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The soil-pile kinematic interaction under large nonlinearity, including soil liquefaction, represents a complex
phenomenon that depends on many unforeseen factors. This paper presents the results of dynamic centrifuge
tests carried out considering varying sloping inclination angles for a liquefiable ground subjected to four suc
cessive earthquake shakings having an increasing amplitude of acceleration. The results indicated the ground
surface sloping inclinations to have a significant influence on the kinematic bending moment response of the
piles. The significantly larger kinematic moments were generated on the downslope pile compared to the upslope
pile highlighting the non-existence of shadowing effects during the lateral spreading for a liquefiable sloping
ground. The kinematic moments generated during the first shaking, having predominant lateral spreading were
substantially larger than the following three shakings, indicating the complex kinematic interaction to depend
not only on the amplitude of base excitation; but mostly on the magnitude of lateral spreading. Moreover, the
influences of the generated E.P.W.P on the pile response was studied and it was found that the piles may receive
maximum kinematic moments around the occurrence of liquefaction to the time of initiation of dissipation phase
of the generated E.P.W.P.

1. Introduction

lateral spreading of soil represents a complex soil-pile interaction phe
nomenon which involves the degradation and a loss in the shear strength
of soil due to the generation of excess pore pressure. Fujii et al. [15] and
Uzuoka et al. [16] showed the cracking or failure was not only limited
near the pile head but was also observed near the lower section of the
pile during the 1995 Kobe earthquake, indicating the pile’s mechanical
behavior is governed by both the inertial and kinematic interaction with
the surrounding soil. This may be even more problematic or would
represent a more complex phenomenon under the presence of strong
nonlinearity, including the occurrence of soil liquefaction deep near the
lower segment of pile, where the kinematic forces are predominant.
Hence, it is important to study the kinematic bending response of piles
under such strong nonlinearity existing throughout the depth of soil
model. For such cases, ignoring the contribution of the surrounding soil
to the pile surface might result in an unsafe design with the possible
failure involving the formation of plastic hinges near the lower section of
the pile.
Over the years, significant research has been carried out to study the

1.1. Background
Earthquake-induced soil liquefaction & lateral spreading may result
in extensive damage to the soil-structure systems and remains a major
threat among geotechnical earthquake engineering community. Avail
ability of case history databases, centrifuge & 1-g shake table testing
results and the use of sophisticated constitutive models has led to the
understandings about key mechanisms during this phenomenon [1–9].
The performance of a pile foundation during the liquefaction-induced
lateral spreading has been a major concern due to the 1964 Niigata,
1989 Loma-Prieta, 1995 Kobe earthquake, and more recently during the
2010–2011 Canterbury earthquake sequence, which caused widespread
damage to the pile foundations [10–14]. During an earthquake, the piles
are subjected to a combined loading arising from the inertial (due to
superstructure) and kinematic interactions from the surrounding soil.
The kinematic interactions involving the pile foundation due to the
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pile foundation response during an earthquake induced liquefaction.
Abdoun et al. [17] examined the single and group pile’s response to
earthquake induced liquefaction and subsequent lateral spreading
involving multi-layer soil models using a laminar box. They found the
maximum moments to occur at the interface of liquefiable and
non-liquefiable soil layers. Further, these moments were found to
initially increase followed by a decreasing response, although the free
field soil displacement showed a continued rise till the end of shaking,
indicating significant softening of soil after a few cycles of earthquake
loading due to predominant liquefaction. Uzuoka et al. [18] investigated
the damage process of a pile group foundation supporting a five-story
building in reclaimed land during the 1995 Kobe earthquake using a
3-D soil-water-coupled numerical analysis. They showed the inertial
effects to be predominant throughout the length of pile, leading to the
yielding of piles with large horizontal displacements recorded by the
building before the occurrence of soil liquefaction during the initial
stage of loading. However, following the soil liquefaction throughout
the depth of reclaimed land, kinematic interaction is apparent near the
bottom of reclaimed land. Motamed and Towhata [19] carried out 1-g
shaking table tests for a 3X3 pile group behind a sheet pile quay wall
subjected to liquefaction induced large ground deformations and found
the lateral forces experienced by the pile to vary depending on the po
sitions of the pile in a group. Motamed et al. [20] investigated the
response of pile group subjected to liquefaction induced lateral
spreading using 1-g shake table tests. They examined the influences of
various parameters on the pile group response, which included earth
quake characteristics and soil conditions. The findings included the
dependency of the lateral displacement on the amplitude, frequency and
direction of shaking. Moreover, the authors concluded the front and the
rear piles in a group to receive larger amount of lateral forces, which was
shown to depend on the motion of the liquefied soil during shaking.
Haeri et al. [21] showed the lateral soil pressure exerted on the piles
during a lateral spreading depends on the location of a pile within a
group, which in turn depends on the shadowing and neighboring effects.
Motamed et al. [22] conducted large scale shake table testing using
E-Defense facility for a pile group located close to quay wall subjected to
liquefaction-induced lateral spreading. Large ground flow tilted the
superstructure towards the water side along with substantial damage to
the piled-foundations because of large soil displacements near water
side, which decreased towards landside. Liu et al. [23] conducted a se
ries of centrifuge model tests for a 4 x 4 pile group in liquefiable soils
considering bidirectional shaking for the first time. They showed the
internal piles subjected to greater bending moments, the mechanism of
which is explained with the help of lateral soil forces and pile deflection
along the depth. At the same time, they also studied the seismic response
of a pile group under the superstructure-pile inertial interaction and
without superstructure, thus considering only the kinematic part. Their
study highlights the dominant influence of the soil-pile kinematic in
teractions in the liquefiable ground. Ebeido et al. [24] carried out 1-g
shake table experiments and found the maximum bending moment to
occur during the initial stages of loading as the soil liquefies. Xu et al.
[25] carried out large scale shaking table tests to study the seismic
behavior of pile group subjected to inertial and kinematic interactions in
liquefiable and non-liquefiable soil. Based on the experiments, they
observed differed responses for piles subjected to the same earthquake
loading depending on whether they are installed in liquefiable or
non-liquefiable soil strata, with significantly larger bending moments
being recorded in the liquefiable site, although the liquefiable soil
degraded more considerably than the non-liquefiable strata.

