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Abstract
In this research, 1  g shake table experiments were conducted to evaluate the effects of 
boundary conditions on the responses of a 3 × 3 pile group to liquefaction-induced lateral 
spreading. For this purpose, a rigid and a laminar shear box with similar dimensions were 
designed and constructed at the Sharif University of Technology. The similitude laws for 
1 g tests were implemented to construct the physical models. The profile of the soil layers 
consisted of a mildly sloped thick liquefiable layer between two non-liquefiable layers. The 
soil in the free field (far from the boundaries) and near or on the pile groups were fully 
instrumented to measure various parameters during and after shakings. The piles were also 
heavily instrumented with pair strain gauges to detect pure bending moments. The results, 
including acceleration and pore water pressure in various elevations of the free field, accel-
eration at the pile cap, surficial displacements, and bending moments in the piles, are pre-
sented and discussed in this paper. According to the results obtained from these two similar 
models (differing only by boundary conditions or containers), the response of the model 
implementing the rigid box is greater, possibly due to wave reflections from boundaries, 
limitation in movement, and bouncing back of the liquefied and spreading soil from the 
rigid walls.
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1  1. Introduction

Liquefaction-induced lateral spreading occurs in gently sloping grounds or grounds end-
ing in a free face. This phenomenon is a common consequence of the liquefaction of a 
loose sandy layer at a shallow depth that is mostly overlain by a non-liquefied crust layer. 
In some cases, lateral movement of liquefied and crust layers may reach several meters 
and impose significant forces on the deep foundations of buildings and bridges. Severe 
damages to pile-supported structures due to lateral spreading have been observed in many 
strong earthquakes, e.g., Niigata 1964, Nihonkai-Chubu 1983, Hyogoken-Nambu 1995, 
Kocaeli 1999, Chi-Chi 1999, Bhuj 2001, Haiti 2010, Chile 2010, Tohoku 2011 earth-
quakes. Damaged piles in the aforementioned earthquakes indicate the importance of stud-
ying the effects of soil liquefaction and lateral spreading in the design of deep foundations 
(Imamura et  al. 2004; Bhattacharya et  al. 2013; Tamura 2014). In the last two decades, 
several studies have been performed to investigate various aspects of the response of piles 
to liquefaction induced lateral spreading using shake table tests (e.g., Ebeido et al. 2018, 
2019a, b; Haeri et al. 2012, 2013, 2014; 2019, 2021; He et al. 2008, 2009, 2017; Kavand 
et  al. 2012; 2014, 2021; Mao et  al. 2019; Liu et  al. 2017; Motamed et  al. 2007; 2008; 
2009; 2010; 2013; Motamed and Towhata 2010; Sato and Tabata 2011, Su et  al. 2016, 
Suzuki et al. 2006; Tang et al. 2014; 2015), centrifuge tests (e.g., Abdoun et al. 2003; Ima-
mura et al. 2004; Brandenberg 2005; Brandenberg et al. 2010; Dobry et al. 2003; Gonzalez 
et al. 2009; Knappett and Madabhushi 2012; Zhang et al. 2020), field blasting tests (e.g., 
Ashford et al. 2006; Juirnarongrit and Ashford 2006) and numerical methods (e.g., Chang 
et al. 2013; Li and Motamed 2017; Uzuoka et al. 2008; Wang and Zhang 2016). Numerous 
factors affect the response of deep foundations to lateral spreading, including boundary 
conditions, characteristics of input motion, thickness of the crust and liquefiable layers, 
numbers and arrangement of piles in a pile group, density of liquefiable layer, and so on. In 
this respect, a number of studies have been conducted to investigate the effects of some of 
the aforementioned parameters on the responses of piles to lateral spreading in the last two 
decades. For example, Imamura et  al. (2004) conducted centrifuge model tests to inves-
tigate the effects of the number of piles and pile spacing in free head groups (2 × 1, 3 × 1 
and 4 × 1 piles and spacing between 2 and 3D center to center) on the force applied to piles 
due to lateral spreading. It should be noticed that all piles of the groups were located in a 
single row. Imamura et al. (2004) found that the downstream pile of the groups experienced 
a lateral force of about 85% of that acting on the upstream pile. Imamura et  al. (2004) 
also found that when the spacing between the piles was more than 4 times the diameter 
of the piles, there was no interaction between the piles. Uzuoka et  al. (2008) employed 
a 3D finite element model to study the behavior of a 3 × 3 pile group behind a quay wall 
and found that the earth pressure on the piles from the crust layer was very important for 
the evaluation of the peak bending moment along the piles. The input motion in that study 
was applied perpendicular to the direction of ground flow. Motamed and Towhata (2010) 
and Motamed el at. (2010) carried out a series of shake table tests using a relatively small 
rigid box to investigate the effects of several parameters (e.g., soil density, characteristics 
and direction of input motion, and non-liquefiable crust layer) on the behavior of a 3 × 3 
pile group behind a quay wall. Motamed and Towhata (2010) found that the amplitude, 
frequency, and direction of the input motion and also soil density had significant effects on 
the magnitude of lateral soil displacement. Moreover, the bending moment of the piles was 
drastically increased by the passive earth pressure due to the crust layer. He et al. (2008) 
and Haeri et al. (2012) studied and discussed the effects of the pile position of free head 
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groups (2 × 1 and 1 × 3) in sloping grounds without a non-liquefiable crust layer. They car-
ried out shake table tests using relatively large rigid boxes. In both studies, the 2 × 1 pile 
groups were located in the ground slope direction, while in Haeri et  al (2012) the 1 × 3 
pile group was perpendicular to the ground slope direction. The input motions in He et al. 
(2008) and Haeri et al. (2012) were applied perpendicular and parallel to the ground slope, 
respectively. He et  al. (2008) and Haeri et  al. (2012) found that the downstream pile of 
the groups experienced a bending moment of about 40% and 90% of that in the upstream 
pile, respectively. Kavand et al. (2014) conducted shake table tests using a relatively large 
rigid box to study the behavior of the piles of 2 × 2 groups in a crusted liquefiable sloping 
ground. Kavand et al. (2014) found that various piles of the groups experienced different 
amounts of bending moments and lateral forces. Su et al. (2016) conducted a shake table 
test using a laminar shear box and studied the effects of lateral spreading on a pile in a sin-
gle soil stratum behind a quay wall. Su et al. (2016) proposed a Beam on Nonlinear Win-
kler Foundation (BNWF) model to assess the influence of some parameters, e.g., elasticity 
modulus and diameter of the pile. Su et al. (2016) found that the pile head displacement 
decreased as the pile elasticity modulus increased, though the pile bending moment did 
not change. The results of Su et  al. (2016) showed that pile head displacement and also 
bending moment increased as the pile diameter increased because a larger diameter can 
mobilize a greater soil wedge behind the pile. Liu et al. (2017) performed a shake table 
test using a laminar shear box on a 2 × 2 pile group in a single soil layer behind a quay wall 
and showed that the lateral pressure on the piles near the quay wall was about twice that 
of those far from the quay wall. Mao et al. (2019) carried out a series of shake table tests 
using a relatively small rigid box and studied the effects of lateral spreading on a 3 × 3 pile 
group in a single sloping soil stratum. Mao et al. (2019) found that the front (upslope) and 
the rear (downslope) piles carried much higher bending moments than those of the middle 
row piles. Haeri et al. (2014) and Kavand et al. (2021) carried out a shake table test using 
a relatively large rigid box. They investigated the behavior of piles of a dolphin-type berth 
in a sloping ground without a non-liquefiable crust layer and found that the piles posi-
tion in the group was a key parameter and the downslope piles experienced higher bending 
moment than the upslope one.

