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ARTICLE INFO ABSTRACT

Keywords: Given the preference as the foundation for offshore wind turbines, this paper focuses on large-diameter
Large-diameter monopiles monopiles and presents a series of finite element analyses to investigate the response to lateral loads. The
P-y curves contribution of four soil reactions, including distributed lateral load (p-y), distributed moment (m-6), and base
Is{:::inve density shear force and base moment, to the lateral resistance encountered by monopiles is quantified. It can be found

that apart from the distributed lateral load, the contribution of distributed moment exceeds 14 %, while the
proportion of base shear force and base moment is less than 5 % and is considered negligible. This research
investigates how the diameter and embedded length of monopiles impact the load-bearing characteristics. A "p-y
+ m-6’ model based on the two-parameter soil reaction curve is proposed. This model is not only straightforward
and easy to use for engineering design but also considers the effect of rotational deformation on the soil reaction
curves. Additionally, a relationship between ultimate lateral soil resistance and relative density is established,
leading to an analysis model suitable for sands of various relative densities. Finally, the model effectively predicts
the load-displacement relationship for large-diameter monopiles under lateral loads, providing valuable support

Pile side shear stress

for monopile design in the offshore wind industry.

1. Introduction

As countries strive to reduce carbon emissions, offshore wind energy,
recognized for its sustainability and renewability, has gained increasing
significance. The Global Wind Energy Council forecasts a significant
increase in offshore wind capacity, with an estimated 380 GW of new
installations expected in the coming decade (GWEC, 2023). The foun-
dation design plays a crucial role in the overall project, as it not only
supports the wind turbine but also significantly impacts its performance
(Hu et al., 2022). The cost of the foundation, including design, instal-
lation, and construction, typically accounts for 35 % to 55 % of the
overall cost of an offshore wind project (Guo et al., 2022). Monopile
foundations have emerged as the preferred choice for offshore wind
projects in medium and shallow waters owing to their convenient
installation and high cost-effectiveness (Amar Bouzid, 2018; Wang et al.,
2022a). As offshore wind installed capacity expands, there has been a
trend towards larger monopiles, with diameters reaching up to 10 m
(Wu et al., 2019; Chen et al.,, 2023) and a length-to-diameter ratio
ranging between 2 and 8 (Wang et al., 2022b). These monopiles can
effectively withstand the load acting on the wind turbine at water depths
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of up to 60 m. Specifically, monopile has proven successful in supporting
the offshore wind turbines at Dogger Bank farm, the world’s largest
offshore wind farm, situated in water depths exceeding 63 m (Chen
et al., 2023). In normal operation, offshore wind turbines must with-
stand these loads, such as self-weight, lateral forces, and moments
generated by wind et al., as illustrated in Fig. 1(a).

Lateral forces and overturning moments are often the primary con-
siderations in the design of monopiles, a fact underscored by studies like
those of Hernandez-Estrada et al. (2021) and Chen et al. (2023). The p-y
method, known for its simplicity and efficiency as noted by Reese et al.
(1974), is commonly employed for analyzing the bearing characteristics
of laterally loaded piles, in agreement with industry standards such as
API (2021) and DNVGL (2021). Essentially, this method transforms the
laterally loaded piles into a nonlinear Winkler foundation beam model,
employing a series of nonlinear springs to represent the soil’s nonlinear
response around the pile. The p-y curve method, initially conceived for
small-diameter flexible piles with a length-to-diameter (L/D) ratio of
about 34.4, was designed primarily for offshore oil and gas platforms. In
contrast, when applied to laterally loaded large-diameter monopiles,
particularly in the offshore wind industry where diameters exceed 4 m
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Fig. 1. Sketch of monopile foundation (a) Wind turbine under lateral loading (Byrne et al., 2020a) (b) Soil deformation mechanism of laterally loaded monopile (c)

One-dimensional soil reaction model.

Table 1
Summary of soil reaction models.

Distributed moment

Base shear force Base moment Concentrated moment
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References Distributed lateral load
Wang et al. (2020) \/ —
Zhu et al. (2022) v —
Liu et al. (2023) v —
Zhu et al. (2022) \/ —
Fuentes et al. (2021) \/ —
Zhang and Andersen (2019) \/ —
Cao et al. (2021) \/ —
Fu et al. (2020) v —
Byrne et al., (2020a) \/ \/
Burd et al. (2020) \/ \/
Jiang et al., (2022) \/ \/
Lai et al. (2021) Y/ —
Table 2
Details for the numerical analysis.
Diameter Embedded L/D Load Wall Comment
D (m) length L (m) eccentricity thickness t
(m) (m)
4 7.5 0.046 —
6 5 0.066 —
8 30 3.75 0.086 —
10 3 5 0.106 —
8 40 5 0.086 L/D=5
10 4 0.106 D=10m
10 50 5 0.106 L/D=5,D
=10m

and L/D ratios are lower than 10, it reveals that the methods recom-
mended in current standards are insufficient. This inadequacy is evident
as they fail to accurately predict the response of offshore wind turbines,
as indicated by recent studies (Wang et al., 2020; Wang et al., 2022b;
Zhang et al., 2023).