ground surface; especially considering a larger prototype dimensions.
This is an important practical issue, because the foundation systems may
be subjected to different kinematic interactions with the surrounding
soil during an earthquake, which may strongly depend on the sloping
inclinations of the ground surface. This may in turn influence the lateral
deformation mechanism of the piles and can lead to the piles experi
encing different magnitude of kinematic bending moments. Barlett and
Youd [26] for the first time developed empirical equations for predicting
lateral displacement based on Japan and U.S. case histories which
resulted in liquefaction-induced lateral spread. They found the hori
zontal displacement to statistically correlate with the inclination of the
ground surface during a lateral spreading. Apart from that, Youd et al.
[27], Gillins et al. [28] presented the empirical equations to evaluate the
lateral displacement due to liquefaction induced lateral spreading, for
which one of varying parameters was the ground slope. Although, these
studies did not focus on the soil-structure interactions, yet they revealed
the complex lateral displacement mechanism of the soil to depend on the
sloping inclinations of the ground surface during a lateral spreading
event. Hence, it is important to assess the influence of variability of the
sloping inclinations of the ground surface by evaluating the soil-pile
kinematic interactions during a liquefaction induced lateral spreading
based on different ground slopes.
At the same time, limited comprehensive studies have been carried
out to consider the influences of the generated excess pore pressure on
the maximum kinematic moment response of the group piles near the
bottom section of a soil model, where the kinematic forces are pre
dominant. This is an important issue for cases involving the presence of
strong non-linearity including the occurrence of soil liquefaction to
wards the bottom section of piles, and to assess the potential influence of
the loss in stiffness and shear strength of the surrounding soil on the pile
response. In the past [25] have shown the degraded liquefied soil to
impart significantly larger moments. Hence, it would be of use to
analyze the kinematic moment demands experienced by the pile through
the earthquake loading phase depending on the excess pore pressure
build up and dissipation. The authors also feel the need for a rigorous
framework to better understand the response and the bending moment
demand of the upslope and downslope pile during various loading stages
under different kinematic interactions.
To establish the influence of the ground surface sloping inclinations
under large non-linear conditions with the incremental shaking in
tensities and to correlate the excess pore pressure buildup and dissipa
tion on the kinematic moment demands of the pile, the authors
presented the results of series of two centrifuge experiments in this
paper. A brief explanation about the geotechnical centrifuge at the
Disaster Prevention Research Institute (DPRI), Kyoto University, and the
experimental procedure is described in Section 2. The experimental re
sults in the form of acceleration responses, free field and far field excess
pore pressure response, lateral soil displacement, velocity time history
responses of the liquefied soil, lateral soil pressure responses and the
Fourier amplitude responses evaluated at the pile head are shown in
Section 3. Section 4 shows the influence of the generated E.P.W.P on the
maximum kinematic moment response of the upslope and downslope
pile during an earthquake loading. Section 5 shows the kinematic
bending moment response for the pile system (upslope and downslope
pile), emphasizing the maximum and residual kinematic moments.
Section 6 explains the response of pile foundation in terms of maximum
monotonic bending moments experienced by the upslope and down
slope pile during the different shaking events.
2. Experimental program

1.2. Motivation and objectives of the present study

2.1. Centrifuge facility

Although, the previous studies have certainly improved the under
standing of the pile response to lateral spreading; apart from the 1-G
shake table tests by Motamed et al. [20], no qualitative study has
been carried out to consider the influences of sloping inclinations of the

The centrifuge facility at DPRI was used to carry out the centrifuge
model tests. The geotechnical beam-type centrifuge has an effective
radius of 2.5 m with a payload capacity of 24 g-ton and the maximum
2
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Fig. 1. Experimental Setup for the Centrifuge tests.

reachable centrifugal acceleration of 200g for static and 50g for dynamic
tests. The applied shaking direction was parallel to the arm of rotation of
centrifuge for the two cases studied. The laminar box consisting of 20
layers of aluminum alloy rectangular rings was used for the experiments.
The internal dimensions of the box are 500 mm (L) X 200 mm (W) X 320
mm (H). The laminar box used for the present research is capable of
reproducing the free field conditions with regard to the lateral spreading
of soil and was found to perform better than the hinged-wall-type shear
box (Tobita et al. [29]; Bai et al. [30]) primarily because of the large
number of laminar rings with considerably lesser friction due to the
linear bearings. Fig. 1 shows the laminar box mounted on the shake table
before carrying out the experiments. More details about the centrifuge
facility at DPRI can be found in Ueda et al. [31].

cap or any sort of structural mass, in an effort to measure the bending
moment demands of pile under the influence limited to kinematic
loading arising from the surrounding soil.
2.3. Material properties
Toyoura sand (emin =0.600, emax =0.966, Gs =2.635) having a
relative density of 40% is used for the centrifuge experiments in the
present study. Additional details about the physical properties of
Toyoura sand can be found in Koseki et al. [32]. An aluminum alloy solid
circular pile having a diameter of 400 mm and a length of 9 m (proto
type) was used to fabricate a 2X2 end bearing group pile as shown in
Fig. 4. The adopted pile spacing is 2 m in prototype scale. Further details
about the physical properties of piles are shown in Table 1.

2.2. Model configurations

2.4. Experimental procedure

Two series of experiments were conducted under a centrifugal ac
celeration of 50g. Model UL5 and UL10 represent a uniformly liquefiable
sloping ground having an inclination of 5◦ and 10◦ , respectively. Fig. 2
displays the model configuration in prototype scale for UL5 (top and
front view) along with the location of all the sensors and pile arrange
ment, while Fig. 3 represents the model configuration for UL10. The soil
response to shaking was evaluated in terms of excess pore pressure,
acceleration time history, lateral displacement and velocity time re
sponses. The soil-pile kinematic interaction was assessed in terms of
bending moments evaluated from the strain gauges for upslope and
downslope pile as shown in Figs. 2 and 3. Apart from the 4 piles in a 2X2
pile group, a single pile was also installed located far away from the
group pile in order to eliminate pile-pile interactions. However, the
response of a single pile is neither presented nor discussed in the present
paper. It is worth mentioning that the piles were not connected to a pile

