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Abstract

In this study, a new p-y model is proposed for the seismic loading prediction of pile foundations using the Beam on Nonlinear Winkler
Foundation (BNWF) method. It matches the desired modulus reduction curve by identifying three parameters in a hyperbolic function
and a linear function using a genetic algorithm (GA), and the desired damping curve by applying the Ishihara-Yoshida rule that controls
the unloading–reloading curves iteratively through the three parameters. The rate effect is integrated into the proposed PySimple5 model
for clay by exerting influence on the ultimate capacity and maximum material damping through a power function, while the pore pressure
effect is reflected in the proposed Pyliq5 model for sand by relating the ultimate capacity to the mean effective stress. For a single pile in
non-liquefiable soil, the predicted superstructure acceleration and pile bending moment by PySimple5 agree well with those from cen-
trifuge tests for different soil shear strain levels, while the equivalent linear and PySimple1 models underestimate them for soil shear strain
levels higher than 1%. For a pile in liquefiable soil, PyLiq5 shows a reasonable agreement with the centrifuge tests in terms of the super-
structure acceleration and pile bending moment by considering the pore pressure effect.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The accidental limit state (ALS) focuses on the damage
caused by accidental hazards, such as earthquakes. As sta-
ted in DNVGL-RP-C212 (2017), it is necessary to consider
the ALS in the design of support structures for wind tur-
bines. In Japan, severe damage to such wind turbine sup-
port structures has occurred a few times in the past
several years due to earthquakes. In 2011, during the East
Japan earthquake, a wind turbine tower at the Kashima
wind farm was tilted and its pile group foundation was
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cracked (Butt and Ishihara, 2012). In 2016, during the
Kumamoto earthquake, a wind turbine tower at the Kug-
ino wind farm buckled and all the pile group foundations
of three wind turbines were damaged (Harukigaoka
Wind Power Co., ltd., 2018). The Kashima wind farm is
located on liquefiable reclaimed land, while the Kugino
wind farm is located in a non-liquefiable mountainous
area. Since soil-structure interaction plays an important
role in the damage to wind turbines, it needs to be
investigated.

The soil-structure interaction of pile foundations under
severe earthquakes involves strong nonlinearities, including
material nonlinearity and geometrical nonlinearity (e.g.,
soil-pile separation). There are two methods for consider-
ing the soil-structure interaction in the JSCE guideline
Japanese Geotechnical Society.
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(Ishihara, 2010). One is the equivalent linear method with a
one-dimensional model (hereafter referred to as the 1D
model) for a maximum soil shear strain level of less than
1%, and the other is the nonlinear step-by-step method
with a finite element analysis (FE analysis) for a maximum
soil shear strain level of more than 1%. In addition, the
modulus reduction and damping curves are used in both
methods, as shown in the JSCE guideline (Ishihara,
2010). The modulus reduction and damping curves for clay
are dependent on the plasticity index, while those for sand
rely on the confining stress. In the equivalent linear 1D
model, the nonlinear soil-structure interaction is captured
by distributed springs and dashpots whose values are con-
stant and obtained from the equivalent linear site response
analysis. The FE analysis can consider the soil-pile interac-
tion accurately, but is rarely used in the design of all the
wind turbines at a wind farm, due to complexity of the
model, computational effort, and laborious data
processing.

The most widely used p-y models in analyses of piles
include the American Petroleum Institute (API)’s sand
model (API, 2010) and Matlock’s model for clay
(Matlock, 1970), which were proposed in the 1960s and
1970s for static and cyclic loading conditions.
Earthquake-induced dynamic loading conditions were not
considered in the formulation of these p-y models. Later,
Boulanger et al. (1999) proposed a well-known p-y model,
PySimple1, by calibrating to the API sand p-y model and
Matlock’s soft clay model. One appealing advantage of
PySimple1 is that it can consider not only the material non-
linearity, but also the geometrical nonlinearity, since a gap
model was included in PySimple1. However, it fails to
match the modulus reduction curve because of a large lin-
ear portion in it. Due to the fact that a significant difference
exists between the static and the dynamic p-y behavior,
Choi et al. (2015) proposed a new p-y model for sand,
PySimple3, following the principles of bounding surface
plasticity. With a small linear range in PySimple3, it can
yield a smooth modulus reduction curve, and the material
constant C in it can control its backbone to appropriately
match the desired modulus reduction curve. Choi et al.
(2015) showed that PySimple3 can capture the nonlinear
p-y behavior of piles in sand during earthquake loading
much better than PySimple1. However, PySimple3 may
overestimate the damping value for a large deformation
and cannot capture the soil-pile separation behavior.
Moreover, piecewise models, such as bilinear and trilinear
models, have also been applied to model the soil-pile inter-
action (e.g., Krathe and Kaynia, 2017; Markou and
Kaynia, 2018), but they cannot precisely reproduce the
modulus reduction and damping curves.

The extended unloading–reloading Masing rules are
usually utilized for existing p-y curves to model the hys-
teretic behavior of soil. This means that, at very small
strain levels, the response is nearly linear and hysteretic
damping is assumed to be small. However, this formulation
can result in the significant overestimation of the damping
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ratio at large strain levels. PySimple1 and PySimple3 use
different unloading-reloading rules that are based on the
concept of a reversal point. Unfortunately, the same prob-
lem is encountered as the Masing rules. In the ground
response analysis field, some unloading–reloading rules
were proposed to model the hysteretic behavior accurately.
The Ishihara-Yoshida rule (Ishihara et al., 1985) was pro-
posed to solve the overestimation of soil damping when
using the extended unloading–reloading Masing rules to
model the hysteretic behavior. Recently, a one-
dimensional nonlinear soil model, ARCS, capable of repro-
ducing the desired modulus reduction and damping curves,
was proposed by Yniesta et al. (2017). The ARCS model
matches the desired modulus reduction curve by fitting
cubic splines to the implied stress–strain curve and matches
the damping curve by utilizing a coordinate transforma-
tion. However, the above rules have not been implemented
in p-y models for pile response analyses.

Existing p-y models for pile response analyses are typi-
cally formulated in a rate-independent framework. How-
ever, the rate effect can affect the p-y curve since soil
behavior strongly depends on the strain rate during an
earthquake, which can reach 100%/s (Yniesta and Janati-
Idrissi, 2021). It has been found that both the initial stiff-
ness and damping increase significantly along with a high
strain rate (D’Onofrio et al., 1999) and that poor predic-
tions of the soil response will occur if the soil properties
are not adjusted to consider the strain rate effect (Afacan
et al., 2014). Yniesta and Janati-Idrissi (2021) reviewed
the existing stress–strain models for ground response anal-
yses. They found that, although some models can success-
fully capture the strain rate effect on soil stiffness or
strength (Maranha et al., 2016), no model can capture
the strain rate effect on damping. They also proposed a vis-
coplastic model for one-dimensional ground response anal-
yses to capture the strain-rate dependency of soils. In the
pile response analysis field, Brown (2004) performed a lab-
oratory study of the effect of the rate of loading on piles in
clay and a field test on a pile in glacial clay to calibrate the
findings of the laboratory study. He found that the rate-
dependent behavior can be represented by the modification
of the nonlinear rate law proposed by Randolph (1992).
Later, Brown and Powell (2013) investigated different rapid
load test analysis techniques in clay to model the rate effect.
Hölscher et al. (2012) conducted rapid loading tests on
piles in sand and reported that both the rate and pore pres-
sure effects contribute to the increase in pile toe resistance.
The rate effect is limited for piles in sand (less than 10%),
but the pore pressure effect can reach about 30%. In addi-
tion, only the effect of pore pressure was observed at the
unloading point. In summary, cohesive soils are more sen-
sitive to the strain rate effect than granular materials
(Yniesta and Janati-Idrissi, 2021). Other researches (Yoo
et al., 2013; Choi et al., 2015) also found that the dynamic
pile capacity is significantly larger than the static one.
However, they did not quantify the mechanism behind this
behavior. Instead, they proposed an empirical model to
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predict the dynamic ultimate capacity directly by fitting the
experimental data. Unfortunately, such a correction is
inaccurate because it implies that the rate effect is constant
throughout the tests and that only the ultimate capacity is
affected.

