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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/D3:
Production of a report demonstrating the effect that methods used to evaluate extreme loads may have
on the three highest risk-ranked structures highlighted in O2.D2.
In this study extreme wave loads have been calculated for a range of return periods using a number of
different deterministic wave events and load models. These have been compared to the true long-term
distribution of wave loading. The comparisons have been completed at five locations across the North
Sea that cover a range of water depths. The platforms that have been considered have varying degrees
of inundation of the deck at a ten thousand year return period. Hence, the analysis has included both
wave-in-jacket and, where relevant, wave-in-deck loading. The deterministic wave events have been defined using both regular and irregular wave models. The true long-term distribution of loading has been
derived using the LOADS methodology, which represents the present state-of-the-art, and includes all
of the essential physics: the irregularity of wave events, nonlinearities beyond second-order, and wave
breaking.
The principal conclusions from the study are as follows:
1. Traditional methods for calculating loading, such as defining regular wave events using Forristall
(1978) heights and/or second-order Forristall (2000) crests, are usually non-conservative in deep
water, but can be conservative in shallow water. This is particularly true if there is wave-in-deck
loading and is most significant in instances where the wave-in-deck loads arise due to the area effect.
The explanation for this is three-fold:
(a) The wave events under-predict the crest elevation.
(b) The wave events under-predict the velocities in the crest of a wave.
(c) The wave events are defined using point statistics, and hence, they cannot predict inundation
due to the area effect.
2. The application of regular waves that are matched to a crest elevation that includes non-linearities
beyond second-order and wave breaking results in predictions that are usually conservative if a wave
kinematics factor Φ = 1.00 is used and it is applied with a well-calibrated wave-in-deck model.
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3. The application of the silhouette method for calculating wave-in-deck loads is usually non-conservative.
If the regular waves are defined so that they match the crest elevation that includes non-linearities
beyond second-order and wave breaking then the agreement can be reasonable, but there are instances where the loads are under-predicted.
4. The application of irregular wave models provides a consistent estimate of the loading across the
return periods, water depths and platforms that have been considered.
5. If the deterministic irregular wave events are matched to a second-order crest elevation then there
is a consistent under-prediction of the loading in deep-water. However, even if they are matched to
a higher order estimate the loads are still slightly under-predicted if wave breaking is neglected.
6. The application of a deterministic irregular wave event that is a plunging breaker leads to a consistent
and slightly conservative estimate of wave loads. The only exceptions are cases where the wave-indeck loading is due to the ‘area’ effect.

3 of 37

Evaluating Extreme Loading

2

OCG-50-04-22C

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/D3:
Production of a report demonstrating the effect that methods used to evaluate extreme loads may have
on the three highest risk-ranked structures highlighted in O2.D2.
In this study extreme wave loads have been calculated for a range of return periods using a number of
different deterministic wave events and load models. These have been compared to the true long-term
distribution of wave loading. The comparisons have been completed at five locations across the North
Sea that cover a range of water depths. The platforms that have been considered have varying degrees
of inundation of the deck at a ten thousand year return period. Hence, the analysis has included both
wave-in-jacket and, where relevant, wave-in-deck loading. The deterministic wave events have been defined using both regular and irregular wave models. The true long-term distribution of loading has been
derived using the LOADS methodology, which represents the present state-of-the-art, and includes all
of the essential physics: the irregularity of wave events, nonlinearities beyond second-order, and wave
breaking.
The study has proceeded in the following manner:
1. A long-term model of the metocean environment has been derived using NEXTRA hindcast data
following an approach that is similar to Jonathan et al. (2013) and Ross et al. (2017).
2. Metocean criteria, such as extreme significant wave heights, maximum wave heights, maximum crest
elevations, and maximum total water elevations, have been estimated from the metocean model.
3. The long-term model has been applied in conjunction with the short-term distribution of loading
in order to derive the long-term distribution of loading. This has been achieved using the LOADS
methodology.
4. The loading from deterministic wave events, defined using a range of regular and irregular wave
models, has been compared to the true long-term loading. The wave events have been specified
using the metocean criteria, and the loading has been assessed by applying a range of load models.
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The report is organised into the following sections
• Section 3 describes the locations and platforms that have been considered.
• Section 4 describes the derivation of the long-term metocean model and the estimation of metocean
criteria.
• Section 5 considers the calculation of the long-term distribution of wave-in-jacket and wave-in-deck
load.
• Section 6 compares the true long-term distribution of loading with that calculated using regular and
irregular deterministic wave events.
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.

