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Abstract

Modified suction caissons (MSCs) acting as offshore wind turbine foundations will generate the accumulated
rotation under cyclic loading resulted from waves. The accumulated rotation and the range of soil deformation
around the MSC under long-term cyclic wave loading were studied using 3-D numerical simulations. The Morison
equation was adopted to calculate the wave loadings. It was found that the MSC accumulated rotation increases
linearly with the increase of the logarithm of cyclic number. The normalized expression was proposed to reflect the
relationship between the accumulated rotation and cyclic number. The soil deformation range around the MSC
increases when increasing the cyclic number and loading amplitude. It can also be concluded that the accumulated
rotation increases rapidly with this change of excess pore pressure in the first 4000 cycles. The responses of the MSC
to wave and wind loads were also investigated. Results show that the accumulated rotation of the MSC under both
wave and wind loadings is larger than that under the wave loading only.
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1 Introduction

The offshore wind power has drawn more attention as it
has no CO, emission, no pollution and is highly economical
(Dean, 2010). An offshore wind turbine (OWT) foundation
suffers from both the vertical loading transmitted from self-
weight of superstructures and environmental lateral cyclic
wave and wind loadings (Awad-Allah et al., 2017; Liu et
al., 2019). Lateral cyclic loads have greater influence on the
OWT foundation over the vertical load, which leads to the
accumulation rotation and the soil deformation around the
foundation. According to China Design Code FD003-2007
(Hydropower and Water Resources Planning and Design
General Institute, 2008), the OWT foundation accumulation
rotation angle is strictly limited within 0.17°. Thus, it is of
importance to study the accumulated rotation behavior of
the OWT foundation induced by cyclic loading to guide the
foundation design.

The suction caisson has been regarded as an alternative
to a monopile for the OWT, which can be used in various
water depths (Senders, 2009). In order to increase the
foundation bearing capacity and to reduce the accumulation

rotation, the modified suction caisson (MSC) has been pro-
posed (Fig. 1), adding an external short-circular structure. A
series of experimental studies and numerical simulations
have been conducted on the MSC and the related results
show that the MSC can be installed in dense sand and clay
to the required depth by the combination of suction and self-
weight. In addition, the ultimate bearing capacity of the
MSC is larger than that of the regular suction caisson (RSC)
(Zhang et al., 2016; Li et al., 2015). Furthermore, Li et al.
(2017) carried out a series of numerical simulations on the
combined bearing behavior of MSCs and RSCs under the
equal steel mass. It is proven that the bearing capacity of
MSC is larger than that of the RSC under the same mass.
However, it is necessary to understand the MSC cyclic bear-
ing behavior and accumulated rotation under long-term lat-
eral cyclic loading.

Some ideas from the RSC or piles can be used to study
the response of the MSC to long-term cyclic loadings.
Nielsen et al. (2017) conducted model test to study the in-
fluence of the cyclic loading with the frequency of 1.0 Hz
on the mono suction caisson embedded in dense sand and
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Fig. 1. Sketch of the MSC.

found that the two-way loading leads to the largest rotation
of the foundation. Zhu et al. (2013) carried out experiment-
al research on suction caisson in dry sand to obtain the bear-
ing behavior under long-term loading under the fully
drained condition. The suction caisson settlement increases
with the increasing of the cyclic number and the cyclic amp-
litude. In addition, Yang et al. (2018) proposed the degrada-
tion stiffness model (DSM) to reflect the soil strength de-
gradation under long-term cyclic loading. They also pro-
posed a method of calculating the accumulated displace-
ment of the laterally loaded pile by considering the effects
of the cyclic number, embedded depth of pile and load amp-
litude. Nikitas et al. (2016) presented a simple loading
device that can apply millions of cycle loadings to estimate
the long-term performance of the pile, and the device also
takes the influence of wind and wave loadings into consid-
eration.

The bearing behavior of the MSC during long-term cyc-
lic wave loading was investigated with PLAXIS-3D soft-
ware. The influence factors of cyclic number, cyclic amp-
litude, and loading character on the accumulated rotation of
MSC were discussed. The range of the soil deformation
around the MSC was also obtained. The accumulated rota-
tion of the MSC under the combination of the wave load
and wind loads was also studied. Further, an expression was
obtained to calculate the MSC accumulated rotation.

