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The present study deals with the seismic compliance of a multi-articulated offshore tower to three real (El Centro 1940, Taft 1952 and Northridge 1994)
earthquakes in a random sea environment. The random waves are generated using
Monte-Carlo simulation with the Pierson-Moskowitz (P-M) spectrum. The shafts of
the tower are idealized as a rigid cylindrical column with 2 rotational degrees of
freedom. Seismic forces are evaluated by dividing the tower into finite elements
with masses lumped at the nodes. The earthquake response is carried out by random
vibration analysis, in which, seismic excitations are assumed as a broadband
stationary process. The dynamic equation of motion is solved in time domain.
Nonlinearities due to variable submergence and buoyancy, added mass along with
the geometrical nonlinearities associated with the system are taken into account.
The results are expressed in the form of time-histories of the response quantities.
Power spectral densities under different seismic and random sea environments
are plotted.

1. Introduction
Articulated towers are among the innovative
compliant offshore structures that are economically
attractive in deeper waters. They are light weight
and extremely flexible against rotation about the
articulating point (s). As a result, large displacements
with geometric nonlinearities are the primary dynamic
characteristics of these structures. The structure’s
fundamental frequency is designed well below the
wave frequencies. Under deep water conditions,
single-leg articulated offshore tower, see Figure (1a),
attracts significant bending stresses near its mid
height. Therefore, additional articulations are provided,
leading to a configuration known as multi-articulated
offshore towers, see Figure (1b). Extremely few
literatures are available that discusses the structural
behavior of such towers under seismic excitation.
Instead, much of the work is devoted to wave, current
and wind responses [1-4] only. Seismic response is
hardly explored. Therefore, response of articulated

offshore towers in seismic sea environment (earthquake + wave loads) is of immense importance,
especially of multi-articulated offshore towers. Even
the latest installation among the articulated towers
(Angola, West Africa) has not considered the seismic
criteria [5]. In a case study, the seismic response of
articulated tower was investigated by modeling it as a
stick [6]. The tower was primarily used for mooring.
The main emphasis of the study was on the methodology for modal responses rather than the relative
significance of seismic and hydrodynamic loadings.
Soil-structure interaction was considered but
fluid-structure interaction was ignored. Forces on
hinge due to seismic forces alone were presented. In
another study, the combined effect of seismic and
hydrodynamic loadings on a guyed tower was
investigated by Ryu and Yun [7]. In their study the
effect of hydrodynamic damping was incorporated
while the hydrodynamic drag force was linearized.
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Figure 1. Different types of articulated offshore towers.

The other sources of nonlinearities have neither been
incorporated nor been discussed. Lina et al [8] in
their study examined the effect of different water
depths on the response of articulated tower subjected
to seismic excitation in still waters, while, the nonlinear dynamic behavior of the tower under various
sea states along with an earthquake force was
investigated by Islam and Ahmad [9-10]. Wu and
Chen [11] too studied the effect of support excitation
with elastic and fixed support conditions for an
offshore tower. The tower carried an eccentric tip
mass with rotary inertia. Similarly, Chandrasekaran
and Gaurav [12] in their study had emphasized that
even the stiff degree-of-freedom like heave should be
closely monitored for its threshold values, particularly
considering vertical seismic excitation for triangular
compliant TLP. Therefore, in the light of the available
literatures, it is revealed that there is a need to investigate the response of multi-articulated offshore towers
under different seismic sea environments. Herein, the
objective of the study is to investigate the effect of
earthquakes and ocean waves acting simultaneously
on the structural response (by comparing the response
of offshore tower with and without earthquake load),
and to establish relative significance of seismic and
hydrodynamic response of the tower.

