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Abstract 

Seismically active areas are vulnerable to liquefaction, and the influence of liquefaction on pile foundations is very severe. 

Study of pile-supported buildings in liquefiable soils requires consideration of soil-pile interaction and evaluation of the 

interaction resulting from movement of soil surrounding the pile. This paper presents the results of three-dimensional finite 

difference analyses conducted to understand the effect of liquefiable soils on the seismic performance of piles and pile 

groups embedded in stratified soil deposits using the numerical tool FLAC3D. A comparative study has been conducted 

on the performance of pile foundations on level ground and sloping ground. The soil model consists of a non-liquefiable, 

slightly cemented sand layer at the top and bottom and a liquefiable Nevada sand layer in between. This stratified ground 

is subjected to 1940 El Centro, 2001 Bhuj (India) earthquake ground motions, and harmonic motion of 0.3g acceleration. 

Parametric studies have been carried out by changing the ground slope from 0° to 10° to understand the effects of sloping 

ground on pile group response. The results indicate that the maximum bending moments occur at boundaries between 

liquefiable and non-liquefiable layers, and that the bending moment increases with an increase in slope angle. The presence 

of a pile cap prevents horizontal ground displacements at ground level. Further, it is also observed that the displacements 

of pile groups under sloping ground are in excess of those on level ground due to lateral spreading. 
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1. Introduction 

Pile foundations are generally recommended when the soil strata are poor at shallow depths in terms of their bearing 

capacity. When an earthquake strikes, pore water pressure rises in saturated sandy soils, the soil deposit becomes a 

fluidized bed and is said to be liquefied, resulting in loss of strength, stiffness, and reduction of modulus of the soil. 

Liquefaction causes instability, leading to damage of the facilities and structures. It can also cause severe damage to 

piles of bridges during seismic excitations. Centrifuge studies [1-6] have shown that the bending moment in a pile 

increases due to the existence of a pile cap caused by the densification of soil surrounding the piles. The maximum 

moment develops at the bottom of liquefiable strata at the end of shaking in a three-layered soil for end-bearing piles. 

In the case of sloping grounds, the movement of soil exerts increased lateral pressure on piles, which leads to their 

failure. The behavior of the pile foundation under earthquake excitation decides the performance of the superstructure 

above the piles. 
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Soil that suffers the loss of strength and stiffness owing to the rise of excess pore water pressure during liquefaction 

results in the maximum bending moment and shear force induced in piles. When soil losses its strength and stiffness, 

the pile acts as a slender column and the liquefied soil around the pile exerts more stress than the yield stress, resulting 

in an increase in lateral deflection and the formation of the plastic hinges at several locations along the depth of the pile 

[7, 8]. Phanikanth et al. (2013) [9] have reported the effect of sloping ground on piles varying from 10% to 40%. They 

have observed an amplification factor of 1.6 for non-dimensional deflection and bending moment co-efficient when 

slope varies from 10% to 40%. However, with respect to liquefiable soil, the amplification factor for the peak bending 

moment of the pile is 2.5 in the case of liquefiable soils compared to non-liquefiable soils.  

Large scale shake table studies have shown that the magnitude of liquefaction induced displacement depends on 

properties of liquefiable and non-liquefiable soil strata, pile properties like bending and stiffness strength, pile cross 

sectional area and exposure of pile area to lateral pressure [10, 11]. Numerical studies on pile response to lateral 

spreading on different pile foundation models such as end bearing, floating piles, pile and pile group with and without 

pile-cap in two- and three-layer liquefiable soil have been reported, and the results indicate that the bending moment 

depends on the liquefiable soil and shallow non-liquefiable layers [12–15]. The maximum bending moment induced in 

the pile is due to the presence of a shallow non-liquefiable layer showing passive mode failure. The seismic behavior of 

piles under earthquake excitations in liquefiable soil is complex because of the gradual buildup of pore pressure and the 

corresponding decrease in strength and stiffness [16, 17]. Nguyen et al. [18] carried out dynamic centrifuge tests on a 

pile group embedded in sloping ground to assess the relationship between soil resistance and pile displacement. 

