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ABSTRACT: Most of the offshore wind turbines in China are constructed in tropical cyclone zones, which are experiencing the
extreme loads from the typhoons, or tropical revolving storms and smaller lateral loading from wave, wind and current. Accumulated
deflection under the complex cyclic loading is one of the most crucial foundation design factors. To study the cyclic deflection
accumulation characteristic of monopile after the extreme loading from typhoon, centrifuge tests were performed at 100g on the
monopile with the diameter (D) of 4 m and embedded depth (L) of 60 m in prototype. A specifically designed storm loading with a
large pre-loading followed by small amplitude cyclic loading was applied in the centrifuge test. In the experiment, a deflection
recovery behaviour i.e. healing of deflection was observed for the monopile under the smaller cyclic loading following the initial
extreme load. After 100 cycles, decrease of the accumulated deflection can reach 20%. This implies that the monopile foundation
supporting the OWT will tilt backward to its initial position after the typhoons, or tropical revolving storms. To reveal the mechanism
behind, finite element simulations with the advanced hypoplastic model for sand were performed. It was found that the deflection
recovery characteristic is attributed to the lock-in bending moment induced negative soil resistance, which induced large deflection
behind the pile, making the pile tilt backward. With the increase of loading cycles, the lock-in bending moment was gradually released

with the averaged soil resistance approaching zero and the accumulated deflection becomes stable.
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1 INTRODUCTION

Offshore wind power industry has been experiencing a rapid
development in the recent past (The EWEA, 2019). China is a
big player in this market and share more than 23% of the world’s
offshore wind capacity by 2019 (Gao, 2020). For the
development of the offshore wind turbines, the foundation design
takes up to 30-40% of the total project cost, making it one of
control factors for the development of offshore wind turbines
(Byrne and Houlsby 2003; Sun et al. 2012). Among all existing
foundation types, the monopile originating from the laterally
loaded single pile in oil and gas industry is the most widely
adopted for its relatively low fabrication and installation cost
(Doherty and Gavin 2012). More than 89% of 4543 installed
offshore wind turbines in European countries are supported by
the monopile foundations (The EWEA 2019).

In china, most of the offshore wind turbines are constructed
in tropical cyclone zones. In these area, typhoon or tropical
cyclone hit the coastal and offshore regions of China almost
every year. Due to the complex loading scenario, the monopile
foundations are usually experiencing extreme loads from the
typhoons, or tropical revolving storms followed by long-term
smaller amplitude lateral loading from wave, wind and current.
Extensive researches have been performed to investigate the
deflection accumulation characteristic of the monopile by
centrifuge tests (Klinkvort et al. 2010; Alderlieste et al. 2011 and
Zhu et al. 2016) and field tests (Reese et al. 1974 and Li et al.
2015). However, no studies have been performed to investigate
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the cyclic deflection of the monopile after a large amplitude pre-
shearing load from typhoons, or tropical revolving storms.

This paper presents centrifuge tests on the large diameter
monopile with a diameter and length of 4 m and 60 m in
prototype, respectively. The influence of the typhoons, or
tropical revolving storms is specially investigated. Numerical
simulations with advanced hypoplastic model were also
performed to reveal the observed healing effect of the cyclic
deflection.

2 CENTRIFUGE MODELLING

All of the centrifuge model tests reported in this study were
carried out in the geotechnical centrifuge facility at the Hong
Kong University of Science and Technology at an acceleration
of 100 g (Ng 2001).

2.1 Test program and objective

Two centrifuge tests were carried out, including one monotonic
test and one cyclic loading test with large amplitude pre-shearing
followed by small amplitude cyclic loading. The monotonic
loading test was performed first to determine the bearing capacity
(Fu). The cyclic loading test was then carried out to investigate
the cyclic deflection characteristic. As shown in Figure 1, a large
amplitude of 120%F, was applied first followed by the 30%Fu
amplitude cyclic loading. For the cyclic loading, a total loading
cycles of 100 were applied.



