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Abstract
In this study, the technical papers on structural condition assessment of aged fixed-type offshore platforms reported over the past
few decades are presented. Other ancillary related works are also discussed. Large numbers of researches are available in the area
of requalification for life extension of offshore jacket platforms.Many of these studies involve reassessment of existing platforms
by means of conducting pushover analysis, a static nonlinear collapse analysis method to evaluate the structure nonlinear
behaviour and capacity beyond the elastic limit. From here, the failure mechanism and inherent reserve strength/capacity of
the overall truss structure are determined. This method of doing reassessment is described clearly in the industry-adopted codes
and standards such the API, ISO, PTS and NORSOK codes. This may help understand the structural behaviour of aged fixed
offshore jacket structures for maintenance or decommissioning.
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1 Introduction

1.1 Offshore Jacket Platform

In the year 1947, in the coast of Louisiana off Gulf of Mexico
(GOM), the first offshore oil and gas platform was born in
about 5 m of water depth. Since then, offshore platforms have

been used actively in the oil and gas industry for decades. The
offshore oil and gas industry was having a steep growth there-
after, and it contributed to 14% of the global production in
30 years. By the year 2010, it increased to about 33% of the
global production (Kurian et al. 2012). To date, about 10,000
offshore platforms have been designed and installed through-
out the world. The exponential growth of the oil and gas
industry was triggered by the development in the energy-
hungry post world war countries, the massive industrialisation
processes in the 1970s and the liberalisation and the phenom-
enal growth in the economy of the BRICS countries (Brazil,
Russia, India, China and South Africa) by the 1990s.

These factors contributed to the fast expansion and steady
growth of the offshore oil and gas industry as well as the
utilisation of the offshore platforms. An offshore platform is
defined as a structure which has no fixed access to land and is
required to stay safe in all weather conditions. Offshore platforms
may be fixed to the seabed or floating. Almost all early offshore
rigs were fixed-type platforms or fondly known as ‘Jackets’,
mostly in shallow to intermediate waters, located in water depths
of notmore than 500m. They are piled to the ground and support
decks and/or functional platform facilities as shown in Figure 1.
The design life of a typical jacket platform is between 20 and
30 years except for minimal production platforms with a 10-year
design life. They are designed to provide support for the
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exploration and production facilities above the wave elevations.
They need to perform under the service conditions which consti-
tute of extreme and operational environmental conditions where
the loads are generated from wind, wave and current.

Though offshore oil and gas industry has been active and
grown rapidly since 1947, the design standards and guidelines
for offshore jacket platform design were only made available
in 1969 by publishing the first edition of API RP 2A
(American Petroleum Institute Recommended Practice).
Before 1969, there were no common design standards or
guidelines available. The early platforms were designed based
on the industry experience from onshore steel structure de-
sign. Since the introduction of the first edition of the API RP
2A document, there have been many revisions to the code
over the past couple of decades. This has made the design
basis and criteria of the platforms which were designed using
the early edition obsolete by now (Mortazavi and Bea 1995).

In the south-east Asian region, the oil and gas industry
blossomed in mid-1970s by the setting up of many national
oil companies (NOCs). Today, the region is very active with
offshore oil and gas exploration and production activities.

Profit sharing contract (PSC) is the term typically coined for the
agreement between global players andNOCs for the development

of the fields and facilities. Under the contract, NOCs own the
assets, and the PSC partners develop and manage the fields and
the facilities throughout the contract duration. Profit is shared be-
tween the parties with a predetermined ratio. Contract period
varies from 20 to 25 years. After the completion of the contract,
the platform assets will be returned to the owner, i.e. NOCs. The
typical condition of the assets while it is handed over is aged, with
high wear and tear and yet acceptably maintained.

In this technical review, the documented researches are
grouped into categories based on the sequence of the current
research direction. Large numbers of research studies are
available in the area of requalification for life extension of
offshore jacket platforms. Many of these studies involve reas-
sessment of existing platforms by means of conducting push-
over analysis, a static nonlinear collapse analysis method to
evaluate the structure nonlinear behaviour and capacity be-
yond the elastic limit. From here, the failure mechanism and
inherent reserve strength/capacity of the overall truss structure
are determined. This method of doing reassessment is de-
scribed clearly in the industry adopted codes and standards
such the API, ISO, PTS and NORSOK codes.

1.2 Condition Assessment

Condition assessment or reassessment is defined as “the pro-
cess of monitoring the integrity of a platform and assessing its
fitness for purpose. It is known that remaining structural
strength and fatigue performance should be checked by time
based onwell planned condition assessment procedure (Wong
and Kim 2018; Mourão et al. 2019, 2020). In the process,
changes in the platform function, estimates of environmental
conditions, and physical condition through inspection are
evaluated to better quantify the risk associated with its contin-
ued operation” mentioned by Banon et al. (1994). Typically,
condition assessment is triggered by

1) Changes from original design (e.g. change of platform
exposure level such as from unmanned to manned, mod-
ification to the facilities, subsidence due to extraction of
hydrocarbon and increase of environmental conditions).

2) Damage of structural members due to major events such
as dropped objects, small fire and/or blast, boat impact.

3) Deterioration of primary structural components due to
ageing effect such as corrosion and fatigue crack.

4) Exceeding original design service life.

From the nonlinear collapse analysis, further progression
into structure reliability analysis focusing on system safety is
performed to evaluate the probability of failure of ageing plat-
forms. Very few studies have reported on component reliabil-
ity and component to system reliability. This is despite the fact
that offshore platforms are designed on component basis rath-
er than system. It has also been noticed that prior to the

Figure 1 Typical shape of offshore jacket platform (Fadly 2011)
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platform failure, depending on the degree of determinacy of
the platform, several components would have yielded.

This section describes the reassessment procedure outlined
in the codes, as practiced by the industry and the works of the
researchers in this area. Most of the available codes and stan-
dards pay more attention to the design of new platforms.
Hence, as mentioned by Nichols et al. (2006), reassessment
guidelines recommended by current codes and standards are
still immature in terms of its wide applicability and its
resilience to variety of nature of design, operation and
environment of the platforms. The API (2007) RP 2A WSD
code, being the mostly utilised recommended practice (RP)
among the industry players, prescribes common guideline
for the reassessment of offshore jacket platforms in its
Section 17 while the ISO (2007) code in its Section 24. The
guideline is prepared from the collective industry experience
gained to date as well as from the number of researches have
been conducted.

Topside and underwater surveys as well as the soil foun-
dation data are integral of the reassessment procedure. The
recommended guide on the reassessment starts with platform
risk screening, followed by design level analysis and finally
ultimate strength analysis. The risk screening level comprises
of platform selection, categorisation and condition assess-
ment. Failure to fulfil this level will lead the platform to design
and ultimate strength level analyses. The design level analysis
has been described as simpler compared with the complex
ultimate strength analysis. In addition, in the ultimate strength,
the analysis begins with linear global followed by global in-
elast ic analyses. In performing reassessment for
requalification purpose, an ageing platform must demonstrate
adequate strength and stability to survive ultimate strength
loading criteria prescribed by the codes.

Many NOCs, typically follow own technical standards,
which adopt the API guide for reassessment. The primary
objective of the reassessment, according to the company, is
to predict the strength performance against excessive load and
insufficient strength. The reassessment procedure is crafted in
such a way that the assessment difficulty increases as it moves
from Risk Level to Global Ultimate Strength Analysis
(GUSA) Level, i.e. from qualitative to quantitative approach.
Risk-level assessment utilises factors influencing the likeli-
hood of failure (LOF) and the consequence of failure (COF)
of the platform to establish the risk level andmap it into a 5 × 5
risk matrix. That is followed by design level assessment or the
static in-place analysis. When a platform fails to comply with
the acceptance criteria, load and resistance rationalisation
which optimises the inherent conservatism in the initial design
is practiced. Followed by reassessment in the form of GUSA
is performed (Ayob et al., 2014a). Target reliability typically
used in Malaysian industry practice is adopted form API RP
2A-WSD, with RSR value 1.32 for unmanned platform and
1.6 for manned platform. But the last decade has seen that

Malaysian industry is looking to adopt ISO 19902 with re-
gional annex for Malaysia. ISO code suggests that the plat-
forms are designed for 100-year return period of load but
reassessed for 10,000-year return period or 1 × 10−4 probabil-
ity of failure for manned platforms and 1000-year return peri-
od or 1 × 10−3 probability of failure for unmanned platforms.
In the context of RSR, ISO code suggests RSR value of 1.85
for high-consequence platforms, i.e. manned platforms and
RSR value of 1.5 for low-consequence platforms, i.e. un-
manned platforms. Since the ISO code is based on probabilis-
tic design, the environmental load factor adopted is 1.35, as
has been prescribed by the ISO code, which is derived from
studies performed in the Gulf of Mexico and North Sea. But
metocean studies performed near Malaysian waters have
shown that the environmental condition is more benign than
Gulf of Mexico and North Sea. Hence, in a recent study, an
environmental load factor ranging from 1.255 to 1.295 was
developed, derived from similar target reliability between ISO
and API RP 2A-WSD codes.

Since the evolution of the offshore jacket platform in 1947
in the coast of Louisiana off Gulf of Mexico (GOM), it has
seen steady growth of the platform installation around the
world estimated to be in the order of 10 000 units to date.
By industry standard, a jacket platform design life is around
20 to 25 years. Hence, by 1970s to 1990s, many offshore
platform installations in the North Sea and Gulf of Mexico
were nearing their design life. This has prompted industry
wide attention on integrity of the existing ageing jacket plat-
forms. The industry looked into procedural development in
reassessing those ageing platforms. Following that, many re-
searchers have studied the field of reassessment of jacket plat-
forms for life extension. In the past few decades, they have
contributed to the development of the theoretical background
of proper industry-wide accepted procedures and guidelines.
Risk assessment and mitigation were the main focus of most
of the work, apart from enabling the procedure to be
scrutinised, refined and updated further. To their assistance,
back then, when those ageing platforms were designed, insuf-
ficient location-specific environmental data and computing
tools for efficient and easy structural analysis, lead to conser-
vative design in terms of metocean design data and
component-based design approach. This has implicitly helped
the reassessment of ageing platforms for life extension. The
inherent conservatism assisted in providing redundant and ro-
bust platforms which weathered the degradation which came
with age.

Bea (1974) is among the pioneer in this area. He has de-
vised reliability analysis in the reassessment process into five
major parts, namely loading probabilities, resistance probabil-
ities, reliability estimates, value analysis and design criteria.
By the 1990s, the state-of-the-art jacket-type platform reas-
sessment issues in GOM has been reviewed by Banon et al.
(1994). This is because the number of ageing jacket platforms
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worldwide has increased, hence reassessment to determine
their fitness for purpose has gained considerable attention
from the oil and gas industry and the regulatory agencies
worldwide. But the reassessment process is found to be time
consuming and costly relative to the design of a new platform,
as it requires multiple steps such as gathering of information
on design and actual physical condition of the platform,
modelling of all the significant damages found, structural
analysis of the platform, calculation of the safety indices and
identifying the necessary mitigation and repair plan. It is also
associated with high degree of uncertainty.

Meanwhile, Mobil E & P considered reassessment exercise
in the GOM in the 1990s as timely, as it has one third of its
250 platforms aged 20 years or older (Day, 1994).
Reassessment is necessary as many of those platforms were,
at that time, still having significant economic value due to
improved reservoir engineering techniques and advanced sec-
ondary and tertiary oil recovery methods. The necessary tools,
procedures and expertise needed to conduct reassessment for
fitness for purpose is acknowledged available. However this
conflicts with the earlier conclusion by Banon et al. (1994).
This is because in 1992, API has set-up a task force to develop
guidelines for reassessment of existing platforms and the task
force members had published their work to be adopted by
industry which may be referred to Krieger et al. (1994). The
motivation for developing this reassessment guideline was the
evolution of jacket platform design practice over the past cou-
ple of decades, resulting in new platform design standards
getting stringent than those older ones. The concerns raised
by the regulating agencies in the USA, among others, are the
adequacy of the older platforms to face occurrence of extreme
environmental events like hurricane Juan in 1985, the Loma
Prieta earthquake in 1989 and hurricane Andrew in 1992.
Case studies utilizing the developed procedure were done
successfully by Craig and Digre (1994) on three US West
Coast production platforms. Following that, API officially
issued the guideline as draft Supplement 1 for both the WSD
and LRFD, RP2A-LRFD (API 1993), versions of API RP 2A
in 1995 and subsequently has included in the new edition of
API RP 2A in 1997, which also forms the basis for the anal-
ogous guidance in ISO 13813-2 for fixed steel platforms.
Details may be referred to Moan (2000). In addition, damage
assessment techniques for fixed and offshore platforms sub-
jected to hurricane may be referred to Energo (2007, 2010).

From then onwards, many researchers, i.e. Tromans and
van de Graaf (1994), Visser (1995), Sturm et al. (1997), Bea
(2000), Hansen and Gudmestad (2001), Capanoglu and
Coombs (2009), Bao et al. (2009), Gening and Ruiguang
(2010), Håbrekke et al. (2011), Solland et al. (2011), Ayob
et al. (2014b), Kurian et al. (2014a, b), George et al. (2016),
Kim et al. (2017b) andMohd Hairil et al. (2019), have utilised
the reassessment guideline from the standards to demonstrate
the safety of platforms by considering ageing effects as well as

the low-risk potential for environmental damage from the op-
eration of those platforms. A study related to the
decommisioned offshore platforms converted in offshore
wind turbine is also recently introduced byAlessi et al. (2019).