Pile bending moment in liquefiable sites increases significantly in comparison to non-liquefiable sites due to 

dissipation of lateral support of the liquefied strata. The peak bending moment is noticed at the interface of liquefied 

and non-liquefied strata, and the inertial interaction between soil and pile provides the most bending moment at the top 

of the pile and at the interface of top clay and liquefied loose sand layers [19]. The bending moment reaches its highest 

value at the interface of liquefied and non-liquefied soil strata. The pile lateral displacement decreases considerably 

when the thickness of the liquefiable sand layer is decreased. Once the liquefiable layer becomes denser, the liquefied 

depth becomes shallower and the dynamic response of the pile reduces substantially. Soil deformation induced kinematic 

force is dominant in liquefiable sand, and superstructure induced inertial force is relatively insignificant [20]. 

Analytical studies [21, 22] have been performed to determine the influence of soil-pile-structure interaction in 

liquefiable soils and the influence of relative density and the position of a liquefiable soil layer on the buckling capacity 

of pile foundations. The behavior of a pile foundation depends on the structure mass, pile stiffness, soil density, 

acceleration of input motion, and slope of the ground [23]. The pile bending moment is maximal when the liquefiable 

soil deposit is 60% of the non-liquefiable soil layer. 

Studies have shown that the design of piles should consider the effect of lateral spreading on sloping ground. 

Centrifuge and shake table studies permit detailed measurements of the response of the system under different 

earthquake characteristics such as level of shaking, frequency content, and superstructure characteristics. However, 

centrifuge tests pose a challenge in modelling sand particles. The pile response studies using centrifuge modelling, shake 

table and numerical modelling, including field observation, indicate complex soil-structure interactions with 

uncertainties requiring further study regarding the pile response in the case of sloping multi-layer liquefiable deposits. 

The effect of ground sloping on pile response during earthquake loading needs to be explored to quantify bending 

moment and shear force response for engineering design. 

Lateral spreading can occur on gently sloping ground or on nearly flat ground adjacent to water bodies. However, if 

any structures are present, it can cause significant damage. Level ground liquefaction is caused by the upward flow of 

water owing to the dissipation of seismically induced excess pore pressure. This results in large, chaotic movements 

called "ground oscillations" during shaking, but produces little permanent lateral soil movement. It is of major concern 

when pile foundations are resting on sloping ground with a thick crust of non-liquefiable soil strata spread over the 

surface of liquefiable soil and piles are inserted into non-liquefiable soil beneath the liquefied soil. 

Japanese Road Association (JRA) [24] guidelines quantify the lateral pressure on pile due to the flowing liquefied 

soils as a result of the overburden pressure and this lateral pressure is taken as 30% of the overburden pressure at that 

depth. During 1995 kobe earthquake, Tokimatsu and Asaka [11] have reported that pile foundations will fail even in 

case of level grounds similar to that observed in laterally spreading ground. The extensively used example of failure of 

Showa bridge after 1964 Niigata Earthquake which was actually used to demonstrate the effect of lateral spreading loads 

on pile foundations designed using the codal provisions of JRA [24] shown by Bhattacharya et al. [25] that piles are safe 

against the JRA codal provisions of 1996 collapsed even though the code was revised several times after the earthquake. 

Hence, there is need for better understanding as some observations of pile failure might not be described based on the 

present hypothesis. Therefore, the present study examines the influence of liquefiable soils on the seismic performance 

pile foundations in sloping ground conditions and associated lateral spreading under dynamic loading [26]. To achieve 

this goal, a three-dimensional explicit finite difference program, FLAC3D [27] software (Itasca, 2012) is used to develop 

the numerical model and carry out simulations to evaluate the performance of piles under varying sloping ground 
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conditions. The conclusions reached will help practicing engineers to have better understanding of piles resting in 

liquefiable soils and provide an optimized design. The methodology followed for the study is presented in the form of a 

flow chart shown in Figure 1. 

 

Figure 1. Methodology followed for the study 

2. Validation Study 

In order to carry out the detailed parametric studies, it is proposed to validate a study from previous literature. Hence, 

centrifuge model study by Abdoun et al. (2003) [3] has been considered and validated using finite difference program, 

FLAC3D. 