Preloading (storm loading)

Cyclic loading (long-term loading): 1000 cycles

L\ /- -\/- -\-/- \- - - Average load

Y

Time

Figure 1. The applied load series

2.2 Model pile

The model piles in this study were fabricated from 750 mm long
7075-T6 aluminum alloy pipes with a compression yield strength
of 572 MPa, a tension yield strength of 503 MP, an elastic
modulus of 71.7 GPa and a poison’s ratio of 0.33. The
thicknesses of the model piles were all 2 mm, which was
determined based on some existing monopile foundations of real
project by making the equivalent section bending stiffness
(Negro et al. 2017).

2.3 Testing material and model seabed preparation

Dry Toyoura sand was used in the experiments reported herein.
The Toyoura sand consists of sub-angular particles with a mean
diameter (Ds0) of 0.17 mm and a uniformity coefficient (Uc) of
1.7. The maximum and minimum void ratios are 0.977 and 0.597,
respectively. The air pluvial deposition method was employed to
prepare the model seabed by “raining” the Toyoura sand into the
model box from a fixed height of 500 mm above the sand surface.
The average relative density of the sand bed in this study is 65%
(Ng and Ma 2019).

2.4 Load-deflection response

The measured load-deflection responses at the loading point are
presented in Figure 2. As shown in Figure 3(a), the model pile
exhibits a continuous hardening response under lateral loading.
In this study, the reaction force corresponding to 10%D

deflection at the ground surface is defined as the bearing capacity.

The bearing capacity is 25 kN from the monotonic test and
plotted in Figure 2(a). It can be seen that after the initial loading
of 120%F, a large residual deflection of 0.4 m is observed when
unloading to zero. Following the large amplitude shearing load,
100 cycles of cyclic loading with an amplitude of 30%F. was
applied. Surprisingly, the accumulated deflection decreases with
loading cycles under small amplitude loading, instead of
increasing. The monopile demonstrated a “self-healing”
characteristic of the cyclic deflection. The monopile titled
backward to its initial position under long-term cyclic loading
following the large amplitude pre-shearing.

Figure 2(b) presents the load-deflection response during the
small amplitude cyclic loading. It is clearer that the pile
deflection decreases with loading cycles. After 100 cycles of
small amplitude cyclic loading, the decrease of peak deflection
can reach 20%. This “self-healing” characteristic is strongly
beneficial to the monopile design. In the conventional design of
monopile, the complex load series are usually decomposed into
combination of cycles of loading with different amplitudes
according to the rain flow method. The accumulated deflection
is calculated by adding the cyclic deflection computed for each
amplitude following an ascending order. Based on the
experimental results in this study, the cyclic accumulated
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deflection will be highly overestimated with this method.
Because of the self-healing ability of the monopile, the
accumulated deflection will decrease after a large amplitude
loading. Considering different combinations of large amplitude
and small amplitude cyclic loadings for a real loading series, the
accumulated deflection will be much smaller than that computed
with the conventional method.
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response under cyclic loading

3 NUMERICAL MODELLING

While the self-healing ability was identified from the centrifuge
test results, the mechanism behind is still unclear and difficult to
explain based on the limited measurement in the centrifuge tests.
Comparatively, the numerical model allows us to analyze the
stress state of every soil element and evolution of pile-soil
interaction during the cyclic loading. Therefore, additional
numerical simulations are carried out to reveal the mechanism
for the self-healing. In this study, the commercial finite element
program ABAQUS (Systémes 2007) is employed. The model
was first validated against the centrifuge test results and then
used to explain the “self-healing” feature of the cyclic deflection
of monopile.

