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Seismic and vibration mitigation for the A-type
offshore template platform system
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Abstract. In this study an improved design method for the traditional A-type (or V-type) offshore tem-
plate platform system was proposed to mitigate the vibration induced by the marine environmental load-
ings and the strong ground motions of earthquakes. A newly developed material model was combined
into the structural system and then a nonlinear dynamic analysis in the time domain was carried out. The
analysis was focused on the displacement and rotation induced by the input wave forces and ground mo-
tions, and the mitigation effect for these responses was evaluated when the viscoelastic damping devices
were applied. The wave forces exerted on the offshore structures are based on Stokes fifth-order wave
theory and Morison equation for small body. A step by step integration method was modified and used in
the nonlinear analysis. It was found that the new design approach enhanced with viscoelastic dampers was
efficient on the vibration mitigation for the structural system subjected to both the wave motion and the
strong ground motion.

Key words: offshore structure; dynamic analysis; viscoelastic material; vibration mitigation; seismic mi-
tigation.

1. Introduction

Vibration induced by the lateral loadings such as the wind loadings, or strong ground motions
due to earthquakes usually causes excessive deflection and damage to the structures. Offshore
structures are the typical ones subjected to tremendous lateral loadings such as the overwater
wind, surface waves, currents during severe storm conditions, and strong ground motions from
earthquakes. The damages caused from these dynamic loadings are usually substantial. In order
to mitigate the vibration and then avoid serious damage, a new mechanical damping device,
which has substantial energy absorption ability, was incorporated in the structural system. Ex-
perimental testing for both of the material properties and the structural systems incorporated
with damping devices have been carried out and shown that viscoelastic dampers have sig-
nificantly improved the dynamic performance of the structures (Mahmoodi 1972, Bergman and
Hanson 1986, Lin, ef al. 1988, Chang, et al. 1991). According to the test data, substantial en-
ergy input into the structural system can be absorbed by this damping material. Although the en-
couraging mechanical properties of the material were observed in the laboratory, it is usually dif-
ficult to have an adequate evaluation and design for the structural system when the mechanical
behavior of the damping devices can not be predicted appropriately. To solve this problem, an
analytical material model for this viscoelastic damper, which can accurately describe the mechan-
ical behavior, was developed by Lee and Tsai (1992, 1994). With this model, evaluations for
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some typical structural systems associated with the damping devices were carried out (Tsai and
Lee 1992a, b, 19934, b), and good results for dynamic performances were obtained.

Template structure is a common type of infra-structure being widely used for engineering
structures in the marine environment, such as the petroleum production complex, radar station,
and some other facilities for navigation purposes. A study on the dynamic behavior of the tem-
plate structure incorporated with the viscoelastic damping device was also performed lately (Lee
and Wu 1996). It showed that some degrees of upgrading in the dynamic characteristics was ob-
tained when the offshore platform was subjected to the wave motions. In that analysis, the pro-
posed viscoelastic devices were installed in the diagonal bracings, as were used in the high-rise
buildings. However, this design for the structure in the marine environment might suffer from
stability problem, particularly when the template structure is subjected to the out-of-plane
transverse wave forces. Therefore, in this study, a typical A-type (or V-type) template platform
was selected and redesigned with improved method for the mechanical dampers that were in-
stalled at the joint between the horizontal and inclined bracing members. This new design could
well avoid the buckling of the bracing members as might occur in the previous design, where
the damping devices were installed in between two separated parts of the diagonal bracings.

In this study the strong ground motion was also taken into account and combined in the
equation of motion for the offshore structural system since the on-field investigation (Mason, et
al. 1989) showed that substantial deflections were observed for the offshore structures under
earthquakes. The nonlinear analysis in the time domain was then carried out for this offshore
structural system subjected to the marine environmental loadings and strong ground motions.
The purposes of this study are to develop an alternative method that could well avoid the brac-
ing buckling for the application of the viscoelastic dampers to the offshore template structures,
and further to find the vibration mitigation effect for both the wave motions and the random
type ground motions when the newly developed material model was incorporated in the analysis.

