Marine Structures 80 (2021) 103079

Contents lists available at ScienceDirect

[RINE

Marine Structures STRUCTURES

i S e SE -

ELSEVIER journal homepage: www.elsevier.com/locate/marstruc

Check for

Permanent accumulated rotation of offshore wind turbine
monopile due to typhoon-induced cyclic loading

Hongwang Ma ™, Zhiyue Lu®, Yutao Li?, Chen Chen?, Jun Yang"

@ School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai, China
Y Department of Civil Engineering, The University of Hong Kong, Hong Kong, China

ARTICLE INFO ABSTRACT
Keywords: In order to study the effect of typhoons on the accumulated deformation of monopile foundations
Typhoon for offshore wind turbines, a series of 1-g laboratory model tests with a geometrical scale of 1:100
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were carried out. Through the horizontal static and cyclic loading tests of a stiff pile embedded in
a medium dense sand deposit, the relationship between the accumulated rotation of the pile and
the number of loading cycles under different loading conditions was obtained. The results show
that the final accumulated rotation is mainly caused by the typhoon load series and is not affected
by the loading sequence. Based on these results, a method is presented to predict the accumulated
rotation of the monopile foundation during its service life, and a case study of a 6 MW wind
turbine supported by a monopile at a water depth of 30 m in sand is conducted by using the
method. The results show that the permanent accumulated rotation of the monopile throughout
the design life is mainly contributed by cyclic loading induced by typhoons and the contribution
of cyclic loading with small amplitudes can be ignored.

1. Introduction

Offshore wind power currently plays an important role in renewable energy around the world, especially in European countries
such as the United Kingdom, Denmark and Germany [1]. Offshore wind power is also under a rapid development in China, with a
newly installed capacity of 1.8 GW in 2018, which made China to take the lead for the first time [1]. As far as the foundation type is
concerned, monopiles continue to dominate the operating foundation of the offshore wind turbines worldwide, accounting for 73.5 %
of the total market [2]. It has been recognized that monopiles offer a cost-effective solution for wind energy converters installed in
water depths of up to 30 m or even 40 m [3].

In most cases, the primary design driver of monopile foundations for offshore wind turbines is permanent deformation rather than
ultimate capacity [4-8]. The deformation may exceed the normal operating requirements of the turbine even when the foundation is
far below the ultimate capacity [6,7]. Under normal operating conditions, the monopile foundation will be subjected to long-term
horizontal loads of small amplitudes caused by winds, waves and currents, resulting in accumulated deformation [8]. When the
typhoon emanates, it will bring great wind speed and accompanying huge waves and thereby strong cyclic loads on the monopile
foundation in a short time. The consequences can be large lateral deformations and even the overall overturning of the pile, which
obviously has a significant impact on the permanent accumulated deformation of the monopile foundation [9,10].

For monopiles under cyclic loading with small amplitudes, there have been many studies and valuable results. For example,
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LeBlanc et al. [8] carried out small-scale model tests under 1-g condition to investigate the lateral deformation of a stiff pile in un-
saturated sand with relative densities of 4 % and 38 %, respectively, and presented a method for predicting the accumulated rotation in
the service life. Abadie et al. [11] performed small-scale laboratory tests on stiff piles subject to lateral cyclic loading in drained sand.
The loading rate effects, hysteretic behavior and pile response caused by long-term single and multi-amplitude cyclic loading were
studied. The results have shown that the pile response conforms closely to the extended Masing rules [11], and additional permanent
deformation is accumulated under the action of non-symmetric cyclic loads. Sun [6] analyzed the effect of cyclic load amplitude,
number of loading cycles and other factors on the accumulated deformation of stiff piles based on the results of cyclic loading model
test. It was found that there is a linear relationship between the accumulated deformation of the pile and the number of loading cycles
in double logarithmic axes. Ma et al. [7] used a simplified computational model to study the effect of long-term cyclic loads on the
performance of offshore wind turbine foundations. The study showed that long-term cyclic loading had a significant impact on the
lateral deformation of monopile foundations. Cuéllar [12] performed physical model tests on a reduced scale (1:100) of a pile under
cyclic lateral load of up to 5 million loading cycles under 1-g conditions. Two particular phenomena were observed, namely a soil
subsidence around the pile and a permanent grain migration towards the pile. It was also found that there are three distinct phases of
pile-head displacement during cyclic loading, which can be reasonably approximated by the logarithmic function, linear function and
power-law function of the number of cycles, respectively. However, there are few studies on large cyclic loads caused by typhoons.
Roesen et al. [13] carried out cyclic loading tests on a model pile in saturated sand with a relative density of 85 %-90 %. It was found
that the accumulated deformation of the pile increased with increasing cyclic load amplitude and can be expressed using a power
function. Barari et al. [9] conducted a large-scale numerical modeling to predict the accumulated monopile rotation under one-way
and transient cyclic lateral loading using a numerical model. The results indicated that fewer loading cycles with higher load levels
are the main concerns in the accumulated rotation of the pile than thousands of low-amplitude loading cycles. However, there is a lack
of experimental data to validate the numerical prediction. Wang et al. [5] presented a workflow to predict the permanent accumulated
rotation of a monopile-supported offshore wind turbine in sand during an extreme storm. The effect of fully nonlinear irregular waves
versus the commonly used linear wave theory was included, and the method based on Miner’s rule [8] was used to predict cyclically
accumulated rotation during the storm. The results showed that extremely large loading cycles generate higher accumulated rotation
than thousands of small loading cycles.

In this paper, small-scale model tests under 1-g conditions with the aim to study the effect of typhoons on the accumulated rotation
of monopile foundations for offshore wind turbines are presented. By applying large-amplitude cyclic loads in different stages of the
loading process, the lateral displacements of the pile were measured and the pile rotation at the mudline were determined. Based on
the test data for the relation between pile rotation and the number of loading cycles, a method is proposed to calculate the accumulated
rotation taking into account the effect of typhoons, and the method is then applied to a case study.

