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Abstract
P-y curves are used in the prediction of non-linear soil resistance resulting from the horizontal pile movement. Many of the
p-y curves have been developed in the 1970s for the petroleum industry to predict the horizontal capacity of piles supporting
oil platforms. These curves are based on the beam theory fed by strain-gauge data installed on several full-size pile tests. In
this particular study, a p-y curve formula for sand was developed using 34 finite element combinations. The p-y curve formula
includes the input of soil modulus, soil friction angle, soil unit weight and pile diameter. The results of the formula and the
finite element program were validated against the test data available in the literature.

Keywords p-y curve · Pile · Lateral pile loading · Midas GTS NX

1 Introduction

The primary purpose of piles is to provide vertical sup-
port for heavy structures like tall buildings, towers, dams,
bridge abutments, and power stations. These structures also
occasionally experience horizontal loads such as wind and
earthquake,which are transferred throughpiles to the ground.
Additionally, the oil platforms in water also experience
horizontal loads fromwaves and docked ships. The pile expe-
riencing a horizontal load moves on the direction of the load
at an amount of “y”. In this case the soil around the pile devel-
ops resistance on the opposite side of the point of application.
If the pile is treated as a beam, the lateral soil resistance can
be defined in terms of line load per unit length, “p”. The value
of “p” is analogous to passive pressure, which is dependent
on the amount of movement [1, 2]. Like in the passive pres-
sure concept, the researchers focused on the ultimate lateral
resistance of piles and offered several formulas for cohesion-
less soils. Brinch Hansen [3] offered a lateral earth pressure
coefficient for piles, in which the ultimate pile resistance is
calculated by multiplying the earth pressure coefficient with
pile diameter, soil unit weight and the depth. In the same
equation, Broms [4] employed three times the Rankine’s
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passive pressure coefficient as the lateral earth pressure coef-
ficient. Fleming et al. [5] offered the same value as the square
of the Rankine’s passive pressure coefficient. Reese et al.
[6] calculated the same value in terms of soil friction angle,
Rankine’s active pressure coefficient and the coefficient of
earth pressure at rest. In addition, Reese et al. [6] offered non-
linear p-y curves for sand. To determine the pile movement
or deflection “y,” Reese et al. [6] utilized large-size piles that
were equipped with strain gauges to measure the moment
distribution along the pile. By applying specific boundary
conditions and performing double numerical integration of
the moment measurements, they were able to calculate the
pile’s movement or deflection “y.” By performing a double
derivative of the moment, Reese et al. [6] obtained the lateral
soil resistance “p” with a certain level of accuracy. Another
study by Zang [7] includes the elastoplastic semi-analytical
solutions of lateral pile response under vertical and lateral
loads.

Reese et al.’s method of deriving p-y curves for sand,
which is based on full-size tests and employs a nonlin-
ear formulation, continues to be widely used in practical
applications. This approach, due to its reliance on real-scale
experiments and its ability to capture nonlinearity, remains
a prevalent and valuable method in the field. Besides a few
numbers of full-size tests, there are also a couple of laboratory
tests focusing on horizontal pile loading [8–12]. Centrifugal
laboratory tests have also been conducted to study p-y curves
[13, 14]. Bouzid [15] employed the finite element method
with Fourier series to derive p-y curves for pile segments. A
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Fig. 1 Apile, a at rest with no horizontal deformation, b under the effect
of a horizontal load creating a horizontal deformation “y” which is a
function of depth “x”

more recent approach involved the use of tunedmass dampers
to determine spring coefficients using p-y curves [16].

While the beam theory has proven valuable in the develop-
ment of p-y curves for practical applications, it is important
to note that the problem of determining lateral pressure in
relation to pile deflection is inherently a three-dimensional
(3D) problem. The beam theory simplifies the problem by
assuming one-dimensional behavior along the length of the
pile, neglecting the complexities introduced by lateral vari-
ations. However, in reality, the interaction between the pile
and soil is a complex 3D phenomenon that requires more
sophisticated approaches, such as advanced computational
models, to accurately capture the true behavior of the system.
Nowadays, using advanced computational power, it is possi-
ble to create 3D models of pile-soil interaction. In the study,
a nonlinear p-y curve formula for sand was developed using
thirty-four 3D finite element (FE) model configurations. The
p-y curve formula includes the input of soil modulus, soil
friction angle, soil unit weight and pile diameter. The FE
model was validated against the laboratory test performed
by Meyerhof and Sastry [9]. The formula’s predictions for
the ultimate lateral soil resistance were also compared with
values available in existing literature, ensuring the accuracy
and reliability of the developed formula.

