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Numerical study on the cyclic response of suction bucket foundations in clay
under one-way cyclic lateral loading
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ABSTRACT: The cumulative plastic deformations induced by cyclic loading are a
critical design consideration for bucket foundations of offshore wind turbines. While past
research has extensively characterized foundation behavior under static loads, the
combined effects of cyclic lateral loading and soil strength non-homogeneity remain
underexplored. This study examines through numerical analyses the behavior of a bucket
foundation in clay subjected to one-way cyclic lateral loads. The cumulative plastic
deformation was modeled employing a nonlinear kinematic hardening constitutive model.
A parametric study evaluated the influence of the strength non-homogeneity degree,
cyclic load amplitude, cyclic load ratio, and the kinematic hardening degradation
parameter. The results demonstrate that while cumulative rotation and displacement
increase with the number of cycles and load amplitude, they are significantly mitigated
by a greater degree of non-homogeneity. Increasing k from 10 to 25 diminished rotation
by 57% and horizontal and vertical displacements by 56% and 75%, respectively. The
lowest cyclic load ratio produced the largest deformations, while a higher kinematic
hardening degradation parameter resulted in the smallest deformations. Model validation
against established experimental and numerical benchmarks shows good agreement.
These results offer a useful understanding of the cyclic behavior of bucket foundations.

Keywords: Cyclic response; Bucket foundation; Cyclic lateral loading; Cumulative
deformation; Clays.

widely utilized as an alternative to traditional
o ) systems of foundations like gravity

structures, bucket foundations have been notable advantages regarding the high lateral

1. Introduction
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load carrying capacity, cost effectiveness,
and installation efficiency. The suction
bucket is a steel cylinder with an open bottom
and a closed top that is installed by
penetrating into the soil under its own weight.
Once it reaches the desired depth, under-
pressure (suction) is applied in the bucket to
reach the intended penetration. The suction
bucket foundations experience cyclic lateral

loading induced by the action of
environmental loads (wind, waves, currents).
Cyclic loading can increase pore pressures in
the soil; Pore pressure buildup diminishes

* Corresponding author E-mail:

displacements, and settlement of suction
buckets are significantly influenced by soil
conditions, bucket geometry, and parameters
related to cyclic loading such as number of
cycles, loading amplitude, and frequency.
Hung et al. (2018) performed a 1g laboratory
test to explore the accumulated rotation and
unloading stiffness of two bucket models in
clay under one-way cyclic loading. The
results indicated that the accumulation of
rotations increased with increasing number of
loading cycles and cyclic load magnitude. An
empirical equation was developed for bucket
foundations in soft clays under one-way cyclic
lateral loading to predict the accumulated
rotations as well as the unloading stiffness.

Numerous finite element models have been
conducted on the performance of suction
bucket foundations subjected to cyclic loads
(Kourkoulis et al., 2014; Cheng et al., 2018;
Bagheri and Kim, 2019; Cheng et al., 2020;
Barari et al., 2021; T. Wang et al., 2021; W.
Zhou et al., 2021; Cheng et al., 2022; Yilmaz

effective stresses, resulting in reduced shear
strength and stiffness in the soil and may lead
to accumulated deformations (Andersen and
Lauritzsen, 1988).

Several studies have explored the behavior
of suction bucket foundations through field
tests (Houlsby et al., 2005; X. Zhu et al.,
2023) and model tests (B. Zhu et al., 2013;
Nielsen et al., 2017; B. Zhang et al., 2020;
Jeong et al., 2021; Lian et al., 2021; X. Wang
et al., 2022; N. Zhou et al., 2022; Kou et al.,
2023; Zayed et al., 2023). The findings of
these tests indicated that the bearing capacity,
unloading stiffness, cumulative rotations,

and Tasan, 2022; Roy et al., 2024; Song et al.,
2025). However, this body of research has
predominantly focused on homogeneous soil
conditions or the modeling of plastic failure.
Cheng et al. (2022) examined the effects of
bucket-soil contact conditions, cyclic loading
modes, and direction of the applied cyclic
loading on the cyclic responses of tripod
suction bucket foundations using a three-
dimensional finite element model through an
elastoplastic ~ single  bounding  surface
constitutive model.

Cheng et al. (2020) developed a novel
numerical method to model the cyclic
behavior of suction anchors in soft clay. Their
approach combines both an elastic-perfectly
plastic Mohr-Coulomb constitutive model and
a custom stiffness degradation model,
calibrated from undrained cyclic triaxial tests.
Incorporated into ABAQUS via a user-defined
subroutine, this coupled framework captures
the degradation of stiffness and the
accumulation  of  plastic  deformation
surrounding the anchor subjected to both
combined average and cyclic loads.

