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Employing a bending analysis for the piles subjected to lateral loading, examine the behavior of concrete pile foundations in
liquefiable sand. The shear force, bending moment, and deflection along the length of the pile were calculated using a finite
element model and analysis of the pile. The force-based technique is used to compute the lateral loading. The study also focuses
on impacting factors like liquefaction depth, end circumstances, and loading type. The aforementioned parametric
investigation for the piles in liquefiable soil and non-liquefiable soil yielded a thorough failure pattern. Using the data, design
charts for the pile's ideal diameter under situations of liquefiable soil were created.
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Introduction

The most popular choice for deep foundations is pile
foundations. Failures in pile foundations occurred during
recent earthquakes in seismically active locations
vulnerable to liquefaction and liquefaction-induced
ground movement, even after taking into account the
important safety element [1]. The pile foundation failure
was attributed to liquefaction and lateral spreading,
which caused the bending failure. Over the past few
decades, numerous inquiries and analyses have been
made possible by recorded case studies like Showa-
bridge [2]. The developed a new theory of buckling
instability by arguing that the pile served as a thin
column that carried the axial load. Dynamic centrifuge
testing and back-calculation using numerical simulations
by the author served to validate the theory [3]. The
lateral loads on the piles are caused by kinematic forces
from ground movement and inertial effects from the
superstructure [4]. A thorough literature analysis
covering the period from 1994 to 2006 was used to
establish the failure mechanism and review plausible
theories of bending and buckling failure [5]. On the
basis of the idea of bending and buckling analysis in
interaction, the case studies are reviewed [6]. 

The inadequacies in Indian regulations regarding the
design of pile foundations in liquefiable soils are
studied, and it was recommended to consider the forces
due to liquefaction and lateral spreading. The geotechnical
earthquake engineers faced two issues: pile design
criteria in liquefiable and non-liquefiable soil and the

performance criteria. Different guidelines for lateral
load were quantified for piles due to the flow of
liquefied soil [7]. Further, the researcher has formulated
a simplified p-y curve for liquefiable soil-pile interaction
analysis [8]. Many researchers focus on interaction
studies through the development of the various
combination of lateral and axial loading and derived
numerical solutions for the same [9].

The influence of liquefaction depth, pile head fixity,
and type of load was studied for the performance of the
pile, and the optimum diameter of the pile was
recommended [10]. With the help of the finite element
computer program SAP2000 V15, the bending behavior
of a single pile in liquefiable soil is investigated in the
current study to better understand the impact of various
lateral loads along the length of the pile. The current
study does not take into account the axial load on the
pile [11].

Exprimental

Modelling Of The Pile And Soil
The modeling of the pile and soil is described in this

section.

Pile Modelling

The piles are modeled as beam elements. Different
diameters of piles are considered in this study. The
grade of concrete used is M20. Section modulus and
moment of inertia are calculated for various diameters.
The different details of the pile used for the analysis
are presented in Table 1.

Soil Modelling

A typical soil profile model is shown in Figures 1a,
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and 1b is considered for the present analysis. Two soil
profile layers consist of the top liquefied layer and the
bottom non-liquefied layer. The length of the pile
considered for the analysis is 16 m. The liquefaction

depth assumed for this analysis is 4 m and 9 m. The
Liquefiable soil layer of 4 m and 9 m is analyzed using
a force-based approach. The underlying denser non-
liquefied sand layer of 12 m and 7 m is modeled as a

Figure 1a & 1b. Soil profiles used in the analysis.

Table 1. Details of the pile used for the analysis.

Pile Properties
Diameter in mm

450 600 750 1000 1500

Grade of concrete M20

Youngs Modulus [E], kN/m2 21.72

Poisson ratio [μ] 0.17

Section modulus [Z] m3  0.0089  0.0211  0.0413  0.098 0.3307

Moment of inertia [Ip], mm4 2.012×10-12  6.36×10-12 1.55×10-12 4.9×10-12 2.48×10-12

Density in kg/m3 2402.61

Table 2a. The lateral soil pressure loadings calculated for various pile diameters of 4 m liquefaction depth.

Lateral loading in kN/m 
Diameter in mm

450 600 750 1000 1500

He et al. LB (2006) 9 12 15 20 30

He et al. UB (2006) 18 24 30 40 60

JRA F1, F2 TD (2002) 4.05, 14.85 5.4, 19.8 6.75, 24.75 9, 33 13.5, 49.5

JRA F2, F1 BU (2002) 14.85, 4.05 19.8, 5.4 24.75, 6.75 33, 9 49.5, 13.5

Cubrinovski F2, F1 (2010) 18.09, 78.97 40.5, 105.3 50.625, 131.625 67.5, 175.5 101.25, 263.25

Cubrinovski F2, F1 (2010) 78.97, 18.09 105.3, 40.5 131.625, 50.625 175.5, 67.5 263.25, 101.25

Table 2b. The lateral soil pressure loadings calculated for various pile diameters of 9 m liquefaction depth.