2 Numerical modeling

2.1 Finite element model

The regular suction caisson foundation (RSC) for the
Vestas V90-3.0 MW wind turbine in the Frederikshavn
wind farm in Denmark was used in this study (Ibsen and
Brincker, 2004). The dimensions of the RSC and the corres-
ponding MSC are given in Table 1. It should be noted that
the self-weight of the MSC equals that of the mono suction
caisson. The wind turbine tower is 80 m high and self-
weight of the upper structure equals 1290 kN.

2.2 UBC3D-PLM constitutive model

A novel constitutive relationship, UBC3D-PLM
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Table 1 Dimensions of Suction Caissons

Dy(m) Ly (m) D,(m) L,(m) # (m) £ (m)
Regular suction caisson 6 18 - - 03 0.1
Modified suction caisson 6 12 2 2

(Tsegaye, 2010), was used for modelling the sand, which
can simulate the behavior of sand under cyclic and dynamic
loadings. In addition, it can reproduce the excess pore water
pressure accumulation and soil densification under cyclic
loading (Galavi et al., 2013). An introduction to the
UBC3D-PLM constitutive relationship is depicted as fol-
lows (Ju et al., 2016; Wobbes et al., 2017).

2.2.1 Yield surface
The critical yield surface defined by the Mohr-Coulomb
function is expressed by

Jm=

(O-;nax_ G:nin) - [% (O-;Hax_ +O—1/‘nin) +ccot Wp} sin Pmob»
O]
where f;, represents the yield function expression, o},,, and
o, ., represent the maximum and minimum principal stress,
respectively; ¢, is the pear value of the soil friction angle;
®mop 15 the mobilized friction angle during hardening; ¢ is

cohesion.

NI —

2.2.2 Elasto-plastic behavior and hardening rule
An isotropic, non-linear law is given in terms of the
elastic shear modulus (G) and the elastic bulk modulus (K).

D me
K= kzepref(_)

pll;ef ne (2)
G= kgpref(_
Pref

where p is the mean effective stress; p,.r is the reference
stress; kj’ and k; represent the bulk and shear modulus, re-
spectively, which are input parameters; me and ne define the
rate of stiffness.

The hardening rule formulated by Tsegaye (2010), con-
necting the increment of sine of mobilized friction angle
®mob With the plastic strain increment, is given as:

2
Rf) d4, 3)

np . .
dsingomob:l.Skgp( P ) L ref(l——m‘”mob

Pret)  Pm sing,,

where dsing,,, is the increment of the sine of mobilized
friction angle, dA represents increment multiplier of the
plastic strain, R; is the failure ratio, and p, is equal to
(0} +0%)/2.

The shear modulus factor k! is the function of the cycle
number used as an input parameter during first time loading.
During secondary loading, it can be obtained by
k?

Gsecondary

=] (44 75 Jhard - fun. @

where n,, is the shear stress number; hard is the factor re-
quired to correct the densification rule; f;.,, is the densifica-
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tion factor.

2.2.3 Soil degradation

The stiffness degradation of sand caused by post-lique-
faction is formulated based on the plastic deviatoric strain
related to the dilation of the soil. This leads to the soil stiff-
ness degradation during contraction after unloading. The
stiffness degradation law can be expressed as

kP

— P ...
Gpost—liquefaction — kG Eqil; (5)
Eg;1 = max (671 logdil;prost)» (6)

where £ . s the plastic shear modulus factor
Gpost—liquefaction

during liquefaction, &gj is the accumulation of the plastic
deviatoric strain generated during dilation of soil, and fgo
is the parameter to adjust post-liquefaction behavior.

2.2.4 Determination of parameters in the UBC3D-PLM

In this study, the marine fine sand with the particle size
range of 0.075—0.3 mm was collected from Qingdao sea re-
gion. The particle size distribution curve and physical para-
meters of the sand were obtained by Li et al. (2015). The re-
lative density D, equals 0.75 and internal friction angle ¢,
equals 20° which were obtained from laboratory tests. The
seepage coefficient of sand £=0.0825 mm/s and was calcu-
lated by using empirical equations in the PLAXIS software.
In order to obtain more accurate results, the seepage coeffi-
cient and the void ratio will be also obtained by doing labor-
atory tests in further studies. The parameters of sand are lis-
ted in Table 2.

