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(i)

EXECUTIVE SUMMARY
A study to determine the likely consequences for existing structures of introducing the member
strength formulations proposed for the new ISO fixed steel structures standard is reported. The
background to the proposed standard, ISO 13819-2, is described. It was to exploit existing limit
state design practice, ie, API RP 2A-LRFD, as a base document harmonised for worldwide
application by accounting for other relevant technical requirements and regulatory issues.
The aims of the study are:
•
•
•

effect one-to-one comparisons between the LRFD and ISO formulations.
quantify when assessing existing jacket structures the impact of the ISO formulations in
terms of structural sizing, weight.
quantify corresponding implications for safety in (simple) reliability index terms.

The activities of the group charged with the development of the ISO member strength
formulations are summarised. These included the creation of screened test databases of both
intact and damaged tubulars: incorporating damage including the benefit of grouting was in
itself innovatory. The basis for the screening is described. Limitations on the use of the
proposed formulations are summarised based mainly on existing practice and the extent of
available data. The tolerances imposed on tubular initial geometric distortions are also
indicated.
The important changes proposed to RP 2A-LRFD for the ISO standard are described. They
include reductions in effective lengths, inclusion of a yield stress dependency in the local
buckling formulation, a reduction below elastic buckling as the criterion for slender beamcolumn strengths, a linear interaction between axial and bending stresses in place of the cosine
interaction, and a clear recognition that end-capped forces due to hydrostatic pressure may be
included in or excluded from a structural analysis and that corresponding strength formulations
need to recognise this. Full extracts of the LRFD and ISO member strength provisions are
included in appendices.
The main aims of the study were achieved by exploiting third party structural analysis results of
three existing platforms in 35, 85 and 90 m water depth. The platforms are described in outline
only. Capped-end forces were not included in the analyses.
The approaches used to achieve the aims of the study are described. They include a visual
element through the one-to-one comparisons being plotted together. The impact for existing
designs is to be assessed initially by comparing utilisation ratios in both tabular and graphical
formats and then by resizing on the basis of changing thicknesses to achieve the same utilisation
ratios. This enables changes in weight to be readily determined. The procedure for establishing
utilisation ratios given the third party structural analysis results is described. Reliability indices
are determined using linear error theory.
The sources of statistical information required for the reliability analysis are identified. For
member strengths, it is the ISO work whilst, for the loading components, it is determined from
other recently completed Health and Safety Executive funded research. The calculations
required for the latter are presented in an appendix.

(ii)

The results are presented and discussed in detail. The findings of the one-to-one comparisons of
the strength formulations (without load and resistance factors) over a practical range of
geometries are:
•
•
•
•

for combined compression and bending, little difference
for combined tension and bending, an average reduction in combined axial and bending
capacity for the ISO formulations of 9%
for combined compression, bending and pressure, an average reduction for the ISO
formulations’ capacities of 7%
for combined tension, bending and pressure, an average increase for the ISO formulations’
capacities of 10%.

The comparison of utilisation ratios for the three platforms leads to different findings, a result
significantly influenced by the relatively low utilisation ratios found for many of the considered
members as well as by the change in the power of the term(s) in the governing equation(s). For
example, a stress ratio raised to the power ‘two’ departs from unity at a faster rate than the same
term raised to the power ‘one’. To facilitate comparisons, members are categorised as governed
by ‘compression’ or ‘tension’ both combined with bending and pressure.
Under ‘compression’, the LRFD beam-column equation always governs whilst for ISO it is
either the beam-column or the local buckling-bending equation that controls, all including the
effects of pressure as appropriate. Pressure becomes important for members at the bottom of the
platform in 90 m water depth.
Under ‘tension’, the LRFD equation D.3.3-1 always governs whilst for ISO it is equation
7.4.1-7.
The relative values of the utilisation ratios appear at first sight, inconsistent with the findings of
the one-to-one comparisons. An examination of the governing equations demonstrates the
influence of the power to which a stress ratio in the interaction equation is raised as the ratio
departs from unity.
On the basis of resizing, the ‘compression’ members exhibit only small changes. Under
‘tension’, ISO requirements lead to average increases in thickness of 17, 12 and 22% for
Platform Nos 1, 2 and 3 respectively. This is reflected in an average weight increase of 25%.
However, ‘tension’ members comprise only a small proportion of jacket tubulars.
The reliability indices are generally greater than about 4 to 5, a result of utilisations generally
being somewhat less than unity. Some utilisation ratios exceed unity leading to relatively small
indices. A different equation sometimes governs the reliability index compared with that
governing utilisation ratio. Platform No. 1 reliability indices are smaller under LRFD whilst the
opposite is the case for Platform Nos 2 and 3.
The recommendations arising from the study to a large extent reflect the unfinished state of ISO
13819-2 as a whole. The strength formulations are effectively ‘frozen’ but uncertainty exists
over the corresponding resistance factors, as well as load factors for application to North Sea
design and re-assessment.
The reliability assessment was limited to components and overall reliability is recommended for
determination to ensure it is not compromised as a result of introducing ISO 13819-2.

(iii)

1. INTRODUCTION
1.1 BACKGROUND
Since 1990, work has been underway to develop an international standard for offshore structures
as exploited by the petroleum and natural gas industries. The standard is being developed under
the auspices of ISO TC67/SC7 and covers fixed steel, fixed concrete and floating structures, and
mobile drilling units. Work was initiated on the general requirements for the overall standard
and on the specific requirements for fixed steel structures. The General Requirements and an
interim version of the fixed steel structures standard were both published in 1995 as ISO
13819-1 and 13819-2 respectively[1,2]. An overview of the general activity was presented in an
OTC paper by Snell[3] and of the fixed steel structures standard in an OTC paper by Wisch[4].
The interim version of the fixed steel structures standard[2] comprised the first edition of
API RP 2A-LRFD[5] with an appropriate foreword. Work on the first truly internationally
harmonised version of the steel standard began in 1993 by Work Group 3 (WG3) of ISO
TC67/SC7. This was progressed through a framework of ten panels covering metocean
parameters, actions, strength, fatigue, corrosion, inspection, topsides, foundations and seismic
issues. The panel concerned with strength (Panel 3) comprised three technical core groups that
dealt with members, joints and connections. The Members Technical Core Group (MTCG)
reported its major developments in 1996[6] some of which are described in a BOSS’97 paper[7].
The proposed ISO member strength formulations represent a harmonisation of the views of
primarily the UK, USA and Norway in respect of implementation of appropriate methodologies
for the design of tubular members. The development of the ISO formulations has drawn heavily
upon the American Petroleum Institute (API) recommendations contained in RP 2A-LRFD[5],
including re-consideration of some clauses and modifications already planned for inclusion in
upgrades to the API practice. The ISO formulations have been substantiated against carefully
screened databases and their comparisons with test data are expressed in terms of means and
coefficients of variation (COV): these aspects are described in [7]. This statistical information
provides a basis for determining the reliability of tubular members under various loading
conditions as well as appropriate partial load and resistance factors. Some of the proposed
formulations are substantially different from their RP 2A-LRFD counterparts. The proposed
ISO formulations will thus lead to changes in the design of tubular members and may also have
consequences for jacket reliability. It is therefore important to quantify these effects, in order
that any weight penalties can be identified as well as ensure that the changes are not likely to
compromise jacket safety.
In seeking to progress this work, the Health and Safety Executive (HSE) sought to exploit
related activities. Consequently, the study did not address design directly but approached it
from an assessment viewpoint coupled with a one-to-one comparison of the provisions
assuming fully-utilised members. The objectives of the work were, therefore,
•

to effect a one-to-one comparison between the tubular member provisions of ISO 13819-2
and API RP-2A-LRFD assuming full utilisation

•

to quantify the effects, in terms of structural sizing and weight, of assessing existing
structures to the proposed ISO 13819-2 provisions for tubular members

•

to consider, in outline, corresponding safety implications in reliability index terms.

The work progressed by exploiting existing environmental load analyses of three working
platforms. The platforms are installed in the North Sea in 35, 85 and 90 m of water. Briefly,
the approach adopted to achieve the objectives of the work was to compare member utilisations
and reliability indices between API RP 2A-LRFD and ISO 13819-2 assessments of the three
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platforms. The results therefore relate to existing structures when subject to environmental
forces. The findings of this study will reflect this limitation and thus will not necessarily apply
to new designs under a wider set of load conditions and combinations.
1.2 LAYOUT OF REPORT
The report is formatted as follows. Section 2 presents the technical background, and outlines
the changes proposed in the ISO provisions for tubular members. The main differences between
the API RP 2A-LRFD (LRFD) and the ISO formulations are highlighted.
Three existing jacket structures, located in the North Sea, were used to assess the implications
of the ISO formulations. The layout and configuration of each structure is described in general
terms in Section 3. This section also presents the details of the environmental conditions for
each platform site.
The member forces for each structure were determined from structural analyses performed by a
third party contractor, in a separate study for HSE. The results of the structural analyses were
made available for use in this project. Section 4 gives details of the data received and describes
the adopted methodology to conduct member code checks in accordance with the LRFD and
ISO formulae. This section also describes the methodology for quantifying the reliability index
at component level.
Salient results from the comparisons are given in Section 5. These are presented mainly in
tabular and/or graphical format in order to facilitate clear comparisons. Detailed results are
given in appendices.
In Section 6, the results are discussed and conclusions from the investigations are drawn. The
conclusions have led to a number of recommendations, and these are also presented in this
section.
Six appendices are included that present:
A
B
C
D
E

Cylindrical Member Design, Extracts from API RP 2A-LRFD
Tubular Members, Extracts from ISO TC67/SC7/WG3/P3
MATHCAD Code Check Calculations for Tension and Compression Members
Detailed Member Code Check Results
Back-Calibration Determination of COV for Environmental Load Effects.
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2. TECHNICAL BACKGROUND
2.1 REMIT FOR DEVELOPMENT
The remit to the WG3 panels was to adopt RP 2A-LRFD as the base document and to modify its
provisions only if they could be “significantly bettered”(4). However, Wisch also noted(4) that “it
is the intent of the standard to have a harmonized approach in all areas” and that “the standard
will be a harmonized limit state code complying with ISO principles and applicable worldwide”.
The MTCG interpreted this as follows:
•

API RP 2A Working Stress Design, American Petroleum Institute, is the de facto
international standard,

•

since the safety format was to be consistent with ISO 2394, General Principles on
Reliability for Structures[8], involving partial coefficients, API RP 2A-LRFD[5] was
proposed as the base document,

•

several modifications to the existing RP 2A provisions had already been proposed by some
of the API committees,

•

both the UK and, in particular, Norway had independent requirements and these had to be
harmonised with the RP 2A formulations,

•

the proposed provisions should aim to be acceptable to certifying and regulatory authorities
worldwide,

•

the proposed provisions should be acceptable to the offshore design fraternity,

•

the proposed provisions had to be justified technically.

