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Employing dampers to control wave-induced and seismic vibrations of offshore jacket platforms is an attractive
method in order to mitigate fatigue and seismic damage. However, adjustable parameters of a damper are de-
signed by considering only one type of environmental loads; either normal-condition load or extreme-
condition load. So, it is important to investigate effectiveness of damping system, for both of twomain categories
of environmental loads. Also it is ideal for the system to have an acceptable performance in both normal and ex-
treme conditions. The idea investigated in the current study is to use a friction damper device (FDD) and a tuned
mass damper (TMD) simultaneously in offshore jacket platforms with float-over deck to control both fatigue
damage as well as seismic vibration. To develop the idea, adjustable parameters of FDD and TMD have been ad-
justed for wave loading. Afterward, they are combined with those designed for earthquake, so the hybrid
damping system (HDS) is introduced. By introducing HDS, it is intended to make damping system have a high
seismic performance while being effective in fatigue damage mitigation. Moreover, HDS can have different com-
binations. So, certain variants of HDS are determined which have much higher performance than the other
variants.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Periodical inspections have demonstrated that offshore platforms in
the Persian Gulf are highly vulnerable to fatigue damage during their
operational life. Such investigations provide evidence that tubular
members can experience significant damage including loss of cross sec-
tional area, indicating that the fatigue damage should be considered
more seriously in order to extend the operational life of offshore plat-
forms. Nowadays, one third of the existing offshore platforms require
life extension [1] and life extension process requires structural rehabil-
itation. Many researchers have put their focus on various methods for
rehabilitating damaged or extra-loaded platforms and fatigue damage
mitigation of offshore structures. Conventional rehabilitation methods
can impose excessive cost of underwater welding and fabrication in-
cluded in those processes, so a novel technology is proposed by re-
searchers. This technology is to equip existing or even new offshore
platforms with vibration control devices. Vibration control of offshore
jacket platforms is very attractive because in general, reduction of the
dynamic stress amplitude of an offshore structure by 15% can extend
the service life over two times, and can result in decreasing the expen-
diture on the maintenance and inspection of the structure [2].
65@yahoo.com (A. Jafarabad).
On the other hand, offshore platforms are of the economic life lines
of oil-rich countries, so it is a serious problem on how to guarantee
their immediate occupancy after earthquakes. Again, one proposed
method to solve the problem is to employ vibration control devices.
Some researchers have worked on this topic and have found it effective
to use those devices to control seismic vibrations.

Among those who have studied vibration control of offshore plat-
forms are Vincenzo and Roger [3], Ou et al. [4], Li et al. [5], Wang [6],
Mahadik and Jangid [7], Zhou and Zhao [8], Patil and Jangid [9], Lee
et al. [10], Ou et al. [2], Jin et al. [11], Ma et al. [12], Xu et al. [13], Yue
et al. [14], Taflanidis et al. [15] and Kim [16]. All of them have found it
effective to use control mechanisms formitigation of vibrations induced
by different environmental loads.

Recently, in some studies [17,18] adjustable parameters of one type
of FDD have been optimized for realistic jacket platforms for wave-
induced hydrodynamic loads. Moreover, Gholizad [19] has optimized
TMD for use against wave-induced fatigue damage. Those works play
a key role in the current study, since they are among several sources
approached in order to obtain comprehensive data on the subject.

Offshore jacket platforms, located at severe environmental condi-
tions, are generally subjected to two main categories of environmental
loading, i.e. normal-condition loads such as wave-induced hydrody-
namic force and extreme-condition loads like seismic excitation. The
former external force has a significant contribution to fatigue damage
which causes the excessive cost of rehabilitation and the latter one
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can endanger the serviceability of offshore jacket platformswhich are of
the economic life lines of oil-rich countries.

Employing novel devices to control the wave-induced and seismic
vibrations is an attractive method in order to mitigate fatigue damage
and to guarantee immediate occupancy of offshore platforms after
earthquakes. But, adjustable parameters of a vibration control system
for offshore platforms are generally designed by considering only one
type of environmental loading; either normal-condition load or
extreme-condition load. So, it is important to investigate the effective-
ness of vibration control system, for both of the two main categories
of environmental loads.

