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As a new type of offshore wind foundation, the wide-shallow bucket foundation with honeycomb bulkheads mainly bears vertical,
horizontal, and moment loads. As yet, no systematic study has been conducted regarding the effects of honeycomb bulkheads on the
undrained bearing capacities of the wide-shallow bucket foundation. In this study, a large number of three-dimensional (3D) finite
element (FE) analyses were performed to investigate the undrained bearing capacities of the wide-shallow bucket foundations with
and without honeycomb bulkheads, thereby evaluating the influence of honeycomb bulkheads on the bearing capacities under
different conditions. +e results show that under uniaxial loading, the uniaxial bearing capacities of the wide-shallow bucket
foundation are basically unaffected by the honeycomb bulkheads in homogeneous clay. For nonhomogeneous clay, the moment
bearing capacity will be considerably enhanced with the increase in soil shear strength heterogeneity. Under combined loading, the
honeycomb bulkheads will enhance the combined bearing capacities only in nonhomogeneous clay. +e enhancement effects will
increase with the increase in soil shear strength heterogeneity but decrease with the increase in vertical load. Besides, the simplified
equations for calculating the uniaxial bearing capacities of the wide-shallow bucket foundation with honeycomb bulkheads are also
proposed considering the influence of embedment ratio and soil shear strength heterogeneity. At last, the parameters of an ap-
proximating expression are fitted to predict the failure envelopes of this foundation under combined loading.

1. Introduction

As the global energy crisis continues to worsen, a source of
renewable and clean energy, offshore wind energy, provides
new possibilities to ease the current demands for energy and
has been attracting attentions around the world. Hence, the
construction of offshore wind turbines gradually becomes
the subject of extensive researches, particularly the design
and implementation of offshore wind foundations.

In terms of loading conditions in ocean engineering,
the offshore wind foundation is different from the foun-
dations of oil/gas platform, dock, and breakwater. Besides
the vertical load from upper turbine and tower, this
foundation also has to bear the huge horizontal and mo-
ment loads. +e offshore wind foundations commonly and
currently used include the monopile foundation, gravity

foundation, tripod foundation, and bucket foundation.
Among these, the bucket foundation is an upside-down
bucket with thin skirt around the circumference. As an
efficient alternative for offshore wind foundations, it can
adapt to deeper waters and larger offshore wind turbines
[1]. +e advantages of the bucket foundation also include
relatively low cost, environmental protection, and fast
construction and installation [2].

+e bearing capacity of the bucket foundation in un-
drained clay is fundamentally important in many geo-
technical problems [3–5]. Hung et al. [6] performed FE
analyses to evaluate the influence of embedment ratio and
nonhomogeneity of clay on the bearing capacities and define
the failure envelopes under combined loading. Gourvenec
et al. [7] used failure envelopes to define the bearing capacity
of the bucket foundation. +e failure envelope approach was
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also proved to be an effective method for determining the
state of the ultimate bearing capacities of the foundation
under combined vertical-horizontal-moment (VHM)
loading. Liu et al. [8] compared the undrained bearing
capacities of the wide-shallow bucket foundation with the
narrow-deep bucket foundation under combined loading.
+e results showed that the wide-shallow bucket foundation
has obvious advantages in resisting horizontal and moment
loads. Some researchers also have conducted research in
depth on the bearing capacities of the bucket foundation and
illustrated that the soil plug inside the bucket foundations
without bulkheads is more likely to suffer from shear failure
and reduces the bearing capacities [9–12]. However, these
investigations mainly focused on the bucket foundation
without bulkheads, while the number and form of bulkheads
can influence the bearing characteristics of foundation as
showed by Mana et al. [13] that the critical number of in-
ternal bulkheads inside the skirted foundation can be
considerably affected by embedment ratio, vertical load, and
soil shear strength heterogeneity.

In recent years, scholars have mainly carried out ex-
perimental methods [14–21] and numerical simulations
[22–26] to study the bucket foundation with honeycomb
bulkheads. In terms of the bearing capacities, Lian et al. [18]
evaluated the influence of honeycomb bulkheads on the
uniaxial bearing capacities by 1g model tests. +e results
showed that honeycomb bulkheads can slightly enhance the
vertical ultimate bearing capacity and effectively improve the
antioverturning and antisliding ability. Le et al. [25] studied
the bearing capacities of two concrete bucket foundations by
FE method. +e results showed that honeycomb bulkheads
have little influence on the bearing capacities when the load
is relatively small, but with increasing load, the effect of the
honeycomb bulkheads on the bearing capacities becomes
increasingly obvious, resulting in a 6.9% enhancement in the
vertical ultimate bearing capacity, 18.3% enhancement in the
horizontal bearing capacity, and 16.5% enhancement in the
moment bearing capacity. Sun et al. [26] compared the
vertical capacity and bearing characteristics between the
bucket foundations with and without honeycomb bulk-
heads. +e research results showed that the vertical bearing
behaviour of the bucket foundation with honeycomb
bulkheads is obviously different from that without bulkheads
because of the distinctive structure of the former. As yet, no
systematic study has been conducted regarding the effects of
honeycomb bulkheads on the undrained bearing capacities
of the bucket foundation in clay. +e effects of the honey-
comb bulkheads on the undrained bearing capacities remain
unclear and must be further researched.

