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The composite bucket foundation of offshore wind turbines is subjected to a variety of loads in the marine environment, such as
horizontal load H, vertical load V, bending moment M, and torque 7. In addition, due to the characteristics of its connection
section, the water flow around the foundation will produce scour pits of various degrees, reducing the depth of the bucket
foundation, which has a nonnegligible impact on the overall stability of the bucket foundation. In this paper, the failure envelope
characteristics of different combinations of loads on bucket foundations, including V-H-T, V-M-T, conventional V-H-M, and
noncoplanar V-H-M, are numerically investigated with considering different scour depths. The numerical results indicate that the
V-H-T,V-M-T, conventional V-H-M, and noncongruent V-H-M failure envelopes gradually shrink inwards with increasing scour
depth, and the stability of the composite bucket foundation decreases; the conventional V-H-M failure envelope shows an
asymmetry of convexity to the right, and the noncongruent V-H-M failure envelope shows an asymmetry of outward convexity to
the left and right. The corresponding mathematical expressions for the failure envelope are obtained through the normalized
fitting process, which can be used to evaluate the stability of the bucket foundation based on the relative relationship between the

failure envelope and the actual load conditions, which can provide practical guidance for engineering design.

1. Introduction

As a clean and renewable energy source, offshore wind
power is rapidly developing due to its advantages of less
turbulence, not occupying arable land, and less impact on
the environment [1, 2]. As a new kind of foundation of
offshore wind power, composite bucket foundations have
the advantages of convenient transportation, low installation
cost, and cyclic utilization, which have great promise future
in the offshore wind turbine industry [3-7]. In the actual
marine environment, the composite bucket foundation is
subjected to a complex load situation, not only by the long-
term self-weight load V' of the wind turbine superstructure
but also by the horizontal load H, the moment load M, and
the torque load T transmitted by the wind turbine blade
structure [8-10]. Therefore, the bearing capability of the

composite bucket foundation is an important problem in
offshore wind power engineering.

In the last decades, lots of research studies have been
conducted to study the bearing capability of the composite
bucket foundation by many scholars. Liu et al. [11] sys-
tematically investigated the effects of the dimensional pa-
rameter on the resistance of the composite bucket
foundation under moment loads, as well as the failure
mechanism of the composite bucket foundation and the
locations of the foundation rotation points. Liu et al. [12]
investigated the ultimate bearing capacity of the composite
bucket foundation under vertical loading with the aid of the
model test and classical plasticity theory. Liu et al. [13]
studied the horizontal bearing capacity characteristics of the
composite bucket foundation in silty clay soil through a large
size model test. The distribution law of earth pressure, the
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mechanism of displacement variation, and the ultimate
bearing capacity of composite bucket foundations under
horizontal loading were also investigated. Jia et al. [14]
studied the ultimate bearing capacity of the composite
bucket foundation under horizontal loading by field test. The
variation law of soil pressure and the rotation center of the
bucket was obtained. The above studies are mainly focused
on the bearing capability of the composite bucket foundation
under a single load, such as vertical load, moment load, and
horizontal load. Ding et al. [15] determined the horizontal
ultimate bearing capacity of the composite bucket foun-
dation by field tests. In addition, the failure envelope
properties of the H-M combined load were investigated by
numerical simulation. With the aid of finite element
modeling, Liu et al. [5] investigated the buckling failure
models of the composite bucket foundation under vertical
loads and modified the theoretical formulation. Moreover,
the H-M failure envelope and the three-dimensional V-H-M
failure envelope properties were also discussed. Ding et al.
[16] studied the combined loading characteristics of the
composite bucket foundation in sandy soil and found that
appropriate vertical loading can significantly increase the
horizontal and moment ultimate bearing capacity of the
foundation. Considering the cycle characteristics of ocean
loadings, Wang et al. [17] investigated the failure charac-
teristics of the composite bucket foundation under constant
and variable amplitude cyclic loadings by model tests and
given the stiffness and damping change laws of the foun-
dation. The above studies have primarily focused on the
effect of load types on the bearing capability of the composite
bucket foundation, without considering the defects of the
foundation soil.

