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ARTICLE INFO ABSTRACT

Keywords: To develop a unified soil reaction model suitable for laterally loaded monopiles in soft and stiff clays, this paper
Monopiles employs an experimentally validated numerical method to analyze the influence of diameter, embedded length
Clay

(L), and clay types (soft or stiff) on the soil reaction model, proposing a unified model based on hyperbolic soil
reaction curve. This model fully considers the contributions of distributed lateral load, base moment, base shear
force, and distributed moment to the lateral resistance. The results of the analysis indicate that the ultimate
normalized lateral soil resistance (p,) of soft and stiff clays in the wedge flow zone increases with depth, reaching
a peak in the full flow zone with the peak points located around 0.5 L. The maximum of p, between soft and stiff
clays is positively correlated with the ratio of effective vertical stress to undrained shear strength (¢, /s,) at the
current depth. The ultimate base shear force and base moment for monopiles in soft and stiff clays can also be
represented by & /s, at the base. Through rigorous validation with centrifuge and field tests, the unified soil
reaction model proposed in this paper can accurately predict the response of monopiles in soft and stiff clays.

Soil reaction model
Base shear force and base moment
Pile side shear stress

1. Introduction

Monopile foundations have gradually become the mainstream choice
in the offshore wind industry because of the simplicity of design and
construction. Throughout the lifecycle of offshore wind turbines,
monopile foundations must withstand horizontal force and overturning
moment generated by environmental loads such as wind, waves, and
currents. Thus, accurately evaluating the behaviour of monopile under
lateral loading is crucial for ensuring the overall stability and safe
operation of the wind turbine.

The p-y method, deducted from the Winkler foundation beam model,
is an extensively computational method for analyzing the lateral load
response of monopiles. Currently, the p-y curves proposed in the API
(2014) guideline were initially derived by Matlock (1970) based on field
tests of small-diameter flexible piles with a diameter D = 0.324 m and an
aspect ratio L/D = 39 in the offshore oil and gas industry. In recent years,
with the increase in installed capacity of offshore wind turbines, the
monopile diameters used in the project has reached 10 m and may even
reach 12 m in the future, while the L/D ratio has decreased to between 2
and 8 (Chen et al., 2023), which significantly differs from the

deformation characteristics of small-diameter flexible piles. If the p-y
curves based on flexible piles are used to analyze rigid piles with small
length-diameter ratios, it will result in an underestimation of the lateral
resistance of monopiles. (Wang et al., 2020; Lai et al., 2021). This is
because the failure mode of monopiles has shifted from the bending
failure mode of flexible piles to the rotational failure mode of rigid piles
(Hong et al., 2017). Additionally, the DNV (2016) standard suggests that
the application of the p-y method for the analysis of monopile lateral
load characteristics must be validated by the finite element method,
which further increases the workload of monopile design.

To improve the accuracy of the p-y method when analyzing
monopiles under lateral loads, numerous improved soil reaction models
have been proposed (Jeanjean, 2009; Yu et al., 2017a; Zhang and
Andersen, 2019; Fu et al., 2020; Lai et al., 2021; Jiao et al., 2024). Most
of these models are modifications of existing p-y curves according to
experimental results or numerical simulations (Yu et al., 2017b; Li et al.,
2018; Truong and Lehane, 2018; Li et al., 2020; Zhu et al., 2022).
Truong and Lehane (2018) found through a series of centrifuge experi-
ments that the net ultimate pressures were significantly correlated with
the normalized embedment depth of monopiles and the undrained shear
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strength, proposing a p-y curve suitable for soft clay foundations that
accounts for the shape of the monopile. Zhu et al. (2022) explained the
mechanism of pile-soil interaction and suggested an accurate analytical
p-y curve model incorporating the small-strain stress-strain relation.
There is also a category of models based on the deformation mechanism
of monopiles (as illustrated in Fig. 1), incorporating multi-spring soil
reaction models that account for additional pile side shear stress, base
shear force, and base moment, as shown in Table. 1. Jiao et al. (2024)
established the analytical expressions for three-spring model and pro-
posed a calculation method that can accurately predict the lateral
bearing capacity of the monopile. However, most of the aforementioned
numerical models are based on research results obtained from single-
type clay (soft or stiff) foundations. Since the small-strain shear
modulus and undrained shear strength of soft clay are lower than those
of stiff clay, the soil reaction model proposed solely based on numerical
analysis results from soft clay is not suitable for the lateral loading
analysis of monopiles in stiff clay, and vice versa. Therefore, there is a
lack of systematic research on soil reaction models that can be applied to
both soft and stiff clay foundations.