In this study, we established a series of 3D FE models of
the wide-shallow bucket foundations with and without
bulkheads to investigate the undrained bearing capacities
under uniaxial and combined loadings and evaluate the
effect of honeycomb bulkheads on the undrained bearing
capacities. Based on the simulation results, the simplified
equations for calculating the uniaxial bearing capacities of
the bucket foundation with honeycomb bulkheads were
proposed. At last, the failure envelopes of this foundation
were predicted by an approximate expression.

2. Numerical Modeling

2.1. Model Geometry and Mesh. At present, eleven 3.3MW
and two 6.45MW offshore wind turbines are operating with a
new type of large-diameter shallow buried bucket foundation-
composite bucket foundation (CBF) at Dafeng Wind Farm,
Jiangsu province, China. +is foundation is composed of
three parts: the curved transition segment (upper, yellow),
beam-slab structure (middle, light grey), and thin-walled steel
bucket structure (lower, rust-colored) (Figure 1(a)). +e
transition segment and beam-slab are reinforced concrete
structures, and the lower steel bucket is a large-diameter
cylindrical bottomless structure. +e steel buckets diameters
of the 13 CBF mostly range between 30 and 36m, and the
heights mostly range between 8 and 12m.+erefore, different
from the traditional narrow-deep bucket foundation, this
foundation is a typical wide-shallow bucket foundation. In
order to control the balance during the towing and sinking
process, the bucket is subdivided to compartments, and each
compartment can be independently controlled. In this case,
the steel bucket is divided into seven compartments by
honeycomb bulkheads, as presented in Figure 1(b).

In this study, the FE analyses were carried out with the
commercial software ABAQUS 6.14. Since the main research
object was steel bucket and the load carried by the CBF can
be concentrated to a certain point, the transition segment
and beam-slab structure were not considered when estab-
lishing the FE model. Only the precise 3D FE models of steel
bucket foundations with and without honeycomb bulkheads
were established, as shown in Figures 2(a) and 2(b).

Taking the practical engineering in this study for in-
stance, bucket foundation embedment ratios mainly con-
centrate in 0.2–0.4. In order to further evaluate the
undrained bearing capacities of the wide-shallow bucket
foundation, embedment ratio equalling 0.1 and 0.5 was also
added into this study. +erefore, we set the embedment
ratios of the wide-shallow bucket foundation d/D as 0.1, 0.2,
0.3, 0.4, and 0.5, where D and d is the diameter and em-
bedment depth of the steel bucket, respectively. Previous
studies indicated that D has no effect on the normalized
bearing capacity [6]. By taking the actual size of the 3.3MW
offshore wind turbine in Dafeng Wind Farm as a reference,
the foundation diameter D was set to be a constant 30m for
the numerical modeling. We set the steel plate thickness of
the bucket wall as 25mm, the steel plate thickness of the
bulkheads as 15mm, and the steel plate thickness of the
bucket lid as 6mm. To reduce the boundary effect of the FE
model, we designed the diameter as 8D and depth as 8d for
the selected soil. Because the hybrid element is more suitable
for simulating incompressible materials like undrained clay
[27], we used C3D8H solid element to model the undrained
clay, and the steel bucket in the model used shell element.
+e bottom boundary of the soil was fully fixed for the x, y,
and z directions, while the lateral boundary was only allowed
to have vertical displacement.+emesh generation of the FE
model is shown in Figure 2(c).

+e stiffness of the steel bucket is much larger than that
of the soft ground, and this study focuses on the bearing
capacity of the bucket foundation, so the bucket foundation
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can be deemed a rigid body [28, 29]. +e central point of the
foundation bottom was set as the reference point (RP), as
suggested in previous studies [5, 6, 30, 31]. All uniaxial
loadings act on RP, as shown in Figure 3.

+is is not a bucket foundation having central sym-
metrical structure because of the honeycomb bulkheads. In
this case, the impact of loading direction on the undrained
bearing capacities needs to be considered. Since the moment
acting on the bucket foundation is always caused by the
horizontal load, the moment and the horizontal loads are
always in the same load plane. We defined the intersection
angle between the bulkheads and the load plane as α and the
counterclockwise direction as the forward direction, as
shown in Figure 4. +e effect of different loading direction

angles on bearing capacities was analysed by changing α.
Figure 4 shows the horizontal bearing capacity factor and
moment bearing capacity factor in different intersection
angles for d/D� 0.3 and κ� 6. +e results show that the
undrained bearing capacities are almost unaffected by α.
+us, both the horizontal loading and moment loading were
loaded according to α� 0 load plane in this study.

