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In this paper, monotonic horizontal loading tests were carried out to study the bearing capacity of the cone-shaped foundation in
marine fine sand. With load-controlled methods, the horizontal load was applied to the rod of cone-shaped foundation at loading
eccentricity ratios of 5.0, 6.0, and 7.0. In addition, theoretical analysis was used to investigate the horizontal ultimate bearing
capacity, and finite element analysis was also used in this paper to investigate the influence factors of the bearing capacity of cone-
shaped foundation. Based on the theoretical analysis, the formula for horizontal ultimate bearing capacity was deduced. Test
results show that, at the same loading eccentricity, cone-shaped foundation can provide higher H-M bearing capacity as well as
lower lateral deflection compared to regular circular foundation for wind turbines. In addition, the deflection-hardening behavior
of load-deflection curve for cone-shaped foundation is also observed. Numerical analysis results show that the H-M bearing
capacity of the cone-shaped foundation increases with increasing aspect ratio and buried depth, however, and decreases with
increasing loading eccentricity. Based on the results from finite element analyses, several equations to calculate the maximum
moment bearing capacities are put forward, which take the aspect ratio, loading eccentricity, and embedded depth into account.

1. Introduction

Due to energy shortage, environmental pollution, and
greenhouse effect in the world, clean energy and renewable
energy were widely exploited and utilized nowadays [1].
Wind energy resources were part of clean energy, which had
the advantage of pollution-free and wide distribution. Wind
power generation is a way of utilizing wind resources, which
can be divided into offshore wind power and onshore wind
power [2]. Compared to offshore wind power, convenience
installation and low cost in maintenance works for onshore
wind power made it to be widely used on the mainland,
especially in the mountain area [3]./e bearing capacity and
deformation for the foundation of onshore wind power
subjected to the combined action of vertical loading, hori-
zontal loading, and moment loading should be satisfied,
which can make the onshore wind power work well [4].

For the foundation of onshore wind turbines, the
method of model test is often used. Wakile [5] investigated
the horizontal bearing capacity of foundation in sandy soil.

A formula for horizontal bearing capacity of foundation in
dense sandy soil was obtained, and the effect of compactness
for sandy soil and dimension of foundation on horizontal
bearing capacity was also studied by Govoni et al. [6, 7].

In addition, the numerical simulation method was also
used in analysis. Ibsen et al. [8] put forward a theoretical
formula for horizontal bearing capacity of foundation,
considering the internal friction angle for sandy soil.
Garakani and Ghaffar [9] studied the effect of embedment
depth of foundation and internal friction angle for soil on
bearing capacity of foundation subjected to static loading,
and a formula for bearing capacity of foundation was put
forward, which was also verified. Shrestha and Ravichandran
[10] put forward an evaluation method of stability for
foundation according to investigating the effect of distri-
bution of earth pressure for soil around foundation sub-
jected to horizontal loading and stiffness change of
foundation and parameters for soil under foundation on
bearing capacity. Biswas and Krishna [11] studied the effect
of parameters for soil on horizontal bearing capacity of
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foundation embedded in nonhomogeneous soil. Based on
practical projects, Mohamed and Austrell [12] analysed the
effect of vertical loading and parameters for soil on hori-
zontal bearing capacity and deformation for deep-buried
foundation and shallow-buried foundation.

Besides, some other scholars studied the foundation with
the combination method of theoretical analysis and nu-
merical simulation. Meyerhof [13] studied the bearing ca-
pacity of spudcan foundation in homogeneous soil. Liu et al.
[14] investigated the interaction between foundation and
soil. Based on the limit analysis method, Luan et al. [15]
obtained the lateral bearing capacity and the failure
mechanism for multibucket foundation. In addition, using
the method of three-dimensional finite element numerical
analyses, Fan and Gao [16] investigated the lateral bearing
capacity of pile foundations for cross-sea bridge.

In this paper, based on the spudcan foundation [17], a
new type foundation for the onshore wind turbine was
proposed, which was called cone-shaped foundation (CSF),
as shown in Figure 1. For the cone-shaped foundation,
mainly used in mountainous areas, gravels produced during
excavation can be the part of the foundation. For the iso-
lation layer with flexible rubber in cone-shaped foundation,
it can reduce bending moment acting on the foundation and
the stability of superstructure can be guaranteed. More
importantly, gravels produced during excavation were fully
utilized, which had an impact on the environment around
cone-shaped foundation. /e cone-shaped foundation had
been successfully applied for patent in China [18]./is paper
focused on the bearing capacity of cone-shaped foundation
subjected to static loading compared to conventional cir-
cular foundation for the onshore wind turbine. In addition,
the factors which affected the bearing capacity were also
studied based on the numerical simulation method.

