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ABSTRACT: The environmental load factor in commonly used offshore platforms design code, APl RP-2A
(American Petroleum Institute - Recommended Practice 2A), is developed based on the environmental
conditions of American waters, especially the Gulf of Mexico, which have relatively extreme environmental
conditions when compared to Indonesian waters. Case studies were conducted to determine environmental load
factors in Indonesian waters, particularly the North Java Sea and Makassar Strait, categorized as shallow seas.
This analysis was carried out on the performance criteria of pushover failure. In this study, the base shear was
analyzed to describe the strength of the structure in the form of a collapse base shear (CBS) and the load in the
form of a wave base shear (WBS). CBS was obtained through pushover analysis with yield strength
randomness. WBS was obtained through in-place analysis with wave height randomness. This concept was
applied to the structure of the Monopod and Braced Monopod types of offshore platforms located in the North
of Java Sea and Makassar Strait waters which had been optimized for the WSD and LRFD design methods.
The reliability of the structure was analyzed based on the CBS and WBS values using the First Order Reliability
Method (FORM) I1. The reliability analysis results were in the form of a reliability index (). North Java Sea
gives a reliability index in the range from 3.58 to 4.38 for every design criteria. While Makassar Strait gives a
reliability index in the range from 3.17 to 3.54 for every design criteria. With a high target safety level for the
North Java Sea location, a 1.10 environmental load factor is recommended for further offshore structure design.
But, for the Makassar Strait location, more studies need to be done to get better environmental load factor
recommendations.

Keywords: Environmental Load Factor, Fixed Offshore Structure, Reliability Analysis, Pushover Analysis,
LRFD, WSD

1. INTRODUCTION developed primarily for American waters like the
Gulf of Mexico, might not be directly applicable or
The structure of the Offshore Platform must be efficient in the context of Indonesian waters.
designed following design principles, be efficient, There are over 500 offshore platforms located
and meet national and internationally recognized across Indonesian waters and some water still has
standards. The standard commonly used in the huge potential [2, 3]. Two productive oil-producing
design of offshore platforms is APl RP-2A waters in Indonesia are the North Java Sea, with a
(American Petroleum Institute - Recommended depth of 45 meters below sea level, and Makassar
Practice 2A). In APl RP-2A LRFD [1], the Strait with a depth of 50 meters below sea level [4—
environmental load factor is developed based on the 6]. Both waters are categorized as shallow waters.
environmental conditions of American waters, The significant wave height in the North Java Sea
especially the Gulf of Mexico, which have reaches 3.55 m and 3.73 m in Makassar Strait based
relatively extreme environmental conditions when on SEAFINE data [7], while the significant wave
compared to Indonesian waters. This makes it height recorded from 2002 to 2006 in the Gulf of
possible for them to be unsuitable for application in Mexico has a maximum value of 12.05 m [8]. Other
Indonesian territorial waters and makes offshore research states that a 100-year return period of
platforms inefficient. Therefore, it is necessary to significant wave height in that sea reaches 21.5 m
conduct a study that examines the environmental [9, 10]. Consequently, a pressing need exists to
load factors that are suitable to be applied in investigate and determine environmental load
Indonesia. factors that are specifically suitable for application
The design principles and efficiency of offshore in Indonesian waters which have far wave height
platforms are paramount, necessitating adherence to compared to the Gulf of Mexico.
recognized standards such as APl RP-2A. However, In this research, a study was carried out to
it is crucial to acknowledge that these standards, examine environmental load factors in two waters
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in Indonesia, the North Java Sea and Makassar
Strait. Other similar research was done in the
Nigerian Sea, and the Gulf of Mexico itself [11, 12].

Similar research has not been done in this water area.

Therefore, the study was conducted to obtain the
optimal environmental load factor using the
reliability analysis method of the structure. A
reliability analysis must be performed using a
specific failure condition or performance. Several
performance conditions may be applied to offshore
structures as fatigue performance [13-17],
structural dynamic response [18], pushover collapse
[19], and member stresses [20, 21].

In this research, reliability analyses are
performed on the performance criteria of pushover
collapse failure and stress performance. In the
performance criteria of pushover collapse failure,
the structure is given maximum strength until just
before the structure reaches collapse from wave
loading.

This research addresses this critical knowledge
gap by examining the environmental load factors in
Indonesian waters. Using reliability analysis
methods, this research aims to determine the
optimum environmental load factor for offshore
platform design in Indonesian waters.

This study will not only enhance our
understanding of offshore platform design in
Indonesian waters but also contribute to the
development of more cost-effective  and
economically feasible structures in the future.