To enhance the applicability of soil reaction models to different site
conditions, Zhang and Andersen (2017) and Lai et al. (2021) introduced
an analytical method to precisely obtain soil reaction curves by scaling
the soil stress—strain curves. Souri et al. (2023) developed a unified p-y
curve for undrained clay sites by establishing relationships between
undrained shear strength, effective unit weight, embedment depth, pile
diameter, and the ultimate soil resistance. The PISA model (Byrne et al.,
2020a) is primarily suitable for analyzing monopiles under lateral
loading in stiff clay, but their suitability for soft clay foundations has not
been sufficiently validated. Furthermore, the conic function soil reaction
curves employed in the PISA project complicate the calibration process

for specific sites. Therefore, developing a unified four-spring soil reac-
tion model that can be applied to both soft and stiff clay foundations to
address complex site conditions has become an urgent issue in large-
diameter monopiles lateral load analysis.

In response to these challenges, this paper conducts finite element
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analyses of monopiles in three clay foundations, utilizing calibrated real-
site clay constitutive parameters and validated numerical methods.
Through systematic analysis, this paper recommends relationships be-
tween undrained shear strength, effective vertical stress, embedment
depth, and diameter with the ultimate soil resistance and proposes a
four-spring soil reaction model based on hyperbolic curves. The pro-
posed model can adequately take into account the influence of the
rotational deformation mode of monopiles and is suitable for analyzing
monopiles under lateral loading in soft and stiff clays. Through
comparative analysis with the PISA model, the model proposed in this
paper demonstrates its accuracy and applicability under various site

conditions.
2. Numerical analysis method

2.1. Mesh and boundary conditions

Numerical analysis was performed using the geotechnical finite
element software GEODYNA (Gong et al., 2023; Qu et al., 2021; Zhang
et al., 2024; Zou et al., 2013; Zou et al., 2022a). To enhance computa-
tional efficiency, a refined three-dimensional cross-scale mesh was
generated through the application of symmetry and octree mesh dis-
cretization techniques, as illustrated in Fig. 2. The high-precision
nonlinear scaled boundary finite element was used to simulate the
polyhedron elements generated during discretization (Chen et al.,
2017), while the remaining elements were simulated using iso-
parametric element. The mesh sensitivity analysis reveals that after
doubling the grid density, the load—displacement response of the model
changes by less than 2 %, which means the computational accuracy
requirements are fulfilled (Wang et al., 2022). The mesh eventually used
consists of 125,643 elements, as shown in Fig. 2. Subsequent numerical

analyses were conducted by coupling the finite element method with the
scaled boundary finite element method. In order to reduce the influence
of the model boundary, the length from the monopile shaft to the lateral
boundary was set at 10D, and the spacing between the pile base and the
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Fig. 1. Typical monopile foundation (Zhang et al., 2024) (a) Wind turbine and monopile under lateral loads. (b) Representation of soil reaction forces (c) Four types

of soil reaction spring.
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Table 1
Existing soil reaction models.
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References Clay type p-y springs m-0 springs H-y spring M- spring Concentrated rotational spring
Zhang and Andersen (2017) Unified clay \/ — — _ _
Li et al. (2020) Unified clay \/ — — — _
Zhu et al. (2022) Soft clay v — — -
Souri et al. (2023) Unified clay \/ — — _ _
Zhang and Andersen (2019) Unified clay \/ — \/ — _
Fu et al. (2020) Soft clay v v v — —
Byrne et al. (2020a) Stiff clay v v v V/ -
Cao et al. (2021) Soft clay v — v v —
Wang et al. (2020) Soft clay v — — — v
Lai et al. (2021) Unified clay v — — — v
Shao et al. (2024) Stiff clay v Vv — — v
Jiao et al. (2024) Unified clay v v — — v

Ground surface

7 polyhedron

9 faces, 13 nodes

Monopile

Fig. 2. 3D finite element mesh (Zhang et al., 2024).

bottom boundary was set at 5D (Zhang et al., 2024). The lateral surface
and bottom of the computational model were constrained using lateral
and pinned supports, respectively.

