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ABSTRACT: Pile foundation modeling is a common practice to evaluate soil deformation due to vertical and
lateral loading. This approach is particularly crucial for geotechnical structures with significant lateral loading,
including retaining walls, skyscrapers, transmission towers, and offshore structures. One prevalent assumption
in pile foundation modeling involved linear modulus of elasticity of the soil with increased depth. This
assumption has traditionally been deemed valid for the response of pile foundation to the natural conditions
encountered in the field. However, the soil is not an elastic material, which means the assumption of using
linear modulus of elasticity in foundation modeling must be evaluated further. The deflection of the pile
foundation is analyzed using linear, layered, and non-linear modulus of elasticity. The Reese Matlock model
was adopted to model linear elastic modulus, while the Winkler model was used for layered and non-linear
elastic modulus. Non-linear modulus of elasticity was obtained from three different sites, namely Citarum,
Dompak, and Batang. The results showed a difference in the average comparison of the average Reese Matlock
and Winkler models at the Citarum Project by 2.54%, 4.35%, and 5.08%. At the Dompak Project, the
differences are around 2.57%, 4.37%, and 6.63%, and at the Batang Project, the differences are roughly 2.28%,
3.07%, and 5.58%. The analysis showed that the surface deflection was determined by non-linear elastic
modulus analysis with an excess of about 10% to 14% at the first 10% of the pile length.

Keywords: Pile, Lateral-Loading, Elastic-Modulus, Lateral-Deflection

1. INTRODUCTION element analysis is widely applied in foundation
engineering to determine lateral loading distribution
Pile foundation is primarily designed to support for seismic design [9].

axial loads, but in some cases, it must withstand
significant lateral loading, for example, retaining
walls, high-rise buildings, transmission towers, and
offshore structures. The behavior of laterally loaded M ™\ Fa
pile depends on their strength and the properties of ] T VJ il
H,
H,

Pile

the surrounding soil, represented by the elastic ® Layer |
modulus of k,. The response of the structure dueto -+ -
lateral loading has been recorded from a series of -2 2T | feen
field-based lateral loading tests [1] and H;.,
mathematical model simulations [2-4]. : :

A new method was used in this study to examine
the deflection response of piles embedded in |
layered soil when subjected to lateral loading, as Layer i H,.
shown in (Fig. 1). This analysis relies on differential -/ [ b 1
equations to  provide a  comprehensive
understanding of lateral deformations, bending
moments, and shear forces acting along the entire ~ —===-===mmmmoeo| | oo
length of the pile. The soil layer had a definite Layer n-1
impact on the pile response and was considered for oo |
proper analysis and design [5]. Layern Pile

In geotechnical engineering analysis, a soil l 2
model for addressing lateral earth pressure was ©
introduced by previous studies [6-8]. The general
analysis is based on the finite element method or

Fig. 1 Laterally loaded pile in a layered elastic

- . . . N medium.
equivalent spring representing the soil media. Finite
element analysis has become prevalent in Indonesia The dependence of pile response on input
in foundation engineering. In Indonesia, finite parameters emphasizes the importance of making
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correct assumptions about soil properties. The
assumption must be precise and reliable to mimic
the actual pile behavior in the field. A common and
unrealistic assumption is related to linear modulus
elasticity in the depth of the pile foundation. Soil
properties vary non-linearly with depth. Reese,
L.C., and Matlock (1960) conducted a study
investigating moments, horizontal forces, soil
reactions, and deflections of the pile using an
analogy with beams on elastic support, as shown in
(Fig. 2). The results obtained were in line with the
outcome of the actual lateral test.
R

MO
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Pile Deflection Slope Bending  gjope
Moment

Soil
Reaction
Fig. 2 Pile deformation due to horizontal load H and
moment M [10].

Winkler [11] introduced another idealization
using spring stiffness to capture non-linearity of the
soil along the pile, as shown in (Fig. 3).
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Fig. 3 Soil reaction along the pile [11]

Rahmadi [12] conducted a study which focused
on evaluating the impact of lateral loading on pile
foundations using the laboratory-scale model. The
study aimed to determine the effect of the Winkler
soil elasticity modulus model on pile-soil
interaction with lateral loading. This was realized
using a spring model to simulate soil behavior along
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the pile depth, including conducting laboratory
experiments to calibrate the horizontal deflection
model. The results showed that the difference in
horizontal deflection between the Winkler model
and the laboratory test was 7.73%. The difference
in horizontal deflection between the Reese Matlock
model and the laboratory test was 4.43%. It was also
observed that the influence of the Winkler soil
modulus of elasticity became prominent at
approximately 40% of the pile length. A close
agreement was found between the Winkler spring
and the laboratory test models when analyzing the
behaviour of a single pile subjected to lateral
loading.