2. Test Model and Testing System

2.1. Test Model. In order to investigate the bearing capacity
for cone-shaped foundation, the model test should be car-
ried out in laboratory. /erefore, based on the dimension of
full-scale foundation for the onshore wind turbine [19], the
scale model for regular circular foundation (CF) was made
with steel, which weight was 242.6N, as shown in
Figure 2(a). On the basis of the principle of equal volume, the
scale model for cone-shaped foundations was also made with
steel, as shown in Figure 2(b)./e dimension in detail for the
two foundation is shown in Figures 3(a) and 3(b). Moreover,
the loading setup is shown in Figure 4(a), and the sign
convention of displacement and load for plane loading of
cone-shaped foundation is shown in Figure 4(b). In addi-
tion, the loading rod (15mm in diameter) can be embedded
in the top of foundation, with a density of 78 kN/m3 and
1000mm in length. /e reference point for circular foun-
dation and cone-shaped foundation was on the center of the
top of foundation, as shown in Figure 4(b).

2.2. Tank. In this study, all tests were carried out in a tank
with dimensions of 1.2m× 1.2m in plan and a height of

1.0m (Figure 5). For the dimensions of the tank used in the
test, they were considered big enough to eliminate the
boundary effects. In order to prevent the lateral deformation
of four sidewalls of the tank, square steels were used to
strength the four sidewalls. In addition, in order to control
the water level and drain the water out of the tank, a drain
valve was installed at the bottom of the tank.

2.3. Displacement Sensor for Testing. In Figures 5(a) and
5(b), the linear variable differential transformer (LVDT) was
mounted horizontally touching the loading rod to measure
the corresponding horizontal deflection. In addition, as
shown in Figure 5(b), the interval between LVDT1 and
LVDT2 was 300mm and the distance from LVDT2 to the
top of the foundation was 350mm. /e measurement range
for LVDT1 and LVDT2 was 0∼50mm, and the accuracy was
0.0125mm. Besides, the inclination rate of the foundation
model can be determined based on the recorded horizontal
displacement of LVDT1 and LVDT2 and the interval be-
tween LVDT1 and LVDT2 [20]. Moreover, the horizontal
displacement measured by LVDT1 and the corresponding
applied horizontal load were utilized to determine the
loading-deflection curve. In order to obtain outputs of all
LVDTs automatically, a data acquisition system was used in
test, as shown in Figure 5(a).

2.4. Sand Used in Test. /e natural fine sand used for the
tests was collected from Bohai Bay Beach in Weifang, East
China./e particle size distribution curve for the fine sand is
plotted in Figure 6. Physical parameters of the sand are
shown in Table 1, all obtained from laboratory tests. As can
be seen from Table 1, the soil belonged to homogeneous fine
sand.

2.5. Preparation of Saturated Sand. During the test, in order
to make water level drop uniformly during drainage by
opening the valve at the bottom of the tank, gravels should
be first scattered uniformly to a thickness of 6 cm, which had
the particle size range of 16∼22mm, as shown in Figure 5(b).
Moreover, a sheet of geotextile was covered on the surface of
scattered gravels to prevent natural fine sand from being
washed away during drainage. In order to obtain the sat-
urated fine sand, enough water was poured into the tank. In
order to ensure the homogeneity of sand formation, the dry
marine fine sand should be sprayed into the tank. When the
sand bed had reached a height of 55 cm and the water level
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Figure 1: Cone-shaped foundation.
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was higher than the sand surface, the dry marine fine sand
was no longer sprayed into the tank.

2.6. Testing Procedures. In test, the relative density for the
marine fine sand for all the tests should be in the same state
so that the test results can be reproducible./en, prior to the
start of each test, the marine fine sands in the tank should be
loosened to a depth of about 1.5 times the height of
foundation so that the same stress level could be achieved
[21]. /e foundation model was buried into the loosened
marine fine sands, then the water was poured into the tank,

and the water level was kept to 3 cm high above the sand
surface. /en the drain value was opened until no water
flowed out of the drain valve. In the test, this process should
be repeated twice. Before test starting, the foundation model
should be placed in the sand for 6 hours. With this method,
the relative density of the sand in the tank could reach a high
value of 95.8%.

In this study, when the foundation model was subjected
to constant vertical load (only considering the self-weight of
the foundation model), the horizontal load (H) was applied
to the loading rod embedded into foundation. /en the
bending moment (M) can be calculated with the horizontal
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Figure 3: Dimension of the scale foundation model. (a) Circular foundation. (b) Cone-shaped foundation. Unit: mm.
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Figure 4: Scale model for cone-shaped foundation. (a) Loading setup of the test. (b) Reference point and notation of displacements.
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Figure 2: Scale foundation model. (a) Circular foundation. (b) Cone-shaped foundation.
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load (H) and the loading eccentricity (e), which acted on the
top of foundation. In this paper, the loading eccentricity (e)
was defined asM/HD1, whereD1 was the diameter of the top
of foundation (Figures 3(a) and 3(b)). Moreover, the load
path can be also described with M/HD1.

