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Summary

This report forms part of the research study into 10,000 year return period extreme environmental loading.
The overall aim of the study is to develop guidance on the management of the risks to the structural
integrity of fixed offshore structures exposed to extreme environmental loading. This comprises two
complementary objectives:
O1: Review of current prediction methods for, and the provision of recommendations on, the effect of
extreme environmental loads on the structural integrity of fixed offshore installations.
O2: Development of a risk-based framework for assessing the structural integrity of fixed offshore installations.
The report concerns objective O2/D5:
Development of guidance on the evaluation and management of the risk of structural failure associated
with extreme environmental loading for fixed installation on the UKCS, including procedures for the management of structures which are unable to withstand the 10,000-year event.
The report describes the steps that should be undertaken within the structural integrity management
process for fixed jacket and tower structures when assessing the risks from extreme environmental loading.
It provides recommendations as to: the performance target that is required in section 4.1; the manner in
which the relevant metocean data should be derived in section 4.2.2; how the structure should be assessed
in sections 4.2.3 and 4.2.4; and how the risks can be mitigated in section 4.3. The report lists a set of
requirements that must be considered in any analyses in section 5 and methods by which this might be
achieved in appendix A.
The principal motivation for this report is the following:
1. Many structures are at or beyond their original design life and were designed to a lower standard
than is presently required.
2. Many structures may experience wave-in-deck loading during extreme events. These can lead to a
significant increase in the probability of failure.
3. Recent advances in both metocean statistics and the physical understanding of extreme wave events
has demonstrated that commonly applied methods of assessment can be non-conservative.
In order to provide an accurate assessment of the risk from extreme environmental loading, it is necessary
that the latest understanding of metocean statistics and extreme wave events is considered. The key
advances that must be included in the assessment are as follows:
1. Long-term environment: the probabilistic model for the environment should be based upon independent events using appropriate techniques from extreme value statistics.
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2. Short-term loading: the representation of the metocean environment must include the following
processes and physics.
(a) Irregularity and directionality of wave events.
(b) Nonlinearity of wave events – in particular the occurrence of crest elevations that are higher
than those that would be predicted using second-order theory.
(c) Wave breaking – can occur in any water depth and result in large velocities high in the crest
of a wave.
(d) Area effect – the fact that waves are dispersive and a platform’s deck has a finite area.
3. Structural response: this must include structural dynamics and the fact that more than one failure
mode may contribute to the probability of failure. Any wave-in-deck load model must be capable
of modelling the time history of loading and be fully validated – the limitations in many commonly
applied models are discussed within the report.
4. Risk: this must include all of the relevant uncertainties and take into account any correlation between
failure modes.
In this report it is recommended that the structural integrity management process for extreme environmental loading is implemented in three stages:
I. Deterministic Assessment: the evaluation of the structure using a set of deterministic, characteristic,
wave events.
II. Probabilistic Assessment: a structural reliability analysis of the structure that is completed if the
first stage indicates that the platform does not meet the required performance standard.
III. Mitigation: the assessment of methods by which the risk can be reduced to as low as is reasonably
practicable (ALARP) and such that the platform, at a minimum, meets the required performance
standard.
The recommendation for completing the deterministic assessment is that the irregularity of wave events
must be considered. A conservative approached has been suggested comprising a set of wave events. The
report also provides recommendations as to how the relevant metocean data should be derived and how
both the wave-in-jacket and wave-in-deck loading should be calculated.
If the platform fails the deterministic assessment then any conservatism can be removed through the
application of a structural reliability analysis.
If the result of the deterministic and probabilistic assessments is that the platform does not meet the
required performance standard then measures for mitigating the risk should be implemented. However,
even if the risks are tolerable then the operator should abide by the ALARP principle and reduce the risks
accordingly.
One such risk reduction measure is the de-manning of the platform if a severe storm is forecast. The
procedure for evaluating the forecast limits is presented and discussed.
3 of 23
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Introduction

