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Abstract. The importance of the kinematic effects, especially at the interface in the layered ground, on the behavior of
seismically loaded piles, has been recognized well by academia and industry. In this paper, several widely utilized simplified
models for estimating the maximum kinematic pile bending at the interfaces in the layered ground are reviewed, and a series of
three-dimensional (3D) numerical models for piles with various spacings, pile numbers, ground conditions, and pile dimensions
are employed to examine the kinematic interactions between soil and pile foundations. Based on the extensive numerical
parametric study, the group reduction effects for kinematic bending moment are discussed, and the feasibility and reliability of
the reviewed simplified models under different ground conditions are evaluated sufficiently. Finally, several empirical formulas
for estimating the maximum kinematic pile bending moment under different ground conditions are proposed in this study.
Notably, this study presents the first attempt to validate and modify these simplified models specifically for triple-layered ground
through comprehensive 3D numerical parametric analysis. Compared with existing models that are mainly applicable to uniform
or double-layered ground, the empirical formulas proposed in this study demonstrate applicability for both double-layered and
triple-layered ground conditions, significantly enhancing the prediction accuracy of kinematic bending moments of piles under
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seismic loading in complex ground systems.
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1. Introduction

Piles are widely used in civil engineering to transfer
loads to stable geological formations, and their behavior
under seismic excitations must be evaluated in engineering
practice (Sica et al. 2007). Under seismic excitations, pile
foundation is subjected to two distinct forces: the first being
the oscillations of the superstructure (inertial force), and the
second being the dynamics of pile-soil interactions
(kinematic force). In the conventional design approaches,
pile foundations are typically engineered to resist the
inertial forces that arise from the superstructure's oscillatory
movement, while the kinematic forces generated by
seismic-wave transmission through the soil deposit are
often overlooked (Luo et al. 2021). The maximum
kinematic bending moment at pile head has received
considerable attention, as this is typically the primary cause
of damage to a pile under seismic loading. However, it was
also determined that the effects of the kinematic interaction
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have the potential to cause severe damage to a pile in the
proximity of interfaces between soil strata where sharp
stiffness variation occurs. It has been demonstrated through
observations of previous devastating earthquakes and
dynamic centrifuge experiments that kinematic forces play
a significant role in the development of pile damage (Garala
and Madabhushi 2021, Tott-Buswell et al. 2022). Seismic
regulations, such as Eurocode 8 (2023), have acknowledged
the significance of kinematic effects. These regulations
stipulate the necessity of incorporating both inertial and
kinematic interactions in pile design under specific
circumstances, including the ground profile type, the site's
seismicity, and the structural importance.

A number of research efforts, including analytical
methods (Dobry and O'rourke 1983, Mylonakis 2001,
Nikolaou et al. 2001, Di and Rovithis 2015, Ke and Zhang
2017, Misirlis et al. 2019, Alamo et al. 2020, Di 2023),
experimental tests (Garala and Madabhushi 2021,
Meymand 1998, Boulanger et al. 1999, Kagawa et al. 2004,
Banerjee et al. 2014, Fatahi et al. 2014, Chidichimo et al.
2014, Zhang et al. 2017) and numerical simulations (Luo et
al. 2021, Dezi et al. 2010, Sica et al. 2011, Di et al. 2013,
Hussien et al. 2015, Dezi and Poulos 2017, Vignesh and
Muttharam 2023, Martinelli et al. 2016) have been
undertaken over the past decades to examine the kinematic
effects of seismically excited piles. Analytical methods,
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including the Beam on Dynamic Winkler Foundation model
(BDWF) (Mylonakis 2001, Di and Rovithis 2015), the
dynamic p-y method (Boulanger ef al. 1999, Kagawa et al.
2004), and the pseudo-static method (Liyanapathirana and
Poulos 2005, Castelli and Maugeri 2009, Elahi et al. 2010)
are widely adopted to evaluate the seismic pile-soil
interaction. However, as discussed by Zhang et al. (2017),
the precision of these analytical techniques depends on the
input parameters, which are frequently derived from the
back-calculation of measured pile response.

Numerical methods, including three-dimensional finite
element (FE) and finite difference (FD) approaches
(Misirlis et al. 2019, Alamo et al. 2020, Bouckovalas and
Chaloulos 2014, Hokmabadi et al. 2014, Manica et al.
2016), have also been widely employed to examine the
seismic pile-soil interaction. Although a series of advanced
soil constitutive models have been developed to consider
the effects of strain degradation and softening of soil
stiffness and strength, in addition to geometric and
hysteretic damping, these models are computationally
intensive and time-consuming, which has precluded the
application of the numerical methods among professional
engineers with limited time and budgets. Centrifuge and
shaking table tests are also employed to analyze the seismic
response for pile foundations. These experimental
approaches can reveal the realistic seismic pile-soil
interaction. However, sophisticated experimental skills are
needed for reliable data. Additionally, centrifuge or shaking
table tests are rather time and money-consuming, which is
not realistic for practical engineering design, and are instead
mainly used for case validation.