In the test, the horizontal load was applied to the loading
rod by increasing the weight gradually, with an incremental
horizontal load of 0.05N for each step. In this paper, the
normalised eccentricities M/(HD1) with regard to the top of
foundation model were set to be 5.0, 6.0, and 7.0, respectively.
In order to minimize errors, each load step should be sus-
tained for at least 10 minutes until the deflection rate of the
loading point was less than 0.015mm after 10 minutes, and
then the next load step began. /e ultimate failure state
represented the case where excessive displacements of the
foundation model occurred without any increase in the ap-
plied horizontal load. /e loading test procedure mentioned
above should be repeated three times to ensure the maximum
error for maximum horizontal load to be within 5%.

3. Test Results and Discussion

Kelly et al. [22] considered that, in most cases, the di-
mensionless small-scale laboratory test results for suction
caissons subjected to moment loading can be scaled to the
field. /erefore, the H-M bearing capacity of cone-shaped
foundation model and conventional circular foundation
model was investigated by carrying out the small-scale
model tests in this study. Moreover, the results obtained
from laboratory test can be used to verify the results of
numerical analyses, which would be used to investigate the
influence factors of the bearing capacity of cone-shaped
foundation.

In this study, in consideration of strength in drained
sand, the horizontal load applied to the loading rod was
normalised as H/[2π(D1/2)3c′], where D1 was the diameter
of top of the foundationmodel (Figures 3(a) and 3(b)) and c′
was the unit weight of the sand. In addition, the bending
moment acting on the top of reference point of the
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Figure 6: Particle size distribution curve.

Table 1: Physical parameters for sand used in the test.

emin emax e0 D50mm ϕ (°) Cu Cc K (cm/s) cd (kN/m3) c′ (kN/m3) Gs

0.59 0.91 0.65 0.1008 38 1.8 0.994 0.0029 19.5 10.6 2.68
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Figure 5: Experiment setup. (a) Setup. (b) Schematic.
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foundation model was normalised as M/[2π(D1/2)4c′],
where D1 was the diameter of top of the foundation model
and c′ was the unit weight of the sand. Moreover, in this
paper, Hmax and Mmax referred to the maximum horizontal
load and moment of the foundation model under certain
load path ofM/HD1. Besides, the horizontal displacement of
the location where the horizontal loading was applied was
normalised as L/D1, where Lwas the de�ection of the loading
rod measured by LVDT1 in test.

3.1. Relationship between Horizontal Load and De�ection.
During loading tests, the relationships between horizontal
load and de�ection of the loading rod for cone-shaped
foundation under various loading eccentricities are shown in
Figure 7. As can be seen from Figure 7, in all cases, the
relationships between horizontal load and de�ection of the
loading rod can be well �tted with the quadratic function.

In Figure 7, all the horizontal displacement-horizontal
load curves can be divided into three phases: Zone I (quasi-
elastic), Zone II (plastic), and Zone III (failure phase). It can
be observed from Figure 7 that the horizontal bearing ca-
pacity increased with decreasing loading eccentricity for
circular foundation and cone-shaped foundation. In addi-
tion, at the same loading eccentricity, the horizontal bearing
capacity for cone-shaped foundation was greater than cir-
cular foundation and the lateral de�ection for cone-shaped
foundation was lower than circular foundation, as can be
seen from Figure 8. Besides, the ultimate bearing capacity for
circular foundation and cone-shaped foundation can be
derived from Figure 8 and is shown in Table 2. It can be
observed from Table 2 that the resulting increment ratio of
ultimate bearing capacity for cone-shaped foundation to
circular foundation ranged from the minimum of 36.7% to
the maximum of 53.9%.

In Zone I (quasi-elastic phase), the maximum horizontal
displacement of the loading point was within 0.0062 D1 for
cone-shaped foundation and within 0.0071 D1 for circular
foundation in all cases, and the horizontal load increased
nearly linearly with increasing horizontal displacement. In
the quasi-elastic phase, the heave and settlement of sand
around the foundation model was very small and not no-
ticeable. In Zone II (plastic phase), the curves of horizontal
load-de�ection showed nonlinear relationships, mainly
depending on loading eccentricity. In addition, the sub-
sidence and upheaval of sand around the foundation model
was more obvious than the quasi-elastic phase. In the plastic
phase, the de�ection increased greatly with the applied
horizontal load, which reached peak value, Hult.

