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The loading processes in the offshore environment such as the wave force
and the earthquake force are generally random in nature. The parame-
ters which determine these forces are also random and provide significant
roles on the dynamic response evaluations. In the present study, the ef-
fects of these uncertain parameters on the dynamic response of an offshore
structure are investigated using the perturbation method and the spectral
approach. The loading process is the wave force and the wave field is rep-
resented with the Bretschneider’s power spectrum. Next, the first passage
probabilities on the design’s level crossing of the response are examined
for the variations of the uncertain parameters.
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1. Introduction

It is important to clarify the uncertainties involved

in the dynamic response characteristics of offshore struc-

tures for more rational and reliable design. Sea wave
force is one of the main dynamic loading acting on off-
shore structures and is generally expressed, for jacket
and other similar slender structures, using the Mori-
son equation. This equation contains several param-
eters which are functions of the various uncertainties
of the ocean environment and therefore should be se-
lected very carefully. The values of the parameters
vary widely and it is necessary to investigate how the
selection of these parameters influences the evaluation
of dynamic response. Since the waves are usually ran-
dom in nature, random vibration analysis technique is
commonly employed?) for the evaluation of dynamic
response of offshore structures. Therefore spectral
analysis approach can be applied and the effects of
variations in the wave force parameters on the esti-
mation of response can be determined.

In this paper, dynamic response analysis has been
carried out for a jacket-type offshore platform includ-
ing pile-soil foundation system for the input of sea
wave loading. The dynamic soil-structure interaction
is also included in the analysis. Small amplitude wave
theory is used for computing the kinematics of flow
field as the wave height is small compared to water
depth. The wave loading is expressed using the mod-
ified Morison equation and the wave motion is repre-
sented by the Bretschneider’s power spectrum. The
effects, of the variations in the parameters of these
expressions and also of the variations in the charac-
teristics of the foundation-soil, on the response are
estimated by perturbation method.

Next, the first passage probabilities on the design’s
level crossing of the response are determined for the
variations of these parameters and their influence on
the reliability of offshore structures is examined. In
our earlier papers®+®%) mainly the effects of para-
metric uncertainties on displacement responses was
investigated whereas in the present paper the study
is further extended to include the effects on stress re-
sponses. The reliabilities, with respect to the material
strength of the structure, are also presented.

2. Governing equation of motion

For an offshore platform as shown in Figure 1, the
superstructure can be represented with the finite ele-
ment method. The dynamic characteristics of the soil-
foundation system can be described using the imped-
ance functions. If linearized Morison equation is used
for modelling the external dynamic loading which is
the wave force input, the dynamic equations of motion
for the total system can be obtained by the dynamic
substructure method. In this case the the drag force
term of the wave force is nonlinear as it is proportional
to the square of the relative velocity between the wave
and the structure. Assuming that the distribution of
the probability density function of the relative velocity
is Gaussian process, using the equivalent linearization
technique®, the equation of motion can be linearized.
Therefore the equation of motion of the superstruc-
ture with the fixed-base condition for the input of sea
wave loading is given as
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([M] + [Km]{i} + [[C] + [Kp]l{a} + [K]{u}

= [Ku]{9} + [Kp}{v} (1)
in which
[Km] = [No(Cu-1DVN],  [Ku] = [NoCuVA]
[Kp] = [\\/ngDga,\] rT=v—~1

The matrices [M], [C] and [K] are respectively the
mass matrix, the damping matrix and the stiffness ma-
trix of the superstructure, {v} and {0} are the velocity
and the acceleration of the water particle, respectively.
V and A are the volume and area respectively of each
structural member normal to these flows. Cjs and
Cp are the inertia coefficient and the drag coeflicient
respectively. o, is the rms value of the relative ve-
locity between the water particle and the structure.
The dynamic response of the superstructure is gener-
ally determined using the first few vibrational modes.
Therefore while applying the dynamic substructure
method, the eigenvalue analysis of the superstructure
with fixed-base condition is firstly carried out, only
about 10 lowest vibration modes are selected and the
equation of motion for the total system can be deter-
mined. Thus the number of degrees-of-freedom of the
equation of motion for use in the dynamic response
analysis of the total system is greatly reduced. The
equation of motion determined in this way is finally
expressed as®)

