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ABSTRACT

In Malaysia, the majority of oil platforms are comprised of jacket structures. Despite
reassessments having been conducted regularly, existing jacket structures might be
subjected to conditions more critical than ever due to numerous reasons which include the
plan of utilizing the existing structures beyond its design life. Furthermore, the existing
structures are only designed to withstand regular wave loadings without considering other
load cases which raises even more concerns about the structural integrity. Hence, this
work aims to assess the structure under irregular wave loadings, compare the loadings on
the structure under the effects of directionality and different spectral shapes. The research
methodology is divided into three main stages. The first stage is to develop the code,
followed by the second stage, where wave loadings under the effects of directionality and
different spectral shapes are calculated, and the last stage is to compare the forces obtained
from the code with the old method. The total substructure load was computed from regular
waves based on Stokes” 5™ Order Wave Theory and irregular waves represented by two
different spectral shapes, which were JONSWAP spectrum and the observed spectral
shape in Southern South China Sea (JONSWAP-Swell), based on 2" Order Random
Wave Theory. The load from irregular waves showed only slightly higher magnitudes in
comparison to regular waves, with JONSWAP achieving an even higher magnitude
compared to JONSWAP-Swell. However, above still water level, the force generated by
JONSWAP is significantly higher than both JONSWAP-Swell and regular waves, where
JONSWAP-Swell yields a slightly higher force than regular waves. When both spectral
shapes were directionally spread over 15°, the change in the total horizontal substructure
forces in both spectral shapes is rather insignificant. However, when the degree of
directionality was increased to 30°, both spectral shapes observed a reduction of 10% to

15% in the total horizontal substructure force.
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1.

INTRODUCTION

1.1. Background of Study

In places where hydrocarbon reserves are found in Malaysia, the water depths at
these locations can be categorized as shallow water. Owing to the relatively
shallow water depth, the majority of the structures used in the recovery process
of petroleum are fixed offshore structures such as jacket structures. Jacket
structures are widely employed compared to other fixed offshore structures
because it simply functions best in such water depths, thus making it the most
economical option there is. Existing jacket structures, despite having been
designed for a long return period, will still have to undergo reassessment within
regular periods of time to ensure its operational reliability.

In Malaysia where the wind loading is relatively milder, the main lateral load
component acting on jacket structures is wave loading. Most of the jacket
structures in Malaysia are designed to withstand the wave loading of a regular
wave or at best included up to a linear contribution. To add to the complication,
in real sea, waves are not unidirectional as different wave components travels in
different angles and these waves are often non-linear waves. In multi-directional
waves, the height varies along the length, therefore resulting in the formation of
short-crested waves. This phenomenon is known as wave directionality.

Other than wave directionality, spectral shape of waves also plays a huge role in
determining the wave loading on jacket structures. Among the wider-known
spectral shapes, JONSWAP spectrum is the most widely used spectral shape in
calculations. However, JONSWAP spectrum is based on the spectral shape
observed in North Sea, while oil platforms in Malaysia are located in Southern
South China Sea. This means that JONSWAP spectrum is not reflective of the
sea state in Southern South China Sea. To maximise the accuracy of the
calculation during the design process, it is recommended that the spectral shape
of waves observed in Southern South China Sea is used rather than JONSWAP

spectrum.



1.2

1.3.

. Problem Statement

There are several issues arising for existing jacket structures in Malaysia. The
first issue involves the design of existing jacket structures which only incudes
regular wave loading as the main lateral load component. While this practice
simplifies the situation for easier analysis and design process, the negligence of
wave phenomena such as non-linearity and directionality can result in errors in
the design of jacket structures. If said wave phenomena were included in the
calculation, some parts of the structures may be overdesigned or under-designed.
In addition to the first problem, most platforms are designed based on the more
popular JONSWAP spectrum which is not reflective of the sea state in Southern
South China Sea, thus introducing more errors to the design.
Objectives
Given the issues mentioned in Problem Statement, the following are the
objectives of this study:
e To assess the loading on jacket structures by considering the effects of
wave directionality
e To check the loads on jacket structures under nonlinear random waves
loading with the effects of wave directionality and compare them against

different spectral shapes
Scope of Study

This study will focus on computing the loads on jacket structures under the
combined effects of loading conditions mentioned in above objectives. The
loadings considered on the structure are only static loadings while the structure
under consideration is a fixed structure. The computation of loads is also only
limited to using analytical wave theory and no numerical methods will be

implemented.



2. LITERATURE REVIEW

2.1. Wave Forces — Morison’s Equation
Morison’s Equation (Morison et al., 1950) expressed below is used to calculate
the force per unit length acting on a tubular member,
du 1

fr=pCuA —+ Z—pCDDqul (Eq.2.1)

where p is the fluid density, taken is 1025 kg/m?, A is the cross-sectional area of
the tubular member, D is the diameter of the member, Cp and Cw are the drag

coefficient and coefficient of inertia respectively, u is the normal component of

the water particle kinematics and g_u is the normal component of the fluid
t

acceleration.
Morison’s equation contains two terms that describe the total force acting on the

structure’s substructure. The first term is the inertia force and it depends on the

acceleration of water particles due to theg_ucomponent in said term. The second
t

term describes the drag force acting on the member. It varies quadratically with
the velocity. Morison et al. (1950) described the horizontal water particle
kinematics, u, with linear wave theory as shown in Equation 2.2 while the

acceleration of water particles is described in Equation 2.3.

u= aw cosh(kz) sin(wt — kx) Eq 2.0
sin h(kd) (Ea.2.2)

where a is the amplitude of the wave, w is the wave frequency, k is the wave
number, z is the distance from the seabed to the crest elevation and d is the depth

of water level.

du _ aw? cosh(kz) cos(wt — kx)

g Eq. 2.
ot sin h(kd) (Ea.23)

However, due to the insufficient accuracy from the incorporation of linear wave
into the structure’s design, a number of other methods were developed to compute
the water particle kinematics but according to Latheef et al. (2018), Stokes’ 5%

order solution is the most widely used method. Stokes’ 5™ order solution is an

3



analytical solution which makes it relatively easier to be implemented but its
accuracy of prediction is only limited to regular wave models.
The Stokes’ 5™ order solution describes the horizontal water particle kinematics
in Equation 2.4 (Fenton, 1985).

