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Abstract: As a foundation solution for offshore wind turbines, suction bucket foundations offer significant
advantages in resisting high-intensity horizontal loads induced by wind and waves. This paper systematically
reviews the research progress on the horizontal bearing behavior of monopod and tripod suction bucket foundations.
It summarizes the methods for determining the ultimate horizontal bearing capacity, the variation pattern of the
rotational center position, the failure modes, and influencing factors for monopod foundations. The applications
and limitations of analytical methods, including the limit equilibrium method, limit analysis method, and subgrade
reaction methods are critically discussed. Subsequently, the current research status on the pile group effect of
tripod suction bucket foundations, the variation patterns of bearing capacity with spacing and load direction, as
well as layout optimization, has been reviewed. Conclusively, the paper identifies existing research gaps, such as
the influence of drainage conditions in silty clay, the lack of robust theoretical calculation models for the bearing
capacity of tripod foundations, and insufficient research on the bearing mechanisms of non-standard tripod
configurations. Recommendations for future research directions are provided.
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1.Introduction

The offshore wind power industry in China is undergoing rapid development [1]. The foundation is critical for
ensuring the stable operation of offshore wind turbine generators and constitutes a substantial portion of the total
project investment. Suction bucket foundations have garnered significant attention in offshore wind engineering
due to their advantages, including relatively straightforward installation, suitability for greater water depths, and
potential for reusability. As the capacity of individual wind turbines continues to increase, the horizontal loads
imposed on the foundations become more severe, making research into the bearing behavior of suction bucket
foundations particularly important [2]. Currently, the analytical methods for predicting the horizontal response of
monopod suction bucket foundations remain imperfect. While tripod suction bucket foundations can enhance
overall stiffness and bearing capacity, their group effects and performance under complex loading conditions
require further in-depth investigation [3]. This paper focuses on the bearing characteristics of bucket foundations
for wind turbines under horizontal loading [4]. Through a synthesis of model test data and numerical analyses, it
aims to provide theoretical support and methodological guidance for the design and application of suction bucket
foundations in silty clay seabeds [5]. Therefore, this review systematically summarizes and evaluates the existing
research on the horizontal bearing behavior of both monopod and tripod suction bucket foundations, highlighting
current challenges and future directions.

2. Horizontal Bearing Behavior of Monopod Suction Bucket Foundations

In recent years, suction bucket foundations have seen increasingly widespread application as a novel foundation
type for offshore wind turbines. A defining characteristic of offshore wind turbines is that their foundations are
subjected to high-intensity horizontal loads, such as those from wind and wave actions. To accurately understand
the engineering behavior of suction bucket foundations, researchers worldwide have conducted extensive field
tests, model tests, theoretical analyses, and finite element analyses since their inception. This body of work has
provided valuable empirical data and insights for subsequent research.

2.1 Model Construction

Control of the tilt at the top of a suction bucket foundation is of paramount importance for ensuring the normal
operation of offshore wind turbines, as the performance of the turbine itself imposes a limit on the maximum
permissible rotation angle of the tower. According to the Chinese offshore wind power code GB/T 50571—2010,
the daily variation rate of the top tilt during foundation installation should be less than 0.3%o, and the absolute tilt
must not exceed 5%o. Regarding the determination of the ultimate bearing capacity for suction bucket foundations,
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some scholars have assumed a maximum rotation angle of 0.02 rad when calculating the horizontal ultimate
capacity [6,7]. As shown in Figure 1, the load-rotation curve for a suction bucket foundation under horizontal
loading typically exhibits a strain-hardening response. Consequently, foundation failure generally occurs at a
relatively large rotation angle. Graham et al. [8] proposed that the load corresponding to the intersection point of
two tangents (yield point @) should be considered the ultimate bearing capacity. Alternatively, Jara [9] and Zhu et
al. [10] suggested that the load corresponding to a specified allowable rotation angle or the inflection point on the
load-deflection curve (yield point &) can be taken as the ultimate bearing capacity for design purposes.
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Figure 1. Schematic diagram of yield point location

