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Abstract: With the development of offshore wind energy in China, more and more offshore wind
turbines are being constructed in rock-based sea areas. However, the large diameter and thin-walled
steel rock-socketed monopiles are very scarce at present, and both the construction and design are
very difficult. For the design, the dynamic safety during the whole lifetime of the wind turbine is
difficult to guarantee. Dynamic safety of a turbine is mostly controlled by the dynamic impedances
of the rock-socketed monopile, which are still not well understood. How to choose the appropriate
impedances of the socketed monopiles so that the wind turbines will neither resonant nor be
too conservative is the main problem. Based on a numerical model in this study, the accurate
impedances are obtained for different frequencies of excitation, different soil and rock parameters,
and different rock-socketed lengths. The dynamic stiffness of monopile increases, while the radiative
damping decreases as rock-socketed depth increases. When the weathering degree of rock increases,
the dynamic stiffness of the monopile decreases, while the radiative damping increases.

Keywords: rock-socketed piles; monopiles; impedances; dynamic responses; offshore wind turbines

1. Introduction

As a source of clean energy, wind power generation has been increasingly supported and
encouraged in China in recent years. However, as the constraints on onshore wind turbines increase
consistently, the development prospects of offshore wind turbines are very broad. The offshore wind
farms in Jiangsu, Zhejiang, Fujian, Guangdong, and other provinces in China are currently being
constructed (Figure 1). Influenced by the “narrow tube effect” of the Taiwan Strait, the annual average
wind speed in the coastal areas from mid-southern Fuzhou to the south of Quanzhou in Fujian Province
exceeds 7.5 m/s at places 70 m above the ground [1], together with the stable wind direction and
abundant wind power resources, making them suitable for large-scale development of offshore wind
power. However, the geological conditions in Fujian province are more complicated than those in
Jiangsu province, and monopiles for offshore wind turbines in Fujian province are mostly rock-socketed.
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Figure 1. Part of the coast of China (from OpenStreetMap).

Investment in offshore wind turbine foundation accounts for a large proportion of total construction
investment. Thus, it is of great significance to choose the appropriate foundation types to improve the
economic benefits of the project. The commonly used foundations in China at present are: monopile
foundation, jacket foundation, and multi-pile foundation. Compared with the soft soils in the Jiangsu
sea area, the seabed in Fujian is mostly rock-based, with the depth of the rock-bed and weathering
degree varying greatly. As soft soils at the surface of the seabed under complicated wave loads
are easily damaged by liquefaction or scour [2-8], most of the piles need to be embedded in rocks.
The large-diameter rock-socketed monopiles, similar to monopiles in pure soils [9-11], have the
advantages of simpler form, lower cost, and a shorter construction and installing period than other
foundation types, which are more conducive for promoting the development of offshore wind farms in
rock-based sea areas, such as those in Guangdong and Fujian provinces in China.

The rock-socketed monopiles can be roughly divided into different categories according to
the thickness of overlying soil layer and the weathering degree of rock layer. In 2017, the success
in installing the large diameter rock-socketed monopile in the sea area of Nanri Island, Fujian
province [12], indicating that the difficulties of its construction technology have been preliminarily
solved. The question of how to ensure safe operation of offshore wind turbines in the following 25
years has become a major concern for the completion of construction. The overall dynamic safety
of wind turbines corresponds to the fatigue limit state in the design [13], and the natural vibration
frequency is one of the control conditions in the design process [14]. Considering the safe operation
of the structure, the first natural frequency of the wind turbine system should lie between 1P and
3P [15-18]. Resonance will occur if the wind turbine runs in the non-safe frequency band, making
the turbines prone to fatigue damage and directly reducing the operation life [19]. The main factor
affecting the natural vibration frequency and displacements at mudline is the dynamic impedances
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of the foundation, the understanding of which will effectively improve, solving the vibration-caused
problems of offshore wind turbines.

