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ABSTRACT: Increasing monopile diameter significantly alters lateral load response, and traditional design methods have already
demonstrated limitations, while the influence mechanism of the diameter effect is still not in consensus. Using the three-dimensional
finite element simulation, which is validated against centrifuge test results, the influence mechanism of the diameter effect is
analyzed, and the related failure modes are also examined. It is found that the lateral bearing capacity of the monopile increases
significantly with increasing pile diameter. The interaction of the soil plug and soil around the pile can enhance the nonlinear
characteristics of the lateral load-displacement response. As the pile diameter increases, the deformation response of the pile evolves
from flexible through semi-rigid to rigid behavior, and distinct failure modes are also developed. With the increase of pile diameter,
the depth range of the wedge failure zone for flexible piles increases gradually, whereas for rigid piles, the depth range remains
essentially unchanged, but the radius of the rotational failure zone significantly expands. The depth range of the full flow failure
zone of semi-rigid piles progressively shrinks with the reduction in pile bending deformation. Failure modes can significantly affect
the initial stiffness of the p-y curve. The initial stiffness exhibits the dependence on the pile diameter, embedment depth, and failure
mode simultaneously.
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1. Introduction

Large diameter monopile foundations, due to their advantages such as structural simplicity, ease of design and
fabrication, convenient transportation, strong adaptability to geological conditions and loading environments, and
minimal requirement for complex construction preparations, have gained increasing popularity [1-4] in the construction
of wind turbines, long-span bridges, high-rise buildings, transmission towers, and offshore platforms. During the service
period, monopiles are often subjected to lateral loads [5—8] induced by wind, waves, landslides, vehicle braking, ship
collisions, and earthquakes. Therefore, investigating the lateral bearing characteristics and failure mechanisms of large
diameter monopiles under lateral loads holds significant theoretical and practical importance.

Research on the lateral loading behavior and failure modes of large-diameter monopiles has revealed some key
findings, including: increased pile diameter and embedment depth significantly reduce foundation deformation while
enhancing bearing capacity [9-11]; flexible piles primarily exhibit single wedge failure mode, semi-rigid piles show
wedge failure mode, full flow failure mode and rotation failure mode, and rigid piles develop wedge failure mode and
rotation failure mode [12—-16]. However, there is limited research on how pile diameter changes affect each failure
zone’s scope and how different failure modes affect pile-soil interactions. In the theoretical analysis of pile-soil
interactions for large-diameter monopile foundations, the p-y curve method, corresponding to relationship of the lateral
load (p) and deformation (y), remains the most widely used approach. This method was originally proposed by Reese
et al. [17] and Matlock et al. [18] based on experimental results of small-diameter flexible piles, and evolved from the
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Winkler foundation model. It can effectively capture the nonlinear mechanical responses of the pile-soil interaction.
Subsequently, the method has been adopted with modifications in API (American Petroleum Institute: Geotechnical
and Foundation Design Considerations) [19] and DNV (Det Norske Veritas: Support Structures for Wind Turbines)
[20]. However, recent studies reveal significant limitations in the API-recommended p-y curve method when applied to
large-diameter monopiles, primarily due to the diameter effect. While researchers [21-27] have proposed a series of
modifications and enhancements to expand the applicability of the p-y curve method, a unified consensus on the
quantitative impact of the diameter effect remains elusive. For instance, Terzaghi [28], Randolph [29], He [30] argued
that the change in pile diameter did not affect the initial stiffness of the p-y curve, while Wang [31] and Serensen [22]
concluded that the initial stiffness of the p-y curve needed to be corelated to the pile diameter. PISA (Pile-Soil Analysis
Project) project [32,33], based on results of field tests and 3D finite element analyses, proposed an analytical model for
the lateral loading response of the monopile by adding soil springs around the pile that could simultaneously account
for the effects of base shear and bending moment, but did not consider the effects of changing failure modes, while
Wang et al. [34] found the effects of base shear and bending moment on the p-y curve to be negligible for large-diameter
piles based on a series of finite element numerical analysis results, and proposed a p-y curve model that could account
for different failure mechanisms. Hence, it is necessary to conduct further research on whether the diameter effect and
the change of failure modes resulting from the increase in pile diameter will affect the pile-soil interaction.

