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Abstract: This study investigates a method of detecting and tracking damage in an offshore platform located
in the North Sea under the excitation of a typical sea storm by performing a finite element simulation. A modal
analysis and nodal displacement results from Finite Element (FE) simulation are adopted for analysing the
dynamic characteristics of this platform. For this purpose, the JONSWAP spectrum and Morison equation are
applied to simulate the typical wave force m the North Sea using Matlab and Simulink programmes. The
associated mode shape vector obtained in modal analysis was correlated with the sea force vector which was
the forcing function (force per unit length) to the structure. The determination of the dynamic response with
realization to the real scenario was established by mtroducing some reduction of material stiffness in one of the
diagonal member n stages. The results m time-displacement domam obtained from FE simulation were
converted into time-acceleration domain before they were analysed in frequency spectrum using Power
Spectrum Density in Matlab. The frequency analysis showed that there was a significant shift in peak frequency
between the mtact and damaged structure response with 30% stiffness reduction, provided that the sea force
applied 13 n the direction of the damaged beam member orientation. This suggested that the shift in the natural
frequencies of the dynamic response can provide a useful tool in monitoring the dynamic response and tracking

the progression of fatigue failure of the structure.
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INTRODUCTION

As offshore oil and gas exploration enter into deeper
waters, there 13 a sigmficant increase in research and
mvestigation nto methods of examining vibration
characteristics in monitoring structural integrity. This
great need for the monitoring and evaluation of
mechanical structures 1s attributed to the safety
requirements for the structures themselves and also the
people involved.

Technological computational
processing, sensors and finite element methods presently
contribute to the improvement in damage detection using
a vibration-based method which has been developed
since the early 70°s (Smityh, 1988). The main purpose of

advancements in

this method 1s to establish an alternative inspection to
traditional options like the Visual Inspection Method
which 1s costly and difficult to inplement especially when
offshore structures are located in deep water and often
susceptible to the unpredictable nature of sea conditions.

Offshore structures are more likely to experience
structural damage than other civil engineering structures

as they are continuously exposed to sea waves, currents,
seismatic actions and marine growth. The damage will
reduce the stiffness and alter the modal properties of the
structure such as the natural frequency, damping ratios
and mode shapes. The changes i these properties are the
fundamental concepts when inspecting the vibration
characteristics of the structure (Brincker et al., 1995). As
offshore structures are regularly acted upon by
hydrodynamic forces like sea waves which are variable
with time, it is necessary to examine the effects of the sea
wave on the dynamic response of the structure. The
important aspect in examining the dynamic
characteristics is to ensure the fundamental natural
frequency of the designed platform is well separated from
the frequency at which the peak energy of the wave
occurs (Harnett ef al., 1997).

Fundamental natural frequencies and mode shapes of
the structure under free excitation 1s sigmificantly
important when examimng the dynamic characteristics of
the structure. In this study, the first mode shape of the
platform 1s utilized in developing the sea force before
applying on the nodes on the platform. In reality, the
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measurement of the platform’s natural frequency is
achieved by analyzing the signal from the accelerometers;
however mode shape determination is not feasible.

A modal simulation 1s carried out m the study to
estimate the mode shapes of the platform which is utilized
in developing the sea force. The modal analysis 1s also
applied to build the top platform mass by tumng on the
first natural frequency of the platform between 0.6 and
0.7 Hz.

The aim of this study is to investigate the dynamic
response of an offshore structure subjected to sea wave
forces and explore the frequency spectrum technique for
detecting damage 1in the structure. The
displacement results obtained from FE dynamic analysis
simulation is first converted into acceleration and finally

nedal

mto frequency response using Fast Fourier Transform
(FFT) which is very useful in determine the peak
frequencies of the structure’s response.

The sea force which 1s the only forcing input for the
platform is developed wsing Morison equation and
JONSWAP frequency spectrum 1n Matlab. Some
properties of the platform like area and volume of lumped
mass and mode shape are described n the sea force model
in Simulink. The frequency of the sea wave at which the
peak energy occurs is also identified and compared with
the fundamental natural frequency of the platform.

The key aspect in the Study is to perform the
dynamic simulation which acquires input from the sea
force data at various heights and angles. The dynamic
response of the platform 15 analyzed based on the sea
force applied in various directions named X, 7 and 45°
diagonal to X and Y directions. The dynamic response of
the platform is then investigated by inspecting the shift in
natural frequencies as the material stiffness in the
diagonal member is reduced m stages. This study waill
determine whether the shift in natural frequency in the
response is able to indicate a substantial damage in the
structure as experienced in real life.

