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1.0 Summary
This report concerns the 10,000-year design wave events and the fluid loading that results.
Specifically, it addresses the crest-heights, wave shapes, water particle kinematics and the
resulting loads; the latter sub-divided into sub-structure or wave-in-jacket (WIJ) loads and the
topside or wave-in-deck (WID) loads. In addressing this broad range of topics, it seeks
introduce recent advances / research findings, to explain their practical significance in terms
of the predicted loads, and to put them in the context of the present code requirements
(O1/D1).
In undertaking the design calculations for a new structure or a re-assessment of an existing
structure, the required calculations must determine the return period (N-years) at which the
environmental loads exceed the structural resistance, taking due account of all possible
failure modes. By addressing each step in the prediction of the environmental loads, this
report emphasises that the uncertainty in the predicted loads far exceeds that associated with
the structural resistance. As such, the search for improved predictions must concentrate on
the former and not the latter.
Key points arising from this study are outlined as follows:
(1) In considering the short-term distribution of crest heights (first addressed in O1/D3 Part B), the competing influence of nonlinear amplifications beyond second-order and
the dissipative effects of wave breaking are clearly demonstrated. Moreover, these
are shown to be well modelled by recent research undertaken within the
SHORTCREST, LOWISH III and LOADS JIPs.
(2) In considering the average shape of the largest waves arising in extreme sea states,
neither a nonlinear steady wave model nor a weakly nonlinear focused (NewWave)
model provide a good representation. These conclusions are based upon independent
analysis of both laboratory and field data and are appropriate to a full range of water
depths. The explanation for this lies in both the physics underlying the evolution of
the largest waves in realistic (steep) sea states and in the occurrence of wave breaking.
(3) In seeking to describe the underlying water particle kinematics (throughout the water
column) the present report has addressed:
(i) Nonlinear regular wave models.
(ii) Irregular or unsteady wave theories, particularly second-order random wave
theory (SORWT).
(iii) A wide variety of empirical or stretched wave models.
(iv) Fully nonlinear numerical solutions.
In assessing the success of these models, specific attention is given to the description
of large waves in steep seas, to the departures associated with breaking waves, and
to the consequences of reduced water depths (in which breaking will be more
prevalent).
(4) The available data suggests that with the occurrence of wave breaking the vertical
structure of the kinematics, u(z), can undergo a rapid and highly localised change. This
arises close to the water surface which is itself subject to rapid change (point (2)).
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(5) In predicting the applied loads, the advantages of applying a load recipe are well
established. This acknowledges that whilst neither the wave shape nor the water
particle kinematics may be accurately predicted, the loading coefficients can be
empirically adjusted to give the correct loads. This can be effective provided:
(i) The application does not extend beyond the effective calibration.
(ii) The loads relate to a pre-determined failure elevation; the present design
codes concentrating on conditions at the mudline.
(iii) The velocity distribution driving both the local and the global loading is
gradually varying and well characterised by the adopted solution.
Whilst these points may be appropriate to some applications, they will not be
appropriate to all, particularly where significant wave-in-deck (WID) loading arises.
(6) In terms of the wave-in-jacket (WIJ) loads, models based upon Morison’s equation are
entirely appropriate, but care must be exercised in pre-determining the failure
elevation and adopting a loading recipe (point 5).
(7) WID loading is not well predicted by the existing models included within the design
codes. Particular difficulties arise with the Silhouette method because the calibrated
loading coefficients specifically exclude the occurrence of wave breaking.
(8) Recommendations are made concerning the most appropriate WID load model. This
is based upon the Lagrangian Momentum Absorption (LMA) model; full details of
which are given in Ma & Swan (2020b).
(9) For structures with a relatively low air-gap, the potential importance of WID loading
coupled with its inherent variability, raises questions concerning the appropriateness
of a deterministic design wave event. With the occurrence of wave breaking, the
highest crests will not necessarily produce the largest loads. In such cases a stochastic
analysis may be required in which the worst-case loading event cannot be predetermined (or assumed) but must be sought by undertaking calculations over a large
part of the Hs-Tp domain.
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2.0 Introduction
Whilst the calculation of the 10,000-year crest heights and the associated water particle
kinematics represent important inputs, the reliability of a structure will ultimately depend
upon a balance between the applied fluid loads and the structural resistance; the uncertainty
and hence the technical challenge lying in the specification of the former and not the latter.
In a deterministic calculation of the 10,000-year loading event, a commonly adopted
approach can be summarised as follows:
(i)
(ii)

(iii)

(iv)

(v)

(vi)

Identify the crest elevation corresponding to an annual exceedance probability of
10-4, taking due account of the area amplification.
With due consideration for any changes in the mean water level (arising from tidal
fluctuations and/or storm surge), determine whether this extreme crest elevation
enters the topside structure.
If the answer to (ii) is ‘No’; model the local wave event with a nonlinear regular
wave theory (Stokes 5th-order or higher-order stream function) based upon a local
wave height (H) and wave period (T) and use a calibrated Morrison’s equation to
determine the total base shear and over-turning moment arising as a result of the
wave-in-jacket (WIJ) load.
If the answer to (ii) is ‘Yes’; the additional wave-in-deck (WID) loads need to be
calculated. If such calculations are undertaken using the silhouette method (API
and ISO recommended practice – see O1/D1) then it must reflect both the correct
level of inundation (relating to (i)) and the kinematics high in the crest of the wave;
the latter approximated via a second calibration of the WID load model.
Given that the silhouette method only provides a single maximum load, not the
load time-history, and that the relative phasing of the WIJ and the WID loads is
uncertain, the maxima of each of these two load components must be
superimposed.
In those cases for which a total load time-history can be described, the dynamic
excitation of the structure needs to be considered and an appropriate dynamic
amplification factor assessed.

In considering this approach, several important simplifications need to be addressed. These
are noted as follows:
(A)

(B)

The 10-4 loading event is not necessarily defined by the loading event associated
with the 10-4 crest elevation; the largest crest not necessarily giving rise to the
largest load. This is true for both the WIJ and the WID loading components (see
below). Although this issue is specifically noted in both the ISO and the API
recommended practice, neither indicate how it should best be addressed (O1/D1).
Global failure of a structure will not necessarily occur at the mudline. Given
significant changes in the load distribution, particularly with the occurrence of
wave breaking, it cannot be quantified in terms of the total over-turning moment
or base shear even if these loads are simply treated as indicative measures.
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Errors in the predicted water particle kinematics. Whilst these can, to some extent,
be accommodated within a loading recipe, they should not be used to
approximate the very substantial changes that arise when a wave breaks. In this
case the change in both the magnitude of the applied loads and the distribution of
those loads is such that they cannot be accommodated within a simple calibration
based upon an inappropriate wave model.
The accurate calculation of the WID loading, particularly when breaking or nearbreaking waves interact with topside structures of varying porosity.

The difficulty of dealing with these issues arises because, in many instances, they are closely
interconnected. For example, if a structure is susceptible to WID loading, a smaller but
steeper wave will give a lower level of deck inundation. However, if this wave is breaking, or
on the point of breaking, it will generate substantially increased fluid velocities high in the
wave crest and hence larger WID loads; the latter being proportional to the square of the
former. In such circumstances, the vertical distribution of the loads will be very different to
that which might be expected and, as a result, failure may occur at much higher elevations
within the jacket structure. Recent experience of platform failures in the Gulf of Mexico has
confirmed exactly this effect. In such cases, reliability calculations based upon the total base
shear or over-turning moment are irrelevant.
Moreover, whilst the occurrence of WID loading significantly increases and complicates the
description of the global loading, a calibrated regular wave model will give inaccurate results
when breaking or near-breaking waves are involved, even if no WID loading arises. This occurs
because the vertical distribution of the wave-induced water particle velocity, u(z), and hence
the vertical distribution of the WIJ loads, FWIJ(z), will be markedly different. If the total loading
is only assessed in terms of conditions at the mudline, it may be possible to provide an
effective calibration based upon a regular wave model. However, given the difference in u(z)
and hence FWIJ(z), it will not be possible to approximate the global loads appropriate to
structural failure at all possible elevations.
To accurately predict both the magnitude and the vertical distribution of the applied loads
appropriate to a reliability calculation, information is required concerning:
(i)
(ii)
(iii)
(iv)

The crest height distribution
The wave shape and, particularly, the occurrence of wave breaking
The wave-induced water particle kinematics
Appropriate models for the calculation of the wave loads, both WIJ and WID.

These aspects of the modelling process will be addressed in the Sections that follow.
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3.0 Crest height statistics
The long-term and short-term aspects of this problem have been addressed in O1/D3. For this
deliverable it is sufficient (and important) to note that the occurrence of crest heights in
excess of the commonly adopted second-order distributions (Forristall, 2000) is now beyond
doubt. Evidence of this is based upon:
(i)

(ii)

(iii)

(iv)

A detailed analysis of field data covering a broad range of water depths, involving
the application of rigorous quality assurance procedures, and with measurements
based upon different types of instrumentation.
Extensive laboratory studies involving very long random wave simulations;
independent tests involving very different experimental facilities showing nearidentical results.
The agreement between (i) and (ii), particularly in respect of realistic broadbanded spectra involving a significant spread of wave energy in both frequency
and direction.
Independent confirmation of (i) and (ii) based upon fully nonlinear numerical
simulations of long random records; the calculation procedures taking due
account of the spectral bandwidth in both frequency and direction.

Having established the nonlinear amplification of crest heights beyond second-order, it is
equally important to acknowledge the dissipative effects of wave breaking; the two acting
counter to one another, particularly in the tail of a short-term distribution. Whilst wave
breaking is undoubtedly more prevalent in shallower water depths, it remains important in
all water depths. This is particularly relevant when considering the largest crest heights in the
most severe (steepest) sea states. The evidence to support this is given in (i) – (iv) above, with
some specific examples presented in O1/D3.
From the perspective of this deliverable, the challenge lies in the accurate prediction of these
nonlinear changes to the crest-height distribution. This has been the focus of a sustained
research effort in the SHORT-CREST, LOWISH III and LOADS JIP’s. This work has been
complementary, the original SHORT-CREST study addressing deeper water (kpd>2.0), LOWISH
III shallower water (kpd<1.2) and LOADS a unified model capable of covering all water depths1.
Details of these models are given in Swan & Latheef (2013), Karmpadakis et al (2017) and
Swan et al (2019).
Evidence of the success of the two presently available models is given in Figures 3.1-3.7. The
first examples (Figures 3.1-3.3) concern the application of the LOADS crest height model in
water depths of d =125m, 93m and 45m respectively; the chosen sea state being directly
relevant to ULS and ALS design conditions in UK waters. The four plots that follow concern
the wave height distributions (Figures 3.4 and 3.5) and the crest height distributions (Figures
3.6 and 3.7) recorded in shallower water field locations with comparisons to the LOWISH III
models (Karmpadakis et al, 2017), with further details in Karmpadakis et al (2019) and
Karmpadakis & Swan (2020). In this case, the normalised crest height distributions, Q(ηc/H3),
1

This work is presently on-going within LOADS-Phase II and is assessing the extent to which the LOWISH III
model can be adapted and extended to a wider range of water depths.
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are based upon the normalised wave height distributions, Q(H/Hs), hence the form of the data
presented. In all cases, Figures 3.1-3.7, the developed wave models are shown to provide a
good description of the recorded data, incorporating both the nonlinear amplifications
beyond second-order and the effects of wave breaking.

