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Abstract: The large-diameter monopiles are the most preferred foundation used in offshore wind
farms. However, the influence of pile diameter and aspect ratio on the lateral bearing behavior of
monopiles in sand with different relative densities has not been systematically studied. This study
presents a series of well-calibrated finite-element (FE) analyses using an advanced state dependent
constitutive model. The FE model was first validated against the centrifuge tests on the large-diameter
monopiles. Parametric studies were performed on rigid piles with different diameters (D = 4–10 m)
and aspect ratios (L/D = 3–7.5) under a wide range of loading heights (e = 5–100 m) in sands with
different relative densities (Dr = 40%, 65%, 80%). The API and PISA p-y models were systematically
compared and evaluated against the FE simulation results. The numerical results revealed a rigid
rotation failure mechanism of the rigid pile, which is independent of pile diameter and aspect ratio.
The computed soil pressure coefficient (K = p/Dσ′v) of different diameter piles at same rotation is
a function of z/L (z is depth) rather than z/D. The force–moment diagrams at different deflections
were quantified in sands of different relative density. Based on the observed pile–soil interaction
mechanism, a simple design model was proposed to calculate the combined capacity of rigid piles.

Keywords: large diameter; rigid; monopile; 3D finite element analysis; sand; hypoplastic; com-
bined capacity

1. Introduction

The offshore wind energy has achieved significant development in recent years with
a global installation of 31.9 GW by the end of 2020 compared with 3.3 GW in 2011 [1].
Currently, in shallow waters with depth of less than 40 m, the monopiles are the most
widely used foundation type for supporting OWTs, accounting for more than 87% of all
installations in Europe [2]. The monopile foundations used in offshore wind farms usually
have a diameter (D) larger than 6 m, but aspect ratio (L/D, L is embedded length) much less
than 8 [3–6]. Meanwhile, monopiles with diameter larger than 10 m are under consideration
for the larger capacity OWT in deeper waters [7]. These large-diameter short monopiles
exhibit a rigid pile behavior under lateral loading [8].

The OWTs are subjected to combined horizontal force and overturning moment
simultaneously from the actions of wind, wave and currents. The equivalent loading
eccentricity of horizontal force can reach 2.5L (L is pile embedded length) above the
ground surface [9,10]. The combined load-bearing behavior of large-diameter rigid piles
is one of the most crucial factors in the foundation design of OWTs. Among all the
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existing analysis methods, the p-y method is still the most widely used one for the laterally
loaded monopile due to its simplicity and high efficiency. In this method, the monopile
is modelled by the beam elements while the soil is represented by a series of nonlinear
springs distributed along the pile length. During past decades, many p-y models have been
proposed for the laterally loaded pile in sand, including (but not limited to) Reese et al. [11],
Bogard and Matlock [12], O’Neill and Murchison [13], Georgiadis et al. [14], Klinkvort [15],
Kirkwood [16], Zhu et al. [17], Wang et al. [18], Suryasentana and Lehane [19], Suryasentana
and Lehane [20], etc. Of all the existing p-y models, the ones proposed by Reese et al. [11],
Bogard and Matlock [12] and O’Neill and Murchison [13] share the same root, being
based on the same field tests on the small diameter flexible piles in very dense sand. The
version proposed by O’Neill and Murchison [13] was adopted by the API code [21] and
has been used in the pile design of oil and gas platform for decades. The API p-y model
was also directly used in the initial age of offshore wind farm design. However, it was
found that the API p-y model is not suitable for the design of large-diameter monopiles [3].
Experimental results in Georgiadis et al. [14], Klinkvort [15], Kirkwood [16], Zhu et al. [17]
and Wang et al. [18] all suggested a significant overestimation of lateral pile stiffness from
the API p-y model. Lam and Martin [22] and Ashour and Helal [23] argue that the additional
resistance provided by the base shear, base moment and the shaft friction in addition to the
p-y curves should be considered for the rigid pile. Inspired by Lam and Martin [22] and
Ashour and Helal [23], Byrne et al. [24] proposed a four-spring model to incorporate all the
components based on a series of field tests and numerical simulations. A completely new
form of p-y models was proposed for the rigid pile [25]. However, it should be noted that
numerical [25] and field test [8] results suggested that the influence of pile base is less than
10% for most cases. The response of monopile is still mainly controlled by the p-y curves.
Although new p-y models have been proposed, no systematic studies have been carried
out to discuss the difference and evaluate the performance against the API p-y models.

Apart from the p-y method, FE modelling has been used more in analyzing the lateral
bearing behavior of monopiles due to the development of computation power and soil
modelling. Numerical simulations on the monopile under lateral loading have been
performed by Achmus et al. [26], Achmus et al. [27], Thieken et al. [28] and Ahmed and
Hawlader [29]. Same overestimation of pile response by API p-y models was reported
for the large-diameter monopile. However, most of the existing numerical studies were
performed using an elasto-perfect plastic model with Mohr–Coulomb failure criteria. The
state-dependent behavior of sand with different relative densities cannot be modelled.