Table 2 Parameters of sand

Parameter Value
Relative density D, 0.75
Elastic bulk modulus factor ky’ 920
Elastic shear modulus factor k;/ 1314
Plastic shear modulus factor 946
Elastic bulk modulus index me 0.5
Elastic shear modulus index ne 0.5
Plastic shear modulus index np 0.4
Reference pressure p,.¢ (kPa) 100
Constant volume friction angle ¢, (°) 20
Peak friction angle ¢, (°) 24.5
Cohesion ¢ (kPa) 0

2.3 Wave load calculation

The water depth is considered in this study to be 10 m,
the height (H) and period (7) of the wave are 3 m and 10 s,
respectively. Therefore, the corresponding wave length,
Lyaves €quals 75.9 m. The simplified wave load is calcu-
lated by using Morison equation (Morison et al., 1950;
Arany et al., 2017), and the methodology is in terms of the
Stokes third-order theory.

5
n= %;in cos [n(kx — wt)]; )
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n=1
where 7 is the surface elevation, u, is the horizontal particle
velocity, a, is the horizontal particle acceleration. In addi-
tion, the wave number k equals 2n/L,,,., the wave velocity ¢
equals L,../T, 4, is the coefficient determined by wave
number k and water depth 4,,.
The wave load can be expressed as:

2
Fy= johw %CDpDuxlu)Adz—i- Ohw %CMp%% (10)
where the density of seawater p=1.02 kg/m3, Cp, is the coef-
ficient of drag, Cy is the coefficient of mass. According to
China Classification Society (2005), the coefficient Cp
ranges from 0.6 to 1.2, and Cy; ranges from 1.3 to 2.0. It
defines Cp=1.2, C\;=2.0 in this study.

The wave load calculated by the Morrison equation is
applied in the position of 5 m above the caisson lid. Fig. 2
shows 10 cycles of horizontal wave load.

dz,

Wave load (kN)

s v v, v v v l‘l v
0 20 40 60
Time (s)

80
Fig. 2. Wave load—time period curve.

2.4 Procedures of numerical simulation

The 10-node tetrahedral elements were used for sand.
The sand domain dimensions are 10D in width and 5H in
height to avoid boundary effects. Displacements at the bot-
tom boundary are fully fixed and horizontally fixed at the
lateral boundaries. The viscous option of the dynamic
boundary condition was used to simulate the far-field beha-
vior by absorbing the increment of stresses caused by cyc-
lic loading spurious wave reflection inside the soil. The suc-
tion caisson-sand interface was simulated by using interface
elements.

The numerical modeling is conducted in three steps. The
first step is an initial stress generation step by using the K|
procedure. Then the suction caisson is installed to the de-
sire depth. In the last step, the cyclic response of suction
caisson to the long-term wave loading is analyzed.
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3 Accumulated rotation of suction caissons under wave
loading

3.1 Accumulated deflection of suction caissons

Fig. 3 gives the deflection-cyclic number relationships
of the RSC and the MSC in the first 100 cycles. It can be
found that the deflections of suction caissons vary with the
direction of wave load, and the accumulated deflection is
generated after each cycle. The deflection of the MSC de-
creases by approximately 21% compared with the RSC, in-
dicating that the MSC is capable of limiting the deflection
under wave loading.

3.2 Accumulated rotation and soil deformation around the
MSC
As shown in Fig. 4, the accumulated rotation of suction
caisson increases obviously with the increasing cyclic cycle.
When the loading cycle value exceeds 4000, the accumu-
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Fig. 3. Deflection of suction caissons under wave load.
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lated angular rotation value tends to be stable gradually. It
can also be found that the MSC can effectively limit the ac-
cumulated rotation compared with the RSC under the equal
steel mass.

The range of the deformed soil around the MSC under
various load cycles is given in Fig. 5. The deformed soil re-
gion increases with the increase of the loading cyclic num-
ber. As a result, the accumulated rotation of the MSC and
subsidence in the vertical direction are produced.

During cyclic loading, the excess pore water pressure
around the suction caisson increases and the effective stress
decreases simultaneously, leading to the soil strength de-
gradation. Therefore, the accumulated rotation of the suc-
tion caisson occurs. Fig. 6 gives the excess pore pressure
variations in sand inside and outside the internal structure of
the MSC during cyclic loading. The excess pore pressure in
sand inside the internal structure first increases with the in-
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Fig. 4. Rotation of the MSC under wave load.
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Fig. 5. Displacement contours of the MSC under wave load.
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Fig. 6. Excess pore pressure variations in sand inside and outside the MSC.

creasing of the cyclic cycles to the maximum value, then de-
creases sharply. On the contrary, the excess pore pressure in
sand outside the internal structure increases with the in-
creasing cyclic cycles. The excess pore pressure tends to be
stable when the cyclic cycle value reaches 4000. It can be
concluded that the accumulated rotation increases rapidly
with the change of excess pore pressure in the first 4000
cycles. As the excess pore pressures inside and outside the
internal structure trend to be stable, the increase of accumu-
lated rotation appears to have stabilized, as shown in Fig. 4.