2. RESEARCH SIGNIFICANCE

The environmental load factor that is suitable
for application in Indonesian water will produce
less weight offshore platform structure. This
research, and the following with the same aim, will
make the environmental load factor more
comprehensive for Indonesian water. As the
structure becomes lighter, the cost of construction
becomes cheaper. This will make more structure to
be economically feasible in Indonesian water.

3. METHODOLOGY
3.1 Wave Data

Wave data used in this study came from
SEAFINE. SEAFINE itself is a wave data modeling
based on wind data (hindcasting) in the South China
Sea [7, 22]. The location to be analyzed in this study
is the North Java Sea at -6.726°S and 112.784°E and
Makassar Strait at -0.702°S and 117.796°E.

The wave data used are significant hourly data
in 58 years. The data can be analyzed for statistical
parameters and the frequency of occurrence can be
analyzed with a histogram. 58 years of wave data
are approximated by theoretical distribution theory.
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The theoretical distributions used include Normal,
Lognormal, Gumbel, Weibull, and Rayleigh. The
most suitable theoretical distribution is determined
based on the goodness of fit test [23].

There are 2 methods of the goodness of fit test
conducted in this study, the Kolmogorov-Smirnov
(KS) and Chi-Square. Kolmogorov-Smirnov
method gives the result from the maximum
difference between the theoretical and the
observations cumulative density function [24].
While Chi-Square takes into account the difference
between expected and observed frequencies [25].

The relationship between significant wave
height and maximum wave height can be
determined based on Eq. (1) for the design of
offshore structures [26].

Hpax = 2H; 1)

3.2 Structure Modeling

Two types of monopod structures with the same
topside in each location were considered in this
research, which are unbraced monopod, which will
be referred to as monopod hereafter, and braced
monopod. A dead load of 1,000 kN is applied to the
topside model. These structures are designed and
optimized based on APl RP-2A LRFD using in-
place analysis. In addition, structures designed with
the LRFD method with environmental load factors
of 1.00, 1.10, and 1.20 are also conducted in this
research. Other structures designed based on API
RP-2A WSD are used for target reliability index
value. The optimized design is carried out by
changing the dimensions of the leg member to reach
a unity check (UC) value of 1.00. For more detailed
analysis, fatigue analysis may be carried out on the
offshore structure [14-17, 27].

An elastic modulus of 20,000 kN/cm?, shear
modulus of 7,722 kN/cm?, density of 7,849 tons/m?,
and yield stress of 24.8 kN/cm? are applied to the
model. The loadings modeled in this study include
the structure's own weight and buoyancy,
equipment dead load, and environmental load. The
research only considers the wave load as it provides
the largest environmental load to the structure [8].
The wave load is modeled in 12 directions. Other
environmental loads such as current and wind loads
are neglected.

3.3 Static Pushover Analysis

The optimal monopod and braced-monopod
offshore platform structure models were analyzed
by static pushover. Wave pushover loads are
applied with various load factors. The wave load
(lateral) when the structure collapses compared to
the design wave load (lateral) is called the Reserve
Strength Ratio (RSR) [28].
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The RSR value is needed to determine the
extreme direction, by doing pushover static analysis
with the same structure and environmental data
except for the wave direction. The analysis was
carried out for 12 wave directions and each collapse
base shear (CBS) value was taken. From the CBS
value obtained from the pushover and wave base
shear (WBS) obtained from the in-place analysis,
the RSR is calculated. The direction that produces
the smallest RSR value is the most extreme.

After the extreme directions from each location
are obtained, the pushover static analysis is carried
out to find the relationship between the yield stress
of the structure (f;,) and the CBS value according to
the selected extreme direction. In this study, a
pushover static analysis is performed 58 times for a
structure with 58 different f,, values, all of which
were analyzed at the extreme.

3.4 In-place Analysis

As previously stated, this analysis is performed
to obtain the model response to the appropriate
loads and conditions at the operating location [29].
Another result is the WBS function which is the
relationship between the structure's maximum base
shear and the maximum wave height that has been
converted from maximum significant wave height
data for 58 years. The maximum base shear value of
the structures is obtained from the in-place analysis,
then it is plotted against the maximum significant
wave height.

3.5 Reliability Analysis

The results of static pushover analysis will be
processed to obtain the structure’s reliability index
(B)- Not only for the design process, reliability may
also be used for other needs, such as determining
underwater inspection [28]. The method used is the
First Order Reliability Method (FORM) Il. Based
on the value of the reliability index (f) of the
structure, the environmental load factor can be
determined.