Cheng et al. (2018) established and
implemented a specialized bounding surface
elastoplastic model via a UMAT subroutine to
numerically model the cyclic response.

Their study combined physical model tests
under 1g conditions with advanced 3D finite
element analysis. The results demonstrated
that this approach can effectively model the
complete cyclic deformation  process,
accurately predict displacement-time
histories, load-displacement hysteresis, failure
modes, and cyclic bearing capacity of suction



anchors in soft clay.

Bagheri and Kim (2019) demonstrated that
both bucket geometry and soil properties are
significant, with soil density having a greater
effect on foundation response than geometry.
Their analysis revealed that smaller buckets
embedded in medium-dense soil exhibited the
lowest initial stiffness, which further degraded
progressively with cyclic loading compared to
larger geometries.

Kourkoulis et al. (2014) specifically
investigated the effect of both soil-sidewall
interface strength and soil non-uniformity on
the caisson response under monotonic, cyclic,
and seismic loading, employing a nonlinear
kinematic hardening model. Despite these
advances, a systematic investigation into the
effect of soil strength non-homogeneity on the
progressive accumulation of plastic strains
under cyclic loading, which is an essential
consideration for the foundation design of
offshore wind turbines, remains absent from
the literature. This study aims to address this
specific gap.

The cumulative rotations caused by cyclic
loading represent an important factor in the
design process for bucket foundations (B. Zhu
et al., 2013), which must remain within
specified serviceability thresholds. In the
design of the Thornton Bank wind farm
foundations, the allowable limit for structural
rotation was 0.25° (Peire et al., 2009). The
Chinese design code recommends that the
cyclic cumulative rotation remain below 0.17°
(Hydropower and Water Resources Planning
and Design General Institute, 2008).

It is commonly known that soils can undergo
plastic deformations at stress levels beneath
the limit state threshold (Al-Janabi and
Aubeny, 2022).

Standard methods for estimating the
deformation of caissons in clay were
established using linear elastic and
elastoplastic soil models, which consider
elastic response for stresses level under the
maximum Yield stress. Consequently, these
models do not capture accumulative plastic
displacements when cyclic stress amplitudes
are much smaller than the maximum vyield
stress , allowing inelastic deformations to
develop only when the maximum stress is
reached. As a result, the prediction of

cumulative displacements based on these
models does not accurately depict the
nonlinear cumulative permanent behavior of
soil (Al-Ramthan and Aubeny, 2020). These
constraints can be resolved by using a
kinematic hardening constitutive model from
the ABAQUS code.

The current work aims to investigate the
response of the bucket foundation of an
offshore wind turbine in clay soil subjected to
one-way cyclic lateral loading. A Kinematic
hardening constitutive model is used to model
cumulative plastic deformations while the
applied loads are beneath the bucket
foundation's ultimate load capacity.

2. Methodology

A simplified kinematic hardening constitutive
model was employed to model the cumulative
plastic deformation at stress levels below the
limit threshold and for a completely undrained
response. The model exists in Abaqus code
and has been extensively employed to model
cyclic and seismic soil structure interaction
(Kourkoulis et al., 2014; Al-Ramthan and
Aubeny, 2020; Saleh Asheghabadi and Cheng,
2020; J. Zhang et al., 2021; Al-Janabi and
Aubeny, 2022). The analysis was performed
for cohesive soils under undrained conditions;
therefore, the accumulation and dissipation of
pore-pressure were not modeled. Therefore,
the presented analyses model a strictly
undrained, non-consolidating condition where
the total volume of the soil skeleton is
constrained, but the internal pore pressure
evolution is not explicitly calculated.

This model can offer a simplified framework
to estimating the plastic deformations
accumulated induced by cyclic loading (Al-
Ramthan and Aubeny, 2020).

The objective of the current work is to
explore the cyclic response of a suction
bucket foundation used for offshore wind
turbine installed in clay under one-way
cyclic loading.

The research specifically focuses on
quantifying the effects of key parameters
related to soil properties, cyclic loading
characteristics, and the constitutive model on
the foundation's cumulative rotations and
displacements, which are critical design
considerations for long-term serviceability.



The clay-bucket foundation interaction was
modeled in ABAQUS by means of a 3D
finite element approach. To enhance
computational efficiency, a half-symmetry
model was employed, justified by the
geometric and loading symmetry of the
problem.