2.1. Constitutive Model 

The soil stress-strain behavior is considered as elasto-plastic in nature and Mohr-Coulomb constituent model was 

chosen to model non-liquefiable Slightly Cemented Sand (SCS) strata. Failure envelope for the constituent model 

corresponds to Mohr-Coulomb criterion with tension yield function. The location of stress point on failure envelope is 

controlled by non-associated and associated flow rule for shear and tension failure. The liquefiable soil i.e. Nevada sand 

(Nsand) layer is simulated by using the Byrne (1991) [28] model to consider pore water pressure effect. The empirical 

equation (Equation 1) relates the change in volume (Δ𝜀𝑣𝑑) to the corresponding cyclic shear strain amplitude (𝛾): 

Δεvd

γ 
= 𝐶1exp (−𝐶2 (

εvd

γ
))  (1) 

The parameter C1 governs the amount of change in volume and C2 governs the shape of overall change in volume 

with number of cycles. In several cases, C2 = 0.4/ C1 so that Equation 1 becomes one parameter dependent equation. 

Byrne (1991) [28] stated that the constant, C1 can be obtained from relative density, Dr, in percentage as in Equation 2. 

The constants used in this study are C1=0.27 and C2=1.47 for soil having Dr =40 %.  
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𝐶1 = 7600(𝐷𝑟)−2.5  (2) 

2.2. Soil-Pile and Pile cap Modelling 

The pile is modelled as two noded finite structural elements (pileSELs) which has six degrees of freedom for each 

node. The pile interacts with surrounding soil through normal and shear coupling springs and these springs transmit the 

forces and motions between the soil grid and pile-pile cap. The interactions are represented by normal stiffness (Kn) and 

shear stiffness (Ks) and are given by Equations 3 and 4 respectively. Here, G is shear modulus of soil (GPa), r is pile 

radius (m) and µ= soil Poisson’s ratio. 

Normal Stiffness, Kn =
4Gr

1−µ
 (3) 

Shear Stiffness, Ks=
32(1−µ)𝐺𝑟

7−8µ
 (4) 

Pile-cap was modeled as the assemblage of liner structural elements (linerSELs). LinerSELs are three noded flat 

finite elements. The interaction between the soil and pile-cap are modeled using normal spring stiffness (Kn) and shear 

spring stiffness (Ks) values are calculated using the following equation (Equation 5): 

𝐾𝑛 = 𝐾𝑠 =
𝐾+

4

3
𝐺

∆𝑍𝑚𝑖𝑛
  (5) 

Here, 𝐾  and 𝐺  are taken as bulk modulus and shear modulus of soil respectively and Δ𝑍𝑚𝑖𝑛 is least dimension of 

neighboring zone in the soil block. To prevent the input wave motion from getting reflected at boundaries of generated 

model, a free field boundary condition was applied at the edges of the generated model which absorbs and transmits the 

seismic waves through the model. 

A validation study has been carried out by comparing the centrifuge model test results of Abdoun et al. (2003) [3] 

with finite difference analysis using FLAC 3D. The centrifuge model [3] was inclined at 2o with the horizontal in which 

the vertical single pile is subjected to strong base shaking at a centrifugal acceleration of 50g, simulating a submerged 

ground slope containing model soil that represents 6 m thick prototype liquefiable sand layer and 2 m thick non-

liquefiable stratum placed on above and below the liquefiable soil as shown in Figure 2-a. The model pile had an actual 

prototype diameter of 0.6 m and 10 m length. The soil layer thicknesses in Figure 2-a are in actual prototype model units 

and in the rest of this paper, all dimensions are shown in prototype units. The liquefiable layer constitutes uniform, fine 

Nevada sand with 40% relative density (Dr). The top and bottom layers are slightly cemented sand (SCS) representing 

non-liquefiable strata. 

A rectangular (2.5×2.5 m) pile cap made out of aluminum with a thickness of 0.5m was rigidly connected to the pile 

made of Polyetherimide rod, embedded at the center of soil block. The centrifuge test model along with generated FLAC 

3D model is shown in Figures 2-a, and 2-b respectively. The parameters considered for the pile, soil and pile cap are 

presented in Table 1. The model was excited with input base acceleration consisting of constant acceleration having 

prototype amplitude of 0.3g and 2 Hz frequency as shown in Figure 3. The values of normal and shear stiffness are 

calculated using Equations 3 and 4 are 6.4×106 N/m and 5.76×106 N/m respectively. The interaction between the pile 

cap and the soil which is obtained using Equation 5 is found to be 89.73×107 N/m.  

