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Abstract

This study investigates the use of viscous dampers (VDs) to reduce the vibration of a
deepwater offshore platform under joint wind, wave, and earthquake action. A finite ele-
ment model was established based on the Opensees software (version 3.7.1), incorporating
soil-structure interaction simulated by the nonlinear Winkler springs and simulating hydro-
dynamic loads via the Morison equation. Turbulent wind fields were generated using the
von Kdrman spectrum, and irregular wave profiles were synthesized from the JONSWAP
spectrum. The 1995 Kobe earthquake record served as seismic input. The time-history
dynamic response for the deepwater offshore platform was evaluated under two critical sce-
narios: isolated seismic excitation and the joint action of wind, wave, and seismic loading.
The results demonstrate that VDs configured diagonally at each structural level effectively
suppress platform vibrations under both isolated seismic and wind-wave—earthquake
conditions. Under seismic excitation, the VD system reduced maximum deck acceleration,
velocity, displacement, and base shear force by 9.95%, 22.33%, 14%, and 31.08%, respectively.
For combined environmental loads, the configuration achieved 15.87%, 21.48%, 13.51%,
and 34.31% reductions in peak deck acceleration, velocity, displacement, and base shear
force, respectively. Moreover, VD parameter analysis confirms that increased damping
coefficients enhance control effectiveness.

Keywords: earthquake; jacket platform; offshore platform; vibration control; viscous dampers

1. Introduction

Offshore platforms have found extensive applications in the realms of oil and gas
extraction, marine research and exploration, wind power generation, et al. Within the
realm of offshore platforms, there exist two primary classifications: fixed and floating
structures, with the jacket offshore platform comprising approximately 95% of total off-
shore platforms, owing to its exceptional mechanical performance, superior structural
safety, and reliability [1]. However, the transition to deepwater deployments intensifies
structural vibration in harsh marine environments, such as wind, waves, and currents [2—4].
Such vibrations may excite higher-order structural modes, generating localized stress con-
centrations and fatigue crack propagation to threaten structural security. The structural
vibration persists until complete energy dissipation occurs through damping pathways,
highly relying on the friction in joints and microcrack friction in reinforced concrete, where
the energy dissipation rate remains low under elastic strain ranges [5-7]. Conventional
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vibration mitigation strategies usually prioritize structural stiffening, which is inherently
dependent on substantial material consumption to achieve natural frequency modulation.
However, such mass-intensive approaches incur prohibitive economic penalties, partic-
ularly in deepwater applications [8-10]. Consequently, dynamic control methodologies,
such as vibration suppression technologies and energy dissipation systems, have been
demonstrated to be efficient in vibration control [11-13], serving as a pivotal strategy for
enhancing the resilience of offshore platforms.

Vibration control strategies bifurcate into active, semi-active, and passive paradigms;
the active and semi-active control systems [14,15] are reliant on real-time sensor-actuator
networks and external energy supply [16,17]. However, their complexity, energy depen-
dence, and maintenance sensitivity prove prohibitive for offshore infrastructure exposed
to harsh marine environments [18,19]. On the other hand, passive control systems do not
need external energy and rely on structural motion-generating control forces to enhance
structural stability and reliability. Passive control can be divided into the following two cat-
egories based on the energy consumption mechanism: (1) dynamic vibration absorbers,
such as tuned mass dampers (TMDs) [20], tuned liquid dampers (TLDs) [21], tuned liquid
column dampers (TLCDs) [22], et al., and (2) hysteretic or viscoelastic mechanism-based
absorbers, such as the friction damper (FD) [23], shape memory alloy (SMA) dampers [24],
hydrodynamic buoyant mass damper (HBMD), et al. The TMD is composed of a mass
block, springs, and viscous dampers, designed to counteract structural vibrations through
resonant energy dissipation. Wu et al. [25] utilized TMDs in offshore platforms under earth-
quake loads—the maximum displacement and acceleration were reduced by 27% and 32%,
respectively. Gavgani et al. [26] utilized the genetic algorithm to obtain the optimal parame-
ters for TMDs and adopted the Latin Hypercube Sampling method to yield the probabilistic
distribution of TMDs. While conventional TMDs demonstrate significant vibration mitiga-
tion potential, recent advancements have focused on developing enhanced TMD variants to
address challenges in multi-hazard environments and structural adaptability. Lin et al. [20]
proposed a pounding TMD (PTMD) for the Canton Tower under earthquake loads, and
the results showed that the non-uniformly distributed PTMD exhibits better performance
than the uniformly distributed one. Pourzangbar et al. [27] analyzed the influence of the
frequency ratio, damping ratio, and mass ratio of the pendulum PTMD on jacket dynamic
responses. Moreover, owing to the cost efficiency and superior damping performance, the
TLD and its variants are utilized to reduce structural vibration by leveraging the resonant
sloshing motion of liquid in a container. Jin et al. [28] utilized the TLD to control the
earthquake response of the jacket platform, resulting in a larger mass ratio that can provide
a more significant earthquake response. Sardar et al. [29] analyzed the effects of the TLD
in reducing wave-induced structural vibration; the results demonstrated that the optimal
TLD location is the top deck, and the controlling performance was more effective with the
mass ratio increasing. Dou et al. [21] developed a coupling numerical model to analyze the
effects of the TLD in reducing the nonlinear vibration of supporting structural platforms,
finding that the mass ratio of 2% and the frequency ratio of 1% were optimal. Building upon
TLD foundations, hybrid and optimized liquid damping systems have emerged to tackle
challenges under combined environmental hazards. Colwell et al. [22] used the TLCD to
reduce fatigue damage to a jacket platform. Mousavi et al. [30] evaluated the effectiveness
of a tuned liquid column—-gas damper (TLCGD) in decreasing the vibrations of jacket
platforms under earthquake, demonstrating that the optimal frequency of the TLCGD was
uncoupled with the area ratio and the head loss coefficient. Moharrami et al. [31] used the
HBMD to reduce the wave-induced displacement response of offshore platforms.