The composite bucket foundation is generally wide and
shallow. The water flowing around the foundation tends to
produce a scouring vortex, which will take away the soil
around the foundation and form different degrees of the
horseshoe-shaped scouring pit. The scouring pits can sig-
nificantly reduce the burial depth of the foundation and
consequently affect the bearing capacity and stability of the
foundation [9, 18]. Yu et al. [18] investigated the scour
characteristics of unidirectional flow action on composite
bucket foundations by a series of scale model tests. With
experimental tests, Chen et al. [19] investigated the effect of
scouring on the stability of the bucket foundation subjected
to cyclic wave loading and found that the stability of the
foundations gradually decreased as the depth of scouring
increased. Zhao et al. [9] studied the load-bearing charac-
teristics of the composite bucket foundation under different
scour depths and scour ranges through the finite element
method. Lu et al. [20] numerically analyzed the variation in
the vertical ultimate bearing capacity and the foundation
failure mechanisms of the bucket foundation in silty clay soil
under unilateral scour conditions. Zhang et al. [21] inves-
tigated the bearing capacity characteristics of the bucket
foundation in sandy soil foundations under wave loading
and scouring through model tests and finite element anal-
ysis. Although some studies have been carried out to in-
vestigate the effect of scouring on the bearing capacity of the
bucket foundation, these studies are limited to the impact of
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scour depth or scour extent on the unidirectional bearing
capacity. Offshore wind engineering structures suffer a va-
riety of loads throughout their service. However, few
scholars have investigated the effect of scouring on the
bearing capacity of the composite bucket foundation under
complex loads.

In this study, the effect of scour depth on the bearing
capacity of the composite bucket foundation supporting
offshore wind turbines is numerically investigated, which are
subjected to different load combinations. A finite element
model was established first, and the finite element model was
verified by comparison with model tests. Then, the char-
acteristics of the failure envelope of the composite bucket
foundations are analyzed, considering different scour depths
and loading conditions, such as V-H-T, V-M-T, conven-
tional coplanar V-H-M, and noncongruent V-H-M com-
bined loadings. Finally, concluding remarks are offered.

2. Finite Element Model and
Numerical Methods

2.1. Model Geometry and Mesh. Composite bucket foun-
dations are widely used in foundations with shallow em-
bedment depths. Compared to deep foundations, the
reduction in burial depth caused by scouring is more det-
rimental to composite bucket foundations. In this paper, the
scouring pit of a composite bucket foundation was sim-
plified. A schematic diagram of the scouring structure is
shown in Figure 1.

The composite bucket foundation contains three parts:
the upper concrete transition section, the central beam slab
structure, and the lower circular steel bucket structure with
splitter slabs, as shown in Figure 2. Similar to a honeycomb
structure, the lower circular steel bucket structure always has
seven rooms, with a regular hexagon in the middle [22]. The
study in this paper focuses on the load-bearing character-
istics of the lower circular steel bucket. Therefore, only the
circular steel bucket was modeled, considering that the
structure in direct contact with the soil is a lower circular
steel bucket, and the load is an equivalent concentrated load
on the top of the bucket [2, 9].

Figure 3 shows the finite element model of the composite
bucket foundation located in homogeneous marine soil. The
bucket foundation is steel construction with a diameter of
30m and a height of 12 m, respectively. To effectively avoid
the boundary effect generated by the truncated boundary of
the soil ground, the ground part is built with a very large
cylindrical shape. The diameter and height of the ground
part are 150 m and 60 m, respectively, which are five times
larger than the corresponding sizes of the foundation. The
bottom and lateral boundaries of the soil domain are fixed in
the normal direction.

Following other studies [5, 8, 22], an ideal elastic model
is used for simulating the circular steel bucket with Young’s
modulus E of 210 GPa, Poisson’s ratio v of 0.3, and a density
of 7850kg/m>. Most of the Chinese coast is silty sand
according to the relevant studies that have been conducted,
and an elastic-perfectly plastic Mohr-Coulomb model is
adopted to simulate the soil [9, 15], with Young’s modulus E
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F1GURE 1: Structure diagram of the composite bucket foundation.
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Ficure 2: Composite bucket foundation.
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FiGure 3: Finite element.