The overall objective of this study is to investigate the idea of com-
bining dampers with different designs to control both of two main cat-
egories of environmental loads exerted upon offshore platforms which
are classified into normal-condition loads and extreme-condition
loads. It is to be determined which combination of dampers is the
most effective. So far, some other aspects of the idea of employing
HDS in offshore jacket platforms have been discussed elsewhere in
some papers [20,21].
2. Class of offshore platform under study

The jacket, the piles, and the deck are the main structural compo-
nents of the offshore jacket platform. For topside installation, all deck fa-
cilities are fabricated into modules and then transported by barge and
set on the platform by a derrick. Float-over decks are a development
which enables the prefabrication of the complete topsides, so that it
may be transported by barge and set as a complete unit on the
preinstalled jacket [22]. Withmaking use of float-over decks, some lim-
itations are imposed over the characteristics of the platform. Float-over
deck requires omission of bracings in one direction at the water surface
level, in order to allow the barge tomove between legs of the jacket and
install the deck, so the stiffness of the platform at this level is very low
compared to other levels.
Fig. 1. Case study p
Limitations of high flexibility of the upper elevation in one direction
can be counteracted by making use of auxiliary vibration control
devices.

In the current study, two realistic float-over-deck offshore jacket
platforms shown in Fig. 1 are examined; “North Rankin B” (NRB) is a
platform installed onWestern Australia offshore oil fields with a height
of 125 m and “Foroozan” (FRZ) is a six leg platform located in waters of
the Persian Gulf with a height of 95 m. As their topsides have been
installed with float-over technique, the bracings have been omitted in
one direction at the water surface level. As a consequence, making use
of auxiliary vibration control devices is a novel suggestion to counteract
the effects of high flexibility at the upper levels of the jacket.

An idealized three-degree-of-freedom (3DOF) system (Fig. 2) is con-
sidered as the structural model for each platform. The values of lumped
mass and pre-yielding stiffness have been determined by Golafshani
and Gholizad [17] in a way that the overall model would have the
same natural period and kinetic energy for each mode of vibration as
the real overall platform. Some detailed descriptions of structural
models, such as pre-yielding stiffness and lumped mass values, are
listed in Table 1. In this table them1, m2 andm3 parameters are respec-
tively the lumpedmass of the first, second and third stories of the ideal-
ized 3DOF model of the platforms and the k1, k2 and k3 parameters are
respectively the stiffness of the first, second and third stories of the
model. For each platform a proportional damping matrix is determined
by considering the damping ratio for the first three modes of vibration
to be 0.05, 0.03 and 0.02 [17].

3. Damping systems

3.1. FDD

FDD is a novel friction damper which can havemany variousmodels
and configurations. It has been innovated byMualla [23,24]. One simple
configuration of FDD is shown in Fig. 3 This new damper device is based
on friction between pad disks and steel plates. Simplicity of concept and
latforms [17].
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Fig. 2.Modeling of the platforms by idealized three-degree-of-freedom (3DOF) system.
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design allows this device to be constructed for projects with space lim-
itation and high force level.

Mualla and Belev [24] have proposed an analytical model for their
innovated FDD which yields to an idealized hysteretic behavior,
shown in Fig. 4, in which there are two design parameters of kFDD and
DFDD determining the general shape of the hysteresis loop. As can be in-
ferred in Fig. 4, kFDD is the brace stiffness of FDD and DFDD is the sliding
(slip-initiation) deformation. Consequently, the magnitude of FDD re-
storing force has a maximum equal to kFDD DFDD, i.e. the slip force. Be-
havior of FDD has two stages, i.e. stick phase and slip phase. Stick
phase is when the deformation has not reached to the value of slip-
initiation deformation and slip phase begins when the deformation ex-
ceeds that value.
3.2. TMD

Shown schematically in Fig. 3, TMD consists of a mass-spring-
dashpot system anchored or attached to themain structure. This typical
TMDworks by absorbing the resonant portions of the frequency band of
external excitation. Therefore, by transferring some of input energy to
TMD, energy dissipation demand on the primary structural members
will be reduced [25].

A typical TMD has three design parameters, i.e. mass, damping and
stiffness, needed for the mathematical modeling. Those parameters
are adjusted based on the fundamental frequency of the structure and
also on the dominant frequency of external excitation in order to reduce
vibrations induced by resonant phenomenon. Conventionally, the value
of TMDmass is assumed based on the practical issues and the two other
parameters are designed to achieve an acceptable performance.
Table 1
Dynamic characteristics of case study platforms [17].

Platform Fundamental frequency of the overall platform (rad/s) k1 (MN/m or ton/cma)

NRB 1.023 400
FRZ 2.095 335

a ton: 1000 kg.
3.3. HDS

As schematically shown in Fig. 3, FDD and TMD are simultaneously
used for the structure to make a hybrid damping system or HDS. This
hybrid system of dampers can have different variants on the basis of de-
sign of FDD and TMDwhich can be made against different loads such as
earthquake andwave-induced fatigue. HDS is a combination of FDD and
TMD each of which can have two designs, either seismic design or fa-
tigue design. Consequently, HDS can have four possible variants as listed
in Table 2. Summarized in Table 2 are the symbols used to illustrate HDS
variants. Each symbol represents one particular structural system. For
convenient referring and comparison, two symbols are used, the short
symbol and the long symbol. Performance evaluation of different sys-
temswill be demonstrated in Section 6.3 with the vast usage of defined
system identifiers.

