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A B S T R A C T

This paper contributes to the on-going discussion of how best to calculate the reliability of a fixed offshores
structure. This discussion has been driven, in large part, by improved physical understanding of waves arising
in realistic design sea-states, with a growing appreciation that many ‘design wave events’ will be breaking,
irrespective of water depth. As such, it is increasingly acknowledged that some aspects of present design
practice are non-conservative. In re-assessing older structures, the accurate calculation of horizontal wave-
in-deck (WID) loads is often the most important and least tractable part. This paper explains the underlying
reason, highlights the wider implications for identifying an appropriate design point, and raises fundamental
questions in the assumptions underpinning present practice. Specifically, a large laboratory data base of WID
events is used to assess the success of available models. These comparisons confirm that recommended practice,
including recent updates, consistently under-predict the maximum WID loads on which reliability calculations
should be based. In contrast the recently developed Lagrangian Momentum Absorption (LMA) model (Ma
and Swan, 2020b), a simple but complete load model that combines fully-nonlinear wave inputs and the
openness/porosity of a structure, provides highly accurate predictions. This is achieved without empirical
coefficients/calibrations and therefore ideally suited to design/re-assessment applications.
1. Introduction

When seeking to quantify the reliability of a fixed offshore structure
subject to extreme environmental loads, all possible failure modes must
be addressed and a balance sought between the available structural
resistance and the applied loads. In effect, calculations are undertaken
to determine the loading event with the largest annual exceedence
probability that just causes failure. If conditions relate to the most
extreme Accidental Limit State (ALS), both the load and resistance
factors are neglected (set to 1.0) and the concept of survivability ac-
cepts that whilst some local damage may occur, a catastrophic failure,
particularly one resulting in total collapse, loss of life or widespread
environmental damage, is avoided (NORSOK, 2017). Having identified
his limiting condition, provided its exceedence probability is smaller
han the specified (required) target, the structure is deemed to have
assed this reliability condition. Alternatively, if the target reliability
evel is set to an annual exceedence probability of 10−𝑛, or one failure
n 10𝑛 years, and it can be shown that a structure survives the ‘worst
ase’ loading event corresponding to this return period, then it also
chieves its target reliability. Although these two approaches appear
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closely aligned, the difficulty (and differences) arise in the definition
of what is the ‘worst case’.

Interestingly, it is often assumed that the largest load is generated
by the largest wave (ignoring any associated wind and current) and
that this corresponds to the ‘worst case’ load (or the load most likely to
cause failure). Whilst this jump is more difficult to justify, it allows the
target reliability to be specified in terms of the 𝑛-year wave rather than
the 𝑛-year load. Although this has significant advantages in terms of the
simplicity of the calculations undertaken, it becomes further removed
from the identification of the worst case loading event. Since it is the
latter that drives failure and hence defines the appropriate reliability,
non-conservative results may occur.

In undertaking calculations of this type it is important to acknowl-
edge that the largest source of uncertainty lies in the description of
the environmental loads, not the structural resistance. Although inter-
national standards and recommended practice (ISO, 2013; API, 2014;
NORSOK, 2017; DNV-GL, 2019) provide guidance as to the calculation
of the applied loads, this does not represent the present state-of-the-
art either in terms of modelling the most extreme waves or predicting
the resulting loads. Indeed, given recent advances in the description
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of extreme waves and the spatial distribution of the resulting loads,
there are aspects of present design practice that are at odds with the
requirements of a reliability analysis. This arises because the latter must
be based upon a rigorous assessment of the ‘worst case’ loads, taking
due account of all possible incident waves.

The present paper continues in Section 2 with a discussion of
extreme environmental loading, contrasting the differences between
wave-in-jacket (WIJ) and wave-in-deck (WID) loads. Section 3 consid-
ers the fundamental characteristics of the large wave events responsible
for these loads, describes how the WID loads are commonly predicted
in present design practice, and questions the appropriateness of some
of the methods employed. In Section 4 the success of the available
methods is quantified by comparisons to a large data base of laboratory
observations, describing the horizontal WID loads arising due to large
wave events in extreme seas. The paper concludes in Section 5 with
some practical recommendations concerning the effective modelling of
WID loads and their incorporation within an assessment of structural
reliability.

2. Extreme environmental loading

Addressing the case of a fixed, bottom-mounted, offshore structure,
the applied wave loading will typically represent the largest contribu-
tion to the maximum environmental loads. This can be sub-divided
into two parts: the sub-structure loads, hereafter referred to as the
wave-in-jacket (WIJ) loads, and the wave-in-deck (WID) loads. With
a typical jacket structure defined by a space frame fabricated from
relatively small-diameter members, the WIJ loads will be distributed
from the sea-bed up to the underside of the deck structure, dominated
by drag loading (assuming the Keulegan–Carpenter number is large,
>20) and calculated using Morison’s equation (Morison et al., 1950).
This is a well-established approach in which the origin of the loads
arises from flow separation and the formation of a downstream wake;
the net force on an individual member arising due to the difference in
the high pressures on the upstream face in the vicinity of the stagnation
point and the low pressures in the downstream wake. Moreover, with
an effectively calibrated loading ‘recipe’, both the base shear (BS) and
the total over-turning moment (OTM) about the base can be accurately
predicted. For historical reasons, primarily associated with accessibility
and ease of use, such recipes have typically been based upon an
‘equivalent’ regular wave; the latter matched to the local wave period,
𝑇 , and wave-height, 𝐻 .