Figure 4 shows the similarity in variation of bending moment with depth between centrifuge test and present 

FLAC3D modelling. The peak values of bending moment developed in pile near the top and bottom interfaces which is 

obtained from FLAC 3D are 125 and 138 kNm respectively. The values from centrifuge model tests are 130 kNm and 

150 kNm respectively. Thus the results obtained from FLAC 3D compares well with centrifuge experimental test results. 

 
(a) Centrifuge test model [3] 
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(b) FLAC 3D model 

Figure 2. Soil pile model chosen for the present study 

Table 1. Summary of material parameters considered [3, 29] 

 

 

Figure 3. Harmonic ground motion [3] 

 

Figure 4. Comparison of bending moment with depth 
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Pile cap 
Nevada sand Slightly cemented sand Polyetherimide 

Cohesion (kPa) - 5.1 - - 

Density (kg/m3) 1800 1900 1270 2830 

Friction angle [φ] (°) 30 34.5 - - 

Poisson’s ratio [µ] 0.25 0.3 0.36 0.35 

Relative density [Dr] [%] 40 - - - 

Modulus of Elasticity (MPa) 10 60 1260 69000 
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3. Parametric Studies 

3.1. Soil-Pile Model in Liquefiable Sloping Ground under Seismic Loading 

Response analysis for the end bearing pile connected to the cap of dimension 2.5×2.5×0.5 m with floating pile head 

condition as depicted in Figure 5 is placed at the center of soil profile having a gentle slope of 2o with horizontal. Since 

the soil model has a slope of 2o with horizontal, the thickness of soil on one side is 10m and the other side is 10.52 m. 

The base of the soil model was subjected to harmonic motion of 0.3g acceleration (Figure 3), 2001 Bhuj (India) 

Earthquake with Peak Ground Acceleration (PGA) of 0.103g and 1940 El Centro Earthquake ground motions with PGA 

of 0.20g as presented in Figures 6-a and 6-b. The various parameters of soil, pile and Pilecap considered from literature 

[3, 29] are shown in Table 1. The response of pile to harmonic, 2001 Bhuj earthquake and 1940 El Centro earthquake 

ground motion are compared and reported. Figure 7-a shows the pile deflection with depth. The maximum pile 

displacement is obtained at the top. Figure 7-b shows the bending moment variation in pile with depth. Highest bending 

moment is noticed at the interface between liquefiable and non-liquefiable layers. Figure 7-c represents the change in 

shear force along the pile length. The peak value of shear force is observed at the top and at 5m depth below the ground 

level, it is observed that the forces are negative. 
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Figure 5. Typical soil pile model 
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Figure 6. Earthquake ground motions (a) 2001 Bhuj earthquake (b) 1940 El Centro earthquake 
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(a) Displacement with depth 

 
(b) Bending moment with depth 

 
(c) Shear force with depth 

Figure 7. Pile response under different earthquake loadings 

3.2. Lateral Spreading of Ground under Harmonic Ground Motion 

The lateral ground displacement at the ground level and at the top interface (2 m from top) was measured at a section 

along a-a, b-b and c-c as shown in Figure 8 for harmonic motion (Figure 3). The ground displacement is measured from 

the inward side of pile to outward side of pile at the ground level and at the top interface. Figure 9-a shows lateral ground 

displacement versus horizontal distance at the ground level along section a-a, b-b and c-c. On the front side (Inward 

side) of pile, ground displacement is 325 mm at 3 m, remains constant till 7.5 m and at 14 m, it reduces to 90mm. It was 

noticed that existence of pile acts as barrier resulted in reduced pile displacement on the outer side. Further the lateral 

ground movement (325 mm) is more compared to the pile movement at the top (213 mm) (Figure 7-a). Figure 9-b shows 

the ground displacement versus the horizontal distance from the inward side at the top interface (i.e. 2 m from top) along 

section a-a, b-b and c-c. In the front side, ground displacement along a-a and c-c is increasing from 3m to reach maximum 

value of 825 mm at 10 m distance and reduced to 598 mm at 14 m from the inward side respectively. It was noticed that 

along b-b at a distance of 3 m, the displacement value is very small in comparison to section a-a, and c-c. Again the 

presence of pile acts as a barrier and the displacement reduces rapidly till 8 m distance and the maximum value of 74 

mm is obtained at 10 m. Further at 14 m distance, the displacement reduces to 589 mm. At the top interface, the lateral 

ground movement (100 mm) is less compared to pile displacement (203 mm) (Figure 7-a, at 2 m depth). 