Hysteretic mechanism-based absorbers dissipate energy through irreversible material
deformation or sliding friction, and their performance does not rely on rate. Golafshani
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et al. [23] presented a mathematical formulation to evaluate the structural response of the
jacket platform, obtaining the optimal parameters of the FD to reduce the wave-induced
vibration. Owing to their exceptional energy dissipation capacity and superior fatigue
resistance under cyclic loading, SMAs have been increasingly employed in offshore plat-
form vibration control. Enferadi et al. [24] developed an idealized multilinear constitutive
model to simulate the hysteretic force-displacement behavior of SMA elements. Numerical
implementation of this model demonstrated a reduction in deck displacement, acceleration,
and base shear. Ghasemi et al. [32] used the Ideal Gas Molecules Movements algorithm to
improve the efficiency of SMAs in a jacket platform—the results indicated that the optimal
SMA reduced deck deformation by 47.5%, deck acceleration by 56.5%, and base shear
by 28%.

Compared with the above control devices, VDs achieve broadband energy dissipation
through fluid shear deformation, which indicates that VDs have advantages in enabling
the mitigation of complex dynamic load scenarios, and the velocity-dependent energy
dissipation mechanism ensures more stable hysteretic responses [33-35]. Moreover, the
hermetically sealed hydraulic systems require significantly less maintenance while main-
taining corrosion resistance. These attributes position VDs as a superior and economically
viable solution for harsh marine environments. Janbazi Rokni et al. [36] applied the VD
in a jacket platform and analyzed the effects of the VD configuration on jacket fatigue life,
with results demonstrating that fatigue damage with VDs is approximately 0.01 times that
without VDs. Emami et al. [37] utilized vertically oriented fluid VDs in a jacket structure to
enhance fatigue performance, and the fatigue life of the structural joint was increased by
three times. Beyond fatigue life extension, the optimal configuration of VDs has garnered
significant attention. Tabeshpour et al. [38] investigated the effects of VDs in enhancing
the long-term performance of jacket platforms and proposed the optimal VD arrangement.
Vaezi et al. [5] investigated the effects of the brace-viscous damper with different distri-
butions, configurations, and brace stiffness in an offshore platform; the results indicated
that the toggle configuration significantly reduced the base shear. However, existing anal-
yses predominantly consider wave loads in isolation, neglecting the coupled dynamics
of simultaneous wind, wave, and earthquake multi-hazard excitations, and overlooking
the soil-structure interaction, which may amplify drift accumulation through nonlinear
superposition and degrade viscous damper functionality.

This study investigated the vibration control performance of viscous dampers on
a deepwater offshore platform under wind, wave, and earthquake loads. A fine finite
element model of the jacket platform was established in the Opensees software, and the
soil-structure interaction was considered based on the p-y, t-z, and g-z springs. The wind
speed and wave profile were evaluated by the von Karméan and JONSWAP spectrums,
respectively, and the corresponding forces were calculated by Morison’s equation. The
Kobe 1995 earthquake in Japan was selected as the earthquake excitation. The dynamic
responses of the offshore platform equipped with VDs under seismic action only and the
joint action of wind, wave, and earthquake excitation were analyzed. The VD-integrated
offshore platform demonstrates superior vibration control under both seismic and multi-
hazard excitations, achieving significant response reductions in deck displacement, velocity,
acceleration, and base shear under earthquake loads, at 9.95%, 22.33%, 14.00%, and 31.08%,
respectively, as well as 15.87% in displacement, 21.48% in velocity, 13.51% in acceleration,
and 34.31% in base shear for combined wind-wave-earthquake loads. Furthermore, para-
metric analysis reveals that increasing damping coefficients substantially enhances this
control effectiveness.
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2. Viscous Dampers