2 Statement of the Problem

A pile standing at rest such as demonstrated in Fig. 1a. has
a circular uniform lateral earth pressure acting on its body
(Fig. 2a). When a horizontal force applied on the top, it

Fig. 2 Pressure distribution around a a pile at rest, b a pile under the
effect of a horizontal load [17]

Fig. 3 a Net soil pressure due to horizontal load F in 3D environment,
bNet soil pressure simplified to a line load to be used with beam theory

deflects at an amount of “y” (Fig. 1b). As the depth “x”
increases, the amount of deflection decreases. When a hori-
zontal load is applied, the circular and uniform shape of the
lateral load is altered, causing it to bulge towards the opposite
side of the load application point. This phenomenon can be
observed in Fig. 2b [2]. In this scenario, the net horizontal lat-
eral pressure exhibits a profile similar to the one depicted in
Fig. 3a. It is important to note that the pile is treated as a three-
dimensional structure, and as a result, the conventional beam
theory principles used to calculate moment along the pile
length do not apply. By integrating the pressure distribution
shown in Fig. 3a in the “z” direction, a line-type soil resis-
tance “p” can be obtained, represented in units of [F]/[L], as
illustrated in Fig. 3b. The soil resistance “p” varies along the
depth "x" of the pile.Consequently, p-y curves need to begen-
erated at specific intervals corresponding to different depths
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Fig. 4 Characteristic shape of p-y curves offered by Reese et al., [6]

to accurately capture this variation in soil resistance with
depth. The characteristic shape of p-y curves by Reese et al.
[6], which are widely used in current practice, are demon-
strated in Fig. 4. The curves are given for various depths.
As the depth increases the ultimate resistance increases. The
curve has an inclined line section at the beginning, then
a curved section, followed by an inclined line section and
finally a flat section. The start of the curved section is variable
with depth; however, the start and end points of the second
inclined linear section are constant for all depths (Fig. 4).
The p-y curve is obtained using the input parameters such as
soil friction angle, Rankine’s active pressure coefficient and
the coefficient of earth pressure at rest. The initial inclined
section of the p-y curve is a function of the soil modulus. Soil
modulus is defined in terms of bedding coefficient in [F]/[L]3.
The bedding coefficients for loose, medium and dense sands
are provided in the reference. The procedure described here
has beenoffered50years ago and it is stillwidely practicedby
engineers. However, with the increasing computing power,
this procedure can be further advanced. For this purpose, in
this study, a new p-y curve formula has been developed based
on 34 FE model configurations in Midas GTS NX program.
The formula developed using the power of 3D finite element
(FE) modeling is well-suited to meet the requirements of
modern engineering practice. Its derivation through rigorous
modeling techniques ensures its applicability and accuracy in
practical scenarios. The validation of the FE model, as well
as the subsequent development and application of the for-
mula, are presented and discussed in the following sections
of the study.

3 Validation of the FEModel

TheFEprogramMIDASGTSNX(ver. 2019-1.1),whichwas
used in the derivation of the p-y formula, will be validated
against the laboratory horizontal loading test by Meyerhof

Fig. 5 The general view of the test facility [9]

and Sastry [9]. The main goal is to create a reasonably iden-
tical model of the reference laboratory test and compare the
results. Meyerhof and Sastry applied vertical eccentric and
centric inclined loads to a steel pile in 0.007 m wall thick-
ness, 1.1 m in length and 0.074 m in diameter (Fig. 5). The
0.95 m long portion of the pile was embedded in sand with
an effective grain size D10 of 0.38 mm, uniformity coeffi-
cient of Cu of 2.8, triaxial test internal friction angle of 30°.
The relative density of sand was around 20%, which is clas-
sified as loose sand. The sand was contained in a corrugated
steel drum in 1 m diameter and 1.6 m height. The sand was
funneled into the drum to obtain a density of 13.6 kN/m3.
The pile was jacked into the soil at a rate of 13 mm/min. Of
the various loading conditions, the horizontal centric loading
condition was incorporated in the validation. The horizontal
failure load was 2.35 kN. During the loading, the soil resis-
tance was measured with pressure transducers on both sides
at various depths as depicted in Fig. 5.