Horizontal loads, including those generated by wind and wave actions, are generally exerted at a certain
elevation above the centroid of a suction bucket foundation. This introduces an additional moment load on the
foundation, with the magnitude of this moment increasing with the height of the load application point [11].
Consequently, the ultimate horizontal bearing capacity decreases as the load eccentricity (or height) increases,
although the degree of this influence diminishes with further increases in eccentricity [12]. Through finite element
analysis of a monopod suction bucket foundation with a diameter of 12m and a skirt length of 12m, Deb et al. [13]
found that in dense sand, the foundation's horizontal capacity decreased significantly as the load application height
increased from Om to 100m. Accompanying this increase in load height was an increase in the displacement of the
foundation's top plate, attributable to the greater horizontal force applied at the mudline level[14]. Li et al. [15]
investigated the horizontal capacity of skirted bucket suctions using 1-g small-scale model tests. Their results
indicated that under ultimate loading conditions, the deviation between the position of the center of rotation and
the central axis of the skirted bucket increased with increasing load eccentricity. Centrifuge tests conducted by
Allersma et al. [16] on bucket suction foundations under horizontal loading revealed several key findings: the soil
density exhibited a linear relationship with horizontal bearing capacity; the bearing capacity in clay was
approximately three times greater than that in sand; and the bearing capacity increased as the angle between the
load direction and the horizontal plane decreased. Furthermore, the maximum bearing capacity was achieved when
the load was applied at a height corresponding to 0.4 to 0.6 times the bucket's skirt length.

2.2 Rotational Failure Mechanism and Soil Response

As illustrated in Figure 2, the location of the center of rotation under horizontal loading is a critical factor
influencing the failure mechanism of suction bucket foundations [17], and its position can be determined based on
the schematic diagram. Liu et al. [18], through three-dimensional finite element analysis, found that the center of
rotation shifts as the aspect ratio (L/D) of the suction bucket increases; when L/D > 0.5, the center of rotation is
located on the central axis at a depth of approximately 0.7L below the mudline. Wang et al. [17] investigated the
variation of the rotation center location with the soil strength heterogeneity ratio under undrained conditions. They
observed that the ratio of the rotation center depth to the foundation diameter increases with the increase of the
heterogeneity ratio kD/s.o (Where sy0 is the undrained shear strength at the mudline, and k is the gradient of
undrained shear strength with depth z). Similarly, Wang et al. [19]and Zhu et al. [20], using small-scale model
tests and centrifuge tests respectively, also found that the rotation center for suction bucket foundations in silt and
sand is located at approximately 80% of the skirt height. Based on test results and the instantaneous variation path
of the rotation center from a finite element model of a caisson-type suction foundation, Jia et al. [21] discovered
that as the horizontal load increases, the instantaneous center of rotation moves from the upper central region
towards the bottom in the loading direction. Under the ultimate horizontal load, the rotation center was located
about 0.8H below the lid surface near the subdivision plate along the load direction. Through a series of finite
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element simulations, Yun et al. [22] found that under horizontal loading, the rotation center in clay is not always
at 0.5 times the foundation height but varies with the aspect ratio of the suction bucket. Conversely, Zhu et al. [23]
argued that considering the influence of soil shear action on the horizontal bearing capacity, the rotation center
should be assumed to be below the foundation base. This viewpoint contradicts the conclusions of Zhu [24], who
stated that when the bucket aspect ratio is within a certain range, the rotation center should be located at a point
between the mudline and the base.
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Figure 2. Validation of water levels[17]