Lateral loading in kN/m 
 Diameter in mm

450 600 750 1000 1500

He et al. LB (2006) 9 12 15 20 30

He et al. UB (2006) 18 24 30 40 60

JRA F2, F1 TD (2002) 28.5, 4.05 37.8, 5.4 47.25, 6.75 63, 9 94.5, 13.5

JRA F1, F2 BU (2002) 4.05, 28.35 5.4, 37.8 6.75, 47.25 9, 36 13.5, 94.5

 Cubrinovski F2, F1 (2010) 60.75, 139.725 81, 186.30 101.25, 232.875 135, 310.50 202.5, 465.75

Cubrinovski F2, F1 (2010) 139.725, 60.75 186.30, 81 232.875, 101.25 310.5, 135 465.75, 202.5
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spring element as per API guidelines [12] for sandy
soil, and the values are listed in Tables 3a and 3b

The limiting pressure on the pile due to the flow of
liquefied soil is calculated based on both upper bound
and [13] lower bound. The calculated limiting pressure
is presented in Tables 2a and 2b.

Suggested the upper bound and lower bound lateral
[14] pressure as 40 kPa and 20 kPa from shake table
experimental results. The Japanese Road Association,
specifies the limiting lateral pressure [15] F1 and F2 to
be 30% of the total overburden pressure and is
considered in this analysis. Cubrinovski recommended
that the ultimate soil pressure on the pile for
liquefaction-prone areas is 4.5 times [16] the Rankine's
Passive Earth pressure. The underlying denser non-
liquefied sand layer, 12 m, and 7 m thick are assumed
to provide restraint during lateral spreading [17].

End conditions
To understand the influence of the presence of bridge

structure on the top of the pile, the end conditions of
the pile head are varied. The bottom end of the pile is
assumed as permanently fixed. The different end
conditions considered are 1. Both ends are Fixed 2.
Bottom Fixed and Top Pinned, and 3. Bottom Fixed

and Top Fixed but fx and fz are released. The
schematic diagram of the entire pile model for a 9 m

Table 3a. Non-liquefiable layer - lateral soil spring properties of bottom 12 m surrounding the pile.

Depth from ground 
level (m)

N pu (kN/m) yu (m)
K= (pu/yu)×D

450 600 750 1000 1500

5 18 24.4 0.02 549 732 915 1220 1830

6 18 24.4 0.02 549 732 915 1220 1830

7 18 24.4 0.02 549 732 915 1220 1830

8 18 24.4 0.02 549 732 915 1220 1830

9 18 24.4 0.02 549 732 915 1220 1830

10 18 24.4 0.02 549 732 915 1220 1830

11 33 100.1 0.02 2252.25 3000 3753.75 5005 7507.5

12 33 225.1 0.02 5064.75 6753 8441.25 11255 16882.5

 13 34 399.1 0.02 7636.5 11982 12727.5 16970 25455

14 34 623.1 0.02 14019.75 18693 23366.25 31155 46732.5

15 34 896.1 0.02 20162.25 26883 33603.75 44805 67207.5

16 Fixed support

Table 3b. Non-Liquefiable layer - lateral soil spring properties of bottom 7 m surrounding the pile.

Depth from ground 
level (m)

N pu (kN/m) yu (m)
K= (pu/yu)×D

450 600 750 1000 1500

10 18 24.4 0.02 549 732 915 1220 1830

11 33 100.1 0.02 2252.25 3000 3753.75 5005 7507.50

12 33 225.1 0.02 5064.75 6753 8441.25 11255 16882.50

 13 34 399.1 0.02 7636.5 11982 12727.5 16970 25455

14 34 623.1 0.02 14019.75 18693 23366.25 31155 46732.5

15 34 896.1 0.02 20162.25 26883 33603.75 44805 67207.5

16 Fixed support

Figure 2. Schematic diagram of the entire model of the pile for 9
m depth of liquefaction.
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Table 4. Summary of parameters considered in the present analysis.