3.4. Placement of FDD, TMD and HDS

In Section 2 it was mentioned that the float-over installation tech-
nique requires omission of bracings in one direction at thewater surface
level, so a good space there exists in this elevation for installation of FDD
to rehabilitate the jacket platform. So, FDD is placed in the elevation at
which the bracings are omitted due to float-over installation, where de-
vice is out of water. Location of FDD with respect to the idealized three
degree of freedom system, discussed in Section 2, is demonstrated in
Fig. 5, in which FDD, having a stiffness of kFDD, is placed at the 3rd
story of the structural model.

In order to install TMD, a space on the topside deck is required. TMD
is located at the topside of jackets where it is abovewater surface eleva-
tion and more effective in the first mode of vibration [20].

4. Adjustment methodologies of damping systems

Golafshani and Gholizad [17] have optimized adjustable parameters
of FDD for FRZ and NRB platforms. Their final optimization results are
employed in the current study.

Innovative approaches for adjusting of friction damper for seismic
load on the basis of performance-based design have been proposed by
some authors such as Kim and Seo [26] and Kim and Choi [27]. With
making use of this methodology, the target equivalent viscous damping
ratio (βd) and consequently optimal values of brace stiffness and slip-
initiation deformation of FDD can be estimated. In this study, the adjust-
able parameters of FDD are calculated for a βd of 20% for NRB platform
and 18% for FRZ platform.

Based on the results of previous works [19,18] adjustment of TMD
for wave-induced fatigue damage is conducted by tuning its frequency
to a value between the central frequency of center-of-damage sea-
state, which is equal to 0.974, and the fundamental frequency of the
structure. The final results for the adjusted frequency of TMD for
the NRB and FRZ platforms will be equal to 0.969 (rad/s) and 1.489
(rad/s), respectively. The complete explanation of the computations of
these results was presented in the above references.

Determination of the optimal parameters of TMD subjected to differ-
ent types of excitations has been investigated by several researchers. In
the present study, adjustable parameters of TMD for earthquake are de-
termined by the procedure proposed by Sadek et al. [28] that is suitable
for multi-degree-of-freedom systems in which the structure has struc-
tural viscous damping. Sadek et al. [28] have defined mass ratio μ as
k2 (MN/m or ton/cma) k3 (MN/m or ton/cma) m1 (tona) m2 (tona) m3 (tona)

430 39 9000 11,000 31,000
365 32 1450 2050 6100

image of Fig.�2


Fig. 3. Schematic illustration of FDD, TMD and HDS mounted on a frame structure [20].
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the ratio of the TMD mass to the generalized mass for the fundamental
mode for a unit modal participation factor (MPF), in the following ex-
pressions.

μ ¼ mTMD

ϕT
1 M½ �ϕ1

for MPF1 ¼ ϕT
1 M½ � 1f g
ϕT
1 M½ �ϕ1

¼ 1 ð1Þ

mTMD, [M], {1} and ϕ1 are, respectively, TMD mass, structure mass ma-
trix, unit vector and the fundamental mode shape normalized to have
a unit participation factor. Adjustable parameter, the tuning ratio of
the TMD (f), has been given by

f ¼ ωTMD

ω1
ð2Þ

whereωTMD andω1 are the frequency of TMD and the fundamental fre-
quency of the structure, respectively. Finally, the optimal TMD tuning
ratio (f) has been proposed as

f ¼ 1
1þ μΦ

1−β

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μΦ

1þ μΦ

s !
ð3Þ

where β is the structure damping ratio for the first mode of vibration
(0.05) andΦ is the amplitude of the first mode for a unit modal partic-
ipation factor computed at the location of the TMD, i.e. top of jacket. As-
sumed value for mass ratio μ is equal to that of TMD adjusted for wave
loadings which is taken as 0.045. Computed optimal parameter of f for
both platforms will be equal to 0.944. The final results for the adjusted
Fig. 4. Force-deformation hysteretic diagram
frequency of TMD for the NRB and FRZ platforms will be equal to the
0.965 (rad/s) and 1.978 (rad/s), respectively, which are used in numer-
ical simulations.
5. Simulation and modeling

5.1. Assumptions

Some of the main assumptions in the numerical simulations are
summarized here. First of all, structuralmodels have a nonlinear or hys-
teretic behavior. Fluid–structure interaction (FSI) is modeled in the case
of seismic loading in order to evaluate seismic performance of HDS var-
iants. Also only the most probable sea state, i.e. center-of-damage sea
state, that was used by Golafshani and Gholizad [18] and was based
on a sea scatter diagram of North Sea, is considered in spectral analyses
for evaluation of fatigue performance of HDS variants.