Accelerometers, AH series (FUJICERA.; type BW21SG2.; supplied by
Fuji Ceramics Corporation and SSK Co., Ltd.), including an accelerom
eter to measure the input response, were installed in Model UL5 and
Model UL10. Accelerometer AH1 was fixed to the bottom plate, as
shown in Figs. 2 and 3. Pore pressure transducers, PPTs (SSK Co., Ltd.;
type P306AV-5 and P306A-2) were installed to examine the free field
and near piles pore pressure rise and dissipation under the different
shaking events for the two models. Pore pressure transducers were also
installed towards the bottom section of soil models, where the kinematic
forces are most significant. The piles were heavily instrumented with the
strain gauges (produced by Tokyo Measuring Instruments Lab) to record
the bending moments under lateral spreading events. Fig. 1 shows the
connection of sensors to the data logger box. The piles were rigidly
connected to the base plate, which was fixed to the base of the laminar
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Fig. 2. Test layout for Model UL5 in top and front view (All dimensions are reported in meters in prototype scale); U/S: Upslope Pile and D/S: Downslope Pile.

box as shown in Figs. 2 and 3, to represent a perfectly fixed end pile
conditions in a cantilever beam configuration. Toyoura sand was air
pluviated to achieve a relative density of 40%. Following the prepara
tion of dry sand, the model in each experiment was saturated using
methyl-cellulose solution-Metolose (SM100, supplied by Shin-etsu
Chemical Co., Ltd., 1997) prepared to achieve a viscosity of 50 cSt to
satisfy the dynamic scaling laws. To saturate the model ground, a vac
uum was initially applied following the replacement of air voids with
carbon dioxide. Finally, the vacuum pressure was reapplied, and the
model specimen was saturated by the continuous drop of the viscous
fluid until the water table was raised above the ground surface (on the
upslope side) to establish a fully saturated liquefiable soil model spec
imen under submerged condition. It took around 20–24 h for the com
plete saturation for both the soil models (UL5 and UL10). Following the

saturation process, the laminar box was placed on the shaking table as
shown in Fig. 1. The model was gradually spun to reach the desired level
of centrifugal acceleration (50g). Once the model specimen reached 50g,
a tapered sinusoidal waveform having an excitation frequency of 1 Hz
(in prototype scale) was unidirectionally applied using the hydraulic
shaker. A series of four successive base excitations in the order of
increasing intensity were applied as input motion (hereafter referred to
as shaking events (SE)) to examine the model specimen response under
different levels of excitation events. Enough time was allowed between
the shaking events for the full dissipation of excess pore water pressure
generated due to the previous shaking event. Fig. 5 shows the acceler
ation, arias intensity and 5%-damped spectral accelerations of the four
base motions recorded at the bottom of container as an input motion to
the two models. From the figure, one can say that both the models were

4
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Fig. 3. Test layout for Model UL10 in top and front view (All dimensions are reported in meters in prototype scale); U/S: Upslope Pile and D/S: Downslope Pile.

Table 1
Physical Properties of aluminium pile.
Property

In Model Scale

In prototype Scale

Diameter
Length
Young’s Modulus
Second Moment of Area, I

8 mm
180 mm
70 GPa
201.06 mm4

0.4 m
9m
70 GPa
1.25X10−

3

m4

subjected to nearly similar intensity of shaking for the four different
events, and an effective comparison could be made. The predominant
excitation frequency of the four input motions and the fixed-base natural
frequency of pile were same as 1Hz, in order to maximize the pile
response to lateral spreading. Apart from this, detailed earthquake
characteristics are shown in Table 2 (a & b).
The sequential shaking events may likely induce a change in soil
properties, including densification due to post-shaking consolidation
(Brandenberg et al. [33]) as well as changes in the sloping inclinations of
the ground surface; eventually turning a slope into a plain ground. With

Fig. 4. Pile layout (All dimensions are reported in meters in prototype scale).
5
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Fig. 5. Input motions achieved at the bottom of laminar box in centrifuge showing: (a) Acceleration time history and Arias Intensity (b) Acceleration response spectra
(5% damped).
Table 2a
Earthquake characteristics of the four motions recorded at the base of laminar box for Model-UL5.
Motion

Peak ground acceleration (g)

Significant duration, D5-95 (sec)

Arias intensity (m/sec)

Mean period (sec)

Standarized CAV (g*sec)

1 (SE1)
2 (SE2)
3 (SE3)
4 (SE4)

0.15
0.21
0.30
0.40

25.75
25.27
25
24.43

2.17
3.64
6.94
11.28

0.88
0.88
0.82
0.78

1.65
2.15
2.97
3.80

minor settlements due to prior shakings, the values of effective stress
might change slightly; however, the changes could not be monitored,
since the soil model was under fully submerged conditions and hence
same effective stresses are considered in the analysis. Also, an in-flight

CPT could not be used to track changes in soil properties as it could
not be mounted over the laminar box; due to movement of laminar rings
during shaking. Although, the preceding shaking event might cause an
increase in liquefaction resistance of sand during the succeeding
6
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Table 2b
Earthquake characteristics of the four motions recorded at the base of laminar box for Model-UL10.
Motion

Peak ground acceleration (g)

Significant duration, D5-95 (sec)

Arias intensity (m/sec)

Mean period (sec)

Standarized CAV (g*sec)

1 (SE1)
2 (SE2)
3 (SE3)
4 (SE4)

0.15
0.21
0.35
0.44

24.42
24
23
23

1.81
3.34
6.45
10.20

0.81
0.82
0.72
0.69

1.37
1.84
2.67
3.37

Fig. 6. Acceleration time response at the center array throughout the depth of soil model for UL5 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

earthquake. Nonetheless, the succeeding earthquake event had larger
intensity inducing the conditions of soil liquefaction and extensive
softening near the piles, shown later in the form of excess pore pressure
responses. Also, while excavating the soil model; the soil especially near
the piles was found to be in a very loose state, indicating the changes in
relative density would be very negligible.

pile head which shows a decreasing response preceded by an initial
increase during the shaking phase owing to the shear-induced dilative
behavior manifested by the liquefied soil near the pile head during SE1.
Hence, this portray the presence of dilative tendency of soil in the center
array of the model near the piles and this process of subsequent hard
ening and softening may represent a complex loading scenario on the
piles.