of 18.44 MPa, Poisson’s ratio v of 0.35, cohesion ¢ of
3.84kPa, and an internal friction angle ¢ of 7.14". Frictional
contact is used between the composite bucket foundation
and the soil, which allows the interface to detach, with an
interface friction coefficient of 0.35 [9]. Both the bucket
foundation and the soil ground are discretized by the
hexahedral eight-node (C3D8R) element. By model tests, Yu
etal. [18] investigated the maximum scour depth of 3.5 m for
a composite bucket foundation under the scouring action of
unidirectional flow. Therefore, the scour pit range S,
(Spw=3S,,) is taken as 0.16D in this paper, and the scour depth
Sa is taken as d/12, d/6, and d/4, respectively.

2.2. Loading Method and Cases. The loading methods of
displacement-controlled swipe tests and fixed displacement
ratio probe tests are commonly used for establishing the
failure envelope of combined loading.

The displacement-controlled swipe test was first pro-
posed in [23] and consists of two main steps, as illustrated in
Figure 4, which have been widely employed to numerically
investigate the bearing capability of the foundation [24-26].
First, a given displacement u; is applied to the foundation
along a certain direction starting from zero until the ultimate
bearing capacity is reached. Subsequently, the displacement
u; is loaded in another different direction until it corre-
sponds to the ultimate load capacity while remaining con-
stant in the first step of loading. Loading paths developed at
this time can be used as the failure envelope of the bucket
foundation, as shown in Figure 5. This method is generally
applied to the V-T, V-M, and V-H failure envelopes.

A fixed displacement ratio probe test is applied to dis-
placements along with the two different directions, during
which the proportion of displacement remains constant. A
loading path can be obtained under these loading condi-
tions. Based on the characteristic that the loading path will
converge to the failure envelope, a limited point on the
failure envelope can be determined. By varying the dis-
placement proportion, the ultimate bearing capacity is ob-
tained for different displacement proportions [8, 27, 28]. In
this study, to determine the failure envelope, a certain
vertical load V is applied first and then different proportions
of the displacement loads u/9 are carried out.

Considering the composite bucket foundation service in
combined loading situations where multiple loads such as
horizontal load H, vertical load V, bending moment M, and
torque T'act together, a certain loading method and sequence
are needed to obtain an authentic and accurate ultimate
bearing capacity. Therefore, this paper adopts the sugges-
tions of [29] for a combined planar V-H-M loading sign
specification, as shown in Figure 6.

2.3. Model Validation. To verify the validity of the finite
element model, the load-displacement curve of the com-
posite bucket foundation under horizontal load is simulated.
The parameters of the FEM keep step with those of the
experimental test conducted by [15], including the com-
posite bucket dimensions, soil parameters, and loading
methods. Figure 7 offers the load-displacement curve of the
bucket foundation under horizontal load by the numerical
results and the experimental results. Compared with the
previous experimental results, the calculation results of the
finite element model have good agreement with the previous
experimental results, which indicates that the adopted finite
element model is reliable.

3. Numerical Results

3.1. Unidirectional Ultimate Bearing Capacity of Composite
Bucket Foundations under Different Vertical Loads. The ul-
timate bearing capacity of a composite bucket foundation
loaded in one direction with a displacement-controlled
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FIGURE 6: Sign conventions for the loads.

loading method was first obtained for scouring depths of d/12,
d/6, and d/4. The ultimate bearing capacity of the composite
bucket foundation is shown in Table 1. It is apparent from
Table 1 that the unidirectional ultimate bearing capacity
decreases with increasing scour depth under the same vertical
load. For the same scouring depth, the unidirectional ultimate
bearing capacity of the horizontal load, torque, and bending
moment show a trend of increasing initially and then de-
creasing with increasing the vertical load. This feature can be
fully applied in the project to increase the vertical load ap-
propriately, which is beneficial to offset the impact of scouring
on the stability of the foundation.

3.2. Effect of Scouring Depth on the Load-Bearing Charac-
teristics of V-H-T Combined Loading. In harsh marine en-
vironments, the torque loads from the superstructure of
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FIGURE 7: Load-displacement curve of the bucket foundation.

oftshore wind turbines are often neglected in previous
studies, which has a significant impact on the bearing ca-
pability of the foundation. Therefore, it is necessary to study
the combined loads containing torque loads. In this section,
the failure envelope of the combined V-H-T load is analyzed
considering the scouring effects.

