Journal of Ocean Engineering and Science 7 (2022) 41-57

Journal of Ocean Engineering and Science & b

Contents lists available at ScienceDirect

_JOURNAL OF OGEAN"
ENGINEERING AND SCIEN

journal homepage: www.elsevier.com/locate/joes

Dynamic evaluation of jack-up platform structure under wave, wind, n
earthquake and tsunami loads

Zaid Mohammed Ghazi?, Imad Shakir Abbood *"* Farzad Hejazi?

2 Department of Civil Engineering, Universiti Putra Malaysia, Malaysia
b Engineering Affairs Department, Sunni Endowment Diwan, Baghdad, Iraq

ARTICLE INFO

Article history:

Received 25 June 2020
Revised 9 April 2021
Accepted 27 April 2021
Available online 8 May 2021

Keywords:

Offshore structures
Earthquake
Dynamic excitation
Jack-up platform
Tsunami

Seismic zone

ABSTRACT

Nowadays, the demand for using jack-up platforms to carry out a large percentage of deep-water oil and
gas exploration is steadily increasing. The response of jack-up platforms to the severe dynamic loads that
may be encountered during the structure life is not examined enough. Therefore, this study attempts
to investigate the response of jack-up platforms performance under the effect of dynamic loads due to
wave, wind, earthquake and tsunami forces using the finite element method for two models with the
lowest and highest hull elevations. The jack-up platform is located in the Gulf of Mexico. Earthquake ac-
celerations are applied to the model in high and moderate seismic levels. In addition, tsunami waves are
applied to the platform in three different directions at 0°, 45° and 90°. This study utilised Airy’s linear
wave approach to assess the surface elevations and wave kinematics. The reference wind velocity is 10
knots at 10 m over the mean water level. Results indicate that the dynamic response of the structure is
affected by the height of the platform and by the increase of the platform hull elevation. The combination
of the El-Centro earthquake, dead and live loads provides the major impact on the platform at the lowest
(70 m) and highest (85 m) hull elevations. The comparison of all result proves that the jack-up platform
hull under high earthquake intensity and tsunami waves with 45° has experienced maximum deforma-
tion. Moreover, raising the deck will increase the response of the dynamic load and displacements but

will negatively affect the platform.

© 2021 Shanghai Jiaotong University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Offshore oil and gas investigation began in the early 19th cen-
tury. Nowadays, wide varieties of these structures are being used
despite their existing challenges in extreme environmental condi-
tions [1,2]. Although the reinforced concrete structure has accurate
durability [3,4], most of the jack-up platform is made of steel be-
cause of its durability, long life and tension resistant to the steel
structure. Jack-up platforms have several tubular legs, which could
be moved up and down through cut-outs in the pontoon. A jack-
up rig is one of the mobile platforms that consist of a buoyant
hull fitted with movable legs [5]. We regarded these platforms as
“jack-up” because they are self-elevated units with three or four
movable legs that can be jacked through the hull. Approximately
53% of the failures experienced by jack-up platforms are caused
by the punching through their legs. The starting point for all
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offshore structural analysis is the estimation of the forces gener-
ated from fluid loading [6,7]. In shallow water, the critical wave
height exponent has been shown to vary significantly with struc-
tural configuration [8-10]. Critical wave height exponent is also
sensitive to the wave theory chosen because of the strong relation-
ship of wave kinematics. In shallow waters, accurate modelling of
large waves is more challenging compared with deep water due to
higher relative wave height [11].

The American Petroleum Institute (API) posits that the wave
crest height is higher than the lower deck elevations of many ex-
isting platforms [12,13]. The API guideline also indicates that most
platforms cannot survive wave forces acting on the decks. A new
systematic integrated information modelling based on virtual pro-
totyping of the jacking system has been considered. The realisation
of the driving function is given as an example of a jacking system,
which demonstrates that the methodology is noticeably helpful for
integrated information modelling [14].

The decks must be raised to clarify the specified wave crests
according to the calculated crest of the design wave with an ad-
equate allowance of safety [15]. However, with the occurrence of
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a tropical storm or hurricane, the wave height exceeds the design
height. A five-feet safety air gap should be added to the crest ele-
vation to water depth to avoid waves striking the deck. The plat-
form deck rises to determine the minimum acceptable elevation of
the bottom beam of the lowest deck for the possibility of extreme
waves [12]. One of the air gap problems is the water on the deck,
or slamming to the hull during extreme waves may damage the
floating offshore structure [16]. The crest amplitude of the waves
is the most important aspect to measure air gap height.

The major effect of an earthquake that designers concerned
about are the failure at joints, cracking in walls and foundation,
bridge deck displacement, ruptures in pipelines and soil liquefac-
tion and the hull substructures collapse. During the last few years
in Malaysia, seismic risk has caused growing concern. Although the
seismic risk is very small in comparison to countries such as Japan
and Indonesia, this risk should not be completely ignored.

The disaster of a tsunami prompted considerable re-thinking
amongst the coastal engineering community [17], which has now
started to classify tsunami events according to their level of sever-
ity and intensity into two different levels [2,18,19]. For the first
level of tsunami, events would have a return period of more than
100 years, which is relatively low in height. From another perspec-
tive, the second level of tsunami events takes a few hundreds of
years. Inundation heights for the event in Level 2 would be much
higher, typically over 10 m but would encompass up to 30 m in
height in some events [20]|. The primary reason for this distinc-
tion is the unique timescale associated with tsunami phenomena.
Tsunami wave periods range from a few minutes to over 1 hour
unlike typical water waves generated by the wind with periods be-
tween 5 and 20 second [21].