A series of theoretical, experimental, and numerical
research (Garala and Madabhushi 2021, Mylonakis 2001,
Misirlis et al. 2019, Dezi et al. 2010, Di et al. 2013) have
demonstrated that the peak kinematic bending moment
occurs at the vicinity of interfaces between soil strata with
sharp stiffness variation. To facilitate the initial design of
piles in seismic conditions, various simplified approaches or
analytical methodologies have been advanced to estimate
the maximum kinematic bending moment at the soil
interfaces. The simplified models are quite handy since
most of them have been validated by analytical or
numerical calculations for a broad range of soil conditions,
and can be considered a suitable option for engineering
purposes (Misirlis et al. 2019, De and Maiorano 2010,
Maiorano et al. 2009). However, most of these simplified
approaches are primarily based on idealized uniform or
two-layered ground conditions, and there remains a
significant research gap concerning triple-layered or more
complex multilayer ground profiles. In triple-layered
ground, the mechanisms of shear wave propagation,
reflection, and pile-soil interaction across different layers
can lead to a more complicated distribution of pile bending
moment, making it difficult for existing models to
accurately capture the location and magnitude of the
maximum bending moment. For instance, centrifuge tests
(Huded and Dash 2024) on piles in complex grounds reveal
that intermediate layer can significantly alter the depth of
the maximum bending moment. Moreover, the stiffness and
thickness of the intermediate layer may significantly change

the stress transmission path, thereby affecting both the
depth and magnitude of the maximum bending moment. For
instance, centrifuge model tests have shown that the
bending moment distribution patterns of piles in
multilayered soils are governed by the position of the
interlayer, which is markedly different from the response
observed in homogeneous soils (Chen et al 2024).
Therefore, investigating the kinematic bending moment
distribution patterns of piles in triple-layered ground
conditions not only helps bridge the existing research gap
but also contributes to improving the design accuracy of
pile foundations in complex ground conditions under
seismic loading.

In this paper, several commonly used simplified
approaches for the estimation of maximum kinematic pile
bending moment are reviewed, and a parametric numerical
analysis is carried out, aiming to propose a wider applicable
model for predicting the maximum kinematic pile bending
moment in complex ground conditions. Firstly, the
distribution characteristics of kinematic bending moment
for the single pile and pile group are analyzed, and the
influences of the seismic motion, pile dimensions, and
ground conditions on the maximum kinematic bending
moment are investigated. Utilizing the comprehensive
parametric numerical investigations, the feasibility and
reliability of the simplified approaches are evaluated, and
several simplified formulae are proposed for estimating the
maximum kinematic pile bending moment in both double-
layered and triple-layered ground conditions

2. Review of simplified models and methodology
of this study

2.1 Review of simplified models

To provide an explicit design formula for seismic pile
design, simplified models have been proposed for
predicting the maximum kinematic bending moments of
piles under seismic loading. As demonstrated in Table 1.
several commonly utilized simplified models are
reproduced, for more details refer to Dobry and O’Rourke
(1983), Mylonakis (2001), Nikolaou et al (2001), and
Maiorano et al. (2009). The presented simplified models are
proposed based on BDWF or numerical models and are
applicable to the double-layered ground, in which a soft
stratum was underlined by a stiff stratum. These simplified
models mainly consider the pile dimensions, soil, pile
stiffnesses, period of the input motion period, and thus the
maximum kinematic bending moments of piles at the soil
interfaces can be easily obtained by inputting the readily
dimensional and stiffness parameters.

However, as the simplified models are empirically
derived, their accuracy in practical engineering applications
is highly contingent upon the correspondence between
actual site conditions and the original calibration scenarios.
These models universally assume a double-layered ground
condition with moderate shear wave velocity contrasts
between strata. When actual geological conditions deviate
significantly from these idealized assumptions, the
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Table 1 Summary of simplified models

model  ground

No. model descriptions model parameter parameter description L Reference
origin type
(1-c)(1+c%) Amax,s: Maximum acceleration at the soil surface

- m d: pil‘e diamgter ) )
E,: pile elastic modulus single pile Dobry and
Sl M= 1-86(Ep|p)3/4 _GliM -F ylzLd Ay Env: eAlastic‘modulus ofgpper layer ] ) Double- O’Rourke