Liu et al. [25], Yang et al. [12], and Wang et al. [19] analyzed the ultimate horizontal bearing capacity through
1-g small-scale model tests, finite element simulations, and centrifuge tests respectively. Dimensional analysis
revealed no clear correlation between the dimensionless ultimate horizontal capacity and the foundation aspect
ratio (L/D) in the centrifuge tests. In contrast, results from the 1-g model tests and finite element analyses showed
a gradual increase in the dimensionless horizontal capacity with increasing L/D. The differing foundation
diameters used in these studies may account for the inconsistent relationship observed in the centrifuge tests, as
the dimensionless capacity tends to decrease with increasing foundation diameter. This indicates that further
analysis is required to fully understand the behavior of the dimensionless horizontal capacity. Employing the
Mohr-Coulomb yield criterion to model sandy soil foundations, Jin et al. [26] observed distinct failure mechanisms.
Compared to suction foundations in cohesive soil, those in saturated sand can form an active failure wedge in the
soil behind the foundation, potentially leading to partial collapse of the foundation soil. For foundations with a
relatively small aspect ratio, failure typically involves overturning about a point near the base, accompanied by
overall horizontal sliding. As the aspect ratio increases, the failure mode shifts to a forward rotational failure.

Using small-scale model and centrifuge tests in clay, Liu et al. [27] identified the formation of tensile cracks
between the soil and the foundation's rear face. This soil-structure separation was found to have a more pronounced
effect when the aspect ratio and the coefficient of shear strength heterogeneity were higher. The studies also noted
that the occurrence of these tensile cracks has a lesser impact on the vertical bearing capacity factor than on the
horizontal one. Consequently, in finite element simulations, the interface cannot be simplistically modeled as
rough and bonded; the potential for soil-structure separation and its effect on horizontal capacity must be
considered. 1-g model tests on soft carried out by Coffman et al. [28], normally consolidated clays demonstrated
that the undrained soil strength is insufficient to support a vertical face at the separation gap, causing the soil to
collapse immediately upon gap formation, with the rear soil mass subsequently moving horizontally with the
foundation. linked the formation of rear-side tensile cracks to the location of the center of rotation. Their research
suggested that when a crack forms, the rotation center is located at a depth of approximately 0.73 times the
foundation height. If crack formation is not considered, the rotation center is estimated to be at a depth of about
0.67L.

X'

Figure 3. Separation phenomenon of soil behind the foundation[27]
Experimental studies by Lee et al. [29] indicate that the failure mode of suction bucket foundations varies with
changes in the foundation's aspect ratio. Employing a nonlinear three-dimensional finite element analysis method,
Kourkoulis et al. [30] investigated the bearing behavior of suction bucket foundations under monotonic horizontal
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loading, accounting for the soil-structure interface adhesion factor. Their analysis delineated the failure mechanism
for a foundation with an aspect ratio of 0.5, as illustrated in Figure 4. When the soil is uniform and perfect contact
is maintained between the foundation and the soil (Figure 4(a)), the soil plug inside the bucket moves with the
foundation and can thus be considered quasi-rigid. The resulting failure mechanism resembles the hemispherical
failure mechanism identified by Bransby et al. [31]. In clay with undrained shear strength increasing with depth
(Figure 4(b)), the lower available strength at shallower depths leads to a more developed shear failure zone
compared to uniform soil. This soil property causes partial movement of the internal soil plug. In accordance with
findings from Mana et al. [32], Yun et al. [33], Bransby et al. [31], and Mana et al. [34], a hemispherical failure
mechanism develops within the suction bucket foundation, which subsequently limits the downward settlement of
the foundation. Under conditions of low adhesion at the soil-structure interface in non-uniform soil (Figure 4(c)),
the reduced frictional resistance may lead to foundation sliding or separation from the soil. This can even induce
upheaval of the foundation soil in the direction opposite to the loading.

(a) Uniform soil (b) Non-uniform soil  (c¢) Non-uniform soil
fully bonded interface fully bonded interface low-adhesion interface

Figure 4. Failure mechanism of suction foundation at a height-to-diameter ratio of 0.5[30]