Despite these valuable studies, there remains room for research on this subject as many 
aspects of the soil-pile interaction, especially in liquefied or laterally spreading conditions, 
are yet to be fully understood. One of the most important factors in the physical modeling 
of earthquake geotechnical problems is the boundary condition. Bhattacharya has summa-
rized the soil boxes as follows: (i) rigid box; (ii) rigid box with flexible boundaries (e.g., 
sponge); (iii) rigid box with hinged end-walls; (iv) equivalent shear beam box; (v) laminar 
shear box; (vi) active boundary box. During shaking and propagation of S-waves through 
the soil layer, the soil next to the boundaries may undergo under compression and exten-
sion and P-waves may be generated. Thus, the response of the model will be affected by the 
interaction between P and S waves. Therefore, the reflection of the waves from the artificial 
boundaries must be taken into account. In an infinitely extended soil layer this phenom-
enon is absent since there are no boundaries and the energy of the waves diminishes with 
distance. In the most traditional box- the rigid box- the shear stiffness of the end walls is 
much higher than the stiffness of the layers of soil contained, while the design principle of 
a laminar shear box is to minimize the lateral stiffness of the container in order to ensure 
that the soil governs the response of the soil-box system. The main advantage of a laminar 
shear box compared to a rigid box is the reduction of the wave reflection and the P-wave 
generation (Bhattacharya et al. 2012). Kim et al. (2020) constructed a rigid box and a lami-
nar shear box of similar size and carried out 1 g shaking table tests to investigate the effects 
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of boundary conditions on the results of a flat dry ground. Kim et al. (2020) compared the 
peak accelerations and response spectrum of the grounds and found that the soil accelera-
tions at the center of the model and near the walls (boundaries) in the laminar shear box 
model were very close, in contrary to the rigid box model. In other words, the results of 
Kim et al. (2020) showed that a laminar shear box can better simulate the behavior of the 
infinite half space than a rigid box. Although the findings of Kim et  al. (2020) research 
are valuable and fundamental, the results were obtained by comparing limited parameters 
(peak ground accelerations and response spectrum) of a wet compacted sandy soil in a 
level ground, in the absence of any foundations. However, the dynamic interaction of the 
piles and the liquefiable soils in sloping ground is a more challenging and complicated 
problem that is affected by numerous parameters.

In order to better understand the dynamic soil-pile interaction and specifically, the effect 
of boundary conditions on the response of the pile foundations to liquefaction induced 
lateral spreading, along the lines of the previous works, two physical models were con-
structed and tested at SUT shake table facilities to investigate the responses of two 3 × 3 
pile groups to lateral spreading in two different containers (boxes), focusing on the effects 
of boundary conditions on the responses. In this regard, a large rigid box with a transparent 
side and a large laminar shear box were constructed and employed. The models consisted 
of a gently sloped non-liquefiable bottom layer overlain by a thick liquefiable layer and a 
surficial non-liquefiable crust. These layers were fully instrumented to measure different 
parameters, including accelerations and pore water pressures in the free field and adjacent 
to the piles, accelerations and displacements of the pile caps, and soil displacements at 
various points. In addition, the piles were instrumented with pair strain gauges to detect the 
pure bending moment in different sections of the piles. The results and analysis of these 
measurements are presented and discussed in this paper, although the test implementing 
rigid box has been briefly reported elsewhere (Haeri et al. 2013). It is worth mentioning 
that the ground profiles (the number of the soil layers, the density and the soil gradation 
of the layers, and the slope of the ground and the subsoil layers), pile groups geometry 
and material, physical modeling scale factors, and the input motions for both models were 
all identical. Therefore, the two experiments had identical characteristics except for their 
boundary conditions. Consequently, the reason for the differences between the results of 
these two experiments can only be attributed to the boundary conditions of these two mod-
els. Based on the authors’ knowledge, this is the first time that the results of two different 
physical models of this size, with identical conditions except for the boundary conditions, 
have been studied, compared, and discussed.

2  2. Physical models

The models were constructed and tested using the shake table facilities at the Earthquake 
Engineering Research Center of the Sharif University of Technology. The shake table is a 
4 × 4 m, 3 degrees of freedom facility capable of taking models of up to 300 kN. The rigid 
box was constructed with dimensions of 3.5 m length, 1 m width, and 1.5 m height. In 
order to monitor soil movement during lateral spreading, two large Plexi-glass windows 
were provided in one of the longitudinal sidewalls of the rigid box. The laminar shear box 
was designed and constructed for this research, with inner dimensions of 3.06 m length, 
1.72 m width, and 1.8 m height, and outer dimensions of 4.2 m length, 2.4 m width, and 
2.0 m height. Roll bearings were employed to minimize the friction between the 23 steel 
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laminates of the box. Figure  1 shows the rigid and laminar containers constructed and 
employed in this paper.

The Schematic plan and the cross-section of the models, including the layout of various 
transducers (acceleration, pore water pressure, displacement) are exhibited in Fig. 2. The 
main dissimilarity between the two experiments of this study is their containers or boxes 
(boundary condition). The other parameters e.g., the small change in the position of the 
pile groups within the boxes, a minor variation in the position of the sensors on the piles, 
and relatively small changes in the length and width of the boxes were not that effective on 
the obtained results of the study and could be neglected compared to the major change, i.e., 
the change in the boundary conditions or the type of the containers.

In this paper, the similitude laws proposed by Iai (1989) and Iai et al. (2005) were imple-
mented. Considering the dimensions of the boxes (containers) in this study, a geometric scale 
of λl = 8 was selected. Based on the similitude laws, it was assumed that the scaled model 
and the prototype have the same density. However, for physical modeling tests conducted for 
the study of liquefaction and associated large ground deformations such as lateral spreading, 
Towhata (2008) suggested to employ very loose sand, which might be much looser than the 
in-situ sand so that the effect of reduced confining stress in the scaled model would be com-
pensated by reduced density. As seen in Fig. 2, the soil profile in both models consisted of 
three primary layers: (1) a non-liquefiable base layer, (2) a thick liquefiable sand layer, and (3) 
a non-liquefiable crust layer. All layers were placed with a gentle slope of 4 degrees (7 per-
cent). The base layer was constructed with very dense sand  (Dr = 80%) using the wet tamping 
method. Then, the container was almost filled with water. The liquefiable layer, with a rela-
tive density of about 15%, was constructed using the water sedimentation technique. In this 
method, a special bucket full of sand was moved with a constant velocity, and the sand was 
poured from almost zero height into the water to get the liquefiable layer as loose as possible. 
The crust (surficial) layer was constructed by dry deposition of a mixture of 88% sand and 
12% clay with a liquid limit of 38% to produce clayey sand (SC) for casting a non-liquefiable 
crust layer. According to the guideline of the U.S. Army corps of engineers, soils with more 
than 10% fraction of finer than 0.005 mm, liquid limit (LL) greater than 36, and the ratio of 
water content to liquid limit less than 92%, are not susceptible to liquefaction (Finn et al. 1994; 
Kramer 1996). It should be noticed that the non-liquefiable crust layer was constructed by 
deposition of SC soil from the lowest possible elevation (almost zero height) to minimize the 
change in density of the underlying liquefiable layer. The sand used for the construction of all 
layers was standard Firuzkuh silica 161 sand, which is a uniform sand and is widely used in 

