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Abstract

This study investigates the applicability of three-dimensional finite element analysis (3D FEA) for large-diameter monopiles under
short-term loading conditions. Centrifuge model tests conducted on saturated, dense Toyoura sand were used to validate the 3D
FEA, with a focus on load—displacement response, bending moment distribution, and excess pore water pressure. The results demon-
strate that 3D FEA accurately captures the initial loading behavior and key resistance mechanisms, particularly for large-diameter
monopiles. Furthermore, the Cyclic Contour Diagram (CCD) concept, a practical approach for predicting degradation due to cyclic
loading, was examined. CCD-based degradation factors were compared with stiffness reductions observed in centrifuge model tests,
showing reasonable agreement under nearly undrained conditions. Additional FEA incorporating degraded parameters derived from
the CCD confirmed the potential of this approach, although limitations remain in accurately reproducing detailed monopile responses.
This study highlights the effectiveness of the CCD concept, while emphasizing that its application in practical design requires careful
consideration of factors such as load levels, drainage conditions, and the degree of soil mobilization along the monopile. The results
provide additional insight into the applicability of CCD-derived degradation characteristics to large-diameter monopiles, highlighting
the importance of drainage conditions and pile geometry when interpreting cyclic degradation at the pile level.
© 2026 Japanese Geotechnical Society. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction especially in shallow to intermediate water depths. These

structures are subjected to complex and dynamic loading

The growing global demand for renewable energy has
accelerated the development of offshore wind farms, where
monopiles remain the most widely used foundation type,
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conditions, including substantial lateral forces generated
by wind and waves. Accurately predicting the behavior of
monopiles under such conditions is essential to ensure their
structural integrity and long-term performance. As wind
turbines continue to increase in size, the corresponding
monopiles have also become significantly larger in diame-
ter. However, conventional design methodologies have
not kept pace with this trend. For example, the widely
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adopted API guidelines (API, 2000) rely on soil spring
models developed for slender piles, which may not accu-
rately capture the response of large-diameter monopiles.
While DNV-GL (DNV-RP-C212, 2021) recommends the
use of three-dimensional finite element methods (3D
FEM) to assess lateral resistance in such cases, the guid-
ance lacks sufficient detail for practical implementation.
This gap highlights the need for more robust and well-
defined analytical approaches tailored to the unique char-
acteristics of large-diameter monopiles.

The design methodology recently proposed by the PISA
project (Burd et al., 2020; McAdam et al., 2020; Taborda
et al., 2020) effectively captures the behavior of large-
diameter monopiles and has been gradually gaining accep-
tance within the industry. This methodology is based on
full-scale onshore field tests using monopiles with a diame-
ter of two meters. A common limitation of such field tests is
the relatively slow loading rate compared to the dynamic
loads induced by wind and wave action in actual offshore
environments. This constraint arises from the limited
capacity of loading equipment. Under these conditions,
the sandy ground is typically assumed to be in a fully
drained condition, where no significant excess pore water
pressure is generated. Centrifuge modeling tests offer a
potential solution to this issue by enabling more realistic
loading rates. One of the objectives of this study is to val-
idate the applicability of 3D FEM for large-diameter
monopiles under short-term loading conditions through
simulation of centrifuge model tests by Takahashi et al.
(2022). The target soil condition is dense, saturated sandy
ground. The analysis focuses on the first half-cycle of the
cyclic loading (the initial one-way loading and the subse-
quent unloading process).

Another key challenge in the design of monopile foun-
dations is the evaluation of soil degradation under cyclic
loading. In recent years, efforts have been made to directly
simulate the cyclic loading process in numerical analyses
using advanced soil constitutive models (e.g., Pisano
2019; Liu and Kaynia, 2022; Liu et al., 2022; Chaloulos
et al., 2024). However, loads induced by wind and waves
during a storm can persist for several to tens of hours,
manifesting as irregular wave patterns. Reproducing the
entire loading history in numerical simulations is computa-
tionally intensive and therefore impractical for engineering
applications. As a practical alternative, the Cyclic Contour
Diagram (CCD), proposed by Andersen (2015), provides a
useful framework for estimating soil degradation due to
cyclic loading based on laboratory test data. Nevertheless,
there is currently limited empirical evidence supporting the
validity of CCD-based approaches for practical design
applications. The second objective of this study is to eval-
uate the applicability of the CCD by comparing its predic-
tions with results obtained from centrifuge model tests by
Takahashi et al. (2022).

In the following sections, the setup of the three-
dimensional Finite Element Analyses (3D FEA) is first
described. An overview of the centrifuge model tests by
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Takahashi et al. (2022), which form the basis for the
numerical simulations, is then presented. Subsequently,
the results of the 3D FEA are compared with those
obtained from the centrifuge model tests in terms of
load—displacement response, bending moment distribution
along the monopile, and pore water pressure in the sur-
rounding soil. Finally, the CCD concept is examined using
both the results of the laboratory test and the centrifuge
model tests.

The numerical framework and constitutive models
employed in this study are not newly developed but repre-
sent widely used, practice-oriented approaches. The objec-
tive of this study is therefore not to propose a new
constitutive model or finite element formulation, but to
evaluate how CCD-derived degradation characteristics
can be interpreted at the monopile level through three-
dimensional finite element analyses. Particular attention
is given to the influence of drainage conditions and mono-
pile geometry on the applicability of CCD-based degrada-
tion assessment. Through this approach, the study aims to
provide practical insight into the interpretation of
laboratory-derived cyclic degradation characteristics for
large-diameter monopile foundations.

2. Overview of 3D FEA
2.1. Centrifuge model tests

A series of centrifuge model tests conducted by
Takahashi et al. (2022) is briefly reviewed. The test results
are utilized to inform the three-dimensional Finite Element
analysis (3D FEA) and to examine the degradation effects
due to cyclic loading, as discussed in later sections. Fig. 1
presents schematic views of the test configuration at proto-
type scale under a centrifugal acceleration of 50G. Three
monopile configurations were examined, with outer diame-
ters D of 2.0 m and 1.25 m and embedment lengths L of
7.5 m and 10 m. The distance from the ground surface to
the loading point was kept constant at 7.05 m for all mono-
piles. As a result, the tested monopiles cover slenderness
ratios L/D of 3.75, 5, and 8. The monopile with an outer
diameter of two meters is smaller than those recently
adopted in practice; however, it was selected due to limita-
tions of the testing facility. The model ground consisted of
saturated Toyoura sand with a relative density of approx-
imately 80%. Its mechanical properties are summarized in
Table 1. The ground was prepared by air pluviation in a
dry state and subsequently saturated using de-aerated pore
fluid under vacuum pressure. The model monopile was
placed in the container prior to sand deposition, meaning
that the ground was not disturbed by pile installation.
The model monopile was a closed-ended hollow tube, pre-
venting sand from entering the interior. A brass cap was
installed at the pile tip to simulate the self-weight of the
sand that would otherwise occupy the pile.