After the completion of pile loading tests, a cone pen-
etrometer test (CPT) was performed in the vicinity of the
test pile. The CPT results are demonstrated in Fig. 6. In the
scope of this study, two linear curves were fitted to the Mey-
erhof and Sastry’s CPT data to obtain cone resistance qc as
depicted in Fig. 6.

The FE model of Meyerhof and Sastry’s test was created
according to the provided data in the reference paper. The
FE model dimensions were set to match the parameters used
in the original laboratory test. The steel drum around the
sand was not modelled directly, instead of this, vertical and
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Fig. 6 The cone resistance plot in the Meyerhof and Sastry’s test and
fitted two curves

horizontal boundaries were employed on the sides and the
bottom (Fig. 7a.). The steel pile was modelled with linear
elastic material with an elastic modulus of 210 000 MPa.
The Mohr–Coulomb soil model was employed for sand. The
soil modulus of the sand was calculated according to the
CPT data. As demonstrated in Fig. 6., there are two zones
for sand, at both zones the cone pressure value increases
linearly but at different rates. The cone pressure value in
the first and the second zone can be approximated with the
following formulas, respectively: qc1 � 750x, and qc2 �

450x. As reported by Bowles, the soil modulus value of sand
corresponds to three times of its cone resistance value [18].
Therefore, the soil modulus of the first and the second zones
are calculated as E1 � 2250x, and E2 � 1350x. Thanks to
the variable soil modulus option of the FE program, these
two equations could directly be incorporated into the soil
modulus. The soil media was meshed with tetrahedral and
hexahedral elements with mid-side nodes.

In the actual test by Meyerhof and Sastry, the sand was
deposited by funnel into the steel drum. In the FE program,
this corresponds to the initial stage, where only sand layers
were activated to generate initial stresses. During this stage,
the coefficient of lateral earth pressure ko was set to 0.5. Dur-
ing the actual test, the hollow pipe section was jacked into
the ground. Jacking is known to generate compaction in the
ground. In the FE model, this was not possible, therefore,
in the second stage the material property of the sand vol-
ume corresponding to the location of the steel pipe was set
to steel (Fig. 7b). It is believed that the compaction effect
of jacking has been reflected in the final soil modulus value,
because the CPT test data was obtained after the jacking of
the pile. In the last stage, the 2.35 kN point load equivalent
surface load of 1571.5 kPa was introduced into the system in
ten steps. In the FE model, the steel pile was surrounded by
an interface. The interface was useful in reading the lateral
pressure between soil and steel pile. The pressure readings
were taken at the locations where there are actual pressure
transducers in the reference test. Two example locations are
demonstrated in Fig. 7c. The lateral earth pressures obtained
from FE model and the test are plotted in Fig. 8. The general

Fig. 7 The details of the FE
model of the test by Meyerhof
and Sastry [9] a the general view
of the mesh, b the view of the
inner purple section including the
pile, c an interface ring
surrounding the pile
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Fig. 8 The lateral pressure plots of the FE validation model and the test
by Meyerhof and Sastry [9]

shape of both curves is very similar, especially the maxi-
mum point and the point where the line intersects the y axis.
Although the location of important points coincides, there
are deviations at the maximum values on the right and the
left side. It would be very surprising if these points coincide
exactly using the soil modulus correlated from CPT data.
Overall, the FE program and the reference test are in good
agreement in terms of geotechnical point of view. This indi-
cates that the 3D model, when coupled with Mohr–Coulomb
soil properties, can accurately replicate the behavior of a pile
under horizontal loading conditions.

4 The Setup of FEModel for Formula
Derivation

The p-y formula was derived by analyzing data from 34 dif-
ferent combinations of finite element (FE) models. These
combinations include various pile diameters, soil moduli E,
soil internal friction anglesφ, soil unit weights γ. If the soil is
saturated with water the effective soil unit weight should be
used. The soil around the pile has been divided into 4 zones,
which were 3 m, 3 m, 6 m and 8 m in height (Fig. 9). By
employing this approach, specific soil moduli and internal
friction angles can be assigned to the different layers within
the FE models. In the 34 FE model combinations, while spe-
cific values for soil modulus and internal friction angle were
assigned to each soil layer, the soil unit weight (γ) remained
consistent across all the layers. The input parameter details
for these 34 FEmodel combinations, including soil modulus,
internal friction angle, and other relevant information, can be
found in Table 1.

