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Abstract. The government of SouthKorea is currently implementing the national
plan of developing offshore wind energy in the southwestern sea of the Korean
peninsula. The aim is to decrease the nation’s consumption of carbon emission
technologies and increase renewable energy consumption.A tripod bucket founda-
tion has been identified as a feasible foundation to support offshore wind turbine
structures. This type of foundation is subject to failure by moment, horizontal,
and pullout loadings due to the impact of wind and wave loads. The pullout of
one bucket determines the stability of the entire tripod system, and should be
investigated to fully satisfy the applicability of the tripod bucket foundation in the
ongoing campaign. Therefore, a series of 1-g experimental tests were conducted
on the model suction bucket to evaluate the pullout capacity under drained and
undrained conditions. Soil deformations outside the bucket, soil heave, and suc-
tion force inside the bucket are discussed. A simple approach is proposed to guide
the pullout capacity evaluation under drained and undrained conditions.

Keywords: Suction bucket · 1-g experimental test · Drainage condition · Pullout
capacity · Sand

1 Introduction

In response to the United Nation’s requirement for countries to mitigate greenhouse gas
emissions, the South Korean government plans to increase renewable energy production
from 4.8% to 20% by 2030 [1]. The latest 8th basic plan of South Korea for power
supply and demand shows that offshore wind power is expected to contribute 23% of the
total renewable energy production by 2030 [2]. The South Korean government, through
the Ministry of Trade, Industry, and Energy, is currently progressively promoting the
construction of offshore wind farms in the southwestern sea of the Korean peninsula.
The development plan (Fig. 1) comprises the following three phases: phase 1-verification
(2011–2018), phase 2-demonstration (2018–2020), and phase 3-expansion (2020–). This
plan will increase the offshore wind capacity of the nation from the current 124 MW
to 12 GW by 2030 [3]. The construction of 400 MW and 2 GW plants is scheduled to
commence in 2022 and 2023, respectively. Nearly 2.46 GW will be generated by 2028,
which is sufficient to supply electricity to 2.24 million households. Site investigations
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revealed that the southwestern sea is an ideal site for wind power generation due to favor-
able wind speeds (>6.9 mm/s), shallow to deep waters (10–60 m), and short distances
from the on-land sub stations [4].

Fig. 1. Development plan for offshore wind power projects in Korea [5].

A tripod bucket foundation has been identified as a feasible foundation to support
offshore wind turbine structures [5]. The tripod bucket foundation is subject to failure
by moment, horizontal, and pullout loadings due to the impact of wind and wave loads.
The moment and horizontal capacities of the tripod bucket in this offshore environment
have been addressed by previous studies. The pullout of a bucket in the tripod bucket
foundation governs the stability of the entire tripod bucket system [6]. The pullout of
one bucket can destabilize the entire tripod group, ultimately causing the breakdown
of the entire foundation system. Figure 2 shows an illustration of the tripod bucket
failure. The uplifting bucket is subjected to tension, while the downward buckets are
subjected to compression.Therefore, evaluating the pullout capacity of the suctionbucket
is necessary. Moreover, the bucket has the least resistance to pullout when the pullout
load acts in the vertical direction [7]. Tran et al. [8] discussed the relationship between
the pullout and moment capacities of the bucket. The moment capacity can be calculated
by considering the spacing of buckets, the pullout capacity of the upward bucket, and
the vertical weight of the wind turbine structure.
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Fig. 2. Failure mechanism of a tripod bucket system [8].

2 Previous Studies on Pullout Capacity

The pullout capacity is considerably affected by the drainage condition of soils surround-
ing the bucket. Drainage conditions include drained, partially drained, and undrained
conditions. Figure 3 shows failure modes of the bucket under the aforementioned
drainage conditions. The drainage condition is influenced by suction developed inside
the bucket during bucket pullout. This suction depends on factors, such as loading rate,
drainage length, hydraulic conductivity, and shear strength properties of the soil [9].

