Journal of Marine Science and Application (2024) 23: 209-221
https://doi.org/10.1007/511804-024-00391-9

RESEARCH ARTICLE

New Approach for Environmental Load Charts of Jack-ups Considering Actual
Preloading Operations

Chengmeng Sun', Haihua Lin', Zhigang Zhang?, Hongyuan Sun' and Lishi Zhou®

Received: 12 December 2022 / Accepted: 17 August 2023
© Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

The environmental load chart is an important technical support required for the jack-up drilling platform to facilitate its adaptation to different
operating waters and ensure the safety of operation. This chart is a crucial part of the platform operation manual. The chart data are closely
related to external factors such as water depth, wind, wave, and current conditions of the working water, as well as to the structural
characteristics of the platform itself and the number of variable loads. This study examines the platform state under extreme wind, wave, and
current conditions during preloading. In addition, this study focuses on the difference between the ultimate reaction force of the pile leg during
preloading and the reaction force of the pile leg without considering any environmental load before preloading. Furthermore, the relationship
between the difference and the new reaction force of the pile leg caused by the combination of different environmental conditions is established
to facilitate the construction of a new form of environmental load chart. The newly formed chart is flexible and simple; thus, it can be used to
evaluate the environmental adaptability of the platform in the target well location and provides the preloading target demand or variable load
limit according to the given environmental constraints. Moreover, the platform can perform personalized preloading operations, thereby
improving its capability to cope with complex geological conditions, such as reducing punch-through risks. This condition reduces the load on
jacking system devices and increases its service life.

Keywords Jack-up; Environmental load chart; Preloading; Geometrically nonlinear effect; Punch through

1 Introduction

Jack-up is an important offshore oil and gas exploration
and development equipment that is widely used in sea ar-
eas with water depths of less than 150 m. A few years ago,
the global offshore oil and gas production market was rela-
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tively depressed due to fluctuations in oil and gas prices,
and several jack-ups were left idle. Since 2014, oil and gas
prices have gradually rebounded, and Brent crude oil fu-
tures have returned to the $90/barrel mark again, even
climbing up to $130/barrel. With rising oil prices, offshore
oil and gas exploitation during the downturn has also grad-
ually accelerated, and jack-ups have received leases. On
February 12, 2022, the owner of Malaysian Ocean Engi-
neering, Icon Offshore, reported to the Malaysian Ex-
change that its subsidiary had received the bid-winning no-
tice on December 23, 2021, and would drill 3+1 wells. To
date, jack-ups remain an indispensable force in offshore
oil and gas exploration and production.

The safe and reliable operation of jack-ups is an impor-
tant guarantee to protect the marine environment and the
safety of personnel and property. However, throughout their
entire life cycle, jack-ups withstand complex environmental
conditions, including wind, wave, current, seabed soil, and
their different combinations. Thus, a jack-up will exhibit
complex behaviors under different combinations of environ-
mental factors during its life cycle.

Several studies have focused on different aspects, such
as the structural characteristics, environmental factors, and
mechanical response characteristics of jack-ups. Ren and
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Bai (2013) addressed the dynamic analysis of three fre-
quently used truss-type legs of a jack-up: X-, reverse K-,
and mixing types. They used the modified Morison equa-
tion for each of the lattice legs and integrated them along
the length of all members. Consequently, the multipoint
constraint (MPC) and spring elements are used to address
the boundary condition. Zhao and Sun (2014) proposed a
new type of jack-up rig spudcan to remove the soil resting
on the upper surface of the spudcan and thus reduce the
pull-out resistance during the extraction process after drill-
ing. Jalal et al. (2016) developed second-order constrained
NewWaves to simulate the nonlinearity of ocean waves for
a jack-up. Their results confirmed the effect of wave non-
linearity on the dynamic behaviors of the structure during
extreme events. Heo et al. (2016) provided a fast, reliable,
and optimized numerical procedure for the hydrodynamic
response analysis of a six-leg jack-up type wind turbine in-
stallation vessel. Through this procedure, the modified
Morison equation was utilized to calculate the environmen-
tal excitation forces on the slender-body members, where
C,=1.0and C,=2.0. Zhao et al. (2018) developed a fully
coupled model for a typical elevated jack-up crane vessel,
considering the hydrodynamic and aerodynamic loads on
the vessel, the soil-structure interaction, and the structural
flexibility of the jack-up legs and crane. In the proposed
model, the soil reaction force was represented using equiv-
alent linear elastic springs combined with linear dampers
to account for the soil damping effects. Kryzhevich and
Rybalko (2020) discussed the use of a jack-up to analyze
the influence of the elastic and damping properties of the
soil on the hull vibration amplitudes in waves. The numeri-
cal analysis facilitated the construction of the amplitude—
frequency characteristics of the jack-up, which indicated
the significant influence of the dissipative properties of the
soil on the hull vibration damping. Yang et al. (2022) used
CFD to calculate the random pulsating wind load on an op-
timized jack-up platform to test the effect of wind resis-
tance reduction. Their results revealed that the appropriate
addition of a certain proportion of transparent layers in the
superstructure increased the aesthetics of the building and
optimized its stability under different wind directions. Vari-
ous achievements in the nonlinear load and response of
jack-ups provide a theoretical basis for the safety and reli-
ability evaluation of the platform.