The dynamic behavior of offshore jacket structures under environmental loads such as
waves, wind, et al., necessitates a rigorous analysis of structural vibrations. To characterize
the time-dependent response of offshore platforms, the governing equations of motion
under external excitation have the following expression:

M{3} +[cr){é} + (K {6} = F M)

where M represents the structural mass matrix. Cr indicates the damping matrix. K
refers to the structural stiffness matrix. 4, 5, and ¢ define the deformation, velocity, and
acceleration of the structure, respectively. F denotes the external forces, including wind
load F;,4, wave and current load Fy., and earthquake loads Fe,

P:Pwind+ch+Pe (2)

Structural damping refers to the inherent energy dissipation mechanisms within a
material or system, arising from internal friction, microstructural hysteresis, and localized
deformations, et al. Ct can be evaluated by the following equation:

Cr= CS + Cdumper (3)

where Cs represents the damping matrix of the structure. Cggpper indicates the added
damping matrix due to the damper. The determination of the damping coefficient C4 is
based on the target damping ratio, and can be yielded by the following formula [33]:
(€" = O TsKs

Cp= B @
where ¢; is the target damping ratio. Ts represents the natural period of the offshore
platform. K; refers to the total stiffness. This study considered the target damping ratio of
10% [37].

Viscous dampers, as shown in Figure 1, provide supplemental energy dissipation with-
out altering the fundamental frequency characteristics, thereby avoiding resonance risks
under operational conditions. Furthermore, the damper’s passive operation eliminates the
need for external power or complex control systems, significantly reducing lifecycle costs.
The integration of viscous dampers offers a critical balance between dynamic performance
and cost efficiency.

Cylinder ~ Control valve
o - rr =7 e =

7

Piston Rod

Chamber 1 _/ |- Chamber 2

Piston head with orifices

Figure 1. Schematic diagrams of viscous damper.
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3. Offshore Platform Overview and Finite Element Model
3.1. Deepwater Offshore Platform

The deepwater offshore platform, as shown in Figure 2, is designed for water depths of
105 m, consisting of an upper module and a lower jacket substructure. The lower foundation
adopts a four-legged jacket-type structure with bucket foundations. After completing the
construction, installation, and commissioning of the upper module, the entire structure will
be transported offshore for final installation. The upper module features a four-tier layout
with plan dimensions of 51 m x 47 m and an overall height of approximately 11 m, with
the top deck elevation reaching approximately 48 m above sea level. The deck-mounted
functional modules, including electrical distribution equipment, heating, ventilation, air
conditioning systems, and fire safety installations, were rigorously incorporated into the
finite element (FE) model through equivalent mass modeling techniques.

/N/N/
NN

(a) Oblique view (b) Side view (c) Front view
Figure 2. Offshore platform layout.

The jacket foundation incorporates four main legs supported by twelve open-ended
steel pipe piles and features six strategically positioned horizontal framing levels along its
vertical profile: the uppermost level at +9.0 m above the mean sea level (MSL) interfaces
with the topside modules, while subsequent levels descend through —11 m, —36 m, —62 m,
—90 m, and —103 m MSL, progressively increasing X-brace density and member wall
thickness. The substructure features 55 m x 55 m at the seabed interface, with the legs
inclined at a 1:7 slope ratio to enhance lateral stiffness against overturning moments. The
piles have a diameter of 2.5 m with a wall thickness of 40 mm and a penetration depth of
80 m, as shown in Figure 3. Moreover, the tubular members of the jacket substructure are
fabricated from S355 steel.
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Figure 3. Configuration of pile foundation (unit: mm): (a) pile elevation drawing; (b) top view of
piles and legs; and (c) pile cross-section.

3.2. Finite Element Model

This study employs the OpenSees software to develop a high-fidelity finite element
(FE) model of the offshore platform for dynamic analysis. As illustrated in Figure 4,
the FE model comprises 456 nodes and 956 elements, strategically discretized to balance
computational efficiency and resolution. Structural components are modeled using beam—
column elements, and the nonlinear pile-soil interaction is simulated using the PySimplel,
TzSimplel, and QzSimplel material models within the OpenSees framework to capture
axial, lateral, and tip resistance mechanisms.

Mesh convergence verification was performed to verify the stability and accuracy
of the established finite element model, employing three refined discretization schemes.
The coarse mesh configuration utilized a uniform 5 m element size for elements, while
the medium mesh introduced localized refinement with 3 m elements. The fine mesh
implements 1 m elements for the structure. Figure 5 illustrates the jacket top displacements
under three meshes. The load case is applied to wind and wave loads, whose parameters
are listed in Section 4.1. These results revealed that the coarse mesh overestimated peak
displacements by 12% relative to the fine mesh baseline, and the medium mesh exhibited
only a 4% deviation. Therefore, this study utilized the medium mesh to evaluate the
structural responses considering accuracy and computational efficiency.