A drained condition is induced by slow loading rates [10]. The suction pressure
generated inside the bucket is substantially small under this drainage condition such that
no soil is uplifted inside the bucket. The bucket resists uplift by friction resistance of the
inner and outer faces of the bucket skirt. The skin resistance increases with the increase
in friction angle of soil. Analysis of data from a centrifuge test study on model suction
bucket foundations revealed that drained pullout capacity increases as a power function
of bucket embedment depth at constant diameter [11]. The drained pullout capacity
equals to the summation of the total skin resistance and the submerged weight of the
bucket and its components because the bucket is pulled out by the sliding of the inner
and outer faces of the bucket skirt [9, 12]. An accurate prediction of drained pullout
capacity can be obtained by applying the equations proposed by Houlsby et al. [13],
which account for the reduction of the vertical effective stress close to the bucket. The
reduction of effective stress is due to friction forces along the bucket.

A partially drained condition, which exists between drained and undrained con-
ditions, is characterized by partial uplift of the soil plug. A gap may form under the
lid during the uplift of the bucket. Seepage into this gap leads to loss of suction. The
generated suction increases with the loading rate, thus raising the volume of entrapped
soil [14]. The pullout capacity under partially drained conditions can be predicted by
summing up the submerged weight of the bucket, bottom resistance, and the outer skirt
resistance [12]. Previous studies proposed that the pullout capacity in sandy ground can
be predicted by equations suggested by Houlsby et al. [13]. The equations apply a factor
to suction measured below the lid of the bucket. The factor accounts for the skin friction
coefficient (Ktanδ) and the change in embedment depth.

The undrained condition occurs at rapidly fast loading rates, which hinder the dissi-
pation of suction. Gap formation under the lid is absent under undrained condition, and
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all soil trapped inside the bucket uplifts with the bucket. The pullout capacity increases
as the uplifted soil plug volume increases. The generated suction force also increases and
may contribute over 60% of the pullout capacity [15]. Previous studies suggested several
models to evaluate the undrained pullout capacity. These models are summarised by the
studies of Thorel et al. [16] and Patel and Singh [17]. The majority of these models were
developed from studies on clay grounds (e.g., [18, 19]); therefore, their application to
buckets in sandy ground might be limited. The general expression for undrained pullout
capacity of a cylindrical caisson can guide the prediction of undrained bearing capacity
in sandy ground [9]. The undrained pullout capacity is equal to the sum of submerged
weights for the bucket and soil plug, the bottom resistance, and the outer skin resistance
of the bucket. The outer skin resistance is calculated using the effective stress approach
considering the increase in effective stress due to seepage along the outer skirt. The
undrained pullout, which is a reversed end-bearing failure, and can be theoretically eval-
uated by applying the reversed bearing capacity theory [12]. Previous studies predicted
that the undrained pullout capacity is approximately three times larger than the drained
pullout capacity [9, 17]. Sandy ground occupies a considerable portion of the current
project site. Until now, information to support the evaluation of pullout capacities in
sandy ground is limited. [9, 20, 21]. Further studies are necessary to develop simplified
solutions that can guide the prediction of the pullout capacity.
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Fig. 3. Failure modes of the bucket during pullout loading (Modified after [12]).

3 Pullout Capacity According to Drainage Condition

Aseries of 1-g experimental testswere conducted on a singlemodel bucket to evaluate the
pullout capacity. The pullout load of the bucket was varied by applying different loading
rates to induce bucket pullout under drained partially drained and undrained conditions.
Soil heave and suction force inside the bucket are comprehensively discussed, and a
simple approach is proposed to guide the pullout capacity evaluation under drained and
undrained conditions.
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3.1 Model Preparation and Testing

Figure 4 shows bucket models applied in the current study. Experimental data were
obtained by applying the aluminum bucket. The polycarbonate bucket was purposely
applied to enable visualization andmonitoring of soil heave phenomena inside the bucket
during the pullout process.