Two-way lateral loads were applied to the monopile in a
displacement-controlled manner following the sequence
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Fig. 1. Model configurations at prototype scale (After Takahashi et al., 2022).

Table 1
Mechanical properties of Toyoura sand (Takahashi et al., 2022).
Property Unit  Value
Specific gravity G, - 2.655
Maximum void ratio Cmax - 0.916
Minimum void ratio Cpnin - 0.593
Mean diameter dsp mm 0.19
Coefficient of permeability at Dr = 80% k& m/s 3.87 x 107
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Fig. 2. Loading conditions and sequences in centrifuge model tests (After
Takahashi et al., 2022).

shown in Fig. 2. The loading frequency and amplitude were
varied to represent different loading conditions. The drai-
nage response in the centrifuge tests was controlled by
adjusting the pore fluid viscosity using methylcellulose
(Metolose), allowing conditions ranging from fully drained
to nearly undrained to be investigated, depending on the
loading rate. Measurements included lateral load, displace-
ment and strain of the monopile, as well as pore water pres-
sure in the surrounding soil. Representative records are
reported in Takahashi et al. (2022) and are not reproduced
here for brevity.

While Takahashi et al. (2022) primarily focused on load-
ings S-2 and M -2, the present 3D FEA targets loadings S-3
and M-3 to simulate larger displacements. Note that the
influence of prior loading stages on the experimental
response cannot be completely excluded. However, loading
stage M—3 corresponds to the third of the seven loading
stages, and the preceding two loadings were conducted at
lower load levels, such that the effect of prior loading is
considered relatively small. For this reason, M—3 was
selected as the main target for comparison with the FE sim-
ulations, in which the effects of prior loading were not
explicitly considered. Loadings F-1 and F-2 were excluded
due to slightly inconsistent behavior, possibly caused by
ground densification from earlier loading sequences. First,
the horizontal load—displacement response for loading S-3
is shown for the three monopile types in Fig. 3. A total of
three cycles of lateral loading were applied at a frequency
of 0.002 Hz (prototype scale). The maximum lateral dis-
placements of the monopile were approximately 0.10D at
the loading point and 0.04D at the mudline. All three
monopiles exhibited similar hysteresis loops across the
three cycles, indicating no significant degradation of the
model ground. No progressive accumulation of pore water
pressure was observed (See Takahashi et al., 2022), suggest-
ing fully drained conditions under this slow loading rate.

Next, Fig. 4 shows the horizontal load-displacement
response for loading M—3. Here, 20 cycles of lateral load-
ing were applied at a frequency of 0.2 Hz (prototype scale).
The peak loads in the first cycle of M—3 were comparable
to those in S-3. This may be attributed to the limited accu-
mulation of excess pore pressure at this stage, such that the
initial soil skeleton stiffness remains the dominant factor
governing the pile response. However, in the subsequent
cycles, the peak loads decreased significantly, with the
20th cycle reaching only approximately 50% of the initial
peak load. This reduction is generally attributed to the
accumulation of excess pore water pressure, which resulted
in a degradation of ground stiffness. These results suggest
that the model ground was in an undrained or partially
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Fig. 4. Horizontal load—displacement response at the loading point for model test M—3 under cyclic loading at a frequency of 0.2 Hz.

drained condition under the faster loading rate. A more
detailed discussion of drainage conditions is provided in
Section 4.3. It should be noted that the degradation
observed in the load-displacement response reflects the
integrated effect of stiffness and strength changes over the
entire soil domain surrounding the monopile, rather than
the excess pore pressure response at a specific depth.
Although Takahashi et al. (2022) reported that the excess
pore pressure ratio measured at z = 1D remained approx-
imately constant after the initial loading cycles, continued
pore pressure accumulation at greater depths may con-
tribute to a reduction in the overall lateral resistance of
the pile. This effect is considered particularly important
for large-diameter monopiles, where deeper soil layers
and toe resistance contribute significantly to the global pile
response.

2.2. Constitutive model

The Hardening Soil model with small-strain stiffness
(HSS model) was selected to represent the soil behavior
in the 3D FEA. A detailed description of the HSS model
is provided by Schanz et al. (1999) and Bentley Systems

(2023b). The HSS model extends the conventional Harden-
ing Soil (HS) model by incorporating small-strain stiffness
characteristics, enabling more accurate predictions of soil
deformation (Benz, 2007). It includes multiple stiffness
moduli, such as secant, tangent, and unloading/reloading,
and accounts for stress-dependent stiffness. The model
assumes a hyperbolic stress—strain relationship during pri-
mary loading in a standard drained triaxial test. An
elasto-plastic formulation is adopted, featuring isotropic
hardening of two yield surfaces: a cone and a cap. Key
parameters are derived from standard laboratory tests,
including oedometer and triaxial compression tests. The
HSS model has been successfully applied in simulations
of offshore monopile foundations (e.g., Brinkgreve et al.,
2020; Ishii et al., 2024). Furthermore, its performance has
been evaluated through comparisons with other constitu-
tive models, as discussed by Jostad et al. (2020) and
Kaltekis et al. (2023).