Murff et al. [35] pioneered the application of an upper-bound plastic limit method to assess the horizontal
bearing capacity of suction bucket foundations. The assumed failure mechanism, illustrated in Figure 5, comprises
a failure wedge at the mudline, a plane strain flow-around region, and a scoop-shaped failure surface at the
foundation tip. Building upon the failure wedge concept proposed by Murff et al. [35], Randolph et al. [36]
developed the calculation program AGSPANC, which effectively computes the bearing capacity of suction bucket
foundations under combined vertical and horizontal loading. Furthermore, Randolph et al. [36] proposed a
modified model for cases where the load is applied above the mudline, leading to a forward-tilting failure mode.
This model incorporates active and passive failure wedges, along with a scoop-shaped failure at their base. The
validity of this method has been corroborated through comparisons with numerical simulations and centrifuge test
results.
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Figure 5. Failure mechanism proposed by Murff et al.[35]

2.3 Theoretical Analysis Methods
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Among the theoretical analytical approaches used in the study of suction bucket foundation bearing capacity,
the most commonly employed are the limit equilibrium method and the limit analysis method [37]. The limit
equilibrium method is a traditional approach for approximately solving geotechnical stability problems. Its
advantages, including model simplicity, convenient formulation, and ease of understanding, have led to its
widespread application in practice. In the large-scale 1-g model tests conducted by Deng et al. [38], soil pressure
cells were used to measure the interaction forces between the bucket skirt and the soil. The study found that under
overturning loads, the increase in soil pressure on the skirt in the passive zone followed a binomial distribution
with depth and exhibited a linear relationship with the subgrade horizontal reaction coefficient. In the research by
Shi et al. [39], where horizontal load was applied at the bucket top, the distribution of soil pressure around the
suction bucket foundation under horizontal loading was found to be similar to that of a rigid foundation. Under
this loading condition, the primary mode of movement for the bucket suction foundation was rotation, with the
soil resistance in the passive zone showing a parabolic distribution. Sukumaran et al. [40] utilized the ideal
elastoplastic von Mises criterion to simulate soil yielding. They analyzed the relationship between the ultimate
bearing capacity of bucket suction foundations in soft clay under undrained conditions and the point of horizontal
load application, while also investigating the distribution of lateral earth pressure on the exterior of the foundation.
As shown in Figure 6, Achmus et al. [41] employed the finite element method to determine the horizontal stress
distribution acting between the skirt and the soil on the plane of symmetry at failure. Their findings indicated that
as the load application height increased, the foundation's pivot point moved upward, a phenomenon bearing
similarities to the response observed in piles.
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Figure 6. Soil stress distribution along the skirt in the ultimate state [41]

Liu et al. [42] postulated that under horizontal loading, a suction bucket foundation rotates about a pivot point
at the bottom of its front side, with soil resistance acting solely on this front face. Based on a plane strain problem
assumption, they derived a simplified formula for calculating the horizontal bearing capacity of bucket foundations.
However, the assumed location of this rotation center warrants further examination. Zhang et al. [43], while
neglecting the influence of frictional resistance on horizontal capacity, proposed that soil resistance is distributed
on the upper-middle part of the front side and the lower part of the rear side of the bucket. By establishing
equilibrium equations for a three-dimensional problem, they derived an expression for the horizontal bearing
capacity and determined the location of the rotation center. Building upon previous experimental and theoretical
research, Sun et al. [44] abstracted and simplified the three-dimensional stress state of a monopod suction bucket
foundation under horizontal load in saturated soft clay (as shown in Figure 7). Applying the limit equilibrium
method, they derived a calculation formula suitable for estimating the ultimate horizontal bearing capacity in
engineering practice. The reliability of the formula was verified through comparison with experimental results.
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Figure7. Schematic model of suction foundation under horizontal ultimate loading conditions [44]
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Yang et al. [12], based on the findings of Liu et al. [45] and Zhu et al. [20] regarding the distribution of earth
pressure along the skirt wall of suction bucket foundations in silt under horizontal loading, proposed a simplified
method for distributing soil stresses along the internal and external walls of the foundation (as illustrated in Figure
8). Their method posits that the maximum passive earth pressure on the external wall, above a depth of z1, should
be calculated using Coulomb's theory. Conversely, the maximum passive earth pressure on the internal wall should
be calculated using Rankine's theory. They noted that this distinction is necessary because the wedge analysis
method inherent in Coulomb's theory is constrained by the presence of the foundation skirt and is therefore not
suitable for evaluating the soil within the bucket.
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Figure 8. Simplified distribution of earth pressure on suction foundation [12]