In particular, offshore structure footings have finite stiffness
in horizontal, vertical and rotational directions, cross-coupling ex-
ists between the horizontal and rotational degrees of freedom and
nonlinearity may occur [22,23]. The simplest type of soil-structure
interaction is assuming that the foundation can be modelled as
a fixed joint [24], which is a 100% fixity condition. Chaudhry
[25] discussed the effect of foundation fixity of jack-up units un-
der extreme loading conditions. The frequency of operational ac-
cidents for jack-up structures is much higher than that of fixed
offshore platforms. The accident statistics for fixed offshore struc-
tures have improved with time, whereas jack-up platforms acci-
dents have worsened with the increasing use of water [6].

Most of the studies focused on the effect of the jack-up plat-
form structures under ocean waves, earthquake or tsunami only.
Thus, additional research is needed to evaluate the effect of the
same jack-up under those loads in addition to the wind load.
Therefore, this study aims to identify the dynamic response of jack-
up structures and their sub-structures, with two different platform
hull elevations, under various load combinations in a lower and
higher level of the platform.

2. Significance of research

Inadequate knowledge of the situation and deficiency of evo-
lution is usually the main cause of any structural collapse [26].
To avoid unnecessary risk after installing and facing environmental
loads, changing the analysis techniques must be considered. Based
on the need for a more extended duty of jack-up platforms in
each situation, including their application in deeper water and cru-
cial circumstances, long-term reliability investigates the response
of jack-ups during a dangerous difficult situation [27,28]. Wind
loads are not usually considered as a key factor in the total loading
of ships and offshore platforms [29]. Given the size of the common
static loads and the moments produced by the wind, critical cracks
and obstructing efficiency during offshore operations will induce.
The wind load (induced form drag force) is represented as the cu-
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Fig. 1. Bethlehem JU 250 MS, jack-up offshore structure in the Gulf of Mexico
(www.offshoreenergytoday.com).

mulative loads incorporated with linear and non-linear expressions
of wind speed [30]. Thus, the wind loads must be taken into ac-
count in the calculation to provide a more powerful design with
the equivalent size [31,32]. When an earthquake combines with
other loads, such as tsunami, winds and/or waves, the resultant of
displacements will be greater than the displacement response of
earthquake load alone [33].

Load combinations primary influence the durability, life and dy-
namic properties of the platforms, which leads to the vibrations
of platforms, damage and malfunction of platform equipment [34].
Thus, the load combinations were applied in this research on the
same structure with different deck elevations to assess the re-
sponse of jack-up platforms under the highest and the lowest hull
elevation. The jack-up platform structure is located in the Gulf of
Mexico. Wave and wind forces were implemented on the fixed
ground platform structure in addition to the alive and dead loads.
Airy’s linear wave theory was used to define ocean wave charac-
teristics. The El-Centro and Malaysian seismic zones were imple-
mented also under high and moderate earthquakes. Tsunami waves
were applied in three different directions at 0°, 45° and 90°

3. Jack-up platform

This study used the Bethlehem JU 250 MS, the jack-up self-
elevating drilling structure with three columnar legs located in the
Gulf of Mexico, as shown in Fig. 1. The platform hull overall length
is 50.5 m, width is 40 m and its depth is 4.8 m. The forward
leg spacing is 33 m and between the port and starboard 31.5 m.
The Bethlehem hydraulic jacking system is used to elevate the hug
mass of the deck hull and its sub-structures. The three legs are
made of steel (A678 grade B) with 95 m length each with a mat
foundation. The mean water depth was assumed to be 60 m with
a maximum water height of 75 m. The slot drilling rig is outfitted
for 6-km drilling.

The hull was assumed as a beam component with correspond-
ing stiffness and masses held by the rigid leg-hull connection. Non-
linearity in the leg-hull jack was significantly recognised although
they were not involved in the analyses. The hydrodynamic mod-
elling of the leg was conducted by idealising the complete frame
leg to comprise one “equivalent” perpendicular tubular segment lo-
cated at the geometric centroid of the actual leg.

The jack-up platform was modelled and analysed through a fi-
nite element program (SAP2000). Fig. 2 shows the modelling of
the jack-up platform was conducted with the lowest and highest
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Drilling tower

Fig. 2. Modelling of jack-up platform.

hull elevations with the three-column legs (1, 2 and 3). In addi-
tion, three sub-structures include drilling tower, heliport and two
cranes and four hull corners (C1, C2, C3 and C4). The estimation
of the forces generated by the environment or by the machines on
the deck was the starting point for jack-up platforms. Structural
loads are applied to the structure according to the drawing layout.
The analysis of the structure was the assessment of the load com-
binations by using SAP2000 according to code criteria [12].

4. Structural loads
4.1. Dead loads

All the permanent parts in the platform deck represent the
dead loads. The platform was built for multipurpose, such as
drilling, wellhead type platform or process type platform, which
maintains different devices and equipment. Dependant structural
objects, such as boat landing, handrails, deck plating and small ac-
cess platforms, were attached to the platform weight. The weight
of the platform hull with all the drilling equipment and other facil-
ities is approximately 15,000 tons. From another perspective, each
tubular column weight is approximately 800 tons, which was made
of high strength steel. Fixed items and non-structural components
have no stiffness to contribute to the global integrity of the plat-
form and should not be modelled. The permanent load of the ma-
chinery and other equipment dead load are applied as a distributed
load of 8.75 kN/m? on the surface of the platform. When computer
software was used to analyse the model, primary steel structural
members were considered according to the structural information.
Furthermore, the weight of dependant steel structural parts was
calculated and applied to the model at suitable places according to
the structural plan.
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Table 1
Live loads.

