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Abstract: A large number of jackup offshore platforms with towers are widely applied in ocean
engineering. The dynamic response of the platforms to waves of large wave height is critical, as such
waves may cause platform accidents, property damage, and casualties. Therefore, it is important to
investigate the coupling effect of jackup offshore platform, towers and seabed foundations under
waves of large wave height. In this study, the coupling effect of offshore platforms, tower structures,
and seabed foundations under the impact of waves of large wave height was studied via a physical
flume model test. The experimental results show that the impact of waves of large wave height on the
platforms is significant when the wave is blocked by the platform surface as the water body gathers
under the platform surface, causing a pile group effect that results in the onshore piles being subjected
to larger pressures than the front ones. The combined action of wave impact and pile leg squeezing
force leads to an increase in the pore pressure of the foundation bed near the pile leg, and the soil
near the pile leg becomes soft, revealing the mechanism of instability of the offshore platform’s pile
foundation under waves of large wave height. The acceleration of the longitudinal movement of
the platform increases under waves of large wave height, and the vortex-induced vibration of the
platform includes the vibration along the direction of the wave and perpendicular to it. A coupled
vibration effect between the tower structure and the platform occurs under waves of large wave
height, reducing the vibration of the platform itself. Furthermore, damping members are installed on
the tower structure, greatly reducing the natural vibration period and the motion response of the
tower structure. This study provides significant enlightenment for the design of offshore platforms
with towers to protect against waves of large wave height.

Keywords: wave of large wave height impact; jackup offshore platform; tower; seabed foundation;
coupled dynamic response; wave flume model test

1. Introduction

A large number of large-scale offshore structures have been applied in ocean engi-
neering, such as fixed offshore oil platforms, offshore wind turbines, and jackup offshore
platforms, which are used in oil drilling, satellite launches, offshore power generation, and
other engineering fields [1]. Because of the particularity of the service environment, these
structures often have the characteristics of deep water, rapid current, and large wave height
in the sea area, posing great challenges for the long-term safe service of jackup offshore
platforms. This paper focuses on the pressing issue of the dynamic response of a jackup
offshore platform under waves of large wave height of extreme condition during the entire
life of the structure.

Past studies have revealed several considerations for the proper design of such off-
shore structures, such as the generation of both horizontal and uplift loads on elevated
structures [2], the generation of significant overturning moment [3], and the concentration
of the uplift demand in offshore platforms with towers [4]. Moreover, it was found that the
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interaction of waves directly with the platform’s structure reduces its strength or stiffness,
and that waves change the properties of the seabed soil, weakening the foundation and
decreasing the lateral soil resistance [5]. Therefore, in the process of analyzing the response
of offshore structures under waves, both the response of the structure and the impact of
the seabed soil around the structure on the overall stability of the structure under waves
should be considered.

In recent years, many researchers have carried out numerous numerical and experi-
mental studies to analyze the dynamic response of offshore jacket structures. For instance,
Sunder and Connor [6] and Mostafa and Naggar [7] used parametric studies to investigate
the response of offshore platforms under extreme wave and current loads. Elshafey et al. [8]
theoretically and experimentally designed a scale model to investigate the dynamic re-
sponse of an offshore jacket platform under random wave loads. Golafshani et al. [9] pre-
sented a probabilistic incremental wave analysis (PIWA) in order to assess the performance
of offshore jacket platforms under extreme waves. Hezarjaribi et al. [10] examined the
nonlinear response of jacket-type platforms against extreme waves via sensitivity analyses.
Zhang et al. [11] developed a three-dimensional integrated numerical model that included
wave and seabed sub-models to investigate the problem of wave-seabed-pile foundation
platform system interactions. Zhang et al. [12] used a physical model experiment to study
the dynamic characteristics of an offshore electrical platform under the combined actions
of wind, waves, and currents. Xie et al. [13] carried out model experiments for single-pile
legs and three-pile legs, and they investigated the hydrodynamic characteristics of three
truss-type legs of a jackup offshore platform. Liu et al. [14] addressed a general analytical
framework of wave run-up on an offshore jacket platform through a numerical wave tank
that was designed based on the VOF model, and then they presented and verified the wave
elevation level, the wave run-up height, and the wave impact forces.

In addition, many researchers have investigated the vibration control problem for
offshore platforms that are subjected to waves. For example, some researchers presented
control strategies or damping isolation systems to control the vibration of a steel jacket
offshore platform [15,16], while others proposed damper-based methods to reduce the
displacement response of the platform [17-19]. However, those control strategies or damper-
based methods were not optimal in terms of their economic control costs or their effects;
hence, more advanced optimization measures are needed for future studies.