On this basis, this study develops a three-dimensional finite element numerical model, which is validated through
centrifuge test results [35], to investigate the influence mechanisms of the diameter effect on the deformation
characteristics, bearing capacity, and failure modes for large-diameter monopiles subjected to lateral loading.
Furthermore, p-y curves along the full embedment depth of the monopiles with varying diameters are derived through
circumferential integration of stresses in the surrounding soil elements. The effects of pile diameter and failure modes
on the ultimate soil resistance and initial stiffness of p-y curves are systematically analyzed.

2. Details of the Numerical Simulation

The finite element model consists of three components: the monopile, the soil core inside the monopile, and the
surrounding soil around the monopile, which are modelled by the solid linear brick elements with eight nodes (C3D8R).

2.1. Relevant Parameters of Soil and Monopile

Due to the fact that horizontally loaded monopile foundations are often used in marine environments (e.g., offshore
wind turbines), the sand is analyzed under saturated conditions. Given the primary focus of this study on the influence
of pile diameter variations, a specific set of soil parameters was adopted. All soil parameters are within the ranges
commonly used in similar studies on horizontally loaded monopile foundations. The soil is modelled with the Mohr-
Coulomb constitutive model, with a density of 1800 kg/m®, an internal friction angle ¢ of 33°, a dilation angle of 5°,
and a Poisson’s ratio of 0.3. Considering the stress-state dependency of Young’s Modulus for sand, an increasing
Young’s Modulus with soil depth, as shown in Equation (1), is guided by previous researchers [1,36,37]. All soil
parameters are summarized in Table 1.

A

(o

R 1)
at

where o,; is atmospheric pressure, k¥ and A are dimensionless coefficients, and o, represents the minor principal
stress of the soil. The depth-dependent variation of the Young’s Modulus is implemented in Abaqus by defining field
variables to modulate material properties spatially.

Table 1. Summary of soil parameters.

Soil Internal Friction Dilation Angle Poisson’s Dimensionless Dimensionless Minimal Mesh Size along
Type Angle ¢ (°) ©) Ratio Coefficient K Coefficient 4 the Depth (m)
Sand 33° 5° 0.3 560 0.6 0.25

The monopile is modeled as a linear elastic material with Young’s Modulus of 210 GPa, Poisson’s Ratio of 0.3,
and 7850 kg/m® density. Although this linear elastic assumption cannot account for material damage and failure
mechanisms, it remains justified for large-diameter monopile applications. The deformation at which foundation failure
occurs is significantly less than the critical deformation required to induce structural damage in the pile material.
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Consequently, this simplification aligns with established engineering practice for monopile design under serviceability
limit states. This assumption has also been widely used in similar studies [36,38]. The pile diameter D is considered in
the range of 2—12 m, effectively covering the pile diameters commonly used in current engineering projects. The
horizontal load eccentricity 4, which is defined as the vertical distance from the mudline to the horizontal loading point,
as shown in Figure 1, is 15 m. The embedment depth L of the monopile is 40 m, resulting in a slenderness ratio (L/D)
range of 3.33 to 20. To prevent local buckling of the monopile, the wall thickness ¢, is taken as D/80, which complies
with API code. All monopile parameters are summarized in Table 2.

Table 2. Summary of monopile parameters.