9 of 82

10,000-year Crest Heights, Wave Kinematics and Fluid loading

(a)

(b)

(c)

(d)

OCG-50-04-32B

Figure 3.1: Normalised crest height distributions, 𝜂𝑐 /𝐻𝑠 , with comparisons to Rayleigh,
Forristall and the LOADS JIP model; the latter calculated within a Monte Carlo
simulation to include the variation in 𝑘𝑙 . Sea states defined by 𝑇𝑝 = 16 s, 𝜎𝜃 = 15° and
𝑑 = 125 m with (a)𝐻𝑠 = 10.0m, (b)𝐻𝑠 = 15.0m, (c)𝐻𝑠 = 17.5m and (d)𝐻𝑠 = 20.0m.
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(a)

(b)

(c)

Figure 3.2: Normalised crest height distributions, 𝜂𝑐 /𝐻𝑠 , with comparisons to Rayleigh,
Forristall and the LOADS JIP model; the latter calculated within a Monte Carlo
simulation to include the variation in 𝑘𝑙 . Sea states defined by 𝑑 = 93 m, 𝜎𝜃 =
Ewans (1996) and (a) 𝑇𝑝 = 17.4s, 𝐻𝑠 = 17.8m; (b) 𝑇𝑝 = 16.6s, 𝐻𝑠 = 17.6m; and (c)
𝑇𝑝 = 16.0s, 𝐻𝑠 = 17.2m.
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Figure 3.3: Normalised crest height distributions, 𝜂𝑐 /𝐻𝑠 , with comparisons to Rayleigh,
Forristall and the LOADS JIP model; the latter calculated within a Monte Carlo
simulation to include the variation in 𝑘𝑙 . Sea states defined by 𝑑 = 45 m, 𝜎𝜃 = 18° and
(a) 𝑇𝑝 = 17.42s, 𝐻𝑠 = 12.53m; (b) 𝑇𝑝 = 15.02s, 𝐻𝑠 = 12.00m; (c) 𝑇𝑝 = 12.47s, 𝐻𝑠 =
11.00m; and (d) 𝑇𝑝 = 10.52s, 𝐻𝑠 = 11.00m
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Figure 3.4: Comparisons between the LOWISH III wave height model (blue line) and measured field data (black dots) for d=27.36m and
increasing values of Hs/d.
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Figure 3.5: Comparisons between the LOWISH III wave height model (blue line) and measured field data (black dots) for d=7.70m and
increasing values of Hs/d.
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Figure 3.6: Comparisons between the available crest height models and measured field data for reducing kpd: (a) d=42.35m, (b) d=27.36m, (c)
d=27.36m and d=24.98m for sea states of moderate steepness and little or no wave breaking. Black dots data, red line Forristall (2000) and
blue line LOWISH III model.
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Figure 3.7: Comparisons between the available crest height models and measured field data for increasing Hs/d and 𝛱1 for d=7.7m. Black dots
data, red line Forristall (2000) and blue line LOWISH III model.
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4.0 Non-linear wave shape and wave breaking
Whilst the fully nonlinear crest height distributions discussed in Section 3, combined with an
appropriate area correction, are sufficient to determine the occurrence of WID loading, a
description of the associated water surface elevation, η(x,y,t), is required to define both the
water particle kinematics and the wave loading. In practice η(x,y,t) must describe the
evolution of an individual wave event in time (t) over the entire plan area of the structure. In
respect of WID loading, η(x,y,t) is required from the time the wave crest enters the topside
structure to the time it leaves. In the sections that follow, it will become clear that the wave
shape, and not simply the incident crest elevation, represents an important input into any
reliability calculation. This is true for both the WIJ loading and, particularly, the WID loading.
The explanation of this lies in two parts.
(a) Any description of the water particle kinematics that is not based upon a good fit to
the water surface elevation in space and time, is unlikely to be either accurate or
consistently reliable. Whilst calibrated recipes may be adequate for a specific sub-set
of structures, subject to particular types of incident waves, they will not be generally
applicable. As such, their use is likely to involve significant errors, particularly when
applied to the problem of WID loading. In Section 5 it will be shown that the preferred
method of velocity prediction is defined by a scaling dependent upon the wave shape.
(b) In Section 6 it will be argued that the time-history of the applied WID loads are best
described by a momentum flux model (Ma & Swan, 2020b). At any instant in time this
will be based upon the exchange of momentum from the wave to the topside
structure and must be calculated as the product of the mass flow rate of water
entering the deck and its associated velocity. However, since the mass flow rate is
defined by the product of the wetted area (of the topside structure) and the normal
velocity, the WID loads are proportional to the wetted area and the fluid velocity
squared. For a static structure, the wetted area is entirely dependent on the shape of
the wave crest, or 𝜂(𝑥, 𝑦, 𝑡) local to a large wave event.
With both the load model and the water particle kinematics on which it is based explicitly
dependent upon the wave shape, it is clear that this will play a major role in determining both
the applied fluid loading and the associated reliabilities.

4.1 The average shape of large random waves
When considering a long random wave record of the water surface elevation, recorded either
in the field or a laboratory wave basin, it is instructive to consider the average shape of the
largest waves. Four example calculations are provided on Figures 4.1 and 4.2; the former
relating to relatively deep-water conditions (d=125m) and the latter shallow water (d=50m).
All of the data relate to directionally spread seas (σθ=10°) generated in the laboratory at a
scale of 1:100; the underlying spectrum based upon a JONSWAP model with γ=2.5. In each
water depth two sub-plots are provided; the first corresponding to a relatively linear sea state
(Hs=3m and Tp=14.0s) and the second a very steep sea state (Hs=15.3m and Tp=14.0s). A total
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of twenty 3-hour seeds was generated for each sea state; the two largest crest elevations in
each seed being included in the averaging process.
This gives a total of 40 wave profiles corresponding to the highest 0.2% of waves in each sea
state. Having identified the individual wave events of interest, the time base was shifted so
that, in each case, the maximum crest elevation (𝜂𝑐,𝑚𝑎𝑥 ) arises at t=0. Each profile was then
normalised such that

𝜂̂ (𝑡) =

𝜂(𝑡)⁄
𝜂𝑐𝑚𝑎𝑥 ,

[4.1]

and the forty wave profiles averaged to define the representative shape of the largest waves.
In each of the sub-plots noted in Figures 4.1 and 4.2, the forty largest wave profiles are
indicated by the thin grey lines and the average shape indicated in black.
Comparisons between the average shape of the largest waves recorded in a linear and a
nonlinear sea state, highlights the role of nonlinearity, particularly in respect of the shape of
the extreme crest. It is clear from Figures 4.1(b) and 4.2(b) that the largest wave crests involve
a significant narrowing of the wave profile both in respect of the other (lower) crests arising
in the same sea states and in respect of the average shape of the largest crests arising in less
steep sea states. This will have a significant effect on the magnitude of any WID loads (Section
6). Further details of these results are given in Karmpadakis & Swan (2020).
In calculating the average shape of the largest wave crests, the process outlined above
involves taking the average of the normalised wave shape, 𝜂̂ (𝑡). An alternative would be to
take the average of η(t), before normalisation, and then apply the normalisation to the
average profile, 𝜂̅ (𝑡). In practice, whether the averaging is taken after or before the
normalisation was subsequently shown to produce exactly the same result. Evidence of this
is provided in Figure 4.3. This concerns the steepest sea states; sub-plot (a) relating to d=125m
and sub-plot (b) d=50m; all other parameters being identical to those described above.
Figures 4.4 and 4.5 contrast the average shape of the largest waves with the results of several
commonly applied design wave models. These include both regular (steady) and irregular
(unsteady) wave solutions. In the first case both linear regular wave theory and a fifth-order
Stokes’ solution (Fenton, 1985) are applied; the latter being identical to a stream function
solution for the cases considered. In respect of the random wave solutions these are based
upon focused NewWave events as described by Tromans et al (1991). This model, which is
specifically mentioned in both ISO-19901-1 and API 2MET (see 01/D1), is based upon earlier
theory by Lindgren (1970) and Boccotti (1983). In making these comparisons the NewWave
model is again applied in two ways. The first is based upon a linear representation of the sea
state and the second a weakly nonlinear representation based upon the second-order
random wave theory (SRWT) of Sharma and Dean (1981).
Figure 4.4 concerns the average shape of the largest wave crests recorded in the linear sea
states; Figures 4.4(a,b) addressing the deep water data (d=125m) and Figures 4.4(c,d) the
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shallower water data (d=50m). In both cases the NewWave model (Tromans et al, 1991)
provides a very good description of the laboratory data (Figures 4.4(b) and 4.4(d)); the small
difference between the linear and second-order calculations reflecting near-linear nature of
the largest events. Interestingly, the regular wave models also provide a reasonable
description of the data (Figures 4.4(a) and 4.4(c)), although there is a clear tendency to overestimate the crest width in the shallower water depth case (Figure 4.4(c)). At first sight this is
unexpected, a reduction in the water depth reducing the effective dispersion and therefore
also the unsteadiness. However, reduced water depths also produce increased nonlinearity
and this is believed to be driving the change.
Figure 4.5 provides a similar set of plots corresponding to the largest wave crests recorded in
the steeper sea states; Figures 4.5(a,b) addressing the deep water data (d=125m) and Figures
4.5(c,d) the shallower water data (d=50m). In these cases, none of the commonly applied
models provide a good description of the laboratory data. Most importantly, they underestimate the steepness of the front face of the wave (t≤0) and over-estimate the crest ‘width’,
in both time and space. Whilst the focused NewWave approach clearly represents an
improvement over the regular wave approach, particularly in deeper water, neither solution
provides an adequate representation of the average shape of the largest waves.
Given the importance of the differences noted in Figure 4.5, it is instructive to consider
whether similar results can be shown in the context of field data describing the steeper
(design relevant) sea states. To achieve this, it is necessary to consider the effective binning
of the available field data. Figure 4.6 provides an indication of the available data in the Hs-Tp
domain for two North Sea locations corresponding to water depths of d=40m (Figure 4.6(a))
and d=8m (Figures 4.6(b)). In both cases the highlighted windows define the bins within which
the sea states were considered and the time-histories of the largest crest elevations
extracted. In considering these results it is important to note that the size of the bin was
adjusted to ensure that sufficient sea states were included.
Figures 4.7 and 4.8 concern the field data recorded within the bins noted in Figure 4.6 (a) and
4.6 (b) respectively. In each case sufficient data is available to describe an appropriate average
wave profile. Comparisons between these profiles and the corresponding design wave
solutions are given in Figures 4.9 and 4.10; the former concerning the deeper water data
(d=40m) and the latter shallower water data (d=8m). In each case sub-plots (a) and (b)
concern data arising from the less steep states and sub-plots (c) and (d) data from steeper sea
states. The key point to note is that, once again, there are marked departures from the
commonly applied wave models, particularly in respect of the crest ‘width’. Whilst these
differences are not as large as those observed in the laboratory data, because the sea states
were not as steep, important differences nevertheless remain, particularly in the shallowest
water depth case.
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4.2 The occurrence of wave breaking
The occurrence of both wave spilling and wave over-turning is expected in shallower water
depths, due to depth-limited wave breaking. This is based upon both Hs/d and H/d; the former
providing a limit to the sea state, the latter a limit to individual wave events. However, in
recent years there has been growing evidence of the importance of wave breaking in
intermediate and deeper waters. Specifically, this does not merely relate to local whitecapping, but involves all stages of the breaking process from spilling, to over-turning, to
plunging. This evidence comes in a variety of forms and can be summarised as follows:
(i) Visual images and reports from the field
These provide a substantial body of evidence, relating to a large range of locations and
water depths. For example, Figure 4.11 provides five still images in water depths
ranging from 220m to 24m. In Figure 4.11(a) the large diameter columns may have
initiated (or strengthened) the occurrence of wave breaking, but this is not expected
to be the case in the other examples.
(ii) Laboratory observations
Within the confines of a laboratory wave basin it is very easy to generate an individual
or isolated wave event (or wave group) that exhibits the full range of breaking.
Moreover, this can be achieved in a wide variety of water depths. Whilst these events
are interesting from a fundamental “wave mechanics” perspective, their relevance to
actual field conditions is not always easy to justify. A more important contribution to
the study of wave breaking in the field comes from the generation of long random
simulations based upon a realistic spread of wave energy in both the frequency and
the directional domains. When the crest height and wave height statistics arising in
such seas are shown to be representative of those recorded in the field, the
occurrence of large individual breaking wave events therein is of real practical
significance.
Evidence of the successful generation of realistic sea states is given in Figure 4.12. This
concerns three sea states and provides direct comparisons between the wave heights
(left column) and crest heights (right column) recorded in the field and in the
laboratory. With the exception of differences in the extreme tail of the distributions,
due to statistical variability, the agreement is very good. Given this agreement,
laboratory observations of large breaking waves given in Figure 4.13 are practically
significant. In considering these cases it is important to note that there is no underlying
sub-structure. As such, the occurrence of wave breaking is not triggered by the
occurrence of any wave-structure interaction.
(iii) Numerical calculations
Whilst the numerical modelling of highly non-linear near-breaking and breaking wave
events is possible, the simulation of realistic long random wave records, including the
accurate description of any breaking wave events, is beyond present capabilities.
However, recent research has shown that with the application of a higher-order
spectral model (West et al, 1987) fully nonlinear simulations of realistic seas that are
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broad-banded in both frequency and direction are possible (Hadjigeorgiou, 2019). If
these results are combined with an empirical breaking model, they reproduce
laboratory observations of the crest height distribution (Figure 4.14). These results are
important in two respects:
(a) They provide independent confirmation of the occurrence of crest heights above
second-order (point (iv) Section 3.0).
(b) The agreement between laboratory and numerical calculations can only be
achieved with the application of a breaking criteria. Without this, the largest
crest heights are substantially over-predicted.
The clear implication of (ii) is that in many sea states the largest waves associated with
the most extreme loading events, including the possible occurrence of WID loading,
will experience some level of wave breaking.
Further evidence of the occurrence of wave breaking arose from the SHORTCREST JIP. Within
this study, visual observations of three deep-water sea states sought to identify those wave
events that were affected by wave breaking. Without seeking to distinguish between the
intensity of breaking (spilling, over-turning or plunging), individual wave events within the
random simulations were considered at one spatial location and identified as either nonbreaking or breaking. In Figure 4.15 the crest height distribution arising in these three sea
states are reproduced and the breaking events coloured in red. In the extreme tail of the
distribution the dots relate to individual wave events. For smaller waves, with a higher
exceedance probability (Q>10-3), individual waves are assembled in groups of ten waves and
if more than half of these are breaking the group is coloured red. This latter approach is simply
adopted to facilitate the presentation of results. It is clear from these plots that in all three
cases the tail of the distribution is dominated by wave breaking. This is entirely consistent
with the average shape of the largest waves reported in Section 4.1; the development of
marked asymmetry and the steepening of the front face being entirely consistent with the
effects of wave breaking. Moreover, it is also clear that the change in the gradient of the
distribution, the amplification of crest heights above second-order being reduced and
eventually falling below second-order, is due to the limiting and dissipative effects of wave
breaking.
In considering the extreme 10,000-year wave loads it is clear from the crest height distribution
given on Figure 4.15 that the largest loads arising in the highest and steepest sea states are
likely to be associated with the breaking waves. This has important implications for both the
global and local loading and for the vertical distribution of the extreme loads. Further
consideration of the occurrence of wave breaking is given in Karmpadakis & Swan (2020).
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(a)