 

Figure 8. Plan of soil model showing sections along which ground displacements are measured 

10

8

6

4

2

0
-50 0 50 100 150 200 250

 

 

 Pile lateral displacement (mm)

D
e
p

th
 b

e
lo

w
 G

.L
 (

m
)

 Harmonic Ground motion

 Bhuj Earthquake motion

 El Centro Earthquake motion

10

8

6

4

2

0
-100 -50 0 50 100

 

 

 BM (kN-m)

D
e
p

th
 b

e
lo

w
 G

.L
 (

m
)

 Harmonic Ground motion

 Bhuj Earthquake motion

 El Centro Earthquake motion

10

8

6

4

2

0
-20 0 20 40 60 80 100

 
 

 Shear force in pile (kN)

D
e
p

th
 b

e
lo

w
 G

.L
 (

m
)

 Harmonic ground motion

 Bhuj Earthquake motion

 El Centro Earthquake motion



Civil Engineering Journal         Vol. 7, Special Issue, 2021 

65 

 

 

(a) At ground Level  

 

(b) At top interface level 

Figure 9. Variation of Ground displacements with distance 

Figure 10 shows the measured lateral ground displacement profile with depth wherein the free field lateral 

displacement at the ground level is 325 mm and at the top interface, it is 100mm and decreases gradually to zero at the 

pile tip. Similar observations were made by Abdoun et al. (2003) [3] during centrifuge test. 

 

Figure 10. Lateral ground displacement profile with depth 

3.3. Pile Group Behaviour in Liquefiable Sloping Ground under Harmonic Ground Motion 

The analysis was further extended to study the behaviour of pile group model in liquefiable sloping ground under 

harmonic excitations. The simulation was done in two stages. In the first stage, the gravity loading was applied and the 

stress-strain values were set as initial values. This was followed by dynamic analysis performed by applying the ground 

motion at the base. Parametric study was carried out for a pile group under sloping ground having an inclination of 2° 

to 10° with horizontal. While modelling sloping ground, the bottom was kept horizontal and the respective slopes were 

maintained at interfaces and top layers. 

The soil pile group model is shown in Figure 11-a and 11-b in which pile 1 and 2 are front piles, Pile 3 and 4 are rear 

end piles in x-direction. Figure 12-a, depicts the variation of lateral displacement of pile group at the top. It is evident 

that the displacement values are increasing with the increase in slope of the ground. The peak displacement for 0° slope 

(level ground) is 135 mm and for 10° slope, it is 548.4 mm. The pile displacement for 10° slope is about 4.5 times larger 

compared to level ground. Figure 12-b shows the variation of pore pressure ratio with depth for varying sloping angles. 

Due to dynamic loading, pore pressure builds up in the sand and the pore water pressure (PWP) ratio reaches to 100% 

(i.e., ru=1) demonstrating complete liquefaction of sand layer. 
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(a) Typical sketch of soil-pile group model 

 

(b) Three dimensional view of pile group model 

Figure 11. Model of the soil pile group 

 
(a) 

 
(b) 

Figure 12. (a) Pile displacement along the depth-(b) Pore water pressure Ratio with depth 

Figures 13-a, and 13-b refers to bending moment variation of front and rear piles respectively. In the front piles due 

to bending, maximum moment appears at the bottom liquefiable and non-liquefiable soil interface. Bending moment 

values increases from 46.08 kN-m for level ground to 253.49 kN-m for 10° sloping ground, thereby the increase in 

bending moment is about 5.5 times for sloping ground compared to level ground. Similar responses were obtained for 

rear end piles also. The bending moment at bottom interface varies from -2.41 kN-m for level ground to 88.61 kN-m for 