Pile Diameter = Embedment Slenderness Wall Thickness ¢, Diameter-to-Wall Horizontal Load
D (m) Depth L (m) Ratio (L/D) (mm) Thickness Ratio (D/¢,) Eccentricity (m)

2 40 20 25 80 15

4 40 10 50 80 15

6 40 6.67 75 80 15

8 40 5 100 80 15

10 40 4 125 80 15

12 40 3.33 150 80 15

The soil-monopile interaction is simulated using small sliding, surface-to-surface master/slave contact elements.
The pile surface with higher stiffness is defined as the master surface, while the soil surface is defined as the slave
surface. The “hard” contact option is used in the normal direction, and the Coulomb friction model is used in the
tangential direction, which is governed by the penalty constraint enforcement with the interface roughness coefficient
u = tan(e,), where ¢, is the pile-soil interface friction angle at the critical state. Although this model has certain
limitations—for instance, it simplifies the actual progressive failure behavior at the interface into an ideal elastic-plastic
model, without considering potential strain softening/hardening or the effects of sand particle crushing during interface
shearing—its computational efficiency and physically meaningful parameters (easily calibrated through experiments)
have led to its extensive use by numerous scholars in studies analyzing soil-pile interaction [38—40]. Given this study’s
focus on the influence of increasing pile diameter on the failure mode of large-diameter monopile foundations and soil-
pile interaction, this established method is adopted to balance accuracy and computational efficiency. For the monopile,
@, 1s usually taken as 0.4¢~0.7¢ [40—43]. Considering that the surface of the monopile is often rough in practical
application environments, ¢,, is set as 0.7¢.

2.2. Finite Element Model and Boundary Conditions

This study employs a “wish-in-place” assumption for the monopile, omitting explicit modelling of the installation
process. The simulation follows three steps: generation of the initial geostatic stress field and boundary conditions for
the model, activation of the pile and pile-soil interface contact, and application of horizontal loading. This assumption
is reasonable because the internal soil plug remains largely intact for large-diameter monopiles with minimal
disturbance during penetration [43,44]. While the soil adjacent to the pile is highly remoulded, its strength partially
regains through pore pressure changes, thixotropy, and consolidation. Furthermore, the stiffness of p-y curves is
dominated by the soil outside the remoulded zone, and the ultimate bearing capacity can also be corrected by setting
the interface roughness coefficient y in the pile-soil contact model [45,46].

Figure 1 shows the dimensions and mesh division form of the finite element model with the diameter of the pile D
at 10 m, embedment depth L at 40 m, and the horizontal load eccentricity /4 at 15 m, i.e., D=10m, L =40 m, and & =
15 m. Due to the symmetry of the pile-soil system under horizontal loading, half of the model along the loading direction
is analyzed. The lateral boundaries of each model are constrained by roller supports while the bottom boundary of the
model is fixed by pin supports. Therefore, movements normal to the vertical boundaries and in all directions of the base
are restrained. Parametric studies show that when the soil domain is larger than 20D in the horizontal direction and
deeper than 2L in the vertical direction, the boundary effects on pile-soil interactions become negligible. Hence, the soil
range is set up at 20D x 2L.
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Figure 1. Typical three-dimensional finite element model (D =10 m, L =40 m, 2 =15 m).

A representative case with D =4 m, L =40 m, and /4 = 15 m was analyzed using four different meshes with minimal
mesh sizes along the depth of 0.75 m, 0.5 m, 0.25 m, and 0.2 m, in the soil to investigate the effect of mesh size on the
simulation results of laterally loaded piles. It is found that, as shown in Figure 2, the mesh size has a negligible influence
on the lateral load-displacement response at the pile head. For the p-y curve at a certain depth in the soil, represented
by the depth of 2 m in Figure 2, the results converge when the minimum mesh size is less than 0.5 m. Therefore, a
minimum mesh size of 0.25 m is adopted for the soil domain to save computational costs.
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Figure 2. Effect of mesh size on the simulation results: (a) lateral load-displacement response at the pile head; (b) p-y curves at
depth of 2 m.

2.3. Validation of the Finite Element Simulation

To verify the effectiveness of the finite element model in this paper, the numerical simulation results were compared
with the horizontal monotonic loading centrifuge model test results conducted by Zhu et al. [35] using Zhejiang
University ZJU-400 geotechnical centrifuge. The parameters of the FEM (finite element model) are consistent with the
test. By comparing the simulated and measured lateral deformation and bending moment of pile in Figure 3, it can be
concluded that the simulated results are highly consistent with the measured results, thus verifying the applicability of
the numerical modeling steps and mesh division method in the study.
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Figure 3. Validation of the numerical model against the centrifuge test: (a) lateral deformation of pile; (b) bending moment of pile.