In contrast, the WID loading component is often treated as a point
load, centred about that part of the deck which is inundated. Such
loads only arise when the incident crest-elevation, 𝜂𝑐 (𝑥, 𝑦, 𝑡), exceeds
the elevation of the underside of the deck structure, 𝑧 = ℎ𝑑 , at
some point beneath the plan area of the deck. Within this notation,
(𝑥, 𝑦) are the horizontal co-ordinates, 𝑧 is measured vertically upwards
from the mean water level (MWL), and 𝑡 is time. Such loads are only
dependent upon that part of a large wave crest that enters the deck,
highly transitory in nature, and often said to be ‘badly-behaving’. The
explanation for this latter description lies in three parts:

(i) The occurrence of WID loads produces a step-change in the
magnitude of the total environmental loads.

(ii) The load increases rapidly with the level of inundation, 𝛥𝜂 =
𝜂𝑐 − ℎ𝑑 .

(iii) The WID loads exhibit large variability. This is due, in part, to
spatial changes in the porosity of the topside structure, combined
with the fact that within a random sea a large individual wave
crest can enter any part of the deck structure, or all of it.

Further evidence of the difference between these two loading com-
onents is provided in Fig. 1. Sub-plot (a) concerns the total horizontal
ase shear (BS) acting on a typical jacket structure with a base area of
0m×40m, in a water depth of 𝑑 = 150m, subject to a design sea-state
2

defined by 𝐻𝑠 = 14.66m, 𝑇𝑝 = 16 s and a frequency-dependent Ewans s
(1998) directional spread, where 𝐻𝑠 is the significant wave-height
and 𝑇𝑝 the spectral peak period of a JONSWAP spectrum with a peak
enhancement factor of 𝛾 = 2.5. Within Fig. 1(a), the WIJ contribution
to the base shear, 𝐹wij𝑥 , is calculated using second-order random wave
theory (Sharma and Dean, 1981) with realistic loading coefficients
applied within a Morison’s equation formulation; 𝐹wij𝑥 expressed as a
function of the incident wave-height, 𝐻 , at the centre of the jacket; the
atter determined from the time-history of the water surface elevation,
(𝑡). In Fig. 1(b) the corresponding WID loads acting on a topside
tructure with plan dimensions of 60m × 60m are presented. The deck
levation was set at ℎ𝑑 = 12.5m for all loading events arising in this
ea-state. These data were recorded in a laboratory wave basin, the
hort-term sea-state characteristics exactly as described above. In this
ase, the distribution of loads 𝐹wid𝑥 have been expressed in terms of
ncident wave crest-elevation at the centre of jacket, 𝜂𝑐,𝑐 ; the fact that
on-zero values of 𝐹wid𝑥 occur for 𝜂𝑐,𝑐 < ℎ𝑑 reflecting that 𝜂𝑐,𝑐 ≠ 𝜂𝑐,max
ver the plan area of the deck structure.

Comparing the data presented in Figs. 1(a) and 1(b) confirms that
he WID loads exhibit a much larger variability; the coefficient of
ariation (COV) of the WIJ loads defined by 0.35 and of the WID loads
y 2.35. These should be taken as nothing more than example values;
he COV for the WIJ loads being close to those reported by Heideman
nd Weaver (1992) and Efthymiou et al. (1997) in respect of field
easurements at the Tern platform. Part of the explanation for this
ifference lies in the fact that the WIJ load is an integrated quantity,
ummed over the entire volume of the jacket structure. In contrast,
he WID loads are defined by a highly localised loading event, always
ccurring at the very highest elevations in the largest wave crests. The
ature of the free-surface boundary conditions is such that these loca-
ions exhibit the largest non-linearity and hence the greatest variability.
evertheless, this variability should be predicted and included in a

igorous assessment of the structure’s reliability.
When seeking to describe the largest waves in a realistic design

ea-state that is broad-banded in both frequency and direction, the
elevant events will be unsteady, directionally spread, highly non-linear
nd, potentially, breaking. Until recently, such waves could not be
ccurately described. Indeed, the wave models necessary to achieve
his (Bateman et al., 2001, 2003; Hague and Swan, 2009; West et al.,
987; Dommermuth and Yue, 1987) are still not in common usage. For
ntirely understandable reasons, not least relating to accessibility and
ase of use, international standards are expressed in terms of simplified
egular wave models used in conjunction with a loading recipe. In
dopting this approach there is an acknowledgement that the predicted
ave shape, and the associated water particle kinematics, will be inac-

urate, but that the differences can be calibrated out through the use
f empirically modified loading coefficients. The justification for this
pproach is that it is the load predictions that describe the occurrence
f failure and hence the reliability.

Furthermore, from a historical perspective, it was assumed that:

(i) The provision of an effective air-gap eliminated any occurrence
of WID loads, and

(ii) The WIJ loads could be represented by integrated quantities
describing either the BS or the OTM, both assessed at the mud-
line.

iven these assumptions, it is easy to understand how the poor kine-
atics predictions associated with a regular wave solution, combined
ith an empirically calibrated load recipe, can give satisfactory load
redictions. However, this only applies if the calculated loads are not
ritically dependent upon the largest, most uncertain, and least-well
redicted water particle kinematics arising high in the wave crest,
lose to the instantaneous water surface. Indeed, if these kinematics
ecome important (perhaps even dominant) then it is difficult to see
ow a loading recipe could be used with confidence, without updated
nd problem-specific calibrations. Having identified this issue, two

ituations arise in which important questions need to be asked.
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Fig. 1. Two distinct load components contributing to the total base shear; example data showing the variations with the incident waves arising in a sea-state defined by 𝐻𝑠 = 14.66m,
𝑝 = 16 s, a JONSWAP 𝑆𝜂𝜂 (𝜔) with 𝛾 = 2.5 and 𝜎𝜃 defined by Ewans (1998) in a water depth of 𝑑 = 150m. (a) 𝐹 wij