The effect of the soil–structure interaction (SSI) and soil–pile inter-
action (SPI) can be described as follows. As it was explained in the sec-
ond section, the dynamic characteristics of the structural model of each
platformwere determined in such away that themodelwould have the
samenatural period and kinetic energy for eachmodeof vibration as the
real platform. Since the effect of the SSI and SPI has been considered in
the determination of the natural period of real platform, then it means
that the general effect of the SSI and SPI has been considered in the char-
acteristics of the structural model of each platform. The other secondary
consequences of SSI and SPI such as the deduction of soil's stiffness in
the severe earthquakes are ignored in this paper.
for FDD after Mualla and Belev [24].

image of Fig.�4


Table 2
HDS variants.

Short symbol Long symbol Description

HDS1 FDD for fatigue + TMD for fatigue Structure equipped with HDS in which FDD is adjusted for fatigue and TMD is adjusted for fatigue
HDS2 FDD for quake + TMD for quake Structure equipped with HDS in which FDD is adjusted for quake and TMD is adjusted for quake
HDS3 FDD for fatigue + TMD for quake Structure equipped with HDS in which FDD is adjusted for fatigue and TMD is adjusted for quake
HDS4 FDD for quake + TMD for fatigue Structure equipped with HDS in which FDD is adjusted for quake and TMD is adjusted for fatigue
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5.2. Mathematical modeling

The equations of dynamic motion for an offshore platform idealized
as 3DOF systemwith hysteretic behavior equipped with HDS in the 3rd
story and subjected to external load of wave or earthquake can be writ-
ten by coupled equations as shown below.

M½ � xf g þ C½ � ẋ��þ f sf g þ
0

− f FDD
f FDD

8<
:

9=
;þ

0
0

cTMDżþ kTMDz

8<
:

9=
;

¼ f externalf g ð4Þ

mTMDzþ cTMDżþ kTMDz ¼ −mTMDxtop total ð5Þ

f externalf g ¼ f Morisonf g if wave
− M½ � 1f gxg þ f FSIf g if quake

�
ð6Þ

Equations of structure and TMDmust be simultaneously solved be-
cause they are coupled with each other. {x}, [M], [C], {fs}, fFDD, {fexternal},
{fMorison}, {1}, xg , {fFSI}, mTMD, cTMD, kTMD, z and xtop total are, respectively,
the displacement vector, mass matrix, proportional damping matrix,
stiffness restoring force vector, control force vector due to FDD, external
load vector due to earthquake or wave, Morisonwave load vector (refer
to Section 5.3), unit vector, ground acceleration, force vector due to FSI,
TMDmass, TMD damping, TMD stiffness, displacement of TMD relative
to the top of jacket and total acceleration at the top of jacket.

Since the structure is assumed to have a nonlinear or hysteretic be-
havior, the stiffness force vector {fs} can bewritten byhysteresismodels.
Also, the force vector due to FDD {fFDD} can be simulated by hysteresis
Fig. 5. Location of FDD in the idealized 3DOF system after Golafshani and Gholizad [17].
models. For modeling of {fs} and fFDD, one notation of the Bouc–Wen
model [29] used by Yang et al. [30] is adopted. Based on the Bouc–
Wen model, the hysteretic force of FDD installed in the 3rd story, can
be expressed as

f FDD ¼ αFDDkFDDxFDD þ 1−αFDDð ÞkFDDDFDDvFDD ð7Þ

in which αFDD is the ratio of post-slip to pre-slip brace stiffness of FDD,
xFDD is the drift of the 3rd story, kFDD is brace stiffness of FDD installed
in the 3rd story, DFDD is slip-initiation deformation of FDD and vFDD is a
non-dimensional variable introduced to describe the hysteresis compo-
nent of the deformation, with the limitation of |vFDD | ≤ 1, where

v̇FDD ¼ D−1
FDD AFDDẋFDD−βFDD ẋFDD

�� �� vFDDj jnFDD−1vFDD−γFDDẋFDD vFDDj jnFDD
� �

ð8Þ

Parameters AFDD,βFDD andγFDD govern the scale and general shape of
the hysteresis loop and nFDD determines the smoothness of the force-
deformation curve. To model a hysteresis loop that is appropriate for
the FDD, parameters of Bouc–Wen model are considered as

αFDD ¼ 0:0; AFDD ¼ 1:0; βFDD ¼ 0:5; γFDD ¼ 0:5; and nFDD ¼ 95 :

ð9Þ

Methodology of simulation of {fs} by the Bouc–Wenmodel is similar
to that of fFDD. Parameters of Bouc–Wenmodel for {fs} are considered for
all the three stories as