3. The Effect of Pile Diameter on Lateral Bearing Capacity and Pile Deformation
3.1. Lateral Load Response of Monopiles with Different Diameters

To investigate the influence of pile diameter on the horizontal bearing capacity of monopile, Figure 4 presents the
lateral load and the related horizontal displacement for monopiles with different diameters at mudline under a loading
height of 15 m. The horizontal displacement y is normalized by the pile diameter D. As shown, the foundation resistance
increases continuously with increasing lateral displacement without distinct yield points. Furthermore, as the pile
diameter increases, the nonlinear trend of the curve strengthens.

In the design of large-diameter monopile foundations, it is usually necessary to satisfy both the ultimate limit state
(ULS) requirement and serviceability limit state (SLS) requirement [6,20]. Compared to the ULS, the SLS imposes
stricter deformation constraints on the foundation to ensure normal operation of the structure. Therefore, this study
primarily investigates the influence of pile diameter on the lateral bearing capacity of monopile foundations under SLS
conditions. Some researchers have proposed [47] that the soil resistance corresponding to a mudline lateral deformation
of yo = 0.1D is the bearing capacity at the serviceability limit state. As shown in Figure 4, the bearing capacity of the
monopile under SLS conditions increases with the increase in pile diameter. When the diameter increases from 2 m to
12 m, the bearing capacity rises from approximately 2 MN to 150 MN.
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Figure 4. Lateral load-displacement response.

3.2. Characteristics of Pile Deformation

To further investigate the influence of pile diameter on the deformation characteristics of the monopile, Figure 5
shows the lateral deformation of monopiles with different diameters at yo = 0.1D. It can be seen that for piles with
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diameters of 2 m and 4 m, due to their low pile-soil relative stiffness, the deformation characteristics behave like the
flexible piles; that is, significant bending deformation along the pile and negligible deformation at the pile tip are
observed. For piles with diameters of 6 m and 8 m, the increased pile-soil relative stiffness leads to semi-rigid pile
deformation characteristics, that is, the pile still has obvious bending deformation, while the pile tip exhibits pronounced
“reverse kick”, which results in the entire monopile rotation around one point with no displacement. For piles with
diameters of 10 m and 12 m, the rigid pile deformation characteristics are exhibited, that is, there is almost no bending
deformation of the pile, the deformation of the pile body is similar to that of semi-rigid piles, rotating around one point
with zero displacement.

As the pile diameter increases, the position of the zero displacement point of the flexible pile gradually shifts
downwards. When the pile behaves as a semi-rigid or a rigid pile, the position no longer changes with the increase of
pile diameter, remains stable at approximately 0.8L. This indicates that for rigid and semi-rigid piles, the pile diameter
(D) and slenderness ratio (L/D) have almost no effect on the rotation center position when the loading height () and
embedment depth (L) are identical.
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Figure 5. Lateral deformation of the pile when the pile deflection at the mudline is 0.1D.

