founded on piles, which are
embedded into the soil, the seismic excitation that
piles experience differs from that of the reference rock
motion beneath the soil. In general, this deviation
originates from the following effects [14]: the first
modification known as the free field site response is
made when vertical s-waves propagate upward
through soil layers and reach to the free surface,
assuming that the foundation is absent. In most cases,
the amplitude of horizontal displacements increases
gradually towards the surface. The amount of this
increase depends on frequency content of motion and
also how much the soil shows the non-linear response
as a consequence of severity of excitation. The second
reason of deviation is the result of the so-called
kinematic interaction part of response, which is due to
differences between pile-soil stiffness relative to soil
only and also diffraction of the incident and reflected
one-dimensional vertical s-waves off the pile. The
third and final source of deviation between rock out
crap motion and the motion that foundation
experiences, is called inertial interaction. After the
computation of kinematic interaction part, the

resultant motion is used as foundation input motion
(FIM) for computing the complete response of a soil —
pile -structure system which in turn applies some
inertial loads on the system, leading to an overturning
moment and a transverse shear acting on the pile head.
It is possible to analyze the kinematic interaction and
inertial interaction stages in one single step using
Beam on Nonlinear Winkler Foundation method.
Thus in this procedure we uncouple the problem into
analysis of 1) free field site response as an input to the
analysis 2) The response analysis of pile foundation
subjected to accelerations at different soil layers due
to seismic excitation in bedrock. Figure 1 shows the
steps performed in this paper for the nonlinear
dynamic analysis of pile foundation subjected to
strong ground motions. In the current work, the
response of the free field soil profile is analyzed using
(EERA) and (NERA) software packages [15, 16].

In this study, fiber element is used for modeling the
nonlinearity and damping characteristics of near field
soil as well as the pile member. In this method, p-y, t-
z and g-z springs of the soil are used to model soil-
pile interaction. The t-z materials are incorporated into
the model to apply skin friction on the pile. A g-z
element is also installed under the pile to account for
end bearing reaction. When all the t-z elements along
the pile and g-z eclement yield to their ultimate
strength, the pile starts to move in vertical direction
and no more vertical resistance remains for the pile.
This can be interpreted as “Pull-Out” in the pile.
However, after occurrence of pull-out in the numerical
model in this paper, the pile faces overall stability
problem and consequently, the numerical model fails
to converge. On the contrary, in the case of a JTOP
numerical model, when one of the piles starts to pull-
out, the model retains its stability due to existence of
other piles of JTOP.

‘ Calculating soil damping ’

‘ Calculating soil p-y curve ’

|

Making pile BNWF model
using fiber elements

Pereforming free field analysis using
EERA / NERA software

Applying motion results of free field on the near field
soil elements in BNWF model using Drain 3D-X

Figure 1. Steps for the nonlinear dynamic analysis of pile foundation
subjected to strong ground motions
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3. Free-Field Site Response Analysis

The first step in any uncoupled SSPSI analysis is
computation of soil profile horizontal response as a
function of depth to vertically propagating shear
waves. Because of the differences between the
polarity of S waves in the free field (ty, and 1y, shear
stress waves) and the polarity of 1, stress waves and p
waves that are radiated from a pile, dividing of SSPSI
analysis into two steps would be expected to be a
rational approximation [17]. Regularly, this step of
analysis is performed using common site response
programs. In this paper, free field soil responses are
computed using EERA and NERA packages
developed by Bardet (2000), (2001) [15],[16]. In these
packages, ground motions in soil layers are calculated
due to earthquake excitations at bedrock. In EERA
(Equivalent-linear Earthquake site Response Analyses
of Layered Soil Deposits), nonlinear stress-strain
response of soil layers is approximated by an
equivalent linear approach using a modified Kelvin-
Voigt model [15]. In this method, nonlinear and
hysteretic ~stress strain  behavior of soil s
approximated by an equivalent linear shear modulus,

G, taken as the secant shear modulus G, defined as
follows:

G :}z:C 1
=", (1)

In which 7_and y_ are the maximum stress and strain

amplitudes respectively [15]. NERA (Nonlinear
Earthquake site Response Analysis of layered soil
deposits) is based on a nonlinear soil stress-strain
curves using a series of mechanical elements, having

different stiffness K, and sliding resistance R, [18],

[19]. These sliders have increasing resistance. Initially
the residual stresses in all sliders are equal to zero. In
the stress-strain curve generated by the Iwan-Mroz
model the stress increment d7 and strain increment

dy are related through the following equation [16].