αs ¼ 0:1; As ¼ 1:0; βs ¼ 0:5; γs ¼ 0:5; and ns ¼ 95 ð10Þ

The force vector {fFSI} is written as [31,16]

f FSIf g ¼ ρ km−1ð Þ V½ � uf g− xtotalf gð Þ þ ρ V½ � uf g þ ρkd A½ �
� u̇−ẋtotal
�� �� u̇−ẋtotal

	 
� � ð11Þ

ẋtotal
� � ¼ ẋ

��þ 1f gẋg ; xtotalf g ¼ xf g þ 1f gxg ð12Þ

Where ρ, km, kd, [V], [A] and {u} are the sea water density, inertia coeffi-
cient taken constant in depth as 2.0, drag coefficient taken constant in
depth as 0.7, body volumematrix, projected area matrix andwater par-
ticle horizontal motion vector, respectively.When the only load consid-
ered is due to groundmotion, the water particle motion is neglected. In
this case, water particle velocity vector and water particle acceleration
vector would be equal to zero, and the force vector due to FSI can be
written in the following form.

f FSIf g ¼ ρ km−1ð Þ V½ � − xtotalf gð Þ þ ρkd A½ � ẋtotal
�� �� −ẋtotal

	 
� � ð13Þ

It is possible to use addedmass concept and change the formulation
of equations or even linearize the drag term, but in our numerical sim-
ulations, formulation of FSI force and its nonlinearity is preserved.

5.3. Selected technique for spectral analysis

This study is concerned with the spectral analysis of gravity waves
generated by wind action. This type of surface water wave induces fa-
tigue damage in offshore jacket platforms. Several approaches are

image of Fig.�5
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available in API RP2A-WSD [32] for determining structural response to
sea-state loadings. Spectral analysis is recommended by API RP2A-
WSD [32] to be used to properly account for the actual distribution of
wave energy over the entire frequency range. The spectral approach
has been subdivided by API RP2A-WSD [32] into three main methodol-
ogies as shown below, based upon themethod used to develop transfer
function.

1 Transfer functions developed using regular waves in the time
domain.

2 Transfer functions developed using regular waves in the frequency
domain.

3 Transfer functions developed using random waves in the time
domain.

The first of the above-mentioned methodologies is employed in the
current study. This methodology does not require any linearization, i.e.
the drag term in the wave force expressed by Morison equation can be
employed in its original non-linear form and also hysteretic behavior of
both structural elements as well as FDD can be simulated. The objective
is to compute variance of structural response with the aid of a transfer
function from power spectral density function (PSDF) of wave height
to PSDF of structural response. In this process a wave spectrum along
with a wave theory is employed to create regular progressive waves.
When each regular wave passes through the structure, with making
use of nonlinear form of Morison equation, the force vector exerted
upon the structure is determined. Structural analysis is conducted to
compute structural response. Dividing the structural response by the
wave height gives a point on the transfer function at the frequency of
the regular wave. Moreover, the area under the PSDF of structural re-
sponse will provide the variance value of response [33]. This character-
istic is one important property of PSDF curve.

Characterization of the wave climate is carried out using PSDF of
wave height or wave amplitude. In this study, to express uni-
directional random wave loading, Pierson–Moskowitz wave height
spectrum is employed [34,35] which is expressed as

Sζζ ωð Þ ¼ 124:37H2
s

T4
z

ω−5 exp
−497:5

T4
z

ω−5
� �

ð14Þ

in which Hs and Tz are significant wave height and wave zero up cross-
ing period, respectively. Hs and Tz are adopted for the center-of-damage
sea-state used by Golafshani and Gholizad [18].

Le Mehaute [36] provided a chart detailing applicability of various
wave theories using wave steepness versus depth parameter in his de-
scription. In the current study, with making use of the linear wave the-
ory originally developed by Airy [37], water surface profile is
determined. Water surface elevation profile η can be written in the fol-
lowing form where k, ω, λ, T and g are the wave number, the wave fre-
quency, the wave length, the wave period and acceleration due to
gravity, respectively 37,34.

η x; tð Þ ¼ a sin kx−ωtð Þ ð15Þ

k ¼ 2π
λ

¼ ω2

g
¼ 4π2

gT2 ð16Þ

The amplitude a of the water surface profile for a regular wave can
be determined based on the frequency difference Δω corresponding to
that of a regular wave and the area under the wave spectrum, as
expressed in the following equation [38,39].