Figure 1: Map showing the North Sea.
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Platforms

The original intention for this study was to assess the three highest risk-ranked structures highlighted in
OCG-O2D2 (2018). However, on reflection it was considered that it would be more informative to assess
structures that witness a range of inundations at the ten thousand year return period and that lie in different water depths. By proceeding in this manner it is possible to draw a wide set of conclusions as to the
effect that the method of analysis has on the assessment of offshore structures to extreme wave loading.
Moreover, OCG-O1D8 (2019) has highlighted the difference in the relative importance of wave breaking
in deep and shallow water, OCG-O2D2 (2018) has demonstrated a marked difference in the risk-ranking
of offshore structures lying in different water depths, and OCG-O1D6B (2019) has demonstrated that
wave-in-deck loading depends critically upon the degree of inundation and any wave-breaking. Therefore,
it makes sense to consider structures that lie in different water depths and that experience different levels
of wave-in-deck loading.
The five structures that have been selected are listed in table 1. Their inundation at a ten thousand year
return period ranges from 3.34m to -0.74m, based on point statistics. Hence, the worst case represents
a structure that is unlikely to survive a ten thousand year wave event (Location 1, based on the simple
rule-of-thumb that two meters inundation is the limit for many standard structures1 ), whereas, the best
case (Location 3) is a structure that has a positive air-gap. The water depths range from deep water (Locations 2 and 3), to intermediate water depths (Location 1), through to shallow water (Locations 4 and 5).
Location

1
2
3
4
5

CNS
NNS
NNS
SNS
SNS

Water
Depth
(m)
76
139
186
23
36

Deck Area

ZBOS

η10k

η10k − ZBOS

(m2 )
3600
2975
6720
2076
959

(m)
19.69
24.58
26.16
15.33
14.74

(m)
23.03
25.33
25.42
15.33
14.34

(m)
3.34
0.75
-0.74
0.00
-0.40

Table 1: Details of the platforms studied in this report showing the location (Northern, Central and Southern
North Sea), the water depth, the deck area, the elevation of the bottom of steel relative to mean sea level,
the ten thousand year return period total water elevation relative to mean sea level, and the inundation during
a ten thousand year return period event.

1

Clearly, in practice the actual limit is platform specific and depends upon many factors.
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Metocean

The first step in the analysis is the derivation of the model for the long-term metocean environment.
This has been completed by using the LOADS methodology with NEXTRA hindcast data. The result
is the long-term distributions of significant wave height, maximum crest elevation, maximum total water
elevation, and maximum wave height. This has been used as input into the LOADS methodology for wave
loading and also in order to derive metocean criteria; for example, the ten thousand year return period
extremes.

4.1

Data

The data set that has been used is the NEXTRA hindcast. It was carried out by Oceanweather, and has
three-hourly output from 1964 to 2014. The hindcast applied NCEP/NCAR reanalysis winds (after kinematic analysis) and OceanWeather’s UNIWAVE wave model. Severe summer storms and winter months
(October to March) are represented in all years and the hindcast is continuous from 1987. The domain
spans 45.4◦ N − 72.4◦ N, 21.2◦ W − 36.6◦ E at a resolution of 30km. A map showing the grid points at
which results are available is shown in figure 2. The hindcast was updated in the Southern North Sea
(SNEXT) by simulating waves on both a 3km and a 1km grid. This was in order to be able to resolve the
complex shallow water bathymetry that can be found in this region; in particular, the sandbanks that can
be found off the Norfolk coast.
The DHI hydrodynamic model was run as part of the NEXTRA JIP and hourly output of depth averaged
currents and water levels have been provided at a number of grid points across the North Sea region. It
has been validated by PhysE (2011) and shown to be in good agreement with measurements in locations
where tidal effects dominate.
The HSE has access to this data set as it is a member of the NEXTRA JIP.
A comparison between the long-term distribution of significant wave height at the five locations of interest
is provided in figure 3. It shows that Locations 2 and 3 observe much more severe metocean conditions
than the other sites. Figure 4 shows scatter plots of mean wave direction against storm peak significant
wave height. It indicates that at locations that lie within the central or southern North Sea (Locations 1,
4 and 5) the largest sea-states arise from the North, whereas, at the two locations that are exposed to
the North Atlantic (Locations 2 and 3) the largest waves arise from the West.