The initial efforts of the MTCG concentrated on preparing a screened database of test results.
The main criterion for acceptability was completeness of data. This extended to include yield
stress measurements for each specimen as well as individual values of critical geometrical
variables such as diameter and thickness. The absence of measurements of elastic modulus
alone was not considered reason enough to reject the data. The lack of detailed measurements
of initial geometry was usually taken as a reason to ignore data pertaining to columns, beamcolumns and tubulars subjected to external pressure either alone or in combination. However,
where initial geometry was detailed, those falling outside API Spec 2B tolerances were always
rejected except when subject to external pressure. Correction for out-of-tolerance construction
in this particular case was effected using the expression given in Miller and Saliklis[9] explicitly
for this purpose. Column results that exhibited strengths in excess of the Euler buckling load
were rejected along with other specimens in the same series. Such enhancements are only
possible if end fixities do not approach the simply supported end conditions claimed to exist
during the test.
Static values of yield stress were used where available, dynamic values in their absence. In the
form used for normalisation of test results, dynamic yield stress values produce conservative
points for comparison. Specimens constructed from steel of thickness of about 1.8 mm and less
were rejected because of unease over the potential for being out-of-tolerance and possible
higher than usual variability in material properties. Most of the specimens in question belong to
early test series when the need and possible ability to accurately measure circularity may not
always have been appreciated or possible. The potential variability in material properties was
judged a consequence of the production processes available at the time. The need to take
account of such issues to some extent reflected the inherent variability in the test results in
question.
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Based on the geometries represented in the databases, the MTCG set a limit on diameter to
thickness ratio D/t of 120 for which the provisions were to be considered applicable. The
existing 6 mm minimum thickness requirement in RP 2A was retained.
Yield stress was restricted to 500 MPa, again because of limited data beyond this range,
together with demands that:
•

the ultimate tensile strength occurs at a strain of at least 20 times that at which yield initiates
to ensure adequate ductility is realised and thus avoid unstable behaviour when mobilising
plastic hinge capacity,

•

the ratio of yield to ultimate tensile strength does not exceed 0.85.

The requirements developed were specifically for circular tubular shapes that are typical of
offshore platform construction. The types of tubulars covered included fabricated roll-bent
tubulars with longitudinal and circumferential weld seams, hot-finished seamless pipes, and
ERW pipes that have undergone post-weld heat treatment or normalisation to relieve residual
stresses. Relief of the residual stresses is necessary to remove the ‘rounded’ characteristic that
appears in the material effective stress-strain curve following this form of manufacture. This
characteristic is distinct from the usually relatively sharp transition that occurs between the
elastic slope and the yield plateau in steel in which similar residual stresses are absent.
With regard to fabrication imperfections, these were recommended as:
•

global out-of-straightness limited to length/1000

•

global out-of-roundness, ie, maximum difference in any plane of diameters measured at one
cross-section, to be limited to 1% of nominal diameter, independent of diameter and
applicable to all D/t ratios

•

for D/t >60, local out-of-straightness should not exceed 0.2% of nominal diameter when
measured using a gauge length of 4√(Rt) where R is radius.

The first and second of these requirements are consistent with those of API Spec 2B[10]. The
third requirement was determined from DNV Classification Notes 30.1[11] following the
introduction of diameter to thickness ratios in the range 60 to 120.
2.2 PROPOSED CHANGES TO API RP 2A-LRFD
Reasons for the changes proposed to be made to the RP 2A-LRFD provisions are discussed in
the informative section of the MTCG’s report[6] with further explanation given in [7]. The main
changes proposed to the existing API RP 2A-LRFD tubular members’ provisions to achieve a
harmonised document are:
•

Element effective lengths have been modified on the basis of analytical studies
substantiated by interpretation of large-scale experimental results pertaining to tubular
framed structures. This has produced reduced brace effective lengths in the ISO code
compared with existing practice and ones that take explicit account of the rotational
stiffnesses of end connections. Further, face-to-face distances can be used instead of centreline-to-centre-line distances if it can be demonstrated that interactive buckling with attached
members will not occur.

•

Local buckling strength under axial compression is now a function of yield stress. In
LRFD, all other tubular member strength provisions were functions of yield stress except
for those pertaining to local buckling. Theoretically, such dependency exists. The
provision is now similar to the existing RP 2A-LRFD requirement when the yield stress is
345 N/mm² (50 ksi) and the diameter to thickness ratio (D/t) is 60. It is initially more
stringent than the current requirement for yield stresses in excess of 345 N/mm² when D/t =
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60 and less stringent for yield stresses less than 345 N/mm². However, as will be seen later,
it is less conservative than the existing definition as slenderness increases.
•

Column buckling strength requirements are similar to existing ones for stocky column
members but more stringent in the case of slender members (non-dimensional slenderness
greater than about 1.0). It is no longer possible to design members to have a strength equal
to their Euler buckling strength. These requirements will lead to more conservative designs
for slender members but, because they represent such a small proportion of the population
of tubular members, their overall impact on design is expected to be small.

•

For combined axial load and bending, the linear local interaction equations in API RP 2AWSD[8] have been adopted because of the concern that the API RP 2A-LRFD cosine
interaction forms could not be fully substantiated. They apply irrespective of whether the
axial loading is tensile or compressive. This will, in principle, lead to more conservative
designs than required by present practice particularly in relation to piles. [For low D/t ratios
(less than 25), the proposed commentary[6] allows higher strengths to be used but these have
to be demonstrated on a case-by-case basis.]

•

In the interaction equation governing overall buckling, the compression partial resistance
factor that is presently applied to the Euler stress in the bending term, has been deleted
leading to less conservative designs compared with the existing approach. This change will
tend to compensate for the conservative outcome introduced by the linear form of the local
buckling equations. However, the likely overall impact on design is not clear since it is not
certain whether the local or overall requirements normally govern member design in the
presence of compression and bending.

•

Under loadings combined with hydrostatic pressure, changes have arisen for two reasons.
Firstly, it has been recognised that hydrostatic pressure does not contribute to overall
buckling although it does affect local buckling strength. Secondly, the equations that reflect
the interaction between tension and pressure and bending and pressure were recognised to
become increasingly conservative with increasing cross-sectional slenderness. Both of
these changes will lead to reductions in member sizing compared with existing practice.

•

Under hydrostatic pressure, two analysis methodologies have been recognised to reflect the
different approaches adopted in different design offices. In one case, the analysis proceeds
with the capped-end force included in the structural analysis while, in the other, it is
excluded. Because of the different effects of pressure on local and overall compression
response, the design for local and overall compression differs in each case.