𝑥 (𝐻), to be consistent with present design practice and (b)
wid
𝑥 (𝜂𝑐,𝑐 ) for a 60m × 60m topside structure with an average porosity of 𝑃 = 63%. In each sub-plot: [×] wave events plotted against their corresponding loading magnitudes, [•] a
uantile–quantile (Q-Q) ranked plot defining the most probable load for any given incident wave event (𝐻 or 𝜂𝑐,𝑐 ), and [ ] the elevation of the underside of the deck
tructure, ℎ𝑑 .
The first relates to the prediction of WIJ loads when the failure
ode arises at increasing elevations above the sea-bed. In this case the

nly loads that matter are those occurring above the failure elevation
ince it is these that drive the failure mode. As the elevation of the fail-
re increases, the loads become increasingly dependent upon the most
ncertain velocities arising close to the instantaneous water surface.
n this case a calibration based upon either the BS or the OTM at the
ud-line becomes increasingly irrelevant.

The second question concerns the additional effects of WID loading.
f this now becomes important (for the reasons noted below), can a
implified loading recipe be used for this part of the problem as is
resently recommended?

. Recent advances in the description of design events

Although it is an extreme loading event, rather than an extreme
ave event that defines structural reliability, recent improvements

n our understanding of both need to be incorporated in a rigorous
ssessment of present design practice. Given that the waves drive the
oads, they will be addressed in that order.

.1. Extreme waves

Having recognised that all the wave events of interest will arise in
ea-states that are broad-banded in both frequency and direction, will
xhibit significant non-linearity (due to their size/steepness) and may
otentially be breaking (either spilling or over-turning), two immedi-
te issues arise. First, recent research has shown that the short-term
istribution of crest-heights (within a given storm) will be larger than
he second-order predictions on which design calculations are typically
ased. In all but the shallowest water depths (𝑘𝑑 < 0.5, where 𝑘 is
he wave number and 𝑑 the water depth), crest-heights are presently
redicted using the Forristall (2000) model; the latter based upon a fit

to a large number of calculations using the second-order random wave
theory of Sharma and Dean (1981). Evidence of an increase in crest-
heights is provided by both Latheef and Swan (2013) and Karmpadakis
et al. (2019); the latter being particularly significant since it also
provides agreement with extensive field observations. Although the
increases in crest-height may not be large (typically 5%–10%), they
can be very important in determining the occurrence of WID loading.
Indeed, if it is this 5%–10% of the crest-height that enters the deck,
then it can have a profound effect on the calculated reliabilities.
3

Second, there is increasing evidence of the importance of wave
breaking. Whilst this has long been recognised in shallow-water coastal
environments, its importance in intermediate and deeper water depths
is only now becoming apparent. This is particularly relevant to the
extreme, low-probability (or ‘tail’) of a crest-height distribution. Evi-
dence of this was first discussed by Latheef and Swan (2013) in relation
to a number of deep-water sea-states relevant to design conditions in
the North Sea (and elsewhere). It was also raised by Tychsen et al.
(2016) in relation to reliability calculations undertaken in the Danish
sector of the North Sea. More recently, Karmpadakis and Swan (2020)
have considered the average shape of the largest waves arising in both
laboratory and field data, demonstrated good agreement between them,
and explicitly identified the occurrence of wave breaking; the latter
providing a dissipative mechanism capable of reducing the crest-height
associated with individual wave events, thereby shifting them to higher
exceedence probabilities. Having undertaken a systematic laboratory
investigation of the crest-height distributions arising in sea-states of
increasing steepness, with all other spectral parameters held constant,
direct comparisons to second-order predictions on a wave-by-wave ba-
sis allowed the separation of the wave field into un-broken and broken
waves. This, in turn, enabled the percentage of breaking waves to be
explored; particular attention being paid to the low-probability tail of
the distribution. The conclusion drawn from this work is that many of
the largest waves responsible for WID loading will also be subject to
some degree of wave breaking. Whilst this does not imply that all such
waves are over-turning, it does suggest that the properties of breaking
waves must be incorporated if a reliability analysis is to be accurate.
In this regard, the new short-term crest-height distribution proposed
by Karmpadakis and Swan (2022) which includes non-linearity beyond
second-order and the effects of wave breaking represents an important
step forward.

In considering representative wave shapes, Karmpadakis and Swan
(2020) considered the highest 5% of waves, separated the non-breaking
and breaking events, normalised each profile by its maximum and
calculated an average. In comparing these results, there are marked
differences between the non-breaking and breaking waves; the latter
exhibiting a greater crest-height asymmetry, a steeper front face and
a narrower wave crest, particularly at the highest elevations relevant
to WID loading. Importantly, there are also very significant differences
between the shapes of the largest (and steepest) wave events arising
in realistic random/irregular seas and those commonly adopted for
engineering design. These differences arise in both time, 𝜂(𝑡), and
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Fig. 2. Representative design wave events extracted from laboratory data involving long random simulations of realistic seas with comparisons to commonly adopted design wave
solutions. (a) Large non-breaking waves in a sea-state defined by 𝐻𝑠 = 14.66m, 𝑇𝑝 = 16 s, a JONSWAP 𝑆𝜂𝜂 (𝜔) with 𝛾 = 2.5 and 𝜎𝜃 defined by Ewans (1998) and (b) the largest
limiting/breaking waves in a steeper sea-state with 𝐻𝑠 = 17.2m and all other parameters unchanged. On each sub-plot: [ ] individual large waves, [ ] averaged