The model geometry in the numerical
analysis was based on the dimensions
typically used in analogous studies of
offshore wind turbine (OWT) suction
caissons. For instance, parametric studies by
Kourkoulis et al. (2014) examined models
with diameters D of 20 m and 25 m and skirt
lengths L ranging from 4 m to 10 m for
turbine towers of H = 60 m and 80 m.
Similarly, T. Wang et al. (2021) utilized a
diameter of 20 m with lengths of 10 m and
20 m. More recently, a benchmark study by
J. Zhang et al. (2021) employed a bucket
foundation withD =20 m, L =10 m, and H
= 90 m for a 3.5 MW Offshore Wind
Turbine model. Within this established
framework, the present study adopts a
representative baseline geometry of D = 20
m L =15 m, and H = 90 m. This
configuration was selected as a central,
practical case (with an L/D ratio of 0.75,
falling between the ratios in the cited
literature) to serve as the subject of a
detailed parametric analysis in this study.
The parameters investigated include the
strength non-homogeneity degree, cyclic
load amplitude, cyclic load ratio, and the
parameter controlling the reduction in
kinematic hardening with increased plastic
deformation.

The dimensions of the finite element soil
domain were selected to minimize boundary
effects on the foundation's response. A
domain size of 6D in width and 3D in depth
was adopted (Fan et al.,, 2020). This
geometry is close to the 6D x 2.5D domain
used by Kourkoulis et al. (2014).
Constitutive model

The analysis utilizes the nonlinear kinematic
hardening model proposed by Lemaitre and

Chaboche (1990), a formulation that
originates from the study of Armstrong and
Frederick (1966), which incorporates a Von
Mises yield criterion and is available in
ABAQUS. This constitutive framework is
capable of predicting ratcheting behavior
under cyclic loading.

The uniaxial compression strength of the soil,
omax, determines the limit surface. According
to the von Mises criterion, the uniaxial
strength is given by:

Omax = V3 Su (@

The stress evolution is defined according to
Anastasopoulos et al. (2011)

oO=0pt+a (2)

In which oo represents the stress at zero
plastic strain, and o refers to the backstress.
While the kinematic evolution of the yield
surface in the stress space is governed by this
backstress.

The function F defines the yield surface
(Chaboche, 2008):

F=f(oc—a)-a (3)

In which f(c-0) represents the equivalent
Mises stress with respect to the backstress a.

The flow rule for plastic deformation is

formulated as follows (Chaboche, 2008):

gt = g L )
do

Where ¢P! represents the plastic flow rate.

P! denotes the equivalent plastic strain rate.
In this model, there are two components that
govern the evolution of stress: the isotropic
hardening component and the Kinematic
hardening component (Figure 1).

The isotropic hardening component accounts
for changes in the equivalent stress, defining
the yield surface size oo in relation to plastic
deformations.

0o = 0 + Qoo (1 — e P (%)
Where Q.. and b represent model parameters
describing the maximum variation in the
yield surface size and the rate of this change
with plastic strain, respectively.
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Fig. 1. Nonlinear isotropic/kinematic model: (a) one-dimensional and (b) three-dimensional representation of
isotropic and kinematic hardening (Systémes, 2016).

In this study, the yield stress is taken as
constant, and only kinematic hardening is
taken into consideration.

The Kinematic hardening component governs
the yield surface translation within the stress
space through the backstress parameter.

The evolution of the kinematic component of
the yield stress is expressed according to the
formulation:

1 . .
a= CO_—(O' — a)&P! — yaeP! (6)
0
The equation derives from Ziegler's (1959)
kinematic hardening formulation, extended
with the nonlinear ‘'recall' term yaéP!
introduced by Lemaitre and Chaboche (1990).
vy can be obtained by the following equation:
_c (7)
Omax — Op
Where o, is the parameter controlling the
beginning of the nonlinear response,
expressed as a ratio A of the yield stress Gmax.
The value of A ranges from 0.1 to 0.3

(Anastasopoulos et al., 2011).
Therefore, the y parameter is determined from

the following equation:

‘}/:

_ c
(1= A)V3 S,

Where, C is the initial kinematic hardening
modulus (in our case, we set it equal to the
elastic modulus E) (Anastasopoulos et al.,
2011).

y is a parameter that defines the decreasing
rate of kinematic hardening with increasing
plastic deformation (the kinematic hardening
degradation parameter).

y )

3. Validation of the model with an
experimental study

The finite element model was validated by
comparing the numerical results with those
obtained from the field test reported by
Houlsby et al. (2005), as well as with the
results of the experimental test and numerical
analysis performed by Chen (2013). These
benchmark studies were also used by T. Wang
et al. (2021) for validation.

The field test was carried out at the
Bothkennar field with a suction caisson
foundation, with a diameter equal to 3m and
with a skirt length of 1.5 m.



The soil's undrained shear strength is
Su=11.43+1.9Z, the young modulus is
E=525 Sy, and the unit weight is 16.8 KN/m?®,
The caisson mass (appurtenances included) is
2000 kg. The vertical load on the caisson was
augmented by a 2400 kg block at the top of the
A-frame of 4.23 m connected to the lid. A
quasi-static cyclic load was applied by a
hydraulic jack. To take into account the effect
of the disturbance of the caisson installation
on the soil. Houlsby et al. (2005) suggested a
reduction factor of o= 0.5.