G, F: dimensionless function of the ratio of the shear moduli ~ BDWF  layered (1983)
[ of the two layers model
1,=1-0.015z c= (E) Gi: shear modulus of upper layer
1

o1l 2 Hiys

—l—ZCA(c c+1)(d)
Ky By 1 ooy —

{[3(EP) (d) 1-c(c-1) 1}

S2

M =(EP|P)'r(gP/71)¢‘}/1

3 Epyue,Lywe, Hyvuz G G
5= P )-8 =yus Tz P1y-us0 o (o yu4
l_VQ(EI) (d) (HQ) (Gz) (Gl)
_fepcHag,
7= d P Gl s k1:5E1
1

S3 M=0.042.7, Ad3(d£)“30(5)055(vﬂ)050

El V. c=p- H1 Qs
s1

&,

1 H
2P = = (¢ —c+1)(—2)
P 20+ ( )

Ky ywe Hy “1.clc—1) —
{[S(E) g)-ec-) 1}

G2: shear modulus of lower layer
Hi: thickness of upper layer

H>: thickness of lower layer

1,: pile inertia moment

ki: soil-spring stiffness

L: pile length

r: pile radius

Vsi1: shear wave velocity of upper layer model
Vsa2: shear wave velocity of lower layer

¢: amplification factor accounting for excitation frequency,
typically less than 1.25, 1.0 for preliminary design

¢": amplification factor, 1.39 and 1.30 for resonant and
non-resonant conditions, respectively

p: coefficient, 0.075 and 0.069 for resonant and non-
resonant conditions, respectively

&p: bending strain at the outer fiber of the pile cross section
v: Poisson's ratio of soil

y1: maximum soil shear strain at the interface

single pile
Double- Mylonakis
BDWF layered (2001)

single pile Double- Nikolaou et

layered al. (2015)

M . y1": maximum soil shear strain at the interface, calculated single pile
A by EERA .
sS4 a . depth f 3 Double- Maiorano et
M - ra: depth factor .1 layered al. (2009)
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1+v d E Vs I 71 7" characteristic shear stress at the interface, calculated by

EERA
z: depth of interface

applicability of such simplified approaches remains to be
fully ascertained. For instance, the triple-layered ground
with a soft intermediate layer — frequently encountered in
practice due to complex depositional histories — represents a
notable knowledge gap. Current research provides
insufficient analysis of kinematic bending moment
distributions under such configurations, and the validity of
existing simplified methods for these conditions warrants
rigorous verification.

For the simplified models to be more widely accepted in
practical pile foundation designs, the feasibility and
reliability of the simplified models must be evaluated
thoroughly, whilst also conducting a comprehensive
examination of their applicability to more complex ground
conditions.

2.2 Methodology of this study

The methodological framework adopted in this research
employs a comprehensive numerical approach to evaluate
the maximum kinematic bending moments for pile
foundations subjected to seismic loading within layered
ground conditions, with particular emphasis on triple-
layered strata. The study integrates three-dimensional (3D)
explicit finite difference modeling, systematic parametric
analysis, and rigorous validation protocols to achieve its
objectives. The methodology is structured into four
interconnected phases: (1) numerical model development
and calibration, (2) parametric investigation, (3) evaluation
of existing simplified models, and (4) formulation and
validation of enhanced predictive equations.

Firstly, the numerical model was calibrated using the

benchmark case of Sanctis et al. (2010). Validation was
performed through comparative analysis of the distributions
of kinematic bending moments along the pile shaft and soil
accelerations with depth. On this basis, a systematic
parametric study was conducted to evaluate the accuracy of
existing simplified models in predicting maximum
kinematic bending moments for piles in both double-
layered and triple-layered ground conditions. The
parametric variations encompass pile diameter, ratios of
shear wave velocities between soil layers, and stratum
thicknesses. Notably, this study presents the first attempt to
investigate the maximum kinematic bending moments in
the triple-layered ground with a soft intermediate layer. The
influence of key parameters — particularly the thickness and
shear wave velocity of the intermediate soft layer — was
rigorously examined. Parametric results demonstrate that
while the Maiorano et al. (2009) method provides
reasonably accurate predictions for double-layered ground,
it yields significant errors (>20%) for triple-layered ground.

Finally, a simplified empirical formula applicable to
triple-layered ground was developed by extending the
Maiorano et al. (2009) framework. The proposed method's
reliability was verified against numerical results, with all
deviations in predicted maximum kinematic bending
moments remaining within 20%.

3. Numerical model for seismic analysis
3.1 Numerical model validation

To validate the numerical modeling, a case studied by
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Fig. 1 Case for the validation of the numerical model
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Fig. 2 Mesh of the validation model

Sanctis et al. (2010) is used, as shown in Fig. 1. The
ground consists of two 15 m thick soil strata underlain by a
rigid base at H = 30 m. The soil shear wave speeds are Vs; =
100 m/s for the upper soft stratum and Vs, = 400 m/s for the
lower hard stratum. A soil density p of 1940 kg/m® and
Poisson's ratio v of 0.4 are postulated in the case of the two
strata. A 3x3 pile group is investigated with pile length L =
20m, spacing s = 4d, and diameter d = 0.6 m. The pile
material Young’s modulus Ep = 25 GPa and the pile head is
presumed to be fixed against rotation. The pile cap is square
with a width B = 12 m and is assumed as a rigid body in this
case. Consistent with previous studies (Zhang et al. 2022,
Zheng et al. 2022, Zhang et al. 2025), this research employs
a linear elastic constitutive model to simulate soil behavior,
aiming to balance computational efficiency and accuracy.
Specifically, under minor seismic conditions where soil
nonlinear effects are negligible, the linear elastic model can
effectively reduce computational complexity while ensuring
analytical accuracy.