The theoretical analyses, experimental research, and practical experiences of monopile are mainly
concentrated in the shallow sea areas composed of silt, clay, and sand [20-24], and the application of
monopile in the rock-based seabed is still in its infancy. For the socketed piles, the existing research
mostly focuses on the vertical bearing capacities [25], while the study on the dynamic impedances of
large diameter rock-socketed monopiles is very scarce. The dynamic impedances of monopiles are
mainly affected by the pile length to diameter ratio, the pile to soil modulus ratio, the pile thickness
to diameter ratio and load frequency, according to the study on monopiles in different soils [26-31].
However, the differences between the mechanical properties of rock and soil are obvious, which make
the existing conclusions for monopiles in pure soil unable to be directly applied to rock-socketed
monopiles. For example, the elastic modulus of the soil is very small compared to monopiles,
and monopiles usually behave like a rigid or semi-rigid body; while the elastic modulus of rock
is not very different from monopile, and the deformation mechanism of rock-socketed monopile is
still uncertain.

To discover the dynamic impedances and responses of large-diameter monopile under different soil
and rock conditions, ABAQUS is used in this study to establish the interaction between rock-socketed
monopile and layered soil-rock seabed:

(1) To compare the dynamic impedances of the monopile under different soil depths, rock weathering
conditions, and exciting frequencies;

(2) To analyze the deformation of monopile under different loading conditions;

(3) Tofind out the distributions of von-Mises stresses in rock-socketed monopile, and special attention
is paid on the stresses in monopile near the interface of rock and soil.

2. The Finite Element Model Created by ABAQUS

2.1. Introduction to the Model

The design and study of large diameter rock-socketed monopiles are not yet standardized.
The main method for research now is numerical analysis, such as finite element. To analyze the 3D
dynamic contact problem, it is assumed that: (1) both the soil and rock are homogeneous elastic
medium; (2) monopile, soil, and rock always keep in good contact and no separation is allowed.

Due to the symmetry of the pile-soil interaction problem, half model is used. The dimensions
of the monopile selected in the model are as follows: the radius (r) is 3.5 m, as the average radius of
large-diameter monopiles is 4 m to 8 m; the wall thickness is 0.07 m, referring to the built offshore
monopiles; depth of penetration (L) is 35 m (Figure 2), consistent with the ratio of embedded depth to
radius in the literature. The calculation domain of rock and soil is 50 times the diameter of monopile,
and an infinite element boundary layer is set to eliminate the reflection of stress waves from the
boundaries, as illustrated in Figure 3. The geotechnical model is divided into two layers, of which the
upper part is soil, while the lower part is rock.
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Figure 2. Illustration of the rock-socketed monopile.
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Figure 3. Combined finite element and infinite element model for the dynamic interaction problem.

The dynamic impedance of pile foundation, whose value is a complex number, refers to the ratio
of the external load acting on the top of pile foundation to the corresponding displacement. If a simple
harmonic horizontal force (F(t)) or bending moment (M(t)) is applied on the surface of a pile foundation,
the stress wave is generated due to the vibration of pile-soil interface, of which the energy is partly
dissipated during the radiation, resulting in the phase lag of displacement or rotation (¢) on the top of
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the pile. In the model, the harmonic frequency (w) is non-dimensionalized, and the corresponding
dimensionless frequency (a) is represented as:

a=wr —2(1 V)P (1)

Es
where v, ps, and Es mean Poisson’s ratio, density, and elastic modulus of the soil, respectively.
Data related to the displacement (u(t)) and the rotation angle (¢(t)) of the monopile are extracted
from the post-processing module, whose amplitude and phase lag can be obtained by data fitting.
The horizontal dynamic impedance (Ky), the coupled dynamic impedance (Kpsp), and the rotational
dynamic impedance (Kjs) of monopile can then be calculated correspondingly. Taking Ky as an example:

_ F(t) Foel®t Fo Fo .
Ky = ky +iwecy = m = W = u_o COS((p) + lu—0 sm((p) 2)
In Equation (2), kyy means the horizontal stiffness, while c;y means the horizontal radiative damping.
The horizontal dimensionless dynamic impedance (Kj,) can be obtained by non-dimensionalization:

Re(Ky) = kiz/ (ur) = Focos(@)/ (ring) )
Im(Ky) = wep/ (ur) = Fosin(e) / (ruo) @)
u=E/2(1+v) ®)

Similarly, the dimensionless coupled dynamic impedance (K,,;,) and the dimensionless rotational
dynamic impedance (K;;) can be written as:

Re(Ky) = ki / (pr*) = Focos(g) / (ur*epo) (6)
Im(K,,;,) = waH/(yrZ) =F sin((p)/(yrz(po) ?)

Re(Ki) = kyt/ (ur’) = Mo cos() / (urpo) ®)
Im(Ky) = wep/ (ur’) = Mosin(@) / (urpo) ©)

2.2. Comparision with the Existing Solutions

To verify the rationality of the model, results obtained in this model are compared with the results
of pile in homogeneous soil condition in the literature [32]. It can be found in Figure 4 that the two
models are in good agreement. The average errors of the real part and imaginary part are 1.39%
and 4.80%, respectively. As the soil and rock are modeled as elastic materials in this study, just with
different parameters, if this model works for pile in homogeneous soil conditions, it is reasonable to
believe that the model also works for pile in layered soil-rock conditions.



J. Mar. Sci. Eng. 2019, 7, 134 60of 17

12r Q12 90 . S 460
—=— FEM with pure soil in this study —=— FEM with pure soil in this study
- - -Rajapakse & Shah (1987) - - -Rajapakse & Shah (1987)
nbs 410 85 450
e~ I e 4
Re ™= 7 R 7
48 80 | € /140
,\HIO | % g f; Im / 5
< < ]
) G 16D M 75t / {30 —~
() o zﬁ \; 4 §>§
e 9F 77 ~ L= =
Vz LT & gl EpEs1000 IS
/,0 Ep:ES=1000 pp:pszl \\.\
81 g pyps=l 42 65F v=vs=0.25 AN + 110
; . . . 0 0 60 st : : : 0
0.0 0.1 02 03 0.4 0.5 0.0 1§"l . 0-21 FOS 0.4 0.5
Dimensionless Frequency—a imensionless rrequency—a
(a) (b)
1.00 '\ —=— FEM with pure soil in this study ]%4
m_- -®- - Rajapakse & Shah (1987)
Re jap /
7
0.95 77 403
) 7
\ L
~~ D /2 _ Pt
= AN 2 / E
N 0.90 ANV & Jo2.~
~— o/ -~
(5] §>§
~ N
085 | 7 EpE=1000 | |
Im ~ PpipsI
Vp=Vs=0.25
0.80 ! ! ! ! 0.0
0.0 0.1 0.2 0.3 04 0.5

Dimensionless Frequency—a

(c)

Figure 4. Model Verification: (a) comparison of horizontal dynamic impedance (K},); (b) comparison of
coupled dynamic impedance (K,;); (¢) comparison of rotational dynamic impedance (K;).

In order to know the dynamic impedances of rock-socketed monopile under different soil layer
depths (refer to case 1 in Table 1), the elastic modulus of monopile (Ey), soil (Es), and rock (E;) are set to
be 210 GPa, 30 MPa, and 40 GPa, respectively, with the embedded length of the monopile in rock (%)
ranging from 1D to 3D (D means the diameter of the pile). Besides, in order to study the influences
of rocks with different weathering conditions (refer to case 2 in Table 1), the elastic modulus of the
upper soil is set to be 10 MPa, with the elastic modulus of rock being 0.5 GPa, 5 GPa, and 60 GPa, i.e.,
the ratios of E; to E, are 1:50, 1:500, and 1:6000, respectively.