Fig. 1  Containers constructed and used in this study: a the rigid box, and b the laminar shear box
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Iran for geotechnical testing. A summary of the properties and the gradation of the used sand 
is outlined in Table 1. When construction of the models was completed a grid was created 
over the ground surface, with gray color sand to detect lateral soil movement during and after 
the test. Then, an accelerometer was installed on the ground surface far from the boundaries 

Fig. 2  Schematic plan, cross section of the physical models and diagram of the positive directions of differ-
ent sensors: a the model with the rigid box, and b the model with the laminar shear box model
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to measure surficial soil acceleration. Besides, in order to detect soil lateral movement, two 
LVDTs (Linear Variable Differential Transformer) were attached to a thin metal cup which 
was buried at shallow depths of the model. The cup (probe) was moving with the surficial soil 
during the shaking and associated lateral spreading and its movement was recorded by the 
data acquisition system.

For designing the model piles in this study, a prototype pile group was designed based 
on the Japan Road Association (JRA 2002) guideline to withstand the exerted lateral spread-
ing forces considering the real geometry of the ground cross section. The geometrical and 
mechanical properties of the model piles were determined by using the aforementioned simili-
tude laws.

The main properties of the piles are summarized in Table 3. All piles of the model were 
made of aluminum pipes (T6061 alloy). The center to center spacing of the piles was selected 
to be 3 times the piles diameter (D) which is a common practice for pile groups. The optimum 
spacing between the piles in a group is in the order of 2.5–3.5D (Bowles 1997) or 2.5–3.0D 
(Coduto 2001). Schematic views of the instrumented piles with strain gauges and the photo 
of the instrumented piles installed in the physical models are exhibited in Fig. 3. As seen in 
Fig. 3c, the strain gauges were covered with a multi-layer waterproof coating to protect them 
from wetting.

It should be mentioned that satisfying all the similarity laws in the model tests conducted 
under 1  g condition is not possible, thus the similarity laws that are involved in the main 
physical parameters of concern should be satisfied and the other relatively trivial ones can be 
neglected (Hamayoon et al. 2016; Zhu et al. 2021). In general, four independent dimension-
less Buckingham π equations should be examined. According to the calculations presented in 
Table 3, the Buckingham π dimensionless similarity law π1 is satisfied. However, similarity 
laws π2, π3, and π4 are not satisfied. Based on the similarity laws proposed by Iai et al. (2005), 
the similarity ratios of the soil density (λρ), the soil Young’s modulus (λEsoil), and the soil 
hydraulic conductivity (λk) are assumed to be unity. In addition, as 1 g modeling test is con-
ducted the gravitational acceleration similarity ratio (λg) is obviously equal to unity. Trying to 
satisfy the π2 equation of Buckingham π theorem, the prototype pile can be considered to be a 
concrete pile with an elasticity modulus of 20 GPa and 40 cm diameter. However, considering 
Iai et al. (2005) similarity law for this study, the prototype pile can be a steel pipe with 40 cm 
outer diameter (Table 2). The similarity laws π3 and π4 do not approach the unity in 1 g physi-
cal model tests. The dissimilarity of the π3 equation in Table 3, suggests that the rate of gen-
eration and dissipation of the excess pore water pressure in the model are different from those 
in the prototype. The dissipation rate of the excess pore water pressure in the model is higher 
than that in the prototype. The dissimilarity of the π4 equation affects the pile displacement. 
In fact, the pile head displacement in the model would be different from that in the prototype. 
Since the main purpose of the present study has been the comparison of the behavior of two 
identical experiments, investigating only the effects of boundary conditions on the results of 
the tests, the scaling for both physical models are the same and therefore this issue of scaling 
might be of minor importance for this special study.

3  3. Test results and analysis

The results of the two identical physical models with different containers as discussed 
above are presented and analyzed to investigate the responses of the two 3 × 3 pile groups to 
lateral spreading, and also, to study the effects of boundary conditions on these responses. 
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Fig. 3  Photos of instrumentation of the piles: a schematic view of an instrumented pile, b schematic plan 
and section of pair strain gauges on a pile, and c instrumented piles installed in the physical models

Table 2  Main properties of the 
piles in this study

Parameter Prototype 1 g Shake Table Tests

Material Steel Aluminum
Height (cm) 1200 150
Outer Diameter (cm) 40.0 5.0
Inner Diameter (cm) 37.6 4.7
Flexural Rigidity, EI (kN.m2) 57,859 4.708
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The test results include accelerations, displacements, bending moments, pore water pres-
sures, and p-y curves.

3.1  Accelerations in the free field

According to Fig. 2, accelerometers were installed at various elevations of the models and 
an adequate distance from the piles and the boundaries. Time histories of soil acceleration 
in the free field of the models were compared in Fig. 4a. Identical input motions, includ-
ing 30 sinusoidal cycles with an amplitude of 0.3 g and a frequency of 3 Hz having two 
3 cycles ascending and descending ramps, were applied to the models. The applied base 
shaking motion was parallel to the ground slope in both experiments. Despite the identi-
cal shaking input, different acceleration responses at various points of the ground were 
obtained. Comparing time histories of the acceleration at the ground surface of these two 
models illustrates that the acceleration at the ground surface of the model with the laminar 
shear box attenuated after liquefaction, but the surface acceleration for the model with the 
rigid box behaved differently, even after triggering of liquefaction. Large spikes with a pos-
itive sign in acceleration exhibited greater surface acceleration in the upslope direction in 
the model with the rigid box. This could be due to the reciprocal reactions of the bouncing 
back of the pile group and the downward movement of the soil mass due to lateral spread-
ing. It seems that the wave reflections from the rigid walls caused an amplification of accel-
eration at the surface layer. Likewise, the soil acceleration at the middle of the liquefiable 
layer in the model with the rigid box is greater than that in the other model. The amplitudes 
of accelerations at the surface and the middle of the liquefiable layer in the rigid box model 
were respectively, 87% and 198% more than those obtained using the laminar shear box 
model. This issue can be attributed to the effects of boundary conditions. The maximum 
values of soil acceleration at different elevations of the free fields in both models are com-
pared in Fig. 4b. According to this figure, the maximum acceleration at the ground surface 
was greater than that at the middle of the liquefiable layer in both models. Amplification 
occurred due to wave propagation in the non-liquefiable crust layer. As seen in Fig. 4b, the 

Table 3  Assessment of scaling factors in this study

Variables: length of pile  (Lpile), frequency of loading (f), unit weight of soil (γsoil), flexural rigidity of pile 
 (EIPile), Young’s modulus of soil  (ESoil), hydraulic conductivity of soil (k), gravitational acceleration (g)

Dimensionless π equations π(prototype)/π(model) Status of similar-
ity [π(prototype)/
π(model) = 1]

�
1
=

g

LPile f
2 �

1
=

�g

�LPile
�2
f

=
1

8×(0.35)2
= 1 Satisfied

�
2
=
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ESoilL
4

Pile

�
2
=

�EIPile

�ESoil
�4
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=
12289

1×84
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based on Iai’s similitude law)

Almost not satisfied
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Fig. 4  The results of free field acceleration: a time histories of accelerations at different elevations of the 
models, and b the amplitudes of soil acceleration at different elevations of the models
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amplitudes of acceleration at the free field were greater in the model with a rigid box com-
pared to those in the laminar shear box due to boundary condition effects.