This report forms part of the research study into 10,000 year return period extreme environmental loading.
The overall aim of the study is to develop guidance on the management of the risks to the structural
integrity of fixed offshore structures exposed to extreme environmental loading. This comprises two
complementary objectives:
O1: Review of current prediction methods for, and the provision of recommendations on, the effect of
extreme environmental loads on the structural integrity of fixed offshore installations.
O2: Development of a risk-based framework for assessing the structural integrity of fixed offshore installations.
The report concerns objective O2/D5:
Development of guidance on the evaluation and management of the risk of structural failure associated
with extreme environmental loading for fixed installation on the UKCS, including procedures for the management of structures which are unable to withstand the 10,000-year event.
The report describes the steps that should be undertaken within the structural integrity management
(SIM) process for the management of the integrity of offshore structures to extreme environmental loading. It provides recommendations as to: the performance standard that is required; the manner in which
the relevant metocean data should be derived; how the loading on fixed jacket and tower structures can
be evaluated; and how the risks can be mitigated.
The report is organised into the following sections
• Section 3 describes the background, motivation and context to this document. It describes its scope,
how it fits into the SIM framework, and the limitations in present codes and standards.
• Section 4 describes the recommended SIM Process. This has been split into three stages: a deterministic assessment; a probabilistic assessment; followed by measures for mitigation.
• Section 5 provides a list of requirements that must be addressed in any analyses.
• Appendix A describes methods by which the requirements might be met.
The report can be navigated using the bookmarks listed in the left hand panel of the pdf, or using the
embedded hyperlinks, which include all section, figure and table numbers.
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Background

The structural integrity management of offshore structures requires that their fitness for service is demonstrated against a range of performance objectives. One of these is that the structure’s response to extreme
environmental loading meets the relevant performance standards for life-safety and environmental risk.
This objective is particularly pertinent at the present time for a number of reasons:
1. Many structures are at or beyond their original design life and were designed to a lower standard
than is presently required.
2. Many structures may experience wave-in-deck loading during extreme events. These can lead to a
significant increase in the probability of failure.
3. Recent advances in both metocean statistics and the physical understanding of extreme wave events
has demonstrated that commonly applied methods of assessment can be non-conservative.
This document provides guidance on how the risk from extreme environmental loading can be assessed
and managed. It includes recommendations as to how the risk can be evaluated.
The guidance is only concerned with fixed jacket and tower structures; however, many of the recommendations will also be relevant to other types of platform.
The SIM of offshore structures is described in HSE-RR684 (2009), API2SIM (2014), the proposed
ISO19901-9 (2019), and other publications. It is a continuous process by which the fitness for service of a platform can be demonstrated throughout its life-cycle. The overall framework is shown in figure
1. It has a central core element, the SIM Process, which comprises four steps:
1. Strategy: the process by which the risks can be evaluated, managed and mitigated.
2. Program: the scope of work for the collection of data, the assessment of the structure and the
implementation of measures by which the risk can be reduced.
3. Data: the information that is required in order to both complete the evaluation and to provide input
into the development of the strategy. Of particular relevance to extreme wave loading are structural
drawings, geotechnical conditions and metocean criteria.
4. Evaluation: in the context of this report this includes the structural response to extreme environmental loading; in particular, the calculation of the wave-in-jacket and wave-in-deck loading.
The steps within the SIM framework mirror the approach described in HSE-R2P2 (2001) – albeit with
some overlap – namely: defining and characterising the issue (Data and Evaluation); Examining the options available and their merits (Evaluation); Adopting Decisions (Strategy); Implementing the Decisions
(Program); and Evaluating the effectiveness of actions taken (Continual Improvement).
This document describes the steps that should be undertaken within the SIM Process for the management
of the integrity of offshore structures to extreme environmental loading. It provides recommendations as
5 of 23
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to: the performance standard that is required; the manner in which the relevant metocean data should
be derived; how the loading on fixed jacket and tower structures can be evaluated; and how the risks can
be mitigated.
The recommendations within this report should be considered to be in addition to those within the relevant
codes and standards, such as ISO19901-1 and ISO19902; however, in most cases they will be more onerous. This is because current codes and standards do not presently represent the current state-of-the-art
and have not kept up with the latest knowledge, understanding, and best practice. Indeed, many North
Sea operators already go well beyond what is required by international standards.
A thorough review of the relevant ISO, API and NORSOK codes can be found in OCG-O1D1 (2018).
This concluded that the key areas where best practice has advanced beyond present code requirements1
are as follows:
• The statistical analysis of the long-term metocean environment and in particular the consideration
of uncertainty.
• The calculation of crest elevations; in particular, the consideration of nonlinearities beyond secondorder and wave breaking.
• The calculation of water particle velocities that includes the effects of wave breaking
• The application of irregular directionally spread wave models rather than regular waves – which are
both steady and non-breaking.
• The consideration of a wide range of failure modes avoiding the over-emphasis of those close to the
mud-line.
• The importance of structural dynamics when calculating the response to both wave-in-jacket and
wave-in-deck loading.
In listing these points it is important to stress that they will not all necessarily be important to all studies
and platforms. Nevertheless neglecting these issues may produce non-conservative results. In general,
extreme environmental loading comprises contributions from waves, winds and currents. However, in
practice, in the North Sea it is the first of these that is usually the most important. Furthermore, the
loading on, and hence, the probability of failure of, an offshore structure increases dramatically when waves
impact the topside. This is critically related to the points listed above: the properties of extreme sea-states
govern the occurrence of large wave crests; the incidence of wave-in-deck loading depends upon how high
those crests become; the loading on a topside is proportional to the velocity squared which increases
significantly when waves break; and the response of a structure depends upon the magnitude of the load,
its point of application and its time history. Therefore, an accurate assessment of the performance of a
structure requires an accurate consideration of these issues.

