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The present paper presents the results of three-dimensional finite element analyses of bucket founda-
tions in normally consolidated uniform clay under undrained conditions. The stress—strain response of
clay was simulated using the Tresca criterion. The bearing capacities were calculated and found to be
largely dependent on the aspect ratio of the bucket foundation. Based on the results of the analyses, new
equations were proposed for calculating vertical and horizontal bearing capacities. In the proposed
equations, the vertical capacity consisted of an end-bearing resistance and a skin friction resistance,
whereas the horizontal capacity consisted of a normal resistance, a radial shear resistance, and a base

Clay shear resistance. Comparison of the numerical results showed that the proposed equations properly

Bearing capacity
Finite element analyses
Undrained shear strength

predicted the capacities of the bucket foundations in uniform or non-uniform clays.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A bucket foundation is a circular surface foundation with thin
skirts around the circumference. Bucket foundations have been
used extensively in offshore facilities, such as platforms, wind
turbines, or jacket structures (Tjelta and Haaland, 1993; Bransby
and Randolph, 1998; Houlsby et al., 2005; Luke et al., 2005).

The skirt of a bucket foundation is first penetrated into the
seabed by a self-weight. Further penetration is achieved by
pumping water out of the bucket foundation, creating a suction
pressure inside it. Penetration stops when the top-plate of the
bucket comes in contact with the seabed, and the suction pressure
confines a plugged soil within the skirt.

Several studies on bucket foundations in clay have been
conducted. Previous numerical studies assumed that the founda-
tion was either a skirted strip foundation in two-dimensional (2D)
finite element (FE) analyses (Bransby and Randolph, 1998, 1999;
Yun and Bransby, 2007a,b; Gourvenec, 2008; Bransby and Yun,
2009) or an equivalent surface circular foundation in three-
dimensional (3D) FE analyses without modeling the embedment
of the foundation (Tani and Craig, 1995; Bransby and Randolph,
1998). A few numerical studies have performed 3D FE analyses on
bucket foundations for wind turbines (Zhan and Liu, 2010), and
suction anchor cases (Sukumaran et al, 1999; Monajemi and
Razak, 2009). The bearing capacity of the bucket foundation is
significantly affected by the skirt embedment depth or 3D shape.
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Deeper embedment of the bucket foundation induces more
vertical and horizontal capacities attributable to the mobilization
of the side friction and the lateral resistance along the skirt. A 3D
geometry of the foundation should be modeled to consider the
shape effect and the soil-bucket interaction.

In addition, previous design equations have been developed
based on numerical results, which have the aforementioned
limitations. Therefore, the development of design equations based
on accurate numerical results, which consider 3D soil-structure
interactions and the exact shape of the bucket foundation is
necessary.

In the present study, a series of 3D FE analyses were performed
to evaluate the effect of the aspect ratios of the bucket foundation,
L/D, where L is the skirt length and D is foundation diameter, on
the vertical (Vo) and horizontal (Ho) bearing capacities of bucket
foundations for wind turbines. The L/D ratio is usually less than
1.0, as shown in Fig. 1. The soil condition was assumed to be
normally consolidated uniform clay. The vertical and the hori-
zontal loadings were applied, and the effect of the L/D ratio on the
capacity was carefully analyzed. Simple design equations were
developed based on the results of the analyses to evaluate vertical
and horizontal capacities.