2. Finite element formulation for viscoelastic damper

In order to adequately predict the behavior of structural material subjected to dynamic loading,
an analytical model must be capable of representing the typical material characteristics and ade-
quately describing the dynamic behavior. Based on the molecular theory and the fractional deri-
vative viscoelastic model (Bagley and Torvic 1979), a nonlinear analytical model was derived
and modified by using the available experimental results (Lee and Tsai 1992, 1994). For the
linear variation of the strain between two time steps, (n — 1)Ar and nAt, the constitutive law for
the viscoelastic damper at time step nAt is presented as

_ G (At)
T(n At)= |:G0+ d-o)-a)

where T and 7 are the stress and strain of the material; G, and G, represent the shear modulus
corresponding to the storage and the loss energy, respectively, and Il — «) is the gamma func-
tion while ¢ is a fractional number corresponding to the material properties. The previous time
_effect of the strain, 7,(nAf), is defined as

G,A "

G AN = T R gy e+ WiriA)) @

] Y(nAt)Y+1,(nA) O<a<l, 4]
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Fig. 1 Typical force-displacement relationship for the damping material (after Lee and Tsai 1994).

where W," and W;" are weighting functions corresponding to the time steps as
Wi=(n—-1)"%+(-n+1-a)n-o 0O<a<l 3)
and
Wi==20n—i) " “+(n =i +1) "+ (i =1)"" )

The degradation of the shear modulus and the thermal effect are taken into consideration in
this material model. A typical force-displacement relationship representing the mechanical beha-
vior of the viscoelastic material is shown in Fig. 1, where (a) represents the experimental data
and (b) shows the results of analytical simulation from the model. It is observed that a great
amount of energy, defined as the encompassed area in the loops, can be absorbed during each
cycle of hysteretic motion of the material and this mechanic behavior is adequately simulated by
the analytical model.

Now with the material model ready a 2-D finite element formulation for the viscoelastic
damper was derived here. Fig. 2(a) shows an illustration for the proposed damping device to be
installed at the joint between the horizontal and the inclined structural members as shown in
joint D of Fig. 2(b), and in between the sleeve tubes is the viscoelastic material designed to dis-
sipate the input energy. Because for the viscoelastic layer in between the sleeve tubes, only in-
plane motion is allowed while the transverse and the rotational motion are restrained, the viscoe-
lastic dampers are working mostly in a shear motion. Therefore, the element derived here is sim-
ilar to a joint element. Shown in Fig. 3(a) are the global coordinate system x and y, and local
coordinate system & and 1. The global displacements X(#) are represented by the displacements
at nodal point 1 D,(f) and nodal point 2 D,(f) as

at)
a(t)
xo=(p )= 0l ®
as(t)
at)
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Fig. 2 A-type offshore template platform redesigned with damping devices.

where a,(f) and a,(f) are global displacements at nodal point 1 in x- and y-directions respectively;
~a,(t) and as(f) are those at nodal point 2 while as(f) and a(f) are the rotation at nodal point 1
and nodal point 2 respectively.

As shown in Fig. 3(b) the relative displacement between node 1 and 2 in the transverse direc-
tion of the local coordinate system 1] is defined as

An@)=nt)-m@)=TD(t)-TD () (6)
or in the matrix form
An(t)=BX (t) )
where T is the transformation matrix between the local and global coordinate system, and
B=[-TT] (8)
Y
A
3
) / ¢
Node 2 Node 2
o : _L
N —-——— h
Node 1 - X Node 1 ¥

Fig. 3 (a) Local and global coordinate system, (b) Local coordinate system for the damper element.
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Then the engineering shear strain of the damping device considered here is given as

ye)=410 ©)

where h is the thickness of the viscoelastic layer. By applying the virtual work principle, the e-
quilibrium resisting force, F(f) resulted from the viscoelastic damper is given by

F(t)=B"1(t)A, (10)
where A, is the shear area of the viscoelastic layer. Combination of Egs. (1), (2), (7) and Eq. (9)

into Eq. (10) leads to a finite element formulation for the viscoelastic damper at time step t=nAt
as

F(nAt)=KpX(nAt)+F,(nAt) (11)
where
K, =B"E,B (12)

is the stiffness matrix, and F,(nAtf) is the previous time effect of the equivalent nodal force
presented as

F,(nAt)=B"1,(n At) A, (13)
In the stiffness matrix, the modulus E; becomes
As Gl(At)—a
E,=—""|Gy+ . 14
" h { T 1-0)1-a) (14)

3. Offshore structural system under strong ground motion

The dynamic equation of motion for the engineering structural member element with mass M,
structural damping C, and stiffness K, subjected to the strong ground motion and the wave
forces propagated in the normal direction of the structural member, can be written as