The jack-up platform experiences several conditions,
such as preloading, in-site operation, and storm survival,
at its work site. Punch-through incidents may occur in lay-
ered soils during the preloading process. Certain scholars
have conducted relevant research considering this occur-
rence. Lin et al. (2016) used the Monte Carlo method con-
sidering preloading probability distribution to analyze the
punch-through risk for a 400 ft jack-up in the Gulf of Mex-
ico. Dean (2018) proposed an assessment method for the
leaning instability of a jack-up during preloading in deep

@ Springer

soft clay. Long et al. (2021) employed a piezocone penetra-
tion test to develop a while-drilling evaluation system for
the punch-through risk of a jack-up during preloading.
Wang et al. (2022) studied the real-time prediction of the
punch-through of spudcan foundations based on the combi-
nation of monitoring data during penetration with the punch-
through failure mechanism.

This study proposes a new type of environmental load
chart to guide the operation of jack-up drilling platforms
and effectively ensure their operational safety under com-
plex sea conditions. The chart data are closely related to ex-
ternal factors such as water depth, wind, wave, and current
conditions of the working water, as well as the structural
characteristics of the platform itself and the number of vari-
able loads. The proposed environmental load chart is flexi-
ble and simple to use based on the essence of platform pre-
loading operations. This chart can be used to evaluate the
environmental adaptability of the platform in the target
well location and to provide the preloading target demand
or variable load limit according to the provided well loca-
tion environmental constraints. The working strategy and
idea, implementation method and steps, and application
example of the chart will be comprehensively introduced
in the future.

2 New ideas on the environmental load chart

The standard expression of the environmental load chart
describes the maximum number of variable loads that the
platform can carry under different operating water depths
and wind, wave, and current combinations. Considering that
the platform’s light ship and leg weights remain unchanged
in the in-site state, the maximum variable load can also be
expressed as the maximum allowable jacking weight or the
maximum allowable leg ground force of the platform. Guo
et al. (2012) provided a conventional method for generat-
ing similar environmental load charts from different per-
spectives or application objects. Feng (2018) used SACS
software to analyze the environmental adaptability of self-
elevating wind turbine installation platforms and provided
an environmental atlas. Joo et al. (2020) studied the load-
carrying capacity design criteria of a jack-up using the
LRFD method under environmental loading conditions.
However, none of these studies mentioned a crucial oper-
ation process of the jack-up, that is, the preloading process,
or by default, assumed that the platform would conduct pre-
loading according to the maximum preloading capacity in
the operation manual. Moreover, the actual state of preload-
ing is an important factor affecting the capability of the
platform to resist external environmental conditions, thereby
influencing the environmental load chart results.

As shown in Figure 1, the jack-up drilling platform is
delivered to the ship owner following the completion of
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the construction and acceptance. The platform generally
reaches the well location site through wet or dry towing.
Subsequently, preloading was conducted under relatively
mild weather conditions. Consequently, when all prepara-
tions are ready, the drilling operation begins, and the plat-
form enters the in-site working state.

As shown in Figure 2, the preloading principle involves
the use of ballast water to simulate the environmental
loads that may be encountered during the in-site state of
the platform. The preloading process facilitated the simu-
lated reaction force of each leg generated during the pro-
cess to exceed the vertical load generated by the expected
extreme environment.