Fig. 2 displays the structured finite-difference meshes of
the validation model with 20280 hexahedral zones and
26071 grids in total. The boundary conditions are selected
to reflect the semi-infinite nature of the ground conditions,
i.e., the side grids are free field boundaries. The free-field

boundaries involve performing free-field calculations
alongside the analysis of the main-grid (soil grids). The
secondary grid (i.e., the free field boundary grid) is then
coupled to the main-grid by viscous dashpots and the
unbalanced forces are loaded onto the main-grid, thus
forcing the free field motion at the boundary (Itasca 1997).
In this model, the free field boundaries are placed two times
the length of the pile cap away from the edge of the surface
structure, following the suggestion given by Manica et al.
(2016). In the seismic analysis, a stiff boundary is employed
to simulate the bedrock, as suggested by other researchers
(Hokmabadi et al. 2014, Dutta and Roy 2002, Spyrakos et
al. 2009), and the acceleration time series (A-TMZ000) is
applied to the bedrock under the assumption of horizontal
shear waves with vertical propagation. The following
section details the input acceleration time histories and
response spectra.

Consistent with the analysis performed by Sanctis et al.
(2010), the soil was modeled by means of a linear elastic
constitutive model. Use the following equations to
determine the shear modulus G and bulk modulus K

G=p-V’ ()
_2G(1+V)
“31-2v) @

Where p is soil density; Vs is shearing wave velocity; v
is Poisson's ratio. The values of these parameters have been
mentioned above.

Damping is a significant element in the seismic analysis
of soil-structure interactions. The built-in Rayleigh damping
is employed here. In FLAC?®, Rayleigh damping is
specified by two input parameters, i.e., the critical damping
ratio &y and central frequency f,. Consistent with that in
Sanctis et al. (2010), a critical damping ratio &, of 10% is
adopted. The central frequency f» is set equal to the middle
frequency (2.47 Hz in this study) between the lowest and
highest predominant frequencies, as suggested by Itasca
(1997) and Manica et al. (2016).

For numerical computation time saving, structural
elements rather than solid elements are adopted. The
bending and axial stiffnesses of the pile elements are
determined by the cross-sectional geometry and the
stiffness parameters (Young modulus E, and Poisson’s ratio
vp). Similarly, the pile cap is emulated by the shell-type
elements, and the bending stiffness is governed by the
thickness and stiffness parameters (Young modulus Er and
Poisson’s ratio vg). The validation case considers the pile
cap as a rigid cap devoid of self-weight, thus a density of
100 kg/m®, a thickness of 0.1 m, Young modulus Er of
200GPa is assumed. Notably, the density of 100 kg/m? is
purely for the purpose of calculating stability, and the effect
of the inertial force on the pile bending moment is minimal.
The top nodes of the piles are tied to the pile cap by rigid
links, thereby ensuring that the six degrees of freedom per
node (three translational and three rotational components)
are equivalent for both the pile nodes and the corresponding
shell nodes. The analysis facilitates straightforward
extraction of the internal force (e.g. bending moments) of
the structural elements, and the structural elements’ validity
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Fig. 3 Comparison of the validation modeling and those by Sanctis et al. (2010)
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Fig. 4 Influence of pile spacing on the envelope profile of kinematic bending moment

and dependability were adequately substantiated in seismic
soil-structure analyses by Manica et al. (2016).

Linear spring systems constitute the modeling
framework for the interactions between pile elements and
the surrounding soil grids. In the FLAC® modeling
framework, it is advised that the normal and shear stiffness
parameters for the springs should be set to ten times the
equivalent stiffness of the stiffest neighboring zone. The
normal and shear stiffness k& values are estimated by the
following equation:

K+&G
k =10x max(—s)
A min

Where K and G are the bulk and shear modulus,
respectively; and z,;, is the smallest width of an adjoining
zone in the normal direction, Im in this study.

Following the equation above, the values for the normal
and shear stiffness of the springs are rounded up to 1x103
kPa.

Fig. 3 illustrates the pile moment and soil acceleration
envelope profiles evaluated by Sanctis et al. (2010) and

3)

FLAC3D modeling here, which shows a rather well
agreement and validates the numerical model adopted by
this study. As illustrated in Fig. 3(a), the kinematic pile
bending moments are pronounced, particularly near the soil
layer interface. A spike bending moment of approximately
400 kN-m is observed, underscoring the significance of
incorporating kinematic force in the design of pile
foundations in seismic areas.