The general mesh view of the FE model for the formula
derivation is demonstrated in Fig. 10a. The soil layers men-
tioned earlier are shown in different colors. A more detailed

Fig. 9 Demonstration of soil layers around the 20 m-long pile

view of the mesh is demonstrated in Fig. 10b. Based on
the provided figure, it is evident that the pile is centrally
positioned within the soil media. The length of the pile was
constant and 20m. The diameter “D” of the pile was variable,
briefly, 0.25 m, 0.5 m, 1 m and 1.5 m at various FE model
configurations. The side length of the soil media was set to 4
times of the diameter. The height of the soil media was 25 m.
A pattern-type mesh was employed in the analysis, consist-
ing of large hexahedral elements surrounding the sides of the
model. In the vicinity of the pile, a finer mesh was utilized,
incorporating either hexahedral or tetrahedral elements. The
inner side of the pile was filled with cotton-like elastic ele-
ment with a unit weight set equal to that of the soil in the
vicinity. This provided proper generation of initial stresses.
The utilization of a cotton-like elastic element, characterized
by a very lowmodulus of elasticity, within the pile is justified
and will be further explained in the following paragraphs.

In the validationmodel of the pilewith an embedded depth
of 0.95 m, the horizontal pressure distributed along the pile’s
entire depth. However, if that pile was wider and longer such
as 0.5 m in diameter and 10 m in length, unlike the small
test pile, the pressure increase due to horizontal load would
be much more concentrated within the first 2–3 m length
of the 10 m-long pile. Such a concentration scheme is also
valid for the horizontal deflection “y”. Briefly, the deflection
would be much higher at the top sections, whereas it would
bemuch smaller at lower sections. If the p-y curves at various
depths would like to be obtained from a horizontally loaded
pile, it would be possible to obtain p-y curves for the first
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Table 1 The input parameter details of 34 FE model combinations

No Soil Modulus (1000 × kPa) int. friction (o) Dia.(m) Unit W.
(kN/m3)

1–4 (E1, E2, E3, E4) � (10,10,10,10), (25, 25,
25,25), (50, 50, 50,50), (100, 100, 100,100)

(φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 1.5 γ � 16

5–8 (E1, E2, E3, E4) � (10,10,10,10), (25, 25,
25,25), (50, 50, 50,50), (100, 100, 100,100)

(φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 0.25 γ � 16

9–13 (E1, E2, E3, E4) � (25,50,50,50), (25, 25, 50,
50), (50, 25, 25, 25), (10, 25, 50, 100), (50,
60, 75, 100)

(φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 0.25 γ � 16

14–17 (E1, E2, E3, E4) � (25,25,25,25) (φ1) � 30, 26, 38, 42, (φ2, φ3, φ4) �
(34,34,34)

D � 0.25 γ� 16

18–24 (E1, E2, E3, E4) � (25,25,25,25) (φ1, φ2, φ3, φ4) � (32°,32°,32°,32°),
(36°,36°,36°,36°), (38°,38°,38°,38°),
(40°,40°,40°,40°), (42°,42°,42°,42°),
(44°,44°,44°,44°), (32°,35°,38°,41°)

D � 0.25 γ� 16

25–28 (E1, E2, E3, E4) � (25,25,25,25) (φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 0.25 γ� 14, 18, 20,
22

29–30 (E1, E2, E3, E4) � (25,25,25,25) (φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 0.5, 1 γ � 16

31 (E1, E2, E3, E4) � (50,50,50,50) (φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 0.25 γ’ � 6

32–34 (E1, E2, E3, E4) � (25,25,25,25) (φ1, φ2, φ3, φ4) � (34°,34°,34°,34°) D � 0.5, 1, 1.5 γ’ � 6

Fig. 10 a General, b detailed mesh of view the 34 FE model combinations

2–3 m, however, at lower depths, this is not possible, since
the deflection y is too small. In otherwords, p-y curve at lower
depths such as demonstrated in Fig. 4 cannot be completed
due to insufficient large y values. To overcome this issue,
instead of loading a monolithic pile horizontally from the
top, a prescribed displacement was applied to a pile ring
section in 0.05 m height at every 0.5 or 1 m. Such a pile ring

is demonstrated in Fig. 11. The prescribed displacement had
a maximum value of 0.03 m and was applied in 10 steps. The
locations of these rings on the pile volume are demonstrated
in Fig. 12.