The preloading operation is significantly affected by the
geological conditions of the seabed at a specified position.

An unreasonable preloading plan may result in the plat-
form punching through or even overturning. However, the
preloading scheme provided in the operation manual is of-
ten based on certain design geological conditions that are
different from the actual data in practical well sites, possi-
bly demonstrating considerable differences. Thus, new pre-
loading procedures must be developed based on the geo-
logical survey data of the well location. In addition, the
preloading operation process requires repeated lifting of
the platform. An excessively large lifting load inevitably in-
creases the loss of the jacking system and the core valuable
components of the platform. Thus, preloading the platform
to the maximum design value is often unnecessary in the ac-
tual preloading operation when geological conditions and
expected extreme environmental constraints are satisfied.
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Thus, this study focused on a new form of chart based
on the actual difference between preloading and the real-
ization of the demand target of the load chart.

3 Implentation principle of a new form of
environmental load chart

The analysis in Figure 2 reveals that if the relationship
between the environmental load and its induced new verti-
cal load of the leg can be established and the calculation
problem of the vertical load of the leg caused by the plat-
form dead weight, variable load, and preloading water can
be solved, then the leg reaction force against the sea bed
under the preloading and storm survival conditions can be
obtained. Furthermore, as shown in Egs. (1) and (2), the re-
lationship among the preloading water volume, variable
load, and environmental load can be established based on
the above analysis. Thus, a new form of environmental
load chart is constructed.

Ry + RVDL,,Rt T Rpge 2 Ry + RVDLSUR + Reny ()

The following formula is obtained after derivation:

RVDL,,RE + Rpgg 2 RVDLSUR * Ry (2)
where Ry, is the leg reaction force against the sea bed
caused by lightship weight, Ry, is the leg reaction force

against the sea bed caused by variable load during preload-
ing condition, Ry, is the leg reaction force against the

sea bed caused by the variable load under extreme environ-
mental condition, R, is the leg reaction force against the
sea bed caused by ballast water during preloading condition,
R\ 1s the leg reaction force against the sea bed caused by
environmental load under extreme environmental conditions.

The leg reaction force against the sea bed caused by vari-
able load and ballast water may be classified as the problem
of gravity load distribution. The force balance principle,
considering the geometric position of the platform leg, is
used to obtain this classification. This part is no longer
comprehensively described in this study.

However, the external environmental conditions of the
platform are complex and changeable. At least hundreds of
thousands of calculation conditions are involved when
combining different operating water depths, winds, waves,
and currents. Moreover, several influencing factors should
be considered in the analysis. In addition, the platform
exhibits nonlinear and strong dynamic characteristics under
the action of external environmental loads. Therefore, the
key to constructing the stated new form chart involves de-
ducing a method to obtain the new leg reaction force against
the sea bed due to the combination of environmental loads
such as wind, wave, and current.
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3.1 New leg reaction force against the sea bed
caused by the combination of environmental
loads

The calculation of the new leg reaction force against the
sea bed caused by environmental loads using a formula is
difficult and often requires finite element analysis.

Cao et al. (2016) performed a series of static, modal,
and transient analyses for the FEM jack-up model. In this
study, a unified model for analyzing the comprehensive
nonlinear behaviors of jack-ups is proposed, considering
all environmental loads. The equilibrium equations for the
jack-up subjected to small deformations can be expressed
in matrix form as follows:

Mii + Cii + Ku = F 3)

where M, C, and K are the mass, damping, and stiffness
matrices, respectively, # is the acceleration vector, u is the
velocity vector, u is the displacement vector, and F is the
force vector described in Sections 3.1.1-3.1.4.

Equation (3) can be solved numerically. According to
the structural characteristics of the jack-up, the correspond-
ing structural model can be established using finite element
software, and M, C, and K can be automatically obtained.
Therefore, accurate calculation of the load terms on the right
side of the equation is the key to constructing the equation.

3.1.1 Wind load

As a function of the vertical location above the still water
level, the wind velocity can be expressed using an expo-
nential function according to the code DNV (2015) pub-
lished by DNV classification Society.