Extracts from API RP 2A-LRFD covering cylindrical member design are contained in Appendix
A. Similarly, the equations proposed for member design in the ISO code are presented in
Appendix B. From these, it can be seen that no changes were introduced to three main
provisions of LRFD. These are the formulations relating to tension, bending, and hydrostatic
pressure, when acting in isolation.
From the above summary of proposed changes to existing design practice resulting from the
introduction of the recommended ISO provisions for tubular members of jacket structures, it is
expected that a number of these will lead to changes in member sizes compared with those
arising from current design requirements. This may have the effect of changing the reliability of
the resulting jacket structures. Thus, it is important that the effects of these changes are
quantified not just in terms of structural sizing and weight but also in terms of reliability index.
This will be effected at component level, the impact at system level requiring the use of a more
sophisticated approach, namely, pushover analysis. The system assessment should only be
conducted once the implications of the component level analysis have been fully addressed.
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3. PLATFORM DESCRIPTIONS
3.1 GENERAL
HSE commissioned a third party contractor to conduct an assessment of the ISO
recommendations for joint strength. The results of that assessment, together with the
conclusions of this study, will provide a partial overall appraisal of the impact on current jacket
design procedures of the proposed ISO formulations. It was therefore decided at the outset that
both investigations be based on the same jacket structures.
Three platforms, all located in the North Sea, were selected for the appraisal. The selected
structures represent designs of older generation and newer generation jackets. The selected
platforms also encompass a range of water depths and environmental conditions, associated
with the southern North Sea and the central North Sea. The three structures also provide a
variety of framing configurations. These aspects are described below together with other data
for each platform.
3.2 PLATFORM NO 1
Platform No 1 is a drilling platform located in the southern North Sea: the water depth at this
location is some 35 metres. The nearly 500 tonne jacket comprises eight legs with face and plan
frames braced in diagonal and V-configurations. There are five plan levels, the lowest located
at mudline, and the upper-most at an elevation +4.6 metres relative to LAT. In plan, the jacket
is braced at alternate plan levels with conductor guide frames located at one end of the structure
providing support for twelve conductors. The general arrangement of the platform is shown on
Figure 1. This figure also indicates sizes for the jacket primary members.
The jacket supports a main deck area of approximately 900 square metres. The combined
topside weight for deck steelwork and equipment is 900 tonnes. Loads from the topsides and
jacket self-weight, together with loads due to the environment, are transferred to the seabed
through eight steel piles, each 762 mm in diameter. The piles are located within each leg and
are attached to the legs via fully welded connections at +4.6 metres LAT. At other plan levels,
lateral support is provided between the legs and the piles through steel shims. The jacket is
generally made up of steel with a nominal strength of 248 N/mm2. Leg cans, however, are 345
N/mm2 nominal strength.
Wind, wave and current data relevant for the field are given in Table 1. The data are for a 50year return period and relate to eight compass directions.
3.3 PLATFORM NO 2
Platform No 2 is located in the central North Sea in a water depth of nearly 85 metres. The
jacket weighs some 4700 tonnes and supports the topsides with a main deck area of 3000 square
metres and a total topsides weight of approximately 11,000 tonnes. The jacket has four legs at
the ends of four vertical face frames of X-braced configuration. Each of the five plan levels also
has an X-bracing pattern. The jacket centrally supports a total of 21 conductors of which eleven
(508 mm diameter) are tied-back and the remainder (660 mm diameter) are platform drilled.
The platform general arrangement and basic member sizes are given in Figures 2 to 6.
A total of twelve piles carry the platform weight to the seabed. There are four leg piles of 1829
mm diameter and eight skirt piles of 2134 mm diameter. The connections between the leg piles
and the legs and the skirt piles and the sleeves are grouted connections.
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The jacket is fabricated from high strength steel with a nominal strength of 325 N/mm2 for wall
thicknesses in the range 63 to 100 mm, increasing to a nominal strength of 355 N/mm2 for wall
thicknesses less than 16 mm. The jacket was installed in 1992.
Environmental data for the platform are given in Table 2.
3.4 PLATFORM NO 3
Platform No 3 is located in some 90 metres water depth in the central North Sea. The jacket is a
‘first generation’ North Sea design and was installed by barge-launching in 1975. The total
‘dry’ jacket weight, including appurtenances and grout, is 6700 tonnes. Piles and add-ons
weigh a further 4200 tonnes. The topside weight, comprising the integrated deck, cellar deck
equipment and modules/equipment, totals 10,500 tonnes.
The platform is very large and this is reflected in the jacket member sizes. Figures 7 to 19
present the platform general arrangement and basic member sizes. Examination of these figures
reveals that each of the six plan levels is made up of a combination of diamond and diagonal
bracing patterns. Diagonal braced face frames exist between each of the eight jacket legs,
although the lowest bay in the jacket comprises X-bracing. Because the jacket was bargelaunched, the two intermediate transverse frames have additional bracing to carry the jacket
weight during this procedure.
Six tubular skirt piles are provided at each corner. In addition, each of the eight platform legs
houses a leg pile. All piles are 1219 mm in diameter and the connections between the piles and
the jacket are grouted connections. The jacket is fabricated steel with a nominal strength of 325
N/mm2.
Table 3 presents the wind, wave and current data for this field
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4. ANALYSIS METHODOLOGY
Three forms of analysis were undertaken as part of this study. They were, firstly, a one-to-one
comparison between the strength formulations, secondly, a comparative design strength
assessment of the tubulars of three existing platforms when subjected to environmental loading
and, thirdly, through a comparison of reliability indices of these same platform members. The
approach adopted for each of these analyses is described below.
4.1 ONE-TO-ONE COMPARISONS
Comparisons between strength formulations are initially most effectively performed on a oneto-one basis. That is, given a set of parameters including the loading for a structural component,
what are the differences between the strengths predicted by the various formulations. As the
comparisons are between predicted strengths, they are performed without the application of any
load or resistance factors or, alternatively and equivalently, assuming all such factors are unity.
To gain the fullest appreciation of the differences, the comparisons have to be effected over a
range of geometries and load combinations. To gain a fundamental appreciation of how the
changes accumulate, this begins with single loading actions such as local buckling, column
buckling, etc. It then continues by progressing on to comparisons under simple combinations of
loads such as compression plus bending, and progresses to the most complex combinations such
as compression plus bending plus pressure. Under combinations of actions, counterbalancing
effects can occur, one tending to lead to a reduction in sizes whilst the other tends to lead to an
increase in sizes. Without an appreciation of the effects of single loading actions, understanding
the effects of combined actions may not always be straightforward.
The one-to-one comparisons were conducted only for those strength formulations for which the
LRFD had been harmonised to produce the ISO requirements. Of the single loading actions,
this only involved local and column buckling. However, for combined loads, all combinations
were affected. The results of these comparisons are presented and discussed in Section 5.1.
4.2 COMPARISONS OF DESIGN STRENGTHS
These comparisons were conducted on three existing North Sea platforms, descriptions of which
are given in Section 3. The environmental loading analyses of these platforms were conducted
by a third party. The data provided by the third party and how it was applied to effect the
comparisons are described below.
4.2.1 Data Received
For each platform, the third party contractor performed structural analyses for the in-place
condition. Storm load analyses were undertaken, and the following technical data and structural
analysis results were made available:
•

General arrangement plots, indicating the platform location, overall geometry and framing
arrangement for the structure. These drawings also contained general information on
weights, deck areas, environmental data and piles.

•

Computer representation plots, showing the node and element numbering for primary and
secondary members, piles, conductors and other appurtenances.

•

Input data listing for the structural analyses, including co-ordinates, element connectivity,
element properties, support conditions and other parameters such as element material data
and constraints.
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•

Listing of the platform basic load cases. These included self-weight, topside weight, marine
growth weight, buoyancy forces, directional wind loads and directional wave and current
forces.

•

Results of the structural analyses in electronic form, comprising axial force, shears and
bending moments at five locations along each element length.

4.2.2 Data Reduction
As indicated earlier, structural analysis output was provided for all modelled members.
However, some of these were not of direct interest to this study and were removed from the
listed data. Table 4 compares the number of elements modelled in the structural analyses and
the number of elements for which code comparison investigations have been performed.
4.2.3 Procedures for Code Checks
Offshore structural analysis software packages do not as yet incorporate the proposed ISO
formulations for member code checking. In fact, many of these packages have not even
incorporated the API RP 2A-LRFD code check formulae. Therefore, for this study, the
necessary code-checking software had to be developed. A simple and efficient way to perform
code checks on several hundred elements is via an EXCEL spreadsheet. The accuracy of the
spreadsheets was assured by independently performing complementary MATHCAD
calculations. Thus, separate spreadsheet and MATHCAD calculations were performed for
tension and compression members. Input to the spreadsheets required the data for each element
to be assembled in a specific format.
The procedure adopted for data preparation and code checking is noted below. Particular
attention was placed on ensuring that the procedure was applicable to data for all three
platforms. Very large files had to be handled and therefore, wherever possible, macros were
written to perform data manipulation quickly and accurately.
The following tasks were undertaken:
•

Prepare stress data for each element in turn. For each element prepare data for each location
along the length of the element. Typically, stress data were assembled for the start, quarterpoint, mid-point, three-quarter point and end locations of each element. In cases where the
structural model incorporated segmentation within an element to capture changes in section
property, stress data at the section changes were also prepared.

•

The structural analyses were conducted for basic load cases and no load factors were
applied or combinations performed. The reason for this was two-fold: firstly, unfactored
basic load cases allowed appropriate load factors from each code to be applied and,
secondly, the reliability index assessments are performed on unfactored loads. Tables 5 to 7
give details of the basic load cases, factors and load combinations for each of the platforms
considered. Examination of these tables indicates that load combinations were conducted to
consider the environmental effects from eight compass directions.

•

Tension and compression cases were separated to form two data files for input to the
appropriate EXCEL code checking spreadsheet.

•

Hoop stresses were calculated for each element, in accordance with the codes. The
structural analysis output for the storm load conditions did not define hydrostatic pressure.
Member forces were provided so there was a requirement to determine and add hydrostatic
hoop stresses in the comparison assessments.

•

For both tension and compression cases, the length between supports were input for each
element. In addition, for compression members, effective lengths in the element local yaxis and z-axis were determined, together with the effective length factors, as stipulated in
each code.

9

•

The input files, prepared in accordance with the requirements of each EXCEL spreadsheet,
were used to conduct the member code checks to the API and the ISO formulations.