Similar to the validation model, a staged construction pro-
cedure was implemented in the finite element (FE) models
used for deriving the p-y formula. In the first stage, initial
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Fig. 11 A pile ring along with an interface surrounding it, subjected to
horizontal prescribed displacement

Fig. 12 The longitudinal view of the pile body demonstrating the loca-
tions of steel rings

stresses were developed by assigning Mohr–Coulomb soil
properties to the entire volume except the inner cotton-like
volume demonstrated in Fig. 10b. In the modeling process,
the generated displacements were initially set to zero, indi-
cating the initial state of the system. In the second stage,
the properties of the volumes corresponding to the ring loca-
tions were changed to simulate the presence of steel material
(as shown in Fig. 12). Similarly, in this stage, the generated
displacements were again set to zero to maintain the initial
equilibrium.

In the third stage, a horizontal displacement was applied
to the steel rings in the x direction. This displacement was
incrementally increased in ten steps, with each step corre-
sponding to a displacement of approximately 0.03m. In other
words, “y” values of p-y curve become simply the multiples
of 0.003 m. s the net pressure resistance develops around the
steel ring, it can be divided by the diameter D of the ring
to obtain the corresponding “p” value of the p-y curve. This
“p” value represents the lateral soil resistance exerted on the
pile per unit length. Furthermore, the presence of the steel
ring also results in the dragging of the cotton-like material
from both the top and bottom sides. Since the modulus of
elasticity of this material was set to a very low value, the
resistance contribution from this material is negligible. The
net soil resistance, that the pile ring experiences, is calculated
by summation of pressures in the x direction acting on the
plane interface elements around steel ring. This is analogous
to the net-pressure demonstrated in Fig. 3.

5 Formula Description

The formula was derived from the output data of the 34 FE
model configurations by implementing multivariable regres-
sion analyses. The list of input parameters used in various
combinations are given in Table 1. In each model combina-
tions, a group of data (240 count) composed of x, y and p
values were generated. The total number of data couples for
34 FE model configurations were 8160. The Solver function
in MS Excel® was employed for regression analyses. The
details of the regression analyses are presented in Appendix
S1. The lateral soil resistance p (in [kN/m]) can be estimated
with the following equation:

p � xa ∗ yb
(
c + d ∗ xe ∗ y f

) ∗ D(g+1) ∗
(

En

105

)h

∗
(

φn

34

)i

∗
( γ

16

) j

(1)

where a, b, c, d, e, f, g, h, i and j are the fitting coefficients
(Table 2), x (in [m]) is the depth, y (in [m]) is the deflection
of pile at a certain depth x, En (in [kN/m2]) is soil modulus
at layer n, n is 1, 2, 3 and 4, φn is the internal friction angle
of soil at layer n and γ is the unit weight of soil (([kN/m3]),
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Table 2 The fitting coefficients
of the p-y equation Range of x a b c d e

0.0001 ≤ x < 3 0.174376 0.846639 0.000038 0.009134 − 2.376373

3 ≤ x < 6 0.205362 0.807185 0.000036 0.005577 − 5.268525

6 ≤ x < 9 0.202343 0.807301 0.000034 0.005577 − 5.268525

9 ≤ x ≤ 20 0.253022 0.810901 0.000038 0.005577 − 5.268525

Range of x f g h i j

0.0001 ≤ x < 3 1.382370 − 0.424825 0.464454 1.088613 0.514760

3 ≤ x < 6 5.903368 − 0.279820 0.600173 1.132096 0.256712

6 ≤ x < 9 5.903368 − 0.211116 0.580252 0.977143 0.140122

9 ≤ x ≤ 20 5.903368 − 0.193878 0.579500 0.825870 0.146984

Fig. 13 p-y curves at various x depths including the parameters, En �
50,000 kPa, φn � 35°, � , γ18 kN/m.3, D � 0.25

see Fig. 9.). The effective unit weight should be considered
if the soil is saturated with water.

6 Results and discussions

6.1 Influences of Input Parameters on pValue

In this section, some p-y curves will be plotted using the for-
mula given in Eq. 1. Figure 13 demonstrates the p-y curves at
different x depths for the constant values of En � 50,000 kPa,
φn � 35°,γ� 18 kN/m3,D� 0.25m.The curve at x� 0.50m
has a nonlinear shape, which flattens at around 0.005 m of
displacement. The ultimate p value at x � 0.50 m is 70 kPa.
The curve at x� 1m has also a nonlinear shape, but it flattens
at a much greater displacement, which is about 0.02 m. The
ultimate p value is greater than 200 kPa. At greater depths the

nonlinearity diminishes, the reached p values are greater, but
the flattening of the curve occurs at a greater displacement.