For liquefiable soil, the generation of pore water pres-
sure is a crucial factor in the triggering of liquefaction,
and the generated pore water pressure consequently
changes the p-y curve. Brandenberg et al. (2013) proposed
PyLiq1 by incorporating the pore water pressure effect on
the soil shear strength degradation based on PySimple1.
PyLiq1 was validated by the centrifuge tests performed
by Wilson (1998) for a nearly horizontal ground and by
Brandenberg et al. (2005) for a sloped ground. They also
stressed that dilatancy is an important driver of the peak
bending moments in pile foundations. Dash et al. (2017)
pointed out that the p-y curve for fully liquefied soil has
a different shape than that for non-liquefied soil. It should
be concave upward with practically zero initial stiffness up
to a certain displacement, due to the loss of particle-to-
particle contact, beyond which the stiffness increases due
to the reengaging of the sand particles. They also presented
a practical method for the construction of newly proposed
p-y curves for liquefied soil from a typical ground profile.
However, these p-y curves cannot accurately predict the
seismic loading on pile foundations in layered non-
liquefiable and liquefiable soils since they are paired with
conventional p-y curves which are not suitable for non-
liquefiable soil.

In this study, the seismic loading prediction of pile foun-
dations is investigated using the BNWF method with a new
p-y model for non-liquefiable and liquefiable soils. In Sec-
tion 2, the new p-y model is proposed to reproduce the
modulus reduction and damping curves. It considers the
rate effect for clay and the pore pressure effect for sand.
In Section 3, the proposed model is validated for a single
pile in non-liquefiable soil and compared to the equivalent
linear 1D model and the conventional p-y model. The pro-
posed model for use in liquefiable soil and the impact of
liquefaction on pile foundations are also investigated. Con-
clusions are given in Section 4.

2. New p-y model

A new p-y model is proposed in Section 2.1 to match the
modulus reduction and damping curves and to consider the
rate and pore pressure effects. The genetic algorithm (GA)-
based identification for the backbone curve’s relevant
parameters and the Ishihara-Yoshida rule-based iteration
for the unloading–reloading relevant parameters are
described in Section 2.2. Integration of the rate and pore
pressure effects in PySimple5 and PyLid5 are introduced
in Section 2.3 and Section 2.4, respectively. A comparison
of PySimple5 with previous models is discussed in
Section 2.5.
3

2.1. Description of new p-y model

As illustrated in Fig. 1(a), the Beam on Nonlinear Win-
kler Foundation (BNWF) method is adopted for the
dynamic analyses of pile supported structures in this study,
in which a new p-y model, called PySimple5, is proposed
for any soil shear strain levels. The configuration of PySim-
ple5 is presented in Fig. 1(b); it consists of linear (pe � ye),
hyperbolic (pp � yp), and gap (pg � yg) components in ser-
ies, in which the gap component comprises a drag element
(pd � yg) in parallel with a closure element (pc � yg). The
governing equations of PySimple5 are expressed in Eqs.
(1)-(11). The force and stiffness in the linear component
(Eqs. (1)-(2)), in the hyperbolic component (Eqs. (3)-(4)),
in the gap component (Eqs. (5)-(8)), and in the overall
spring (Eqs. (9)-(10)) are presented briefly here. By prop-
erly selecting the parameter of Cd in Eq. (6), PySimple5
can simulate the conditions with and without the formation
of a gap, as shown in Fig. 1(b). It should be noted that Eq.
(3) shows that unloading and reloading are achieved by
updating the reversal point (yp0, p0) in the plastic component
of PySimple5, which is different from the widely used Mas-
ing rule, but whose idea is similar. The Masing rule
(Masing 1926) asserts that, if the force–displacement curve
for a cyclically stabilized system at initial loading is
described by f r; xð Þ ¼ 0, where r is the restoring force cor-
responding to the displacement x of the system, then the
unloading and reloading branches of the steady-state hys-
teretic response of the system are geometrically similar to
the initial-loading curve, except for a twofold magnifica-
tion, and are described by f ðr - r0Þ=2; ðx - x0Þ=2ð Þ ¼ 0,
where x0; r0ð Þ is the load reversal point for that particular
loading branch.

pe ¼ Keye ð1Þ

Ke ¼ g
pult
y50

ð2Þ

pp ¼ B � E � pult

� B � E � pult � p0ð Þ A � E � c � y50
A � E � c � y50 þ yp � yp0

�� ��
 !n

ð3Þ

Kp ¼ @pp

@yp
¼ n � sign _yð Þ B � E � pult � p0ð Þ

yp � yp0
�� ��þ A � E � c � y50

A � E � c � y50
yp � yp0
�� ��þ A � E � c � y50

 !n" #

ð4Þ

pg ¼ pd þ pc ð5Þ

pd ¼ Cd � pult � Cd � pult � pd0
� � y50

y50 þ 2 yg � yg0
�� ��

 !
ð6Þ

pc ¼ 1:8 � pult
y50

y50 þ 50 yþ0 � ygð Þ �
y50

y50 þ 50 y�0 � ygð Þ
� �

ð7Þ
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Fig. 1. Beam on Nonlinear Winkler Foundation (BNWF) model with PySimple5.
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Kg ¼ @pg

@yg

¼ 2n pd0 � Cdpult
� �

y50 þ 2 yg � yg0
�� �� y50

y50 þ 2 yg � yg0
�� ��

 !

þ 1:8pult
y50
50

y50
50
� yg þ yþ0

� �2 � 1:8pult
y50
50

y50
50
� yg þ y�0

� �2 ð8Þ

p ¼ pe ¼ pp ¼ pg ð9Þ
K ¼ 1=Ke þ 1=Kp þ 1=Kgð Þ�1 ð10Þ
f ¼ jp � paj � ðCr � pultÞ ð11Þ
where Ke is the elastic modulus, Kp is the plastic modulus,
Kg is the gap modulus, and K is the combined modulus. f is
the yield function, pa is the value of p at the center of the
4

elastic region (analogous to the back stress in the classical
plasticity theory), Cr � pult is the yielding force, and Cr is 0
in Pysimple5. This implies that the same model shape is
used for both the inviscid part and the viscoplastic part,
as defined by Gerolymos and Gazetas (2006) based on
the Bouc–Wen model, and the hysteretic loop is established
by using the same loading and unloading–reloading rule.
The updating of the ultimate capacity is used to consider
the rate effect, as mentioned by Brown (2004) and discussed
in Section 2.3. The same idea is used, namely, updating the
ultimate capacity to consider the pore pressure effect, as
shown by Brandenberg et al. (2013) and discussed in Sec-
tion 2.4. p0 is the value of p at the start of the current plastic
loading cycle and pult is the ultimate bearing capacity. ye is
the elastic component of the displacement, yp is the plastic
component of the displacement, yp0 is the value of y0 at the
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start of the current plastic loading cycle, and y50 is the dis-
placement where p ¼ 0:5pult. p

d and pc are the forces in the
closure element and the drag element, respectively, and pd0
is the value of pd at the start of the current plastic loading
cycle. yg is the displacement across the gap element and yg0
is the value of yg at the start of the current plastic loading
cycle. Cd is the ratio of the maximum drag force to the ulti-
mate bearing capacity; it is set to 0.3, as given in Boulanger
et al. (1999) according to the experiment. The gap compo-
nent is used to capture the soil-pile separation, in which the
drag element describes the friction from the side soil when
the gap opens, while the closure element captures the clos-
ing of the gap when the pile touches the front soil. yþ0 is the
memory term for the positive side of the gap, while y�0 is the
memory term for the negative side of the gap. The initial
values for yþ0 and y�0 are y50=100 and �y50=100, respec-
tively. c, n, and g define the shape of the backbone curve
of PySimple5, while A, B, and E determine the shape of
unloading and reloading.