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Sζζ ωð ÞΔω

q
ð17Þ

The next step is to compute the velocity and acceleration of water
particles which are dependent upon the depth of water. The horizontal
component of velocity and acceleration of water particles is expressed
in the following mathematical formulas [37].

u̇ x; y; tð Þ ¼ aω
cosh k yþ dð Þð Þ

sinh kdð Þ sin kx−ωtð Þ ð18Þ

u x; y; tð Þ ¼ −aω2 cosh k yþ dð Þð Þ
sinh kdð Þ cos kx−ωtð Þ ð19Þ

Making use of horizontal component of velocity and acceleration of
water particles, we can employ Morison equation to compute the
force vector exerted upon tubular members of jacket platforms for
each regular wave [40]. So, the force vector becomes [31,16]

f Morisonf g ¼ ρ km−1ð Þ V½ � uf g− xf gð Þ þ ρ V½ � uf g þ ρkd A½ � u̇−ẋ
�� �� u̇−ẋ

	 
� � ð20Þ

in which u and x are displacements of water particles and structural el-
ements, respectively. In this study, the nonlinearity ofMorison equation
is taken into account.

After generating the force vector due to regular waves, dynamic
analysis of each offshore platform under each regular wave force vector
is conducted in order to obtain structural response. The analysis proce-
dure must eliminate transient effects by achieving steady state condi-
tions. So, a sufficient number of time steps in the wave cycle at which
structural response is computed should be selected to determine the
maximum structural response [32]. Dividing the maximum structural
response in the steady state condition by the wave height gives a
point on the transfer function at the frequency of the regular wave.
After computing the enough number of points on the transfer function,
PSDF of the platform response can be obtained as

Srr ωð Þ ¼ Hrς ωð Þ�� ��2Sςς ωð Þ ð21Þ

in which Srr, Hrς and Sςς are PSDF of structural response, transfer func-
tion and PSDF of wave height, respectively. So, PSDF of structural re-
sponse is computed such as those shown in Fig. 6. It should be
remembered that the center-of-damage sea state has been assumed
for the computation of the transfer function and for each platform anal-
ysis. In the center-of-damage sea state, which is based on a sea scatter
diagram of North Sea, the quantities of significant wave height (Hs)
and wave zero up crossing period (Tz) are 1.88 (m) and 4.88 (s) respec-
tively. Since the central frequency of wave spectrum and fundamental
frequency of NRB platform are very close to each other, only one peak
there exists in its PSDF of top displacement. In the PSDF of top displace-
ment of the FRZ platform, the first peak is related to the central frequen-
cy of wave spectrum and the second one is because of the fundamental
frequency of FRZ platform.

5.4. Record selection

For designing fixed offshore platforms against the earthquake load,
API RP2A-WSD [32] recommends where the time history method is
used, the design response should be calculated as the average of the
peak values for each of the time histories considered. Moreover, based
on requirements of FEMA 356 [41], where seven or more time history
data sets are employed, the average value of each response parameter
shall be permitted to determine design acceptability. Consequently,
the number of records in the present two-dimensional study is finally
selected not fewer than seven time histories [20]. So, 20 time histories
are employed for seismic analysis.

Listed in Table 3, a subset of the PEER NGA database [42] and PEER
StrongMotion Database [43] is used fromwhich it is tried to exclude re-
cordings thatwere believed to be near-field groundmotions. Recent ex-
periences show that near-field earthquakes have high peak acceleration
andhigh velocity pulse. As they do not behave like far-field earthquakes,
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Fig. 6. PSDF of top displacement for NRB platform (left) and FRZ platform (right).

184 A. Jafarabad et al. / Journal of Constructional Steel Research 98 (2014) 178–187
but like a shock, passive dampers may fail to dissipate input energy ef-
ficiently. As a result, mainly far-field records are taken into account by
considering a Joyner–Boore distance of more than 40 km. Most of the
used records have an average shear wave velocity, to a depth of 30 m,
less than 180m/s, considering a soft soil type for the sea bed. Moreover,
some factors are used to scale records in order to ensure more compli-
ancewith API standard spectrum for soil type C and seismic zone 5 [32].

Verification of numerical simulations has been carried out by
Kashani [44] and Kashani [20].

6. Results and discussion

6.1. Criteria and indices of fatigue performance

For later comparison of effectiveness of HDS variants in fatigue dam-
age mitigation, two criteria and two performance indices are defined.
The two criteria are top displacement and inter-story drift because of
their direct correlation with accumulative fatigue damage [18]. The first
performance index (J1) is defined as the reduction percent of standard de-
viation of top displacement. The second performance index (J2) is defined
as the reduction percent of standard deviation of inter-story drift. Formu-
lations of two fatigue performance indices are defined as below.