Petruska (1994) has adopted the newly launched code re-
assessment guide on a 1950 vintage shallow water platform in
GOM to assess its fitness of purpose to extend its life span.
Visser (1995) has studied reassessment of jacket structures in
Cook Inlet, Alaska, utilizing the newly released API guideline
on reassessment. Condition survey and reassessment audit of
several ageing high-consequence platforms which were de-
signed and installed in the mid-1960s were conducted.

Following Hurricane Roxanne which rocked Bay of
Campeche in 1995, PEMEX initiated a program to reassess
and requalify the affected platforms according to API
guidelines. The findings showed that majority of the platforms
would not qualify for the continued service without very
expensive and extensive remedial work. Thus, Bea (2000) has
conducted study on how risk assessment and management
(RAM), a process developed in 1970s, is applied to the
requalification of PEMEX platforms. Bea studied the results
from field tests to verify loading and capacity analytical models
and characterise the bias and uncertainty in the models. Among
the biases discovered include wave attenuation due to the soft
seafloor soils and extreme condition wave-current directionality.

Banon et al. (1994) reviewed the state-of-the-art jacket re-
assessment issues in GOM as a result of an effort by ASCE
Committee on Offshore Structural Reliability. With the in-
creased usage and confidence in the reassessment method,
many researchers studied the effect of controlling variables
on the requalification of existing platforms. Dalane and
Haver (1995) studied reliability assessment of an existing
jacket platform in 70-m water depth at North Sea exposed to
reservoir subsidence due to hydrocarbon extraction activities.
The safety of the platform is quantified in terms of wave-in-
deck due to reduced air gap. Environmental loading, statistical
and modelling uncertainties are quantified for the reliability
analysis accounted for in the study. Hansen and Gudmestad
(2001) also have looked into reassessment of existing jacket
platform in North Sea, subjected to wave-in-deck due to sub-
sidence as well as from revised environmental criteria.

Couple of researchers reviewed the development of avail-
able methods for safety requalification of jacket platforms.
They gave complete picture of the methods, both
deterministic and probabilistic, under extreme loading and
also on the treatment of the resistance. Key issues like
behaviour uncertainties and sensitivities, validation and
benchmarking of the methods were examined. Highlighted
also are the number of technical and philosophical issues
which need to be addressed to increase the benefits from
system reliability applications in design and reassessment of
offshore jacket platforms as stated by Moan (2000) and
Onoufriou and Forbes (2001).
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Nichols et al. (2006) addressed the current issues where the
continued use of ageing jacket platforms requires reassess-
ment but the code recommended guides are inadequate.
Hence, reassessment procedures, tools and technology initia-
tive improvements are imperative. In this work, the challenges
and probable solutions in managing the long-term integrity of
the ageing platforms were described. The details on how those
solutions are assisting in the ongoing development of Carigali
Structural Integrity Management System (CSIMS) were pre-
sented as well. The adopted process is in line with the recent
development of standalone API RP 2SIM, for the structural
integrity management (SIM) of existing structures (Westlake
et al. 2006).

Contribution to further development in the theoretical
background of the procedures for life extension of existing
jacket platform is made recently. This includes work on sys-
tem strength parameters and the use of probabilistic methods
in reliability analysis. Criterion for reserve strength ratio, dam-
age strength ratio and reserve freeboard ratio has been sug-
gested. Probabilistic predictive Bayesian method has been
proposed for evaluating structural uncertainty for better deci-
sion making. The objective was to reevaluate the risk in order
to decrease the failure probability (Ersdal 2005). In the Gulf of
China, Bao et al. (2009) utilised ultimate strength system re-
liability analyses and parameters sensitivity to study the effect
of parametric variables on the reliability of platform.
Elsewhere, stochastic response surface is adopted by Kolios
(2010) in the reassessment for better representation of para-
metric uncertainty. The developed method is simple and effi-
cient, where it allows for reassessment in the form of individ-
ual design blocks, opposite to available methods which re-
quire deep understanding of mathematical expressions.
Global ultimate strength assessment (GUSA) is performed to
assist efficiently in identifying and comprehending the failure
mechanism and safety indices of platforms that undergo reas-
sessment exercise. Thus, correctly defining risk level and rel-
evant type of required mitigation actions, if necessary for con-
tinued use (Ayob et al. 2014a, b).

2 Static Nonlinear Collapse Analysis

In this category, the finite element static nonlinear collapse
analysis in obtaining ultimate strength of jacket platform is
presented. Almost all the works reported on the reassessment
of ageing jacket platforms utilised this method. There are two
general approaches. Majority of the researchers adopted the
first approach, i.e. incremental load factor for the horizontal
environmental load application. The analysis is used in the
system-based structural reliability analysis (SRA) to deter-
mine platform excess strength capacity fondly known as re-
serve strength ratio (RSR). RSR is the measure of ductility,
and it gives the ultimate strength of a platform. Since all jacket

platforms are designed as per their component linear elastic
behaviour, the overall available reserve strength in a
structural system is made up of combination of the en-
tire components. Static nonlinear collapse analysis is
also called as pushover analysis.

RSR compares the collapse capacity with the design capac-
ity to establish excess strength beyond design strength.
According to API WSD, the design strength value is deter-
mined from the 100-year return period metocean environmen-
tal loading. RSR is typically obtained from all directions and
the lowest value is devoted as the most critical value from the
critical direction. Thus that lowest value will be taken as the
platform reserve strength ratio by ISO (2007). The reserve
strength ratio (RSR) is defined as in Eq. (1) (Bolt et al. 1996).

RSR ¼ Ultimate Strengthð Þ= Design Strengthð Þ ð1Þ

According to Krawinkler and Seneviratna (1998) prior to
the analysis, the finite element structural stick model in two or
three dimension is developed. All the structural members,
joints, hinges and its linear and nonlinear response character-
istics are appropriately modelled. Gravitational vertical loads
are applied as the initial step. Followed by the concurrent
environmental lateral loads in chosen direction are applied to
the model. The lateral loads are factored incrementally until
the platform has been pushed to a specific target displacement
or until collapse. The analysis utilises stiffness matrix ap-
proach in analysing the member stresses and strains. During
the analysis, the program further selects load sub-step sizes, by
determining when the next stiffness change occurs and ending
the sub-step at the event. This is followed by the modification
of the structure stiffness and reanalysis as the next step until
the entire load is being applied by Asgarian and Lesani
(2009). Further detail into the specific workflow of the analy-
sis could be found in the application manuals of the specific
types of computer software such as USFOS and SACS.

Conventional design of jacket platforms presumes linear
elastic behaviour for all relevant analysis limit states as well
as perfectly rigid joints. Consequently, members are checked
based on linear-elastic theory, and no yield or buckling is
permitted. As a result of this approach, conservatively, the
jacket collapse is considered equal to first member failure
(Golafshani et al. 2011). Figure 2 presents typical static non-
linear collapse analysis procedure. Here, with the gravitational
loads already applied, the environmental load is applied hor-
izontally on the jacket structure until it collapses.

The second approach as reported by Golafshani et al.
(2011) is called the incremental wave analysis (IWA), in
which the wave height is increased instead of the environmen-
tal load factor. This method has also been reported elsewhere
by Nichols et al. (2006). It is claimed that the typical practice
is imperfect as incrementally increasing the wave load factor
alone does not depict the real situation. The current nonlinear
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collapse analysis does not account for the wave-in-deck load-
ing condition where in reality, higher wave load comes from
higher wave height, which eventually induces wave-in-deck
scenario.

Traditionally, the offshore platforms, just like the land-
based structures, are designed by component-based linear
elastic method of analysis including the limit state design
checks which are formed using empirical expressions.
However, since the accidental and natural disasters like
Piper Alpha in the North Sea and Hurricane Andrew in
GOM, many efforts were made into understanding the
nonlinear behaviour of the platforms. This has prompted the
code in 1970s to 1980s to put requirements for design and
reassessment for accidental and nonlinear loads. The design
checks allow for large plastic straining, buckling, plastic
mechanism, etc., but not the collapse or overturn of the
platform. Hence, Skallerud and Amdahl (2002) mentioned
that several efforts were made with the support of major oil
and engineering companies, to develop nonlinear analysis
programs, which are capable of demonstrating the strength
reserves offered by ductile steel material and inherent load
redistribution capability in statically indeterminate structures.

Hellan (1995) studied nonlinear collapse analyses and non-
linear cyclic analyses in ultimate limit state design and reas-
sessment of offshore jacket platforms. The aimwas to develop
an assessment methodology based on system strength rather
than component strength and to demonstrate the feasibility of
the method. As part of the work, a computer program called
USFOS was developed. Six North Sea jacket platforms were
analysed according to the developed procedure. The occur-
rence of the system collapse with first member failure and
cases of system strength in excess of first member failure were
identified. Probabilistic Monte Carlo simulation was per-
formed with parametric study on yield strength and initial
imperfections. Small variation was found in the collapse
strength due to variables sensitivity. Latin hypercube

sampling method was used to generate random sample vec-
tors. PROBAN software was used to generate statistical inputs
and for processing the results of the statistical study.

Prior to that, an extensive study on the development and
application of numerical finite element in collapse analysis of
plates and truss shaped tubular structures was conducted by
Mreide et al. (1986). This work was founded from the previ-
ous works of several studies, i.e. Ueda and Rashed (1975),
Aanhold (1983) and Rashed (1980), which paved the way
for the progressive collapse analysis.

In early 1990s, several researchers have statistically veri-
fied the predicted ultimate strength against observed storm
damages at GOM by conducting pushover analysis on partial-
ly damaged jacket platforms to identify the failure sequence
and ultimate collapse load. This is kind of first attempt to
rationally evaluate the situation from hurricane damages.
Here the extreme hurricane load is predicted probabilistically
by adopting new wave theory for extreme random wave
kinematics and the effect of current blockage, both
introduced in the 1980s. Parametric study was also
conducted by van de Graaf and Tromans (1991) to identify
magnitude and direction of the load that caused the damage.

To evaluate and validate the performance of the collapse
analysis in reality, the Frames project was initiated in 1987.
Four units of 2-bay X braced large-scale tubular frames were
collapse tested. The test set-up was designed to exhibit differ-
ent modes of failure allowing for various aspects of reserve
and post-failure residual strength to be examined. The project
gave an insight into the role of redundancy and failure of
tubular joints in a framed structure. This type of work in nature
and scale had not been investigated before. A computer pro-
gram, called SAFJAC, was developed for the nonlinear push-
over analysis of framed structures with an aim to accurately
represent both the material and geometric nonlinearities. From
the study by Bolt et al. (1994), the frame test data from the
project correlated well with the experimental results using the
developed program. Following this, during the 1990s, many
computer programs were developed by several researchers
with the aim to improve computational efficiency and to
reduce cost. Billington et al. (1993) mentioned that though
the structural analysis methodology has advanced consider-
ably over the years, still there exist variable capacities of non-
linear software and their validation with physical tests. Yet,
the results from those analyses are well accepted without any
prejudice.

Bea and Mortazavi (1996) have developed a simplified
assessment method for system strength called ultimate limit
state limit equilibrium analysis (ULSLEA). ULSLEA gener-
ates shear capacity depth profile based on simplified
assumptions, and compares it with storm loading profile.
Vannan et al. (1994) presented a simplified ultimate strength
assessment procedure, called simplified ultimate strength
analysis (SUS) which provides a lower bound estimate of

Figure 2 Static nonlinear collapse analysis
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the actual strength utilizing linear collapse analysis instead of
nonlinear analysis. The method reasonably predicts the actual
failure modes but has some limitations.

Studying parametric effects in collapse analysis, soil resis-
tance has been analysed for wave and current loading
(Mostafa et al. 2004). System reserve strength ratio from var-
iations in water depth, topside and metocean loadings has
shown significant affection (Pueksap-anan 2010). Study on
sensitivity of metocean values on reliability of existing plat-
forms suggested pile soil interaction is to be considered in the
pushover analysis to capture foundation failure mechanism
(Zaghloul 2008).

Ersdal (2005) has performed pushover analysis to assess
the system strength of existing jacket platforms in North Sea.
Multiple safety ratios such as RSR, structural redundancy
(SR), damaged strength ratio (DSR) and residual strength fac-
tor (RIF) were presented as indicators to the level of excess
capacity contained by existing platforms. Nevertheless, RSR
from the static nonlinear collapse analysis is widely adopted to
demonstrate adequate excess strength of existing platforms to
withstand specified loading conditions. Apart from RSR, base
shear at the bottom of the platforms during collapse could be
used to demonstrate the strength of the existing platforms.
Figure 3 shows the computation of base shear at different
levels of static nonlinear collapse analysis.