Eigenvalue analyses were performed to study the dynamic characteristics of the
offshore platform established in this paper. Table 1 lists the first five natural frequencies,
and the corresponding mode shapes are visualized in Figure 6. The fundamental modes
demonstrate dominant the following behavior: Mode 1 and 4 exhibit global sway along the
x-axis; Mode 2 and 5 show y-axis lateral deformation, while Mode 3 manifests as torsional
rotation about the z-axis.
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Figure 4. FE model of the offshore platform.
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Figure 5. Convergence verification of the finite element model.

() Modal shape 1 (b) Modal shape 2 (c) Modal shape 3 (d) Modal shape 4 (e) Modal shape 5

Figure 6. Modal shapes of the offshore platform: (a) modal shape 1; (b) modal shape 2; (¢) modal
shape 3; (d) modal shape 4; and (e) modal shape 5.
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Table 1. First three natural frequencies of the offshore platform.

Modal Order Frequency (Hz) Period (s)
1 0.150 6.667
2 0.157 6.369
3 0.327 3.058
4 0.518 1.931
5 0.592 1.689

3.3. Environmental Load
3.3.1. Wind Load

To simulate the turbulent wind field acting on the offshore platform, the von Karman
spectrum was employed to generate spatially correlated wind velocity time histories.
The von Karman spectrum and longitudinal coherence model endorsed by [39] has the

following expression:
402L/u

Su = (5)
" (1 +71(L/u)d)
2
I p— 7 (1+189(L/u)?) 6)
(1 + 71(fL/u)2>

Coh;j = exp —% @)

where S, (f) indicates the longitudinal wind spectrum. S, (f) defines the lateral and
vertical wind spectrum. ¢, denotes the standard deviations of longitudinal turbulent wind
speed fluctuations. oy, refers to the lateral and vertical turbulent wind speed fluctuations.
L defines the turbulence scale parameter. u represents the average wind speed at the
reference height. Coh; ; defines the coherence between points i and j. Coefficient Ay has the

Ag = ag-f'- A (@)‘Pk (8)

following expression:

where H indicates the reference height. The values of Ay, gx, pk, 1x and aj are listed in
Table 2. Moreover, the grid resolution is set to 3 m to balance computational efficiency
and accuracy.

Table 2. Coefficients for the coherence model.

k Ag I Px "k Xk
1 |x; — xi 1 0.4 0.92 2.9
2 i — il 1 0.4 0.92 45
3 |2 — z] 125 0.5 0.85 13

The wind speed simulation at a height of 40 m in the target sea area is shown in
Figure 7.
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Figure 7. Wind speed.

The tubular member subjected to the wind load F;,4 is evaluated by the following
expression:
Fping = pAsina )

where A refers to the cross-sectional area of the member normal to the force. « indicates
the angle between the wind direction and the axis of the members. p denotes the wind
pressure, determined by

p = 0.00256V2C;,Cs (10)

where V represents the wind velocity, C;, denotes the height coefficient, and C; represents
the shape coefficient, which equals 0.5 for tubular members.

3.3.2. Wave and Current Load

This study adopted the JONSWAP spectral formulation [40], with Goda’s empirical
parameterization [41], to model waves under finite fetch conditions in coastal waters. The
JONSWAP spectrum has been widely recognized in offshore engineering for its validated
accuracy in representing non-stationary wind-sea states, as evidenced by its adoption in
industry standards such as [39,42].

S)(f) = ByH2 Ty exp|~1.25(Tpf) ] 1" (1)
0.0624(1.094 — 0.01915 x In 7)
B ~ - (12)
0.23 + 0.0336 — 0.185(1.9 + 7)
T, = i3/ [1-0.132(y +02) 7] (13)
2
(Tpf 1)
—exp|-~H L 14
pr = exp [ " (19
=0.07 <
o forf<fy (15)
o =009 forf>f,

where 7 represents the peak control factor. Hj,3 indicates the significant wave height.
Tp denotes the peak wave period. Ty, 3 refers to the wave period. f, defines the peak
frequency. Figure 8 presents a simulated wave elevation time series generated via inverse
Fast Fourier Transform.
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Morison’s equation is applicable for the tubular member whose cross-sectional dimen-
sions are small-scale compared to the wavelength; therefore, the jacket offshore platform
subjected to the wave and current loads Fy,: can be expressed by

ch:FD“’FI (16)

where Fp and F; indicate the drag and inertia forces, respectively:

1
FD = ECDDan‘an (17)

F; = inCMDZan (18)

where Cp and Cy define the drag and inertia coefficient for the member. D indicates the
diameter of the member. p represents water mass density. V;; and V, refer to the fluid
particle velocity and acceleration, respectively.