Location Load (kN/m’)

10

Storage
Walkway
Access platform
Galley

4.2. Live loads

The live load was applied to the designated areas as a dis-
tributed load (3 kN/m?) in the living quarters and drilling area.
Other live loads including open areas were applied as shown in
Table 1. The loading and unloading areas carry 5 kN/m?2 These
loads should be applied as deemed necessary by the administra-
tor of the platform.

4.3. Lateral loads

Offshore facilities are located in the ocean for the discovery,
and the development of resources is always under multiple load
types, particularly the wind loads, which control the characteris-
tics of the ocean waves. All actions should be ended, and tools and
buildings should be protected when the storms defeat the design
system. Winds, waves, tsunamis and earthquakes are the most en-
vironment loads that may be faced by the structures.

4.3.1. Waves and wind loads

Generally, sea states are multidirectional and random in na-
ture. For deep waters or where platforms tend to be more flex-
ible, the static analysis may not be able to adequately describe
the true dynamic loads. The wave theories are extremely valuable
for offshore constructions and their fundamental segments. The
computation of the wave kinematics, such as velocity and accel-
eration, involve the equations from wave theory. Various kinds of
solutions are available depending on the accuracy required and
the parameters involved in the computation. Depending on the
location, deep or shallow water and associated wave parameters,
a suitable wave theory was selected for use [12,35]. The wave
loads (gravity waves) used for the jack-up was exerted sideways
on the main columns and produces moment resistant on the fab-
rication. Most of the wave energy is released by the gravity waves.
During the design of offshore structures, the highest wave should
be utilised. The significant wave height (Hs) and maximum wave
height (Hmax) are presented in Eq. (1) as follow:

Hmax = 1.86 x Hg (1)

Airy’s linear wave theory was selected to assess surface alti-
tudes and wave kinematics because this theory was the simplest
and the most applicable linear wave theory. Waves create a free
surface movement at the mean water surface performed simulta-
neously by gravity. The altitude of the free surface alters with time
and space. Airy’s linear wave was determined by giving the wave
elevation time and type designated as Airy’s wave in the finite ele-
ment method options. In Eq. (2), Airy’s wave has a sine curve form
and free surface profile, which could be written simply in the fol-
lowing form:

6 = A x sin(kx — wt)

(2)

where §, A, kx and wt. represent the displacement (mm), ampli-
tude (mm), wave-number and angular-frequency (rad/s) respec-
tively. Conventional waves have the properties of holding a time
such that every sequence owns the same model. Consequently, the
theories describe the characteristics of one period of the conven-
tional waves and these characteristics are constant from period to



ZM. Ghazi, LS. Abbood and F. Hejazi

Journal of Ocean Engineering and Science 7 (2022) 41-57

Velocity fraction

1.0 0.91

0.75

m Vertical Datum
Mudline (ML) from D atum
Storm Water Depth

Wave Height =1
‘Wave Perod [Stationary] =12, Sec
Apparent Wave Perod =12, S,

m_‘
oo
333

o
o

>

>
Wave

L Direction

e

3L/4 L

L2

min = 0. m/sec, max = 0.2812 m/sec
s 115 139 150 178gNSs 218
Fig. 4. Water properties.

period. Fig. 3 shows the three factors required in expressing each
wave theory [11], namely, time period (T), height (H), and water
depth (d). For wave theories, the floor was assumed to be horizon-
tal and flat.

Wave load was defined in SAP2000 by providing the linear
wave theory, wave height, wave period and some other parame-
ters. Airy’s wave was demonstrated by providing the wave height
of 1 m in 60 m of water depth and 12 s of wave period. The
maximum wave speed of 0.2812 m/sec and the vertical datum of
10 m was the air gap between the lower deck and the water level
(Fig. 4).

In offshore structures, wind forces are usually small compared
with the hydrodynamic forces. They account for about 15% of the
total environmental loading on a structure under extreme condi-
tions, and less than 10% in a minor contribution in relatively shal-
low waters [12]. The forces should not be ignored. However, they
can affect the overturning moment because the long lever arms
developed as the water depth increases. In deeper water and for
compliant designs, wind loads can be significant and must be stud-
ied in detail.

To proceed with wind loading calculations, a reference wind ve-
locity associated with the return period for the site must first be
specified. These reference velocities are specified at normally 10 m
(in offshore industry) above the mean water level. The wind direc-
tion and speed vary in space and time. The cumulative wind load
(drag force) on the platform can be determined by Eq. (3):
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Depth fraction

Fig. 5. Distribution of wind loads.

F:(B)xszCsxA (3)

2
where F, p, U, Cs and A represent the force (N), the mass density
of air (1226 kg.m3), 1-minute mean wind speed (m/s), shield fac-
tor (1), and wind surface (m?), respectively. The wind load value
was normally inputted directly at the relevant nodes in numeri-
cal analysis procedures [36]. The wind velocity was 10 knots, and
the shielding factor was approximately 0.85. Wind loads can eas-
ily and accurately be applied for any specific region when using
SAP2000. This platform is located in a wind field. Fig. 5 shows the
wind characteristic and how it is applied to the structure.