FORMULATION OF A WAVE LOADING

The sea force incident on the structure 1s normally
random 1 nature and very complex to generate. However,
they can be best formulated using the Morison sea force
equation as described below.

When analyzing the offshore structures,
essential to mclude the effects of surface waves on the
structure. The JONSWAP spectrum is used to describe
the spectrum frequencies of irregular ocean waves in the

it 18

North Sea for a usual 100 year storm which 1s given as:

S{wy= [156}5; ] [%} exp {1.25 {@ﬂ} ‘| P (1)

where, H, = 7 m is the significant wave height, w, = 0.1 Hz
is the peak frequency, ¥ = 3.3 and v" is a frequency-
dependant factor which determines the peak sharpness
and 1s given by:

poexp [—‘(“""%)ZJ @)
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where, 1= 0.07 (wzw,), T = 0.09 (w>w,)

By using Morison’s equation, the wave force per unit
length m single directions such as in x-direction at a
height v from the seabed can be determined for an
offshore structure as shown below. The velocity of the
structure relative to the wave particle is neglected as the
structure is considered to be initially at rest. The force per
unit length for the structure is given as:

2 2

1 ) nD*
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where, x, 1s the wave particle horizontal displacement at
height, y and time, t. D 1s the structure’s equivalent
diameter, p 1s the density of the sea water, C, = 1 15 drag
co-efficients and C, = 2 1s nertia co-efficients.

The total wave force acting on the submerged
platform is calculated using the integral of the force per
unit length over the submerged platform:

F()=[f(z,0) 9 dz 4

1]
where, ¢ (z) 1s the mode shape vector (Hillis, 2009).
FINITE ELEMENT METHOD

This model of the platform is created in ANSYS using
key pomts which define the co-ordinates mn the working
plane. The model is also created based on element types
where different element types have a different number of
nodes and degrees of freedom.

BEAMI 89 element type which is used in this model
of the structure 1s based on quadratic polynomials. This
element type only supports nodal concentrated force
besides surface loads and does not offset a distributed
load. Therefore, in this study, the sea force is applied
directly to the points where the nodes are defined (Fig. 1).
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BEAM 189 is computationally efficient and has excellent
convergence capability with respect to mesh refinement
which 1s as accurate as a Hermitian element as described
in the Formulating Beam Element. Specifically element
BEAMIRO is described as:

¢ Structural 3D Quadratic Finite Strain Beam

* 3 nodes in 3D space
¢ Degree of freedom: TJX, UY, UZ, ROTX, ROTY,ROTZ

In this model, the simplest and by far most common
application of linearly elastic and isotropic model has
been used. It means when the load 1s removed from the
structure, all the deformation is recovered because of the
linear relationship between force and deflection. This
assumption also implies that the displacement of the
structure compared to its overall dimensions 1s small due
to the non yielding load.

A beam element subjected to a uniform distributed load:
The beam elements used in this study are subjected to
nodal force and the theoretical concept shown below 1s
relevant to this study. A uniform distributed load acting
ona 2D beam of length L and its equivalent nodal loading
can be presented here as shown in the Fig. 2 and 3
(ANSYS, 2000).

In thus study, the sea force vector which 1s force per
unit length and the associated height is applied to the
selected nodes on the beam. The distribution force
obtained from Simulink model is applied as nodal force on
the specific nodes by multiplying the force per unit length
with the distance between the selected nodes. This action
will simulate a distribution load between the selected
nodes.

The displacement in FE: In this study, displacement
response is considered as one of the main parameter to
detect the dynamic behaviour of the structure. The
states are wholly defined by
nodes. The
displacement parameters are defined at three degrees of
freedom at the nodes of the structural elements. For

structural analysis, the degree of freedom comsists of

structure  displaced
translational  displacements at the

translation and rotational in X, Y and Z-direction. Thus,
the displacement results are analyzed according to the
number of degrees of freedom 1n the structure.