Hung et al. [46] employed three-dimensional finite element analysis to investigate formulas for the bearing
capacity of suction bucket foundations in normally consolidated, uniform clay under undrained conditions. Their
work also aimed at predicting the failure envelope of the foundations under combined loading conditions for the
assessment of ultimate bearing capacity. Ding et al. [47] proposed a novel composite suction bucket foundation
with a relatively low aspect ratio for offshore wind farms. Through experimental investigation, they determined
the deformation mode of the surrounding clay, the soil-foundation interaction, and the ultimate bearing capacity.
Their results indicated that under the ultimate horizontal load, the instantaneous center of rotation was located
approximately 0.8L from the ground surface around the caisson wall in the direction of loading. Furthermore,
based on the identified rotation center location, they established analytical expressions for earth pressure
distribution and ultimate bearing capacity. The accuracy of both the experimental results and the analytical
expressions was validated through finite element numerical simulations. As shown in Figure 9, the distribution of
foundation earth pressure and the location of the rotation center can be obtained.
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Figure 9. Simplified principal soil pressure distribution on the composite suction foundation [47]

Based on centrifuge model tests conducted by Ma et al.[48], the location of the suction bucket foundation's
center of rotation can be approximated at a depth of 0.5 times the foundation height and a horizontal distance of
0.21 times the diameter from the foundation's central axis. This simplification facilitates the representation of the
soil resistance distribution around the foundation (as shown in Figure 10) and led to the proposal of an expression
for the ultimate horizontal bearing capacity of the caisson-type suction bucket foundation.

Zhang et al. [49] investigated the bearing behavior of suction foundations under horizontal loads in undrained
saturated soft clay by means of a three-dimensional finite element method. Their results indicated that when the
loading point is close to the mid-height of the suction foundation, the rotational center shifts toward the top of the
foundation, leading to the maximum passive failure zone and the ultimate horizontal bearing capacity. On this
basis, they proposed an equation for calculating the ultimate horizontal bearing capacity of suction foundations(as
shown in Figure 11). However, this method neglects the fact that the soil resistance acting on the skirt wall of the
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foundation around the rotational center does not reach the yield strength, which inevitably introduces certain errors
into the calculation results.
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Figure 10 Soil stress distribution around the chamber-type suction foundation [48]
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Figure 11 Force diagram of the skirted suction foundation under horizontal loading[49]

Currently, methods for predicting the lateral load-displacement response of piles include the elastic continuum
method [50], the finite element method [51-54], and the subgrade reaction (or Winkler spring) method [50,55-57].
The elastic continuum method is only suitable for analyzing pile foundations under very low lateral loads as it
does not account for soil yielding. The finite element method can be used for the nonlinear analysis of laterally
loaded piles, but it requires complex soil constitutive models whose parameters are often difficult, if not impossible,
to obtain in design practice [50]. The subgrade reaction method is the most widely used approach due to its
mathematical convenience and ease of incorporating soil nonlinearity and non-homogeneity. In this method, the
surrounding soil is replaced by a series of independent springs attached along the pile. To account for soil
nonlinearity, these springs can be represented by so-called p-y curves, which define the relationship between the
soil resistance per unit pile length (p) and the pile deflection (y). Using the subgrade reaction method, the response

of a pile under lateral loading can be determined by solving the following differential equation:
4

Ed, %Y Kk,y=0 (1)
dz

where E,l,1s the bending stiffness of the pile, and y is the horizontal displacement of the pile at depth z. Kh is the
horizontal subgrade reaction modulus (or spring stiffness), defined as

k=L )
Y

However, the subgrade reaction method has clear limitations, primarily its neglect of the continuity of the soil
medium. Moreover, in practical analysis, the selection of appropriate p-y curves required for the analysis is often
challenging due to a lack of instrumented pile load test data.