This can be explained by examining the total displacement
shadings presented in Fig. 14. Due to the prescribed displace-
ments induced on the pile rings, displacement wedges move
toward to the top of soil strata, where the confining pressure
is low. This is analogous to the bearing capacity failure of a
footing. At early stages the wedge formation is only appar-
ent for the depths of 0.5 m and 1 m (Fig. 14a). In the final
stage of the displacement loading, a wedge starts to appear
for the depths of 2 m and 3 m. The depths, where the wedges
are apparent, the p-y curves have a flattening trend (Fig. 13).
For example, the curve for the depth of 2 m has not fully
flatten yet, because the wedge has not been fully developed
(Fig. 14b).

Unlike the curves offered in this study, the peak strength
values of the p-y curves offered by Reese et al. [17] include a
constant strain level (or displacement level) for peak strength
(ultimate resistance, see Fig. 4).

The change of p value with the increasing soil modulus
is demonstrated in Fig. 15. The soil modulus value ranged
between 20 and 80MPa.Other parameterswere kept constant
(x � 1 m, φn � 35°, γ � 18 kN/m3, D � 0.50 m). According
to Fig. 15, the ultimate p value as well as the initial slope have
a declining increase with increasing soil modulus value.

The change of p value with the increasing soil friction
angle is demonstrated in Fig. 16. The soil friction angle
ranged between 30° and 42°. Other parameters were kept
constant (x � 1 m, E2 � E3 � E4 � 50,000 kPa, γ � 18
kN/m3, D � 0.50 m). According to Fig. 16, the ultimate p
value as well as the initial slope had a constant increase with
increasing soil friction value.

Similarly, the unit weight of soil (γ) was changed within
the range of 14–20 kN/m3. There is a minor increase in p
value with increasing γ value (Fig. 17).

Finally, the change of p valuewith increasing pile diameter
is demonstrated in Fig. 18. As expected, p value increases
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Fig. 14 The total displacements of pile rings: a at early displacement stages, b at further displacement stages

Fig. 15 p-y curves at various E1 values including the parameters, x �
1 m, φn � 35°, γ � 18 kN/m3, D � 0.50 m

with increasing pile diameter. However, the average lateral
pressure on the pile, p/D (kN/m2) has an opposite trend. As
the diameter increases, the average lateral pressure decreases
(Fig. 19).

Fig. 16 p-y curves at various φ1 values including the parameters, x �
1 m, E2 � E3 � E4 � 50,000 kPa, γ � 18 kN/m3, D � 0.50 m

6.2 Ultimate lateral resistance pult

In the literature, the ultimate lateral resistance pult has been
estimated by several researchers. Brinch Hansen offered the
following expression for pult [3]:
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Fig. 17 p-y curves at various γ values including the parameters, x �
1 m, φn � 35°, En � 50,000 kPa, D � 0.50 m

Fig. 18 p-y curves at various D values including the parameters, x �
1 m, φn � 35°, En � 50,000 kPa, γ � 18 kN/m.3

Fig. 19 P/D-y curves at various D values including the parameters, x �
1 m, φn � 35°, En � 50,000 kPa, γ � 18 kN/m.3

pult−Hansen � Kq .ϒ.x .D (2)

where Kq � Brinch Hansen’s earth pressure coefficient as a
function of internal friction angle, γ � unit weight of soil, x
� depth and D � pile diameter.

Broms used three times of Rankine’s passive pressure
coefficient value (Kp � tan2(45° + φ/2)) and suggested the
following formula [4]:

pult−Broms � 3Kp.ϒ.x .D (3)

Fleming et al. offered the same value replacing the 3Kp

term with (Kp)2 [5]:

pult−Fleming � Kp
2.ϒ.x .D (4)

Reese et al. calculated the same value in terms of soil
friction angle, Rankine’s active pressure coefficient and the
coefficient of earth pressure at rest [6]. Reese et al. gave the
ultimate resistance near and below the ground surface inEq. 5
and Eq. 6, respectively as [6]:

pult−Reese near � γ .x .
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2
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2
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2

)
.tan

(
φ

2

)
)

+Ko.x .tan(45 +
φ

2
).(tan(φ).sin(45

+
φ

2
) − tan(

φ

2
)) − Ka .D

⎤

⎦ (5)

pult−Reese below � D.γ .x .