Collapse failure mode was chosen for the
performance function. The limit state equation
indicates the safety margin between resistance and
load as in Eq. (2) [30].
g=R—-5<0 (2)

Where g is the limit state function. Here, the
CBS acted as the resistance variable (R), while the
WABS acted as the internal force (S). By inserting
each variable formula, the equation becomes as in
Eg. (3). This equation will be used to calculate the
reliability index of the structure.

9(f, H) = CBS(f,,) —WBS(H) < 0 (3)
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4. RESULT AND DISCUSSION
4.1 Wave Analysis

Significant wave height (H;) and peak wave
period (T,) data in both locations were taken from
SEAFINE for 58 years in 1-hour time steps. The
relationship between the wave height and the wave
period is determined by finding the equation that
most closely matches the relationship between the
wave height and the wave period or so-called curve
fitting. Based on the value of the suitability of the
data (R), the logarithmic equation is the closest to
the equation.

Meanwhile, wave distribution analysis is carried
out on Normal, Lognormal, Gumbel, and Weibull
theoretical distributions. Distribution analysis was
performed using the Chi-Square and Kolmogorov-
Smirnov methods. The goodness of fit test result for
each location is shown in Table 1, while the PDF
graphs are shown in Fig.1 and Fig.2.

Based on these results, the Lognormal
distribution produces the smallest error value for the
North Java Sea region. On the other hand, the
Gumbel distribution produces the smallest error
value for the Makassar Strait region. The selected
distribution’s error values meet the error limits
requirement.

Table 1 Goodness of fit test error value for each
location

North of Java Makassar
Distribution Chi Sea Ch_Stralt
" ks " ks
Square Square
Normal 10.08 0.09 5.38 0.13
Lognormal 6.41 0.03 211 0.08
Gumbel 16.44 0.05 1.41 0.04
Weibull 22.71 0.14 9.48 0.18
Error Limit 11.07 0.18 11.07 0.18
1.2
Hs data
Ir m==Normal
=——=]0g Normal
0.8 —— Weibul
3 0.6+ Gumbel
0.4+
0.2
0 d Lo L1
0 05 1 15 2 25 3 35 4 45 5

H (m)

Fig.1 The probability density function of wave data
and test distributions (North of Java Sea).
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Fig.2 The probability density function of wave data
and test distributions (Makassar Strait)

Based on these results, the Lognormal
distribution produces the smallest error value for the
North Java Sea region. On the other hand, the
Gumbel distribution produces the smallest error
value for the Makassar Strait region. The error
values from the selected distributions meet the error
limits.  The concurrent results  between
Kolmogorov-Smirnov and Chi-Square are in line
with the results of other studies [23].

Using extreme value analysis, we obtain the
design wave height values, using a 100-year return
period, which can be seen in Table 2. These values
will be used as the only environmental load, as
explained earlier, for offshore platform structure
design.

Table 2 Design wave height and wave period

Value
Parameter North of  Makassar Unit
Java Sea Strait
Hiax100 7.27 7.29 meter
Tnax100 10.20 9.50 second

4.2 Structure Modeling

The structure design models with the important
elevations at each part are shown in Fig.3 for the
North Java Sea and Fig.4 for the Makassar Strait.
On the left is a monopod structure, while on the
right is a braced monopod structure. The two areas
of water give the difference in structure height.

This monopod and braced monopod structure
are simpler than three-legged and four-legged
structures used in some other research [31]. By
using a simpler model, this study aims for results
that may be more fundamental than other studies.

Using every combination of loads that will
provide the maximum load, 20 structures with
different leg member dimensions, outer diameter
(OD), and wall thickness (WT) in each location are
obtained as shown in Table 3 and Table 4.
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Fig.3 Structure models in the North of Java Sea
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Fig.4 Structure models in the Makassar Strait
(Monopod on left and Braced Monopod on right)

Table 3 Optimum structure dimensions (cm) for
each criterion (North of Java Sea)

Criteria Monopod Braced Monopod
oD WT oD WT
LRFD 1.00 145 1.55 1.65 0.88
LRFD 1.10 145 1.61 1.65 0.92
LRFD 1.20 145 1.67 1.65 0.95
LRFD 1.35 145 1.76 1.65 1.00
WSD 145 1.82 1.65 1.03

Table 4 Optimum structure dimensions for each
criterion (Makassar Strait)

Criteria Monopod Braced Monopod
OD WT oD WT

LRFD 1.00 165 1.44 1.65 1.01
LRFD1.10 165 150 1.65 1.05
LRFD1.20 165 157 1.65 1.08
LRFD 135 165 1.66 1.65 1.13
WSD 165 1.67 1.65 1.18
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4.3 Pushover Analysis

Based on the extreme direction analysis, the
monopod structure has an extreme direction of 180°
while the braced monopod has an extreme direction
of 30° in the North of the Java Sea. In Makassar
Strait, the monopod structure has an extreme
direction of 0° while the braced monopod has an
extreme direction of 180°. This wave direction is
selected for the next pushover analysis using the
random yield strength data.