3.3. Variations of Stresses and Equivalent Plastic Strains in the Soil

According to the deformation characteristics of the pile, piles with diameters of 4 m, 8 m, and 12 m can represent
flexible, semi-rigid, and rigid piles. Therefore, the stress contours and plastic strain distributions of piles with diameters
of 4 m, 8 m, and 12 m are compared to investigate the internal stress characteristics of flexible, semi-rigid, and rigid
piles. As shown in Figure 6, when y, = 0.1D, for flexible piles (D =4 m), obvious stress concentration occurs in the soil
in front of the pile above the zero-displacement point, while significant stress dissipation develops in the soil behind
the pile. The stress level of the soil below the zero-displacement point is not considerably disturbed. Due to the existence
of the rotation center points for semi-rigid piles (D = 8 m) and rigid piles (D = 12 m), when horizontal displacement
occurs at the pile head, the stress is concentrated in the soil in front of the pile above the rotation center, and the stress
behind the pile decreases significantly. Because the pile toe kicks back, the soil below the rotation center experiences
stress concentration behind the pile and stress dissipation in front of the pile. Additionally, rigid and semi-rigid piles
exhibit pronounced stress concentration zones in the internal soil plug near the pile tip. As shown in Figure 7, the arc-
shaped equivalent plastic strain zones span the entire base of rigid and semi-rigid piles. This indicates that as the pile
rotates, not only does the interaction between the pile and the surrounding sand affect the pile response, but also the
interaction between the soil plug inside the pile and the lower sand also provides certain resistance. This mechanism also
explains why the load-displacement curves in Figure 4 exhibit increasingly nonlinear trends with larger pile diameters.
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Figure 6. Contour plots of internal stress in sand corresponding to the yo = 0.1D: (a) D=4 m; (b) D=8 m; (¢) D =12 m.
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Figure 7. Distribution of equivalent plastic strain in sand corresponding to the yy=0.1D: (a) D=4 m; (b) D=8 m; (¢) D=12 m.

4. Failure Mode and Soil Flow Mechanism of Monopile in Sand

To assess the influence of pile diameter on the failure mechanisms of monopile foundations, displacement contours
are comparatively presented in Figures 8—10 for varying pile diameters. The blue arrow in the figures is simplified from
the displacement vector field plots of the soil around the pile, which can represent the flow direction of the soil around
the pile. In addition, all the figures show the state when the horizontal displacement at the mudline in the passive
compression zone in front of the pile reaches 0.1D

For flexible piles with diameters of 2 m and 4 m (shown in Figure 8), the soil around the pile mainly exhibits a
single wedge-shaped failure mode. Within a shallow depth below the ground surface, soil in front of the pile flows
upward and outward, generating surface heave. Simultaneously, soil separation in the active zone behind the pile
induces stress unloading (Figure 6) and downward flow toward the pile, causing surface subsidence. The sliding surface
angle of the active zone in front of the pile is significantly smaller than that of the passive zone relative to the horizontal
direction. With increasing pile diameter, the depth range of the failure zone expands from 0.23L to 0.43L, while the
total length of the soil slip surface increases from 19.81 m (9.91D) to 37.88 m (9.47D). Additionally, the inclination
angles of the sliding surfaces in both active and passive zones decrease relative to the horizontal direction.

As the pile diameter increases, when the slenderness ratio (L/D) decreases to 6.67 (D = 6 m), the monopile
foundation changes from a single zone failure mode to a three-zone failure mode, and the pile exhibits semi-rigid
behavior. As shown in Figure 9, three distinct failure zones develop: a shallow wedge failure zone, a mid-depth full
flow failure zone, and a deep rotational failure zone. This occurs because the soil resistance mobilized solely by bending-
induced compression of shallow soil layers becomes insufficient to counteract horizontal loads, necessitating the
mobilization of deeper soil layers to provide resistance. And pile bending deformation induces a relatively small
transitional full flow failure zone between the wedge and rotational failure zone, characterized by horizontal-dominated
soil movement. As the pile diameter increases, the influence range of the wedge failure zone along the depth direction
also shows an increasing trend, and the radius of the rotational failure zone remains unchanged, while the range of the
full flow failure zone decreases. The rotational and full flow failure zones partially overlap for the pile with a diameter
of 8 m (D = 8 m). This is mainly because when D = 8 m, the bending deformation of the pile is no longer obvious,
approaching the deformation characteristics of a rigid pile. As the pile diameter increases, the trend of change in the
inclination angle of the sliding surface is the same as that of flexible piles. The total length of the sliding surface of the
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soil in the wedge-shaped failure zone changes from 44.63 m (7.4D) to 51.50 m (6.4D), and the length of the sliding
surface in the full flow failure zone changes from 18.75 m (3.1D) to 16.75 m (2.1D)