Table 2 presents the parameters of the HSS model for
Toyoura sand with a relative density of 80%, derived from
a series of laboratory tests. Initially, the small-strain shear
modulus G, the threshold shear strain Yo.7, and the stress-
level dependency coefficient m were determined. Fig. 5
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Table 2
Parameters of HSS model for model ground.
Parameter Unit Value
Saturated unit weight Vsar kN/m? 19.93
Secant stiffness in drained triaxial test EY _ kN/m? 19.0 x 10°
Tangent stiffness for oedometer Eﬁ;‘zfd_ kN/m? 19.0 x 10°
Unloading/reloading stiffness EY kN/m? 57.0 x 10°
Poisson’s ratio for unloading/reloading Vur - 0.300
Stress-level dependency of stiffness m - 0.68
Reference stress for stiffnesses p"ff v kN/m? 50.0
Reference shear modulus at small strain Gy kN/m? 5.000 x 10*
Threshold shear strain at 70% of Gy Yo.7 — 0.15 x 1073
(Effective) cohesion Cref kN/m? 0.0
(Effective) angle of internal friction @’ degree 40.0
Angle of dilatancy ] degree 10.0
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Fig. 5. Stress dependency of initial shear stiffness Gy,

illustrates the shear modulus Gy at three different confining
pressures, obtained from cyclic triaxial tests (JGS, 2017a).
The black solid line represents a fitted curve based on the
HSS model, which follows a nonlinear power-law function
governed by the coefficient m. An emphasis is placed on the
confining pressure range below 150 kPa, as this range cor-
responds to the depth of the model ground (15 m). Under
lateral loading, a slender monopile induces deformation
primarily in the shallow ground. In contrast, a large-
diameter monopile exhibits stiffer behavior, with deforma-
tion extending to the toe due to rotational effects. There-
fore, while accurate modeling of the shallow ground is
critical, the contribution of deeper layers cannot be
disregarded.

Subsequently, the tangent stiffness for oedometer load-
ing, E'Y, was determined. Fig. 6 shows the results of the
oedometer test (JGS, 2015) alongside a simulation con-
ducted using the SOILTEST tool in PLAXIS 3D
(Bentley Systems, 2023a). The parameter E'J, was cali-
brated to match the laboratory data, represented by hollow
circles. Following the recommendations for the HSS model
(Bentley Systems, 2023b), the remaining stiffness parame-

Vertical effective stress, o) (kPa)

Fig. 6. Simulation of oedometer test.

ters were estimated as follows: the secant stiffness in
drained triaxial tests Es5y = E,.4, and the unloading/reload-
ing stiffness E,, = 3 X E, ..

Finally, simulations of two different undrained shear
tests were performed to calibrate the remaining parameters
related to strength and dilatancy. Although drained triaxial
tests are generally preferred for calibrating HSS model
parameters, undrained shear tests were employed due to
limitations in the available laboratory data. Fig. 7 presents
the simulation result of the undrained direct simple shear
test, (a) shear stress vs shear strain and (b) stress path.
The corresponding laboratory data were obtained from
torsional shear tests on hollow cylindrical specimens
(JGS, 2018), which serve as an alternative method for
applying simple shear. The black dotted line indicates the
monotonic shear test, while the gray solid lines represent
the initial cycles of four different cyclic shear tests. Partic-
ular attention is given to the shear strain range below
6%, as this range is expected to be most relevant in the
model tests. Additionally, a simulation of the undrained
triaxial compression test was conducted to further refine
the model parameters (Fig. 8(a) and (b)). Only results from
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Fig. 8. Simulation of undrained tri-axial compression test.

four cyclic shear tests (JGS, 2017b) were available, shown
as gray solid lines. A comparison between Figs. 7 and 8
indicates that the simulation slightly underestimates the
shear stress in the torsional shear test, while it overesti-
mates the shear stress in the triaxial compression test. This
discrepancy arises because the HSS model does not
account for differences in stress paths. For instance,
Jostad et al. (2020) identified three distinct parameter sets
for triaxial compression, triaxial extension, and direct sim-
ple shear for Dogger Bank sand. If anisotropy is signifi-
cant, a more advanced constitutive model would be
preferable. However, for Toyoura sand in this study, the
observed differences are within acceptable limits, and the
HSS model is considered adequate for capturing the overall
behavior of the model ground.

2.3. 3D FE model

The 3D FEA was performed using PLAXIS 3D (version
2024.1; Bentley Systems, 2023a). The modeling approach
for the monopile, surrounding soil, and their interfaces fol-
lows the methodology adopted in PLAXIS Monopile

Designer (Bentley Systems, 2023c). The FE model domain
was defined to be consistent with the dimensions of the

Fig. 9. Three-dimensional Finite Element model for (a) D2-L7.5.
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rigid soil container used in the centrifuge tests. Owing to
symmetry, only half of the domain was modeled, as illus-
trated in Fig. 9. The numerical models consisted of approx-
imately 4000, 10-node tetrahedral elements. For the
monopiles, 6-node triangle plate elements with the linear
elastic model were used, and their properties are summa-
rized in Table 3. It should be noted that the monopile
was modeled as an open-ended pile with internal soil,
whereas a closed-ended pile with a brass-made cap at the
tip to replicate the weight of the internal soil was used in
the model tests. In the initial phase of the simulation, the
soil domain was generated, and the initial stress distribu-
tion was computed. In the subsequent phase, the monopile
was introduced using the “wished-in-place” method, which
is consistent with the experimental setup where the model
monopile was installed without disturbing the surrounding
soil. During the loading phase, the “Consolidation” calcu-
lation type was employed, which performs a fully coupled
deformation—flow analysis. This option solves the mechan-
ical equilibrium of the soil skeleton together with the tran-
sient groundwater flow equation (u-p formulation),
thereby accounting for excess pore water pressure genera-
tion and dissipation during loading. Lateral displacement
was applied at the loading point of the monopile at loading
rates corresponding to S-3 (0.002 Hz) and M-3 (0.2 Hz) in
the model tests. Interface elements were introduced
between the soil and the monopile, with an interface reduc-
tion factor R;,., = 0.6. In this setting, the interface shear
strength is modeled as a fraction of the adjacent soil
Strengtha with tan (P’int = Rinter - tan (/)’soil; herea (/)’int and
¢’s0ir denote the interface and soil friction angles. Consis-
tent with this, the elastic interface stiffness is also scaled
internally relative to R;,.,. We selected R;,;., to represent
a realistic interface roughness/friction angle consistent with
the centrifuge conditions, rather than to account for instal-
lation effects. The choice of R;,,, can influence the com-
puted response; values around 0.6 are also commonly
adopted in the literature. For example, Ishii et al. (2024)
reproduced field and model test results for monopiles using
Rier = 0.6 despite variations in scale and installation
method.