1

Vwind(z) = vr(z ) ' (4)

Zy

where v, is the wind velocity at an arbitrary location
above the sea surface, v, is the one-minute averaged wind
velocity at the reference height, z is the height of the load
center point above the still water level, z, is the reference
height of 10 m, and # is a selective value to be determined
by the jack-up condition, which is set as 11 for the elevat-
ed condition.

The total wind force is the sum of the wind loads acting
on each member exposed to the air of the jack-up. Assum-
ing that the wind force is a quasistatic load, the steady-
state wind pressure, P, acting normally on the member sur-
face can be described according to ABS (2023) instead of

P = fC,C vgvind Q)

where f'is equal to 0.611, v, , stands for wind velocity (m/s),
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C, is the height coefficient, and C| is the shape coefficient.
Subsequently, the wind force F' can be calculated using
the following equation for each vertical area:

F=PA (©)

where A4 is the projected area (m”), including all exposed
surfaces above sea level.

Many complicated pieces of equipment or structures are
arranged on the main deck of the jack-up platform, and
their shapes and sizes are quite different. The wind blows
from different directions to the jack-up, and a shielding ef-
fect exists between these complex pieces of equipment or
structures. Compared with the size of the main hull of the
jack-up of approximately 100 m, the wind load on a piece
of equipment or structure with a size of less than 0.5 m can
be ignored in the wind load calculation. Simultaneously, the
shielding effect between the pieces of equipment and struc-
tures is disregarded. Ignoring the small size of the equip-
ment or structure yields low wind load results, while ignor-
ing the shielding effect between the equipment or struc-
tures yields high wind load calculation results. Therefore,
the two effects cancel each other, simplifying the calcula-
tion process and maintaining the accuracy of the wind load
calculation results. Therefore, the wind load experienced
by the equipment or structure with a size of less than 0.5 m
is ignored, and the shielding effect between the structures
or the equipment is disregarded in the wind load calculation.

The solidification effect must be considered for truss
structures, such as derrick towers, booms, and helideck
structures. This effect may be approximated by consider-
ing 30% of the projected block areas of the front and back
sides, that is, 60% of the projected block area of one side
for double-sided truss operation.

The wind load is proportional to the square of wind ve-
locity. Therefore, only the wind load under the unit wind
velocity of a certain wind direction must be solved, and the
wind velocity under this wind direction can be obtained by
multiplying the load with the square of the other wind ve-
locity in the actual analysis.

3.1.2 Wave and current loads

The hydrodynamic loads acting on the jack-up are pri-
marily caused by waves and currents.

The current is assumed to be steady and can be treated
as quasistatic loads on the jack-up. Moreover, the distribu-
tion of the current linearly varies with depth. Herein, the
current velocity is the maximum at sea level and is 0 at sea
bottom, and the velocity between the sea level and bottom
exhibits a linear distribution. This conservative assump-
tion covers most of the actual distribution of current in the
general sea area.

However, the waves are treated as dynamic loads; thus,
the type of wave model is crucial for the dynamic response
analysis of jack-ups. Jalal et al. (2016) found that the wave

nonlinearity effect flattened the wave trough and sharp-
ened the crest, whereas the wave period remained unaffected.
In addition, this effect produced additional energy, which
can substantially influence the jack-up. Consequently, the
wave in the calculation is assumed to be nonlinear fifth-
order Stokes.

The velocity potential ¢ is

L3 .
—TZ ¢, ch(nks)sin(n) (7
The wave profile equation 7 is
1 5
0= 2, c0s(nf) ®)
n=1
The horizontal velocity u,, of the water quality point is

u,=c i ng,ch(nks)cos(nd) 9)

n=1

The horizontal acceleration a,, of the water quality point is

5
a,= wc z n*@,ch(nks)sin(nd) (10)

n=1

where 7 is a positive integer (1<n<5), L is the wavelength,
T is the wave period, ¢ is the wave velocity, w is the wave
circle frequency, 6 is the wave phase angle, £ is the wave
number, s is the distance from the free surface to the sea-
bed, ¢, is the velocity potential, and 7, is the waveform
coefficient.

The relationship between the wave height and the period is

T=4.1H" + 1 (11)

where H is the wave height.