(b)

Figure 4.1: The average shape (black line) of the forty largest waves (grey lines) recorded in
twenty 3-hour simulations of a JONSWAP spectrum (γ=2.5) with Tp=14.0s in a water depth of
d=125m; (a) Hs=3.0m and (b) Hs=15.3m.
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(a)

(b)

Figure 4.2: The average shape (black line) of the forty largest waves (grey lines) recorded in
twenty 3-hour simulations of a JONSWAP spectrum (γ=2.5) with Tp=14.0s in a water depth of
d=50m; (a) Hs=3.0m and (b) Hs=15.3m.
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(a)

(b)

Figure 4.3: The calculation of an average wave profile showing no difference between the
averaging taken before and after the normalisation; both cases relate to the steepest sea
states (Hs=15.3m and Tp=14.0s) in (a) d=125m and (b) d=50m, with all other parameters as
described on Figures 4.1 and 4.2.
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(a)

(b)

(c)

(d)

Figure 4.4: Comparisons between the average shape of the largest waves recorded in laboratory generated linear sea states (Hs=3.0m and
Tp=14.0s), a Stokes regular wave solution and a focused NewWave group. (a) and (b) in a water depth of d=125m and (c) and (d) d=50m.
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(a)

(b)

(c)

(d)

Figure 4.5: Comparisons between the average shape of the largest waves recorded in laboratory generated nonlinear sea states (Hs=15.3m and
Tp=14.0s), a Stokes regular wave solution and a focused NewWave group. (a) and (b) in a water depth of d=125m and (c) and (d) d=50m.
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(a)

(b)

Figure 4.6: Hs-Tp scatter plots indicating the available field data in water depths of (a)
d=40m and (b) d=8m. In each case the red boxes denote the bins used to provide the
average surface elevation plots presented in Figures 4.7 and 4.8 and further analysed in
Figures 4.9 and 4.10.

27 of 82

10,000-year Crest Heights, Wave Kinematics and Fluid loading

OCG-50-04-32B

(a)

(b)

Figure 4.7: The average shape of the largest waves recorded in a water depth of d=40m for
(a) a linear sea state (Hs=2.0m and Tp=8.0s) and (b) a weakly nonlinear sea state (Hs=8.5m
and Tp=14.0s).
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(a)

(b)

Figure 4.8: The average shape of the largest waves recorded in a water depth of d=8m for
(a) a linear sea state (Hs=1.5m and Tp=9.5s) and (b) a weakly nonlinear sea state (Hs=3.5m
and Tp=12.0s).
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(a)

(b)

(c)

(d)

Figure 4.9: Comparisons between the average shape of the largest waves recorded in the field (d=40m), a Stokes regular wave solution and a
focused NewWave group in (a,b) a near-linear sea state (Hs=2.0m and Tp=8.0s) and (c,d) a weakly nonlinear sea state (Hs=8.5m and Tp=14.0s)
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(a)

(b)

(c)

(d)

Figure 4.10: Comparisons between the average shape of the largest waves recorded in the field (d=8m), a Stokes regular wave solution and a
focused NewWave group in (a,b) a near-linear sea state (Hs=2.0m and Tp=8.0s) and (c,d) a weakly nonlinear sea state (Hs=8.5m and Tp=14.0s)
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(a)

(b)

(c)

Figure 4.11: Observations of breaking waves in the field: (a) Gulfaks C, d=220m, (b) Bruce,
d=122m, (c) Ekofisk, d=75m, (d) Tyra West (2012), d=45m, (e) LO9, d=24m.
Note: In sub-plot (a) the large diameter legs may play a role in initiating breaking.
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(d)

(e)

Figure 4.11 (continued): Observations of wave breaking in the field: (a) Gulfaks C, d=220m,
(b) Bruce, d=122m, (c) Ekofisk, d=75m, (d) Tyra West (2012), d=45m, (e) LO9, d=24m.
Note: In sub-plot (a) the large diameter legs may play a role in initiating breaking.
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(a)

(b)

(c)

(d)

Figure 4.12: Comparisons between laboratory and field data, wave heights in the left
column and crest heights in the right column for (a) kpd=1.19 and hs/d=0.14, (b) kpd=0.9 and
hs/d=0.24, (c) kpd=0.83 and hs/d=0.21, and (d) kpd=0.72 and hs/d=0.27 with blue line
Rayleigh, red line Forristall (2000), green dots field data, and black dots laboratory data.
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(a)

(b)

(c)

Figure 4.13: Observations of wave breaking in the laboratory generated design sea states.
(a) d=125m, (b) d=90m, (c) d=45m.
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(a)

(b)

Figure 4.14: Agreement between laboratory data and numerical calculations when the
latter includes an empirical breaking model based on Swan & Latheef (2013);
Sηη(ω)=JONSWAP, γ=2.5, Tp=16.0s, d=125m and (a)Hs=17.5m and (b) Hs=20.0m. Blue line
Rayleigh; Green line Forristall, light grey dots laboratory data, black dots numerical
calculations without breaking, dark grey dots numerical calculations with breaking.
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(a)

(b)

(c)

Figure 4.15: Short-term distributions of crest elevation with the occurrence of wave
breaking in individual events noted in red. Sηη(ω)=JONSWAP, γ=2.5, Tp=16.0s, σθ=15°,
d=125m and (a)Hs=15m, (b) Hs=17.5m and (c) Hs=20.0m
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5.0 Wave Kinematics
5.1 Essential physics
It has already been noted that the applied fluid loads are typically sub-divided into wave-injacket (WIJ) and wave-in-deck (WID) loads; the former occurring throughout the water
column and the latter arising very high in an extreme wave crest. In both cases the dominant
component of the load will be dependent upon the square of the wave-induced water particle
kinematics, 𝑢2 . The immediate implication of this is that an x% error in the kinematics will
produce a 2x% error in the applied loads, with significant implications for any reliability
calculations. In practice, the loads are also dependent upon the wave shape (Section 4.0).
However, since this is also critically important in defining the wave kinematics, accurate load
predictions are clearly dependent upon the success of the applied kinematics models.
In a traditional design/re-assessment calculation the wave height (H) statistics are considered,
the maximum wave height (Hmax) for a given exceedence probability (Q) is determined, and a
deterministic regular wave theory applied based upon Hmax and an associated wave period,
Tassoc.. Commonly applied models are based upon a Stokes’ 5th-order solution (Fenton, 1985)
or a stream function solution (Dean, 1965). In both cases the wave description is based upon
a single freely propagating frequency component, together with its associated bound waves
or Stokes’ harmonics; the latter travelling at the speed of the former. In such cases the
individual wave event is regular or periodic, propagates without changing shape, and is
assumed long-crested or uni-directional.
In contrast, real ocean waves have three underlying physical characteristics. Specifically, such
waves are
(A) Unsteady, reflecting the spread of wave energy across a range of freely propagating
components.
(B) Nonlinear, the largest and steepest waves relevant to design calculations being the
most nonlinear, potentially at or close to the limit of wave breaking (Section 4.3).
(C) Short-crested, or multi-directional, indicating that the direction of propagation of
these wave components is spread about a mean wave direction.
If an applied wave theory is to provide a consistent and accurate description of the wave
particle kinematics, including both the velocities and accelerations, it must first provide a
good description of the water surface elevation, η(x,y,t), and second, incorporate the
underlying physical characteristics. Whilst the first requirement is essential, it is not sufficient.
This is particularly apparent when both the spectral bandwidth (A) and the directional spread
(C) is large such that any individual wave event evolves rapidly in both space and time. In this
case agreement with η(t), measured or predicted at one point in space (x,y), is no guarantee
of accurate kinematics predictions.
In practice, the modelling of the largest (and steepest) waves within a sea state is further
complicated by the local changes in the vicinity of a large wave event and by the local
interactions between the physical effects noted in (A), (B) and (C) above. Specifically, the
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nonlinearity associated with a large design wave event will cause a local broadening of the
frequency spectra (Gibson & Swan, 2008) and a reduction in the directional spread (Latheef
et al, 2016). In deeper water the former is associated with a spread of wave energy into the
higher frequencies. This is associated with the third-order resonant and near-resonant
interactions. These can be clearly identified and quantified in Krasitskii’s (1994) numerical
interpretation of the Zakharov (1968) equation.
With a transfer of energy into the higher frequencies, the vertical structure of the waveinduced velocities changes. Specifically, the near-surface horizontal velocities high in the
wave crest increase. This is an indication of very significant changes that take place as a wave
steepens and begins to break. Such changes are particularly relevant to WID loading and local
loading high in a jacket structure. However, since its origin lies in the higher frequencies, it
decays rapidly with depth such that the horizontal velocities at lower elevations within the
wave column are reduced. This latter effect may also be attributable to the second-order
frequency-difference terms which are usually assumed to be out of phase with the largest
wave crest elevations and therefore lead to velocity reductions which persist over much of
the water column. In deep water, the second-order frequency-difference terms are small, but
their relative magnitude grows as the effective wave depth, kpd, reduces.
In the Sections that follow, each of the readily available wave models will be briefly discussed;
specific attention being paid to the extent to which they incorporate the essential physics
outlined in points (A), (B) and (C) above. The practical implications of these will be addressed
by comparisons to measured data.

5.2 Available kinematics models
5.2.1 Regular or steady wave solutions
These are typically represented by a Stokes 5th order solution (Fenton 1985) or a stream
function solution (Dean 1965); both being appropriate to deep and intermediate wave depths
and the latter allowing shallower water conditions to be modelled. Even though these
solutions are commonly applied as part of a deterministic design wave approach (as
recommended in ISO, API and NORSOK (see O1/D1)), they do not incorporate any of the
underlying physics outlined in (A), (B) and (C). Specifically, such models:
(i)
(ii)

(iii)

Ignore the distribution of wave energy across the frequency domain and hence the
unsteadiness of the wave field.
Include the nonlinearity associated with a single freely propagating component, the
so-called Stokes’ or self-interaction terms, but neglect the majority of the
nonlinearity which arises due to the two-, three- and four-wave interactions.
Either ignore directionality completely or seek to approximate its effect by applying
a velocity reduction factor based upon linearised assumptions. Whilst this will
undoubtedly account for some of the changes in the kinematics, it does not provide
a means of correcting for the transverse variation in the crest height.
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The inability of a steady wave solution to describe a large wave event arising in a real sea state
was first indicated in Section 4.1; the average shape of the largest waves arising in a laboratory
simulation indicating that the front face is significantly steeper than that predicted by an
equivalent regular wave. Considering the requirements for an accurate and consistent wave
kinematics model (noted above) it is clear that the equivalent regular wave models fail on
both counts; the description of η(x,y,t) and the inclusion of the relevant physics. Nevertheless,
the simplicity of the regular/steady wave solutions, coupled with some historical inertia
ensures that they continue to be both recommended (in ISO, API and NORSOK) and applied.
Whilst ISO and API outline a straightforward application of a Stokes’ (or stream function)
solution based upon a local H and T, DNV-RP-C205 (heavily referenced in NORSOK N003:2016)
recommends the method outlined in Grue et al (2003). This assumes that the velocity profile
under a large wave can be represented by a third-order Stokes’ solution. Given a measured
or predicted surface elevation, η(t), the wave frequency, ω, is based upon the trough to
trough wave period, Ttt, and the wave steepness, ε and wavenumber, k, defined by:
𝑘𝜂𝑐 = 𝜀 + 12𝜀 2 + 12𝜀 3 ,

[5.1]

𝜔2 ⁄𝑔𝑘 = 1 + 𝜀 2 + 𝑂(𝜀 3 ),

[5.2]

where ηc is the maximum recorded crest elevation. Having calculated the steepness and
wavenumber, the horizontal velocity profile is given by an exponential form such that
𝑢(𝑧) = 𝜀 √𝑔𝑘𝑒 𝑘𝑧 .

