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Abstract

The subsea anchor piles of offshore wind power floating platform structures
are mainly subjected to uplift and horizontal loads, and this paper focuses on
the case of horizontal loads. A three-dimensional numerical simulation study
of the horizontal pullout characteristics of wind power suction anchor piles in
clay layers was carried out to reveal the horizontal movement state of the
anchor piles during horizontal pile pullout, the range of pile depth at the pul-
lout point where the horizontal movement is achieved (referred to as the ho-
rizontal movement range), the relationship between the pullout load and the
ultimate load during the horizontal movement, and the optimal location of
the pullout point for the horizontal movement. The results show that at cer-
tain pull-out points, the anchor pile produces an overall horizontal move-
ment state under suitable horizontal pull-out loads. The depth of the pile
pull-out point for horizontal movement is in the middle and lower part of the
pile, ie 14.2 m to 14.5 m. The horizontal pull-out load of 24,000 kN at a
depth of 14.5 m within the pile horizontal movement range of 14.2 m to 14.5
m is the maximum ultimate horizontal pull-out load; the optimum pull-out
point depth is 14.5 m at 0.275 L (L is the pile length). For each pull-out point
of the anchor pile in horizontal movement, the horizontal pull-out load in
horizontal movement and the horizontal ultimate pull-out load existed and it
was found that the two values were not exactly the same, the values were
compared and it was found that at the optimum pull-out point the value of
the ultimate horizontal pull-out load/horizontal pull-out load in horizontal
movement tended to 1.
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1. Introduction

Wind energy is a renewable and clean energy source, and compared to onshore
wind energy, offshore wind energy has more obvious advantages [1] [2]. In
shallow water depths of less than 50 m, offshore wind power generation general-
ly uses fixed foundation structures, ie. pile foundations, gravity foundations and
barrel foundations inserted directly into the seafloor strata.

With the gradual increase in national demand for offshore wind energy, the
development of wind energy in shallow areas with water depths of less than 50 m
will gradually become saturated; with offshore wind power going far out to sea
and deep-sea areas is an inevitable trend.

At water depths of more than 50 m, wind speed is stable and wind shear is
low, which has the unique advantage of wind power generation. In this water
depth, if a fixed foundation structure is used, the cost will increase significantly
and is currently technically difficult to achieve. Therefore, in water depths of
over 50 m, wind power generation equipment needs to use floating foundations.
Compared to fixed foundations, floating foundations have the advantages [3] of
good mobility, easy dismantling and can be recycled at the end of their service
life.

At present, there are three basic forms of wind power floating structures, name-
ly the single column type (Spar), the semi-submersible type, and the tension leg
type (TLP). The mooring system of wind power floating structures mainly con-
sists of anchor chains and pile anchors, as shown in Figure 1(a). The anchor
piles of offshore wind power floating platform structures are mainly subjected to
uplift loads and horizontal loads [4], where the anchor piles of TLP platforms
are mainly subjected to vertical uplift, while the anchor piles of SPAR platforms
and semi-submersible platforms are mainly subjected to diagonal uplift and ho-
rizontal uplift (Figure 1(a)).

The pile anchor form of offshore wind power floating structure is divided into
two types according to the construction method, one is the suction barrel foun-
dation with negative pressure sinking technique, whose actual depth into the sea
subsoil has exceeded 40 m, and the other is the ordinary pile foundation with
self-drilling and underwater hammering, whose actual depth into the sea subsoil
has exceeded 130 m. where the suction barrel is also called suction anchor, suc-
tion barrel pile, suction pile, which is referred to in this paper as seafloor suction
anchor pile, or seafloor suction Anchor piles.

The suction anchor pile is a barrel-shaped thin-walled steel structure with an
open bottom end and a closed top end with a pumping outlet [5] [6]. Compared
to traditional pile foundations, suction anchor piles are less expensive, easier to
transport and quicker to install on site, can be reused and can resist larger hori-
zontal loads and bending moments. Therefore, suction anchor piles are very
widely used in offshore wind power projects.

The research in this paper focuses on the case of seafloor suction anchor piles

for floating platform structures subjected to horizontal loads. Some research
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Figure 1. Diagram of horizontal movement and numerical model of a seafloor anchor pile for a
wind turbine floating structure.

[7]-[14] has been carried out on the horizontal load behaviour of seafloor suc-
tion anchor piles.