1

It should be noted that the NORSOK codes go well beyond ISO and API. It achieves this through the requirement for
model testing. Furthermore, it makes reference to crest elevations beyond second-order and wave breaking.
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Figure 1: The structural integrity management framework (from ISO19901-9 (2019)).
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SIM Process for Extreme Environmental Loading

The SIM Process comprises four steps: Strategy; Program; Data; and Evaluation. It is recommended that
for extreme environmental loading the SIM Process is implemented in three stages:
I. Deterministic Assessment: the evaluation of the structure using a set of deterministic, characteristic,
wave events.
II. Probabilistic Assessment: a structural reliability analysis of the structure that is completed if the
first stage indicates that the platform does not meet the required performance standard.
III. Mitigation: the assessment of methods by which the risk can be reduced to as low as is reasonably
practicable (ALARP) and such that the platform, at a minimum, meets the required performance
standard.
The third stage is particularly relevant if the first and second ‘Assessment’ stages indicate that the performance standard is not met; however, even if this is the case operators have an obligation to abide by
the ALARP principle. A flowchart describing this process is provided in section 4.2.5.
The SIM Process described in this report should be undertaken within the overall SIM framework. The
recommendations and discussion are focussed on the Strategy, Data and Evaluation required for the
assessment and mitigation of extreme environmental loading. The application and management of this
process, and the development of the Program, should follow the recommendations provided in HSE-RR684
(2009), and other documents.

4.1

Performance Target

The performance target for life-safety and the environmental under extreme environmental loading should
meet the requirements of the HSE.
An extract from HSE (2015) is copied below for reference:
HSE has suggested a maximum temporary refuge (TR) impairment frequency (TRIF) of 1 × 10−3 /yr (one
in a thousand chances per year). However, this value relates to the sum of ALL events that can result in
TR impairment on an installation as it is intended as a surrogate societal risk criterion.
The TRIF is likely to be comprised of a large spectrum of major accident hazard (MAH) events. Therefore,
it is considered reasonable to recommend that each of the combining MAH ‘groups’ should provide a much
lower contribution to this overall value for the MAH profile and consequences for a specific installation.
Regarding the composition of the overall TRIF, it is recommended that each MAH ‘group’ contribute an
impairment probability of no more than an order of magnitude less than the overall TRIF impairment
criterion (i.e.1×10−4 /yr). For individual MAH scenarios in each group the contribution to the overall TRIF
should be significantly less. Where these conditions are not satisfied, a sufficiently detailed justification
for exceeding these values should be available for scrutiny.
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Deterministic and Probabilistic Assessments

The first and second stages of the process are the assessment of the structure prior to any measures
for mitigating the risk being implemented. In this section the strategy, data and evaluation steps are
described. A list of requirements for this analysis is presented in section 5 and methods by which these
requirements can be met are provided in appendix A.
4.2.1

