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Abstract. Monopile is widely used as an efficient foundation of offshore wind turbines.
Due to the offshore environmental conditions of current, tide, and wind, a wind turbine
structure and its foundation are exposed to significant lateral loads and moments; there-
fore, an accurate assessment of monopile lateral behavior is important for optimal wind
turbine foundation design. Lateral behavior of monopile is typically estimated using the
p-y method. The inputs of the current p-y methods do not directly include the elastic
modulus of the ground. Therefore, numerical studies were conducted to quantitatively
analyze the effect of the soil elastic modulus on the p-y relationship.
Keywords: Monopile, Shear strength, Soil stiffness, Lateral behavior, Numerical anal-
ysis, p-y relationship

1. Introduction. Power generation from wind turbines is considered as one of the most
promising, sustainable, and efficient energy developments. In the EU countries, wind
energy has contributed the second largest power generation for the past 10 years, resulting
about 30% of capacity growth [1]. Current wind turbines are preferred to be used at
offshore rather than at inland (or onshore), because of the better wind quality at offshore
and free from noise and vibration issues in inland. In addition, the sizes of the wind
turbines are increasing for more efficient energy generation. Accordingly, the vertical
and lateral capacities of the supporting foundations should also increase significantly to
be able to withstand the much larger loads and moments. To increase the foundation
capacity, the embedded length or diameter of monopile should be increased. Achmus et
al. [2] numerically studied on the behavior of a large diameter (5 m) monopile installed
on offshore under static and cyclic loading conditions.

Unlikely to the conventional pile foundations exposed to dominant axial loads, behavior
of wind turbine foundations is more governed by the lateral displacement due to signif-
icant lateral loads and moments exerted by wind, current, and tide [3]. Generally, the
laterally loaded piles are designed based on the p-y relationship, which is proposed by
many researchers and institutions. One of the representative institutions is the American
Petroleum Institute [4]. The p-y method specifies the relationship between the soil reac-
tion (p) and the lateral pile displacement (y). The different p-y methods were proposed for
different soil types and rocks. In this study, the p-y method for a large diameter monopile
in sands is derived based on the numerical analysis results.

The p-y methods for the laterally loaded piles in sands have been studied by many
researchers. Mezazigh and Levacher [5] studied the ground inclination effect on the p-y
curve of laterally loaded piles in sands. Choo and Kim [6] stated that the initial stiffness
from the p-y relationship in sands is strongly influenced by the presence of an adjacent
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stiff rock layer. In addition, various other studies [2,7-10] have been carried out, but these
studies focus on the applicability of the existing p-y methods or the development of the
experimental p-y relationships.
In general, the elastic modulus of the ground is analyzed by triaxial compression test,

and it is estimated to be N value through SPT in actual field. When the depth of frictional
soil increases, the confining pressure also increases. Then, the stiffness of the frictional
soil layer becomes high; therefore, the pile lateral resistance against the lateral load will
be also significant. Although the effect of the sand relative density on the p-y relationship
has been experimentally studied based on the centrifuge test results [11], there is limited
research on the effect of sand stiffness on the p-y relationship. Therefore, in this study, the
effect of sand stiffness (elastic modulus) on the p-y curve is analyzed through a numerical
analysis. To increase reliability of numerical analysis results, the centrifuge test results
of a large diameter (6.1 m-diameter) monopile from the previous study [6] was compared
with the numerically analyses results. By changing the parameters of the numerical
model, the best fitted parameter values were determined to match the lateral behavior
(the load-deflection curves) from the numerical analysis and the centrifuge experiment.
For the matched results between the numerical analysis and the centrifuge experiment,
the p-y relationship was derived.

2. Centrifuge Model Test. In geotechnical engineering, centrifuge model test is one of
the effective methods to maintain and control the stress level of actual soils and structures
using a reduced model [12]. The centrifuge model tests have been implemented to explain
diverse geotechnical issues such as slope failure, earth pressure variation on the retaining
wall, and soil-structure interactions [13]. The principle of the centrifuge model test is to
rotate the reduced model structure at high speed and to give significant acceleration. And
then, the self-weight of the model structure can be adjusted to produce the same stress
levels as those of the actual structure.
Brief introduction of the centrifuge test results is as follows. In centrifuge model test, a