3. Experimental results and observations

3.1.2. Soil acceleration response for UL10
Fig. 7 shows the soil acceleration time history along the center array
(near the pile foundation) for UL10. Data is not shown for the AH4
sensor, which malfunctioned during the test. A significant reduction in
the amplitude of acceleration (de-amplifications) can be observed for
UL10 owing to a significant amount of softening as compared to UL5.
The larger negative spikes in the acceleration data towards the down
slope direction, which were captured for UL5 at AH2, is found to be
absent for UL10. The amplitude of acceleration remaining at a low level
throughout the shaking phases for UL10 resembles soil having very low
residual shear strength throughout the depth (particularly at AH2 near
the base of soil model). This softening response is also explained later in
section 4 with the help of excess pore pressure response, which builds up
in a short time compared to UL5 for all the shaking events. The increase
in the shaking intensity is found to have a minor influence on the ac
celeration response, with the response remaining nearly identical during
all the shaking events, with the soil remaining relatively soft exhibiting
different behavior to what was observed for UL5. Fig. 8 shows the soil
acceleration responses near the downslope side (free-field). From the
Fig., one can observe that the reduction in amplitude is not significant
towards the ground surface during SE1, which may indicate

3.1. Acceleration response
3.1.1. Soil acceleration response for UL5
Fig. 6 shows the soil acceleration time history along the center array
(near the pile foundation) for UL5. The soil at shallow depth seems to
liquefy at the early stages of loading (20 s) owing to very small confining
stresses. The response of soil in terms of horizontal acceleration during
lateral spreading seems to be nearly similar during the first two shaking
events, with spiky acceleration being observed at AH2 and AH4. These
spikes become larger and unsymmetrical under the larger amplitude of
base excitations (see Fig. 6(c) and (d) during SE3 and SE4) at AH2
(located near the base of soil model). The shear-induced dilative spikes
are also captured near the pile head (at AH4), which shows spikes for a
considerable smaller duration as compared to AH2. These unsymmet
rical spikes near the ground surface are due to the flow of liquefied soil
under the larger amplitude of earthquake excitation and are concen
trated towards the downslope direction, with no spikes being recorded
in the upslope direction. Previous researchers [1,8,9,34,35] have re
ported similar observations in the liquefied soil responses having dilat
ancy spikes. It is also explained later with the help of E.P.W.P near the
7
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Fig. 7. Acceleration time response at the center array throughout the depth of soil model for UL10 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

Fig. 8. Acceleration time response at the free field (downslope side) throughout the depth of soil model for UL10 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

comparatively smaller magnitude of flow of liquefied soils near the
downslope side. However, with the increase in intensity of earthquake,
significant de-amplifications with larger spikes could be observed to
wards the ground surface during the shaking.

indicates the beginning of dissipation from the bottom layer, followed
by the upper layer in the soil model. Importantly, excess pore pressure
having positive and negative amplitude was found to develop near the
ground surface at PPT4 during SE2 as shown in Fig. 9(b). One of the
important observations is the initiation of the attainment of soil lique
faction, which occurs more rapidly with few loading cycles with the
increase of the shaking intensity (see PPT1 and PPT2, located towards
the bottom of soil model); interestingly, the dissipation starts lately for
the higher magnitude of base excitations. This response shows soil
experiencing greater softening while remaining for a longer time at the
liquefaction phase before ultimately showing a hardening phase with
the initiation of dissipation. The significant magnitude of the dynamic
oscillations or shear-induced dilative spikes is found to be present for
sensors located near the ground surface under lower confining stress,

3.2. Excess pore pressure response
3.2.1. Excess pore pressure for UL5
Fig. 9 shows the free field excess pore pressure response for UL5 with
the incremental shaking intensities. The condition of soil liquefaction
defined as EPWP (ru=ue/σvo’) = 1.0 was achieved quickly near the
ground surface (shown by horizontal line for all the cases), where ue is
the excess pore pressure generated under earthquake loading and σvo’ is
the initial effective vertical stress. The excess pore pressure response
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Fig. 9. Free field excess pore water pressure responses for UL5 (a) SE1 (b) SE2 (c) SE3 (d) SE4.
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Fig. 10. Excess pore water pressure responses (near piles) for UL5 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

which indicates larger magnitude of flow of liquefied soil near the
ground surface.
Fig. 10 shows the excess pore pressure response near piles for UL5.
One of the key observations is the occurrence of soil liquefaction
throughout the depth near the piles during SE1 contrast to the free field
response. The excess pore pressure response near piles posits the absence
of large dynamic oscillations that were captured in the free field
response. The upward gradient is relatively larger near piles than the
free field with the condition of soil liquefaction achieving rather quickly.
These results show soil being softer near the piles as compared to the
upslope side, which represents the absence of shear-induced dilative
behavior in the center array of soil model which might affect the kine
matic response of a group pile.

PPT4. This indicates, the response near the far field (upslope side) for
UL10 to have a considerable shear-induced dilative response towards
the bottom of soil model, as compared to larger spikes being captured for
UL5 near the ground surface. With soil liquefying early during the
shaking phase under a higher amplitude of base excitation, the magni
tude of oscillations is also found to increase. Intriguingly, the initiation
of the dissipation phase for all the shaking events is not found to depend
on the magnitude of excitation and is the same for SE1 through SE4.
Fig. 12 shows the excess pore pressure response near the piles for
UL10, where soil liquefaction is achieved throughout the center array
during all the shaking events. Unfortunately, PPT6 did not work and
hence the results are not shown for PPT6. The differences in the dilative
oscillations near the bottom of soil model (between upslope and center
array) for UL10 was considerably larger than what was observed for UL5
(shown in Figs. 9 and 10). These results indicate the soil in the center
array of the model to be significantly softer than the upslope side. It can
be corroborated by the E.P.W.P. ratio values, near the bottom of soil
model (PPT5) which are of higher magnitude as compared to the E.P.W.

3.2.2. Excess pore pressure for UL10
Fig. 11 shows the free field excess pore pressure response for UL10.
The spikes are found to be more profound near the base of soil model
(see PPT1, PPT2 and PPT3), with minor oscillations being observed for

10
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Fig. 11. Free field excess pore water pressure responses for UL10 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