15

u = Co (;i )33 €l Aycosh(jk(z + d))sin(j(kx — wt))  (Eq.2.4)
i=1j=1

where € = kH/Z , g is the gravitational acceleration while Ajjand C;are functions
of wave number, k and water depth, d provided by Fenton (1985).

Despite regular waves being less representative of the real sea state compared to
irregular waves, most designs still adopt Stokes’ 5™ order solution because it is
assumed that this method provides a more conservative analysis by using a regular
wave of the largest wave height from the data recorded at sea. However, Swan et
al. (2016) has proven this assumption to be only partially correct by making a
comparison between the water particle kinematics as predicted by various wave
models and the water particle kinematics of experimental data. This comparison
is shown in Figure 2.1 where the water particle kinematics of a non-breaking wave

at different elevations are plotted.

02r 2 - - - - —
- Ta s © 0000
0
-0.2
E
N 04
06 Experimental Data
‘ - = = LRWT - Wheeler
— Second-Order RWT|
~08} — Stokes 5"
0 0.2 0.4 0.6 0.8 1 1.2

ums™)

Figure 2.1: Water particle kinematics of different wave model predictions and
experimental data (non- breaking wave) (Swan et al., 2016)
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In Figure 2.1, it shows that at the substructure level, Stokes’ 5™ order solution
predicts a higher fluid velocity compared to experimental data. This means that at
the substructure level, the design based on Stokes’ 5™ order solution will be more
conservative but this does not necessarily mean it is a good approach as
overdesigning can raise economical issues in future projects. On the contrary, at
the superstructure level, Stokes’ 5™ order solution predicts lower velocity than the
experimental data suggests. This means troubles for existing structures as it
indicates that the superstructure designed using Stokes’ 5" order solution is under-
designed.
2.2. Nonlinearity
In a random sea state consisting of a large number (M >> 1) of linear free waves,

the linear summation of all wave components gives:

M
n = >.amco s(kmx — wmt + am) (Eq. 2.5)
m=1

M

coshkm(z + d)
u= E‘lam‘“m sin h(ln d)
where w? = gk tan ¢ d)
m m m

co s(kmx — wmt + am) (Eg. 2.6)

However, in practice not all the wave components are linear free waves. In fact,
many of them are bound waves and they are nonlinear. For example, when two
freely propagating wave components of different wavelengths interact with each
other, linear wave theory gives the solution from the interaction of the two wave
components as the simple summation. But if we incorporate nonlinearity into the

problem, the velocity of the resultant wave at z = Z would be:

coshki (z+d)
sinh(k,d)

coshko (z+ d)
sin h(k,d)

Unfortunately, this solution will produce large errors due to the extrapolation of

U = a1 cos(kix + w1t)
(Eq. 2.7)

+ a2w2 co s(kzx + wzt)

short-wave velocities to z = Z where Z > a2 and depends on the amplitude of the



long wave (a1). This is usually referred to as high-frequency contamination, which

causes significant over-prediction of horizontal velocity beneath the wave crest.

2.3. Wave Directionality
Linear representation of unidirectional waves within a wavefield is given as,

M
n =>. amco s(wmt — kmx + am) (Eq. 2.8)

m=1
where an is the random phase (lying between 0 to 2x) for the m" wave component
and x defines the direction of wave propagation. However, in real seas, some wave
components travel at an angle & to the mean wave direction. If directionality is
incorporated in design, it is a common practice to assume that the directional and
frequency distribution are independent. A spectral representation therefore

assumes,

Sm(w, ) = D(0)Sm(w) (Eq. 2.9)

where Sy;(w) is the frequency distribution function, and D(6) is the directional

distribution function.

According to Eg. 2.9, the same directional distribution applies to all frequency
components. This is incorrect since swell waves have small directional spread,
effectively making swell waves unidirectional, while wind waves may have a large
directional spread. Unfortunately, since there is no clear procedure to separate
swell waves and wind waves as of now, applying a generalized directional spread
is the best option. Therefore, for design purposes, directionality is usually

represented by either:



i. A normal distribution:

A 2
a(0)=—exp Y02 with 4=normalising coefficient

99 7]
a(9)

Oy - standard deviation
Oy, - small 0}) long-crested sea
Oy> - large Oy, short-crested sea

Ogi

\0'03

Typical values in North Sea storms, o, = 30° 0

Figure 2.2: Normalised wave amplitude distribution due to directional spreading

ii.  Mitsuyasu distribution

a(g) = Acoss(g) with 4 = normalising coefficient

(I(H) S - Mitsuyasu spreading parameter

S = 150- small directional spread

S = 4-large directional spread

Typical values in North Sea storms, s ~ 7.

Figure 2.3: Mitsuyasu distribution of wave amplitude due to directional spreading
(Mitsuyasu et al., 1975)

Surface Elevation

From a linear perspective, directionality makes no difference to the maximum
crest elevation. On the other hand, from a nonlinear perspective, it does because

of changes to the wave slope.

Linear solution for directionally spread waves gives:



n,y,t)=>>acos (wt—k®Ox —k@z+a)
m m m m m
freq.dir.

(Eg. 2.10)

where k() x — wave number in x-direction for the m™ component.

k(»z — wave number in z-direction for the m™ component.