3.2 Kinematic pile bending moment of single pile and
pile group

Following the validation of the numerical model above,
a series of pile groups with varying spacing and a range of
piles are further examined, and the distribution of kinematic
pile bending moment is investigated within the pile group.
Same with that in the validation case, the acceleration time
series (A-TMZ000) is applied to the bedrock. The ground
conditions and pile dimensions are consistent with those in
the validation model, and the model parameters and the
numerical modeling issues can be referred to the section
above.



248 Ruping Luo, Jie Li, Bitang Zhu and Xuehui Jiang

Moment (kN-m)
0 100 200 300 400 0 100

Moment (kN-m)
200 300 400 0 100 200 300 400

Moment (KN-m)

single pile

10 4

Depth (m)
Depth (m)
=

Corner Pile

20 20

single pile 4 O 3
—_ . 3x3 r <

Central Pile

Depth (m)

Side Pile

single pile  — -+ 3x3
Y L I—— 77

20

(a) Corner Pile

(b) Side pile

(c) Central pile

Fig. 5 Impact of number of piles on the envelope profile of kinematic bending moment

Fig. 4 presents the influence of pile spacing on the
envelope profile of the kinematic bending moment. Pile
spacing exerts a minor influence on the envelope profile of
kinematic bending for the pile group, and the kinematic
bending moment distribution is very similar to that of the
single piles along the entire length. Similar with the
numerical results obtained by Dezi and Poulos (2017), the
group effect is obvious at the interface with soil stiffness
changing sharply, and the reductions in kinematic bending
moments are pronounced near the interfaces of soil strata.

The impact of pile number in a group on the envelope
profile of the maximum kinematic bending moment is
presented in Fig. 5. The distribution of the maximum
kinematic bending moment is found to be highly
comparable among in the corner, side piles and the single
pile. The reduction in kinematic bending moments mainly
occurred near the interfaces of soil strata for the central pile.
The discrepancy observed in the maximum kinematic
bending moment between a single pile and the central pile
is within 26%.

From the numerical results presented in Figs. 4 and 5, it
can be seen that due to the shading effect of adjacent piles,
the maximum kinematic bending moment borne by the pile
shaft at the soil layer interface in the pile group foundation
is lower than that of a single pile in the free field, with a
maximum reduction of approximately 26%. Based on this
characteristic, using the pile shaft bending moment results
of a single pile foundation in practical engineering design
can meet safety requirements, and the design is
conservative.

In addition, the number of piles and pile spacing have
certain influences on the pile group effect. Overall, a larger
number of piles and smaller pile spacing lead to a more
pronounced pile group effect and a smaller maximum
kinematic bending moment in the pile shaft; however,
corresponding  critical values exist. For instance,
considering the center pile, once the pile group
configuration reaches 5x5, further increasing the number of
piles does not cause a significant attenuation in its
maximum kinematic bending moment. Similarly, when the
pile spacing is below 5d (where d is the pile diameter),
further reduction in spacing has a negligible effect on the

222

seismic wave

(a) Double-layered ground

2222

seismic wave

(b) Triple-layered ground
Fig. 6 Ground conditions

maximum kinematic bending moment at the soil layer
interface.

3.3 Parametric study

As discussed above, the seismic pile design based on a
single pile can be regarded as a conservative design. For
computation time saving, the parametric study is all based
on a single pile. To more realistically represent the
restraining effect of the raft on the pile head, the pile head
in the parametric analyses is assumed to be restrained from
rotation but permitted to undergo corresponding horizontal
displacement and can be considered as a form of partial
fixity.

3.3.1 Ground conditions

As presented in Fig. 6, two types of ground conditions are
examined. For double-layered ground, with a soft stratum
underlined by a stiff stratum, is employed in this study.
Besides, a triple-layered ground, in which a soft stratum is
sandwiched between two stiff strata, is adopted to examine the
applicability of these simplified models when applied to more
complex ground conditions.
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Fig. 7 Acceleration time histories and response spectra at the bedrock roof

3.3.2 Seismic motions

Fig. 7 shows the acceleration time histories of the four
seismic motions as well as the corresponding associated
response. The peak ground accelerations (PGA) of the four
seismic motions range from 0.22~0.35g, and the seismic
peak frequency f, ranges from 1.09~6.25 Hz. As the
parametric study is focusing on the evaluations of the
simplified models, rather than investigations of the specific
case under designated acceleration time histories, the
seismic acceleration time histories at the bedrock are
applied without deconvolution analysis from the
outcropping rock to the roof of the bedrock.