MEO)+X)+CX (1) +KX()=P(t) (15)

where X(¢), X () and X(f) are the acceleration, velocity and displacement of the structural memb-
er relative to the ground motion respectively, and X,(f) is the ground acceleration. Taking into
account of the relative motion between the structures and fluids, and modified with strong
ground motion, the wave forces exerted on the body, P(f) (Newman 1977, Isaacson 1979) are

P(t)=PCmVeUn(t)—PCaVe(X:(t)+X§n(t))+% PC.A" UL (8)~Xa (1) | (Un(2) - Xa (1)), (16)

where C,=C,,~ 1, and U,(t) and U (f) are the velocity and acceleration of the fluid normal to
the structural member resulted from the horizontal and vertical motion of the fluid, respectively.
X, and X,(f) are the acceleration and the velocity of the structural member relative to the
ground motion in the normal direction 7, and X,,(f) is the ground acceleration in the normal
direction 7. C,, and C, are coefficients corresponding to inertia and drag effect respectively. V*
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and A° are the displaced volume and the projected front area of the structural member, respec-
tively. The last term in the equation representing the drag force due to the relative velocity of
fluid is nonlinear. The nonlinearity of the drag term is retained through the use of the ap-
proximate relation derived by Penzien and Tseng(1978),

|Un () =X ()| (Ua () =X (£))= | Un |Ua (8)—2< | U, | >Xa (2), (17)

where <|U,|>=U, represents the time average of |U,|. Through the substitution of this ap-
proximation the wave forces accounted for the ground motion may be represented as

P(£)=pCn V- Uy (t) - pCa V* (Ko () + Xon (£)) + -;—pch"q U, |U.(6) =20, X (), (18)

Now the normal motion for both structural displacements and fluids at the nodes of the struc-
tural member can be transformed through the transformation matrix B; into the global system,

respectively, as
: X.(t)=B.X(t) (19)

and
U.(t)=B,U(t) (20)

where X(#) are the nodal displacements and U(#) is the velocity of the fluid particle represented as

uy(t)
vi(t)
vo={ e1)
volt)

wolt)

=

with u,, v;, u,, and v, representing the horizontal and vertical fluid velocities at node 1 and 2
respectively and w; and w, being zeros when the irrotational flow is assumed. The transfor-
mation matrix B, is written as

T, 0
B 1= 0 Tl (22)
with
sin’@  —sinfcosh 0
T,=|-sinBcosf cos’d 0 (23)
0 0 1

After the substitution of Egs. (18) associated with Eqs. (19) and (20), and letting K’=K Eq.
(15) takes the form as

M Xt)+CX(t)+K X(t)=CeU@t)+CU(t)-M X, (t) (24)
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where
M°=M +pC.V°B; (25a)
C'=C +pC,A°U,B;; (25b)
Cr=pC,V'B,, (25¢)
and
c;:% pC,A° | U, |B,. (25d)

Now if the damping devices are applied, a nonlinear force induced by the viscoelastic damp-
ers might be added to the structural system, and after the combination of equations for each ele-
ment to the whole system the equations of motion at time step t=nAt take a form as

MX(nAt)+CX(nAt)+(K+Kp)X (nAt)+F,(nAt)=P(n At) (26)

where M and C are the global mass and damping matrix respectively while K and K, are glo-
bal stiffness matrix corresponding to the stiffness contributed by the regular members and the
stiffness resulted from the viscoelastic dampers. F [nAt) is the previous time effect from the
damping devices installed in the structural system. The global vector of loading resulted from
the wave motion and strong ground motion is given as

P(nAt)=C,U@nA)+C,U(nAt)-MX,(n At) 27)

For the offshore template structure located in the ocean with a ratio of depth and wave length
over 1/10, the Stokes wave theory of fifth-order (Skjelbreia and Hendrickson 1960) is usually ap-
plied. Therefore, in this study the velocity and acceleration of the fluids are based on the Stokes
fifth-order wave theory. The horizontal and vertical velocity, u# and v for a point located at (x, y)
are presented, respectively, as

5
_o z G. ‘cosh mky
k sinh mkd

5
cosm(kx—a)t):% Y Uncosm (kx —ax), (28a)
m=1 m=1
and

sinh mky

w S
=7 Z — sinm (kx — @)= z Vasinm (kx — ot ), (28b)

m=1

where k=wave numbers; w=angular frequency; d=water depth, and U,, and V,, are obtained from
G,, the parameters corresponding to water depth, wave numbers and wave length (Skjelbreia and
Hendrickson 1960). The horizontal and vertical acceleration of the fluids are accordingly ob-
tained through the first time derivative of the velocities as u and v .