An accelerometer, ACC2, was placed at a lower depth of the laminar shear box model, 
see Fig. 2b. The results indicate that an amplification should have occurred in the accel-
eration at this elevation, due to wave propagation in the underlying non-liquefiable layer. 
The amplified acceleration was approximately 80% greater than the amplitude of the input 
motion and occurred at the starting cycles of the loading, before liquefaction. After lique-
faction, the amplitude of the acceleration at the lower depth of the liquefied layer dropped 
to the very low amount of 0.07 g, an 87% drop in the amplitude of acceleration for ACC2 
meaning that by the continuation of shaking the lower parts of the liquefiable soil also 
started to liquefy and consequently a huge drop in acceleration occurred. It should be 
noticed that ACC2—the accelerometer in the lower depth of the liquefiable layer- in the 
rigid box model was recording soil acceleration properly before liquefaction triggering, but 
after liquefaction started, no data was recorded, which might be due to disconnection of its 
wire. Hence, the authors did not show the time history of this accelerometer in Fig. 3a to 
prevent imprecise interpretation.

3.2  Comparison of the built up excess pore water pressure in two models

Several transducers were employed to measure excess pore water pressure in the free field 
and near the pile groups in both models. Time histories of  ru (ratio of excess pore water 
pressure to initial effective stress) at different locations in the free field and near the piles 
of the models are shown in Fig. 5. As seen in this figure, liquefaction was simultaneously 
triggered in both models at 2.5  s (3rd cycle of the main shaking). The results showed a 
higher rate of dissipation of excess pore water pressure near the piles in the model with 
the rigid box. It can be attributed to the effects of the larger gap occurred between the piles 
and the soil in the model with the rigid box comparing it with that of the model with the 
laminar shear box (Fig. 6). The larger gaps between the soil and the piles in the case with 
rigid box were possibly due to the effects of the boundary condition and higher energy trap 
in the rigid box. In other words, the relative displacements between the piles and the later-
ally moved soil were larger in the rigid box model. As seen in Fig. 6, the generated gaps 
between the piles and the crust in the rigid box model were larger than those in the laminar 
shear box model. Also in Fig. 6, heave at the upslope of the pile groups can be seen which 
should be taken into account when designing piles against lateral spreading. Heave at the 
upslope of a single pile was observed reported and discussed by Haeri et al. (2012).

3.3  Displacements of the soil and the pile cap

Two LVDTs (LVDT1 and LVDT2) were placed at similar positions on the ground 
surface of the models to measure the free field displacements. In order to detect soil 
lateral movement, the LVDTs were attached to thin metal cups which were buried at 
shallow depths from the model surface. The cups (probes) were moving with the surfi-
cial soil during the shaking and associated liquefaction and lateral spreading. It should 
be noticed that the ground settlement affects the location of the probes and the meas-
urement of the soil deformation during the test. Several professional cameras were 
employed to record the models from various viewpoints before, during, and after the 
shaking. The ground settlement and then the angles between LVDTs and the probe were 
determined by processing images recorded by side cameras. Then the data measured by 
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Fig. 5  Time histories of  ru value in both models
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LVDTs were modified to represent the pure lateral soil displacements. Time histories 
of the free field displacements based on measurements of LVDT1 are shown in Fig. 7a. 
The positive sign in this figure shows the downslope lateral movement of the soil. In the 
model with a rigid box, the maximum and final (residual) free field soil displacements in 
the rigid model were approximately 20% and 40% greater than the other model, respec-
tively. It seems that a higher level of energy reflected from the walls of the rigid box 
model has been responsible for the higher response compared to that of the laminar box.

Fig. 6  The gaps between the soil and the piles: a in the rigid box model, b in the laminar shear box model

Fig. 7  Time histories of displacement in the models: a free field, and b pile cap
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In each model, one LVDT was also attached to the pile cap. Time histories of the dis-
placement of the pile caps for the two models are compared in Fig. 7b. A positive sign 
in this figure shows pile cap downslope movement. Based on the excess pore water pres-
sure measurements (Sect. 3.2 of this paper), liquefaction occurred almost simultaneously in 
both models at an approximate time of 2.5 s. At that specific time,  ru (the ratio of the excess 
pore water pressure to the initial effective stress) reached the unity at the free field of both 
models (Fig. 5). It is notable from Fig. 7b that the maximum displacement of the pile cap 
for both models occurred approximately at the onset of liquefaction triggering. Afterwards, 
the pile groups bounced back in both models due both to the stiffness of the pile group and 
the loss of the shear strength in the liquefiable layer. The pile cap displacement in the rigid 
box model was more than that in the laminar shear box model, similar to the free field dis-
placement. The maximum displacement of the pile cap in the model with the rigid box is 
about 70% more than that for the model with the laminar shear box. The pile group in the 
laminar shear box model fully bounced back to its initial position; however, the residual 
displacement in the pile group of the rigid box model was approximately 8 mm.

3.4  Bending moment induced in the piles

The piles in both models were fully instrumented with pairs of strain gauges to measure 
pure bending moments. Note that the piles were installed in steel tubes (with a height of 
10  cm) which were welded to the base of the boxes. Hence the piles were fixed at the 
bottom in translational and rotational directions in order to model a long pile fixed at the 
bottom in a non-liquefiable soil layer. The pile heads were pushed in the prepared holes 
of the cap made of plexiglass which did not provide a complete rotational fixity for the 
piles. Thus, the provided fixity of the piles inside the pile cap of the pile group was not sig-
nificant and clearly known. Amounts of bending moments at different sections of the piles 
were determined by the Euler–Bernoulli beam theory. The maximum bending moment for 
all the piles occurred at the lowest section (i.e., the boundary between the liquefiable layer 
and the underlying non-liquefiable layer or the fixity point, depth = 138 cm according to 
Fig. 3a). In this paper, the responses of the corresponding piles in the models are compared 
to investigate the effects of boundary conditions on them. The responses of the 3 × 3 piles 
to lateral spreading for each model are presented and discussed as well, to study the effects 
of pile position in the groups.

3.4.1  3.4.1. The effects of boundary conditions on the response of the piles

Figure  8 compares the time histories of the bending moments at the lowest sections of 
the corresponding piles in the models. The positive sign in Fig. 8 shows the upslope con-
cave deflection of the piles (see Fig. 2). In both models, bending moments approached the 
maximum value almost simultaneously on liquefaction triggering at the time of about 2.5 s. 
According to Fig. 8, just after the liquefaction, bending moments in the piles of both mod-
els started to decrease gradually during shaking, because of the reduction in the liquefied 
soil strength around the piles and bouncing back of the piles due to elastic rebound as dis-
cussed before. As seen in Fig. 8, the piles in the rigid box model showed a greater response 
to the loading. In order to better evaluate the effects of boundary conditions on the behav-
ior of the piles subjected to liquefaction induced lateral spreading, bar charts of the relative 
maximum bending moments  (Mmax, model with rigid box/  Mmax, model with laminar shear box) are given 
in Fig. 9. The maximum bending moment experienced by piles in the model with the rigid 
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box are between 1.7 and 2.9 times of those in the model with the laminar shear box, which 
is an indicator of the significant effect of the boundary conditions on the response.