2.2. Constitutive model

The pile-soil interaction (PSI) of laterally loaded monopiles repre-
sents a complex three-dimensional problem, and the effective simulation
of PSI depends heavily on the ability of the constitutive model to
accurately reflect the highly nonlinear properties of clay. Considering
these factors, the clay is modeled using the generalized plasticity
constitutive model, which was initially proposed by Pastor and Zien-
kiewicz (Pastor et al., 1985; Pastor et al., 1990). The model has been
successfully employed to reproduce the nonlinear behavior of clay for
practical applications. Building on this foundation, Xu et al. (2012) in-
tegrated it into the geotechnical engineering software GEODYNA, and it
has been successfully used to analyze static and dynamic geotechnical
structures such as earth-rock dams (Qu et al., 2020; Gong et al., 2023)
and offshore wind monopile foundations (Zhang et al., 2024).

The elastoplastic stiffness matrix D*® is expressed as:

D°:ng:n":D°

D?=p -~ 8
H+4n':D°:n,

(€Y

where, D€ is the elastic stiffness matrix, ng is the plastic flow direction
vector, H is plastic modulus under loading and reloading.
ng can be obtained as follows:

T

@

d, 1
ny = (M) = | = ——
® V1+d (J1+d

where, dg is the stress-dilatancy relationship.
Other constitutive parameters are not given in this paper, as detailed
in Xu et al. (2012).

2.3. Undrained conditions

The effective stress analysis under undrained conditions is imple-
mented by separately defining the effective elastoplastic matrix of the
soil skeleton (DP) and the pore water pressure matrix (D"), which are
subsequently superimposed to form the total stress matrix (D). The
method was initially proposed by Naylor (1974), and Zou et al. (2022b)
integrated it into GEODYNA, establishing a simplified and efficient
fluid-solid coupling analysis method under undrained conditions.

The pore water pressure matrix D" can be expressed as:
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. Ko(I 0
D _7(0 0) ®)

where, Ky, is the compressive modulus of water (K, = 2.08 x 10°kPa), n
is the soil porosity, 0 is the 3 x 3 null matrix, and I is the 3 x 3 identity
matrix.

The following formula can be used to determine the relationship
between the increment of pore water pressure and strain:

dP, = DY : de @
2.4. Pile-soil interaction

The pile-soil interface is simulated using zero-thickness Goodman
interface elements (Goodman et al., 1968). The relationship between
stress and displacement for the interface elements is determined by the
following equation (Zou et al., 2013):

AF,, ke O 0 (Ady
AF, 3 ={ 0 k; 0 »{ A5, ©)
AF,, 0 0 ki) |Ad,

where, AF,, and AF,, are the increments of shear stress, k;x and k,y are
the shear stiffness, Ad;, and Ad,y is the increment of shear displacement
in the shear direction. AF,, is the normal stress, As,, and k,, are the
increments of normal displacement and normal stiffness, respectively.

A state-dependent perfect elastoplastic interface model (Zou et al.,
2013) is employed to establish the contact characteristics of pile-soil
interaction.

3. Validation of numerical simulation method

To demonstrate the fidelity of the numerical analysis method to
simulate the laterally loaded response of monopiles in undrained clay
foundations, both field tests on rigid piles in stiff clay and centrifuge
tests on large-diameter monopiles in soft clay were selected. Addition-
ally, parameter calibration of the Bangkok clay was carried out to pro-
vide conditions for subsequent studies on the unified soil reaction
model.

3.1. Constitutive parameters

The parameter calibration process for Kaolin clay, Bangkok clay, and
Cowden stiff clay is as follows: (1) determine the elastic parameters
(coefficients and exponents of small-strain shear modulus and bulk
modulus) and critical stress ratio based on literature data (Surarak et al.,
2012; Likitlersuang et al., 2013; Zdravkovi¢ et al., 2019; Byrne et al.,
2020b; Duque et al.,, 2021; Duque et al., 2022); (2) calibrate the
remaining constitutive parameters according to the stress-strain curves
from triaxial tests. The final parameters are shown in Table 2, and the
stress-strain relationship and pore water pressure-axial strain relation-
ship from the undrained triaxial tests and calibrations are shown in
Figs. 3-5. The effective unit weight (y’) and undrained shear strength
(sw of Kaolin clay, Bangkok clay, and Cowden stiff clay are shown in
Table 3.

Based on the finding by Zhang et al. (2024), the shear stiffness co-
efficient and exponent of the perfect elastoplastic interface have little
influence on the laterally loaded behavior of monopiles. Thus, the pa-
rameters in this paper are consistent with their findings. To prevent
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penetration of the interface, the compression stiffness coefficient ks is set
at 1 x 107 kPa, and the strength of the interface is taken as 2,3 of the soil
critical state friction angle. Table 4 shows the specific parameters.