Parameter Variations 

Pile Diameter
PD

PD 1 PD 2 PD 3 PD 4 PD 5

450 mm 600 mm 750 mm 1000 mm  1500 mm

End Conditions
EC

EC 1 EC 2 EC 3

 Both ends Fixed Bottom Fixed and Top Pinned
Bottom Fixed and Top Fixed but fx 

and fz are released

Liquefaction 
Depth, LD

LD 1 LD 2

4 m 9 m

Loading Type
LT

LT 1 LT 2 LT 3 LT4 LT 5 LT 6

He et al., LB 
(2006)
 UDL

He et al., UB 
(2006) 
UDL

JRA Top Down 
(2002)

Trapezoidal

JRA Bottom Up 
(2002)

Trapezoidal

Cubrinovski
(2010)

LT 3×4.5

Cubrinovski
(2010)

LT 4×4.5

Figure 3. Flowchart for Force-Based Lateral Load Analysis Procedure.
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depth of liquefaction for loading is shown in Figure 2.

Force Based Analysis
The lateral pressure exerted on the pile is determined

directly using the force-based methodology. The
estimated pile reaction is next tested against pile
yielding and the permitted deflection. SAP2000 V15
was used to do the bending study after modeling the
pile, the soil, and estimating the lateral loads using a
force-based methodology. This analysis makes use of

the soil pressure profiles. As a consequence of the
analysis, structural parameters for various end
conditions and lateral loading, including shear force,
bending moment, and deflection profile, have been
determined. It was also done to check for the limiting
deflection. Figure 3 displays the flowchart for the
approach used in this analysis [18-20].

Validation of Analysis Using Sap2000 V15
A case study discussed by was chosen to validate the

Table 5. Validation results of bending analysis.

LOAD In % D in m y (Dash)
y (present
analysis)

Percentage 
Variation in 
deflection

M 
(Dash)

M (present 
analysis)

Percentage 
Variation in

moment

1.2 10 0.609 0.06 0.055 8.69 113.12 118.54 4.7

2.4 20 0.609 0.15 0.11 26.67 226.24 237.08 4.7

3.6 30 0.609 0.3 0.3 0 353.5 356.32 0.79

4.8 40 0.609 0.38 0.41 7.89 466.62 475.09 1.8

6.0 50 0.609 0.48 0.51 6.25 565.6 593.86 5

7.2 60 0.609 0.609 0.62 3.34 707 723.89 2.4

Figure 4 (a, b, c, d, e, f). Variations of shear force for 4 m and 9 m liquefaction depth for different end conditions for 600 mm pile diameter.
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analysis with the SAP2000 V15 soft tool. Analysis of a
25 m long steel tubular pile was selected. The material
and section properties are the same as those adopted by
2010. The lateral load due to liquefied layer is modeled
as a force-based approach, and the non-liquefied layer
was modeled using API guidelines as a p-y spring.
Hence, a similar loading is adopted and used to
validate the result without considering the axial load.
Table 5 lists the validation results of bending analysis,
which is reanalyzed using the procedure. The pile and
the soil modeling procedure are the same as. The
results obtained are comparable with the literature.

Hence the same analyzing procedure and the soft tool
is used for the current work.

Results and Discussions

The influence of various lateral loadings along the
length of the pile with varying end conditions and
liquefaction depth on the pile behavior are represented
graphically for a 600 mm pile. The summary of the
overall shear force values, bending moment values, and
deflection are shown in Tables 6, 7, and 8. 

Influence of lateral loading in the shear force,

Figure 4. Continued.

Table 6. Summary of overall maximum shear force values in kN.