Table 1. Parameters for soil, rock, and monopile.

Variable Case 1 hg (m) 7 14 21
Case 2 E, (GPa) 0.5 5 60
Parts Steel pile Soil Rock
Properties Density-p
(kg/m®) 7900 1500 3000
Poisson’s Ration-v 0.3 0.3 0.25
Elastic Modulus-E 5
(MPa) 2.1 x 10

Note: In case 1, Es = 30 MPa, E, = 40 GPa, E, = 210 GPa, variable: hy; In case 2, Es = 10 MPa, E, = 210 GPa, g =7 m,
variable: E,.
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3. Numerical Results
3.1. Dynamic Impedance

3.1.1. Effects of Rock-Socketed Depth on Dynamic Impedance of Monopile

For case 1, three different rock-socketed depths, with elastic modulus of overlying soil E; = 30 MPa,
are used to calculate K}, K, and Ky, as shown in Figure 5.
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Figure 5. Cont.
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Figure 5. Effects of rock-socketed depth on dynamic impedance of monopile: (a) variation of Re(K},) for
various hg; (b) variation of Im(K},) for various hy; (c) variation of Re(K,,;,) for various hg; (d) variation of
Im(K,,;,) for various hy; (e) variation of Re(Ky,) for various hy; (f) variation of Im(Ky,) for various hj.

The total depth of the soil layer plus ko always remains unchanged (equal to 5D, refer to Figure 2),
which means the thickness of the upper soil layer increases while the rock-socketed depth decreases.

It can be seen from Figure 5 that the stiffness (real part of impedance) of monopile increases
with the increase of rock-socketed depth, and the stiffness is frequency dependent, among which the
horizontal stiffness has the lowest sensitivity to frequency. When the rock-socketed depth increases
from 1D to 2D, Re(K},), Re(Ky,y,), and Re(Ky, ) increase by about 35.5%, 19.6%, and 5.6%, respectively;
when the rock-socketed depth increases from 1D to 3D, the above physical quantities increase by about
148.6%, 97.3%, and 31.1%, respectively. It can be seen that the deeper the monopile is embedded in the
rock, the more obvious the effect of the rock on increasing the stiffness will be.

The radiative damping of monopile decreases with the increase of rock-socketed depth, that is,
the deeper the monopile is embedded in the rock, the smaller the radiative damping will be. There is a
small fluctuation at low dimensionless frequencies. When the rock-socketed depth increases from 1D to
2D, cy, cmH, and ¢y decrease by about 31.2%, 54.1%, and 19.7%, respectively; when the rock-socketed
depth increases from 1D to 3D, the above physical quantities decrease by about 74.4%, 58.0%, and 43.5%,
respectively, and the horizontal damping decreases greatly. This may be due to the fact that the deeper
the monopile is embedded in the rock, the smaller the interface between soil and monopile will be,
and less energies will be radiated from the interface.

3.1.2. Influence of Elastic Modulus Ratio of Rock to Soil

Under the condition of retaining rock-socketed depth being 1D and elastic modulus of overlying
soil being 10 MPa, the elastic modulus ratio of rock to soil is changed by changing the elastic modulus
of rock under three different weathering conditions. The results are shown in Figure 6.
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Figure 6. Effects of elastic modulus ratio of rock to soil on dynamic impedance of monopile: (a) variation

of Re(K},) for various E; to E; ratio; (b) variation of Im(K},) for various E; to E, ratio; (c) variation of

Re(K,,;,) for various E; to E, ratio; (d) variation of Im(K,,;,) for various Es to E, ratio; (e) variation of

Re(K}y,) for various E; to E, ratio; (f) variation of Im(Kj,) for various E; to E; ratio.