As the pile diameter increases and the slenderness ratio (L/D) decreases to 4 (D = 10 m), the monopile foundation
exhibits rigid behavior and transitions from a three-zone failure mode to a double-zone failure mode. The full flow
failure zone no longer exists, mainly because the rigid piles have almost no bending deformation. Figure 10
demonstrates that as the pile diameter expands, the influence range of the wedge failure zone along the depth direction
basically no longer changes, but the influence radius of the rotational failure zone obviously increases. This is primarily
because, under horizontal loading, rigid piles undergo rigid rotation. A plie with a larger diameter requires mobilization
of deeper and broader soil regions to restrict pile deformation. And the inclination angle of the slip surface also shows
a decreasing trend, with the total length of the slip surface changing from 60.3 m (6.0D) to 62.26 m (5.2D).
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Figure 8. Displacement contours and soil flow mechanism of flexible piles: (a) D =2 m; (b) D =4 m.
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Figure 10. Displacement contours and soil flow mechanism of rigid piles: (a) D =10 m; (b) D =12 m.

5. The Effect of Pile Diameter on the p-y Curve

The previous conclusion shows that as the pile diameter increases, the monopile gradually changes from a flexible
pile to a rigid pile, and the failure mode also changes. Therefore, the API p-y curve method, though currently the most
widely adopted approach in offshore foundation design, will no longer be applicable as it was proposed based on test
results of small-diameter flexible piles. Hence, this section provides a detailed comparison between the results of the
API p-y curve and the FEM p-y curve to quantitatively analyze the influence of pile diameter effect and failure mode
on the p-y curve.
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5.1. Comparison of p-y Curves Calculated by API and Finite Element Simulation
The following is the recommended p-y curve in API[19]:

= Ap,t h[ ke ] 2

p = Apytanh |-y 2

py = min{(C,z + C,D)yz, C3Dyz} 3)

static loading: A = (3.0 - 0.8 £) =09 4)
D)=

cyclicloading: A = 0.9 5)

where, p is the horizontal soil resistance, kN/m; y is the horizontal displacement, m; D is the pile diameter, m; p,, is
the ultimate bearing capacity at depth z, kN/m; k is the initial modulus of subgrade reaction, kN/m’, related to the
internal friction angle ¢ or relative density of soil; 4 is the factor to account for cyclic or static loading conditions;
Cy,C, and C3 are coefficients that vary with the internal friction angle ¢.

Since the soil resistance p around the pile is a combined result of radial normal stress and circumferential shear
stress at the pile-soil interface, it cannot be directly obtained in Abaqus. Some researchers [47—49] have proposed
deriving p based on beam bending theory, using the relationship between pile horizontal displacement y, bending
moment M, and soil resistance p, followed by multiple differentiation. This analytical method is simple and convenient,
but multiple differentiation introduces certain errors, especially when the finite element mesh is coarse, reducing the
accuracy of p. Therefore, in this study, p is obtained by extracting the stress at gauss integration points of soil elements
closest to the pile-soil interface and integrating it circumferentially [15,50,51].

Figure 11 shows the API p-y curves and FEM p-y curves at different depths for monopiles with diameters of 4 m,
8 m, and 12 m when the horizontal displacements at the mudline increase to 0.2D~0.5D, which exceed the serviceability
limit state correcting to 0.1D. It can be observed that even when the mudline displacement far exceeds 0.1D, the p-y
curves of deeper soil layers do not reach their ultimate values. For the p-y curves for plies with the same pile diameters,
the ultimate soil resistance has a significant depth dependence, with an increasing trend with depth, mainly related to
the higher stress state of deeper soil layers. A big difference is obtained for p-y curves based on API and finite element
simulation. The possible reason is that the p-y curve model in the API is based on the test results of small-diameter
flexible piles [17,18], there is a defect of overestimating the initial stiffness and underestimating the ultimate soil
resistance when it is used for the analysis of large diameter flexible piles, semi-rigid piles, and rigid piles. Due to the
API recommended hyperbolic tangent backbone curves, the ultimate soil resistance is reached at a horizontal
displacement of y = 0.1 m, which is very inconsistent with the actual soil resistance behavior, especially when the
horizontal displacement is small.
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Figure 11. p-y curves of monopiles with different pile diameters at different depths: (a) D = 4 m, within the depth of wedge failure;
(b) D = 8 m, within the depth of wedge failure; (¢) D = 12 m, within the depth of wedge failure; (d) D = 8 m, within the depth
of full flow failure; (¢) D = 8 m, within the depth of rotation failure; (f) D = 12 m, within the depth of rotation failure.