2. Numerical modeling

For a short-term stability problem of saturated clays, the
undrained condition can reasonably be assumed to carry out
total stress analyses (Tani and Craig, 1995). Therefore, the soil in
the present study was modeled as a linear elastic-perfectly plastic
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Fig. 1. Bucket foundation for wind turbines (after Houlsby et al., 2005).
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Fig. 2. Bucket foundation geometry and sign convention for loads and displace-
ments (modified after Villalobos et al., 2010).

model based on the Tresca failure criterion (¢=0° condition).
The uniform undrained shear strength of the clay (S,) was
assumed to be 5 kPa with a Young’s modulus (E,) at 400 x S,. A
Poisson’s ratio of v=0.495 was applied to simulate the constant
volume response of clay under undrained conditions (Yun and
Bransby, 2007b; Taiebat and Carter, 2000). The effective unit
weight of soil at 7’ =6 kN/m?>, was applied. The bucket foundation
had a Young’s modulus of E=E, x 10° and was thus considered
rigid. The interface between the foundation and the soil was
assumed to be rough, and the detachment between the bucket
foundation and the soil was prevented (Bransby and Yun, 2009).

All FE analyses were conducted using the ABAQUS software
(Simulia, 2010). The first-order, eight-node linear brick, reduced
integration continuum with hybrid formulation element C3D8RH
was used to model the soil.

Fig. 2 shows the definition of the bucket foundation geometry
and the sign convention adopted in the present study. Loading
was applied using the displacement-controlled method, which
increases vertical (w) and horizontal (u) displacements at a
reference point (RP). In addition, this method is more suitable
than the stress-controlled method in obtaining failure load
(Bransby and Randolph, 1997; Gourvenec and Randolph, 2003).

Fig. 3 exhibits a typical mesh used in the present study. Displace-
ments at the bottom boundary were fully fixed for the x, y, and z

Fig. 3. Definition of boundary extensions and a typical mesh for bucket foundations.
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Fig. 4. Tangent intersection method for determining bearing capacity (modified
after Mosallanezhad et al., 2008).

directions. Normal displacements at the lateral boundaries were
constrained. By applying symmetric conditions, half of the entire
system was modeled. The size of the soil elements increased
gradually from the bucket foundation to the domain boundary. By
and By are the vertical and horizontal boundary extents from the skirt
tip and the side of the bucket foundation, respectively. The bearing
capacities gradually decreased as By/D or By/D increased and became
constant at By/D=4.5 and By/D=4.5, which were applied for sub-
sequent analyses.

The bearing behavior of the bucket foundation was investi-
gated in terms of normalized bearing capacities Vp/(A-S,) and
Ho/(A-S,), where Vg and Hy are the vertical and horizontal bearing
capacities respectively, and A is the cross-sectional area of the
bucket. The bearing capacities Vo and Hy were determined using
the tangent intersection method (Mansur and Kaufman, 1956), as
shown in Fig. 4. The method plots two tangential lines along the
initial and later portions of the load-displacement curve, and the
load corresponding to the intersection point of these two lines is
taken as the bearing capacity.

The aspect ratio of the bucket foundation (L/D ratio) varied at
0.1, 0.2, 0.25, 0.3, 0.5, 0.6, 0.75, 0.85, and 1.0. The skirt thickness
tskire=0.004D and top plate thickness tpq=0.01D were applied.
Preliminary analyses confirmed that the bucket foundation dia-
meter D had no effect on the normalized bearing capacities.
Hence, D was kept at 10 m.

3. Analysis results

3.1. Vertical bearing behavior of the bucket foundations

Fig. 5 presents the normalized vertical load-displacement
curves and the vertical capacity of the bucket foundations
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Fig. 5. Vertical load-movement curve and capacity according to L/D ratios.
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Fig. 7. Horizontal load-movement curve and capacity according to L/D ratios.

according to the L/D ratios. At the surface foundation (L/D=0),
Vo/(A-S,)=5.95 was obtained, which was only an underestima-
tion of 1.6% compared with the exact value of 6.05 (Eason and
Shield, 1960; Houlsby and Worth, 1983).

The vertical bearing capacity increased with increasing
L/D ratio. The increasing rate of the vertical capacity with the
L/D ratio slightly decreased at L/D=0.5, and then became almost
constant after L/D=0.5. The non-linear increase in the vertical
capacity can be explained by the transition of the failure mechan-
ism, as illustrated in Fig. 6, from a traditional Prandtl surface

failure (Fig. 6(a)) to a flow mechanism (Fig. 6(b)) and then to a
confined mechanism (Fig. 6(c)). The phenomenon is similar to
that reported by Mana et al. (2011).