Four MATHCAD calculation files are included in Appendix C. The four files present example
code checks, for tension and compression members, in accordance with the API and ISO
formulations. EXCEL code check calculations for compression and tension elements with
utilisation ratios greater than 0.4, are presented in Appendix D, for each platform. Examination
of the calculations in this Appendix shows that member utilisation ratios are calculated for each
element in accordance with the API code and the ISO formulations. For each platform, code
checks were performed for every primary member at five locations along the element length.
From an appraisal of the results it was clear that for many locations, for several load
combinations, the member utilisation ratios were extremely low. This was not unexpected since
only certain load combinations will heavily load a particular element. For the purposes of the
comparisons in this study, only those elements with a maximum API utilisation ratio of 0.4 or
more were investigated.
4.3 PROCEDURES FOR EFFECTING CODE COMPARISONS
The effects of adopting the proposed ISO formulations are considered in three ways. Firstly,
where changes to the formulations have been proposed, a one-to-one comparison of the
requirements is presented, and then simply interpreted to quantify the effect of the changes on
structural weight. Secondly, from the analyses of three platforms, maximum member utilisation
ratios are initially compared leading onto required changes in weight of members in order that
their maximum utilisation ratios are unchanged. Thirdly, reliability indices are compared, the
basis of which is described in Section 4.4.
Some of the major changes proposed for the ISO strength formulations arise from the treatment
of the effects of hydrostatic pressure when acting in combination. For example, separate sets of
equations have been introduced to reflect whether the structural analysis has been performed
including or excluding capped-end forces. Also, a more consistent approach has been adopted
when dealing with the effects of pressure on tension-bending interaction. To assist in the
appreciation of how the governing equations are influenced by pressure, in Section 5 the effect
of pressure on tension, bending and compression alone are examined.
For the weight comparisons, the EXCEL calculations were repeated to determine the change in
member wall thickness to achieve the same member utilisation for the ISO code check as
achieved for the API code check. Variation of member diameter was not considered because
any change in this parameter would alter the wave and current load on the member, thus
rendering the comparisons inaccurate. Any change in member geometry also alters the element
stiffness characteristics which, in turn, influences the load on the element. However, any
changes in thickness are unlikely to substantially alter the axial and flexural stiffnesses to the
extent that a re-analysis would be necessary.
4.4 RELIABILITY INDEX COMPARISONS
4.4.1 Reliability Index Methodology
Reliability indices have been calculated using linear error theory. This can be summarised as
follows.
The reliability index β is found from the equation β = Z/σz in which Z is the mean value of the
failure equation and σz is it standard deviation. For the present study, the expression for Z was
constructed in the form
Z = 1 – ISO/Xm
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where ISO is an ISO formula, without any load or resistance factors, in the form of an
interaction equation, ie, it has a value of unity when the applied stress is equal to the strength
and Xm is the mean value of the modelling uncertainty parameter associated with the equation in
question. Values for the modelling uncertainty parameters were extracted from Reference 6 and
were determined from ratios of actual (ie, test) strength to predicted (ISO) strengths.
Standard deviation is determined from
σz = [Σ {(∂Z/∂xi) σxi}²]0.5
in which xi are the basic variables in Z and σxi are the standard deviations of xi.
For simple forms of Z equations, the derivatives with respect to the basic variables can often be
determined explicitly.
Alternatively, they can be readily found through numerical
differentiation, as adopted here.
4.4.2 Distribution Parameters
The statistical data required for the modelling uncertainty parameters for each of the strength
formulations were taken directly from the ISO Members Technical Core Group Report,
Reference 1. These are summarised here in Table 8 for both the API RP 2A-LRFD and ISO
13819-2 strength equations.
From Table 8, it can be seen that, for each set of formulations, some of the statistical parameters
for different equations are identical. This occurs, for example, in the cases of (a) tension plus
bending and (b) tension plus bending plus pressure. The reason for this is that there are no data
for members tested under tension and bending alone. Consequently, the distribution parameters
for the case of tension, bending and pressure have been used to obtain the necessary distribution
parameters for what is, effectively, a sub-set of the more complete load combination. It is likely
that the effect of pressure is to increase the COV associated with any strength equation so that
the COV determined here for the more simple loading combination can be expected to be larger
than would normally be the case. No attempt has been made to compensate for this.
From the table, the distribution parameters for tension alone can be seen to portray a
deterministic variable. This reflects the absence of data for tubulars subjected to pure tension.
However, because tensile strength is a simple function of yield strength, the distribution
parameters associated with tension will effectively be taken to be those associated with yield
strength since this will be treated as a random variable in this analysis, as discussed below.
Where the strength equation has not altered between the two sets of formulations, the
parameters are, as expected, identical. This applies in the cases of tension, bending and hoop
buckling.
The basic variables pertinent to this study are those of tubular geometry and material properties
and stresses associated with the actions of loading. With regard to tubular geometry and
material properties, consistent with the HSE study comparing jacket and jack-up reliabilities,
only yield strength is considered to be of any importance[5]. For this, a mean of 1.12 and COV
of 0.04 were adopted: they are assumed to be appropriate for the present work.
The stresses associated with loading are a function of a number of basic variables, for example
wave height and period, current, wind, direction, marine growth, dynamic sensitivity, and
gravity loading. However, the data provided did not allow the contributions from each of these
variables to be treated independently because the structural analysis results for the most
important of these, wave height, period and current, were issued as single set of results.
Consequently, the distribution parameters for the stress terms that appear in the strength
formulations were determined using a back-calibration technique that exploited the results
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presented in Reference 5. This effectively provides a mean and COV for the load effects, ie, the
forces and moments arising from the action of loading and here expressed in stress terms.
The back-calibration approach can be summarised as follows:
•

select as many members from Reference 5 for which reliability indices have been
determined using a FORM (First-Order Second-Moment) reliability analysis and for which
full details are available, ie, geometry, material properties, governing member strength
equation, design utilisation ratios, failure mode

•

design the selected members to API RP 2A-LRFD (as in Reference 5) to achieve the
recorded utilisation ratios

•

using the reliability index technique described in Section 4.4.1, set up a process to
determine β for the members concerned in accordance with the controlling failure equation
in Reference 5 (the equation therein were the proposed ISO 13819-2 equations)

•

taking the mean for load effects to be unity (consistent with that in Reference 5) and
assuming a level of COV for these same load effects, determine β for each of the selected
members

•

using a sum of squares approach, vary the assumed value of COV to minimise the
difference between the calculated β and those of Reference 5

•

adopt this value of COV for the present calculations.

From Reference 5, sufficient information could be determined for eleven members (six legs and
five braces) to enable the above procedure to be implemented although applied stress levels
were not reported only the design utilisation ratios. All members were governed by column
compression and bending interaction. To initiate their design, the level of compressive stress
was selected to be 180 N/mm² for the leg members and 150 N/mm² for the brace members.
Also, the partial factors on load had to be estimated. For the legs, the loading was dominated by
gravity effects whilst, for the braces, environmental effects were pre-eminent. The RP 2ALRFD partial load factors for the extreme environmental load combination are 1.1 on gravity
loads and 1.35 on wave and current effects. For the purposes of this evaluation, a single partial
load factor for the legs of 1.2 was adopted whilst for the braces it was 1.35.
The resulting set of calculations are presented in Appendix E, firstly for the leg members and
secondly for the braces. The first page of each set contains mostly input variables, geometry,
etc, the second page the design to RP 2A-LRFD, and the third page the reliability index
evaluation to the proposed ISO 13819-2. The results of the minimisation process are presented
at the bottom right hand corner of the last page. There ‘sum’ indicates the sum of the square of
the differences between the target and calculated β whilst ‘COV on loading’ is the value of
uncertainty applied to the load effects, here the value to minimise the value of ‘sum’.
For the adopted levels of axial stress noted above, the COV to minimise the difference between
the target and calculated β can be seen to be 0.192. If the calculations are repeated with the
level of axial stress in both the legs and the braces halved, the resulting COV is 0.215. On this
basis, a COV for the present work of 0.20 was chosen.
In summary, the basic variables that have been assumed to be random and the adopted
distribution parameters are:
•
•

yield strength
load effects

bias of 1.12
bias of 1.00

COV of 0.04
COV of 0.20.
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5. RESULTS
The results of the platform assessments described above are presented in three ways. Firstly,
code check utilisation ratios are compared. Secondly, the effect of using the proposed ISO
formulations is quantified in terms of weight. Thirdly, differences in reliability indices are
reported. However, first, the results of the one-to-one comparisons between the two sets of
formulation are presented and discussed.
5.1 ONE-TO-ONE COMPARISONS
5.1.1 Single Loading Actions
Of the single loading action formulations in LRFD, only those concerned with local
(compressive) buckling and column buckling have been updated, ie, harmonised.
For local buckling, the MTCG cast the LRFD equation in a form that accounted directly for
interaction between elastic buckling and yielding. This form of interaction was already present
in the LRFD formulations governing bending and hydrostatic pressure. The proposed ISO
formulation [equation 7.2.2-3] was set approximately equal to its LRFD predecessor [equation
D.2.2-4] for a yield stress of 350 N/mm2 (50 ksi) when D/t = 60 whilst still being carefully
calibrated against the screened test results. This similarity can be seen in Figure 20(a) where the
two sets of requirements are compared in stress terms versus D/t ratio. From this figure, it is
seen that for D/t = 60 and yield stresses in excess of 350 N/mm², the ISO provision is more
onerous than its LRFD equivalent. However, it is also seen that in yield-buckling interaction
region (D/t > ≈ 60), the proposed ISO formulation is increasingly more optimistic than its
LRFD counterpart.
When examined in non-dimensional terms (Figure 20(b)), ie, strength normalised with respect
to yield stress and slenderness represented by Fy/Fxe, where Fxe is the local compressive elastic
buckling stress, two features are clear. Firstly, the proposed formulation is independent of yield
stress whereas the existing LRFD approach gives different requirements for different values of
yield stress: this should not occur in a properly non-dimensionalised structural strength
framework. Secondly, recognising that the results are plotted at an exaggerated scale, the
advantage in terms of structural efficiency of the proposed ISO formulations is clear. However,
since local compressive buckling alone is rarely likely to govern design, combined actions being
the norm, there is little point quantifying the immediate benefits of this proposed formulation in
relation to its existing LRFD counterpart.
The major harmonisation issue in connection with column buckling was the extent to which
strength was reduced relative to the Euler buckling stress. In Figure 21, the existing [equation
D.2.2-2] and proposed [equation 7.2.2-2] formulations (normalised) are plotted as a function of
non-dimensional column slenderness (λ = √(Fy/Fe) where Fe is the Euler buckling stress. From
this, it is seen that the LRFD formulation coincides with the Euler buckling curve for λ ≥ √2.
Few strength formulations ever coincide with their elastic critical buckling curves especially for
values of non-dimensional slenderness relatively close to unity. The extensive testing
programme on which the European Column Curves was founded confirmed this[14].
Thus the harmonised curve aimed to lower the existing LRFD strength in the Euler range, ie, λ
≥ √2. This was achieved by lowering the Euler curve to 90% of its value throughout this range
and lowering the LRFD transition curve accordingly. Thus, the LRFD transition curve of 1 –
0.25 λ2 became 1 – 0.28 λ2: the intersection point moved from λ = √2 to λ = 1.34.
The effect of this change cannot simply be looked at in isolation. However, should compression
dominate, the maximum increase in steel area that can arise from the introduction of this
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formulation for members susceptible to column buckling, is limited to 10%, found by simply
comparing stress levels over the slenderness range shown in Figure 21. In practice it will be
considerably smaller than this because the slenderness (λ) of most tubulars installed offshore is
usually significantly smaller than unity.
This observation concerning the increase in steel area is relevant for D/t ratios less than about
60, or Fy/Fxe = 0.170, when yield controls local strength. For more slender cross-sections, the
ISO local compressive strength is greater than its LRFD alternative. Thus, the reduction in
strength introduced by lowering the capacity in the Euler range is partly offset by an increased
local buckling strength for the more slender cross-sections: this will be illustrated later.
5.1.2 Combined Local Buckling and Bending
Concern that existing test data did not fully support the cosine interaction equation introduced
with the first LRFD edition of RP 2A [equation D.3.2-2] led to the re-introduction of the linear
form of interaction between compression and bending when checking local strength [equation
7.3.2-2]. However, theoretically, and low D/t ratio test specimens, demonstrate that the cosine
form may be appropriate in certain slenderness ranges. Thus for D/t < 25, the MTCG agreed
that the cosine or similar form of interaction may be exploited provided it can be demonstrated
on a case-by-case basis to be appropriate. This may require, for example, the testing of
specimens with geometries and material properties similar to those proposed for use.
A comparison is presented in Figure 22 between the LRFD and proposed ISO requirements for
local buckling when combined with bending. The interaction is presented for five slenderness
ratios, indicated by the FyD/Et values on the plots. The corresponding D/t ratios for a yield
stress of 350 N/mm2, assuming E to be 205000 N/mm2, are:
FyD/Et
0.034
0.068
0.102
0.137
0.171