[5.3]

Although this method is very easy to apply and was shown to be in good agreement with the
non-breaking deep-water data of Baldock et al (1996), the assumed exponential form is only
appropriate for weakly nonlinear deep water regular waves. In finite depth, the decay of the
orbital velocities would be dependent upon the ratio of the hyperbolic functions, cosh( ) and
sinh( ).
𝑢 = 𝐴11 𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑))
+ 𝐴22 𝑐𝑜𝑠ℎ(2𝑘(𝑧+𝑑))
+ 𝐴31 𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑))
+ 𝐴33 𝑐𝑜𝑠ℎ(3𝑘(𝑧+𝑑))
.
𝑆𝑖𝑛ℎ(𝑘𝑑)
𝑆𝑖𝑛ℎ(2𝑘𝑑)
𝑆𝑖𝑛ℎ(𝑘𝑑)
𝑆𝑖𝑛ℎ(3𝑘𝑑)

[5.4]

Furthermore, the coefficients for the second-harmonic (e2kz) and the third-harmonic (e3kz)
tend to zero in the deep-water limit, d→∞, such that:
𝑢 ≈ 𝐴11

𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑))
𝑆𝑖𝑛ℎ(𝑘𝑑)

+ 0 + 𝐴31

𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑))
𝑆𝑖𝑛ℎ(𝑘𝑑)

+ 0,

[5.5]

where Aij is the magnitude of the jth harmonic at the ith order of wave steepness. However,
the A22 and A33 terms (neglected in Eq. 5.5) become increasingly important as the water depth
reduces and the waves become steeper. This leads to deviations from the exponential profile.
In addition, Grue’s method will over-estimate the velocities at elevations beneath the SWL
(Alberello et al, 2017), due to the neglect of the low frequency terms (see Section 5.2.2
below). This is a common feature of all locally fitted solutions, including the local Fourier
solution proposed by Sobey (1992). Given the assumptions on which Grue’s theory is based,
it is not expected to perform well in the most extreme breaking waves and its accuracy will
reduce with the water depth.
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Despite these difficulties, regular wave models continue to be applied in the prediction of
both WIJ and WID loads. In such calculations it is simply assumed that the errors in the
predicted kinematics can effectively be absorbed within a calibrated loading coefficient.
Whilst this may be possible (and practical) in circumstances where both the failure mode and
its elevation is known in advance (present calibrations typically being based upon conditions
at the mudline), changes in the magnitude and the vertical distribution of the kinematics and
hence the loads make it impossible to achieve an effective calibration appropriate to global
failures at all possible elevations.
Moreover, with a growing awareness of the importance of WID loading, further (recent)
analysis of this approach (Santala, 2017) has recommended an additional layer of empirical
correction. This has been reviewed in the 01/D1 report (Sections 4.1.1) and is summarised as
follows:
(a)

(b)
(c)

(d)

With the relevant input parameters for a Stokes’s 5th order regular wave model
based upon a local wave height, the target crest elevations and hence level of deck
inundation appropriate to WID loading is under-estimated.
To correct for this the water depth, d, is artificially changed (increased) until the
required N-year crest elevation is obtained.
With an increase in d, the kinematics predictions are reduced. To correct for this
unintended consequence the wave period, T, is altered until the predicted
kinematics are clearly aligned with those that would have been achieved had the
water depth been held constant and the wave height increased until the desired
crest elevation was matched.
With H held constant, but with corrected (non-physical) values for d and T, a
silhouette method for WID loading is recommended; the calibrated “drag”
coefficient being based on Finnigan and Petrauskas (1997).

In practice, Santala (2017) notes that these ad hoc changes outlined in (b) and (c) need to be
undertaken simultaneously since changes in (d) also effect the wave nonlinearity and
therefore the predicted crest elevations and hence the degree of inundation. As a result,
these two ad hoc changes need to be undertaken iteratively. To provide guidance in this
regard, Santala (2017) gives tables of correction factors for typical Gulf of Mexico conditions.
In considering these changes it is important to note that they arise due to the application of
an inappropriate (physically unrealistic) wave model in which the chosen input parameters
are based upon an N-year wave height in circumstances where the dominant loads are
fundamentally driven by the N-year crest elevations. Moreover, the non-physical changes in
d and T are not proposed to provide the best possible descriptions of the kinematics, but
rather the best fit to the kinematics used in the calibration for a questionable load model (see
Section 6.0).
Whilst the desire to maintain a simplified and accessible (to all) calculation procedure is
admirable, the extent of the difficulties and the ad hoc changes required to apply a
deterministic regular wave in conditions where the relevant wave events are clearly irregular
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should not be under-estimated. Most importantly, the uncertainty associated with applying
such a method outside a narrow range of highly calibrated test cases will be large.

5.2.2 Irregular or unsteady wave theories
In terms of both a fit to a typical design wave profile and the inclusion of the underlying
physics, the application of an irregular or unsteady wave model provides a significant
improvement. Evidence of the former is provided in Figures 4.4 and 4.5. Whilst the
application of a linear random wave theory (LRWT) incorporates (A) and (C), it ignores (B). In
contrast, the application of a Second-order Random Wave Theory (SRWT) provides an
improved estimate of the wave shape, η(x,y,t), incorporates (A) and (C), and provides a first
approximation to (B).
When seeking to describe the kinematics beneath a large design wave event, the largest
errors associated with a LRWT occur at high elevations within the wave crest. This arises due
to the extrapolation of the high-frequency terms, is commonly referred to as high-frequency
contamination (Sobey, 1990), and leads to a large over-prediction of the maximum horizontal
velocities. These effects can be reduced with an appropriate truncation of the wave spectrum
(typically limiting ω≤3ωp) and can be almost eliminated with the application of SRWT; the
latter allowing the individual wave components to ride over one another.
Another advantage of SRWT lies in the rigorous inclusion of the second-order frequencydifference terms. Since these are typically out of phase with the higher frequency terms, this
prevents the over-prediction of the horizontal velocities over most of the water column and
hence the over-prediction of the WIJ loads.
However, one major problem with the prediction of the second-order kinematics concerns
the validity of the model as the water depth reduces. Figure 5.1(a) concerns the variation in
the magnitude of the second-order frequency-sum and frequency-difference terms with the
directional spread, σθ, for three effective water depths corresponding to kpd=2.01, 1.02 and
0.75. In contrast, Figure 5.1(b) concerns the same three wave cases and describes the
variation of the total second-order contribution with σθ. All of the data are based upon
focused wave calculations in which the wave steepness was held constant. In considering
these figures several points arise:
(a) The frequency-sum terms are consistently larger than the frequency-difference terms,
for all three effective water depths.
(b) The magnitude of both the frequency-sum and the frequency-difference terms reduce
with increasing directional spread. However, the magnitude of the frequencydifference terms reduces more rapidly with σθ.
(c) Since the frequency-difference terms are 180° out of phase with the frequency-sum
terms, the rapid reduction of the former produces an increase in the total (net)
second-order contribution (Figure 5.1 (b).
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(d) Both the frequency-sum and the frequency-difference terms are larger in shallower
water depths; the frequency-difference terms growing in relative importance as the
water depth reduces.
Although the above noted points are argued from the perspective of the second-order
contribution to the maximum crest elevation, similar conclusions can be drawn in respect of
the second-order contribution to the water particle velocities.
To quantify the validity of the two irregular wave models, Hadjigeorgiou (2018) summed the
error in the two nonlinear free surface boundary conditions across all points in space and
time. Calculations appropriate to a wide range of focused wave events were undertaken and
the data presented (Figure 5.2) as a scatter plot in terms of effective water depth, kcd, and
wave steepness, Akc; where A is the linear sum of the component amplitudes or the linearly
predicted crest elevation, kc is the central wavenumber defined by
1

2
𝑘𝑐 = 𝐴𝑔 ∑𝑁
𝑛=1 𝑎𝑛 𝜔𝑛 ,

[5.6]

and d is the water depth. In presenting this data Hadjigeorgiou (2018) has simply sought to
distinguish between those cases for which the application of a second-order wave theory
reduces the total error in the nonlinear free surface boundary conditions from those cases
where it increases. In the latter cases it can be concluded that the series expansion is
divergent and the second-order inappropriate. From the results presented on Figure 5.2 it is
clear that this limit of applicability is dependent upon both the wave steepness and the
effective water depth. Following Goda (1983), the Π parameter is defined by
𝐻𝑘

Π = 2𝜋𝑡𝑎𝑛ℎ3 (𝑘𝑑)

[5.7]

and the limit of applicability shown to be dependent upon the directional spread such that:
Π ≥ 0.22 for σθ=0°
Π ≥ 0.17 for σθ=15°

[5.8]

Π ≥ 0.12 for σθ=30°
Although this limit is defined in terms of conditions at the water surface, it is relevant to the
description of the flow over the full water column and therefore relevant to both the WID and
the WIJ loading.

5.2.3 Empirical or stretched wave models
These models have been developed to avoid the inaccuracies associated with high-frequency
contamination; retaining the unsteadiness of the problem, but without needing to calculate
the full second-order solution. There are numerous examples of these solutions including
Wheeler (1970), Chakrabarti (1971), Rodenbusch and Forristall (1986), Lo and Dean (1986),
Gudmestad and Connor (1986), Donelan et al (1992) and Molin (2002). Other, simpler,
modifications to linear superposition include:
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(i) Constant velocity above MWL such that, u(z>0)=u(z=0).
(ii) The imposition of a constant vertical gradient such that (𝜕𝑢⁄𝜕𝑧)𝑧>0 = (𝜕𝑢⁄𝜕𝑧)𝑧=0 .
In assessing these models it is very important to note that the nature of the empirical
corrections are such that the models do not rigorously satisfy either the governing field
equation (mass continuity) or the relevant boundary conditions. As such, they should only be
used when it can be shown they are relevant to the design waves under consideration; the
preferred comparisons being with either laboratory data or fully-nonlinear numerical
calculations. A typical set of comparisons between the various empirical models is given in
Figure 5.3. This relates to a large uni-directional non-breaking wave event in intermediate
depth recorded in a sea state with Hs=6.1m, Tp=14.0s and d=24.0m; the individual wave event
having an effective water depth of kttd=0,86 and a local steepness of kttηc=0.32, where ktt is
the wave number based on the local trough to trough wave period. In comparing these
results, the Donelan et al (1992) and Molin (2002) models provide the best agreement with
the limited laboratory data. Both methods assume that high-frequency waves ride on the top
of the longer, low-frequency waves; the water depth experienced by each component varying
with its frequency.
In the Donelan et al (1992) model, the wave components in the spectrum are ordered based
on increasing frequency and the surface elevation and horizontal velocity calculated in steps
such that
𝜂𝐼 = 𝜂𝐼−1 + 𝛿𝜂𝐼 and 𝑢𝐼 = 𝑢𝐼−1 + 𝛿𝑢𝐼 ,

[5.9]

where 𝛿𝜂𝐼 and 𝛿𝑢𝐼 indicate the contributions of component 𝐼. At each successive calculation
of 𝑢𝐼 , 𝛿𝑢𝐼 is given by
𝑐𝑜𝑠ℎ(𝑘 (𝑧+𝑑))

𝐼
𝛿𝑢𝐼 (𝑥, 𝑧, 𝑡) = 𝑎𝐼 𝜔𝐼 𝑠𝑖𝑛ℎ(𝑘 (𝑑+𝜂
𝐼

𝐼−1 ))

𝑐𝑜𝑠(𝑘𝐼 𝑥 − 𝜔𝐼 𝑡 + 𝜃𝐼 ), [5.10]

and u at all points above 𝜂𝐼−1 take the maximum value of 𝑢𝐼 .
In the Molin (2002) model a simplified Wheeler stretching is proposed such that z is
replaced by z' defined by
(𝑧−𝜂 )

𝑧𝑖′ = 𝑑 (𝑑+𝜂𝐼 ) ,

[5.11]

𝐼

where 𝜂𝐼 = ∑𝐼𝑖=1 𝜂𝐼 , or the sum of the surface elevations up to the 𝐼 th component. Adopting
this approach, the ith component is stretched up to the surface elevation defined by the sum
of components with a frequency lower than the ith component; the horizontal velocity defined
by
𝑢(𝑥, 𝑧, 𝑡) = ∑𝑖 𝑎𝑖 𝜔𝑖

𝑐𝑜𝑠ℎ(𝑘𝑖 𝑑

(𝑧+𝑑)
)
𝑑+𝜂𝑖

𝑠𝑖𝑛ℎ(𝑘𝑖 𝑑)

𝑐𝑜𝑠(𝑘𝑖 𝑥 − 𝜔𝑖 𝑡 + 𝜃𝑖 ).