In recent years, scholars around the world have conducted numerous
innovative centrifuge experiments (Klinkvort and Hededal, 2014; Zhu
et al., 2015; Choo and Kim, 2016; Hong et al., 2017a; Zhu et al., 2017;
Truong and Lehane, 2018; Byrne et al., 2020b; Mcadam et al., 2020;
Wang et al., 2021b; Lai et al., 2022; Maatouk et al., 2022; Wang et al.,
2022a) and numerical simulations (Achmus and Thieken, 2010; Amar
Bouzid, 2018; Murphy et al., 2018;0tsmane and Amar Bouzid, 2018;Sun
et al., 2020; Taborda et al., 2020; Wang et al., 2020; Zdravkovi C et al.,
2020; Cao et al., 2021; Fuentes et al., 2021; Lai et al., 2021; Wan et al.,

2021; Wang et al., 2021a; Hu et al., 2022; Jiang et al., 2022; Wang et al.,
2022a; Wang et al., 2022b; Chen et al., 2023; Zhang et al., 2023; Ma and
Yang, 2024) aiming to enhance the understanding of the laterally loaded
large-diameter monopiles. When comparing the sand p-y curves ob-
tained from these experiments and simulations with the API method, it is
evident that the API method considerably overestimates the initial
stiffness of the p-y curves and underestimates the ultimate soil resistance
(Wang et al., 2020; Fuentes et al., 2021; Wang et al., 2021b; Wang et al.,
2022b; Zhang et al., 2023). This variation is attributable to the fact that
the deformation mode of rigid and semi-rigid piles fundamentally differs
from that of flexible piles, where the mode shifts from bending defor-
mation to rotational deformation (Burd et al., 2020; Wang et al., 2020;
Cao et al., 2021; Wang et al., 2022a; Wang et al., 2022b). Consequently,
researchers have introduced various improvement methods to better
suit large-diameter monopiles based on relevant experiments and nu-
merical simulations. One approach focuses on refining the existing
models by incorporating a depth-related correction factor into the
original p-y curve, thus enhancing its predictive capacity. Specifically,
Thieken et al. (2015) derived a new p-y approach which can give much
better predictions through a comprehensive parametric study using
three-dimensional numerical simulations. Wang et al. (2020) proposed a
satisfactory p-y curves based on the difference between the deformation
patterns of large-diameter monopiles and small-diameter monopiles,
taking into account the effect of the deformation mechanism on the
ultimate lateral soil resistance. However, these methods are essentially
modifications of the p-y curve and still cannot completely describe the
comprehensive pile-soil interaction due to changes in the monopile
deformation modes, such as pile side fraction, pile end shear, and
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Fig. 3. Comparison between simulations and measured data (Taborda et al., 2020): (a) e,-q; (b) €,-¢€y.
Table 3

Elastic modulus Plastic loading direction

Plastic modulus

Go Ko ms my, M, My ag ag m my Yom 7d Yu Po P Ho Hyo
1053 1242 0.50 0.50 1.28 0.40 0.15 0.20 0.9 0.6 25 0.035 3.5 25 0.035 800 1200
suggest various computational models involving combinations such as
Table 4 two-spring (Zhang and Andersen, 2019; Fuentes et al., 2021; He and
Interface parameters between steel and sand. Kaynia, 2024) three-spring (Fu et al., 2020; Cao et al., 2021), and four-
K ks (kPa/m) n p spring model (Burd et al., 2020; Byrne et al., 2020a; Jiang et al., 2022;
800 1x107 05 P Zhang et al., 2023) (as depicted in Fig. 1(c)), as detailed in Table 1.

moment. In contrast, another approach is proposed based on pile-soil
interaction mechanisms (as shown in Fig. 1(b)), drawing from analysis
methods for low L/D ratio foundations such as caisson foundations
(Ashour and Helal, 2014; Karapiperis and Gerolymos, 2014). These
methods extend the analysis by considering the effects of distributed
lateral load, distributed moment, base shear force, and base moment and

Moreover, Wang et al. (2020) proposed a two-spring model featuring a
concentrated rotational spring located at the rotation center and
distributed lateral load springs along with embedded length. The pile
soil analysis (PISA) project utilized the four-spring model with four-
parameter conic functions to describe four types of soil reaction
curves. Despite its advances, the PISA model (Burd et al., 2020; Byrne
et al., 2020a; Byrne et al., 2020b; Zdravkovi C et al., 2020), considering
the influence of relative density, necessitates incorporating 39
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Fig. 5. Measured and FEM simulated load-displacement response at mudline
(Taborda et al., 2020).

parameters, making it complex for engineering use and site-specific
calibration. Moreover, it does not consider the impact of rotational
deformation on the distributed lateral load. Additionally, the contribu-
tions of the four soil reaction components for monopiles with various L/
D ratios have yet to be fully understood. Therefore, a systematic study is
necessary to quantify the contributions of these components on the basis
of the extracted soil reaction curves and to develop a simple pile-soil
interaction model that is reasonable and convenient for engineering use.