The parameters in PySimple5 can be divided into back-
bone curve relevant parameters (c, n, and g), unloading–
reloading relevant parameters (A, B, and E), rate effect or
pore pressure effect relevant parameters (pult and hmax),

and others (P 0, y
p
0, P

d
0, y

g
0, y

þ
0 and y�0 ). The characteristics

of PySimple5 include the reproduction of the desired mod-
ulus reduction and damping curves and consideration of
the rate effect. Specifically, the backbone curve of PySim-
ple5 is modelled as a hyperbolic function and a linear func-
tion in series, in which the three parameters, c, n, and g, are
identified to fit the desired modulus reduction curve using
GA. The unloading–reloading rule is modelled using the
Ishihara-Yoshida rule with the three parameters, A, B,
and E, that are iteratively determined to fit the desired
damping curve. In addition, the rate effects that exert influ-
ence on the ultimate capacity (pult) and damping (hmax) for
clay are modelled using a power function where two
parameters, a and b, are calculated using the findings by
Sheahan et al. (1996) in which the percent of shear strength
increase per logarithm of strain rate is constant. The pore
pressure effects are reflected on the reduction in ultimate
capacity (pult) through the mean effective stress.
Table 1
Example of identified parameters for modulus reduction curve in H-D
model.

Soil condition Material constant PySimple5

Clay or Sand c 0.5
n 0.7
g 3.5
2.2. Parameter identification

Zhang and Andersen (2017) developed static p-y curves
by successfully scaling the site-specific soil stress–strain
curves. Zhang et al. (2021) also validated their model for
cyclic loading, and addressed a simplified damping model
from the site-specific soil damping data using a finite ele-
ment analysis (FEA). The same idea has also been used
by Wang et al. (2020) and Lai et al. (2021). They concluded
that the site-specific p-y curve outperforms the previous
empirical formulations fitted to experimental data or a
3D FEA under certain soil conditions, since the applicabil-
ity of these empirical formulations to certain soil condi-
tions, other than those examined, is uncertain. This
5

means that linking the p-y curve to the site-specific soil
data, such as the stress–strain and damping-strain curves,
is necessary for engineering applications on soil-pile inter-
action. However, Zhang et al. (2021) and Lai et al. (2021)
relied on the concept of a nonlinear elastic model using
springs and dashpots to implement the soil-pile interaction,
which is a simplification of the hysteretic p-y curve pro-
posed in this study. To illustrate the rationality of the pro-
posed p-y model, a pseudo-static push-over analysis is
performed in this study and shown in Appendix A.

In the present study, the backbone curve relevant
parameters (c, n, and g) are identified by GA and goal seek-
ing using the criterion that the backbone curve shall be cap-
able of matching the desired modulus reduction curve. The
fitness function of GA,1=RMSE, is defined as the ratio of
the root mean squared error in Eq. (12), while the iteration
will be stopped when Eq. (13) is satisfied or the generation
reaches 50.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

Ki

K0

� Gi

G0

� 	2

vuut ð12Þ

RMSE 6 10�3 or /j � /j�1 6 10�3 ð13Þ

where RMSE means the root mean square error. Gi is the
modulus at the ith points of the modulus reduction curve,
while Ki is the corresponding stiffness of the p-y curve. N is
the number of points on the modulus reduction curve used
for identification, which could be 10 � 20 uniformly dis-
tributed points on the modulus reduction curve. G0 and
K0 are the initial shear modulus and stiffness, respectively.
/j means the parameter at the jth generation and / could

be c, n, or g.
One example of identifying c, n, and g by fitting to

G=G0 ¼ 1=ð1 þ c=c0:5Þ with c0:5 ¼ 0:25% is given here.
The feature of PySimple5 is modelled using the zero-
length beam element with input parameters, as described
in Section 2.5. For the identification, the population is
50, the crossover probability is 0.9, the mutation probabil-
ity is 0.09, and the generation stops at 50. The identified
parameters are given in Table 1 and the RMSE in the iden-
tification procedure is shown in Fig. 2(a). The definitions of
stiffness and damping, based on the hysteretic loop of
PySimple5, are shown in Fig. 2(b). By exerting different dis-
placements on the zero-length beam in Section 2.5, the rela-
tionships between stiffness or damping and displacement
can be obtained. After that, the relationship between dis-



Fig. 2. Example of PySimple5 backbone curve using parameters given in Table 1 and modulus reduction curve derived from PySimple5.
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placement (y) and strain (c), proposed by Kagawa and
Kraft (1980), is used to convert displacement into strain,
where y ¼ 2:5Dc and D is the pile diameter, and guarantees
that K=K0 ¼ 1=ð1 þ y=y50Þ and h ¼ hmaxy=ðy50 þ yÞ for the
p-y curve corresponding to G=G0 ¼ 1=ð1 þ c=c0:5Þ and
h ¼ hmaxc=ðc0:5 þ cÞ for the H-D model. The corresponding
modulus reduction curve, using the parameters in Table 1,
is portrayed in Fig. 2(c). It is observed that the proposed
model matches the desired modulus reduction curve well.

The unloading–reloading relevant parameters (A, B, and
E) can be updated using the Ishihara-Yoshida rule
(Ishihara et al., 1985), following the criterion that the back-
bone curve shall be capable of matching the damping
curve. The Ishihara-Yoshida rule was proposed for ground
response analyses to solve the overestimation of soil damp-
ing when the soil strain is large. The Ishihara-Yoshida rule
introduces three parameters in the original unloading/
reloading rule and changes the hysteretic loop by dynami-
cally updating the three parameters according to the
desired damping curve. The same idea is used in this study
for the p-y modelling. A, B, and E have different values for
different loading conditions, as shown in Eq. (14), and are
obtained iteratively to match the damping curve using Eqs.
(15)-(17). It is noted that Eqs. (16)-(17) cannot be solved in
a closed form for a0 and e0. They are solved numerically
6

using the bisection method. The iteration will be stopped
when Eq. (18) is satisfied or the number of iterations
reaches 50. Eq. (9) is also examined, and the iteration will
be stopped when Eq. (19) is satisfied or the number of iter-
ations reaches 20.

skeleton curve:; A ¼ 1;B ¼ 1;E ¼ 1

unloading : A ¼ a0;B ¼ b0;E ¼ 1

reloading reunloading : A ¼ a0;B ¼ b0;E ¼ e0

8><
>:

ð14Þ

b0 ¼
c�y50

c�y50þ yp
0j j

� 	n

� 1

a0�c�y50
a0�c�y50þ yp

0j j
� 	n

� 1

ð15Þ

Lða0Þ ¼ D
yp0i
a0

� 	
� h yp0ið Þ ¼ 0 ð16Þ

Mðe0Þ ¼ f
yp0i
a0

� 	
� p0i=b0

e0
¼ 0 ð17Þ

Here,

h yð Þ ¼ hmax
y

y50þy


 �
,D yð Þ ¼ 1

4p
DW yð Þ
W yð Þ ,W yð Þ ¼ 1

2
y � g yð Þ,-

DW yð Þ ¼ 2
R y

- y
g y0ð Þdy0,-
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g yð Þ ¼
pult � pult � p0i=b0ð Þ c�y50

c�y50þ y�yp
0i
=a0ð Þ

� 	n

Dy > 0ð Þ

�pult þ pult þ p0i=b0ð Þ c�y50
c�y50� y�yp

0i
=a0ð Þ

� 	n

Dy < 0ð Þ

8>><
>>: -

f yð Þ ¼
pult � pult � p0i þ 1=b0

e0


 �
c�y50

c�y50þ
y�yp

0i þ 1
=a0

e0


 �
0
@

1
A

n

Dy > 0ð Þ

�pult þ pult þ p0i þ 1=b0
e0


 �
c�y50

c�y50�
y�yp

0i þ 1
=a0

e0


 �
0
@

1
A

n

Dy < 0ð Þ

8>>>>>><
>>>>>>:

where h yð Þ is the desired damping curve. D yð Þ represents the

damping corresponding to the p � y loops. DW yð Þ is the damping

energy and W yð Þ is the equivalent elastic strain energy. Coordi-

nates yp0i; p0ið Þ and yp0i þ 1; p0i þ 1

� �
are the most recent two rever-

sal points.