[ [1]. [Map]]{ {d} }
[Mpa] [Mp] {ip}

{ {4} }
{ap}

[N2Bgwpein] 0

0 [Cp)
[\Wf‘j\] [0] { {a} }: [Pe] {{'[’a}
o 15 ] {2} B ] | {va}
(2)
in which
[B]] [ 18 [Kx] [8]T{Kp] }
B | | G Kn] [GITILIT(KD] |

(M] = [M]+[Kn],  {ui} =[0]" {2}

and the suffix a denotes the unrestrained nodal points
of the superstructure and the suffix p denotes the pile-
soil foundation, [I] is the unit matrix, wy; is the natu-
tal frequency for the jth vibration mode of the struc-
ture with fixed-base condition, fy; is the correspond-
ing damping ratio which includes both the structural
damping and the hydrodynamic damping, the matrix
[G] relates the displacements of the base nodal points
and the pile-soil foundation, [L] is the quasi-static
transformation matrix, {u’} denotes the displacement
due to the dynamic interaction, [®] is the modal ma-
trix of the superstructure, and {q} is the generalized
displacement.

3. Equation of motion for uncertain
parameters

By applying the equivalent linearization technique
for the drag term of the wave force, the linearized
equation of motion can be obtained. In this case, in-
ertia coeflicient and the drag coefficient are included in
the wave force equation as parameters and these coeffi-
cients have generally variations. Assuming that these
coefficients are random variables distributed statisti-
cally around their mean values, perturbation method
can be applied and the coefficient matrices of the equa-
tion of motion of Eq.(2) become

[Knl = [KQ]+e[KD]
[Ku] = [KQ1+eilKP] (3)
(K p] KRS+ eal K]

in which €1 and e; are the random variables distributed
statistically around their mean values for the inertia
coefficient and the drag coefficient respectively. The
wave motion can be represented by the energy spec-
trum of the Bretschneider type. This spectrum is a
function of many factors such as wave number, mean
wave height, mean wave period and so on. The ef-
fect of mean wave height on the dynamic response is
expected to be larger and in the present analysis em-
phasis is placed on the variation of this parameter.
The power spectrum of the wave energy for any depth
is given as

Su0;(@) = 8 (w) + 350, (w) (4)

in which e3 denotes the random variable distributed
statistically around its mean value for the the mean
wave height. The dynamic soil-structure interaction
also provides important effects on the dynamic re-
sponse evaluation of offshore structures. Generally
the impedance function, which gives the relation of
the displacement and the force on the dynamic soil-
pile foundation system, is affected by the evaluation
of the shear wave velocity of soil. Assuming that the
shear wave velocity of a soil is a random variable dis-
tributed statistically around its mean value, the cor-
responding matrix on the shear wave velocity of the
soil®) is given by

(K]
[Cp] =

in which £4 denotes the random variable distributed
statistically around its mean value for the shear wave
velocity in the soil. If the variations in the inertia co-
efficient, drag coefficient, mean wave height and shear
wave velocity in the soil are expressed statistically in
this way, the equation of motion for the total system of
Eq.(2) can also be similarly expressed. Now the gen-
eral coordinates in Eq.(2) can be modified with these
random variables as

(K] + eq[ V] (5)
[C] + ea[CM]

—780—



{a} {49}

{ {up} } { {u”}

(5} + ) alsi)

{¢9}
{u)}

{5} }+Z€i{
(6)

Substituting Eq.(6) in Eq.(2) and neglecting the terms
containing higher than the first order in ¢, the govern-
ing equation of motion for each random variable can
be obtained as

[A0]{So} + [Bol{S0} + [Dol{So} = [Fo]{ Zo}

and

(7)

[Aol{51} + [Bol{$1} + [Do]{51} )
= —[A:}{Se} + [F1[{Zo}
[Aol{52} + [Bol{S2} + [Dol{Sz}
= —[Bal{So} + [F2l{Z0}
[Aol{Ss} + [Bol{Ss} + [Dol{Ss}
= [FO]{Z1}
[40){84} + [Bol{5:} [Do]{Ss}

n +

—[B1]{S0} — [D1]{50}8»

Eq.7 corresponds to the mean values of each of the
parameters. Each equation of Eq.(8) corresponds to
the respective varying parameter namely the inertia
coeflicient, drag coefficient, mean wave height or the
shear wave velocity in the soil. For all the cases the
coeflicient matrices on the left-hand side of the equa-
tions have the same form and hence it is easy to carry
out the dynamic response analysis. (The details of
the derivations and the expressions for the coefficient
maitrices in the above equations are given in Ref.2 and
are omitted in this paper due to the space limitation.)