J1 ¼ 100 1−
σ top;w

σ top;wo

 !
; J2 ¼ 100 1−

σdrift;w

σdrift;wo

 !
ð22Þ

in which σtop,w and σtop,wo are standard deviation of top displacement of
structures with HDS and without HDS, respectively. σdrift,w and σdrift,wo

are standard deviation of inter-story drift with HDS and without HDS, re-
spectively. It should be noted that J2 can be evaluated for each of stories of
the platforms.

6.2. Criteria and indices of seismic performance

For later comparison of effectiveness of HDS variants in controlling
seismic vibrations, two criteria, i.e. top displacement and inter-story
drift, and two performance indices are defined. The average of the
peak values for each of 20 records is determined for top displacement.
Then, the third performance index (J3) is defined to be equal to the re-
duction percent of that average value. Moreover, the average of the
Table 3
Selected records [20].

No Record/component in the PEER No Record/component in the PEER

1 CHICHI06/CHY107-N 6 KOCAELI/ATS000
2 CHICHI/ILA004-N 7 LOMAP/A02043
3 IMPVALL/A-E03140 8 LOMAP/A02133
4 IMPVALL/A-E03230 9 LOMAP/LKS270
5 IMPVALL/H-E03230 10 LOMAP/LKS360
peak values for each of 20 records is determined for inter-story drift.
The corresponding performance index (J4) is defined by computing
the reduction percent of that average value. Finally, the two seismic per-
formance indices are defined as below.

J3 ¼ 100 1−
Ptop;w

Ptop;wo

 !
; J4 ¼ 100 1−

Pdrift;w

Pdrift;wo

 !
ð23Þ

in which Ptop,w and Ptop,wo are average of the peak values of top displace-
mentwithHDS andwithoutHDS, respectively. Pdrift,w and Pdrift,wo are av-
erage of the peak values of inter-story drift with HDS and without HDS,
respectively. It should be noted that J4 can be evaluated for each of
stories of the platforms.

6.3. Performance evaluation

This section summarizes the main numerical results related to per-
formance evaluation of four variants of HDS. For NRB platform, perfor-
mance indices of all variants of HDS are listed in Table 4. J2 and J4,
associated to inter-story drift, are presented for each of three stories of
NRB platform. Fig. 7 presents the corresponding illustration. The radial
axis in Fig. 7 shows the quantity of performance indices in logarithmic
scale. Performance indices from J1 to J4 are organized in a counter
clockwise order around the center point. For FRZplatform, performance
indices are listed in Table 5 and the corresponding illustration is pre-
sented by Fig. 8.

According to Figs. 7 and 8, all the HDS variants have a similar effec-
tiveness in J1 and J2. This fact makes it unnecessary to give different
weights to fatigue performance indices (J1 and J2) and seismic perfor-
mance indices (J3 and J4) and consequently simplifies the comparison.
Since HDS variants have nearly the same values of J1 and J2, so the var-
iant having higher values of J3 and J4 is the best one which is capable
of controlling both fatigue damage as well as seismic vibrations. It is in-
ferred in Figs. 7 and 8 that HDS4 and HDS2 are the best mechanisms for
both NRB and FRZ platforms. As a consequence, by combining FDD de-
signed for seismic load and TMD adjusted for wave-induced fatigue or
seismic load, the resulted HDS would have the best total performance
as compared to other variants of HDS. By employing HDS4 or HDS2
we can achieve the overall objective of this research: to control both fa-
tigue damage as well as seismic vibrations.
No Record/component in the PEER No Record/component in the PEER

11 LOMAP/MEN270 16 CHICHI/CHY004-W
12 LOMAP/MEN360 17 DUZCE/ATS030
13 LOMAP/TRI000 18 KOBE/NIS000
14 NORTHR/WAT180 19 KOBE/NIS090
15 CHICHI/CHY004-N 20 KOBE/SHI000

image of Fig.�6


Table 4
Performance indices of HDS variants (%), NRB platform.

System J1 J2: 1st story J2: 2nd story J2: 3rd story J3 J4: 1st story J4: 2nd story J4: 3rd story

HDS1: FDD for fatigue + TMD for fatigue 72.59 12.62 13.53 93.29 5.40 1.65 1.94 5.50
HDS2: FDD for quake + TMD for quake 72.58 11.87 12.76 93.50 16.86 14.09 13.18 19.95
HDS3: FDD for fatigue + TMD for quake 72.34 11.87 12.76 93.26 3.41 1.56 1.71 3.89
HDS4: FDD for quake + TMD for fatigue 72.93 12.61 13.51 93.66 16.66 14.40 13.66 19.96
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One important point inferred fromFigs. 7 and 8 is that fatigue perfor-
mance indices (J1 and J2) have a much less sensitivity to design of
dampers in comparison with seismic performance indices (J3 and J4).
This fact is justified by investigating the spectrum of the two external
loads in the frequency domain. Thewave-induced load has an extreme-
ly simple PSDF which has only one peak and the range of effective fre-
quencies is very limited (Eq. (14)). But either the Fourier amplitude or
the acceleration spectrum of each of the earthquake records when plot-
ted against frequency values is very complicated and has many fluctua-
tions and peaks.