In unidirectional waves, the wave height is constant along the length, resulting in
long-crested waves, whereas in multi-directional waves, the weight height varies
along the length, creating short-crested waves. The greater the directionality, the
more short-crested the individual waves are. This suggests that directionality is

important since jacket structures have a large spatial dimension.
Water Particle Kinematics

The water particles kinematics beneath a large wave are always affected by
directionality. The linear solution of water particle kinematics under the effects of
directionality gives:

coshkm(z + d) o @
sinh(kd) cos(wmt —k,, x—k,, z+am) (Eq.2.11)

u= >, > amwm

freq. dir.
where kZ = [(k®)2+(k®)2]
m m m

As discussed earlier that many problems arise with applying linear random wave
theory to unidirectional waves, similar problems exist in multi-directional waves,
particularly high-frequency contamination. There are a few ways to overcome this
difficulty:

a) Apply a directional second-order random wave model, which is the extension
of original work proposed by Longuet-Higgins & Steward

b) Adopt a fully nonlinear directional wave model as proposed by Bateman,
Swan & and Taylor (2001)

c) Apply a Velocity Reduction Factor (typically ranging from 0.8 to 0.9,
depending on osor s) to the calculation of unidirectional velocities in order to

account for average directional spread



d) Design based on unidirectional waves, which is acceptable for fixed structures

but not acceptable for floating structures.

2.4. Spectral Shapes

JONSWAP is the most commonly used sea spectrum to model a typical wind sea
(Latheef, 2014). This empirical spectrum was derived as a best fit to observed

wind and wave data from the North Sea. The spectral density function for this sea

state is
2m)*ag? w; exp(_w);:;”ziﬁ
S (@)= exp[-Bly 2 (Eq. 2.12)
w,m © w0l

where wpis the circular wave frequency corresponding to the spectral peak period
Tp, v is the peak enhancement factor, a is the Phillips’ parameter, § = 1.25,0 =
0.07 forw < wp and 0.09 for w > wp. Subscript ‘w’ is appended to symbol ‘S’

to indicate that this function corresponds to a wind sea state.

However, in Southern South China Sea, the most severe sea states in this region
contain mostly swell (Latheef et al., 2020). One of the popular choices for the

representation of the swell component is a Gaussian shape expressed as

(0.25H;)? —(w — wp)
Semn(@) = [ i \/E_] exp [sz] (Eq. 2.13)

where o is the standard deviation of the resulting Gaussian spectrum. Subscript ‘s’
is appended to symbol ‘S’ to indicate that this is the corresponding spectral density

function of a swell sea.

For mixed seas with both a wind and a swell component, the spectral density

function is expressed as a linear superposition of the wind and swell components

Spn(@) = Sy + Ssom (Eq. 2.14)



0.6 (.2
(a)

Figure 2.4: Generalised spectra for a L1 and b L2 after considering the spectral
parameters obtained from 5 largest storms for Hs=1m. (Latheef et al., 2020)

In order to incorporate spectral shapes and wave directionality into the
computation of wave forces, wave particle kinematics is needed, which can be
obtained from the spectral density function defined in Eq. 2.14 and the directional

spreading function described below in Eq. 2.15.

o)

11
D(f, 0) = —{5 + Z[An(f)cos nf + Bu(f)sin nf]} (Eq. 2.15)

n=1
where An(f) and Ba(f) are the Fourier coefficients and 6 is the mean wave

direction.

With both spectral density function and the directional spreading function defined,
the frequency power spectrum can then be described as

F(f,0) = Sm(f)D(f, 6) (Eqg. 2.16)

From the frequency power spectrum described in Eq 2.16, the wave amplitude can
be calculated using Eq. 2.17 and the velocity function can then be obtained using

the computed wave amplitude as described in Eq. 2.18

a(w, 6) = V2F (w, 6)dwdd (Eq. 2.17)
coshlki(d + z)]
¢ = > b cosh[k d] sin(yr) (Eq. 2.18)
i=1
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where b =“% andy =k -x—wt+1p,kis the wave number. The derivative
2

W i i i
of Eq 2.18 with respect to x gives the horizontal water particle kinematics of
irregular waves. However, this is only a simple linear summation with the
assumption of no interaction between wave components. Therefore, a second-
order correction is applied to the linear solution as proposed by Longuet-Higgins
& Stewart (1960) which is then generalized by Sharma & Dean (1981) as follows

[ee]

1 coshk (d +2z) D
2) — _ l
P = 4Z 2.bb coshk+d wi — sm(l/) 2
i=1j=1 v (Eqg. 2.19)
1 coshk+(d + 2) Dl+
+53 3b L sin(y+ )

coshk?“d wi
i=1j=1 Y

with

k- = ki — k|

: Eq. 2.20
k= lkei+ k| (Ea. 220)
(VR + VRDIVRUR: = R2) + VR~ RY)

+ — kttanh(k*d
(\/Ri VR) ( ij)

+ 2(VRT+ VR (ki kj — RiRy)
(VRi— R}y — k*tan h(k+*d)

+ —
D =

(Eq. 2.21)

(VRi —VR)) l\/'l'@(k2 —R?) - \/R(k2 — EZ)J
bj = CGrt vy~ F nh ()

i ij

(Eq. 2.22)
2(\/R_z \/_) (ki- kj + RiR))

(x/Rl VR — k- tan h(k~d)

R; = kitan h(kid) (Eq. 2.23)

This allows the incorporation of spectral shapes into Morison’s Equation for the

calculation of wave forces.
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3. METHODOLOGY

Compute forces
by iregular
waves

Validate code by
comparing to
analytical values
for single members

Develop
code

Compare

Compare

Compute forces
by regular
waves

Stage 1 Stage 2

Figure 3.1: Research methodology

Stage 3

Stage 1
In Stage 1, a MATLAB code is developed to model the jacket structure. The code is

based on Morison’s Equation (Eq. 2.1) for the computation of forces acting on the
structures. In this stage, only static loading is considered. This means that the structure
is not dynamically reacting to the forces from waves. Upon the development of the
MATLAB code, the code is validated by comparing the results against the analytical
values calculated from Linear Airy Wave Theory (described in Eq. 2.2 and Eqg. 2.3)

for single members and the code is further refined if there is any error.