In order to reveal the dynamic response law of seabed soil around pile foundations
under the action of waves and currents, scholars have conducted a great deal of research
on this problem. For example, Li et al. [20] found that the cumulative pore water pressure
at the bottom of pile foundations tended to increase, according to numerical analysis. Qi
and Gao [21] found that the local scour was correlated with the seabed response to a
certain extent, according to the results of an indoor flume experiment, and the upward
osmotic force caused by wave flow at the trough position could make seabed soil more
prone to local scour. Zhang et al. [11] studied the oscillatory response of seabed soil
around pile groups by combining a FLOW3D wave model and a COMSOL seabed model.
Lin et al. [22] established a numerical wave-structure elastic seabed interaction model
using the OpenFOAM platform by coupling a waves2Foam [23,24] wave model with
a minigeotechfoam [25-27] seabed model. The transient response around a single pile
under nonlinear wave action was studied using this model. It was found that the wave-
induced pore water pressure amplitude decreases with the increase in pile depth, but
the pore water pressure distribution pattern is similar. Yuan et al. [28] performed flume
experiments to study the excess pore pressure distribution around a mat foundation at
a scale considering the true load state, by recording wave profiles and pore pressures in
a sandy seabed. Ye et al. [29,30] and Jeng et al. [31] proposed another, more advanced
numerical coupling model (FSSI-CAS-2D/3D) for FSSI problems. Recently, it evolved
into FSSI-CAS [32]. Ye et al. [33,34] developed the coupling model OlaFlow-ABAQUS for
fluid-structure-seabed interaction (FSSI) problems, which was used by Ye et al. [35] to
explore the dynamic response characteristics of a jackup offshore platform and its seabed
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foundation. Cui et al. [36] presented a three-dimensional numerical model to analyze the
FSSI around a fixed GBS offshore platform, based on the VARANS equations and Biot’s
consolidation equations.

Although those investigations on the dynamic response of the jacket platform and
the seabed subjected to wave loads have been validated, both physical and numerical
models have raised the awareness of approaches to the design of offshore jacket platform
structures. However, research on the coupling response and stability control among jackup
offshore platforms, towers, and seabed foundations under waves of large wave height has
not been reported. In this study, flume model experiments were carried out to investigate
the dynamic response of jackup offshore platforms under different levels of wave action, in
order to investigate the dynamic responses of offshore platforms, pylons, and their seabeds
under the impact of waves. The related understanding from the experiment results could
provide significant enlightenment for the design, construction, operation, and assessment
of this type of offshore platform; it also provides an important basis for the reliability of
numerical simulations of sea launch platforms.

2. Experimental Design
2.1. Experimental Model

The main purpose of this experiment was to investigate the coupling response and
deformation process of platforms and the seabed under waves of large wave height. The
experiment was carried out in a wave flume (length = 90 m, width = 1.7 m, depth = 1.5 m,
maximum working water depth = 1.2 m) that simulated the dynamic response of offshore
platforms under the impact of waves of large wave height. Figure 1 shows the overall
layout of the offshore platform structure in the wave flume. A test sandpit was set up at a
distance of ~60 m (more than 6 times the wavelength) from the wave maker, with a length
of 3.0 m, a width of 1.7 m, and a depth of 0.4 m. The basic physical parameters of the soil
used to fill the sandpit are listed in Table 1.

Plattorm

Wav rati 7
Vave ga:em on Wave Wave absorber

1.5m

~27m |

| ~60m I
Seabed

P

Figure 1. General layout of the offshore platform structure in the wave flume.

0.4m

Table 1. Basic physical parameters of the model’s soil.

Specific gravity of the soil particle G 2.71
Moisture content w 25.59%
Saturated density psqr (g/ cm?) 1.780
Maximum saturated density 0 yqx (g/cm®) 1.719
Minimum saturated density i, (g/cm3) 1.286
Designed dry density p; (g/cm?) 1.502
Minimum porosity rate epyin 0.357
Maximum porosity rate emax 0.525

Combined with the better reliability of the experimental method in this paper and
the results of previous investigations of flume experiments [28,37], the geometric scale of
the model in this test was determined to be 1 = 1:24. According to the gravity similarity
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principle, the corresponding parameters between the prototype and the experimental
model are presented in Table 2.

Table 2. The corresponding parameters of the prototype and the experimental model.