monopile (diameter D of 6.096 m and pile length L of 48 m) with an actual sand ground
(depth of 37 m, diameter of 54 m, and embedded depth of 31 m) was simulated. The
centrifugal acceleration of the test was set at 60 g. Figure 1 shows the configuration of
the reduced model. The homogeneous sand layers with relative density of 85% were con-
structed using an air pluviation method. When the soil composition and pile installation
were completed, water was added very slowly to simulate the undersea condition and
ground is formed to saturated sand.
Since the wind turbine monopile is subjected to large bending moment and lateral load

due to various combinations of loads such as wind and wave, the position of the lateral
load is determined to be 33 m from the seabed considering the stability. The level of
the load of the level of 33 m above the seabed represents the location of the wind load
in the actual large diameter monopile. The sands used in the experiment were classified
as standard sand based on the criterion of International Organization of Standardization
(ISO [15]). The monopile was made of stainless steel. The coefficient of friction between
the pile and the sand was determined to be 0.57 considering the relative roughness of
soil-structure interface.
Figure 2(a) shows the bending moment distribution along the depth. Bending moment

at a certain depth is obtained from the measurement of paired strain gauges attached
to the same depth on pile shaft. From the bending moment profile in Figure 2(a), the
maximum bending moment was found at approximately 8 m from surface of ground
(or seabed). Figure 2(b) compares the experimental p-y curve and the theoretical API
curve. The experimental p-y curve exhibits much softer behavior with much lower ultimate
resistance.
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Figure 1. Schematic diagram of model chamber used in the centrifuge
test (modified after [6])
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Figure 2. Results of literature [6]: (a) bending moment with depth from
seabed and (b) p-y curves (modified after [6])

The typical lateral soil resistance-deflection (p-y) relationship in sands for a certain
depth is non-linear. The most popularly used p-y relationship is developed by API [4]
and its equation at a specific depth z can be represented as:

p = Apu tanh

[
kzy

Apu

]
(1)

where A is the factor to account for cyclic or static loading condition, pu is the ultimate
bearing capacity at depth z, k is the initial modulus of subgrade reaction, and y is the
lateral deflection.
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The p-y relationship can be experimentally developed from lateral pile load test. For the
development of the p-y relationship, the following procedure is required: 1) calculation of
bending moment profiles from the measurements of the paired strains at different depths
along the pile for each loading step; 2) obtainment of soil reaction p profiles by second
derivative of bending moment profiles for each loading step; 3) derivation of lateral pile
displacement y profiles by double integration of bending moment profiles for each loading
step; and 4) integration of p-y relationship to produce p-y curves. For accurate assessment
of the p-y relationship, detailed numerical techniques are needed [14].

3. Numerical Analysis. Numerical analyzes were conducted to simulate the previously
conducted centrifuge test results [6]. Numerical analysis was performed according to the
dimensions (scale of proto type) of Figure 3. Material properties used in the numerical
analysis are the same as those (Table 1) used in the centrifuge tests. The implemented
constitutive models of sands and monopile are the Drucker-Prager model and the elastic
model (SIMULIA [16]), respectively. Mohr-Coulomb model produced non-convergence
issue for the model, as indicated by the literature (SIMULIA [16]) emphasizing the non-
convergence of the Mohr-Coulomb model interpretation for cohesion of the soil less than
15 kPa. In order to match the lateral behavior between the results from the centrifuge
tests and the numerical analysis, the elastic modulus, Poisson’s ratio, and friction angle
were adjusted. The program used for the numerical analysis is ABAQUS/CAE (SIMULIA
[16]).

Figure 3. Modeling of monopile and soil layer in proto type scale

The boundary conditions of the model are set as follows: 1) the sand layer is fixed so
that there is no bottom and side motion; 2) the bottom of the sand layer is fixed in terms
of z-axis, and 3) the sides of the sand layer is fixed in terms of both x-axis and y-axis.
The implemented contact conditions between the pile and sand layer are 1) normal

behavior with “hard” contact and 2) tangential behavior with “penalty” option with
friction coefficient. Also, geostatic process was implemented at the initial condition to
suppress ground deformation by gravity. Finally, a lateral load was applied to the pile head
through displacement control. The lateral behavior of the monopile from the numerical
analysis using the best fitted parameters (Table 1) was compared with that from the
centrifuge test.
Figure 4 shows the lateral load measured at the top load cell of 33 m above the seabed

versus displacement of the pile at 5.5 m above the seabed. In general, it is difficult to
measure the displacement of piles in contact with the ground on the ground, which is
considered to have been raised to a certain height. The failure of monopile occurs near
1.3 m and lateral load at failure is 30 MN. In the centrifuge test results, the lateral load
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Table 1. Modified material properties of sand