D/t (Fy = 350 N/mm2)
20
40
60
80
100

The difference between the two sets of formulations is clear. The minimum ISO/LRFD ratio on
a square root of sum of squares (SRSS) basis is 0.777, whilst the maximum is 1.062. The latter
exceeds unity, it corresponds to FyD/Et = 0.171, because local compressive strength has been
enhanced in the proposed ISO equations compared with LRFD approximately for Fy/Fxe > 0.170
which corresponds to FyD/Et = 0.102.
5.1.3 Beam-Column Buckling
Figure 23 presents the comparison between the LRFD [equation D.3.2-1] and ISO [equation
7.3.2-1] beam-column formulations. The D/t ratios examined are 20, 40, 60 and 80 for a yield
stress of 350 N/mm²: the corresponding FyD/Et ratios are given in the preceding section. The
column slenderness ratios λ (as defined by ISO equation 7.2.2-2c, for example) considered
range from 0 to 1.2. In both cases, two parameters that effect beam-column strength, namely
the reduction factor Cm and the effective length factor K, have been taken as unity.
As expected, the bending strengths are the same irrespective of the standard. The reducing axial
strength associated with increasing slenderness in the ISO formulation and discussed in Section
5.1.1 can also be seen. As an examination of the relevant equations reveals, for zero
slenderness, the figures confirm that the interaction between axial and bending stresses is linear.
With increasing slenderness, both sets of equations demonstrate a similar form of interaction,
consistent with the fact that the equations used are identical in format. The plotted results do
not include any partial load and resistance factors so that the effect of the absence of a resistance
factor on the Euler stress term in the ISO formulation will not be apparent in these figures.
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5.1.4 Combined Compression and Bending
In practice, combined local buckling and bending and beam-column buckling are not considered
as separate controlling requirements but, jointly, adopting the one generating the larger
interaction ratio in each case to set the limits on the applied stresses. This is equivalent to
adopting the smaller of the sets of stresses presented in Figures 22 and 23. The combined
results are shown in Figure 24 but for more representative values of Cm and K than used in the
generation of Figure 23. The values adopted for these parameters are listed in Figure 24 and can
be seen as Cm = 0.85 and for LRFD K = 0.85 whilst for ISO K = 0.75. The adopted K values
were determined by averaging the values listed for “jacket braces” and the “longer segment
length of X-braces” from Tables D.3-1 (LRFD) and 7.5-2 (ISO).
From the LRFD curves presented in Figure 24, it can be appreciated, by comparison with the
corresponding curves in Figures 22 and 23, that the beam-column buckling equation controls
except when the bending stress is large (and axial stress is small). In the latter case, the cosine
form of local buckling-bending interaction clearly determines strength. The ISO curves in
Figure 24 are seen to be similarly determined bearing in mind that the local buckling-bending
interaction is now linear.
For the comparisons presented in Figure 24, the maximum ratio of the ISO to the LRFD
formulations on the SRSS basis is 1.211. This relates to the longest column considered (λ =
1.2) when D/t = 60 for the smallest level of bending stress applied (apart from zero). The
minimum ISO/LRFD ratio is 0.939, corresponding to λ = 0, D/t = 60 and for an intermediate
combination of applied axial and bending stresses. Over the full range of tubulars considered,
the average ISO/LRFD ratio is 1.017 indicating that, everything else being equal, there is a
small benefit to be gained from adopting the ISO requirements.
5.1.5 Combined Tension and Bending
Plots demonstrating interaction between tension and bending alone have not been specifically
prepared. As for combined local buckling and bending, the LRFD cosine format [equation
D.3.1-1] has been replaced by the linear interaction form [equation 7.3.1-1] leading to generally
similar consequences. Thus, the form of interaction is identical to that exhibited in Figure 22
for combined local buckling and bending except that, in the tension case, there will be no
reduction in strength for FyD/Et values in excess of 0.102. On a SRSS basis, the maximum ISO
to LRFD ratio is 1.00, the minimum is 0.78 and the average is 0.91.
Interaction between tension and bending alone is also addressed when the effect of pressure on
this interaction condition is considered - see Section 5.1.8.
5.1.6 Effect of Hydrostatic Pressure
In the presence of hydrostatic pressure, the proposed ISO formulations clearly distinguish
between analyses that include the capped-end pressure effect in such analyses (denoted Method
B) and those that do not (Method A). The LRFD requirements also recognise that capped-end
forces can be included or excluded from analyses but the ISO requirements have clarified this
further.
Because of the number of changes in ISO in respect of the effects of pressure, each of the
various combinations will be considered separately so that the effects of pressure can be fully
appreciated. As the results of the third party analyses provided as part of this study did not
include capped-end effects therein, the comparisons are presented on the basis that the cappedend stress 0.5 fh (fh is the hoop stress due to pressure alone) is additive to the axial stress derived
from any structural analyses. For ISO, this is equivalent to applying Method A and for LRFD
of adding the full amount of 0.5 fh to the co-existing axial stress. Naturally, account must be
taken of the sign of such axial stress recognising that the 0.5 fh term is of course compressive.
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As will be seen below, the effect of pressure is markedly influenced by tubular cross-sectional
properties. Because of this, it is instructive to appreciate, in isolation, the limiting water depth
for any particular tubular. The maximum depth that a long tubular can withstand can be readily
found from the relevant equations given a D/t ratio and a yield stress. From ISO equations
7.2.5-3 and 7.2.5-4, elastic buckling can be demonstrated to control [equation 7.2.5-3c] when
the yield stress is 350 N/mm² for D/t ratios greater than 30.6. In this range, assuming the elastic
modulus for steel is 205,000 N/mm², the limiting water depth is given by 36,080,000/(D/t)3. For
a D/t ratio of 20, equation 7.2.5-3b has to be invoked leading to limiting water depth of
595,666/(D/t)1.8. The resulting water depth limits for the range of D/t ratios under consideration
are:
D/t

Water depth (m)

20
40
60
80
100

2710
564
167
70.5
36.1

5.1.7 Combined Local Buckling, Bending and Pressure
In the LRFD requirements, pressure when interacting with local buckling and bending is dealt
with in one of four ways, as follows:
i)

directly through the single loading action formulation for pressure, equation D.2.5-2;

ii)

through the local buckling-bending cosine interaction equation D.3.2-2 by the addition
of the capped-end stress term 0.5 fh to the axial stress derived from a structural analysis.
Accounting for the effect of pressure in this way means that both the compressive and
the flexural capacities are reduced in the presence of pressure, the axial more than the
flexural because the strength in bending is always greater than that in compression,
given a particular tubular. This can be appreciated from Figures 25(a) and 25(b) where
the near-horizontal sections of the LRFD interaction curves (that intersect the vertical
axes) are controlled by either equation D.3.2-2, or D.3.2-3 in the case of compression
(see iii) below);

iii)

through a single term check on compression [equation D.3.2-3] to which the capped-end
stress is added. This has a similar effect on compression capacity to that noted in ii);

iv)

through a parabolic elastic interaction equation [D.3.4-1] between the maximum axial
compressive stress and pressure (the squared term in the equation) where the maximum
stress in the cross-section is found by directly combining the compression, bending and
capped-end stresses. The impact of this equation can be seen in Figures 25 (a) and (b)
where the near-vertical sections of the LRFD interaction curves (that intersect the
horizontal axes) are controlled by this equation.

In the ISO requirements, pressure interacting with local buckling and bending is also dealt with
in one of four ways, namely:
v)

as for i) above though a single loading action pressure, equation 7.2.5-1;

vi)

through a reduction in bending strength in the presence of pressure via a modified
quadratic equation between bending and pressure [equation 7.4.1-3]. The form of the
interaction is illustrated in Figure 25 (b). This interaction can be seen, for the range of
parameters examined, to generate an almost linear reduction in bending strength with
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water depth to around 75 to 80% of the bending strength in the absence of pressure.
Beyond this depth, bending strength drops rapidly to zero;
vii)

similar to ii) above but the interaction between local buckling and bending is linear
[equation 7.4.2-2] rather than of cosine form as in LRFD. The bending strength is
reduced in the presence of pressure as noted in vi) but the compressive strength is not see the near-horizontal sections of the ISO interaction curves (that intersect the vertical
axes) in Figure 25 (a). The compressive strength is always equal to the local buckling
strength which was discussed in Section 5.1.1;

viii)

as for iv) above, ie, an elastic interaction between the maximum axial compressive
stress and pressure [equation 7.4.1-6]. For ISO, however, this equation only controls
when compression dominates (Figure 25 (a)) because, under bending, as noted in vii)
above, equation 7.4.1-3 prevails.