Module Parameters Real Value Proportional Scale Experimental Model Value
Width (m) 14.4 Aw =24 0.6
Length (m) 144 AL =24 0.6
Platform Height (m) 0.48 Ag =24 0.02
Diameter of pillars (m) 1.92 Ap =24 0.08
Length of pillars 24 AL =24 1
Wave height H (m) 1;2; 3; 4.46; 5.60; 7.2 Ay =24 0.042; 06?2833;;0(').1325" 0.186;
Wave Wave period T (s) 8;10; 12 Ap=2405=49 1.63;2.04; 2.45
Water depth h (m) 10; 12; 15 Ag =24 0.417; 0.50; 0.625
Pressure (kPa) - Ap =24 -
Monitoring objects  Acceleration (g) - Aa=1 -
Displacement (m) - As =24 -

Three models were constructed for this experiment (as shown in Figure 2). The first
model (A) was used to test the dynamic response of the jackup offshore platform under
waves, and the second model (B) involved installing a tower model on the platform of
model A, which was used to investigate the coupling between the jackup offshore platform,
the tower, and the seabed foundation under wave impacts. The third model (C) involved
installing a damping device (i.e., diagonal bracing using rubber rods) on model B, which
was used to compare the tower on the platform with and without the damping device.
Figure 3 shows the offshore platform model in the sandpit of the flume. The depth of the
pile legs embedded in the seabed foundation was 0.3 m, while the part above the mud
surface was 0.7 m. The four pile legs were arranged at the four vertices of the platform in a
square shape at the bottom of the platform, with a spacing of 0.5 m. Based on the previous
results of physical model tests, the offshore platform and pile legs were made of Plexiglas
in this model test [38], which ensured that the actual scale of the elastic modulus was close
to the designed scale in order to get reasonable dynamic response results of the jackup
platform under waves. The density of the Plexiglas material used for the model tests was
1780 kg/ m?3, and the tensile modulus, flexural modulus, and shear modulus were 25 GPa,
9.3 GPa, and 7 GPa, respectively.

The wave profile was measured using a DS30 multipoint high-water-level wave
measuring system (measurement range: 0.60 m; accuracy: &1 mm; sampling frequency:
500 Hz), and the wave pressure was measured using a DS30 64-channel wave pressure
sensor acquisition system (measurement range: 10 kPa; accuracy: £0.01 kPa; sampling
frequency: 500 Hz), both of which were manufactured by the Beijing Academy of Water
Sciences, China. The motion state of the platform was measured using a non-contact
FASTRAK motion tracking and positioning system (measurement range: 0.30 m, accuracy
=+ 0.1 mm; sampling frequency: 500 Hz). The acceleration of the platform was measured
using an accelerometer (three-axis acceleration; measurement range: 1 g; lateral sensitivity:
<£5%; sampling frequency: 400 Hz) manufactured by Keyang Co. LTD. (Yangzhou,
China). Pore pressure was measured using a DMKY high-precision pore pressure sensor
(measurement range: 100 kPa; accuracy: £0.01 kPa; sampling frequency: 100 Hz). The
diameter of the pore pressure sensor was 13 mm, and its height was 12 mm, so it had no
obvious influence on the flow field around the seabed foundation or the seabed structure.

The locations of all of the aforementioned measuring instruments are presented in
Figure 2. In this experiment, a total of 18 pressure sensors were used to monitor the wave
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impact pressure on the pile legs and the upper and lower surfaces of the working platform
under various wave conditions. Six pressure sensors each were installed on the wave-facing
sides of the front pile (E1-E6) and the back pile (E7-E12) of the platform, and four pressure
sensors each were installed on the lower surface (E13-E16) and upper surface (E17-E20)
of the platform. Two acceleration sensors were installed on the upper surface (Al, A2) of
the working platform to monitor the acceleration response of the platform structure. A
6-DOF motion displacement measuring instrument was installed on the side surface (L1)
of the working platform to monitor the horizontal displacement, vertical settlement, and
failure and instability processes of the platform. Five wave-height sensors were installed
at several typical positions before and after the wave flume test model to measure the
wave surface change processes inside the flume (WH1-WHS5). A total of 12 pore-pressure
sensors were arranged to measure the change process of pore pressure around the pile
leg—three rows of pore-pressure sensors were installed at 0.05 m on the front (P5-P8) and
back (P9-P12) sides of the pile leg of the model and 0.8 m in front of the model (P1-P4). A
total of four acceleration sensors were installed at four typical positions along the height
of the tower to monitor the acceleration response of the tower (A1-A4). A 6-DOF motion
displacement measuring instrument was installed on the top of the tower (L2) to monitor
the displacement of a single pile leg at the top of the tower.
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Figure 2. Cont.
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Figure 2. Sketch of the experimental setup. (A: accelerometer; E: pressure sensor; L: displacement
measuring instrument; WH: wave height sensor; P: pore pressure sensor).
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Figure 3. Schematic diagram of the model size and installation of the offshore platform.