Stage 2

The code is further developed to compute loadings on the structure from waves with
and without the effects of directionality and different spectral shapes based the code
developed in Stage 1. The different waves that will be used include regular waves up
to 5th order and nonlinear random wave up to 2nd order provided by Longuet-Higgins
& Stewart (1960) described in Eq. 2.19 to Eq. 2.23. Two different spectral shapes will

12



be used for the comparison, which are JONSWAP spectrum and the observed

spectrum in Southern South China Sea as proposed by Latheef et al. (2020).

Stage 3

In Stage 3, the forces under the effects of directionality and spectral shapes due to
different wave theories obtained from Stage 2 are compared against each other and
with the old method.

Jacket Structure Model and Loading Criteria

The jacket structure is composed of multiple cylindrical members each having
diameter of 1m. The structure consists of four vertical legs that are 10m apart and are
braced with horizontal and diagonal members of 0.5m diameter at every 10m height
at all four faces. A 3D view of the jacket structure legs and bracings is attached in the
appendix (Appendix 1). The substructure legs and bracings were loaded with
horizontal forces generated using a force model built upon Morison’s Equation
described in Equation 2.1. A group of regular waves approximated based on Stokes’
5t Order Wave Theory was used as a reference during the computation of total
horizontal substructure force for the comparison against irregular waves approximated
based on 2" Order Random Wave Theory under the effects of different spectral shapes
and directionality. Two different spectral shapes were adopted to examine the effect
of spectral shapes on the total horizontal substructure force. These spectral shapes are
JONSWAP spectrum and the observed spectral shape in Southern SCS. Directionality
was only incorporated in irregular waves of the above-mentioned spectral shapes as

Stokes’ 5™ Order Wave Theory is only applicable in regular waves.

Verification of MATLAB Code

To ensure the accuracy of the results produced from the code developed to model the
jacket structure and apply the force model, the results were verified against manual
calculations. For verification purposes, one single column was inserted into the
MATLAB code and the column was simulated with linear regular wave condition for
easier manual calculations. This column was placed in three different coordinates to

simulate three different conditions. The first column (C1) was placed at wave trough,

13



the second column (C2) was placed at wave crest and the third column (C3) was placed
at wave crest but was fully submerged below the water. Table 3.1 shows the force
magnitudes obtained from manual calculations for C1, C2 and C3. The detailed step-
by-step manual calculations are attached in Appendix 2. Figure 3.2 shows the force of
each column produced using the developed code. By comparing the values from Table
3.1 with the values observed in Figure 3.2, a slight difference in the values can be
observed. This slight difference is caused by rounding off the intermediate values to
the second or third decimal place when manual calculations were performed. On the
other hand, MATLAB is able to store intermediate values with higher precision
without rounding off, causing the values obtained from the code to be slightly different.
However, the similarity between the values obtained from manual calculations and

MATLAB code provides the evidence that the code is indeed working as intended.

Table 3.1: Summary of forces for each column from manual calculations

Column C1 Cc2 C3
Forces (N) 9.5791 x 10* 2.4812 x 10° 45017 x 10*
x105
3 - T T -
C2 Force = 2.48 x 10°
25F
O Attrough
2+ At crest 2
O  Fully submerged
15} -
Z 1} .
ko)
o
S 051 -
0 - -
C3 Force = 4.492 x 10%
05F O i
C1 Force = -9.568 x 10*
Ak (o} ]
—1 5 - [ 1 1 -
C1 C2 C3
Columns

Figure 3.2: Force magnitude of columns computed by code.
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Time Range of Directional Cases

To study the effect of directionality on the total horizontal substructure force, the
individual wave components were spread normally by Gaussian Distribution. By
doing so, the code would need to loop through more than 2000 wave components for
each time instant in each member of the structure. The process can be very time
consuming if the time range was set to a similar length as that of the unidirectional
cases. Fortunately, from the total horizontal force-time history of the unidirectional
cases, the time instant when the maximum total horizontal force occurred can be
determined. For both spectral shapes, the maximum total horizontal forces occurred
within the time range of -0.5s to 0.5s. Due to the time constraint and the limited
computing power available, the time range for directional cases were set from -0.5s to

0.5s to obtain only the maximum total horizontal forces for both spectral shapes.
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4. RESULTS AND DISCUSSION

The code was developed to model a jacket structure which was subjected to wave
loading by either regular waves or irregular waves with zero current. For regular
waves, the force computation was based on Stokes’ 5th Order Wave Theory as it is
the most widely adopted wave theory in the industries. In real seas where the waves
are steep in nature, linear wave theory can no longer be used to predict the waves
accurately as it only works on small amplitude waves. Stokes’ Sth, on the other hand,
can predict the waves with a higher order of accuracy as it includes the higher order
term omitted by linear wave theory. Since it has been the industries’ preferred analysis
theory, the value of total horizontal substructure force from regular waves based on
Stokes’ 5th serves great as a reference for the comparison against other cases included
in this study. For irregular waves, 2nd Order Random Wave Theory was adopted as it
eliminates the high frequency contamination, which plagues the Linear Random Wave
Theory and results in extremely large forces as discussed in Chapter 2. Two different
spectral shapes were chosen for examining the effect of spectral shapes on the total
horizontal force. These spectral shapes are JONSWAP and the observed spectral shape
in Southern South China Sea, which will be referred to as JONSWAP-Swell.
JONSWAP spectrum was adopted because it is one of the most used spectral shape in
the design of offshore platforms, therefore it serves as a reference value for irregular
waves. For a more accurate representation of the sea state in Malaysia, JONSWAP-
Swell was used as the spectrum is specifically fitted to the observed spectral shape in
Southern South China Sea. To ensure a fair comparison, the regular waves and each
spectral shape representing irregular waves were configured to have the same wave
height (Hs). Specific to JONSWAP spectrum, the peak period was set to have the same
value as regular waves. Meanwhile, the swell component in JONSWAP-Swell has a
different peak period while the wind component, which is represented by JONSWAP,
also has a peak period of the same value as regular waves. Figure 4.2.1 below shows
the comparison of the total horizontal force-time history between different types of