3. Results of 3D FEA
3.1. Load-displacement response
The 3D FEA was evaluated against the model tests in

terms of load—displacement response, bending moment dis-
tribution along the monopiles, and excess pore water pres-

Table 3

Parameters of elastic model for monopiles.

Parameter Unit Value
Young’s modulus E kN/m? 193.0 x 10°
Poisson’s ratio for unloading/reloading v - 0.300
Monopile wall thickness t m 0.025

Soils and Foundations 66 (2026) 101854

sure in the surrounding ground. Fig. 10 presents the load—
displacement response at the loading point for loading case
S-3(0.002 Hz). As demonstrated in Takahashi et al. (2022),
the displacement profile along the pile axis for large-
diameter monopiles can be well approximated by theoreti-
cal solutions assuming a rigid pile. In this context, the
load—displacement response at the loading point is consid-
ered a representative indicator of monopile behavior. The
gray and black solid lines represent the results from the
model tests and the 3D FEA, respectively. The curves cor-
respond to the first half cycle, i.e., the initial loading fol-
lowed by unloading. The overall response is well
captured for all three monopiles with different slenderness
ratios (L/D = 3.75, 5 and 8). Similarly, Fig. 11 shows the
load—displacement response for loading case M-3
(0.2 Hz) for the first half cycle. Despite the faster loading
rate in M-3, the 3D FEA demonstrates good agreement
with the experimental results. In both S-3 and M-3, the
3D FEA tends to slightly underestimate the initial stiffness
observed in the model tests. Additionally, the peak loads
are overestimated by approximately 10-15% for case (b)
D2-L10 in both loading cases.

Beyond the initial loading and unloading, the FEA
encounters limitations in capturing the load—displacement
behavior. In the model tests, the monopiles exhibited soft-
ening behavior (i.e., reduced stiffness) after the lateral load
became negative (see the bottom right quadrant in Figs. 3
and 4), which is not reproduced in the FE simulations. This
discrepancy is primarily attributed to the limitations of the
constitutive model in representing the cyclic behavior of
sand. As noted by Jostad et al. (2020), the HSS model is
not capable of simulating the softening response of soils
under cyclic loading. Another contributing factor may be
the limitations of the FE framework in modeling complex
geometric phenomena around the monopile, such as gap
formation. Several studies and research initiatives have
explicitly incorporated ratcheting behavior into numerical
models and design methodologies, recognizing its signifi-
cance in understanding the cyclic response of monopiles
(e.g., Tantivangphaisal et al., 2024; Byrne et al., 2025;
Pisano et al., 2025). However, due to the complexity and
computational cost, such modeling approaches remain
challenging for practical design applications and are there-
fore beyond the scope of this study.

3.2. Bending moment and soil deformation

Figs. 12 and 13 present the bending moment distribution
along the embedded portion of the monopile for loading
cases S-3 and M-3, respectively. The results from the 3D
FEA, shown as hollow markers, are compared with those
from the model tests, represented by black solid lines, at
the point of maximum lateral displacement. The compar-
ison demonstrates good agreement across different slender-
ness ratios L/D, indicating that the adopted modeling
methodology is appropriate. It is noteworthy that the
FEA yields non-zero bending moments at the pile base in
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Fig. 10. Simulation of model test S-3 (0.002 Hz):
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Fig. 12. Simulation of model test S-3 (0.002 Hz): Bending moment along the monopile at the maximum lateral displacement.

the cases of large-diameter monopiles, specifically (a) D2-
L7.5 and (b) D2-L10. This suggests the presence of base
resistance, a characteristic feature of large-diameter mono-
piles. Such behavior was also predicted by the analytical

solution proposed by Takahashi et al. (2022). Base resis-
tance, along with rotational resistance along the pile shaft,
constitutes a key load-resisting mechanism for large-
diameter monopiles. These mechanisms are central to the
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Fig. 13. Simulation of model test M—3 (0.2 Hz): Bending moment along the monopile at the maximum lateral displacement.

PISA design methodology (Burd et al. 2020), which empha-
sizes the importance of capturing both shaft and toe inter-
actions in monopile design.

The base resistance mechanism is also illustrated by the
distribution of deviatoric strain obtained from the 3D FEA
as shown in Fig. 14. In all cases, deviatoric strain is concen-
trated around the pile shaft near the ground surface, both
on the loading side and the opposite side of the pile, indi-
cating localized soil deformation associated with lateral
pile movement. In the large-diameter monopiles, namely
(a) D2-L7.5 and (b) D2-L10, additional strain accumula-
tion is observed around the pile toe. This observation is
consistent with the non-zero bending moments at the pile
base shown in Figs. 12 and 13 and provides further evi-
dence that toe resistance contributes to the overall lateral
resistance of the monopile. In contrast, the smaller-
diameter monopile (¢) D1.25-L10 shows limited strain
accumulation near the pile toe, suggesting a less significant
contribution from base resistance. Furthermore, deviatoric
strains exceeding approximately 5% are confined to a rela-

tively limited region adjacent to the pile in cases (a) and (b),
whereas such strain levels are not observed in case (c).
These results are consistent with the interpretation that
the deformation mechanism of large-diameter monopiles
involves the combined contribution of shaft and toe resis-
tance, whereas the response of the smaller-diameter mono-
pile is governed primarily by shaft resistance.

3.3. Excess pore water pressure

Fig. 15 illustrates the distribution of excess pore water
pressure obtained from the FEA when the monopile
reaches its maximum lateral displacement during the initial
loading cycle. The results are presented only for loading
case M—-3, as no significant accumulation of excess pore
water pressure was observed in case S-3. Positive excess
pore water pressure is observed at mid-depth on the load-
ing side of the monopile. In contrast, negative excess pore
water pressure develops behind the monopile due to expan-
sive deformation of the ground. An opposite pattern is evi-

(a) D2-L7.5

(b) D2-L10

(¢) D1.25-L10

Fig. 14. Simulation of model test M—3 (0.2 Hz): Distribution of deviatoric strain at the maximum lateral displacement.
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Fig. 15. Simulation of model test M—3 (0.2 Hz): Distribution of excess pore water pressure at the maximum lateral displacement.

dent near the pile toe, particularly in cases (a) D2-L7.5 and
(b) D2-L10, where negative pressure appears on the load-
ing side and positive pressure behind the pile. This phe-
nomenon is attributed to the “toe-kick” effect, a
characteristic behavior of large-diameter monopiles.