3.2. Validation of centrifuge test and field test

The validation was conducted through the following tests. (1) A se-
ries of scaled monopile tests (Byrne et al., 2020b) were conducted in the
Cowden stiff clay in the UK as part of the PISA project. The CM2 pile was
selected for validation in this study. The pile dimensions are listed in
Table 5, and the soil constitutive parameters are listed in Table 2. The
load-displacement relationship curve, pile shaft displacement, and
bending moment calculated in this study agree with the test results, as
illustrated in Fig. 6 and Fig. 7. (2) Lai et al. (2020) investigated the
lateral load response of monopiles in soft clay under lateral loading
through a series of centrifuge tests. The monotonic tests were selected
for validation in this study. As shown in Fig. 8, the load—-displacement
relationship curve obtained by the numerical simulation matches the
test results, confirming that the method used in this study can be
applicable to the analysis of laterally loaded characteristics of large-
diameter monopiles.

4. Development of the united soil reaction models
4.1. Program for numerical parametric analysis

Table 6 presents the program for the parametric analysis of
monopiles in this study. The monopile thickness is calculated based on
the Eq. (6) (API, 2014), with an elastic modulus E = 210 GPa and a
Poisson’s ratio v = 0.3. The calculation range covers the diameters and
embedment lengths currently and potentially planned for offshore wind
farms, with aspect ratios ranging from 2.5 to 8.33. Following the
research results of Wang et al. (2022), the load eccentricity has no sig-
nificant influence on the soil reaction curve. Therefore, the load ec-
centricity in this paper is uniformly set at 100 m.

D
£ = 0.006 + 5o (m) (6)

Based on the research basis of the PISA project (Byrne et al., 2020a),
the vertical load carried by the monopile is usually only a small fraction
of the vertical bearing capacity of the foundation. Therefore, consistent
with the PISA project (Byrne et al., 2020a), this study is also based on the
conventional design assumption for laterally loaded monopiles, namely
that the lateral load-bearing capacity of monopiles supporting wind
turbines is not influenced by the vertical loads (induced by the weight of
the wind turbine and tower structure).

4.2. Quantifying the contribution of the soil reaction components

From the deformation mode of the monopile illustrated in Fig. 1 and
referencing the findings of Hong et al. (2017), it is evident that the
failure mechanisms of large-diameter monopiles primarily include
wedge failure mechanism at the shallow zone, full flow mechanism
below the wedge zone, and rotational failure mechanism at the base.
Compared to small-diameter flexible piles (without rotational defor-
mation), rotational deformation mode significantly enhances the base
moment, base shear force, and pile side distributed moment in resisting
lateral loads. To illustrate the impact of the soil reaction models on the

Table 2
Parameters of the constitutive model for clay.
Go Ko M, My af ag Huo Hyo m, m m Po P Ydm Td Yu my
Kaolin clay 72 70 0.90 0.5 0.42 -0.4 100 100 0.65 0.5 0.65 10 0.02 15 10 3.5 0.6
Bangkok clay 260 346 1.07 0.85 0.55 —0.89 100 100 0.5 0.10 0.50 10 0.01 15 10 3.5 0.6
Cowden stiff clay 1478 2349 1.07 1.01 0.55 —0.96 2400 700 0.42 0.35 0.42 35 0.025 15 10 3.5 0.6
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Table 3
Effective unit weight and undrained shear strength of clay.
su (kPa) 7 (kN/ References
m3)
Kaolin clay 1.652 6.5 Dugque et al. (2021); Duque et al.
(2022)
Bangkok clay 3.3z 10 Surarak et al. (2012); Likitlersuang
et al. (2013)
Cowden stiff 70 + 11.37 Zdravkovi¢ et al. (2019)
clay 6.73z
Table 4
Parameters of perfect elastoplastic interface.
ky ko (kPa/m) n "
800 1 % 107 0.5 16
Table 5

Detailed dimensions of the monopiles used for validation.