This paper employs a validated three-dimensional refinement model
to simulate the laterally loaded behavior of large-diameter monopiles
with various diameters and embedded lengths. The contributions of four
soil reactions to the lateral resistance of monopiles are quantified
through the extracted soil reaction curves. Moreover, the influences of
pile diameters and embedded lengths on the distributed lateral load and
distributed moment are investigated. A novel method for determining
the ultimate soil resistance and the initial stiffness is introduced, which
accounts for the influence of rotational deformation modes by
combining the calculation results of sand with different relative den-
sities. A two-parameter soil reaction curve for the ’p-y + m-6’ model is
developed. Finally, the applicability of the model is confirmed by

Computers and Geotechnics 172 (2024) 106468

applying it to the laterally loaded large-diameter monopiles.
2. Three-dimensional finite element analysis

A refined three-dimensional finite element model was developed for
the monopile in the medium-dense sand, employing the geotechnical
engineering finite element software GEODYNA for numerical simulation
(Gong et al., 2020; Liu et al., 2020; Gong et al., 2021b; Qu et al., 2021;
Nie et al., 2022; Qu et al., 2022; Gong et al., 2023; Liu et al., 2023). The
validity of the finite element mesh and its constitutive parameters has
been established through field experiments and centrifuge tests, as will
be elaborated in the following subsection, “Validation of numerical
methods”. In this paper, the validated finite element mesh and consti-
tutive parameters were utilized to examine the effects of diameters and
embedded lengths on pile-soil interaction. The investigation covers the
range of diameters and embedded lengths employed in current or
planned offshore wind farms, with the details for the numerical analysis
study outlined in Table 2. Specifically, to investigate the impact of
embedded length, the monopile of diameter D = 10 m and embedded
length L = 40 m or 50 m was selected, while the monopile with D = 8 m
and L = 40 m was chosen to compare the load-bearing characteristics of
monopiles with the same L/D ratio (L/D = 5). Additionally, the wall
thickness of the monopiles was determined according to the API stan-
dard, as specified in Eq. (1). Referring to the findings of Wang et al.,
(2022a), the loading eccentricity is not significantly impactful on the
soil reaction curves. Therefore, all loading eccentricities are assumed to
be 5 m.

= 0.006 b 1

In accordance with common practice in this field (Wang et al., 2020;
Cao et al., 2021), the calculation and analysis employed the “wish-in-
place” method of simulation while omitting the effects of monopile
installation.

2.1. Constitutive model

The sand was modeled with the generalized plasticity constitutive
model, originally introduced by Pastor et al. (1985). On this basis, Ling
and Liu (2003) further considered the effect of stress level as well as
densification behavior. Thereafter, this model was implemented and
improved by Zou et al. (2013) and extensively employed in the analyses
of geotechnical engineering such as nuclear power plant breakwaters,
tunnels, and earth-rock dams (Gong et al., 2020; Liu et al., 2020; Ning
et al., 2020; Gong et al., 2021a; Gong et al., 2021b; Qu et al., 2021; Qu
et al., 2022; Liu et al., 2023). The constitutive model is described in the
Appendix.

2.2. Finite element mesh and boundary conditions

Fig. 2 illustrates the 3D finite element mesh for a monopile with a
diameter of D = 10 m and embedded length L = 30 m. To enhance
computational efficiency, by exploiting the symmetry of the computa-
tional model and the loading conditions, only one-half of the pile is
modeled. Furthermore, the efficient octree discretization technique is
utilized for cross-scale modeling (Chen et al., 2021; Nie et al., 2022;
Chen et al., 2023). This method ensures the refinement requirements for
the mesh size around the monopile, simultaneously avoiding the
extensive mesh generated by the traditional modeling method. The
computation domain was chosen to be 20 times greater than the diam-
eter of the monopile, and the depth from the pile toe to the bottom
border is five times greater than the diameter of the monopile. Except for
the transition elements simulated using high-precision scaled boundary
finite element(Song and Wolf, 1997; Zhang et al., 2022), both the
remaining soil and the monopile are simulated using eight-node hex-
ahedral elements. The mesh comprises 125,643 elements, and models
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Table 5
Generalized plasticity model parameters for Toyoura sand.
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Elastic modulus Plastic loading direction

Plastic modulus

Go Ko ms m, M, My ag af m my YoM Yd u bo h Hy Hyo
330 245 0.50 0.50 1.25 0.81 0.85 0.4 0.7 0.6 25 0.035 3.5 30 0.02 1300 1500
n
200 T T T T T T T T T kux = k1pa (Z—Z> ,T < c+otang (2)
O Measured ‘
3D FEM P (;Z> n 3
= — | ,7 < c+otan

1 5 O zy 1Pa 3 3 @
~~ .
z k,, = ko under compression ()]
= .
-g 100 k., = 0 under tension 5)
o
% where k. and k,y represent the shear stiffness of the interface in the two
5 directions, respectively; k; represents the interface modulus coefficient;
2
3 50 n represents the interface modulus index; k, represents the compressive

stiffness.
3. Validation of numerical methods
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Fig. 8. Measured and FEM simulated load-displacement response at mudline
(Wang et al., 2022a).
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with different pile diameters are modeled with identical mesh densities.
The bottom of the model uses a pinned boundary, while the lateral
boundaries employ lateral constraints.