During the working period of the jack-up, the legs are
the main structures subjected to hydrodynamic load. The
horizontal dimension of the legs is substantially smaller
compared to the wavelength. Thus, the Morison equation
(Morison et al., 1950) can be used to compute the hydrody-
namic loads. Furthermore, the quasistatic current load can
be superimposed on the wave load due to the joint action
of wave and current on the legs:

'CmAwaw (12)

1
f: EprdD(uc + ”W)

where p, is the sea water density (kg/m’), C, is the drag
coefficient, C,, is the inertial coefficient, D is the hydrody-
namic diameter, u_ is the current velocity, and 4, is the pro-
jected area of the component in the direction perpendicular
to the incoming flow.

Notably, the exploration of wave phase angles is per-
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formed to determine the maximum wave shear force and
wave bending moment and identify the most dangerous
working condition of the structure.

The core section of the Morison equation involves choos-
ing the drag coefficient, that is, C,. In the truss-type leg
structure, C, can be set to 0.65 in the high Reynolds number
flow field during jack-up operation for the braces of the
conventional tubular structure. By contrast, for chords with
complex rack structures, Xie et al. (2021) found that C, is
related to the chord section structure form and the angle of
the section structure relative to the incoming flow direction.

Lin and Sun (2020) calculated the hydrodynamic load
of the chord under the action of different waves and cur-
rents using CFD according to Wang (2004), and the C, value
obtained was substituted into the Morison equation.

The chord of the leg, an important supporting component
of the jack-up, is welded by two semicircle plates sandwiched
with a rectangular rack, as shown in Figure 3.

R=191 mm 2y 153.7 mm
0
=]
' \ =
~
ol
438.3 mm

Figure3 Chord section geometry

The flow field characteristics around the chord are com-
pletely different from those of tubular structures due to the
existence of the rectangular rack. Thus, a realistic K- ¢
model and a scaling wall function suitable for large pressure
gradients and high Reynolds number flow can be employed.

Figure 4 presents a sample curve of the hydrodynamic
coefficient C, of a chord section with tooth height and
thickness of 153.7 and 127 mm, respectively, in different
inflow directions. The C, coefficient of the chord in any
flow direction can be obtained by interpolating the curves
considering its geometric bisymmetry.

22
2.0
1.8
1.6

O 14
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1.0
0.8

060 20 40 60 80 100

a(’)

Figure4 C, under different inflow directions a
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3.1.3 Inertial load

The natural jack-up period typically ranges from 6 s to
14 s; thus, dynamic amplification factors with waves may
emerge in this period range. Therefore, considering the dy-
namic effects of the jack-up in the elevated condition is
often desirable due to the waves or waves combined with
current.

The random wave dynamic analysis approach is based on
the wave as a random quantity. Taylor et al. (1997) regarded
the jack-up dynamics as a Gaussian process, while Huang
et al. (2010) and Yu et al. (2012) comprehensively dis-
cussed the dynamic response of the jack-up platform, in-
cluding the study of the mechanism and the influence of
external environmental factors. ABS (2014) recommended
that the most probable maximum extreme (MPME) wave
overturning moments of selected static and dynamic re-
sponses can be obtained using a time domain approach. The
Cpar 18 the ratio of the MPME of the dynamic response to
that of the static response.

Subsequently, the inertial load can be obtained accord-
ing to Cp, and static amplitude wave force.

F[:(CDAF_I)XF :(CDAF_I)

Static 2 (Fmax - Fmin) (13)
where F, is the inertial load to be applied at the center of
gravity of the jack-up, F,,. is the static amplitude of wave
force, and F,, and F,, are the maximum and minimum
total combined wave and current force, respectively, obtained
from quasistatic structural analysis.

3.1.4 Geometrically nonlinear effect (P-Delta effect)

Under the action of horizontal wind, waves, and cur-
rents, the jack-up exhibits a horizontal displacement. Com-
pared with the vertical state, the stiffness of the leg due to
horizontal displacement becomes weaker, allowing the plat-
form to produce a new horizontal displacement. The entire
loading process exhibits geometric nonlinearity character-
istics when constantly repeated. By compiling an iterative
calculation program, the leg stiffness K in the finite element
analysis is continuously modified (Eq. (14)), until the in-
crease in the horizontal displacement of the leg is reduced
to an acceptable value.

K,=PJL, (14)

where P, is the total effective gravity load on each leg, in-
cluding the hull and leg weights above the hull and leg joint
points, respectively, and L, is the distance from the low con-
straint point to the vertical center of gravity.