2.2. Experimental Procedure

The experimental procedure in this study was carried out as described in previous
literature [28], and the steps are briefly described below:

(1) Rinse the flume and the soil box with water before the experiment.

(2) The soil foundation model is made layer by layer, for a total of four layers, each of
which is 10 cm high. The platform structure is placed and the pore-pressure sensor is
buried according to the design.

(3) Allkinds of sensor acquisition devices are connected, and correct debugging is carried
out (Figures 4-6).

(4) Water is added to the tank to the prescribed water level for saturation. Considering the
poor permeability of the foundation soil, the saturation time of the model’s foundation
should be more than 24 h to make the foundation fully saturated.

(5) A preliminary experiment for calibrating the wave parameters is carried out; a total
of five wave-height meters are placed at the center of the model and at 1 m intervals
before and after it to measure the wave surface process, comparing the test spectrum
and the theoretical spectrum.

(6) The experiment of Model A commences, according to the experimental conditions
shown in Table 3.

(7)  Repeat steps 5-6 for the next wave condition after model A’s testing is completed, and
steps 3-6 when model A is changed to model B.

(8) Repeat steps 5-6 for the next wave condition after model B’s testing is completed, and
steps 3-6 when model B is changed to model C.

Table 3. Summary of experimental tests for wave, celerity, and platform conditions.

Water Depth Wave Height Wave Period Wave Length Wave Celerity

Test Number H.,, (cm) H, (cm) T (s) A (m) C (m/s)

1 41.7 4.2 1.63 2.95 1.81
Normal conditions 2 41.7 8.3 1.63 2.95 1.81

3 41.7 18.6 1.63 2.95 1.81

4 41.7 23.3 1.63 2.95 1.81
Extreme conditions with =75, o 30.0 2.04 415 2.03
waves of large wave height

6 62.5 20.8 2.45 5.64 2.30
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Figure 4. Photo after the preparation of model A.

Figure 5. Photo after the preparation of model B.
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Figure 6. Photo after the preparation of model C.

2.3. Experimental Conditions

Several experimental conditions for investigating the coupling between the platform,
the tower, and the seabed foundation under waves are summarized in Table 3. Three
models are presented in Figure 2. In all cases, the wave length (1) and the wave celerity (C)
were calculated, as shown in Equations (1) and (2), respectively:

2
A= ‘%tanh(ng‘AJ 1
C? = % anh<27”Hw> )

3. Experiment Results

3.1. Simulation Results of the Dynamic Response of the Jackup Offshore Platform Structure
under Wavess

3.1.1. Wave Pressure

The wave-pressure test results for the dynamic response of the jackup offshore plat-
form structure used in model A under waves are illustrated in Figures 7 and 8. Through
analysis and comparison of model A under normal waves and waves of large wave height,
we can see the following:

As shown in Figure 7, the wave pressure on the pile leg increases as its position on
the pile leg increases. At the same time, the wave pressure on the rear leg of the platform
is almost the same as the pressure on the front leg of the platform, and the rear pile is
slightly larger than the front pile. In the test process, it can be seen that the wave pressure
at different positions of the platform increases with the increase in the effective wave
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Figure 7. Diagram of wave pressure at different positions on the pile.
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Figure 8. Diagram of wave pressure at different positions on the platform face.

The depth of the water has a significant effect on the wave pressure on the platform;
when the water depth was less than or equal to 41.7 cm, the wave pressure was only on the
leg of the pile, and the wave could not touch the upper and lower sides of the platform.
As shown in Figure 8, when testing model A under waves of large wave height, the water
depth was 50.0 cm and the waves began to touch the lower side of the platform. When the
water’s depth reached 62.5 cm, the wave generated obvious crossing while touching the
side of the platform. Under the waves of large wave height, the maximum wave pressure
on the platform’s panel structure was at the lower side of the platform panel, and the
maximum wave pressure on the pile leg structure was at the upper end of the wave-facing
side of the pile leg.