2.2. Material Properties. For the ultimate bearing capacity
analysis on the basis of the undrained condition, an ideal
elastic-plastic constitutive model based on the Tresca
failure criterion (φ� 0 condition) was adopted for the
saturated soft clay [4, 5]. Suppose the soil undrained shear

(a) (b)

Figure 1: +e pictures of CBF. (a) Structure of the CBF. (b) Internal honeycomb bulkheads.

(a)

(b)
(c)

Figure 2: Example of the FEmesh (d/D� 0.3). (a) Bucket foundation with honeycomb bulkheads. (b) Bucket foundation without bulkheads.
(c) Soil and foundation model.
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strength su varies linearly with depth, as shown in the
following equation:

su � sum + kz, (1)

where sum is the undrained shear strength at the mud surface
and k is the increasing rate of strength with depth z, as
presented in Figure 3.

Research results have shown that bearing capacity factors
are independent of individual parameters sum or k but are
related to normalized parameters of kD/sum [31]. +erefore,
the soil shear strength heterogeneity index κ was introduced:

κ �
kD

sum
. (2)

According to the value of κ in practice, the research was
conducted by taking κ� 0 (homogeneous clay), 3, 6, 12, and
30. +e soil elastic modulus Eu � 500 su; the Poisson’s ratio
was set to be 0.499 for simulating the constant volume
response of undrained clay [30, 31]; and the effective unit
weight was fixed at 6 KN/m3. +ese values are typical in-
dicators of saturated soft clay.

+is study assumed that the steel bucket lid was resting
on the soil. As both the suction effect of the bucket

foundation and the permeability coefficient of the soft clay
are small, and the bond between the foundation and soil is
strong, the foundation-soil interface was assumed to be fully
rough, namely separation was not permitted [4, 6, 10, 30, 31].

2.3. Sign Convention and Notation. +e sign convention for
loads and displacements in this study obeys a right-handed
axis and clockwise positive convention, as proposed by
Butterfield et al. [32] (Figure 3). Table 1 shows the notation
adopted in this study.

2.4. Loading Methods and Paths. In this study, we placed
loads on the bucket foundation through the displacement-
control method. +e displacement-control method was
more suitable for the bucket foundation bearing capacities
study than the load-controlled method [5–7]. FE analyses in
this study were carried out in three steps. In the first step,
geostatic stresses were applied to the free-field soil elements
for avoiding displacement under gravity. In the second step,
the soil elements within the steel bucket geometry were
replaced with bucket elements, and the interface between the
bucket and soil was activated. +e bucket foundation was
assumed to be “wished in place,” i.e., neglecting the bucket
foundation installation process. In the final step, the dis-
placement at the RP was increased until failure was reached.

For uniaxial loading, the tangent intersection method is
used for getting the ultimate bearing capacity [6, 33]. In this
method, the ultimate bearing capacity was defined as the
load corresponding to the intersection point of two tan-
gential lines along the initial and latter portions of the load-
displacement curve. For combined VHM loading, we apply
the probe loading method with fixed displacement to solve
failure envelope, which is divided into two steps. In the first
step, we applied the fixed loading on the RP; for example, we
set ] to be 0, 0.25, 0.5, and 0.75. In the second step, in order
to construct the failure envelope, a series of constant u/Dθ
ratio displacement probes were used. Usually, about 10
probe tests are needed to obtain a failure envelope. An
example of determining a capacity failure envelope using the
probe method is shown in Figure 5.

2.5. Validation. In this study, the FE analysis accuracy was
validated by comparing with the bearing capacity results
from the theoretically solutions and experimental tests.

Martin [34] suggested exact theoretically solutions of the
vertical bearing capacity for the circular surface foundation.
Vertical bearing capacity factors of the solid circular founda-
tions without embedment predicted from FE analyses were
compared with Martin’s [34] theoretically solutions, as shown
in Table 2.+e results show that for a range of soil shear strength
heterogeneity, the FE results for vertical bearing capacity factors
agreed to within 5% of the exact theoretically solutions.

Coffman et al. [35] studied the horizontal bearing capacity
and failure mode of bucket foundation in nonhomogeneous
clay using 1g model tests. +e model tests were carried out
using a 0.1m diameter bucket foundation installed to a depth
about 0.8m in normally consolidated kaolinite clay and
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Figure 4: Bearing capacity factors in different intersection angles
(d/D� 0.3, κ� 6).
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Figure 3: Reference point, soil undrained shear strength profile,
and sign convention.
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allowed to set up for 48 hours prior to testing. Nine model
tests were performed with various heights of horizontal loads
on the bucket foundation. Table 3 compares the ultimate
horizontal bearing capacity between the FE results and
Coffman et al.’s [35] research results.+e results present good
agreement between the FE analyses and the model tests.

To further investigate, the FE model of bucket foun-
dation with bulkheads was validated with the results of large-
scale model tests by Liu [36]. In the test, the model bucket
foundation with a diameter of D� 3.5m, an embedment
depth of d� 0.9m, and steel plate thickness of 8mm located
in saturated silt clay. +e seven compartments were divided
inside the steel bucket by bulkheads. +e tests were carried
out with a horizontal loading eccentricity as 3m and 4m,
respectively. Table 3 shows that the horizontal bearing ca-
pacity errors between FE results and test results of Liu [36]
are controlled within 6.7%.