2. Assumptions and Structural Idealization
Assumptions made in the present study are as
follows:
1) The shafts of the tower are idealized as a 2-D
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rigid cylindrical column with 2 rotational degrees
of freedom, confined in XZ-plane, i.e. the plane of
environmental loading.
The upper shaft of the tower is equipped with
up-righting buoyancy chamber along its length,
just below the still water level (SWL). The lower
shaft is attached with a ballast chamber near the
sea bed. This arrangement helps in low dynamic
positioning of the compliant towers.
The base of the tower is fixed against translation
and has zero rotational stiffness.
For hydrodynamic force calculation, the latticed
shaft is replaced by cylindrical pipe of equivalent
diameters, see Table (1).
For the estimation of seismic forces, the tower is
discretized and masses are lumped at the nodes.
Sea waves are generated using simulation procedure with modified Peirson-Moskowitz (P-M)
spectrum in conjunction with Airy’s linear wave
theory for water particle kinematics.

3. Mathematical Development
A typical multi-articulated offshore tower model
considered for the analysis is shown in Figure (2).
The equation of motion in terms of rotational degree
of freedom under the combined action of waves and
earthquake forces is given as:

{

}{

[ I ∗ ]{?&&} + [C ]{?&} + [ K ]{?} = M ?h (t) + M ?eq (t)

}

(1)

where {M ?h (t )} = Dynamic moment due to hydrodynamic loading and {M ?eq (t )} = dynamic moment
due to earthquake load. [I * ] is the dynamic mass
matrix consisting of mass moment of inertias of all
the elements (including added mass) about their
articulating joint. Added mass is time dependent, as
variable submergence is taken into account [13]. [C]
is the hydrodynamic damping matrix, [K] is the
system stiffness matrix taking into account large
deformations and other nonlinearities corresponding
to the degrees of freedom. {&θ&}, {θ& } and {θ} are the
vectors of structural acceleration, velocity and
displacement, respectively.
The environmental forces, caused by the simultaneous action of earthquake excitation along with the
random characteristics of waves F ih + eq (t ), at any
instant of time at an element are determined by using
Morison’s equation as stated:
F ih +eq (t ) = 1 ρw Cd [D i]{u& i − ( x&i + x&g )} u&i − ( x&i + x&g ) +
2
Cm × [mi]{u&&i − (&x&i + &x&g )} − (C m − 1)[mi ]{&x&i + &x&g }

(2)
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Table 1. Properties of the multi-articulated offshore tower.
•
•
•
•
•
•
•

•

•

Details of Multi-Articulated Tower
Height of lower and upper shafts, L1 and L2
Top mass, md
Structural mass of lower and upper shaft, m1 and m2
Height and Mass of ballast chamber, hb1 and mb
Height (hby) and Position (hBC2) of buoyancy chamber from upper articulation
Position of upper articulation from sea bed
Equivalent Diameter for Tower’s Chamber
§ Effective diameter for buoyancy, DEB
§ Effective diameter for added mass, DEA
§ Effective diameter for drag, DED
§ Effective diameter for inertia, DEI
Equivalent Diameter for Tower’s Shaft
§ Effective diameter for buoyancy, DEB
§ Effective diameter for added mass, DEA
§ Effective diameter for drag, DED
§ Effective diameter for inertia, DEI
Time Period

300m and 200m
2.5x106N
44840 and 20000Kg/m
149.5m and 20000Kg/m
45m and 122.5m
300m
20.0m
7.50m
20.0m
7.50m
7.50m
4.50m
17.0m
4.50m
32.24sec, 24.00sec

4. Numerical Studies and Discussion

Figure 2. Model of a multi-articulated offshore tower.