abs D
yp0i
a0

� 	
� h yp0ið Þ

� 	
=h yp0ið Þ 6 1:0e�3

or abs D
yp0i
a0

� 	
� h yp0ið Þ

� 	
6 1:0e�3 ð18Þ

abs f
yp0i
a0

� 	
� p0i=b0

e0

� 	
=
p0i=b0
e0

6 1:0e�3

or abs f
yp0i
a0

� 	
� p0i=b0

e0

� 	
6 1:0e�3 ð19Þ

3p � pe � pp � pg

pult
6 1:0e�12 ð20Þ

PySimple5 is implemented in OpenSees (Mazzoni et al.,
2006) and solved iteratively when it is applied to dynamic
analyses of pile supported structures. The flow chart in
Fig. 3. Flow chart for determini
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Fig. 3 shows how the parameters in PySimple5 are deter-
mined and how PySimple5 is solved iteratively in
OpenSees.
2.3. Integration of rate effect in PySimple5 for clay

The rate effect relevant parameters, pult and hmax, are cal-
culated based on a rate effect model. For the ground
response analysis, Yniesta and Janati-Idrissi (2021) pro-
posed a viscoplastic model by adding viscous stress, that
is directly strain-rate dependent, to the inviscid stress. Their
model is consistent with the findings by Sheahan et al.
(1996), namely, that the percent of shear strength increase
per logarithm of strain rate is constant. However, a limita-
tion of their model is that the damping response is not
quantitatively controlled. In this study, viscoplasticity is
achieved by multiplying a rate effect model to pstatic, as
shown in Eq. (21), where pstatic represents the inviscid p-y
reaction from the model proposed above and R _yð Þ is a rate
effect model similar to that presented in Brown (2004). Eq.
(21) can be achieved more conveniently using Eqs. (22)-
(23), which relate the rate effect to the ultimate capacity
and maximum damping as well as the static values
obtained from the static load tests.

p ¼ pstatic þ Dp ¼ pstaticRð _yÞ ð21Þ
pult ¼ ðpultÞstatic þ Dpult ¼ ðpultÞstaticRð _yÞ ð22Þ
hmax ¼ ðhmaxÞstatic þ Dhmax ¼ ðhmaxÞstaticRð _yÞ ð23Þ
Here;Rð _yÞ ¼ 1 þ að _yÞb
ng parameters in PySimple5.
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where p is the reaction of the p-y model at an elevated pen-
etration rate, pstatic is the reaction of the p-y model at a low
penetration rate, similar to those encountered during static
pile testing, _y is the relative pile-soil slip velocity, and a and
b are rate parameters.

Sheahan et al. (1996) observed that the shear strength
increases with the strain rate. Rate parameters a and b shall
be specifically determined so that the response of the model
will be consistent with the study by Sheahan et al. (1996).
Referring to Yniesta and Janati-Idrissi (2021), b is set as
a value between 1/10 to 1/6. a can be derived based on
the desired increase in shear strength per logarithmic cycle
of shear strain rate, called rsu, with an average increase of
5%-20% per logarithmic cycle of strain rate. The definition
for a as a function of rsu is demonstrated below.

It is assumed that a single p-y element is monotonically
loaded at a constant displacement rate of 1 m/s up to a
deformation of 1 m. Based on Eq. (21), the total force
can be computed as Eq. (24). If another test is done at
the slower rate of 10-5 m/s, p1 can be defined and the total
force reaches the deformation of 1 m, as given by Eq. (25).

p 1mð Þ ¼ pstatic 1mð Þ � R 1m=sð Þ ð24Þ
p1 1mð Þ ¼ pstatic 1mð Þ � R 10 - 5m=s

� � ð25Þ
The ratio p 1mð Þ=p1 1mð Þ depends on the desired increase

rsu in shear strength per logarithmic cycle of strain rate
and, because there are six logarithmic cycles between 10-5

m/s and 1 m/s, this ratio can be presented as Eq. (26). a
can be computed as a function of rsu and expressed as
Eq. (27). It is noted that 10-5 m/s is selected because the sta-
tic ultimate capacity is usually defined as 10-5 m/s (see
Brown, 2004).

1þ rsuð Þ6 ¼ pstatic 1mð Þ � R 1m=sð Þ
pstatic 1mð Þ � R 10 - 5m=s

� �
¼

pstatic 1mð Þ � 1þ a 1m=sð Þb
h i

pstatic 1mð Þ � 1þ a 10 - 5m=s
� �bh i ð26Þ

a ¼ 1 þ rsuð Þ6 � 1

1mð Þb � 10�5m=s
� �b

1 þ rsuð Þ6
ð27Þ
Fig. 4. Schematic of ground motion and mean effective stress from site
response analysis input to free ends of PyLiq1 elements (Brandenberg
et al., 2013).
2.4. Integration of pore pressure effect in PyLid5 for sand

The PyLiq1 model was proposed by Brandenberg et al.
(2013) to model the liquefiable soil-pile interaction by
inputting the ground motion and mean effective stress time
series from a free-field soil column to the free end of
PySimple1. The only difference between PyLiq1 and
PySimple1 is that the ultimate capacity of the p-y material,
pult liq, is treated as a variable that depends on the mean

effective stress in the free field, r0, rather than being speci-
fied as a material constant. PySimple5 can consider the
pore pressure effect using the same idea, which is named
PyLiq5. All the parameters in PyLiq5 are the same as those
8

in PySimple5, except for the ultimate bearing capac-
ity,pult liq, that is given as.

pult liq ¼ pres þ pult � presð Þ r
0

r0
0

ð28Þ

where r0
0 is the initial free-field effective stress. It is shown

that the value of pult liq depends on the pore water pressure

that develops in the free field and finally reaches a residual
value pres when r0 equals zero. A p-multiplier approach was
introduced to clarify the residual capacity as pres ¼ mp � pult,
where mp was defined based on Brandenberg et al. (2005).

The ground motion and mean effective stress are input
to the free ends of the PyLiq1 elements, as demonstrated
in Fig. 4. The developed PyLiq5 model possesses the same
advantages and disadvantages as PyLiq1. As expressed in
Brandenberg et al. (2013), the material is also capable of
modeling the transient stiffening associated with the cyclic
mobility behavior of sand in cyclic undrained loading.
The dilatancy induced by the local strain imposed on the
soil by the pile can be indirectly incorporated by specifying
an appropriate value for pres. However, the concave
upward p-y behavior and the inverted cone-shaped nega-
tive pore water pressure region around the pile are not
included in the PyLiq5 model for simplification.
2.5. Comparison of proposed and conventional models

A comparison is performed to investigate the perfor-
mance of PySimple5, PySimple3, and PySimple1 to match
with the modulus reduction and damping curves. It should
be noted that the rate and pore pressure effects in PySim-
ple5 and Pyliq5 are not discussed here. It is assumed that
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PySimple5 is assigned to a zero-length beam element cycli-
cally subject to a unit axial force with the input parameters
pult ¼ 1, D ¼ 1, and Cd ¼ 10, as shown in Fig. 5(a), to fit
the H-D model with parameters c0:5 ¼ 0:25% and
hmax ¼ 20%. y50 is calculated by y50 ¼ 2:5Dc0:5 and equal
to 0.625%. The beam element is fixed at one node and free
at the other node. OpenSees has defined its own methods
for analysis. The constraint handler determines how the
constraint equations are enforced in the analysis; the num-
berer determines the mapping between the equation num-
bers and the degrees-of-freedom; the integrator
determines the predictive step for time t þ dt; the algorithm
determines the sequence of steps taken to solve the non-
linear equation at the current time step; the system specifies
how to store and solve the system of equations in the anal-
ysis; and the convergence determines when convergence has
been achieved. More information can be found in Mazzoni
et al. (2006). The analysis is conducted using the penalty
method for the constraint handler, the reverse Cuthill-
Fig. 5. Zero-length beam element with PySi

Fig. 6. Comparisons of modulus reduction and damping

9

McKee scheme for the numberer, and the displacement
control method for the integrator. The convergence toler-
ance on the energy unbalance in the system is 10-6. Fig. 5
(b) illustrates the load–displacement responses (also known
as the hysteresis loops) of PySimple5, PySimple3, and
PySimple1. It is seen that the hysteresis loop for PySimple5
is different from the loops for PySimple3 and PySimple1.
The modulus reduction and damping curves of PySimple5,
PySimple3, and PySimple1 are derived from load-
displacement curves and compared in Fig. 6. It is observed
that PySimple5 matches well with the target modulus
reduction and damping curves described by
G=G0 ¼ 1=ð1 þ c=c0:5Þ and h ¼ hmaxc=ðc0:5 þ cÞ with
c0:5 ¼ 0:25% and hmax ¼ 20%. However, PySimple3 over-
estimates damping at large strain levels and PySimple1 fails
to capture the modulus reduction and damping curves.
More specifically, PySimple1 does not output a smooth
modulus reduction curve due to the initial range in rigid
behavior of the plastic component. It underestimates the
mple5 and normalized hysteresis loops.

curves among PySimple1, PySimple3, and PySimple5.
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soil damping at small strain levels, but significantly overes-
timates the soil damping at large strain levels due to its
unloading and reloading rules.