In the failure phase, all the horizontal displacement-
horizontal load curves showed great increase in the hori-
zontal displacement with slowly increasing horizontal load,
obviously showing the de�ection-hardening behavior for the
foundation model under di�erent loading eccentricities.

In the plastic phase, based on the ultimate horizontal
load Hult, the ultimate moment Mult can also be obtained,
which was with respect to the loading eccentricity e. �e
relationship between ultimate horizontal load Hult and ul-
timate moment Mult for cone-shaped foundation and

circular foundation in the load plane of H-M at various M/
(HD1) ratios is shown in Figure 9. As can be seen from
Figure 9, ultimate moment Mult acting on the top and ul-
timate horizontal load Hult of cone-shaped foundation were
greater than circular foundation at same loading eccen-
tricity, respectively. In addition, ultimate moment Mult and
ultimate horizontal loadHult for the cone-shaped foundation
model and circular foundation model increased with de-
creasing loading eccentricity, respectively.

In summary, the H-M bearing capacity for cone-shaped
foundation decreased with increasing loading eccentricity. �e
de�ection-hardening behavior of the horizontal displacement-
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horizontal load curves for cone-shaped foundation was very
obvious under di�erent loading eccentricities. In addition, the
H-M bearing capacity for cone-shaped foundation was larger
than circular foundation at the same loading eccentricity.

4. Ultimate Horizontal Bearing Capacity for
Cone-Shaped Foundation

In this section, based on the limit equilibrium method, the
ultimate horizontal bearing capacity for cone-shaped
foundation was deduced, which was suitable for small
deformation.

4.1. Computation Model. In this study, the computation
model for the cone-shaped foundation embedded in the soil
layer is shown in Figures 10(a) and 10(b). Figures 10(a) and
10(b) are the elevation and vertical views of the computation
model, respectively.

When the computation model was in the limit equi-
librium state, earth pressure and friction between cone-

shaped foundation and soil, which were behind the ulti-
mate horizontal force Hult (Figure 10(a)), can be neglected.
In addition, under the condition of small deformation
assumed in the process of derivation, the computation
model rotated around point o1, as shown in Figure 10(a).
Moreover, the soil layer in front of the ultimate horizontal
force Hult was assumed to be subjected to passive earth
pressure, σp, which obeyed Coulomb’s theory for passive
earth pressure. �erefore, in the coordinate system shown
in Figure 10, the passive earth pressure, σp, can be
expressed as

σp � c · z · Kp, (1)

where H is height of cone-shaped foundation, z is the co-
ordinate value along the z-axis, c is the bulk weight of soil,
and Kp is the coe¡cient of passive earth pressure, which is
expressed as [23]

Kp �
cos2(φ +(π/2) − θ)

cos2(π/2 − θ)cos((π/2) − θ − δ)[1 −
������������������������������������������
(sin(φ + δ)sinφ)/(cos((π/2) − θ − δ)cos((π/2) − θ))
√

]
, (2)

where φis the angle of internal friction and δ is the frictional
coe¡cient for soil and cone-shaped foundation.

As shown in Figure 10(b), in the plane of x-y, earth
pressure on the surface of cone-shaped foundation can be
expressed as

σr � σp · cos β, 0≤ β≤
π
2
. (3)

�erefore, based on σr, the component of earth pressure
along the x-axis and the component of earth pressure along the
y-axis in the plane of x-y can be further expressed as, respectively,

Table 2: Ultimate bearing capacity for the CSF model and CF model under various loading eccentricities.

Loading eccentricity (M/HD1) Hult (CSF) Hult (CF) Increment ratio of CSF to CF (%)
5.0 4.12445 3.01675 36.7
6.0 3.84000 2.49436 53.9
7.0 2.74325 1.93094 42.1
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σx � σr · cos β · sin θ � σp · (cos β)
2

· sin θ,

σy � σr · cos β · cos θ � σp · (cos β)
2

· cos θ,
(4)

and the friction stress on the surface of cone-shaped
foundation can be expressed as

σf � σr · tan δ � σp · cos β · tan δ, (5)

where δ is the interface friction angle produced by cone-
shaped foundation and soil, which can be determined
according to the test.

4.2. Ultimate Horizontal Force Based on Limit Equilibrium.
In this section, the ultimate horizontal force Hult can be
deduced with static equilibrium based on the above-
mentioned assumption.

Based on Figures 10(a) and 10(b), the resultant force of
the passive earth pressure, parallel to the x-axis, can be
expressed as

F1 � 􏽚 σp · (cos β)
2

· sin θ · dA

� 2􏽚
H+h

h
c · Kp · cos θ · z

2
· dz · 􏽚

π/2

0
(cos β)

2
· dβ

�
1
12

· π · c · Kp · H
3

+ 3H
2
h + 3Hh

2
􏼐 􏼑 · cos θ.