The assumptions used in pile foundation
modeling considered the varying physical
parameters of the soil to obtain a response model
that reflected field conditions. Pile foundation
modeling, based on the assumption of linear soil
modulus of elasticity with increasing depth, is
considered valid in estimating its response under
conditions similar to those found in the field. The
soil is not an elastic material. Therefore, there is a
need to further investigate the assumption of using
linear modulus of elasticity in foundation modeling.

2. STUDY SIGNIFICANCE

This study analyzed the response of the soil
around a foundation when subjected to lateral
loading. It used two theories for this purpose,
namely Winkler 1867, which modeled the soil as a
spring system with non-linear stiffness (k) and the
Reese, L.C. and Matlock 1960 model, assumed
linear stiffness along the pile depth. The analysis
was conducted using the Mathlab R2013a program.
By comparing the results obtained from these two
approaches, the validity of assuming linear soil
elastic modulus along the pile depth in simplifying
the modeling process could be assessed.

3. METHODOLOGY

The average value of soil elastic modulus is
frequently adopted to represent its variation along
the pile depth. However, further analyses are
needed to justify the reliability of this assumption.
This study aims to validate these assumptions by
considering several conditions of soil modulus
elasticity values. These include average modulus
elasticity along the pile by Reese Matlock (1960)
Yrm » layered modulus elasticity y; , average
modulus elasticity along the pile derived from
Matlab yg , and non-linear modulus elasticity
ywr by Winkler (1867). For the validation process,
the input values are sourced from field data on three
projects, namely the Citarum, Dompak, and Batang
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projects in Jakarta, Tanjung Pinang Riau, and The respective soil properties from the three
Central Java, respectively, as shown in (Table 1). locations are shown in (Table 2).

Table 1. The elasticity of the soil modulus value

CitarumL=20m Dompak L =18 m BatangL =17 m

Depth Modulus Young's (*10%) (kN/m?)

m) YL };,I;j‘ Ywk YL };,125 Ywk YL };,I;j Ywk
1.0 3.0 53.7 2.8 3.7 135.8 2.9 4.0 161.6 2.7
2.0 3.0 53.7 4.2 3.7 135.8 4.2 4.0 161.6 3.9
3.0 3.0 53.7 5.1 3.7 135.8 5.2 4.0 161.6 4.8
4.0 3.0 53.7 6.0 3.7 135.8 6.0 4.0 161.6 55
5.0 3,0 53.7 6.5 3.7 135.8 6.7 4.0 161.6 6.2
6.0 3.0 53.7 7.1 3.7 135.8 1.4 4.0 161.6 6.8
7.0 3.0 53.7 7.7 3.7 135.8 7.8 4.0 161.6 7.4
8.0 3.0 53.7 8.2 3.7 135.8 8.3 4.0 161.6 7.9
9.0 3.0 53.7 8.7 3.7 135.8 8.8 4.0 161.6 8.4
10.0 3.0 53.7 9.2 3.7 135.8 9.3 4.0 161.6 8.8
11.0 3.0 53.7 9.7 3.7 135.8 9.8 4.0 161.6 9.3
12.0 3.0 53.7 10.1 3.7 135.8 10.2 4.0 161.6 9.7
13.0 3.0 53.7 10.5 400.0 135.8 10.5 540.0 161.6 10.1
14.0 3.0 53.7 10.9 400.0 135.8 10.9 540.0 161.6 10.5

15.0 172.0 53.7 10.7 400.0 135.8 11.3 540.0 161.6 10.8

16.0 172.0 53.7 11.1 400.0 135.8 11.6 540.0 161.6 11.2

17.0 172.0 53.7 114 400.0 135.8 12.0 540.0 161.6 115

18.0 172.0 53.7 11.7 400.0 135.8 12.3 - - -

19.0 172.0 53.7 121 - - - - - -

20.0 172.0 53.7 12.4 - - - - - -
Note: yL = Layering; yr & yrm =Average; yy=Non-Linear