3.2. Horizontal bearing behavior of bucket foundations
Fig. 7 shows the normalized horizontal load-displacement

curves and the horizontal capacity of the bucket foundations
according to the L/D ratios. The horizontal bearing capacity
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Fig. 8. Failure mechanisms under horizontal load according to L/D ratios. (a) L/D=0, (b) L/D=0.25, (c) L/D=0.5 and (d) L/D=1.0.
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Fig. 9. Comparison of vertical bearing capacities.

increased linearly at L/D < 0.5, and the increasing rate decreased
at L/D>0.5.

The decrease in the increasing rate can be explained by the
change in the failure mechanism under the horizontal load. A
pure sliding behavior was occurred at L/D=0, whereas a sliding
behavior with minimal rotation was observed at L/D=0.25, as
shown in Fig. 8(a) and (b). At L/D > 0.5, the rotational behavior
became significant, as shown in Fig. 8(c) and (d). Hence, the
failure mode of the bucket foundation under the horizontal load
changed from a purely horizontal translation to a combination of
horizontal and rotational translations with increasing L/D ratios
(Gourvenec, 2008).

3.3. Comparison with previous methods

The bucket foundation can be considered as an embedded
shallow foundation. Thus, the present design codes applied the
conventional design methods of shallow foundations by adopting
several factors, such as foundation shape, load inclination, and
embedment depth. For the bucket foundation in undrained clay,
the vertical bearing capacity can be expressed by Eq. (1). In the
present study, the vertical load was presumably applied at the
center of the foundation. Thus, the eccentric factor was d.=1, and

H/AS)

02 0.4 0.6 0.8 1.0
L/D

Fig. 10. Comparison of horizontal bearing capacities.

the load inclination factor was d;=1.
VO = chsdcvdediASu (1)

where, N, is the bearing capacity factor and N.=5.14 is for a strip
foundation (Houlsby and Worth 1983); d; is the shape factor and
ds=1.2 is for a circular surface rough foundation (Skemton,
1951; Meyerhof, 1963; Brinch Hansen, 1970); d., is the depth
factor, and d.y=1+n(L/D), where 0.2 <n <0.4 (Skemton, 1951;
Meyerhof, 1963; Brinch Hansen, 1970); d. is the load eccentricity
factor; and d; is the load inclination factor

The results of the FE analyses were compared with those of
previous methods. The capacities predicted by conventional meth-
ods using Eq. (1) are indicated as “Salgado et al (2004)” “Meyerhof
(1963)” and “Brinch Hansen (1970)”, as shown in Fig. 9. A compar-
ison with the FE analyses results, indicated as “Vonn,” showed that
the conventional methods underestimated the capacity, and that the
difference between the prediction and the FE analyses results
increased with the L/D ratios. The primary reason for the under-
estimation is the fact that conventional methods do not consider
skin friction along the skirt of the bucket.

Fig. 10 shows a comparison of the horizontal capacity for
different bucket foundations from the FE analyses and other
published solutions. The solution by Gourvenec (2008) and the
upper bound solution by Bransby and Randolph (1999)
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underestimated the capacity, except for L/D=1.0 using the solu-
tion by Bransby and Randolph (1999). This phenomenon can be
explained by the effect of the foundation shape because the
solutions by Gourvenec (2008) and Bransby and Randolph
(1999) consider the foundations in 2D. By contrast, the present
study performed solution in 3D. In addition, the bearing capa-
cities from the Bransby and Randolph (1999) solution showed a
linear increase with increasing L/D ratios. The primary reason for
this is that the Bransby and Randolph (1999) solution does not
consider the combination of horizontal and rotational translations
with increasing L/D ratios.