ISO has no equivalent to iii) above because this is now implicitly included within equation
7.4.2-2 as a result of adopting the linear rather than cosine form of interaction between local
buckling and bending.
From Figures 25 (a) and (b), it is seen that, for each of the tubulars considered, as the water
depth approaches the limiting values determined above, the effect of the pressure increases
dramatically. This is most pronounced in the case of compression, to either set of requirements,
and in the case of bending under the LRFD provisions.
Figure 26 presents a comparison between the two sets of requirements for local buckling,
bending and pressure.
The comparisons are in the form of local buckling and bending
interaction diagrams, each interaction curve reflecting a different level of pressure as
determined by depth of water. The cross-sectional slendernesses considered correspond to D/t
ratios of 20, 40, 60, 80 and 100 for Fy = 350 N/mm²: the corresponding FyD/Et ratios are
identified in the diagrams and are listed in Section 5.1.2. The pressure levels considered are
generally in multiples of 50 m of water depth, or more in the case of stocky cross-sections for
which larger differences are necessary to generate any significant differences between sets of
curves. Also, a water depth approaching the limit of the capacity of the tubular under pressure
alone is considered.
One of the interaction curves plotted in Figure 26 for both the ISO and LRFD requirements is
denoted 0 m (of water depth). This actually corresponds to the appropriate pressure formulation
assuming the pressure term to be zero. It is possible that that the resulting curves do not
coincide with the equivalent curves from formulations that do not include any pressure term
because, in some cases, different equations have been adopted. However, for the curves
presented in Figure 26, none of these is affected by a formulation that generates a solution
different from that obtained by the corresponding local buckling plus bending equation.
In relation to local buckling (the horizontal axis), the effect of pressure on the axial capacity is
seen to be similar for both sets of formulations, and it is, for the geometries considered,
relatively small except for the larger water depths, say, 500 m and above. In relation to bending
(vertical axis), the LRFD formulation demonstrate very little effect of pressure until the pressure
becomes very significant. This consequence was expected as noted in ii) above. In contrast, the
ISO bending capacity is clearly affected by pressure, as discussed in vi) above and as illustrated
in Figure 25 (b). The difference between the ISO and LRFD flexural capacities is significant.
From an interaction viewpoint, the development discussed in Section of 5.1.2 of ISO preferring
a linear interaction between local buckling and bending in place of cosine form extant in LRFD
can be clearly seen in Figure 26. This, together with the fact that the ISO bending strength is
reduced in the presence of pressure, results in major reductions in ISO capacity overall. The
maximum reduction over a range relevant for the North Sea of say, up to 200 m, is 52%
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measured on a SRSS basis. In calculating the SRSS, the capped-end force term is not included
in the axial stress.
5.1.8 Combined Tension, Bending and Pressure
In the LRFD requirements, the effect of pressure on the tension plus bending capacity is dealt
with in three ways:
i)

directly through the single loading action formulation for pressure, equation D.2.5-2;

ii)

through an approximately quadratic interaction equation [equation D.3.3-1] between the
maximum axial stress on the cross-section, accounting of capped-end effects, and the
hoop stress. The maximum tensile stress is a linear summation of the axial, bending
and capped-end terms, accounting correctly for the sign of the pressure term. In this
way, pressure has exactly the same impact on tension as it does on bending as can be
seen in Figures 25 (c) and (d). In interpreting these figures in this context, it is
necessary to recognise that the axial and bending capacities have been normalised via
their limiting strengths which differ significantly, compression being restricted by first
yield but bending by plastic moment capacity.

iii)

Should the summation described in ii) be negative, because the pressure term is larger
than the sum of the axial and bending stress terms, the wording of the clause requires
“Section 3.4 should be satisfied with fx equal to (fb - ft + 0.5fh)“. This wording is less
than clear. In one respect it talks in general terms concerning the application of clause
D.3.4 which suggests that all the equations referred to therein are to be applied. That is,
those described in i) to iv) in Section 5.1.7 plus the beam-column equation D.3.2-1 in
which the capped-end force is not added to the axial stress determined from a structural
analysis. However, in another respect it refers specifically to the term “fx” and how its
value is to be determined for use in clause D.3.4. Because fx only appears in equation
D.3.4-1, this could be interpreted that only equation D.3.4-1 of this clause has to be
implemented. However, equation D.3.4-1 is only an elastic buckling check and thus not
adequate to deal fully with all of the checks required leading one to conclude that all of
the equations referred to in clause D.3.4 have to be implemented. This cannot be the
case because the beam-column equation does not include the capped-end force. Thus,
in implementing the provision “Section 3.4 should be satisfied“, ie, to examine the
opposite “face” of the tubular under conditions of maximum compressive stress, this
has been interpreted as requiring the implementation of the requirements described in i)
to iv) in Section 5.1.7. These are all local strength checks.

In ISO, the effect of pressure on combined tension and bending is dealt with by four
requirements, namely;
iv)

directly through the single loading action formulation for pressure, equation 7.2.5-1;

v)

through a linear interaction equation between tension, accounting for the capped-end
term, and bending [equation 7.4.1-1] in which both the tension and bending strengths
are modified to account for the presence of hydrostatic pressure. The form of the
equation for the reduction in tensile strength [equation 7.4.1-2] is identical to that for
bending [equation 7.4.1-3] [as discussed under vi) in the preceding section] although the
tensile strength converges to yield stress rather than to the tubular’s bending strength
when pressure reduces to zero. The variation in normalised tensile strength with water
depth is illustrated in Figure 25 (c) and normalised bending strength in Figure 25 (d).

vi)

should the axial stress in v) be negative because the capped-end pressure stress is larger
in magnitude than the tensile stress determined from the structural analysis, then the
governing equation becomes 7.4.1-5. This is the local strength equation governing
interaction between compression and bending. The capacity in compression is
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governed by the local strength of the section and is not directly affected by pressure, as
discussed under vii) in the previous section. The bending strength is the same as that
described under vi) in the preceding section;
vi)

through equation 7.4.1-6 which is identical to its LRFD equivalent D.3.4-1 referred to
in iii) above, based on the maximum combined compressive stress on the cross-section.

The interaction diagrams depicting the variation with water depth of tension versus bending are
presented in Figure 27. For LRFD, it is seen that the effect of pressure on both tension and
bending capacity is identical, as expected from ii) above. The ISO tensile capacity in the
presence of pressure is the same as its predecessor although a different equation appears to
control, LRFD D.3.3-1 versus ISO 7.4.1-1. However, under tension, the ISO equation is
controlled by a tensile strength that is subject to a similar pressure effect that controls the tensile
stress in the LRFD equation. The ISO bending strength is seen to be similar to, but not the same
as, that of its predecessor. The controlling ISO equation is 7.4.1-5 compared with the LRFD
D.3.3-1.
For LRFD, it is seen that the form of interaction between tension and bending is effectively
linear and clearly does not converge to the corresponding interaction equation in the absence of
pressure [D.3.1-1] which is of cosine form. The ISO requirements demonstrate a similar linear
interaction except for low levels of tension when the net stress is compressive and the
interaction equation for compression and bending [7.4.1-5] governs. This can be seen in Figure
27 to result in a sharp transition between one governing equation and the other particularly for
the stocky cross-sections under relatively high pressure levels. This same change in governing
equation is not seen to occur with LRFD. This is because condition iii) does not prevail, a result
of including the bending term in the cited summation, and the bending term is large when the
axial tension is small, a consequence of considering controlling stress conditions. Relatively
high pressure levels might be expected to precipitate a negative summation condition which
would then lead to an alternative controlling condition and the same form of interaction as
demonstrated in Figure 27 for the ISO curves.
On a SRSS basis over the considered geometries for water depths up to 200 m, the ISO stress
capability is 1.10 times that of the LRFD stress capacities. The maximum ratio is 1.34 whilst
the minimum is 0.87.
5.1.9 Combined Column Buckling, Bending and Pressure
For both ISO and LRFD, the governing equations for this condition are similar to those
applicable when considering local buckling as described in Section 5.1.6 but with the beamcolumn buckling equation used in place of the local buckling-bending interaction equation.
Thus for LRFD, equation D.3.2-1 is used instead of D.3.2-2 and D.3.2-3 whilst for ISO,
equation 7.4.2-1 replaces 7.4.2-2. In both cases, neither of the parabolic elastic interaction
equations (D.3.4-1 and 7.4.1-6) is invoked because they relate to local buckling rather than
column buckling strength.
The only significant change in ISO compared with LRFD is that, over the practical range of
column slendernesses, the basic ISO column strength does reduce when pressure is present
unlike its predecessor. This reduction in the ISO column strength can be determined from
equation 7.4.2-3 and is linear with pressure as demonstrated in Figure 28 which shows the
variation of column strength with water depth for a short column of stocky cross-section
[FyD/Et = 0.034 and λ== 0.078].
The variation of column strength with non-dimensional slenderness λ and pressure is shown in
Figure 29. Here three FyD/Et ratios are seen to be considered (D/t = 20, 60 and 80 when yield
stress = 350 N/mm²) together with a limited range of pressures, generally either zero or a value
approaching the limit of the capacity under pressure alone, as discussed in Section 5.1.7. In
addition, for the FyD/Et ratio of 0.034, and intermediate value of pressure is also considered to
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demonstrate the linearity with pressure in the ISO requirements. The Cm and K factors have
both been assumed to be equal to unity in these comparisons and the remainder of those
described in this section.
From Figure 29, it is confirmed that the LRFD column strength is not affected by pressure in
contrast to that exhibited by the ISO requirements although the latter converges to the nonpressure case in the Euler range, as expected.
In Figure 30, the interaction between column strength and bending as a function of water depth
is illustrated for three slenderness ratios. The length to diameter ratios considered are 10, 20
and 30 leading to non-dimensional slenderness λ averaging 0.38. 0.76 and 1.14. Small
variations in λ are expected because the outside diameter D is kept constant whilst the thickness
is varied to realise the different FyD/Et ratios. These interaction diagrams confirm that LRFD
beam-column strengths are independent of pressure in contrast to the ISO strengths where both
column strength and bending strength are reduced by the pressure. For stocky cross-sections,
the reductions in both strengths are similar but the reduction in bending strength increases as the
cross-sectional slenderness increases.
5.1.10 Combined Compression, Bending and Pressure
As noted in Section 5.1.4 when considering the interaction between compression and bending in
the absence of pressure, the equations for determining member sizes when pressure is present do
not treat bending and pressure when combined with local buckling or with column buckling as
independent checks. Thus, both sets of checks are implemented and the one generating the
larger interaction ratio in each case sets the limits on the applied stresses. The combined results
of Sections 5.1.7 and 5.1.9 are presented in Figure 31. They are presented for a representative
value of the moment reduction factor that appears in the beam-column equations of 0.85 and for
average values for the effective length factors applicable to each standard. For LRFD, this is
0.85 whilst for ISO it is 0.75.
From the results presented in Figure 31, they can be seen to comprise the controlling criteria
from Figures 26 and 30. For LRFD, the beam-column curve predominates in controlling
strength over the range of water depths up to 200 m unless bending dominates and the effect of
pressure is significant. When bending dominates and the pressure is relatively small, the local
buckling and bending equation governs. When pressure is significant (ie, it is large as in the
cases considered for FyD/Et = 0.034 for which water depths of 1300 and 2600 m were
considered), the local buckling plus bending condition controls. When the pressure is
significant in the sense that it approaches the limiting water depth for the tubular concerned (see
Section 5.1.7), the section is controlled by the elastic buckling equation (D.3.4-1).
For ISO, the governing equations are relatively similar to those of LRFD except the local
buckling plus bending controls over a much wider range of combinations of parameters. For
example, when L/D = 10, this equation governs in all cases except when the axial stress
dominates. If axial stress dominates and the capped-end pressure term is small, then the beamcolumn equation governs. If axial stress dominates and the capped-end pressure term is large,
then the elastic buckling equation governs, ie, equation 7.4.1-6. When L/D = 30, the beamcolumn equation governs more as can be seen from Figure 31(c) by the presence of the concave
form of interaction emanating from the horizontal axis.
On a SRSS basis over the considered geometries for water depths up to 200 m, the ISO stress
capability is only 0.93 times that of the LRFD stress capacities. The maximum ratio is 1.09
whilst the minimum is 0.52.
5.2 UTILISATION RATIOS
This study concentrated on the primary members of each jacket. Member code check utilisation
ratios were determined for each element that represents a primary member, and checks were
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conducted at the element start, middle, end and quarter points, as a minimum. Where section
changes occurred within the element length, additional code checks were performed at the
section change locations. Code checks were conducted for eight load conditions, representing
combined loads from self-weight, topside load and environmental load from each of the eight
compass directions. For each platform therefore, several thousand results were generated.
However, a large proportion of the results was found not to be of significance because members
are highly loaded only under certain directions of environmental loading. In addition, for some
members, the size may be governed by other conditions such as loadout, transportation and
installation. Therefore, it was decided that only those elements with a maximum utilisation ratio
greater than 0.4 would be considered in the comparisons.
For each of the three jackets, member utilisation ratios, determined in accordance with LRFD
and the ISO formulations, are given in tabular and histogram formats. For members in
compression and tension, the results for the three platforms are given in Tables 9 to 14, the
corresponding histograms being Figures 32 to 36. Also noted in the tables are the governing
code check equations for each element. The average utilisation ratio for the considered
elements is listed at the bottom of each table for each case. Examination of the results in Tables
9 to 14 clearly indicates that there are not a significant number of elements that have utilisation
ratios greater than the 0.4 imposed cut-off value. It is also noted that the number of elements
with utilisation ratios greater than 0.4 is larger for elements under compression, compared to
those in tension.
For members subjected to axial compression, bending and hydrostatic pressure, the following
features are noted:
•