7 of 37

Evaluating Extreme Loading

OCG-50-04-22C

Figure 2: Map showing the NEXTRA 30km grid.

Figure 3: The long-term distribution of significant wave height at the five locations.

8 of 37

Evaluating Extreme Loading

OCG-50-04-22C

(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 4: Scatter plot showing storm peak significant wave height, Hs, against mean wave direction for the
five locations.
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Analysis

The analysis of the long-term metocean environment has proceeded using a methodology that is largely
based upon Jonathan et al. (2013) and Ross et al. (2017). This represents the state-of-the-art in metocean
extremes.
1. The storm peak significant wave height has been identified for each independent storm event and
the associated values of the following have been recorded: mean wave direction θpeak , spectral peak
period T ppeak , bandwidth γpeak , spreading at the spectral peak σpeak , and storm surge ηres,peak .
2. An extreme value analysis of storm peak significant wave height has been completed using a Bayesian
MCMC algorithm with direction as a covariate for a range of thresholds. The analysis has applied
the Generalised Pareto (GP) distribution:
− 1

ξ(x − γ) ξ
,
P =
1+
σ

(1)

where ξ is the shape parameter, σ the scale parameter, and γ the location. The directional variation
has been modelled using B-splines; an example of which is shown in figure 5, which compares kernel
density estimates at different quantiles to the estimates from the model.
The result of the analysis is p(Hspeak |θ) and the omnidirectional distribution P (Hspeak ).
3. The range of plausible thresholds has been determined by assessing the mean residual life and
the stability of return period estimates. Choosing a single threshold is always difficult, and hence,
estimates from all plausible thresholds are weighted equally. This provides the long-term distribution
p(Hspeak |θ), and hence, the omnidirectional result P (Hspeak ) which is shown in figure 6.
4. The marginal distributions of storm peak sea-state steepness, and storm surge have been defined
conditional on the mean wave direction. These are required for the subsequent joint modelling of
storm parameters.
5. The joint distribution of storm peak parameters has been defined conditional on Hspeak and direction
θ. For the extremes this has been estimated using Heffernan and Tawn (2004) and for non-extremes
using kernel density estimation. The following parameters have been considered: sea-state steepness
Sppeak = Hspeak /T p2peak , and storm surge ηres,peak .
Therefore, the joint distribution is: p(Sppeak , ηres,peak |Hspeak , θ).
Samples from the distributions are shown in figure 7 and 8. The bandwidth, γ, and the spreading,
σ, have been considered as deterministic parameters; their value is set according to observations in
large North Sea storms: γpeak = 2.5 and σpeak = 15◦ .
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The metocean model describes the long-term distribution of stationary metocean conditions associated
with storm events. This can be used in conjunction with the relevant short-term distributions of crest
elevation and wave height in order to derive the long-term distribution of these parameters. The results
for crest elevation, C, are shown in figure 9, for total still water elevation, ηtot = C + ηres + ηtide , are
shown in figure 10, and for wave height, H, are shown in figure 11.
The calculations have been completed using the following short-term distributions:
• Crest elevation: at Locations 1, 2 and 3 the LOADS distribution; at Locations 4 and 5 the LOWISH
distribution. These incorporate nonlinearities beyond second-order and wave breaking.
• Wave height: at Locations 1, 2 and 3 the Boccotti (1983) distribution; at Locations 4 and 5
the LOWISH distribution. These incorporate bandwidth effects, and the LOWISH distribution
incorporates wave breaking.
This approach follows best practice as defined in OCG-O1D3 (2018) and OCG-O1D8 (2019).
Inevitably, the estimates of ten thousand year return period total water elevation are slightly different to
the consensus estimates derived in OCG-O2D2 (2018) upon which the inundations in table 1 are based2 .
Therefore, in order to maintain consistency between the various analyses the bottom of steel of the various
platforms has been shifted by a small amount in order that the values in table 1 are matched.