4 Effect of waveform parameters on accumulated rota-
tion of MSC

4.1 Cyclic bearing behavior of MSC
In reality, most of wind turbines are installed in shallow
water, which are mainly subjected to asymmetrical sinusoid-
al cyclic loadings. Leblanc et al. (2010) has proposed two
independent parameters to define the asymmetrical sinus-
oidal cyclic loadings:
fb - FFmax Fumin i (11)
ult Fmax
where F ., and Fy,;, are the maximum and minimum loads
in each load cycle, and Fy is the monotonic MSC ultimate
bearing capacity and can be obtained from Fig. 7. In this
study, the ultimate bearing capacity is reached when the

& =

15000

10000
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Horizontal load (KN)
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=]
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Fig. 7. Load—displacement curve for the MSC.

MSC deflection reaches 0.1 times the diameter of the intern-
al compartment.

The dimensionless parameter &. donates the loading type
(Fig. 8); —1 is for two-way symmetrical loading, and 0 is for
one-way loading. The parameter &, represents the load amp-
litude, typically ranging from 0.1 to 0.5. The simulate pro-
gram addresses the range of &, and &, to analyze the MSC
accumulated rotation.
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Fig. 8. Cyclic parameters &, and &,.

4.2 Effects of &, and &. on the accumulated rotation of the

MSC

Fig. 9 gives the relationships between the accumulated
rotation and cyclic number of the MSC under different &,
and &, values. It can be concluded from the curves that an
increasing load amplitude will lead an increase in the accu-
mulated rotation. And the accumulated rotation increases
obviously in the first 4000 cycles. By comparing Fig. 9a
with Fig. 9b, it can be found that the one-way loading leads
to larger rotations of the MSC than the two-way loading.

Fig. 10 represents the relationship between the accumu-
lated rotation and the cyclic number in logarithmic form.
The accumulated rotation (AG(N)) of MSC follows a linear
relationship with the logarithm of the number of cycles. The
relationship can be expressed as

AO(N)=a+DblIgN, (12)
where the accumulated rotation AG(N) = (Oy—61)/6s; 61
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Fig. 10. Relationships between IgN and accumulated rotation.

and Oy represent the rotation of the MSC after the first load
cycle and N load cycles, respectively; 6 is the rotation when
the MSC reaches its ultimate state; N is the number of
cycles. As shown in Fig. 11, coefficient a decreases with the
increase of &, while coefficient b increases. It can be con-
cluded that a higher rate of rotation accumulating can be ob-
tained under larger load amplitude. It can also be obtained
from Fig. 11 that coefficients a and b in Eq. (12) range from
—0.1 to 0 and 0 to 0.1, respectively. It is possible to predict
the accumulated rotation of the MSC after a certain load
cycle by using Eq. (12).
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It should be noticed from Fig. 12 that the vertical settle-
ment of the MSC occurs under cyclic loading. The settle-
ment was found to increase with the increasing magnitude
of &,. In the initial stage of loading, the MSC subsides rap-
idly due to its self-weight, and then the vertical settling rate
decreases with the increasing cyclic number, eventually at-
taining a critical value. The above phenomenon could be ex-
plained as follows: with the increase of cyclic number, the
soil gradually becomes denser, or a part of the sand is
squeezed to the outside, resulting in the settlement of the
MSC. It was also found that the increase of load amplitude
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Fig. 11. Values of @ and b under various &, and ¢&...
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Fig. 12. Vertical displacement in relation to cycles under various &,.

leads to a larger deformed soil range around the MSC, res-
ulting in the larger settlement.

In addition, by comparing Fig. 12a with Fig. 12b, it
shows that when the load amplitude is constant, the settle-
ment of the MSC under two-way cyclic load (£,=—1) is lar-
ger than that under one-way cyclic loading. The reason is
that the sand shear strength decreases induced by the in-
creasing of the deformed zone under two-way cyclic load.
However, when ¢. =0, &, = 0.1, the MSC is uplifted, as the
soil inside and around the MSC undergoes dilatancy under
cyclic loading.