The bending moments in the piles consist of monotonic and cyclic components. The 
cyclic and monotonic components of the bending moment represent inertial loading and 
kinematic loading from ground shaking and lateral spreading, respectively. Based on the 
observations in various earthquakes, lateral spreading does not occur coherently with the 
ground shaking, however, it happens after the earthquakes. Ironically, in physical mod-
eling, inertial and lateral loadings happen almost simultaneously. Hence, the monotonic 
component of the bending moment, which is the kinematic part of the loading on piles 
should be extracted from the recorded values to assess the effects of lateral spreading on 
the piles. In order to obtain the time histories of the monotonic bending moment, the cyclic 
part of the total bending moment should be eliminated. For this purpose, the data were 
decomposed into cyclic and monotonic components. The cyclic component of the bending 
moment was obtained by passing the record through a high-pass filter and subsequently, 
the monotonic component of the bending moment was obtained using Eq. (1).

Fig. 8  Time histories of bending moments at lowest sections of the piles
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In the above equation, M (t) monotonic is the monotonic bending moment at the time of 
t, M (t) is the total bending moment at the time of t, and M(t) cyclic is the cyclic bending 
moment at the time of t.

Figure 10 compares the time histories of the kinematic (monotonic) bending moments 
at the lowest sections of the corresponding piles in the models. As seen in Fig. 10, at the 
approximate time of 6.5  s- end of the  16th cycle of loading- the monotonic (kinematic) 
component of the bending moment remained constant. This can be attributed to the lev-
eling off of the ground surface. In other words, the kinematic soil pressure on the piles 
was significantly decreased with the disappearance of the slope of the non-liquefiable sur-
face layer. Because kinematic soil pressure and consequently kinematic bending moment 
are extremely dependent on the ground slope (in grounds without a quay wall). Accord-
ing to Fig.  10, the maximum kinematic bending moment on the pile groups occurred 
just after the onset of liquefaction. The relative maximum kinematic bending moments 
 (Mmax kinematic, model with rigid box/  Mmax kinematic, model with laminar shear box) for different piles of the 
models are displayed in Fig. 11. The maximum kinematic bending moments experienced 
by piles in the model with the rigid box are between 2.9 to 6.4 times of those in the model 
with laminar shear box. Hence, the boundary condition affected the response of the piles in 
these experiments, significantly.

3.4.2  3.4.2. The effects of pile position in the groups

One of the notable points extracted from Figs. 8,9,10 and 11 is that piles in various posi-
tions of the groups exhibited different responses to lateral spreading. In other words, pile 
positions in the group affect the responses. Albeit, this subject is not considered in many 
guidelines (e.g., JRA 2002). In this section of the paper, several aspects of the effects of 
pile position in the group are revealed. According to Fig. 8, at the time of 2 s when liq-
uefaction has not yet occurred, the maximum bending moments for downslope piles are 
rather higher than the corresponding piles in the upslope row of the groups. For instance, 
in the middle row of the group in the laminar shear box model, the bending moment of the 
downstream pile was 7% higher than the upstream pile, meaning that the ground cyclically 

(1)M(t)monotonic = M(t) −M(t)cyclic

Fig. 9  Bar chart of the ratio of the maximum bending moments in the piles of the rigid box model to those 
of the laminar shear box model
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Fig. 10  Time histories of kinematic bending moments at lowest sections of the piles

Fig. 11  Bar chart of the ratio of maximum kinematic bending moment of the piles in the rigid box mode to 
those in the laminar shear box model
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moved toward the upslope of the model before liquefaction triggering. In other words, 
the downslope piles in the group protected the upslope piles in this before the liquefac-
tion cycle of loading, or the upslope row acted as shadow piles, experiencing lower bend-
ing moments than the corresponding ones in the downslope row. This is in good agree-
ment with the results of Ebeido et al. (2019a) who conducted shake table tests to study the 
behavior of 2 × 2 piles in a gently sloped ground. The results showed that the maximum 
bending moment occurred during the first few cycles of shaking, around the onset of lique-
faction. Additionally, the downslope piles were subjected to higher bending moments than 
those for the upslope piles by approximately 20%.

According to Fig. 8, the maximum bending moment of the piles in the present study 
occurred approximately at the time of liquefaction triggering (2.5  s). The lateral move-
ment of the liquefied soil toward the downslope leads to a downslope concave of the lowest 
part of the piles. This caused negative maximum bending moments in the piles. At this 
time, the bending moments in the piles in the upstream row were greater than those of 
the piles in the downstream row of the group because the soil mass upstream of the pile 
group moved more than that of downstream, due to lateral spreading. So, the piles in the 
downslope row, have been protected by the upslope piles, against the pressure excreted 
by the moving soil. For instance, in the middle row of the group in the laminar shear box 
model, the maximum bending moment of the upstream pile was 17% higher than that of 
the downstream one. This phenomenon known as “shadow effect’’ has been studied by sev-
eral researchers (e.g., Haeri et al. 2012; 2021; He et al. 2008 and Tang et al. 2014). Haeri 
et al. (2021) conducted a case study using physical modeling, on a shake table to study the 
response of a 3 × 5 pile group in a mildly sloped ground to lateral spreading. The results 
showed that the maximum bending moments for the piles in the upslope row of the group 
were 23% to 40% higher than those for the piles in the downslope. Tang et al. (2014) con-
ducted a shake table test to study the behavior of a 2 × 2 pile group behind a quay wall. In 
that research, the maximum bending moment of the rear piles (close to the quay wall) was 
approximately 30% higher than that for the front piles (far from the quay wall). This result 
shows that the lateral movement of the soil started from the downstream of the model, and 
the higher gradient of the soil pressure on the rear piles compared to that for the front piles 
has resulted in such an observation. Haeri et  al. (2012) and He et  al. (2008) conducted 
shake table tests to investigate the behavior of 2 × 1 pile groups without a cap in a gen-
tly sloping ground. In Haeri et al. (2012) research, the maximum bending moment for the 
upslope pile was approximately 16% higher than that for the downstream pile. The results 
of He et al. (2008) showed that the ratio of the maximum bending moment for the upslope 
pile to the downslope one was almost 2.64, which illustrates the importance of shadow 
effects on the responses of piles to lateral spreading.