2

This is because the consensus estimates have been derived using an average of the values from different consultants
and operators over a region close to the platforms of interest.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 5: Example of the directional variation in storm peak significant wave height, Hs, and the spline fit
for Locations 1-5. The black lines represent the results from a kernel density estimate and the coloured lines
the estimates from the metocean model: P50, P75, P90 and P95 (from bottom to top).
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 6: The long-term distribution of storm peak significant wave height, Hs, for Locations 1-5. The black
circles represent the underlying data, dark blue line shows the median, the red shows the posterior predictive
value and the fan shows the uncertainty (P5-P95 and P25-P75).
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 7: Scatter plot of significant wave height, Hs, against spectral peak period, T p, for Locations 1-5.
The grey circles represent the underlying data, the red crosses are a fair sample from the metocean model,
whereas the blue dots are a stratified sample from the metocean model.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 8: Scatter plot of significant wave height, Hs, against residual still water elevation, ηres . The grey
circles represent the underlying data, the red crosses are a fair sample from the metocean model, whereas the
blue dots are a stratified sample from the metocean model.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 9: The long-term distribution of maximum crest elevation at Locations 1-5: linear (black); secondorder (blue); LOADS (green); LOWISH (red); LOADS with uncertainty (solid grey); and LOWISH with
uncertainty (dashed grey).
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 10: The long-term distribution of crest (light) and maximum total water elevation (dark) at Locations
1-5.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 11: The long-term distribution of maximum wave height at Locations 1-5: Forristall (black); Boccotti
(blue); and LOWISH (red); Boccotti with uncertainty (solid grey); and LOWISH with uncertainty (dashed
grey).
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Loading

The second step in the analysis is the derivation of the long-term distribution of wave-in-jacket (WIJ) and
wave-in-deck (WID) loading. This has been completed by using the LOADS methodology. The result
is the best estimate of the actual long-term distribution of loading against which different deterministic
methods of analysis can be compared.
Discrete extreme wave events have been defined using the approach developed in the LOADS JIP. This is
an efficient application of the Monte Carlo method based upon independent storm events and individual
irregular nonlinear wave events; it is described below. The fundamental equation that the approach is
interested in solving is
Z
P (Xmax) =

P (Xmax|Hs, T p, σθ ...) p(Hs, T p, σθ ...) dHs dT p dσθ ... .

(2)

If the long-term distribution p(Hs, T p, σθ ...) corresponds to independent storm events then the left-hand
side is P (Xmax )RandomStorm which can be converted to the annual probability of non-exceedance
Z
P (Xmax)Annual =

P (Xmax)nRandomStorm p(n|ν)dn ,

(3)

where n is the number of storms in a year and ν is the mean storm arrival rate. These equations are
solved as follows:
1. The long-term distribution of sea-states associated with storm events is defined using methods
described in OCG-50-01-04 (2017): p(Hs, T p, ...).
2. A set of storms events are sampled from the long-term distribution. This is provided in terms of a set
of sea-states that define the time history of wave, wind and current conditions through each storm.
The storm sampling scheme that is employed is efficient rather than a straightforward application
of naive or crude Monte Carlo.
3. Within each sea-state in each storm a number of linear wave events are sampled using efficient
Monte Carlo methods.
4. The wave events are transformed in order to include nonlinearity beyond second-order and the effects
of wave breaking using the methods described in LOADS Task B Report (2018). This defines the
nonlinear surface profile, η(x, y, t), the velocities u(x, y, z, t) and accelerations u̇(x, y, z, t).
5. The profile and kinematics are input into the wave-in-jacket and wave-in-deck load models described
in LOADS Task B Report (2018); in particular, the latter is the momentum flux method of Ma and
Swan (2019). This results in a time history of the static loading on each element of the structure.
The size of the jacket and of the deck has been defined based upon the input data from the pro-forma
(task O2D1). It has been assumed that all of the wave energy that enters the deck is destroyed
immediately, this would be consistent with platforms which have: numerous deep under-deck girders
and are plated; or are grated, but densely packed with process equipment.
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6. The wave events are used in order to define the short-term distribution P (X|Hs, T p...) of response
and maximum response P (Xmax|Hs, T p...), in each sea-state in every storm. Q
This can be used to
define the distribution of maximum response over each storm P (Xmax)Storm = i P (Xmax|Hsi , T pi ).
7. Integrating over the set of storms provides the long-term distribution P (Xmax)RandomStorm , and
hence, equation 3 can be used in order to define the annual probability of exceedance of a response
P (Xmax)Annual .
The long-term distributions of WIJ, and total WIJ and WID, loading are shown in figure 12. In the next
section these will be compared to the estimates from several deterministic wave events and design recipes.
The most obvious thing of note is the rapid increase in load once waves begin to inundate the deck.
However, there are other details that are also of interest. For example, Locations 1 and 2 are inundated
at the ten thousand year return period according to point statistics, whereas, the other platforms are not.
Therefore, the wave-in-deck loading at the ten thousand year level at Locations 3 to 5, is entirely due
to the area effect. Furthermore, another thing of note is that pure wave-in-jacket loading can increase
quite slowly at very high return periods when there are large inundations - this is simply because the crest
of the waves are now above the top of the jacket, and hence, the largest velocities have effectively been
removed from the load calculation.
The hazard curves for purely wave-in-jacket loading are shown in figure 13. They indicate that the ratio
of the one hundred to ten thousand year return period loading is typically around 2 – without including
epistemic uncertainties, which will increase the ratio further. This is contrast to the assumption within
the ISO code calibration that the ratio is around 1.65.
It should be noted that LOADS Phase One was concerned with intermediate to deep water, and did
not consider shallow water. This is being addressed in LOADS Phase Two which is presently underway.
Therefore, all of the results in shallow water have been developed using the following explicit assumption:
the empirical wave model developed for intermediate and deep water is valid except that the short-term
distribution of crest elevation can be described using the LOWISH distribution. This entails a number
of implicit assumptions: that large wave events can be described using the linear dispersion relationship;
that the kinematics associated with breaking waves is governed by wave steepness; and that the effect
of nonlinearity on the shape of large wave events is a function of the wave steepness. Clearly, all of
these assumptions are questionable, but until LOADS Phase Two is complete their importance cannot be
assessed. Therefore, the load distribution at Locations 4 and 5 is uncertain and should be regarded with
some caution.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 12: The long-term distribution of wave-in-jacket (blue), wave-in-deck (red), and total (black) loading
at Locations 1-5.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 13: The long-term distribution of wave-in-jacket loading, F , normalised to the one hundred year
value, F100 , at Locations 1-5.
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Deterministic Wave Events