10° slope and near the top interface, the moment increases from 40 kN-m to 121 kN-m. The increase in bending moment 

is about 3 times in case of sloping ground compared to level ground. Therefore, the results clearly indicate that even a 

gentle slope of 2° would result in higher bending moment in piles at both the interfaces and this aspect needs to be 

considered carefully while designing the piles in sloping ground. 
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Figure 13. (a) Bending moment in front Piles- (b) Bending moment in rear Pile 
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The variation of ground acceleration with soil depth has been measured at the ground level and near the interfaces 

as shown in Figure 14. It is clear that once the soil gets liquefied, it causes the spike in acceleration. From the given base 

acceleration of 0.3g (2.94 m/s2), acceleration got amplified to 1.79g (17.55 m/s2) at the bottom interface and similar 

spike has been observed at the top interface as well. At the surface level, an acceleration of 0.97g (9.53 m/s2) is obtained. 

Figure 15 shows the acceleration-time history response at the ground level. 

 

Figure 14. Measured ground accelerations at different depths 

 

Figure 15. Acceleration response at the ground level 

3.4. Lateral Spreading of the Ground under Harmonic Ground Motion 

The ground displacement along the horizontal direction of shaking is measured at section A-A along the width of 

the soil profile and at sections 1-1 and 2-2 along the depth of ground as shown in Figure 15. Section A-A is considered 

at the center of soil mass (at 7.5 m). Section 1-1 and 2-2 are at the ground level and at the top interface (2 m from top) 

as shown in Figure 16 and Figure 17 shows the variation of ground and pile displacement for different sloping angles. 
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Figure 17. Variation of ground displacement for different ground slopes 

From Figure 17, at section A-A, the maximum ground displacement at ground level and at the top interface is 590 

mm and 486 mm, respectively, for 10o slope. In Figure 16, the front piles and rear piles are situated at a distance of 6.75 

m and 8.25 m, respectively, from the inward side. Within this enclosed area, the ground movement is reduced at the 

interface levels for every ground slope, owing to effective overburden pressure from the top non-liquefiable strata. 

Furthermore, the ground movement is greater compared to the pile displacement for all the sloping angles. 

4. Conclusion 

The present study proves the effectiveness of the numerical model in evaluating the response of piles to bending 

subjected to seismic loading. This study focused on the pseudo-static and kinematic facets of pile behavior during lateral 

spreading. Hence, no mass on top of the ground was considered in the analysis, and the results of pile displacement and 

bending moment reveal general consistency between previous studies and present numerical investigations. The stiff, 

non-liquefiable top layer is moving as a rigid body due to the liquefaction of the supporting stratum, thus causing the 

pile to deflect the maximum. Similar observations were made by Finn and Fujita et al. (2002). In all the cases of the 

present study, the peak values of bending moments considered throughout the length of piles appear at the boundaries 

of liquefied and non-liquefied soil layers, which is in close agreement with the theory and field observances.  

The lateral loads and loads due to slope movement will make the pile unstable at much lower loads compared to 

axial loads. Although these lateral loads are secondary considerations to the basic necessity that piles in liquefiable soils 

must be examined for Euler’s buckling load, the effect of lateral loads on piles needs to be considered carefully. The 

moment induced in the pile at the bottom interface for the front piles is 3 times greater compared to the rear piles and 

1.25 times greater for the rear piles compared to the front piles for most of the sloping angles at the top interface. 

Similarly, the pile displacement increases with an increase in sloping angle, and for any slope angle, bending moment 

variation is linear with elevation within the liquefied layer. In addition, at the boundary of the liquefiable and non-

liquefiable soil layers, plastic hinges are expected to form as the piles would experience the maximum bending moment. 

A recent study by Chavan et al. demonstrates that during initial liquefaction, the amplification of acceleration will occur 

at the interfaces of liquefiable and non-liquefiable soil layers. Similar observations are made in the present study. The 

results of the present work are restricted to the study of piles with pile caps in liquefiable soils without considering the 

external loads on piles from superstructure. Evaluation of pile response in liquefiable regions considers the parameters 

such as slenderness ratio of piles and thus check the stability of piles against Euler’s buckling, deserves further study. 
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