Up to date, no systematic studies have been conducted to quantify the combined
lateral bearing capacity of large-diameter monopiles with different diameters and aspect
ratios in sands with different relative densities. Nor have the difference and performance
of existing p-y models been discussed and evaluated. This study presents a comprehensive
three-dimensional finite element (FE) study on the lateral bearing behavior large diameter
monopiles in sands with three different relative densities (Dr = 40%, 65%, 80%). To
model the nonlinear, state-dependent behavior of sand, an advanced hypoplastic model
was adopted. The FE model was first validated against the centrifuge tests of large-
diameter monopiles in sand. A wide range of pile diameters (D = 4, 6, 8, 10 m), aspect
ratios (L/D = 3, 3.75, 5, 7.5) and loading eccentricities (e = 5, 10, 20, 40, 60, 80, 100 m) were
investigated using the validated FE model. The traditional p-y model in API from small-
diameter flexible pile and that newly proposed by Burd et al. [25] for large-diameter
monopile were systematically compared and evaluated. The combined force–moment
capacities of monopiles under different deflection criterion in sands with different relative
density were also quantified. A simple model based on the soil pressure distribution along
the rigid pile is also proposed to calculate the combined capacity of monopiles.

2. Discussion on the Existing p-y Models

The p-y model in API was originally proposed based on field tests of small-diameter
flexible piles and mainly used for the design of long flexible piles in oil and gas industry.
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On the contrary, the p-y model proposed by Burd et al. [25] is part of the output from the
most recent research of the PISA project based on the field tests and numerical simulations
on large-diameter short monopiles. The model is proposed specifically for the monopile
used in offshore wind farms. Therefore, before looking into the simulation results from FE
modelling, it is worth first discussing and comparing the two p-y models in API [21] and
Burd et al. [25].

Table 1 presents the formulation and model parameter definition of the p-y models in
API [21] and Burd et al. [25]. As shown in the table, the p-y model in API adopts a tangent
hyperbolic function as the backbone function. Two model parameters are required to define
the p-y curves, i.e., the initial stiffness coefficient k and the ultimate resistance pu corrected
by the depth factor A. It can be seen that the stiffness coefficient k and soil resistance pu is
only function of soil friction angle. As a result, the initial stiffness of p-y curves increases
linearly with depth. Meanwhile, as shown in the table, there is a sudden change of pu and
A at a certain depth as depth increases. The ultimate resistance “Apu” will be a function of
z/D, meaning that the soil pressure p/D of different diameter piles at same depth z will be
different. Compared with the API p-y model, the p-y model proposed by Burd et al. [25]
from the PISA project employs a four-parameter conic function as the backbone function.
Each of the four model parameters (k, pu, yu, n) has a straightforward interpretation, where
the parameter k controls the initial slope, pu is the ultimate value of the normalized soil
reaction, yu is the required normalized displacement to mobilize the ultimate value of soil
reaction. The parameter n (0 ≤ n ≤ 1) controls the nonlinear transition part between the
initial and the ultimate. Instead of soil friction angle, the model parameters of the PISA
p-y model are defined in terms of soil relative density. It should be noted that the model
parameters in Table 1 were proposed based on the numerical simulations validated against
the field tests performed in a dense marine sand at Dunkirk [10].

Table 1. The p-y models in API [21] and Burd et al. [25].

p-y Model Backbone Formulation Model Parameter

API [21] p = Aputanh
[

kz
Apu

y
]

k =
(
0.008085ϕ2.45 − 26.09

)
× 103

pu = min
{

(C1z + C2D)γ′z
C3Dγ′z

C1 = 0.115× 100.0405ϕ

C2 = 0.571× 100.022ϕ

C3 = 0.646× 100.0555ϕ

A = 3− 0.8 z
D ≥ 0.9 for static

A = 0.9 for cyclic

Burd et al. [25]

p =

{
pu

2c
−b+

√
b2−4ac

y ≤ yu

pu y ≤ yu

yu = 146.1− 92.11Dr
k = k1 + k2

z
D

a = 1− 2n k1 = 8.731− 0.6982Dr

b = 2n y
yu
− (1− n)

(
p

pu
− yk

pu

) k2 = −0.9178
n = 0.917 + 0.06193Dr

c = (1− n) yk
pu
− n y2

y2
u

pu = pu1 + pu2
z
L

p = p/(σ′vD) pu1 = 0.3667 + 25.89Dr
y = yG0/(σ′vD) pu2 = 0.3375− 8.900Dr

Note: D is pile diameter, L is pile embedded length, z is depth, γ′ is effective soil weight, ϕ is soil friction angle,
Dr is soil relative density, G0 is shear modulus, σv

′ is vertical effective stress.

To directly compare the p-y models in API [21] and Burd et al. [25], p-y curves at
different depths of typical large diameter monopiles in medium dense sand (Dr = 65%)
were calculated and are presented in Figure 1. Figure 1a shows the normalized p/Dσv

′-y/D
curves of different diameter piles at the depth of 2D below the ground surface. As shown
in the figure, the API p-y model gives the same normalized curves for all the diameter
monopiles, suggesting that the p-y curve is defined in terms of the depth ratio z/D. On the
contrary, the p-y curves calculated from PISA model are different for different diameter
monopiles. This is because that the p-y curves in the PISA model are defined in terms of
depth ratio z/L, as shown in Table 1. Therefore, although the z/D ratios of p-y curves in
Figure 1a are same, the z/L ratios are different due to the change of pile diameter. When
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calculating the p-y curves at the same depth of 5 m, as shown in Figure 1b, the p-y curves
in PISA model all converged with each other compared with the API p-y model.
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Figure 1. Typical p-y curves of API [21] and Burd et al. [25] at: (a) z = 2D, (b) z = 5 m.

To further elaborate the difference between the p-y model in API [21] and Burd et al. [25],
the normalized ultimate soil resistance profile of different diameter monopiles were plotted
in Figure 2 in two different ways. As shown in Figure 2a, the normalized soil resistance
profiles calculated from API converged against the depth ratio z/D, when different distribu-
tions are observed for different diameter monopiles using PISA p-y model. However, when
replotting the profiles against the depth ratio z/L in Figure 2b, the profiles calculated by
PISA p-y model converged into a single line.
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Figure 2. Normalized ultimate soil resistance profile against: (a) z/D, (b) z/L.