For Platforms No 1 and 2, the governing LRFD equation is always the beam-column
equation (with pressure) whilst for ISO, it is either the beam-column equation or the local
buckling and bending equation. When the former, the utilisation under ISO is smaller than
under LRFD whilst, for the latter, the reverse is the case. This second point reflects the
change to the linear form of interaction between compression and bending that now appears
in ISO

•

For Platform No 3, the same conclusions generally apply except when the member is at the
bottom of the jacket and pressure effects suddenly become important. When this is the case,
both the API and ISO codes confirm that for these elements, the hoop buckling equations
are critical, and both codes give the same utilisation ratio, indicative of the same equation
being employed in both standards

•

The conditions under which the change occurs in governing ISO equation from overall to
local buckling-bending interaction cannot be simply discerned from these results. For
example, for Platform No 1, a λ=of around 0.9 marks the transition between one equation
and the other. For Platform No 2, this transition generally occurs at a λ between 0.2 and 0.3
with few exceptions. For Platform No 3, the transition is far less clearly marked. When
reviewed in conjunction with the assessment given in Section 5.1.10, however, the reasons
for the variations in slenderness at which the transition occurs becomes more clear. For
example, if bending dominates, then the tubulars can be quite slender before the beamcolumn equation comes into play. If axial compression dominates, the slenderness at which
the transition occurs is smaller

•

The average values of utilisations listed at the bottoms of the tables only give a general
impression of the effects of moving from one code to the other. When pressure governs, no
differences accrue. However, when pressure is not important, as noted above the main
effect is whether the overall or local axial-bending equation governs. In LRFD, only the
former applies in all cases whereas, in ISO because of the introduction of the linear form for
the local interaction, either can govern depending on circumstances which cannot be readily
determined.
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For members subjected to axial tension, bending and hydrostatic pressure, the following features
are noted:
•

none of the elements is controlled by pressure

•

the same interaction equation from each code governs in every case

•

utilisation ratios determined in accordance with ISO are nearly always higher than those
determined in accordance with LRFD. This is not immediately clear from the findings
presented in Section 5.1.8. The increase in average utilisation for Platform No 1 is nearly
7% whilst for Platform No 3, it is nearly 25%. However, there is one notable exception
which is the most highly utilised member in Platform No 1. In this case, the ISO utilisation
is significantly smaller than that found by LRFD. Again it is not immediately clear why the
relative ratios have changed so significantly. However, both of these results can be
appreciated when the governing equations are considered in detail. For LRFD, the
governing equation is D.3.3-1 (Tables 10, 12 and 14) whilst for ISO it is equation 7.4.1-7
(Tables 10, 12 and 14). Given a water depth, the tension and bending stress ratios in
equation D.3.3-1 are in part raised to the power ‘two’. In contrast, in equation 7.4.1-7, they
are raised to the power ‘one’. Thus, as these tensile or bending stress ratios depart from
unity, either greater than or smaller than, they do so more rapidly when raised to the power
‘two’ than when raised to the power ‘one’. Consequently, for utilisation ratios different
from unity, the LRFD utilisations will differ from unity more quickly than the
corresponding ISO utilisations, for values both greater than or smaller than unity.

5.3 WEIGHT IMPACT
As described above, the weight implications of the ISO formulations are to be investigated by
re-sizing each element such that the utilisation ratio determined using the ISO formulations is
the same as the original utilisation ratio obtained from checks to the API formulae. The
elements were re-sized by varying the element wall thickness alone because changes to element
diameter alter the hydrodynamic load on the element. Resulting changes to the stiffness
characteristics of the element are judged to be of little consequence so that structural re-analysis
and member resizing are unnecessary.
The results of the resizing exercise are listed in Tables 9 to 14. On no occasion did the
governing ISO equation change as a result of this process. Consistent with the findings in
connection with utilisation ratios, and with the interaction curves presented in Figure 26, the
ISO code leads to an increase in the member size when local buckling-bending interaction
governs. For elements in this study with a utilisation ratio greater than 0.4, the average
increases in wall thickness for Platform Nos 1, 2 and 3 are 4%, 1% and 3% respectively. For
cases where overall compression-bending interaction governs, the ISO formulations result in
wall thicknesses smaller by 6%, 0% and 3% for Platform Nos 1, 2 and 3 respectively. This is
consistent with the interaction results presented in Figure 31 [particularly (b) and (c)] for
relatively shallow water depths recalling that these reductions in wall thickness are a result of a
reduced effective length in the case of the ISO requirements, 0.75 compared with 0.85. In the
case of Platform No 3, many leg and brace members exhibit high diameter-to-thickness ratios,
in excess of 60 up to a maximum of 115. For these members, the ISO formulations result in
larger wall thickness, by an average of 2%.
For tension members, the ISO formulations result in considerably greater wall thickness values.
Average increases of 17%, 12% and 22% are evident for Platform Nos 1, 2 and 3 respectively.
This is expected as discussed in Section 5.2 because the utilisation ratios are significantly less
than unity.
A summary of the effects on jacket weight of re-sizing is presented in Table 15. The results in
the table show that for members in compression, the net effect is negligible, with a 0.4%
decrease in weight. For tension members, however, the ISO formulations result in weight
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increases ranging from 12% to 28%, with an average rise of 25% for the three platforms under
consideration.
However, it was noted in the early part of this section, that the proportion of tension members to
compression members in the jacket is small. Therefore, the overall effect on jacket weight is
not necessarily significant.
5.4 RELIABILITY INDICES
The reliability index results for Platform Nos 1, 2 and 3, covering compression and tension
interaction in turn, are presented in Tables 16 to 21 respectively: corresponding plots are shown
in Figures 37 to 41. The most obvious finding is that the β are generally large (greater than 4 to
5) reflecting that the fact that many of the utilisation ratios are significantly less than unity.
Where utilisation ratio exceeds unity, the corresponding β is smaller. Another important finding
is that the equation for which β is a minimum does not always coincide with the one for which
utilisation ratio is a maximum.
The minimum reliability for Platform No 1 occurs with checks to LRFD whilst the reverse is the
case for both Platform Nos 2 and 3.
The relatively low values of β realised for Platform No 3 reflect the high utilisation ratios
determined for this platform.
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6. CONCLUSIONS AND RECOMMENDATIONS
6.1 CONCLUSIONS
The study reported here has sought to quantify the effects for the re-assessment of existing fixed
steel jackets under extreme environmental conditions of introducing the proposed ISO
provisions for tubular members in place of those in present use in API RP 2A-LRFD. The
effects have been assessed in terms of structural sizing, weight and reliability index. In
achieving this aim, one-to-one comparisons have been performed for all the formulations that
differ between the two sets of requirements.
The differences resulted either from
implementation of API changes to LRFD proposed at the time of the inception of the ISO work
or from the ISO harmonisation process.
Ignoring all load and resistance factors, the one-to-one comparisons found that the ISO capacity
of typical tubulars subject to pressures relevant for North Sea application (water depths up to
200 m) and governed by combined compression, bending and pressure would, on average, have
7% less capacity than their LRFD counterparts. The ratio (ISO to LRFD) ranged from 1.09 to
0.52. When tension, bending and pressure governed, the ISO capacities were on average 10%
greater than the LRFD equivalents, the range being from 1.34 to 0.87. In the absence of
pressure, the corresponding mean for compression plus bending is 1.02, the range being 0.94 to
1.21, whilst for tension plus bending the mean is 0.91 and the range 0.78 to 1.00.
The relatively significant differences found between the capacities under combined loading
without pressure and combined loading with pressure raises the question as to the water depth at
which the ‘with pressure’ formulations should be implemented. For low levels of pressure
where the effect of pressure is insignificant and can justifiably be omitted from a code check,
strict adherence to the provisions requires that the ‘with pressure’ formulations are implemented
for water depths approaching zero. It is not clear from either set of provisions as to their intent
in this respect.
The one-to-one comparisons assumed the tubulars to be fully utilised. For re-assessment under
extreme environmental conditions, utilisation ratios are influenced by whether the design of the
tubular is governed by this particular load combination, practical construction issues, or a design
philosophy that pragmatically limits utilisation to 80 to 90% of maximum to provide for future
topsides development and/or modifications.
To help quantify the impact of the ISO requirements for re-assessment, three existing platforms
in 35, 85 and 90 m water depth have been considered using the results of third party structural
analyses. The following conclusions may be drawn from the results obtained:
•

The size of tension members increases by between 12% and 28% when the ISO
formulations are used.