1.1. Model tests

1.1.1. 1-g scaling laws

A typical monopile for a 5 MW turbine, with external diameter of 7.5 m, embedded depth of 37.5 m and length of 80 m [12] was
used as a reference in the study. The outer dimension of the pile was scaled to 1:100. Under the 1-g conditions, a scaling design was
performed based on Buckingham’s I1-theorem [8,11], leading to the scaling laws for the model tests in Table 1.

1.2. Experimental equipment

The model tests were carried out in a specially designed tank with a length of 1.2 m, a width of 0.8 m and a depth of 0.9 m. A dry
sand deposit of 0.85 m was prepared in 5 layers and each layer was compacted to the targeted density. An open-ended hollow PVC pile
with an external diameter of 75 mm, a wall thickness of 2.44 mm, and a length of 800 mm was used as the model pile. The elastic
modulus of this PVC pile is 3.24 GPa, which was measured by the simply supported beam method [14]. The flexural stiffness of this pile
was about four times greater than it should be in accordance with the scaling laws presented in Table 1. Since the ratio of this pile
makes it behave as a short stiff pile, the distorting effect caused by this extra flexural rigidity may be negligible [12].

The experiments were conducted using a mixing quartz sand (Fujian sand) [15] under dry conditions, whose grain size distribution

Table 1

Scaling laws for model tests under 1 g conditions [12].
Physical quantity Scaling law Dimensions
Length, L Ly =Lp/2 L [m]
Force, F Fy = FP//13 F [N]
Stress, ¢ om = op/A F/L2 [Pa]
Unit weight, y M =7p F/L® [N/m3]
Moment, M My = Mp //14 FL [N m]
Bending stiffness, EI (ED)y = (EDp/2° FL? [N m2]
Time, t tn = tp/AV/? T [s]
Frequency, f fu = fp/27Y2 1/T [Hz]
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is similar to that of Berliner sand used in Ref. [12]. In the tests, the sand density of each case was set at 1.60 g/cm3 with a relative
density of about 58 %. The main properties of the sand were tested according to Ref. [16] (GB/T50123-1999), and are summarized in
Table 2.

The rocking of the pile was performed by an electric servo actuator. The actuator had a load capacity of approximately 1000 N, a
maximum stroke of 200 mm, and a sinusoidal cyclic load with a frequency of 1 Hz. The actuator was placed on a steel frame, and
connected to the concrete floor. The force exerted on the pile head was measured by an embedded tension/compression load cell. Two
Linear Variable Differential Transformers (LVDTs) displacement transducers were used to obtain continuous measurements of pile
displacements with an accuracy of £0.03 mm, a range of 0-30 mm, and a non-linearity within +0.1 %. The displacement transducers
and servo actuator were connected to the simultaneous data acquisition devices.

1.3. Loading and measuring point arrangement

Fig. 1 shows the specific arrangement of the different devices, which consists of a sand tank, an electric servo actuator, a PVC pile,
two LVDTs, additional mass and steel support structures. The displacement transducers were arranged along the loading direction on
both sides of the pile, placed 50 mm and 183 mm above the sand surface respectively. One side of the pile was connected to the electric
servo actuator by a steel wire. The level is used to ensure that the loading point is at the same height as the connecting position of the
electric servo actuator. According to Cuéllar [12] and Carswell [17], the equivalent lever arm is ~30 m in length for wind turbines of
the MW-class located in the North Sea. This is corresponding to 300 mm by a scaling factor of 1:100. Based on the study of Frick and
Achmus [18], the equivalent lever arm has no significant influence on the displacement accumulation for a given load magnitude.
Given the available conditions in the laboratory, we chose 255 mm in the model tests. For a typical 5 MW wind turbine [19], the RNA
mass is about 300,000 kg, the overall tower mass is about 350,000 kg. According to the scaling law, the total mass for the model test is
nearly 0.65 kg. The additional steel ring mass which is used to connect the electric servo actuator in the model test is 0.157 kg (Fig. 1).
Therefore, an additional mass of 0.5 kg was placed on top of the model pile to simulate the mass of the superstructure.

1.4. Test programme

The experimental programme was designed to study the accumulated rotation due to cyclic loadings of constant or multiple
amplitude, targeting at the effect of typhoon events. Three loading patterns were considered in the tests: (1) monotonic loading, (2)
continuous constant amplitude loading, and (3) multi-amplitude cyclic loading. The details of test series are presented in Table 3. First,
monotonic loading tests (ST1 and ST2) were performed to determine the ultimate bearing capacity of the pile, which was used as a
reference value for choice of the load magnitudes in the cyclic loading tests. However, in reality, it is impossible to identify a distinct
failure point from the load-displacement curve, and there are few guidelines for proper pile failure in terms of the design criteria [8,
11]. Deformation tolerances are always clarified by wind turbine manufacturers [20]. Abadie et al. [11], LebLanc et al. [8], and Byrne
et al. [21] proposed that the load corresponding to a pile displacement of 0.1D at the mudline can be regarded as the ultimate bearing
capacity of the pile. This criterion was applied to the tests in this paper. During the monotonic tests, the pile was gradually loaded using
a servo actuator. Initially, a load of 10 N was applied to the pile at each stage in an interval of 3 min. When the load increased to 60 N,
the load increment would rise to 15 N, and the loading interval still remained at 3 min. When the pile displacement at the mudline
exceeded 0.1D, the loading would stop. The load schedule for monotonic tests is shown in Fig. 2.

For cyclic loading tests, a horizontal sinusoidal cyclic load was applied to the pile using the servo actuator. The characteristics of the
cyclic load are defined by the following two cyclic load ratios:

fb:Fmax/Fu (€D)]
5(,- = Fmin/qux (2)

where Fyax and Fpiy are the maximum and minimum amplitude of the cyclic loading, F, is the horizontal ultimate bearing capacity of
the pile under static conditions &, represents the magnitude of the load, and ¢, describes the type of cyclic loading.