Given that p-y curves were originally derived for small-diameter and slender piles, their direct application in
the design of increasingly larger modern wind turbines may be problematic. As the capacity of individual wind
turbine units increases—and foundations scale up accordingly to reduce costs—their slenderness ratios become
significantly smaller than those of the pile models proposed by Matlock [58] and Cox et al. [59]. In some cases,
piles with a sufficiently low length-to-diameter ratio supporting the structure can be considered rigid [50]. For a
rigid pile under lateral load, pile bending can be neglected, and the displacement at the mudline is primarily caused
by rotation about a center located at a certain depth below the mudline. In this scenario, the pile can be analyzed
by simply considering force and moment equilibrium, without the need to solve the differential equation. Poulos
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et al. [60], Zhang et al. [56], and Liu et al. [55] respectively developed analytical methods for predicting the
nonlinear load-displacement response of laterally loaded rigid piles in cohesionless/cohesive soils, as illustrated in
Figure 12. The validity of these methods was verified through analysis of laboratory model piles, centrifuge model
piles, and field pile tests.
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Figure 12. Soil resistance distribution [50]

As illustrated in Figure 13, slender piles exhibit a flexible response under horizontal loading, while large-
diameter piles or suction bucket foundations demonstrate a rigid response [61]. When employing p-y curves to
streamline the design of suction bucket foundations, the curves proposed in the DNV (Det Norske Veritas)
standards [62] lack sufficient accuracy. @stergaard et al. [63] conducted finite element analyses to investigate
horizontally loaded suction bucket foundations in drained sandy soil and developed p-y curve formulations to
accurately simulate and characterize the variation in soil pressure. However, the model parameters assumed by
Ostergaard et al. [64] were insufficient for precisely predicting soil pressure. To address this, Vethanayagam et
al.[61] proposed a p-y curve formulation for suction bucket foundations in clay that incorporates parameters such
as effective vertical stress, soil stiffness, foundation diameter, and the angle of internal friction or undrained shear
strength. Nevertheless, the p-y curves obtained through empirical fitting of data based on a small-strain hardening
model have not yet been compared with results from finite element analyses to predict the ultimate bearing capacity
of bucket suction foundations.

Figure 13 Response of non-slender and slender piles to horizontal loading [61]
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Nielsen et al. [64] reported field measurements of the accumulated rotation of a met-mast supported by a suction
bucket foundation (15m in diameter, 7.5m in skirt length) installed at the Dogger Bank offshore wind farm. The
foundation was installed in a soil profile consisting primarily of sand overlying clay. The results indicated that the
accumulated rotation of the suction bucket foundation stabilized at approximately 0.06° within one to two months
after installation and operation. Furthermore, this accumulated rotation recovered after the foundation was
subjected to storm loading. Subsequent wave loads did not induce permanent deformation. Nielsen et al. [64]
attributed the disappearance of permanent accumulated deformation under extreme storm loading to the generation
of negative pore water pressure around the suction bucket foundation, which enhances its instantaneous bearing
capacity and thereby counteracts the effects of subsequent wave loads. Currently, many existing and potential
offshore wind farm sites in China are characterized by soil strata consisting largely of silt or silty clay. However,
most research on the bearing behavior of suction bucket foundations has focused on sand and clay, often neglecting
the capacity enhancement provided by negative pore water pressure. Therefore, investigating the influence of the
drainage conditions in the surrounding soil on the bearing performance of suction bucket foundations under
horizontal loading is of paramount importance.

3. Research Status on Tripod Suction bucket Foundations

Research on the bearing performance response of tripod suction bucket foundations under horizontal loading
remains relatively scarce, especially when compared to that of single-bucket foundations [65].