•

For members in compression, and governed by overall buckling, ISO leads to an average
decrease of 3% in member size.

•

For situations where overall buckling governs but the D/t ratio exceeds 60, ISO
formulations will result in an average increase of 2% in member size.

•

For compression members governed by local strength considerations, the ISO formulations
result in a 3% average increase in size.

•

Members governed by hoop buckling alone are the same size for both codes.
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•

Reliability indices generally reflect the extent of utilisation suffered by the member.
However, the governing equation with respect to reliability is not always the same as for
utilisation.

6.2 RECOMMENDATIONS
The recommendations that arise from this study are:
•

In this work, the load and resistance factors used for implementing the proposed ISO
formulations were identical to those in LRFD. This reflects the fact that the status of the
API partial factor study that was recently reported is not as yet clearly established. Some of
the load and resistance factors are expected to change as a result of this study and it is
recommended that the assessments reported here be repeated when these factors have been
finally determined.

•

The water depth at which the ‘with pressure formulations’ are to become effective requires
clarification. This is sought from the relevant ISO body.

•

It is possible that the current review process of ISO 13819-2 may lead to changes in some of
the member strength formulations. This could affect, for example, the linear interaction
equations which have been adopted for combinations of axial and bending loading in
contrast to the cosine form of interaction adopted in LRFD. This would have not
insignificant affects on both the determined utilisation ratios and reliability indices reported
herein. In these circumstances, a re-analysis of the results described above would be
strongly recommended.

•

The analyses reported here are concerned only with component reliability and do not
necessarily reflect the reliability of the jacket as a system. It would be prudent to ensure
that the system reliability implicit in jacket structures designed to LRFD has not been
compromised by the adoption of the ISO member strength formulations when used in
conjunction with the proposed ISO joint and component strength formulations and the
associated recommendations concerning redundancy and jacket configurations.
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Table 1
Platform No 1: 50-year directional 1-hour mean wind at 10 metres above sea level (LAT),
50-year directional waves 50-year directional current profile
Direction From
Wind Speed (m/s)
Hmax (m)
Tmax (s)
Current Velocity at
Surface (m/s)
Current Velocity at
50% Height (m/s)
Current Velocity at
40% Height (m/s)
Current Velocity at
30% Height (m/s)
Current Velocity at
20% Height (m/s)
Current Velocity at
10% Height (m/s)
Current Velocity at
5% Height (m/s)

N
29.2
13.7
11.6
1.52

NE
29.2
11.1
10.6
0.73

E
27.4
8.3
9.3
0.96

SE
24.0
7.6
8.2
1.52

S
33.6
9.1
9.5
1.52

SW
31.9
7.6
7.9
0.73

W
34.3
8.7
8.6
0.96

NW
32.9
12.0
10.1
1.52

1.52

0.73

0.96

1.52

1.52

0.73

0.96

1.52

1.49

0.71

0.94

1.49

1.49

0.71

0.94

1.49

1.44

0.69

0.91

1.44

1.44

0.69

0.91

1.44

1.39

0.67

0.88

1.39

1.39

0.67

0.88

1.39

1.29

0.62

0.82

1.29

1.29

0.62

0.82

1.29

1.21

0.58

0.76

1.21

1.21

0.58

0.76

1.21

Table 2
Platform No 2: 50-year directional 1 hour mean wind at 10 metres above sea level (LAT),
50-year directional waves, 50-year directional maximum current
Direction From
Wind Speed (m/s)
Hmax (m)
Tmax (s)
Maximum current
velocity (m/s)

N
31.5
25.0
16.8
1.02

NE
32.0
18.8
14.4
0.73

E
35.1
25.0
16.3
0.32

SE
35.5
24.1
16.2
0.56

S
35.0
23.5
16.3
1.02

SW
34.4
20.7
15.1
0.73

W
33.6
21.8
15.3
0.44

NW
35.2
25.4
16.7
0.76

Table 3
Platform No 3: 50-year directional 1 minute mean wind at 10 metres above sea level
(LAT), 50-year directional waves, 50-year directional current profile
Direction From
Wind Speed (m/s)
Hmax (m)
Tmax (s)
Current Velocity at
Surface (m/s)
Current Velocity at
Seabed (m/s)

N
36.9
23.6
15.6
1.37

NE
37.5
17.5
13.4
1.13

E
41.1
23.8
15.6
0.73

SE
41.5
23.6
15.6
0.85

S
40.9
21.1
14.7
1.34

SW
40.3
18.6
13.8
1.10

W
39.3
19.1
14.0
0.79

NW
41.2
23.0
15.4
1.19

0.64

0.46

0.21

0.37

0.64

0.46

0.27

0.49
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Table 4
Number of elements included in the assessments

Number of elements in structural analyses
Number of elements representing primary
members

Platform No 1
728

Platform No 2
1085

Platform No 3
1606

Total
3419

263

273

433

969

Table 5
Platform No 1: basic load cases and load combinations
Load
Case
10
11
12
13
15
16
17
18
19
20
21
22

Description
Wind ‘X’ – 100 ft/s
Wind ‘Y’ – 100 ft/s
Jacket Dry Weight
Topside Weight
North wave/current
North-East wave/current
East wave/current
South-East wave/current
South wave/current
South-West wave/current
West wave/current
North-West wave/current

Combinations and Load Factors
N
NE
E
SE
S
SW
-0.649 -0.918 -0.571
0
0.859
1.095
-0.649
0
0.571
0.620
0.859
0
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.35
0
0
0
0
0
0
1.35
0
0
0
0
0
0
1.35
0
0
0
0
0
0
1.35
0
0
0
0
0
0
1.35
0
0
0
0
0
0
1.35
0
0
0
0
0
0
0
0
0
0
0
0
Load cases 15 to 22 include buoyancy

W
0.895
-0.895
1.1
1.1
0
0
0
0
0
0
1.35
0

NW
0
-1.165
1.1
1.1
0
0
0
0
0
0
0
1.35

W
1.1
0
0
0
0
0
0
1.35
0
1.1
1.1
1.1
0
0
0
0
0
0
1.35
0

NW
1.1
0
0
0
0
0
0
0
1.35
1.1
1.1
1.1
0
0
0
0
0
0
0
1.35

Table 6
Platform No 2: basic load cases and load combinations
Load
Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Description
Jacket Self-Weight
Wind from North
Wind from North-East
Wind from East
Wind from South-East
Wind from South
Wind from South-West
Wind from West
Wind from North-West
Topside Load
Marine Growth Weight
Buoyancy
Wave/current from North
Wave/current from N-East
Wave/current from East
Wave/current from S-East
Wave/current from South
Wave/current from S-West
Wave/current from West
Wave/current from N-West

N
1.1
1.35
0
0
0
0
0
0
0
1.1
1.1
1.1
1.35
0
0
0
0
0
0
0

Combinations and Load Factors
E
SE
S
SW
1.1
1.1
1.1
1.1
0
0
0
0
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
0
0
0
0
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
0
0
0
0
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
0
0
0
0

NE
1.1
0
1.35
0
0
0
0
0
0
1.1
1.1
1.1
0
1.35
0
0
0
0
0
0

29

Table 7
Platform No 3: basic load cases and load combinations
Load
Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Description
Jacket Self-Weight
Wind from South
Wind from South-West
Wind from West
Wind from North-West
Wind from North
Wind from North-East
Wind from East
Wind from South-East
Topside Load
Marine Growth Weight
Buoyancy
Wave/current from South
Wave/current from S-West
Wave/current from West
Wave/current from N-West
Wave/current from North
Wave/current from N-East
Wave/current from East
Wave/current from S-East

S
1.1
1.35
0
0
0
0
0
0
0
1.1
1.1
1.1
1.35
0
0
0
0
0
0
0

SW
1.1
0
1.35
0
0
0
0
0
0
1.1
1.1
1.1
0
1.35
0
0
0
0
0
0

Combinations and Load Factors
W
NW
N
NE
1.1
1.1
1.1
1.1
0
0
0
0
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
0
0
0
0
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
0
0
0
0
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
1.35
0
0
0
0
0
0
0
0

E
1.1
0
0
0
0
0
0
1.35
0
1.1
1.1
1.1
0
0
0
0
0
0
1.35
0

SE
1.1
0
0
0
0
0
0
0
1.35
1.1
1.1
1.1
0
0
0
0
0
0
0
1.35

Table 8
Distribution parameters for strength model uncertainty parameters
Load combination
Tension
Column buckling
Bending
Hoop buckling
Tension + bending
Comp. + bending – column
Comp. + bending – local
Local buckling
Comp. + bdg + pres. – column
Comp. + bdg + pres. – local
Elastic buckling incl. Pres.
Tension +bdg + pres.

API RP 2A-LRFD
equation
mean
COV
D.2.1-1
1.000
0.000
D.2.2-1
1.042
0.038
D.2.3-1
1.109
0.085
D.2.5-2
1.142
0.124
D.3.1-1
1.087
0.112
D.3.2-1
1.017
0.084
D.3.2-2
1.120
0.036
D.3.2-3
1.118
0.060
D.3.2-1*
1.162
0.129
D.3.2-2*
D.3.4-1
1.106
0.089
D.3.3-1
1.087
0.112
*includes effects of pressure
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ISO 13819-2
equation
mean
7.2.1-1
1.000
7.2.2-1
1.057
7.2.3-1
1.109
7.2.5-1
1.142
7.3.1-1
1.075
7.3.2-1
1.029
7.3.2-2
1.246
7.4.2-4
1.197
7.4.2-5
1.199
7.4.1-6
1.199
7.4.1-7
1.075

COV
0.000
0.041
0.085
0.124
0.098
0.082
0.067
0.091
0.134
0.134
0.098