Liquefaction Depth in m
Pile Diameter in mm

4 9 

450 600 750 1000 1500 450 600 750 1000 1500

LT 1

EC 1 -30.583 -42.43 -54.28 -73.85 -112.35 -46.52 -64.29 -82.96 -116.32 -188.8

EC 2 -23.68 -33.76 -44.09 -61.47 -95.65 34.87 59.84 72.95 93.155 -142.06

EC 3 36 48.00 60.00 80.00 120.00 81.00 108.00 135.00 180.00 270.00

LT 2

EC 1 -61.16 -84.868 -108.56 -147.7 -224.69 -93.05 -128.57 -165.9 -232.64 -377.6

EC 2 -47.36 -67.5 -88.19 -122.9 -191.31 92.24 119.69 145.9 186.30 -284.12

EC 3 72 96.00 120.00 160.00 240.00 162.00 216.00 270.00 360.00 540.00

LT 3

EC 1 -22.49 -46.12 -58.61 -79.30 -120.16 -100.93 -177.35 -227.23 -314.95 -502.4

EC 2 37.80 -38.21 -49.40 -68.19 -105.25 127.42 -136.58 -174.95 -242.5 -390.15

EC 3 38.62 50.40 63.00 84.00 126.00 200.41 267.30 334.125 445.5 668.25

LT 4

EC 1 -27.23 -42.98 -55.37 -75.79 -115.76 -129.58 -140.88 -183.46 -260.8 -432.14

EC 2 37.80 -32.68 -43.20 -60.91 -95.62 100.87 165.53 201.94 258.14 355.19

EC 3 -173.41 49.80 63.00 84.00 126.00 200.475 267.30 334.125 445.5 668.25

LT 5

EC 1 -141.05 -254.8 -337.04 -456.6 -692.42 -582.23 798.08 1022.5 1417.3 -2260.87

EC 2 194.12 -217.52 -281.85 -389.8 -602.71 453.93 -614.63 -787.31 1091.38 -1755.6

EC 3 194.120 291.60 364.48 486.00 729.00 902.13 1202.85 1503.56 2004.75 3007.12

LT 6

EC 1 -156.42 -250.22 -322.45 -440.8 -672.67 -454.19 -515.8 825.57 1173.7 1944.6

EC 2 -114.32 -192.66 -253.91 -357.1 -559.45 573.41 744.9 908.75 1161.65 1578.39

EC 3 194.120 291.60 364.48 486.00 729.00 902.11 1202.8 1503.56 2004.75 3007.12
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bending moment, and deflection along the length of the
pile for varying liquefaction depth and end condition.

Figure 4 shows shear force for various end

conditions for 4 m and 9 m liquefaction depth with
varying lateral load.

The general trend of variation of shear force for

Figure 5 (a, b, c, d, e, f). Variation of bending moment for 4 m and 9 m liquefaction depth for 600 mm pile diameter with different end
conditions.
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different lateral loadings and end conditions is almost
similar. 

For EC 1, the maximum shear force is at the pile
head position for all loading types of 4 m and 9 m
liquefaction depth. The first change of negative to a
positive is at the pile length of 4 m from the pile head
for 4 m liquefaction depth. The next change from
positive to negative is observed at a pile length of 13 m
from the pile head for a 4 m liquefaction depth. For 9
m liquefaction depth, the first change of negative to
positive is at a pile length of 6 m from the pile head.
The next change from negative to positive is observed
at a pile length of 10 m from the pile head.

For EC 2, the maximum shear force is at the pile
head position for all loading types for 4 m and 9 m
liquefaction depth. The first change of negative to
positive is at a pile length of 2 m to 3 m from the pile
head for a 4 m liquefaction depth. However, for 9 m
liquefaction depth the first change of negative to
positive is at a pile length of 3 m to 4 m. The next
change from positive to negative is observed at a pile
length of 13 m from the pile head for a 4 m
liquefaction depth. But for 9 m liquefaction depth, the
above change from positive to negative is at a pile
length of 10 m from the pile head.

For EC 3, the maximum shear force is 4 m from the
pile head for a 4 m liquefaction depth. The first change
from positive to negative is at the pile length of 10 m
from the pile head for a 4 m liquefaction depth. For a 9
m liquefaction depth, the maximum shear force is 9 m
from the pile head. The first change of positive to

negative is at the pile length of 10 m from the pile
head. Figure 5 shows the bending moment for various
end conditions for 4 m and 9 m liquefaction depth for
different lateral loading.

The general trend of variation of bending moment for
different lateral loadings and end conditions is almost
similar. 

For EC 1, the maximum bending moment is at the
pile head for 4 m and 9 m liquefaction depth. The first
change of positive bending moment to negative bending
moment, point of contra flexure, is at the pile length of
3 m for 4 m liquefaction depth. The second contra-
flexure point is at a pile length of 8 m for a 4 m
liquefaction depth. For 9 m liquefaction depth, there is
a change in the sign of bending moment at 15 m and
changes to the negative direction at the pile tip. 

For EC 2, the maximum bending moment for a 4 m
liquefaction depth is 2.67 m from the pile head and 4.5
m for a 9 m liquefaction depth. The first change of
negative bending moment to positive bending moment,
point of contra flexure, is at a pile length of 8 m for 4
m liquefaction depth. For 9 m liquefaction depth, there
is a change in the sign of bending moment and there
are two points of contra flexure. The two points of
contra-flexures are at pile lengths of 7 m to 8 m and 14
m to 15 m respectively.

For EC 3, the maximum bending moment is at the
pile head for a depth of 4 m and 9 m liquefaction
depth. The first change of positive bending moment to
negative bending moment, the point of contra-flexure,
is at the pile length of 5 m. For 9 m liquefaction depth,

Table 7. Summary of overall maximum bending moment value, kNm.