Embedded Diameter L/ Thickness  Load
length D (m) D t (m) eccentricity
D (m) (m)
PISA (Byrne 10.5 0.762 7.5  0.025 10
et al.,
2020b)
Lai et al. 60 4 5 0.08 8
(2020)

500 T I T I T I T 1 T
O Measured
3D FEM

\®) w N
(aw] [an] [aw]
S S S

T

o

O

u|

Lateral load (kN)

—
)
-

0 L 1 L 1 L 1 L 1
0 20 40 60 80 100

Lateral displacement at mudline (mm)

Fig. 6. Lateral displacement versus load relationship curve at mudline.

lateral responses of large-diameter monopiles, Fig. 9 compares the
load-displacement relationship obtained using the extracted soil reac-
tion curves from numerical simulations and the API method with the
results of the finite element method. The lateral soil resistance p con-
tributes the most to the ability of monopiles to resist horizontal defor-
mation, while the roles of the other three types of resistance are also
significant. The API practice significantly underestimates the ability of
monopiles to resist horizontal deformation. The contributions of base
moment base shear force and pile side shear stress to monopiles in
Kaolin clay with different aspect ratios (L/D) were quantified based on
numerical analysis results, as detailed in Fig. 10. Besides the distributed
lateral load (p), the proportions of the distributed moment (m), pile base
shear force (H), and base moment (M) all increase as the aspect ratio (L/
D) decreases, reaching a maximum of 11 %, 8 %, and 7 %, respectively.
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This is because as the length-to-diameter ratio decreases, the rotational
deformation mode becomes more significant, causing monopiles to
approach the failure mechanism of the rigid pile, resulting in increased
pile base deformation. It is therefore essential to consider the four
components of soil resistance in a comprehensive manner rather than
just taking into account the contribution of the distributed lateral load p-
y springs when designing and analyzing monopiles. This approach can
reduce construction costs, increase economic efficiency, and more
accurately calculate the laterally loaded response of monopiles.

4.3. Description of the soil reaction model

As shown in Fig. 11(a), the lateral soil resistance p of the laterally
loaded monopile is composed of normal soil resistance along the pile
perimeter and tangential shear stress. The ultimate lateral soil resistance
exerted by the soil on the monopile can be expressed as:

P=Q+F @)

where, Q is the soil resistance generated by normal stress; F is the soil
resistance generated by tangential shear stress. F and Q can be calculated
using the following equations:

Q=Y n ®)
1

n
F=> zsing )
1

where, p; represents the horizontal component of the normal stress
acting on the pile element; 7; denotes the horizontal component of the
shear stress acting on the pile element; n represents the number of pile
elements in the cross-section.

The distributed moment m in the cross-section of monopile is
determined by integrating the pile side shear stress t;, as follows:

21
m= / t,D?*cospdyp 10)
)

The vertical shear stress t, and the variable ¢ are shown in Fig. 11(b).

The pile base shear force and base moment were determined by
integrating the stress on the pile tip element and soil plug element. The
relative displacement and cross-sectional rotations of the monopile are
calculated by averaging the relative displacements and cross-sectional
rotations of all pile elements at the corresponding depth.

In this paper, the variables of soil resistance and deformation for all
soil reaction curves (distributed lateral load, distributed moment, base
shear force, and base moment) are described in dimensionless form, as
shown in Table 7. Additionally, the backbone curves of the soil reaction
model include hyperbolic tangent function (Jeanjean, 2009; Cao et al.,
2021; Zhu et al., 2022) and hyperbolic function (Zhou et al., 2020; Liu
and Jiang, 2024; Zhang et al., 2024). This paper uses the hyperbolic
function to describe all normalized soil reaction curves. Taking the
normalized p-y curve as an example in Eq. (11), y is the normalized
lateral displacement, p,, is the normalized ultimate soil resistance, and k;
is the initial stiffness.

= y
P =Wk + 0/p an
Fig. 1(c) describes the one-dimensional finite element framework of
the soil reaction model, in which the monopile is simulated using a two-
node, five degree-of-freedom Timoshenko beam element (Byrne et al.,
2020a), and the soil reaction springs acting on the monopile are
modeled using the same interpolation functions as the monopile ele-
ments. The integration in the calculation process is carried out using
Gaussian integration with four Gaussian points, and the nonlinear
equations are solved using the Newton-Raphson method. Therefore, by
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Table 6
Program for the parametric analysis.
Diameter Load Embedded L/D Thickness
D (m) eccentricity length t (m)
(m) L (m)

Kaolin clay 6 100 30 5 0.065
Bangkok 8 3.75 0.085
clay 10 3 0.105
Cowden 12 2.5 0.125
stiff clay 6 40 6.67  0.065

8 5 0.085
10 4 0.105
12 3.33 0.125
6 50 8.33 0.065
8 6.25 0.085
10 5 0.105
12 4.17 0.125

applying Winkler foundation theory and finite element methods, the
model can simulate the lateral displacement and bending moments
along the pile shaft under various loading conditions.