The height of the waves affects the wave pressure on the platform, as shown in Figure 8,
where the bottom surface of the platform is significantly impacted by waves under the
action of Hg = 23.3 cm and 30.0 cm waves, and the wave pressure at the bottom surface
is greater than the wave pressure at other positions. The top surface of the platform is
impacted by the waves, and the impact of the waves on the platform is mainly at the
wave-facing end of the top surface of the platform.
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Figure 9 shows the temporal evolution of wave pressures acting on different points
of the platform structure under waves (Hy, = 62.5 cm, Hg = 30.0 cm, T = 2.45 s). The peak
wave pressure at point E12 of the rear pile is 11.33 kPa, which is 3.21 kPa greater than the
wave pressure at point E5 at the same height of the front pile; at this time, the peak wave
pressure at the E16 monitoring point on the lower side of the platform reached 8.04 kPa,
and the peak wave pressure at the E17 monitoring point on the upper side of the platform
was 4.49 kPa. It can be seen that the time when the peak wave pressure at the front pile leg
(E5) appears is the time when the wave crest arrived, and the peak wave pressure is almost
equal at different wave peaks. However, the time of peak wave pressure at the back pile
leg (E12) and below the platform (E16) lags several wave cycles behind. The peak wave
pressure at the top of the platform appeared the latest; a maximum peak value appears
every few cycles.

Front pile leg (E5)

Gl
|
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-20 l60 260 360 460 560 600
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(a) Front pile leg (E5).
12
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(d) Top surface of the platform (E17).

Figure 9. Wave pressure history of the platform model under waves (Hy, = 62.5 cm, Hg = 30.0 cm,
T=245s).
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3.1.2. Pore Pressure

The pore pressure under the impact of waves decreased as the depth increased in
model A, but increased as the wave height increased—an effect that has been overestimated
in previous literature [25,36]. However, the experiment in this study revealed some inter-
esting findings under waves of large wave height, which need to be further investigated.
Figure 10 shows the history curve of the pore pressure in the seabed at different locations
under waves (Hy = 62.5 cm, Hg = 30.0 cm, T = 2.45 s); it shows the following: (a) At
0.8 m in front of the pile leg, the waves have a certain influence on the pore pressure of
the seabed, and the influence gradually decreases with the increase in the depth; (b) At
0.05 m in front of the pile leg, in addition to the effect of the waves on the foundation bed,
the platform produces a reciprocating motion under the action of the waves at this time,
thereby squeezing the foundation bed in front of and behind the pile leg to a certain extent,
which also increases the pore pressure at 0.05 m in front of the pile leg and causes it to be
greater than the pore pressure at 0.8 m in front of the pile leg; (c) As for the pore pressure at
0.05 m behind the pile leg, due to the overall backward movement trend of the platform
under the impact of waves, the squeezing force on the foundation bed is more significant
than that at 0.05 m in front of the pile leg. Therefore, the rising amplitude of pore pressure
at 0.05 m behind the pile leg is greater than that at other locations; (d) At 0.05 m and 0.5 m
above and below the pile end, respectively, under the superimposed effect of the wave
impact and the pile leg squeezing force, the pore pressure at the lower measuring points
(i.e., P7, P8, P11, and P12) first increases and then gradually dissipates with time, while the
soil near the pile leg becomes soft.
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(a) Pore pressure at 0.8 m in front of the pile leg.
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(b) Pore pressure at 0.05 m in front of the front pile leg.

Figure 10. Cont.
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(c) Pore pressure at 0.05 m behind the front pile leg.

Figure 10. Pore pressure history of the pile leg under waves (Hy = 62.5 cm, Hg = 30.0 cm, T = 2.45s).

3.1.3. Motion Response

The motion of the jackup offshore platform under waves include rolling, surging, and
heaving, as shown in Figure 11, where the rolling is perpendicular to pitching. The results
of the movement test in the dynamic response simulation testing of the offshore platform
structure under test waves show that when the height of a wave is small (Hs < 18.6 cm),
the platform does not produce significant motion under normal operating conditions. As
shown in Figure 12, the platform produces significant motion under waves of large wave
height: when the height of the input wave increases to 23.3 cm, the platform’s motion is
mainly surging (along the propagation direction of the wave); as the height of the input
wave increases to 30 cm, the platform not only produces significant longitudinal motion
but also produces rolling and heaving. Thus, we can see that the amount of the platform’s
motion depends critically on the height of the waves.

Pitching

/ !

Surge
Heaving

Platform

Figure 11. Schematic diagram of the platform’s motion under wave action.



Water 2023, 15, 24 14 of 22

1.8
—a— hw=41.7cm;Hs=18.6cm;T=1.63s
18- 1.6 |- - & -hw=50.0cm;Hs=23.3cm; T=2.04s
—e— Hw-417cm; Hs-18.6cm; T=1.635 L - -a- hw=62.5cmHs=30.0em:T=2.455
L6 A - * - Hw=-50.0cm; Hs-23.3cm; T-2.04s 1.4 .
=14l ' - - A- - Hw=62.5cm; Hs=30.0cm; T=2.45s
e 12+
L 12|
g 510t
S Lot N
2 Eosf
§ > 0.6
g 06} or
g -
[s) [N 04} ~
> 04r O [ O A AN - Avvrmrmrrre e A
02} Sl 02} AN
~ < ~ N
0.0 L === - = 0.0 P S = | I
surge(cm) rolling(*) heaving(cm) surge(cm) rolling(®) heaving(cm)
Motion Motion

Figure 12. Motion of the platform under waves of large wave height.