3.1 Numerical analysis model

Figure 3 presents the finite element model mesh of the monopile
with a diameter of 4 m and embedded length of 60 m. By taking
advantage of the symmetry of the problem, only half of the soil-
pile system was modelled (D is diameter of the monopile). The
soil domain was chosen as 20D in diameter and 4D in depth
beneath the tip of the model pile, which is large enough to
eliminate the boundary effect. For the boundary conditions, the
bottom and vertical sides were supported by roller and pin,
respectively. Both sand and the monopile were simulated with
the eight-node brick element (i.e. C3D8). The interface contact



behaviour between the model pile and soil was modelled by a
Coulomb model, where the tangential friction stress is
proportional to the normal stress. The friction coefficient was set
to be tan (g @) (where ¢ denotes internal soil friction angle)

(Hong et al. 2015).

Figure 3. Finite element model mesh
The hypoplastic model with inter-granular strain is adopted in
this study to model the behavior of Toyoura sand (von
Wolffersdorff 1996; Niemunis and Herle 1997). The model has
been incorporated into the software package ABAQUS by a user-
defined subroutine (Gudehus et al. 2008). The hypoplastic
constitutive model has eight basic material parameters (i.e.¢/,
hg, n, eqp, €ig> €co» &, B) and additional five parameters
accounting for strain- and stress-dependent stiffness at small
strains (i.e. mg mr R [, x). Description on the parameters is
summarized in Table 1. The parameters for the Toyoura sand
have been well calibrated by Hong et al. (2016) and directly
adopted in this study.
Table. 1 Calibrated parameters of hypoplastic model for Toyoura sand
(Hong et al., 2016)

Description Parameter Values

Effective angle of shearing resistance ,
at critical state Pe 31
Hardness of granulates (kPa) hy 2.6 X 10°
Exponent in the power law for n 0.27
proportional compression
Minimum void ratio at zero pressure €40 0.61
Maximum void ratio at zero pressure € 0.98
Critical void ratio at zero pressure eco 1.1
Exponent a 0.11
Exponent B 4
Parameter controlling initial shear mg 8
modulus upon 180° strain path
reversal
Parameter controlling initial shear my 4
modulus upon 90°strain path reversal
Size of elastic range R 2x107°
Parameter controlling degradation rate By 0.15

of stiffness with strain
Parameter controlling degradation rate X 1.0

of stiffness with strain

3.2 VALIDATION OF THE MODEL

Figure 4 presents measured and computed load-deflection
response at the loading point. As shown in Figure 4(a), the first
load-unloading part of the centrifuge tests was excellently
captured by the finite element model. For the response of
monopile under the small amplitude cyclic loading following the
initial storming loading, although the FE model predicts lager
decrease of deflection of monopile under the cyclic loading, the
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“self-healing” feature of the monopile was well reproduced by
the FE model. Figure 4(b) further presents the development of
the pile deflection with loading cycles. It can be seen more
clearly that after the storm loading, the accumulated deflection
gradually decreased with loading cycles. More importantly, the
FE model with advanced hypoplastic model predict the same
“self-healing” behavior of monopile under small amplitude
cyclic loading. Therefore, it is believed that the FE model can be

used to reveal the mechanism behind qualitatively.
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Figure 4. Computed response of: (a)load-deflection; (b) normalized
deflection accumulation

3.3 Pile-soil interaction during cyclic loading

Figure 5 shows the evolution of deflection and lock-in bending
moment profiles with the loading cycles. As shown in Figure 6(a),
the monopile in this study exhibits a flexible pile response under
the lateral loading with almost zero deflection under a depth of
30 m. Same as observed from the pile head response, it can be
seen that a large residual deflection was produced after the storm
loading. But, this residual deflection decreases with loading
cycles. One interesting observation from the pile deflection
profile is that while the pile deflection at the pile head and
shallow depth decrease under small amplitude cyclic loading, the
deflection at deep zone increased. The evolution of pile
deflection along the pile can be clearly explained by the bending
moment profiles in Figure 5(b). As shown in Figure 5(b), a huge
lock-in bending moment was produced after the storm loading.
‘When the monopile was further loaded by small amplitude cyclic
loading, the value of both the peak bending moment at loading
and unloading condition decrease with loading cycles. However,
the position of the peak value moves downward to deeper zone
with the increase of loading cycles. This suggested that the
external loads applied at pile was gradually transferred to deeper
zone with more soil mobilized along the pile. Therefore, the
“self-healing” feature of the cyclic deflection is mainly caused
by the lock-in bending moment. Due the flexible mode of