The p-y curve at z = 2 m, where the p-y curve is relatively complete and has reached the inflection point, as a
representative study to further analysis the influence of pile diameter on the p-y curve. As shown in Figure 12, the
inflection point of the p-y curve is generally reached at about the same horizontal displacement at y = 0.5 m, and after
this the change rapidly decreases. Both the initial stiffness and the ultimate soil resistance increase with pile diameter.
This is because, at the same horizontal displacement, a larger-diameter pile can mobilize a greater volume of
surrounding soil to provide resistance, as clearly shown in Figure 13, where the influence range of the surrounding soil

increases with pile diameter.
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Figure 12. API p-y curves and FEM p-y curves for different pile diameters at z=2 m.
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Figure 13. The displacement contours at z=2 m when y = 0.5 m.
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To further analyze the limitations of API p-y curve method, Table 3 provides detailed calculation results of the
ultimate soil resistance obtained from API and FEM. Due to the fact that the p-y curve has not reached the ultimate soil
resistance value when the depth exceeds 6 m, only the results with z= 2, 4, 6 m are listed in the table. By observing the
data, it can be seen that, the underestimation by the API becomes more pronounced as the pile diameter increases. The
limitations of the API p-y curve exhibit obvious diameter dependency. Even in shallow areas, the API underestimates
the ultimate soil resistance by at least 20%.

Table 3. Comparison Table of API and FEM ultimate bearing capacity results.

Pile z=2m z=4m z=6m
Diameter API FEM Underestimation API FEM Underestimation API FEM Underestimation
(m) (MN) (MN) (MN) (MN) (MN) (MN) (MN) MN) (MN)
2 049 0.84 0.35 0.90 1.53 0.63 1.14 1.96 0.82
4 0.89 1.40 0.51 1.95 3.15 1.20 2.93 5.18 2.25
6 1.27 1.80 0.53 2.78 3.77 0.99 4.38 6.71 2.33
8 1.64 224 0.60 3.57 4.77 1.20 5.66 8.04 2.38
2.01 2.65 0.64 4.33 5.59 1.26 6.86 9.71 2.85
2.38 3.06 0.68 5.08 6.80 1.72 8.02 11.20 3.18

5.2. Effect of Failure Mode on Initial Stiffness of p-y Curve

As the pile diameter increases, the failure modes of monopiles evolve, resulting in significantly different flow
mechanisms of the surrounding soil along the depth direction. This will inevitably affect the mobilization process of the
surrounding soil resistance of the pile. The initial stiftness, as one of the key parameters in the p-y curve method, plays
a significant role in accurately characterizing pile-soil interactions. Therefore, this section further investigates the
influence of failure modes on the initial stiffness of p-y curves.

The API assumes that the initial stiffness K varies linearly with depth as follows,

K = kz (6)

where, z is the depth, and the initial modulus of soil reaction £ is related to the internal friction angle ¢ in the API by
the following explicit expression [52],

k = (0.008085¢p%*> —26.09) x 103 (7)