3 Structural Reliability Analysis

Until the 1970s, structural engineering was dominated by de-
terministic approach where the design codes stipulated char-
acteristic resistance and load properties based on past experi-
ences. With the inherent high safety factors which were be-
lieved to produce absolute safety, the same was revisited with
strings of accidents and their serious consequences. Hence, the
work on probabilistic approach with structural reliability anal-
ysis gained traction to quantify and control the risks available

within a structural system. Offshore jacket platforms demand
for high attention in structural reliability analysis perspective
as they are placed at random environment with serious conse-
quences for failure. Therefore, probabilistic approach became
a necessity (Guenard et al. 1984; Meng et al. 2020). The prob-
abilistic approach was first introduced into the design code by
adopting multiple safety factors accounting for various load
and resistance uncertainties encountered in the structural de-
sign. The factors are determined corresponding to their rela-
tive importance (of the reliability of the structure) of the un-
certainty it accounts for and following the overall reliability
level. The probabilistic approach is also applicable in the re-
assessment of existing platforms.

The ability of a structure to provide fitness for purpose,
under different conditions, i.e. operational, extreme, acciden-
tal, fatigue, etc., for a specific time period is, in principle called
the structural reliability. The performance of the structure can
be calculated mathematically, as the probability of failure,
which occurs when the limit state function portraying the
evaluated condition is violated. The violation of the perfor-
mance function is measured in terms of probability of failure,
reliability index and/or return period of the event.

Reliability analysis is categorised into four levels. Use of
characteristic values alone places the analysis in level I while
inclusion of standard deviation, σ and coefficient of correla-
tion (COV) places it at level II. Addition of cumulative distri-
bution function (CDF) puts it in level III. Finally, level IV
consists of analysis of engineering economics with uncertain-
ty (Fadly 2011).

Figure 4 shows typical representation of probability density
function (PDF) of resistance, R and load, L variables in reli-
ability computation. The central safety margin depicts the re-
liability of a structural system considering both the character-
istic load and resistance parameters. The beginning and end
points of the safety margin represent both the central moment
(mean, μ) of load and resistance density functions

Figure 3 Base shear from pushover analysis
Figure 4 Theoretical representation of probability of failure (Moses and
Stahl 1979)
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respectively. Probability of failure is the intersection of both
density functions as shown shaded in the figure.

In mathematical terms, probability of failure is indicated as
the violation of limit state function. Typical limit state func-
tion and probability of failure are shown in Eqs. (2.1) and (2.2)
respectively.

G ¼ R−L ð2:1Þ
Pf ¼ P G R; Lð Þ < 0½ � ð2:2Þ

where R is the resistance, L is the load, G is the limit state
function and Pf is the probability of failure. Here, G < 0 indi-
cates the failure region, G> 0 indicates the safe region and
G = 0 as the failure surface. Hence, Pf is accepted as the prob-
ability of the limit state function less than zero, i.e. an event
where the load exceeds resistance.

For the statistical representation of extreme variables in
reliability computation, extreme values distributions such as
Gumbel, Fretchet and Weibul are the typical theoretical dis-
tributions, commonly adopted to model the uncertainty pa-
rameters. These distributions are suitable for the use of max-
imum of infinite number of extreme events. They represent
the maximum intensity by capturing the upper tail character-
istics of the distribution. In offshore engineering, type 2
Weibull cumulative distribution function (CDF) is well
adopted by many to represent the environmental load uncer-
tainty. The required statistical parameters are the scale and
shape parameters of the distribution. This distribution is suit-
able for rare events of interest such as maximum wave height,
wind and current velocity. Typically, wave load is considered
as probabilistic, while current and wind loads are determinis-
tic. This is supported by many works in the literature. Recent
study on joint density characteristics of measured and
Hindcast metocean data in Malaysian waters using Weibull
distribution for its extreme event analysis also has verified this
(Mayeetae et al. 2012).

Since the preliminary work on structural reliability started
in the 1940s to 1950s by Freudenthal, Pugsley and others, and
followed by actual works encompassing basic philosophy and
some simple calculation procedures were carried out later,
there have been extensive and far reaching developments to
date (Baker 1998). In the offshore industry, the early works by
Bea (1974), Marshall (1979) and Fjeld (1978) have demon-
strated the applicability and possible benefits of using reliabil-
ity analysis as the tool for design and reassessment decision
making. Following that several methods in conducting reli-
ability analysis were outlined. The methods could be used in
pre-design stage to perform comparative parametric analysis
as well to perform overall reliability analysis under extreme
conditions (Guenard et al. 1984). That was in accordance with
the National Research Council’s DIRT (Design, Inspection
and Redundancy Triangle) conference, held in 1984, called

for expansion of new reliability analysis techniques.
Following that, many studies were undertaken to meet the
oil industry needs at that time. The gap between the use of
probabilistic representation of loads, materials and design
criteria and full structural system-level interactions and impli-
cations were identified and addressed by Cornell (1987). In
addition, extensive study on new methods for reliability anal-
ysis was undertaken.

Karamchandani (1990) studied more realistic modelling of
nonlinear behaviour of truss and frame-type structures.
Member failure sequence leading to system failure was looked
into by analysing the union of intersections of member failure
events to obtain structural failure event. Branch and Bound
method and FORM were utilised in this study. Sensitivity of
failure probability due to distribution parameters such as mean
and variance of random variables was studied. A new method
which could be used with wide range of simulation techniques
such asMonte Carlo simulation, latin hypercube sampling and
importance sampling was developed for estimating the sensi-
tivity. A different approach using FORM and SORM to esti-
mate the sensitivities was also developed. This work garnered
the attention of many researchers till today with regard to the
methods to compute structural reliability in component and
system levels.

Procedural wise, Tromans and van de Graaf (1994) devised
a reliability assessment practice based on Hindcast data and
pushover analysis with the help of probabilistic method. This
was in the aftermath of Hurricane Camille in GOM, to obtain
comparative reliability index and probability failure of jacket
platforms affected by the hurricane. They concluded that reli-
ability technique can be confidently applied to the problem of
optimisation of design and reassessment. Following that, a
method that utilises Hindcast data to generate extreme load
distribution function in the load model and resistance model
was derived by Efthymiou et al. (1997).

From themid 1990s,many researchers have looked intomore
diversified procedures and methods to conduct reliability analy-
sis, mainly for calibration works of limit state design codes.
BOMEL Ltd. (2002) has utilised response surface method in
performing reliability analysis for calibration of ISO code for
North Sea region. Similar methodology was also utilised by
many other researchers in many different regions in the develop-
ment of regional specific environmental load factors (Zafarullah
2013). These works have referred mainly to the works of Moses
(1987) who was involved in the development of calibration of
API LRFD design code for jacket platforms in the GOM.

Frieze et al. (1997) has also referred to the works of Moses,
for his reliability analysis method utilizing response surface
for jacket and jack-up platform performance comparison in
North Sea. Onoufriou and Forbes (2001) have summarised
the available methods for reliability analysis covering both
deterministic and probabilistic, under extreme loading
condition for design and reassessment cases. Ersdal (2005)
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has referred to the works of Heideman (1980) whom has pro-
vided a simplified expression for the horizontal wave load in
load functions of reliability analysis limit state function. He
has developed a probabilistic model to establish the annual
failure rate of any platform undergoing reassessment. Kolios
(2010) in his work, with an objective to provide alternative
procedure for reliability analysis, has developed normal and
adaptive response surface algorithms that combine FORM/
SORM with linear and quadratic stochastic response surface
approximation. He utilised simulation results from finite ele-
ment collapse analysis combined with numerical reliability
procedure via multivariate (quadratic) polynomial regression
to compute reliability indices in component level. Lee (2012)
has developed finite element–based system reliability analysis
framework and method named FE-SRA and B3 respectively.

The proposed framework allows computation of failure
probabilities of general system events with respect to design
parameters based on component-level finite element reliability
analysis. Meanwhile, the developed method helps in identify-
ing critical system failure sequences efficiently and accurately.
Thus, it brings significant reduction in computing time and
simplicity in the procedure.

In Malaysian waters, in the early years of operation,
adopting API WSD code, with a very minimal site specific
data and statistics on load and resistance parametric values,
platforms that were designed and installed often have the is-
sues ranging from redundancy to overdesigned components.
Currently, in managing the integrity issues related to these
ageing platforms, industry utilises pushover analysis coupled
with simplified structural reliability analysis (SSRA) method-
ology. SSRA method was jointly developed with DNV in
1999 utilizing 13 jacket platforms in Baram and Balingian
fields in Sarawak region. It is a simplified and quick approach
to the typical comprehensive SRA. The analysis utilises
predetermined covariance and bias values adopted from
SRA for a particular type of structure from the same operating
region. From the analysis, reliability indices are obtained and
subsequently compared with code-specified target reliability
indices to make decision. As an alternative to the typical prac-
tice of utilizing SSRA, a recent study attempted to establish
statistical relationship between reliability index and return pe-
riod from Malaysian regional specific data (Fadly 2011).
From the work, correlation graphs among the reliability pa-
rameters with high magnitude of correlation coefficients were
established for the region. Comparison between SSRA com-
puted and statistically analysed reliability parameters were
done. Table 1 presents the adopted bias and covariance values.

In theory, two types of reliability analysis methods are
available namely the simulation and analytical-based methods
(Melchers 1999). Monte Carlo simulation (MCS) is the main
example of simulation-based method while the other method
is the moment-based method such as first-order reliability
method (FORM). Monte Carlo simulation has been applied

in many fields of science to generate random sampling sets of
uncertain variables. Typical limit state functions utilised in the
reliability analysis are the nonlinear type and consist of both
normal and nonnormal basic variables (Cossa 2012). Hence,
literature typically suggests using FORM for evaluation of the
reliability indices. FORM also has been applied in the devel-
opment and calibration of the load and resistance factors de-
sign codes such API RP2A LRFD and ISO 19902 (Zafarullah
2013; Moses 1987). It is typically used in structural optimisa-
tion practices to arrest uncertainties in reassessment parame-
ters which lead to achieving a cost effective structural integrity
management practice (Onoufriou and Frangopol 2002; Moses
1997; Toğan et al. 2010).

Describing further on Monte Carlo simulation, it is widely
used, robust, easy-to-use and produces high accuracy provid-
ed large number of samples is utilised. Yet, it requires signif-
icant number of analyses to be performed for achieving qual-
ity approximation of values. It helps to approximate the prob-
ability of an event from a stochastic process.Many researchers
have utilised MCS in offshore engineering as an alternative to
evaluate the safety of the structures (Kolios 2010; Cossa et al.
2012; Kurian et al. 2013a). Though it is believed to give crude
values, yet it is well adopted due to its simplicity (Veritas
1992). The method generates virtually, large number of ran-
dom design variables based on statistical distribution of the
variables. Later, it will be checked with limit state function
against failure. Following a negative value from the evalua-
tion of the limit state function, the structure is considered has
failed. This process is repeated for a large number of times and
the probability of failure is estimated as the number, of failed
samples divided by the total number of simulations.

The number of random simulations generated highly af-
fects the accuracy of this method. Furthermore, the accuracy
declines when the probability of failure is estimated to be
insignificant. In addition, the computation time increases for
small probability of failures (Veritas 1992). Frieze et al.
(1997) mentioned thatMonte Carlo simulation produces noisy
approximation of probability which becomes difficult to use
for gradient-based optimisation compared with FORM. For
cases of large number of random variables or for a very low

Table 1 Typical bias and covariance values utilised in SSRA (Fadly
2011)

Variable Description Bias Covariance

Load Dead load 1 0.1

Live/functional load 1 0.2

Environmental load To be fitted 0.3

Resistance Members 1.1 0.15

Joints 1.25 0.2

Piles 1.1 0.2

Soil/foundation 1.30 or 1.13 0.2
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probability of failure magnitude, the analysis requires large
number of sampling sets, thus increases the computational
time and effort (Kolios 2010). Nevertheless, in the literature
the method has been widely used for computation of compli-
cated integral of probability of failure using the outputs from
multiple computational experiments.

Meanwhile, the FORM has evolved since Cornell in 1969
proposed mean value first-order second moment (MVFOSM)
reliability method. The MVFOSM method is applicable for
linear and nonlinear limit state function equations. Yet in case
of high non linearity, this method is not suitable. This method
fails to be invariant with different mathematical equations of
similar question (Yu 1996). This method is not further ex-
plained as it has not been utilised in this work.

Hasofer and Lind (1974) proposed improvement to the
Cornell approach and called their method as HL method.
This method produces better results for nonlinear functions
as it takes design point as the most probable point (MPP) for
the approximation of limit state function instead of mean val-
ue. Multiple iterations are able to be run to converge the re-
sults. Distributions of variables are utilised in obtaining reli-
ab i l i ty ind ices . This method has l imi ta t ions in
nonconvergence issues in certain cases. It only caters for nor-
mally distributed random variables. To arrest these, Hasofer
Lind-Rackwitz Fiessler (HL-RF) method was adopted. This is
an extension of HLmethod, where the reliability indices could
be obtained for the nonnormally distributed variables. The
iteration issue for the nonconvergence problem was solved.
Detailed analytical description of all these methods are found
in Choi et al. (2007).

In summary, the building block of FORM is the HL-RF
iteration method which enables the transformation of random
variables. The limit state function and its gradients are evalu-
ated in the standard normal space. The design point (MPP) is
obtained and for each design point evaluated, the convergence
is checked and repeated until convergence is achieved.
Finally, the reliability index is calculated as the shortest dis-
tance from origin to the MPP.