According to the above comparisons, the results
achieved from the FE analyses properly agree with those
obtained from experimental tests. Consequently, the FE
method applied in this study was suitable and reliable for
analysing the undrained bearing capacities.

3. Uniaxial Capacities

3.1. Undrained Vertical Bearing Capacity

3.1.1. Effect of Honeycomb Bulkheads on Undrained Vertical
Bearing Capacity. To reflect the effect of the honeycomb

bulkheads on the undrained vertical bearing capacity, we
defined the bulkhead efficiency factor of the vertical bearing
capacity δcV(d/D,κ) as follows:

δcV(d/D,κ) �
NI

cV(d/D,κ)

NB
cV(d/D,κ)

, (3)

where NI
cV(d/D,κ) and NB

cV(d/D,κ) are the vertical bearing
capacity factors of the bucket foundations with and without
honeycomb bulkheads under different d/D ratios and κ,
respectively. If δcV(d/D,κ)> 1, the honeycomb bulkheads can
enhance the vertical bearing capacity. If δcV(d/D,κ) � 1, the
vertical bearing capacity is not affected by the honeycomb
bulkheads.

Figure 6 shows the bulkhead efficiency factor of the
vertical bearing capacity δcV(d/D,κ) for different d/D ratios
and κ. Figure 6 shows that for homogeneous clay (κ� 0),
δcV is close to 1, so the honeycomb bulkheads at this case
would basically not enhance the vertical bearing capacity.
+is is consistent with the research results of Xiao et al.
[27]. For nonhomogeneous clay, δcV is close to 1 when d/
D ≥ 0.4, so the bulkheads would also not enhance the
vertical bearing capacity at this case; for comparatively
small d/D ratios, δcV is slightly greater than 1 and slightly
increases with the increase in κ. When d/D � 0.1 and κ� 30,
the vertical bearing capacity only increases by about 5%.
Notably, when calculating the ultimate bearing capacity
using the tangent intersection method, the drawing de-
viation of tangential lines may result in 2%–5% variation
[6]. To guarantee safety in the design, the function of
honeycomb bulkheads to enhance the vertical bearing
capacity can be ignored.

3.1.2. Simplified Calculation Formula of Vertical Bearing
Capacity. To reflect the effect of the embedment depth on
the vertical bearing capacity of the bucket foundation with
honeycomb bulkheads, the depth factor of the vertical
bearing capacity dcV was introduced, as shown in

Table 1: Notation for loads and displacements.

Vertical Horizontal Rotational
Displacement w u θ
Load V H M
Uniaxial capacity Vult Hult Mult
Bearing capacity factor NcV �Vult/Asu0 NcH �Hult/Asu0 NcM �Mult/ADsu0
Dimensionless load V/Asu0 H/Asu0 M/ADsu0
Normalized load ]�V/Vult h�H/Hult m�M/Mult

Note. A� πD2/4; su0 is the undrained shear strength at the foundation bottom level.

M
/A
D
s u

0

0.5

1

1.5

2

Constant displacement ratio probe
Envelope

u/Dθ = 5.0

u/Dθ = 1.0

u/Dθ = 0.3
u/Dθ = 0.1u/Dθ = –0.1

u/Dθ = –0.2
u/Dθ = –0.3

u/Dθ = –0.5

u/Dθ = –1.0

d/D = 0.1
κ = 12
v = 0.25

–Hult/Asu0

Hult/Asu0

Mult/ADsu0

1.5–1.5 –1 –0.5 0 0.5 1 2 2.5–2–2.5
H/Asu0

Figure 5: Example of a failure envelope using probe tests (d/D� 0.1,
κ� 12, and ]� 0.25).

Table 2: Comparison of vertical bearing capacity.

κ
NcV Error (%)

+is study Martin [34]
0 6.20 6.05 2.42
3 8.53 8.29 2.81
6 10.15 9.85 2.96
12 12.91 12.47 3.41
30 19.93 18.98 4.77
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dcV �
NI

cV(d/D,κ)

NcV(d/D�0,κ)

, (4)

where NcV(d/D�0,κ) is the vertical bearing capacity factor of
circular foundation without embedment.

We substituted NI
cV(d/D,κ) and NcV(d/D�0,κ) solved by

numerical simulation into equation (4) to obtain the depth
factor dcV and then fit dcV with d/D and κ to obtain the fitting
formula as follows:

dcV �
a1 + 0.53(d/D) − 0.035κ(d/D)

b1 + 0.1(d/D) − 0.43(d/D)2 + 0.073κ(d/D)
, (5)

where a1 � 1.25 + 0.16κ+ 0.0033κ2, b1 � 1 + 0.1κ+ 0.01κ2,
0.1≤ d/D≤ 0.5, and 0≤ κ≤ 30. +e comparison of the fitted
curve and the FE results is shown in Figure 7, which in-
dicates a high fitting precision of (5).