11

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

A. Sahare et al.

Soil Dynamics and Earthquake Engineering 152 (2022) 107036

Fig. 12. Excess pore water pressure responses (near piles) for UL10 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

drift; perhaps displacement recording larger cyclic components with the
increase in shaking excitations, indicating the sloping configuration of a
soil model turning into a plain model configuration.
In order to assess the influences of soil displacements on the soil-pile
kinematic interactions during lateral spreading, where permanent
monotonic soil displacements are a bigger concern; cyclic components
from the displacement responses were removed using an averaging
filtering procedure. Fig. 14 presents the maximum lateral soil
displacement (monotonic responses) along the depth and the results are
plotted at different time instances during an earthquake loading.
Although the soil achieves a state of liquefaction, around 20–30 s at most
of the locations in a soil model (see excess pore pressure responses); the
lateral soil displacement continues to rise till 40 s; however, showing the
similar responses from 40 to 60 s (see Fig. 14(a) during SE1). This is the
time instance, when the generated excess pore pressure starts dissi
pating; commencing the process of regain in shear strength of soil;
explained in a detailed way in section 4 (see Fig. 19(a) during SE1). The
magnitude of maximum lateral soil displacement is found to decrease
during SE2, which indicates lesser monotonic soil displacements being
imparted onto the piles, which reduces the kinematic moment demands
in piles as shown in section 4.
Fig. 15 shows the maximum monotonic lateral soil displacements
along the depth (a) during SE1 and (b) during SE2 for UL10 soil model.
Under a larger sloping inclination, notably larger lateral displacements
are recorded as compared to a mild and smaller inclined ground model i.
e. UL5. The larger monotonic displacements would have huge signifi
cance on the soil-pile kinematic interactions. The soil records maximum
displacements just before the end of shaking and shows similar re
sponses till 60 s as shown in Fig. 15 (a) and 15(b). This indicates the
predominant flow of liquefied soils to continue even after the end of
shaking representing importance of post-shaking lateral displacements.
With the increase in shaking intensity, the lateral displacement is found
to reduce, which indicates predominant lateral spreading to take place
during the first excitation.

P. ratio values obtained for UL5 during all the SEs (shown in Fig. 10).
Similar to the E.P.W.P. response near the ground surface at the upslope
side, the E.P.W.P. near the pile head in the center array shows an initial
increase followed by the decreasing response developing significant
negative amplitude. It is also worth mentioning that the flow of liquefied
soil around the pile head may be larger under higher intensity earth
quakes as shown in Fig. 12 for PPT7 with the increasing oscillations
being obtained.
Some of the researchers in past (e.g. Gonzalez et al. [36], Chaloulos
et al. [37,38]) have shown the development of negative excess pore
pressure near the pile head (declining from the onset of shaking) using
centrifuge and numerical modeling. In the present study, an initial rise
in the E.P.W.P. leading to the occurrence of soil liquefaction is observed
during the first shaking and to the occurrence of largest kinematic
bending moments (explained later in section 5). However, soon after the
liquefaction, with the liquefied soil flowing, a decreasing E.P.W.P
response is obtained both near the pile head and the upslope ground
surface. Substantially higher negative values were obtained for UL10 as
compared to UL5, which also increased with the increase in shaking
intensity. This indicates the flow of liquefied soil around the pile head
towards the center array may be larger for UL10 as compared to UL5.
3.3. Lateral soil displacement responses
Fig. 13 shows the lateral soil displacement time history responses
measured at the ground surface near the downslope side recorded using
the laser displacement sensor. Larger magnitude of lateral displacement
is induced near the ground surface for UL10 as compared to UL5 during
all the shaking excitations. The typical soil lateral displacement response
is very similar to the kinematic moment responses showcased by the pile
during an earthquake; shown later in section 4, which indicates the pile
to follow the soil movement. Although the cyclic soil displacement in
creases in magnitude (see UL5 response during SE4); extensive softening
and the flow of liquefied soil imparts little kinematic moments onto the
pile surface during higher intensity earthquakes; discussed in section 4
and 5. It may be evident from Fig. 13, that predominant lateral
spreading takes place during the first excitation, having unidirectional
12

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

A. Sahare et al.

Soil Dynamics and Earthquake Engineering 152 (2022) 107036

Fig. 13. Lateral soil displacement (a) UL5 maximum response measured at ground surface (b) UL10 maximum response measured at ground surface.
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Fig. 15. Lateral soil displacement for UL10 (Monotonic responses) (a) SE1
(b) SE2.
Fig. 14. Lateral soil displacement for UL5 (Monotonic responses) (a) SE1
(b) SE2.

3.5. Lateral earth pressure acting on the piles during lateral spreading

3.4. Velocity time-history responses

Earth pressure sensors were installed along the length of UL10-Model
and were placed on the upslope pile, downslope pile and at the down
slope side near the ground surface towards the direction of lateral
spreading. The earth pressure sensor placed at the downslope pile
malfunctioned during the test and hence the results are omitted. The
lateral soil pressure is found to increase towards the water-side or
downslope side, with the larger magnitude of flow of liquefied soil
taking place near the downslope side as shown in Fig. 17. The findings
are well in consent with available literature [20,22], indicating the
larger soil pressure or moments to act towards the pile located near the
waterside resulting in the tilting of the superstructure towards
waterside.

In order to assess the rate-dependency nature of liquefied soils, the
measured acceleration responses are converted to velocity time-history
along the center array. With the occurrence of liquefaction and the flow
of liquefied soils, higher velocity rate is measured during the shaking as
shown in Fig. 16. The magnitude of flow rate of liquefied soil is largest
towards the ground surface. The rate is found to increase with the in
crease in shaking intensity; similar to what was captured in the lateral
soil displacement responses. Unfortunately, the velocity responses are
not shown near the ground surface for UL10 due to the malfunctioning
of accelerometer. However, larger velocity flow rate is estimated at the
mid-depth of soil model for UL10, which may indicate the differences in
the flow rate of liquefiable soils based on the sloping inclinations of the
ground surface.
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Fig. 16. Velocity time history responses along the center array (a) UL (b) UL10.
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Fig. 17. Lateral soil pressure responses during different shaking excitations for UL10.

linearity near the bottom section of pile. Previous researchers e.g.
Ebeido et al. [24] found the maximum moment for the upslope and
downslope pile to occur around the onset of liquefaction. However, the
piles were connected to a pile cap which may impart the inertial loading
as well and hence the response cannot be considered purely due to the
kinematic interactions. A study carried out by Motamed et al. [20] to
investigate the soil-pile kinematic interactions indicated the maximum
lateral forces and bending moment experienced by the front piles during
lateral spreading to occur around the onset of liquefaction. Apart from
these, no to very few studies have been carried out to the best of authors
knowledge to examine the influences of the generation and dissipation
process of the excess pore pressure on the upslope and downslope pile
during lateral spreading involving kinematic interactions. Hence, in this
paper, the authors examined the kinematic bending response of the up
slope and downslope pile, which is maximum near the bottom of piles
(measured from strain gauge SG1) with respect to the excess pore pres
sure measured (PPT9 for UL5 and PPT5 for UL10), which is located close
to SG1 subjected to successive base excitations.
The pile surface was heavily instrumented with strain gauges on both
the sides (i.e., upslope and downslope) to record the kinematic bending
response of pile under the increasing amplitude of base excitation mo
tions in both the experiments. The pile response subjected to four SEs is
independently measured for a corresponding shaking by initializing all
the strain gauge values to zero prior to the next SE. The bending moment
was calculated from strain gauges (ε1 and ε2) located in the longitudinal
direction at a particular depth as per equation (1) for five locations along
the length of pile as shown in Fig. 4.