4.3.2. Earthquake excitation

Designing an offshore structure to resist severe earthquake
ground shaking is uneconomical but is necessary for fixed offshore
structures. For design and analysis purposes, the time variation of
ground acceleration is the most useful way to define ground shak-
ing during an earthquake. In preliminary consideration, an evalu-
ation of seismic activities is necessary for the offshore structure
design.

The El-Centro and Malaysian seismic zone were implemented
as earthquake excitations in high and moderate earthquake levels.
The El-Centro earthquake was applied in three different directions,
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that is, north-south, east-west and up-down, as shown in Fig. 6.
The number of output steps is 2674 with a time of 0.02 s for each
step.

Malaysian earthquake was applied to the structure for just one
direction (U1) as shown in Fig. 7. The number of output steps was
1000 with a time of 0.02 s for each step. The analysis of the struc-
ture under the earthquake effect was done by using SAP2000 ac-
cording to API criteria.

4.3.3. Tsunami wave

In deep water, ocean tsunami waves have extremely long wave-
lengths. Tsunamis cause much further damage than regular waves
do due to the large water mass that can proceed to speed for
an elongated duration. Models of fluid motion calculate individual
fluid particles. Tsunami height and speed vary in space and time.
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The speed of tsunami can be calculated in Eq. (4) as follows:

Speed = 3.13v/h (4)

where h is the depth of the ocean. Eq. (5) shows the formula of
tsunami wave pressure calculation.

Q. =pxgx(an-2)
where

Qz: tsunami pressure (kN)
o: the unit volume mass of water, 1.0 (t/m3)

(5)
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Fig. 9. Tsunami waves in three directions.

5 Tons

Fig. 10. Crane model.

g: gravitational acceleration, 9.8 (m/s?)

a: inundation depth for designing (m)

z: the height of the regarding part from the ground level (0 < z
< ap) (m)

a: Water depth factor (an offshore structure without shelter
equal to 3).

The acceleration, velocity, position and mass were utilised as
a description modelling the forces and dynamics of the tsunami
particles. This modelling would help potentially to constrain dan-
gerous situations and casualties. Tsunami waves in three different
directions were carried out on the same platform structure with
the highest and lowest hull elevations for the same water prop-
erties. Fig. 8 shows the tsunami wave direction with a maximum
speed of 12.7544 m/sec and a wave height of 30 m.

Three different directions of tsunami waves were applied at 0°,
45°, and 90° (Figs. 9). To assess the effect of applying tsunami wave

46

4 Tons

Fig. 11. Helicopter port model.

in different directions, sections, geometry members and materials
properties of the structure are considered to be the same. Horizon-
tal and vertical displacements for load combinations in two differ-
ent levels of the main hull are compared. Then, the analysis of the
structure under tsunami wave is done by using SAP2000 under API
criteria.

5. Sub-structure modelling of the jack-up platform

One of the basic objectives of this research is to evaluate the
main hull of the platform structure under dynamic loads. Nonethe-
less, studying the hull effects only is not sufficient for the exami-
nation. Accordingly, some sub-structures need to be considered in
this study.

5.1. Crane modelling

Offshore crane vessels are used to lift heavy loads on the deck
or transfer equipment from ships to the platform deck. Crane is
one of the superstructures, which should be considered during dy-
namic loads. Two cranes with a 30 m lever arm with a rating at
8 m radius built of the steel pipes (P2) section are utilised to lift 5
tons. The lever arm and the crane cabin are supported by a tubular
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column of 0.9 m outer diameter fixed on the main hull, as shown
in Fig. 10.

5.2. Helicopter port modelling

The landing helicopter on the heliport is considered an im-
pact load. Then, the landing region for a helicopter is called the
heliport. Manipulating the dynamic loads is sufficient and cost-
saving (Fig. 11). The heliport has a side portion of 1.5 to 2 times
the biggest helicopter’s proposed length. The surface of the he-
liport must be created to control the concentrated force of 75%
of the total weight. Furthermore, the impact load for a landing
helicopter is approximately two times the total weight of the
helicopter.

The helicopter port is one of the superstructures, which must
be evaluated under helicopter loads and its impact during dynamic
loads. The helipad is a cantilever port forward of living quarters
(16.75 m x 14 m) to handle the load of landing and taking off
of the helicopters. To support the port and the helicopter weight,
a truss of steel pipes is connected to the main deck by eight
columns, as shown in Fig. 11. This port can handle a helicopter

Table 2

Journal of Ocean Engineering and Science 7 (2022) 41-57

with 4 tons of self-weight and two times this load as an impact
load during landing and taking off.

5.3. Drilling tower modelling

The drilling tower is a long tower to support the drilling ma-
chine to drill wells up to (6 km) under the subsea (Fig. 12).
Drilling loads are caused by drill rigs, which are large equipment
assembled for drilling objectives and located on the head of the
platform. The drilling rigs stiffness was not counted during funda-
mental designs, but the drilling rig mass was utilised as a load on
the platform. Therefore, additional loads throughout drilling were
settled due to drilling sequence and dragging progress. The drilling
tower was built of (L4x4 x 1/2) steel sections. The tower bottom
area is 9.1 m x 9.1 m and the top area is 4.6 m x 4.6 m, with a
total height of 43.5 m. During the load (1110 kN) of the drilling
machine and its vibration, the tower may be affected.

6. Results, findings and discussions

The analysis results for the combination of different loads were
investigated. The horizontal and vertical displacements (A) in two
different levels (70 and 85 m) of the main hull were compared
as well. All segments’ strength analyses were conducted according
to the specifications of API In addition, the structure collapsed to
cross the API approval standards.