NcV(d/D�0,κ) can be obtained according to the expression
given in Vulpe et al. [4], as shown in the following:

NcV(d/D�0,κ) � NcV(d/D�0,κ�0) 1+(0.09κ)0.76[ ], (6)

where the value of NcV(d/D�0,κ�0) is 6.05 according to the
accurate solution given in Martin [34]. +en, equations (5)
and (6) were substituted into equation (4) to obtain the
simplified calculation equation of NI

cV(d/D,κ) as follows:

N
I
cV(d/D,κ)

�
6.05 1 +(0.09κ)0.76

  a1 + 0.53(d/D) − 0.035κ(d/D)( 

b1 + 0.1(d/D) − 0.43(d/D)2 + 0.073κ(d/D)
.

(7)

Finally, the undrained vertical ultimate bearing capacity
Vult could be obtained using the expression Vult �NcVAsu0.

3.2. Undrained Horizontal Bearing Capacity

3.2.1. Effect of Honeycomb Bulkheads on Undrained Hori-
zontal Bearing Capacity. Similar to the calculation of the
vertical bearing capacity, the bulkhead efficiency factor of
the horizontal bearing capacity δcH(d/D,κ) was defined as
follows:

δcH(d/D,κ) �
NI

cH(d/D,κ)

NB
cH(d/D,κ)

, (8)

where NI
cH(d/D,κ) and NB

cH(d/D,κ), respectively, represent the
horizontal bearing capacity factors of the bucket foundations
with and without bulkheads.

Figure 8 shows the bulkhead efficiency factor δcH(d/D,κ)

for different d/D ratios and κ. Figure 8 shows that for

0.95

1.00

1.05

1.10

б c
V

305 20 2515100
κ

d/D = 0.1
d/D = 0.2
d/D = 0.3

d/D = 0.4
d/D = 0.5

Figure 6: Effect of honeycomb bulkheads on vertical bearing
capacity.

0.5

1.0

1.5

2.0

d c
V

0.1 0.2 0.3 0.4 0.50.0
d/D

κ = 0, FE results
κ = 3, FE results
κ = 6, FE results

κ = 12, FE results
κ = 30, FE results
Curve fit

Figure 7: Depth factor of vertical bearing capacity.

Table 3: Comparison of horizontal bearing capacity.

Depth of bucket embedment (m) Height to loading point (m)
Hult (KN) Error (%)

+is study Coffman et al. [35]
0.813 0.533 0.342 0.330 3.51
0.805 0.381 0.196 0.187 4.60
0.820 0.610 0.345 0.328 4.93

d/D Height to loading point (m) Hult (KN) Error (%)+is study Liu [36]
0.26 3.0 34.51 36.82 6.70
0.26 4.0 27.15 28.89 6.41
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homogeneous clay (κ� 0), δcH is close to 1, so the honey-
comb bulkheads would basically not improve the horizontal
bearing capacity. δcH almost exhibits no change, except
when d/D� 0.1 and κ is comparatively large (κ≥12).
+erefore, the effect of honeycomb bulkheads on improving
the horizontal bearing capacity can also be ignored.

3.2.2. Simplified Calculation Formula of Horizontal Bearing
Capacity. +e depth factor of the horizontal bearing ca-
pacity dcH was introduced, as shown in the following:

dcH �
NI

cH(d/D,κ)

NcH(d/D�0,κ)

, (9)

where NcH(d/D�0,κ) is the horizontal bearing capacity factor
of circular foundation without embedment.

NI
cH(d/D,κ) and NcH(d/D�0,κ) were substituted into equa-

tion (9) to solve the depth factor dcH and then fit dcH with d/
D and κ to obtain the fitting formula, as shown:

dcH �
a2 + 4.9(d/D) + 1.37κ(d/D)

b2 − 1.03(d/D) + 0.18κ(d/D)
, (10)

where a2 �1.61 + 0.35κ − 0.0018κ2, b2 �1 + 0.2κ − 0.00045κ2,
0.1≤ d/D≤ 0.5, and 0≤ κ≤ 30. +e comparison of the fitted
curve and the FE results is shown in Figure 9. +e fitting
precision of equation (10) is also ideal.

In order for convenient calculation and conservative
design, NcH(d/D�0,κ) could be set to 1.0, which is the theo-
retical lower bound solution in Gourvenec et al. [37].
Equation (10) and NcH(d/D�0,κ) � 1.0 were substituted into
equation (9) to obtain the simplified calculation equation of
NI

cH(d/D,κ) as follows:

N
I
cH(d/D,κ) �

a2 + 4.9(d/D) + 1.37κ(d/D)

b2 − 1.03(d/D) + 0.18κ(d/D)
. (11)

Finally, the horizontal ultimate bearing capacity Hult
could be obtained by the expression Hult �NcHAsu0.