4. Development of bearing capacity equations

Simple design equations were proposed for evaluating the
vertical and horizontal bearing capacities of the bucket founda-
tion. The equations divided the bearing capacity into several
components, which were evaluated based on the results of the
numerical analyses.

4.1. Vertical capacity

The published solutions underestimated the vertical capacity
of the bucket foundations. Therefore, several studies (House and
Randolph, 2001; Byrne and Cassidy, 2002; Yun and Bransby,
2007b; Zhan and Liu, 2010) suggested that the vertical bearing
capacity can be determined by summing up two components,
namely, end-bearing resistance (V) and skin friction resistance
(Vs), as shown in Fig. 11.

Vo=V, +Vs 2

Vp can be evaluated using Eq. (3), which has the same form of
the conventional methods as Eq. (1).

Vp = NedsdeyASy 3)

A comparison between the Vjyy curve and the curves of
previous methods is shown in Fig. 9. As shown in the figure, the
d.y factors in the conventional methods do not properly predict
the L/D ratio effect on the capacity. Therefore, the depth factor d.
was back-calculated by adopting Vpemy from the FE analyses
using Eq. (3), where N.=5.14, and d;=1.2. Vpgny Was evaluated
by averaging the vertical stresses in soil elements immediately
below the skirt tip level following the method of Yun and Bransby
(2007b).

Fig. 12 shows the back-calculated d., according to the L/D
ratios, and Eq. (4) was suggested to evaluate V. Interestingly, the
form of Eq. (4) is similar to that obtained by Gourvenec (2008) for
strip foundations.

2
dey =1+1.02 (g) —0.42 (g) (4)

The Vyremy curve shown in Fig. 9 was obtained as the average
frictional stress components acting on the skirt. The curve revealed

D
Soil surface
1 b
e 1 Trapped soil r ~
|

w
SR

Vp

Fig. 11. Definition of end-bearing resistance (V}) and skin friction resistance (V).
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Fig. 12. Depth factor d.y versus L/D ratios.

that the normalized Vygeny linearly increased with increasing L/D
ratios, indicating that Vs was only proportional to the side area and S,,.
Therefore, V; can be calculated by introducing the o factor:

Vs =anLDS, (5)

where « is the adhesion factor. For normally consolidated clay with
Su<50KkPa, =1 (Das, 1999).

4.2. Horizontal capacity

The horizontal capacity of the bucket foundations can be predicted
by analyzing the stress distribution along the bucket under the
horizontal load. Fig. 13(a) presents the active (041, 042) and passive
(0p1, 0p2) stresses, as well as the radial (.4, 7,2) and the base (75)
shear stresses mobilized on the foundation under the horizontal load,
as suggested by Reese and Sullivan (1980) and Bang and Cho (2001).

Notably, the numerical results exhibited that the failure mechan-
ism of the bucket foundation under the horizontal load changed
according to the L/D ratios. Therefore, stress distribution along the
bucket foundation was classified into two cases. One was the stress
acting on the bucket foundation with the combination of rotational
and horizontal translations for L/D > 0.5, as shown in Fig. 13(a). The
other was the stress acting on the bucket foundation with a purely
horizontal translation for L/D < 0.5, as shown in Fig. 13(b).

The horizontal bearing capacity can be calculated using
Egs. (6) and (7) based on the force equilibrium along the loading
direction.

Ho =Py+Tgge—Tppe L/D>05 6)

Ho=Py+Tsge+Tpee L/D<0.5 7

where P, is the normal resistance, T4 is the radial shear
resistance, and Ty is the base shear resistance.

Each component in the horizontal capacity was evaluated as
follows:

4.2.1. Normal resistance (P,)

According to the equilibrium condition in Fig. 13, the normal
pressure (p,) along the loading direction for the bucket foundation
can be expressed as Egs. (8) and (9).