Table 2. Soil properties data in the field

. Depth Typeof Gs w Vb Ya E Soil parameters
Project i 0 3 3 ) o P
(m) SOi (%)  (KN/m®)  (KN/m?3) (KN/m?) o(°)  c(KN/m?)
Citarum  Oto4  Siltyclay 25 200 158 13.17 3.0E+04 17.0  3.00
Lye= 4tol4 Sand 2.7 200 197 1642  3.00E+04 350  0.02
20m 141060 Siltysand 2.6 200  17.6 14.67  1.72E+06 350  0.02
1t06  Siltysand 2.5 200 155 1292  370E+04 150  2.20
LDO”'Ea" 6t012 Sandysilt 25 200 158 1317  3.70E+04 200  2.10
1gn’n - 12t022  Sand 2.7 200  16.6 13.83  4.00E+06 250  0.05
21034 S 52 200 195 1625  4.00E+06 350  0.02
Gravel
1t08  Siltyand 2.6 400  16.6 11.86  4.00E+04 250  2.05
Batang  8to12 Siltysand 2.6 350 165 1222  400E+04 250  2.30
Lyie= 121020  Sand 27 400 180 1286  5.40E+06 300  0.05
17m Sand
20 to 30 27 400 190 1357  5.40E+06 350  0.02
Gravel

Note: G=specific gravity; w=water content; %= unit weight; =dry unit weight; E= Elasticity modulus
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Lateral load tests in the field have also been carried
out and the results are shown in (Fig. 4) which will
be used to compare with the results of analytical
calculations in this study.

Horizontal Deflection (mm)

-2 0 2 4 6 8 10 12 14
0-.00— @ 1 @
' ’ ’
1 / /7
1 7 {
7 Vi
¢ -
020+ s
i I 5 R I 4
g (0] N
S~ 1
= [ Ve
g 87N NRRNEEADY
3 G 4
2 ® @l Ll
8 1 /) |4
= oL
£ HERRAN:
s} @ s
F A VAR ECEEL
1 ,—t
gl s
17
48
/7 /
77
0.80 ~" /
o i - © - Citarum, Loading test
I' " I’ - ¢ - Dompak, Loading test
(8 W) - B - Batang, Loading Test
s
1.00 =

Fig. 4 Lateral loading test in the field

3.1 The sequential analysis is as follows:

3.1.1Step 1

This step was carried out to retrieve lateral
loading and original soil data from the field for the
Citarum (Lpile = 20.0 m; Dyie = 1.2 m), Dompak
(Lpite = 18.0 m; Dyiie = 1.0 m), and Batang projects
(Lpite = 17.0 m; Dyile = 0.6 m). These data would be
used to conduct a comparative deflection analysis
using the Winkler concept assisted by Matlab.

3.1.2 Step 2
Each project data was applied to the basic

Winkler concept to re-analyze the horizontal
deflection, as explained in the following equation:

1

R1 = EkSBhyl
Rz S/d R120 = kS.B.h.yi
Ry1 = 5.ks.B.h.yi 1)

Parameter R; refers to soil reaction at each
node, while kg, B, h, and y,, in Eq. (1), refer to the
subgrade modulus, the pile foundation width, the
distance, and the displacement of each node,
respectively. The constant displacement matrix y;
is symbolized by [A], while [A]?! is the inverse of
the constant displacement matrix y; . The
displacement vector y; at each node {y;} and the

constant vector of the equation symbolized by {B}
are solved using the matrix method in Eq. (2):

[AIx{y;}={B} atau{y,}=[A]"x{B} 2

By applying the second-order differential
formulation as stated in Eq. (3), 21 equations and
unknown variables (y;) were derived as follows:

d?y
EI ~z =M »> EIM=0andXH =0

Node 2,XM, = 0,
C(yn—l — 2y, +yn+1) + R1-h —P.h=0

Node 3,XM; = 0,

C(yn—l - Zyn + yn+1) + Rl' 2h + Rz.h - P. Zh
=0

Node 21,XM,, = 0,

R1.4h+R2.3h +R3.2h....+R20.h_P.20h
=0

JH =0,
R1+R2+R3+R4 ..... +R20_P:O (3)

By converting Egs. (2) and (3) into matrix form,
final solutions can be obtained using the Matlab
R2013a program.