2.3. Pile-soil interface

The interaction between the pile and the soil is simulated by the
pressure-dependent perfect elastoplastic interface model (Zou et al.,
2013). The shear stiffness and normal stiffness are determined as
follows:

The PISA project (Burd et al., 2020; Taborda et al., 2020) performed
field experiments on lateral loading monopiles at Dunkirk in France.
This paper uses the CL2 rigid pile as a case to examine the effectiveness
of the finite element model and constitutive parameters. The pile has a
diameter of 2 m, a load eccentricity of 10 m, and an approximate L/D
ratio of 5. According to the results of Taborda et al. (2020), it is known
that the groundwater table is 5.4 m below the mudline, with the total
unit weight of the sand over the water table being 17.1kN/m3 and below
it, 19.9kN/m3. The critical stress ratio of the sand is 1.28, and the elastic
shear and bulk modulus coefficients are 1053 and 1242, respectively.
Other parameters were calibrated based on the triaxial test, with the
calibration results presented in Fig. 3 and the final computational pa-
rameters presented in Table 3. The monopile was simulated using an
elastic material that has an elastic modulus of 200GPa and a Poisson’s
ratio of 0.3. For the interface, the contact characteristics between the
monopile and the internal and external soils were simulated using the
perfect elastoplastic interface. These interface parameters were cali-
brated using the studies of Said et al. (2009). The perfect elastic—plastic
interface model adopted in this paper, in fact, cannot capture the soft-
ening phenomenon that occurs in the test. In order to ensure the same
initial shear stiffness (10°kN/m) as that used in the PISA project
(Taborda et al., 2020) and to ensure the overall consistency of the test
results, the parameters in Table 4 were finally obtained, and the fitting
results are shown in Fig. 4.

Fig. 5 compares the computational results with the load-displace-
ment relationship measured in the field at the surface. It becomes clear
that before the lateral displacement of the mudline exceeds 0.11 m, the
calculation results of the numerical simulation are in accordance with
the experiment results. As can be seen from the figure, in the initial
loading stage, the finite element numerical simulation results are very
close to the test results. In the middle and late stages of loading, the
creep effect leads to larger deformation in this stage. In this paper, like
the calculation method of Wang et al. (2020) and Taborda et al. (2020),
the influence of the creep effect has not been considered yet, so the
deformation at the peak loading point is relatively small. In other words,
if the creep effect is considered, the numerical simulation results of the
whole loading stage will be more consistent with the test results. Fig. 6
presents a comparison between the simulated and measured lateral
displacement and moment of the monopile. The displacement and
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Fig. 10. Measured and FEM simulated lateral behavior (Wang et al., 2022a) (a) displacement profile corresponding to a ground-level displacement of 0.22 m (b)

moment profile corresponding to a ground-level moment of 330 MNm.

bending moment along the embedded length demonstrate good consis-
tency, thereby further demonstrating that the analysis method accu-
rately captures the lateral loading characteristics of the monopile.

3.2. Centrifuge tests of medium-dense sand

The purpose of this case is intended to validate the analysis method
by contrasting calculated responses with the centrifugal test of large-
diameter monopile performed by Wang et al. (2022a). For this anal-
ysis, the prototype monopile has a diameter of 6 m and an embedded
length of 60 m. The experiment was carried out on sand of 65 % relative
density. The sand used is the international standard sand, Toyoura sand.
Based on the research of Cen et al. (2018), the shear modulus co-
efficients and critical stress ratio were determined, while other consti-
tutive parameters were calibrated based on the triaxial test data of Hong
et al., (2017b). The simulation results for different stress path tests are
shown in Fig. 7, where the angle 6 describes the directional angle in the
P-q space between the current and previous stress path directions;
detailed calibration parameters are given in Table 5. The interface pa-
rameters were determined according to Table 4, and a sensitivity anal-
ysis of the interface tangential stiffness (ks = 400, 600, 1000) was
conducted while keeping the normal stiffness and interface strength
unchanged.

Fig. 8 presents the load-displacement behavior in the mudline
calculated through finite element analysis, which closely matches the
experimental results. In addition, this paper also analyzes the effect of
the shear stiffness of the interface on the lateral loading characteristics
of monopile, and the results in Fig. 9 of the manuscript show that there is
basically no influence. Fig. 10 compares the numerical calculations with
the measurements of lateral displacement response and moments across
the embedded length. This comparison reveals good consistency
throughout the embedded length, demonstrating that the analysis
method can effectively represent the lateral load characteristics of the
monopile.

4. Soil-monopile responses and development of soil reaction
model

4.1. Soil flow mechanisms and the mechanism-based soil-pile interaction
models

Results from centrifuge experiments (Hong et al., 2017a; Wang et al.,
2021b; Lai et al., 2022; Maatouk et al., 2022; Wang et al., 2022a), field
experiments (Zhu et al., 2017; Byrne et al., 2020b; Mcadam et al., 2020),
and numerical simulations (Wang et al., 2020; Cao et al., 2021; Wang
et al., 2022c) indicate that the aspect ratio(L/D) of the monopile plays a
crucial role in describing the soil flow mechanism and failure modes of
the monopile. To validate and understand the failure modes of
monopiles with different diameters, Fig. 11 presents the lateral
displacement contour and vector field of monopiles with three different
diameters (D = 2, 4, 10 m) at the embedded length of L = 30 m when the
lateral displacement at the mudline is 0.5D. It can be seen that under
lateral loading, the shallow soil in front of monopiles with different
aspect ratios exhibits significant uplift. In contrast, the soil behind the
piles undergoes corresponding settlement. For flexible piles, as depicted
in Fig. 11(a), the failure modes include shallow wedge failure and deep
flow failure, with no notable bending and rotational deformation at the
pile ends. The lateral load applied at the pile head is primarily resisted
by the soil within 0.4L depth, and the bottom soil hardly participates in
bearing the lateral load. However, as illustrated in Fig. 11(b)-(c), as the
aspect ratio decreases, monopiles gradually exhibit characteristics of
semi-rigid or rigid piles. The resistance of the pile is increasingly pro-
vided by the deeper soil, and a significant reverse kick can be observed
at the pile ends, meaning that the shear force and moment at the pile
ends correspondingly contribute to the lateral resistance of the
monopile. When the aspect ratio L/D is 3, only wedged and rotation
failure modes are observed under lateral loads. Large-diameter
monopiles clearly rotate around a certain point near the bottom, and
these two failure mechanisms become particularly pronounced, showing
a completely different failure mode from that of small-diameter flexible
piles. This indicates that the failure modes of monopiles significantly
change with variations in the aspect ratio L/D, which inevitably affects
the lateral load characteristics of the monopile. However, this aspect is
overlooked in the traditional p-y method and should be considered in the
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Fig. 11. Failure modes of monopiles of different diameters.