The origin of HL-RF method is also from the MVFOSM
method. In this method, the main variables are the mean and
standard deviations; distribution is unnecessary. Taylor series
expansion is used to linearise the limit state function as the
expansion of limit state equations based on the mean value.
From the HL-RF method, utilizing the mean and standard
deviations, considering the variables as independently distrib-
uted, approximate limit state function at mean value is given
by Eq. (3.1).

eg Xð Þ≈g μxð Þ þ ∇g μxð ÞT X i−μxi

� � ð3:1Þ

where μx = (μx1, μx2……μxn)
T, ∇g(μx) is the gradient of g

evaluated at μx as shown in Eq. (3.2).

∇g μxð Þ ¼ ∂g μxð Þ
∂x1

;
∂g μxð Þ
∂x2

;…::
∂g μxð Þ
∂xn

T
" #

ð3:2Þ

The mean value, μeg , of the approximate limit state func-

tion, eg Xð Þ, is shown in Eq. (3.3).

μeg≈E g μxð Þf g ¼ g μxð Þ ð3:3Þ

where variances [g(μx)] and [ ∇ g(μx]) are zero. Hence, the
standard deviation, σeg, of the limit state function eg Xð Þ is

shown in Eq. (3.4).

σeg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vareg Xð Þ

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∇g μxð ÞT
h i2

Var Xð Þ
r

¼ ∑n
i¼1

∂g μxð Þ
∂xi

� �2

σ2
xi

" #1=2
ð3:4Þ

Thus, the reliability index, β, is given by Eq. (3.5),

β ¼
μeg
σeg ð3:5Þ

The formulation for reliability index above is similar to the
linear limit state function where reliability index is defined
geometrically as the distance from the failure surface
depicting mean margin of safety. Typically, considering R
and L as the independent (noncorrelated) and normally dis-
tributed resistance and load variables respectively, with cen-
tral tendency, i.e. means, μR and μL, and standard deviations
(dispersion about the mean), σR and σL, reliability index, β, is
defined as in Eq. (3.6). Meanwhile, the relationship between
reliability index and probability of failure, Pf, is shown in Eq.
(3.7) (Choi et al. 2007).

β ¼ μG

σG
¼ μR−μLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σR
2 þ σL

2
p ð3:6Þ

Pf ¼ 1−Φ βð Þ ¼ Φ −βð Þ ð3:7Þ

whereΦ() is the standard normal cumulative distribution func-
tion (CDF), μG is mean of the limit state function and σG is the
standard deviation of limit state function. Here, the correlation
coefficient between R and L is zero, i.e. non correlated vari-
ables. If the variables are correlated, the standard deviation of
the limit state function would be as in Eq. (3.8).

σG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σR

2 þ σL
2−2ρRLσRσL

p
ð3:8Þ

In some instances, time-independent joint probability den-
sity functions have to be considered in probabilistic models
for reliability analysis. For that purpose, in simplistic manner,
the probability of failure, Pf, can be written as in Eq. (3.9).
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Pf ¼ ∫…∫g ðÞ<0 x1; x2;…; xnð Þdx1dx2…dxn ð3:9Þ

where fx(x1, x2…xn) is the joint probability density function for
the basic random variables of x1, x2…. xn and g() < 0 is the
failure region. The direct integration of the above is compli-
cated; hence, the application of moment-based approximate
methods such as FORM is used to evaluate the limit state
function. Typically, FORM is adopted in cases where the limit
state function is linear or when there are uncorrelated normal
load/resistance variables or when the nonlinear limit state
function is presented by first-order (linear) approximation
with equivalent normal variables.

In cases of high nonlinearity in the limit state function, ap-
proximation techniques above contain drawbacks in terms of
the accuracy of the reliability index. Thus, linear mapping of
basic variables into a set of normalised and independent vari-
ables is adopted. This approach utilises the design point, i.e. the
MPP as the approximation of the limit state function replacing
the mean and variance values. The standard normalised random
variables for resistance and load are given in Eq. (3.10):

bR ¼ R−μR

σR
; bL ¼ L−μL

σL
ð3:10Þ

where μR and μL are mean values of random variables of
resistance and load respectively, and σR and σL are standard
deviation of random variables of resistance and load
respectively.

The transformation of the limit state surface g(R, L) from
original coordinate system into standard normal coordinate

system bR; bL� �
is given in Eq. (3.11).

bg bR; bL� �
¼ bRσR−bLσL þ μR−μLð Þ ¼ 0 ð3:11Þ

In geometrical form, the shortest distance from origin in thebR; bL� �
standard normal coordinate system to failure surface

of bg bR; bL� �
is equal to the reliability index, β ¼ bOP

* = μR−μLð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
R þ σ2

L

p
as shown in Figure 5. Here, the

point P* is the MPP.
Typically for independent and normally distributed vari-

ables, the failure surface is a nonlinear function as given in
Eq. (3.12)

g Xð Þ ¼ g x1; x2;⋯xnð ÞT ð3:12Þ

Hence, the variables are transformed into standardised
forms by adopting Eq. (3.13),

ui ¼ xi−μxi

σxi
ð3:13Þ

where μxi and σxi are the mean and standard deviation of xi
respectively. The values of mean and standard deviation of

standard normal distribution are 0 and 1 respectively. Thus,
the reliability index is taken as the shortest distance from the
origin to the failure surface as given in Eq. (3.14) and illus-
trated in Figure 6.

β ¼ min UTU
� �1=2 ð3:14Þ

From the above theoretical computational methods to find
reliability index, it is observed that they are utilizing a solution
of a constrained optimisation problem into the standard nor-
mal U space. Several algorithms were developed by many
previously to perform these optimisation procedures. The
Finite Element Reliability Using MATLAB (FERUM) which
is an open source shell program originated from University of
California, Berkeley, (Bourinet 2010) is utilised by many to
develop reliability algorithms. The shell program contains
probability density function resources which enable random
variables to be transformed from its original physical space (X

Figure 5 Geometrical illustration of reliability index (Choi et al. 2007)

Figure 6 Mapping of failure surface from X space to U space using HL
method (Choi et al. 2007)
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space) to an equivalent standard normal distribution space (U
space). It helps to ease the iteration/optimisation process to
transform the random variables in finding the design point,
i.e. MPP until the convergence is reached and reliability indi-
ces are calculated. Here, in analysing the time-independent
joint probability density functions, it is replaced with Nataf
counterpart specifying marginal distributions and Gaussian
correlation structure among the random variables. This in re-
turn produces library rich with probability density models.

3.1 Component Reliability Analysis

In the offshore jacket platform reassessment, violation of limit
state function occurs when a structure exceeds a particular
limit state; hence, the jacket is unable to perform as desired.
The main limit state under typical concern is the ultimate limit
state which is relevant to collapse of structure or failure of
component. Jacket platforms typically have high redundancy
and numerous different load paths such that failure of one
member/component is unlikely to lead to catastrophic struc-
tural collapse. Yet, in minimally braced structures and/or crit-
ical members (leg members especially), if a component is
damaged or the platform experience extreme loads, it would
not have sufficient alternative load paths to redistribute the
loads. Hence for component reliability, member internal
stresses are obtained from structural analysis.

Handful of studies were reported on component reliability
of jacket platforms (Baker 1998; Karamchandani and Cornell
1992; Shabakhty 2004; Chin 2005; Kolios 2010; Lee 2012;
Morandi et al. 2015). The aim of most of the works was to
evaluate the stresses in each component and compare against
the code-determined functions. Most works utilised WSD
code as the code produces generally conservative values than
the other limit state-based codes. It produces less conservative
design values when the stresses due to environmental loading
are significantly higher than the gravitational loadings
(Zafarullah 2013). The magnitude of the stresses and corre-
sponding strengths determine the failure probability.

Typically, the material yield strength and dimensions of
tubular members govern the strength characteristics while
the gravitational and environmental loads control the load
characteristics of tubular members. In a jacket platform
member stress evaluation, typically the gravity load dom-
inates the leg members while the environmental load dom-
inates the brace members (Frieze et al. 1997). The gravi-
tational load consists of the self-weight of the platform
and its appurtenances as the dead load and live loads.
As for the strength, the yield strength uncertainty domi-
nates the failure probabilities of tubular legs and brace
members. Axial tension or compression and bending
stresses due to yielding of material (from local or global
buckling) and hydrostatic stresses are the common types
of stresses found affecting any members.

Typical jacket platform tubular members mostly experi-
ence combined compression and bending stresses.
Resistance model for tubular members consists of variables
of member geometry such as diameter and wall thickness, and
material properties such as the yield strength (Zafarullah
2013). The adopted acceptance criteria are the nonviolation
of the code prescribed limit state functions. Following that the
failure probability of each component are determined. The
statistical parameters from a recent local study are given in
Table 2. The study was conducted for the purpose of estab-
lishing environmental load factors for the regional annex of
ISO limit state code calibration.

In modelling the load and resistance uncertainty for com-
ponent reliability, the ISO code calibration adopted approach
was widely utilised. The uncertainty coefficients depend on
the statistical parameters of the basic variables and the applied
stresses. Their distribution is also to be identified by
Zafarullah (2013). The typical model uncertainty (i.e. bias)
coefficient definition is shown by Eq. (4).

Model uncertainty Xm
Xwð Þ ¼

Actiual value

Predicted value
ð4Þ

In performing component reliability, the load model con-
sists of gravitational and environmental loads. For gravitation-
al load, its statistical values are obtained from operator from
the available structural model, design reports and drawings.
The statistical parameters for the environmental load model
are determined from platform specific metocean data obtained
from operator. These data then approached with statistical
analysis using type 2 Weibull CDF, adopted from literature.
For determining the resistance model, the typical basic vari-
ables for resistance of jacket platform such as member geom-
etry and material properties are sought after. Recently, a study

Table 2 Resistance model variables (Zafarullah 2013)

Variable Statistical Parameter

Diameter (mm) Distribution Normal

MC 1.001

COV 0.0018
(Brace < 1000 mm)
0.0014 (leg > 1000 mm)

Wall Thickness (mm) Distribution Normal

MC 1.024

COV 0.016

Yield Strength (MPa) Distribution Normal

MC 1.230

COV 0.050

Tensile Strength (MPa) Distribution Normal

MC 1.183

COV 0.039
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on extensive data from a leading local fabrication yard has
established the resistance model and resistance model uncer-
tainty values to be used locally for component reliability
(Kurian et al. 2013b). In a separate work, the load model
uncertainty values have been established (Zafarullah 2013).

3.2 System Reliability Analysis

Different than component reliability, system reliability man-
ages the uncertainties affecting the overall reliability of a
structural system. System reliability of jacket platforms has
been studied by many researchers with multiple objectives
(Bea 1974; Guenard et al. 1984; Cornell 1987; De 1990;
Karamchandani 1990; Tromans and van de Graaf 1994;
Onoufriou and Forbes 2001; Chin 2005; Ersdal 2005;
Melchers 2005; Kolios 2010).

The analysis is commonly utilised for reassessment, code
calibration and optimisation purposes. There are few studies
reported on component to system reliability using techniques
such as Branch and Bound method and enumeration method.

Offshore jacket platforms are generally comprising of high-
ly redundant structural members; hence, failure of any single
member, in principle, would not cause the failure of the over-
all structure. The reserve capacity between the first member
failure to the overall structural failure is, generally, significant
(De 1990) except for structures with minimally braced mem-
bers or having critical members. In structural reliability, re-
dundancy is often defined as the conditional probability of
system failure, given the first failure of any member.
Meanwhile, the ability of a structure to survive the extreme
load demand in different damaged conditions is defined as
robustness (Cornell 1987). Robustness and redundancy are
inherent in any offshore jacket platforms due to multiple de-
sign demand such as loading conditions during load-out,
transportation and installation. These provided system effects
which bring inherent reserve in the strength of typical offshore
jacket platforms.

Guenard et al. (1984) studied the application of devel-
oped reliability methods in the early 1980s on system
reliability of offshore platforms under extreme metocean
condition. Similar study has been conducted elsewhere
(Nordal et al. 1987). Improvements were made to the
available methodology by including more realistic behav-
iour of softening/hardening effects instead of plainly as-
suming strain independent post-limit behaviour of the tu-
bular members (Gierlinski et al. 1993). Later, new
methods were developed by applying more realistic
modelling of nonlinear behaviour on truss and frame type
of structures. Member failure sequence leading to system
failure by analysing the union of intersections of member
failure events to obtain structural failure event was devel-
oped utilizing Branch and Bound method and FORM
(Karamchandani 1990). These were referred by many to

be adopted with other possible simpler techniques to iden-
tify system reliability utilizing component reliability anal-
ysis of jacket platforms (Kolios 2010). Many also have
studied comprehensively on the available reliability ap-
proaches for integrity management of ageing jacket plat-
forms (Onoufriou 1999; Onoufriou and Forbes 2001;
Onoufriou and Frangopol 2002). System reliability in
the form of SSRA is adopted (Fadly 2011).

Generally, from the nonlinear collapse analysis, RSRs are
obtained from 8 or 12 directions of a platform, depending on
its number of legs. That is followed by system reliability anal-
ysis to evaluate the system reliability indices. RSR helps to
demonstrate structure capacity sufficiency and stability
against overloading (ISO 2007). Reliability indices obtained
from system level analysis are compared with target reliability
indices from the codes. The minimum requirement for proba-
bility of failure outside of GOM region is 1 × 10−4 for high-
consequence platforms and 1 × 10−3 for low-consequence
platforms. While, the minimum value of RSR is 1.60 for
high-consequence platforms and 0.80 for low-consequence
platforms (API 2007).