The comparison and discussion on the API [21] and Burd et al. [25] p-y models
suggested that not only the backbone formulations are different, but also the definition
of p-y curves relative to the depth in the two models are also completely different. It is
therefore worth evaluating the performance of the two models for modelling the lateral
behavior of large-diameter monopiles.



J. Mar. Sci. Eng. 2021, 9, 618 5 of 22

3. Three-Dimensional Finite Element Modelling
3.1. FE Model Mesh

The three-dimensional finite element (FE) models of large-diameter monopiles were
developed in the finite element program Abaqus [30] and employed for parametric studies.
A series of numerical simulations were performed on monopiles with different diameters
(D = 4, 6, 8, 10 m). The same embedded length (L) of 30 m was used for all the piles,
meaning that the aspect ratio of simulated monopiles varies from 3 to 7.5. The pile diameter
and aspect ratio in this study have covered almost all cases of monopiles in the existing
or planned offshore wind farms. The OWTs are subjected to the combined loads of large
overturning moment and horizontal force from wind, wave and currents. The applied load
can be simplified as a horizontal force acting at certain loading eccentricity (e). According to
McAdam et al. [10] and Richards et al. [9], the equivalent loading eccentricity of horizontal
force can be as large as 2.5L.

To quantify the loading bearing behavior of large-diameter monopiles under different
load conditions, simulations under seven different loading eccentricities of 5 m, 10 m, 20 m,
40 m, 60 m, 80 m and 100 m (e = 0.167–3.33L) were performed for each monopile. Details of
simulations are summarized in Table 2.

Table 2. Numerical simulation program.

Objective Relative Density,
Dr

Diameter, D Embedded
Length, L

Loading Height,
e

Model validation with
centrifuge tests

65% 4 m 60 m 10 m

65% 6 m 60 m 10 m

Numerical parametric
study

40% 4–10 m 30 m 5–100 m

65% 4–10 m 30 m 5–100 m

80% 4–10 m 30 m 5–100 m

A typical model mesh of the monopile with a diameter of 10 m and an embedded length
of 30 m is presented in Figure 3. The lateral force was applied at 5 m above the ground surface.
Considering the symmetry of the problem, only half of the pile–soil system was modelled
to save the computation time. The horizontal boundaries of the model were simulated by a
roller support, while the bottom boundary was fixed in all directions. The numerical model
has a diameter of 20D and a depth of 4D beneath the pile tip. It was found that the change of
load-deflection response from doubling the model dimension and mesh density is less than
1%. The monopile and sand were both modelled with eight-node linear strain brick elements
(i.e., C3D8). The monopiles were modelled as rigid body by assigning a high elastic stiffness.
The monopile–soil interface behavior is modelled using full 3D, zero-thickness following a
classical Coulomb interface model. In the model, the tangential frictional stress is linearly
proportional to the normal stress by a frictional coefficient. An interface friction angle δ of 2/3
ϕ (where ϕ denotes internal friction angle) is used in this study [31,32].
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3.2. Sand Constitutive Model and Model Parameters

The advanced hypoplastic model for sand is used in this study to model the nonlinear,
state-dependent and strain/stress-path dependent behavior of sand [33,34]. The hypoplastic
model was originally proposed by Kolymbas [35] based on the rational mechanics and further
improved by many researchers for modelling the stress–strain behavior by incorporating the
critical state theory, the Matsuoka–Nakai failure criterion and the dependency of small strain
stiffness on strain/stress-path [33,34,36–38]. In this study, the hypoplastic model proposed by
Von Wolffersdorff [33] and improved by Niemunis and Herle [34] was used.

Unlike the tradition plastic model, the hypoplastic constitutive model directly estab-
lished the relationship between the stress rate and the strain:

.
T = fb fe

[
L(T, e) :

.
D + fdN(T, e) ‖

.
D ‖

]
(1)

where
.
T is a stress rate tensor,

.
D is a strain rate tensor, L is a fourth-order tensor, N is a

second-order tensor, fb is barotropy factor considering the influence of soil state, fd and fe
are pyknotropy factors considering the influence of relative density. The model has eight
basic material parameters (i.e., ϕc

′, hs, n, ed0, ei0, ec0, α, β) from von Wolffersdorff [33] and
additional five parameters (i.e., mR, mT, R, βr, χ) from Niemunis and Herle [34] for accurate
modelling of stiffness at small strain. All the model parameters can be calibrated based on
the oedometer and triaxial tests. Detailed calibration procedures are provided in Herle and
Gudehus [39]. The model has been implemented into the software package Abaqus as a
user-defined subroutine, UMAT, written in FORTRAN [40].

3.3. Validation of the FE Model

The FE model using the hypoplastic model for sand was first validated by simulating
a series of centrifuge tests reported in Wang et al. [41]. The centrifuge tests were performed
in medium dense Toyoura sand (Dr = 65%) at an acceleration of 100 g. Two different
monopiles with diameters of 4 m and 6 m in prototype were used. The embedded length
of both monopiles is 60 m. The lateral load was applied at a constant height of 10 m (in
prototype) above the ground surface in all tests. Strain gauges were also instrumented
along the model piles to provide the measurement of bending moment along the piles.
The hypoplastic model parameters of Toyoura sand were calibrated by Hong et al. [42]
using triaxial tests of different stress paths and have been successfully used in the analysis
of excavation problem [32]. The calibrated model parameters are summarized in Table 3.
The model parameters for Toyoura sand were used for FE model validation against the
centrifuge tests in Toyoura sand and parametric studies.