Liquefaction Depth in m
Pile Diameters in mm

4 9

450 600 750 1000 1500 450 600 750 1000 1500

LT 1

EC 1 38.55 56.48 74.75 104.86 162.76 80.613 115.95 155.38 231.11 408.23

EC 2 -31.15 -47.36 -64.79 -94.43 -152.18 -67.5 -96.19 -127.34 -188.30 -335.5

EC 3 -79.23 -129.37 -190.87 -315.5 -604.93 203.80 256.25 -304.29 -442.81 790.48

LT 2

EC 1 77.11 112.914 149.48 209.7 325.53 161.22 231.89 310.77 462.22 816.47

EC 2 -62.29 -94.724 -129.59 -188.86 -304.37 -135.02 -192.38 -254.68 -376.6 -671.04

EC 3 -158.47 -258.75 -381.74 -631.01 -856.56 407.60 512.50 -608.58 -885.63 1580.9

LT 3

EC 1 45.29 51.497 67.6 94.16 145.41 192.95 292.89 388.24 567.93 980.56

EC 2 -37.10 -42.885 -57.97 -83.47 -133.50 -162.40 -243.95 -320.78 -462.42 -806.46

EC 3 -72.57 -150.49 -219.33 -357.23 -675.69 453.18 700.03 -870.69 1256.8 2209.36

LT 4

EC 1 35.67 67.07 89.35 126.05 196.38 206.07 281.05 380.9 576.1 -1040.22

EC 2 -28.84 -57.55 -78.97 -115.9 -188.19 -172.34 -236.20 -317.6 -473.53 -866.59

EC 3 -93.82 -119.88 -181.59 -305.33 -594.67 555.67 568.40 682.36 -935.06 1703.5

LT 5

EC 1 180.769 307.953 405.106 565.29 874.11 927.346 -1318.0 -1747.4 2555.6 -4412.5

EC 2 -146.38 -256.88 -347.64 -501.29 -805.93 -775.45 -1097.8 -1444.3 -2080.8 -3631.9

EC 3 -487.17 -851.87 1244.16 2033.47 -3857.27 2500.52 3150.17 3918.14 5655.98 9942.12

LT 6

EC 1 235.026 378.002 502.99 708.8 -1103.48 868.28 1008.17 1714.11 -2592.45 -4680.98

EC 2 -193.08 -322.83 -442.83 -648.63 -1040.48 -730.79 -1065.3 -1429.4 -2130.88 3904.36

EC 3 -367.37 -720.25 1074.8 1799.9 -3492.66 2039.71 -2557.8 -3070.6 4207.79 7995.96
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there is a change of the positive bending moment to the
negative bending moment. Two points of contra-

flexures are at the pile length of 4 m and 14 m. There
is a reduction in bending moment values and gradually

Figure 6(a, b, c, d, e, f). Variation of deflection diagram for 4 m and 9 m liquefaction depth for different end conditions for 600 mm pile
diameter.
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reaches zero at the pile tip.
Figure 6 shows a deflection diagram for various end

conditions for 4 m and 9 m liquefaction depth and
lateral loading.

The general trend of deflection variation for different
lateral loading is represented in the graph for different
end conditions for 4 m and 9 m liquefaction depth. 

For EC 1 and EC 2, the maximum deflection is at a
depth of 4 m from the pile head for a 4 m liquefaction
depth and 4.5 m from the pile head for a 9 m
liquefaction depth. For EC 3, the maximum deflection
is at the pile head and zero at the bottom fixed for both
4 m and 9 m liquefaction depth.

The ranges of maximum and minimum values for
shear force, bending moment, and deflection for different
liquefaction depths and different end conditions are
summarized in Table 9.

Influence of loading type along the length of the
pile

For LT 1 and LT 2 loading types, the variation of
shear force value, bending moment value, and deflection
value irrespective of the pile diameter is 100%. For LT
3 and LT 4 loading types, there is no variation in shear
force value for pile diameter 1500 mm for 4 m LD.
Similarly for 9 m LD also there is no variation. For LT
3 and LT 4 loading types, the maximum variation of
bending moment value for pile diameter 1500 mm is
29.9 % for 4 m LD. For 9 m LD, this maximum
variation of bending moment value for pile diameter
1500 mm is 6.8%. For LT 3 and LT 4 loading types,

the maximum variation of deflection for 450 mm pile
diameter is 9.4% for 4 m LD. For 9 m LD, the
maximum variation of deflection value for pile
diameter 450 mm is 25.09%. For LT 5 and LT 6
loading types, there is no variation in shear force value
for pile diameter 1500 mm. Similarly for 9 m LD also
there is no variation in shear force value for pile
diameter 450 mm. For LT 5 and LT 6 loading types,
the maximum variation for bending moment value for
pile diameter 1500 mm is 22.8% for 4 m LD. For 9 m
LD, the maximum variation for bending moment value
for pile diameter 1500 mm is 21.69%. For LT 5 and LT
6 loading types, the maximum variation for deflection
value for pile diameter 450 mm is 10.20% for 4 m LD.
For 9 m LD, the maximum variation for deflection
value for pile diameter 450 mm is 24.69%.