Strategy

The assessment of an offshore structure requires two steps: the collection, development or derivation of the
necessary input data; and then the evaluation of the structural response to extreme environmental loading.
The required data includes details of the structure, the geotechnics and the metocean conditions. Most,
if not all, of this will have been archived as part of the overall SIM framework, however, some data is
specific to the problem at hand.
The evaluation of the structure can be completed either through the application of characteristic design
wave events, or a full structural reliability analysis. It is useful to put these two approaches into context.
A full structural reliability analysis calculates the annual probability of structural failure. It considers the
full aleatoric randomness, epistemic uncertainty and applies the latest understanding of the underlying
physics. Whilst this is a tractable problem it is by no means simple and requires specialist knowledge and
tools at each step. In contrast, characteristic design wave events provide a means by which the full analysis
can be simplified; albeit by introducing approximations and conservatism. Therefore, the recommended
approach is to (I) assess a structure using characteristic events; and then if it does not meet the required
performance standard (II) complete a full structural reliability analysis. Of course, it would be entirely
reasonable to proceed to stage (II) without completing stage (I).
Historically, codes of practice are based upon characteristic events through the application of a design
recipe. These typically utilise deterministic characteristic load events that are defined using nonlinear
regular wave models. They are often calibrated based upon failure modes near the mud-line. Unfortunately,
the design recipe, the types of wave events, and the assumptions about the structural response are
not always appropriate to every structure. Therefore, it is not appropriate to assess a structure for
extreme environmental loading using present codes and standards (for example, by considering the ALS
in ISO19902). Instead, it is necessary to consider a wider range of wave events, a wider range of failure
modes, and models that incorporate the latest understanding of extreme wave events and wave loading.
An approach that achieves this is described in the next section and appendix A. This is based on the
findings from objective O1, which are summarised in OCG-O1D8 (2019).
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Data

The required input data can be categorised into two groups: structural and geotechnical data for assessing
the response and resistance; and metocean data for determining the applied loading.
The recommendations for the required structural/geotechnical data are not fundamentally different to
those described in existing codes and standards; for example ISO19902 and the proposed ISO19901-9
(2019). It should be noted that the principle uncertainties and limitations in present analysis are in the
applied loading rather than the resistance. However, there are a few issues that are worth repeating or
noting:
1. The incidence and magnitude of wave-in-deck loading is critically dependent on the degree of
inundation. Therefore, the elevation of the topside, ZBOS , must be known with appropriate accuracy.
If there is uncertainty in this value then either a conservative assumption must be made or it can,
if necessary, be included in a probabilistic analysis.
2. The calculation of wave-in-deck loads requires knowledge about the layout, plating and congestion of
the topside. Therefore, the location and size of process equipment, and the presence of under-deck
equipment, or platforms, must be considered.
The metocean data that is required for the first two stages (I, II) of the SIM Process can be summarised
as follows:
I. Deterministic Assessment: the ten thousand year return period significant wave height, Hs, crest
elevation at a point, Cmax , crest elevation over the deck area Carea , and associated parameters,
such as spectral peak period T p, spectral shape, still water elevation ηswl , currents, and winds.
II. Probabilistic Assessment: a statistical model for the long-term metocean environment (waves, winds,
currents and water levels) from which the long-term distribution of loading can be derived.
4.2.3

Deterministic Evaluation

The deterministic evaluation involves the assessment of an offshore structure through the use of a set of
extreme wave events. These events must consider the irregularity of the wave field and the possibility that
the waves may be breaking.
4.2.4

Probabilistic Evaluation

The deterministic assessment described in the previous section should be designed to be conservative. In
some instances it may be very conservative. Hence, if a structure was to fail the deterministic evaluation
then the next stage would be to complete a structural reliability analysis.
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SIM Process Flowchart

The SIM process flowchart is shown in figure 2. The Deterministic Assessment, Probabilist Assessment
and Mitigation steps all involve: Strategy; Program; Data; and Evaluation. In all cases the process ends
with Mitigation. This is either because the structure fails the assessment steps or due to the application
of the ALARP principle.