Figure 4 presents the measured load-deflection response of the centrifuge tests. The
results computed using the three-dimensional FE model and the p-y models in API and
PISA were also plotted in the same figure for comparison. As shown in the figure, both the
API and PISA p-y models significantly overestimated the pile response. The overestimation
of the API model is also reported in Wang et al. [18]. However, it is interesting to see
that while the p-y models in API and PISA are defined differently, the predicted pile load-
deflection response is very similar. Of course, it should be noted that the p-y models in PISA
are proposed based on the field tests in a dense marine sand at Dunkirk [10,25]. Compared
with the prediction of p-y models, the three-dimensional FE model using the hypoplastic
model for sand give excellent prediction of the centrifuge tests. Although there is some
underestimation of the response of 6 m pile at lager deflection, the maximum difference is
less than 10%.
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Table 3. Calibrated parameters of hypoplastic model for Toyoura sand [42].

Description Values

Basic hypoplastic model
[37]

Effective angle of shearing resistance at
critical state, ϕ′c

31

Hardness of granulates (kPa), hs 2.6× 106

Exponent in the power law for
proportional compression, n 0.27

Minimum void ratio at zero pressure, ed0 0.61
Maximum void ratio at zero pressure, ei0 0.98

Critical void ratio at zero pressure, ec0 1.1
Exponent, α 0.11
Exponent, β 4

Intergranular strain
concept [29]

Parameter controlling initial shear modulus
upon 180◦ strain path reversal, mR

8

Parameter controlling initial shear
modulus upon 90◦ strain path reversal, mT

4

Size of elastic range, R 2× 10−5

Parameter controlling degradation rate of
stiffness with strain, βr

0.15

Parameter controlling degradation rate of
stiffness with strain, χ

1.0
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Figure 4. Comparison of measure and computed load-deflection response of centrifuge tests.

Figure 5 further compared the measured and computed bending moment profiles of
centrifuge tests at different pile head load. As shown in the figure, the p-y models in API
and PISA can give reasonable prediction up to a depth of 1.5D. As the depth increases, both
p-y models will highly underestimate the bending moment with a much shallow depth
of zero moment. This suggested that the p-y curves at deep zones are not well modelled.
On the contrary, the FE model using the hypoplastic model for sand can well capture the
bending moment profile for both diameter monopiles under different loads.
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Figure 5. Comparison of measure and computed bending moment profiles of centrifuge tests: (a) D = 4 m, (b) D = 6 m.

The good agreement in Figures 4 and 5 between the measured results from centrifuge tests
and those computed by FE model validates the reliability of the FE model built for pile–soil
interaction under lateral loading. This gives confidence for further parametric studies.

4. Parametric Study of Lateral Response of Rigid Piles in Sand
4.1. Influence of Pile Diameter and Aspect Ratio

The lateral response of monopiles with four different diameters (D = 4, 6, 8, 10 m) in
medium dense sand were investigated first using the validated FE model, to clarify the
influence of pile diameter and aspect ratio. The beam-spring simulations using API and
PISA p-y models were also performed to compare the model and evaluate the performance.

Figure 6 presents the computed moment–rotation results under four typical loading
eccentricities of 5, 20, 40, 80 m. As shown in the figure, for monopiles of all diameters, the
moment capacity at the same rotation increased with the loading eccentricity. Furthermore,
the monopiles of four different diameters and aspect ratios exhibit the same hardening
response of moment resistance with rotation and reach an ultimate value at an identical
rotation of around 8 degrees for all the loading eccentricities. Comparing the results from
FE model and p-y models, it can be seen that both the API and PISA model overestimate
the pile response at small rotation. One interesting observation is that although the API
and PISA p-y models are defined in completely different ways (as shown in Table 1),
the predicted ultimate moment capacity of monopiles from the two models are quite
comparable and close to the results of the FE model.

Figure 7 shows the typical pile deflection profiles from the FE model simulations.
As shown in the figure, the monopile undergoes a rigid rotation under lateral loading.
The rotation center is located at around 0.7–0.8L below the ground surface for the two
monopiles with different aspect ratios. In addition, the rotation center moves upward with
the increase of loading eccentricity. However, for a fixed loading eccentricity, the rotation
center shows little change with pile rotation. The computed pile deflection profiles using
the API and PISA p-y models were also presented in the same figure. The same pile head
loads from the FE model simulation were applied. As shown in the figure, both p-y models
significantly underestimate the pile deflection, although the position of rotation center is
similar to those in FE model simulations.



J. Mar. Sci. Eng. 2021, 9, 618 9 of 22J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 9 of 22 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 6. Moment–rotation curves at the ground surface in 65% relative density sand: (a) D = 4 m, 

(b) D = 6 m, (c) D = 8 m, (d) D = 10 m. 

Figure 7 shows the typical pile deflection profiles from the FE model simulations. As 

shown in the figure, the monopile undergoes a rigid rotation under lateral loading. The 

rotation center is located at around 0.7–0.8L below the ground surface for the two mono-

piles with different aspect ratios. In addition, the rotation center moves upward with the 

increase of loading eccentricity. However, for a fixed loading eccentricity, the rotation 

center shows little change with pile rotation. The computed pile deflection profiles using 

the API and PISA p-y models were also presented in the same figure. The same pile head 

loads from the FE model simulation were applied. As shown in the figure, both p-y models 

significantly underestimate the pile deflection, although the position of rotation center is 

similar to those in FE model simulations. 