6.1. Hull displacements in 70 and 85 m elevation

6.1.1. Causes of normal wave and wind loads

Horizontal and vertical displacements within the lowest and
highest hull elevations for the columns and some sub-structures
were compared. Table 2 shows that the four corners of the main
hull are moving simultaneously, but the displacement is getting
higher when the hull is at 85 m elevation. The two cranes had
the highest displacement in all directions. The reason for hav-
ing maximum displacements of 733 mm in crane 1 and 580 mm
in crane 2 was because of the long arm of the crane, the high
amount of loads and the low stiffness of the crane. On the other
hand, the horizontal movements of the heliport within the two
different elevations of the main hull were moved with the plat-
form movement. The vertical displacement of the heliport which
was much important to consider was approximately 30 mm at the
highest level of the hull and approximately 25 mm at the low-
est level. The increment of the vertical displacements of the he-
liport is approximately 15.5% when the main hull elevated from 70
to 85 m. Furthermore, the highest Ax and Ay in the top end of
the drilling tower was slightly higher than the displacement in the
main hull because of the drilling tower height. The vertical dis-
placement of 69.5 mm at the lower level of the hull was slightly
increased to 72.6 mm at the highest level, with an increment of
4.25%.

Horizontal and vertical displacements of sub-structures at 70 and 85 m under wave and wind loads.

Sub- 70 m hull elevation 85 m hull elevation
structures

X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)
C1 42 0.4 214 5.44 0.56 249
Cc2 4.2 0.4 21 55 0.55 24.45
c3 4.2 0.36 17.9 55 0.52 209
C4 4.2 0.36 18.34 5.44 0.52 21.46
Crane 1 15.1 733.2 216 17 733 219.2
Crane 2 580 0.87 173 581.1 1.1 176.2
Heliport 5 0.5 25.2 6.6 0.7 29.8
Drilling tower 6.4 1 69.5 8.1 1.2 72.6
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Fig. 13. Comparison of the two hull elevations vs. displacement under the normal wave and wind loads.
Table 3
Horizontal and vertical displacements of sub-structures at 70 and 85 m during El-Centro earthquake.
Sub- 70 m hull elevation 85 m hull elevation
structures X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)
Cc1 249.2 481 29.8 201.2 580 31.6
C2 226.7 481 30.8 201.4 579 31.2
c3 224 460 27.2 202 542.7 28.7
C4 252 460 28.5 202.7 542.7 28.6
Crane 1 306 1405 269 242.4 1428.5 255.1
Crane 2 867 610 188 801 657.8 182.2
Heliport 241 493 324 201.5 597 335
Drilling tower 256 498 72.3 211.6 576 74.6
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Fig. 14. Two hull elevations vs. displacement. under El-Centro earthquake.
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Table 4
Horizontal and vertical displacements of sub-structures at 70 and 85 m during Malaysian earthquake.
Sub- 70 m hull elevation 85 m hull elevation
structures
X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)
c1 49 0.8 22 58 0.8 25.5
c2 49 0.8 21.7 58 0.8 25.2
c 49 0.91 18.9 58.3 0.85 215
Cc4 49 0.9 193 58.2 0.85 22
Crane 1 69 732 223 78 733 220
Crane 2 630 0.9 180.3 641 1.2 178
Heliport 48.8 13 26.9 59.4 1.2 30.5
Drilling tower 51.7 1.4 70.2 63.6 1.5 73
~—70m 85m ~—70m 85m ——70m 85m
100 100 100
' 4 '
90 1 90 90 + —
80 a 80 / 80 ’
70 — 70 70 ;A
T 60 | Z 60 4 Z 60 r
g 7 g P g 7
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Fig. 15. Hull elevations at (70 and 80 m) vs displacement under Malaysian earthquake.

Table 5

Horizontal and vertical displacements of sub-structures at 70 and 85 m due to tsunami at 0°
Sub- 70 m hull elevation 85 m hull elevation
structures

X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)

c1 206.8 0.44 23.5 297 0.65 27.1
c2 207 0.44 23.2 297 0.65 26.7
c3 207 0.3 15.2 297 0.46 18.2
C4 206.8 0.3 15.7 297 0.46 18.8
Crane 1 453.3 733.7 215.7 544 733 219
Crane 2 962 0.9 219.6 1053 1.2 223
Heliport 209 0.6 29.8 299 0.85 333
Drilling tower 233.1 0.92 67.6 323.6 1.1 70.8

Table 6

Horizontal and vertical displacements of sub-structures at 70 and 85 m due to tsunami at 45°
Sub- 70 m hull elevation 85 m hull elevation
structures

X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)

c1 1153 104 21.5 164.5 146.4 25.2
c2 113 104 23 161.2 146.4 26.7
c3 113 101 17.5 161 141 20.4
C4 115.6 101 15.8 164.8 141.7 18.9
Crane 1 358 840.3 215 406.8 882.2 219
Crane 2 866 104 225 917 146.2 222.8
Heliport 115 106 28 164.3 148.6 315
Drilling tower 137 103 68.5 187 144 71.6
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Horizontal and vertical displacement of sub-structures at 70 and 85 m due to tsunami at 90°

Sub- 70 m hull elevation 85 m hull elevation
structures
X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)
c1 15.6 250 189 212 350.6 227
2 9.2 250 23.8 17.3 350.6 272
c3 8.5 241 20.5 16.9 345.2 233
ca 162 241 153 216 345.2 184
Crane 1 253 989 218 261 1090 219.1
Crane 2 764 252 219 7715 353.8 222.6
Heliport 132 255 26 20.1 354.2 29.7
Drilling tower 33.2 249 69.3 40.8 352.2 72.4
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Fig. 16. Displacements of columns and sub-structures during El-Centro earthquake at 70 m hull elevation in X, Y and Z directions.