3.1.5 Leg reaction force R

The constraint force of the leg can be obtained through
finite element analysis, and its vertical component is the
leg reaction force against the sea bed. The maximum leg
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reaction force under extreme and no environmental condi-
tions is R, and R, respectively. Consequently, the new ver-
tical leg reaction force Ry, is expressed by the difference
between the two forces as follows:

Rpw =R, - R, (15)

3.2 Flow chart illustration of the environmental
load chart

According to the above analysis, the relationship curve
of the new leg reaction force against the sea bead caused
by the combination of extreme wind, wave, and current
under different working water depths is established. This is

Start

Structural drawings

Expected environmental
conditions
(wind, wave, current )

Environmental load

Max leg reaction force R,

Finished

Figure 5 Flow chart illustration of the environmental load chart

FEM model building

Load application

Considering
environmental load?

DAF effect

P-Delta effect

Additional force due to
environmental load
R ENV R 1_R2

Environmental load chart

the new form of environmental load chart of jack-up pro-
posed in this study to adapt to the actual preloading situation.

The specific flow chart of the load chart drawing is shown
in Figure 5.

3.3 Application of the environmental load chart

The described load chart can perform three functions de-
pending on the known data and requirements, as shown in
Figure 6.

3.3.1 Determination of the environmental adaptability of
one jack-up in the target well location

The main process is as follows:

Step 1: Preparation of the known data

Water depth

Lightship weight

Variable load

Max leg reaction force R,
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Function 1:
Determine the environmental
adaptability for target
well location

RypLersTRPRE~RYDLsR
>Reny

Function 2:
Determine the preloading
requirement for target well
location

Rprg>
RypLsutRENVRVDLe

Function 3:
Determine allowable variable
load under expected extreme

environmental condition

RV DLSURS
RypLmTRpRE—RENY

Water depth

Expected extreme
environmental condition

Max. preloading water
under preloading condition

Actual variable load

under preloading condition

actual variable load

under extreme environmental condition

Figure 6 Application of environmental load chart

These data include the following: water depth, ballast
water upper limit, and variable load carried during the pre-
loading process; maximum value of variable load to be car-
ried during normal operation; and combination of expected
extreme wind, wave, and current that may be encountered
during the working period.

Step 2: Chart querying

An appropriate chart to query is selected according to
the water depth and expected environmental conditions in
the working site, and the value of R, under the environ-
mental conditions is determined.

Step 3: Determination of environmental adaptability

Calculation of the allowable leg reaction force against
the sea bed generated by carrying a variable load, maximum
ballast water, and maximum allowable variable load during
preloading, that is, Ryp , Rpges Rypr,,. respectively. The

adaptability can be determined according to the following
formula:

> Rony (16)

RVDLPRE + RPRE - RVDLSUR

The left side of Eq. (16) is the difference between the
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Environmental load
chart

maximum leg reaction force against the sea bed during
preloading and operation conditions, and the right side is
the additional leg reaction force against the sea bed caused
by extreme environmental conditions. If the conditions in
Eq. (16) are satisfied, then the jack-up possesses the capa-
bility to adapt to the expected environmental conditions.

3.3.2 Determination of the preloading requirement of one
jack-up in the target well location

As previously described, the chart is queried, the relevant
data are calculated, and the ballasting water volume is con-
stantly adjusted during the preloading process until the leg
reaction force against the sea bed satisfies Eq. (17), which
is the ballast water requirement for preloading.

RPRE 2 RVDLSUR + RENV - RVDLI,KE (17)

3.3.3 Determination of allowable variable load of the jack-
up under expected extreme environmental conditions

As previously described, the chart is queried, the rele-
vant data are calculated, and the variable load amount to
be carried during operation is constantly adjusted until the
leg reaction force against the sea bed satisfies Eq. (18),



C. M. Sun et al.: New Approach for Environmental Load Charts of Jack-ups Considering Actual Preloading Operations 217

which is the upper limit of the variable load to be carried
when encountering the expected extreme environments.

- RENV (18)

RVDLPRE + R

>
RVDLSUR =

(a) Top view

=

(b) Side view

Figure7 General layout of analyzed jack-up

4 Application examples

One self-elevating drilling platform is taken as the ap-
plication object to illustrate the generation process of the
described environmental load chart.