According to PTS (2010), the minimum value for RSR is
1.50 for high-consequence platforms and 1.32 for low-
consequence platforms. These limits are conservative com-
pared with the API prescribed limits. They were established
from the risk assessment and acceptable consequence of fail-
ure (Ayob et al. 2014a, b). Further detail on the definition of
the platform consequences, reference should be made to the
platform exposure categories in the appropriate codes. The
details of the procedure and methodology for the development
of acceptance criteria and target reliability for an example
region, Arabian Gulf, may be referred to Amer (2010).

In a recent work on the development of system reliability
analysis procedure, Ersdal (2005) has provided a simple prob-
abilistic model function between RSR and reliability indices.
The system limit state function, G, is given in Eq. (5).

G ¼ Resistance−Load ¼ Load� RSR−Load ð5Þ
where the Load is the design environmental load for 100-year
extreme condition that consists of wave height, current veloc-
ity, wind speed or combination of any of these. In the above
function, a simplified expression of the wave load model (F)
following the earlier work by Heideman (1980) is presented.
The expression, as given in Eq. (6), utilises wave height (H)
and current velocity (u) as the significant environmental pa-
rameters.

F ¼ C1 H þ C2uð ÞC3 ð6Þ

Here, C1, C2 and C3 are the curve fitted parameters based
on the calculated platform specific loadings. Similar expres-
sions also have been presented elsewhere which will be fur-
ther explained later.
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4 Uncertainty Analysis

Structural reliability analysis is based on probability theory
and its treatment to different uncertainties involved.
Probability theory treats the likelihood of occurrence of an
event and eventually quantifies the uncertainties of random
events. Structural reliability analysis is sensitive to uncertainty
modelling (Mark et al. 2001). In offshore jacket platform re-
assessment, probability theory is utilised to manage the risks
involved due to the uncertainties from the design parameters.
This is because the offshore jacket platforms are placed in
random environment and have high failure consequences.
Uncertainties are dealt with by taking into consideration ran-
dom variable parameters of load and resistance. Uncertainty
modelling is the first important step in reliability analysis of
jacket platforms.

Load and resistance are random variables. Uncertainties
due to randomness in applied loads, structural material resis-
tances and errors in computer models are always present and
must be considered in structural reliability computation. Load
and resistance uncertainty analysis is done utilizing available
basic information about the random loads and resistance var-
iables. Meanwhile, modelling uncertainties are analysed uti-
lizing the physical models that predict the load effects and the
structural responses. Structural analysis of offshore platforms
is also subjected to uncertainties. Strength evaluations are not
exact, true values deviate from idealised computer model
(Baker 1998).

Uncertainty reflects lack of information. Hence, the ran-
domness typically will be showcased by utilizing the proba-
bility density function (PDF) or called frequency function
with mean (central tendency), standard deviation and lower
and upper tail values of the density function. A PDF represents
relative occurrence/frequency of certain events for random
variables. Randomness in load and structural resistance vari-
ables is identified through either field data collection or from
survey of literature, and fitting the data utilizing probability
distribution functions to generate statistical parameters such as
mean, standard deviation and coefficient of variation. Figure 7

shows a typical density function which presents the centre of
the curve as the most probable point while the tail regions as
the less probable points in the occurrence of an event. Interval
Information is used in situation where incomplete or imperfect
data available and this is defined within an interval of known
lower and upper bounds (Choi et al. 2007).

Statistical uncertainty is considered in the structural reli-
ability analysis by assessing mean, variance/ standard
deviation/ coefficient of variation (COV) and probability dis-
tribution for the available random variables. Bias factors have
been utilised as modelling error in reliability analysis upon
determination of ratio between model predictions and actual
test results. Bias is defined as mean over nominal value.
Design parameter variation due to uncertainty is able to be
modelled and utilised with available probabilistic methods
provided reliable statistical parameters can be determined
from statistical data. Several analytical and simulation
methods are available to address the uncertainty in structural
analysis using probability theory.

In structural reliability analysis, commonly adopted proba-
bility distribution functions for random variables are the ex-
treme, normal and lognormal types. Rare events such extreme
load variables require the extreme types of distributions like
Weibull and Gumbel; meanwhile for structural resistance var-
iables, the normal and lognormal distributions are typically
fitted in the literature. Wind load which carry insignificant
effect to the responses of offshore structures is treated deter-
ministically in most instances, except for very wind sensitive
structures.

In system reliability load model computation, to probabi-
listically arrest the wave loading uncertainty, an uncertainty
factor, α, is adopted (Dalane and Haver 1995; Ersdal 2005).
The uncertainty factor is normally distributed with mean value
1.0 and COV 0.15. Meanwhile, type 2 Weibull distribution is
mostly adopted in the literature to perform the environmental
load model computation. Maximum wave height, Hmax, has
been utilised typically for the loadmodel computation.Hmax is
the design wave for particular platform site for 100-year ex-
treme condition. This maximum load is the most critical var-
iable which could occur during the entire service life of a
platform. ISO and API codes insist utilizing 100-year extreme
condition of wave parameter for the design and assessment of
jacket platforms.

Meanwhile the resistance model in the system reliability
limit state function is described as the platform specific design
loading multiplied by the platform RSR. Similar to the wave
loading uncertainty factor, α, the resistance model uncertainty
factor, β, is adopted from the literature. The uncertainty factor
for resistance model is normally distributed with mean value
1.0 and COV 0.10, in respectively (Efthymiou et al. 1997;
Ersdal 2005).

In the limit state code calibration exercise, for the compo-
nent reliability analysis, researchers from many regions have

Figure 7 Probability density function and interval information (Choi
et al. 2007)
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undertaken load and material resistance uncertainty studies.
The randomness in material comes from geometry and
properties such as diameter, thickness, length, yield strength
and tensile strength. Zafarullah (2013) has conducted environ-
mental load calibration study for Malaysian waters by
collecting material data from materials test report and
performing field measurements at an ISO certified leading
local fabrication yard. The collected data were used to com-
pute the statistical parameters for the random resistance vari-
ables. Similarly, for the modelling of the loading uncertainty,
ISO code equations and randomly generated environmental
load parameters using type 2 Weibull distribution function
from sample platform data, were utilised to obtain member
internal stresses and extrapolated return period values of en-
vironmental parameters respectively.

Zhang et al. (2010) studied several types of uncertainty
models for reliability analysis of an existing offshore jacket
structure affected by marine corrosion. They compared and
studied the results in terms of numerical efficiency adopting
probabilistic models such as pure probabilistic, interval
modelling, fuzzy methods and imprecise probabilities.
The models were utilised to find upper bound for the
failure probability due to the corrosion effect. Kolios
(2010) has developed a probabilistic component reliability
analysis procedure by arbitrarily utilizing stochastic
variables from literature in validating and computing the
reliability indices.

5 Response Surface

In this category, the response surface method which has been
adopted by many to apprehend the inherent uncertainty in the
load and resistance variables represented in the limit state
function of reliability analysis is presented. This is considered
among the nonintrusive stochastic approaches deployed in the
domain of reliability analysis (BOMEL Ltd. 2002; Chin 2005;
Kolios 2010). Among the other stochastic approaches are
Importance Sampling, Latin Hypercube Sampling, Adaptive
Response Surface and so on (Fjeld 1978; Olufsen et al. 1992;
van de Graaf et al. 1996; Zhang et al. 2010; Mousavi and
Gardoni 2014). In formulating limit state functions utilizing
the load and resistance models, response surface method is
helpful in generating respective load and resistance
coefficients which are eventually utilised in producing
response surface equations. Later, these equations are
integrated into the limit state functions which are then used
in the reliability analyses. According to Shabakhty (2004) in
offshore structure reliability analysis, the uncertainty in ran-
dom variables may have significant effect on the response of
platform and therefore affect the probability of failure. Hence,
response surface is suitable to be utilised to incorporate the
random variables implicitly in the limit state function.

Literature claims that response surface method is useful in
obtaining parametric representation of environmental loads
on jackets. The method evaluates implicitly the limit states
at predefined number of points and fits a function to those
points. This function is then utilised in reliability analysis
(Petrauskas and Botelho 1994). The method has been utilised
as an alternative to physical transfer function, using random
variables in explicit multivariate functions. It is claimed that
the approach is able to reduce the number of structural analy-
ses required for probabilistic analysis (Chin 2005). The effec-
tive use of response surface depends on the proper selection of
sampling points (Shabakhty et al. 2003). In the method, mean
and standard deviation of basic random variables are utilised
in enhancing the efficiency and accuracy of the simulations
(Bucher and Bourgund 1990). A modified procedure using
vector projection approach which provides better results may
be available by Kim and Na (1997).

Many researchers agreed that response surface approxi-
mates well the limit state functions using simple and explicit
mathematical polynomial functions of random probabilistic
variables (Shabakhty 2004; Kolios and Brennan 2009). In
their works, detailed explanation on the selection and
justification of quadratic polynomial function is given.
The coefficients of the functions are obtained from fitting
the functions to multiple arbitrary member and system
responses from the conducted structural analyses. Random
variables are simulated using simple algorithm and the
response surface function is fitted upon the simulation
results. Chin (2005) has categorised response surface into
two-level model, i.e. global and local responses prior to
computing structural reliability indices in component and
system reliability analyses. This approach is able to relate
the environmental parameters acting on the structural sys-
tem such as wave height and current velocity to the member
internal stresses. This approach has been adopted by many
previously in performing response surface analysis to ob-
tain the system and component responses from the applied
environmental loading (Lebas et al. 1992; Karunakaran
et al. 1993; Cassidy et al. 2001). Lebas et al. (1992) com-
pared the results from the response surface with results from
direct simulations and verified the results.

Global response surface relates the environmental load to
the global responses of the structure. Wave height and associ-
ated period, current velocity and wind speed are among the
typical environmental parameters. The structure base shear
and overturning moment are the typical global responses.
The local response surface relates the global responses to the
local responses namely member internal stresses such as axial
and bending stresses of each component. The general limit
state functions for the global and local responses are given
in Eqs. (7.1) to (7.4) respectively.

G ¼ f Wave;Current;Wind etc:ð Þ ð7:1Þ
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g ¼ f BS or OTMð Þ ð7:2Þ

where BS = base shear and OTM= over turning moment

internal stressx ¼ a BSð Þ2 þ b BSð Þ þ c ð7:3Þ
internal stressy ¼ a BSð Þ2 þ b BSð Þ þ c ð7:4Þ

where G and g = global and local limit state functions respec-
tively, BS = base shear, OTM= overturning moment and a, b
and c are the response surface coefficients. For the internal
stresses here, base shear (BS) is used arbitrarily.

In the development of LRFD limit state codes for API,
response surface method was utilised to fit the response sur-
face coefficients frommultiple simulation of wave height ran-
dom variable (Moses 1987). Equation (8) was suggested to
obtain the environmental load effect from the multiple wave
height simulations.

W ¼ AHα ð8Þ
where W = environmental load, H =wave height and A and α
are the response surface coefficients.

Similar approach has been adopted in the ISO limit state
code calibration study for North Sea and in a typical jacket
structure reliability analysis (Efthymiou et al. 1997). Similar
approach has been adopted locally due to its simplicity, in the
environmental load factor calibration exercise for the adapta-
tion of the limit state code (Cossa 2012). Adopting from the
study by Heideman (1980), Petrauskas and Botelho (1994)
have proposed to adopt additional environmental parameter,
i.e. current velocity together with the wave height. They be-
lieved that the addition of current will better represent the
inherent uncertainty in the environmental loading criteria.
The suggested response surface function is as in Eq. (6).

Tromans and Vanderschuren (1995) have suggested little
complicated response surface analysis method. They studied
extreme base shear and mud-line overturning moment re-
sponses due to multiple environmental criteria. Hence the
function is complicated and contains many unknown coeffi-
cients to be fitted from response surface analysis.

In case of any additional environmental parameter is to be
included in the response surface function, the approach by
Cossa (2012) as in Eq. (9) could be adopted.

w ¼ aH2 þ bH þ cV2
c þ dVc þ eV2

w þ f Vw þ g ð9Þ

whereW = environmental load, H =wave height, Vc = current
velocity, Vw =wind speed and a, b, c, d, e, f and g are the
response surface coefficients obtained from nonlinear Least
Mean Square fitting method with 95% confidence level and
R2 value above 0.90.

In Kolios (2010), detail review of the available stochastic
methods is given. He advocated for stochastic expansion tools
such as Karhunen-Loeve (K-L) expansion and polynomial

chaos expansion (PCE) as an efficient approach to treat uncer-
tainties through series of polynomials in computing reliability.
But having to analyse complex system such as jacket plat-
forms, simulation techniques such as stochastic response sur-
face method (SRSM) is much preferred. SRSM approximates
limit state function using simple and explicit mathematical
functions utilizing relevant random variables. The functions
are typically simple polynomials with coefficients obtained by
fitting the response surface function to a number of sample
points from computation of responses of the system and com-
ponent. Later, algorithms that combine FORMwith linear and
quadratic response surface approximation technique were de-
veloped to estimate the reliability indices.