A number of different methods for assessing offshore structures have been considered using deterministic
regular and irregular wave events. These include different methods for characterising the events and different methods for calculating the wave-in-deck loading – it is assumed that wave-in-jacket loading can
be derived using the Morison equation.
The waves have been defined using standard metocean return period criteria values taken from the longterm metocean model described in section 4: wave height H; crest elevation C; total water elevation, η,
and spectral peak period T p. The values are dependent upon the short-term distribution that is used (for
example, Forristall (1978) or Boccotti (1983)) and so wave events can be defined in a number of different
ways.

6.1

Regular Waves

Five different regular wave events have been considered. They are described in table 2. The waves have
been defined by either specifying the target wave height or the crest elevation. In each case the height
or the crest has been assigned based on return period criteria values using the distribution noted in the
table. For each wave, three associated wave periods have been used (low, medium and high) based on
percentiles of the distribution of spectral peak period conditional on significant wave height. In all cases
the still water elevation was shifted so that the total water elevation matched the return period value
calculated using either second-order, LOADS or LOWISH distributions. Effectively, the five waves cover
the spread of approaches that might be considered in typical practice:
• A and B follow historical practice by defining the wave using criteria values of the height: B
uses Forristall (1978) which is the distribution that has traditionally been applied in the North Sea;
whereas A improves upon this by incorporating recent knowledge through the application of Boccotti
(1983) in deep water and LOWISH in shallow water. The total water elevation has been matched
to second-order criteria for B and to either LOADS or LOWISH criteria for A.
• C and D define the wave using the crest elevation: D follows the traditional practice of using
second-order crests (Forristall, 2000), whereas, C improves upon this by considering higher order
nonlinearities and wave breaking (LOADS or LOWISH). The total water elevation has been matched
to second-order criteria for D and to either LOADS or LOWISH criteria for C.
• E defines the wave using the solution to the ‘crest-conundrum’ detailed in Santala (2017) which
involves a change in the wave period. The wave height has been defined using Forristall (1978) and
the total water elevation has been matched to second-order criteria.
The profiles associated with ten thousand year return period regular wave events at Location 1 are shown
in figure 14 for A-E relative to still water elevation – as noted above, in each case the still water level is
shifted such that the desired extreme total water surface elevation is matched.
Return period values of WIJ loading are shown in figures 15 and 16 using a wave kinematics factor, Φ, of
0.90 and 1.00, respectively. The former is consistent with the recommendations in ISO19901-1.
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Return period values of combined WIJ and WID loading are shown in figures 17 to 18. These have
used a wave kinematics factor of Φ = 0.90, and two different methods for calculating the wave-in deck
loading: the momentum flux method of Ma and Swan (2019); and the silhouette method recommended
in API2SIM (2014) and ISO19902. The results show the following:
1. Wave-in-Jacket Loading
(a) The application of the typical design recipe with a wave height defined using Forristall (1978)
and a set of associated periods (B) is non-conservative across the range of return periods and
locations considered when Φ = 0.90; the estimates improve and have little to no bias when Φ
is increased to 1.00.
(b) Increasing the wave height so that it is defined using the return period values calculated
using Boccotti (1983) (A) improves the match between the predictions and the actual longterm distribution, but the approach is often still non-conservative with Φ = 0.90, but often
conservative when Φ is increased to 1.00.