In this study, dynamic load is simplified as regular cyclic load with specific amplitude and frequency. By varying amplitude and
number of cycles the characteristics of dynamic load are approximately represented. This simplification has often been used in model
tests [8,11,12,18]. The cyclic loading tests carried out in the laboratory are limited to one-way loading, i.e. £, > 0 [11]. According to
LeBlanc et al. [8], the expected worst transient load is about 73 % of the ultimate bearing capacity and the fatigue load is about 30 % of

Table 2

Properties of the sand used in model tests.
Physical parameter Value
Maximum density py e (8/cm>) 1.75
Minimum density p , (8/cm®) 1.43
Relative density D, (%) 58
Average particle size dso (mm) 0.55
Coefficient of nonuniformity C, 1.97
Coefficient of curvature C, 0.90
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Fig. 1. Test setup: (a) Picture of test setup with the installed devices; (b) Sketch of testing rig and the loading actuator.

the ultimate bearing capacity. Therefore, the value of &, for the small-amplitude cyclic load in the tests was set at about 0.3, and for
comparison, two values of 0.2 and 0.4 were also adopted in the tests; the value of &, for the typhoon load was set as 0.7. The frequency
of wave load is higher than that of wind load and is closer to the natural frequency of offshore wind turbine. In this regard, the wave
load frequency is more critical and is used in the 1-g model tests [11,12,18], and is adopted in this study. The frequency of the wave
load was about 0.1 Hz [22]; according to the scaling law, the frequency of each cyclic load in the tests was set to 1 Hz. This paper
focuses on the worst expected transient loads caused by the super typhoon with the highest wind speed. In China, this typhoon often
appeared in the coastal areas of Fujian Province. Zhang et al. [23] collected typhoon statistics data for the past 50 years from 1961 to
2012, which showed that three super typhoons had attacked Fujian Province. The service time of offshore wind turbines is 20-25 years,
so only one or two typhoon loading processes were established under typhoon conditions in the tests. Referring to the number of
loading cycles with large amplitudes in the cyclic loading tests with multiple amplitudes carried out by Abadie et al. [11], the number
of loading cycles of typhoon in the tests was taken as 12. As shown in Table 3, the tests CT1, CT4 and Ct7 were designed to study the
accumulation rotation under constant cyclic loading with different small magnitudes, while the tests CT2, CT5, and CT8 were designed
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Table 3
Summary of test conditions.

Marine Structures 80 (2021) 103079

Loading Test Load sequence
mode condition
Static ST1 ST2 Loading gradually until pile displacement at the mudline equaling 0.1D
Cyclic CT1 Without 10,000 cycles with & = 0.2
typhoon
CT2 With typhoon 12 cycles with & = 0.7 — 10,000 cycles with & = 0.2
CT3 With typhoon 5000 cycles with &, = 0.2 — 12 cycles with & = 0.7 — 5000 cycles with &, = 0.2 — 12 cycles with &, = 0.7 —
1000 cycles with &, = 0.2
CT4 Without 10,000 cycles with &, = 0.3
typhoon
CT5 With typhoon 12 cycles with & = 0.7 — 10,000 cycles with & = 0.3
CT6 With typhoon 5000 cycles with & = 0.3 — 12 cycles with & = 0.7 — 5000 cycles with &, = 0.3 — 12 cycles with &, = 0.7 —
1000 cycles with & = 0.3
CT7 Without 10,000 cycles with & = 0.4
typhoon
CT8 With typhoon 12 cycles with & = 0.7 — 10,000 cycles with & = 0.4
CT9 With typhoon 5000 cycles with & = 0.4 — 12 cycles with & = 0.7 — 5000 cycles with &, = 0.4 — 12 cycles with &, = 0.7 —
1000 cycles with & = 0.4
200
180 End loading when the pile displacement at
= mudline is more than 0.1 D
< 160 r
2
£ 140 |
®
2 120 t
©
£ 100 ¢ Loading phase
o 80|
S el Unloading phase —
5 \
S \
S 401
20
0 35 7 105 14 175 21 245 28 31.5 35 38.5 42 455 49 525 56 59.5

Time (min)

Fig. 2. Load schedule for ST1 and ST2.

to investigate the effect of a typhoon event combined with the cyclic load of small constant magnitude on the accumulated rotation of
the pile. Furthermore, in order to investigate the effect of loading sequence and the number of typhoons on the accumulated rotation,
model tests CT3, CT6 and CT9 were performed.

200

180
160

Load/N
7
(=]

—

1 2 3 4 5 6 7 8 9 10
Displacement at the mudline/mm

Fig. 3. Load-displacement curves at the mudline for ST1 and ST2.
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2. Test results and analysis
2.1. Horizontal static loading tests

The results of the static load-displacement curves at mudline for ST1 and ST2 are shown in Fig. 3. As previously observed [8,11,12],
the test results perfectly coincide with a power law. The slight differences observed between ST1 and ST2 may be caused by the
inconsistency of smaller sample densities. Fig. 3 displays that for the displacement at mudline of up to 0.1D, the ultimate bearing
capacity of ST1 and ST2 was 177.5 and 182.5 N, respectively. The average of the two values was taken as the ultimate bearing capacity
(F, =180 N) of the pile in all tests.

2.2. Horizontal cyclic loading tests without typhoon loads

There were three typhoon-free conditions, namely CT1, CT4 and CT7 (with similar loading sequence). The relationship between the
accumulated rotation of the pile and the number of loading cycles for these three conditions in log-log axes is shown in Fig. 4. It can be
seen that the accumulated rotation of the several initial cycles increases rapidly, and the growth rate decreases around the 6th cycle,
and then the accumulated rotation develops with a linear growth trend until the end of the test. The second phase seems to be very
consistent with the power law relationship between the accumulated rotation and the number of loading cycles. A similar trend was
observed in small-scale experiments presented by LeBlanc et al. [8], Cuéllar [12] and Abadie et al. [11].

In addition, the accumulated rotation also increases with increasing & (Fig. 4). By fitting the data from the straight line starting
from the 6th cycle in Fig. 4, the accumulated rotation due to the cyclic loading can be predicted by:

Oy =pN* (3)

where 0y is the accumulated rotation in the Nth cycle, # and « are the fitting parameters that depend on &, as shown in Table 4, and N
is the number of loading cycles.
LeBlanc et al. [8] proposed a similar formula for the accumulation rotation of pile due to cyclic loading, as follows:

=T RITL(E) - N @
where 0y is the accumulated rotation in the Nth cycle, 6, is the rotation in the first cycle, T and T, are dimensionless functions that
depend on the load characteristics, Ry is the relative density of the soil, and 6; is the pile rotation in the horizontal static loading test
when the load equals the maximum amplitude of the cyclic load.