As can be seen from the figures, with the change of the elastic modulus ratio of soil and rock from
1:6000 to 1:50, the weathering degree of rock increases, and the elastic modulus of rock is closer to
that of soil, so the dynamic stiffness of monopile decreases accordingly. When the elastic modulus of
rock decreases to 1/12 of the original one, Re(K},), Re(Ky,), and Re(K,,) decrease by about 11.9%, 7.7%,
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and 3.2%, respectively; when it decreases to 1/120, Re(K}), Re(Kyy,), and Re(Ky,) decrease by about
31.3%, 19.6%, and 5.6%, respectively, among which the horizontal dynamic stiffness decreases the most.

The variation of radiative damping of monopile is opposite to that of dynamic stiffness. With the
decrease of rock modulus, the ability of rock to reduce the dissipated energies becomes weaker, leading
to an increase of radiative damping. When the elastic modulus of rock decreases to 1/12 of the original
one, cy, cpmH, and ¢y increase by about 39.5%, 27.8%, and 40.9%, respectively; and when it decreases
to 1/120 of the original one, cy, cpmH, and ¢y increase by about 44.0%, 55.2%, and 62.9%, respectively,
with ¢y increasing the most.

In conclusion, the influence of rock-socketed depth on dynamic impedances of monopile
foundation is greater than that of the elastic modulus ratio of rock to soil. A reasonable rock-socketed
depth can not only effectively increase the dynamic impedance of pile foundation, but also save
piling costs.

3.2. Analysis of Pile Deformation Under Simple Harmonic Horizontal Forces

When the monopile is subjected to horizontal load, the main deformation is the horizontal
deflection. The displacements along the monopile also change periodically under the action of
horizontal harmonic load. The dynamic response of the pile in the last period of the total calculation
time (2T~3T, T = 2m/w) is basically stable. Five measuring points (with the polar coordinate & = ) were
arranged 0 m, 5 m, 10 m, 15 m, and 20 m away from the top of the pile, whose dimensionless deflections
under horizontal load and bending moment (u1 = w1 Esr/F 4+ ug Esr? /M) in the last calculation period
were extracted and plotted in Figure 7. The figure shows that the time when the displacement amplitude
of each point reaches its maximum is almost the same. Therefore, it will be fast and effective to draw
the deformation curve of monopile if we extract the displacement of points along the monopile from
the analysis step, in which the displacement of pile top reaches its maximum.

020 case 1: E =30MPa — 0 m off the pile top
o5 LB, =7m (1D) - - —5m0ffthep11'e top
—ae.  /\ 10 m off the pile top
L #=3.5m .
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= i
~. 005
Lq‘—‘ ——————
< .
+ 000F _._._.
L& __________
L:” 005F -
<
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I3
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-0.20 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L ]

1.9T 2.0T 21T 22T 23T 24T 25T 26T 27T 28T 29T 3.0T
Figure 7. The sinusoidal curves of monopile deflection.

3.2.1. Effect of Dimensionless Frequency on Monopile Deformation

The results of pile deflection under horizontal load and bending moment when rock-socketed
depth is 1D are shown in Figure 8. Z means the distance from the calculated point to ground. When the
dimensionless frequency changes from 0 to 0.5, the deformation of points along the pile in the upper
soil layer firstly increases and then decreases, being the smallest under the action of static force, and the
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largest (about 1.28 times that of the smallest) when a = 0.2. The deflection at the bottom of the monopile
is very small, as shown in Figure 9, due to the fastening effect of rock on monopile.
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Figure 8. Effect of dimensionless frequency on monopile deflection.
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Figure 9. The magnified view of the rock-embedded part of monopile.

3.2.2. Effect of Rock-Socketed Depth on Pile Deformation

The deformation curves of monopile under different socketed depth conditions are shown in
Figure 10. With the increase of rock-socketed depth, the deflection of monopile decreases within the
soil layer. When h increases from 1D to 2D, the deflection of pile top decreases about 9.6%, and 46.6%
when it increases from 1D to 3D. The pile deflection gradually decreases to almost 0 near the interface
of rock and soil. While the slight reverse deformation exists, when g is 1D and 2D in the rock layer,
it disappears when the pile is embedded deeper in the rock.