Table 2 summarizes characteristics among Pysimple1,
Pysimple3, and Pysimple5. Pysimple5 matches the modulus
reduction and damping curves by identifying parameters c,
n, and g in Eqs. (2)-(3) and A, B, and E in Eq. (4). This
model also considers the rate and pore pressure effects, as
discussed in Sections 2.3 and 2.4, as well as the soil-pile sep-
aration behavior using Eqs. (5)-(8). It indicates that Pysim-
ple5 and PyLiq5 can consider the nonlinear and dynamic
effects of soil and can be used for both non-liquefiable
and liquefiable soils. Pysimple1, as mentioned in
Brandenberg et al. (2013), cannot match the modulus
reduction and damping curves, as shown Fig. 6, since
parameters c, n, and g in Eqs. (2)-(3) are fixed for sand
and clay, and constant values of Cr ¼ 0:35 and Cr ¼ 0:2
are used in Eq. (11) for clay and sand in Pysimple1, which
result in a wide elastic region, as shown in Fig. 6(a). Param-
eters A,B, and E in Eq. (4) are 1 in Pysimple1, which cause
the underestimation of damping in the small strain region
and the overestimation of damping in the large strain
region, which can be seen from Fig. 6 (b). Pysimple1 can
simulate the soil-pile separation behavior using Eqs. (5)-
(8). However, it cannot consider the rate effect, which leads
to the underestimation of the acceleration responses of
superstructures and the bending moments of piles for seis-
mic loading predictions, as mentioned in Section 3. Pysim-
ple3 favorably matches the modulus reduction curve as
shown in Fig. 6 (a), since the material constant C in it
can control its backbone to match with the desired modu-
lus reduction curve, as shown Choi et al. (2015), which
results in a narrow elastic region. Pysimple3 also overesti-
mates the damping in the large strain region, as shown in
Fig. 6 (b), since it cannot match the damping curves either.
Pysimple3 uses the dynamic ultimate capacity by fitting the
results from the centrifuge tests, which implies that it can-
not be used for cases without experimental data. Moreover,
Pysimple3 cannot capture the soil-pile separation behavior
since Eqs. (5)-(8) are not used in this model. Piecewise
models, such as bilinear and trilinear models, are discontin-
uous functions and can reproduce the modulus reduction
and damping curves only at two or three points. They
are unable to consider the rate or pore pressure effects or
the soil-pile separation behavior for the seismic loading
Table 2
Comparison of characteristics among Pysimple1, Pysimple3, and
Pysimple5.

Characteristic Pysimple1
and PyLid1

Pysimple3 Pysimple5
and PyLid5

Modulus reduction curve – + +
Damping curve – – +
Rate effect or dynamic effect – + +
Pore pressure effect + – +
Soil-pile separation behavior + – +

Note: ‘‘+‘‘ or ‘‘-‘‘ means that this characteristic is included or not.
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predictions of pile foundations. It should be noted that
PySimple5 can return to PySimple1 as long as the back-
bone parameters are the same as PySimple1 (Cr ¼ 0:35,
c ¼ 10:0, n ¼ 5:0, and g ¼ 1:02 for clay and Cr ¼ 0:2,
c ¼ 0:5, n ¼ 0:5, g ¼ 0:54 for sand) and the Ishihara-
Yoshida rule is not used (A ¼ B ¼ E ¼ 1:0), which means
that PySimple5 can match the classical API model well
since PySimple1 was calibrated by the API model. In sum-
mation, PySimple5 outperforms the classical p-y curves
since PySimple5 is suitable for various soil conditions,
while the classical p-y curves fitted for certain soil condi-
tions may not work well for other soil conditions.
3. Validation of proposed PySimple5 and PyLiq 5 for single

pile

The proposed model for non-liquefiable soil, PySimple5,
is firstly validated in Section 3.1 and then compared to the
conventional methods in Section 3.2. Finally, the proposed
model for liquefiable soil, PyLiq5, is validated for a single
pile in liquefiable soil in Section 3.3.
3.1. Validation of PySimple5 for single pile in non-liquefiable

soil

The centrifuge tests in Wilson (1998) for a single pile in
soft clay are selected to validate the proposed model, which
are referred to as CSP5 Event A and Event C. A schematic
of the tests is shown in Fig. 7. The soil profile consisted of a
top layer of saturated soft clay and a bottom layer of sat-
urated dense sand. The depths of the clay and sand layers
were 6.0 m and 11.4 m, respectively. In terms of the soil
properties, the undrained shear strength of the clay was
2.5, 6.5, 9.0, and 12.0 kPa at depths of 0-1.5, 1.5-3.0, 3-
4.5, and 4.5-6.0 m, respectively, while the friction angle
of the sand was 3.95�. The effective unit weights of the clay
and sand were 7:75kN=m3 and 9:81kN=m3, respectively. The
soil parameters for the clay and sand in the CSP5 test are
summarized in Table 3, where the low shear strain modulus
of the clay in the Wilson test was derived from the available
Torvane measurements using the equation G ¼ 200cu,
where cu is the undrained shear strength (Bowles, 1993).
The parameters of the underlying sandy layer were
extracted from the values reported by Popescu and
Prevost (1993) for Nevada sand with Dr = 80%. The single
pile was equivalent to a steel pipe pile with a diameter of
67 cm, a wall thickness of 1.9 cm, and an embedded length
of about 16.5 m in the prototype scale, which was extended
3.8 m above the ground surface to carry a superstructure
with a weight of 49 t (480.2 kN). The imposed excitations
at the model base were the scaled Santa Cruz seismic waves
with amplitudes of 0.035 g for Event A and 0.3 g for Event
C, as shown in Fig. 8. In this section, the damping issues
are addressed following Wang and Ishihara (2020), more
specifically, the hysteretic damping is captured by PySim-
ple5, the small-strain damping is incorporated into the



Fig. 7. Schematic of CSP5 centrifuge tests (after Wilson,1998).

Table 3
Soil parameters of CSP5 centrifuge tests.

Clay (0–
1.5 m)

Clay (1.5–
3 m)

Clay (3–
4.5 m)

Clay (4.5–
6 m)

Sand

Gr(MPa) 0.5 1.3 1.8 2.4 41.5
Br(MPa) 2.33 6.1 8.4 11.2 90.0
cu(kPa) 2.5 6.5 9.0 12.0 0.0
/(degree) 0.0 0.0 0.0 0.0 39.5

Note:Gr, low-strain shear modulus;Br, low-strain bulk modulus;cu,
undrained shear strength;/, soil friction angle.
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structural damping, and the radiation damping is not con-
sidered in order to maintain consistency with Choi et al.
(2015). The structural damping is modelled as Rayleigh
damping with a value of 2% for both first and second
modes (IEC61400-6, 2000). The same method is used for
the whole paper and is not mentioned again elsewhere.
Fig. 8. Time histories of imposed acce
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As shown in Afacan et al. (2014), the modulus reduction
and damping curves, described by the H-D model with
parameters c0:5 ¼ 0:15%; hmax ¼ 21%, are used for the bay
mud. Following Yniesta and Janati-Idrissi (2021), the mod-
ulus reduction, corrected for the monotonic shear strength,
but not for the strain rate, shall be used since the strain-rate
dependency is included directly in the proposed model. The
modulus reduction and damping curves for Nevada sand
are assumed to follow the H-D model with parameters
c0:5 ¼ 0:1%; hmax ¼ 21%. The desired increase in shear
strength per logarithmic cycle of strain rate, rsu, is set at
13% for all clay layers (a ¼ 1:57; b ¼ 1=6), to be consistent
with the observations from the laboratory tests (Afacan
et al., 2019).