A constant power coefficient of 0.31 was used to fit all curves for different &, in the study of LeBlanc et al. [8]. However, the slope of
the straight line under different conditions was not the same in their tests, and in some cases obvious differences can be observed. As a
result, it may not be suitable to use a uniform coefficient for all conditions. Nicolai and Ibsen [24] also investigated the accumulated
rotation of a stiff pile under cyclic lateral loading through small scale tests under the 1-g conditions, and found that the power co-
efficient in Eq. (3) is dependent on the relative density of the sand. Therefore, in this study the relationship between 0y and the number
of loading cycles is established directly. There was no static component, and a variable coefficient was used to accurately fit each curve.
Fitting parameters for each condition were obtained from model tests.

0.1

0.0001 T B S S T T S S S ST M S R WA
1 10 100 1000 10000

N

Fig. 4. Accumulated rotation against number of load cycles in log-log scale (CT1, CT, CT7).
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Table 4

Fitting parameters of accumulated rotation for condition CT1, CT4 and CT7.
Condition p a R2
CT1 0.0013 0.0833 0.9098
CT4 0.0022 0.1492 0.9891
CT7 0.0051 0.1667 0.9867

Note:R?is the coefficient of determination.

2.3. Horizontal cyclic loading tests with typhoon loads

Six typhoon conditions were considered in the model tests, namely CT2, CT3, CT5, CT6, CT8 and CT9. As summarized in Table 3,
CT2, CT5 and CT8 each consists of 12 typhoon loading cycles at the initial stage of the loading process, while CT3, CT6 and CT9 each
consists of 12 typhoon loading cycles at a later stage of the loading process. The evolution of pile accumulated rotation of CT2, CT5 and
CT8 is shown in Fig. 5. It can be seen that after 12 loading cycles of typhoon, the accumulated rotation increases to a rather high value,
and then there is a small decrease in the rotation for a short time under small-amplitude cyclic loads; at that point, the accumulated
rotation continues to rise slowly. The growth rate of the accumulated rotation after the first 12 typhoon loading cycles is positively
correlated with &,.

The evolution of pile accumulated rotation of CT3, CT6 and CT9 is shown in Fig. 6. It can be seen that: 1) with the increase of &,
belonging to small-amplitude cyclic loads, the rotation caused by typhoon load increases sharply and decreases. This situation can be
explained by the fact that a larger cyclic load can exert a stronger compressive force on the soil, which will make the soil denser, and
then the lateral stiffness of the pile will become greater. Therefore, pile rotation will be smaller under the same typhoon load; 2) the
sharp rise in rotation caused by the second round typhoon load is obviously smaller than that caused by the first round typhoon load. In
addition, it was calculated that the second sharp rise in the rotation of CT3, CT6 and CT9 was 27.9 %, 36.4 %, and 55.9 % of the first
sharp rise. Obviously, this proportion is rising, indicating that as the small-amplitude cyclic load increases, the gap between the two
sharp rises in rotation caused by the typhoon load becomes smaller and smaller; 3) the growth rate of the three-stage formula divided
by two rounds of typhoon load also increases with the increase of &, belonging to small-amplitude cyclic loads. After two rounds of
typhoon loads, the rotation of CT3 and CT6 remained almost unchanged, like a platform. However, the growth rate of CT9 is still very
small, indicating that when the small-amplitude cyclic load is large, it can still increase the rotation of the pile even after two rounds of
typhoon loads.

For the reason that the typhoon load has only a small number of loading cycles, the fitting parameters can only be obtained through
12 typhoon loading cycles at the beginning of the three conditions of CT2, CT5 and CT8. The previous fitting of the accumulated
rotation without typhoon loads started from the 6th cycle, so the fitting of the typhoon load still started from this position. The fitting
curves of these three conditions are shown in Fig. 7. It can be seen that the fitting curves of CT2 and CT8 almost coincide, while the
fitting curves of CT5 are obviously staggered. Therefore, the test data of CT2 and CT8 are selected to calculate the fitting parameters of
Eq. (3) for the typhoon condition. The results are shown in Table 5.

According to the fitting parameters of CT1, CT2, CT3 (Table 4) and typhoon conditions (CT2 and CT8, Table 5), a and f§ can be
approximately predicted by

/}:0'02476171.8665 (5)

a=0.3342¢,07% 6)

Predictions obtained with Egs. (5) and (6) are shown in Fig. 8(a) and (b) The correlations between f and &, and between a and &,
are quite strong, with the R? as large as 0.98 and 0.93, respectively. This implies that the model can well predict « and g in Eq. (3) with
& (0 <& <.

2.4. The effect of loading sequence on accumulated rotation

According to the Miner’s rule, the fatigue damage of the material is approximately independent of the loading sequence [25], and
the strain accumulation of the soil can be interpreted as the damage of the material [26]. LeBlanc et al. [8], Abadie et al. [11] and
Barari et al. [9] found that Miner’s rule provides a reasonable approximation for the prediction of the accumulated rotation under load
series of varying amplitudes. Stewart [27] studied the permanent accumulated strain of the soil under cyclic loading through a triaxial
test and found that its accumulated strain was independent of the loading sequence. A similar situation was also found in the tests in
this article. As shown in Fig. 9, the amplitudes and cyclic number of typhoon conditions (CT5, CT6) are the same, but the loading
sequence is different. For test CT5, 12 typhoon loading cycles were set at the beginning of the loading process, and then 10,000
small-amplitude cycles were followed. By contrast, for test CT6, 12 typhoon loading cycles were set in the middle of 10,000
small-amplitude cycles. The final accumulated rotations of tests CT5 and CT6 were 0.0211° and 0.0217°, respectively. The difference
between these two conditions is only 2.8 %, indicating that the loading sequence has little effect on the total accumulated rotation.