The interpolation of the node displacement under the
action of external load can be written in the form:

u=Nede (5)

Fig. 1: Beam 189 is defined by nodes [, J and K m the
global coordinate system (ANSYS, 2000)

WL WL
B 2J
(C )
WL WL
vl 12

Fig. 3: Equivalent nodal loading

Where:
u={u)
N, = [n; (x), n, (x]

UZ

In this notation, u represents the displacement
compoenents at a pomnt in the element. Ne 1s a shape matrix
which determines the element shape and de is a vector
which has the nodal displacements. The displacement in
element BEAM 189 is
Timoshenko theory and its element 1s shown m Fig. 4
(ANSYS, 2000).

calculated based on the

MODEL ANALYSIS

Model analysis relates to free vibration analysis
where the system is free from external forces. The analysis
will determine the natural frequency of a dynamic
system which 1s subjected to a dynamic load. This 1s an
important  analysis to ensure the structures will not
vibrate to its natural frequency value. This 1s to avoid
resonance which can lead to catastrophic failure in the
structure.
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Displaced

Wi

Initial X'

Fig. 4: Timoshenko beam element (Astley, 1992)

In finite element method, for a structure that
undergoes free vibration, the system equation for an
individual element can be represented as:

KD-+MD=0 (6)

The solution of the free vibration system can be
written as:

D = dexp (iwt) @)

where, ¢ is the amplitude of the nodal displacement, w is
the frequency of the free vibration, t is the tune, M and K
are the mass and stiffness of the element, respectively.

By substituting Eq. 7 mte Eq. 6, an eigenvalue
equation is obtained:

(K- M) ¢ =0 ®

By substituting w’ = A, the following equation can be
derived:

K-4M) ¢, =0

where, 4; 1s the eigenvalues corresponding to the
systemn’s natural frequency and &; corresponds to a
vibration mode of the 1 th mode of the vibrating structure
as Ulustrated in Fig. 5 (Smityh, 1988).

DYNAMIC (TRANSIENT) ANALYSIS

In ANSYS, a dynamic analysis is also called as a
analysis  (sometimes called time-history
analysis). Tt is a technique used to determine the dynamic
response of a structure under the action of any general
time-dependent loads.

transient

A\

Mode 3
i=3)

Mode 2
i=2)

Mode 1
@i=1)

Fig. 5: The first three modes of a cantilever beam

Viscous Internal
damper ¢ forces

=

Stiffness, k

Inertia force

oo
fi=mu
. £
Displacement  Force
u(t) (0
Finite element model of a
dynamic system

Free body diagram of the
internal forces

Fig. 6: The basic dynamic system (Maguire and Wyatt,
1999)

The linear dynamic behaviour of a structure depends
on Eq. 9. The dynamic response is obtained by solving
the following equation of motion:

(M) {1 3HO) {1 34K fuj = {F (1)} %)

Where:

M = Mass matrix

C = Damping matrix

K = Stiffness matrix

i = Nodal acceleration vector
u = Nodal velocity vector

u = Nodal displacement vector

F(t) = Loadvector

Figure 6 shows a free body diagram of the internal
forces accounted in the structure and its correspondence
to a fimite element model.

SIMULATION RESULTS
Finite element analysis is an efficient technique of

analyzing the dynamic performance of most structures
because it can reduce the time in design process, optimize
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the budget in the construction process and increase the
safety of the structure.

A model analysis is carried out using FE simulation
to determme the mode shapes of the intact structure
before assigning the normalised mode shape vector into
the sea force mode shape function parameter. The
magnitude of the sea force 1s associated with the mode
shape of the intact platform, thus the displacement of the
structure 18 the determmning factor for the magnitude of
the sea force (the sea force magnitude increases as the
displacement mcreases). The displacement increases
significantly starting from the height of 35 m to the top of
platform.

The mode shape’s contour plots produced m ANSYS
present the displacement in X-direction of the entire
structure n good detail. The structure legs in mode 1 are
found to be straighter than those in modes 2 and 3. These
results are found to be consistent with the findings of
Hamnett ef al. (1997).

The change in response signatures for the first mode
of the intact platform is shown in Fig. 8.

Figure 7a-¢ describe the three main mode shapes of
the 1intact platform under free excitation. The first three
modes of the modal analysis have an associated natural
frequency of 0.604, 0.671 and 0.741 Hz, respectively. The
mode shapes show that the largest displacement occurs
at the top (red contour plot) which are consistent for the
three mam modes. The structure of mode 1 has the least
displacement throughout the structure jackets as
compared to mode 2 and mode 3 as displayed by the dark
blue plot (mode 1) in comparison to light green plot for
modes 2 and 3. It is worth mentioning that mode shape 1
is utilised in the sea force mode shape function parameter
in developing the sea wave force acting dynamically on
the platform.

DYNAMIC ANALYSIS OF SEA WAVE

The sea force plot converted from time domain to
frequency spectrum (Fig. 9) provides better approximation
of the peak frequencies of the sea wave. The sea force
magnitude mncreases sigmificantly at the height of 40m,
corresponding to the mode shape function of the platform
(higher displacement approaching the top).