monopile in this study, the pile based is fully fixed by the soil.
Then, huge elastic energy was stored in the pile from the lock-in
moment. When the pile is loaded by small amplitude loads, the
lock-in bending moment (i.e. the stored elastic energy) will be
released, resulting the decrease of pile deflection at shallow
depth and increase at deep zone. As a result, the curvature of
whole pile decreased, meaning less elastic bending energy stored.
y,m
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Figure 5. Profile of: (a) deflection; (b) lock-in bending
moment

The “self-healing” feature of the cyclic deflection can be also
explained more clearly by studying the evolution of soil
resistance along the monopile. Figure 6 present the profiles of
soil resistance after the storm loading and under different cycles
of small amplitude cyclic loading. The response of the soil
resistance with loading cycles at three typical depths were also
presented in the same figure. As shown in the figure, a significant
negative soil resistance was generated at the shallow depth after
the storm loading due to the lock-in bending moment. The value
of negative soil resistance at a depth of around 8 has reached 2
MN/m. This value is already larger than the cyclic soil resistance
under the small amplitude cyclic loading, which is around 1
MN/m. As shown in the figure, three different response zones
can be identified under cyclic loading. In the shallow zone 1, the
negative soil resistance from the storm loading decrease with
loading cycles. This is clearly shown from the soil resistance
response at depth 6 m. it can be seen that the soil resistance at
shallow depth varies with a mean negative value and gradually
increase to zero. For the zone 2 at medium depth, a positive soil
resistance was produced by the storm loading. But, under cyclic
loading, the value decreases significantly with loading cycles
until reaching zero and then varies around the zero with a small
amplitude. Compared with zone 1 and zone 2, the soil resistance
of zone 3 at deep depth is almost zero. This is because little
deflection was generated at deep zone from the flexible response
of monopile. However, with the increase with loading cycles, the
soil resistance at deep zone increase with loading cycles,
suggesting the load is transferred from shallow to deep. Based on
the evolution of soil resistance profiles, it can be observed that
the soil behind the pile were shearing under higher mean
compressive stress due to the negative soil resistance from the
lock-in bending moment, compared with the soil element in front
of'the pile. Therefore, more compressive strain was produced for
the soil element behind under the small cyclic stress from the
small amplitude cyclic loading. As a result, the monopile tilts
backward to the opposite direction of lateral load, exhibiting the
“self-healing” feature.
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4 SUMMARY AND CONCLUSIONS

This study presents centrifuge tests and numerical analysis on the
cyclic deflection response of the large diameter monopile after a
large amplitude pre-shearing. A “self-healing” behaviour of the
cyclic deflection was identified from the experimental and was
also reproduced by FE model. The mechanism behind was
revealed from the FE simulation results by looking into the pile-
soil interaction behaviour. The following conclusions can be
drawn:

a)  The monopile foundation exhibits deflection recovery (i.e.
self-healing) behaviour under small amplitude cyclic load
following the large amplitude pre-shearing loading. This
means that the monopile will tilt backward relative to the
initial loading direction, producing less deflection
accumulation;

Numerical simulation with advanced hypoplastic model
can reproduce the “self-healing” behaviour of monopile.
The extracted pile-soil interaction response from numerical
results suggested that the “self-healing” response is
attributed to the lock-in bending moment from the storm
loading. After the initial loading, large lock-in bending
moment was produced, accompanied with large negative
soil resistance. Under small amplitude cyclic loading, the
mean negative soil resistance will push the pile to move
backward, exhibiting the “self-healing” behaviour.

b)

c)
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