(6)

/erefore, the moment produced by the resultant force
of the passive earth pressure, P1, at the point of o1can be
expressed as

MF1
� p1 ·

H(2H + 3h)

3(H + 2h)
􏼢 􏼣 �

1
36

· π · c · Kp

· cos θ ·
H H3 + 3H2h + 3Hh2( 􏼁(2H + 3h)

H + 2h
.

(7)

In addition, the resultant force of the passive earth
pressure, parallel to the y-axis, can be expressed as

F2 � 􏽚 σp · (cos β)
2

· cos θ · dA

� 2􏽚
H+h

h
c · Kp · sin θ · z

2
· dz · 􏽚

π/2

0
(cos β)

2
· dβ

�
1
12

· π · c · Kp · H
3

+ 3H
2
h + 3Hh

2
􏼐 􏼑 · sin θ.

(8)

/erefore, the moment produced by the resultant force
of the passive earth pressure, P2, at the point of o1can be
expressed as

MF2
� p2.

H(2H + 3h)

3(H + 2h)
􏼢 􏼣tan θ �

1
36

· π · c · Kp

· sin θ ·
H H3 + 3H2h + 3Hh2( 􏼁(2H + 3h)

H + 2h
.

(9)

Based on Figures 10(a) and 10(b), the resultant force of
the friction stress on the surface of cone-shaped foundation,
parallel to the x-axis, can be expressed as

F3 � 􏽚 σp · cos β · tan δ · cos θ · dA

� 2􏽚
H+h

h
c · Kp · tan δ ·

cos θ2

sin θ
· z

2
· dz · 􏽚

π/2

0
cos β · dβ

�
2
3

· c · Kp · tan δ ·
cos θ2

sin θ
H

3
+ 3H

2
h + 3Hh

2
􏼐 􏼑,

(10)

and the resultant force of the friction stress on the surface of
cone-shaped foundation, parallel to the y-axis, can be
expressed as
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Figure 10: Distribution earth pressure along the surface of cone-shaped foundation.
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F4 � 􏽚 σp · cos β · tan δ · sin θ · dA

� 2􏽚
H+h

h
c · Kp · tan δ · cos θ · z

2
· dz · 􏽚

π/2

0
cos β · dβ

�
2
3

· c · Kp · tan δ · cos θ H
3

+ 3H
2
h + 3Hh

2
􏼐 􏼑.

(11)

When the cone-shaped foundation was in the limit
equilibrium state, all vertical forces were in the equilibrium
state, and the following equilibrium equation can be ob-
tained, i.e.,

ΣFy � F2 + F4 − V � 0,

ΣMO1 � MF1
+ MF2

− Hult · (H + e + a) + V ·
h

tan θ
� 0,

⎧⎪⎪⎨

⎪⎪⎩

(12)

where e is the distance from the loading point for horizontal
loading to the top of cone-shaped foundation and V is the
vertical loading, including self-weight of cone-shaped
foundation and wind turbine tower. /erefore, the ultimate
horizontal bearing capacity for cone-shaped foundation,
Hult, can be expressed as

Hult � c · Kp H
3

+ 3H
2
h + 3Hh

2
􏼐 􏼑 ·

12 · π · H(2H + 3h)(sin θ · tan θ + sin θ) + 36h(H + e + a)(H + 2h)(π sin θ + 8 tan δ · cos θ)

432(H + e + a)(H + 2h) · tan θ
.

(13)

4.3. Verification of Ultimate Horizontal Bearing Capacity.
In this section, the validity of ultimate horizontal bearing
capacity for cone-shaped foundation was verified according
to comparing with the test results mentioned above. In test,
the distance from the loading point for horizontal loading
to the top of cone-shaped foundation, e, was 650mm,
780mm, and 910mm, respectively, and other parameters
were a � 20mm, θ� 30°, H � 90mm, h � 17.32mm, φ� 38°,
c � 10.6 kN/m3, and δ � 26°, respectively. /erefore, the
ultimate horizontal bearing capacity for cone-shaped
foundation calculated based on equation (13) and obtained
from test are shown in Table 3. As can be seen from Table 3,
the maximum error was 18.2% and it showed that the
ultimate horizontal bearing capacity for cone-shaped
foundation calculated based on equation (13) fitted well
with that obtained from the test.

5. Numerical Modeling

In this study, in order to explore the influence factors on
bearing capacity for cone-shaped foundation, numerical
analyses were carried out with Z_SOIL software [24].
/erefore, a three-dimensional numerical modeling was
used to investigate the effect of the aspect ratio, embedded
depth, and loading eccentricity on the bearing capacity for
cone-shaped foundation. In addition, the numerical
simulations used in this paper were only limited to H-M
space.