J. Mar. Sci. Eng. 2019, 7,134

u, (uE rlF)

0.
T

10 0.15 0.20

a=0.5
case 1: £E=30MPa
h=Tm (1D)
- h=14m (2D)
= = h=21m (3D)

0O.IOO
1k
2|
3t
4+ 7
Sst'
6-|"
7!
gk
9L
10

@)

Figure 10. Effect of rock-socketed depth on monopile deformation: (a) deflection of monopile under

Zlr

12 of 17

u, (u,Er*IM)

0.00 0.01 0.02 0.03 0.04

T T T T 7T
”~

a=0.5
case 1: ES:30MPa
h,=Tm (1D)
I -+ h=14m (2D)

- - = -h=21m (3D)

(b)

pure horizontal load; (b) deflection of monopile under pure bending moment.

3.2.3. Effect of Elastic Modulus Ratio Between Soil and Rock on Monopile Deformation

Figure 11 shows the deformation of monopile gradually increases as the elastic modulus of rock

decreases. When the monopile is embedded in slightly weathered rock, the point where deflection
of the pile becomes 0 is still near the interface of soil and rock, with a small deformation of pile
part embedded in rock. However, the point moves downward with an obvious deformation in the

lower part of the pile as the rock is completely weathered, which indicates that the effect the rock
has on fastening the pile is weakened. Viewed from the range of curve changing, the influence of
rock-socketed depth on pile deformation is slightly greater than that of the elastic modulus ratio
between soil and rock.

, (,E 1)
00.00 0.03 0.06 0.09 0.12 0.15
.l T T T ; /" . - T T
Il case2: E=10MPa 7 -~
T 2 a=05
3+ 7L
. i h =Tm (1D)
a4t 7 !
o | 7. E :E =1:50
Qs B / - s r
L s EE =1:500
6 /.° ‘
/* - — E_:E =1:6000
T % S
T soil layer
8_'i,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
9-1' rock layer
10
(a)

Zlr

51 (u 1ES}’Z/M )

0.000 _ 0004 _ 0008 _ 0012 _ 0016__ 0.
- case 2: E=10MPa T
I _“
i -z g a=0.5
-/-
- L7 h,=7m (1D)
A E.:E, =1:50
- <+ EE =1:500
T/ - — E_:E =1:6000
Iy .
y soil layer
I
) rock layer
(b)

Figure 11. Effect of elastic modulus ratio between soil and rock on pile deformation: (a) deflection of

monopile under pure horizontal load; (b) deflection of monopile under pure bending moment.

3.3. Analysis of the Internal Force of Pile under Simple Harmonic Forces

20

In this part, von-Mises stress along the monopile is extracted from the analysis step in which the

displacement of pile reaches the maximum, to analyze the influences of different rock-socket depth

and elastic modulus ratio between soil and rock. From the five measuring points in the previous
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section, it can be seen that when the displacement of the pile reaches its maximum, the corresponding
dimensionless stress (Gp; = opmr?/F + opr’ /M) are also approximately at the maximum (Figure 12).
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Figure 12. The periodic change in von-Mises stress.

3.3.1. Effect of Dimensionless Frequency on von-Mises Stress of Pile

Dimensionless von-Mises stresses at points along monopile are taken when fg = 1D. The results
are shown in Figure 13. Stress of the pile first increases and then decreases with the increase of
dimensionless frequency, reaching the maximum, when a = 0.2, in this case. At the interface of rock
and soil, the stress of monopile changes very sharply: the stress of the pile under the interface is far
less than that in the upper soil layer. Stress of the socketed part decreases rapidly, close to zero at the
bottom of the pile.
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Figure 13. Effect of dimensionless frequency on von-Mises stress of monopile.
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3.3.2. Effect of Rock-Socketed Depth on Von-Mises Stress