lateral load analysis of large-diameter monopiles.

4.2. Quantification of the contribution of four soil reactions

Fig. 1(c) presents the four-spring soil reaction model with the one-
dimensional (1D) finite-element program, in which the monopile has
been discretized using the two-node Timoshenko beam elements. Simi-
larly, the soil elements adopt interpolation functions identical to the

beam element, as described by Burd et al. (2020). These elements are
attached to the pile element across the entire pile, thereby enabling a
comprehensive representation of pile-soil interaction. Additionally, the
soil reaction curves are also crucial in characterizing the nonlinearity of
the soil around the pile.

A common method currently used to obtain p-y curves involves
fitting the pile moment obtained from experiments or numerical simu-
lations to a specific function. Following this approach, distributed lateral
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Fig. 12. Distribution of shear stress at the interface between the monopile and
soil (Byrne et al., 2020a).

soil reaction and deformation along the pile are then calculated using
Eq. (6) and (7) by double integration and differentiation at different
depths. In this study, the method employed to determine the p-y curve
involves extracting the normal stresses at the pile-soil interface and the
lateral deformation of the pile shaft at the corresponding depth.

[ (foufie (e

2

p=- iz—]\zl )

It is evident that the pile moment calculated by the first method
includes both the moment Mj, generated by the distributed lateral load
and the distributed moment m generated by the pile side friction, as
shown in Eq. (8). However, this approach has its limitations. Therefore,
this method tends to overestimate the distributed lateral load. Moreover,
since the distributed moment m is associated with the rotation angle of
the pile shaft rather than the lateral displacement, the obtained p-y
curves are not the actual p-y curves (Maatouk et al., 2022), and conse-
quently, this discrepancy leads to inaccuracies in quantifying the con-
tributions of each component.

M:Mp+Mm://pdzdz+/mdz (€)

The correlation between the distributed moment m and the pile side
shear stress t, on the cross-section of the monopile is as follows:
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The vertical shear stress t, and the variable 6 are shown in Fig. 12.

To determine the base shear and moment soil reaction curves, one
must integrate the soil unit stresses in the soil layer at the base of the
monopile.

Fig. 13 illustrates the load—displacement response calculated on the
basis of the 1D model by applying the p-y curves generated from the FEM
results and the API standard. Contrasted with the response of the FEM,
the API method severely overestimates the lateral resistance of
monopiles for piles (L/D = 3 and 7.5). In contrast, for the extracted soil
reaction curves, if only the distributed lateral load (p) is used, the lateral
bearing capacity of monopiles would be underestimated. However, with
the additional consideration of distributed moment (m), and base shear
force (H), and base moment (M), the load-displacement response of
monopiles with different L/D ratios can be more reasonably predicted.
Based on the four types of soil reaction curves extracted, the contribu-
tions of distributed lateral load, distributed moment, base shear force,
and base moment to the lateral resistance of large-diameter monopiles
with varied relative densities (parameters as in Section 4.6) have been
quantified, as illustrated in Fig. 14. It can be seen that variations in the
parameters of the soils (higher or lower stiffness) have essentially no
effect on the contribution of the soil reaction components in a given
length-to-diameter ratio monopile. The contribution of the soil reaction
force component is mainly related to the L/D ratio, and this conclusion is
similar to the results of Burd et al. (2020). In addition, it is observed that
apart from the distributed lateral load, among the other three types of
soil reaction components, the contribution of the distributed moment is
the largest (reaching 14 %), followed by base shear force (reaching 5 %),
while the effect of the base moment is minimal. Therefore, it is suggested
that the lateral resistance response of large-diameter monopiles should
consider not only the effects of distributed lateral load but also the in-
fluence of distributed moments. Given the negligible contribution of
base shear force and base moment, which can be disregarded, this paper
recommends utilizing the ’p-y + m-6° model. The subsequent sections
will focus only on examining two soil reaction curves: distributed
moment and distributed lateral load.

4.3. Determination of soil reaction curves

Typical soil reaction models consist of three components: the curve
function, the initial stiffness, and the ultimate soil reaction. The common
shapes of curves include the hyperbolic tangent function, the parabolic
function, and the hyperbolic function.

The API standard employs the p-y curve formula developed by
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Fig. 13. Load-displacement curves of 1D model (a) D=4 m, L/D =7.5(b) D =10 m, L/D = 3.
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Fig. 14. Contribution of the soil reaction components to the lateral resistance response of monopiles with varied relative densities.