For seismic performance indices (J3 and J4), the HDS2 and HDS4 are
more effective thanHDS1 andHDS3. InHDS2 andHDS4, FDD is adjusted
for seismic load, and in HDS1 and HDS3, FDD is adjusted for wave-
induced load. Consequently, it is deduced that FDD seems to have
much more influence on the effectiveness of HDS rather than TMD.

According to Tables 4 and 5, J2 and J4 for the first and second stories
are generally much lower than those for third story, because, as can be
seen in Table 1, the pre-yielding stiffness of the first and second stories
is nearly ten times larger than that of the third story.
Fig. 7. Performance indices (J1 to J4) of HD
Fatigue performance indices (J1 and J2) aremuch larger for NRB plat-
form than FRZ platform as demonstrated in Tables 4 and 5. But for seis-
mic performance indices (J3 and J4), there is no general trend when
comparing the two platforms. NRB platform has a larger value of funda-
mental period and its period is very close to the central frequency of the
wave spectrum, so it is reasonable that HDS variants should have a
higher fatigue performance indices (J1 and J2) for NRB platform as com-
pared to FRZ platform.

7. Conclusions and recommendations

Analytical studies were undertaken to investigate the idea of using
HDS variants in offshore jacket platforms in order to control both seis-
mic vibration and fatigue damage. The main conclusions of the study
are presented herein.

1 The idea of using HDS in offshore jacket platforms with float-over
deck is quite effective in controlling both seismic vibration as well
as fatigue damage.
S variants (log scale), NRB platform.



Table 5
Performance indices of HDS variants (%), FRZ platform.

System J1 J2: 1st story J2: 2nd story J2: 3rd story J3 J4: 1st story J4: 2nd story J4: 3rd story

HDS1: FDD for fatigue + TMD for fatigue 24.31 0.36 0.40 80.17 3.34 2.05 2.44 3.58
HDS2: FDD for quake + TMD for quake 26.43 0.33 0.36 85.88 23.98 23.48 20.91 26.83
HDS3: FDD for fatigue + TMD for quake 24.64 0.33 0.36 81.48 5.93 2.20 2.12 3.59
HDS4: FDD for quake + TMD for fatigue 26.41 0.36 0.40 85.52 24.05 23.68 20.89 27.04
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2 Numerical simulations confirmed the effectiveness of HDS variants,
but showed that the resulted performance is dependent upon how
best to make the decision as to which damper should be designed
for earthquake and which one for wave-induced fatigue.

3 By combining FDD designed for seismic load and TMD adjusted for
wave-induced fatigue or seismic load, the resulted HDS would have
the best total performance as compared to other variants of HDS.

4 Effectiveness of HDS in fatigue damage mitigation seems to be much
less sensitive to design and adjustment of dampers in comparison
with the performance of HDS in seismic vibration control.

5 During this research it was deduced that FDD seems to have much
more influence on the effectiveness of HDS rather than TMD. In
other words, effectiveness of HDS is mainly dependent upon FDD
rather than TMD.

6 Comparison between numerical results for NRB platform and FRZ
platform indicates that HDS variants are generally more effective in
Fig. 8. Performance indices (J1 to J4) of HD
fatigue damage mitigation for NRB platform which is located in
deeper water and has a period larger than that of FRZ platform.

7 In order to mitigate both wave-induced and seismic vibrations of off-
shore platforms, the possibility of using HDS there exists. However
more analyses with more detailed and sophisticated models should
be carried out in future works to confirm the effectiveness of HDS.

Several topics requiring further study were identified during the
course of this research as listed below.

1 Numerical results and conclusions justify further exploration of the
practical feasibility and the cost/benefit comparisons for applications
of hybrid damping systems for offshore jacket platforms.

2 Other passive control devices would be examined in order to control
both seismic load aswell as fatigue damage, e.g. MR dampers, viscous
fluid dampers, viscoelastic dampers and so on.
S variants (log scale), FRZ platform.
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3 It is recommended that SSI or SPI to be modeled in future research to
examine their effect.

4 In the current study, the criterion for fatigue performance was as-
sumed to be the standard deviation of top displacement and story
drifts, but in future research, some other criteria such as stress in crit-
ical connections should be investigated.

5 The center-of-damage sea-state was the main focus of this study.
However, other sea-states are recommended to be considered in fu-
ture works.

6 In addition to peak value, it is recommended to use root mean square
(RMS) value in order to define seismic performance indices for better
comparison in future research.
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