The aluminum model bucket had a Young’s modulus (E = 70 Gpa), lid and skirt
thicknesses of 5 and 1mm, respectively. Themodel dimensions were obtained by scaling
down geometric parameters of a commonly used steel prototype bucket (E = 210 Gpa)
with L/D = 1.0 (L = 15 m). The scaling laws proposed by Wood [22] were adopted
by applying the geometric scale ratio of 1:100 for length. The soil box had a diameter
of 600 mm and height of 450 mm. Preliminary finite element analyses proved that, the
boundary extents of the soil box had no effect on the pullout capacity. The model ground
was saturated loose silica sand with the following properties: mean grain size (Dmean =
0.11 mm), permeability (k = 2.51 × 10–4 m/s), relative density (Dr = 28%) and specific
gravity (Gs = 2.65).

Fig. 4. Model suction bucket (L/D = 1.0).

Dry sand was initially submerged in water and allowed to saturate completely for
a period of at least 48 h [23]. The model ground was prepared by pluviating saturated
sand particles in water [24, 25] using the following procedure. A sieve (ASTM No.
40) was stacked on top of the soil box shown in Fig. 5. The soil box was filled with
water, ensuring that the mesh is fully submerged. Saturated sand was dispersed over
the submerged mesh. The sand particles dropped in water and settled with a uniform
velocity inside the soil box. Themodel groundwas loose with an average relative density
(Dr) and saturated unit weight (γ sat) equal to 28% and 17.3 kN/m3, respectively). The
same procedures were adopted to make the model ground for each experimental test.
Drainage holes on the lid of the bucket were opened, and the bucket was slowly pushed
into the ground at an average velocity of 0.0625 mm/s, which was sufficiently slow to
limit excess pore water pressure generation in the soil. Bucket penetration was stopped
when the lid touched the ground surface.

Figure 5 shows the test set-up used to conduct the experimental tests. The test equip-
ment applied the load-controlled method. This test set-up was adopted because it allows
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the implementation of extremely slow loading rates e.g. 0.004 N/s. Extremely slow load-
ing rates are difficult to implement using the existing test methods. The instrumentation
included two linear variable differential transformers to measure bucket displacement,
a load cell to measure the pullout load, and pore pressure transducers to measure suc-
tion pressure developed inside and below the bucket during uplift. A loading wire was
set to pass over the pulley system connecting the bucket on one end while suspending
the loading container on the other end. The control valve was opened to induce bucket
pullout load and regulate a uniform flow of water into the loading container. As water
accumulated in the loading container, the tension in the loading wire increased, thus
applying a pullout force on the bucket. The above procedure was repeated for all loading
rates in the test program. The test program was designed to apply loading rates of 0.004,
0.008, 0.08, 0.66, and 2.05 N/s.
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Fig. 5. Set-up of the test equipment for bucket pullout loading.

3.2 Results and Discussions

Pullout Capacity Considering Drainage Condition. Figure 6 shows the pullout load
versus pullout displacement (w/D), where w is the upward displacement and D is the
bucket diameter. The skin resistance is considerably mobilized at the onset of load
application. When the pullout load exceeds some critical value, large displacements
occur at small increments in pullout load. Figure 7 shows the suction pressure generated
below the lid and tip of the bucket. The generated suction depends on the magnitude
of applied loading rate. The larger the loading rate, the larger the generated suction
force. The trend for the increase of suction force below the lid was similar to that of the
load–displacement curve, indicating that the generated suction force governs the pullout
resistance. The bottom suction resistance increased with the suction inside the bucket.



28 S.-R. Kim et al.

Fig. 6. Pullout load-displacement curves of the bucket.

Fig. 7. Suction force below the lid and tip of the bucket.