6 Failure Path

In some instances, for statically determinate structures, the reli-
ability of individual members portrays the reliability of the
whole structure as the failure of one member will lead to the
structure failure. However, this is not the case for highly redun-
dant structures. The failure of one or few members would not
necessarily result in the collapse of the structural system as the
system will contain numerous failure paths. From the random
nature characteristic, some failure paths are more likely to occur
than others. The probability of occurrence of those failure
modes and their method of determinations are the basis for
the system reliability through failure path analysis.

6.1 System Reliability

Due to typical complicated nature of structural system, direct
exact calculation of system reliability is therefore impossible.
The structural system is idealised to simplify the analysis pro-
cess to reduce calculation difficulties, but with utmost care so
that the model is able to reflect the real structure properties.
The reliability of the system can be estimated by taking into
account a specific number of failure modes or failure paths,
and combine them in complex reliability system.

A structural system usually can be modelled as a series
system, parallel system or combination of both (Mustaffa
et al. 2018). A series system shown in Figure 8 (1) is a system
in which failure in a structural element will lead the whole
system collapse. Meanwhile for parallel system presented in
Figure 8 (2), failure in a member does not usually lead to total
system collapse. For complex structures illustrated in Figure 8
(3), it is assumed that the structural system is a series of par-
allel systems, in which each parallel system represents a fail-
ure model (Nikolaidis et al. 2014).

To determine the system probability and reliability index,
the probability of failure of each component in each failure
path (parallel systems) is determined. The probability of each
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failure path is then evaluated before proceeding to the total
system probability of failure.

6.2 Reliability Bounds

Approximate techniques in the form of bounding methods are
available to determine the probability of failure of a system
event. Simple Bound and Ditlevsen Bound are adopted by
many researchers (Kolios 2010; Karamchandani and Cornell
1992; Chin 2005; Kim et al. 2013b).

6.2.1 Simply Bound

Boolean variables are utilised to perform this technique.
Consider S to be a system with n failure elements, e1, ….,e-
i, ei + 1, en. For each failure elements, ei, i = 1,…, n, a Boolean
variable ei is defined by Eq. (10.1),

ei ¼ 1; if the failure element is in a non failure state
0; if the failure element is in a failure state

	
ð10:1Þ

For series system, the Simple Bounds is given by Eq.
(10.2),

maxi¼1;…;nP ei ¼ 0ð Þ≤Pfs≤1−∏i¼1;…;n 1−P ei ¼ 0ð Þð Þ ð10:2Þ

The lower bound in Eq. (10.2) is equal to the exact value of
probability of system failure, Pfs, if there is full dependence
between all elements and the upper bound corresponds to no
dependence between any pair of elements. When the proba-
bility of failure of one element is predominant in relation to the
other failure elements, the probability of failure of series

system is approximately equal to the predominant probability
of failure and the gap between the upper bound and lower
bound is narrow. However, when the probabilities of failure
are in the same order, the Simple Bound is wide.

For parallel system, the Simple Bound formula is given by
Eq. (10.3),

∏i¼1;…;nP ei ¼ 0ð Þ≤Pfp≤ min
i¼1;…;n

P ei ¼ 0ð Þ ð10:3Þ

The lower bound in Eq. (10.3) is equal to the exact value of
Pfp if there is no dependence between any pair element and the
upper bound corresponds to full dependence between all
elements.

6.2.2 Ditlevsen Bound

Since the range provided by the Simple Bound can be very
wide, Ditlevsen Bound provides a narrower bound. For series
system, it is given by Eqs. (11.1) and (11.2),

Pfs≤∑i¼1;…;nP ei ¼ 0ð Þ−∑i¼2;…;nmaxi< jP ei ¼ 0∩e j ¼ 0
� �

ð11:1Þ
Pfs≥P e1 ¼ 0ð Þ

þmaxi¼2;…;nP ei ¼ 0ð Þ−∑ j¼1;…;i−1P ei ¼ 0∩e j ¼ 0; 0
� �

ð11:2Þ

The gap given by Eqs. (11.1) and (11.2) are usually much
smaller than the gap provided by the Simple Bound.
Nonetheless, the equations require the calculation of the joint
probabilities and these calculations are not trivial. They usu-
ally require numerical technique. For this reason, the Simple
Bound is preferred. With Simple Bound, though the gap be-
tween the bounds might be wide, yet it still can provide crude
indication of the reliability of the problem. In the literature,
many researchers adopted similar approach that when dealing
with this sort of difficult situations, a much simpler approach
is preferred (Kolios 2010).

6.3 Failure Modes and System Reliability Index

From above, it has been established that a complex structure
contains large number of possible failure modes. Including all
the possible failure modes in the analysis is an infeasible and
inefficient task, since some of the failure modes would have
low probability of occurrence. Thus the literature contains
many methods to determine system reliability by considering
only dominant failure modes with higher probability of fail-
ure. Such a method is the Event Tree, or called as Failure Tree.
An Event Tree is a diagram showing dominant possible paths
of failure, which include sequence of failure members and
their probability of failures (Kim et al. 2013b).

(a) Series system with “n” elements

(b) Parallel system with “n” elements

(c) Hybrid system

Figure 8 Example structural system for reliability assessment
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Shao and Murotsu (1999) had discussed variety of
methods to determine dominant failure modes. They
categorised the methods into three types, enumeration
approach, plasticity-based approach and simulation-
based approach. In Enumeration Approach, Failure
Trees are generated by extending the sequence of ele-
ments failure step by step until the system collapses.
Examples of the approaches are incremental loading
method (pushover or collapse analysis) and Branch-
and-Bound method. In incremental loading method, the
failure modes are generated by incrementally factoring
the load to cause sequence of members’ failure. The
method is deterministic and can obtain crucial failure
paths with few repetitions of structural analyses.
However, with this method not all dominant failure
paths can be determined. The Branch-and-Bound meth-
od on the other hand, employs probabilistic search al-
gorithm. It searches possible failures mode by consider-
ing their probabilities of occurrences. The Branch and
Bound method is theoretically rigorous and requires
high computing power.

Plasticity-based approach is found based on the assumption
that plastic behaviour is present in the structural materials. The
analytical formulation of plastic mechanism can be deter-
mined by lower-bound and upper-bound theorem. Among
the methods using this approach is β unzipping method and
linear programming (LP) method. Simulation-based approach
uses simulation methods such as Monte Carlo simulation to
generate possible failure modes. This method is computation-
ally expensive.

Apart from the above, Shao and Murotsu (1999) have pro-
posed a method called Selective Searching Technique which
is a compromise method combining deterministic and proba-
bilistic approaches. They used Genetic Algorithm (GA) to
search for dominant failure paths. β value is used to determine
search directions and fitness function. Kim et al. (2013b) have
further improved the method by eliminating the use of fitness
function, and instead introduced outward searching tech-
niques to determine dominant failure modes. By this way,
all critical failure paths can be identified without eliminating
potential chromosomes that may lead to system collapse.

To accurately determine the failure paths, considering the
sequence of members’ failure, post-failure behaviour of the
failure elements need to be modelled correctly. Typically,
the failure elements are regarded as either perfect brittle or
perfect ductile. For a brittle element, it will become ineffective
immediately after failure, and loses its load-bearing capacity.
However, for a ductile element, it continues to carry the load
upon failure. Meanwhile a semi-brittle model as shown in
Figure 9 has been widely used. According to the model, dur-
ing load application, the member force increases elastically to
its capacity till failure. Upon failure, if the axial deformation in
the element is increased beyond its failure value, the element

force abruptly drops to a fraction,φ of its pre-fail capacity. For
this, a deterministic value of φ = 0.4 was used for elements
failing in compression while φ = 1.0 for elements failing in
tension. To conclude the model, it assumes ductile failure
behaviour by maintaining the failure load (or the full capacity)
upon failure for elements failing in tension and an abrupt drop
to 40% of the capacity when elements failing in compression
(Karamchandani 1990).

The elastic load–bearing capacity of the elements is obtain-
ed from AISC code formula with safety factors removed. The
resistance is further reduced by 15% to account for the
neglected moments induced by the frame action (Nordal
et al. 1987). For compression capacity, Rc Eqs. (12.1) to
(12.3) are applicable.

Rc ¼ 0:85 f yAx 1−
kl
r

� �2
2C2

c

 !
ð12:1Þ

Cc ¼
ffiffiffiffiffiffiffiffiffiffiffi
2π2E
f y

s
ð12:2Þ

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2o þ d2i

q
4

ð12:3Þ

where fy = yield strength, Ax = element cross-sectional area,
E =modulus of elasticity, r = radius of gyration, d =moment
of inertia, k = effective length factor and l = length of element.

Figure 9 Component post failure behaviour model (Kolios 2010)
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For tension capacity, RT presented in Eq. (12.4) is applicable.

RT ¼ 0:85 f yAx ð12:4Þ

where fy= yield strength and Ax= element cross-sectional area.

7 Other Approaches

In this category, other ancillary approaches adopted in this
work for the benefit of validation, sensitivity and parametric
evaluations are presented. These approaches were utilised on
the developed method to study the effect it has on the results.

7.1 Monte Carlo Simulation

TheMonte Carlo simulation has been applied in many fields of
science to generate random sampling sets of uncertain vari-
ables. It helps to approximate the probability of an event from
a stochastic process. Many researchers utilised this technique in
offshore engineering as an alternative to evaluate the safety of
the structures (Kolios 2010; Cossa et al. 2012; Kurian et al.
2013a; Yoo et al. 2020). Though it is believed to give crude
values, yet it is well adopted due to its simplicity (Veritas 1992).
Themethod generates virtually, large number of random design
variables based on statistical distribution of the variables. Later
it will be checked with limit state function against failure.

Following a negative value from the evaluation of the limit
state function, the structure is considered failed. This process
is repeated for a large number of times and the probability of
failure is estimated as the number, of failed samples divided
by the total number of simulations. The number of random
simulations generated highly affects the accuracy of this meth-
od. Furthermore, the accuracy declines and when the proba-
bility of failure is estimated to be insignificant. In addition, the
computation time increases for small probability of failures
(Choi et al. 2007).

7.2 Bayesian Updating

Due to the high uncertainty in the reassessment of existing
jacket platforms, probabilistic structural reliability analysis is
imperative. And the availability of additional information dur-
ing the operation tends to reduce the uncertainties especially
the uncertainties coming from the load. Hence, utilizing avail-
able additional information, computed probability of failure
could be enhanced by means of statistical techniques.

Utilisation of the platform prior experience to enhance the
outcome of a reliability analysis is feasible. When an existing
platform has succeeded in overcoming the extreme load condi-
tions throughout its design lifetime, the confidence level in the
platform increases. For an existing jacket platform, its strength
and robustness have been proven acceptable from its survival

from the experienced environmental and operational loadings
throughout its life. Statistical updating methods have been
utilised by many researchers (Niu et al. 1990; Ersdal et al.
2003; Moan et al. 2000; Madsen et al. 1989; Melchers et al.
2003; Straub and Papaioannou 2014) to enhance the quantified
probability of failure by considering the probability of survival.
It is based on Bayes theorem which utilises combined knowl-
edge of statistics and experience to update the probability of
occurrence of an event shown in Eq. (13.1). Bayesian Updating
method numerically evaluates the posterior probabilistic model
given that the prior model and the likelihood function of obser-
vation data are available. It requires one to update a prior dis-
tribution to a posterior probability distribution with existing
data or from observations and judgments (Ang and Tang 2007).

Puf ¼ P g≤0jS > 0ð Þ ð13:1Þ

whereP(g ≤ 0)= probability of failure of limit state function (Pf)
and P(S > 0)=probability of survival of limit state function (Ps).

From above, Eq. (13.1) is expanded into Eq. (13.2),

Puf ¼ P g≤0∩S > 0½ �
P S > 0½ � ð13:2Þ

The failure probability is calculated by Monte Carlo simu-
lations, and the updated failure probability is given by the
number of simulations satisfying g ≤ 0 and S > 0, divided by
the number of simulations satisfying S > 0. The probability
P(S > 0) means the probability that the structure survived the
experienced wave height load level.

Ersdal (2005) analysed North Sea jacket platforms and
benefitted with lower updated probability of failure by utiliz-
ing Bayesian Updating and Bayesian Updating with
Truncation. Figure 10 shows the Bayesian Updating of prob-
ability of failure for the North Sea jacket platform fromErsdal.

Figure 10 Updating probability of failure using Bayes theorem (Ersdal
2005)
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The result shows that the updated probability of failure de-
creases when the experienced wave height increases. To see a
significant difference in the updated probability of failure, the
experienced wave loading of 1000 and 10,000-year return
period are used in the survival function.When the experienced
wave loading is equal or less than the 100-year return period
load, it does not significantly change the updated failure
probability.

Frieze et al. (1997) have conducted pushover analysis and
utilised Bayesian updating to obtain bias in the RSR values. In
most cases, the probability of failure is updated for the purpose
of inspection and maintenance planning during the operation.
Hence, utilizing this method, with the probable reduction in the
probability of failure, the justification for avoiding costly mod-
ification and repair for life extension is strengthened.