Jin Shucheng et al [9]. used a three-dimensional finite element model to ana-
lyse the destabilisation damage mechanism of suction barrel foundation when
horizontal load is applied slowly, to explore the bearing performance of barrel
foundation with different length-to-diameter ratios, to study the distribution of
soil pressure on the external wall inside the barrel and the position of the rota-
tion axis, and to derive the formula for calculating the horizontal ultimate bear-
ing capacity of barrel foundation for saturated sand foundation according to the
limit equilibrium solution method. Cui Yonggang [10] measured the ultimate
bearing capacity of the corresponding pile under two situations of sandy soil and
clay soil, combined with the soil parameters and barrel model specification pa-
rameters to give the ultimate horizontal bearing capacity calculation formula
under the experimental environment, and then applied ABAQUS finite element
analysis software to obtain the corresponding simulated horizontal bearing ca-
pacity. Based [11] on the three-dimensional finite element method, Liu Jinlong
et al. analysed the horizontal bearing characteristics of the suction anchor pile
foundation. [12] Based on the finite element model, Wang Peng et al. studied the
influence of mooring point location, direction and anchorage depth on the bearing
capacity of anchor piles.

The horizontal loads in the above studies are applied to the top of the pile of
the subsea suction anchor pile; less research has been conducted on subsea suc-
tion anchor piles where the horizontal loads are applied to the pile body. The
horizontal load in this study is applied to the pile body. There are three damage
modes for seafloor suction anchor piles with horizontal loads applied to the pile
body. The maximum ultimate pullout force is generally the case when the anc-
hor pile is translating (Figure 1(a)) [11], and the translating state is one of the
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most important states and is well worth studying. However, no studies specifi-
cally addressing the horizontal movement state of anchor piles have been found.
In view of this, this paper investigates the horizontal movement state of a suction
anchor pile when the pile is subjected to horizontal pullout, the range of pile
depth at the pullout point where the horizontal movement is achieved, the rela-
tionship between the pullout load and the ultimate load during horizontal move-

ment, and the optimum location of the pullout point for horizontal movement.

2. Numerical Model and Parameters

The large international general geotechnical finite element software Plaxis 3D
was used to carry out the 3D numerical simulation and the axisymmetric model
was used in the numerical simulation, Ze. only half of the model was built. The
computational domain model is 50 m high, 60 m long and 30 m wide. 5 m di-
ameter and 20 m long suction anchor piles are used in the rigid body model. The
Mohr-Coulomb model is used for the soil principal model.

The research in this paper concentrates on the pile horizontal movement state,
optimum horizontal pull-out position, ultimate load, etc. To reduce the influen-
cing factors, the seafloor foundation soil layer is set as a homogeneous clay layer.
In fact, there are more [15] studies on the bearing properties of suction anchor
piles carried out in submarine clay layers.

The parameters of the submarine clay layer are: modulus of elasticity E = 6e4
kN/m?, Poisson’s ratio v= 0.31 and y = 19 kKN/m’. The 3D numerical model es-
tablished is shown in Figure 1(b), and the small green dots on the figure are the

locations of the horizontal pull-out points.

3. Numerical Simulation Results and Analysis

3.1. Horizontal Movement State of the Pile during Horizontal
Pulling

In the numerical simulation, the pulling points are set at different locations
throughout the pile from top to bottom for horizontal pulling. At each point, the
pulling load was increased from small to large and the load size was fine-tuned
up and down at any time. The numerical simulation results showed that there
were some pulling points where the whole suction anchor pile was produced in a
state of overall horizontal movement during the horizontal pulling process.
Considering the space, only the cloud diagram of the horizontal movement state
of the pull-out point at 14.5 m depth and the cloud diagram of the front and rear
inclination of the anchor pile, etc. are shown here, as shown in Figures 2-4.

A schematic diagram of the anchor pile in a horizontal movement state and
tilted back and forth is shown in Figure 5 and is illustrated as follows.

1) Within the depth range of 0 m - 14.1 m of the anchor pile, there is no hori-
zontal movement of the anchor pile under any horizontal pulling load Fx, it is all
forward inclined.

2) At a depth of 14.2 m in the pile, the anchor pile as a whole is translating
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(a) Anchor pile setback diagram (magnified (b) Horizontal displacement cloud during backward tilt
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Figure 2. The backward tilts of anchor pile when the horizontal pullout load Fx < 27,510 kN at 14.5 m.
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Figure 3. The horizontal movement of anchor pile when horizontal pullout load Fx = 27,510 kN at 14.5 m.

when the horizontal pulling load Fx is equal to 17,950 kN, and tilting back when
the horizontal pulling load is less than 17,950 kN, and tilting forward when it is
greater than 17,950 kN. It was also found that all between 17,950 kN and 5000
kN were horizontal movement, and less than 5000 kN were also almost horizon-
tal movement with a slight forward dip.

3) At a depth of 14.5 m, the anchor pile is shifted horizontally when the hori-
zontal pulling load Fx is equal to 24,000 kN, and is tilted back when the hori-
zontal pulling load is less than 24,000 kN, and is tilted forward when it is greater
than 24,000 kN.