According to Figs. 8 and 9, there is also a difference between the maximum bending 
moments at the middle and side rows of the pile groups. In the upstream row of the group 
in the model with the laminar shear box, the maximum bending moment for the middle 
pile was 28% more than that of the corner pile. It can be attributed to the neighboring 
effects. This is in good agreement with Haeri et al. (2012) who investigated this issue for 
a group of piles without a pile cap in a gently sloped ground without a crust layer. In that 
research, the middle pile of a 3 × 1 group experienced almost 37% less bending moment 
than the side pile. However, this phenomenon was not observed in the results of the experi-
ment with the rigid box. It should be notable that the center pile in this test, experienced 
higher bending moments compared to the other piles in the middle row, and it might be 
postulated that in this experiment, the center pile resisted more, in the pile group, against 
lateral spreading. The difference between the maximum bending moment of the center pile 
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and the other piles was more than 10%. However, this result is somewhat inconsistent with 
the shadow effects in pile groups. In fact, in the first cycles of the loading, the bending 
moments of these piles were quite similar; however, with additional cyclic loading, the 
bending moment of the center pile became slightly greater than the other piles, specifically 
in the final cycles of the loading. Further observations might be required for a better under-
standing of the mechanism of this observation.

As mentioned in above Sect.  2, the pile spacing in this study was selected to be 3D 
(D = diameter) center to center. Some researchers have investigated the effects of pile 
spacing on the response of the pile groups to lateral spreading. In this line, Imamura et al. 
(2004) implemented a centrifuge experiment and concluded that when the pile spacing 
(center to center) was more than 4D to 5D, there were no interactions between the piles. 
Mao et  al. (2019) conducted a series of shake table tests and showed that for the piles 
aligned in one row parallel to the direction of the slope with spacing less than 8D, the 
inner piles generally carried lower maximum bending moments than those of the front and 
rear piles. Mao et al. (2019) also observed that for 3 × 3 pile groups with different spac-
ing (3.8D and 4D) the responses in the upslope piles were similar. Therefore, Mao et al. 
(2019) concluded that for the piles in the rows parallel and perpendicular to the ground 
slope direction, the group effects were not evident for the pile spacing larger than 8D and 
3.8D, respectively.

3.5  Lateral force on the piles

The lateral forces on piles in physical modeling are usually back-calculated through the dif-
ferentiation of distribution of bending moments along the piles. The data associated with 
the measured bending moments are discrete and most of the methods for differentiation 
of discrete data are not reliable. However, Brandenberg et al. (2010) proposed a method, 
which seems to be more reliable with minor errors applying finite element approximations, 
which is called Weighted Residual Method (WRM). The profile of lateral force on the piles 
due to lateral spreading is determined by the differentiation of the bending moment. In this 
way, piles are divided into several two nodded elements along pile length (L). The nodes 
are the sections where pair strain gauges are installed. Function f(x), a polynomial func-
tion, is established for the bending moment along the depth of the pile. The direct calcula-
tion by differentiation of function f(x) which can be named f’(x) includes several errors. To 
minimize these errors, a function g(x), is determined using WRM, as a representative of 
differentiation of the function f(x). Then, the weighted residual function (ψ), which is the 
combination of various shape functions, is employed in order to minimize the difference 
between g(x) and f’(x). The first differentiation of the bending moment, namely shear force, 
can be determined by employing appropriate shape functions and solving Eq. (2).

To determine the kinematic lateral forces induced by lateral spreading on the piles, 
the cyclic component was eliminated from the beck-calculated values. The maximum 
kinematic lateral shear forces exerted on the piles of both models due to lateral spread-
ing are calculated using this method, as shown in Fig. 12. It should be noticed that the 
maximum kinematic lateral forces on the piles were imposed on the lowest section 
of them, i.e., the boundary of the liquefiable and the underlying non-liquefiable layer 

(2)

L

∫
0

{g(x) − f �(x)}.�(x)dx = 0
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(depth = 138 cm according to Fig. 3a). According to this figure, kinematic lateral shear 
forces induced by lateral spreading on the piles in the liquefiable layers are greater than 
those in the crust layers; which can be attributed to the effects of the thickness of the 
layers. The small values of the lateral force applied from both crust and liquefiable lay-
ers on the center piles in both experiments are notable as well. It is in contrast with the 
measured bending moments in the center piles, which have been the most critical ones 
in both models. Such a significant apparent behavioral difference between the values of 
the calculated lateral forces and the measured bending moments can be attributed to the 
effects of the derivation of the bending moment profiles having different signs along 
the length of the piles for the calculation of kinematic lateral forces. Also comparing 
the maximum kinematic forces in the upslope corner and the middle row of the piles 
confirms the neighboring effects on the piles of a group subjected to lateral spreading. 
The piles in the middle row of the upslope piles of the groups experienced less force 
compared to the piles in the corners in both models, being protected by the corner piles. 
In both models, the maximum kinematic forces in the downslope piles of the middle 
rows were slightly more than those of the upslope piles of the same row. This issue 
can be attributed to the higher lateral movement of the soil mass in the downslope of 
the models and soil-pile separation near the ground surface. Significant differences in 

Fig. 12  Maximum kinematic forces on the piles in the experiments: a the model with the rigid box, and b 
the model with the laminar shear box
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the values of the lateral forces on the piles, corresponding to each model and the piles 
within each group of the models are notable. The effect of the pile’s position in a group 
and the effect of the boundary conditions on the response of the pile groups to lateral 
spreading can remarkably be observed from Fig. 12; the fact that the method proposed 
by JRA (2002) disregards it.

3.6  Visual observations during and after the experiments

Several professional cameras were employed to record the models from various view-
points before, during, and after the shaking. One of the most important and useful cameras 
recorded the ground surface from just above the models. Some snapshots recorded by this 
camera for the rigid and laminar box models are exhibited in Figs. 13 and 14, respectively. 
These photos were analyzed and evaluated to obtain the patterns of the lateral soil displace-
ment of the ground surface before, during, and after liquefaction and lateral spreading. 
Figures 13a and 14a show the model’s surface at the end of construction and before shak-
ing. As seen in these figures, square meshes were constructed using colored sand to better 
observe and analyze the lateral soil movements during, and after the shakings. Figures 13b 
and 14b show tension cracks generated in the upslope of the model’s surfaces during the 
shaking. Lateral spreading caused tension cracks mainly perpendicular to the direction 
of the sloped ground. Similar tension cracks due to lateral spreading have been observed 
by other researchers, e.g., tension cracks in the ground near the piers of the Nishinomiya 
bridge due to lateral spreading in the Kobe 1995 earthquake (UC Davis, Civil and Environ-
mental Engineering). In Figs. 13c and 14c, the sand boils are visible at several points of the 
models’ surfaces, most of them occurring after the shakings. In fact, sand boils occurred 
concurrently with the upward dissipation of excess pore water pressure, generated due to 
the liquefaction of liquefiable layers during the shaking, however, breaking through the 
crust and boiling through cracks and fissures mainly started after the shaking.

The patterns of the surface displacement of the models were recorded and ana-
lyzed by image processing of the deformed meshes at the ground surfaces, as shown in 
Fig. 15. Initial and final positions of the lines associated with the meshes at the ground 
surfaces are demonstrated with black and red lines, respectively. As seen in Fig. 15, the 
amounts of the maximum surface displacement for the model with the laminar shear 
box and the model with the rigid box were 46 mm and 50 mm (equal to about 370 mm 
and 400 mm at the prototype scale), respectively. Note that the maximum lateral dis-
placement of the soil occurred at the upstream parts of both models. According to the 
results of the displacement sensor installed in the free field, the maximum displacement 
of the ground surface was about 32 mm (equal to about 260 mm at the prototype scale).