[5.12]
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Given the earlier comments concerning the potential importance of wave breaking the
expectation is that these models will typically under-predict the water particle kinematics
high in the wave crest leading to non-conservative load predictions.

5.2.4 Fully nonlinear numerical solutions
These can be broadly divided into two categories. The first category concerns numerical
formulations that are matched to a measured water surface elevation. These are typically
more efficient, in a computational sense, but require information that is seldom available
unless it is generated as part of a detailed laboratory investigation. Within this category the
models can be further divided into two:
(a)

(b)

Models based upon local fits to a known water surface elevation, η(t). These include
the local Fourier models proposed by Fenton (1986) and Sobey (1992). They are
typically very efficient, a single wave calculated in a few minutes on a standard
workstation, but are unable to accurately describe the low-frequency terms. As such,
they tend to be of limited use in intermediate and shallower water depths, given the
increasing importance of these terms (Figure 5.1).
Models based on a global fit to η(t) and η(x), if available. These models are commonly
based upon some form of double Fourier series expansion (in t and x), are more
computationally intensive, but can provide accurate descriptions of the water
particle kinematics across the full range of water depths. Examples of these types of
models include Lambrakos (1981) and Baldock & Swan (1994). A review of the
relative merits of these equations is given in Smith & Swan (2002).

The second category of models includes those capable of modelling the fully nonlinear
evolution of an individual wave event or a short segment of random sea state. The usual
approach involves an initial or starting position/time at which the underlying wave
components are dispersed and can therefore be modelled using an established analytic wave
model; either linear or second-order random wave theory. With the initial conditions
accurately defined, the wave field is time-matched until such a point that a large wave evolves
because of:
(i)

Frequency and/or directional focusing; both processes being relevant to realistic
broad-banded sea states.

(ii)

Modular instabilities arising in narrow-banded spectra and particularly relevant to
conditions in shallower water (Katsardi and Swan, 2011).

Fully nonlinear models of this type are the most difficult to obtain, but are the most
informative in terms of the results produced and the accuracy obtained. Models of this type
can take several forms including:
(a) High-order spectral models (West et al (1987), Bateman et al (2001, 2003), Ducrozet
et al (2007, 2016), Xiao et al (2013))
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(b) Boundary element methods (Grilli et al (2001), Fochesato et al (2005), Hague & Swan
(2009))
(c) Direct simulations of the Euler equations (Toffoli et al (2008, 2010))
(d) Narrow-banded simulations based upon the NLS equations (Onorato et al (2001,
2005), Socquet-Juglard et al (2005), Toffoli et al (2010)).
(e) Broad-banded simulations of the Zakharov (1968) equations (Janssen (2003, 2009),
Annenkov & Shrira (2014))
(f) Full CFD simulations
Whilst the efficiency of these models varies greatly, the challenge of providing fully nonlinear,
long time-domain simulations of directionally spread, broad-banded, random waves coupled
with some form of dissipative breaking model remains very significant. Indeed, whilst it may
(just) be possible to achieve this in respect of surface elevation predictions, it cannot be
achieved in respect of full-field velocity predictions. As a result, fully nonlinear calculations
tend to concentrate on individual wave events. If the water is deep and the sea state narrowbanded, the largest wave events will be produced by frequency/directional focusing. In
undertaking such calculations, the relevant phasing appropriate to specific events does not
have to be assumed (or idealised), but can be derived from a linear simulation of a long
random record. In effect, it becomes possible to investigate all the large wave events within
a simulated sea state. Such calculations are relevant to both the direct determination of the
load statistics (see Section 6.0 below) and the validation of other simpler kinematics models.

5.3 Measured / predicted kinematics data
Having outlined the broad range of available wave kinematics models (Section 5.2), the
available data suggests that there are two fundamental hurdles to overcome:
(i)
(ii)

The increased fluid velocities that arise high in the wave crest in near-breaking and
breaking waves in deeper water
The uncertainty as to which wave kinematics model is most appropriate as the
effective water depth reduces, particularly as the level of wave breaking increases
due to the combined effects of steepness and finite depth; the latter controlling
both Hs/d and Hmax/d or ηmax/d.

Taking each of these points in turn.

5.3.1 Wave breaking in deep and intermediate water depths
It has already been noted in Section 4 that the occurrence of near-breaking and breaking
waves in intermediate and deep water is more prevalent than previously expected. This
includes spilling, over-turning and fully plunging waves. Evidence of this is readily apparent to
anyone who has observed long random wave testing in a laboratory environment. Moreover,
if one considers a typical physical model study of WID loading in a design (10 -4) sea state
involving directionally spread random waves, it becomes clear that many of the largest
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individual loading events are associated with waves that are either on the point of breaking
or have begun to break in the immediate vicinity of the structure.
Figure 5.4 concerns three individual wave events recorded in twenty 3-hour simulations of a
10-4 design sea state appropriate to North Sea conditions. The sea state was characterised by
a JONSWAP spectrum (Hs=17.2m, Tp=16.0s) with a directional spread based upon Ewans
(1998) and a peak enhancement factor of γ=2.5. The water depth was d= 93m, defining
kpd=1.42 and the three wave events identified as being responsible for large WID loads. To
further explore these events, the associated water particle kinematics were recorded in the
SHORT-CREST JIP. It is this data that is presented on Figure 5.4; the vertical variation in the
maximum horizontal velocity, u(z), arising beneath the largest wave crest being compared to
several of the kinematics models noted above.
Considering the three wave cases presented on Figure 5.4: wave 1 (Figure 5.4 (a)) is a steep
non-breaking wave; wave 2 (Figure 5.4(b)) is a spilling wave; and wave 3 (Figure 5.4 (c)) is an
over-turning or plunging wave. Comparisons between the measured data and the predicted
velocities confirm several important points:
(i)

The fluid velocities at the highest elevations within the wave crest are consistently
under-estimated by all of the wave models; the extent of the under-prediction
increasing with the wave steepness and hence the strength of the breaking process.
With the occurrence of wave spilling (Figure 5.4 (b)), the maximum measured
velocities are almost 50% larger than the maximum predicted. However, in the overturning wave case (Figure 5.4 (c)) this increase is more than 100%; the maximum
predicted velocity being of the order of 12m/s and the maximum recorded velocity
being in excess of 25m/s.2 Although the above noted velocities are extremely large,
they are physically realistic in the sense that when a wave over-turns the maximum
water particle velocity, umax, must exceed the phase velocity, umax≥c. If this is not the
case, the wave cannot over-turn. Whilst it is clear that these very large water particle
velocities only occur very high in the wave crest, it is exactly that part of the profile
that may enter the deck leading to WID loading. As a result, the very large velocities
arising at the highest elevations are of enormous practical importance.

(ii)

The application of a Stokes 5th-order regular wave solution under-estimates the
velocities high in the wave crest, but over-estimates the velocities of lower
elevations. This arises due to the neglect of the low-frequency or frequencydifference terms and was anticipated in Section 5.2.1.

(iii)

A second-order random wave theory (SRWT) also under-predicts the largest
horizontal velocities. The explanation for this lies in the extreme nonlinearity
associated with an over-turning wave and the fact that the resulting effects will
(typically) increase towards the water surface; the nonlinear free surface boundary
conditions being a key source of this nonlinearity. However, SRWT provides an

2

These are the equivalent full-scale velocities based upon a laboratory length scale of ls=1:100 giving a
corresponding velocity scale of vs=1:10.
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improved description of the measured data at lower elevations; the latter occurring
due to the improved physical representation (Section 5.2.2).
Considering the horizontal velocities high in the wave crest, none of the analytical models will
provide accurate predictions. In contrast, fully nonlinear numerical calculations will
reproduce the observed effects. Evidence of this is provided in Figure 5.5. However, they do
not easily lend themselves to long random wave calculations. As a result, a third approach is
required. Within the LOADS JIP, a simple to use empirical wave model, based upon the local
linear wave steepness, has been developed to describe the kinematics high in the largest
wave crest (Swan et al, 2019). Below this level, the kinematics are matched to a second-order
random wave solution. Whilst this model is not claimed to be exact, its incorporation within
a physically realistic WID load model yields a very good description of the load statistics
(Section 6); the latter being a key requirement for any reliability calculation. The challenge
that remains is to determine the validity of this method as the water depth reduces. This work
is presently on-going within Phase II of the LOADS JIP.

5.3.2 Reduced effective water depth
As the effective water depth, kd, reduces there remains considerable uncertainty as to which
wave model (or models) provide an accurate description of the water particle kinematics
beneath representative design waves. This uncertainty arises due to:
(i)
(ii)

A lack of relevant laboratory and/or field data
Changes in the evolution of the largest waves in shallower water depths (Katsardi
& Swan, 2011).

In respect of (i), LOWISH-phase III has provided laboratory data, but the focus of this work
was on crest heights and wave heights rather than kinematics. Nevertheless, some important
guidance is provided which is summarised below. In contrast, almost no field data is available
and this makes the rigorous assessment of any kinematics model more difficult. In considering
(ii) a reduction in the effective water depth, particularly when kd< 1.0, leads to the following
changes in the nonlinear evolution of the largest waves:
(a) The relative effects of frequency dispersion reduce such that large waves evolve more
slowly in space and time. This is, in part, a linear effect driven by the depth dependent
term within the linear dispersion equation.
(b) The directional spreading associated with both the sea state as a whole and of large
individual waves, reduces due to the interaction between the waves and the bottom
bathymetry.
(c) The relative importance of the nonlinear terms increases; evidence of this being
provided on Figure 5.1.
Since (a) and (b) act to reduce the unsteadiness of an individual wave event, it might be
expected that a steady nonlinear wave solution becomes increasingly relevant. Whilst this
may, in part, be true (see below), it is complicated by the extreme crest-trough asymmetry
and by the fact that wave braking is no longer simply dependent upon the local wave
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steepness, but also the local water depth. This latter effect provides limits in terms of both
the sea state parameters (Hs/d) and the individual wave properties (Hmax/d or ηmax/d). As a
result, both the occurrence and intensity of wave breaking is more difficult to predict as the
water depth reduces.
In an attempt to clarify some of these issues, the LOWISH-Phase III JIP measured wave
kinematics data beneath 21 large wave events recorded in a wide range of
intermediate/shallower water depth conditions. Unfortunately, the available kinematics data
does not extend into the crest of the largest waves. Nevertheless, it is relevant to the
assessment of the available kinematics models.
In Section 5.2.1 it was noted that the model proposed by Grue et al (2003) was only relevant
to deep water conditions. Evidence of this is provided in Figure 5.6(a). This concerns the depth
profile of the maximum horizontal velocity, umax(z), normalised by 𝜀√𝑔⁄𝑘. Laboratory data is
presented for varying effective water depths, kttd, with comparisons to Grue’s method as
outlined in Equations 5.1-5.3. This data confirms that as kttd reduces, the depth profile,
umax(z), is far from exponential. Figure 5.6(b) provides a similar set of comparisons covering a
broad range of kttd conditions. This compares the data to an adaptation of Grue’s model based
upon hyperbolic profiles; the dashed lines relating to kttd =2.0, 1.4, 1.2, 1.0, 0.8 and 0.6, with
the solutions defined by:
𝑘𝜂𝑐 = 𝜀 + 𝐵22 𝜀 2 ,

[5.13]