  
(a) (b) 

Figure 7. Pile deflection profiles under typical rotations and loading eccentricity in 65% relative density sand: (a) D = 4 m, 

(b) D = 10 m. 

M
o

m
en

t,
 M

N
m

M
o

m
en

t,
 M

N
m

M
om

en
t,

 M
N

m

M
o

m
en

t,
 M

N
m

-0.8 -0.4 0 0.4 0.8 1.2 1.6 2 2.4

Deflection y, m

28

24

20

16

12

8

4

0

FEM

= 2o, e = 5 m

= 4o, e = 5 m

= 2o, e = 80 m

= 4o, e = 80 m

API

= 2o, e = 5 m

= 4o, e = 5 m

= 2o, e = 80 m

= 4o, e = 80 m

PISA

= 2o, e = 5 m

= 4o, e = 5 m

= 2o, e = 80 m

= 4o, e = 80 m

Rotation centre
moves upward.

Figure 6. Moment–rotation curves at the ground surface in 65% relative density sand: (a) D = 4 m, (b) D = 6 m, (c) D = 8 m,
(d) D = 10 m.
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Figure 7. Pile deflection profiles under typical rotations and loading eccentricity in 65% relative density sand: (a) D = 4 m,
(b) D = 10 m.

The bending moment profiles of monopiles with diameters of 4 m and 10 m at different
rotations under different loading eccentricities of 5 m and 80 m were further analyzed and
are presented in Figure 8. As shown in the figure, a non-zero moment can be identified at
pile base for both monopiles. In addition, comparing the base moment in Figure 8a,b, it
can be seen that a much larger base moment can be found for the larger diameter monopile
at the same pile rotation. Apart from the FE simulation results, the computed results using
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the API and PISA p-y models were also presented in the same figure. The same pile head
loads from the FE simulations were applied. As shown in the figure, unlike the prediction
of pile deflection, the bending moment profiles were well captured by both API and PISA
p-y models. Both the magnitude and position of maximum bending moment are consistent
with the FE simulations. It is of importance to note that only p-y curves were used in these
computations, without including any additional springs for the pile base shear force, pile
base moment and the distributed moment. This suggests that the bending moment profile
of rigid pile is not sensitive to the difference of p-y curves. Different or even “wrong” p-y
models can still give reasonable prediction of the bending moment profiles. The same
observation was also reported by Wang et al. [18].
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Figure 8. Bending moment profiles under typical rotations and loading eccentricity in 65% relative density sand: (a) D = 4 m,
(b) D = 10 m.

To understand the pile–soil interaction of different diameter and aspect ratio monopiles
under lateral loading, the lateral soil resistance profiles of two typical-diameter monopiles
at different rotations and under different loading eccentricities were extracted from the
numerical simulation results and are presented in Figure 9. As shown in the figure, the
soil resistance of monopiles with two different diameters and aspect ratios exhibit almost
identical distribution of soil resistance along the pile length. A nearly linear increase to a
depth around 0.4L is followed by decrease to zero at the rotation center and further increase
to the opposite direction under the rotation center. For both monopiles, the soil resistance
at shallow depth already reached the limit value at a pile rotation of 2 degrees. When
the pile rotation further increased to 4 degrees, little change of soil resistance is observed.
Furthermore, the mobilized ultimate soil resistance at shallow depth is independent of
loading eccentricity for both monopiles. In the same figure, the soil resistance profiles from
the API and PISA model under the same pile load condition are also presented. Compared
with the soil resistance profiles from FE simulations, the API and PISA p-y models mobilized
larger resistance for the same pile head loads. For the monopile with diameter of 4 m, a
sudden change of soil resistance at a depth around 10.5 m can be observed. This is caused
by the depth correction factor A used in the API model. Based on the FE simulations results,
it can be concluded that the empirical depth correction factor A defined in API model is
unnecessary and lacks physical meaning. Comparing the computed results in Figures 7–9,
one interesting finding regarding the large diameter monopile is that although the predicted
deflection and soil resistance (i.e., p-y curves) are quietly different, the difference in bending
moment profiles is limited.
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(b) D = 10 m.

To investigate the difference of pile diameter and aspect ratio on the pile–soil interaction,
the normalized soil resistance coefficient K = P/(Dσv

′) mobilized at pile rotation of 4 degrees
was calculated and plotted against two different depth ratios, z/D and L/D, as shown in
Figure 10. According to the results in Figure 9, the influence of loading eccentricity is
negligible, only the results under a loading eccentricity of 5 m are presented in Figure 10.
As shown in Figure 10a, when plotting the soil resistance coefficient against depth ratio
z/D, significant difference can be seen between monopiles with diameters of 4 m and 10 m.
In the shallow zone, the soil resistance coefficient of 4 m pile is larger than that of 10 m
pile even at the same z/D. Comparing the results from FE simulation with those from p-y
models, it can be seen that the soil resistance coefficient in API model is defined relative to
the depth ratio z/D. Therefore, the same values of soil resistance coefficient are mobilized for
4 m and 10 m diameter monopiles at the same z/D, which is clearly contradictory to the FE
simulation results. In addition, it can be seen from Figure 10a that although the PISA model
predicts a much greater value of the mobilized soil resistance coefficient, the overall trend
between 4 m and 10 m monopile is similar to the FE simulation results. It should be noted
that the soil resistance in PISA model is defined in terms of the depth ratio z/L instead of
z/D. Therefore, the mobilized soil resistance coefficients were replotted in Figure 10b against
the depth ratio z/L. As shown in the figure, the significantly different response of monopiles
with different diameters and aspect ratios in Figure 10a can be well unified by plotting
against z/L. This suggested that for the rigid monopiles, the influence of pile diameter and
aspect ratio on the soil resistance coefficient is negligible. At the same pile rotation, the
mobilized soil resistance coefficients of rigid monopiles with the same length are almost the
same. In addition, it can be seen from Figure 10b that the PISA model correctly accounted
for the influence of pile diameter and aspect ratio on the pile–soil interaction. However,
the proposed distribution and magnitude for the soil resistance coefficient need further
improvement. The computed results from FE simulations suggested that the soil resistance
coefficients increase with depth at shallow depth until a depth of around 0.4L, and then
decrease to zero at rotation center.