To verify the adopted numerical modelling,
the results from the numerical analysis are
compared with the test results. Figure 2
illustrates the relationship between the
bending moment and the angular rotation at
the center of the bucket lid. The numerical
results reveal that the model successfully
captures the hysteretic behavior of the
response. In the first cycle, the model
overpredicts positive rotation by 104.5%
(5.89x10*rad against experimental 2.88x10~*
rad), suggesting initial overestimation of
rotational deformability in this loading
direction. This overestimation primarily arises
because the non-linear kinematic model
underestimates post-yield rotational stiffness
during first-cycle initial loading. Upon load
reversal, the high elastic stiffness governs
reloading, while the translated yield surface
(kinematic hardening) ensures that the
subsequent cyclic response accurately
matches the experimental behavior of the clay

soil. The negative rotation shows better
agreement with only 25.0% overprediction.
The second cycle demonstrates improved
correlation, with errors reducing to 15 to 22%.
The model predicts positive peak rotations of
0.00163 rad, which are approximately 18%
higher than the experimental peak. A
quantitative analysis confirms a strong
statistical correlation for the rotation, yielding
a coefficient of determination of R? = 96.69%.
Thus, the numerical results show good
consistency with those of the test. Which
proves the capability of the numerical method
to capture the cyclic response of the suction
bucket foundation.

Chen (2013) carried out 1-g model tests and
also performed a finite element modeling to
study suction caissons under undrained static
lateral loading. Both the material and
geometric - characteristics of the suction
caisson and the clay are provided in Tablel.
Figure 3 compares the load-displacement
curves from the finite element (FE) analysis
with those from the experimental centrifuge
test and other numerical modelling.

The present FE results demonstrate strong
correlation with the experimental findings,
with a coefficient of determination R? of
93.43%. They also show good correlation
with the numerical analysis results from Chen
(2013) and T. Wang et al. (2021), which
themselves exhibited correlation coefficients
of 88.56% and 88.64% with the experiment,
respectively.

Table 1. Parameters of the experimental model test (Chen, 2013).

Parameter

Value
Caisson diameter, D (m) 0.1524
Caisson length L(m) 0.1524
Eccentricity of applied load, h (m) 0.9144
Saturated bulk unit weight ysat 16.2835
(KN/m3)
Undrained shear strength Su (Kpa) 2.1546
Young’s modulus, E (kPa) 300 Sy
Adhesion coefficient, o 0.8
Poisson’s ratio, v 0.495
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Fig. 2. Validation with a field test, Houlsby et al. (2005).
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Fig. 3. Comparison of load-displacement curves from experimental data, a previous numerical study, and the present
numerical model.

4. Finite-Element Modelling

In the present study, a finite-element model
for a suction bucket foundation was
developed to investigate its behavior in clay
soil.

A three-dimensional finite element software
program, ABAQUS, is used. As a result of
geometric and loading symmetry, only half
of the model was established , as
demonstrated in Figure 4.

The bucket foundation has a diameter with
size D= 20 m and a length of L=15 m. The
height of the rotor is H= 90 m. The soil

domain has a length and height of 6D and 3D.
This configuration aligns with previous
studies in the literature, specifically the work
of Fan et al. (2020) and Kourkoulis et al.
(2014). To verify the sufficiency of this
domain size for cyclic analysis, a
comparative model with an extended domain
(10D laterally, 5D vertically) was analyzed
under representative cyclic loading (§p =
40%). As shown in Figure 5, the difference in
cumulative rotation after 30 cycles was
1.41%, confirming that boundary effects



have a negligible influence on the global
cyclic behavior.

The soil is discretized by 23052 eight -node
linear brick elements with reduced
integration (C3D8R) (T. Wang et al., 2021;
Panwar and Dutta, 2023; Ghandi et al.,
2025).

A mesh sensitivity study was performed to
ensure numerical convergence. Three meshes
with global element sizes were tested for a
cyclic lateral loading case: coarse, medium
(the selected mesh), and fine. The results for
accumulated rotation over the first 30 cycles
from the selected (medium) mesh differed by
less than 0.04% from those of the finest
mesh. Reduced-integration elements were
chosen to mitigate shear locking in the
undrained soil, and hourglass control was
activated. Nonlinear analyses employed the
default Full Newton-Raphson method.
Convergence for each load increment was

The results showed that the accumulated
rotation after 30 cycles differed by less than
0.13% from the rigid case (E = 10° GPa).
Furthermore, the fundamental attenuation
behavior remained unchanged.

The bucket thickness is taken equal to
tit=0.12 m. The skirt thickness is equal to
tskir=0.04 m. Vertical boundaries were fixed
against displacement in the horizontal normal
direction; the bottom boundary was fixed in
all directions.