& H @
dy
4. Soil Stiffness and Damping Properties

In this study, the soil stiffness is established using
the p—y approach. The procedures of generating p-y
curves are proposed by Matlock [11], Reese et al. [8],
and O’neil and Murchison [12] and are recommended
in American Petroleum Institute code (API-RP-2A)
[2]. In the present paper, the constitutive behavior of
equivalent soil material for clay was based upon
Matlock's relations for soft clay for static loading
condition. Since the Matlock's cyclic loading
modifications were calibrated for a large number of
wind and wave loading cycles in sensitive clay soils,
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it's irrational and inaccurate to use them for seismic
loading condition. Herein, API's recommended p-y
backbone relation for drained sand is used for
calculation of cohesionless soil p-y curve.

Another aspect of SSPSI analysis is that every
implementation of p-y method is expected to include
radiation damping. The radiation of energy of the
propagating waves from foundation leads to additional
damping in the dynamic response of the system. This
type of damping provides a major source of energy
dissipation in soil-pile systems subjected to dynamic
loading. Herein, the dashpot coefficient is determined
based on the recommendation of Wang et al. [17],
which is a modification of work done by Berger [9] .
According to this recommendation, the radiation
damping coefficient is calculated by the following
relation:

C = 4pBV, 3)

Where C is the damping coefficient, p is the density
of soil, and Vj is the shear wave velocity of soil. In
this paper, damping component of soil resistance is
represented by a dashpot parallel to the nonlinear
spring element.

5. Model Description

A beam on nonlinear Winkler's foundation numerical
model is created in the finite-element program Drain-
3DX in order to perform uncoupled seismic SSPSI
analysis. In the numerical model proposed in this
paper, the pile-soil system is modeled through
equivalent elements. The Fiber Beam Column
Element (Type 15) and (Type 16) of DRAIN-3DX are
used for the linear and nonlinear modeling of
surrounding soil and pile, respectively. Figure 2
shows Fiber Beam Column Element general
configuration. In this element, the member is divided
into a number of segments without introducing
additional degrees of freedom. The cross-section of
the segment is then subdivided into a number of
fibers. This element is a flexibility based element, and
its shape function varies as the state of the element
changes, without introducing additional nodes or
elements [3], [20].

Node J

Y Endj

Optional connection hinge
(also made up of fibers)

Optional rigid
end zone Shice
Fiber

Figure 2. Element type 15 configuration [3], [20]
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Figure 3. View of BNWF model for nonlinear dynamic response analysis of jacket pile using Fiber Elements

The specific stress strain curve should be defined for
each of the fibers. Two types of behavior (Concrete
type or steel type) are used for the fiber Stress-Strain
Curve. Concrete type is used to simulate the
displacement softening phenomena and steel type
material library is used to simulate the displacement
hardening phenomena.

Figure 3 shows the configuration of the proposed
model. In this figure, the vertical member represents
the steel pile which is a real component. The pile is
discretized into a number of elements. Fiber Beam
Column Post Buckling Element (EL. E16) is used for
modeling of the pile. Each of the pile elements are
divided into a number of segments. Then, the cross-
section of the pile segments is subdivided into a
number of fibers. Using a bilinear Stress-Strain curve
for the fibers, elastic-plastic behavior of pile cross
section can be simulated. Furthermore, utilizing a
non-zero positive stiffness for post yield part of
bilinear Stress-Strain curve, the strain hardening
effects can be modeled.

The strain hardening property of the created model,
enable it to continue its response beyond full hinge
formation (the state of all fibers yielding in a cross
section). The horizontal supporting beams in Figure 3
are added to pile element ends to represent soil near-
field nonlinear behavior and damping. The materials
for the supporting beams at each pile nodes are set to
have their special Stress-Strain relationship in such a
way to simulate the characteristics of p-y response of
the layered soils. For modeling the interface between
soil and pile, element number 9 of DRAIN-3DX
software (which is a compression link element) is
used. A compression link element has finite stiffness
in compression, and a gap opens in tension. This link
element is chosen to filter the undesirable tension
between soil and steel pile. It also filters bending
moments in soil element. The inclusion of the gap in
this link element provides a means to model opened
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gap between pile and soil in cyclic behavior of
cohesive soils. These members are modeled in such a
way that no tension can transfer from soil element to
pile element. The radiation damping of soil was
implicitly simulated by an equivalent viscous damping
dashpot in each element. In this model, the radiation
damping is modeled by a dashpot parallel to
horizontal beams wusing damping coefficient
recommended by Berger [9].