Figure 2: Flowchart outlining the SIM process.
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Mitigation

If the result of the deterministic (I) and probabilistic (II) assessments is that the platform does not meet
the required performance standard then measures for mitigating the risk should be implemented. Even if
the result of (I) and (II) demonstrates that the risks are tolerable then the operator should abide by the
ALARP principle and reduce the risks accordingly.
There are two broad ways in which the risk can be mitigated:
1. Reduce the likelihood: this could involve reducing the load or increasing the capacity. A selection
of practical measures by which this might be achieved are listed below.
(a) Reducing the topside load.
(b) Removal of marine growth.
(c) Removal of under deck equipment, platforms, decks or stairways.
(d) Raising the deck.
(e) Grouting members or joints.
(f) Structural modifications such as bracing, welding or clamping critical members.
2. Reduce the consequence: this could involve permanently or temporarily de-manning the platform.
Measures for reducing the load or increasing the capacity can be assessed by repeating the deterministic
and/or probabilistic calculations described in section 4.2.3 and 4.2.4 with updated input data.
The principal measure for reducing the consequence is de-manning a platform when a severe storm is
forecast. A procedure for implementing this approach is described in the following section.
4.3.1

Strategy

The overall objective is to develop a procedure by which personnel on the platform are de-manned in
advance of a severe storm such that the residual life-safety risk meets the required performance standard.
The aim is that the life-safety of personnel on a de-manned platform that does not meet the performance
standard is equivalent to that of personnel on a manned platform that does meet the performance standard.
The procedure requires that limiting conditions are defined such that at different forecast horizons various
steps within the de-manning procedure are implemented. Practically this may be that at relatively long
horizons (three to five days) non-essential personnel are de-manned and then at shorter horizons (one to
two days) essential personnel are de-manned – in a controlled manner. The limiting conditions can be defined in terms of forecast significant wave height, crest elevation or load, depending on the sophistication
of the forecast model. It is essential that uncertainty in the forecast is considered and that this is included
when determining the limiting conditions.
In developing a plan it is important to consider the practical aspects around operating helicopters, organising the de-manning operation, platform shut-down and start-up, and the communication between key
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personnel/stakeholders.
It is inevitable that there will be instances where platforms will be de-manned, but the actual storm is not
as severe as was forecast.
4.3.2

Data

The long-term metocean data that is required is the same as is required for the deterministic (I) and probabilistic (II) assessments, as described in section 4.2.2. However, in order to evaluate forecast uncertainty,
historical records of forecast-observation pairs are also required.
4.3.3

Evaluation

In this section a description of the calculation of forecast limits based on significant wave height, Hs, is
provided. Equivalent limits can be determined using other parameters in a similar manner.
The forecast limit should be determined based on the tolerable risk from an individual forecast storm event
HslimStorm,f . This can be determined by evaluating the following integral iteratively:
Z
Pstorm =

P (Xf |Hs)p(Hs|HslimStorm,f ) dHs ,

(1)

where Xf is the load at failure such that the probability of failure Pstorm meets the required acceptance
levels. In practice other parameters such as spectral peak period, spectral shape, and wave direction could
also be included in the integrals. This calculation is conditional on the event HslimStorm,f having been
forecast. The integral has two terms on the right-hand side: P (Xf |Hs) is the probability of failure within
a set of metocean conditions; and p(Hs|HslimStorm,f ) is the forecast uncertainty.
Another approach would be to evaluate the forecast uncertainty p(Hs|HslimStorm,f ) on a storm by storm
basis through the application of ensemble forecasts. This ensures that the uncertainty in the development
of the storm due to the particular meteorological conditions at the time of the forecast are reflected in
the risk analysis and the operational decision making. If this approach is adopted then the bias and
dispersion of the ensemble forecast should be assessed and if necessary corrected. This can be achieved
using methods such as Affine Kernel Dressing (Brocker and Smith, 2008) or other similar approaches.
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Requirements