Fig. 13 gives the range of the deformed soil under dif-
ferent combinations of &, and &, after 10000-cycle loading.
It evidently shows that when the load amplitude is constant,
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the range of the deformed soil around the MSC under two-
way cyclic load (. =—1) is greater than the range under un-
symmetrical one-way cyclic load (¢.=0). Besides, the
scope of the deformed soil along horizontal and vertical dir-
ection becomes larger with the increasing load amplitude as
expected.

5 Accumulated rotation of the MSC under combined
wind and wave loads
Another major concern of designing OWT foundations
is to address the effect of wind loading. As shown in
Fig. 14, the wind load generally acts on the blades and
tower of the OWT, and the resulting overturning moment
will generate a significant impact on the stability of the
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Fig. 13. Range of deformed soil under various wave load parameters.
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foundation. In order to simplify calculation, the effect of
wind load on the wave propagation was ignored, and the
wave load and wind load were calculated separately. Arany
et al. (2017) considered the wind thrust force (7%) acting on

the wind turbine to be
1
Th= zpaARCTUZ, (13)

where p, is the air density, Ay is the rotor swept area de-
termined by OWT’s blade length, Cy is the thrust coeffi-
cient, wind velocity U is set to be 8.6 m/s according to prac-
tice engineering.

Blades
Wind load I
/ _.\ T

Tower height

Wave load : Watet]depth

i

Fig. 14. Wind-driven generator model.

The accumulated rotation and vertical displacement of
the MSC under combined wind and wave loads are shown
in Fig. 15. The accumulated rotation-cyclic number curve of
the MSC obtained under both wind and wave loads follows
the same trend with that obtained under the wave load. The
accumulated rotation of the MSC was mainly generated in
the first 4000 cycles. And the vertical settlement tends to be
stable gradually after 2000 cycles. In addition, the MSC
generates greater accumulated rotation along the wind load
direction than that under the wave loading, for the reason
that the wind load acts on the blades resulting in large force
and moment on the MSC. When the cyclic load number
reaches a certain value, the accumulated rotation and the
settlement no longer increase, and the MSC reaches a steady

Rotation (rad)
g

0.00%

4000 6000 BO00
Cyclic number N
(a) Accumulated rotation vs. cyclic number

2000 10000
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state.

The relationship between the accumulated rotation and
cyclic number of the MSC under the combination of the
wave and wind loads can be expressed as:

AO(N) = —0.05 +0.041g N, (14)

where a and b equal 0.05 and 0.04, respectively. As a result,
it is feasible to provide reference for the prediction of the
service life of the wind turbines.

6 Conclusions

This paper studies the response of the MSC under wave
loading and its accumulated rotation under various load
parameters of cyclic loading using numerical simulations.
The following conclusions can be obtained:

(1) The MSC accumulated deformation under cyclic
wave load decreases by 21% compared with the RSC, indic-
ating that the MSC is capable for the OWT.

(2) The accumulated rotation of the MSC increases lin-
early with the logarithm of the loading cycle number. It has
a significant increase in the first 4000 cycles, and then it be-
comes stable gradually.

(3) The scope of the deformed soil around the MSC un-
der two-way cyclic load (£, =—1) is larger than the range un-
der one-way cyclic loading (&, =0). It also increases as the
cyclic load amplitude increases as expected. And an equa-
tion is proposed to predict rotation under cyclic wave load-
ing.

(4) The MSC has a larger accumulated rotation under
combined wind and wave loads compared with the accumu-
lated rotation under wave load. The equation proposed is re-
liable to predict the accumulated rotation under this loading
condition.

In this study, the wave load and wind load are determ-
ined separately in the simplified method. The wave load is
regarded as a regular cyclic load and the influence of the
wind on the wave propagation is ignored. But in actual en-
gineering, the wind load is a dynamic load and it strongly
influences the evolution of waves. Further work would be
carried out to consider the influence of the wind on the
wave propagation through the sea state parameters such as

0.000
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E 0.010
3
(]
g
= -002FH
-3
g
o
-
0.030 ; '

0 1000 2000
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Fig. 15. Displacement of the MSC under combined wave and wind load.
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the wind velocity and water depth, and the bearing behavior
of the MSC under extreme conditions, especially the 50-
year extreme wave load should also be taken into account.
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