This feature can represent the radiation damping of
the soil. In the analysis, the predicted acceleration
time histories at different soil layers computed using
EERA-NERA packages are directly used as inputs
into the analysis.

6. Simulation Results

In this section, the proposed model is applied to
simulate nonlinear seismic behavior of soil pile
superstructure system subjected to ground motion. In
order to verify the developed computer model, a
comparison is made with available experimental
centrifuge tests performed by Wilson et al. [21] using
the large servo-hydraulic shaking table at the
university of California at Davis. A wide variety of
experiments on dynamic behavior of single piles and
pile groups in different layering forms were carried
out and documented in Wilson et al. [21]. The flexible
shear beam (FSB) container used for these tests has
inside dimensions of 1.72 m long, 0.685 m wide and
0.7 m deep. FSB consists of six hollow aluminum
rings separated by 12 mm thick layers of soft rubber
allowing the container to deform with the soil. The
mass of each of the upper three rings is about one-half
the mass of each of the lower three rings. All tests
were performed at a centrifugal acceleration of 30 g.
All dimensions of results presented herein are in
prototype unit. The results of the centrifuge tests are
available in detail in University of California at Davis
website [22]. In this paper, several events of the CSP3
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and CSP5 cases of these tests are analyzed, and the
results are compared with the experimental ones.

6.1. CSP3 tests

In this case, the soil profile consisted of two
horizontal sand layers [23]. The lower layer was fine
uniformly graded Nevada sand, 11.1 m thickness with
C,= 1.5 and Dsp = 15 mm. The dry density of sand
was 16.2 KN/m”® at a relative density of D, = 75-80%.
The upper layer was Nevada medium dense sand with

9.3 m thickness, C,= 1.5, 7, = 15.5 KN/m’ at relative

density of D, = 55%. In this paper, pile Spl has been
analyzed, which consists of a super structure mass of
49.1 ton attached to an extension of the pile about
3.81m above ground surface and embedded in soil
profile described earlier. The pile material was
aluminum and had a diameter of 0.667 m, 63 mm wall
thickness with a flexural stiffness of 417 MN.m’
which is equivalent to a 0.67 m diameter steel pipe
pile with a 19 mm wall thickness. This model was
shaken by several simulated earthquakes. Analyzed
earthquake events information is presented in table 1.
Detailed documentation of the test and recorded time
histories are available in Wilson et al. [23]. Calculated
and recorded horizontal Acceleration Response
Spectra (ARS) at different depths (considering 5% of
damping) for CSP3 shaking events are shown in
Figures 4, 5 and 6. In these events, calculated
Acceleration Response Spectra in all depths are in
good agreement with the recorded acceleration

response spectra at corresponding depths. It can be
seen that NERA results are closer to the experimental
results. Generally, a slight tendency to underestimate

the recorded results is observed in calculated
responses.
In the BNWF analysis, the material damping

coefficient is assumed to vary between 1% and 5%.
Therefore, the pile is analyzed with both 1% and 5%
material damping. Response of the superstructure for
event CSP3-K in comparison with experimental result
for 1% material damping is presented in Figure 7. The
ARS of this event is plotted in Figure 8. It should be
noted that the acceleration response spectra is
calculated for a damping factor of 5% using a simple
one degree of freedom system. In a similar way, the
Responses of the superstructure for CSP3-P and
CSP3-M events are compared with the experimental
results for both 1% and 5% material damping. It is
observed that structural damping has no major effect
on dynamic response of pile foundation. These results
show reasonably good agreement between the
calculated and recorded structural responses of CSP3
for these shaking events. It is observed from
superstructure ARS both in experiment and analysis
results that the equivalent fundamental period of the
structural model varied from 0.8S under event "K" to
1.1S under event "P". This is the consequence of
occurrence of nonlinearity in the soil profile,
especially in upper soil layer.