The failure envelopes obtained are shown in Figure 8,
which are represented by the H-T failure envelopes at dif-
ferent vertical load levels v (V/V ). It can be seen that the
torque T and horizontal load H have decreasing effects on
each other for a certain scouring depth and vertical load
ratio. Moreover, with increasing the values of torque T and
horizontal load H, the decreasing effect increases dramati-
cally. In addition, the H-T failure envelope under different
vertical loads V' shrinks inward with increasing scour depth
Sq. This indicates that scouring has an adverse effect on the
bearing capacity of the bucket foundation. The performance
of the bucket foundation to resist the combined load of
torque and horizontal load decreases, and safety and stability
become poor.

To further analyze the effect of scouring depth on the V-
H-T bearing capability, a normalized V-H-T failure envelope
at different scouring depths is conducted, as shown in
Figure 9. As can be seen in Figure 9, the failure envelope of
the bucket foundation gradually shrinks inwards as the scour
depth increases, which indicates that the scour depth has a
specific influence on the shape of the failure envelope.
Therefore, it is necessary to adopt a series of measures to
reduce the impact of scouring, which can significantly
improve the stability of the composite bucket foundation. By
fitting the curves in Figure 9, the V-H-T failure envelope
equation at different scour depths is written in (1), which can
be adopted to forecast the bearing ability of the composite
bucket foundation under the combining loads V-H-T with a
certain scour depth. The relevant parameters are listed in
Table 2.
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TaBLE 1: Unidirectional ultimate bearing capacity of a composite bucket foundation.

S VIV =025 VIV 4 =0.50 VIV 4. =0.75
d
Hye (MN) My (MN-m) Ty (MN-m) Hy (MN) My (MN-m) Ty (MN-m) Hy (MN) My (MN-m) Ty (MN-m)
No scouring 74.47 1027.56 577.75 80.11 1075.79 613.14 77.72 1057.56 615.02
d/i2 72.43 986.69 550.42 78.60 1046.01 583.74 76.99 1018.31 580.14
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FiGure 8: V-H-T failure envelope at different scouring depths. (a) v=0.25. (b) v=0.50. (c) v=0.75.
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Ficure 9: Continued.
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FIGURE 9: Normalized V-H-T failure envelope at different scouring depths. (a) v=0.25. (b) v=0.50. (c) v=0.75.
TABLE 2: Values of parameters a and b.
s VIV 4 =0.25 VIV 4 =0.50 VIV 4 =0.75
d a b a b a b

No scouring 1.20 0.22 1.51 0.28 1.80 0.34
di2 1.69 0.32 1.62 0.31 1.76 0.35
dle 1.40 0.29 1.56 0.33 1.80 0.36
d/4 1.44 0.34 1.60 0.37 1.65 0.38

aqb
T
)
Tult
where Hy, and T, are the ultimate horizontal bearing
capacity and the ultimate torque bearing capacity under

different vertical loads. The values of H,, and T, can be
obtained from Table 1.

H
H ult

3.3. Effect of Scouring Depth on the Load-Bearing Charac-
teristics of V-M-T Combined Loading. Figure 10 shows the
V-M-T failure envelopes at different scour depths. A
comparative analysis shows that when the torque is below
30% of the maximum ultimate torque, the ultimate bending
moment remains unchanged. When the torque exceeds
180 MN-m, the ultimate bending moment decreases rapidly

as the torque increases, and the coupling effect of torque
and bending moment cannot be ignored at this time.
Beyond that, the V-M-T failure envelope shrinks inwards
with increasing scour depth S4. The ultimate bending
moment is also gradually reduced, indicating that the load-
bearing capacity of the bucket foundation resistance to the
combined moment and torque loads decreased as the scour
depth increased under V-M-T combined loading. The safety
and stability of the bucket foundation are progressively
reduced.