To study the effect of rock-socketed depth on von-Mises stress, the results are extracted when
a=0.5, as shown in Figure 14. The stress of pile in the soil layer increases with the increase of
rock-socketed depth, and von-Mises stresses for monopile in the soil layer part are much larger than
monopile in the rock layer part. The stress has a sudden drop near the interface between soil and rock,
and decreases sharply in the rock, tending to zero at the bottom of pile.
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Figure 14. Effect of rock-socketed depth on von-Mises stress: (a) von-Mises stress of monopile under
pure horizontal load; (b) von-Mises stress of monopile under pure bending moment.

3.3.3. Effect of Elastic Modulus Ratio between Soil and Rock on Von-Mises Stress

The von-Mises stresses in Figure 15 are also extracted under the condition thata = 0.5, hy = 1D.
With the increase of rock weathering degree, the stress of monopile in the upper soil layer part decreases
while it increases in the lower rock layer part. The drop of stress near the interface under strong
weathering rock condition is gentler than the weak weathering rock condition.
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Figure 15. Effect of elastic modulus ratio between soil and rock on von-Mises stress: (a) von-Mises stress
of monopile under pure horizontal load; (b) von-Mises stress of monopile under pure bending moment.
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4. Conclusions and Outlook

4.1. Basic Conclusions

Based on a combined finite-infinite element model, the dynamic impedances and dynamic
responses of large diameter rock-socketed monopiles under harmonic load are analyzed in this paper.
The conclusions are as follows:

(1) When rock-socketed depth increases:

a. the dynamic stiffness of pile increases, while the sensitivity to dimensionless frequency
decreases, indicating that the ability of pile to resist deformation increases under dynamic
load, which is consistent with the results obtained from monopile deformation analysis;

b.  the radiative damping of pile decreases, and the horizontal radiative damping decreases
the most. When the contact surface between the pile and the soil becomes smaller, less
stress wave energies will be generated and radiated;

C. the deformation of monopile reduces and the deformation of the rock-embedded part of
the monopile is very small;

d.  von-Mises stress of the monopile in the soil layer increases, and there is a sudden drop at
the soil-rock interface.

(2) When the elastic modulus ratio of soil to rock increases, that is, the weathering degree of
rock increases:

a. the dynamic stiffness of the monopile reduces, and the closer the elastic modulus of rock is
to that of soil, the faster its reduction rate is. When the elastic modulus of the rock is reduced,
resulting in the weakened ability of the pile to resist deformation under external force;

b.  the radiative damping increases, with the rotational radiative damping increasing the
most. Compared with rock, it seems that the capability of the soil to radiate stress waves
is stronger;

c. the deflection of the monopile increases and the point at which the displacement is 0 shifts
downward, considering that the effect of rock on fastening the pile is reduced;

d.  von-Mises stress of monopile in the soil layer decreases while increasing in the rock layer.
The phenomenon of stress drop at the soil-rock interface is no longer obvious.

Besides, with the dynamic impedances obtained in this study, the resonant frequencies and dynamic
responses of the offshore wind turbines can be calculated by the so-called substructure technique [33,34].

4.2. Outlook on Further Study

Due to the assumptions made for the model, there are still limitations in the research.
Some differences may exist between the homogeneous constitutive model of rock and soil and
the geological conditions in practical engineering. In addition, the finite element method can not be
used to discover the dynamic impedance evolution of monopile under long periodic vibration loads.
More work remains to solve:

(1) The deformation and stress of the soil/rock around monopile under dynamic loadings with
different amplitudes can be analyzed, in order to know more about the soil-rock-monopile
dynamic contact problem;

(2) The dynamic impedances and responses of rock-socketed monopile under long-term alternating
loads remain to be further studied in the future;

(3) More complicated soil and rock models can be further used to study the dynamic responses of
rock-socketed monopiles under extreme loading conditions.
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