Table 1. Earthquake events for CSP3

Event Motion Peak Base Acceleration (g)
K 1989 Loma Prieta (Santa Cruz) 0.11
P 1989 Loma Prieta (Santa Cruz) 0.50
M 1989 Loma Prieta (Santa Cruz)* 0.44

*time step of the original recording was doubled for this motion
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Figure 4. ARS of soil profile in CSP3-k
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6.2. CSPS Tests

In these tests, the soil profile consisted of two
horizontal layers [24]. The lower layer was uniformly
graded Nevada sand, 11.4 m thickness with the
relative density of Dr = 75-80% (similar to CSP3).
The wupper layer was normally consolidated
reconstituted Bay mud (LL=88, PI=48), 6.1 m
thickness placed in four equal layers and each layer
preconsolidated under an applied vertical stress.
Filter paper was embedded between clay layers to
accelerate consolidation. Water was used as pore
fluid and saturation was verified with P-wave
velocities measured from top to bottom of the soil
profile near the container center. Values were high
enough (approximately 1000 m/s) to indicate that
sample was very close to the saturated state. The
single pile (SP1) was aluminum and had a diameter
of 0.667 m, 63 mm wall thickness and total length of
20.57 m, the superstructure mass was 49100 kg. In
this study, CSP5-B and CSP5-D are analyzed with a
BNWF system using Fiber Elements as it was

described earlier. Simulated earthquakes in this case
are presented in table 2.

Calculated and recorded horizontal Acceleration
Response Spectra (ARS) at different depths of soil
(considering 5% of damping) for CSP5 shaking
events are shown in Figures 9 and 10. Some
deviations from experimental results are shown in
ARS of soil in case CSP5-B which could contribute
in discrepancies between responses of recorded and
calculated superstructure of this case.

The ARS of super structure for CSP5-B and CSP5-D
are plotted in Figures 11 and 12, respectively. It is
observed from super structure ARS both in recorded
and analyzed results that the equivalent fundamental
period of the structural model varied from 1.3 S
under event "B" to 1.4 S under event "D".

Calculated responses are in good agreement with the
recorded centrifuge test responses, with limited
number of exceptions. The combined effects of free
field analysis response and simplicity in the model
contribute to the discrepancies between recorded and
calculated response in the models analyzed.

Table 2. Earthquake events for CSPS

Event Motion Peak Base Acceleration (g)
B 1989 Loma Prieta (Santa Cruz) 0.12
D 1989 Loma Prieta (Santa Cruz) 0.3
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7. Discussion

A very simple procedure for simulation of seismic
soil-pile superstructure interaction has been proposed
by this paper, which tries to utilize available elements
and capabilities of Drain-3DX software instead of
developing an individual and specific element for this
purpose. Like any other contributions in the
engineering field, the idea is very simple and has been
inspired by what happens in reality. In real case of
pile foundation, soil masses are available in both sides
of pile and are in contact with the pile at rest. When
the earthquake ground motion happens, the soil
masses in both sides of the pile move identically to a
specific direction. At this moment, while at first the
pile is still in its location, the soil on one side pushes
the pile whereas the soil on the opposite side loses its
contact with pile and gets away from it. Herein, the
proposed model tries to simulate this natural
phenomenon by placing supporting beams in both
sides of pile and exerting identical ground motion at
the same time on both fixed ends of these beams. The
compression link element provides a means that pile
loses its contact when it is in tension relative to soil.
In spite of being simple, the proposed model has the
advantage of simulating the complex soil-pile
interaction mechanism when the gaps opened. During
the cyclic lateral loading, the gaps develop in cohesive
soils. The inclusion of gaps changes the shape of
compression and tension p-y curves from vertical S-
shape to horizontal “ ~ ” shape. The compression link
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element can take into account the opening of gaps and
the change in shape of p against y curves. When the
pile is moving within these gaps in subsequent cycles,
the water inside the gaps exerts a drag force on the
sides of the pile. This residual resistance is ignored in
the current model. The ratio of the residual resistance
to the ultimate resistance Pult is assumed to be 0.1-0.3
for clay according to back-calculated p-y curves from
these centrifuge experiments (Wilson et al. [21]). The
ignorance of this residual resistance is believed to
have a slight influence on dynamic pile response.