The peak frequency of the sea force 15 about 0.12 Hz,
similar to the JONSWAP frequency spectrum for typical
North Sea Storm conditions. This sigmfies that the sea
force developed for this specific platform provides a good
approximation of a typical storm in the North Sea which is
one of the key objectives of this study.

Figure 10 shows the position of the selected nodes
along the legs of the main structure and the directions of
the respective sea wave forces applied on the nodes. The
arrows represent the sea forces which act on the selected
nodes.

DYNAMIC ANALYSIS OF THE PLATFORMS

FE dynamic sunulation establishes the effects of
material stiffness reduction on the structure acceleration
responise. A data conversion from tune trace mto
frequency domain in Power Spectral Density (PSD)
describes the effects of material stiffness reduction on the
peak frequency response of the structure.

Primarily, this study investigated the influence of the
reduction of material stiffness on the natural motion of the
platform subjected to sea force in X, 7 and at 45° angle
diagonal to X and Y-directions. Detecting the dynamic
responise  using frequency spectrum analysis 18 a
deterministic method which adequately estimates the
natural frequencies, comparable to a real situation on a
platform. This is possible by converting the structural
acceleration

response  obtained through mounted

accelerometers into frequency domain (Harnett et al.,
1997).

The material stiffness of one of the upper diagonal
beam members of the platform (Fig. 10) was reduced by 10,
30, 50 and 90% for each of the sea wave directions. The
structure with zero material stiffness reduction was
recogmised as an intact platform. The details are histed
Table 1.

As the stiffness was reduced, the peak frequencies
for all intact and damaged platforms were identified,
giving the approximate values of the natural frequencies.
This result 15 in agreement with the study of Mangal ef al.
(2001) who reported that natural frequencies of a platform
are identified by performing a Fast Fourier Transform
(FFT) on the data.

The change of material stiffness from 30 to 90% had
the greatest influence on the shift in peak or resonance
frequencies when the sea force is excited in the
X-direction and at 45° diagonal to XY as shown m Fig. 11
and 12 in relative to Z-direction (Fig. 13, 14). The shift in
resonance frequencies is less apparent for damage
induced by reduction in material stiffness by 30% or less.

The energy excitation for damaged platform IV (with
90% stiffness reduction) 1s almost eight times higher as
compared to the intact platform. This significant excitation
is primarily due to the large displacement of the platform
when the diagonal member 1s almost totally damaged and
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Fig. 7a: First mode

Fig. 7b: Second mode

Fig. 7¢: Third mode
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the platform integrity is affected. This also indicates a
lower damping ratio for the damaged platform as
compared to the intact platform. The rotational
acceleration of the platform (Fig. 15, 16) gives relatively

60.00
50.00
40.00

30.00 +

Height (m)

20.00

10.00

0.00

T T T T T T T T T 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Normalised mode 1

Fig. 8: Changes in vibration signatures in mtact platform
(no damage). The normalised modes are for leg
No. 41 X displacement which has been described
mnto sea force mode shape function

ELEMENTS

Table 1: Damage intensity in the diagonal bearmn mermber

i 1 and 0.92 Hz, respectively

Damage intensity Elastic modulus Structure label
Undamaged 2.00E+11 Tntact platform
10%% 1.80E+11 Damaged platform T
300 1.4E+11 Damaged platform IT
507 1.00E+11 Damaged platform T
900 2.00E+10 Damaged platform I'V

a14 10° ~ Seawave power spectrum density

a v Wave energy has T

Tio 1l *highest peak at —26m

L 0.12 Hz —33m

; 10 ~— 40m

=

T 8

o §

1 1

> 6

g .

& 1 Second, third and fourth wave

g 5 L + energy peak at 0.33, 0.56

e

6 0E TT 0 TTTE~ 1820
Frequency (Hz)

Fig. 9: Sea wave energy estimated by power spectrum
density

Fig. 10: Sea force applied in X and Z-directions and at 45° diagonal to XY
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Fig. 11: Power spectral density of structure linear
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X-direction
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- 105 Power spectral density of structure acceleration

A\ R
o o1 O

Power spectral density (m%s*/Hz)
[N
o

10t
0.5
0.0¢ .
0.0 0.5 10 15 20
Frequency (Hz)

Fig. 13: Power spectral density of structure linear
acceleration in Z-direction due to sea force at
angle of 45° diagonal to X and Y -directions
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less effect on the natural frequency shift as compared to
the linear acceleration. The magnitude of the rotation has
a relatively msigmficant effect on the platform’s dynamic
behaviour.