4. Random response analysis

The dynamic response analysis of offshore struc-
ture systems, considering the randomness of parame-
ters, can be easily carried out applying the eigenvalue
analysis again because the coefficient matrices on the
left-hand side of Eqs.(7) and (8) are identical. Ap-
plying the classical modal analysis and neglecting the
modal coupling effects since the first vibration mode
is dominant, Eq.(7) can be transformed into a general
coordinate system as

{go} + [N 2Bw;\J{do} + N wiHwo} = [‘I’]T[Fo]{Z(%}S
in which
(017 [4ol[¥] = NN, (917 (Bol[¥] = [N265win]
[T [Do][¥] = DN, {50} = [¥]{wo}

Now applying the Fourier transform to both sides of
Eq.(9),

{To} = (BT [Fl{Zo} = [Rl{Zo}  (10)

}

where
[Hol = [~?[1] +iw[N 28w + [N T

Similarly the solution for Eq.(8) can be obtained by
applying the Fourier transformation i.e.,

{7} = [RH{Zo} (11)

where {7,} and {Z,} are respectively the Fourier trans-
formations of {y;} and {Zo}. Now for the input of the
power spectral density function of the wave force, the
response power spectral density function can be ob-
tained in terms of the general co-ordinates {7}. Next
using the modal matrix for the general coordinate sys-
tem, shown in Eq.(9), the power spectral density func-
tion of {S;} can be determined i.e.,

} (12)

(57,7, (@)] (81157, 7, («)I[Bx]
T

(97,7, (w)] [V][57,7, (W)[¥]
in which 7,k = 0,1,2,3,4. Since the general coor-
dinate {S} is a function of unknown parameters and
these parameters have random characteristics with zero-
mean, its power spectral density function can be ex-
pressed as

(i=1,2,3,4)

I

[Sss(w)] = Elejer][Ss;e (w)] (13)
in which Ele;e;] denotes the expectation of these vari-
ables. The covariance matrix of response {S} is ob-
tained using the inverse Fourier Transform.

(Rel = [ [Ser(wldo (19)

The covariance matrices of the dynamic response of
the offshore structure {u,} and {u,} are determined
using the modal matrix [®] expressed in Eq.(2). The
covariance matrix of response in Eq.(14) includes the
effects of many uncertain parameters on the response
evaluation, as given in Eq.(6). But their mean val-
ues are zero and hence if the covariance of uncer-
tain parameters are givem, the covariance matrix of
responses including the uncertain parameter effects is
determined using Eq.(14).

The covariance matrix of the resultant force of each
element can be obtained using the element stiffness
matrix [K,] and the corresponding power spectra of
the displacement response [Se.(w)] as follows:

(ree] = [ 7 K S ee) ()]

(15)

In this case one is also interested in the amount of
peak response and in the first passage probability on
design’s level responses. Using the parameters of the
response values obtained from the power spectral den-
sity function of the response [S;(w)], the first passage
probability on level crossings can be expressed as?:®)

1 2
L(A) = exp [—;, / —Z—Z—to exp (—12—) cl]

(16)
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where

_ 1—exp(~/54:7)
2 1

Cc1 =
1- exp,(—:’z—)

a;:/ WS (W (i =0,1,2)
0

and f; is the duration and ~ is the ratio between de-
sign’s level response and the rms response which in-
cludes the uncertain parameter effects. In the present
study, the effects of the variation in each of the uncer-
tain parameters, mentioned earlier, on the estimation
of the dynamic response of offshore structures have
been investigated using Eqs.(14) and (16).