3.6. Fourier amplitude responses at the pile head
Accelerometers were placed on the upslope and downslope pile head
to assess the soil-pile kinematic interactions depending on different
sloping inclination angles of the ground surface and under different
intensity of earthquakes. Fig. 18 shows the smoothed Fourier amplitude
plotted versus period measured at the pile head for different cases. The
data could not be collected properly for the upslope pile during SE3 for
UL5 and hence is not shown in Fig. 18(a). The maximum response at the
pile head was evaluated at a frequency of 1 Hz, which is the fixed-base
natural frequency of piles during all the shakings as shown in Fig. 18.
One can observe the downslope pile recording larger Fourier amplitude
for both the cases i.e. UL5 and UL10, which highlights the similar trend
shown later in section 4 and 5, with the downslope piles recording larger
kinematic moments. Slightly larger responses captured for both the
upslope and downslope piles for UL10 model may be due to the larger
amount of flow of liquefied soil around the pile head as compared to UL5
as shown initially from the E.P.W.P. response near the pile head (shown
in Figs. 10 and 12). In the case of UL10, similar magnitude of Fourier
amplitude was measured at the upslope pile head; however, the re
sponses were observed to increase with the increase in shaking ampli
tude for the downslope pile. This may indicate the soil-pile kinematic
interactions during a lateral spreading phenomenon to depend signifi
cantly on the location of pile within a group.
4. Influence of excess pore pressure generation on the maximum
kinematic bending response of upslope and downslope pile

M = EIφ = EI(ε1 − ε2 )/2y

The kinematic bending response which is predominant near the lower
section of piles depend on the state of soil around the bottom section of
pile. This may represent a complex interaction with the surrounding soil
experiencing soil liquefaction exhibiting the presence of strong non-

(1)

Where EI is the bending stiffness of the pile, φ is the curvature of the pile,
and y is the distance of the strain gauges to the neutral axis.
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Fig. 18. Smoothed Fourier Amplitude evaluated at the pile head (a) UL5-Uplsope Pile (b) UL5-Downslope Pile (c) UL10-Uplsope Pile (d) UL10-Downslope Pile.

Fig. 19 shows the measured excess pore pressure (E.P.W.P) ratio time
history from PPT9 and the kinematic bending moment time history for
the upslope and downslope pile during the four successive earthquake
loadings for UL5. From Fig. 19(a), during SE1, the upslope pile recorded
maximum moment at 27.8 s, just before the initiation of soil liquefaction
at 34 s. However, the downslope pile recoded maximum moment at a
time instance of 40 s, just before the initiation of the dissipation of excess
pore pressure. Hence, it can be said that the upslope and downslope pile
may receive maximum kinematic moments at different time during an
earthquake, although the magnitude of moment for both the upslope
and downslope pile was found to be considerable around the initiation of
dissipation phase of excess pore pressure. During SE2, SE3, and SE4
which involves higher magnitude of base excitation, both the upslope
and downslope pile received maximum kinematic moment before the
occurrence of soil liquefaction as shown in Fig. 19(b), (c) and 19(d).
However, considerable moments were generated till 40 s before the
beginning of dissipation phase of excess pore pressure. Just few secs
before the initiation of dissipation phase, the moments start reducing
significantly and records residual value close to zero (see Fig. 19(c) and

(d) for SE3 and SE4). Soil remaining in a state of liquefaction for a larger
duration under a higher magnitude earthquake during SE3 and SE4 may
be responsible for the drastic reduction in the moment values. Apart
from this, initial sloping ground model turning into a plain ground; with
now the lateral loading acting in both the directions, may also be the
reason for such a decrease in moment demands even under higher
earthquake excitation as compared to the case of predominant lateral
spreading during SE1.
Fig. 20 shows the E.P.W.P. ratio and the maximum kinematic
moment response during the different shaking events for UL10. One of
the important observations is the upslope and downslope pile receiving
maximum moment at the same time during all the shaking events. The
maximum moment recorded by the upslope and downslope piles during
SE1 and SE2 is around the initiation of dissipation phase of excess pore
pressure. The kinematic moment increases progressively (for upslope
and downslope pile) during SE1 up till achieving the largest values
followed by the reduction soon after the initiation of dissipation phase.
This is in contrast with UL5, where significant moment was already
developed before the occurrence of soil liquefaction (for upslope and
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Fig. 19. Influence of the excess pore pressure generation on the upslope and downslope pile for UL5 (a) SE1 (b) SE2 (c) SE3 (d) SE4.
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Fig. 20. Influence of the excess pore pressure generation on the upslope and downslope pile for UL10 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

downslope pile). During SE3 and SE4 as shown in Fig. 20(c) and (d), the
piles showed considerable moment demands till around 40 s following
with the significant reduction in the values with nearly zero moment
measured as a residual value. This is because of the soil remaining in a
state of liquefaction for a prolonged time during SE3 and SE4 as
compared to SE1 and SE2.