waves and their respective wave theory.
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Figure 4.1: Comparison of total horizontal force-time history computed using different types
of waves and their respective wave theory.

4.1. Total Horizontal Substructure Forces Using Different Types of Waves

Regular Waves (Stokes’ 5™

The total horizontal substructure force obtained from Stokes’ 5th is the lowest
among all types of waves, as shown in Figure 4.1 above. This is due to the
deviation in the prediction of the water particle kinematics as portrayed inFigure
2.1. In Figure 2.1, it was shown that Stokes’ 5th Order Wave Theory overpredicts
the water particle kinematics at the substructural level while it underpredicts the
water particle kinematics at the superstructural level. However, the maximum
values of water particle kinematics occur at the wave crest and decrease
exponentially with depth. As a result, the underprediction in the water particle
kinematics at the superstructural level contributed more significantly to the
underprediction of the total horizontal force compared to the overprediction that

occurred in the substructural level, thus causing an overall underestimation of the
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total horizontal substructure force. While the overdesign of the members at the
substructural level might not indicate any serious engineering issue, the under-
design of the members at the superstructural level, on the other hand, can be a
problem because the forces at the superstructure level are more critical due to the
water particle kinematics approaching their maximum values at the
superstructural level. As mentioned earlier in Chapter 1, most of the existing
offshore platforms are designed based on Stokes’ 5th order wave theory, therefore
the value of total horizontal substructure force obtained from Stokes’ 5th order

wave theory will serve as a reference value for the assessment on the sufficiency

of the existing design.
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Figure 4.1.1: Total horizontal force-time history computed using 2nd order wave theory
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To examine the effect of spectral shapes on the forces acting on the jacket
structure, two different spectral shapes, JONSWAP spectrum and the observed
spectral shape in Southern South China Sea (JONSWAP-Swell), were compared
against each other. JONSWAP spectrum is one of the most widely used spectral
shapes in the design of offshore platforms, therefore it is important to have
another spectral shape compared against it in order to assess the sufficiency of the
existing design. Since the subjects of this study are the offshore platforms in
Malaysia, JONSWAP-Swell was adopted for the comparison against JONSWAP
spectrum as it represents the sea state in this area more accurately. While
JONSWAP spectrum is consisted only of wind waves, the observed spectral
shape in Southern SCS can be fitted by adding a swell wave component of a
different peak period to the wind wave, where the wind component is also
represented by JONSWAP spectrum. In comparison to the Stokes’ 5™ regular
waves, both of these spectral shapes achieved a larger total horizontal
substructure force with JONSWAP spectrum achieving a slightly larger total
force compared to JONSWAP-Swell. The difference in the total force between
the two spectral shapes is caused by the 2nd order terms in the water particle
kinematics and the harmonics due to the interactions between the swell and wind
components. In Figure 4.1.1, a rather interesting observation can be made where
the total horizontal force-time history for JONSWAP spectrum decays steadily
over time while the total horizontal force-time history for JONSWAP-Swell
displays a spike at -32.3s and 32.3s, both of which exhibit a higher value of total
horizontal force than the two peaks at -16s and 16s immediately adjacent to the
highest peak. This is due to the constructive interference of the wave components
which results in a larger amplitude, thus larger force. Although the swell wave
component and wind wave component are summed up linearly to the same
significant wave height (Hs) as JONSWAP spectrum, the additional swell
component in JONSWAP-Swell has a different peak period, resulting in a
periodic constructive interference with the wind wave component when the swell

wave component is in phase with the wind wave component.
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4.2. Effects of Directionality
In order to better represent the real sea state where waves propagate in different
directions, the effect of directionality was incorporated by spreading the wave
components normally by Gaussian distribution as discussed in Chapter 2. As
opposed to unidirectional focused wave groups, when a wave group undergoes
directional spreading, the energy density is reduced due the dissipation of energy
into different directions, causing the energy to no longer be focused in the mean
direction of wave propagation, thus reducing the total horizontal force on the
substructure. Table 1 below summarises and compares the maximum total
horizontal substructure forces by each spectral shape when they undergo
directional spreading of 15° and 30° against their respective unidirectional

counterparts.

Table 4.2.1: Maximum total horizontal substructure force in unidirectional and
directional cases.

Total Horizontal Substructure Force (MN)

Spectral Shape

Spectral Shape

Unidirectional

15° spreading

30° spreading

JONSWAP

2.1924

2.1511

1.8859

JONSWAP-Swell

2.1752

2.1792

1.9581

When directionality was incorporated into the two spectral shapes, an overall
reduction in the total forces was expected, though the forces did not observe a
consistent trend of reduction across the board. With the degree of spreading set
to 15° the total horizontal substructure force for JONSWAP spectrum was
reduced by roughly 0.19%. Interestingly, when directionality was incorporated in
the observed spectral shape in Southern SCS, the structure experienced a slight
increment of 0.18% in the total horizontal substructure force. To further
investigate the effect of directionality, the degree of spreading was increased to
30°. As aresult, the total horizontal force reduced by approximately 15% and 10%
for JONSWAP spectrum and JONSWAP-Swell, respectively. In this case, both
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4.3.

spectral shapes observed a significant reduction in the total horizontal
substructure force where the degree of reduction in the total horizontal force was
higher in JONSWAP spectrum compared to that of the observed spectral shape
in Southern SCS. The above observations made are due to the difference in the
rate of decay in particle kinematics in terms of water level, which will be further

explained in Section 4.4.