Fig. 16 shows a quantitative comparison of excess pore
water pressure between the FE analyses and the model tests
at the pore water pressure transducer locations. The loca-
tions of the sensors are indicated by hollow circles in
Fig. 15. The FEA results are represented by the maximum
value obtained during the first half of the loading cycle.
For comparison, the laboratory data are presented as a
range representing the maximum excess pore water pres-
sure recorded over the 1st to 20th loading cycles. The left
end of this range corresponds to the peak value within
the first cycle and is therefore used as the basis for compar-
ison with the FEA results. The dotted line indicates the ini-
tial vertical effective stress, serving as a reference for the
potential onset of liquefaction. The results indicate that
the model ground remained well below the liquefaction

threshold, except at the shallowest part. While the FEA
provides a reasonable evaluation, it slightly underestimates
the excess pore water pressure at the shallowest measure-
ment points. Overall, the HSS model demonstrates good
predictive capability for the behavior of dense sand when
parameters are carefully calibrated. The 3D FEA effec-
tively captures the response of monopiles with varying slen-
derness ratios (L/D = 3.75, 5 and 8) under various loading
rates.

4. Stiffness degradation under cyclic loading
4.1. Overview

The evaluation of degradation caused by cyclic lateral
loading is a critical aspect of practical foundation design,
particularly for offshore structures subjected to repeated
environmental forces. The previous section focused on
the 3D FEA under initial loading, followed by unloading.
As noted earlier, simulating the full sequence of cyclic load-
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Fig. 16. Simulation of model test M—3 (0.2 Hz): Profile of excess pore water pressure near the monopile.
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ing during an entire storm event remains a significant chal-
lenge in geotechnical modeling. As a practical alternative,
the Cyclic Contour Diagram (CCD), proposed by
Andersen (2015), offers a useful framework for estimating
the degree of soil degradation under cyclic loading. The
CCD concept offers several advantages over conventional
approaches:

e Degradation is assessed based on laboratory test results,
allowing direct incorporation of material-specific
characteristics.

e The extent of degradation is dependent on the intensity
of the cyclic loading, represented by the number of load
cycles, N.

e Stress—strain curves for the degraded material can be
derived and subsequently used in finite element (FE)
analyses.

In this section, the CCD concept is examined using both
model test and laboratory test results. First, a CCD is con-
structed based on laboratory test results for Toyoura sand.
From this diagram, the degree of degradation and the cor-
responding degraded stress—strain curves are interpreted.
Next, the extent of degradation observed in the model tests
is quantified and compared with the evaluation from the
CCD. Finally, the HSS model is re-calibrated using the
degraded stress—strain curves, with the aim of predicting
monopile behavior under cyclic loading conditions as
observed in the model tests.

4.2. Cyclic contour diagram and degradation factor

The first step involves constructing the CCD using
results from undrained cyclic shear tests. While the original
CCD framework (Andersen, 2015) incorporates triaxial
compression, triaxial extension, and direct simple shear
(DSS) tests, this study only utilizes undrained hollow cylin-
der cyclic torsional shear tests as an alternative to DSS.
Although this represents a simplification relative to field
conditions, considering the loading conditions in the ele-
ment tests and the centrifuge tests (fully reversed cyclic
loading), we assumed the average shear stress 7, to be zero
and considered only the cyclic component 7). Fig. 17 pre-
sents the CCD for Toyoura sand with a relative density of
80%, where the double amplitude shear strain yp 4 is plot-
ted against the number of loading cycles N and the cyclic
shear stress ratio CSR (=1,,./0’., where ¢’. is the isotropic
confining pressure). Similar plots are commonly used in lig-
uefaction studies for earthquake loading, which typically
involve tens of cycles. However, offshore foundations
may experience hundreds to thousands of cycles due to
wave and wind loading (LeBlanc et al., 2010a). The shaded
region in Fig. 17 indicates the range of CSR values tested in
the laboratory. For the test data indicated by hollow mark-
ers, fitting curves were generated at 1% intervals of shear
strain. These curves are defined by a power function of
the form y = ax”, where a and b are constants, and are

Soils and Foundations 66 (2026) 101854

g
=

/o")

Range of CSR in lab. test
Lab. test, Ypa = 1.5%

Lab. test, =7.5% E

cyc

—_
(9]

Tpa
Fitted curves

1.0

0.5

Cyclic shear stress ratio, CSR (7

e
=

Number of cycles, N

Fig. 17. Cyclic contour diagram obtained by undrained hollow cylinder
cyclic torsional shear tests for Toyoura sand with a relative density of 80%.

extrapolated beyond the tested range. It should be noted
that such extrapolation may reduce accuracy, and addi-
tional testing is recommended for improved reliability.
The next step involves deriving stress—strain curves that
reflect the degradation effects captured in the CCD. These
curves are constructed by identifying the intersections of
shear strain and CSR at specific values of N. A similar pro-
cess was also presented in Erdrich et al. (2010). Fig. 18
shows the resulting curves for various numbers of load
cycles, where yp, is converted to single amplitude shear
strain yg4. As expected, greater degradation is observed
with increasing N. Some scatter is noted for N = 1 to 3,
likely due to extrapolation in the CCD. These curves are
conceptual, representing averaged behavior from multiple
tests. For reference, the monotonic shear test result is plot-
ted as a black dotted line and shows good agreement with
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Fig. 18. Degraded shear stress—strain curves for various numbers of cycles
interpreted from the CCD.
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the curve for N = 1, supporting the validity of the
approach. In practical design, these degraded curves can
be used to calibrate constitutive models for FEA. Alterna-
tively, the stress—strain response can be directly converted
into p—y curves. Such approaches, known as the mobiliz-
able strength design (MSD) method or the scaling method,
have been presented by Bouzid et al. (2013), Lombardi
et al. (2017) and Dash et al. (2017) for liquefied soils, and
by Zhang et al. (2016) for clay. In either case, an additional
step is required to estimate the equivalent number of load
cycles N,, from irregular loading histories specific to site
conditions. Methods for this estimation are discussed in
LeBlanc et al. (2010b), Page et al. (2021) and Lapastoure
et al. (2023).