The average displacements in each level of columns were cal-
culated. Column displacements in each case were almost the same.
Fig. 13 shows the comparison of the two hull elevations versus the
displacement under the normal wave and wind loads. The three di-
rections of the displacements when the hull was in the elevation of
85 m were greater than when the hull was at 70 m height. The Ay
increased by 7.75% when the platform deck lifted from 70 to 85 m
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elevation. No much difference was observed in the Ay in both
models. Moreover, the average Ay increased by 15.7% when the
platform deck was higher. These differences in displace-
ments mostly occurred at 70 m elevation and above.
To conclude, the displacements become larger when
the lever arm of the centre of gravity of the hull is
longer.
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Fig. 17. Displacements of columns and sub-structures during El-Centro earthquake at 85 m hull elevation.

6.1.2. Causes of El-Centro earthquake excitation

Horizontal and vertical displacements during El-Centro earth-
quake recording for the two models were compared (Table 3). The
displacements of the three columns in each model, four corners of
the hull and the three substructures were also evaluated. Corners 1
and 2 of the hull have 21 mm in Ay and Ay greater than corners 3
and 4 when the hull is at 70 m elevation. When the platform deck
is at 85 m elevations, the difference in Ay for the same corners
is approximately 37 mm. Thus, an approximately 43% difference
exists in the displacement of the two models. The difference in
the displacements between corners 1 and 2 and between corners 3
and 4 is approximately 22.5 mm and 28 mm, respectively. The hull
seemed twisted, which would affect the serviceability of the main
hull. By contrast, Ay for the four corners of the main hull eleva-
tion of 85 m was moved simultaneously whereas the maximum
Ay for the 85 m hull elevation is 580 mm. When the hull is in
70 m elevations, the maximum Ay is 481 mm, which is lower by
approximately 17%. Furthermore, Ay are higher by approximately
16% when the hull was at the lowest level, and the difference in
Ay for the two models is approximately 3.4%.
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Table 3 shows the vertical and horizontal displacements for the
top of the two cranes, helicopter port and top of the drilling tower.
Crane 1 has the highest displacement for the lowest and highest
hull elevation of approximately 1405 and 1428.5 mm respectively
with only a 1.65% difference. Crane 2 has high displacement in
both vertical and horizontal directions, but they are quite similar
in both models. The Az for the helicopter pad has been decreased
by approximately 16.4% when the hull gets higher. Moreover, Ay
and Ay for the heliport are increased by 17.4% and 3.3% respec-
tively, when the platform deck rise. Eventually, Ay for the drilling
tower decreased by 17.2% when the platform deck was at the high-
est level. On the contrary, Ay and Ay for the drilling tower in-
creased by 13.5% and 3% respectively when the platform deck was
lifted from 70 to 85 m. Table 3 also shows that all Ay for the
corners and the sub-structures are decreased when the hull gets
higher except crane 1. Moreover, Table 3 shows that Ay and Ay for
the four corners and the sub-structures increased when the hull in
the highest level except crane 1 also increased.

To compare these two cases of hull elevation under El-Centro
excitation in terms of horizontal and vertical displacements, the
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Fig. 18. Displacements of columns and sub-structures during Malaysian earthquake at 70 m hull elevation.

average of the displacements in each level of the columns is cal-
culated. Fig. 14 shows the comparison of the horizontal and ver-
tical displacements of the columns for hull elevation of 70 and
85 m under the El-Centro earthquake. It is obvious that Ay is in-
creased by approximately 40 mm or 17% when the hull is in the
lowest level (70 m). While the average Ay is increased by approx-
imately 14% when the hull is elevated to the highest level (85 m).
Thus, when Ay is high, Ay is low for the same model. This non-
simultaneous movement for the columns will have a direct effect
on the overall structure and may cause its collapse. As expected,
Ay is higher when the hull at a higher level, which is raised by
approximately 9.5%.

6.1.3. Causes of the Malaysian earthquake excitation

Table 4 shows the displacements of the main three columns
during the Malaysian earthquake for both models, four hull cor-
ners, top of the two cranes, helicopter port and the top of the
drilling tower. The hull corners and the helicopter port are moving
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simultaneously with the hull, and the displacements are slightly
higher. Ay for the four corners is increased by approximately 16%
when the main hull increases to the highest level. Moreover, Ay
for both models is quite similar, but the vertical displacements for
the four corners at the highest level are 16% higher than the low-
est level. The heliport has about the same percentage of increment
in the displacements in both models. However, the two cranes and
drilling tower displacements were considered higher than the main
hull because of the height of these structures and they are less
stiff. The crane displacements in both models have no much dif-
ference. Moreover, the displacements for the drilling tower in all
directions are increased. Ax and Az are increased by 18.7% and
4%, respectively. However, no much difference in Ay was observed
for both models.