Horizontal Forces in Different Depth Regions

Particle kinematics can be described as a function which decreases exponentially
along with the water level from wave crests to the seabed. Therefore, it is crucial
to study the variation of the forces at different depth ranges and its contribution
to the total horizontal force. As usual, Stokes’ 5th Order Wave Theory will serve
as a reference value for comparison since it is the most commonly adopted theory
in practice. The two spectral shapes, both approximated based on 2nd Order
Random Wave Theory, will be compared against each other in reference to the
Stokes’ 5th. In this examination, the total depth of 70m is divided into three
different depth regions: crest to -10m, -10m to -40m and -40m to -70m. The force
time history in each individual depth range is shown below in Figure 4.3.1, Figure

4.3.2 and Figure 4.3.3 respectively.
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Figure 4.3.1: Horizontal force-time history using regular waves and irregular waves of
different spectral shapes from crest to -10m.
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Figure 4.3.2: Horizontal force-time history using regular waves and irregular waves of
different spectral shapes from -10m to -40m.
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Figure 4.3.3: Horizontal force-time history using regular waves and irregular waves of
different spectral shapes from -40m to -70m.

From the crest to the depth of -10m (Figure 4.2.3), the force generated by
JONSWAP is the greatest, followed by JONSWAP-Swell, whereas the smallest
force is recorded by Stokes’ 5th. This is directly related to the tendency of Stokes’
5th to underestimate the particle kinematics above still water level while 2nd
Order Wave Theory tends to do the opposite as portrayed in Figure 2.1. However,
below still water level, Stokes’ 5th tends to overestimate the particle kinematics
while 2nd Order Random Wave Theory underestimates. This trend can be
observed in both the depth range of -10m to -40m and -40m to -70m (Figure 4.2.4
and Figure 4.2.5, respectively) when JONSWAP spectrum was compared against
regular waves (Stokes’ 5th). In both of these depth ranges, JONSWAP spectrum
gives a significantly smaller force in comparison to regular waves. On the other
hand, JONSWAP-Swell yields the largest force in both depth ranges. This is due
to the lower rate of particle kinematics decay in JONSWAP-Swell which will be
discussed in the next section.
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4.4. 2" Order Particle Kinematics

Unidirectional Cases

In the previous section, it was shown that JONSWAP-Swell consistently gives
higher forces in depth region below -10m. As mentioned previously, particle
kinematics varies exponentially in terms of the water level. In 2nd Order Wave
Theory, the particle kinematics are made up of a few components. These
components are the difference term, the linear term, the summation term and the
Stokes’ 2nd Order term. Therefore, to further examine this phenomenon, it is
necessary to obtain the different components of particle kinematics at different
water levels. A comparison was then made between the components from
JONSWAP and JONSWAP-Swell to understand such occurrence. Figure 4.4.1
below shows the variation each component of particle kinematics from the two
spectral shapes at different water levels from crest to the seabed. Interestingly,
similar trend occurs in terms of time as well. In Figure 4.1.1, it was shown that
the total horizontal force decays at a slower rate in JONSWAP-Swell in
comparison to JONSWAP. Upon the basis we worked on in Chapter 2, particle
kinematics can be derived from the surface elevation function with Laplace
equation, which indicates that particle kinematics depend on the surface elevation
as well. The 2nd order surface elevation-time history was plotted and shown

below in Figure 4.4.2.
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Figure 4.4.2: Comparison of 2nd Order Surface Elevations Between Two Spectral
Shapes.
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As one can observe in Figure 4.4.1, the difference term is much larger in
JONSWAP-Swell, resulting in an overall lower value of 2nd order wave particle
kinematics which yields the slightly lower maximum total horizontal force above
still water level. Besides, Figure 4.4.1 shows that the linear term in 2nd order
water particle kinematics for mixed sea decays much slower than that of
JONSWAP spectrum in terms of depth. At water levels below -10m, the linear
term of JONSWAP-Swell becomes larger than that of JONSWAP. Therefore, the
horizontal forces from JONSWAP in this depth region are smaller compared to
JONSWAP-Swell. In Figure 4.4.2, we can observe that despite the lower
maximum surface elevation, JONSWAP-Swell displays significantly higher
surface elevation as the waves decay in terms of time. This shows that
JONSWAP-Swell is more broad-banded compared to JONSWAP as more wave
components in JONSWAP-Swell have higher energy. As a result, wave particle
kinematics in JONSWAP-Swell can maintain a higher value over a longer period

of time, which explains the slower decay in its total horizontal force-time history.

Directional Cases

In Section 4.2, it was observed that when the directional spreading was set to 15°,
the total horizontal force for JONSWAP reduced by 0.19% while JONSWAP-
Swell experienced in slight increment of 0.18% in the total horizontal force.
However, the force was expected to reduce when directionality was incorporated.
Since force is closely related to the particle kinematics, the difference term of
particle kinematics in the unidirectional and directional cases for both spectral
shapes were plotted and compared against each other in Figure 4.4.3 below. Note
that the values of 2" Order Stokes’ Term in directional cases have the order of
magnitude of 1073, therefore they are insignificant to the overall particle

kinematics, thus not plotted for comparison.
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Figure 4.4.3: Comparison of Difference Term in Particle Velocity Between
Unidirectional and Directional (15°) cases of Two Spectral Shapes.