Based on the degraded stress—strain curves (Fig. 18), a
degradation factor Fp, is introduced as an index of material
degradation. Fig. 19 illustrates Fp, defined as the ratio of
degraded shear stress to the undegraded shear stress
(N = 1) for various shear strain levels. For Toyoura sand,
a bi-linear trend is observed, with Fp increasing linearly
and becoming constant beyond a shear strain of 5%. This
behavior aligns with the API modification approach, where
cyclic loading primarily affects ultimate strength rather
than initial stiffness. To support the following discussion,
the degradation factors Fp i, and Fp . are defined at
shear strains of 0% and more than 5%, respectively. In
design applications, p—y curves can be adjusted using Fp
based on the expected deformation level in each design
load case, providing a more accurate representation of
foundation performance under cyclic loading. To date, it
appears more common to apply degradation directly to
p-y curves rather than to stress-strain curves (e.g.,
Bouzid et al., 2013; Lapastoure et al., 2025).

4.3. Degradation observed in model tests

To validate the applicability of the CCD concept, the
degradation factor Fp was compared with the degree of
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Fig. 19. Degradation factor Fp evaluated at different levels of shear strain.
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degradation observed in model test M—3. It is noted that
no significant degradation was observed in test S-3 due to
the slow loading rate. As an index of degradation in the
model tests, the normalized stiffness was evaluated at each
cycle of lateral loading, relative to the stiffness in the initial
cycle (Fig. 20). Here, stiffness is defined as the secant stiff-
ness between the positive and negative peaks of the load—
displacement curves shown in Fig. 4. The results, repre-
sented by hollow markers, correspond to monopiles with
different slenderness ratios L/D. A sharp reduction in stiff-
ness was observed after the first few cycles, stabilizing
around the 10th cycle. This behavior suggests that the
model ground reached a steady-state response under cyclic
loading. For the slender monopile ((c) D1.25-L10), the
normalized stiffness stabilized at approximately 70%. In
contrast, the large-diameter monopiles ((a) D2-L7.5 and
(b) D2-L10) exhibited lower terminal values of around
55%, indicating a greater susceptibility to cyclic degrada-
tion. This behavior is attributed to the deformation mech-
anism associated with large-diameter monopiles, which
mobilize a greater volume of surrounding soil, including
the region near the pile toe. This increased soil mobilization
amplifies the effects of cyclic degradation.

Fig. 20 also presents the range of degradation factors Fp
derived from the CCD. The upper and lower boundaries of
the range correspond to Fpmax and Fp min, respectively.
For N < 10, the normalized stiffness values from the model
tests mostly fall within the range of Fp predicted by the
CCD. Specifically, the results for the slender monopile
((c) D1.25-L10) and the large-diameter monopiles ((a)
D2-L7.5 and (b) D2-L10) closely correspond to the lower
and upper bounds of Fp, respectively. Unlike the model
tests, however, the CCD-based Fj, continues to decrease
beyond N = 10. This discrepancy may be attributed to dif-
ferences in drainage conditions. The CCD is based on
undrained cyclic shear tests, where pore water pressure
accumulates without dissipation, resulting in more pro-
nounced degradation with increasing N. In contrast, since
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a steady state was observed during cyclic loading, model
test M—3 was likely conducted under partially drained con-
ditions, where a balance between pore water pressure gen-
eration and dissipation was achieved. It is also noteworthy
that the cyclic loading in the model tests was applied in a
deformation-controlled manner. Further reduction may
occur under load-controlled loading, which more closely
reflects field conditions. A comparison between the model
test results and those reported by Tasiopoulou et al
(2025) may provide additional insights into the behavior
of monopiles under cyclic loading.

In addition to the discussion above, potential contribut-
ing factors include localized densification around the pile
due to cyclic shearing in the centrifuge tests. Under loading
condition M-3, the effects of excess pore pressure genera-
tion, pore pressure dissipation, and soil densification can-
not be readily separated based on the available
measurements. Therefore, the slower-loading tests (S-3),
where excess pore pressure effects are expected to be less
significant, were further examined. A slight increase in
secant stiffness was observed during the initial loading
cycles, suggesting that localized densification may have
contributed to the increase in stiffness with increasing cycle
number, thereby moderating the apparent degradation.
However, changes in density or void ratio were not directly
measured in the present study, and a full quantitative sep-
aration of these mechanisms is not possible based on the
available data.

Here, the drainage conditions in the model tests are fur-
ther examined. Several studies have focused on analytical
solutions for consolidation around a laterally loaded
monopile (e.g., Osman and Randolph, 2012; Peralta et al.
2017; Li et al. 2019). In this study, the criterion proposed
by Liet al. (2019), a normalized loading factor 7, was cal-
culated to estimate the drainage conditions in the model
tests:

T, = t,c,/D*

where ¢, is defined as the period of a single loading cycle,
i.e. the inverse of the loading frequency, ¢, is the coefficient
of consolidation, and D is the diameter of the monopile.
Following Li et al. (2019), this definition is adopted
because drainage during lateral cyclic loading is governed
by the time available for pore pressure dissipation within
each cycle. Although T, is defined by a simple expression
under idealized conditions, it serves as a practical indicator
for distinguishing the drainage condition in the present
centrifuge model tests with varying loading periods. Their
parametric study based on FE analyses concluded that
undrained conditions are expected when 7, < 0.05. Fur-
thermore, results for 7, < 0.5 were found to be nearly iden-
tical and can also be considered undrained. In contrast,
when 7), > 50, pore water pressure generation becomes neg-
ligible, and the soil can be treated as essentially drained.
Table 4 summarizes the calculated 7}, values for the model
tests at three elevations corresponding to the pore water
pressure transducer locations (see Figs. | and 15). The val-
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ues of ¢, were estimated from oedometer test results, con-
sidering the confining pressure at each sensor location.
For loading condition M3, all calculated T, values across
the monopile models and elevations are below 0.5, indicat-
ing undrained conditions. It is important to note that the
criterion proposed by Li et al. (2019) is based on FE anal-
yses employing a disc model, which represents a one-meter-
thick horizontal slice of the monopile and surrounding soil,
where vertical drainage was neglected. As they noted, this
assumption is considered reasonable for soil located some
distance below the mudline. However, near the mudline,
vertical drainage toward the surface may also occur, poten-
tially accelerating the drainage process. Evidence of this
vertical drainage effect is also suggested by the results
shown in Fig. 16, where excess pore water pressure does
not accumulate during cyclic loading at the shallowest
measurement point, in contrast to deeper locations. There-
fore, the drainage conditions during loading case M-3
were likely to range from nearly undrained to partially
drained. Meanwhile, despite the calculated 7}, values being
less than 50, the drainage conditions during loading case S-
3 were likely to be drained, as inferred from the observed
pore water pressure behavior.