The terms Cd and Cm are the drag (Cd= 0.6) and
inertia (Cm = 2.0) coefficients respectively. mi is the
elemental mass. u&i , u&&i are the water particle velocity
and acceleration normal to the tower, calculated with
the Airy linear wave theory. x&i is the velocity of the
tower at any instant of time with &x&i as its acceleration,
while x&g and x&&g are the seismic ground velocity and
acceleration respectively.
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A multi-articulated offshore tower, 500m in height
with 450m deep water was chosen for the study. The
structural details are tabulated in Table (1). The
undamped natural frequencies and the vibrational
mode shapes were computed by eigenvalue analysis.
The natural frequencies of the lower and upper shafts
for the fundamental vibration mode are 32.24 and
24.00 seconds respectively.
The seismic response of the tower was carried out
by time histories of real earthquakes (Taft 1952;
PGA = 0.18g, El Centro 1940; PGA = 0.34g and
Northridge 1994; PGA = 0.33g) in the presence of
random sea (Hs = 6m, Tz = 12sec). The components
S69E, N00S and S00E of Taft, El Centro and Northridge were considered in the direction of waves with
30 seconds duration. In order to achieve structural
response at Peak Ground Acceleration (PGA), different earthquake striking time, Ts, (840.48sec for Taft,
842.08sec for El Centro and 840.58sec for Northridge)
were considered. Therefore, all the earthquakes had
their peak ground acceleration at the same time instant,
i.e. Tx = 844.20sec. Initially, the structure was assumed
at rest. The response time interval for the duration of
seismic as well as for random sea excitation was taken
equal to the recorded ground motions time interval,
i.e. 0.02 seconds. The chosen time interval yielded
sufficient accuracy with the step-by-step integration
scheme. The response quantities of interest are mean,
standard deviation and peak values of top displacement,
shear force at articulations and bending moment over
the duration of earthquake and at the peak ground
accelerations.
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random sea environment. Whereas, the maximum
rotation under El Centro seismic sea environment was
18.25 times higher with respect to random sea
environment. Upon, comparing the upper shaft
rotation with different seismic sea environments, the
maximum rotations range from 0.0725rad (Taft) to
0.1500rad (El Centro), which is almost twice of
each other, see Table (2).
Time histories of surge at top of the tower due
to random and seismic sea excitations are shown in
Figure (3). The time variation of the top displacement
under random sea environment is almost negligible as
compared to seismic sea responses. The average of
the maximum value of surge in seismic sea environment was found to be 27.88m, which is 14.08 times
higher than the maximum surge under random sea
environment. The seismic response quickly diminishes
as the earthquake is over restoring the steady state
condition. Mean and standard deviation of top surge
under random sea and seismic sea environments are
tabulated in Table (3). In particular, top surge under
El Centro seismic sea environment is 15.41 times
than that of random sea environment. In all the
seismic sea environments, standard deviation for surge
varies from 4.370 (Taft seismic sea environment) to
6.73 (Northridge seismic sea environment).

5. Effect of Seismic Sea Environment
Compliant structures located in seismic zones are
expected to have large displacements. As such,
serviceability and survivability of the structure is
questionable. It has been observed that seismic
shaking had resulted in significant increase in the
structural responses. These responses in the presence
of moderate sea are as discussed:
5.1. Effect on Heel Angle and Deck Displacement
The articulation of the tower is an important
parameter for satisfactory performance and serviceability, especially in hostile sea environments. The
higher the articulation, the larger shall be the top
displacement. In the case of moderate random sea
environment, the maximum rotation at the base
articulation, as observed, was 3.52x10-3rad; whereas
under Taft seismic sea environment, it was 0.0376rad,
a 10.68 times increment. Upon comparing with El
Centro and Northridge seismic sea environments, an
increment of 14.46 and 17.50 times was observed
respectively. The upper shaft too had followed the
same trend as the lower shaft, but the responses are
on higher side. The maximum upper shaft rotation as
observed was 8.22x10-3rad, which is 2.3 times higher
than the maximum rotation of the lower shaft under

Table 2. Comparative peak responses of the multi-articulated offshore tower.
Seismic Sea Environment
Random Sea
Environment Taft 1952 El Centro 1940 Northridge 1994

Peak Responses
Heel Angle (rad)
• Lower shaft, (? 1)
• Upper shaft, (? 2)

3.52 x 10-3
8.22 x 10-3

Top Displacement (m)

0.0376
0.0725

0.0616
0.1028

0.0509
0.1500

1.98

18.40

30.52

34.72

Shear-Base Articulation (N)

1.30 x 10+6

1.14 x 10+7

1.67 x 10+7

2.15 x 10+7

Shear-Upper Articulation (N)

1.79 x 10+6

1.56 x 10+7

3.80 x 10+7

2.92 x 10+7

Note: Random Sea Environment (Hs = 6m, Tz = 12sec)

Table 3. Comparative statistical responses of the multi-articulated offshore tower.