3.1 Pile Group Effect and Bearing Capacity Characteristics

Martin et al. [66] applied plasticity theory to analyze the pile group effect of two-dimensional parallel strip
foundations under vertical loading, in which the group effect is primarily influenced by the pile spacing, with the
heterogeneity of clay being essentially negligible except for closely spaced piles. According to the study by Hung
et al. [47], as the aspect ratio L/D of a single-suction bucket foundation increases, its behavior under horizontal
loading transitions from pure horizontal sliding to rotational movement. Concurrently, the aspect ratio affects the
pile group effect of tripod suction bucket foundations. Gourvenec et al. [67] conducted two-dimensional finite
element analyses to investigate the bearing behavior of double-skirted foundations in homogeneous clay under
undrained conditions; the vertical, horizontal, and moment bearing capacities were analyzed based on the spacing
between the foundation skirts. Gourvenec et al. [68] extended the work by performing two-dimensional finite
element analyses on the pile group effect of double-skirted foundations with an aspect ratio of L/D = 0.5 in
homogeneous clay. The study found that the group effect on vertical bearing capacity is negligible; the horizontal
bearing capacity increases significantly with the increasing spacing of the tripod suction bucket foundation and
tends to approach a constant value. Due to the interaction among the individual buckets of a tripod suction bucket
foundation, its bearing capacity differs considerably from that of a single-suction bucket foundation. Kim et al.
[69] compared the bearing capacities of single-bucket and tripod suction bucket foundations in clay using three-
dimensional finite element analysis, revealing that the bearing capacity factors increase with the aspect ratio L/D
and the spacing-to-diameter ratio S/D, reaching a maximum at S/D = 2. To evaluate the horizontal bearing
capacity of tripod suction bucket foundations in undrained clay, Hung et al. [70] carried out a series of three-
dimensional finite element analyses, examining the effects of foundation spacing, embedment depth, and clay
heterogeneity on the horizontal bearing capacity.

Tran et al. [71] investigated the moment bearing capacity of tripod suction bucket foundations in sand based on
extensive finite element analyses, finding a linear increasing trend with the rise of the spacing-to-diameter ratio.
Finally, they proposed equations accounting for the effects of foundation spacing, foundation height, foundation
diameter, vertical load, and the unit weight of the foundation soil on the bearing capacity. By analyzing the bearing
behavior of single-bucket and tripod suction bucket foundations using the Hardening Soil constitutive model in
the finite element software PLAXIS 3D, Bagheri et al. [72] presented curves depicting the relationship between
horizontal load-displacement and normalized overturning moment for both foundation types. They found that the
foundation geometry and loading height significantly influence the ultimate horizontal bearing capacity, with the
capacity of the tripod suction bucket foundation being markedly higher than that of the single-bucket foundation.

3.2 Effect of Arrangement Orientation and Loading Angle

There is a distinct dominant wind direction for offshore wind power projects in the South China Sea of China;
under normal power generation conditions, they are expected to be subjected to wind loads from the northeast
direction during most of their operation. The Guangdong Electric Power Design Institute has also pointed out the
close relationship between the dominant wind direction and the layout of tripod suction bucket foundations for
wind power generation [73], as shown in Figure 14.
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Figure 14. Relationship between wind turbine foundation layout and the prevailing wind direction [73]

Jasna et al. [74] conducted three-dimensional numerical simulation analysis using ABAQUS 6.16 to determine
and compare the horizontal bearing capacities of single-bucket and tripod suction bucket foundations under drained
monotonic horizontal loading conditions. The research results indicate that the ultimate horizontal bearing capacity
of the tripod suction bucket foundation increases with the increase in foundation diameter and loading conditions.
To investigate the bearing capacity response of tripod suction bucket foundations in undrained foundation soils
under vertical load, moment, and combined load, Stergiou et al. [75] performed three-dimensional finite element
analysis and presented the failure load envelope. Faizi et al [76] proposed a new type of tripod suction bucket
foundation for offshore wind turbines— the hybrid tripod suction bucket foundation (as shown in Figure 15),
which has greater overturning resistance compared with the traditional tripod suction bucket foundation. Based on
ABAQUS finite element analysis and centrifuge tests, Faizi et al. [76] found that the bearing capacity of the tripod
suction bucket foundation largely depends on the foundation spacing and load application direction. Generally
speaking, the larger the spacing of the suction foundations, the greater their anti-overturning capacity.
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Figure 15. Schematic diagram of a hybrid triple suction bucket foundation [76]