Zafarullah (2013) has reported that during the design,
based on the limited available information and data, assump-
tions are used against the uncertainty of environmental load-
ing and material resistances. Throughout the platform life, the
platform typically experiences some changes from the original
condition. Hence, observation and monitoring data from plat-
form operation could be used together with Updating methods
to enhance the reliability of existing platforms.

Bayesian Updating with Truncation is another refined ap-
proach where it improves the process in obtaining failure
probability compared to Bayesian Updating alone. In reliabil-
ity analysis, the truncation method focuses on the resistance
uncertainty model alone compared to Bayesian updating
method which considers both load and resistance uncertainty
models (Melchers et al. 2003). In truncation, load uncertainty
model is not considered due to no additional information is
obtained from operators concerning the wave distribution. To
update this distribution, it requires sufficient number of wave
data and large amount of simultaneous measurement of jacket
load experiences. Though the wave height is known, due to
uncertainties in load model the value is not accurate.
Conclusion could be made that the capacity of a jacket plat-
form could be well estimated from the ability of the platform
successfully carrying loads from extreme wave events.

7.3 Corrosion Effect

The nature of offshore jacket platforms, located at harsh and
corrosive environment throughout their life time, attract many
degradation mechanisms. Corrosion is one of the important
degradation mechanisms to be considered in structural design.
Due to corrosion, the member capacity deteriorates.
Corrosion, a time dependent process, which should be consid-
ered throughout the design life, though periodic maintenance
and proper protection system (coating and cathodic protection
measures) is made available (Paik and Kim 2012;MohdHairil
et al. 2014; Kim et al. 2020b, c). As awared that the corrosion
process is unavoidable. It deteriorates the resistance capacity

of structural members of existing platforms. This is further
aggravated with poor and less emphasised maintenance
scheme by the operators. Limitation of resources, time and
cost are to be blamed for the improper platform maintenance.
Many researches are available on the effects of corrosion on
structural safety (Kim et al. 2012a, b, c, 2014a, b, 2015,
2017b; Park et al. 2015a, b). Melchers (2005) studied the
effect of corrosion on structural reliability of an existing facil-
ity. He reiterated that corrosion is one of the major degradation
mechanisms that reduce strength capacity of offshore structure
in a time dependent manner throughout the design life. Based
on the deterioration mechanisms present on surface plate ma-
terials, marine corrosion is appropriately categorised into im-
mersion, splash/ tidal zone, atmospheric and semi-enclosed
space (Melchers 1997).

Refining further, corrosion is divided into pitting and gen-
eral corrosion. Pitting corrosion refers to corrosion with length
and width less than three times of the wall thickness mean-
while length and width more than three times of wall thickness
is called general corrosion (Kolios 2010). In structural reliabil-
ity, corrosion deteriorates resistance capacity. Hence, the un-
certainty in remaining strength increases. Figure 11 shows
that, the mean resistance value decays in a parabolic shape
while uncertainty value increases with time. Meanwhile, as
the load value fluctuates randomly with high uncertainty, the
margin between the load and resistance decreases by time as
the resistance value deteriorates. At one particular random
point, the failure occurs when the fluctuating load value
crosses the resistance value (Melchers 2005).

Figure 12 shows that, the strength function (R) deteriorates
with time (t1, t2, t3 are different time points) due to corrosion,
fatigue, etc., while the overlap with load density function (Q)
get bigger. This overlapping is the failure criterion for the
structure. It can be seen that the resistance probability density
function flattens by time as well as the mean value decreases
while the standard deviation increases. This explains the effect
of corrosion on strength and reliability of offshore structures
(Melchers 1999).

Figure 11 Load and resistance distribution by time [89]
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Several models have been used for thickness deterioration
of offshore structural members due to corrosion, considering
different life stages of jacket platform. Most of these models
are based on experimental works by many researchers.

Since corrosion affects the probabilistic resistance parame-
ter of a structural member, a probabilistic corrosion model is
appropriate. In a corrosion model byMelchers (1999, 2005) is
presented as given in Eq. (14) with a mean value expression
and an expression for randomness which describe the expect-
ed corrosion better.

∁ t;P;Eð Þ ¼ fn t;P;Eð Þ þ ε t;P;Eð Þ ð14Þ
where C(t,P,E) is the total weight loss of material, fn(t,P,E) is
the mean function, ε(t,P,E) is the zero mean error function, t is
the time parameter, P is vector with parameters for the corro-
sion protection systems included and E is the vector of envi-
ronmental conditions.

For general corrosion, several models exist. From
Southwell’s linear and bilinear model (Southwell et al.
1979), Qin and Cui (2003) andMelchers (1998, 2005) extend-
ed the model by calculating coefficients based on experimen-
tal data. In addition, a trilinear and a power approximation
models are available in the literature. Few other different non-
linear models based on observational data are available in the
literature which is more biased towards corrosion in plated
members in ships and offshore structures (Paik and Kim
2012; Mohd Hairil et al. 2014; Kim et al. 2020b, c).

8 Simplified Approaches

Many software and methods have been developed for model-
ling, analysing and interpreting structural analysis and struc-
tural reliability analysis results. Yet, there are large variations
and inconsistencies in the results among the software pack-
ages as demonstrated from comparative studies done by HSE
(Billington et al. 1993). Furthermore, despite that the devel-
oped computer programs allow for efficient design and reas-
sessment of structures, they have many deficiencies like re-
quiring for high degrees of expertise to operate properly, high
cost in acquiring and maintaining the products, high

manpower and time to conduct the analyses and high chance
of human error due to the sophistication in operation.

In lieu of above, many researches, i.e. Bea and Mortazavi
(1996), Bea et al. (1993, 1995), Vannan et al. (1994), Bea and
Craig (1993), and Stear and Bea (1997), have proposed sim-
plified procedures for both structural and reliability analyses.
They concluded that detailed structural analysis and reliability
analysis are time consuming and require high cost and
competency. Therefore, for any reassessment of offshore
jacket structures, these analyses should not be the first step
of the processes. This is supported by the fact that the
resources are limited and large numbers of ageing platforms
are waiting to be reassessed. Hence, Vannan et al. (1994) have
proposed a simplified procedure called simplified ultimate
strength (SUS) analysis that predicted a lower bound estimate
of the ultimate strength of jacket platforms utilizing linear
instead of nonlinear collapse analysis. Their prediction of the
failure modes compared well with the actual collapse or dam-
age of the platforms. Bea and his group (Bea and Craig 1993;
Bea 1996) developed a four-tiered simplified procedure to
evaluate the imposing environmental loadings and its
structural responses under extreme storm conditions. The
results gave a good agreement with the results from
commercial software. The intention was to enable the
reassessment and requalification activities to be efficient and
effective. They utilised qualitative and quantitative methods in
coming up with scoring rules for deciding on fitness for
purpose of any jacket platform which goes for life extension
reassessment. Bea and Craig (1993) have developed a multi-
level approach utilizing progressive screening process that
involved four cycles of analysis with increasing level of de-
tails. Mortazavi and Bea (1995) have developed a simplified
structural component and system reliability procedural com-
puter algorithm to identify the potential failure modes and to
estimate the failure probability of any jacket-type platform.
They suggested that this method could be adopted as a first-
hand screening method before a time consuming and costly
detailed risk analysis is performed.

Empirical formulation by data processing technique may
also be considered as first-cut assessment in predicting re-
maining structural capacity. Cui and Mansour (1998) and
Kim et al. (2018b) summarised historical reviews on existing
empirical and design formations in predicting ultimate limit
state of plate element. In the similar manner, several empirical
formulations and simplification techniques have been
proposed for various structures. In particular, damage index
versus residual strength concept has been proposed by Paik
et al. (2012) and applied to the grounded ships (Paik et al.
2012; Kim et al. 2013a, 2014a, 2020a). In the similar manner,
collision (Youssef et al. 2016; Faisal et al. 2017) has also been
studied. Various studies have also been conduced to propose
empirical formulations in terms of blast wall due to explosion
(Kim et al. 2018c; Sohn and Kim 2019), ultimate strength of

Figure 12 Resistance distribution decay by time (Melchers 1999)
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plate (Paik et al. 2004; Kim et al. 2018d), stiffened panel (Kim
et al. 2017a, 2019a, 2020d) and hull girder (Paik et al. 2013;
Baek et al. 2018, 2019), fatigue life prediction of offshore riser
(Kim et al. 2018a), current profile simplification (Kim et al.
2019b) and many others. Many of them utilised data analysis
tool such as regression analysis. Details related to offshore
jacket platform will be discussed further.

The previous approaches in performing simplified analyses
to obtain the cost effective and quick structural safety are com-
mendable. Besides, the large amount of data from earlier per-
formed structural reliability analyses in the archive of the
operators/ owners should be better used to develop a quick
method to acquire the structural reliability based on judgment
and experience in the region where the platform is situated.
This quick method should act as the first level screening meth-
od for making a quick and important preliminary decision
about any ageing jacket platforms in perspective. Thus, utiliz-
ing the available vast data of previously conducted structural
reliability analyses, a simplified screeningmethod is imperative
for a first-hand rule-of-thumb decision with regard to structural
reliability when comes to reassessment. Many researchers have
looked into utilizing rich database and have come out with
practical screening and prediction methodologies (Pueksap-
anan 2010; Liu et al. 2009; Lambert et al. 2012).

Regression is a statistical technique that analyses several
variables to formulate relationship between the dependant var-
iable and one or more independent variable(s) to arrive at a
function that fits the data and returns an array of values in a
matrix form that describes the accuracy of the function
(Brown 2001). Regression analysis is made easier nowadays
with the availability of efficient computational tools.
Microsoft Excel spreadsheet incorporates multiple regression
analysis in its Data Analysis ToolPak available in its Excel
Option Application Add-ins menu. The basic multiple regres-
sion models are expressed in Eq. (15.1) (Freund et al. 2006).

Y ¼ β0 þ β1x1 þ β2x2 þ…þ βmxm þ ϵ ð15:1Þ

where Y = response/dependent variable, x j; j = 1, 2,…, m.
represent m different independent variables, β0 = the intercept
(value when all the independent variables are 0), βj, j = 1,
2,…, m represent the corresponding m regression coefficients
and ϵ = random error (usually assumed to be normally distrib-
uted with mean zero and variance, σ2).

In multiple regression analysis, attention is given to the
relationship among the variables. What happens when each
variable is varied one at a time, while not changing the values
of any others, is of a particular interest. This shows that the
coefficient attached to each independent variable should mea-
sure the average change in the response variable associated
with changes in that independent variable, while the other
independent variables remain fixed. This is the interpretation
for a regression coefficient in a multiple regression model.

In principle, regression analysis is divided into linear and
nonlinear regressions. Linear regression produces linear equa-
tion in Eq. (15.2) which forms a straight line for dataset with
independent variable, x and dependent variable, y. This is
fondly known as univariate linear regression. For a multivar-
iate linear regression, multiple values of independent vari-
ables, xn and slopes, mn are produced in Eq. (15.3).

y ¼ bþ mx ð15:2Þ

y ¼ bþ m1x1 þ m2x2 þ m3x3 þ…þ mnxn ð15:3Þ
where y is dependent variable; x is independent variable; b is
y-intercept of the linear function and m is the slope of linear
function.

Nonlinear regression generates exponential curve function
shown in Eq. (15.4) where x is the independent variable and y
is the dependent variable. Equation (15.5) shows multivariate
nonlinear regression equation.

y ¼ b � mx ð15:4Þ
y ¼ b1 � m1

x1 � m2
x2 � m3

x3 �… � mn
xn ð15:5Þ

where y is dependent variable; xn is the independent variables;
b, mn are the regression coefficients of the function.

Seber and Wild (2003) have stated that it is important in
statistics to find the relationship that exists in a set of variables,
being subjected to randomvariations and possiblemeasurement
errors. Nonlinear models are used either when they are sug-
gested by theoretical considerations or to build known nonlin-
ear behaviour into a model. Even when a linear approximation
works well, a nonlinear model may still be used to retain a clear
interpretation of the parameters. The application of nonlinear
models is widely used in various situations.

Brown (2001) has described stepwise method for nonlinear
regression analysis using Microsoft Excel Data Analysis
Toolpak. The first step in analysing data, it was suggested to
use a curve to determine the goodness of fit of the data utiliz-
ing least square method. This is based on the principal that the
magnitude of the difference between the data points and the
curve is a good measure of how well the curve fits the data.
The best fit of the data is the linear function that has the
smallest value for the squared sum (SS) of all the differences.
The R2 value, the correlation index or the coefficient of deter-
mination, is a value between −1 and 1. It expresses the pro-
portion of variance in the ‘dependent’ variable explained by
‘independent’ variable. As the R2 increases towards 1.0, the
more accurately the function fits the data.

The analysis returns the best fit for linear function to rep-
resent the variables, having similarity to the LINEST function
in the Microsoft Excel. Previously, nonlinear data would be
transformed to linear form and subsequently analysed by lin-
ear regression. However, these transformations could yield
inaccurate analysis as the linear regression may distort the
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experimental error or alter the relationship between y and x. A
method that is suitable for this procedure is called iterative
nonlinear least squares fitting. It differs from linear regression
in a way that it is an iterative process and involves in making
an initial estimate of the parameter values. The SOLVER
function is utilised to perform iteration to optimise the R2

value which results in a regression function with better pre-
diction power.