The total accumulated rotation due to variable amplitude load sequences can be estimated with the simple model proposed by
LeBlanc et al. [26], which was based on Miner’s rule. This procedure is shown in Fig. 10. It is assumed that the pile has been subjected
to N, cycles of load type a, and then subjected to N; cycles of load type b. It is assumed that the accumulated rotation caused by N,
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Fig. 5. Evolution of pile accumulated rotation for tests: (a) CT2, (b) CT5, (c) CT8.

cycles can be obtained equivalently by NY cycles, where NY can be referred to as the equivalent number of cycles. According to Eq. (3),
the accumulated rotation caused by the cyclic load ‘a’ is

O, :ﬂa (Na)a" (7)

where a4 and f, are the fitting parameters of the cyclic load a.
The equivalent number of cycles required for the accumulated rotation 6, caused by the cyclic load b is
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where a;, and f, are the fitting parameters of the cyclic load b.
Therefore, the overall accumulated rotation of the pile after cyclic loads a and b is given by:

On, v, =By (N/? + Nb)ub

3. Procedures to calculate accumulated rotation during the service life

Marine Structures 80 (2021) 103079

®

9

Based on Miner’s linear cumulative damage rule, the accumulated rotation method of the pile caused by two magnitudes of cyclic
load sequences is proposed. However, in practice, due to environmental (wave and wind) loading, the monopile foundation of offshore
wind turbines will be subjected to dynamic loadings, which include many different magnitudes of cyclic loads. Therefore, to calculate
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Fig. 7. Fitting curves of typhoon loads from 6th to 12th load cycle of condition CT2, CT5 and CT8.

Table 5

Fitting parameters of typhoon loads of condition CT2 and CT8.
Condition B a R?
CT2 0.0124 0.2391 0.9878
CT8 0.0126 0.2331 0.9778
Average 0.0125 0.2361 -

Note: R? is the coefficient of determination.

the pile accumulated rotation during its service life, all load conditions should be considered. As mentioned earlier, the loading
sequence has little effect on the final accumulated rotation and can be ignored. Therefore, different types of cyclic loads can be ar-
ranged from large to small according to their amplitudes, so the typhoon loads were set at the beginning of the entire loading sequence
to calculate the accumulated rotation caused by environmental loads. The procedure for estimating the total accumulated rotation
during the service life is shown in Fig. 11.

4. Case study
4.1. Wind turbine and environmental conditions

Noting that wind turbines with a larger capacity (e.g. Wind Europe, 2019) have been installed in recent years [28], and in view of
the adequate amount of turbines and marine meteorological data publicly available, a monopile supported GE’s Haliade 6 MW wind
turbine located in the northern North Sea is employed in this study [29]. The key design parameters of the reference wind turbine are
presented in Table 6. The monopile has an external diameter of 7.5 m and a constant wall thickness of 0.09 m. Its embedded depth is
37.5 m for a water depth of 30 m. The tower has a total length of 85.0 m, with an outer top diameter of 4.8 m and an outer base
diameter of 7.5 m, and is connected with a monopile through a transition piece. The tower base begins at the location of 15 m above the
mean sea level (MSL). For simplicity, the monopile is embedded in medium dense homogeneous sand, and its properties are consistent
with the sand used in the model test in this paper.

The mean wind speed at turbine hub height, ranging from 2 m/s to 66 m/s, is grouped into bins of 2 m/s [30,31]. The wind speed at
a height of 10 m from the still water lever (SWL) can be calculated using the logarithmic wind shear law [32,33]:

In( £
20

Vwio = Vwmwr—7—5 (10)
In (M)
20

where Vi, pyp is the mean wind speed at the turbine hub height, Vi 1 is the mean wind speed at the height z, 2, is the surface roughness
length, which is 0.05 m for offshore according to DNV [33], z is the height above the SWL, and 2y, is the hub height above the SWL.
The probability of occurrence of each wind speed bin is calculated by the cumulative probability distribution of the 1-h mean wind
speed for northern North Sea, which is described by the 2-parameter Weibull distribution [34]:

10
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Fig. 9. Comparison of accumulated rotation of load sequence CT5 and CT6.

F(Vwgo)=1— exp( _ <V;/.1o> “‘)

an

where a; and f, are the shape and scale parameters, respectively. The values a; = 1.708 and ; = 8.426 were determined based on
measurements from the northern North Sea during the 1973-99 period [34]. Corresponding to the Mead wind speed Vi 10, the
effective wave height and peak period are estimated by Egs. (12) and (13), respectively, as proposed by Johannessen et al. [34]:
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Fig. 10. Calculating accumulated rotation of the pile under different cyclic loads with superposition method.

height into groups by 2m/s

Divide wind speed at the hub

Get parameters of the
wind turbine and the

monopile foundation

Get soil properties at
the target sea area

Calculate wave height Hg, zero-
cross period T,, and probability of
occurrence P under each state

Use the finite element

A 4

software to calculate the

Calculate the bending moment at the
mud surface induced by wind and wave

loads under each state

ultimate bending moment of
the monopile foundation at
the mud surface

A

Calculate the number of
load cycles of each load
state during the 20-years
service period

Calculate cyclic load ratio § = of
each load state

Obtain fitting parameters of each
load state using Egs. (5) and (6)

Y

Rank all states by the wind speed from large to
small, the total accumulated rotation during the
whole service period
superposition method (Egs. 9 and 23).

is calculated by the

Fig. 11. Procedures of estimating the accumulated rotation.

Viv1o — 1764\ 7%
3.426

Tp=4.883 +2.68 x HY*

12

(12)

13



H. Ma et al. Marine Structures 80 (2021) 103079

Table 6

Parameters of Haliade 6 MW wind turbine.
Parameter Value
Cut-in wind speed (m/s) 3
Cut-out wind speed (m/s) 25
Rated wind speed (m/s) 12
Number of blades 3
Length of blade (m) 73.5
Chord length, max (m) 5
Rotor diameter r (m) 151
Swept area (mz) 17860
Hub height from MSL (m) 100

where Tp is the peak period and Hg is the significant wave height.
Finally, Hua [35] proposal based on the empirical relationship between the peak wave period and the zero-crossing period is given
by Eq. (14) as follows:

1

Ty=—
27141

Tp 14)
where T is the wave zero-crossing period.