The surface-to-surface contact method was
used for modelling the interaction between
the suction bucket and the surrounding soil
due to the method's accuracy (Debnath and
Pal, 2025).

The bucket foundation's surface is designated
as the master surface , while the surface of the
soil is assigned as the slave surface. Hard
contact was set in the direction normal to the
contact surface, which permitted separation
between interface elements when they are
exposed to tension.

For the tangential direction, the penalty
contact method was adopted. When the two

achieved when the force residual tolerance
(0.5% of the time-averaged force norm) and
the displacement correction tolerance (1% of
the total displacement increment) were both
satisfied, ensuring precise  numerical
equilibrium.

The bucket was modelled as shell elements
with very high elastic modulus (E=1x 10°
Gpa) to consider the rigid behavior due to the
use of stiffeners, and using a Poisson’s ratio
of 0.3. A sensitivity analysis on this rigidity
assumption was conducted to verify that the
global conclusions were not dependent on an
idealized rigid structure. For a representative
case (k = 17.988, {p = 40%), the Young's
modulus was reduced to a realistic value for
stiffened steel (E = 210 GPa) and an
intermediate value (E = 10* GPa), and the
cyclic analysis was repeated.

surfaces were in contact, the interface
behavior was governed by Coulomb’s
friction theory.

At the contact surface, The critical frictional
shear stress Tcrit Can be written as terit=p.pe as
a function of friction coefficient and contact
pressure pc. In the analyses, the friction
coefficient is taken equal to pu=0.28. When
the shear stress at the contact surface

surpassed the limit terit, tangential slip
happened. To consider the dead weight of the
offshore wind turbine superstructure and the
bucket foundation, a vertical load of 8.45 MN
was applied at point A , as shown in Figure 4.
Cyclic horizontal loading was also applied at
the same point.

The soil is a saturated Kaolin clay. The
parameters characterizing the soil are given
in Table 2.

For marine clay, the undrained shear strength
changes linearly as a function of depth
(Ouahab et al., 2020; Shen et al., 2021; Shiva
Bhushan et al., 2021; Keawsawasvong, 2022;
Xiaoetal., 2022; Shiva Bhushan et al., 2023),
which is described by:



Sy =Sym+k.z ©)
Where k is the gradient of strength, z
indicates the depth within the soil.

The degree of non-homogeneity is given by a
dimensionless ratio:

kD (10)
K=

. Sum .
In which Sym is the undrained shear strength
at mudline, and D is the foundation diameter.

For the kinematic hardening model, the value
of SE is calculated by means of the parameters

of the soil presented in Table 2.

The model's input parameters are as follows:
2=0.1, y=173.33, Q=0, b=1.

For considering the effect of installation
disturbance, a coefficient of adhesion factor
iIs taken as o=0.8.

Table 2. Soil parameters for numerical analysis (Feng and Gourvenec, 2016).

Parameter Value
Saturated bulk unit weight ysat 16
(KN/m?3)
Recompression index k 0.044
Vergin compression index A 0.205
Stress ratio at critical state M 0.92
Intercept on critical state line (CSL), 214
esc (atp’=1) '
Poisson ratio v 0.3
Wet yield surface size, 8 1
Flow stress ratio K 1
Permeability of soil k (m/s) 1x10°°
Undrained shear strength S, (Kpa) 1.431+1.717 2
Consolidation coefficient c,o (M?/s) 7.16 x10°
Unit weight of water ywater (KN/m3) 10
Beam element
_—
Shell element
POINT A v
Heye
s —
eccentricity=10m

L=15m

D=20m

Fig. 4. Finite element meshing.
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5. Parametric Study

Using the same material and geometrical
properties as described in section 4, a
parametric analysis was carried out to
estimate the cumulative deformations under
one-way cyclic loading with a period of
T=10s (Figure 8). Taking into account
parameters related to the soil properties, such
as the strength non-homogeneity degree «,
number of load cycles N, and two parameters
(p and (¢ (Figures 9 and 10) that define the
characteristic of cyclic loading expressed as
follows (LeBlanc et al., 2010):

(b — Hmax

H min

{, = (12)

Where Hur represents the suction bucket
foundation's ultimate capacity.

Hmax: Maximum loading amplitude.

Hmin: Minimum loading amplitude.

The different undrained shear strength
profiles adopted for the analysis are
summarized in Table 3. In the parametric
study, the ultimate capacity and the applied
loads employed are listed in Table 4, with
values provided for different strength non-
homogeneity degrees « and cyclic load
amplitude Cp.

Hmax

(11
}hdt
cyc =
—
=
=
SN—r
(>
=
=
I
o
<
S
2
[
—
0 20 40 60 80 100
Time (s)

Fig. 8. One-way lateral cyclic loading.