3.1.3 Step 3

Each project also re-analyzed the horizontal
deflection through the method developed by Reese
et al., (1960), to calculate moments and horizontal
loads, soil reactions, and deflections along piles
based on the analogy of beams on elastic supports.
Mathematically, it can be represented by Eq. (4), as
follows:

y(x)=F(x,T,Ls, k El,H, M) @)

y(x) is the deflection, L is the length of the
pile, El is the soil stiffness, and x is the depth
measured from the ground. H, M, T, and k refers to
the shear stress, moment, subgrade modulus, and
stiffness  factor, respectively. Therefore,
deformation due to H and M can be separated, as
shown in (Fig. 5).

WM W
WeT 7T 7 V7
X X X
L = +
T CascA  CaseB

Fig. 5 Superposition due to H and due to M
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In each case, there are six terms with two
dimensions, namely cases A and B, which are
represented by Eq. (5):

4
Case A (y’*'ESI )'(Xj;(l_sji kT
H.T T T El
4
CaseB: (yB'Ezlj'(X);(sz; kT
M.T T)\T El
The superposition of deflection for cases A and

B governs Eq. (6). y, is the total displacement due
to the moment and lateral force.
j (6)

H.T® MT?
yxzyA+yB=Ay( El j+By( El

Egs. (7) to (10) were obtained from the
derivative of Eq. (6):

2
Slope,S, =S, +S, :AS(H'T J+ BS(M'TJ ™)

Q)

El El

Moment, M, =M, + M, =A_(H.T)+B_ (M) (8)

Shear,V, =V +V, = AV(H)+ BV(IEI_/I) 9)

Soil reaction, p, =p, +pg = Ap(:jJr Bp(_l'\_/zlj (10)

Coefficients A and B are resolved numerically
using the table provided by Reese, L.C. and
Matlock, (1960).

Horizontal Deflection (m)

Horizontal Deflection (m)

4. RESULTS AND DISCUSSION

This study considered data from three projects
conducted on sandy silt soil, each with varying
densities, pile dimensions, and locations. The
horizontal forces were applied and analyzed with
the concepts, of yy«, yrmand, y; developed by
Winkler (1867), Reese Matlock (1960) and assisted
by Matlab. The outcomes were compared to the
results of linear deflection, y as shown in Figure 5.

More details, in (Fig. 6), yw and y, show higher
non-linear lateral deflection, compared to ygpyand
yr - This difference ranged from approximately
10% to 14% within the initial 10% of the pile length.
The comparison of the average horizontal
deflection for Citarum Dompak and Batang Project
results is shown in Table 3.

According to Table 3, yy—" shows negligible
RM

value as both methods rely on average modulus
elasticity. However, the difference is more
pronounced as non-linear soil properties are

considered in the analyses 2& and &,
yL YWk

Comparison presented in Table 3 shows that the
difference in horizontal deflection between the
Reese Matlock model and the linear model reached
a maximum value at 2.57% and a minimum at
2.28%. Meanwhile, the difference value found
between Linear model and Layered model reached
its maximum at 4.37% and its minimum at 3.07%.
Consequently, the difference between Winkler and
linear models reached 6.63% at maximum and
5.08% at minimum.

Horizontal Deflection (m)
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Fig. 6 Comparison of the horizontal deflection, (a) Citarum project, (b) Dompak Project, (c) Batang Project
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Table 3. Comparison of horizontal deflection results

Field Data ~ —— Ve IR
RM YL Ywk
Citarum 5 oo 4350  5.08%
Project
Dompak 0 o 0
ot 25T%  A31%  663%
Batang ;0805 3079  5.85%
Project

Note: yL = Layering; yp & ygru =Average; yy,=Non-Linear

These results are consistent with the laboratory
study conducted by Agus P. Rahmad and Sumiyati
(2023). They stated that the difference in horizontal
deflection between the Reese Matlock model and
the laboratory test averaged 4.43%, while the
difference in horizontal deflection between the
Winkler model and the laboratory test averaged
7.73%. Their results were derived using silty sand
soil samples and two physical models: a steel pole
with diameter (D) of 0.02 m and length (L) of 0.6m
and another steel pole with D = 0.015m and L =
0.5m.

Refer to (Fig. 7), it can be found that the results
obtained from the current data (Citarum, Dompak,
and Batang Project) are in good agreement with the
measured data from Zhang (2015). In his
publication, semianalytical solutions using the
power series method were proposed to assess the
behavior of a vertical pile with varying cross
sections embedded in a multi-layered soil system.
The lateral deflection ended at normalized depth
equals 1, or it is approximately 40% of the pile
length, calculated from the head of the pile.