It should also be noted that the ground subsidence due to the shakings was measured 
after the full dissipation of excess pore water pressure. On this basis, the new relative den-
sity of the liquefiable layer was calculated assuming that the non-liquefiable layers have not 
been densified by shakings due to the cohesion or high density. The slope of the ground 
surface disappeared in both models due to lateral spreading. Based on these measurements 
and the results of image processing, it was deduced that the new value of the relative den-
sity of the liquefiable layer in the rigid box model was 48% and that in the laminar shear 
box model was 33%. These findings also proved the effects of the rigid wall wave reflection 
on the response of the physical model, which resulted in denser or more compacted liquefi-
able soil when compared with those of the laminar shear box model.
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4  Comparing the test results with design methods

Two practical methods to design piles against lateral spreading are known as: (a) the force 
based method, and (b) the displacement based method. In this paper, the ability of these 
methods to predict the responses of piles in a pile group to lateral spreading is evaluated.

4.1  Force based method

One of the prominent methods for the design of piles against lateral spreading effects is 
suggested by JRA (2002). In this method, as a force-based method, the effects of liquefac-
tion-induced lateral spreading on piles are evaluated by indicating the pressures diagram, 
induced by lateral spreading on the piles. JRA (2002) suggests that the lateral spreading 

(a)

(b)

(c)

Tension Cracks

Sand Boiling

Fig. 13  Top view photos of the model with the rigid box: a the model before shakings, b tension cracks 
during shaking, and c sand boiling after shaking
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pressure on the piles in a liquefiable layer is equal to 30% of the total vertical stress at each 
depth, while the associated pressure on the piles in a non-liquefiable crust layer is equal to 
the passive pressure at each depth of the crust layer. Pile groups are considered as a single 
pile with an outer width of the group according to JRA (2002) and each pile bears equal 
pressure by dividing the total pressure by the number of piles.

In this study, profiles of the soil pressure on the piles were determined by the second 
differentiation of bending moment or the first differentiation of lateral force. The first dif-
ferentiation of the bending moment, namely shear force, was determined by employing 
appropriate shape functions and solving Eq. (2) as explained in Sect. 3.5 the nodes are the 
sections where pair strain gauges are installed. Functions f(x) and f’(x), polynomial func-
tions, were established for the kinematic bending moment and kinematic lateral force along 
the depth of the pile, respectively. The direct calculation by differentiation of function f’(x) 

Fig. 14  Top view photos of the 
model with the laminar shear 
box: a the model before shaking, 
b tension cracks during shaking, 
and c sand boiling after shaking
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which can be named f″(x) also includes various errors. Hence in the same line, as presented 
in Sect. 3.5, the WRM method which was suggested by Brandenberg et al. (2010) is imple-
mented. To minimize these errors, a function h(x), is determined, as a representative of 
differentiation of the function f’(x). The weighted residual function (ξ), which is a combi-
nation of various shape functions, is employed in order to minimize the difference between 
h(x) and differentiation of the functions f’(x) or f″ . Equation (3) was solved for these func-
tions, and finally, the kinematic soil pressure exerted by lateral spreading was determined.

In this paper, the pile located in the upstream corner of the group was selected to com-
pare the effects of boundary conditions on the induced lateral pressures on piles of the 
models. Profiles of kinematic pressure along the upstream corner pile at different times 
during and after the shakings are displayed in Fig. 16a. According to this figure, soil pres-
sure increased after liquefaction triggering in the 2nd cycle of the loading, and it decreased 
after the  4th cycle of the loading. The maximum values of soil pressure were applied in the 
 4th cycle of the loading, which corresponds to the onset of lateral spreading of the liquefi-
able ground. The profiles of the soil pressures after the shakings, exhibited in Fig.  16a, 
show minor residual (final) pressures on the piles in both models. The maximum kinematic 
soil pressures, back calculated from the experiments, are compared with those estimated 

(3)

l

∫
0

{h(x) − f ��(x)}.�(x)dx = 0

Fig. 15  Patterns of surface displacements obtained by image processing for: a the model with the laminar 
shear box, and b the model with the rigid box. (Black lines: initial position of the mesh lines, red lines: final 
position of the mesh lines, units = mm)
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by JRA (2002) in Fig. 16b. It should be noted that JRA (2002) suggests an identical distri-
bution of the soil pressure on all the piles of a group, neglecting shadow and neighboring 
effects on piles. According to Fig. 16b, the center pile in both models experienced minor 
pressure along the total depths of the piles due to neighboring and shadow effects. The 
results of the present study illustrate that the position of piles in a group is important when 
the lateral spreading pressure on the piles is calculated and is recommended to be con-
sidered in pile design against lateral spreading in important projects. Other studies also 
detected similar observations, e.g., Motamed et al. (2007; 2010), Motamed and Towhata 
(2010), He et al. (2008), Haeri et al. (2012, 2014), Tang et al. (2014), Liu et al. (2017), Li 
and Motamed (2017), Kavand et al. (2014; 2021). For instance, Liu et al. (2017) conducted 
a shake table test to investigate the effects of lateral spreading on a 2 × 2 pile group in a liq-
uefiable ground without a non-liquefiable crust layer. The results showed that the liquefied 
soil pressure on the rear pile (near the quay wall) was approximately twice of that of the 
front pile (far from the quay wall).

Figure 17 compares the maximum kinematic forces on the corresponding piles of both 
models with the estimated value using JRA (2002) recommendation. According to this 
figure, there is a good agreement between the lateral kinematic forces estimated by JRA 
(2002) and the results of the rigid box model. However, lateral kinematic forces results 
from the laminar shear box model are much less than those obtained from either the rigid 

Fig. 16  Comparison of kinematic soil pressure in two different boxes: a profile of kinematic soil pressure 
on the corner piles, and b maximum kinematic pressure on the piles, back calculated from the results of the 
experiments and that estimated by JRA (2002)
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box model or estimated by JRA (2002). Most of the results reported by others are also not 
in line with the JRA (2002). For instance, Motamed et al. (2008, 2010) conducted shake 
table tests on 3 × 3, 6 × 6, and 11 × 11 pile groups in liquefiable gently sloped grounds, 
Motamed and Towhata (2010) performed shake table tests on 3 × 3 pile groups without 
and with cap, and Motamed et al. (2009) who conducted shake table test on a 2 × 2 pile 
group behind a quay wall also revealed that JRA (2002) underestimated the lateral force 
associated with lateral spreading on the tested piles; especially for the rear row piles. In 
contrast, the results of Liu et al. (2017) showed that in a liquefiable sloping ground without 
a non-liquefiable crust layer the bending moments experienced by the piles of a 2 × 2 group 
were less than those predicted by JRA (2002). These results reveal that many factors (e.g., 
ground slope, pile cap, group effects and boundary conditions) affect the soil-pile interac-
tion which is not considered by JRA (2002). However, JRA (2002) is a straightforward 
and practical code to design piles against lateral spreading with admissible accuracy and 
convenient simplicity.