Table 6
Dimensionless formulas for the soil reaction curves (Burd et al., 2020).

Normalized variables Dimensionless form

Distributed lateral load, p P
oyD
Distributed moment, m m
lpID

Base shear force, H 14
5,D%

Base moment, M M
oyD3

Lateral displacement, y yGo
oyD

Pile cross-section rotation,d 0Gy

Oy

O’Neill and Murchison (1983) from the laterally loaded pile experi-
ments. This formulation is described using a tangent hyperbolic function

as follows:
kAPIZ
ap.”

p(y,2) = Apytanh ( 10)

Where kap; represents the initial stiffness, p, represents the ultimate
soil reaction, and A is the depth correction factor for the soil reaction.

The PISA model thoroughly accounts for four types of soil reactions
and accurately depicts complex pile-soil interactions. The soil reaction
and deformation variables in the PISA model are dimensionless, as
detailed in Table 6, with each soil reactions represented by a four-
parameter conic function in Eq. (11).

10

_@> 6
Yu) \Vu

—n(%—,i)+(1—n)(yl 1):0 an
u .yu u

Where n is the parameter that controls the degree of nonlinearity, k is
the dimensionless initial stiffness of the curve, y and y, are the dimen-
sionless soil reactions and the ultimate soil reactions, respectively.x and
X, are the normalized deformation and the deformation corresponding
to the ultimate soil reaction.

Furthermore, based on centrifuge experiments, Klinkvort and
Hededal (2014) suggested a hyperbolic formulation curve shape
different from the API and DNV standards, as shown in Eq. (12). The
hyperbolic function can determine the soil reaction curve with only two
parameters: the ultimate soil reaction force and the initial stiffness. This
reduces the number of parameters by half compared to the four-
parameter conic function suggested by the PISA model, simplifying
the model and facilitating engineering design and secondary calibration
based on specific site conditions. Thus, this paper proposes that the
hyperbolic functions can be used to describe the two soil reaction curves,
as shown in Eq. (12).

_ y
P= /) + G/p) 12

4.4. Distributed lateral load

Fig. 15 shows the relationship curves of the normalized distributed
lateral load and the normalized lateral deformation at depths of z =
0.35L and z = 0.90L, as calculated through finite element analysis. The
figures illustrate that the p-y curve for various diameters at the two
depths is largely identical, suggesting minimal impact from the pile
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Fig. 15. Normalized distributed lateral load soil reaction curves (a) z/L = 0.35 (b) z/L = 0.9.
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Table 7
Generalized plasticity model parameters for sand.
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diameter. However, while the PISA model accurately represents the
earlier stage of the p-y curves, it tends to underestimate the ultimate
resistance in the middle and later stages, which is consistent with the
description of the PISA project.

To further analyze the influence of diameter on soil reaction curves,
Fig. 16(a) illustrates the association of the normalized ultimate distrib-
uted lateral load of monopiles for the different diameters and embedded
lengths with the normalized depth z/L. It reveals that for monopiles of
the same diameter, embedded length, and aspect ratio (whether rigid or
semi-rigid), the distribution profile along the pile length remains
remarkably consistent, regardless of variations in pile diameter and
embedded length. Notably, the ultimate distributed lateral load p,, of the
wedge zone experiences an increase with depth, peaking near z = 0.4L
before gradually decreasing to a critical point around z = 0.8L. This
trend is predominantly due to the change in the deformation mode of
large-diameter monopiles, resulting in reduced relative deformation
between the pile and soil near the rotation center, thereby hindering the
mobilization of lateral soil reaction. In fact, the results of the PISA
project also have the same patterns, but due to the mapping of the
negative limiting lateral load below its center of rotation to the positive
region, it is also difficult to find a suitable formula to describe the
feature. It can also be seen from Fig. 16 that the PISA project uses a
linear function to describe the distribution of p,, which also over-
estimates the ultimate lateral load p, near the center of rotation. Fig. 16
(a) also shows that the PISA model tends to overestimate the ultimate
distributed lateral load near the center of rotation and fails to account
for the depth-dependent variation in soil deformation mechanisms. The
data in the figure was fitted with the least squares algorithm, leading to
the adoption of the parabolic function described in Eq. (13) for capturing
the depth variation, with the fitting results shown in Fig. 16. It becomes
clear that the proposed parabolic function can accurately describe the
distribution.

Although the API method is currently the industry standard,
numerous experiments and numerical simulations have consistently
shown that it tends to overestimate the initial stiffness. Poulos (1971)
and Randolph (1981) demonstrated a close relationship between the
initial stiffness and the small strain shear modulus of the soil. Therefore,
this paper presents an analysis where the lateral deformation is
normalized by the shear modulus, as shown in Table 6. Subsequently,
the dimensionless initial stiffness k,, for monopiles with various di-
ameters and embedded lengths is displayed in Fig. 16(b). This result
reveals that the dimensionless initial stiffness k;, is remarkably uniform
for monopiles with various diameters and embedded lengths, remaining
consistent along the pile length. This paper also employs a parabolic
function to describe the characteristic of higher initial stiffness k;, near
the ground surface. From Fig. 16(b), it is apparent that the initial stiff-
ness is minimally affected by the pile diameter, which is consistent with
the research by Klinkvort (2012), Finn and Dowling (2015), and Wang
et al. (2020).