To explain the observed distribution of soil resistance in Figures 9 and 10, the failure
mechanism of the monopiles of different diameters and aspect ratios were studied. Figure 11
presents the displacement contour of different monopiles at the same pile head deflection of
2.0 m. The loading eccentricity is 5 m for all cases. As shown in the figure, the monopiles with
four different diameters and aspect ratios demonstrate the same failure mechanism: a wedge
failure mechanism at shallow and a plane rotation failure at depth. In addition, although
the diameter and aspect ratio are different, the same location of rotation center at around
0.75L can be identified for all cases. This unique failure mechanism can be used to explain the
soil resistance distribution in Figures 9 and 10. For the distribution of absolute value of soil
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resistance in Figure 9, due to the failure mechanism shown in Figure 11, the monopile rotates
around the point at 0.75L, resulting in a zero deflection at rotation center and small deflections
near the rotation center. In addition, a pile deflection opposite to the loading direction will
be produced due to the rotation failure mechanism. As for the normalized soil resistance
coefficient, the failure mechanism in Figure 11 shows no dependency on the pile diameter
and aspect ratio. Therefore, the coefficient profiles of different monopiles are comparable in
Figure 10b. However, due to the change of failure mechanism from shallow to deep zone, the
soil resistance coefficient in Figure 10b exhibits an increase at shallow zone and then decrease
when reaching the rotation center. The same failure mechanism and its influence on pile–soil
interaction was also revealed by Wang et al. [7].
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(a) z/D, (b) z/L.

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 12 of 22 
 

 

  
(a) (b) 

Figure 10. Soil resistance coefficient profiles at 4 degrees and under loading eccentricity in 65% relative density sand 

against: (a) z/D, (b) z/L. 

To explain the observed distribution of soil resistance in Figures 9 and 10, the failure 

mechanism of the monopiles of different diameters and aspect ratios were studied. Figure 

11 presents the displacement contour of different monopiles at the same pile head deflec-

tion of 2.0 m. The loading eccentricity is 5 m for all cases. As shown in the figure, the 

monopiles with four different diameters and aspect ratios demonstrate the same failure 

mechanism: a wedge failure mechanism at shallow and a plane rotation failure at depth. 

In addition, although the diameter and aspect ratio are different, the same location of ro-

tation center at around 0.75L can be identified for all cases. This unique failure mechanism 

can be used to explain the soil resistance distribution in Figures 9 and 10. For the distribu-

tion of absolute value of soil resistance in Figure 9, due to the failure mechanism shown 

in Figure 11, the monopile rotates around the point at 0.75L, resulting in a zero deflection 

at rotation center and small deflections near the rotation center. In addition, a pile deflec-

tion opposite to the loading direction will be produced due to the rotation failure mecha-

nism. As for the normalized soil resistance coefficient, the failure mechanism in Figure 11 

shows no dependency on the pile diameter and aspect ratio. Therefore, the coefficient pro-

files of different monopiles are comparable in Figure 10b. However, due to the change of 

failure mechanism from shallow to deep zone, the soil resistance coefficient in Figure 10b 

exhibits an increase at shallow zone and then decrease when reaching the rotation center. 

The same failure mechanism and its influence on pile–soil interaction was also revealed 

by Wang et al. [7]. 

 

Figure 11. Displacement contour of different diameter and aspect ratio monopiles under the same 

pile deflection in 65% relative density sand. 

D
ep

th
: 

z/
D

D
ep

th
: 

z/
L

Figure 11. Displacement contour of different diameter and aspect ratio monopiles under the same
pile deflection in 65% relative density sand.

The monopiles are subjected to combined horizontal force and moment as supporting
structures for OWTs. Meanwhile, the design of OWT foundation is more controlled by
the deflection for service limit state instead of bearing capacity for ultimate limit state.
Therefore, it is necessary to compare the pile capacity at different deflections and quantify
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the influence of pile diameter and aspect ratio. To present the combined capacity of
monopiles, the force–moment interaction diagram is used in this study, Figure 12 shows
the combined pile capacities at deflection of 10%D, 2 degrees, 4 degrees and ultimate
state. As shown in Figure 12, the combined capacity of monopile follows an almost linear
distribution in the force–moment diagram regardless of pile diameter and aspect ratio.
Comparing the results in Figure 12a,b, it can be seen that the pile capacities at deflection of
10%D and 2 degrees are comparable to each other.
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Figure 12. Force–moment diagram of monopiles in 65% relative density under different deflection criteria: (a) 10%D, (b) 2◦,
(c) 4◦, (d) ultimate.