3.3. Undrained Moment Bearing Capacity

3.3.1. Effect of Honeycomb Bulkheads on Undrained Moment
Bearing Capacity. +e bulkhead efficiency factor of the
moment bearing capacity δcM(d/D,κ) can be defined as
follows:

δcM(d/D,κ) �
NI

cM(d/D,κ)

NB
cM(d/D,κ)

, (12)

where NI
cM(d/D,κ) and NB

cM(d/D,κ) are the moment bearing
capacity factors of the bucket foundations with and without
bulkheads, respectively.

Figure 10 shows the bulkhead efficiency factor of the
moment bearing capacity δcM(d/D,κ) for different d/D ratios
and κ. +e figure shows that for homogeneous clay (κ� 0),
δcM is close to 1, so the honeycomb bulkheads would ba-
sically not increase the moment bearing capacity. However,
for nonhomogeneous clay, δcM could considerably increase
with the increase in κ in conditions of different d/D ratios.
+is is different from the result of the vertical and horizontal
bulkhead efficiency factors. +e δcM shows the maximum
increase effect for d/D� 0.2 or 0.3, especially when κ� 30,
and the increase could reach around 48.5%.

3.3.2. Simplified Calculation Formula of Moment Bearing
Capacity. To reflect the influence of the embedment depth
on the moment bearing capacity of the bucket foundation
with honeycomb bulkheads, the depth factor of moment
bearing capacity dcM was introduced, as shown in the fol-
lowing equation:

dcM �
NI

cM(d/D,κ)

NcM(d/D�0,κ)

, (13)

where NcM(d/D�0,κ) is the moment bearing capacity factor of
circular foundation without embedment.

0.95

1.00

1.05

1.10

б c
H

5 10 15 20 25 300
κ

d/D = 0.1
d/D = 0.2
d/D = 0.3

d/D = 0.4
d/D = 0.5

Figure 8: Effect of honeycomb bulkheads on horizontal bearing
capacity.

2.0

2.5

3.0

3.5

4.0

4.5

5.0

d c
H

0.1 0.4 0.50.0 0.2 0.3
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κ = 0, FE results
κ = 3, FE results
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κ = 12, FE results
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Figure 9: Depth factor of horizontal bearing capacity.
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We substituted NI
cM(d/D,κ) and NcM(d/D�0,κ) into equation

(13) to obtain dcM and then fit dcM with d/D and κ to obtain
the fitting formula, as shown in the following equation:

dcM �
a3 + 69.77(d/D) + 2κ(d/D)

b3 + 50.7(d/D) − 49.11(d/D)2 + 9.96κ(d/D)
,

(14)

where a3 � 0.41 + 0.63κ − 0.022κ2, b3 �1 + 0.34κ − 0.024κ2,
0.1≤ d/D≤ 0.5, and 0≤ κ≤ 30. +e comparison of the fitted
curve and the FE results is shown in Figure 11. +e fitting
precision of equation (14) is also optimal.

NcM(d/D�0,κ) can be obtained according to the expression
given in Vulpe et al. [4], as follows:

NcM(d/D�0,κ) � NcM(d/D�0,κ�0) 1 +(0.21κ)
0.74

 , (15)

where NcM(d/D�0,κ�0) can be set to 0.67 according to Ran-
dolph et al. [38]. We substituted equations (14) and (15) into
equation (13) and obtained the simplified calculation
equation of NI

cM(d/D,κ) as follows:

N
I
cM(d/D,κ) �

0.67 1 +(0.21κ)0.74
  a3 + 69.77(d/D) + 2κ(d/D)( 

b3 + 50.7(d/D) − 49.11(d/D)2 + 9.96κ(d/D)
.

(16)

Finally, the moment ultimate bearing capacityMult could
be obtained by the expression Mult �NcMADsu0.

4. Combined VHM Capacity

4.1. Effect of Honeycomb Bulkheads on Combined VHM
Capacity. +e dimensionless failure envelope can directly
reflect the combined bearing capacities of the foundation.
+erefore, the differences in the dimensionless failure en-
velopes of the two foundations can be compared, and the
influence of the honeycomb bulkheads under different
conditions can be analysed based on the comparison.

Figure 12 shows the dimensionless horizontal-moment
(HM) failure envelopes of the two foundations under dif-
ferent soil shear strength heterogeneity indexes (κ� 0, 3, and
30, for instance) when d/D� 0.3 and ]� 0. +e figure shows
that the failure envelopes of the two foundations exhibit
significant asymmetry. With the increase in κ, the asym-
metry of the failure envelopes decreases. For homogeneous
clay (κ� 0), the failure envelopes of the two types of
foundations almost overlap, indicating that the honeycomb
bulkheads are basically ineffective at this time, and the re-
sults of the uniaxial capacities are also verified. However, for
nonhomogeneous clay (κ> 0), all the failure envelopes of the
bucket foundation with honeycomb bulkheads fall outside
those of the foundation without bulkheads. +is indicates
that the bucket foundation with honeycomb bulkheads has a
better bearing capacity. With the increase in κ, the gap
between the two types of bucket foundation failure enve-
lopes continues increasing accordingly.