Based on the above description, the probability of occurrence of a particular wave height with zero-crossing periods for varying
wind speeds is summarized in Table 7, resulting in a total of 33 environmental states. It should be noted that the target of these
environmental states is inclusion in all probable cases with a total probability of occurrence of 100 %.

4.2. Wind load

Wind-generated loads on the rotor and the tower will be considered. For the wind load on the rotor, two cases will be considered.
The first is the rotor in operating mode, indicating that the range of the mean wind speed varies from cut-in to cut-out. The second is

Table 7
Marine meteorological data.

State Vw(m/s) Vio (m/s) To(s) Hg(m) Pstate

1 2 1 3.5 0.0 0.045237053
2 4 3 4.3 0.2 0.09512168
3 6 4 5.0 0.6 0.120521216
4 8 6 5.5 1.1 0.129008167
5 10 7 6.0 1.7 0.124987543
6 12 8 6.4 2.3 0.112662419
7 14 10 6.8 3.0 0.095837591
8 16 11 7.2 3.6 0.077595275
9 18 13 7.6 4.3 0.06013321
10 20 14 8.0 5.1 0.044781008
11 22 15 8.3 5.8 0.032140507
12 24 17 8.6 6.6 0.022283343
13 26 18 9.0 7.4 0.014950875
14 28 20 9.3 8.2 0.009722067
15 30 21 9.6 9.1 0.006134761
16 32 22 9.9 9.9 0.003760492
17 34 24 10.2 10.8 0.00224129
18 36 25 10.4 11.7 0.001299889
19 38 26 10.7 12.6 0.000734139
20 40 28 11.0 13.5 0.000404007
21 42 29 11.3 14.5 0.000216764
22 44 31 11.5 15.4 0.000113448
23 46 32 11.8 16.4 5.79462E-05
24 48 33 12.1 17.3 2.88975E-05
25 50 35 12.3 18.3 1.40759E-05
26 52 36 12.6 19.3 6.69934E-06
27 54 38 12.8 20.3 3.1166E-06
28 56 39 13.1 21.3 1.41763E-06
29 58 40 13.3 22.4 6.30682E-07
30 60 42 13.5 23.4 2.74502E-07
31 62 43 13.8 24.4 1.16919E-07
32 64 45 14.0 25.5 4.8746E-08
33 66 46 14.2 26.6 1.98982E-08
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that the rotor stops completely and the wind directly acts on the blades of the rotor, indicating that the mean wind speed is less than the
value of cut-in or more than the cut-out. The thrust force (Fy) on the rotor during operation mode can be simply calculated as follows
[22,36]:

1
Fun :EﬂaARCT Vivhub 1s)

where Fy, is the thrust force on the rotor, p, = 1.225 kg/m? is the density of air, Az = 17860 m? is the swept area of the blades, and Cr
is the thrust coefficient:

1) When the wind speed fluctuates between the value of cut-in and the rated speed, the thrust coefficient can be calculated using the
formula proposed by Frohboese and Schmuck [37]:
3.52Vw i — 3.5 7
o352V —33)

~ (16)
T V‘%V,hub VWme

The thrust coefficient should not exceed 1 [22].

2) When the wind speed fluctuates between the value of cut-out and the rated speed Vg, it is assumed that the power remains stable,
thus the thrust coefficient is expressed as [22]:
1 Vi

Cr=35Va(2Vg +3.5).5—~T.

17)
W hub Va/.hub

3) When the wind speed is less than the value of cut-in or greater than the cut-out speed, the blades will stop rotating, and the thrust
force Ty [38] on the blades is calculated using the following formula:

1
Ty= EpuABCT V&V.Imb (18)

where Ap is the projected area of three blades, and the maximum chord length of the turbine is 5 m, so the projected area of the
individual blade is 183.75 m?, and B is the number of blades, which is 3 here. When the wind speed is greater than the cut-out speed,
the thrust coefficient is 1.7 [38]. When the wind speed is less than the cut-in speed, the thrust coefficient is taken as 1.

The wind load acting on the turbine tower depends on the wind velocity along the tower. The tower is evenly divided into five
segments and the wind load is treated as a concentrated load in each segment. The wind load is calculated as follows [39]:

Fire =0.5p,C AL, V2 19)
where FZ, . is the wind load acting at height z; in N; A% . is the wind pressure area at height z; in m?; C, is the shape coefficient which
equals 0.5 for the tubular steel tower; ; is the height above the sea water level of the segment i. The wind profile V;, denotes the
average wind speed as a function of the height z;. In the case of standard wind turbines, the normal wind speed profile is given by the
power law [39]:

Zhub

VL =V b <i> (20)

where zy,;; is the height of the hub; a is the power law exponent which is assumed to be 0.2. Combing these parameters, the thrust force
on the blades in each state can be calculated using Eqgs. (15) and (18), and using the water depth h,, and hub height above mean sea
level Hhub~

The bending moment at mudline arising from the wind is estimated as

5

Myina = T(hy + Hy) + Y Fhi,, % (24 30) (21)

tower
i=1

Compared with the bending moment caused by the thrust and wave loads, the bending moment caused by the overhand of RNA is
minor and therefore is not included in Eq. (21).
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4.3. Wave load

The wave load on a monopile can be predicted by the Morison equation, which consists of inertia and drag components. For the
structural configuration considered here, the inertia component of the wave loading is dominant compared to the drag component
[40]. Tempel [32] deduced the bending moment at the mudline generated by the wave load as follows:

CynD? 1 1
Mivave = Prvater d | tanh(k,.q.d _——1 29
Pwater8 4 C an ( ) + kw,wpd <COSh(kwm,ed) > :| ( )

where M,,qy is the bending moment at the mudline generated by the wave force, p, o, is the density of water, which is 1000 kg/m>, D is
the external diameter of the pile, d is the water depth, kyqy is the wave number, kyqe = 47%/(gT2), ¢ is the wave amplitude, { = Hy/2,
Cy is the inertial force coefficient (2 for a smooth tubular section) [33], and g is the gravitational acceleration.