𝜔2 ⁄𝑔𝑘 = 𝑐0 (1 + 2𝑐2 𝜀 2 ),
𝑢(𝑧) = 𝜀 √𝑔𝑘

𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑))
𝑠𝑖𝑛ℎ(𝑘𝑑)

,

[5.14]
[5.15]

where B22, C0 and C1 are given on Table 1 of Fenton (1985).
In this case the hyberbolic profiles describe the general increase in the velocities over the
water column, but do not account for the changes in the profile, particularly the increased
velocities at higher elevations. This is due to the absence of the higher harmonic terms which
have the potential to change the shape of the profile. In effect, the depth-variation in
Equation 5.15 should be replaced by
𝑐𝑜𝑠ℎ(𝑘(𝑧+𝑑))
𝑠𝑖𝑛ℎ(𝑘𝑑)

(𝑁𝐿) 𝑐𝑜𝑠ℎ(2𝑘(𝑧+𝑑))
(𝑁𝐿) 𝑐𝑜𝑠ℎ(3𝑘(𝑧+𝑑))
+ 𝑓3
𝑠𝑖𝑛ℎ(2𝑘𝑑)
𝑠𝑖𝑛ℎ(3𝑘𝑑)

+ 𝑓2

[5.16]

(𝑁𝐿)

where 𝑓𝑖
is the nonlinear contributions to the velocity profile at order 𝑖. Unfortunately,
these terms cannot, yet, be determined a priori. Nevertheless, their inclusion can
substantially increase the accuracy of the predicted velocity profile. Evidence of this is
1 𝑁𝐿
provided on Figure 5.6(c) which assumes that 𝑓3𝑁𝐿 = 10
𝑓2 , with varying sets of (kd, 𝑓2𝑁𝐿 )
being presented. Whilst these fits explain the departures from Grue’s deep-water model and
confirm the potential offered by a related shallow water model, the latter is not yet
predictive.
Further evidence of the success of the steady wave models is given in Figure 5.7. This concerns
eight individual wave events (full details of which are given on Table 5.1), addresses η(t) and
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umax(z), and provides comparisons with both a stream function solution and a cnoidal wave
solution. In wave case 6, corresponding to the deepest effective water depth (kttd=1.04), the
expected over-prediction of u(z) is clear and would be substantially larger in deeper water.
However, with progressively reducing water depths the agreement is much improved; the
cnoidal solution being most relevant to the shallowest water depths.
In Section 5.2.3 it was noted that the best performing empirically corrected linear models
were due to Donelan et al (1992), indicated in red, and Molin (2002), indicated in grey. Figure
5.8 contrasts these models with the same laboratory data; details of the eight wave cases
given in Table 5.1. Interestingly, in these shallow water conditions the Molin (2002) model is
closest to the laboratory data, but neither model significantly over-predicts the measured
data with depth. Indeed, the only consistent trend appears to be the slight under-estimate of
the data as the effective water depth reduces; the errors being largest for kttd≤0.9.
Nevertheless, the agreement is generally good. However, it should be noted that none of the
kinematics data relate to conditions above SWL where the empirical models are expected to
under-predict is the steepest design wave cases.
A final set of comparisons to the LOWISH-phase III laboratory data are presented on Figure
5.9. These concern the second-order random wave theory (SRWT). In each of the eight wave
cases, comparisons are provided to both the water surface elevation, η(t), and the profile of
the horizontal velocities beneath the wave crest, umax(z). Two alternative applications of the
model are presented; the first based upon the measured wave spectrum and the second on
equivalent focused wave event. In the deepest wave case kttd=1.04 in wave case 6, the
second-order model based upon the measured wave spectrum provides the best description
of both η(t) and umax(z). This would be representative of conditions in deeper water. However,
with reduced water depths, the second-order model based upon an equivalent focused wave
is matched to the measured crest elevation, but otherwise provides a poor description of η(t).
Nevertheless, it provides the better description of umax(z). This is inconsistent and suggests
that the improved solution of umax(z) may simply be fortuitous. Indeed, the inconsistency
noted in these plots raises further questions concerning the validity of a second-order random
wave solution as the water depth reduces. This further supports the arguments outlined in
Section 5.2.2 and the data presented on Figure 5.2.
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Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

𝑯𝒔 [𝐦𝐦]
100
100
100
127
127
56
61
61
61
61
77
77
77
77
91
91
91
91
91
91
91

𝑻𝒑 [𝐬]
1.6
1.6
1.6
1.8
1.8
1.2
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4

𝝈𝜽 [°]
10
10
10
10
10
10
0
0
10
10
0
0
0
10
10
0
0
0
10
10
10

𝜼𝒄 [𝐦]
0.105
1.101
1.104
0.124
0.116
0.075
0.076
0.090
0.070
0.073
0.100
0.086
0.085
0.094
0.098
0.092
0.106
0.069
0.100
0.124
0.090

𝑻𝒖 [𝐬]
1.52
1.46
1.43
1.69
1.51
1.09
1.28
1.27
1.14
1.45
1.29
1.31
1.26
1.15
1.46
1.44
1.37
1.48
1.29
1.44
1.36

𝑯𝒖 [𝐦]
0.150
0.137
0.144
0.174
0.168
0.109
0.112
0.130
0.106
0.109
0.138
0.127
0.123
0.140
0.139
0.137
0.156
0.118
0.136
0.170
0.137

OCG-50-04-32B

𝒌𝒖 𝒅
0.70
0.73
0.74
0.62
0.70
1.04
0.86
0.86
0.98
0.73
0.84
0.83
0.87
0.97
0.73
0.74
0.79
0.72
0.84
0.74
0.79

𝒌𝒖 𝜼𝒄
0.31
0.31
0.32
0.32
0.64
0.32
0.27
0.32
0.29
0.22
0.35
0.30
0.31
0.38
0.30
0.28
0.35
0.21
0.35
0.38
0.30

𝒌𝒖 𝑯𝒖 /𝟐
0.22
0.21
0.22
0.22
0.25
0.24
0.20
0.23
0.22
0.17
0.24
0.22
0.22
0.28
0.21
0.21
0.26
0.18
0.24
0.26
0.23

Table 5.1: Characteristics of selected wave cases for which the water particle kinematics were
recorded in a water depth of d=240mm. All data is presented at laboratory scale; the relevant length
scale being ls=1:100 and the corresponding time scale by ts=1:10.
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Figure 5.1: Changes in the magnitude of the second-order contributions to η(t) with σθ:
(A) the frequency-sum (solid lines) and frequency-difference terms (dashed lines), and
(B) the total second-order contribution (solid lines).
Black lines: kpd=2.01. Red lines: kpd=1.02. Blue lines: kpd=0.75.

52 of 82

10,000-year Crest Heights, Wave Kinematics and Fluid loading

OCG-50-04-32B

(a)

(b)

(c)

Figure 5.2: Relative validity of SRWT compared to LRWT for long random wave simulations, markers
indicate the cases considered with + denoting ET(1)>ET(2) and ○ ET(1)<ET(2); the boundaries between the
two theories approximated by the Goda 𝛱 parameter (‐ ‐ ‐ ) for (a) σθ=0 (𝛱=0.22,
), (b) σθ=15°
(𝛱=0.195,
), and (c) σθ=30° (𝛱=0.12,
).
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Figure 5.3: Comparisons between the various stretching models for an individual wave event with
an effective water depth of kttd=0.86, a local steepness of kttηc=0.32 arising in a sea state with
Hs=6.1m, Tp=14.0s and d=24.0m. (Wave case 8 on Table 5.1).
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(a)

(b)

(c)

Figure 5.4: The vertical variation in the maximum horizontal velocity, u(z), arising beneath three
steep wave events in a water depth of d=93m, in a sea state defined by Hs=17.2m, Tp=16.0s and σθ
based upon Ewans (1998). (a) Non-breaking wave (ηc=16.2m and Tlocal=14.0s), (b) Spilling wave
(ηc=18.6m and Tlocal=12.8s) and (c) Over-turning wave (ηc=20.9m and Tlocal=12.9s). Note: All data is
presented at laboratory scale; the relevant length scale being ls=1:100 and the corresponding time
scale by ts=1:10.
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(a)

(b)

Figure 5.5: Numerical calculations of two large wave events (at laboratory scale), the arrows and colour contours describing the wave-induced fluid
velocities in (a) a non-breaking wave with umax=9.2m/s (at full-scale) and (b) an over-turning wave with umax=15.9m/s (at full-scale).
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(a)

(b)

(c)

Figure 5.6: Normalised profiles of the maximum measured horizontal velocity, ulab, based upon
Grue’s method. The colour of each line corresponds to the local effective water depth, kTTd, of each
wave. In (a) the solid black line corresponds to an exponential profile; in (b) the dashed black lines
correspond to the hyperbolic profiles for kd=2.0, 1.4, 1.2, 1.0, 0.8 and 0.6; in (c) the dashed black
lines correspond to Equation 5.16 for (kd, f2NL) pairs from left to right of (2.0, 0.1), (1.4, 0.26), (1.2,
0.42), (1.0, 0.58), (0.8, 0.74), and (0.6, 0.9).
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Figure 5.7: Regular wave predictions of the water surface elevation, η(t), on the left column, and the
horizontal kinematics, umax(z), on the right column, with comparisons between experimental data
(blue line and blue markers), Stream function theory (red line) and Cnoidal theory (black line) for
wave cases 6, 7, 8, and 9 (Table 5.1).
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Figure 5.7 (continued): Regular wave predictions of the water surface elevation, η(t), on the left
column, and the horizontal kinematics, umax(z), on the right column, with comparisons between
experimental data (blue line and blue markers), Stream function theory (red line) and Cnoidal theory
(black line) for wave cases 11, 12, 13, and 17 (Table 5.1).
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Figure 5.8: Predictions of the maximum horizontal water particle velocities, umax(z), with
comparisons between experimental data (blue markers) and the Donelan et al (1992) (red line) and
Molin (2002) black line) methods. From top left to bottom right the wave cases are 6, 7, 8, 9, 11, 12,
13, and 17 (Table 5.1), with multiple realisations in each case.
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Figure 5.9: Predictions of the maximum horizontal water particle velocities, umax(z), with
comparisons between experimental data (blue line and blue markers), SRWT based on the measured
spectrum (red line), and SRWT based upon an equivalent focused wave (black line) for wave cases
are 6, 7, 8, and 9 (Table 5.1).
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Figure 5.9 (continued): Predictions of the maximum horizontal water particle velocities, umax(z), with
comparisons between experimental data (blue line and blue markers), SRWT based on the measured
spectrum (red line), and SRWT based upon an equivalent focused wave (black line) for wave cases
are 11, 12, 13, and 17 (Table 5.1).
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6.0 Fluid loading
Many of the elements appropriate to the calculation of wave loading have been discussed in
Sections 3, 4 and 5. Before undertaking these calculations, two further issues need to be
addressed:
(a) Details of the load models to be applied for the calculation of wave-in-jacket (WIJ)
and, in particular, wave-in-deck (WID) loading.
(b) The wave events to be modelled; specifically, whether the loads associated with a
given return probability are based upon a single, large, deterministic wave event or
whether efforts are made to define the load statistics.
In the Sections that follow, both of these issues will be discussed and the relative merits of
the alternative procedures explained.