3.3.3 Analysis cases

The cases pertaining to the double-layered and triple-
layered ground are presented in Appendix Table 1 and
Appendix Table 2. In both cases, the pile and soil properties
are as follows: L=20 m, Ep =25 GPa, v,=0.2, p, =1940
kg/m?,v=0.4.

For the double-layered ground, a total of 28 cases is
examined on the pile kinematic bending moment with
varying shear wave velocities (Vs = 60~200 m/s and Vs, =
200~400 m/s) thickness of top soil stratum H; (from 5 m to
15 m), pile diameter d (0.3 m to 1.0 m) and soil damping
ratio D (2% to 10%). For the triple-layered ground, a total

of 28 cases is also investigated with the upper strata shear
wave velocity Vs =100~300 m/s, the middle soft layer Vs, =
50 or 100 m/s, and 400 m/s for the bottom stiff layer. The
thickness of the middle soft layer H> is 10 m, and the
thickness of the first layer H; ranges from 2 to 10 m to
make sure the layer interface is not beyond the pile length.
The pile diameter d is 0.6 m or alternatively 1 m, and the
soil damping ratio D is 10%.

The summary of the analysis cases can be found in
Appendix Table 1 and Appendix Table 2, respectively for
the double-layered and triple-layered grounds. The four
acceleration time histories mentioned above are applied at
the bedrock for each case, resulting in a total of 224 cases
analyzed.

4. Results and discussions
4.1 Distribution of kinematic bending moment

As shown in Figs. 6 and 9 are the envelope profiles of
the maximum pile bending moments induced by the
kinematic interactions in the two grounds. As previously
observed in the validation model, spike kinematic bending
moments are present in the vicinity of the interfaces
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Fig. 9 Envelope profile of kinematic pile bending moment for triple-layered ground (Kobe)

between the soil strata. For the double-layered ground, the
spike kinematic bending moments at the interface increase
with the increasing thickness of the upper soil stratum.
When the upper soil is thin, the kinematic bending moment
at the pile head becomes more prominent than that at the
soil interface.

As presented in Fig. 9, the envelope profile has two
spike kinematic bending moments at the interfaces in triple-
layered ground. The kinematic bending moment at the
lower soil interface exhibits a significantly higher value
than that at the upper soil interface. Unlike the distribution
in the double-layered ground, the kinematic bending
moment at the soil interfaces is found to be independent of
the thickness of the upper soil stratum, and the kinematic
bending moment at the pile head is observed to be
considerably smaller than those at the soil interfaces.

4.2 Evaluations of the simplified models

4.2.1 Double-layered ground

The comparisons between the numerical kinematic
bending moment at the soil interface Mc and that predicted
by the simplified model by Dobry and O’Rourke (1983) M,
is demonstrated in Fig. 10. The data indicates that the ratio

ool
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Fig. 10 Comparison of numerical and prediction by
Dobry and O’Rourke in double-layered ground

of M./M, is mainly ranging from 0.4~1.6, with an error of
approximately 60%. As illustrated in Table 1, the maximum
soil shear strain at the interface y; originally calculated by
the method proposed by Seed and Idriss (1982). Bardet et
al. (2000) argued the recommendation by the EERA code
for the maximum soil shear strain is more accurate. The
comparison has been conducted between the numerical
results and that predicted by Dobry and O’Rourke (1983)
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model with y; evaluated by the EERA code is also presented
in Fig. 10. It is evident that the modified model
demonstrates enhanced prediction accuracy, with the ratio
of M./M,, mainly ranging from 1.0~1.6.

As discussed above, the Dobry and O’Rourke (1983)
model with y; evaluated by the EERA code will
underestimate its kinematic bending moment at the soil
interface. To improve the prediction accuracy, a further
modified Dobry and O’Rourke model (1983) have
proposed, as Eq. (4.1)

M =2.42-(E,1,)¥* -G -y, -F (4)

Where y; is the maximum soil shear strain at the soil
interface and is obtained by EERA code; descriptions of the
other parameters can be referred to Table 1.

The comparison between the numerical findings and
those predicted by Eq. (4.1) is presented in Fig. 11, which
shows a well agreement with the ratio of M./M, mainly
ranging from 0.7~1.3.

The comparison of the numerical results with those
predicted by Mylonakis (2001) and Maiorano et al. (2009)
are presented in Fig. 12. It can be seen that, except for some
scattered data for smaller M, the ratio of M./M, for both
two models mainly range from 0.6 ~ 2.0 and 1.0 ~ 2.0,
respectively.

A comparison of the numerical results with those
predicted by Nikolaou et al. (2001), and the modified model
by Maiorano et al. (2009) is presented in Fig. 13. As can be
observed, the modified models by Maiorano et al. (2009)
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Fig. 13 Comparison of numerical and prediction results
(Nikolaou et al. 2001 and Maiorano et al. 2009)
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Fig. 14 Comparison of numerical results with prediction
by modified model in double-layered ground

have a much higher prediction accuracy compared to the
Nikolaou ef al. (2001) model, with the ratio of M./M,
mainly ranging from 0.8~1.2 for cases with shear wave

velocity ratio Vs»/Vs; < 4, and a little bit larger variation for
cases with shear wave velocity ratio Vs,/Vs; >4.