4.1 Basic known data

As shown in Figure 7, the example platform is a 300 ft
water depth jack-up with truss-type legs. The lightship
weight is approximately 6 470 t, and the total length of
each leg is 125.3 m. Table 1 lists the primary parameters
closely related to the environmental load chart.

4.2 Gridding of environmental parameters

According to the jack-up data in Table 1 and consider-
ing the actual situation that may be encountered in the future,

Table 2 shows the grid of the environmental parameters.
The upper limit of these grided environmental parameters
should not exceed the extreme design environmental data
found in the approved in-place analysis report to ensure the
security of structural strength during the preloading.

Table 1 Upper limit of environmental parameters
Parameters Upper limit
Water depth (ft) 300
Wind velocity (kn) 70
Current velocity (kn) 2
Wave height (ft) 35
Variable load (t) 3500
Table 2 Grid of environmental parameters
Parameters Grid value
Water depth (ft) 100, 150, 200, 250, 300
Wind velocity (kn) 5, 15, 25, 35, 45, 55,70
Current velocity (kn) 1,2
Weight height (ft) 10, 15, 20, 25, 30, 35

Moreover, the air gap values are not grided in this exam-
ple because the height from the platform’s bottom to the
sea is rarely adjusted unless a special case occurs; that is,
the air gap normally remains unchanged when the jack-up
stands up for working. However, if the air gap is taken as
one of the griding parameters, then the adaptability of the
environmental load chart will be highly extensive.

4.3 Finite element analysis

As shown in Figure 8, the finite element model for in-
site analysis is established according to the structural illus-
trations of the platform using the SESAM software.

The detailed model establishment, load application, and
constraint treatment are shown as follows.

1) The substituted equivalent beam with the same attri-
butes is considered in the model because the cross-section
of the leg chord is irregular.

2) The leg brace structures are built according to their
real section.

3) The equivalent beams are used to simulate the struc-
tures of the spudcan.

4) The truss beams with the same stiffness are modeled
to substitute the hull structures.

5) Horizontal displacement of the spudcan is not consid-
ered in this study, and the penetration depth of the spudcan
can be determined based on geological conditions. Consid-
ering the constraint characteristics of the soil on the spud-
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Figure 8 Finite element model of the jack-up

can, certain scholars have conducted relevant research. Aage-
sen et al. (2018) considered the possibility of beneficial ef-
fects of soil resistance generated by leg chord and brace
members. Korzani and Aghakouchak (2015) studied the
load—displacement behavior of a jack-up foundation. They
obtained moment rotation curves at the end of platform
legs to be used in a simplified model to account for the rel-
ative fixity at the soil—foundation interface. Subsequently,
the corresponding boundary constraints were applied at the
location of the spudcan.

In this study, the maximum rotational stiffness K, de-
fined by Eq. (19) is applied to the model.

K.=El(L,C,;) (19)

m ™~ min

where E is the Young’s modulus (Pa), / is the leg moment
of inertia (m*), L, is the distance from the hull bottom to
the seabed plus the penetration depth (m), and C,,,, is the
coefficient related to the structural form of the leg.

In the case of limited geological data, the boundary con-
ditions can be conservatively considered as being pin-ended
at 3.05 m below the sea bed.

6) The force transfer between the leg and the main hull
primarily depends on the locking and guiding systems.
Under in-site service conditions, the locking system con-
strains the horizontal and vertical displacements of the leg
along its axial and vertical directions, respectively. This
system also restrains the rotation freedom of the leg chord
along its axial direction. By contrast, the guiding system
constrains the horizontal displacement of the leg along the
axial direction of the guiding structures.

7) The mass value and its distribution directly affect the
natural period and the dynamic response of the platform.
Mass balls are used to represent the mass of the structures
and equipment. The quality and position of mass balls
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must be adjusted according to the actual data under the
working conditions of the jack-up.

8) The wind load is applied as follows. First, a rigid beam
is created at the geometric center of the structure or equip-
ment subjected to wind load. Subsequently, a concentrated
force is applied at the top of the beam, and the magnitude
of all wind loads and wind overturning moments is ensured
to be similar to the calculated value. Otherwise, the magni-
tude must be adjusted by the wind load value or position.