For the rigid monopile under lateral loading, Wang et al. [7] found the distribution
of soil pressure can be simplified as a linear distribution by a constant soil resistance
coefficient K, as shown in Figure 13. According to the force equilibrium, the following
equations can be derived:
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(
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Figure 13. Simplified pile–soil interaction mechanism.

From Equations (2)–(4), it can be seen that for a fixed length (L) and loading eccentricity
(e), the depth of rotation center (d) is fixed and independent of pile diameter (D). In addition,
the force (H) and moment (M) of monopiles with different diameters and aspect ratios can
be unified by H⁄ (DL2γ′) and M⁄(DL3γ′).

Following the discussion on Figure 13, the force–moment diagram in Figure 12 were
recalculated by the normalized equation derived from Figure 13 and replotted in Figure 14. As
shown in the figure, the combined force–moment capacity of different diameter and aspect ratio
monopiles can be well unified by the normalization method derived from Figure 13. In addition,
compared with the pile capacities at different rotations, the normalized capacities of monopiles
under the definition of 10%D displacement show much higher divergence. The combined
capacities calculated based on the simplified interaction model in Figure 13 by assuming a
constant K are also presented in Figure 14. It can be seen that the simplified model can well
capture the combined force–moment response of monopiles with different diameters and aspect
ratios. This allows a simple, but efficient way to calculate the bearing capacity of rigid piles.
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4.2. Influence of Relative Density of Sand

To date, no systematic studies have been performed to investigate the lateral response
of monopiles in sands with different relative densities. Nor have the performance of
the API and PISA p-y model been evaluated. Therefore, FE simulations of monopile in
loose (Dr = 40%) and dense (Dr = 80%) sand were performed under different loading
eccentricities. The beam-spring simulations using the API and PISA p-y models were also
carried out for all the cases. Figures 15 and 16 present the moment–rotation response at
the ground surface of all the simulations. As shown in the figure, both the API and PISA
model will overestimate the monopile response in sands with relative densities of 40%
and 80%, especially for the monopiles under higher loading eccentricities. Compared with
the API model, the PISA model can give fair prediction of the monopile capacity at large
rotation (8 degrees). This suggested that the definition of ultimate soil resistance in PISA
model is more reasonable, compared with the API model.
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Figure 15. Moment–rotation curves at the ground surface in 40% relative density sand: (a) D = 4 m, (b) D = 6 m, (c) D = 8 m,
(d) D = 10 m.
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Figure 16. Moment–rotation curves at the ground surface in 80% relative density sand: (a) D = 4 m, (b) D = 6 m, (c) D = 8 m,
(d) D = 10 m.

Figure 17 further compares the deflection and bending moment profiles of typical
monopiles with diameter of 4 m and 10 m at a rotation of 4 degrees and under a loading
eccentricity of 5 m. The computed pile responses using the API and PISA p-y models under
the same pile head loads from FE simulations were also presented in the same figure. As
shown in the figure, the monopiles of different diameters and aspect ratios exhibit almost
the same deflection profile at the same rotation in both loose and dense sand. The position
of rotation centre is independent of pile diameter, aspect ratio and the relative density of
sand, stabilizing at a depth around 0.7–0.8L. In addition, it can be seen that although both
the API and PISA p-y models predict the same location of rotation center, the magnitude of
pile deflection is significantly underestimated. The bending moment profiles were further
compared in Figure 17b. As shown in the figure, the different diameter and aspect ratio
monopiles exhibit a similar distribution of bending moment along the pile. The depth of
maximum bending moment is located at around 0.4L below the ground surface with little
dependence on the pile diameter, aspect ratio and relative density of sand. However, it
should be noted that due to the existence of pile base shear force and moment, the bending
moment near the pile tip is underestimated by both p-y models.
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Figure 17. Deflection and bending moment profiles in 40% and 80% relative density sands under a loading eccentricity of
5 m: (a) deflection profile, (b) bending moment profile.

Figure 18 presents the soil resistance profiles of typical monopiles with diameters of
4 m and 10 m at a pile rotation of 4 degrees in both loose and dense sands. The loading
eccentricities are 5 m. The soil resistance profiles computed from API and PISA p-y models
under the same pile head loads were also presented in the same figure. As shown in the
figure, the soil resistance increases with the pile diameter and sand relative density. The
same distribution modes as that in medium dense sand can be observed for loose and
dense sands. In addition, the API and PISA p-y models predict similar distribution of soil
resistance, but with a much greater magnitude.
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Figure 18. Soil resistance profiles in 40% and 80% relative density sands under a loading eccentricity
of 5 m.

The soil resistance profiles in Figure 18 were replotted in terms of soil resistance
coefficient against two different depth ratios of z/D and z/L. Same as the observation from
the medium dense sand, the soil resistance coefficient is only a function of z/L instead of
z/D, suggesting that it is independent of the pile diameter and aspect ratio. The definition
of p-y curves should be defined in terms of z/L ratio for the rigid monopile, as in PISA p-y
model, instead of the z/D ratio used in the API model. In addition, as pointed out in the
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preceding sections, due to the unique failure mechanism of rigid piles, the soil resistance
coefficient increases with depth at shallow zone to a depth of 0.4L. This influence of failure
mechanism is not considered by the PISA model. In Figure 19b, it is clear that the dense
sand exhibits a large soil resistance coefficient. This can be explained by the difference of
mobilized friction angle from the dilation of sand.
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Figure 19. Soil resistance coefficient profiles at 4 degrees in 40% and 80% relative density sands against: (a) z/D, (b) z/L.