3.3.3. Earthquake Load

The forces caused by the earthquake can be expressed by the following equation:
Fp = Mr{ég} (19)

where I' and § ¢ define the position vector of external excitation and ground acceleration,
respectively.

3.4. Soil-Structure Interaction

This study considers the SSI effects for the offshore platform based on the code [43],
which is evaluated by axial and lateral nonlinear Winkler springs. The ultimate bearing
capacity Q has the following expression:

Qi = Qr+ Qp =fAs +q4p (20)

where Qr and Q) define the skin friction resistance and the total end bearing. fand g
represent the unit skin friction capacity and the end bearing capacity. As and A, denote the
side surface area and gross end area for the pile. The f for the clay, f., and sand, f;, should
be determined by

f.=ac (21)
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fs=Br'y (22)

where ¢ represents the undrained shear strength of the soil. p/| refers to the effective
overburden pressure. § indicates the dimensionless shaft friction factor. « refers to the
dimensionless factor, determined by

503 Y<1
_ 0.5 s for¥ < (23)
0597 for¥ >1
where ¥ = ¢/p’,,. The t-z curves for clay and sand are listed in Tables 3 and 4.
Table 3. t-z curves for clay.
z/D t/tmax
0.002 0.25
0.013 0.50
0.042 0.75
0.073 0.90
0.100 1.00
Table 4. t-z curves for sand.
z (in) t/tmax
0.000 0.00
0.100 1.00
) 1.00
The g values for clay, 4., and sand, gs, have the following expression:
gc = 9c (24)
s = Ngp'y (25)

where Nj is the dimensionless bearing capacity factor. The g-z curves for clay and sand are
shown in Table 5.

Table 5. g-z curves for clay and sand.

zID Q/Q,
0.002 0.25
0.013 0.50
0.042 0.75
0.073 0.90
0.100 1.00

The lateral ultimate resistance py for clay is expressed as
3c+7X+]%forX < Xr
Puc = (26)

9c for X > Xgr

where 7 represents the effective unit weight of soil. X indicates the depth. | refers to the
dimensionless empirical constant. Xg defines the depth below the soil surface to the bottom
of the reduced resistance zone, determined by
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6D
Ry
Table 6 shows the p—y curves for soft clay.

Xg = (27)

Table 6. p—y curves for soft clay.

plpu yly.
0 0
0.23 0.1
0.33 0.3
0.5 1
0.72 3
1 8
1 00

The lateral ultimate resistance of sand p,, for shallow (pyss) and deep (p,s4) depths is
expressed as

pu = min(puss, Pusa) (28)

puss = (C1 xH+Cp x D) xyx H (29)

Pusd = Cax D x vy x H (30)

where Cj, Cy, and Cj3 are coefficients. H represents the depth. The p—y curves for sand are
expressed by

P:Axpuxtanh{jiixy] (31)

where A refers to the factor accounting for cyclic or static loading conditions, valuing
max[(3 —0.8H/D),0.9] for static loading. k defines the initial modulus of the subgrade
reaction. The p—y, t—z, and g-z curves at different depths of the offshore platform pile
foundation are shown in Figure 9.

g —#— 10 m| —%— [0m—®—20m —4—30m|
> 1000 0.20 4
] —e— 20 m| _ ¥ 50m 4 65m < 80m|
3 —4—30m E
';z 8004 |[—¥—50m £ s
g 4 65m % 115 1
g <« 80m 2
= 600+ z -
3 £ 0.104 y
P v—v 3
S — 2 v b ¢ X
g 400 v s £
g v =
g 4 2 ey
2 -5 0.05 h
3 200 ol A A A A—A—a £ #
] v ot z
] i e—e—e—o oo 3
S o] & 0004 &
S
= T T T T T T T T T T T T
0 2 4 6 8 10 12 0 5 10 15 20
Deflection of pile foundation/(cm) Pile settlement distance/(cm)
(a) (b)
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é
e
B 6
k=)
£
=
e
s 44
=
g
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£ 2
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7]
0
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(©

Figure 9. (a) p—y curves at different depths; (b) t—z curves at different depths; (c) g—z curves at pile tip.
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4. Vibration Control of Offshore Platform Using Viscous Dampers
4.1. Metocean Conditions

The offshore platform is located in a deepwater region off the coast of Zhejiang
Province, China, as illustrated in Figure 10, where the marine environment is characterized
by high-intensity typhoons and stratified seabed geology.

Offshore platform location

Figure 10. Location of the offshore platform.