The results of previous back-calculated p-y behavior
for liquefying sand from laboratory tests and FEM
analysis (Wilson et al. [25]), generally showed that p-
y characteristic is consistent with the known stress
strain response of liquefying sand. This means that the
typical cyclic p-y curve has a contraction phase, phase
transformation part, which leads to large permanent
deformations and a hardening part which is due to the
dilation tendency of cohesionless soils (cyclic
mobility). The occurrence of large permanent
deformations in the phase transformation part of
response is identical to opening of gaps and can be
simulated by compression link element. This is similar
to inverted S-shaped p-y characteristics of cohesive
soils. From the observed p-y curves (Wilson et al.
[25]), the ratio of strength in contraction part to
ultimate resistance of p-y spring seems to be 0.1 and
can be neglected. While being rigorous in many
aspects, the model has some shortcomings in
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modeling radiation damping, which could pose some
uncertainties in the predicted response. Herein, the
viscous damping dashpot is placed in parallel with
hysteretic nonlinear spring. The radiated energy from
the pile is dissipated mostly in far-field soil where the
behavior is dominantly linear elastic. Furthermore, the
presented relationships in the literature for
computation of radiation damping dashpot coefficient
were derived based on theory of elasticity and the
assumption of linear elastic models. Thus, relating the
amount of damping to nonlinear elastic-plastic
deformations in the near field is not reasonable and
has been shown that could lead to dramatically large
damping forces (Badoni and Makris [26]). This can be
a part of sources of underestimation of response in
some cases in this report. However, the precise effect
of parallel radiation damping on response can be
checked in a parametric study by eliminating damping
dashpots or using alternative arrangement of dashpots
by placing them in series with nonlinear springs.
Another fact about losses of energy through radiation
damping is that the stress waves radiated from the pile
can’t be transferred from opened gaps. Since the
compression link elements are placed in series with
nonlinear and dashpot elements, this phenomena is
correctly modeled.

The developed model neglects cyclic degradation of
p-y curves, and dependence on pore water pressure
generation. The cyclic resistance of p-y springs at any
instant in time for cohessionless soils depend on the
corresponding free-field and near-field levels (r,=

Au/ o, of 100%:; v

=vertical effective overburden pressure). After
triggering of liquefaction (r,=100%) the p-y springs
lose their resistance capacity to a significant percent.
To avoid this, in present paper those events have been
chosen for comparison purposes that generated Excess
pore pressures in the soil profile were generally small.
It is believed that the reduction in p-y resistance
doesn’t occur in dense sands and, therefore, the
proposed model would be able to predict reliable
results in dense sands.

The dynamic response of JTOPs during seismic
excitation is somewhat different in nature than those
of onshore structures. In addition to mass of different
components of structures, an extra mass is added to
submerged part of structure termed as “added mass”
which, equals to mass of displaced volume of water.
This extra amount of added mass should be computed
manually and added to existing mass of components.
The hydrodynamic damping is another issue regarding
to the dynamic response of JTOPs. It’s a common
practice in analyzing the dynamic response of JTOPs
to consider 5% amount of critical viscous damping for
taking into account both the material and
hydrodynamic damping [2]. The mass proportional
term of Rayleigh damping could be utilized for this

Au =excess pore pressure, O,
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5% amount of hydrodynamic damping. Note that the
mass proportional dampers, in effect, treat the
structure as though it were submerged in a viscous
fluid. The drag in this fluid produces reactions
external to the structure [27]. The static buoyancy
forces can be taken into account by subtracting
buoyancy forces from gravity loads during the gravity
analysis of response. It is believed that the buoyancy
forces don’t change significantly during dynamic
response phase.

It should be noted that element “Fiber Beam Column
Post Buckling Element” can not take into account the
deformation and collapse of a pile with pipe section
subjected to internal or external pressure, nor is it
capable of considering the local buckling effects.
However, this may not be considered as a deficiency
for the intended applications since in tubular members
of offshore jackets, these phenomena are prevented by
limiting the ratio of diameter to thickness [4],[5]. If
any data is available about the strain at the onset of
local buckling for a particular pile cross section and
the ratio of diameter to thickness, then, it is explicitly
possible to eliminate the fiber at this critical strain.

8. Conclusion

In this paper nonlinear behavior of soil-pile
system subjected to earthquake ground motion has
been studied using a fiber beam column element of
DRAIN-3DX. In order to verify the developed
computer model, a comparison is made with available
experimental centrifuge tests. The agreements
between the measured and calculated acceleration
time histories and acceleration response spectra are
reasonably good, indicating that proposed model does
have the potential for capturing the dynamic response
of piles.
This model may also be used for the nonlinear
analysis of Jacket Type Offshore Platforms (JTOP)
considering soil pile structure interaction. One of the
biggest advantages of proposed method is making
DRAIN-3DX software — in conjunction with other
elements of DRAIN-3DX - capable of performing
Seismic Soil-Pile-Superstructure Interaction (SSPSI)
analysis of any pile supported structure specially
JTOPs.
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