It is possible to incorporate the effects of partial drai-
nage conditions into the CCD, as demonstrated by
Jostad et al. (2015). To achieve this, a CCD based on the
excess pore water pressure ratio, rather than shear strain,
is required. The dissipation of excess pore water pressure
can be analytically estimated, leading to a reduction in
the equivalent number of load cycles, N,.,. However, this
approach relies on a simplified scenario, assuming lateral
and radial drainage with a predefined boundary condition
of zero excess pore water pressure. Therefore, careful con-
sideration is necessary when applying this method in prac-
tical design contexts.

4.4. 3D FEA with degraded parameters

To further assess the applicability of the CCD, addi-
tional 3D FEA were performed. The parameters of the
HSS model were re-calibrated based on the degradation
characteristics derived from the CCD. The re-calibrated
parameter sets were then used to simulate the monopile
behavior at selected load cycles during loading condition
M-3 in the model tests. Fig. 21 presents the simulation
results of the DSS test using the re-calibrated parameters
(the black solid lines). For the re-calibration, the original
simulation result (N = 1, the gray solid line) was scaled
using the degradation factors Fp corresponding to various
numbers of load cycles N (the dashed lines). Among the
HSS model parameters, only the initial stiffness Gy, fric-
tion angle ¢’ and dilatancy iy were modified, as summa-
rized in Table 5. It should be noted that the re-
calibration does not imply that the intrinsic soil properties
physically evolve with the number of loading cycles.
Rather, these parameters were treated as cycle-dependent
equivalent parameters to reproduce the degraded stress—
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Table 4
Normalized loading factor 7, for the model tests S-3 and M-3.
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Monopile model Diameter Elevation from mudline Coefficient of consolidation Normalized loading factor
D (m) —z (m) ¢, (m?/s) T, for S-3 (0.002 Hz) T, for M-3 (0.2 Hz)
(a) D2-L7.5 2.0 -2.5 438 x 10 5.5 0.05
-5.0 8.94 x 107 11.2 0.11
=15 1.25 x 10! 15.6 0.16
(b) D2-L10 2.0 -2.0 3.30 x 1072 4.1 0.04
—-6.0 1.04 x 107! 13.0 0.13
-8.0 1.31 x 10! 16.4 0.16
(c) D1.25-L10 1.25 -2.0 3.30 x 1072 10.6 0.11
—6.0 1.04 x 107! 332 0.33
-8.0 1.31 x 10! 42.1 0.42

strain curves derived from the CCD within the HSS frame-
work. Within the HSS model, G controls the small-strain
stiffness, while ¢’ and  primarily govern the mobilized
shear resistance and dilative response at larger strain levels.
The values listed in Table 5 should therefore be interpreted
as equivalent engineering parameters that capture the
effects of cyclic degradation, rather than as directly measur-
able material properties.

All other conditions of the 3D FEA were kept identical
to those described in the former sections. In other words,
the FE simulation starts with an intact ground condition,
with degradation incorporated solely through the modified
model parameters, aiming to replicate monopile behavior
under cyclic loading. It should be noted that the approach
presented here involves certain simplifications; however, it
serves to illustrate both the potential and the limitations of
the CCD in practical applications.

Figs. 22-24 present the results of the 3D FEA for N =5,
10, and 20, respectively. The model test results are shown
only for the first cycle and the specific cycle of interest.
For N = 5 (Fig. 22), the FEA yields comparable results;
however, the increasing stiffness observed during deforma-
tion, particularly in case (b) D2-L10, is not fully captured.
This discrepancy is primarily attributed to limitations in
the constitutive model. The HSS model utilizes a hyper-
bolic stress—strain relationship, in which stiffness progres-
sively decreases with increasing deformation. In the FEA,
the maximum shear strain remains below 5% in most of
the surrounding soil elements, except for those adjacent
to the monopile (Fig. 14). Consequently, the dilative
behavior observed at shear strains exceeding 5% (Fig. 21)
is not fully reflected in the monopile response within the
FEA. The methodology adopted in this study, which sim-
ply applies the degradation factor Fp to the undegraded
curve (N = 1), has inherent limitations in accurately repro-
ducing the cyclic behavior of monopiles. Furthermore, in
constructing the CCD, only the maximum shear strain
observed during each load cycle in the laboratory tests is
considered. As a result, the detailed mid-range response
is not sufficiently captured. At the load—displacement
response level, this effect is explicitly addressed by

Erdrich et al. (2010). They distinguished between the initial
and subsequent cycle p—y responses for carbonate soils,
depending on the load levels experienced in the preceding
cycle. The p—y response in the subsequent cycle was modi-
fied to include an initial “soft” zone with reduced stiffness,
followed by a hardening phase.

When considering only the maximum load levels, bet-
ter agreement is observed for N = 10 (Fig. 23), while the
FEA underestimate the model test results for N = 20
(Fig. 24). Consistent with the model test results shown
in Fig. 20, the normalized stiffness obtained from the
FEA is compared with the FD range derived from the
CCD, as shown in Fig. 25. In this context, the normal-
ized stiffness from the FEA is defined as the secant stiff-
ness between the origin and the positive peak of the
stress—strain curve, normalized by the stiffness of the
undegraded curve (N = 1). The results, represented by
black markers, exhibit a similar reduction trend to the
Fp values obtained from the CCD. Furthermore, the
large-diameter monopiles are shown to be more suscepti-
ble to cyclic degradation, which aligns with the observa-
tions from the model tests. As expected, the stiffness
continues to decrease up to N = 20in the FEA, unlike
the model test results. This finding underscores the
importance of accounting for drainage conditions in
practical design applications. Another simplification
adopted in this study is the assumption of uniform
degradation throughout the entire soil volume. In more
realistic conditions, the degree of degradation is expected
to vary spatially within the surrounding soil. For exam-
ple, Lapastoure et al. (2025) proposed a method that
modifies the p—y curve based on soil mobilization with
depth, determined through one-dimensional FEA using
beam elements. Such depth-dependent degradation is
preferable in practical design for representing more real-
istic behavior under cyclic loading.