[
Ka .

(
tan8

(
45 +

φ

2

)
− 1

)

+Ko.

(
tan(φ).tan4

(
45 +

φ

2

))]

(6)

where Ko � the lateral earth pressure coefficient at rest� 0.4
and Ka � Rankine’s active lateral earth pressure coefficient
� tan2(45°− φ/2).

The plots of the ultimate lateral resistance values for a
pile with D � 0.5 m, φ � 35°, γ � 18 kN/m3 accord-
ing to the various researchers are demonstrated in Fig. 20.
It should be here noted that pult value is analogous to pas-
sive pressure, which only occurs at large displacements [2].
According to Fig. 20, the pult values offered by Broms and
Fleming et al. are quite close whereas Brinch Hansen’s and
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Fig. 20 Ultimate lateral resistance pult and soil resistance at a given
displacement p@disp

Reese, et. al.’s estimations yield greater pult values. Gener-
ally, the pult value increases with depth. Understanding the
pult value at a certain depth might be challenging. Let’s say
2% axial strain is allowed at a certain granular soil. A pile in
10 m in length and 0.5 m in diameter is pushed from the top
until 2% strain occurs within the first 2 m depth. According
to various researchers, the pult value at 2 m depth is about
200 kPa, whereas at the bottom of the pile this value is around
800–4000 kPa (see Fig. 20). Because there will be smaller
soil strains at the lower depths than at the top, it is not pos-
sible to reach pult value in lower depths unless the topsoil
undergoes a very large displacement such as 10–20% axial
strain. Such large strains are not allowed in properly designed
piles, therefore large pult values at lower depths in Fig. 20 are
usually not encountered in practice.

The pult value for the same soil and pile was formerly
demonstrated in Fig. 13. At the depths x � 0.5 m and x �
1 m, the ultimate lateral resistance value pult can easily be
reached at smaller displacement values such as 0.02m. How-
ever, for the depths greater than 1 m, pult value can not be
reached within 0.02 m of displacement (see Fig. 13). There-
fore, for the formula offered in this study, pult will be replaced
with p@disp, which indicates the soil resistance at a given
displacement. p@disp values corresponding to displacement
values 0.005 m, 0.01 m and 0.03 m respectively are plotted
in Fig. 20. As shown in the figure, the p@%disp value (lateral
soil resistance at a certain percentage of pile displacement)
exhibits high variability depending on the displacement. This
variability indicates that the lateral soil resistance is not a con-
stant value but rather changes as the pile undergoes different
levels of displacement.

7 Conclusion

This study proposes empirical formulas based on finite ele-
ment analysis (FE) to estimate p-y curves for piles embedded
in sand, with a maximum depth of 20 m. The formulas take
into account parameters such as soil modulus, friction angle,
and pile diameter. The following statements can be made:

• The formula incorporates a wide range of parameters,
including soil modulus, internal friction angle, and pile
diameter. The FE-based p-y curves allow for modeling of
elasto-plastic behavior, with the soil modulus influencing
the estimation of these curves.

• When a horizontally loaded pile is considered, the p-y
curves initially flatten at shallow depths but exhibit a more
linear trend at greater depths. The depth at which the p-y
curve flattens varies, unlike the current practice where a
constant displacement value is assumed for the flattening
point.

• The most significant factors influencing the p value are
the internal friction angle of the soil and the pile diameter.
Conversely, the soil unit weight has a relatively smaller
effect.

• While the p value in kN/m increases with increasing pile
diameter, the average lateral earth pressure (p/D) in kN/m2

decreases as the diameter (D) increases.
• In 3D structural analysis software, piles beneath buildings
are commonly represented as beam elements supported by
springs. The provided formula can be utilized to calculate
the spring coefficients for these pile models.

• In addition to horizontal springs, the piles are also sup-
ported by vertical springs. However, the force–displace-
ment relations for the vertical springs have not been
derived in this work. As a potential area for future
research, it would be beneficial to investigate and develop
the force–displacement relationships for these vertical
springs.

• Modeling piles using beam and spring elements provides
a certain level of accuracy; however, it is important to note
that in reality, the soil is continuous, meaning the springs
surrounding the piles are interconnected.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13369-023-08121-z.

Data availability Some or all data, models, or code generated or used
during the study are proprietary or confidential in nature and may only
be provided with restrictions (Output files of Midas GTS NX runs).
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