Consistently, the loading test result from the
field measurements show a similar trend with the
current results. The lateral deflection is diminished
at normalized depth equals to 1 or approximately
40% of the first meters of a pile length.

(Fig. 7) shows the smallest lateral deflection is
found at Citarum project while the highest is found
at Batang project. It is inversely proportional to the
value of average elastic modulus at Citarum project,
which has the highest number of Er = 57000 kN/m?,
followed by Dompak project at Er = 54000 kN/m?
and Batang project at Er = 53000 kN/m?2. Similar
result is also supported by Cao (2017). His work
presented a higher elastic modulus at higher
deflection resistance and smaller horizontal
deflection.

The horizontal deflection analysis for each
method used in conducting the projects are shown
in (Fig. 8). The results show that horizontal
deflection occurs in approximately 40% of the pile
length, with detailed values provided in Table 4.
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The horizontal deflection is approximately zero at
the deeper length (40% of the pile length). This
trend is also consistent with the previous results in
the laboratory study presented by Agus P. Rahmad
& Sumiyati G. (2023) and Zhang (2015).

It is worth noticing that the average value of
horizontal deflection along the pile is insignificant.
However, the difference in horizontal deflection
would be more obvious if looked at the first 10% of
the pile length, as presented in (Fig. 8). The lateral
deflections calculated using non-linear elastic
modulus are higher than the ones calculated using
the linear elastic modulus.

Horizontal Deflection (mm)
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Fig. 7 Comparison of horizontal deflections the
non-linear solution with field measurement

Table 4. The horizontal deflection effect occurs in
about 40% of the pile length.

Horizontal Deflection (m)

Citarum Dompak Batang
iﬁf;’t‘;‘i} d’ L=20m L=18m  L=17m
40%L 40%L 40%L
8m 7,2m 6,8m
Matlock
(1960), 3.0E-04 3.0E-04 3.0 E-04
YRrM
Layering,  50e05 30E-04  -5.0E-06
YL
Average, 0 E05  30E-04  -2.0 E-04
Yr
Winkler
(1867), -20E-05 40E-04  -1.0E-04
Ywk
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5. CONCLUSION

1.

In conclusion, several conditions for the soil
modulus elasticity value were considered, such
as average along the pile based on Reese

4. As discussed in the third conclusion, it was

recommended to consider the lateral bearing
strength of the pile foundation, particularly in
the first 40% of the pile length.

. The evaluation proved that non-linear elastic

Matlock (1960), ypu , layering, y,, average
along the pile, yg, and layered by Winkler
(1867), ywr . The results showed that the
average comparison of ygp/yerm, yr!/y., and
Yr!ywr at the Citarum project was 2.54%,
4.35% and 5.08%. For the Dompak and Batang
Projects, these comparisons were 2,57%, 4.37%
and 6.63%, as well as 2,28%, 3.07% and 5.58%,
respectively. These comparisons helped
evaluate the assumption of using average soil
elastic modulus along the pile in modeling to
simplify the analysis, considering factors
discussed in the subsequent points.

2. Horizontal deflection at the first meters of the
pile length is inversely proportional to the
average elastic modulus which depending on the
pile dimensions and the applied lateral force.

3. The results obtained indicated that the
horizontal deflection effect occurred in
approximately 40% of the pile length and
remained consistent in other areas with different
soil properties and lateral forces.

modulus analysis determined the surface
deflection, resulting in an excess of
approximately 10% to 14% horizontal
deflection at the first 10% of the pile length.
These results should be considered in
subsequent analysis of linear elastic modulus.
This consideration was essential as it could
potentially impact the recommended lateral

bearing capacity of the pile foundation.

6. As discussed in the fourth conclusion, it was
extremely essential to reconsider the use of the
assumption of linear elastic modulus in the
analysis, particularly in regions prone to
earthquakes or strong winds. This was
specifically relevant in the initial 10% of the pile
length.

7. The use of average elastic modulus at the first
10% of pile length need to be considered in the
lateral displacement analyses, as an alternative
to the adoption of a safety factor.

Horizontal deflection (m)
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Fig. 8 Comparison of the horizontal deflection, (a) by Reese Matlock (1960), ygu., (b) layering, y;, (c) average,
Yr, (d) by Winkler (1867), yy
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