Environmental parameters encompass wind and wave characteristics. The design
wind speed for a 100-year return period at a 10 m height is 37 m/s. Table 7 details the
extreme return period wave characteristics and current velocities. The 100-year return
period storm condition exhibits a significant wave height of 32.2 m paired with a spectral
peak period of 18.9 s, while currents demonstrate marked asymmetry between flood and
ebb phases.

Table 7. Wave parameters and current velocity for 100-year return period.

Water Level (m) H; (m) T, () Current Velocity (m/s)
110.18 32.2 18.9 1.905

Subsea geotechnical conditions, as shown in Table 8, established through a campaign
of boreholes below the mud line, reveal a stratigraphic sequence critical to foundation
design. From the seabed downward, four distinct sand-dominated strata are identified:
an upper loose sand unit transitioning to medium-dense sands with gradual increases in
effective unit weight and friction angle. These are underlain by three clay interlayers with
undrained shear strength, progressively intensifying from 96 kPa to 179 kPa. The basal
soil unit comprises highly compacted sand, forming a competent bearing stratum for pile
tip embedment.

For the Zhejiang coastal region, a design peak ground acceleration (PGA) of 0.3 g for
the earthquake should be considered with a 475-year return period, based on the code [44].
To comply with code requirements, the 1995 Kobe earthquake’s JR Takatori station record
was linearly scaled to achieve a target PGA of 0.3 g, as shown in Figure 11.



J. Mar. Sci. Eng. 2025, 13,1197 14 of 22
Table 8. Soil property.
No Soil Depth (m) Effective Weight Internal Friction Angle = Undrained Shear
Top (m)  Bottom (m) (kN/m?3) () Strength (kPa)
1 Sand 0 10 9 23° -
2 Sand 10 14.2 9.2 23.5° -
3 Sand 14.2 21.5 9.5 26.5° -
4 Sand 21.5 33.1 9.6 27° -
5 Clay 33.1 51.1 8.8 - 96
6 Sand 51.1 53.1 9.7 29° -
7 Clay 53.1 65.1 9 - 134
8 Sand 65.1 67.9 9.8 30° -
9 Clay 67.9 75.5 9.2 - 163
10 Clay 75.5 81.9 9.2 - 179
11 Sand 81.9 82.8 9.9 30.5° -
0.3 1
o] | |
= 0.14 |
R (i
Z—; 0.0 -Jl‘”, ‘ l ‘L" 'I' ,.\ \! ! -
4;; 0.1 ’ ‘ |I t
2 | ” |
QO 0.2
0.3
-0.4 T T T 1
0 10 20 30 40

Time (s)
Figure 11. Time history of ground acceleration for the selected earthquake.

4.2. Viscous Damper Layout Scheme

The jacket platform, as shown in Figure 2, characterized by a multi-tiered space-beam
configuration with interconnected vertical legs, horizontal diaphragms, and X-bracing
systems, exhibits pronounced vibrations and inter-story drift accumulation subjected to
wind, wave, and seismic loads. Moreover, the vibration control performance exhibits
parametric sensitivity to both the damper position and parameter setting. Therefore, rather
than uniform spatial distribution, advanced layout optimization prioritizes damping con-
tributions in high-deformation zones, such as leg-brace intersections, deck-leg interfaces,
et al., which will have significant effects.

As illustrated in Figure 12, this study implements a diagonal arrangement strategy
by adding one diagonal member in each X-bracing panel at every platform story with
viscous dampers, establishing a multi-tiered energy dissipation system. Compared with
the chevron and toggle configuration, the diagonal configuration, transmitting forces along
the brace axis, does not introduce secondary bending moments for the beam. Moreover,
the diagonal configuration does not require lever arms and extra supports, allowing lighter,
economical designs. The effectiveness of the diagonal configuration in reducing structural
control has been validated by reference [33].
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Figure 12. Viscous damper arrangement scheme.

4.3. Dynamic Responses and Discussion

This section conducts a comparative evaluation of the offshore platform dynamic per-
formance under two distinct excitation regimes: seismic-only and wind-wave—earthquake
interactions, quantifying the effectiveness of VDs in reducing acceleration, velocity, dis-
placement of the deck, and base shear forces. The environmental loads were determined
based on a 100-year return period for wind speed and wave parameters [39], and the wind,
wave, and earthquake loads were implemented concurrently through coupled dynamic
analysis. Moreover, the effectiveness of different parameters of VDs in reducing the dy-
namic response of the structure was analyzed. Table 9 lists the different VD parameters
considered in this study.

Table 9. Different VD parameters.