6.1 Models for WIJ loading
In many respects this is the simplest part of the calculation procedure because the options
are limited. Assuming a structure lies outside the diffraction regime (D/λ«0.2, where D is
representative diameter and λ the incident wave length), the applied fluid loads will be
dominated by drag and inertia loading, with the possibility of additional slam forcing or impact
loading arising in the vicinity of the water surface. In terms of the drag and inertia loading
these are best characterised by Morison’s equation (Morison et al, 1950). Indeed, the only
question that remains concerns the nature of the wave event and hence the wave kinematics
model employed. Setting aside the relative merits of a deterministic vs stochastic
representation of the WIJ loads (this is addressed in Section 6.3), the 10,000-year loading
event will be associated with a near-breaking or breaking wave arising in a random and
directionally spread sea state. It has already been noted in Sections 4 and 5 that such waves
will be very different to an equivalent regular (or steady) wave based upon a local H and T;
the most significant difference being the steepness of the wave profile and the kinematics
high in the wave crest. Nevertheless, the existing standards (see 01/D1) all permit the use of
a loading recipe in which the empirical loading coefficients (cd and cm) are adjusted to give a
best estimate of the loads based upon easy to calculate but inaccurate kinematics; the
motivation behind such an approach being the simplicity and hence accessibility of the
calculation procedures. This approach can be successfully adopted provided two important
limitations are recognised:
(i)

(ii)

The calibrated loads relate to a single vertical elevation, with typical calculations
based upon conditions at the mudline. This either assumes that failure occurs at
this elevation (based upon the total base shear or the total over-turning moment)
or that these values provide an indicative measure of the occurrence of failure at
higher elevations.
The effective ‘calibration’ of the loading coefficients is based upon relevant data,
ideally field data, and does not involve excessive extrapolation.
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In considering point (i), it is important to note that changes in either the magnitude or the
shape of the u(z) will ensure that a load calibration of one elevation will not necessarily be
relevant to all other elevations; the differences being most apparent when considering global
failure modes high in the water column. This dispels any notion that the mudline values can
be used as representative or indicative measures of failure.
In respect of (ii), a significant contribution to the calibration arose from the analysis of field
data recorded at Shell’s Tern Platform located in the northern North Sea. This platform was
subject to several severe storms in 1990-1992 and was instrumented to record both the
incident wave profiles and the global (mudline) loads; the subsequent analysis of this data
(Heideman & Weaver (1992), Atkins et al (1995) and Jonathan & Taylor (1995)) forming an
important input into much of present design practice. More recently, independent
calculations undertaken by DNV (Johansen and Nestegard, 2008) and Swan (2007) showed
that when calculating 10-4 wave loads at the mudline; comparisons between an equivalent
regular wave and a fully nonlinear deterministic wave group shows that the former will overestimate the base shear by 15-20% and the over-turning moment by 10-15%. The explanation
for this lies in two parts:
(a) The reduced loads are associated with the reduced velocities arising beneath the
largest crest elevation (Figure 5.4).
(b) The inability of the loading recipe to calibrate out these reductions arises because
although the Tern data included some large waves, the maximum steepness of the
quality assured waves was defined by ½Hk=0.24 (Heideman & Weaver (1992) and
Jonathan & Taylor (1995)). This is substantially less than the steepness of the 10,000year wave event which was defined by ½Hk=0.30.
To further elaborate on (b), Figure 6.1 concerns the over-prediction of both the base shear
and the over-turning moment due to the use of a regular or steady wave solution as a function
of the wave steepness. This addresses an idealised jacket structure; the key point to note is
that as the wave steepness increases beyond the point of the original calibration, the
discrepancy in the predicted loads rapidly increases.
In considering the magnitude of these prediction “errors”, it is important to note that they
solely relate to conditions at the mudline. If a global failure were to occur at higher elevations,
the errors associated with the predicted WIJ loads based upon a calibrated regular wave could
be substantially increased; the magnitude of the errors depending on the steepness of the
incident waves, particularly the occurrence of wave breaking.

6.2 Models for WID loading
Having determined that the incident crest elevation is such that WID loading is likely to occur,
the characteristics of these loads needs to be acknowledged.
(i)

The loads are dependent upon both the wave shape and the water particle
kinematics. However, only that part of the wave crest that enters the deck is
relevant.
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An incident wave can enter the deck, or topside structure, through the front face
of the structure and/or its underside. Both contribute to the total WID loading; the
latter requiring the spatial evolution of the wave profile to be accurately
described. This cannot be achieved using a regular or steady wave approximation
since these are, by definition, spatially invariant.
The occurrence and prediction of any WID loading must be based upon the crest
height statistics, taking due account of the plan area of the topside structure.
Specifically, the area maximum crest elevation for a given return period, or the
maximum crest elevation arising anywhere over the plan area of the structure
during that period is a key parameter.
The magnitude of the applied loads and their duration is dependent upon the
layout and openness of the topside structure; the latter determining the extent to
which an incident wave crest is able to penetrate into the structure. In this regard
it is very important to identify those structures (or parts of structures) that are
fully plated. This is relevant to both the side walls and the extent of any plated (as
opposed to grated) decks.
Where a structure, or part thereof, is fully plated (essentially solid) slam loading
can arise. In such cases the loads are not simply dependent upon the properties of
the fluid arriving at the structure, since some (or all) of the fluid immediately
behind may also be brought to rest. This accounts for the very large impact loading
that can arise, for example, on a blast wall.

In seeking to model these complex WID loading events, a number of load models can be
employed. These are briefly described as follows:

(a) Silhouette method
This is the API/ISO recommended method. It is based on an empirically determined drag
coefficient, cd, (following Finnigan and Petrauskas, 1997) and defines a single point load as
𝐹𝑊𝐼𝐷 = 12𝜌𝑐𝑑 𝑢2 𝐴,

[6.1]

where ρ is the density of water, A the wetted area based upon the level of inundation, Δη,
and u the maximum horizontal velocity defined by
𝑢 = 𝑎𝑤𝑘𝑓 𝑢𝑤 + 𝑎𝑐𝑏𝑓 𝑈𝑐 ,

[6.2]

where uw is the wave-induced velocity, Uc the current velocity, awkf the wave kinematics factor
and acbf the current blockage factor. Further information concerning the application of this
model and, specifically, the use of an “equivalent” regular wave is given in Santala (2018);
with key points noted in O1/D1. Although this solution is expressed in terms of a drag
coefficient, with 1.5≤cd≤2.5 depending on whether the topside is bare (no equipment) or
heavily equipped, it defines a single (maximum) point load and not a loading time-history,
F(t). As such, it cannot easily be used as the input to a dynamic analysis. Moreover, since the
total horizontal load is based upon the sum of the WIJ and WID loading components, the
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absence of any phase information leaves little choice but to add the two respective maxima.
The extent to which this introduces a degree of conservation remains unclear.

(b) Component method
This method is outlined in Kaplan et al, (1995), is recommended in DNV RP C205 and
referenced in NORSOK N003. It represents the WID load as the sum of drag, inertia, slamming
and buoyancy, each summed across all elements of the topside structure with multiple
empirical coefficients. In practice, the buoyancy forces will act vertically and the horizontal
accelerations (relevant to the horizontal inertia forces) will be small high in a wave crest,
particularly if the latter is defined in terms of an equivalent regular wave. As a result, the
horizontal WID forcing is dominated by a combination of drag and slam forcing. Whilst this
may appear physically realistic, previous work (Chaplin et al, 1992) has shown that the
definition of a drag coefficient and hence a drag force close to the instantaneous water
surface is fraught with difficulties. This is particularly apparent in breaking waves; the drag
coefficient exhibiting large variability despite the fluid velocities being determined
empirically. The explanation for this lies in the fact that a drag load traditionally applies to a
body that is mostly submerged and for which the difference between the high upstream
stagnation pressures and the low pressures arising in the downstream wake give a net
horizontal drag force. In the case of WID loading, the body or member is only momentarily
submerged, all of the body is close to the instantaneous water surface, and at the time of the
maximum load there is no wake (indeed, no fluid) on the downstream side. This raises
questions concerning the appropriateness and validity of a drag-based load model.

(c) Momentum flux model
This was first proposed by Graaf et al (1995), albeit in a simplified form. Within this model the
origins of the WID forcing lies in the dissipation of the momentum associated with that part
of the wave that enters the topside structure. In effect, this model applies Newton’s second
law; the magnitude of the load being equal to the rate of change (or loss) of momentum. For
a simple rectangular box of width b, Graaf et al (1995) gives the total horizontal WID load as
𝑥

𝐹𝑊𝐼𝐷 (𝑡) = 𝜌𝑢2 (𝜂𝑓 − ℎ𝑏 )𝑏 + ∫𝑥 𝑓 𝜌𝑤𝑢𝑏 𝑑𝑥,
𝑐

[6.3]

where (u,w) are the horizontal and vertical velocity components and all other notation is
defined on Figure 6.2. Within this model the first term describes the momentum influx
through the front face of the topside structure and the second the influx through its horizontal
base. In formulating this model Graaf et al (1995) made a number of simplifications:
(i)

(ii)

The horizontal velocity, u, was assumed to be a constant with depth, the
recommended value being evaluated at z=ηf. This is a conservative approximation
since u reduces with elevation.
Both u and w were assumed to vary along the base of the deck with the integration
performed to evaluate the load.
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Within this model any momentum that reaches the perimeter of the deck is
instantaneously destroyed. Again, this is a conservative approximation,
maximising the rate of dissipation of momentum and hence the applied load. In
effect, the model does not allow momentum to enter the deck and to be
progressively destroyed as would be the case in a relatively open deck structure.

In considering this model it is important to note that there are no empirical coefficients. This
removes an important source of uncertainty but necessitate the best possible description of
the incident wave conditions. This includes both the water surface elevation, η(t), and the
water particle kinematics, 𝑢(𝑥, 𝑦, 𝑧, 𝑡). Nevertheless, given the conservatisms noted in (i) and
(iii), the Graaf et al (1995) model will typically over-predict the applied WID loads.
To remove these conservatisms Ma & Swan (2020b) re-worked the momentum flux model.
The first change involved applying accurate kinematics predictions on all the ‘input’
boundaries. This avoids the first source of conservatism noted in (i) above. The second change
involved the adoption of a Lagrangian frame of reference in which a large number of
momentum parcels (MPs) are tracked from their initial entry into the topside structure until
such a point that either their associated momentum is fully dissipated or the parcel exits the
topside with some of its momentum preserved. Within this model the topside structure is
represented by a combination of screens and sponges. The screens are used to describe the
main structural members, or groups of members, any blast walls and the bigger pieces of
equipment. In contrast, the sponges are used to represent the cumulative effect of lots of
smaller pieces of equipment. If an individual MP passes through a screen, its associated
momentum is dissipated according to the porosity of that screen and a load transferred.
When an MP moves through a sponge, the proportion of momentum dissipated again
depends on the porosity of the sponge; the latter defined by the known geometry of the
relevant sub-space. The further an MP moves through a sponge, the greater the proportion
of momentum that is dissipated and the longer the force is sustained.
The model outlined above is time-marched such that within any new time-step:
(a) Existing MPs already located within the topside structure are moved forward and their
momentum dissipated as described above, and
(b) New MPs are introduced into the topside, both horizontally through the front face and
vertically through the deck, and a proportion of their momentum dissipated.
Within any given time-step, the total momentum dissipated (ΔM) is simply the sum of the
dissipation associated with all MPs (i=1→N)
Δ𝑀 = ∑𝑁
𝑖=1 Δ𝑀𝑖 .

[6.4]

Furthermore, the rate of dissipation is assumed to be uniform within a given time-step such
that
𝐹𝑊𝐼𝐷 =

Δ𝑀
Δ𝑇

,

[6.5]

where ΔT is the adopted time-step. This approach allows the momentum associated with the
fluid entering the deck to be dissipated progressively in a physically realistic manner; the rate
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of dissipation depending on the layout of the topside structure. A such it avoids the dominant
source of conservatism noted in c(iii) above.

(d) Computational Fluid Dynamics (CFD)
With ever increasing computational power, calculations that were previously considered
impractical are now possible. However, the detailed calculation of WID loads using CFD
continues to be at the forefront of what is considered possible. If CFD is to be applied with
confidence any solution must include:
(i)
(ii)

(iii)
(iv)

The full nonlinearity and directionality of the incident wave event, including the
occurrence and development of wave breaking.
A realistic representation of the topside structure allowing, where relevant, the
wave crest to enter the topside and the forcing to be progressively generated.
Whilst there are numerous examples of a topside structure being treated as
impermeable (fully plated) box, this simplification will not always be appropriate
and will result in the same over-prediction highlighted in respect of the original
(Graaf et al, 1995) momentum flux model.
The total load generated on the basis of integrated pressures without the need for
empirical inputs.
A rigorous validation of the predicted load time-histories, FWID(t), based upon
comparisons to independent physical model tests.