For comparison, after calculating the average of the displace-
ments in each level of the columns, two cases of hull eleva-
tion under the Malaysian earthquake were compared in terms of
horizontal and vertical displacement. Fig. 15 illustrates the hull
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Fig. 19. Displacements of columns and sub-structures during Malaysian earthquake at 85 m hull elevation.

elevations (70 and 80 m) versus displacements under the
Malaysian earthquake. The displacements when the hull is in the
lowest level are less than those when the hull is higher by approx-
imately 15.2%. Moreover, Ay for both models is quite similar. Fur-
thermore, Az at a different level are quite similar to those at the
ground level until 70 m, but they are 15% higher when the hull is
at the highest level.

6.1.4. Causes of tsunami waves at 0°, 45° and 90°

Horizontal and vertical displacements for load combination in
two models are compared during tsunami at 0°, 45° and 90°
within the lowest and highest hull elevations under the same load
combination for hull corners, two cranes, drilling tower and the
heliport. Concerning the 0° angle, Table 5 shows the horizontal
and vertical displacements for four corners of the hull, top of
two cranes, helicopter port and top of drilling tower. That is, the
four corners are moving simultaneously with the hull with almost
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similar displacements in each model. By contrast, Ay, Ay and Az
of the four corners are increased in the highest platform deck level
by 30%, 32% and 13.3% consecutively. The response of the Jack-up
platform structure in the Y-direction under this load combination
is small. However, the displacements of the two cranes are consid-
ered high in both models compared with those in the main hull
because of the height of these structures and they are less stiff.
The response of the heliport and drilling tower in vertical and hor-
izontal direction increases when the hull level is increased. How-
ever, horizontal Ay for these two sub-structures is very small. At
the highest level, Ax and Az of the heliport increased by 30%
and 10.5%, respectively. However, the response of the drilling tower
in X- and Z-directions is also increased consecutively by approxi-
mately 28% and 4.5% with the increase of the hull level.

In terms of the 45° angle, Table 6 shows the displacements dur-
ing tsunami for hull corners, top of the two cranes, helicopter port
and the top of the drilling tower. That is, the hull body and its
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facilities are moving as one element with no much deformation.
Horizontal Ax and Ay for the four corners, heliport and the
drilling tower are increased by approximately 30% and 29% respec-
tively when the platform hull is at the highest level. For the same
substructures, the increment in vertical displacement is different.
In the jack-up platform, the vertical displacements are increased
by 14.5%, 11% and 4% for the four corners, heliport and the drilling
tower, respectively. The displacements in vertical and horizontal
directions for the two cranes are high.

When at a 90° angle, horizontal and vertical displacements at
X-direction within the lowest and highest hull elevations are com-
pared. Table 7 shows the horizontal and vertical displacements for
the four corners of the hull, top of the two cranes, helicopter port
and the top of the drilling tower. That is, the hull corners, the
helicopter port and the drilling tower are moving simultaneously
with the hull, and they have almost similar displacements. Cor-
ners 1 and 4 of the hull have 45% higher Ay than that of the
other corners. Moreover, corners 1 and 2 are having higher dis-
placements by 3.6% than the other corners. In terms of the vertical
displacement, each corner has Az that is different from the others.
However, horizontal and vertical displacements for the two cranes
are considered high compared with the main hull because of the
height of these structures and they are less stiff. Moreover, when
the hull is at a higher level, the displacements are higher.

6.2. Effect of El-Centro earthquake at the end of columns and
sub-structures

6.2.1. Within the lowest hull elevation
Fig. 16 depicts the horizontal and vertical displacements of the
columns, two cranes, heliport and drilling column due to the El-
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Fig. 22. Displacements vs. hull elevations due to tsunami waves.

Centro earthquake at the lowest hull elevation (70 m). The result
shows that the maximum Ay, Ay and Ay at the top nodes of the
columns and the substructures are 290, 690 and 56 mm, consec-
utively. In all these cases, the maximum displacement occurred in
crane 1.

6.2.2. Within the highest hull elevation

Fig. 17 shows the vertical and horizontal displacements of the
columns, two cranes, helicopter pad and drilling column due to the
El-Centro earthquake at the highest hull elevation (85 m). The re-
sult is interpreted graphically. The results show that the maximum
Ayx at the top nodes is 225 mm, and the maximum Ay at the top
nodes of the same elements is 697 mm. Furthermore, the maxi-
mum Ay for the same nodes mentioned above is 36 mm, and for
the three cases of displacements, the maximum displacements oc-
curred in crane 1.

6.3. Effect of Malaysian earthquake at the end of columns and
sub-structures

6.3.1. Within the lowest hull elevation

Horizontal and vertical displacements of columns and substruc-
tures due to the Malaysian earthquake in the lowest hull elevation
(70 m) are investigated. The results show that the maximum Ay,
Ay and Az occurred in crane 1, heliport and crane 2 consecutively,
as shown in Fig. 18. These results indicate that the maximum
Ay, Ay and Az at the top nodes of columns and substructures
are 54, 0.8 and 30 mm respectively.

6.3.2. Within the highest hull elevation
In terms of the highest hull elevation (85 m) due to the
Malaysian earthquake, horizontal and vertical displacements of the
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three columns, two cranes, helicopter pad, and the drilling column
are examined. Fig. 19 shows that the maximum horizontal Ay at
the top nodes of the columns and the substructures is 60.6 mm,
which occurred in crane 1. The maximum Ay at the top nodes of
the same elements is 0.45 mm, which occurred in the heliport.
Furthermore, the maximum Az for the same nodes mentioned
above is 15 mm, which occurred in crane 2.