3.1.4. Acceleration

The results of the platform’s acceleration are essentially consistent with the results of
the platform motion test. When the height of the input wave is small, the peak acceleration
at the monitoring point generated by the platform under the conditional wave action is very
small (i.e., effectively negligible), and the vibration direction is mainly in the longitudinal
motion direction (i.e., the wave propagation direction). As the input wave changes to waves
of large wave height, with the increase in the water’s depth and the height of the wave,
the motion and the peak acceleration at the monitoring point on the top of the platform
increase gradually. As shown in Figure 13, the maximum longitudinal acceleration is 0.57 g
under waves (Hy, = 62.5 cm; Hs = 30.0 cm; T = 2.45 s). In addition to the longitudinal
motion, the structural vibration direction also produces lateral vibration, and the maximum
lateral acceleration is 0.3 g, which may be caused by the vortex-induced vibration in the
lateral direction of the pile leg.
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Figure 13. Peak acceleration of the platform under waves of large wave height.

3.1.5. Analysis of Structural Stationary State

The stationary state of the platform structure was analyzed based on the test results of
four parameters of the platform structure: wave pressure, pore pressure, motion amount,
and acceleration. The results of the platform stationary state are shown in Table 4. When
the height of the wave is small, the platform structure does not move. When the height of
the wave is larger, the effect of the wave on the platform is significant, and the platform
exhibits obvious shaking. Based on the above test results, it can be seen that when the
test water depth is <41.7 cm and the wave height is less than 12.5 cm, the platform is
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Surge(cm)

3.0

generally stationary. In contrast, the platform is moving and shakes under waves of large
wave height.

Table 4. Stationary state of the platform model.

Conditions Hy (cm) Hg(cm) T (s) Stationary State
417 4.2 1.63 Yes
41.7 8.3 1.63 Yes
41.7 12.5 1.63 Yes
Extreme conditions with 417 18.6 163 No
waves of large 50.0 23.3 2.04 No
wave height 625 30.0 245 No

Normal operating
conditions

3.2. Simulation Test Results of the Coupling Effect of the Offshore Platform, Tower, and Seabed
under Wave Impacts

3.2.1. Dynamic Characteristics of Towers

In the simulation test of the coupling action of the jackup offshore platform, tower,
and seabed under wave impacts, the tower devices on the platform were divided into two
types: undamped tower (model B) and damped tower (model C). The tower models are
shown in Figure 2. Before the test of the jackup offshore platform models with towers
under the impact of waves, their natural vibration period and equivalent damping were
tested. Figures 14 and 15 show the natural vibration curves of the tower structure without
a damping device and with a damping device, respectively. The surge and pitch of the
tower with the damping device are noticeably smaller than those of the tower without the
damping device. Using spectral analysis, the natural vibration period and the equivalent
damping of the two structures were derived, as shown in Table 5, which also shows that the
damping device has significantly reduced the dynamic characteristics of the towers. The
experiment results show that the damping device has an obvious influence on the dynamic
characteristics and motion response characteristics of the tower. The natural vibration
period of the tower with the damping device is smaller than that of the tower without
the damping device, while the relationship between the equivalent damping values is
the opposite.

03

25

0.2

0.1

0.0

Pitch(deg)

1 1 1 0.3 1 1 1 1

59

60 61 62 63 58 59 60 61 62 63

«(s) «(s)
(a) Surge. (b) Pitch.

Figure 14. Natural vibration attenuation curve of the tower without the damping device.
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Figure 15. Natural vibration attenuation curve of the tower with the damping device.

Table 5. The natural vibration period and equivalent damping of the two towers.

Period (s) Equivalent Damping

Tower Type - -
Surge Pitch Surge Pitch

Tower without damping device 0.18 0.21 0.364 0.354
Tower with damping device 0.20 0.23 0.500 0.473

3.2.2. The Motion of the Towers

The experimental results show the differences between the tower without the damping
device and the tower with the damping device under the same wave action. Taking the
motion results of the towers under waves (Hy, = 62.5 cm, Hg = 30.0 cm, T = 2.45 s), for
example, the comparison of the longitudinal motion history of the tower without the
damping device and the tower with the damping device is shown in Figure 16. Under
the same wave, the motion response of the tower with the damping device is significantly
smaller than that without damping device. The longitudinal motion of the tower without
the damping device is 3.13 times that of the tower with the damping device, and the pitch
motion of the tower without the damping device is 3.34 times that of the tower with the
damping device (see Figure 17).