The tangent intersection method was applied to estimate the pullout capacity (V0)
as illustrated in Fig. 6 [26, 27]. The displacement at V0 was recorded and applied
to estimate the suction force (Fs0) mobilized at pullout capacity. Figure 8 shows the
increase of suction force during uplift. The suction force inside the bucket was not
constant during bucket pullout for each loading rate, but increased with bucket uplift as
shown at displacement ratios (w/D) of 3.3%, 10%, and 16%.

Figure 9 shows the variation of pullout capacities (V0) and suction force (Fs0) with
loading rate. The pullout capacity rapidly increased with loading rate from 0.004 N/s
to 0.66 N/s. However, over 2.05 N/s indicates the absence of significant changes in the
pullout capacity. The rapid increase in pullout capacity was due to the increase in suction
force generated inside the bucket. The experimental data are plotted as shown in Fig. 9.
A curve defined by a hyperbolic function was found to best fit experimental data. The
drained pullout capacity (Vd) was 22.1 N and occurred at a loading rate of 0.004N/s with
negligible suction force. The undrained pullout capacity (Vu), the lid suction (Fsu(lid)),
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and the tip suction (Fsu(bottom)) were estimated to be 75, 48.3, and 18.1 N, respectively.
The undrained pullout capacity occurred at loading rates larger than 2.05 N/s.

Table 1 summarizes the pullout capacities, top and bottom suction forces, and the
percentage contribution of suction on pullout capacity. The suction force inside the
bucket mainly contributed to the increase in pullout capacity at loading rates larger than
0.66 N/s.

Fig. 8. Example of the increase in suction force (under lid) during bucket uplift.

Table 1. Pullout capacity and suction force inside the buckets.

Loading rate
(N/s)

V0 (N) Fs(lid)
(N)

Fs(tip)
(N)

Fs(lid)/V0 Fs(tip)/V0 (%)

0.004 22.1 ≈0 ≈0 ≈0 ≈0

0.008 26.66 3.34 1.32 12.53 10.54

0.08 41.97 18.51 5.11 44.10 11.59

0.66 57.07 32.53 10.06 57 17.65

2.05 71.6 44.48 15.92 62.12 25.63

As previously discussed, the suction pressure increased with the loading rate. The
suction pressure below the bucket tends to resist uplift, but its percentage contribution to
pullout capacity is small compared with the suction effects under the lid. Figure 9 shows
a simple evaluation in which the sum of Fsu(lid), Fsu(tip), and Rs(outer skirt) is approxi-
mately equal to Vu. Rs(outer skirt) is estimated to be half of the difference between Vd and
submerged bucket weight (Wb

′ = 7.61 N).

Drained (Vd) and Undrained (Vu) Pullout Capacities. Figure 10 shows the heaving
of soil inside the bucket during pullout. The drained condition is observed in Fig. 10a,
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Fig. 9. Drained and undrained pullout capacities from the experimental test data.

which shows an empty bucket pullout. When the skin friction is exceeded, the bucket
rapidly uplifts without the soil plug, and no settlement takes place in the soil surrounding
the bucket. The drained pullout capacity can be evaluated by applying Eq. (1). The
undrained condition is demonstrated in Fig. 10b, which shows that all the entrapped soil
uplifts with the bucket. The mobilized suction force is larger than the weight of the soil
plug. When a full soil plug was uplifted, the measured tip suction was approximately
50% of lid suction.

(a) 0.004 N/s (b) 2.05 

Fig. 10. Bucket pullout at slow and fast loading rates.

V0 = Rs(outer skirt) + Rs(inner skirt) + Wb
′ (1)

where Rs(outer skirt) = Rs(inner skirt) = γ ′L
2 × K tan δ × π × D × L, γ ′ is the effective

unit weight of soil, K = lateral earth pressure coefficient, and δ is the soil–bucket skirt
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interface angle of friction. The submerged weight of the bucket (Wb
′) is 7.61 N, and

K tan δ is estimated as 0.182.
Figure 11 shows the balance of forces acting on the bucket during undrained pullout

loading. The bucketwith soil act as one body during the undrained pullout. The undrained
pullout capacity can be estimated by applying Eq. (2). The maximum tensile force
(Fs(bottom)) is assumed to be limited to the buoyancy at the bottom of the bucket (γwLA).
It is also assumed that the increase in Rs(outer skirt) due to downward seepage force equals
to the decrease in Rs(inner skirt).