Check for Deflection
For EC 1 and EC 2, the deflection value at the pile

head is zero. For end condition 3, the maximum
deflection value is maximum at the pile head. Table 10
provides the deflection values for various loading types
of EC 3 at the pile head.

The optimum diameter to meet the limiting deflection
of ≤ 6 mm as per IS 2911: 2010 (Part 1/Section 1). EC
3 is listed in the table. 11. the deflection value at the
pile head is greater than the limiting deflection value.
Hence, the analysis is redone for the EC 3 by
increasing the pile diameter by trial and error. The pile
diameter is increased in the range of 1200 mm to 2400
mm to reduce the deflection value for EC 3 with LT 1

Table 8. Summary of overall maximum deflection values in mm.

Liquefaction Depth in m
Pile Diameter in mm

4 9

450 600 750 1000 1500 450 600 750 1000 1500

LT 1

EC 1 1.85 0.99 0.60 0.29 0.10 6.28 3.076 1.84 1.00 0.43

EC 2 4.74 2.86 1.86 1.00 0.36 12.90 6.4 3.79 2.05 0.90

EC 3 35.65 24.18 17.8 11.58 5.33 99.50 48.84 28.6 14.98 6.63

LT 2

EC 1 3.70 1.99 1.20 0.59 0.20 12.37 6.15 3.69 2.00 0.86

EC 2 9.58 5.73 3.73 2.00 0.73 25.80 12.79 7.59 4.11 1.83

EC 3 71.32 48.36 35.6 23.17 28.66 199.01 97.68 57.22 29.96 13.26

LT 3

EC 1 2.47 0.78 0.46 0.23 0.08 16.23 7.07 4.151 2.21 0.93

EC 2 5.87 2.49 1.61 0.86 0.31 32.05 15.59 9.16 4.84 2.08

EC 3 35.68 26.28 19.26 12.44 5.69 215.85 134.73 78.36 40.56 17.6

LT 4

EC 1 1.46 1.312 0.792 0.393 0.137 14.40 8.153 4.99 2.75 1.213

EC 2 4.19 3.528 2.306 1.240 0.450 31.818 16.07 9.65 5.34 2.40

EC 3 39.20 24.21 18.20 11.88 5.48 276.7 107.03 63.27 33.6 15.17

LT 5

EC 1 7.28 4.85 2.918 1.445 0.502 64.83 31.81 18.67 9.986 4.20

EC 2 21.14 15.09 9.810 5.061 1.898 143 70.189 41.22 21.81 9.35

EC 3 202.2 150.91 110.79 71.60 32.79 1245.1 606.31 352.63 182.5 79.39

LT 6

EC 1 12.76 7.25 4.374 2.170 0.754 73.02 31.58 22.47 12.37 5.45

EC 2 30.56 19.75 12.90 6.93 2.514 144.24 72.34 43.5 24.03 10.79

EC 3 182.38 142.87 105.49 69.14 31.85 971.31 481.63 284.7 151.18 68.29
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to LT 4. For LT 5 and LT 6, the pile diameter was
increased from 2100 mm to 3400 mm. From Table 11,
it is observed that the pile diameter for different
loading types for limiting deflection of 6 mm. Since the
loading magnitude depends on pile diameter, the pile
diameter for limiting deflection also increases for
different diameters of the pile. Figure 7a and 7b show
the optimum diameter to meet the limiting deflection

and 8 a and 8 b show the change of pile diameter from
600 mm to 1200 mm for 4 m and 9 m liquefaction
depth to achieve the limiting deflection for the EC 3.

For EC 1, the deflection at the pile head is zero. But
along the pile length, there is an increase in deflection
greater than the limiting deflection for varying lateral
loading. Table 12, lists the optimum pile diameter for
EC 1 with varying loading types. The optimum diameter

Table 9. Ranges of maximum and minimum values for shear force, bending moment, and deflection for different liquefaction depths and
different end conditions.

S.
NO.

Description for Shear 
force diagram

Values for different 
liquefaction depth

Description of Bending 
moment diagram

Values of different 
liquefaction depth

Description of 
Deflection diagram

Values of different 
liquefaction depth

4 m 9 m 4 m 9 m 4 m 9 m

1

Range of maximum 
negative shear force 
for varying lateral 
loading with top fixed 
end condition, kN 

42.43
to 250.2

64.29
to 515.8

Range of maximum 
negative bending 
moment for varying 
lateral loading with top 
fixed end condition, 
kN 

56.48 to 
378.0

96.4 to
-1008

Range of maximum 
Deflection for vary-
ing lateral loading 
with top fixed end 
condition, mm

0.99 to 
7.25

3.07 to 
31.58

2

Range of maximum 
negative shear force 
for varying lateral 
loading with top 
pinned end condi-
tion, kN