Now having the equations of motion and the forces exerted on the structural system ready,
the analysis can be carried out by using the step-by-step integration schemes for the nonlinear
structural system such as Newmark-f method (Newmark 1962) and Wilson's method (Bathe and
Wilson 1976). In this study the Newmark method using average acceleration operator was
adopted due to its stability advantage.

4. Numerical results and discussion

In the numerical analysis, a typical 6-story, 1-bay A-type template platform as shown in Fig.
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2, was selected and redesigned with damping devices at the joint between the horizontal and inc-
lined bracing members, where the detail of the damping devices were shown in Fig. 2(a). The di-
ameters and the thickness of the structural members are 1.22 m and 38.0 mm for the vertical
members and 0.61 m and 19.0 mm for the horizontal and bracing members respectively. During
this stage of analysis the foundation of the platform was assumed to be clamped on the sea floor
and the density of the structural material and water were 7.8X 10° kg/m’ and 1.02% 10’ kg/m’
respectively. The mass applied on the deck was assumed to be 428.0 ton and uniformly dis-
tributed.

The viscoelastic dampers used in the analysis have typical coefficients as follows: G,=G,=
662.0 kPa, =0.75. The geometrical dimensions for the dampers are: h=2.54 cm and b=1.50 m.
To simplify the analysis, the degradation of the damper stiffness resulted from the energy ab-
sorption was not taken into consideration during this stage of analysis. To be able to reflect the
damping effect that is solely resulted from the added damping devices the system damping was
ignored in the analysis. Three types of loading were applied to the offshore structure, namely
the step loading, wave forces and strong ground motions similar to earthquakes. The analysis
was focused on the displacement induced by the input loading and the effect of displacement
reduction when the viscoelastic dampers were applied. The results were obtained by carrying out
the calculation for the coupled MDOF nonlinear system, and then were plotted and represented
in figures, where the dotted curves represent the undamped responses while the solid curves
represent damped responses.

4.1. Step loading analysis

In the step loading analysis a 0.1 g ground motion was assumed to be suddenly exerted on
the foundation of the structure and then sustained for the rest of time. Figs. 4(a) and (b) showed
the response comparisons of the horizontal displacement and rotation respectively, between the
traditional designed and new designed offshore structure, at the corner joint of the top deck as
marked in the sketch of the structure as joint A. Figs. 5(2) and (b) showed the response com-
parisons for the horizontal and vertical displacement at joint B, the level next to the top deck.
The responses in the top deck are generally larger than those in the lower levels as was shown
in Figs. 4(a) and Fig. 5(a), where the horizontal displacement response for the top deck is about
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Fig. 4 Response comparison for joint A under step loading.
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Fig. 5 Response comparison for joint B under step loading.

10% higher than that of the level next to the top. For each response comparison an early reduc-
tion for the responses of the redesigned offshore structural system was observed, and then the
responses were flattened gradually to an amplitude corresponding to the static responses. It is
also found that the system stiffness for the new designed structural system is compatible to the
traditional designed structure, and the dominant frequency for this A-type offshore structural sys-
tem is about 0.73 Hz.

4.2. Wave force analysis

In the wave force analysis the wave forces adopted were based on the Stokes fifth order theo-
ry for a wave of 90 m long and 6.0 m high traveling in a water of 67 m deep. Figs. 6(a), (b)
and (c) showed the comparisons of the wave induced response corresponding to the horizontal,
vertical displacement and the rotational response for joint A as marked in the sketch of the struc-
ture while Figs. 7(a), (b) and (c) showed the response comparisons of structure at joint B cor-
responding to the horizontal, vertical and rotational motion. A significant reduction on the vibra-
tion amplitude due to the viscoelastic damping was again realized as shown in these figures when
the platform was subjected to the wave motions. Curves corresponding to the displacement and
the rotation in the structure incorporated with damping devices are more smooth and flat.

An additional analysis was performed for the platform with reduced dimensions of structural
members, in which the thickness of all structural members and the length of the joint sleeves
with damping material were reduced into half. Figs. 8(a), (b) and (c) showed the response com-
parisons of structure at joint A corresponding to the horizontal, vertical and rotational motion.
The behavior of the structure with thinner tube members subjected to the wave motions was gen-
erally similar to the structure with full scale of structural members, except that a larger am-
plitude associated with lower frequency was observed.