The section lists the issues that must be addressed in any analysis. Methods by which this might be
achieved are presented in appendix A.
1. Data
(a) Long-Term Analysis
i. Extremes must be derived using statistical methods that follow best practice as defined in
the statistical literature. Covariate effects such as direction and season must be included.
ii. Directional criteria must be estimated using a method that achieves the desired omnidirectional reliability.
iii. The epistemic uncertainty in the estimation of extremes must be included.
(b) Short-Term Distributions
i. Crest elevations must be estimated using a distribution that includes nonlinearity beyond
second-order and wave breaking.
ii. Wave heights must be estimated using a distribution that includes the effect of bandwidth
and wave breaking.
2. Deterministic Evaluation
(a) The irregularity of wave events must be considered.
3. Probabilistic Evaluation
(a) The aleatoric randomness of wave loading must be considered.
(b) The epistemic uncertainty in the long-term distribution of loading must be included.
(c) The epistemic uncertainty in the resistance must be included.
4. Modelling
(a) The effects of wave breaking must be included.
(b) The area effect must be considered.
(c) Wave-in-deck load models must be fully validated for the conditions being analysed.
(d) The possibility of multiple failure modes must be considered.
5. Mitigation
(a) De-manning limits should be based on the probability of failure once the storm event has been
forecast. Forecast uncertainty must also be considered
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Methods

In this section methods by which the requirements discussed in section 5 can be met are presented. Other
approaches that achieve the same results as the approaches presented below can also be used – provided
that it can be shown that they are equivalent or more conservative.
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Data

The calculations should include the relevant aleatoric randomness and epistemic uncertainty. The largest
source of the latter is typically the uncertainty in extrapolating relatively short data sets out to high return
periods.
The recommendations for how this data should be derived are different from those presented in ISO19901-1
in a number of key aspects which are discussed below:
1. Data: the underlying metocean database can be one of the following.
(a) A long period of offshore measurements.
(b) A wave hindcast forced using reanalysis wind fields (for example, NEXTRA or NORA10).
(c) A simulation forced using climate model winds (for example, NS1200).
Hindcast or simulated datasets should have been validated against offshore measurements – taking
due consideration of the bias and limitations in both measured and modelled data.
2. Long-Term Analysis: the traditional approach of fitting a Weibull distribution using least squares
optimisation is not statistically rigorous; an approach that is similar to Ross et al. (2017) is recommended. It should include the following key features:
(a) Independent events are identified using a peaks-over-threshold approach.
(b) A Generalised Pareto distribution is fit to the extremes and includes suitable covariates, such
as direction and season.
(c) Joint distributions are modelled using Heffernan and Tawn (2004) and includes suitable covariates.
(d) The temporal variation in metocean parameters over the course of a storm should be modelled.
(e) Threshold and modelling uncertainties are included in the analysis.
(f) The model parameters are estimated using likelihood based methods.
(g) The uncertainty in extremes should be considered, and included in the analysis. This can be
achieved using bootstrapping or Bayesian methods.
3. Associated Conditions
(a) It is recommended that associated conditions be derived using a single long-term model for
the metocean environment. This ensures that different extremes are mutually consistent.
(b) Associated currents and winds can be determined using a response based approach using a
simple structural load model, as discussed in ISO19901-1.
(c) Associated still water elevations should be determined using a response based approach. Ideally,
this should apply a full joint model for the environment in which the temporal profile of waves,
surge and tide through a storm event is captured.
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Alternatively, independent extremes can be used, as these will be conservative.
4. Short-Term Distributions: the models that should be used to describe the short-term distribution
of crest elevation and wave height are described below. Three regimes are important – deep,
intermediate and shallow water; these can be categorised using the effective water depth kp d, where
kp is the wave-number associated with the spectral peak period and d is the water depth.
(a) The short-term distribution of crest elevation should include effects beyond second-order and
wave breaking.
i. Deep water, kp d > 2.0: the ShortCrest JIP model is appropriate.
ii. Intermediate to deep water kp d > 1.2: the LOADS JIP model is appropriate.
iii. Intermediate to shallow water kp d ≤ 1.2: the model developed in LOWISH Phase 3 should
be applied.
Note that the second-order model of Forristall (2000) may be non-conservative in intermediate
and deep water, but is likely to be conservative in shallow water.
(b) The short-term distribution of wave height should include the effect of bandwidth and where
relevant wave breaking:
i. Intermediate to deep water kp d > 1.2: Boccotti (1983) is appropriate; note that the model
of Forristall (1978) may be non-conservative in deep water unless the wave spectrum is
broad banded.
ii. Intermediate to shallow water kp d ≤ 1.2: the model developed in LOWISH Phase 3
should be applied. There are a number of available distributions that incorporate, to
varying degrees, the relevant physics appropriate to shoaling and shallow water breaking.
These include van Vledder (1991), Battjes and Groenendijk (2000) and Mendez et al.
(2004). Each of them perform well in a given set of conditions, but cannot be applied
across the whole range of water depths.
5. Directional metocean criteria
(a) Should be derived using a modification of the NORSOK N006 (2015) approach: calculate the
N × R (where N is the number of directional sectors and R the return period) return period
value for each sector and limit the values such that none is larger than the omnidirectional
result.
Alternatively, the omnidirectional value can be applied in all directions – this is simple and conservative.
6. Area Effect: the maximum crest over the plan area of the topside Carea . It is described in Forristall (2006). It can be calculated through numerical or laboratory simulations of random irregular
nonlinear directionally spread wave fields.
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Deterministic Evaluation