ave profile and predictions based upon a [ ] Stokes 5th-order solution (Fenton, 1985), [ ] linear and [ ] second-order QD focused wave, respectively.
pace, 𝜂(𝑥), occur in both non-breaking and breaking waves (the dif-
erences being larger in the latter) and arise due to the fundamental
hysics that governs the evolution of the largest/steepest waves in
ealistic seas. Specifically, they relate to the unsteadiness (or spec-
ral bandwidth), non-linearity (or steepness) and the directionality (or
hort-crestedness). Whilst these effects are each important in their own
ight, they are also strongly inter-dependent. For example, the non-
inearity of the largest waves in a sea-state is critically dependent
pon the spectral bandwidth and the directionality. Likewise, with
ncreases in the non-linearity, there can be local changes in both
he spectral bandwidth (Gibson and Swan, 2007) and the directional

spread (Latheef et al., 2017). In addressing the underlying physics,
the key parameters can be defined both in terms of sea-state averaged
parameters and at the level of an individual or local wave event. These
can be markedly different. Given that it is individual wave events that
define the WID loads, the present paper will focus on the properties of
the individual waves rather than the sea-state as a whole.

In terms of international standards and recommended practice (ISO,
2013; API, 2014; NORSOK, 2017; DNV-GL, 2019), present design proce-
dures are either based upon a non-linear regular wave (calculated using
a Stoke’s 5th-order solution such as Fenton (1985), or a higher-order
stream function solution following Dean (1965) or a linear/weakly non-
linear quasi-deterministic (QD) focused wave based upon the theory
of Lindgren (1970) or Boccotti (1983) and popularised by Tromans
et al. (1991). Evidence of the difference between the typical design
wave events and the average shape of the largest waves arising in two
realistic sea-states is given in Fig. 2; sub-plot (a) concerns the average
shape of 100 non-breaking waves observed in the sea-state considered
in Fig. 1; the sea-state steepness defined by 1

2𝐻𝑠𝑘𝑝 = 0.117, with
all spectral parameters as noted previously. In contrast, sub-plot (b)
describes the average shape of 100 larger/steeper waves which were at
or very close to their breaking limit; the events observed in a steeper
sea-state ( 12𝐻𝑠𝑘𝑝 = 0.137) in which 𝐻𝑠 = 17.2m with all other spectral
arameters held constant. Both examples are drawn from laboratory
ata based upon 60 three-hour simulations; the individual wave events
eing time-shifted to align the crests and averaged. This average, or
epresentative large wave shape, is first compared to a Stoke’s wave
rofile based upon the maximum crest-elevation, 𝜂𝑐,max, and the local

trough-to-trough wave period, 𝑇local. In addition, it is also compared
to both a linear and a second-order simulation of a QD focused wave
based upon 𝜂𝑐,max and the underlying wave spectrum, 𝑆𝜂𝜂(𝜔, 𝜃) where

is the wave frequency and 𝜃 the direction of wave propagation.
4

In addition to the marked changes in the wave profiles observed
in Fig. 2, particularly high in the wave crest, Fig. 3 considers the
vertical profile of the maximum horizontal velocity in the mean wave
direction, 𝑢(𝑧), beneath the two wave crests identified in Fig. 2. In both
examples, comparisons are made between exact numerical calculations
based upon a multiple-flux boundary element method (BEM) (Hague
and Swan, 2009) and the typical design wave solutions; the latter
again based upon a Stokes 5th-order wave theory, a linear QD focused
wave with Wheeler (1969) stretching and a improved second-order QD
focused wave. In all cases the solutions are matched to the averaged
wave record as described above. These results suggest that the typical
design solutions significantly under-estimate the maximum horizontal
velocities arising high in the wave crest, particularly in the case of
a breaking wave. Moreover, they also produce a poor description of
the vertical profile, 𝑢(𝑧). In considering the data presented on Fig. 3,
it is easy to see that if the calculations of the WIJ loads is based
upon a full depth-integration (−𝑑 ⩽ 𝑧 ⩽ 0), appropriate to failure
at the mud-line, an empirical calibration can be introduced to ensure
∫ 𝑢2d𝑧 based upon any of the design solutions are matched to the
correct/target value based upon the fully non-linear BEM calculations.
However, as the depth of integration reduces, corresponding to failure
modes at elevations above the bed, the calibration factor ceases to
be relevant, will become increasingly platform-specific (depending on
member sizing and spacing) and must be re-evaluated for all possible
failure elevations/modes. Most importantly none of these calibrations,
particularly those based on failure at the mud-line, are relevant to the
calculation of WID loading. This is only dependent upon the velocity of
the fluid that enters the deck and must, by definition, incorporate the
very largest velocities that occur at the highest elevations within the
wave crest.

3.2. Wave-in-deck loading

Given the potential importance of WID loading, both in terms of
its occurrence and its magnitude, the requirements of a successful WID
load model can be summarised as follows:

(1) It must be based upon a sound physical understanding of the
applied loads, ensuring wide applicability.

(2) Capable of producing a load time-history consistent with the
prediction of dynamic excitation.