Due to the influence of the prevailing offshore wind direction on the working surface of wind turbine blades,
the horizontal loads and moments borne by the wind turbine foundation within the plane vary with different loading
angles, making the ultimate bearing capacity analysis more complex. Based on the finite element simulation
analysis by Liu Shujie [77], a displacement-controlled method was adopted to investigate the bearing capacity
characteristics of a tripod suction bucket foundation in homogeneous soil under individual load components. For
different directions of horizontal load, the most unfavorable and favorable orientations for the ultimate horizontal
bearing capacity of the tripod suction bucket foundation were identified. Furthermore, the effects of soil shear
strength and effective unit weight on the ultimate bearing capacity of the multi-suction bucket foundation under
monotonic loading conditions were discussed. Liu et al. [78] established a three-dimensional finite element
numerical model of an offshore wind turbine tripod bucket foundation using the software ABAQUS, studying the
ultimate bearing capacity characteristics of the multi-suction bucket foundation under horizontal loading. The
results showed that as the bucket spacing increases, the ultimate bearing capacity of the tripod suction bucket
foundation improves. Meanwhile, with increasing bucket spacing, the influence of the horizontal load direction on
the ultimate bearing capacity gradually diminishes, although the most favorable and unfavorable load directions
remain unchanged. Based on a physical simulation model, Ren et al. [79] investigated the local scour around the
tripod suction bucket foundation at the Yangjiang Shapa Offshore Wind Farm. The results indicated that the flow
around the bucket walls and the top rib plate of the foundation are the main factors affecting the scour of the tripod
suction bucket foundation. Therefore, deep dredging of the seabed before foundation installation is beneficial to
structural stability, and greater dredging depth has a more significant impact on structural stability.
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4.Conclusion

Suction bucket foundations serve as a crucial foundation solution for offshore wind turbines, with their
horizontal bearing behavior being central to engineering design and safety evaluation. This review synthesizes the
current research status on the horizontal performance of both monopod and tripod suction bucket foundations.

For monopod foundations, existing research has clarified fundamental behavioral patterns, including the
variation of the rotational center, the transition in failure modes from sliding to overturning with increasing aspect
ratio, and the significant influence of load eccentricity and soil type on capacity. Although analytical models based
on limit equilibrium, limit analysis, and adapted p-y curve methods have been developed, their application remains
limited — particularly for large-diameter foundations in intermediate soils such as silty clay, where partial drainage
and excess pore pressure effects are not sufficiently addressed.

Tripod foundations exhibit greater overall stiffness and higher bearing capacity compared to monopod
configurations. Their performance is governed largely by group effects, which are sensitive to bucket spacing, load
direction relative to the foundation layout, and the aspect ratio of individual buckets. While increasing spacing
generally enhances capacity, the underlying interaction mechanisms and the collaborative response under complex
multi-directional loading lack comprehensive theoretical and quantitative characterization.

Several research gaps remain prominent. Primarily, the influence of partial drainage and pore pressure evolution
in soils such as silty clay is not adequately captured in current design approaches. Subsequently, robust and
generalized theoretical models for predicting the combined loading capacity of tripod foundations — particularly
under asymmetric loading — are still lacking. Thirdly, studies on innovative tripod configurations and their
behavior under realistic cyclic multi-directional loading remain limited.

Future research should prioritize the development of advanced numerical models that can realistically simulate
coupled soil-fluid—structure interaction and drainage effects. There is a clear need for a unified design framework
for tripod foundations, validated through systematic physical modeling and field monitoring. Furthermore,
optimization of foundation geometry and layout tailored to site-specific soil and metocean conditions is essential
to improve the reliability and cost-effectiveness of suction bucket foundations. Progress in these areas will provide
important technical support for the advancement of offshore wind energy, particularly in challenging marine
environments such as China’s coastal and far-sea regions.
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