4) Within the depth range of 14.6 m - 20.0 m of the pile body, there is no ho-

rizontal movement of the anchor pile under any horizontal pulling load Fx, it is
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(a) Forward tilt diagram (magnified 5x)
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(b) Horizontal displacement cloud during forward tilt

Figure 4. The forward tilts of anchor pile when the horizontal pullout load Fx > 27,510 kN at 14.5 m.
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anchor pile in horizontal movement and inclination.

all backward inclined.

3.2. Horizontal Movement Range and Optimum Drawing Position

It is known from the previous section that at certain pull-out points, under suit-

able horizontal pull-

out loads, the anchor pile produces horizontal movement.

The depth range of the pile pullout point where the horizontal movement state

exists is referred to as the horizontal movement range. It is found that the anc-
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hor pile horizontal movement range is 14.2 m to 14.5 m, as shown in Figure
5(a).

The horizontal pullout load-horizontal displacement curves of the representa-
tive pullout points of the whole pile body within the depth of 0 m - 20 m on the
pile body (5 pullout points at depths of 0 m, 5 m, 10 m, 14.5 m and 20 m) are
shown in Figure 6(a). The horizontal pullout load-horizontal displacement
curves for the two pullout points of 14.2 m and 14.5 m within the horizontal
movement range and the two pullout points of 14 m and15 m outside the hori-
zontal movement range are shown in Figure 6(b). From Figure 6(a) and Figure
6(b), it is found that the load-displacement curve of each pull-out point starts
with a gentle growth, then rises steeply and there is an abrupt turning point, and
the horizontal pull-out displacement at the turning point is between 50 mm and
200 mm.

It is also found from the diagram that the location of the pull-out point has a
great influence on the ultimate load carrying capacity of the suction anchor. 0 m
to 20 m depth range, the pull-out load carrying capacity of each different depth
pull-out point increases with depth, reaching the maximum pull-out load at 14.5
m depth, then the pull-out load becomes smaller with increasing depth. This is
more clearly seen from the horizontal ultimate pullout load-depth curve in Fig-
ure 7. The pull-out point at a depth of 14.5 m is therefore referred to as the op-
timum pull-out point and is located at 0.275 L (L is the pile length).

For each pull-out point of the anchor pile in horizontal movement, there ex-
ists a horizontal pull-out load in horizontal movement and a horizontal ultimate
pull-out load, and it was found that the two values do not exactly coincide, and
the two values were compared, as shown in Table 1, and it was found that the
value of the ultimate horizontal pull-out load/horizontal pull-out load in hori-

zontal movement tends to 1 at the optimum pull-out point.
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Figure 6. Comparison of load-displacement curves at the horizontal pull-out point of the anchor pile.
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Figure 7. Horizontal ultimate load-depth curve at pile pull-out point.

Table 1. Comparison of horizontal pull-out loads with horizontal ultimate pull-out loads
during horizontal movement.

Location  Horizontal pull-out Ultimate Ultimate horizontal pull-out
of pull-out load during horizontal horizontal load/horizontal pull-out load
points movement/kN pull-out load/kN  in horizontal movement
14.2 m 17,950 kN 20,000 1.114
14.5m 24,000 kN 23,000 0.958

4. Conclusions

Based on three-dimensional numerical simulations, the following conclusions
were obtained by carrying out the horizontal movement state of the anchor pile
during the horizontal pile pulling process of wind power suction anchor piles in
clay layers, the range of pile depth at the pulling point where the horizontal
movement is reached, the relationship between the pulling load and the ultimate
load during the horizontal movement, and the optimal location of the pulling
point for the horizontal movement.

1) At certain pull-out points, under suitable horizontal pull-out loads, the
anchor pile produces a state of overall translation. The depth range of the pile
pull-out points where the translational state exists is referred to as the transla-
tional range in the middle and lower part of the pile.

2) The load-displacement curve at each pull-out point of the pile body starts
with a gentle increase and then rises steeply, with an abrupt turning point.

3) Within the depth range of 0 m - 20 m, the position of the pull-out point has
a great influence on the ultimate horizontal pull-out force of the suction anchor
pile. The pull-out load at each location increases with depth and reaches a maxi-

mum at a certain depth, then the horizontal pull-out load becomes smaller with
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increasing depth, and the best pull-out depth is at 0.725 L (L is the pile length).

4) For each pull-out point of the anchor pile during horizontal movement,
there exists a horizontal pull-out load during horizontal movement and a hori-
zontal ultimate pull-out load, and it was found that the two values do not exactly
coincide, and comparing the two values, it was found that the value of the ulti-
mate horizontal pull-out load/horizontal pull-out load during horizontal move-
ment tends to 1 at the optimum pull-out point.

5) This thesis is a study of horizontal pulling in cohesive seafloor soil condi-
tions only. The horizontal movement state for sandy soils, multi-layered soils

and inclined pulling situations will be studied in a separate paper.
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