Utilizing the methods for determining the normalized distributed
lateral load and initial stiffness as proposed in Eq. (13) and (14), the
normalized p-y curves proposed in this paper are illustrated in Fig. 17.
These curves effectively capture the p-y curve characteristics for
monopiles of different diameters and embedded lengths at various
depths, offering a more precise reflection of the load-bearing response of
monopiles.

Elastic modulus Plastic loading direction

Plastic modulus

Dr
Go Ko m my, M, My ag ag m my YoM Yd Yu Po P Hy Hyo
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Fig. 20. Axial strain-deviatoric stress between simulations and measured data: (a) Dr = 39 %; (b) Dr = 82 %.
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4.5. Distributed moment

From Eq. (9), it is evident that the distributed moment generated by
the pile side shear stress primarily depends on two factors: the diameter
and the magnitude of the pile side shear stress. Therefore, for small-
diameter piles, the impact of the distributed moment can be assumed
to be negligible, which is also consistent with the previously discussed

13

quantified proportion of distributed moment.

Fig. 18 illustrates the normalized soil reaction curve of the distrib-
uted moment. This figure indicates that their relationship, after
normalization, is essentially consistent across various pile diameters.
The initial value of the normalized distributed moment is high, and it
gradually decreases with the rotation of the monopile. Subsequently, it
increases again after reaching the minimum value, and finally, it tends
to stabilize with the increase of the rotation angle. Fig. 19 illustrates the
relationship of the ultimate distributed moment along the pile shaft.
This figure demonstrates that the profile of the normalized ultimate
distributed moment for piles of different diameters and embedded
lengths is consistent, forming a parabolic distribution. Accordingly, a
parabolic function is used for fitting, with the final results presented in
Eq. (15). The method proposed in this paper, similar to PISA, is not
affected by the diameter. In light of the accuracy of the calculation re-
sults and following the suggestions of Burd et al. (2020), an initial
stiffness of ky, = 20 is chosen, with the final fitting results being illus-
trated in Fig. 18.

2
—0.273%

i (15)

i, = 0.167 +0.274 (%)

4.6. Effect of relative density

The aforementioned analyses were conducted on Toyoura sand,
which is characterized by a relative density of 65 %. To further enhance
the applicability of the two types of soil reactions proposed in this paper,
the ’p-y + m-0’ analysis model suitable for different relative densities of
sand has been introduced. Systematic studies were carried out on
monopiles with depth L = 30 m and diameter D = 4-10 m. These studies
focused on Toyoura sand with relative densities of 39 % and 82 %. The
constitutive parameters for the above two relative densities of Toyoura
sand were calibrated according to Example 2 and literature by Cen et al.
(2018), with specific parameters listed in Table 7 and simulation results
illustrated in Fig. 20.

Fig. 21 depicts the distribution profile of the ultimate distributed
lateral load along the shaft of 10 m diameter monopiles across various
relative densities. It reveals a trend in the distributed lateral load in
proportion to the increase in relative density, which facilitates the
establishment of a correlation between the normalized ultimate lateral
load and relative density. Notably, for the normalized distributed lateral
load, three depth-related variables show a significant linear correlation
with relative density, as illustrated in Fig. 22. Moreover, the initial
stiffness k;, after normalization is independent of relative density, so the
results of different relative densities were combined for fitting, with the
modified formulas shown in Eq. (16) to (20). The normalized distributed
moment m, being a function of the distributed lateral load p, is
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Fig. 22. Relationship between the normalized distributed lateral load parameters and relative density.
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Table 8
Monopile specifications of the DTU 10 MW OWT.
Specifications Value
Load eccentricity(m) 145
Diameter(m) 9
Embedded length(m) 45
Wall thickness(m) 0.1

fundamentally unaffected by relative density. Consequently, this paper
simplifies the analysis by disregarding the impact of relative density on
the normalized distributed moment, rendering the associated parame-
ters independent of relative density.

Pu=D @2 P2y +Ps ae)
p, = 3.68 —130.95D; a7
p, = —16.67+113.08Dz as)
ps = 11.06 — 6.31Dz 19
k, = 9.44e %% 1 1.87 (20)

To validate the performance of the soil reaction model proposed in
this paper, comparisons were made between the predicted
load-displacement curves for monopiles and the results derived from
finite element results. As presented in Fig. 23, it is evident that the
proposed soil reaction model agrees well with the response of the finite
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Fig. 24. Relationship between the measured load-displacement curves for
monopiles and calculated results.

element method, demonstrating its performance in predicting the lateral
loading behavior of large-diameter monopiles. To verify our model
under varied eccentricities to ensure its broader applicability, we chose
the monopile support system of DTU 10 MW OWT designed by Yang
et al. (2020) for higher eccentricity simulations in the Toyoura sand with
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a relative density of 82 %, with the monopile specifications shown in
Table 8. The simulation results in Fig. 24 show that even with the higher
eccentricity, the error in the calculation results is less than 6 %, which
proves that our soil reaction model is still robust and valid and thus
confirms its utility in a wider range of practical scenarios.