4.4. Distributed lateral load soil reaction curve (p-y curve)

A systematic study on the effects of clay type, diameter, and
embedment length on the p-y curves was conducted through parametric
analysis. Figs. 12-14 presents the normalized p-y curves at two depths (z
= 0.2 L and 0.9 L) for Kaolin clay, Bangkok clay, and Cowden stiff clay,
respectively. It was observed that at the same depth, the normalized
lateral soil resistance for monopiles of different diameters were basically
consistent. For different clay foundations, the shape of the p-y curves are
very similar, showing differences only in initial stiffness and the ultimate
normalized lateral soil resistance. To standardize the representation of
the p-y curves for different clay foundations, the hyperbolic function is
introduced to represent the nonlinear characteristics of the normalized
p-y curves.

Fig. 15 presents the distribution patterns of the ultimate resistance p,,
for monopiles with various length-to-diameter ratios in three types of
clay foundations. From the figure, it is evident that p, in the wedge flow
zone gradually increases with the increase of depth, reaching a peak in
the full flow zone (the transition position between the wedge flow zone
and the rotation deformation zone). It is also observed that the peak
points are located around 0.5 L, which is in accordance with the
conclusion of Cao et al. (2021). To achieve a unified expression of the
maximum ultimate normalized distributed lateral load p,max among
three different clay, by referring to the influencing factors of ultimate
soil resistance in API and along with the results of Fig. 16, it was found
that p, max among different clays is positively correlated with the ratio of
effective vertical stress to undrained shear strength (o, /s,) at current
depth. The final relationship is established as shown in Eq. (12). In
Fig. 15, it can be seen that the rotation center is located near 0.75 L,
where p, is close to zero. This is because large-diameter monopiles
exhibit a deformation mode that rotates around the rotation center, so
the lateral deformation at this center is always small throughout the
deformation process, and thus the lateral soil resistance at this center
cannot be fully mobilized. Since the shallow ultimate resistance is lin-
early distributed and the deep zone exhibits a symmetrical distribution
pattern centered on the rotation center, a piecewise function is
employed to characterize the influence of the rotational failure pattern
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Fig. 9. Load-displacement curve with different soil reaction components at mudline (a) L = 30, L/D =5 (b) L = 30, L/D = 2.5. Note that p represents the distributed
lateral load, m represents the distributed moment, H signifies base shear force, and M stands for base moment.

20%

B Distributed moment

[ Base moment

Base shear force i
10% |

7l J i l
0 J

0% D=6m D=8m D=10m D=12m

L/D=5 L/D=3.75 L/D=3 L/D=25

Fig. 10. Contribution of base moment, base shear force and distributed
moment in Kaolin clay.

15%¢

Contribution of
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on the p,,. The shallow zone is represented by a linear function, and the
deep zone is represented by a hyperbolic tangent function. The distri-
bution functions are shown in Egs. (13)-(14), and the fitting is shown in
Fig. 15.

The initial stiffness at each depth can be determined by fitting the
hyperbolic function to the p-y curves (Cao et al., 2021). Fig. 17 presents
the profile of the initial stiffness coefficient k;, of the normalized p-y
curves with depth for the three differernt clay foundations. The
parameter kj, increases with diameter along the depth, but the changes
are not significant. Therefore, the effect of diameter on the parameter k,
is not considered in this paper (Byrne et al., 2020a). Given that the

F2
(@)

parameter k, gradually increases with depth and the variations are
particularly significant near the rotation center, the exponential func-
tion of Eq. (15) is used to describe the overall distribution. Based on the
results of the fitting, the relationship between parameters a; and b; and
the average small strain shear modulus along the embedment length
(Gave) is established. Similar to the method of obtaining the ultimate
resistance p,, and achieving a unified expression of the initial stiffness
coefficient k; of the normalized p-y curves on different clay foundations
considering global distribution, the relationships between parameters a;
and b; and Ggye/Grer are established according to the results shown in
Fig. 18, as presented in Eq. (16).

By following the proposed method, a unified p-y curve based on the
hyperbolic function for monopiles in different types of clay foundations
is finally established. Figs. 12-14 shows that the proposed curves can
better represent the nonlinear characteristics of the soil reaction curves
in different clay foundations.

Table 7
Normalized variables for the soil reaction components.