5, Numerical results and discussions

The analytical model of an offshore structure is
shown in Figure 1. The superstructure is 120m high
and the water depth is 110m. The diameter of the
main members is 2.0m and the thickness is 11mm.
The foundation is supported by the pile and the soil,
and the shear wave velocity in the soil is 100m/sec.
The displacement of each nodal point has horizontal,
vertical and rotational components in plane. The first
and second natural frequencies of the total system are
3.51rad /s (1.79s) and 10.43rad/s (0.60s) respectively.
The critical damping ratio of the first mode of the
superstructure is 2%. The damping ratios obtained
by the analysis of the total system for the first mode
and the second mode are respectively 1.9% and 5.7%
respectively. The wave force is represented with the
modified Morison equation using the Airy wave the-
ory. The response analysis is performed with equiv-
alent linearization of the drag force term and reason-
able convergence is attained in about three cycles of
iteration.

Figure 2 shows the rms displacement at nodal point
1 (i.e., at the top node) and Figure 3 shows the rms
stress (sum of axial and bending stresses) at the bot-
tom end of the element between nodes 6 and 7 of the
structure (i.e., at the bottom element) for the wave
inputs of mean wave heighiﬁ ranging from 3m to
9m and mean wave period T' ranging from 5s to 15s.
The response increases with the increase in mean wave
height due to higher wave energy. Also when the mean
wave period of the input wave becomes shorter, the
corresponding peak of the wave force spectrum moves
towards the natural period of the structure and conse-
quently the response values become larger. Therefore
it is important to determine accurately the natural
period of the structure and the mean period of the
power spectrum of the input wave.

Figures 4 and 5 show the effects on the rms dis-
placements of the top node and on the rms stresses
of bottom element respectively by the variations in
the uncertain parameters for typical sea states ranging
from moderate waves to severe storm conditions. The
uncertain parameters considered are the inertia coeffi-
clent, drag coefficient, mean wave height and the shear
wave velocity in the soil. All the uncertain parame-
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Figure 3 rms Stresses of offshore structure

ters are assumed to have the same variations. The ab-
scissa denotes variations of each uncertain parameter
and the ordinate denotes the rms response ratio be-
tween “without uncertain parameter” and “with each
uncertain parameter”. As the variations in each of
the uncertain parameters increases, its influence on
the response increases linearly. It is shown that the
most important effects on the response are given by
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displacement response ratio

coefficient of varlation

Figure 4 Uncertain parameter effects on response
displacements

the variations of the mean wave height. The varia-
tions of the inertia and drag coefficients also provide
similar- effects as those of mean wave height. For the
offshore structure model considered in this study, the
effects of the variations in the shear wave velocity in
the soil are small.

Next the variations in the inertia coefficient, drag
coeflicient and the mean wave height are investigated
for different mean wave periods of the input wave.
Figure 6 shows the effects of these uncertain parame-
ters on the response stresses of bottom element (where

stress response ratio

coefficlent of variation

Figure 5 Uncertain parameter effects on response
stresses

maximum stresses are likely to occur) when the mean
wave period varies from 5sec to 15sec and the mean
wave height is 3m i.e., moderate waves (Figure 6(a))
and Tm i.e., severe waves (Figure 6(b)). The ordinate
denotes the rms response ratio between “without un-
certain parameter” and “with uncertain parameter”.
Tt is shown that the effect of the variation in the iner-
tia coefficient on the response increases slightly as the
mean wave period becomes longer, but the effect of
the variation in the mean wave height is almost same
for all the mean wave periods considered in the study.
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Figure 6(a) Uncertain parameter effects of
CM, CD and H (H:Bm)

Figures 7 and 8 show the reliabilities on the level
crossing of the rms stresses at the bottom element for
different wave conditions. Mainly the results for se-
vere wave conditions are shown. Three cases of barrier
level A i.e, A=1000 kgf/cm?, 1200 kgf/cm? and 1400
kgf/cm? are considered which represent the expected
strength of the structure material. The abscissa de-
notes the duration of wave excitation. Figure 7 shows
the reliability when there is no variation in the param-
eters. Figure &8 corresponds to the cases with varying
parameters, the coefficient of variation of each uncer-
tain parameter being 0.2.

Generally the reliabilities decrease with increasing
wave height due to higher wave forces. Also as the
wave period becomes smaller and approaches the nat-
ural period of the structure, the reliability against the
level crossing decreases due to the increase of response
values. Further, as the duration time becomes longer,
the effects of variations in the uncertain parameters
and hence the probability of crossing the barrier level
also increase.

stress response ratio
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