5.1. Finite Element Model. In this research, boundary ex-
tension of the sand domain and the divided meshes for
cone-shaped foundation and sand are represented in
Figure 11. In the x, y, and z directions, displacements at the
bottom boundary for the sand domain were fully fixed, and
horizontal displacements at lateral boundaries were also
constrained. In order to avoid boundary effects, the di-
mension of the sand domain should be sufficiently large

enough. Bienen et al. [25, 26] considered that the soil
domain with 7D in diameter and 6.25D in height, where D
was the diameter of caisson foundation, could reduce
boundary effects. However, Hung and Kim [27] considered
that the soil domain with 9D in diameter and 5.5D in height
could reduce boundary effects. /erefore, in this study, the
dimension of the sand domain was 9D2 in diameter and
6.25D2 in height, where D2 was the diameter of top of cone-
shaped foundation in Figures 3(a) and 3(b). In addition, the
notation of displacement and the reference point are shown
in Figure 4(b).

5.2. Constitutive Model. In this research, the constitutive
model of hardening small strain (HSS) was used to model
the sand, which can simulate basic macroscopic behaviors
exhibited by sand, such as stress-dependent stiffness,
densification, dilatation, and soil stress history [28]. In
addition, the constitutive model can obtain more reliable
and accurate approximation of displacements. Compared
with other constitutive models, the HSS constitutive model
can better simulate the reduction of soil stiffness with shear
strain amplitudes increasing. Moreover, as the HSS con-
stitutive model accounted for prefailure nonlinearities, it
was applicable to sand [29]. In the HSS constitutive model,
eight-node continuum brick elements were used in cone-
shaped foundation and sand. In addition, the cone-shaped
foundation-sand interface was simulated using contact
surface element in Z_Soil software, and the frictional angle
between the cone-shaped foundation and the sand, φ1, is
shown in Table 4. In addition, the cone-shaped foundation
had Young’s modulus of 210GPa and Poisson’s ratio of
0.31, and the density of the cone-shaped foundation was
78 kN/m3.

In the numerical modeling, two main steps were in-
cluded. Firstly, in order to determine the initial stress state in
sand, a geostatic stress step should be carried out, which
accounted for the effects of sand and the weight of cone-
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Table 4: Parameters of sand used in the �nite element model.

Eur (kN/m2) Νur Eref
0 (kN/m2) c0.7 Ψ (°) C (kPa) Eref

50 (kN/m2) Eoed (kN/m2) KNC
0 φ1 (°)

12000 0.2 2600 0.000233 10 0 2505 800 0.41 26

M/(HD1) = 5.0 (experimental)
M/(HD1) = 5.0 (numerical)
M/(HD1) = 7.0 (experimental)
M/(HD1) = 7.0 (numerical)

M
om
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t l
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′
]
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Figure 12: Comparison between test results and numerical results for moment against the rotation angle.

Table 3: Comparison of ultimate horizontal bearing capacity.

Loading eccentricity, e (mm) Hult obtained from test (N) Hult calculated by equation (13) (N) Deviation (%)
650 55.15 46.85 15.0
780 45.6 37.42 17.9
910 35.3 28.86 18.2

9.0D2

6.
25
D

2

Figure 11: Finite element model.

V
MH

Sliding surface

Ground
Uplifted ground Cone-shaped

foundation Uplifted ground

Figure 13: Failure mechanism for cone-shaped foundation.
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shaped foundation. /en the second step was to impose the
same monotonic horizontal load as the model test.

In the constitutive model of hardening small strain, the
corresponding parameters for the sand are shown in Tables 1
and 4. In Table 4, the cohesion (c) and the internal friction
angle (φ) were obtained by triaxial tests. Based on the finite
element method, other parameters, such as Eur, E0ref, and
c0.7, were obtained according to back analysis. In order to
verify the feasibility of the constitutive model of hardening
small strain, a finite element model for scaled cone-shaped
foundation shown in Figure 3(b) was built and the vertical
loading applied to the reference point of scaled cone-shaped
foundation was 0.014 kN. Figure 12 shows the comparisons
of moment-rotation curves between numerical modeling
and model tests. As can be seen from Figure 12, it was clear
that sand parameters used in the constitutive model of
hardening small strain by the back analysis were so reliable;
therefore, the constitutive model of hardening small strain
and the obtained bearing capacity were credible. Moreover,
based on the method of finite element analyses, the failure
mechanism for the cone-shaped foundation put forward by
the authors is shown in Figure 13. As can be seen from
Figure 13, general shear failure occurred when the cone-
shaped foundation reached to limit state.