Response Quantity

Random Sea
Environment
Mean

Heel Angle (rad)
• Lower Shaft, (? 1)
• Upper Shaft, (? 2)

SD

Seismic Sea Environment
Taft 1952
Mean

SD

El Centro 1940
Mean

-8.8 x 10-5 1.2 x 10-3 -6.4 x 10-5 8.0 x 10-3 -4.4 x 10-5
-1.3 x 10-4 2.7 x 10-3 -1.9 x 10-4 0.014
2.1 x 10-4

Top Displacement (m)

-0.0517

0.6757

-0.0570

Shear Force
• Base Articulation (N)
• Upper Articulation (N)

751.89 3.9 x 10+5
-13.99
4709.74 6.3 x 10+5 8796.37

4.370

0.029

1.3 x 10+6 -45091.7
2.5 x 10+6 3639.72

Northridge 1994

SD

Mean

SD

0.0113
0.0212

-5.2 x 10-4
-9.4 x 10-4

0.0119
0.0213

6.209

-0.346

6.7332

2.3 x 10+6
4.4 x 10+6

15551.3 2.3 x 10+6
21099.1 3.6 x 10+6

Note: Random Sea Environment (Hs = 6m, Tz = 12sec)
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Figure 3. Time History of Top Surge.

Taft and El Centro seismic sea environments are
comparable while shear force under Northridge
seismic sea environment is much higher. The average
of peak base shear articulation under seismic sea
environment is 12.91 times higher than that of random
sea environment.
The corresponding instantaneous seismic bending
moments along with the variation under random sea
environment is shown in Figure (6). The presence
of upper articulation reflects its contribution, i.e.
reduction in the values of the bending moment.
Likewise, seismic shear at upper articulation, at the

5.2. Effect on Shear at Upper Articulation
Figure (4) shows the comparative power spectrum
of shear force at the upper articulated joint. The
foremost initial peak at 0.37rad/sec occurs at wave’s
modal frequency, clearly indicating that the wave
forces due to 6.0m/12.0sec wave have significant
energy. The high frequency energy content of the
earthquakes are not attracted due to the compliant
nature of the tower although the responses have
increased manifolds. Higher shear spectral densities
are observed in the upper articulation than the lower
articulated joint, thereby, making it a critical joint.
For comparative seismic shear at the articulations,
peak values and the statistical values of interest are
tabulated in Tables (2) and (3).
5.3. Instantaneous Response at Peak Ground
Acceleration

Figure 5. Seismic shear force at PGA (Tx=844.20sec).

Figure (5) shows the comparative variation (Tx=
844.20sec) of shear force under random and seismic
sea environments at the PGA's of the earthquake
time history. The presence of upper articulation
had caused large variations in shear force at the two
articulations. The variation is much higher in seismic
sea environment. The variation in shear force under

Figure 4. Spectral density of upper articulated joint.
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Figure 6. Seismic bending moment at PGA (Tx=844.20sec).
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same time, had significantly increased but seismic
shear at the bottom has reduced. Therefore, for a
successful design of articulated offshore tower,
especially in seismic zones, upper articulation should
be able to sustain large seismic demands.
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6. Conclusions
Multi-articulated offshore towers, if built in
seismically active zones, had to withstand large
seismic sea demands and therefore are susceptible
to failure during earthquakes. Therefore, as part of
seismic response studies, dynamic analysis were
carried out in time domain for a 500m high multiarticulated offshore tower by employing three real
Californian earthquakes. Following conclusions have
been drawn:
v Owing to higher responses, the upper articulation
is the critical joint for a multi-articulated offshore
tower.
v The average horizontal excursion, for the model
under consideration, has been found to be 14 times
higher in seismically active zones.
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