The profile of the maximum monotonic bending moments of the upstream corner piles 
in both experiments is compared to that predicted using JRA (2002) in Fig. 18. According 
to this figure, the JRA design code acceptably predicted the bending moment profile of the 
pile in the rigid box model, but overestimated the response of the pile in the laminar shear 
box model. The ratio of the maximum kinematic bending moments in the models with 
rigid and laminar shear boxes to the JRA  (2002) predicted values were 26% and 110%, 
respectively.

4.2  Displcement based method

In the displacement based method, a Beam on Nonlinear Winkler Foundation (BNWF) 
model is employed to design piles against liquefaction induced lateral spreading. In this 
approach, the profile of the ground displacement is applied to separate springs that rep-
resent the ground. The monotonic pressure-relative displacement (p-y) curves suggested 
by API  (2002) can be used to obtain the stiffness of the springs in non-liquefiable lay-
ers. A reduction factor known as the p-multiplier should be used to obtain the stiffness 
of the springs in the liquefied layer. Different approaches to obtain the p-multiplier have 
been suggested by the researchers and codes, e.g., Bandenberg (2005) and AIJ (2001), see 
Fig. 19a. In this approach, the p-multiplier can be estimated based on the corrected blow 
count of standard penetration test (SPT). The corrected SPT blow count,  (N1)60, for the 

Fig. 17  Maximum kinematic forces on the piles back calculated from the results of the experiments and 
that estimated by JRA (2002)



2496 Bulletin of Earthquake Engineering (2023) 21:2469–2502

1 3

very loose sand was assumed to be 4, using Bowles (1997). According to the graphs in 
Fig. 19 a, for the sand layer with  (N1)60 = 4, constructed in the models of this study, the 
p-multiplier can be considered as 0.064. The p-y curves for the present models predicted 
from the displacement based method are exhibited in Fig. 19b.

In the present study, the p-y curves for the piles at different times were determined. It 
should be noted that y is the relative displacement of soil and pile, which can be derived 
from the difference between the ground displacement  (yg) and the pile displacement  (yp). 
As seen in Fig. 1a, transparent plexiglass windows existed on one of the walls of the rigid 
box to observe the soil lateral displacement during the tests. A number of the colored ver-
tical sand column were also built adjacent to the plexiglass wall during model construc-
tion to observe and measure the values of the lateral spreading in various points of the 
soil mass. The profile of lateral soil displacement in the rigid box model was obtained as 

Fig. 18  Profiles of the kin-
ematic bending moment for the 
upstream corner pile

Fig. 19  Displacement based method: a Suggested p-multiplier in different references, AIJ (2001) and 
Brandenberg (2005), and b predicted p-y curves for the models based on displacement based method with 
p-multiplier = 0.064
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demonstrated in Fig. 20. As seen in this figure, the location of the initial and final situa-
tions of the colored sands can indicate the soil lateral displacement profiles. According to 
Fig. 20 and also based on suggestions by Towhata (2008) and Haeri et al. (2012), a sine 
function with respect to the depth was assumed for the soil displacement profile due to lat-
eral spreading in liquefied soil, as given in Eq. (4). Towhata (2008) showed that the lateral 
displacement of liquefiable layer changes is in a harmonic manner in the vertical direc-
tion, while the surface crust moves along with the liquefied subsoil. Hence, it is possible to 
express the lateral displacement of the liquefiable layer as a sin function of the elevation. 
Similarly, Haeri et al. (2012) conducted a shake table experiment with the same rigid box 
and observed a sinusoidal soil displacement profile in the liquefiable layer due to lateral 
spreading. It should be noticed that some irregularities can be observed in the shape of the 
colored sand in Fig. 20. It happened because of the remained glue keeping the half-pipe 
filled with gray sand from the intrusion of yellow sand during liquefiable sand sedimenta-
tion. When the half pipe was removed from the rigid container, the strip glues remained on 
the plexiglass in some cases and caused a frictional surface for free movement of the gray 
sand.

In the above equation,  yg (z, t) is the free field soil displacement of the liquefiable 
layer at time t and elevation z from the bottom of the soil profile,  Dgs(t) is the sur-
face displacement of the liquefiable layer in the free field at time t, H is the thickness 
of the liquefiable layer, and B is the thickness of the base layer of the soil profile. In 
this study, Eq. (4) was employed to estimate the soil displacement profile due to lateral 
spreading in the free field of the rigid box model. The profile of the soil lateral move-
ment in the laminar shear box model was detected through the continuous recording of 
the movement of the laminates. The movement of the laminar shear box was obtained 
using a video, recorded from the sidewall of the box during the experiment. The lateral 

(4)yg(z.t) = Dgs(t) sin
�(z − B)

2H

Fig. 20  Lateral movement of the colored sand columns in the rigid box model due to lateral spreading
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movement of the liquefiable soil layer in the laminar shear box model was linear with 
depth in this study, as was expected. In both models, it was assumed that the crust layer 
slipped over the liquefiable layer during lateral spreading due to its cohesive nature. 
It should be noted that the base layer was a dense non-liquefiable layer that was stiff 
enough to experience no soil displacement during the shakings.

The piles displacements  (yp) were determined using Eq. (5). In this equation,  ypile is 
the pile displacement, M is the bending moments, EI is the flexural rigidity of the pile, 
and z is the considered depth. Two boundary conditions are required to solve Eq.  (5): 
(1) zero displacement at the bottom of the pile, and (2) pile head displacement measured 
by LVDT attached to the pile cap.

The p-y curves for the upstream corner pile obtained in the experiments and pre-
dicted by the displacement based method are compared in Fig. 21a. As seen in this fig-
ure, the response of the pile to lateral spreading was more intense in the model with 
the rigid box, which can be attributed to the effects of boundary conditions. The shapes 
of back-calculated and obtained p-y curves in the model with the laminar shear box 
are consistent. However, the p-y curves are overestimated for both experiments. As pre-
sented in Fig.  21b, suitable p-multipliers for the models with rigid and laminar shear 
boxes were back-calculated to be 0.035 and 0.015, respectively.

5  5. Summary and Conclusions

In this paper, the effects of boundary conditions on the response of 3 × 3 pile groups 
in gently sloped ground to lateral spreading using shaking table were investigated. For 
this purpose, a large rigid box and a large laminar shear box were designed and con-
structed. In addition, two identical physical models (except for the boundary condition) 
were built and tested on a shake table under identical shakings. Based on the authors’ 
knowledge, this study is unique from this point of view, as it compares the results of 
two different complicated physical models of piles in liquefiable soil subjected to lateral 
spreading, with identical conditions except for the boundary conditions. The main con-
clusions of this study are as follows:

1. The acceleration at the ground surface for the laminar shear box model was attenuated 
after liquefaction, but the surface acceleration for the rigid box model behaved differ-
ently, even after the liquefaction.

2. The maximum displacement of the pile cap in the rigid box model was much more than 
that for the laminar shear box model.

3. The results of image processing and displacement transducers showed that the ground 
surface of the rigid box model experienced greater lateral movement compared to that 
in the laminar shear box model.

4. The maximum values of the total and monotonic (kinematic) bending moments for the 
piles in the rigid box model were significantly greater than those in the laminar shear 
box model.

(5)
d2

d2
z

yPile =
M

EI
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5. The maximum monotonic lateral forces of all piles of the rigid box model were close 
to the values predicted by JRA (2002), but were much higher than those obtained from 
the laminar shear box model.
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