6. Results and Discussion

In this section, based on the numerical simulations, the
factors influencing bearing capacity of cone-shaped foun-
dation in the plane of H-M were investigated, such as aspect
ratio, loading eccentricity, and embedded depth.

6.1. Effects of Aspect Ratio on Bearing Capacity. In the finite
element model, the height of the cone-shaped foundation
model was set to 3000mm. In addition, the diametersD3 and
D1 of the cone-shaped foundation model was set to 500mm
and 1000mm, respectively, and the diameter D2 varied
between 2000, 4000, 6000, 8000, 10000, 12000, and
14000mm, where D2 and D3 are shown in Figure 3(b). /e
nondimensional loading eccentricityM/HD1 with respect to
the top of the cone-shaped foundation model was 6.0. Be-
sides, the vertical loading applied to the reference point of
the cone-shaped foundation model was constant, which was
2000 kN.

As can be seen from the moment-rotation curves shown
Figure 14(a), the bearing capacity increased with increasing
aspect ratio. Moreover, when the aspect ratio was greater
than 8/3, the relationship between moment and angular
rotation showed more obvious linear elasticity. In addition,
the rotation angles of the cone-shaped foundation at the
same moment bearing capacity increased with decreasing
aspect ratio. /e variations of the maximum moment
bearing capacity based on the aspect ratio are shown in
Figure 14(b). /erefore, based on the maximum moment
bearing capacity obtained by numerical analysis, equation
(14) is expressed as the function of the ratio of the diameter
D2 of cone-shaped foundation to the height of cone-shaped

foundation to estimate the maximum moment bearing
capacity:

Mmax

2π D2/2( 􏼁
4
c′

� − 0.21509 + 0.33298
D2

H
􏼒 􏼓, (14)

where Mmax is the maximum moment bearing capacity and
c′ is the natural gravity of sand used in the test.

6.2. Effects of Loading Eccentricity on Bearing Capacity. In
order to investigate the effects of loading eccentricities on
bearing capacity, the finite element model for cone-shaped
foundation was the same as that described in Section 6.1. In
addition, the diameter D2 of the cone-shaped foundation
model was set to 10000mm. Moreover, the nondimensional
loading eccentricities,M/HD1, were set to 0, 1.5, 3.0, 4.5, 6.0,
7.5, and 9.0. /e vertical loading applied to the reference
point of the cone-shaped foundation model was also con-
stant, which was 2000 kN.

Figure 15(a) shows the moment-rotation curves of the
center of top of cone-shaped foundation under various
loading eccentricities. As can be seen from Figure 15(a), the
moment bearing capacity of the cone-shaped foundation
increased with increasing loading eccentricity. Figure 15(b)
shows the variations of the maximum moment bearing
capacity with the loading eccentricity. /e relationship
between the maximum moment bearing capacity and the
loading eccentricity was fitted by the binomial function,
which can be expressed as

Mmax

2π D2/2( 􏼁
4
c′

� 2.19321 − 0.13138
M

HD2
􏼠 􏼡 − 0.00803

M

HD2
􏼠 􏼡

2

.

(15)

/eH-M failure envelope of the cone-shaped foundation
under various loading eccentricities at V� 2000 kN is shown
in Figure 16(a), and the normalised H-M relationship is
presented in Figure 16(b).

In order to illustrate the failure envelope of bucket
foundation, in the load space of H-M-V, Murff [30] pro-
posed an equation in terms of the horizontal load, moment
load, and ultimate vertical load:

V

Vult
􏼠 􏼡

2

+
H

Hult
􏼠 􏼡

2

+
M

Mult
􏼠 􏼡

2
⎡⎣ ⎤⎦

0.5

� 1. (16)

In addition, in order to describe the coupled VHM
bearing capacity of hybrid skirted foundation, Bienen et al.
[25] proposed an equation:

|H|

Hult
􏼠 􏼡

1.4

+
|M|

Mult
􏼠 􏼡

1.5

+
V

Vult
􏼠 􏼡

2

� 1. (17)

As can be seen from Figure 16(b), the H-M relationship
also satisfied the equations proposed by Murff and Bienen.
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In this study, the �tted curve of the failure envelope of the
cone-shaped foundation can be better expressed as

|H|
Hult
( )

1.32

+
M

Mult
( )

1.45

+
V

Vult
( )

2

� 1. (18)