From the API p-y formulation, it can be seen that the API does not consider the influence of pile diameter and
failure mode on the initial stiffness of the p-y curve. Based on the p-y curve extracted at different depths, the secant
modulus of the initial segment of the curve is taken as the initial stiffness of the p-y curve, and the results are shown in
Figure 14. It can be seen that the initial stiffness has a significant dependence on the pile diameter, that is, the initial
stiffness increases with pile diameter, because a larger diameter results in a larger pile-soil contact area and mobilizes
a greater volume of surrounding soil. If the initial stiffness calculation method in the API is used, it will overestimate
the initial stiffness by more than 5 times, and the overestimation will also increase with depth.
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Figure 14. Initial stiffness of p-y curves at different depths for piles with different diameters.
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From the results of FEM, it can be seen that with the increase in the depth, the initial stiffness exhibits an obvious
nonlinear variation. Within the depth range of the wedge failure zone, the initial stiffness increases with increasing
depth. In the range of the full flow failure zone, the initial stiffness decreases with the increase of the depth, though the
amplitude of the change is relatively small. In the rotational failure zone, the initial stiffness shows a distinct two-stage
distribution: above the rotation center, the initial stiffness decreases with depth until reaching zero at the rotation center
point (assuming K = 0 since y = 0 at the rotational center point); below the center of rotation, as the depth increases, the
initial stiffness increases approximately linearly and rapidly, with a significantly higher rate of increase than in the
shallow wedge failure zone. It can be concluded that the initial stiffness also has a considerable dependence on the
failure mode. This is mainly due to the different soil flow mechanisms for different failure modes, and the mobilized
ranges of soil are also different, which affects the process of exerting soil resistance around the pile. In summary, the
initial stiffness simultaneously exhibits pile diameter dependence, depth dependence, and failure mode dependence.

6. Conclusions

In the study, a three-dimensional finite element model is established to investigate the influence of pile diameter
on the failure mode and pile-soil interaction for a large-diameter monopile subjected to lateral load. Although the study
did not consider the effects of pore water pressure and cyclic loading, the results can still provide valuable insights for
improving the design method of horizontally loaded piles. The main conclusions are as follows.

(1) As the pile diameter increases, the deformation characteristics of the monopile transits from flexible to semi-rigid
and then to rigid piles. When the embedment depth (L) and loading height (%) are the same, the position of the zero
displacement point of semi-rigid and rigid piles remains approximately constant at 0.8L.

(2) Large pile diameter results in the monopile’s great lateral bearing capacity. The deformations of flexible, semi-
rigid, and rigid piles lead to significantly different stress distributions in the surrounding soil above and below the
zero-displacement point. Due to the interaction between the internal soil plug and the surrounding sand in semi-
rigid and rigid piles, an approximately arc-shaped plastic strain zone penetrates the entire foundation base. This
also leads to the nonlinear characteristic of the lateral load-displacement response becoming more pronounced as
the pile diameter increases.

(3) The failure modes are changed with increasing pile diameter. The flexible pile in sand with a small pile diameter
(D/L = 10-20) shows single wedge failure mode, the semi-rigid pile with relatively large pile diameter (D/L = 5—
6.67) presents wedge failure mode, full flow failure mode, and rotation failure mode, and the rigid pile with large
pile diameter (D/L = 3.33—4) develops wedge failure mode and rotation failure mode. As the pile diameter increases,
the wedge failure zone extends deeper. The extent of the full flow failure zone in semi-rigid piles gradually
decreases as the bending deformation of the pile diminishes. For rigid piles, as the pile diameter increases, the
depth range of the wedge failure zone remains almost unchanged, but the rotational failure zone mobilizes a larger
volume of deeper soil.

(4) For large-diameter piles, the API p-y curve overestimates the initial stiffness by at least five times. It underestimates
the ultimate soil resistance by more than 20%, which is inconsistent with the actual soil resistance behavior. This
leads to overly conservative design results and is not conducive to cost savings. The underestimation of ultimate
soil resistance becomes more pronounced as the pile diameter increases. The failure mode will significantly affect
the initial stiffness of the p-y curve. The initial stiffness simultaneously exhibits pile diameter dependence, depth
dependence, and failure mode dependence. It is recommended that future modifications of p-y curves should place
particular emphasis on the influence of failure modes.
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