Figure 20 shows the mobilized friction angle contour of typical 10 m diameter monopiles
in loose, medium dense and dense sand at a pile rotation of 4 degrees. The critical friction
angle of the Toyoura sand is 31 degrees. It can be seen that due to the dilation of the sand,
the mobilized friction angle can be large than the critical state value. More importantly,
since the dilatancy of sand increases significantly with the density of sand, the dense sand
will exhibit higher friction angle at the same strain. As can be seen in Figure 20, a much
larger zone was mobilized for the monopile in dense sand with higher mobilized friction
angle. Therefore, more soil resistance will be generated on the monopile, as shown in
Figure 19.
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Following the same normalization method derived from Figure 13 for the combined
force–moment capacity in medium dense sand, the normalized force–moment diagrams of
monopile in loose and dense sand were presented in Figure 21. As shown in the figure, the
normalization method also works perfectly for the monopiles in loose and dense sands.
The combined bearing capacity of monopiles with different diameter and aspect ratio can
be unified into a single line at the same pile rotation. The normalized pile capacities using
the pile–soil interaction in Figure 13 by assuming a constant K were also presented in
Figure 21. It is clear that the simplified model can well capture the combined capacity of
monopiles in both loose and dense sand. In addition, much more scattered results can be
observed for the pile capacity defined in terms of displacement (10% D). This suggests that
the monopiles are undergoing a rigid rotation under lateral loading. It is more consistent
to define the monopile capacity in terms of rotation instead of displacement relative to the
pile diameter (D).
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Figure 21. Normalized force–moment diagram of monopiles in 40% and 80% relative density sands under different
deflection criteria: (a) Dr = 40%, (b) Dr = 80%. (Note: The dashed lines represent the capacity calculated based on the
simplified mechanism in Figure 13 by assuming a constant K).

The computed soil resistance coefficient K of monopile in sand with three different
relative densities under different pile rotations is presented in Figure 22. It should be noted
that there is a small difference of K between different diameter monopiles. The averaged
values are presented in Figure 22. As shown in the figure, the soil resistance coefficient
K increases with soil density and the rotation. This is consistent with the observation in
Figure 20, since higher dilatancy and larger zone will be mobilized for the dense sand and
with the increase of pile rotation. In addition, the value of K at different rotation follows
the same trend for sands of three different relative densities. A power function with a
power coefficient of 0.44 can well capture the evolution of K with the pile rotation. These
values were the inputs for the calculation of combined capacities in Figures 14 and 21
(represented by the dash lines). The good agreement between the computed results from
the three-dimensional FE simulations and those calculated using the simplified pile–soil
interaction in Figure 13 and K in Figure 22 suggested that the combined bearing capacity of
monopile can be easily and efficiently calculated with the simplified interaction model in
Figure 13. The suggested formulation in Figure 22 can be used for a quick estimation of the
combined bearing capacity of monopiles with different diameters and aspect ratios.
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Figure 22. Soil resistance coefficient K of sands with different relative densities for different
deflection criteria.

5. Conclusions

This paper presents a comprehensive numerical study on the lateral response of large-
diameter monopiles in sands with different relative densities. The influence of pile diameter
and aspect ratio on the load-bearing behavior and pile–soil interaction were investigated.
The two most representative p-y models, i.e., the API and PISA models, were systematically
compared and evaluated against the three-dimensional finite element simulation results.
Based on this study, the following conclusions can be drawn:

(a) The API and PISA p-y models adopt two different formulations as the backbone curve
of p-y curves. However, the most important difference between the two models is
the definition of soil resistance relative to the depth. In the API model, the p-y curves
are defined in terms of the depth ratio z/D, while the depth ratio z/L is used in PISA
model.

(b) The FE model using the advanced hypoplastic model for sand can well capture
the lateral response of large diameter monopiles in sand for both the load-bearing
behavior and the pile–soil interaction.

(c) Both the API and PISA p-y models will significantly overestimate the pile response at
small deflection, although the PISA p-y model can give fair prediction of the ultimate
bearing capacity.

(d) The large diameter monopiles are undergoing a rigid rotation around a rotation center
under lateral loading. The rotation center moves upward with the increase of loading
eccentricity, but stabilizing at 0.7–0.8L with no dependency on the pile diameter,
aspect ratio, pile rotation and density of sand. It was found that although the API and
PISA p-y models captured the overall shape of deflection profiles, the magnitudes are
significantly underestimated.

(e) The bending moment profiles of the rigid monopiles are extremely insensitive to the
p-y models. While the API and PISA p-y models are defined in completely different
ways, the predicted bending moment profiles are almost equal and comparable to the
three-dimensional FE simulation results.

(f) The mobilized soil resistance increases with depth at shallow zone and then decreases
to zero at rotation center for all the monopiles. This is attributed to the unique failure
mechanism of rigid monopiles. A wedge failure at shallow 0.4L depth and a plane
rotational failure around rotation center at around 0.75L were observed.

(g) The soil resistance coefficient K = P⁄(Dσv′) is independent of pile diameter and aspect
ratio. However, its distribution and magnitude along the monopile are affected by the
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failure mechanism and density of sand, respectively. Although the influence of pile
diameter and aspect ratio are correctly considered in the PISA model, the influence
of failure mechanism is not included in the model. It was found that the simplified
pile–soil interaction model by assuming a linear distribution of soil resistance along
the pile can well capture the lateral response of rigid monopiles under lateral loading.
A normalization method was proposed and validated against the three-dimensional
simulation results. Explicit formulation was provided for sands with different relative
densities to allow a quick calculation of the combined bearing capacity of monopiles
under different rotations.
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