The randomness of yield strength was generated
for steel type A36 with statistical parameters in the
form of a mean of 39.36 ksi (27.14 kN/cm?), a
coefficient of variation of 0.078, and a lognormal
distribution [32]. A total of 58 random yield
strength data is generated. For reliability analysis,
the yield stress data for each location are shown in
Fig.5 for the North Java Sea and Fig.6 for the
Makassar Strait.
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Fig.5 Yield strength histogram used for structures
in the North of Java Sea
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Fig.6 Yield strength histogram used for structures
in Makassar Strait

Then pushover analysis is performed 58 times
using the generated random yield strength data. The
structure's deformations in each design are depicted
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in Fig.7 until Fig.8. It can be concluded that the
structure designed using WSD criteria has a
stronger structure, or in other words, a stronger
structural capacity due to a larger cross-sectional
thickness. Both monopod and braced monopod
structures have the same tendency to displacement.
The monopod structure failed with a large
displacement, in contrast to the braced monopod
structure which failed with not too large
displacement.
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Fig.7 Typical Deformation of WSD (left) and
LRFD (right) Braced Monopod
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Fig.8 Typical Deformation of WSD (left) and
LRFD (right) Monopod

4.4 Wave Base Shear

The relationship between the wave height and
the wave base shear is shown in Fig.9 and Fig.10.
Those relationships must be approached with a
mathematical equation so that they can be processed
to obtain a structural reliability index. The
mathematical function that can approach this
relationship well is the power function. This
equation is shown in both graphs. Based on these
results, the wave base shear gets higher when wave
height gets higher.
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Fig.9 Relationship between the wave height and
wave base shear in the North of Java Sea
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Fig.10 Relationship between the wave height and
wave base shear in Makassar Strait

4.5 Reliability Analysis

The performance functions are shown in Eq. (4).
The structure strength capacity parameter (R) is
taken from the CBS value made in the function of
fy. The load parameter, wave load, acting on the
structure (S) is obtained from the WBS value made
in the function of (H). The CBS and WBS are in the
form of power functions.
9(F,H)=c.fl—aHl <0 (4)

The CBS equation as a function of f,, is sought
as the most appropriate from the line equation
(trendline) from the graph plot of the 58 data sets f,
and CBS. The WBS equation is a function of H
from the relationship of 58 data sets wave height
and WBS.

The results from pushover analysis and in-place
analysis are concluded in Table 5 and Table 6. The
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WBS and CBS equations from Table 5 for the North
Java Sea and Table 6 for the Makassar Strait will be
used for the reliability index calculation using
FORM II. The results of the reliability index using
FORM Il are shown in Table 7 and Table 8.

Table 5 The CBS function for each design criterion
in the North of Java Sea

Criteria Monopod Braced Monopod
LRFD1.00 3.01-FM72  11.85- F>%%
LRFD 1.10  3.27-F}0%6 1177 - F%9%°
LRFD 1.20 3.54-FM058 12,12 Fo%!
LRFD1.35 3.90-FL05% 1273 F>977
WSD 4.78- F1026 1585 . 1001

Table 6 The CBS function for each design criterion
in the Makassar Strait

Criteria Monopod Braced Monopod
LRFD 1.00 3.47 - ;061 10.40 - F}044
LRFD 1.10  3.73- 199 11.14 - F1043
LRFD 1.20  4.01-E!58 12.10 - F1037
LRFD 1.35  4.49 - F}% 13.30 - F1035
WSD 445 - F1054 14.73 - F1028

Table 7 Reliability Index () for each design
criteria in North of Java Sea

Criteria Monopod Braced Monopod
LRFD 1.00 3.58 5.796
LRFD 1.10 3.74 5.795
LRFD 1.20 3.88 5.80
LRFD 1.35 4.08 5.81
WSD 4.38 6.56

Table 8 Reliability Index (B ) for each design
criteria in Makassar Strait

Criteria Monopod Braced Monopod
LRFD 1.00 3.17 4.62
LRFD 1.10 3.27 4.73
LRFD 1.20 3.39 4.84
LRFD 1.35 3.53 4.99
WSD 3.54 5.13

Monopod and braced monopod structures
designed in the North of the Java Sea have a greater
reliability index than structures designed in
Makassar Strait waters. The difference between the
reliability index value of the WSD method and the



International Journal of GEOMATE, Nov., 2023 Vol.25, Issue 111, pp. 94-103

LRFD structure of the monopod and braced
monopod in Makassar Strait is smaller than that of
the North Java Sea.