Normalized forms Dimensionless formulas

Base moment,M Mg
syuD3
Base shear force,H Hp
suD?
Pile side distributed moment,m m
lpID
Distributed lateral load,p b
suD
Pile cross-section rotation,f 0Go
Su
Lateral displacement,y ¥Go
suD

Load

The vertical
shear stress

Fig. 11. Distribution of stress at the interface between the monopile and soil (a) normal soil stress and side shear stress (b) vertical shear stress.
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Fig. 14. Normalized p-y curve for Cowden Stiff clay (PISA for D =10 m) (a) z =6 m (b) 2 = 27 m.
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k, = a;eh?/*

kp _ 6.091e(1.416+0.0026uve/6mf)-z/L70.01Gm/G,ef

(12)

(13)

(14

(15)

(16)

where, pymax is the maximum ultimate lateral resistance, Ggye is the
average small-strain shear modulus along the embedment length and
Gres is the reference modulus, equal to 1 MPa.

4.5. Distributed moment (m-0 curve)

The normalized distributed moment curves for Kaolin clay, Bangkok
clay, and Cowden stiff clay are shown in Fig. 19. It initially decreases,
then increases, and eventually stabilizes, which similar to the patterns of
sand soil reaction curves (Burd et al., 2020; Zhang et al., 2024). Fig. 20
shows the distribution of the normalized ultimate distributed moment
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Fig. 15. Distribution of ultimate normalized distributed lateral load (PISA for D = 10 m) (a) Kaolin clay (b) Bangkok clay (c) Stiff clay.

(m,) with depth for three different clay foundations. It is observed that
the effect of diameter on m, is minimal. The m, in different clays are
basically at the same level and are not significantly affected by the type
of clay or diameter, as the normalized distributed moment is related to
the distributed soil resistance p. For simplicity and ease of use, a linear
function in Eq. (17) is used to describe m, for the three different clays,
with the fitting result illustrated in Fig. 20. According to the recom-
mendations of Burd et al. (2020) and the characteristics of the normal-
ized distributed moment soil reaction curves, the initial moment
stiffness coefficient k;, = 20 is selected, and a unified distributed
moment soil reaction curve is proposed, as shown in Fig. 19.

1 5 T T T T

i, = 0.139 — 0.096% an

4.6. Base shear force and base moment

Fig. 21 shows the normalized base shear force curves for monopiles
with different aspect ratios on three different clay foundations. It is
evident that the normalized ultimate base shear force gradually de-
creases with the increase in diameter and varies between different clay
foundations. By generalizing the relationship between the ultimate
normalized base shear force, initial stiffness of monopiles, and clay
characteristics, it is found that the ultimate normalized base shear force

Fig. 16. Correlation between the maximum ultimate resistance and ¢/, /s, at
this depth among different clays.
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Fig. 20. Normalized ultimate distributed moment (a) Kaolin clay (b) Bangkok clay (c) Stiff clay.

of monopiles with the same diameter and embedded length on different
clay foundations is positively correlated with ¢, /s, at pile base, and the
initial shear stiffness coefficient is related to Gp/Grer at this depth.
Therefore, to simplify the considerations, the relationships are described
using linear and exponential functions according to Egs. (18)-(19) based
on the calculation results. By summarizing and analyzing the relevant
parameters ap, bg, ¢y, and dg, the relationships with the length-to-
diameter ratio are finally established, as shown in Egs. (20)-(21), and
the result of the fitting is presented in Figs. 21-22.

Fig. 23 shows the normalized base moment soil reaction curves be-
tween the normalized base moment and pile cross-section rotation angle

11

for monopiles with different aspect ratios on three different clay foun-
dations. It would appear that the normalized ultimate base moment
increases as the diameter increases, but the change is relatively small.
The normalized base moment soil reaction curves were studied using the
same method with base shear force. According to Egs. (22)-(23), the
linear relationship between the normalized ultimate base moment and
o, /sy at the same embedment length and diameter of monopiles on
different clay foundations, and the relationship between the initial
moment stiffness coefficient and Gp/Gr.f were established. According to
the aforementioned finding, the relationships between the parameters
as, bs, c3, and d3 and length-to-diameter were also established using
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linear functions. The final results are shown in Egs. (24) and (25), and
the simulation result is shown in Fig. 23 and Fig. 24.

;

Hp=a, + b2 (18)
Su
i
kH = Cg€ Gref (19)
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u
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where, Gp is the small-strain shear modulus at the pile base, G is the
reference modulus, equal to 1 MPa.