5. Validation of the applicability of the proposed model

To validate the performance of the newly developed ’p-y + m-6’
model based on a two-parameter soil reaction curve proposed in this
paper and to ensure consistency with the aspect ratio of offshore wind
turbine monopile foundations, centrifuge tests with three different
embedded lengths were selected (Maatouk et al., 2022). The sand was
NE34 Fontainebleau sand, characterized by a relative density of 82 %.
The effective weight of the sand was 10.27 kN/m®. The piles have an
identical diameter (D = 5 m) with various L/D ratios (L/D = 3, 4 and 5).
The monopiles were modeled using aluminum pipes, with an elastic
modulus of 72.5GPa and a thickness of 0.25 m in the prototype. In these
tests, the lateral load was imposed uniformly across all monopiles at a
load eccentricity of 25 m above the ground surface. Fig. 25 illustrates the
load-displacement response of the test monopile, showcasing the
capability of this method in predicting the lateral load characteristics of
the monopile. Furthermore, the model proposed in this paper has shown
better performance than the PISA model (Burd et al., 2020) under
certain circumstances.

6. Conclusion

Considering that the p-y curves suggested by API standard are not
proper for the lateral load analysis of large-diameter monopiles and that
the four-parameter soil reaction curve of the PISA model is complex and
does not account for the impact of the rotational deformation mode on
the ultimate distributed lateral soil resistance. This paper quantifies the
contributions of four soil reactions, establishes a ’p-y + m-6’ model based
on a two-parameter soil reaction curve, and validates it through

Appendix
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centrifuge tests. Considering the analysis discussed previously, we can
infer the following conclusions:

(1) It is evident that apart from the distributed lateral load, the
contribution of the distributed moment is the greatest (up to 14 %) in
sand, followed by the base shear force (up to 5 %). The influence of the
base moment is the least significant, and the contribution of these three
types of soil reaction tends to increase with the decreasing length-
diameter ratio. Therefore, in the lateral load analysis of large-diameter
monopiles, the impact of distributed lateral load should not be the
only consideration; the role of distributed moment should also be
considered, while the contributions of base shear force and base moment
are minor and can be neglected.

(2) The PISA model does not consider the impact of rotational
deformation modes on ultimate distributed lateral soil resistance. This
paper adopts the concept of parabolic fitting, suggesting that the dis-
tribution of ultimate lateral soil resistance should also consider the
impact of rotational deformation modes of large-diameter monopiles.
The recommended two-parameter soil reaction curve significantly re-
duces the parameters by half compared to the four-parameter conical
function, making it more practical for engineering design.

(3) Among sands of different relative densities, the ultimate
distributed lateral soil resistance shows a positive correlation with
relative density. The three variables related to depth variation show a
good linear relationship with relative density, whereas the normalized
initial stiffness appears unrelated to relative density.

(4) The developed ’p-y + m-0’ model has been confirmed by centri-
fuge tests as being effective for the lateral loading analysis of large-
diameter monopiles. It accurately predicts the load-displacement rela-
tionship curve of monopiles. This method also has the potential to be
further extended to the analysis of clays and layered soils to be appli-
cable for lateral load analysis in the complex geological conditions of
practical engineering projects.
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According to the plasticity theory, the strain increment can be defined as the sum of the elastic strain increment and the plastic strain increment, as

follows:

de = de° +de?

(A1)
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The correlation between stress and strain increments is shown below:

dé = D% : de (A.2)
The elasto-plastic stiffness matrix is expressed as:

D°:ng:n':D°

D? =D° — Hin D% im (A.3)
Where, D° is the elasticity matrix; ng is the plastic flow direction vector, representing the direction of the plastic strain increment.
The shear modulus and bulk modulus, taking into account the influence of stress dependence, are calculated as follows:
G = Gopa(p'/Pa)™ (A.4)
K = Kopu(p' /pa)™ @.5)

In the equation, p, represents atmospheric pressure; my, and ms are model parameters; Ky and Gy are the coefficients of initial bulk modulus and
shear modulus coefficient, respectively.
The following generalized expression is proposed for the stress-dilatancy relationship:

_d
de?
In the formula,e? and €? are the plastic volumetric strain and the deviatoric strain, respectively; the critical stress ratio M, is expressed by the Lode

angle 0 and the friction angle qﬁ:g:

dg (1 +ag) (M —n) (A.6)

6sing,
My=——F77—— (A7)
3+ smdzgsm3€
The plastic flow direction vector ng in triaxial space is then defined as follows:
T
T dg 1
ng = (g,ng) = | ==, —— (A.8)
2 2
J1+d (/1+d;
The loading direction vector ny is expressed as:
T
T ds 1
ng = (nfv,nfs) = —27—2 (A.9)
\J1+d; (/1+d;
The definition of dj is:
dy = (1 + ar) (M; —n) (A10)
The plastic modulus under loading and reloading conditions are determined as:
Hy, = Hopa*(p/Pa)™ -Hy-(Hy + Hs)-HpyHeen (A11)
Hy=(1-n/p)" (A.12)
np = (1+1/as) My (A.13)
Hy =1-3/M, (A14)
H; = oprexp( — foé) (A.15)
HDM = exp((l - ﬂ/ﬂmax)yDM) (A‘16)
5:/\des\ (A.17)
Haen = exp(y4¢y) (A.18)
where Hy is the plastic modulus; Hy, Hy, and Hg are plastic coefficients; and Sy, 1, and ypy are model parameters.
The plastic modulus under unloading is defined as:
Hyo(1,/Mg) ™ |n,/Mg| < 1
H, = u u (A.19)
{HUO Mu/Mg|>1
H, = Hyln,/Mg|>1 (A.20)

The model parameters m,,r,, and H,, are constants.
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