9) Regarding the inertial force, the horizontal accelera-
tion is calculated by dividing the calculated inertial force
by the total mass of the platform, which is applied to the
FE model.

10) Regarding the geometrically nonlinear effect men-
tioned in Section 3.1.4, programming languages (such as
C# or Python) and SESAM software must be combined to
implement the process.

4.4 Environmental load chart illustration

According to the process shown in Figure 5, combined
with the above finite element model, the new leg vertical
reaction force R, caused by environmental loads under
different water depths, wind speeds, wave heights, and
flow velocities presented in Table 2 can be calculated. Thus,
the environmental load chart was illustrated, as shown in
Figure 9.

The following results can be observed from the figures
in the environmental load chart.

1) With the increase in wind speed, the R, value in-
creased in the form of a parabola with an index slightly
greater than 1. This increase is reasonable because the wind
load is proportional to the square of the wind speed.

2) With constant water depth and current velocity, the
distance between the two curves corresponding to related
wave heights was nearly identical, demonstrating that the
R, force increased linearly with the wave height.

3) As the current velocity increased from 1 to 2 kn, the
R.\v value increased correspondingly under the same wa-
ter depth.

4) As the wave height increased, the R, value corre-
spondingly increased. This finding indicates that the velocity
and acceleration of the water point are large at high wave
heights, resulting in a substantial load. However, under the
same wind speed, the gradient of R, varied with water
depth. When the water depth was 200 ft and below, the
gradient value of R, increased from small to large. By
contrast, when the water depth was greater than 200 ft, the
gradient value first increased and then decreased. This phe-
nomenon is attributed to the close relation of the natural
period of the jack-up to the water depth. When the period is
close to the wave period, the inertial load reaches a maximum.

5) All curves in the chart exhibited good consistency;
thus, the results under other environmental parameters can
be directly obtained via interpolation.
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Figure 9 Environmental load chart of 300 ft jack-up
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5 Conclusions

The following conclusions can be derived from the study:

1) The environmental load chart of the jack-up is close-
ly related to the preloading operation. The chart essentially
reflects the capability of the platform to resist the future
expected extreme environments while ensuring its structur-
al strength safety. Furthermore, the preloading operation
uses ballast water to simulate the effect of encountering
possible extreme environments to ensure its safe operation
in the future. The “future possible extreme environment”
yields a close connection between the two aspects.

2) The additional leg reaction force due to the future
possible extreme environment can be derived from the dif-
ference between the maximum leg reaction force reached
during the preloading process and the force without con-
sidering any environmental load before the preload. A new
form of environmental load chart can be obtained to con-
struct the mapping of the new leg reaction force with the
grided environmental parameters and describe its connec-
tion with the preloading operation.

3) The actual preloading state of the platform directly af-
fects its adaptability to future extreme environments. Fur-
thermore, the proposed new form of environmental load
chart provides reasonable suggestions for preloading. Using
the chart, the required ballast water during the preloading
process can be easily determined, similar to that for future
extreme environments; it is usually less than the upper lim-
it of the ballast capacity. Moreover, reasonable personalized
preloading operation consistent with the future extreme envi-
ronment can reduce the loads on the jacking system device,
which is the core and expensive component of the jack-up,
thereby increasing its service life.

4) The proposed new environmental load chart can also
be used to evaluate the environmental adaptability of the
jack-up to the target operation well or provide the upper
limit of variable load at extreme environmental conditions.

5) The structural safety of the platform while using the
new form of environmental load chart is normally guaran-
teed. The environmental parameters of meshing in the pro-
cess of chart compilation are selected below the design en-
vironmental conditions; however, the actual preloading
water volume of the platform cannot exceed the design val-
ue of the maximum preballast. Therefore, the safety indica-
tors, such as the structural strength of the platform, cannot
exceed the value in the design limit state when the chart is
used, which has been checked and proven safe during the
design stage.

6) The newly formed chart is compiled without consid-
ering the influence of air gap changes. This phenomenon
is due to the rare height adjustment from the sea surface
during the platform operation process; that is, the air gap
usually remains constant. However, if the platform air gap
is further used as a meshing parameter and the correspond-
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ing calculation and analysis are outperformed, then the
obtained chart adaptability will be highly extensive.
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