The seismic soil-pile interaction analysis includes the site
response analysis and the pile response analysis (Matlock
et al., 1978). As illustrated in Fig. 9, the site response anal-
ysis is performed to obtain depth-dependent ground
motion time histories along the pile that will be applied
to the supports of the nonlinear springs for the pile
response analysis. As shown in Boulanger et al. (1999),
the accuracy of the pile response analysis would be reduced
due to differences between the recorded and the calculated
site responses. Therefore, the site response analysis shall be
performed accurately. In this study, the site response anal-
ysis is performed using PressureIndependMultiYield mate-
rial (PUDY) for clay in OpenSees and
PressureDependMultiYield material (PMDY) for sand
with parameters, as shown in Table 4 following Rahmani
et al. (2018). The calculations of the ultimate capacity for
clay follow DNVGL-RP-C212 (2017) and those for sand
use the formulae in Gerolymos and Gazetas (2006). A ser-
ies of site response analyses is performed for Event A and
Event C. It is found that the maximum soil shear strain
(cmax) is 0.9% for Event A and 9.1% for Event C. Fig. 10
illustrates the predicted and measured acceleration
responses at the depth of 1.6 m.

The pile response analysis is carried out using the Beam
on Nonlinear Winkler Foundation (BNWF) method with
PySimple5, as shown in Figs. 11-12. It is seen that the
acceleration responses of the superstructure are underesti-
leration in CSP5 centrifuge tests.



Fig. 9. Schematics of seismic soil-pile interaction analysis with p-y springs (after Rahmani et al., 2018).
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mated by PySimple5 without the rate effect for either event,
while PySimple5 with the rate effect gives slightly conserva-
tive results. This is because the rate effect increases the
dynamic stiffness of the soil and results in an increase in
the acceleration responses of the superstructure. Figs. 13-
14 show the predicted and measured bending moment
responses of the pile at the instance of the maximum pile
displacement by PySimple5. It is observed that PySimple5
with the rate effect improves the accuracy of the predic-
tions, while PySimple5 without the rate effect underesti-
mates the bending moment of the pile near the ground
surface since the maximum pile displacements are underes-
timated due to the underestimation of the ultimate bearing
Table 4
Parameters of PDMY and PIMY for simulating soil behavior in dynamic
centrifuge tests (after Rahmani et al., 2018).

Parameter CSP5 test

Clay (0–
1.5 m)

Clay (1.5–
3 m)

Clay (3–
4.5 m)

Clay (4.5–
6 m)

Sand

Gr(MPa) 0.5 1.3 1.8 2.4 41.5
Br(MPa) 2.33 6.1 8.4 11.2 90.0
cu(kPa) 2.5 6.5 9.0 12.0 0.0
/(degree) 0.0 0.0 0.0 0.0 39.5
cmax 0.1 0.1 0.1 0.1 0.1
/PT (degree) – – – – 27.0
n – – – – 0.5
d1 – – – – 0.6
d2 – – – – 3.0
c – – – – 0.05

Note: Gr, low-strain shear modulus; Br, low-strain bulk modulus; cu,
undrained shear strength; cmax, octahedral shear strain at which maximum
shear strength is reached; n, constant defining variation in shear modulus
as function of mean effective confinement; /, soil friction angle; /PT , phase
transformation angle; d1 and d2, dilation parameters; c, contraction
parameter.
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capacity, as shown in Eq. (22). The rate effect also signifi-
cantly affects the maximum bending moment of the single
pile, according to the simulation results in this study, as
Yniesta and Janati-Idrissi (2021) showed that it did exert
great influence on the site responses.
3.2. Comparison of proposed and conventional models for

single pile in non-liquefiable soil

The equivalent linear 1D model is widely used in engi-
neering practice, when the maximum soil shear strain is less
than 1%, as shown in the JSCE guideline (Ishihara, 2010).
Fig. 10. Comparisons of measured and predicted acceleration time
histories.



Fig. 11. Comparisons of measured and predicted acceleration time
histories of superstructure with damping of 5%.

Fig. 13. Comparisons of measured and predicted bending moment time
histories at depth of 0.76 m.
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Figs. 15-16 illustrate the predicted and measured seismic
responses in terms of the acceleration response spectra of
the superstructure and the bending moments of the pile
shaft at the instance of maximum pile displacement. It is
observed that the equivalent linear 1D model can only
favorably predict Event A, whose maximum shear strain
is less than 1%, and that it significantly underestimates
Event C, whose maximum shear strain is much larger than
1%. Although the modulus reduction and damping curves
are applied in the equivalent linear 1D model, the shear
modulus and damping corresponding to an equivalent
shear strain, that equals 0.65 times the maximum shear
strain, are used to calculate the values of spring stiffness
and dashpot damping. This kind of linearization is the
source of inaccuracy when it is utilized for cases with large
shear strain levels. PySimple1 is also demonstrated in
Figs. 15-16. It is found that PySimple1 significantly under-
Fig. 12. Comparisons of predicted and measured acceleration
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estimates Event C since it does not match the shear modu-
lus reduction and damping curves and ignores the rate
effect of the soil. These effects are clearly observed in
Fig. 17(b), in which the maximum pile displacements are
underestimated by PySimple1 and the equivalent linear
1D model. It should be noted that there are no displace-
ment data in these centrifuge tests.

In order to quantify the agreements between the predic-
tions by the models and those by the experiments, the val-
idation metric (see Schatzmann and Olessen, 2010; Oettl,
2015) is introduced and presented by a hit rate, q, and
defined as.

q ¼ 1

N

XN
i¼1

ni; with ni ¼ 1; yi�xi
xi

��� ��� 6 Dq or yi � xij j 6 W q

0; else

(

ð29Þ
response spectra of superstructure with damping of 5%.



Fig. 14. Comparisons of measured and predicted bending moment profiles at instance of maximum pile displacement for different maximum soil shear
strain levels.

Fig. 15. Comparisons of predicted and measured acceleration response spectra of superstructure with damping of 5%.
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where xi and yi are the values from the experiments and the
predictions, respectively. N is the total number of data, Dq

and W q are the thresholds. The values of the metric, corre-
sponding to the complete agreement and disagreement, are
q ¼ 1 and q ¼ 0, respectively. As suggested by Schatzmann
and Olessen (2010) and Oettl (2015), thresholds Dq ¼ 0:25
and W q ¼ 0:1 maxj j are used in this study, in which maxj j
is a maximum value supposed in the observation.
Figs. 18-19 show the scatter plots for a comparison
between the predictions and the experiments for the accel-
eration responses of the superstructure with the damping of
5% and bending moments of the pile shaft at the instance
of the maximum pile displacement, together with the corre-
sponding validation metric boundary. It is observed that
the proposed model provides a better performance than
the equivalent linear 1D model or PySimple1 model, espe-
cially in capturing the amplitude in Event C.
14
3.3. Validation of PyLiq5 for single pile in liquefiable soil

PyLiq5 is validated by the centrifuge test performed by
Wilson (1998) for a single pile in liquefiable soil (referred
to as CSP2). The schematic of centrifuge test CSP2 is given
in Fig. 20. The soil profile in the CSP2 test consists of a top
layer of saturated loose sand and a bottom layer of satu-
rated medium dense sand. The depths of the loose and
dense sand layers are 9.1 m and 11.4 m, respectively. The
relative density of the loose sand is 35% and that of the
medium dense sand is 75%. The friction angle of the loose

sand is 29:5
�
and that of the medium dense sand is 38

�
. The

effective unit weights of the loose and medium dense sands
are 7:41 kN=m3 and 9:81 kN=m3, respectively. The soil
parameters for the loose and medium dense sands in the
CSP2 test are summarized in Table 5, in which the S-
wave velocities (V s) are determined following



Fig. 16. Comparisons of predicted and measured bending moments of pile shaft at instance of maximum pile displacement for different maximum soil
shear strain levels.