A relatively simple, conservative approach to assessing offshore structures is through the use of a set of
deterministic wave events:
1. Three regular waves all with crest elevation equal to the ten thousand year return period value,
Cmax , and low, medium and high associated wave periods.
The set of associated wave periods can be calculated using the percentiles of the distribution of
spectral peak period associated with the ten thousand year return period significant wave height,
Hs, such that T maxP 5,P 50,P 95 = αT pP 5,P 50,P 95 , where α depends upon the associated spectral
shape. In the North Sea α ≈ 0.86.
2. Three irregular focussed wave events: crest elevation equal to the ten thousand year return period
value, Cmax , and low, medium and high associated wave periods.
The relevant associated wave periods must consider the metocean environment and the structural
response. The former can be addressed through the percentiles of the distribution of spectral peak
period associated with the ten thousand year return period significant wave height, Hs, that is
T pP 5,P 50,P 95 . The latter are structure specific and should be based on a consideration of platform
layout, structural dynamics and potential failure modes.
The waves should be focussed at numerous positions around the structure in order to ensure that a
full range of failure modes are considered. At a minimum these locations should include the centre,
the edges and the corners.
3. An irregular focussed wave event that is a plunging breaker: crest elevation equal to the ten thousand
year return period value, Cmax , and a spectral peak period, T p, that can be calculated using the
linear dispersion relationship by defining a nonlinear wave steepness Cmax kp = 0.40, where kp is the
spectral peak wave-number.
4. If the total water elevation over the plan area of the topside ηarea = Carea + ηswl > ZBOS , that is,
there is a negative airgap, then an additional irregular wave event must also be considered: crest
elevation equal to the ten thousand year return period area statistic, Carea , with a median spectral
peak period, T pP 50 .
In each case the relevant associated parameters such as still water elevations, currents, winds and spectral
shape should be derived from the long-term metocean analysis; as discussed in section 4.2.2.
Furthermore, the values must include both the aleatoric randomness and the epistemic uncertainty.
Details of the required structural and hydrodynamic modelling are provided in the next section A.4. This
includes recommendations as to how the surface profile, kinematics and loading associated with extreme
wave events should be derived.
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Probabilistic Evaluation

The deterministic assessment described in the previous section has been designed to be conservative. In
some instances it may be very conservative. Hence, if a structure was to fail the set of wave events
described in section 4.2.3 then the next stage would be to complete a structural reliability analysis. This
has four key components:
1. The long-term distribution of the metocean environment.
2. The short-term distribution of loading within stationary metocean conditions.
3. The response of a structure to the environmental loads.
4. An integration that combines the long-term distribution of loading, the short-term distribution of
loading and the associated structural response.
The result is the annual probability of structural failure which can be compared to the performance criteria.
In completing the analysis the following must be achieved.
1. Long-term environment: the probabilistic model for the environment should be based upon independent (for example, storm) events using appropriate techniques from extreme value statistics. These
have been described in section 4.2.2.
2. Short-term loading: the representation of the metocean environment must include the following
processes, and physics.
(a) Irregularity and directionality of wave events.
(b) Nonlinearity of wave events – in particular the occurrence of crest elevations that are higher
than those that would be predicted using second-order theory.
(c) Wave breaking – which can result in large velocities high in the crest of a wave.
(d) Area effect – the fact that waves are dispersive and a platform’s deck has a finite area.
(e) Phasing – between wave-in-jacket and wave-in-deck loading.
In practice, this can be achieved through laboratory testing; numerical modelling (for example,
CFD); or empirical models that incorporate the items listed above.
3. Structural response: this must include structural dynamics and the fact that more than one failure
mode may contribute to the probability of failure. Any wave-in-deck load model must be capable
of modelling the time history of loading and be fully validated – the limitations in many commonly
applied models are discussed in the next section.
4. Integration: this must include all of the relevant uncertainties and take into account any correlation
between failure modes.
Details of the required structural and hydrodynamic modelling are provided in the next section. This
includes recommendations as to how the surface profile, kinematics and loading associated with extreme
wave events should be derived.
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Modelling