Pu=0p1+0a2—0aq2—0p2 L/D >0.5 (8)

Pu=0p—0a L/D<0.5 9)

Fig. 13(c) shows the distributions of p,, and 7, along the bucket
foundation circumference. The normal stress p, becomes the
maximum and minimum values at =0 and 0= + 7/2, respec-
tively. The radial shear stress reaches the maximum and mini-
mum values at 0= + 7/2 and 6=0, respectively.
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Fig. 14. Normal horizontal stress distributions along bucket foundation.

The active and passive stresses developed on the bucket
foundation were calculated by averaging lateral stress compo-
nents in the outer soil elements immediately adjacent to the skirt.

Fig. 14 presents the variations of a normalized p,/S, and a
normalized depth z/D (where z is the depth below the ground
surface) for different L/D ratios. The results showed that p, was
approximately 4S, at the ground surface for all cases, which then
increased linearly up to a depth of z=0.37D. Below z=0.37D, p,/S.,
decreased linearly and had the opposite direction below a depth
of z=0.9D. Interestingly, the distribution shape of the normal
resistance in this study was similar to that obtained by Prasad and
Chari (1999) for a short pile in cohesionless soil.

The following two equations were proposed to fit the average
values of p,/S,:

pu=(4+595 g) xS. 0<z/D<037 (10)
z
Py = (11.02_13.02 5) xSy z/D>037 (11)

The normal resistance, P, can then be calculated by integrating
pu along depth as follows:

L
Puzo.s/ p,nDdz (12)
0

4.2.2. Radial shear resistance (Tsige)

Radial shear stresses (7,) on the bucket foundation were
obtained by averaging the radial shear stress components in the
outer soil elements immediately adjacent to the skirt.

Fig. 15 presents a normalized 7,/S, with z/D. t,/S, was approxi-
mately —0.26 from the ground surface to a depth of z=0.5D for
all cases. t,/S, increased linearly to an approximately positive
value of 7,/S,=0.26. In addition, 7,/S, became zero at different
depths with different L/D ratios.

The average values of 7,/S, were fitted by Eq. (13), which applied
upper and lower limit values of 0.26 and — 0.26, respectively.

Tr z L
-0.26 < S, = {5.25—(2.55 +1.4>} <0.26 (13)

Radial shear resistance can be calculated by integrating 7,
along the depth as follows:

L
Tside:/ 'L'rTCDdZ (14)
0

4.2.3. Base shear resistance (Tpase)

The base shear stress, 7, at the skirt tip level of the foundation
can be calculated as o x S, in Eq. (5). Therefore, the base shear
resistance can be given by

Those =Tp x A (15)

5. Discussions

The undrained shear strength of clay varies with depth and the
non-uniformity of clay should be considered for practical design.
Therefore, additional analyses on the non-uniform clay were
performed. The undrained shear strength of the clay was assumed
to linearly increase with depth and had a general form of
Su=Sum+Kkz, as shown in Fig. 16. The kD/S,, value, which defines
the increasing ratio of the undrained shear strength with depth,
varied at 0.2, 0.4, 0.6 and « in the additional analyses.
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Fig. 16. Variation of undrained shear strength with depth (S,,,,=the undrained
shear strength of clay at ground surface; k is the strength gradient; z is the depth
below ground surface).

In the proposed equations, the undrained shear strength at
different depths was adopted to consider the non-uniformity of
the clay.

Vertical capacity consisted of the end-bearing resistance V,
and the skin friction resistance V;. To evaluate Vj, several
researchers suggested that S, can be selected as the value at
depth D/3 (Skemton, 1951) or D/4 (Byrne and Cassidy, 2002)
below the skirt tip. In the present study, S, in Eq. (3) was selected
as the value at depth D/10 below the skirt tip to match the FE
results. The S, for evaluating Vi in Eq. (5) can be selected as an
average S, along the skirt length L. This procedure was also
suggested by Yun and Bransby (2007b).