Table 3. Undrained shear strength used in the parametric study.

K Swo k
10 0.954
15 1.431
17.998 1.908 1.717
20 1.908
25 2.385

Table 4. Lists of applied loads considered in the parametric study.

Degree of strength non homogeneity Cyclic load Applied load Ultimate
K amplitude p Heye (KN) capacity Hui
(kN)
50% 2880
=10 40% 2304 5760
30% 1728
50% 3880
x=15 40% 3140 7760
30% 2328
50% 4320
x=17.998 40% 3456 8640
30% 2592
50% 4500
Kk =20 40% 3600 9000
30% 2700
50% 5050
Kk =25 40% 4040 10100
30% 3030
£,=50%
| |
=
=3
(@]
'% £,=30%
o
©
Q
s
>
o
<
]
T
—l

Time (s)
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Fig. 9. One-way cyclic loading with different values of load amplitude parameter.
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Fig. 10. One-way cyclic loading with different values of load symmetry parameter.

6. Results and Discussion
6.1 Effect of Strength non-homogeneity k

Figure 11 (a-c) shows the effect of the
strength non-homogeneity degree on the
response of the bucket foundation against the
number of load cycles, considering a range of
values of k from 10 to 25 and with cyclic load
amplitude (p=50% from the ultimate
capacity.

Both cumulative rotations and displacements
exhibited attenuation response, characterized
by a nonlinear increase, where the
accumulation rate decays gradually with
increasing number of load cycles
(Goldscheider and Gudehus, 1976). The rate
of increase is significant for a low number of

Figure 11 (c) presents the cumulative vertical
displacements as a function of the number of
loading cycles for various values of the
strength non-homogeneity degree.

Obviously, with an increasing number of
loading cycles, the cumulative vertical
displacements rise progressively with a
nonlinear, attenuating pattern.

Further, a greater strength non-homogeneity
degree results in a reduction in cumulative
vertical displacements. Increasing the strength
non-homogeneity degree k from 10 to 25

cycles (N<20), followed by progressive
diminution thereafter.

Furthermore, the analyses show that the
bucket in the clay with the lowest strength
non-homogeneity experienced the highest
cumulative rotations and displacements. This
occurs because during each reloading phase,
soil with lower strength non-homogeneity
experiences larger incremental plastic
deformations. The fundamental reason is that
greater strength non-homogeneity generates
an intrinsically stiffer cyclic soil response,
which limits progressive plastic deformation
(ratcheting).

significantly reduces cumulative
deformations, decreasing rotation, lateral
displacement, and vertical displacement by
approximately 57.07%, 55.60%, and 74.73%,
respectively. This substantial reduction
demonstrates that k has a pronounced effect
on the foundation's cyclic response. This
stiffening effect occurs because a higher «
profile restricts the accumulation of plastic
strain per cycle, thereby suppressing the
ratcheting mechanism.
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Fig. 11. Effect of degree of strength non-homogeneity on bucket foundation behavior: (a) cumulative rotations, (b)
lateral displacements at the point A, (c) vertical displacements at the point A.

The displacement contours for the range
values of the strength non-homogeneity
degree are illustrated in Figure 12 (a-d) for a
number of load cycles N=100. From these
figures, it is noted that the largest
displacements are concentrated in the right
interior corner of the bucket close to the lid.
The reason is that as the bucket foundation
experiences cyclic loading, with the increased
number of load cycles, the bucket skirt
supports the majority of the loads, while the
bucket lid supports a smaller part (Bagheri and

Kim, 2019).

As illustrated in Figure 12 (a-d), with
increasing strength non-homogeneity degree,
the caisson's displacements in the lateral and
downward directions become smaller and
more confined. This behavior arises primarily
because greater strength non-homogeneity
increases the soil's stiffness, thereby
restricting plastic deformation development.
This mechanism is confirmed by the plastic
strain contours, which show a more confined
pattern in more non-homogeneous soil.
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6.2 Effect of cyclic load amplitude {p

The evolution of cumulative rotations and
cumulative displacements at different values
of cyclic load amplitude {, against the
number of load cycles N, is plotted in Figures
13(a-c). Cumulative  rotations  and
displacements increase with both the number
of load cycles and the cyclic load amplitude
&. A consistent ratcheting mechanism is
observed, where plastic strains accumulate
progressively with each cycle, leading to a
progressive increase in all deformation

components.  Crucially, the rate of
accumulation is non-linear; the curves exhibit
a declining slope, indicating a trend towards
cyclic attenuation. This is primarily due to
soil particle rearrangement and densification
around the bucket.