(c) Matching regular waves to the return period crest elevation (including nonlinearities beyond
second-order and wave breaking, (C) improves the agreement in both deep and shallow water;
using a wave kinematics factor Φ = 0.90 it can be conservative or non-conservative, but using
Φ = 1.00 it is almost always conservative.
2. Wave-in-Deck Loading
(a) There is a large spread in the results for combined wave-in-jacket and wave-in-deck loading
depending on the methods used to define the wave events (A-E) and calculate the loads.
(b) At locations where the inundation at a ten thousand year return period is due to the area
effect, none of the methods predict wave-in-deck loading as none of the waves reach the deck.
This is because although the still water level has been shifted in order to match the total water
elevation, this has been defined based on point statistics.
(c) Matching regular waves to the return period crest elevation (including nonlinearities beyond
second-order and wave breaking (C) with a wave kinematics factor Φ = 0.90 and using the
momentum flux method in order to calculate the wave-in-deck loads provides the best match,
but can still be non-conservative in cases with large inundation (for example Location 1).
Increasing the wave kinematics factor (results not shown here), obviously, reduces the nonconservatism in this case.
(d) Calculating wave-in-deck loads using the silhouette method provides an underestimate of the
loading as it does not include the momentum that enters the underside of the deck. This is
sometimes compensated by an over-prediction of jacket loads, but overall this is not a rational
solution.
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A
B
C
D
E

Wave Height
Hboc,LOW ISH
Hf or
NA
NA
Hf or

Tmax

Wave Period
Tmax = 0.85 T pP 10,P 50,P 90
Tmax = 0.85 T pP 10,P 50,P 90
Tmax = 0.85 T pP 10,P 50,P 90
Tmax = 0.85 T pP 10,P 50,P 90
= 0.85 (T pP 10,P 50,P 90 − ∆TAP I )

OCG-50-04-22C

Crest Elevation
NA
NA
CLOADS,LOW ISH
Co2
NA

Total Water Elevation
ηLOADS,LOW ISH
ηo2
ηLOADS,LOW ISH
ηo2
ηo2

Table 2: The five regular wave cases considered - each of which has three associated wave periods. The
waves have been defined in terms of either their height, H, or their crest elevation, C. The still water elevation
has been shifted so that they match a total water elevation, η.
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(a)

(b)

Figure 14: Example showing the surface profiles of the 10,000 year return period regular waves (A to E) at
Location 1. Panels (a) and (b) show the same data on different axes. The dashed grey line is the second-order
crest elevation whereas the solid grey line is the LOADS crest elevation.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 15: The long-term distribution of wave-in-jacket (blue) and total (black) loading for Locations 1-5.
The maximum wave-in-jacket load from the application of regular waves (A to E) with a wave kinematics
factor Φ = 0.90 is shown as the dots.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 16: The long-term distribution of wave-in-jacket (blue) and total (black) loading for Locations 1-5.
The maximum wave-in-jacket load from the application of regular waves (A to E) with a wave kinematics
factor Φ = 1.00 is shown as the dots.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 17: The long-term distribution of wave-in-jacket (blue) and total (black) loading for Locations 1-5.
The maximum combined wave-in-jacket and wave-in-deck load from the application of regular waves (A to E)
is shown as the dots: the wave-in-jacket loading has been calculated with a wave kinematics factor Φ = 0.90;
the wave-in-deck loading has been calculated using a momentum flux method with Φ = 0.90.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 18: The long-term distribution of wave-in-jacket (blue) and total (black) loading for Locations 1-5.
The maximum combined wave-in-jacket and wave-in-deck load from the application of regular waves (A to E)
is shown as the dots: the wave-in-jacket loading has been calculated with a wave kinematics factor Φ = 0.90;
the wave-in-deck loading has been calculated using the silhouette method also with Φ = 0.90.
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Irregular Waves