Vu = Wb + Wsoil + Rs + (γw × H × A) − (γw × H × A + γw × L × A) + Fs(bottom)

Vu = Wb + Wsoil + Rs − (γw × L × A) + Fs(bottom) (2)

Fig. 11. Forces acting on the bucket during undrained pullout loading.

where Wb and Ws are the respective weights for the bucket and soil, Fs(bottom) is the
suction force at the bottom of the bucket,H is the water level from the top of the bucket,
and L is the height of the bucket. The water pressure at the bottom of the bucket is equal
to γw× (H + L)×A. At the ultimate pullout limit state, Fs(bottom) is equal to γw×L×A,
and the ultimate pullout capacity can be estimated by applying Eq. (3).

Vu = Wb + Wsoil + Rs (3)

Rs considers the Rs(outer skirt) and Fseepage. Fseepage is assumed equal to Rs(inner skirt),
and Vu can be predicted by applying Eq. (4).

Vu = Wb + Wsoil + Rs(inner skirt) + Rs(outer skirt) (4)
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where Wb and Wsoil are the respective weights for the bucket and trapped soil, and
RS can be evaluated by applying K tan δ = 0.182.

Equation 4 predicted Vu = 68.9 N, while Fig. 11 (Hyperbolic fit) predicted Vu =
75 N. The percentage difference between the two values is 8.5%, which is less than 10%.
Therefore, Eq. (4) can be used to obtain a reasonably estimate for Vu.

The current study has a number of limitations. The bucket models of the current
study are small and besides, experimental tests were conducted under 1-g conditions. As
expected, the pullout loads are smaller compared to those usually encountered in field
practice. Therefore, the effects of cavitation on the pullout capacity of model buckets
are insignificant. In typical offshore bucket foundations, large pullout loads impact the
suction bucket. The cavitation of the pore fluid beneath the bucket significantly limits
the increase of pullout capacities at larger loading rates. Cavitation of the pore fluid
is estimated to occur at a pressure of −100 kPa. Furthermore, bucket foundations are
subjected to cyclic loads of wind and waves of various magnitudes. Factors that affect
the cyclic response e.g. load inclination and number of cycles are not addressed by the
current study.

4 Conclusion

This study discussed experimental observations and findings on the pullout capacity of
a single bucket by conducting a series of 1-g experimental tests. The pullout load of the
bucket was varied by applying different loading rates to induce bucket pullout under
drained to undrained conditions. The following conclusions are drawn.

The tripod bucket foundation is a feasible foundation for offshore wind turbines in
the southwestern sea of the Korean Peninsula. The tripod bucket foundation is subject
to failure by moment, horizontal, and pullout loadings. The pullout capacity of a single
bucket governs the design of a stable tripod bucket system.

The pullout capacity is significantly affected by the drainage condition of the soil sur-
rounding the bucket. A drained condition is induced by a slow loading rate, and the suc-
tion force generated in the soil is substantially small and negligible. The undrained condi-
tion is induced by a fast loading rate. The suction force generated is large, which provides
remarkable contributions to the pullout capacity. The partially drained condition, which
exists between the drained and undrained conditions, is induced by intermediate loading
rates. As the loading rate increases, the pullout capacity increases proportionally to the
induced suction force.

The drained pullout capacity can be predicted by combining skin resistances along
the inner and outer bucket skirts and the submergedweight of the bucket.Meanwhile, the
undrained pullout capacity can be estimated by combining the soil plug weight, bucket
weight, and the inner and outer skirt resistances of the bucket.
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