Structural Model
The structural model required for the assessment is described in ISO19902 and ISO19901-9 (2019) and
other documents. It could be either a static or dynamic nonlinear analysis. A few particular details of
note are discussed below:
1. The dynamic response to wave-in-jacket loading can be greater than that predicted using the standard equations provided in ISO19902. If the natural period is greater than 2s an inertial load set
should be included or a dynamic analysis applied. The analysis could proceed following the recommendations in ISO19905-1. The limit of 2s is lower than that suggested in other documents – for
example, ISO19901-9 (2019) suggests 3s.
2. Wave-in-deck loads often arise for short durations, and hence, can excite structures with both
relatively low or high natural periods. In some cases this can lead to an increase in the response,
but in other cases it can lead to a reduction. Therefore, the effect of structural dynamics should
always be included in an analysis of wave-in-deck loading.
3. Wave-in-deck loading occurs at a high elevation which results in large moments. Furthermore,
oblique wave impacts may introduce torsion. Hence, the possibility that failure may occur at a
range of elevations and owing to a number of different failure modes should be considered.
Wave Profile and Kinematics
The surface profiles and kinematics associated with regular wave events can be calculated using standard
regular wave solutions such as Stokes V (Fenton, 1985) or Stream Function (Dean, 1965), as appropriate. The wave kinematics factor for directionality should not be less than 0.95. No kinematics factor for
‘irregularity’ should be applied.
The surface profile and kinematics associated with non-breaking irregular wave events can be calculated
using second-order theory, provided that the crest elevation is matched to an estimate that includes nonlinearities beyond second-order.
The surface profiles and kinematics associated with breaking waves can be derived using one of the following: laboratory testing; numerical simulations that can accurately model wave breaking (for example, fully
validated computational fluid dynamics (CFD)); or empirical methods derived on the basis of extensive
laboratory observations (for example, LOADS JIP).
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Wave Loading
The wave-in-jacket loading can be calculated in the standard manner using the Morison equation, as
described in ISO19902, and other documents.
Wave-in-deck loading can be calculated as follows: through laboratory testing; a fully validated and
calibrated load model; or the application of fully validated CFD modelling. Note that it has become clear
that many established wave-in-deck load models do not provide an adequate description of the applied
loads, for example:
• The Graff et al. (1995) momentum flux model neglects the porosity of the topside structure and
therefore produces a conservative estimate of the wave-in-deck loads when based upon realistic
descriptions of the wave shape and water particle kinematics.
• The silhouette method – recommended in the API, ISO and NORSOK standards, and recently
updated by Santala (2017) – is typically non-conservative. This arises because of the fact that the
most commonly available calibration is based upon comparisons to the wave-in-deck loads recorded
by Finnigan and Petrauskas (1997) in which breaking waves were entirely neglected. The present
state-of-the-art suggests that there is no justification for this.
• The component model proposed by Kaplan et al. (1995) incorporates a very broad range of force
components and, as such, has the potential to be accurate. However, the extent of the required
calibration is excessive, limiting the practical application of the model.
To overcome these problems, a new momentum flux model has recently been proposed (Ma and Swan,
2019). This model incorporates the porosity of the topside structure, avoids entirely the need for empirical
calibration, and has been very extensively validated in respect of both regular and random waves; the latter
including the effects of wave breaking.
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