VD Parameters Damping Coefficient (N s/m)

Scheme 1 5.5 x 107
Scheme 2 5 x 107
Scheme 3 45 x 107

4.3.1. Seismic-Induced Vibration

The comparison of seismic-induced displacement, velocity, and acceleration of the
offshore platform deck of the jacket equipped with VDs versus the without VDs in both the
time and frequency domains is systematically presented in Figures 13-15. The frequency
domain of the four indicators shows two peaks, corresponding, respectively, to the two fre-
quencies of the structure in the direction of seismic action. Compared to the structure
without VDs, the acceleration, velocity, and displacement response of the platform equipped
with VDs in scheme 1 were significantly reduced by 9.95%, 22.33%, and 14%, respectively.
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Due to the damping force of VDs relying on the relative velocity at both ends, when the
structural displacement reaches its maximum, the relative velocity equals 0, and VDs cannot
exert control force. Moreover, displacement represents the time integral of velocity and is
therefore influenced by cumulative effects. Consequently, effective displacement regulation
requires sustained velocity reduction over multiple cycles, resulting in inherently slower
response characteristics compared to VDs’ direct control of velocity or acceleration.
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Figure 13. Deck displacement without and with different VD schemes under earthquake: (a) time
domain; (b) frequency domain.

1.4 4
16— Jacket without VD
Jacket without VD 08 - - - - Equipped VD with scheme 1
- - -~ Equipped VD with scheme 1] 124 Equipped VD with scheme 2
124 Equipped VD with scheme 2| - - - Equipped VD with scheme 3
- -~ Equipped VD with scheme 3| =
0.8 4 @ 09
2 E
K <038 o8
< 04+ = 07
£ 'g 06
= 5 064 05
2 0.0 e 04
S
2044 40092 07 036 0.5 030 052 0.5 056 038 030
~0.4 %
0.2 4
-0.8 4
T T T 1 A
0 10 20 30 40 0.0 T T 1
0 1 2 3

Time (s)
Frequency (Hz)

(a) (b)

Figure 14. Deck velocity without and with different VD schemes under earthquake: (a) time domain;
(b) frequency domain.
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Figure 15. Deck acceleration without and with different VD schemes under earthquake: (a) time
domain; (b) frequency domain.
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Different VD parameters result in significantly different vibration control outcomes
for offshore jacket structures. Table 10 lists the reduction ratios of maximum structural
responses for different damper schemes. The reduction ratio of deck displacement, velocity,
and acceleration significantly increases with the enhancement of the damping coefficient.
Increasing the damping coefficient of VDs enhances energy dissipation capacity by intensi-
fying fluid shear deformation. A higher damping coefficient amplifies the damping force
generated at piston velocity and converts the structural kinetic energy into thermal energy.

Table 10. Reduction ratios of structural responses for different damper schemes under different loads.

Structural Maximum Value Reduction Ratio (%)
Load Scenario
Responses Scheme 1 Scheme 2 Scheme 3
Deck displacement 9.95 517 1.10
Deck velocity 22.33 16.52 5.70
Earthquake loads Deck acceleration 14.00 11.00 6.86
Base shear 31.08 26.36 19.15
Deck displacement 15.87 15.43 14.47
Wind, wave, and Deck velocity 21.48 17.55 9.77
earthquake loads Deck acceleration 13.51 11.44 7.72
Base shear 34.31 30.40 22.97

The influence of VDs on base shear under seismic loads is demonstrated in Figure 16.
Structural analysis reveals that the uncontrolled jacket structure experiences significant base
shear fluctuations, with peak forces reaching 7183 kN during seismic events. The implemen-
tation of VDs substantially mitigates these structural demands through velocity-dependent
energy dissipation mechanisms. Scheme 1 achieves the most pronounced reduction, limit-
ing maximum shear to 4951 kN, representing a 31.08% decrease. Scheme 2 and scheme 3
follow with respective shear forces of 5289 kN and 5807 kN, corresponding to reductions
of 26.36% and 19.15%. This progressive performance degradation correlates directly with
increasing damping coefficient configurations across the schemes, as higher damping coef-
ficients significantly increase the damping forces. Consequently, all three schemes confirm
VD systems effectively reduce structural demands under earthquake loads.
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Figure 16. Base shear forces under without and with different VD scheme earthquake: (a) time
domain; (b) frequency domain.

4.3.2. Wind-, Wave-, and Earthquake-Induced Vibration

Figures 17-19 demonstrate the influence of VDs on the deck of displacement, velocity,
and acceleration under the joint wind, wave, and earthquake excitation. Different from
seismic loads, the first peak in the frequency domain is the central frequency of wave
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excitation. The maximum displacement, velocity, and acceleration of the jacket without
VDs are 0.75 m, 0.87 m/s, and 4.99 m/s?, respectively. The uncontrolled displacement
peak reaches the structural serviceability limit of H/200 (where H refers to the jacket
height, 150 m), indicating critical deformation risks. With VDs installed, the maximum
displacement is reduced to approximately 0.63 m, demonstrating effective drift constraint
control. Moreover, VDs achieve optimal velocity and acceleration reductions of 21.48% and
13.51%, respectively, demonstrating effective kinetic energy dissipation in the joint action
of wind, wave, and earthquake excitations. Consistent with seismic load observations,
increasing damping coefficients enhance VD performance, as listed in Table 10, primarily
due to the increase in damping forces.