33.76
 To 192.6

59.84
to 744.9

Range of maximum 
negative bending 
moment for varying 
lateral loading with top 
pinned end condition, 
kN

47.36 to 
322.8

96.4 to 1008

Range of Deflection 
for varying lateral 
loading with top 
pinned end condition, 
mm

2.867 to 
19.75

6.4 to 
72.34

3

Range of maximum 
positive shear force 
for varying lateral 
loading with top fixed 
but fx and fz end con-
dition, kN

48 to 
291.6

108 to
1202.3

Range of maximum 
positive bending 
moment for varying 
lateral loading with top 
fixed but fx and fz end 
condition, kN

129.5
to 750

256.26
to 2357.7

Range of maximum 
Deflection for vary-
ing lateral loading 
with top fixed but fx 
and fz end condition, 
mm

24.18 to 
142.87

48.84 to 
481.6

4

Depth of maximum 
shear force for vary-
ing lateral loading for 
top fixed end condi-
tion, m

0 0

Depth of maximum 
bending moment for 
varying lateral loading 
for top fixed end condi-
tion, m

0 0

Depth of maximum 
Deflection for vary-
ing lateral loading for 
top fixed end condi-
tion, m

4 4.5

5

Depth of maximum 
shear force for vary-
ing lateral loading for 
top pinned end condi-
tion, m

4 9

Depth of maximum 
bending moment for 
varying lateral loading 
for top pinned end con-
dition, m

3 4.5

Depth of maximum 
Deflection for vary-
ing lateral loading for 
top pinned end condi-
tion, m

4 4.5

6

Depth of maximum 
shear force for vary-
ing lateral loading for 
top fixed but fx and fz 
end condition, m

4 9

Depth of maximum 
bending moment for 
varying lateral loading 
for top fixed but fx and 
fz end condition, m

0 0

Depth of maximum 
Deflection for vary-
ing lateral loading for 
top fixed but fx and 
fz end condition, m

0 0

Table 10. Deflection value at the pile head position for EC 3.

Liquefaction Depth in m
Diameter in mm

4 9

450 600 750 1000 1500 450 600 750 1000 1500

LT1 35.65 24.18 17.84 11.58 5.33 99.5 48.84 28.6 14.98 6.63

LT2 71.32 48.36 35.68 23.17 28.66 199.01 97.684 57.22 29.96 13.26

LT3 35.68 26.28 19.26 12.44 5.69 215.85 134.73 78.36 40.56 17.6

LT4 39.20 24.21 18.20 11.88 5.48 276.7 107.03 63.27 33.6 15.17

LT5 202.2 150.91 110.79 71.60 32.79 1245.1 606.31 352.63 182.5 79.39

LT6 182.38 142.87 105.49 69.14 31.85 971.31 481.63 284.7 151.18 68.29
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Figure 7 a and 7 b. Optimum diameter to limit the deflection value to ≤ 6 mm for EC3.

Figure 8. (a) Optimum diameter from 600 mm to 1200 mm for the limiting deflection for 4 m liquefaction depth. (b) Optimum diameter from
600 mm to 1200 mm for the limiting deflection for 9 m liquefaction depth.
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of the pile is arrived at by trial and error. For EC 1 and
4m liquefaction depth, the pile diameter 450 mm is
increased to 600 mm, for 600 mm diameter pile is
increased to 700 mm, for pile diameters 750 mm, 1000
mm, and 1500 mm there is no change in pile diameter.
In the case of 9 m liquefaction depth, the pile diameter
increased from 450 mm to 600 mm, 1000 mm, and,
1500 mm for different loading types. Similarly, the pile
diameter of 600 mm has increased to 750 mm and
1000 mm, 750 mm pile diameter, the diameter increased
to 800 mm and 1000 mm for different loading types.
For pile diameters 1000 mm and 1500 mm, there is no
increase in pile diameter. 

For EC 2, the deflection at the pile head is zero, but
along the pile length, there is an increase in deflection
which is greater than the limiting deflection for varying
lateral loading. Table 13, lists the optimum diameter of
the pile for EC 2 irrespective of loading type. The
optimum diameter is arrived at by trial and error. For
EC 2, the pile diameter increased from 450 mm to 600
mm, and 750 mm, for pile diameter increased from 600
mm to 750 mm, for pile diameter 750 mm it increased
to 1000 mm, for 1000 mm and 1500 mm pile diameter,
there is no increase in pile diameter for 4 m
liquefaction depth. For 9 m liquefaction depth, the 450

mm pile diameter increases to 600 mm, 1000 mm, and
1500 mm for different loading types. The 600 mm pile
diameter increases to 750 mm, and 1200 mm. the 1000
mm pile diameter increases to 1200 mm, and the 1500
mm pile diameter increases to 1600 mm for different
loading types.