As discussed above, the modified Maiorano model will
overestimate the pile kinematic bending moment for cases
with shear wave velocity ratio Vs./Vs; > 4. To broaden the
application scope of the modified Maiorano model, the
simplified model is further modified as below

Lyos, E \Y
M :0069fd3 =103 7P 065752105
@ @G

Where: 7. is the characteristic shear stress at the soil
interface, and is calculated by EERA code; f is the
correction factor for shear wave velocity ratio Vs»/Vs; and is
estimated as follows

1 Vs, Vg, <4
f= 4 oo (6)
V, 4
(Vsz/V31) sz/vs1 >

The present numerical outputs are then compared with
the predictions of the proposed model, i.e., Egs. (4.2) and
(4.3), which is presented in Fig. 14. The ratio of M./M,
mainly ranges from 0.8~1.2, indicating the modified model
can yield a rather well prediction for the maximum
kinematic bending moments.
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4.2.2 Triple-layered ground

The comparisons of the present numerical results with
those predicted by the simplified models for both interfaces
(upper interface and lower interface) are presented in Fig.
15. As demonstrated in Fig. 15, the modified Nikolaou
model proposed by Maiorano et al. (2009) exhibits
enhanced accuracy, with the ratio of M./M, mainly ranging
from 0.8~1.2. Except for the modified Maiorano model,
other simplified models all failed to predict the kinematic
moments for the soil interfaces in the triple-layered ground.
It should be pointed out that due to the presence of the
sandwiched soft stratum, the ratio of the shear modulus
between two layers and the strain transmissibility &,/
originated from double-layered ground as presented in
Dobry and O’Rourke (1983) and Mylonakis (2001) may be
invalid in the triple-layered ground, thus resulting in poor
prediction for the kinematic bending moment in the triple-
layered ground. The characteristic shear stress at the
interface 7. is connected to the kinematic bending moment
in the modified Nikolaou model proposed by Maiorano et

al. (2009), and it can be well estimated by the EERA code
for both double or triple-layered ground, thus yielding more
accurate prediction.

Based on the evaluations above, it can be concluded that
the modified Nikolaou model proposed by Maiorano et al.
(2009) is more accurate for the kinematic moment in both
the double or triple-layered ground, with the ratio of M./M,
mainly ranging from 0.8~1.2, and it is recommended for
seismic pile foundation design in practical engineering.

4.3 General design procedures

The usage process of the empirical formula models for
predicting the maximum kinematic bending moments in
double-layered and triple-layered ground is shown in the
following figure.

4.4 Limitations and applicability of the model

While the proposed simplified model for estimating the
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Fig. 16 Flowchart for the application of the empirical formulas

maximum kinematic pile bending moment under complex
ground conditions (especially triple-layered ground) has
demonstrated high prediction accuracy in comparison with
numerical simulation results, the following limitations should
be acknowledged:

1. Linear elastic model for ground soil: In this study, the
linear elastic model was chosen for its higher computational
efficiency, which effectively meets the computational cost of
large-scale parametric analysis. In scenarios involving minor
earthquakes, where nonlinear effects are negligible, it can
balance the computational cost to deliver reliable results.
However, this model may exhibit remarkable error in
simulating strong earthquakes. It cannot capture nonlinear
mechanical behaviors such as hysteresis in stress-strain curves,
modulus degradation, or plastic strain accumulation,
potentially leading to systematic biases in seismic response
analyses. Nonlinear effects in strong earthquakes necessitate
future extensions.

2. Lack of experimental validation: The simplified
calculation methods for the maximum kinematic bending
moment proposed in this paper are primarily derived from
parametric numerical simulation analysis. However, it
currently lacks systematic physical experimental validation,
and further reliability verification analysis of the proposed
method necessitates additional validation through centrifuge
tests or shaking table tests.

3. Applicability boundaries: The simplified calculation
method for the maximum kinematic bending moment of pile
foundations proposed in this paper is mainly applicable to soft-
stiff double-layered ground and triple-layered ground with a
soft intermediate layer, and only for piles with fixed pile heads.
If the above conditions are deviated from, the applicability or
accuracy of the model needs to be considered carefully. For
piles with free pile heads, or those located in liquefiable soil
layers or unsaturated soil layers, the applicability of the model
has not been verified. In addition, the prediction accuracy of

the model may also be affected when the pile foundation is
excessively long or has an irregular shape.