(3) Appropriate to a broad range of incident wave conditions and
topside geometries/layouts.
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Fig. 3. Depth-variation in the horizontal water particle kinematics, 𝑢(𝑧), arising beneath the crests of the design wave events described in Fig. 2. On each sub-plot are predictions
based upon a [•] fully non-linear BEM solution, [ ] Stokes 5th-order solution (Fenton, 1985), [ ] linear (with Wheeler stretching) and [ ] second-order QD
focused wave, respectively.
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(4) Employ minimal empirical inputs, preventing the need for
problem-specific calibrations.

(5) Simple and quick to apply, acknowledging the complexity of the
required solution.

In seeking to characterise the available models, the underlying method-
ology can either be:

(I) A global approach, or
(II) A component approach.

In the first instance the total WID loads are based upon the gross
properties of the topside structure such as plan area (𝐴), inundation
(Δ𝜂), and overall porosity (𝑃 ). In the second case the total loads are
ased upon the sum of the loads acting on individual components (or
roups of components) defining the topside structure. Whilst the latter
pproach is undoubtedly more flexible, it usually requires substantially
ore empirical input.

A second characterisation could be based upon the included loading
omponents. This will vary in complexity and could involve:

(a) A model solely based upon a drag-type formulation.
(b) A multiple loading component model including drag, inertia,

slamming or impact and buoyancy.
(c) An exchange of momentum from the wave crest to the topside

structure; essentially a direct application of Newton’s second
law.

At first sight the loading components outlined in (a), (b) and (c)
ppear different. However, there are important similarities. For ex-
mple, the drag term included within a Morison’s-type formulation
s proportional to 𝑢2. Likewise, a slamming or impact force and an
xchange of momentum will also be proportional to 𝑢2. In such cases,
he challenge that arise is to determine if and when a loading coefficient
s required and how best it should be physically interpreted. As such, it
ould be instructive to take each of the commonly adopted WID load
odels in turn, characterise them in terms of the criteria noted above

nd assess the extent to which they meet the desired requirements listed
n (1) to (5).

The simplest and most widely applied WID load model is the so-
alled silhouette method. This defines the maximum WID load in terms
f a drag formulation, such that:
wid = 1

2
𝜌𝐶𝑑𝑢

2𝐴, (1)

here 𝜌 is the density of the fluid, 𝑢 the incident fluid velocity, 𝐶𝑑
he drag coefficient and 𝐴 the wetted area. This model can be charac-
erised as an I-(a) formulation, is recommended in all the international
5

Table 1
Recommended loading coefficients, 𝐶𝑑 , for the silhouette method based upon API
(2014); the higher values (marked out by *) recommended by DNV-GL (2019).

Deck type End-on and broadside
drag coefficient 𝐶𝑑

Diagonal (45◦) Drag
Coefficient 𝐶𝑑

Heavily equipped 2.5* 1.9*
Moderately equipped 2.0 1.5
Bare (no equipment) 1.6 1.2

standards/guidance notes (including API, 2014, ISO, 2013, NORSOK,
017 and DNV-GL, 2019), and is applied as part of a loading recipe.
n this latter regard, 𝑢 is calculated using a non-linear regular wave
heory, matched to 𝐻max and 𝑇associated, and 𝐶𝑑 empirically calibrated
ased upon a fit to laboratory data (Finnigan and Petrauskas, 1997); the
atter describing the WID loads acting on topside structures of varying
orosity. Information concerning the recommended loading coefficient
s given in Table 1; this includes the higher values recommended
y DNV-GL (2019).

In terms of its physical justification, the highly transitory nature of
WID loading event ensures that the loads will not be drag-dominated

n a practical sense. The explanation for this is that there is insufficient
ime for the development of a downstream wake (see earlier comments
elating to the origin of the drag forcing). Indeed, as a wave passes
hrough a topside structure, much of the loading will develop before
here is any fluid (water) on the downstream side of many of the loaded
omponents. Given this loss of physical reality, it becomes difficult
o justify a drag coefficient (typically based on combined Reynolds
umber and Keulegan–Carpenter number effects) and to identify the
ange of flow parameters over which it is relevant. This is not to say
hat the model is invalid, simply that it becomes very difficult to justify
ithout problem-specific calibration, covering the full range of incident
ave conditions.

It is also important to note that the silhouette method does not
mmediately define the load time-history, 𝐹 (𝑡). This can be remedied
y adopting 𝑢 and 𝐴 as a function of time, or using an assumed (design)
oad time-history; an example of the latter proposed by van Raaij and
udmestad (2007).

An alternative global model based upon the rate of transfer of
omentum from the wave crest into the topside structure was proposed

y Graaf et al. (1995). This is characterised as a I-(c) formulation, the
oad time-history defined by:

(𝑡) = 𝜕 (𝑚𝑢) = 𝑢 𝜕𝑚 + 𝑚𝜕𝑢 ≈ 𝑢 𝜕𝑚 = 𝑢 · 𝜌𝐮𝐀 (2)
𝑥 𝜕𝑡 𝜕𝑡 𝜕𝑡 𝜕𝑡
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where 𝑚 is the mass of fluid, 𝐮 is the velocity vector (𝑢, 𝑣,𝑤) and the
subscript 𝑥 refers to the 𝑥-component. Within this equation the final
approximation arises because 𝜕𝑢

𝜕𝑡 → 0 high in the wave crest; hence
the reference to quasi-stationary conditions in Graaf et al. (1995). Also,
the final term 𝜌𝐮𝐀 is the mass flow rate of fluid entering the deck. This
has two components (𝜌𝑢𝐴𝑥 and 𝜌𝑤𝐴𝑧); the former entering through the
front face and the latter the underside. For a simple rectangular box of
width 𝑏, the resulting face-load, 𝐹𝑓 (𝑡), and base-load, 𝐹𝑏(𝑡), are defined
by:

𝐹𝑓 (𝑡) = 𝜌 · 𝑢(𝑥, 𝑡)2 ·
[

𝜂𝑓 (𝑡) − ℎ𝑑
]

· 𝑏 (3)

𝐹𝑏(𝑡) = ∫

𝑥𝑓 (𝑡)

𝑥𝑐 (𝑡)
𝜌 ·𝑤(𝑥, 𝑡) · 𝑢(𝑥, 𝑡) · 𝑏d𝑥 (4)

where
(

𝜂𝑓 (𝑡) − ℎ𝑑
)

is the submergence on the front face, and the limits
of the horizontal integral define the region

(

𝑥𝑓 − 𝑥𝑐
)

over which the
rectangular topside is both submerged

(

𝜂 > ℎ𝑑
)

and (𝑤 > 0); both
necessary to ensure the input of momentum into the topside structure.

In defining this model Graaf et al. (1995) assumed that all of
the momentum arriving at the boundaries of the topside structure
was instantaneously dissipated. This neglects the possibility that some
momentum:

(i) May be deflected before it reaches the topside structure.
(ii) Will enter a topside structure and be progressively dissipated as

it moves through the structure.
(iii) Will exit an open structure having not been fully dissipated.

As a result, the Graaf et al. (1995) model is widely assumed to provide
an upper-bound solution for WID loads.

In contrast, the Kaplan et al. (1995) WID load model is a detailed
component model characterised as a II-(b) formulation. However, in
respect of horizontal forcing, the model acknowledges that in many
structures, but not all, the outer boundary of the deck incorporates
relatively short vertical sections that are effectively solid. The forcing
on these elements is defined by the sum of an inertial momentum
change and drag such that:

𝐹wid𝑥 (𝑡) = 𝜕
𝜕𝑡

(

𝑀𝑎,𝑥 · 𝑢
)

+ drag = 𝑀𝑎,𝑥
𝜕𝑢
𝜕𝑡

+ 𝑢
𝜕𝑀𝑎,𝑥

𝜕𝑡
+ 𝐶𝑑

1
2

·𝛥𝜂 ·𝐵𝑢|𝑢|, (5)

here 𝑀𝑎,𝑥 = 2
𝜋 𝜌 ·𝛥𝜂2 ·𝐵 defines the added mass of a vertical plate

of length 𝐵 which is submerged to a depth 𝛥𝜂, assuming 𝛥𝜂 ≪ 𝐵.
All other notation is as described previously. Eq. (5) was first given
in Kaplan et al. (1995) and is repeated in DNV-GL (2019), the latter also
noting that for a thin flat plate normal to the flow 𝐶𝑑 = 1.9, provided
the Reynolds number exceeds 104. In addition, Kaplan et al. (1995)
acknowledges that other types of elements, including vertical, hori-
zontal, and inclined cylindrical sections will attract additional forces
including inertial hydrodynamic forces, impact, drag and buoyancy.
Indeed, it is argued that the inclusion of these forces is necessary to
achieve good agreement with physical model test data, the analytical
models adopted being based upon existing solutions, including classical
Morison-type models. In adopting Eq. (5) together with a detailed
component approach, two concerns become apparent:

(a) Great care must be exercised to avoid the possibility of ‘double
counting’ when calculating the summation of lots of different
loading components. For example, if an incident flow causes an
impact, it cannot subsequently drive a drag load. If it does, the
latter will be substantially reduced in magnitude because of the
initial impact. In essence, the application of any type of load
must involve a consequent reduction in the momentum associ-
ated with the incident flow. This reduced momentum cannot,
subsequently, drive a second or third loading component; any
element of the incident momentum can only be destroyed or
transferred once.
6

(b) Earlier concerns, relating to the appropriateness of a drag force
in a highly transient free surface flow close to the instanta-
neous water surface, are applicable to both terms in a classical
Morison’s approach. In his seminal contribution, Lighthill (1979)
discussed the physical origins of both the drag and inertia terms
in Morison’s equation; the inertia driven by the integral of the
potential flow pressures around a body, hence his reference to
potential flow forcing, and the drag forcing driven by viscous
flow separation, hence his reference to viscous or vortex flow
forcing. In the case of WID loading it is unclear if either of these
mechanisms is physically relevant.

Setting aside these issues, Kaplan et al. (1995) also argued that in
the case of a partially open or porous screen (using the example of a
grated deck) the first two terms in Eq. (5) would be multiplied by a
correction factor 𝑆

3
2 , where 𝑆 is the ratio of solid area to the total

projected area. This is closely related to the porosity 𝑃 , adopted by Ma
and Swan (2020b), such that 𝑆 = 1−𝑃 . The chosen power, 3∕2, converts
an area ratio to a volume ratio so that it is dimensionally consistent
with terms involving the added mass which naturally involve a volume.
Likewise, Kaplan et al. (1995) also argued that the third term in Eq. (5),
the drag force acting on area (𝛥𝜂 ·𝐵) must be scaled by 𝑆 to account
for the actual wetted area.

Finally, Kaplan et al. (1995) also noted that where multiple ele-
ments are in close proximity, such as a riser/conductor array, they
are treated as a group to account for velocity blockage effects. This
accounts for the reduced total fluid loads acting on the group due
to the incident flow being deflected around the body (Taylor, 1991).
Moreover, the subsequent reductions in the flow, after the fluid passes
a number of such groups as the wave crest propagates through the
topside structure, is introduced using an empirical shielding parameter.
In principle, the component approach proposed by Kaplan et al. (1995)
has the potential to be highly accurate, but requires extensive and
problem-specific calibration to define the loading coefficients, blockage
factors and shielding parameters.