Whilst there are several examples in which some of these steps have been achieved, there
are very few examples where all the steps have been satisfactorily undertaken. Moreover,
the computational effort required to undertake such calculations for a significant number of
long random simulations, rather than a small number of deterministic events, becomes
prohibitively expensive without adopting appropriate short-cuts (see Section 6.3).
Before considering the nature of the wave events to be modelled, Figure 6.3 contrasts the
predictions of the WID load models noted above for the simplest cases involving a
deterministic regular wave. Whilst these cases may not be practically relevant, they have the
clear advantage that there is no uncertainty concerning the associated water particle
kinematics. As such, any departures are entirely dependent upon the formulation of the load
model. Three cases are considered corresponding to different topside porosities and, in each
case, laboratory measured data are compared to the original Graaf et al (1995) momentum
flux model, the API recommended silhouette method (including the full range of cd
coefficients) and the Lagrangian Momentum Absorption (LMA) model proposed by Ma &
Swan (2020b). In each case, the Graaf et al model over-predicts, whereas the LMA model is in
very good agreement. Interestingly, the silhouette method displays variable results; the range
of cd values not covering the full range of porosities, despite having been chosen to be
practically relevant.
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6.3 Deterministic vs. random estimates
Setting aside the merits of the various load models and the inputs on which they should be
based, there is a more fundamental question concerning the definitions of an extreme load
with a given probability of exceedance. The international standards (see O1/D1), all note the
alternatives of describing the load associated with the 10-4 crest elevation or the 10-4 load.
Whilst the second is what is required, since this determines the structural reliability, the
former is commonly accepted. This is despite the fact that they may be very different. The
reasons for this difference lies in the physics of the loading process (explained below),
whereas the acceptance of this difference lies in the perception of what is important and a
misunderstanding of the implications of recent scientific advances.
To rigorously assess the reliability of a structure, the long-term distribution of loads (or load
statistics) need to be assessed with reference to the structural resistance, taking due account
of all possible failure modes. In the preceding sections we have assembled the models (and
knowledge) appropriate to the description of the short-term load statistics, or the distribution
of loads in a given sea state. This information concerns the short-term distribution of crest
heights, wave shapes, water particle kinematics and loads. To define the long-term
distribution of loads, the short-term loads need to be convoluted over all possible sea states.
Given the statistical uncertainty that arises in the tail of any distribution, this convolution
needs to be extended over a time interval that is substantially larger than the target return
period (10,000-years).
Although there are many ways of undertaking this convolution (see O1/D3 – part A), some
more efficient than others, the generation of the long-term load statistics requires specialist
skills, well beyond those required for a simple deterministic assessment. This, in part, explains
why some international standards (particularly API) remain firmly wedded to a deterministic
approach. In effect, simplicity and accessibility, are ranked above accuracy. To understand the
implications (short-comings) of these simplified approaches and to identify when they can be
used with confidence, three points need to be addressed:
(i)
(ii)
(iii)

The short-term variability in the load data, particularly the WID load data.
Changes in the load statistics across different sea states; the influence of sea state
steepness and the occurrence of wave breaking being key issues.
The influence of different structural forms, particularly the deck elevation (or the
susceptibility to WID loading) and the occurrence of multiple failure modes.

These points are addressed as follows.

6.3.1 Short-term load variability
Adopting a single design wave event implies a known deterministic relationship between the
wave height (or crest height) and the applied load; the largest waves (highest crests)
producing the largest loads. The clearest evidence of a difficulty in this regard comes from
laboratory measurements of WID loads. A typical data set arising from forty 3-hour
simulations is presented on Figure 6.4(a). This describes the maximum global WID load, within
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each WID loading event, in terms of the crest elevation recorded on the front face of the
structure, ηc,P (where the P denotes a single point). The recorded data, indicated by the grey
crosses, exhibits substantial variation. This represents a real and important part of the
problem to be solved. It arises in a directionally spread random sea because some waves will:
(a) Only penetrate part of the topside structure.
(b) Grow underneath the deck, explaining the occurrence of WID loads for crest
elevations beneath the deck elevation, 𝜂𝑐,𝑃 < ℎ𝑑 ; where ℎ𝑑 is represented by the red
dashed line.
(c) Be steeper, perhaps breaking, producing larger near-surface velocities and hence
larger WID loads.
In an attempt to distinguish between points (a,b) and (c), the same data is expressed in terms
of the area maximum elevation, 𝜂𝑐,𝐴 , anywhere under the topside structure on Figure 6.4b.
In this case the variation is substantially reduced but remains significant. Importantly, there
are now no data points in the region, 𝜂𝑐,𝐴 < ℎ𝑑 (to the left of the red dashed line) and the
maximum crest elevations have substantially increased due to finite area effects.
In both Figures 6.4(a) and 6.4(b) the black dots are defined by a ranked-order quantile by
quantile (or Q-Q) plot. This is a convenient way of defining the most probable load, Fmp(ηc).
The key point to note is that even in Figure 6.4(b), the scatter about this line remains
significant, discounting any notion of a deterministic relationship.
Given the kinematics predictions presented on Figure 5.4, WID load predictions based upon
an equivalent regular wave (including all the adjustments recommended by Santala (2018))
are likely to produce an under-estimate, particularly when wave breaking occurs. In some
respects, the existing codes acknowledge this, noting that in the most extreme wave loading
conditions a NewWave model (based upon Tromans et al (1991)) may be used. Whilst this
undoubtedly provides an improved fit to the water surface elevation (Figures 4.4, 4.5 and
4.9), it simply provides an alternative deterministic representation of a large non-breaking
wave. However, because a correctly implemented NewWave event evolves in both space and
time, there is an additional ambiguity as to where the maximum crest elevation should be
placed to generate the appropriate load. In the absence of any random sampling, there is no
choice but to position the wave such that it generates the largest load. As a result, a
deterministic NewWave will not only neglect the scatter in the actual WID load data but will
also tend to provide an upper-bound and therefore introduce unwanted conservatisms.
Evidence of this is provided in Figures 6.4(c). In this case the NewWave events were generated
experimentally and their position relative to the topside structure adjusted iteratively until
the maximum load was identified. Whilst this is not what is done in design/re-assessment
studies, it is the best that can be achieved using this approach and demonstrates clearly the
difficulties that will arise.
The data presented on Figure 6.4 confirms that large waves produce large loads, but the
largest waves do not necessarily produce the largest loads. This is consistent with the
importance of wave steepness and, particularly, the occurrence of wave breaking; smaller but
steeper waves being associated with larger fluid velocities in the wave crest and hence larger
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WID loads. Moreover, for a given crest elevation, the variation in the WID loading is significant
and needs to be rigorously incorporated in any reliability calculation. The extent of this
variation will be problem specific, depending on the size of the topside structure, its elevation
above SWL and the steepness of the sea state; the latter determining the extent of any wave
breaking.

6.3.2 The identification of a design sea state
When considering a structure with a relatively high deck elevation, WID loads will only (if
ever) arise in the very highest crest elevations in sea states arising at the peak of the target
Hs-Tp environmental contour. Ignoring the variation with Tp, both the total base shear and the
total over-turning moment will increase with the crest elevation. Adopting a very simplistic
view, it might be assumed that the design sea state occurs at the peak of the target Hs-Tp
environmental contour (the largest Hs likely to give the largest crest elevation), and that an
appropriate (deterministic) design wave could be matched to the 3-hour maximum crest
elevation arising within this sea state, with additional factors applied as necessary.
Whilst the simplicity of this approach is appealing, it has several important flaws:
(a) The nonlinear increase in crest elevation is dependent upon the sea state steepness
(Section 3). By reducing both Hs and Tp along the target environmental contour, a
smaller sea state (reduced Hs) may be steeper and therefore associated with larger
maximum crest elevations, ηc,max.
(b) If the deck elevation reduces or the severity of the sea state (Hs) increases, the
occurrence of WID loads becomes more frequent. As a result, a wider variety of wave
events will enter the deck structure. This raises the possibility that a smaller wave,
giving a lower deck inundation, may be breaking and therefore give larger total WID
loads.
(c) In the case outlined in (b), it no longer follows that a 10-4 loading event arises in a 104 sea state or is associated with a 10-4 crest elevation. The lower the deck elevation,
the greater the potential differences between these events and hence the larger the
area of the Hs-Tp domain within which the 10-4 loading event can occur. In such cases,
it is simply not possible to determine, a priori, where the appropriate deterministic
loading event will lie. As a result, a full investigation of the load statistics, across a
substantial part of the Hs-Tp domain, becomes essential.
In considering these issues, it is relevant to note that NORSOK N003 highlights the importance
of model testing as a means of incorporating the full range of nonlinear effects, including
wave breaking. Indeed, it specifically emphasises the need to undertake screening tests along
the target Hs-Tp contour to define the worst-case sea state. This directly addresses the point
raised in (a) above. Furthermore, in a recent assessment of the reliability of structures in the
Tyra field (Tychsen et al, 2016), Mærsk Oil and Gas undertook model testing over a large
portion of the Hs-Tp domain. This was a pre-requisite to undertaking a full Monte-Carlo
simulation of all storms that could threaten the Tyra structures. The purpose of this work was
to fully incorporate the effects noted in (b) and (c) above.
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6.3.3 Structural form and failure modes
Whilst the deck elevation and the occurrence of WID loads is the single most important factor
determining the reliability of a structure, the acknowledgement that global failure does not
necessarily occur at the mudline, but can occur at any elevation throughout the water column,
has important practical implications. These are particularly relevant to the identification of a
deterministic design wave, especially when it is based upon a simplified (and physically
inconsistent) regular wave theory and a calibrated load model.
In Section 5 it was shown that the vertical distribution of the maximum horizontal velocity,
u(z), arising beneath a large wave crest in a realistic random sea state will be markedly
different from the predictions of a regular (Stokes) wave theory, particularly if the former
involves some degree of wave breaking (Figure 5.4). However, in terms of the wave-in-jacket
(WIJ) load predictions at some pre-determined elevation, the resulting differences can be
eliminated using a calibrated load model. Given the extent of the differences in u(z), the
details of this calibration will be dependent upon both the elevation and mode of failure. In
O1/D1 it was noted that the existing standards place an over-emphasis on conditions at the
mudline, concentrating on the total base shear and the total overturning moment. As such,
they do not address the required changes in the effective calibration of the load recipe for
global failure modes at elevations above the mudline.
Furthermore, the largest differences in u(z) are driven by the occurrence of wave breaking,
particularly in the case of over-turning waves and conditions high in the wave crest. It
therefore follows that, for a given elevation of failure, the calibration of the load coefficients
will vary with the wave steepness; the extent of any changes being larger for failure modes at
higher elevations above the mudline. Once again, an effective calibration of the loading recipe
to account for these changes is not included in the present standards.
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(a)

(c)

(b)

Figure 6.1: Comparisons between (a) the total base shear and (b) the total over-turning moment calculated using a Stokes 5th order regular wave solution
and a fully nonlinear Boundary Element Method (BEM) for the jacket structure with a base area of 40mx40m shown in (c).
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Figure 6.2: Notation employed in the definition of the momentum flux model
(following Graaf et al (1995).
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(a)

(b)

(c)

Figure 6.3: Predicted time-histories of the FWID for topside structures of varying porosity subject to
deterministic regular waves, (a) P=20%, (b) P=40%, and (c) P=63%,

― Measured data, ― Graaf et al (1995), ― Lagrangian momentum flux,
Silhouette method with cd=2.5,

cd=2.0 and

cd=1.5
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(a)

(b)

(c)

Figure 6.4: Short-term distribution of WID loads expressed in terms of (a) a point crest elevation, (b)
an area crest elevation and (c) with comparisons to deterministic NewWave events; x denotes the
measured data, • a QQ representation and in (c) coloured markers the NewWave events.
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7.0 Concluding remarks
This report has addressed:
•
•
•
•
•

The short-term distribution of crest heights.
The nonlinear wave shape, including the effects of wave breaking.
The water particle kinematics.
The wave-in-jacket (WIJ) loads.
The wave-in-deck (WID) loads.

At each stage the relative success of the differing solutions were discussed in relation to both
available field and laboratory data. The most important conclusion relates to the occurrence
of wave breaking and the changes that this introduces in the crest height, the wave shape,
the kinematics and, perhaps most significantly, the distribution of the applied loads. Indeed,
the potential changes are such that questions must be asked concerning the appropriateness
of a deterministic design wave event, particularly where this is described in terms of the
commonly adopted Metocean criteria (O1/D2) such as Hmax or ηc,max and based upon an
assumed failure mode, typically arising at the mudline.
The data / arguments developed within this report question several of the procedures
outlined in the existing design codes (see O1/D1). Key points include:
•
•

•
•
•
•

The adequacy of a second-order crest height distribution.
Wave shape and kinematics predictions based upon nonlinear regular wave theories
or weakly nonlinear irregular wave theories, unless they form part of a rigorously
calibrated load recipe taking due account of the failure mode / elevation (which
cannot be known a priori) and the occurrence of wave breaking.
The concept that representative or indicative loads calculated at the mudline can be
related to all possible failure modes at all elevations.
The use of a single deterministic design wave event, representative of a worse case
10,000-year condition.
The neglect of wave breaking across a full range of water depths (including deep
water).
The adequacy of models presently recommended for the prediction of wave-in-deck
loads.

In listing these points it is not suggested that the present design codes will always be
inadequate, rather that they require a level of justification that was not previously considered
necessary. In seeking to achieve this, the new physical insights that have been identified in
both O1/D3 and included herein must be addressed.
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