Figure 13 (c) exhibits the cumulative vertical
displacements of point A against the number
of cycles N, accounting for various loading
amplitudes. Obviously, A higher loading
amplitude generates a larger cumulative
vertical displacement.
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Fig. 13. Effect of cyclic load amplitude {» on cumulative rotations for k=17.988.

6.3 Effect of cyclic load ratio .

The variations in cumulative rotations of the
bucket foundation subjected to one-way
cyclic loading are depicted in Figure 14 (a-d),
considering various cyclic load ratio values ¢
and a range of values of strength non-
homogeneity degree k =10,15,20, and 25, for
loading amplitude of 50% from ultimate
lateral capacity. The cumulative rotations
again  exhibited attenuation  behavior,

characterized by a nonlinear increase with
cycling. The amplitude of cumulative
rotation was inversely proportional to the
cyclic load ratio {, with maximum
cumulative rotations occurring at ¢ = 0.
Additionally, increasing the cyclic load ratio
{c from 0 to 0.75 reduces cumulative rotations
by approximately 84.86%,89.52%,91.41%
and 91.53% for strength non-homogeneity
degree k of 10, 15, 20, and 25, respectively.
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Fig. 14. Effect of cyclic load ratio on cumulative rotation for different values of degree of strength non-homogeneity.

6.4 Effect of the kinematic hardening
degradation parameter y

Figure 15 (a-c) shows the effect of vy, the
parameter governing the decay rate of
kinematic hardening as plastic deformation
accumulates, on the response of the bucket
foundation, considering a range of  y =300,
500 and 700, with a degree of strength non-
homogeneity «=17.988, loading amplitude
{=50% from ultimate lateral capacity, and a

ratio —22

=0.1.
Omax

The cumulative rotations and displacements
showed a nonlinear increase with cycling,
marked by declining slopes that indicated
attenuation behavior; this attenuating trend
became more pronounced for higher values of
the  kinematic  hardening  degradation
parameter y. Quantitatively, the cumulative
rotations and displacements were inversely
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10

related to y. After 100 cycles, the foundation
with the lowest y (y=300) exhibited the largest
rotation of 0.0146 radians. This rotation
decreased to 0.0094 and 0.0079 radians for
v=500 and y=700, respectively.

This trend is a direct consequence of the
constitutive role of y. A higher y value
signifies a more rapid decay of the kinematic
hardening modulus. This means the soil's
capacity to harden in response to plastic strain
diminishes more quickly. Consequently, the
soil transitions faster from an initial state of
high plastic hardening to a state of saturated
hardening, thereby limiting the progressive

plastic strain (ratcheting) accumulated per
cycle. This results in a stiffer effective cyclic
response and, thus, the observed reduction in
cumulative displacements.

By increasing the Kkinematic hardening
degradation parameter y from 300 to 700, the
cumulative rotations and both lateral and
vertical displacements decrease by about
46.12%, 45.78%, and 50.73 %, respectively.
Therefore, an increase in the kinematic
hardening degradation parameter y from 300
to 700 reduces cumulative deformations by
approximately 46 to 51%.

Table 5. The lateral capacity for various values of the y parameter.
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Fig. 15. (a-c) Effect of the kinematic hardening degradation parameter y on the bucket response.

6.5 Effect of aspect ratio

Figures 16 (a-c) illustrate the influence of the
bucket's aspect ratio % on the cumulative

rotational response for a cyclic load amplitude
of {» = 50%. Three aspect ratios were

investigated: % =0.5,0.75, and 1.0.

For a given aspect ratio, cumulative rotations
increase nonlinearly with a decaying rate, a
clear indication of attenuation behavior. The
magnitude of this accumulation is strongly
governed by the geometry. For instance, with
a strength non-homogeneity of x = 10, the

largest aspect ratio % = 1.0 produces the

greatest cumulative rotation of 0.0397 rad.
This results from a combination of its longer
lever arm, which increases the overturning

moment, and the higher applied cyclic load,
since the load is defined as a fixed percentage
& = 50% of the foundation's larger ultimate
capacity. Conversely, a shallower foundation

with % = 0.5 exhibits a stiffer cyclic response

and a significantly lower accumulated rotation
of 0.0277 rad.

This trend is consistent across varying soil
non-homogeneity, for any fixed aspect ratio,
cumulative rotations decrease as the strength
non-homogeneity degree « rises. The analysis
confirms that while the fundamental
ratcheting and attenuation mechanisms are
persistent, the quantitative response is

strongly dependent on both geometric % and
strength non-homogeneity degree «.

. . . . L
Table 6. The ultimate lateral capacity for different values of aspect ratio >

Ultimate
L/D K capacity (KN)

10 3320

05 15 4100
20 4800

25 5220

10 5760

15 7760

0.75 20 9000
25 10100

10 9360
1 15 12320
20 14000

25 16000
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Fig. 16. (a-c) Effect of aspect ratio on the cumulative rotations of the bucket foundation.