As we can see in Figure 4.4.3, from the crest to the seabed, the difference term in
the particle kinematics of directional JONSWAP-Swell is consistently smaller
than the difference term in unidirectional JONSWAP-Swell. This causes the
particle kinematics to be slightly higher at the superstructure level and owing to
the nature of 2nd Order Random Wave Theory to overestimate forces above still
water level, the total horizontal force increases slightly. On the other hand, for
directional JONSWAP, the difference term is larger at the superstructure level
compared to that of unidirectional JONSWAP. Since the particle kinematics are
at the highest above still water level, it leads to an overall lower particle
kinematics compared to the unidirectional case and ultimately reducing the total

horizontal force.
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Additionally, in the case where the directional spreading is set to 30°, JONSWAP-
Swell observes a smaller degree of reduction at 10% compared to 15% reduction
in JONSWAP. Similarly, in order to find out why the degree of reduction was
different, the 2nd Order particle kinematics in unidirectional and directional cases
for both spectral shapes were plotted and compared against each other in Figure
4.3.4 below.
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Figure 4.4.4: Comparison of 2nd Order Particle Velocity Between Unidirectional and
Directional (30°) cases of Two Spectral Shapes.

In Figure 4.4.4 above, it is shown that the degree of reduction in particle
kinematics of JONSWAP-Swell is much smaller than that of JONSWAP. As
discussed several times in the above sections, the forces are directly related to the
particle kinematics, therefore a smaller degree of reduction in the particle
kinematics for JONSWAP-Swell directly leads to the observed smaller degree of

reduction in the total horizontal force compared to JONSWAP.
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5. CONCLUSION AND RECOMMENDATION

The total horizontal substructure force obtained using Stokes’ 5th Order Wave Theory
is lower than that of each spectral shape computed based on 2nd Order Random Wave
Theory, albeit not by much. Since the values are in the same order of magnitude with
a deviation of less than 10%, they are said to be similar to each other. As 2nd Order
Random Wave Theory provides a more accurate representation of the real sea states,
it is deduced that the jacket structures designed based on Stokes’ 5th Order Wave
Theory are sufficient to resist the base shear. However, after a further examination in
the forces in different depth regions, it is discovered that the forces generated by
Stokes’ 5th Order Wave Theory above the still water level are lower compared to
using 2nd Order Random Wave Theory. Besides, below the still water level, Stokes’
5th Order Wave Theory gives higher forces compared to 2nd Order Random Wave
Theory. This shows that jacket structures designed based on Stokes’ 5th may have
overdesigned members in the substructural level while the members in the
superstructural level may be under-designed.

Among the two spectral shapes adopted, JONSWAP vyields a larger maximum total
horizontal force but the force decays quickly after the peak. While JONSWAP-Swell
produces a slightly lower peak in the total horizontal force, the force is sustained over
a longer duration after reaching the peak. This is due to the energy band of
JONSWAP-Swell being much broader than that of JONSWAP, causing energy to be
more widely spread over the time domain, resulting in a lower rate of decay in the
surface elevation in terms of time. A further investigation shows that JONSWAP-
Swell also exhibits a much higher horizontal force compared to JONSWAP in depth
regions below the still water level. However, the horizontal force by JONSWAP-Swell
is much lower in comparison to JONSWAP above still water level. This is due to the
lower rate of decay in different terms of 2nd Order particle kinematics in the depth
domain which results in the higher particle kinematics below the still water level. This
shows that jacket structures in Malaysia designed based on JONSWAP spectrum may
have overdesigned members in the upper elevation while the members in the lower

elevation may be significantly under-designed.
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When directionality was incorporated in the force computation, the total force will not
necessarily reduce as observed in JONSWAP-Swell with 15° of directional spreading.
However, the increment is rather insignificant at 0.18% more than the total force of
unidirectional JONSWAP-Swell. For 15° directionally spread JONSWAP, the total
horizontal force is reduced by a mere 0.19%. On the other hand, when both spectral
shapes are directionally spread by 30°, the total horizontal forces of both JONSWAP
and JONSWAP-Swell record a significant reduction at 15% and 10%, respectively.
Since the directional spreading in Southern South China Sea ranges from 10° to 15°,
it is safe to say that the effect of directionality is insignificant and can be neglected in
the design.

When the total horizontal substructure was computed, the effect of current was not
considered, which can result in either a large increase in the total horizontal force if
the current is co-flowing with the wave and or a large reduction if the current direction
opposite to the direction of wave propagation. According to Latheef et al. (2018), the
interaction between wave and current can change the behaviour of the wave and may
also cause amplifications of the wave. When wave current interactions are included,
the truncation order required to accurately predict the waves also increases. In other
words, the present design practice may not be predicting the waves accurately which
could lead to overestimation or underestimation of the loadings acting on the structure.
Considering how 2nd Order Random Wave Theory produces so many surprising
results, a fully nonlinear wave modelling based on a method known as Boundary
Element Modelling introduced by Hague and Swan (2009) should be implemented for
a higher accuracy. Besides, the force computation was based on the assumption of no
wave-in-deck (WID) loading throughout the platform service life. WID loading is a
lateral load acting on the structure when the wave crest reaches enough height to hit
the topside of the structure, resulting in a rapid transfer of momentum from the fluid
to the rigid deck. However, in reality, offshore platforms inevitably experience
settlement in the foundation, thus causing the airgap to reduce over time. In the worst-
case scenario, the airgap intended to prevent waves from hitting the deck will no
longer exist. Without the airgap, the wave crest will be able to reach the deck and