Fig. 17. Comparisons of maximum pile displacements predicted by three models for different maximum soil shear strain levels.

Fig. 18. Scatter plots for comparison between predicted and measured acceleration responses of superstructure with damping of 5%.
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Fig. 19. Scatter plots for comparison between predicted and measured bending moments at instance of maximum pile displacement.

Fig. 20. Schematic of CSP2 centrifuge test.
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Brandenberg et al. (2013). The single pile is equivalent to a
steel pipe pile with a diameter of 67 cm, a wall thickness of
1.9 cm, and an embedded length of about 16.8 m in the
prototype scale, which is extended 3.81 m above the ground
Table 5
Soil parameters of CSP2 centrifuge test.

Soil layer Depth of
layer top

c(kN/
m3)

Dr(%) /(degree) V s(m/
s)

Loose Nevada sand 0 17.2 35 29.5 177
Dense Nevada sand 9.1 19.6 75 38 235
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surface to carry a superstructure load of 480.2 kN. The
imposed excitation at the model base is the scaled Kobe
seismic waves with the amplitudes of 0.22 g for Event F,
as shown in Fig. 21. The modulus reduction and damping
curves for both Nevada sands are assumed to follow the H-
D model with parameters c0:5 ¼ 0:1% ; hmax ¼ 21%. The
calculations of the ultimate capacity for sand use the for-
mulae in Gerolymos and Gazetas (2006).

The liquefiable soil-pile interaction analysis also
includes the site response analysis and the pile response
analysis. In this study, OpenSees is used for the site
response analyses since the CSP2 test has been simulated
well using PressureDependMultiYield2 material for the liq-
uefiable soil with the parameters shown in Table 6 (see
Patra and Haldar, 2021).

Fig. 22 illustrates comparisons of the predicted and
measured site acceleration responses at the depths of
2.82 m and 13.9 m. It is observed that the predictions
match the experimental data well for both depths, although
some peaks are not captured at the depth of 2.82 m, which
may be due to the low permeability used in the site
response analysis. Fig. 23 presents the pore water pressure
time histories at the depths of 7.4 m and 12 m. The line of
black circles represents the measured results, the red
Fig. 21. Time histories of imposed acceleration in CSP2 test.



Table 6
Soil properties for PressureDependMultiYield2 (after Patra and Haldar, 2021).

Parameter Loose Nevada sand Dense Nevada sand

Relative density Dr (%) 35 75
Mass density (kg/m3) 1720 1960
Low-strain shear modulus Gmax (kPa) at effective confinement of 80 kPa 55e3 110e3
Permeability k (m/s) 6.05e-5 3.7e-5
Friction angle / (degrees) 29.5 38
Phase transformation angle /PT (degrees) 25.5 26
Peak shear strain cmax at 100 kPa mean effective

Confinement
0.1 0.1

Contraction parameter c1 0.045 0.013
Contraction parameter c3 0.15 0.0
Dilatation parameter d1 0.06 0.3
Dilatation parameter d3 0.15 0.0
Liquefaction parameter l1 1.0 0
Liquefaction parameter l2 1.0 0
Initial void ratio e 0.70 0.55

Fig. 22. Comparisons of predicted and measured acceleration time histories at various depths.

Fig. 23. Comparisons of predicted and measured excess pore pressure time histories.
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dashed line represents the predicted pore water pressure
levels, and the blue dotted line represents the excess pore
pressure ratio, ru ¼ 1, which is the indicator of liquefaction
potentiality. It can be seen that the predicted pore water
17
pressure levels are very close to those of the experiments.
It can also be seen that the top loose sand layer starts to
liquefy after 2 � 3 s, while the bottom dense sand layer
does not liquefy at all. It is noted that the pore water pres-



Fig. 24. Comparisons of predicted and measured acceleration and moment time histories.

Fig. 25. Comparisons of predicted and measured acceleration response spectra for pile head with damping of 5% and bending moments of pile shaft at
instance of maximum bending moment of pile.
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sure fluctuates in the experimental results, but the fluctua-
tion is not obvious in the predictions, which may be due to
the low permeability used in the site response analysis.

Fig. 24 shows comparisons of the predicted and mea-
sured acceleration time histories at the pile head and
moment time histories at 0.76 m. Fig. 25 plots comparisons
of the predicted and measured acceleration response spec-
tra at the pile head and bending moments of the pile shaft
at the instance of maximum bending moment of pile. It is
observed that the predictions by PyLiq5 agree reasonably
well with the experiments for both the pile head accelera-
tion and pile bending moment, while PyLiq1 overestimates
the acceleration response spectra at the pile head and bend-
ing moment of the pile shaft for the layered liquefiable soils
since the predicted maximum shear forces and pile displa-
cement by PyLiq1 is larger than those by Pyliq5. It is seen
that PyLiq5 captures the peak spectral acceleration well,
but slightly overestimates the eigen period. This may be
due to the calculations of the ultimate capacity for sand,
18
done using the formulae in Gerolymos and Gazetas
(2006), which may be not accurate enough.

4. Conclusion

In this study, a new p-y model was proposed for the seis-
mic analyses of piles in non-liquefiable and liquefiable soils.
The seismic loading on the pile foundations was investi-
gated using the Beam on Nonlinear Winkler Foundation
(BNWF) method and validated by centrifuge tests on a sin-
gle pile. The conclusions are summarized as follows:

� The proposed PySimple5 model matches the desired
modulus reduction curve by identifying three parame-
ters in a hyperbolic function and a linear function using
GA, and fits the desired damping curve by applying the
Ishihara-Yoshida rule that controls the unloading–
reloading curves iteratively through the three parame-
ters, while the previous models do not match these
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curves. The rate effect is also considered in PySimple5 by
exerting influence on the ultimate capacity and maxi-
mum material damping.

� For a single pile in non-liquefiable soil, the superstruc-
ture acceleration and pile bending moment predicted
by PySimple5 agree well with those obtained from cen-
trifuge tests for different soil shear strain levels, while
the equivalent linear 1D model is only suitable when
the maximum soil shear strain is less than 1%. PySim-
ple1 underestimates the superstructure acceleration
and pile bending moment since it does not match the
modulus reduction and damping curves and ignores
the rate effect.

� The pore pressure effect is included in PyLiq5 by relating
the ultimate capacity to the mean effective stress. For the
pile in liquefiable soil, PyLiq5 shows a favorable agree-
ment with the centrifuge tests in terms of the superstruc-
ture acceleration and pile bending moment by
considering the pore pressure effect.
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Appendix A:. Pseudo-static push-over analysis to verify

PySimple5

Darendeli (2001) proposed a model for the normalized
modulus reduction curve and the material damping curve
based on a comprehensive database of laboratory tests,
which can account for various factors that influence the soil
behavior, such as the soil type (sand, clay or silt), the mean
effective confining pressure (r0

0), over-consolidation stress
ratio (OCR), plasticity index (Ip), loading frequency (f ),
and number of cycles (N ). The Darendeli model is applied
Fig. A1. Three-dimensional finite element model correspo
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to calibrate the finite element model in this study, and was
used in Zhang et al. (2021). In the Darendeli framework,
the normalized modulus reduction and damping curves
are expressed by Eqs. (A1)-(A6). The model parameters
recommended in Table 8.11 by Darendeli (2001) are used.