-10

Withont damping —

With damping —

360

370

380 390 400 410 420 430 440 450 460
(s)

Figure 16. Comparison diagram of the surge history of the towers with and without the damping
device (Hy =62.5cm, Hg =30.0 cm, T =2.455s).
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Figure 17. Comparison diagram of the surge and pitch of the towers with and without the
damping device.

3.2.3. Acceleration of the Towers

In the simulation of the coupling action of the jackup offshore platform, tower, and
seabed under wave impacts, four acceleration sensors were arranged at equal intervals
on the tower device on the platform. (The top acceleration sensor Al and the bottom
acceleration sensor A4 were positioned on the top of the tower and the upper surface of
the platform, respectively; the others were at the middle of the tower.) The test results
show that (a) the acceleration of the tower structure is significantly greater than that of
the platform structure; (b) the acceleration of the tower structure decreases gradually with
the height of the tower; and (c) the acceleration of the tower structure with the damping
device at different heights is significantly lower than that of the tower structure without
the damping device (see Figure 18).

1.5

Hw=62.5cm; Hs=30cm; T=2.45s

—_
iy
T

e
N
T

Peak acceleration (g)

Al

—=a— without damping — ® — with damping

1
A4

—a— without damping — ® — with damping

A2 A3 A4 Al A2 A3
Figure 18. Comparison diagram of acceleration at the monitoring points on the tower with and
without the damping device (wave propagation direction).

At the same time, we compared the acceleration at the monitoring points on the top
face of the platform, as shown in Figure 19, where the X-direction is the wave propagation
direction, the Y-direction is the rolling direction, and the Z-direction is the pitch direction.
It can be seen that the acceleration of the platform itself with the tower is smaller than that
without the tower, indicating that there is a coupling vibration effect between the tower
and the platform, and that the installation of a tower can play a certain role in mitigating
the vibration of the platform itself.
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Figure 19. Comparison diagram of acceleration at the monitoring points on the top face of the
platform with and without the tower.

4. Discussion
4.1. Stability Control of Jackup Offshore Platforms under Waves of Large Wave Height

Under waves of large wave height, the wave is blocked by the platform’s surface,
causing a pile group effect, thereby increasing the water body’s energy. The experiment
results show that the effect of waves on the platform is significant, and the platform
exhibits obvious shaking, along with surging, pitching, and rolling. The platform produces
reciprocating motion as it shakes; combined with the wave impact, the pore pressure at the
lower measuring points (i.e., P7, P§, P11, and P12, as shown in Figure 10) first increases and
then gradually dissipates with time, while the soil near the pile leg becomes soft and the
lateral soil resistance decreases. The mechanism of pile instability of the offshore platform
under waves of large wave height is revealed, which is consistent with the cause of the
drilling platform accident in the Shengli Oil Field in China [39].

There are two effective methods for controlling the stability of jackup offshore plat-
forms under waves of large wave height: First, the platform and sea surface pore height
should be kept safe enough to prevent waves from impacting the bottom of the platform,
moderate the shaking of the platform, and reduce the softening of the seabed foundation,
just as a recent literature review [40] highlighted that an important aspect of the offshore
designer’s task is identifying the environmental conditions within which the offshore
structure is to operate. Second, measures should be taken to limit the softening of the pile
foundation soil induced by waves of large wave height. Ye et al. [35] investigated discs
attached to the pile legs of an offshore platform to suppress liquefaction, and the numerical
results showed that no momentary liquefaction occurs in the seabed directly below the
discs on the pile legs of the offshore platform under waves, which could make the jackup
offshore platform structure more stable under waves. This is convenient and economical,
and it is recommended for application in the design of jackup offshore platforms to resist
waves of large wave height, e.g., storm surges (tsunamis).

4.2. Coupling Effect between the Jackup Offshore Platform, the Tower, and the Seabed Foundation

Via analysis of the experimental results, as shown in Figures 18 and 19, it can be
seen that there is a coupling vibration effect between the tower and the platform, and the
installation of the tower can play a certain role in mitigating the vibration of the platform
itself. However, it should be noted that the natural frequency and the dynamic response of
the tower are related to the height of the tower, its overall stiffness, the size of the platform,
and the anchoring performance of the soil. In this test, the ratio of platform leg length to
tower height was 1:2, because the above test results are only applicable to this test scheme.