The sea force incident in the Z-direction has no
influence on the shift of natural frequencies following the
reduction in the member stiffness (Fig. 14, 17). Thus 1s due
to the fact that the damaged beam member geometry 1s
located in the X-plane and thus gives no effect on the
structural integrity as the dynamic force is applied in the
Z-direction. Applying this understanding, the location of
the damaged beam member either m parallel or
perpendicular to the X or Z-axis in the structure global
co-ordinates can be identified if the direction of sea force
1s known.

The natural or resonance frequency shifts 1s apparent
on the dynamic response of the platform when the sea
force is excited at an angle of 45° diagonal to X and
Z-directions (Fig. 12). As expected, by considering the
vector sea force i X-direction, the peak frequency shift
is more significant as the damage is induced by 50 to 90%
reduction in material stiffness. There is little effect on the
natural frequency shift for the intact and damaged
platforms of 10 and 30% stiffness reduction in the
diagonal member. However, the effects of frequency shuft
in the 10 and 30% are still detectable. Considering that the
damage only occurs in one of the diagonal members of the
platform, the detection of the damaged platform can be
performed by examimng the natural frequency shift in the
dynamic response.

When the sea force is applied in the Z-direction,
there 1s no effect on the resonance frequency shft.
However, the energy excitation by a damaged platform
with 90% stiffness reduction in the diagonal member 1s
relatively much higher as compared to platforms with 50%
or less stiffness reduction. It 1s not possible to consider
the effects of frequency change mn the Z-direction as the
decrease in the natural frequencies are not consistent with
the decrease in material stiffness. This is contributed by
the fact that the location of the damaged beam 1s
perpendicular to the sea force direction, thus the effect of
the sea force is insignificant to the structure response.

The rotational acceleration about y-axis due to sea
force at an angle of 45° diagonal to X and Z-directions 1s
found to be in agreement with the rotational acceleration
excited by sea force in the X-direction. There is apparent
resonance frequency shift as the stiffness is reduced from
10 to 90%. However, the magmtude of the response is less
sigmficant as compared to the translational acceleration.
Tt is also found that the sea force at 45° angle produces a
slightly larger resonance frequency shift as compared to
the sea force in X-direction. This 1s contributed by the

—— intact damagelll

damage |
— damagelV —damagell X
- 109 Power spectral density of structure acceleration

Power spectral density (m?%/s*/Hz)

06 10 12 14 16 18 20 22
Frequency (Hz)

0.0
04 06

Fig. 17: Power spectral density of structure rotational
acceleration about Y-axis due to Sea force in
Z- direction

fact that the sea force at 45° angle consists of sum vectors
of sea force in X and Z-directions.

The structures with 30 and 50% stiffness reduction
in the diagonal member show a detectable shift in
resonance frequency and that with 90% stiffness
reduction shows a very evident shift in resonance
frequency. In reality, it 1s desirable to mspect and take
appropriate measures on the weakened member before the
stiffness is reduced up to 90%. Therefore, values at 30
and 50% stiffness reduction are more reliable when taking
necessary action for the structure rehabilitation process.
By measuring the structure acceleration via the mounted
accelerometers on the platform, the time response should
be converted into frequency spectra to determine the shift
in natural frequency. By observing the shift n the peak
frequencies, it indicates whether damage may have
occurred 1n the structure bearn.

CONCLUSION

This study presents the dynamic characteristics of an
offshore structure due to sea wave excitation in the North
Sea. It outlines some key procedures in performing the
dynamic analysis of the platform under sea force action
using finite element simulation. From the analysis carried
out, it was shown that there was a detectable shift in
resonance or natural frequencies of the platform
according to the changes of the material stiffness in the
structure. The shift in natural frequencies is only
significant if the damaged member is in the same direction
as the sea force and the member stiffness 1s reduced by
more than 10%. The result of the dynamic analysis 1s
considered reliable as only one diagonal beam is modelled
as a damaged member with reduced material stiffness.
Therefore, 1t can be concluded that the shift in the natural

169¢



J. Applied Sci., 11 (10): 1688-1697, 2011

frequencies can be utilized as an indicator tool to monitor
structural dynamic behaviour that are altered due to
material stiffness reduction m the structural member while
the platform is in service. By monitoring the structural
response obtained using fixed accelerometers on the
platform and converting them into frequency spectra,
structural engineers should be able to identify any
possibility of structure weakemng due to corrosion or
fatigue by detecting any shift in the peak frequencies
response before further detailed inspection on the
platform 1s carried out. This method of examining the shift
in natural frequency offers an economical and convement
way in tracking the progression of damage in the
structure.
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