6.3. E�ects of Embedded Depth on Bearing Capacity. To in-
vestigate the e�ects of embedded depth on bearing capacity,

the height of the �nite element model was set to 3000mm.
�e embedded depth of cone-shaped foundation is shown in
Figure 17. Besides, the diameters D1, D2, and D3 of the cone-
shaped foundation model are set to 1000mm, 12000mm,
and 500mm, respectively. �e nondimensional loading
eccentricity M/HD1 with respect to the top of the cone-
shaped foundation model was 6.0. In addition, the vertical
loading applied to the reference point of the cone-shaped
foundation model was constant, which was 2000 kN.
Moreover, the embedded depth of cone-shaped foundation

D2/H = 10/3
D2/H = 12/3
D2/H = 14/3

D2/H = 2/3
D2/H = 4/3
D2/H = 6/3
D2/H = 8/3
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Figure 14: Moment against the rotation angle under various aspect ratios. (a) Moment against rotation angle. (b) Maximum moment
against aspect ratio.
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Figure 15: Moment under various loading eccentricities. (a) Moment versus the rotation angle. (b) Maximum moment versus load
eccentricity.
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was set to 0, 250, 500, 750, 1000, 1250, and 1500mm,
respectively.

As can be seen from the load-de�ection curves in
Figure 18(a), the moment bearing capacity of the cone-
shaped foundation increased with increasing embedded
depth. �e relationship between maximummoment bearing
capacity and embedded depth is presented in Figure 18(b).
By using the curve �tting technique, the binomial func-
tional equation was proposed to estimate the maximum
moment bearing capacity, taking the embedded depth into
account:

M/HD1 = 0
M/HD1 = 9.0
M/HD1 = 7.5
M/HD1 = 6.0

M/HD1 = 4.5
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Figure 16: Failure envelope in H-M at V� 2000 kN for cone-
shaped foundation. (a)H-M failure envelope. (b) Normalized form.
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Figure 17: Schematic of embedded depth of the cone-shaped
foundation model.
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Mmax

2π D2/2( 􏼁
4
c′

� 1.42978 + 0.0007074h, (19)

where h was the embedded depth of cone-shaped foundation.

7. Conclusion

In this study, a series of model tests were conducted on circular
foundation and cone-shaped foundation in the marine fine
sand under load-controlled horizontal combined loading to
investigate the bearing behavior of cone-shaped foundation.
In addition, a three-dimensional numerical analysis was also
conducted to investigate the effects of aspect ratio, loading
eccentricity M/(HD2), and embedded depth on the H-M
bearing capacity of cone-shaped foundation in marine fine
sand under monotonic horizontal loading. /e following
conclusions can be drawn:

(1) Compared with the circular foundation at the same
loading eccentricity, the horizontal load and mo-
ment bearing capacity of cone-shaped foundation is
larger and it increases with decreasing loading ec-
centricity under load-controlled methods.

(2) In dense sand, deflection-hardening behavior of the
horizontal load-deflection curve for cone-shaped
foundation is observed and becomes pronounced
under different loading eccentricities.

(3) Finite element analysis results show that the aspect
ratio, loading eccentricity, and buried depth had
great influence on the horizontal and moment
bearing capacity of cone-shaped foundation. In the
limit state, the maximum moment bearing capacity
increases with increasing aspect ratio based on the
fitted curve by linear function betweenMmax/[2π(D2/
2)4c′] and aspect ratio D2/H. In addition, with in-
creasing loading eccentricity, the maximummoment
bearing capacity decreases. Moreover, maximum
moment bearing capacity increases with increasing
embedded depth of cone-shaped foundation.

(4) Expressions for maximum moment bearing capacity
under different aspect ratios, loading eccentricities,
and embedded depths had been proposed to describe
the H-M bearing capacity of cone-shaped foundation
in dense sand.
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clay,” Géotechnique, vol. 56, no. 9, pp. 617–626, 2006.

[23] K. G. Zhang and S. Y. Liu, Soil Mechanics, Tsinghua University
Press, Beijing, China, 2010.

[24] Zace Services Ltd, Zsoil.Pc2011 Manual, Elmepress In-
ternational, Lausanne, Switzerland, 2011.

[25] B. Bienen, C. Gaudin,M. J. Cassidy, L. Rausch, O. A. Purwana,
and H. Krisdani, “Numerical modelling of a hybrid skirted
foundation under combined loading,” Computers and Geo-
technics, vol. 45, pp. 127–139, 2012.

[26] B. Bienen, C. Gaudin, M. J. Cassidy et al., “Numerical
modeling of undrained capacity of hybrid skirted foundation
under combined loading,” International Journal of Offshore
and Polar Engineering, vol. 22, no. 3, pp. 1–7, 2012.

[27] L. C. Hung and S. R. Kim, “Evaluation of vertical and hor-
izontal bearing capacities of bucket foundations in clay,”
Ocean Engineering, vol. 52, pp. 75–82, 2012.

[28] C. R. I. Clayton, “Stiffness at small strain: research and
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