s ¼ Gmaxð 1

1þ ðc=crÞa
Þc ðA1Þ

Dsoil ¼ b
G

Gmax

� 	0:1

DMasing þ Dmin ðA2Þ

Gmax

r0
ref

¼ ð30 þ 75

Ip=100þ 0:03
ÞOCR0:5 ðA3Þ

DMasing ¼ c1DMasing;a ¼ 1:0 þ c2D2
Masing;a ¼ 1:0

þ c3D3
Masing;a ¼ 1:0 ðA4Þ

Dmin ¼ ð/6 þ /7IpOCR
/8Þr0/9

0 ½1þ /10lnðf Þ� ðA5Þ

DMasing; a¼1:0 ¼ 100

p
4
c� cr ln

cþcr
cr


 �
c2

cþcr

� 2

2
4

3
5 ðA6Þ

Here, c1 ¼ �1:1143a2 þ 1:8618aþ 0:2523, c2 ¼ 0:0805a2�
0:0710a� 0:0095,

c3 ¼ �0:0005a2 þ 0:0002aþ 0:0003

cr ¼ /1 þ /2IpO C R/3
� �

r0/4
0 ; a ¼ /5;

b ¼ /11 þ /12 lnðNÞ; r0
ref ¼ pa r0

0=pa
� �0:9

; pa ¼ 100 kPa

Zhang et al. (2021) performed a series of finite element
analyses using a horizontal slice of a pile Plaxis 3D
(Plaxis, 2017), which is applied to verify PySimple5.
Fig. A1 illustrates the finite element model. The slice is
1 m in thickness, representing a 1-m pile segment of a long
pile. Vertical movement on the top and bottom boundaries
of the model is constrained, therefore maintaining a plane
strain condition. Due to symmetry, only a half-pile seg-
ment is modelled. The lateral extent of the boundaries is
selected to be 10 times the pile diameter (D) from the center
of the pile. The horizontal force is applied as pressure dis-
tributed on the vertical symmetry face of the pile, which is
nding to single p-y element (After, Zhang et al. 2021).



L. Wang, T. Ishihara Soils and Foundations 62 (2022) 101201
modelled as a rigid body. The soil-pile interface is simu-
lated by interface elements in Plaxis. Separation between
the soil-pile interfaces is not allowed. The tangential prop-
erty is controlled by the specified interface strength, and
relative slip between the pile-soil interface can occur if
the mobilised shear stress on the interface reaches the spec-
ified limit. In the finite element analyses, the NGI-ADP soil
model was used (Grimstad et al. 2012). To ensure that the
constitutive relationship of the NGI-ADP model is consis-
tent with the Darendeli shear modulus and damping mod-
els, the parameters of the NGI-ADP model shall be fitted
to Eqs. (A1)-(A6). In Zhang et al. (2021), a systematical
analysis was performed with the parameter space as fol-
lows: r0

0 ¼ 100 kPa, OCR ¼ 1, N ¼ 10, f ¼ 0:1 Hz, and
Ipð%Þ = 10, 20, 40, and 60. The procedure for deriving
the p-y damping curve from the finite element analyses is
provided: 1) The pile is loaded until the load–displacement
curve becomes flat, indicating ultimate capacity. 2) The
total elastic energy stored in the system is the sum of the
elastic energy stored in all the soil elements. For an element
i in the finite element model, its elastic stored energy, ES0;i,
is obtained by calculating the local energy density (stress
multiplied by strain) and multiplying it by the volume of
the soil element, V el;i:

ES0;i ¼ V el;iðR 1

2
rkkekk þ R

1

2
skjckjÞ ðA7Þ

It is noted that ckj ¼ ekj þ ejk ¼ 2ekj, with ekj being the

tensorial shear strain output from FEA. The dissipated
energy for the same element, ED;i, is found by rewriting
the equation for the equivalent damping ratio.

ED;i ¼ 4pDiES0;i ðA8Þ

where Di is the soil damping for the considered soil ele-
ment, obtained from the Darendeli damping curve, at the
maximum shear strain of the soil element (i.e., main princi-
pal strain-minor principal strain). After finding the poten-
tial and dissipated energy for each soil element, the total
Fig. A2. Comparisons of normalized backbone curve and damping cu
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damping in the soil slice is found by summing up the con-
tributions from all elements.

Dpile element ¼ 1

4p
RED;i

RES0;i
ðA9Þ

Fig. A2 compares the normalized backbone curves and
damping curves between the element-level finite element
analysis and the BNWF model with the PySimple5. The
parameters of PySimple5 are identified by Eqs. (A1)-(A6)
for the same parameter space (r0

0 ¼ 100 kPa, OCR ¼ 1,
N ¼ 10, f ¼ 0:1 Hz, and Ipð%Þ = 10, 20, 40, and 60). It
is observed that PySimple5 matches well with the finite ele-
ment analyses in terms of the backbone curve and damping
curve for different plastic indexes.

In addition, Zhang et al. (2021) also performed a series
of finite element analyses using a 3D finite element model
of a full-length pile foundation in Plaxis 3D, which is used
to validate the BNWF model with PySimple5. The method
for evaluating foundation damping from the FEA results is
the same as described above, while the method to integrate
system damping from the BNWF model is given in Eqs.
(A10)-(A13), which is extended from Zhang et al. (2021)
by including the effects of the rotational springs for the
modal damping of the soil-pile system, as mentioned in
Wang and Ishihara (2022). The simulated pile has a diam-
eter of 2.14 m and a wall thickness of 60 mm. The soil pro-
file is idealized to have a constant undrained shear strength
of 20 kPa with depth. The stress–strain and damping
responses of the soil follow those defined earlier for a clay
with OCR ¼ 1 and Ipð%Þ = 60. The pile is embedded 40 m
into the soil and a horizontal force is applied at the pile
head. The soil-pile interface is assumed to be fully rough
and non-separating.

ESoil;ið Þp�y ¼
1

2
piyi; ESoil;ið Þm�h ¼

1

2
mihi ðA10Þ

ED;ið Þp�y ¼ 4pdi ESoil;ið Þp�y ;

ED;ið Þm�h ¼ 4pdi ESoil;ið Þm�h ðA11Þ
rve between PySimple5 and element-level finite element analyses.



Fig. A3. Comparisons of lateral displacement and shear force of pile calculated by FEA and those by BNWF model with PySimple5.

Fig. A4. Comparison of foundation damping ratios calculated by FEA
and BNWF model with PySimple5.
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EPile;i ¼ 1

2
MiDhi ðA12Þ

dpile ¼ 1

4p

Pn
i¼1 ED;ið Þp�y þ ED;ið Þm�hPn

i¼1 ESoil;ið Þp�y þ ESoil;ið Þm�h þ EPile;i


 �

¼
Pn

i¼1di ESoil;ið Þp�y þ ESoil;ið Þm�h


 �
Pn

i¼1 ESoil;ið Þp�y þ ESoil;ið Þm�h þ EPile;i


 � ðA13Þ

where ESoil;ið Þp�y is the stored elastic energy for the ith
lateral soil spring, pi is the spring force of the ith spring,
mobilized at lateral displacement yi, ESoil;ið Þm�h is the
stored elastic energy for the ith rotational soil spring,
mi is the spring force of the ith spring, mobilized at rota-
tional displacement hi, ED;ið Þp�y is the dissipated energy

at the ith lateral soil spring, ED;ið Þm�h is the dissipated
energy at the ith rotational soil spring, and di is the
damping ratio determined according to the lateral dis-
placement of the spring. For the ith pile segment (en-
closed between the ith and iþ 1ð Þth soil springs), EPile;i

is the stored elastic energy, Mi is the cross-sectional
bending moment at the ith soil spring, and Dhi is the dif-
ference in cross-section rotation between the ith and
iþ 1ð Þth soil spring. dpile represents the damping for the
entire pile system.

A pseudo-static push-over analysis is performed to sim-
ulate the maximum cyclic pile response, in which the soil is
assumed to have a constant cyclic shear strength and cyclic
stress–strain behavior over the pile length. This is an ideal-
ized condition, but it demonstrates the rationality of
PySimple5 by integrating the soil damping along the entire
pile to obtain the correct system damping ratio at the pile
head. Fig. A3 compares the pile responses calculated by
FEA and the BNWF model with PySimple5 at three differ-
ent load levels in terms of lateral deflection and cross-
section shear force versus depth. The favorable match
between FEA and PySimple5 is achieved. Fig. A4 com-
pares the foundation damping ratio evaluated from FEA
21
of the entire pile versus the damping evaluated from the
BNWF model with PySimple5 at five different load levels.
It is noticed that the two predictions are close, although
the foundation damping ratio integrated from the BNWF
model with PySimple5 is slightly lower than that evaluated
from FEA. The difference is believed to be due to the inter-
action between the slices, which is not captured in the
BNWF model.
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