As quantitatively demonstrated in Figure 20, the multi-hazard coupling of wind,
wave, and seismic excitations generates extreme base shear forces reaching 8480 kN in the
uncontrolled jacket structure. The implementation of VDs significantly mitigates these
forces, with Scheme 1’s optimal stiffness configuration achieving a base shear reduction to
5570 kN. Consistent with seismic load trends, decreased damping coefficients progressively
diminish VD efficacy, with scheme 2 limiting shear forces to 5902 kN, while Scheme 3’s
design yields 6533 kN. This confirms that increasing the damping coefficient enhances
energy dissipation capacity and improves control effects. Crucially, even the least effective
VD configuration maintains vital safety margins, reducing overturning moments by 22.97%.
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Figure 17. Deck displacement without and with different VD schemes under wind, wave, and
earthquake: (a) time domain; (b) frequency domain.
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Figure 18. Deck velocity without and with different VD schemes under wind, wave, and earthquake:
(a) time domain; (b) frequency domain.
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Figure 19. Deck acceleration without and with different VD schemes under wind, wave, and
earthquake: (a) time domain; (b) frequency domain.
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Figure 20. Base shear forces without and with different VD schemes under wind, wave, and earth-
quake: (a) time domain; (b) frequency domain.

4.4. Installation, Maintenance, and Costs

VD deployment on jacket platforms prioritizes modularity and subsea compatibil-
ity, which enables integration with existing structural nodes through pre-welded flanges.
Subsea installation leverages corrosion-resistant materials to withstand high-salinity envi-
ronments. Pre-installation surface treatments, such as epoxy coatings and sacrificial anode
systems, are essential to counteract marine biofouling and electrochemical degradation.
During the long-term operation of VDs, maintenance strategies should be implemented to
enhance their reliability and stability. These include visual inspections for leaks and dam-
age, testing fluid viscosity, and potentially replacing dampers at recommended intervals.
Compared with its counterparts, the VD often presents a more economical solution from the
installation and long-term maintenance standpoint. The costs of VDs can be partly offset
by saving steel tonnage and minimal maintenance. Moreover, as described in Section 4.3,
VDs significantly reduced the structural response to wind, wave, and earthquake loads,
thus minimizing damage and related costs.

5. Conclusions

This study evaluated the effects of viscous dampers in reducing the vibration of
deepwater offshore platforms under wind, waves, and earthquakes. This study supports
the following conclusions:
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(1) Viscous damper installation in diagonal bracing configurations demonstrates signifi-
cant multi-hazard vibration suppression efficacy, reducing critical structural responses
under both isolated seismic events and combined wind-wave—earthquake conditions.

(2) Under seismic excitation, the offshore platform integrated with VDs demonstrated
superior vibration mitigation performance. Compared with the jacket without VDs,
the deck displacement, velocity, acceleration, and base shear of the jacket with optimal
VDs exhibited reductions of 9.95%, 22.33%, 14.00%, and 31.08%, respectively. Under
the combined wind, wave, and earthquake excitations, the maximum deck displace-
ment reaches 0.75 m, the critical limits of design code, but when equipped with VDs,
the deck displacement was decreased by 15.87%, satisfying the code requirement,
and the deck velocity, acceleration, and base shear were decreased by 15.87%, 21.48%,
13.51%, and 34.31%, respectively.

(3) The parameters analysis of VDs showed that increasing brace stiffness diminishes
vibration control effectiveness, evidenced by velocity reduction plummeting from
22.33% to 5.70% and base shear mitigation dropping from 31.08% to 19.15%. The
higher damping coefficient amplifies the damper force, strengthening the absorption
rate and dissipation rate of structural kinetic energy, ultimately resulting in more
pronounced and rapid suppression of structural vibration responses.

(4) This study employs a simplified model for VDs that inherently neglects their complex
physical behavior under high-strain damping conditions. Such conditions, charac-
terized by high piston velocities, large displacement demands, or severe seismic
excitations, introduce unmodeled phenomena. Moreover, a significant temperature
rise during extreme loading may cause fluid viscosity reduction and consequent
damping coefficient degradation. Future studies will address these effects to enhance
predictive accuracy under extreme scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

FD Friction damper

FE Finite element

HBMD  Hydrodynamic buoyant mass damper
MSL Mean sea level

PTMD Pounding Tuned mass dampers

SMA Shape memory alloy
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TLCD Tuned liquid column damper
TLCGD  Tuned liquid column-gas damper

TLD Tuned liquid dampers
TMD Tuned mass dampers
VD Viscous damper
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