7. FEM Implications and Limitations

This study does not account for consolidation,
as it models short-term cyclic events under
undrained  conditions. This  undrained
assumption is  justified because the
characteristic  time  for  pore-pressure
dissipation in the low-permeability soils
considered is orders of magnitude longer than
the duration of the applied cyclic loading.
Consequently, the modeled soil response is
dominated by undrained mechanisms,
representing the most conservative case with
no dissipation.

For long-duration cyclic loading in the field,
partial drainage would likely occur, reducing

excess pore pressures and potentially leading
to lower cumulative deformations than those
predicted in this study.

In reality, under undrained cyclic loading of
fine-grained soils, excess pore pressures build
up, which tend to diminish the effective stress,
soil softening, and potentially cyclic
degradation or liquefaction in extreme cases.
For the clayey soil modeled here, the neglect
of pore-pressure buildup likely means our
results underpredict the gradual accumulation
of permanent rotations and displacements of
the foundation over 100 cycles.

The use of a symmetry plane, while
computationally efficient, simplifies the true
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three-dimensional stress field. It enforces a
symmetric stress redistribution and precludes
the development of asymmetric failure
mechanisms or circumferentially non-uniform
yielding around the bucket. Thus, the model
successfully captures fundamental cyclic
plasticity but may not replicate the complete
three-dimensional stress field of a real
foundation.

Furthermore, the symmetric model may not
fully capture the contribution of three-
dimensional progressive hardening
mechanisms.  In  reality, out-of-plane
confinement and the development of
circumferential yield zones could provide
additional kinematic constraint, potentially
leading to a stiffer cyclic response than
predicted here.

8. Conclusion

The present paper investigates the cyclic
performance of a suction bucket foundation in
clay subjected to one-way cyclic loading
through finite element modeling. A nonlinear
kinematic hardening model is used in the
analyses, available in the ABAQUS code,
which is capable of modelling plastic
deformations and the consequent ratcheting
behavior at cyclic stress levels below the limit
state. The analyses were conducted under
strictly undrained, non-consolidating
conditions. While this approach isolates the
effects of cyclic plasticity, it inherently
neglects the softening effects of pore-pressure
accumulation.

A parametric investigation is conducted to
explore the influence of the strength non-
homogeneity degree, cyclic load amplitude (p,
cyclic load ratio (, and the kinematic
hardening degradation parameter y.

The results found from this parametric study
are presented below:

1. Cumulative rotations and
displacements rise nonlinearly with the
number of cycles. The accumulation rate is
most pronounced during the initial cycles (N
< 20) and undergoes progressive diminution
thereafter, characterizing a clear attenuation
behavior. Furthermore, the magnitude of
these cumulative effects is governed by the
soil's strength non-homogeneity k. The most
significant deformations occurred at the

lowest k value. As k increases, a marked
reduction in cumulative rotations and
displacements is observed, indicating that a
more non-homogeneous strength profile
inhibits the ratcheting mechanism, resulting
in a stiffer cyclic response. A numerical
increase in the strength non-homogeneity
degree « from 10 to 25 leads to significant
reductions in cumulative response, with
reductions of approximately 57.07% for
rotations, 55.60% for lateral displacements,
and 74.73% for vertical displacements.

2. Cumulative rotations and
displacements increase at a declining rate
with the number of load cycles, indicating an
attenuating response. This attenuation is
primarily due to soil particle rearrangement
and densification around the foundation. As
expected, the greatest cumulative values
occurred under the highest cyclic load
amplitude.

3. Cumulative rotations were inversely
proportional to the cyclic load ratio, C,
reaching a maximum at (¢ = 0. Over the
investigated range ({¢c = 0 to 0.75), rotations
decreased significantly with increasing Cc.
The results demonstrate that the influence of
e is slightly mitigated by a higher strength
non-homogeneity degree.

4. The magnitude of cumulative rotation
and displacement demonstrated an inverse
correlation with the kinematic hardening
degradation parameter y. Fundamentally, a
higher kinematic hardening degradation
parameter value causes rapid hardening
saturation by decaying the kinematic
modulus  faster,  thereby inhibiting
progressive plastic strain (ratcheting) and
producing the observed lower-displacement
response. The attenuating trend became more
pronounced for higher values of y.

5. At any fixed aspect ratio, cumulative
rotations increase nonlinearly with a decaying
rate, a clear manifestation of attenuation
behavior. Furthermore, cumulative rotations
decrease as the strength non-homogeneity
degree « increases. The analysis confirms that
the fundamental ratcheting and attenuation
mechanisms are consistent, but their
magnitude depends on both bucket geometry

(aspect ratio % ) and the soil’s strength non-
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homogeneity «.
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