Lambert et al. (2012) have conducted a study to describe
the method to obtain parameter confidence intervals from the
fitting of nonlinear functions to experimental data, using the
SOLVER and Analysis ToolPak Add-In from the Microsoft
Excel. However, a disadvantage of using the Excel method
was the inability to return confidence intervals for the com-
puted parameters or the correlations between them. Using a
simple Monte Carlo procedure within the Excel spreadsheet,
using SOLVER can provide parameter estimates, for multiple
data sets, and obtain the required confidence interval and cor-
relation index.

Spiess and Neumeyer (2010) have mentioned that the R2

observation is still frequently being used in the context of
validity of a certain model that fits nonlinear data. R2 is not
an optimal choice in a nonlinear analysis as the total sum of
squares (TSS) is not equal to the regression sum of squares
(REGSS) plus the residual sum of squares (RSS), as is the case
of linear regression and hence lacks the appropriate interpre-
tation of the goodness of fit.

Liu et al. (2009) have utilised linear regression in
predicting concrete strength taking concrete strength as depen-
dent variable and the experimental surface rebound value and
other design parameters as the independent variables. They
utilised 146 sets of concrete material design parameters data
as training specimens and 20 sets of data for testing the per-
centage error between the real value and the predicted value to
evaluate the accuracy of the prediction model. In addition,
correlation analysis was performed to assess the correlation
of the utilised independent variables on the dependent powers.
From seven design parameters, parameters with positive cor-
relation coefficients were identified. Root mean square error
(RMSE) was calculated in order to test the statistical regres-
sion analysis. The work explained the regression analysis
methodology and sample validation technique in detail.

Pueksap-anan (2010) developed regression formulas for
the prediction of ultimate strength in the form of Reserve
Strength Ratio (RSR). His aim was to simplify time-
consuming and costly structural reliability analysis. The de-
veloped nonlinear regression equations were categorised into
the incomingwave direction and bracing type. LOGEST func-
tion in Microsoft Excel was employed. Metocean return peri-
od, topside loading, water depths, and the apparent double
batter were considered as the independent variables while
the RSR is the dependent variable. Percentage error between
the actual and the predicted RSR values were also determined.

Finally, the sensitivity of the RSR towards the independent
variables was studied.

Ng et al. (2011) performed nonlinear regression analysis on
a semi-submersible platform to obtain the response amplitude
operator (RAO) based on parameters such as wave frequency,
member diameter, and member draft. The nonlinear regres-
sion analysis was simplified to become linear regression anal-
ysis utilizing the logarithms of parameters (Eq. 16.1).
Completing the analysis, the obtained coefficients were
utilised in the exponential curve function fit shown in Eq.
(16.2). For the validation purpose, the data was grouped ac-
cording to the frequency and member diameter range. Three
motions were considered. The generated regression equations
were having a good agreement with the calculated RAO from
diffraction theory.

Log R ¼ Log aþ bLog f þ cLog Dþ dLog h ð16:1Þ
R ¼ a � f b � Dc � hd ð16:2Þ
where R is dependent variable; f, D and h are independent
variables; and a, b, c and d are the regression coefficients.

9 Pile-Soil Ageing Effect

Recently, several studies have been done and are ongoing
studying the pile capacity change, especially in offshore foun-
dation by Karlsrud and Nadim (1990), Karlsrud et al. (2005),
Nichols et al. (2006), Chen et al. (2009), Jeanjean (2009),
Lacasse et al. (2013a, b) and Hajialilue-Bonab et al. (2013).
The mechanism behind the change in pile capacity has been
represented as mathematical equations known as ‘time func-
tions’. The pile capacity is believed to be changing, mostly in
a positive manner, from the initial pile capacity since the time
of installation. This increase in capacity is called ‘set-up’.
Nevertheless, the correct mechanism behind this change has
not been fully understood. Hence many studies have been
undertaken to look into this subject (Komurka et al. 2003;
Augustesen 2006; Augustesen et al. 2006; Lied 2010;
Jensen et al. 2014).

Bullock et al. (2005a, b) have conducted model test piles to
measure the difference in set-up for different layers of soil side
shear capacity. The measurement was done for 55 months.
Long term effects on side shear set-up was established and a
reduction factor of 0.4 was proposed. The linear increase of
side shear capacity respect to logarithm of time was con-
firmed. They were also successful in establishing a minimum
set-up factor, Δ10 of 0.1 from their results.

In 2006, studies on vertical bearing capacity of piles in
clay soil with regard to long term set-up was performed
by Augustesen (2006) and Augustesen et al. (2006).
Statistical analysis was carried out using 88 static loading
test data. They validated that set-up and established linear
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increase of the capacity with the logarithm of time. In
addition, there are three different models suggested in
the literature namely Skov and Denver model (Skov and
Denver 1988), Norwegian Geotechnical Institute model
(NGI) (Karlsrud et al. 2005; Clausen and Aas 2001) and
Bullock model (Bullock et al. 2005a, b) were assessed
and compared. Statistical evidence between the magnitude
of set-up and soil properties could not be established.
Hence, a constant set-up factor, Δ10 for a given time after
initial driving was suggested.

NGI with an intention to establish design procedures which
account for time effects, has studied pile bearing capacity gain
with time from a joint industry project on full scale pile testing
from five test sites in Europe with different ground conditions
(Lied 2010). Ng et al. (2010) carried out case studies on pile-
soil set-up for Malaysian onshore condition. Pile capacities ob-
tained from tests carried out at different elapsed time after in-
stallation were studied to determine time effects on pile-soil set-
up. They obtained set-up factor,Δ10 ranging from 0.09 to 6.25.

In theory, the pile foundation capacity could be increasing
(positive) or decreasing (negative) by time depending on the
interaction condition between the pile and the soil stratum,
where the pile is installed. Negative change in pile capacity
is very rare to occur compared to the positive change. As
mentioned above, a positive change in capacity is known as
set-up, while the negative change is known as ‘relaxation’.
The explanation on mechanism behind relaxation can be
found in Bullock et al. (2005a) and Rausche et al. (2004).
Meanwhile, set-up can be classified into two categories,
namely long term and short term effects. The capacity gained
in piles at the end of consolidation process is called long term
effects or ageing effects. The capacity gained from the end of
driving (EOD) of pile to the end of consolidation phase is
known as short term effects (Lied 2010). Komurka et al.
(2003) stated that there are three phases in the process of set-
up shown in Figure 13.

First phase accounts for quick capacity increase after instal-
lation while the second phase occurs sometime after driving
where the dissipation rate becomes constant with respect to
the log of time. During the second phase, the soil experiences
an increase in effective vertical and horizontal stresses, con-
solidates, and gains shear strength according to conventional
consolidation theory. The duration for pore water pressure
dissipation is a function of soil type, permeability, sensitivity,
pile type and size. Combination of both phases is known as the
short term effects. In the third phase, theoretically, an infinite
time period is required for dissipation of the excess pore water
pressure, but after a long time period, the rate of dissipation
would get slower as the primary consolidation could be con-
sidered over and the secondary consolidation continues inde-
pendent of effective stress. This is referred as the agring,
which increases the pile capacity at a rate approximately linear
with the log of time. This is valid for uniform soil condition
along the pile shaft length and below the pile toe. Typically, at
any condition, different layers of soil are present hence differ-
ent rates for set-up is required for each layer.

9.1 Time Functions

Several time functions describing the pile capacity gain by
time are available in the literature. Skov and Denver (1988)
proposed a semi-logarithmic empirical relationship to describe
set-up as in Eq. (17.1),

Qt=Qo ¼ 1þΔ10 log t=toð Þ½ � ð17:1Þ

where Qt = axial capacity at time t after EOD, Qo = axial ca-
pacity at reference time to, Δ10 = set-up factor (sand = 0.2,
clay = 0.6), to = assumed to be 0.5 day for sand, 1.0 day for
clay and EOD = end of driving.

The adopted to ensures a stabilised increase of the capacity
with time. Prior to that, the pore pressure has not reached the
stationary state, hence soil remoulding occurs. An upper limit
for the reference time (to) was proposed however no guideline
has been prescribed. Equation (17.2) has been adopted by
many and it was developed using combined resistance from
lumped pile side shear and toe resistance. In contrast to this,
Bullock et al. (2005a, b) found thatΔ10 is in the range of 0.1 to
0.32 using the equation for pile side shear capacity only, ex-
cluding toe resistance.

Meanwhile, Svinkin (1996) has developed a set of formula
as given in Eqs. (17.2) and (17.3) for the set-up in sand based
on load test data.

Qt ¼ 1:4QEODt
0:1 upper bound ð17:2Þ

Qt ¼ 1:025QEODt
0:1 lower bound ð17:3Þ

whereQEOD is the instantaneous capacity at the end of driving
of the pile.Figure 13 Idealised set-up phases (Komurka et al. 2003)
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The capacity of piles driven into soft soils is studied by
Guang-Yu (1988). It was claimed that sand and gravel do
not experience set-up. Hence a formula for predicting set-up
in the soft-ground of Shanghai was presented as in Eq. (17.4),

Q14 ¼ 0:375St þ 1ð Þ QEOD ð17:4Þ

where Q14 = pile capacity at 14 days after EOD and St = sen-
sitivity of soil.

Svinkin and Skov (2000) presented slight modification to
Eq. (17.3) with to equivalent to 0.1 day hence Eq. (17.5),

Qt=QEOD−1 ¼ B log10 tð Þ þ 1½ � ð17:5Þ

where Qt is ultimate resistance at time t days, QEOD is
end of driving resistance, B is similar factor like the
Δ10 in Eq. (17.3).

In all the above equations, QEOD is obtained from pile
dynamic monitoring during pile driving. Augustesen (2006)
has proposed different Δ10 values for long and short term
effects. For set-up, the short-term component ofΔ10 is greater
than the long term component, i.e.Δ10 short-term >Δ10 long
term shown in Figure 14. The time for equalisation of pore
water pressure end of consolidation is denoted teoc and both
Δ10 and Q0 depend on whether t < teoc or t > teoc.

From the test results by Clausen and Aas (2001), they
claimed that the long term set-up depends on the soil proper-
ties. Hence they introducedΔ10 as a function of the plasticity
index (Ip) and the over consolidation ratio (OCR) as in Eq.
(17.6).

Δ10 ¼ 0:1þ 0:4 1−Ip=50ð Þ OCR−0:8 for 0:1≤Δ10≤0:5½ � ð17:6Þ

The reference time, t0 is fixed as 100 days. The above
equation is also denoted as the NGI equation. Augustesen
(2006) recommended the form of Δ10 that best fits the ob-
served results from experimental data, to better depicts the
actual behaviour. Hence, Eq. (17.7) is derived.

Δ10 ¼ 1:24– Suu=60ð Þ 0:03 ð17:7Þ
where Suu is the soil un-drained shear strength. This equation
is called the AAU equation. In different soil layers average
values of Ip, OCR and Suu are recommended by NGI.

However, Augustesen et al. (2006) proposed two options to
choose from

& Option 1: Equation (17.3) is applied to every single soil
layer using Δ10 found using Ip, OCR and Suu of that par-
ticular layer.

& Option 2: Equation (17.3) is used for the entire pile. Hence
an average value of Ip, OCR and Suu be estimated
weighting the soil parameters by surface area or weighting
the soil parameters by the calculated capacity of the dif-
ferent layers by means of static design equations for the
soil in the pile vicinity.

Equations (17.6) and (17.7) are applicable only for cohe-
sive soil. No equation is available for noncohesive soil.
Hence, original constant values for Δ10 are recommended
for noncohesive soil (Jensen et al. 2014).

Apart from the pile and soil interaction, pipe and soil
interation issues have also been highlighted by invetigating
its nonlinear behaviour (Kim et al. 2017c; Yu et al. 2013,
2015, 2017).

10 Concluding Remarks

In this paper, the research studies on structural condition as-
sessment of ageing offshore jacket platforms reported in the
literature over the past few decades are presented and
discussed. The obtained results may be summarised as
follows:

1) Many studies are reported on reassessment of existing
offshore jacket platforms by considering maintenance
and/or decommissioning. They utilised numerous assess-
ment methodologies, either deterministic or probabilistic
types. In lieu of the current practice, probabilistic meth-
odologies to conduct component and system reliability
reassessments as an alternative to the current industry
adopted approach are needed. In addition, the relationship
between component and system reliability is preferred.
With the developed methodologies, parametric study af-
fecting the component and system reliability has been
performed. The sensitivity study on parameters which
contributes to the variation of the reliability indices has
been conducted.

2) Large number of studies on corrosion and Bayesian
updating methods is available. With the developed meth-
odologies, the effects of corrosion and Bayesian updating
on the jacket platforms reliability indices are investigated.

3) Numerous studies have been reported on pile-soil ageing.
The effects of pile-soil ageing on the safety indices are
investigated. Prior to that, time functions and modifica-
tion to the pile-soil curves are studied.Figure 14 Short term and long term effects onΔ10 [154]
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4) Large number of studies have been conducted in formu-
lating simplified methodology to determine safety indices
of existing jacket platforms. With the available tabulated
structural reliability analysis data, the development of
simplified methodology to determine reliability indices
for Malaysian offshore jacket platforms is performed.
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