5. Kinematic bending response of the piles
In the following section, kinematic moments measured along the
length of pile are discussed and compared for UL5 and UL10.
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Fig. 21. Kinematic Bending Moment response of a 2X2 pile group for UL5 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

5.1. Kinematic bending response of upslope and downslope piles for UL5

magnitude of the moment is found to be reduced, with the upslope pile
recording maximum values of 11.6, 9.7, and 11.5 MN-m for SE1, SE2,
and SE3, respectively, while the maximum moment demands exhibited
by the downslope pile during SE2, SE3, and SE4 are 22.9, 22.67, and
17.64 MN-m, respectively. With the increase in the amplitude of the base
excitation, the state of soil liquefaction throughout the depth of soil
model develops a bit earlier during the earthquake loading, which
prompts the upslope and downslope piles to develop maximum moment
demand much earlier with the increasing intensity. Soils remaining in a
state of liquefaction for a significantly larger duration during the
shaking phase (as discussed in section 4) near the piles throughout the
depth of the model; with the lateral soil pressure acting in both the di
rections may also be responsible for the reduction observed in the
moment demands of the piles, with the residual kinematic moments also

Fig. 21 shows the kinematic bending moment response for a 2X2 end
bearing group pile (upslope and downslope) during the four SEs for the
UL5 model, where U/S represents the upslope pile and D/S represents
the downslope pile. As expected for a cantilever beam configuration, the
maximum kinematic bending moment was found to occur near the base
for both the upslope and downslope pile during all the shaking events.
During the SE1 shown in Fig. 21(a), the upslope pile recorded a
maximum kinematic moment of 20.58 MN-m, while the downslope pile
recorded a maximum value of 40.55 MN-m, which was 1.97 times
higher. Although the downslope pile still shows higher moment de
mands as compared to the upslope pile throughout the shaking phase for
SE2, SE3, and SE4 shown in Fig. 21(b), (c) and 21(d) respectively, the
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Fig. 22. Kinematic Bending Moment response of a 2X2 pile group for UL10 (a) SE1 (b) SE2 (c) SE3 (d) SE4.

showcasing drastic reduction in the values with the increasing intensity
of the base excitation.

(Fig. 22(b)), with the upslope and downslope piles recording values of
12.29 and 24.96 MN-m, respectively. These values are close approxi
mation to those measured for the upslope and downslope piles during
SE2 for UL5. However, the differences between UL5 and UL10 were
quite significant during SE1. This illustrates the bending response under
the influence of kinematic interaction is not only the function of input
motion characteristics but also strongly depends on the sloping in
clinations of the ground surface, which may considerably increase the
seismic induced moment demands of the pile for a relatively steeper
slope. It may be of interest to note the maximum moments received by
the upslope and downslope pile started rising post SE2 as shown in
Fig. 22(c) and (d) respectively, with higher maximum moments

5.2. Kinematic bending response of upslope and downslope piles for UL10
Fig. 22 shows the kinematic bending moment response for UL10
under the four SEs. Similar to UL5, the downslope pile was subjected to
significantly larger moment values compared to the upslope pile. The
maximum moment in the downslope pile for UL10 is measured to be
66.21 MN-m, which is 2.18 times higher than that measured for the
upslope pile (30.30 MN-m) during SE1 shown in Fig. 22(a). However,
there is a sharp decrease in the maximum kinematic moment during SE2
21
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Fig. 23. Comparison of the Max. B.M. during the four S.E. at bottom of the pile (a) Upslope Pile (b) Downslope Pile.

obtained during SE3 and SE4 as compared to SE2. This is in contrast to
UL5, where the maximum moments decline post first base excitation.
In the past, some researchers [21] have shown the shadowing effect
to be predominant during the lateral spreading, due to which the
bending moment arising due to the kinematic interactions might be
lesser for the inside (downslope piles), which may be less exposed to the
lateral spreading as compared to the upslope pile. However, there are
some other studies in the literature (e.g., Ebeido et al. [24], Haskell et al.
[39], Kavand et al. [40]), which reported the downslope pile to carry
more bending moments during the lateral spreading. The two centrifuge
tests (UL5 and UL10) reported in this study also shows the downslope
pile to carry significantly larger kinematic moments of considerable
higher magnitude during all the shaking events as compared to the
upslope pile indicating that shadowing effects may not influence the
performance of pile group during the lateral spreading. The reason for
the downslope pile carrying significantly larger moments can be
explained with the help of observations from the excess pore pressure
response (for UL5 and UL10), which showed the upslope side having
significantly more dilative spikes as compared to the responses near the
piles (which showed considerable less oscillations). Due to this, the
downslope pile might not have enough lateral support from the sur
rounding liquefied soil on the downslope side, which resulted in the
downslope pile experiencing significantly larger moments.
Fig. 23 shows the comparison of the maximum moments for UL5 and
UL10 during the four shaking events at the bottom of the pile. From the
figure, it can be seen that the difference among UL5 and UL10 for both
the upslope and downslope pile is considerable during the first base
excitation, with significantly larger values obtained during SE1. The
reason for the significant moment demands in UL10 as compared to UL5
may be due to the larger magnitude of soil displacement to occur for
UL10 as compared to UL5, which might affect soil-pile kinematic
interaction.

6. Maximum monotonic bending response of the upslope and
downslope piles
Primarily, kinematic response of piles subjected to lateral spreading
should be dealt in two different phases which involves consideration of
the cyclic ground movement and subsequent lateral spreading of liq
uefied soil [13]. To study the deformed configuration of the pile system
under lateral spreading, it is necessary to remove the cyclic components
from the measured kinematic bending response, since lateral spreading
is a post liquefaction phenomenon that comprises of the monotonic
permanent lateral displacements. A smoothening procedure based on
the moving average method was adopted to filter out the cyclic com
ponents from the kinematic bending response to obtain the maximum
monotonic moments. The maximum monotonic moments were esti
mated using the incremental approach, where the moments applied for a
latter shaking event depend on the previous shaking event. For e.g. the
calculation procedure adopted to estimate the maximum monotonic
moments for SE4 is explained in equation (2). The soil pressure towards
the downslope direction is considered positive in the present study,
whereas taken as negative when applied in the opposite direction.
MF,Max/SE4 = MR/SE1 + MR/SE2 + MR/SE3 + MMax/SE4

(2)

Where MF,Max/SE4 = Final Maximum monotonic moment obtained for
SE4.
MR/SE1 = Monotonic residual moment obtained for SE1.
MR/SE2 = Monotonic residual moment obtained for SE2.
MR/SE3 = Monotonic residual moment obtained for SE3.
MMax/SE4 = Maximum monotonic moment obtained for SE4.
Fig. 24 shows the maximum monotonic bending moment response
for UL5. The maximum moments obtained at the base of the upslope and
downslope pile during SE1 are 12.01 and 31.82 MN-m, which predicts
larger lateral soil pressures to act on the downslope pile. However, for
SE2, the effective maximum monotonic moments reduce to values of
4.08 and 21.46 MN-m, with the soil pressure now acting in the opposite
direction. Interestingly, from the SE2 onwards, the maximum moment
for the upslope pile at a depth of around 4 m starts increasing, leading to
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Fig. 24. Maximum Monotonic Bending Moment response of a 2X2 pile group for UL5 (a) Upslope Pile (b) Downslope Pile.