6.4. Comparison of El-Centro and Malaysian earthquake in terms of
horizontal and vertical column displacements

To clarify the results of the two cases of hull elevation under El-
Centro and Malaysian earthquake excitations in terms of horizontal
and vertical displacements of the three columns, the average dis-
placement in each level of the columns is calculated. Fig. 20 shows
the comparison of the 70 and 85 m hull elevation versus the hori-
zontal displacements of the columns under earthquake waves. Ay
under the El-Centro earthquake is the highest for both models. The
effect of the El-Centro earthquake when the hull is at the lowest
level is 80% higher than the effect of the Malaysian earthquake in
X-direction, whereas such effect is 71% higher when the platform
deck elevation is at 85 m. Furthermore, the El-Centro earthquake
has the greatest effect on the platform in Y-direction. Thus, the El-
Centro earthquake is 99.8% of Ay higher than the Malaysian earth-
quake in both models.

Fig. 21 shows the comparison of the 70 and 85 m hull eleva-
tion and the vertical displacements of the columns under earth-
quake waves. A; under the El-Centro earthquake is the highest
for both models. The El-Centro earthquake effect increased by 20%
compared with the effect of the Malaysian earthquake when the
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hull at the lowest elevation. However, the increase in effect is only
14.7% when the platform deck elevation is at the highest level.

Notably, offshore engineers should consider the earthquake ef-
fect during designing the offshore platform structures. Given this
fact, results show that under the El-Centro earthquake, the hori-
zontal and the vertical displacements for both cases are large, par-
ticularly when the hull is at its higher level. Although the hull
is in the lowest or highest level, the horizontal and the vertical
displacements response is increased during the El-Centro earth-
quake. However, the percentage of this increment is decreased
when the platform deck increases. To conclude, the structure under
the Malaysian earthquake is considered safe. However, both mod-
els under the El-Centro earthquake are not safe and may collapse
or cause major damage.

6.5. Comparison amongst three different cases of tsunami effect in
terms of horizontal and vertical displacements

The average displacement in each level of columns is calcu-
lated to compare the two models under tsunami waves from dif-
ferent directions in terms of horizontal and vertical displacement.
Fig. 22 represents the comparison of the 70 and 85 m hull el-
evation with the horizontal displacement of the columns under
tsunami waves in three different directions about X. Ax and Ay of
columns have a variety. In the case when the tsunami waves are
in the X-direction, Ay is the highest in both hull elevations, and
Ay is the lowest. However, in the three directions of the tsunami
effect, when the hull is in the highest elevation, the displacement
is higher. Additionally, A7 in different levels are quite similar from
the ground level until 70 m, but they are getting higher in the case
when the hull is in the highest level, as shown in Fig. 22.

Horizontal and vertical displacements in both cases are consid-
ered high specifically when the hull is at its higher level and de-
pends on the wave direction. The structure under the three cases is
considered safe. Furthermore, a big difference in displacements is
observed when the hull is in the highest or lowest level. However,
the displacements of the cranes and drilling tower are considered
high compared with those in the main hull.

7. Conclusion

The current research aims to demonstrate the performance of
the jack-up platforms facing a combination of severe dynamic
loads (earthquake, tsunami wave and wind forces) using the fi-
nite element model for two models with the lowest and highest
hull altitudes. High and moderate seismic earthquake accelerations
were applied. In addition, tsunami waves were applied to the plat-
form in three different directions, that is, 0°, 45° and 90°, to ac-
quire a variety of displacements. The study selected Airy’s linear
wave theory to evaluate surface elevations and wave kinematics.
Reference wind velocity was specified of 10 knots at commonly
10 m above the mean water level. The results revealed that the
combination of the El-Centro earthquake, dead and alive loads,
has given the greatest impact on the platform on the lowest and
highest hull elevations. Thus, this load combination has more dis-
placements than the other load combinations, such as Malaysian
earthquake and tsunami waves. El-Centro earthquake influence has
increased by 20% compared with that of the Malaysian earthquake
when the hull is at 70 m elevation. On the contrary, the increase is
only 14.7% when the platform deck elevation is at 85 m. The hori-
zontal and vertical displacements were increased by 16% and 5.6%
when the platform hull increased to the highest level (85 m). By
increasing the platform hull elevation, the horizontal and the ver-
tical displacements, due to tsunami loads, have increased by 30%
and 15% respectively. Increasing the deck elevation has boosted the
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response of the dynamic load and displacements but negatively af-
fects the platform. This percentage of the increment in displace-
ments depends on the applying load and the directions.

Cranes and drilling tower are not stable under El-Centro earth-
quake and tsunami waves because of their relative height. More-
over, the helicopter port is safe under all applying load as it is
considered the only way for evacuation during disasters. The hull
of the platform has deformed under El-Centro and tsunami loads
at 45°, which is at the lowest level of the hull and may affect
the serviceability and capability of the platform to withstand the
forces. The model of the jack-up platform structure used in this
investigation has exceeded the allowable displacements under the
El-Centro earthquake and tsunami waves. To protect this structure
from collapse, developing a new type of offshore structures by us-
ing temporary truss braces with the mechanism of jack-up legs is
significant.

Further dynamical studies are required for the jack-up platform
to experience more load combinations owing to the importance of
this construction in the engineering field, offshore structure and oil
industry exploration. The damping system can be applied to resist
the dynamic loads of earthquakes and ocean waves although the
use of this system is costly. Moreover, future studies may develop
a new type of offshore structures to resist these kinds of forces by
using temporary truss braces with the mechanism of jack-up legs.
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