In an actual marine environment, the waves may approach a platform from different
directions, affected by winds, tides, currents, etc. In the design of a jackup offshore platform,
all waves that might approach the platform site from any direction during the entire life of



Water 2023, 15, 24

19 of 22

the structure should be considered [41]. The previous research [42,43] revealed that wave
directions have a complex effect on platform, which can reduce the hydrodynamic forces in
one main axis direction of platform but generate additional out-of-plane forces and yaw
and roll moments. Therefore, in our study, only the wave impacts on the platform at a
normal angle were considered. Although there is a limitation in the test, reasonably correct
test data can be obtained under this condition. In a further study, various wave directions
should be taken into consideration to study the coupling effect of jackup offshore platforms,
towers, and seabed foundations. Furthermore, we would carry out more experiments with
various wave periods and sizes of the platform, in order to extend the findings of this paper
to other complex conditions. It is important to look at different wave periods and platform
sizes because past work [44] demonstrated that the ratio of the “wave length to the deck
length” has a critical effect on the hydrodynamic loads applied on a marine platform and
that if this ratio is exceeded above a certain limit, then the hydrodynamic uplift forces do
not continue to increase.

4.3. The Vibration Control of the Tower on the Offshore Platform

Many researchers have used various methods including artificial intelligence methods
to control the vibration of steel platforms under environmental loads, such as wind, waves,
ice, and earthquakes [15-19,45]. All of the relevant studies and achievements have further
strengthened our confidence in controlling the vibration of offshore platforms. Based on
the findings of previous studies, a flume experiment on the coupling between a jackup
offshore platform, tower, and seabed foundation under waves of large wave height was
carried out in this study.

The experimental results show that the acceleration response of the tower structure
increases gradually with the height of the tower under the action of wave impacts, and
the vibration effect of the tower is amplified, which poses great risks to the structural
safety of the offshore platform and tower. To ensure that offshore platforms successfully
complete their missions—i.e., oil drilling and the generation of offshore wind power—
reliable measures should be implemented to control the vibration of the jackup offshore
platform and tower. The motion of the jackup offshore platform can be reduced by the
measures described in Section 4.1, while controlling the vibration of the tower can increase
the stiffness of its structural components, as can the addition of a damping device, as
described in this paper. The model test results show that the damping of the structure
itself increases by ~38.8% and the natural frequency decreases by ~14.3% after adding
the structural damping parts. Finally, the peak acceleration at the four tower monitoring
points on the tower decreased by ~7-41.7%. The smaller the wave height, the more the
peak acceleration decreased, proving that the method of adding damping components to
suppress the vibration of the tower structure on the jackup offshore platform is feasible.

5. Conclusions

In this study, an experimental analysis of a jackup offshore platform structure under
waves of large wave height was carried out, and the dynamic response of the jackup
offshore platform structure under wave impacts, along with the coupling between the pile
leg structure, the tower, and the seabed foundation, was investigated, providing significant
enlightenment for the design of offshore platforms with towers to resist waves of large
wave height. The main conclusions are as follows:

(1) The wave pressures on the platform structure increase more under waves of large
wave height than under normal conditions, and they also increase with the increase
in wave height. When the wave height is large enough, the wave is blocked by the
platform surface and the water body gathers under the platform surface, causing a
pile group effect. The pressure on the platform’s back pile legs is greater than that on
the front pile legs.

(2) Due to the reciprocating movement of the structures under waves of large wave height,
the soil near the pile legs squeezes the foundation bed in front of and behind the pile
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legs, causing the pore pressure of the foundation bed near the pile legs to increase
cumulatively, and causing local softening of the foundation, which is manifested
in the soil near the pile legs becoming soft, and the structure undergoes a certain
displacement, revealing the mechanism of instability of the offshore platform’s pile
foundation under waves of large wave height.

(3) The platform produces longitudinal movement (along the propagation direction of
wave) under normal conditions, and the longitudinal movement of the platform
increases under waves of large wave height, accompanied by the vortex-induced
vibration of the platform in the lateral direction of the pile legs.

(4) The motion response of the tower structure is significantly greater than that of the
platform structure, and a damping device has an obvious impact on the dynamic
response characteristics of the tower. The maximum longitudinal movement of the
tower without the damping device is 3.13 times that of the tower with the damping
device under waves of large wave height.

(5) Under the action of waves, a coupling vibration effect will occur between the tower
and the platform, and the installation of the tower can play a certain role in mitigating
the vibration of the platform itself.
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