cause WID load. Combined with the higher order wave theories and the effect of
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current, WID loading on the structure can contribute significantly to the total
horizontal force on the structure. WID loadings are most commonly computed based
on momentum-flux formulation proposed by Graaf et al. In this method, the deck is
assumed to have zero porosity and momentum is dissipated instantaneously. Due to
these assumptions, the result obtained is more conservative as a large amount of
momentum is transferred from the fluid to the deck over a short duration. Fortunately,
Ma and Swan (2020) recently published a new method for the computation of WID
loading. This new method is known as Lagrangian Momentum Absorption (LMA).
Rather than taking a ‘global approach’, LMA method adopts a ‘component approach’
by using the Lagrangian scheme to track the momentum transfer of each individual
component. Through this method, the porosity of the deck is considered, and the
momentum is dissipated progressively based on the interaction of waves with parts of
the deck. This makes the LMA method capable of providing a more accurate
prediction of the WID loads, thus this method should be implemented as the WID load
model in the further works. In the current model, the structure is assumed to react
statically to the forces. For irregular waves of broad-banded spectral shapes, including
the dynamic response can lead to more enhanced loads.
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Appendix 1: 3D view of jacket structure model.
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Appendix 2: Manual calculations of horizontal substructure force for
code verification
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Column located at trough (C1)

Drag Coefficient, C4=1

Inertia Coefficient, Cm=1

Density of fluid, p = 1025kg/m®
Water depth = 70m

Wave Amplitude, a = 7.5m

Wave Period, T = 11s

Circular Frequency, ® = 0.571 rad/s
Wave Number, k = 0.0338m*
Time, t=0

Spatial Location, x = 46.473m (approximate location of wave trough)

Column spans from seabed (-70m) to 10m above still water level, however, since waves
will only reach -7.5m max, the z considered will only be up till that elevation (70 - 7.5 =

62.5m).

uz _ a?w?cosh?(kz)sin?(wt—kx)
sinh2(kd)

U2 = 7.52%0.571%cosh?(0.0338%z2)sin%(0.571x0—0.0338x46.473)
sinh2(0.0338x70)

u? = 0.658c0sh2(0.0338z)m?2s—2

du _ aw?cosh(kz)cos(wt—kx)
dt sinh(kd)

du _ 7.5%0.5712cosh(0.0338x2)c0s(0.571x0—0.0338x46.473)
dt sinh(0.0338x70)
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du = 4134 x 10-6cosh(0.0038z)
dt

F=C 1 7=62.5 D%  7=62.5 du
_/Df Wdz+C p™ g
X d 2 7z=0 4 =0 dt

Substituting the formerly calculated u? and Z_uinto the above equation,
t

Fx=1*0.5%*1025*1*186.91 + 1 * 1025 * 0.785 * 4.982 * 10*
=95791.77 N

=9.5791 x 10* N
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Column located at crest (C2)

Drag Coefficient, C4=1

Inertia Coefficient, Cm=1

Density of fluid, p = 1025kg/m®
Water depth = 70m

Wave Amplitude, a = 7.5m

Wave Period, T = 11s

Circular Frequency, ® = 0.571 rad/s
Wave Number, k = 0.0338m*
Time, t=0

Spatial Location, x = 139.4195m (approximate location of wave crest)

Column spans from seabed (-70m) to 10m above still water level, however, since waves
will only reach 7.5m max, the z considered will only be up till that elevation (70 + 7.5 =

77.5m).

2 a’w?cosh?(kz)sin?(wt—kx)
us = :
sinh?(kd)

Y2 = 7.52x0.571%cosh?(0.0338x2)sin?(0.571x0—0.0338x139.4195)
sinh2(0.0338x70)

u? = 0.658c0sh2(0.0338z)m?2s—2

du _ aw?cosh(kz)cos(wt—kx)
dt sinh(kd)

du _ 7.5%0.571%cosh(0.0338xz)cos(0.571x0—0.0338x139.4195)
dt sinh(0.0338x70)
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du = 4576 x 10~6cosh(0.0038z2)
dt

F=C 1 z=77.5 D%  7=77.5du
_/Df Wdz+C p™ g
X d 2 7z=0 4 =0 dt

Substituting the formerly calculated u? and Z_uinto the above equation,
t

Fx=1*0.5%1025*1*484.14 + 1 * 1025 * 0.785 * 9.244 * 10*
=248122.49 N

=2.4812 x 10° N
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Column located at trough (C3)

Drag Coefficient, C4=1

Inertia Coefficient, Cm=1

Density of fluid, p = 1025kg/m®
Water depth = 70m

Wave Amplitude, a = 7.5m

Wave Period, T = 11s

Circular Frequency, ® = 0.571 rad/s
Wave Number, k = 0.0338m*

Time, t=0

Spatial Location, x = 46.473m (approximate location of wave crest)

Column spans from seabed (-70m) to 20m below still water level (-20m). It is fully

submerged, the z considered will only be from the bottom to the top of the column.

uz _ a?w?cosh?(kz)sin?(wt—kx)
sinh2(kd)

Y2 = 7.52x0.571%cosh?(0.0338x2)sin?(0.571x0—0.0338x46.473)

sinh2(0.0338x70)
uU? = 0.658cosh?(0.0338z)m?2s—2

du _ aw?cosh(kz)cos(wt—kx)
dt sinh(kd)

du _ 7.5%0.571%¢c0sh(0.0338x%2)cos(0.571x0—0.0338%x46.473)
dt sinh(0.0338x70)
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du = 4134 x 10-6cosh(0.0038z)
dt

F=C '@ =002dz + ¢ anZ z=50du 5

x d 2 z=0 m 4 fZZO dt

Substituting the formerly calculated u? and Z_uinto the above equation,
t

Fx=1*0.5%*1025*1*87.838 + 1 * 1025 * 0.785 * 3.201 * 10*
=45017.23 N

=4.5017 x 10* N
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