4.4. a and p for all environmental states

According to the above method, the bending moments at the mudline caused by wind and wave loadings, which correspond to the
33 environmental conditions, are presented in Table 8. The horizontal ultimate bearing capacity is determined by a finite element
(ABAQUS) static pushover analysis at a moment arm of 25.5 m, which has been used in Ma’s previous studies [7,36]. The parameters
used in the finite element model are typical for medium dense sand in the North Sea and are listed in Table 9. The steel monopile
material is assumed to be linearly elastic, with a Young’s modulus of 210 GPa, a Poisson’s ratio of 0.3, and a density of 7850 kg/m®. The
ultimate bearing capacity corresponding to the 0.1D displacement at the mudline is 1266.8 MN m. The cyclic load ratio &, for each state
is obtained by dividing the ultimate bearing capacity by the bending moments at the mudline, then § and & are calculated according to
Egs. (5) and (6), respectively. Considering the cyclic load frequency value of 0.1 Hz, the wind turbine will be subject to 6x 107 loading
cycles during a service life of 20 years, and the corresponding number of loading cycles will be calculated according to the probability
of occurrence of each state in Table 7. Following the procedure for estimating the total accumulated rotation during the service life, as
shown in Fig. 11, the total accumulated rotation can be calculated by iterations as follows:

9,'T = ﬁi (Ni)a'
A Ay

N — (;L) 23)
i—1

91?-—1 :/ji—l(folq +Ni71)al 1

fori=33,32,...,2

where i is the serial number of the load state, from 33 to 2, 67 is the total accumulated rotation to ith load state, 6 , is the total

accumulated rotation to (i —1)th load state, N; is the number of load cycles of ith load state, Mf’{ is the equivalent number of load cycles
(Eq. (8)), f; and «; are parameters, which are calculated by Egs. (5) and (6) respectively. The calculation results are summarized in
Table 10.

4.5. Results and discussion

According to the Grade of Tropical Cyclones (GB/T19201-2006) [41], when the wind speed at 10 m above sea level is greater than
32.7 m/s, the tropical cyclone reaches the typhoon level, so the states of 24-33 listed in Table 8 are considered as typhoon conditions.
As explained above, the loading sequence has little effect on the final accumulated rotation. Therefore, the states in Table 8 are ranked
from large to small according to the wind speed. As shown in Table 10, typhoon conditions are arranged at the beginning of the entire
loading process, and the final accumulated rotation under this load sequence can be approximately considered equal to the final
accumulated rotation under any other possible load sequences. Based on the above assumption, the final accumulated rotation induced
by cyclic loading during the 20-year service period of the wind turbine was calculated according to Miner’s rule, and the results are
presented in Table 10. It can be seen that the final accumulated rotation under all load states during the service period is 0.27753°,
which is a value that close to the tolerance criterion (0.25°, DNV. GL). The accumulated rotation induced by the typhoon load cor-
responding to typhoon states (24-33) was 0.27752°, hence the accumulated rotation induced by the typhoon load accounts for almost
100 % of the final accumulated rotation.

LeBlanc et al. [26] proposed a method for estimating the accumulated rotation of a stiff pile in sand during the storm, and the
validity of the method was checked using by a series of 1-g model tests. An example of 2 MW turbine was also given to illustrate how to
use this method. In their study, the load conditions were divided into the ultimate, serviceability and fatigue limit states during the
lifetime. The results showed that the ULS load contributes 68 % of the total accumulated rotation. Similar results were observed in this
study that the cyclic load during a typhoon event has a much larger influence than the small cyclic load with more cycle numbers.
Recently, Wang and Larsen [5] presented a workflow to predict the permanent accumulated rotation of a monopile in sand during an
extreme storm event using the method in Ref. [26] and considered the effect of fully nonlinear irregular waves; the results confirmed
the importance of the extremely large load cycles associated with the storm and also indicated that the nonlinear irregular waves have
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Table 8
Relevant parameters of cyclic loads for all states.

State Miower (MNm) Mg, (MNm) Myave (MNm) Motar (MNm) b N p a

1 0 0.2 0 0.21 0.000 2714223 2.16137E-09 0.000337
2 0.1 22.8 1.9 24.79 0.020 5707301 1.59901E-05 0.014799
3 0.3 51.2 6.6 58.10 0.046 7231273 7.83921E-05 0.029062
4 0.5 79.6 11.3 91.39 0.072 7740490 0.000182615 0.041615
5 0.7 99.5 16.0 116.30 0.092 7499253 0.000286346 0.050371
6 1.1 119.5 20.7 141.25 0.112 6759745 0.000411595 0.05876
7 1.4 102.4 25.4 129.22 0.102 5750255 0.000348563 0.054756
8 1.9 89.6 29.9 121.41 0.096 4655717 0.00031029 0.052118
9 2.4 79.6 34.3 116.38 0.092 3607993 0.000286693 0.050397
10 3.0 71.7 38.6 113.25 0.089 2686860 0.000272476 0.049321
11 3.6 65.2 42.7 111.46 0.088 1928430 0.000264497 0.048702
12 4.3 59.7 46.7 110.65 0.087 1337001 0.00026092 0.048422
13 5.0 50.4 50.4 105.86 0.084 897052 0.000240272 0.046756
14 5.8 58.5 54.0 118.30 0.093 583324 0.000295631 0.051058
15 6.7 67.2 57.4 131.21 0.104 368086 0.000358665 0.055425
16 7.6 76.4 60.6 144.60 0.114 225630 0.000430025 0.059863
17 8.5 86.3 63.7 158.48 0.125 134477 0.000510169 0.064368
18 9.6 96.7 66.6 172.84 0.136 77993 0.000599859 0.068949
19 10.7 107.7 69.3 187.69 0.148 44048 0.000699651 0.073604
20 11.8 119.4 71.8 203.05 0.160 24240 0.000810319 0.078338
21 13.0 131.6 74.3 218.92 0.173 13006 0.000932532 0.083152
22 14.3 144.5 76.5 235.32 0.186 6807 0.001067063 0.088048
23 15.6 157.9 78.7 252.23 0.199 3477 0.00121463 0.093026
24 17.0 171.9 80.7 269.69 0.213 1734 0.001376253 0.098093
25 18.5 186.5 82.7 287.69 0.227 845 0.001552632 0.103245
26 20.0 201.8 84.5 306.23 0.242 402 0.001744675 0.108485
27 21.6 217.6 86.2 325.34 0.257 187 0.00195333 0.113815
28 23.2 234.0 87.8 345.01 0.272 85 0.00217947 0.119233
29 24.9 251.0 89.4 365.25 0.288 38 0.002424234 0.124744
30 26.6 268.6 90.8 386.06 0.305 16 0.002688435 0.130344
31 28.4 286.8 92.2 407.46 0.322 7 0.002973158 0.136036
32 30.3 305.6 93.5 429.44 0.339 3 0.00327953 0.141819
33 32.2 325.0 94.8 452.02 0.357 1 0.003608574 0.147694

Note: Miower, Mih and Myave are the bending moment at mudline caused by wind load on the tower, the thrust load on the rotor and the wave load,
respectively.