Four different irregular wave events have been considered. They are described in table 3 and represent
focussed NewWave events. The waves have been defined in terms of their nonlinear crest elevation as
follows:
• F: the second-order point estimate, Co2 , with the median T pP 50 .
• G: the high-order point estimate, CLOADS,LOW ISH , which is defined using LOADS in deep water
and LOWISH in shallow water, with the median T pP 50 .
• H: the high-order estimate over the platform area Carea , with the associated median T pP 50 .
• I: the high-order point estimate, CLOADS,LOW ISH , with a wave period defined such that Ckp = 0.40
where kp is the spectral peak wave-number. Therefore, this wave represents a steep breaking event.
The profiles associated with waves F to H are shown in figure 19 where they are compares to two of the
regular wave solutions. The vertical profile of the horizontal water particle kinematics beneath a wave
crest are shown in figure 20.
Return period values of WIJ loading and combined WIJ and WID loading are shown in figures 21 and 22,
respectively. The results show the following:
1. Wave-in-Jacket Loading
(a) The application of second-order wave theory (F) is usually non-conservative. The exception is
in shallow water (Location 4) where it can be conservative.
(b) The application of non-breaking high-order wave events (G) leads to a fairly consistent set of
loads across the locations and water depths that are larger than second-order theory. However,
it can be slightly non-conservative as it does not consider the possibility that the waves may
be breaking.
(c) The application of a plunging breaker (H) results in reasonable agreement between the predicted
loading and the true long-term distribution across all water depths and return periods. It is
typically slightly conservative – presumably because at most locations the design events for
total base shear are spilling breakers.
(d) The application of an irregular wave defined using the median period, but with the crest
matched to the area statistic (I) is conservative. This must be considered to be a somewhat
non-physical wave-event for purely wave-in-jacket loading.
2. Wave-in-Deck Loading
(a) The application of second-order wave theory (F) is usually very non-conservative. The exception
is shallow water (Location 4) where it is conservative.
(b) The non-breaking high-order wave events (G) provide a consistent set of loads that are typically
slightly non-conservative. They cannot identify cases where wave-in-deck loading is due to the
‘area’ effect (Locations 3 to 5).
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(c) The application of a plunging breaker (H) results in a consistent slightly conservative set of
loads. It cannot identify cases where wave-in-deck loading is due to the ‘area’ effect (Location
3 to 5).
(d) The application of the median period with a crest matched to the area statistic (I) is conservative across all water depths and return periods. It is always conservative and is the only event
that can capture inundation at return periods where the ‘area’ effect is important (the only
exception is second-order theory in shallow water).

F
G
H
I

Crest Elevation
Co2
CLOADS,LOW ISH
Carea
CLOADS,LOW ISH

Wave Period
T pP 50
T pP 50
T pP 50
T pbreak

Table 3: The four irregular wave cases considered: F and G have three associated wave periods; H and I
have one associated wave period.
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(a)

(b)

Figure 19: Example showing the surface profiles of 10,000 year return period waves at Location 1: A and C
are regular waves; F to H are irregular waves. Panels (a) and (b) show the same data on different axes. The
dashed grey line is the second-order crest elevation whereas the solid grey line is the LOADS crest elevation.

33 of 37

Evaluating Extreme Loading

OCG-50-04-22C

Figure 20: Example showing the horizontal velocity profile beneath a 10,000 year wave event at Location 1:
A and B are regular waves, whereas, F to I are irregular waves.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 21: The long-term distribution of wave-in-jacket (blue) and total (black) loading for Locations 1-5.
The maximum wave-in-jacket load from the application of irregular waves (F to I) is shown as the dots.
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(a) 1

(b) 2

(c) 3

(d) 4

(e) 5

Figure 22: The long-term distribution of wave-in-jacket (blue) and total (black) loading for Locations 1-5.
The maximum combined wave-in-jacket and wave-in-deck load from the application of irregular waves (F to
I) is shown as the dots. The wave-in-deck load has been calculated using the momentum flux method.
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