4.5. Implications for practical design

The results of this study provide several insights into the
practical application of CCD-based approaches to the
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Fig. 21. Recalibration of HSS model, simulation of DSS with degraded
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design of large-diameter monopiles subjected to cyclic lat-
eral loading.

First, the findings highlight the importance of evaluating
drainage conditions when applying degradation factors
derived from laboratory clement tests. As demonstrated
in Section 4.3, the cyclic response of monopiles may vary
significantly with the extent of pore pressure generation
and dissipation during loading. Therefore, the applicability
of degradation factors obtained under undrained labora-
tory conditions should be assessed in conjunction with
the expected drainage regime around the monopile. In this
regard, the normalized loading factor T, (Li et al., 2019)
may serve as a useful screening indicator for evaluating
the expected drainage conditions and the suitability of
CCD-derived degradation factors for design assessments.

Second, the numerical analyses indicate that the influ-
ence of cyclic degradation is not uniform across monopile
geometries. The larger-diameter monopiles exhibited a
greater reduction in lateral resistance than the more slender
monopiles, suggesting that cyclic degradation may have a
stronger impact on monopiles that rely significantly on
rotational resistance and base resistance. This observation
emphasizes the need to consider pile geometry when inter-
preting degradation factors for design purposes.

Third, the comparison between the centrifuge tests and
the 3D FE analyses suggests that CCD-derived degrada-
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tion factors can be incorporated into finite-element-based
design assessments by re-calibrating constitutive model
parameters.

Overall, the present results demonstrate that the practi-
cal use of CCD-based degradation factors requires consid-
eration of drainage conditions, pile geometry, and the
governing deformation mechanisms around the monopile.
Careful interpretation of these factors is essential when
applying laboratory-derived degradation relationships to
the design of offshore monopile foundations.

5. Conclusions

The key conclusions derived from this study are as
follows.

e The HSS model demonstrates good predictive capability
for the behavior of saturated dense sand when parame-
ters are carefully calibrated using laboratory test data.
The 3D FEA effectively captures the monotonic loading
response of monopiles with varying slenderness ratios
(L/D = 3.75, 5 and 8) under loading conditions ranging
from fully drained to partially drained and nearly
undrained.

e The CCD and degradation factor Fp were evaluated
based on the results from undrained hollow cylinder cyc-
lic torsional shear tests as an alternative to DSS. A bi-
linear trend is observed for Fp of Toyoura sand, with
Fp becoming constant beyond a shear strain of 5%. This
behavior aligns with the conventional API modification
approach, where cyclic loading primarily affects ultimate
strength rather than initial stiffness.

e To validate the applicability of the CCD concept, the
degradation factor Fp was compared with the result of
model test M—3. Unlike the model tests, the CCD-
based Fp continues to decrease beyond N = 10. This dis-
crepancy may be attributed to differences in drainage
conditions. The CCD is based on undrained cyclic shear
tests, where pore water pressure accumulates without
dissipation, resulting in more pronounced degradation
with increasing N. In contrast, model test M—3 was
likely conducted under partially drained conditions as
evidenced by a steady state observed during cyclic load-
ing and the criterion proposed by Li et al. (2019). These
findings highlight the importance of evaluating drainage
conditions when applying CCD-derived degradation

Table 5

Parameters of HSS model for various levels of degradation.

Parameter Unit N=1 N=2 N=3 N=35 N=10 N=20
Reference shear modulus at small strain G KN/m?  5.000 x 10*  4.392 x 10*  4.057 x 10*  3.661 x 10*  3.174 x 10*  2.740 x 10*
Threshold shear strain at 70% of G 0.7 - 0.15x 107  0.15x10%  015%x10°  0.15%x10° 0.15x 103  0.15x 1073
(Effective) cohesion Cref kN/m?> 0.0 0.0 0.0 0.0 0.0 0.0
(Effective) angle of internal friction @’ degree  40.0 32.0 28.0 23.0 18.5 14.0

Angle of dilatancy ] degree 10.0 8.0 7.5 6.5 5.5 5.0
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Fig. 22. Simulation of model test M—3 with degraded parameters for N = 5: Load-displacement response at loading point.
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Fig. 24. Simulation of model test M—3 with degraded parameters for N = 20: Load-displacement response at loading point.

factors to monopile design. The normalized loading fac-
tor T, may provide a useful screening indicator for
assessing the expected drainage regime and the suitabil-

ity of CCD-based approaches.

e Additional

3D FEA were performed to further
assess the applicability of the CCD. The parameters
of the HSS model were recalibrated based on the
degradation characteristics derived from the CCD.

The FEA yields comparable results; however, the
increasing stiffness observed during deformation, par-
ticularly in case (b) D2-L10, is not fully captured. A

clear distinction between primary and subsequent

loading cycles is necessary to accurately reproduce
the cyclic behavior of monopiles, as highlighted by
Erdrich et al. (2010) in their modification of the
p-y curve.
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e When considering only the maximum load levels, better
agreement is observed between the model test and the
FEA using degraded parameters. The FEA exhibits a
similar reduction trend to the Fp values obtained from
the CCD. Furthermore, the large-diameter monopiles
are shown to be more susceptible to cyclic degradation,
which aligns with the observations from the model tests.
This observation suggests that pile geometry plays an
important role in governing the influence of cyclic degra-
dation and should therefore be considered when inter-
preting degradation factors for practical design
applications.

e The novelty of this study does not lie in the development
of a new constitutive model or a new finite element for-
mulation. Rather, it lies in translating CCD-derived
element-level degradation into pile-level design interpre-
tations for large-diameter monopiles by integrating cyc-
lic laboratory testing, CCD-based degradation
assessment, and three-dimensional finite element analy-
sis. The results demonstrate that the practical applica-
tion of CCD-based approaches requires consideration
of drainage conditions, pile geometry, and the governing
deformation mechanisms around the monopile. The pre-
sent study provides insight into how laboratory-derived
cyclic degradation characteristics can be incorporated
into finite-element-based assessments of large-diameter
monopiles.
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