4.3. Earthquake loading analysis
For the earthquake loading analysis two strong ground motions similar to the actual earth-

quakes were applied to the A-type offshore structure. The first acceleration time history is sim-
ilar to the 1940 El Centro earthquake and the second is similar to the 1985 Mexico earthquake.
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Fig. 9 Acceleration time history of N-S component, 1940 El Centro earthquake.

Fig. 9 showed the first 20 seconds time history of the ground motion for the N-S component of
1940 El Centro earthquake, where the maximum amplitude is 0.34 g. Fig. 10(a), (b) and (c)
showed the response comparisons of the horizontal, vertical displacement and the rotation at
joint A when the structure subjected to the first strong ground motions. Illustrated in Fig. 11(a),
(b) and (c) are the response comparisons for the joint B when the same ground motions were ap-
plied. It was observed in these figures that during the early loading stages, earlier than about the
7-th second, the responses between the traditional designed and the new designed structure were
compatible to each other while after then the mitigation effect resulted from the damping devices
was getting more and more significant. The stress-strain curves during the response history for



358

displacement (cm)

displacement (cm)

2.00E+01
1.50E+01
1.00E+01
5.00E+00
0.00E+00
-5.00E+00
-1.00E+01
-1.50E+01
-2.00E+01

@

Hsien Hua Lee

time (seconds)

(b) Vertical displacement response

3.00E+00
F 200E+00
T 1.00E+00
g 0.00E+00
4. -1.00E+00
T .2.00E+00
-3.00E+00
0 5 10 15 20
time (seconds)
Horizontal displacement response
_ 4.00E-03
i 3.00E-03 + {
2’ 2.00E-03 i
§ 100803
g 0.00E+00
g -1.00E-03
S -2.00E-03
£ .3.00E-03
b
-4.00E-03
0 5 10 15
time (seconds)

(c) Rotational response

Fig. 10 Response comparison for joint A subjected to strong ground motion 1.
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the damper at joint C and joint D were also presented in Figs. 12(a) and (b) respectively. It show-

ed a typical viscoelastic material behavior as illustrated in Fig. 1, the experimental testing results.
Fig. 13 showed the second accelerogram of strong ground motion similar to the N-W com-

ponent of 1985 Mexico earthquake, where the time history from the 20-th second to 80-th
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Fig. 16 Stress-strain curves for the viscoelastic damping material under strong ground motion 2

second was adopted for the analysis and the maximum magnitude was 0.52 g. Figs. 14(a) and
(b) showed the response comparisons of the horizontal displacement and rotation at joint A
when the second strong ground motion was exerted on the structure while Figs. 15(a) and (b)
showed the comparisons for the horizontal and vertical displacement for joint B. Again as was
shown in the first example for the earthquake motion, the amplitudes of each response time his-
tory were reduced significantly, even more significant when compared to the first earthquake ap-
plication. Figs. 16(a) and (b) showed the stress-strain relationships for the viscoelastic damping
devices installed at joint C and joint D respectively during the second earthquake response time
history for the first 30 seconds of the analysis. Again a typical viscoelastic material behavior
was realized in the hysteretic loops while the encompassed area in the loops was relatively larg-
er than in the loops obtained in the first case of earthquake loading.

5. Conclusions
As was shown in the analysis, it is concluded that the viscoelastic damper can be effectively

applied to the A-type offshore structure and the vibration of the structure induced by both the
wave forces and the strong ground motions can be reduced to a satisfactory degree. In most
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cases the vibration amplitude of the structure can be reduced by more than 50%, and in the ex-
treme cases such as in the earthquake loading analysis the reduction of the vibration resulted
from the viscoelastic damping devices can even reach a higher percentage. The analytical results
showed that not only did the amplitude of the responses be reduced dramatically but also the
high frequency vibration mode was filtered into a lower frequency mode such as the high mode
vertical and rotational vibration. The advantage of this improved design approach to install the
viscoelastic damping devices as a sleeve joint in between the horizontal and inclined members is
also obvious. This method may well avoid the stability problem that might occur in the diagonal
bracing, which is separated into two parts by the viscoelastic damping devices installed in the
old method. It is encouraged that the application of the viscoelastic dampers to the A-type
offshore structural system may effectively upgrade the dynamic characteristics for the structure
under both the rough marine environment and the strong ground motion from earthquakes.
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