Table 9

Soil properties used in analysis.
Type of sand Unit weight (kN.m %) Young’s Modulus (MPa) Angle of friction (deg.) Cohesion (kPa) Friction coefficient
Medium 10 40 34 0.5 0.45

limited influence on the permanent accumulated rotation.

The important implications of this study to the current methodologies for predicting the permanent accumulated rotation of
monopile foundations of offshore wind turbines are as follows: (1) the accumulated rotation induced by small-amplitude cyclic loading
can be ignored; (2) the permanent accumulated rotation of the monopole foundation over the entire design life can be expressed by the
rotation induced by typhoon conditions. Then the whole process of calculating the accumulated rotation is simplified.

5. Conclusions

This paper presents the results from a series of model tests which aimed to investigate the impact of typhoons on the accumulated
deformation of monopile of offshore wind turbines and a simple method for estimating the permanent accumulated rotation of
monopile during turbine’s lifetime. The main findings and conclusions of the study can be summarized as follows.

(1) When only one type of cyclic load is applied to the pile, the accumulated rotation of the pile under lateral cyclic loading in sand
can be predicted by a power function of the number of loading cycles (Eq. (3)), and the larger cyclic load ratio &, is, the larger
the power coefficient will be.

(2) The larger and very few load cycles corresponding the typhoon events can cause a sharp rise in the accumulated rotation, and
the total accumulated rotation is mainly caused by the typhoon load series.

(3) The loading sequence has little effect on the accumulated rotation of the monopile. Miner’s rule-based superposition can
provide a reasonable approximation for the permanent accumulated rotation subject to variable cyclic loadings.
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Table 10
Calculation results of accumulated rotation.

State & 0 (rad) Oy (rad) on (°)

33 0.357 0.003608574 0.003608574 0.206860905
32 0.339 0.000507419 0.004115992 0.235948595
31 0.322 0.000286815 0.004402807 0.252390196
30 0.305 0.000181597 0.004584403 0.262800193
29 0.288 0.00011989 0.004704294 0.269672891
28 0.272 7.10467E-05 0.004775340 0.273745630
27 0.257 3.82315E-05 0.004813572 0.275937246
26 0.242 1.78909E-05 0.004831463 0.276962838
25 0.227 7.02938E-06 0.004838492 0.277365796
24 0.213 2.2294E-06 0.004840722 0.277493596
23 0.199 5.49091E-07 0.004841271 0.277525073
22 0.186 1.00788E-07 0.004841371 0.277530850
21 0.173 1.30813E-08 0.004841385 0.277531600
20 0.160 1.13169E-09 0.004841386 0.277531665
19 0.148 6.05538E-11 0.004841386 0.277531668
18 0.136 1.82828E-12 0.004841386 0.277531669
17 0.125 2.75335E-14 0.004841386 0.277531669
16 0.114 1.77809E-16 0.004841386 0.277531669
15 0.104 0 0.004841386 0.277531669
14 0.093 0 0.004841386 0.277531669
13 0.084 0 0.004841386 0.277531669
12 0.087 0 0.004841386 0.277531669
11 0.088 0 0.004841386 0.277531669
10 0.089 0 0.004841386 0.277531669
9 0.092 0 0.004841386 0.277531669
8 0.096 0 0.004841386 0.277531669
7 0.102 0 0.004841386 0.277531669
6 0.112 0 0.004841386 0.277531669
5 0.092 0 0.004841386 0.277531669
4 0.072 0 0.004841386 0.277531669
3 0.046 0 0.004841386 0.277531669
2 0.020 0 0.004841386 0.277531669
1 0.000 0 0.004841386 0.277531669

(4) The permanent accumulated rotation of the monopile throughout the design life is mainly contributed by cyclic loading induced
by typhoons while the contribution of cyclic loading with small amplitudes in the loading sequences can be ignored.

The method for estimating the accumulated rotation of the monopile are based on limited 1-g model tests and Miner’s rule. Further
work to validate the resulting using centrifuge tests and advanced numerical modeling is desirable. Otherwise, future work should be

carried out to investigate the effect of irregular waves, dynamic loads on the accumulated rotation.
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Notation

The following symbols are used in this paper

Ap projected area of an individual blade

AR sweeping area of the blades

B number of blades

Cu inertial force coefficient

Cr thrust coefficient

d water depth

D external diameter of the pile

Frax Fnin maximum and minimum amplitude of the cyclic loading
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Fin
Fy
g

Hs

thrust force on the rotor

horizontal ultimate bearing capacity of the pile under static conditions
gravitational acceleration

effective wave height

Myave bending moment at the mudline generated by the wave force

N

Ry
Ty
I
Tp

number of loading cycles

relative density of soil

T. dimensionless functions depending on the load characteristics
thrust force on the blades

peak period

Vw mp  mean wind speed at the turbine hub height
Vw10 mean wind speed at height z

20
Zhub

b a

a1

&
&
On
6o
05
Pa

height above the SWL

surface roughness length

hub height

fitting parameters

p1 the shape and scale parameters of wind speed
coefficient of determination

intensity of the load

type of cyclic loading

accumulated rotation in the Nth cycle
rotation in the first cycle

pile rotation in the horizontal static loading
density of air

Puwater density of water

kwave

SWL

wave number
sea water level
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