5. Verification of the unified model

To fully verify the unified soil reaction model proposed in this paper
for predicting the laterally loaded response of monopiles in different
types of clay foundations, the following three cases were selected for
load—-displacement curve comparison analysis. These are as follows: (1)
3D finite element validation of monopiles (3D FEM); (2) a field test on
rigid piles conducted by Zdravkovic et al. (2019); (3) a centrifuge test on
semi-rigid piles conducted by Lai et al. (2020). The soil parameters for
the validation of the soil reaction model are given in Table 8 and the
dimensions of the monopiles for which the validation was carried out are
given in Table 9. Gg and mg are the small strain shear modulus coefficient
and exponent, respectively, as expressed in the generalized plasticity
constitutive model.

5.1. 3D finite element validation of monopiles

The monopile foundation of the DTU 10 MW wind turbine designed
by Yang et al. (2020) was modeled according to the dimensions detailed
in Table 9. Finite element simulations of laterally loaded monopiles
were conducted on the three different clay foundations mentioned in the
previous studies, using the constitutive parameters and soil reaction
model parameters shown in Section 3.1. Fig. 25 compares the
load—-displacement curves obtained from the numerical analysis of
monopiles in three different clay foundations with the predictions of the
soil reaction model. It is apparent that the unified soil reaction model
proposed in this study can effectively predict the laterally loaded ca-
pacity of large-diameter monopiles on various types of clay foundations

Table 8
Parameters of clay for verification.
Tests Clay type Go mg sy (kPa) 7’ (kN/
m?)
3D FEM and Lai et al. Kaolin clay 72 0.65 1.65z 6.5
(2020)
3D FEM Bangkok clay 260 0.5 3.3z 10
3D FEM and Byrne Cowden stiff 1478 0.42 70 + 11.37
et al. (2020b) clay 6.73z
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Table 9
Monopile dimensions.
Tests Embedded Diameter  Load eccentricity Thickness
length (m) (m) (m) (m)
3D FEM 45 9 145 0.10
Byrne et al. 10.5 2 10 0.025
(2020b)
Lai et al. 60 6 8 0.06

(2020)

compared to the PISA model.

5.2. Verification of the rigid piles in Cowden stiff clay

Byrne et al. (2020b) conducted a series of laterally loaded field tests
in stiff clay foundations at the Cowden site in the UK. This study selects
the CL2 pile with a relatively large diameter for validation, with a
monopile diameter (D) of 2 m, an embedment length (L) of 10.5 m, a
loading height (e) of 10 m, and a thickness (t) of 0.025 m. On the basis of
the research results of Byrne et al. (2020b), the undrained shear strength
and small strain shear modulus of the stiff clay foundation can be ob-
tained. Fig. 26 presents a comparison between the load-displacement
curve observed at mudline in the field tests and the predictions of the
proposed model. It is evident that the unified soil reaction model pro-
posed can precisely predict the load-displacement curve of laterally
loaded monopiles.

5.3. Verification of centrifuge tests on large diameter monopiles

Lai et al. (2020) carried out a centrifuge test on laterally loaded
monopiles with a prototype pile diameter of 6 m in Kaolin clay. The
prototype pile had a thickness of 0.06 m, an embedment length of 60 m,
and a loading height of 8 m. The elastic modulus of the monopile was
210GPa. The effective unit weight of the clay is 6.5 kN/m?, and the
undrained shear strength gradient is 1.65 kPa/m. Fig. 27 compares the
predicted results of the proposed model with the load-displacement
relationship measured from the centrifuge test. It can be apparent that
the proposed model can reasonably predict the resistance of large-
diameter laterally loaded monopiles.

6. Conclusions

Based on numerical analysis methods validated by centrifuge tests
and field tests, a series of finite element analyses were conducted on
lateral load monopiles in three different clay foundations. By estab-
lishing the relationship between stiffness coefficient and small strain
shear modulus, and the relationship between ultimate soil resistance and
the ratio of effective vertical stress and undrained shear strength, this
paper proposes a unified soil reaction model suitable for soft and stiff
clay foundations to accurately predict the lateral behavior of monopiles.
The following conclusions can be drawn from the above analysis:

(1) The maximum of the ultimate normalized distributed lateral load
between different clays has a linear relationship with the ratio of
effective vertical stress to undrained shear strength o, /s, at the
current depth. The initial stiffness coefficient k, varies signifi-
cantly near the rotation center, and its distribution pattern is not
influenced by the pile diameter. The initial stiffness coefficient kj
exhibits an exponential distribution, and a linear relationship can
be established between the distribution parameters and the
average small strain shear modulus across different types of clay.

(2) The effect of diameter on the normalized ultimate distributed
moment (/) is minimal. The m, in different clays are basically at
the same level and are not significantly affected by the type of
clay or diameter.
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