In this study, the analyses were carried out for three
different end conditions and six different types of
loading. Since it is not possible to comment on the end
conditions of the pile during earthquake loading, it is
recommended to adopt the maximum diameter of the
pile obtained from the three different end conditions for
the design of the pile foundation. From Tables 11, 12,
and 13, it is observed that the diameter is maximum for
EC 3. Hence it is recommended to design the pile
foundation for this end condition for earthquake loading
as far as bending criteria are considered. However, this
pile diameter should also be checked for buckling
criteria and bending-buckling criteria. This will be the
future scope of the study. 

Conclusion

The current work uses the finite element computer
program SAP2000 V15 to examine the bending

Table 11. Optimum diameter of pile for EC 3.

Liquefaction depth in m 4 9

LT 1 1000 1200 1300 1500 1500 1500 1200 1500 1500 1500

LT 2 1500 1600 1500 1600 2000 1600 1700 2000 2000 2000

LT 3 1500 1500 1500 1600 1500 1800 1700 2000 2000 2200

LT 4 1500 1500 1500 1600 1500 1800 2000 1800 2000 2200

LT 5 1800 2000 2000 2200 2400 2400 2600 2700 3000 3200

LT 6 2000 2000 2200 2400 2600 2600 2800 3000 3000 3400

Table 12. Optimum diameter of pile for EC 1.

Liquefaction depth in m 4 9

LT 1 450 600 750 1000 1500 450 600 750 1000 1200

LT 2 450 600 750 1000 1500 750 600 750 1000 1500

LT 3 450 600 750 1000 1500 750 750 750 1000 1500

LT 4 450 600 750 1000 1500 600 700 750 1000 1500

LT 5 450 600 750 1000 1500 1200 1000 1000 1000 1500

LT 6 600 700 750 1000 1500 1200 1000 1000 1000 1500

Table 13. Optimum diameter of pile for EC 2.

Liquefaction depth in m 4 9

LT 1 450 600 750 1000 1500 600 600 750 1000 1500

LT 2 450 600 750 1000 1500 600 750 800 1000 1500

LT 3 450 600 750 1000 1500 1000 750 800 1000 1500

LT 4 450 600 750 1000 1500 1000 750 800 1000 1500

LT 5 750 750 1000 1000 1500 1500 1200 1200 1200 1500

LT 6 750 750 1000 1000 1500 1300 1300 1200 1200 1500
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behavior of a single pile in liquefiable soil in order to
comprehend the impact of various lateral loads along
the length of the pile. Following are the conclusions
drawn from this analysis: Depending on the end
conditions, kind of loading, and depth of the
liquefaction, the distribution of the shear force, bending
moment, and deflection throughout the length of the
pile. For EC 3, LT 5, and LT 6, the maximum shear
force, bending moment, and deflection are achieved.
Shear force, bending moment, and deflection have
distinct and maximum ranges of maximum and
minimum values for various liquefaction depths and
end conditions. The largest difference between the
effects of different loading types on shear force,
bending moment, and deflection along the pile length is
for EC 3. The greatest diameter for a 6 mm deflection
is thought to be the ideal diameter for the two critical
loading circumstances since EC 3 is the crucial area. It
is advised to use EC 3 and LT 5 and LT 6 for pile
foundation designs in liquefiable deposits when taking
the bending failure into account. But for buckling and
combined bending and buckling analyses of a single
pile foundation, the ideal pile diameter must be confirmed.
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Appendix-I

1.2.1 Model calculations 
He et al. (2006) reported an experimental study that

showed that the average lateral pressure of liquefied
soil to a pile might vary from 20 to 40 kPa. 

The Japanese Roads Association (JRA, 2006) code
of practice specifies the limiting lateral pressure F1 and
F2 to be 30% of the total overburden pressure.

F1=F2=20 kPa for lower bound loading; F1=F2=γD,
where γ=unit weight of soil, D=Diameter of the pile.

(i) He et al. (2006) the lower bound value for 0.45m
diameter pile is 20 × 0.45=9 kN/m. 

(ii) He et al. (2006) the upper bound value is 40 kPa,
now the value arrived is 40 × 0.45=18 kN/m.

JRA loading is F1=0 and F2=0.3x (γ
wHD)

(iii) F1=0 kN/m; F2=0.3 × (20 × 9) × 0.45=24.3 kN/m.
(iv) F1=0 kN/m; F2=0.3 × (20 × 4) × 0.45 m=10.8 kN/m.
where γ

w=unit weight of water, 
H1=height of the liquefiable sand layer.