Since homogeneous clay is rarely encountered in in
situ conditions, we used κ� 12 as an example for non-
homogeneous clay to study the influence of honeycomb
bulkheads on HM failure envelopes under different em-
bedment ratios (d/D � 0.1 and 0.5, for instance) and dif-
ferent vertical loads (]� 0, 0.25, 0.5, and 0.75, for instance,
Figure 13). +e figure shows that under different d/D ratios
and ], the setting of honeycomb bulkheads has different
effects on the failure envelopes.

+e comparisons of Figures 13(a) and 13(b) show that
for d/D � 0.1 or d/D � 0.5, the failure envelopes of the
bucket foundation with honeycomb bulkheads are all
located far away from those of the bucket foundation
without honeycomb bulkheads in the first quadrant of the
HM load space (i.e., the H and M are in the same di-
rection). +at means the honeycomb bulkheads can evi-
dently improve the bearing capacity in both H and M
directions. When v increases from 0 to 0.75, HM failure
envelopes along H- and M-axes all shrink, and the gaps in
the failure envelopes between the two types of bucket
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Figure 11: Depth factor of moment bearing capacity.
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foundations also decrease accordingly, indicating the
weaken of the honeycomb bulkheads influence. In par-
ticular, when d/D � 0.5 and ]� 0.75, the failure envelopes
of the two types of foundations almost overlap, so the
honeycomb bulkheads almost have no effects.

When d/D� 0.1, the maximummoment bearing capacity
of the bucket foundation with honeycomb bulkheads ap-
pears in the first quadrant of the HM load space. However,
the maximum moment bearing capacity of the bucket
foundation without bulkheads appears in the second
quadrant (i.e., the H and M are in the reverse direction). As
H andM always appear in the same direction in practice, i.e.,
the first quadrant of the HM load space, the honeycomb
bulkheads have a positive effect on improving bearing ca-
pacities. When d/D� 0.5, the shape difference between the
failure envelopes of two foundations becomes very small,
both inclines rightward, and the maximummoment bearing

capacity of the two foundations appears in the first quadrant
of the HM load space.

+e above studies indicate that for nonhomogeneous
clay, the smaller the vertical load ], the more obvious the
influence of the honeycomb bulkheads. For a comparatively
small embedment ratio d/D, the honeycomb bulkheads can
change the shape of the failure envelopes, thus making the
maximum moment capacity areas of the H andM appear in
the same directions. +erefore, for a comparatively small
vertical load ] or embedment ratio d/D, the honeycomb
bulkheads can significantly improve the bearing capacity of
the foundation; that is, the bucket foundation with hon-
eycomb bulkheads is more stable and safer.

4.2. Approximating Expression. Figures 12 and 13 show that
the failure envelopes in the HM load space are asymmetrical

0.5
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2

Foundation with honeycomb
bulkheads
Foundation without bulkheads

κ = 0, 3, 30M
/A
D
s u

0

64–1 0 5–2 3–3–4 1 2
H/Asu0

d/D = 0.3v = 0

Figure 12: Comparison of failure envelopes under different soil shear strength heterogeneity indexes (d/D� 0.3, ]� 0).

0.5

1

1.5

2
v = 0, 0.25, 0.5, 0.75

–2 –1.5 –1 –0.5 0 0.5 1 1.5 2 2.5–2.5
H/Asu0

M
/A
D
s u

0

d/D = 0.1
κ = 12

Foundation with honeycomb
bulkheads
Foundation without bulkheads

(a)

0.5

1

1.5

2

2.5
v = 0, 0.25, 0.5, 0.75

M
/A
D
s u

o

d/D = 0.5
κ = 12

Foundation with honeycomb
bulkheads
Foundation without bulkheads

–3 –2 –1–4 1 2 53 40
H/Asuo

(b)

Figure 13: Comparison of failure envelopes under different vertical loads. (a) d/D� 0.1, κ� 12. (b) d/D� 0.5, and κ� 12.
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about the H- and M-axes. +e size and shape of the failure
envelopes are dependent on the embedment ratio d/D, soil
shear strength heterogeneity index κ, and vertical load ], and
the conclusion is consistent with that of experimental studies
[39, 40] and numerical simulations [5, 37, 41].

+e failure envelope of the bucket foundation with
honeycomb bulkheads can be obtained by the following
approximate expression:

h

h∗




 

α

+
m

m∗
 

α
+ 2β

hm

h∗m∗
� 1. (17)

Equation (17) is a function of the d/D ratio and κ. +is
expression is defined by an elliptical expression proposed by
Gourvenec et al. [7] for skirted foundations. After that,
Vulpe et al. [4, 5] used this expression to predict the failure
envelope shape of a circular shallow foundation. In this
study, the values of the fitting parameters were given based
on the FE results of failure envelopes.