Horizontal capacity consisted of the normal resistance P,, the
radial shear resistance T4 and the base shear resistance Tpgse. Su
for evaluating P, and T4 in Eqs. (10), (11) and (13) was selected
as the S, value at depth 2L/3 from the ground surface. Ty can be
evaluated using S, at the depth of skirt tip level.

Tables 1 and 2 compare the predicted capacities from the
proposed equations with those from the FE analyses. The pre-
dicted capacities in the uniform clay (kD/S,,=0) condition was
also compared in the tables. The differences between the
proposed equations and the FE analyses for the vertical and
horizontal capacities were only 0%-5.96% and 0%-10.23%, respec-
tively. Therefore, the proposed equations can be ideally applied

Table 1

Comparison of normalized vertical bearing capacity Vo/(A - Suase))-

81

L/D=0.25 L/ID=0.5 L/D=0.75 L/D=1.0
Proposed FEM Proposed FEM Proposed FEM Proposed FEM
kD/slHﬂ
0 8.58 8.75 10.67 10.78 12.43 12.47 13.87 13.95
2 9.39 9.96 1093 11.12 12.10 12.05 12.93 12.88
4 9.79 1041 11.02 11.13 12.02 11.61 12.74 12.45
6 9.96 10.55 10.88 10.86 11.69 1145 12.24 12.27
o0 10.86 11.51 10.90 10.81 11.44 11.44 11.86 11.93
Error (%) 2.00-5.96 0.18-1.71 0.00-3.53 0.24-2.33

Note: Sy(pasey=undrained shear strength of clay at the skirt tip level.

Table 2

Comparison of normalized horizontal bearing capacity Ho/(A - Su(base))-

L/D=0.25 L/D=0.5 L/D=0.75 L/D=1.0
Proposed FEM Proposed FEM Proposed FEM Proposed FEM
kD/Sym
0 3.65 3.35 4.43 482 6.14 557 5.92 5.92
2 3.19 3.08 3.73 4.00 4.68 434 4.15 4.19
4 3.09 295 3.41 3.67 4.33 4,01 3.86 3.86
6 3.00 2.85 3.25 3.50 4.16 3.85 3.73 3.72
© 2.72 2.58 2.78 3.02 3.73 3.46 3.41 334
Error (%) 3.57-8.96 6.75-8.09 7.80-10.23 0.00-2.10

for the prediction of the capacity of the buckets in uniform and
non-uniform clays under undrained conditions.

6. Conclusion

This paper presents the results of three-dimensional numerical
analyses of the bucket foundations in normally consolidated clay.
The following conclusions were drawn from the present study.

1) The vertical bearing capacity of the bucket foundation was
properly evaluated via FE analyses. The vertical bearing capacity
increased with increasing L/D ratios. However, the increase in
the vertical bearing capacity was not linear because of the
transition of the failure mechanism, from a traditional Prandtl
surface failure to a flow mechanism and subsequently, to a
confined mechanism.

2) The horizontal bearing capacity increased with increasing L/D

ratio. A linear increase of the horizontal bearing capacity was

observed for foundations with L/D < 0.5, whereas a non-linear
increase was observed for those with L/D > 0.5. These phenomena
can be attributed to the effects of the combination between

horizontal and rotational translations from the increase in L/D

ratios. Hence, the effects of this combination became more

significant as more rotation and less sliding governed the
failure.

Simple equations were proposed for calculating the vertical

and horizontal bearing capacities of the bucket foundations in

undrained clay. The vertical bearing capacity of the bucket
foundations can be obtained via two components, namely,
the end-bearing resistance and the skin friction resistance. The
horizontal capacity in the proposed equations consisted of the
normal resistance, radial shear resistance, and base shear
resistance. Comparison between the results of the FE analyses
and the proposed equations showed that the proposed equa-
tions can be used to evaluate the vertical and horizontal
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capacities of the bucket foundations in uniform and non-
uniform clays under undrained conditions.
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