Model/Material properties Model name or values
Model Drucker-Prager plastic model

Unit weight 13.43 kN/m3

Elastic modulus 7,000 kPa
Poisson’s ratio 0.3
Friction angle 30◦
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Figure 4. Comparison between analytical results of modified material
properties and centrifuge test of literature

decreased sharply after the failure, but the numerical analysis terminated the analysis after
the failure. Also, the centrifuge test performed by Choo and Kim [6] and the numerical
analysis results based on this were similar. Therefore, it can be said that the reliability
of the analytical model is secured.

4. Effect of Elastic Modulus on Bending Moment Profile and p-y Relation-
ship. In order to determine the horizontal behavior of the monopile reflecting the elastic
modulus of the sand, the lateral load, bending moment diagram and p-y curve were an-
alyzed. The elastic moduli used in the numerical analyses were 7 MPa, 30 MPa and 100
MPa. The lateral load-displacement curves for different sand elastic moduli are shown in
Figure 5(a). For larger elastic modulus of soil, stiffer lateral behavior was observed. The
sand elastic modulus significantly influenced the lateral behavior of the large diameter
monopile. From Figure 6, the elastic lateral behavior (linear increase of lateral load with
increasing lateral displacement) of monopile was observed for its lateral displacement less
than approximately 0.2 m.

In order to examine the effect of sand elastic modulus on the p-y relationship of the
monopile, the bending moment depth profiles should be obtained for different sand elastic
moduli. Figure 5(b) indicates the bending moment depth profile for the lateral load of 20
MN. Since the bending moment is difficult to obtain from the analysis directly, the strain
distribution of the pile wall is used to calculate bending moment M using the following
equation:

M = 2εmEpIp/d (2)

where εm is the relation between maximum strain, Ep is the Young’s modulus of pile, Ip
is the moment of inertia of pile cross section, and d is the diameter of pile cross section.
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Figure 5. Results of numerical analysis: (a) lateral load-displacement
curves and (b) bending moment when lateral load is 20 MN according to
elastic modulus
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Figure 6. The p-y curves according to elastic modulus

For a given depth, the magnitude of moment decreased with increasing sand elastic
modulus. In other words, the monopile shows a more flexible behavior for smaller sand
elastic modulus.
From the bending moment depth profiles in Figure 5(b), the p-y relationships were

derived as shown in Figure 6. In this case, p and y are extracted at depth of 5 m from
the seabed where the bending moment is maximum. When the bending moment with
depth is plotted, it is used to calculate the p-y curve. The soil reaction (p) and lateral
displacement (y) were calculated using the following equations:

y =

∫ (∫
ϕdz

)
dz =

∫ (∫
M

EI
dz

)
dz (3)

p = −d2M

dz2
(4)

where ϕ is the curvature of the monopile (the ratio of the difference between the com-
pression and tension strains measured at a given depth to the distance between the two
corresponding strain gauges) and EI is the flexural modulus of the pile.
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For higher sand elastic modulus, stiffer p-y relationship was observed. Although not
identified in Figure 6, the ultimate soil reaction is expected to increase with increasing
soil elastic modulus. At a small lateral displacement, the gradient of p-y relationship was
almost independent of sand elastic modulus; however, for increasing lateral displacement,
soil reaction was highly dependent on sand elastic modulus. Also, the p-y relationship
proposed by the API [4] is much stiffer than the p-y relationships developed in this study
varying sand elastic modulus from 7 MPa to 100 MPa. Consequently, it is confirmed that
the effects of the sand elastic modulus on the p-y curve and lateral load-displacement
relationship are significant.

5. Conclusions. The effect of layer stiffness on lateral monopile behavior based on nu-
merical analysis was quantified. From the numerical analyses results, the elastic modulus
of the soil significantly influences the p-y curves. The elastic modulus of soil layer effect
is more pronounced with larger lateral displacement of monopile. However, the current
practices in lateral pile designs do not use the elastic modulus of sand as a direct input
in calculating the p-y curve. Therefore, a new p-y method emphasizing the effect of the
elastic modulus of the ground is required. Also, in general, the ground is not homogeneous
and shows various layered structures, so further research is required. Therefore, in future
studies, the ground will be constructed nonhomogeneous and the ground behavior should
be analyzed.
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