Figure 11 shows that the normalized V-M-T failure
envelopes of the bucket foundation at different scour
depths almost coincide with good normalization under
the condition of a certain vertical load level v (V/V ;).
This indicates that while an increase in the scour depth is
detrimental to the resistance of the bucket foundation
with the combination of vertical load, moment load, and
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Figure 10: V-M-T failure envelope at different scouring depths. (a) v=0.25. (b) v=0.50. (c) v=0.75.

torque load, it has few effects on the shape of the V-M-T
failure envelope. Such a characteristic is different from
the V-H-T failure envelope of the bucket foundation
shown in Figure 9, which is consistent with the published
results.

Comparing the results of FEA modeling, equation (2) is
applied to determine the fitting expression of the V-M-T
failure envelope of the bucket foundation, where M, is the
ultimate bending moment of the bucket foundation under
vertical loading, and the values of M, can be obtained from
Table 1. The related parameters are taken as shown in
Table 3.

(2)

ult

From Table 3, one can find that the values of the formula
parameters are very close to each other, with the magnitude
of the difference almost always within 10%. It indicates that
the scour depth and vertical load level have little effect on the

shape of the V-M-T failure envelope. Therefore, a unified
fitting equation is given for describing the V-M-T failure

envelope as
)2.09]

3.4. Effect of Scouring Depth on the Load-Bearing Charac-
teristics of V-H-M Combined Loading. The V-H-M failure
envelopes at different scour depths are obtained by variable
proportional displacement loading, and the results are
shown in Figure 12. Figure 12 shows that the V-H-M failure
envelope shows nonconformity in the first and second
quadrants, and the combined bearing capacity in the first
quadrant is significantly larger than that in the second
quadrant. Due to the coupling effect between the loads, the
combined bearing capacity of the bucket foundation under
the joint action of the horizontal load H and moment load M
is higher than the single horizontal bearing capacity and
single moment bearing capacity of the composite bucket

0.58
M

Mult - (3)
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TaBLE 3: Values of parameters a and b.

5y VIV =025 VIV 4 =0.50 VIV =075

a b a b a b
No scouring 2.21 0.57 2.06 0.62 2.19 0.63
a2 2.09 0.58 2.07 0.63 2.16 0.60
dle 2.17 0.62 217 0.66 2.24 0.63
dl4 2.21 0.63 2.19 0.67 2.22 0.60
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FIGURE 12: V-H-M failure envelope at different scouring depths. (a) v=10.25 S4=d/12. (b) v=0.25 Sq4=d/6. (c) v=0.25 Sq4=d/4. (d) v=0.25.
(e) v=0.50. (f) v=0.75.
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TaBLE 4: Values of parameters « and f.

S VIV 4=0.25 VIV 4:=0.50 VIV 4 =0.75
o B o B o B
No scouring 217 0.49 2.16 0.40 2.07 0.32
d/i2 2.29 0.50 2.14 0.39 2.16 0.32
dl6 2.06 0.44 2.16 0.36 2.17 0.26
dl4 2.26 0.40 2.19 0.31 2.34 0.21
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F1GURE 14: Noncoplanar V-H-M failure envelope at different scouring depths. (a) v=10.25 Sg=d/12. (b) v=0.25 S4=d/6. (c) v=0.25 Sq=d/4.
(d) v=0.25. (e) v=0.50. (f) v=0.75.
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F1Gure 15: Normalized noncoplanar V-H-M failure envelope at different scouring depths. (a) v=0.25. (b) v=0.50. (c) v=0.75.
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TaBLE 5: Values of parameters « and f.

5 VIV =025  VIVy =050  V/Vy =075
« B « B « B
No scouring  1.03 046  1.02 045 103 045
di2 1.04 045 103 045 104 044
di6 102 046 104 045 103 045
d/4 1.02 045 102 045 098 047

foundation. This characteristic is great for improving the
load-bearing capacity of the composite bucket foundation.