In an attempt to realise the benefits of a component approach,
whilst removing the need for empirical calibration and maintaining the
simplicity (and hence speed) of WID load calculations, Ma and Swan
(2020b) proposed a Lagrangian Momentum Absorption (LMA) model.
This is essentially a II-(c) formulation in which an incident wave crest
is time-marched through a topside structure. At each time-step, that
part of the wave crest about to enter the topside is sub-divided into a
large number of momentum parcels (MPs). These are then individually
tracked (in a Lagrangian fashion) through the topside, dissipating their
momentum depending on the (structural) elements or groups of ele-
ments they encounter. Whilst the LMA model is entirely based upon the
conservation of momentum, essentially a direct application of Newton’s
second law, the implications for mass conservation also need to be ad-
dressed. At the beginning of the load calculations, when the MPs enter
the topside structure, both the momentum and the fluid velocities are
accurately defined. This implies that the appropriate mass must also be
correctly defined when summed over all MPs. As the MPs move within
the topside, no attempt is made to enforce the conservation of mass.
However, the fact that the dissipation of momentum (based solely upon
the porosity of the topside elements each MP encounters), together with
the recommended method of velocity adjustment (the latter simply
used to define the trajectory of the MP based upon its percentage loss of
momentum) gives the correct load time-history suggests that the model
is physically consistent when summed over all MPs. Indeed, the fact
that the predicted load time-history is not critically dependent upon the
velocity adjustments, clearly argued in Ma and Swan (2020b), confirms
(as expected) that it is the total rate of dissipation of momentum that
governs the success of the load model.

To maintain simplicity, the topside is typically represented
by a combination of two-dimensional screens and three-dimensional

sponges, where:
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• A screen is typically used to model a blast-wall or line of con-
ductors/risers; the momentum dissipation being proportional to
1 − 𝑃 .

• A sponge is often adopted to represent array of well-heads, mani-
folds, and pipework; the momentum dissipation being based upon
(1 − 𝑒

ln𝑃
𝛥 𝜒 ), where 𝑃 is again the porosity (percentage of open-

ness), 𝛥 the average void size of the sponge and 𝜒 the distance
an MP has travelled inside the sponge.

t each time-step the total rate of momentum change, summed over
ll MPs after encountering these elements, provides the global WID
oading. Importantly, in each case the rate of dissipation of momentum
s simply based upon the openness or porosity of each screen/sponge.
his ensures that no empirical calibration is required. To achieve this,

t should be noted that in applying the model the external boundary of
he topside structure must be sub-divided into 𝑘 rectangular panels and

the time-step 𝛥𝑡 pre-determined, as outlined in Ma and Swan (2020b).
Whilst an inappropriate choice of 𝑘 and 𝛥𝑡 will inevitably affect the
model accuracy, these parameters are both chosen to ensure a con-
verged solution; 𝑘 being increased and 𝛥𝑡 reduced until the predicted
load time-history becomes invariant. Full details of how the model is
applied is given in Ma and Swan (2020b).

In a rigorous assessment of the accuracy of the LMA model, Ma and
Swan (2020b) compared the model to the full range of laboratory data
presented in Ma and Swan (2020a). This covers a very broad range
of incident wave conditions including regular waves, irregular waves,
varying levels of inundation, wave steepness, directional spreads and,
perhaps most importantly, different types of wave breaking includ-
ing limiting, spilling, and over-turning waves. Moreover, a follow-up
study (Ma and Swan, 2023) also compared the model to a broad range
of topside structures, including different porosities, orientations, and
relative locations. In all cases the LMA model was shown to be in very
good agreement with both available laboratory data and independent
numerical calculations (Chen et al., 2018). More importantly, a detailed
analysis of this data, including appropriate normalisation, confirms
that the nature of the applied WID loading is fundamentally one of
a momentum transfer from the wave crest to the topside structure.
Indeed, this provided the motivation for the development of the LMA
model and explains its broad success.

3.3. Design point

With the rate of momentum transfer dependent upon 𝑢 · 𝜌𝐮𝐀 (Eq.
(2)), both the wave shape, 𝜂(𝑥, 𝑡), and the fluid velocity are impor-
tant. For non-breaking waves, laboratory observations (Ma and Swan,
2020a) have shown that for a given level of inundation, the wave shape
tends to dominate. This has important practical implications suggesting
that calculations based upon a deterministic regular wave will, at
worst, be conservative; an under-prediction of the fluid velocities being
more than compensated by changes in the crest shape leading to an
over-estimate of the volume of water entering the topside (Figs. 2(a)
and 3(a)). Unfortunately, this will not always be the case. With the
occurrence of wave breaking, the water particle velocities high in the
wave crest will rapidly increase (Fig. 3(b)). In this case calculations
based upon deterministic regular waves, which will never be steep
enough to break

(

1
2𝐻𝑘 < 0.44

)