This structure designed for both locations has a
higher reliability index value than that designed for
Malaysian water, 2.96 [33]. But, this reliability
index is smaller compared to other structures
designed for the Java Sea which has a range of 8.10
to 12.63 [31]. Compared to the 4-legged and 6-
legged offshore structure designed for 3 Malaysian
water with a reliability index of 3.76 and 3.72,
structures for North of West Java has a bigger
reliability index but for Makassar Strait is smaller
[34]. Other research takes place in the Natuna Sea
for the 4-legged structure that has a reliability index
of 4.10 [19]. That shows that the reliability index
varies for every sea.

The structure of the braced monopod in the
North of the Java Sea has the same diameter as the
Makassar Strait waters but with a smaller thickness.
This should make the structure of the North of the
Java Sea braced monopod has a smaller reliability
index if all the same parameters are used. However,
the structure of the braced monopod in the North of
the Java Sea has a shallower depth and different
water characteristics. The difference in water
characteristics lies in the theoretical distribution
that approximates the wave distribution. North Java
Sea waves have a Lognormal distribution, while the
Makassar Strait waters have a Gumbel distribution.

This also applies to the monopod structure. The
monopod structure of the North Java Sea has a
smaller diameter and greater thickness than the
Monopod structure of the Makassar Strait waters.
Although the thickness is greater, the cross-section
of the North Java Sea Monopod structure has a
smaller cross-section due to its smaller thickness.
Similar to the reasons for the previous analysis of
the braced monopod structure, these regions have
differences in the theoretical distribution that are
close to the distribution of wave height so that the
reliability index of the structure designed in the
northern part of Java waters is greater than the
Makassar Strait waters.

4.6 Load Factor Analysis

The reliability index value of monopod and
braced monopod structures must at least meet the
normal safety class (8 = 3.09) based on the
recommended value [35]. In a certain condition
when a failure occurs in the structure, it does not
pose a risk to humans and damage to the
environment. A bigger reliability index target of
3.72 is chosen for structures in the North of the Java
Sea, while a reliability index target of 3.09 is chosen
for structures located in Makassar Strait.

The graph of the relationship between the
environmental load factor LRFD and the reliability
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index for the monopod and braced structure in each
location can be seen in Fig.11 until Fig.14.
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Fig.11 The LRFD environmental load factor for
Monopod in the North of Java Sea
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Fig.12 The LRFD environmental load factor for
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Fig.13 The LRFD environmental load factor for
Monopod in Makassar Strait
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Fig.14 The LRFD environmental load factor for
Braced Monopod in Makassar Strait

The reliability index of most structures exceeds
the structure's reliability target, except for the
monopod structure designed with LRFD factors of
1.00 and 1.10 in the North of the Java Sea. That
gives an environmental load factor recommendation
value of 1.10. This result is close to other research
results, 1.16 for other structures in the Java Sea [31].
Therefore, both monopod and braced monopod
structures in the North of the Java Sea and Makassar
Strait can use a design environmental load that is
smaller than the environmental load with a return
period of 100 years. The structures designed with
LRFD also have a lower reliability index than those
designed with WSD. This result is limited to the
structure type, water area, and assumptions used.

5. CONCLUSION

The recommended environmental load factor
for storm conditions (yg) in the North of Java Sea
based on a monopod is 1.10 with a high safety class
target. However, there is no recommendation for a
braced monopod in this water and Makassar Strait
for both of structures.

The monopod and braced monopod structures in
the North of the Java Sea and Makassar Strait are
recommended to be designed using environmental
loads with a return period of less than 100 years to
produce a more efficient structure based on the
reliability index target.

Further studies using varied topside weight
values, deck and jacket dimensions, and more
resistance parameters need to be conducted to
obtain more comprehensive results. Studies using
environmental loads with a return period of less
than 100 years should also be conducted. The
relatively calm Indonesian waters make the use of
the 100-year return period less efficient.
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