Here, h�H/Hult and m�M/Mult, and α and β are fitting
parameters that rely on d/D and κ, as presented in Table 4.
Fitting parameters α and β can be interpolated for in-
termediate values of d/D and κ. h∗ and m∗ are functions of
]�V/Vult, and the effect of vertical load on the failure en-
velopes can be considered.

Figure 14 shows the failure envelopes of bucket foun-
dation with honeycomb bulkheads in normalized ]h and ]m

load space for 0.1≤ d/D≤ 0.5, and 0≤ κ≤ 30. Each point in
the figure represents a certain point of the failure envelope at
d/D and k. Although these points are somewhat discrete with
the changes in d/D and κ, they generally maintain a con-
sistent trend. A power law expression defines a conservative
curve fit to the lower ultimate of normalized ]h and ]m

interaction, as shown in equations (18) and (19). +e FE
results for all d/D ratios and κ, fall outside the fitted curve. h∗
andm∗ describe the interactions in the ]h and ]m load space,
respectively, and the lowest horizontal or moment load in a
known applied ]:

h
∗

� 1 − ]q
, (18)

m
∗

� 1 − ]p
, (19)

where q� 4.83 and p� 3.25.
Figure 15 compares the FE results with the approxi-

mating expression in normalized load space for d/D � 0.3
and κ� 12. Figure 15(a) shows that the approximating
expression result is most similar to the FE result when
]� 0.75, and the approximating expression becomes in-
creasingly conservative for a low vertical load ] because the
fitting parameters α and β were solved by fitting them to
the most conservative solution of the normalized HM
failure envelopes. However, the approximating expression
can successfully capture changes in shape associated with
d/D and κ. Figure 15(b) shows that when setting the
vertical load ] to a large value, the failure envelope gap
between FE results and the approximating expression is
comparatively small and slightly increases with the

decrease of ] in the hm load space. Nonetheless, the
predictions of ultimate states under combined VHM
loading using equation (17) are considerably less con-
servative than the predictions resulting from the methods

Table 4: Fitting parameters α and β for approximating expression.

κ
α β

d/D d/D
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

0 1.92 2.25 2.36 2.32 2.54 –0.20 –0.40 –0.51 –0.63 –0.75
3 1.85 1.95 2.30 2.22 2.12 –0.13 –0.34 –0.42 –0.55 –0.64
6 1.81 2.06 2.16 2.12 2.23 –0.03 –0.25 –0.38 –0.52 –0.61
12 2.01 2.10 2.12 1.98 2.11 0.01 –0.19 –0.36 –0.49 –0.60
30 2.21 2.15 2.10 2.05 2.08 0.02 –0.15 –0.30 –0.45 –0.58

h
=
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/H
ul

t
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Figure 14: Definition of the lower limit to normalized ]h and ]m

interactions. (a) ]h load space. (b) ]m load space.
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based on classical bearing capacity theory, which has been
demonstrated explicitly [5, 7].

5. Conclusions

In this study, a series of 3D FE analyses were carried out to
explicitly evaluate the undrained bearing capacities of the
wide-shallow bucket foundations with and without hon-
eycomb bulkheads under uniaxial and combined loadings,
respectively. +e effect of honeycomb bulkheads on the
bearing capacities of the wide-shallow bucket foundation
under different conditions was analysed as well. +e main
conclusions were drawn as follows:

(1) For homogeneous clay, the uniaxial vertical, hori-
zontal, and moment bearing capacities of the wide-
shallow bucket foundation are basically unaffected
by the honeycomb bulkheads. +e honeycomb
bulkheads also have almost no impact on the failure
envelopes of the wide-shallow bucket foundation
under combined VHM loading.

(2) For nonhomogeneous clay, the honeycomb bulk-
heads have little effect on improving the vertical or
horizontal bearing capacity of the wide-shallow
bucket foundation. However, the moment bearing
capacity is considerably enhanced by the honeycomb
bulkheads. +e enhancement effects will increase
with the increase in κ, and it reaches the maximum
when d/D� 0.2 or 0.3 for a certain κ.

(3) For nonhomogeneous clay, the honeycomb bulk-
heads can enhance the bearing capacities of the wide-
shallow bucket foundation under combined VHM
loading. +e enhancement effects will increase with
the increase in κ, but decrease with the increase in ].

(4) For nonhomogeneous clay, the shape of the failure
envelopes of the wide-shallow bucket foundation can

be obviously changed due to the existence of the
honeycomb bulkheads in a condition of compara-
tively small d/D.

(5) +e simplified equations for the uniaxial bearing
capacities of the wide-shallow bucket foundation
with honeycomb bulkheads were proposed, thereby
introducing the bearing capacity factors as the
function of d/D and κ.

(6) An elliptical approximating expression was used to
predict the failure envelopes for the wide-shallow
bucket foundation with honeycomb bulkheads
under combined VHM loading. +e fitting pa-
rameters in the expression were provided in a
tabulated form.
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Géotechnique, vol. 53, no. 6, pp. 575–586, 2003.

[38] M. F. Randolph and A. M. Puzrin, “Upper bound limit
analysis of circular foundations on clay under general load-
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