Fig. 25. Maximum Monotonic Bending Moment response of a 2X2 pile group for UL10 (a) Upslope Pile (b) Downslope Pile.
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a maximum monotonic moment demand at 4 m along the length of the
pile. It is worth mentioning that the moment evaluated at a depth of 4 m
at the instance of the upslope pile being subjected to maximum moment
is 8.33 MN-m during SE4, which is slightly higher than that recorded for
the downslope pile at the base (6.14 MN-m). The downslope pile might
bounce back close to its initial position after SE4, with the maximum
monotonic moments reducing from 31.82 MN-m to 6.14 MN-m
(reduction of 5.18 times) from SE1 to SE4.
Fig. 25 shows the monotonic moment response for UL10 of the pile
during all the four SEs. The soil pressure acts in the downslope direction
during SE1 with the maximum moment values obtained as 25.72 and
57.19 MN-m, respectively, for the upslope and downslope pile. The max.
moment values increase to 30.32 and 68.14 MN-m during SE2 with the
soil pressure still acting in the same direction. However, during the latter
two shaking events, both the piles tries to bounce back, although the
reduction in the maximum moments is not significant as it was for UL5,
with the final maximum moments being estimated as 22.22 and 48.57
MN-m, respectively for the upslope and downslope pile.
The Monotonic moment response for UL5 and UL10 represents a
complex lateral loading phenomenon under different circumstances,
which might lead to different permanent lateral deformations in the
piles (post liquefaction) depending on the ground surface sloping,
loading intensity which may excite different kinematic interactions
among piles with the surrounding liquefiable soil. The results signify the
importance of considering the sloping inclination angles of the liquefi
able ground surface involving the kinematic interactions of pile, where
significantly larger monotonic moments are acting for a relatively
steeper slope (UL10) as compared to a gentle slope (UL5). This may lead
to piles experiencing larger permanent lateral displacement in UL10. It
is worth mentioning that the maximum monotonic moments, experi
enced by the upslope and downslope pile during SE4 for UL10 is still
larger than estimated for the piles during SE1 for UL5.

of shaking, the maximum kinematic moment may develop well
before the initiation of dissipation phase of E.P.W.P.
• The shadowing effects, which were reported in the previous litera
ture involving the lateral spreading, were found to be non-existent in
the present study. The maximum positive moment generated on the
downslope pile was higher by a factor of 1.97 times in the UL5 test
and 2.18 times in the UL10 test as compared to the upslope pile
during the first shaking, the responsible physical mechanism is dis
cussed. The configuration adopted for the piles (i.e. fixed end con
ditions) to simulate the end bearing piles socketed in deep nonliquefiable layer may also be responsible for downslope pile to
carry larger moment demands than the upslope pile.
• The present study highlights the importance of consideration of the
ground surface sloping angle, with significantly larger kinematic
moments being generated for UL10 (both the upslope and downslope
pile) as compared to UL5. The maximum positive moment in the
upslope and downslope pile was higher by a factor of 1.47 and 1.63,
respectively, for UL10 as compared to UL5, the responsible physical
mechanism is discussed.
• The largest kinematic moments were generated during the first
shaking event for both UL5 and UL10 (for both upslope and down
slope pile). However, these moments were significantly lesser during
the last three shakings even though the magnitude of base excitations
was considerably higher. Larger monotonic moments were also
recorded during the first shaking, which is found to depend on the
soil lateral displacement; where the monotonic soil displacement
reduced after the first shaking. The bottom section of soil model
experiencing soil liquefaction rather quickly and for a prolonged
time under the higher magnitude of base excitation may also be
responsible for the reductions observed in kinematic moments. This
may also be due to the transformation of initial sloping ground model
into a plainer ground model.

7. Conclusions
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shaking. Following conclusions can be derived from the present study:
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• Predominant unsymmetrical shear-induced dilative spikes were
observed in acceleration data (in the center array of soil model) for
UL5. On the contrary, the acceleration data from the UL10 test
showed the absence of shear-induced dilative spikes.
• Excess pore pressure response indicated the upslope side to have
more pronounced shear-induced dilative spikes as compared with
the measured response in the center array. The oscillations were of
significantly larger magnitude in the upslope side of UL10 as
compared to UL5 during all the shakings throughout the depth.
• The influence of the generated E.P.W.P on the maximum kinematic
moment response was studied and it was found the upslope and
downslope piles may experience maximum kinematic moments
around the onset of liquefaction to the time of initiation of dissipa
tion of excess pore pressure during SE1, when the lateral spreading is
predominant (which is also found to depend on the sloping inclina
tion of the ground surface). However, with the increase in intensity
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Appendix A
Figs. A1 and A2 presents the maximum lateral soil displacement (including cyclic components) at different locations within a soil model for UL5
and UL10. Apart from the laser sensors, the soil displacements were obtained from the accelerometers after double integrations. Larger soil dis
placements are found to occur at the ground surface near the center array as compared to the downslope side for UL5 as shown in Fig. A1. On the other
hand, larger soil displacements are recorded near the downslope side for UL10 as compared to UL5 (Fig. A2), indicating the soil lateral displacements
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to depend on the initial sloping inclinations of the ground surface.

Fig. A1. Lateral soil displacement along the soil model-UL5.

Fig. A2. Lateral soil displacement along the soil model-UL10.
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Corrigendum to “Influence of the sloping ground conditions and the
subsequent shaking events on the pile group response subjected to
kinematic interactions for a liquefiable sloping ground”[Soil Dyn. Earthq.
Eng. 152 (2022) 107036]
Anurag Sahare a, *, Kyohei Ueda b, Ryosuke Uzuoka b
a
b

Graduate School of Engineering, Kyoto University, Kyoto Daigaku-katsura, Nishikyo-ku, Kyoto, 615-8530, Japan
Disaster Prevention Research Institute, Kyoto University, Gokasyo, Uji, Kyoto, 611-0011, Japan

The authors regret that they have noticed two required corrections in
the original paper.

2. In sections 5 & 6; the bending moments values, which are written in
few places should be multiplied by 10-2.

1. From Figs. 19–25, the bending moment axis title should read as (MNm) X 10-2.

None of these corrections affects any of the discussions made in the
original paper.
The authors would like to apologise for any inconvenience caused.
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