5. Conclusions

A series of three-dimensional numerical analyses are
undertaken in this study to examine the kinematic soil-pile
interactions. Notably, this is the first attempt to validate and
modify simplified models in triple-layered ground using
comprehensive 3D numerical parametric analysis. The
feasibility of commonly used simplified models for estimating
the maximum kinematic bending moment at the soil interfaces
is evaluated. Based on the comprehensive parametric analysis,
formulas are proposed for the estimation of the maximum
kinematic pile bending moment in double-layered and triple-
layered ground conditions. The main conclusions are drawn
below:

* In the double-layered ground, the maximum kinematic
bending moment increases with the increasing thickness
of the upper soil stratum, while it is independent of the
thickness of the upper soil layer in the triple-layered
ground with a soft intermediate layer.

e  The model proposed by Maiorano exhibits enhanced
accuracy in estimating the maximum kinematic bending
moment than other models when applied to the double-
layered ground, with an error within 20% for cases with
shear wave velocity ratio Vs/Vs; <4. However, greater
variation will occur for cases with V/Vs;> 4.

¢ The empirical formula for predicting the maximum
kinematic bending moment in triple-layered ground has
been proposed. The predicted results fit well with
numerical computations, with all deviations remaining
below 20%, demonstrating good prediction accuracy and
practical applicability for complex ground conditions.
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Appendix A. List of symbols

Amay,s: Maximum acceleration at the soil surface

d: pile diameter

E,: pile elastic modulus

E\: elastic modulus of upper layer

F: dimensionless function of the ratio of the shear moduli of
the two layers

Gi: shear modulus of upper layer

G»: shear modulus of lower layer

H,: thickness of upper layer

H>: thickness of lower layer

1,: pile inertia moment

ki: soil-spring stiffness

L: pile length

r: pile radius

Vsi: shear wave velocity of upper layer

Vso: shear wave velocity of lower layer

@: amplification factor accounting for excitation frequency,
typically less than 1.25, 1.0 for preliminary design

¢": amplification factor, 1.39 and 1.30 for resonant and non-
resonant conditions, respectively

p: coefficient, 0.075 and 0.069 for resonant and non-
resonant conditions, respectively

&p- bending strain at the outer fiber of the pile cross section
v: Poisson's ratio of soil

y1: maximum soil shear strain at the interface

y1": maximum soil shear strain at the interface, calculated by
EERA

rq: depth factor

pi: density of the upper layer

7.: characteristic shear stress at the interface

7.": characteristic shear stress at the interface, calculated by
EERA

z: depth of interface

s: pile spacing

B: raft width

K: bulk modulus

Zmin: the smallest width of an adjoining zone in the normal
direction, 1m in this study.

M: kinematic bending moments

M,: predicted kinematic bending moment

M_.: kinematic bending moment obtained from numerical
simulation

Emin: the critical damping ratio

fmin: central frequency

Er: Young modulus

vg: Poisson’s ratio

Jp: the seismic peak frequency

k: the normal and shear stiffness
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Vsi Vs H, H, d p L
No. D (%
(ms) (m/s) (m) (m) (m) ) (kg/n’) (m) ’
DI1-1 0.6 2
DI1-2 0.6 5
DI1-3 0.6 8
Dl-4 100 400 15 15 03 10
DI1-5 0.7 10
DI1-6 1 10
D2-1 5 25
D2-2 200 400 10 20 0.6 10
D2-3 15 15
D3-1 5 25
D3-2 100 200 10 20 0.6 10
D3-3 15 15
D4-1 60
D4-2 70
D43 30 400 10 20 0.3 10 1940 20 0.4
D4-4 90
D5-1 60
D5-2 70
D5-3 30 400 10 20 0.5 10
D5-4 90
D6-1 60
D6-2 70
D6-3 30 400 10 20 0.6 10
D6-4 90
D7-1 60
D7-2 70
D73 30 400 10 20 0.7 10
D7-4 90
Appendix Table 2 Analysis cases of triple-layered ground
VS1 VS2 VS3 Hl H2 H3 d P L
No. D (%
ms) (s () (m) (m) (m) (m) ) kgmy ) v
TI-1 2 18
T1-2 5 15
T1-3 200 100 400 3 1
T1-4 10 10
T2-1 2 18 0.6
T2-2 5 15
T2-3 100 50 400 3 12
T2-4 10 10
T3-1 2 18
T3-2 5 15
T3-3 200 100 400 3 12 1
T3-4 10 10
T4-1 2 18
T4-2 5 15
T4-3 130 100 400 3 10 2 10 1940 20 0.4
T4-4 10 10
T5-1 2 18
T5-2 5 15
T5-3 150 100 400 3 12
T5-4 10 10
Té6-1 2 18 0.6
T6-2 5 15
T6-3 180 100 400 ] 12
T6-4 10 10
T7-1 2 18
T7-2 5 15
T73 300 100 400 3 1
T7-4 10 10