Figure 13 shows that the normalized V-H-M failure
envelope of the bucket foundation in the first quadrant
gradually shrinks inward and gradually expands outward in
the second quadrant as scour depth increases. The asym-
metry of the bucket foundation about the M-axis decreases
gradually. Figure 13 illustrates that equation (4) proposed in
this paper can fit the normalized V-H-M failure envelope
well, where h=H/H,; and m = M/M,;. The values of the
relevant parameters are taken in Table 4.

|B|* +m™ + 2Bhm = 1. (4)

3.5. Effect of Scouring Depth on the Load-Bearing Charac-
teristics of Noncoplanar V-H-M Combined Loading.
Conventional coplanar V-H-M combined loading is
equivalent to V-H;-M, or V-H,-M;, which often ignores the
special case of the V-Hs;-M; or V-H,-M, noncoplanar
combined loading conditions. According to the symmetry of
the load, the failure envelopes of V-H;3-M; and V-H,-M,
noncoplanar composite loading in three-dimensional space
are fully consistent, so only V-H;-M; combined loading is
studied in this paper. The failure envelopes of noncongruent
V-H-M combined loading at different scour depths are
shown in Figure 14.

It is evident from Figure 14 that the noncoplanar V-H-
M failure envelope is symmetric about the M-axis in the
first and second quadrants with excellent symmetry, which
is significantly different from the conventional coplanar
V-H-M failure envelope. Compared with the conventional
coplanar V-H-M failure envelope, the combined bearing
capacity of the noncoplanar V-H-M failure envelope in the
first quadrant is significantly lower than that of the con-
ventional coplanar V-H-M failure envelope, and the
combined bearing capacity in the second quadrant is
markedly higher than that of the conventional coplanar V-
H-M failure envelope. As the depth of the scouring in-
creases, the vertical load has an increasing effect on the
magnitude of the reduction in bearing capacity. Here is
some reference for the design of materials for offshore wind
turbines. In general, compared to conventional coplanar V-
H-M combined loading, noncoplanar V-H-M combined
loading is more detrimental to the stability of the bucket
foundation.

It is evident from Figure 15 that the normalized non-
coplanar V-H-M failure envelopes coincide with suitable
normalization, indicating that the law of the scour depth
effect on the noncoplanar combined V-H-M bearing
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capacity of the composite bucket foundation is consistent,
and the scour depth has few effects on the normalized failure
envelopes. This is distinctly different from the conventional
coplanar V-H-M normalized failure envelope properties.
Figure 15 shows that equation (5) fits the normalized
noncoplanar V-H-M failure envelope very well where h = H/
Hy, and m=M/M,,, and the values of the relevant pa-
rameters are shown in Table 5.

|| + m® = 2B|hlm = 1. (5)

A close approximation of the values of the formula
parameters can be seen from Table 5, nearly always within
10% of the value of the difference. It indicates that the scour
depth and vertical load level have little effect on the shape of
the V-H-M failure envelope. Therefore, a unified fitting
equation for the V-H-M failure envelope is given as

A% + "™ — 0.9|hm = 1. (6)

4. Conclusions

In this study, a finite element model of the composite bucket
foundation with a horseshoe-shaped scour pit is established.
Based on the finite element model, the effect of the scour
depth on the composite bearing capacity of the bucket
foundation is numerically investigated. Moreover, equations
are fitted to determine the shape of the failure envelope for
the composite bucket foundation under different scour
depths. According to the numerical results, some concluding
remarks can be drawn as follows:

(1) The unidirectional ultimate bearing capacity de-
creases with increasing the scour depth. For the same
scouring depth, the unidirectional ultimate bearing
capacity increases first and then decreases with the
increase of the vertical load level

(2) The trends of the V-H-T'and V-M-T failure envelope
at different scouring depths are similar to each other.
The failure envelope shrinks inwards with increasing
the scour depth. As the torque exceeds 30% of the
unidirectional torque bearing capacity, the bearing
capacities of the horizontal and moment loads de-
crease sharply for increasing the torque load

(3) The noncoplanar V-H-M failure envelope is sym-
metrical about the M-axis under different scour
depths. Whether the horizontal and moment loads
are in the first or second quadrant, the combined
bearing capacity of the horizontal and moment loads
is less than that of these two single loads

(4) Scour depth has a significant effect on the normal-
ized V-H-T and V-H-M failure envelopes but little
effect on the normalized V-M-Tand the noncoplanar
V-H-M failure envelopes. The normalized V-H-Tand
V-H-M failure envelopes in the first quadrant
gradually shrink inward with the increase of the
scour depth. The normalized V-M-T and nonco-
planar V-H-M failure envelopes coincide almost
exactly under different scour depths.
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