, may become non-conservative.
This possibility is fully explored in Section 4. However, the dif-

ference between non-breaking and breaking waves raises a more fun-
damental concern for those structures with a relatively low topside
elevation. To be clear, such occurrences do not imply a poorly designed
structure. Indeed, it may be relevant to many older structures that were
based upon less stringent design conditions (involving 10−2 rather than
10−4 exceedence probabilities) and/or outdated met-ocean criteria. Al-
ternatively, the platform may have been subject to sea-bed subsidence
following the depressurisation of the underlying reservoir. Whatever
the cause, a relatively low topside elevation opens the possibility that
7

w

Fig. 4. Environmental contours describing the 𝐻𝑠-𝑇𝑝 variations for increasing return
periods; the data representative of deep-water conditions in the northern North Sea:
[∙] individual sea-state from field observations and/or hind-cast data, and extrapolated
contour lines corresponding to an annual exceedence probability of: [ ] 100 (a
return period of 1 year), [ ] 10−1, [ ] 10−2 and [ ] 10−4. Sea-states
from which the waves identified in Fig. 1 were extracted: [∙◦] 𝐻𝑠 = 14.66m, 𝑇𝑝 = 16 s
nd [∙◦] 𝐻𝑠 = 17.2m, 𝑇𝑝 = 16 s.

broad range of wave events may enter the topside structure. In this
ase, it does not necessarily follow that the largest crest-elevations
ill produce the largest WID loads. Indeed, it may be the case that a

maller breaking wave produces the largest loads and hence the highest
robability of failure.

The practical implications of this are significant; not least in terms
f the range of sea-states that must be considered in any re-assessment
f structural reliability. In most existing approaches, investigations are
entred about the largest waves arising in the highest sea-states, or
t the peak of the 𝐻𝑠-𝑇𝑝 environmental contour for a given 𝑛-year
eturn period. For an exceedance probability of 10−4 this corresponds
o point A on Fig. 4. Given that both the extent of any non-linear
mplification and the occurrence of wave breaking is dependent upon
he sea-state steepness (Latheef and Swan, 2013), best practice should
xplore sea-states of equal exceedance probability arising to the left of
oint A on Fig. 4. With a reduction in both 𝐻𝑠 and 𝑇𝑝, and with sea-state
teepness dependent upon 1∕𝑇 2

𝑝 , these sea-states have the potential to
e steeper and hence more likely to include breaking waves; the two
oloured dots defining the sea-states considered earlier.

However, having acknowledged that smaller but breaking waves
ay produce increased WID loading, the relevant design sea-states

ould lie over a much broader region of the 𝐻𝑠-𝑇𝑝 contour space.
oreover, rather than the ‘design’ wave event occurring once in a

-hour representation of an 𝑛-year sea-state, it may correspond to a
uch rarer event occurring in a more frequently occurring sea-state;

he rarer event being a wave which achieves both a specified threshold
n terms of its crest-elevation and is breaking. Whilst such events may
ot be relevant for structures with a high topside elevation, for which
nly the very largest waves can enter the deck, this may be very
mportant for structures involving lower deck elevations. Evidence of
his is provided by Tychsen et al. (2016) in their re-assessment of the
eliability of jacket structures in the Tyra field in the Danish sector
f the North Sea. In this case, reliability calculations based upon very
ong-duration random wave testing, covering an extremely broad range
f sea-states, were markedly different from present design practice
ased upon deterministic wave events arising in sea-states at the peak
f the 𝐻𝑠-𝑇𝑝 environmental contour.

. Assessment of present design practice for WID loading

Within the sub-sections that follow the available WID load models

ill be compared to an existing database of laboratory observations
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Table 2
The present (API) recommended application of the silhouette method (hereafter referred
to as Method 1).

Step Description

1.1 The calculation is based upon the 𝑛-year maximum wave-height,
𝐻max and associated wave period, 𝑇associated.

1.2 This is modelled using a non-linear regular wave solution, either
Stokes 5th-order or Stream Function theory; the latter being more
appropriate in shallow water.

1.3 The water depth, 𝑑, is adjusted (increased) to give the correct
𝑛-year crest-elevation.

1.4 The water particle kinematics are calculated based upon 𝐻max, 𝑇
and 𝑑.

1.5 The silhouette method is then calculated using the correct
inundation, Δ𝜂 and the empirically calibrated drag coefficients, 𝐶𝑑 ,
based upon Finnigan (1991) and Finnigan and Petrauskas (1997).
In adopting these values, it is important to stress that they are used
as part of a loading ‘recipe’; the intention being that they should
compensate for the acknowledged ‘errors’ in the kinematics
predictions.

describing the WID loads produced by a very broad range of wave
events acting on several different topside structures. In each case the
models have been applied exactly as recommended in present practice
or, in the case of the LMA model, as outlined in Ma and Swan (2020b).

4.1. Silhouette method

It has already been noted that the silhouette method (Eq. (1)) as
outlined in ISO (2013), API (2014), NORSOK (2017) and DNV-GL
(2019) is the simplest and most commonly applied WID load model.
If the presently recommended procedure is described as Method 1, its
application can be summarised in steps 1.1–1.5 outlined in Table 2. In
considering this approach it has long been recognised that the 𝑛-year
wave-height used in conjunction with a non-linear regular or steady
wave model will describe an inaccurate crest-elevation, 𝜂𝑐 , and hence
an inaccurate inundation, 𝛥𝜂 = 𝜂𝑐 − ℎ𝑑 . Despite the critical importance
of Δ𝜂 for any WID load predictions, this is the result of a clear (and
in some respect understandable) desire to ensure that the WID loads
are consistent with the WIJ loads; the latter traditionally based upon
a deterministic regular wave defined in terms of an 𝑛-year 𝐻max. To
overcome this difficulty, the water depth is adjusted as described in
Step 1.3.

The fact that the crest-elevation associated with the 𝑛-year wave-
height does not give an inundation, Δ𝜂, consistent with the 𝑛-year
crest-elevation has been the subject of a recent API working group
addressing the so-called ‘API-RP-2MET crest conundrum’. The view of
the present authors is that this is less of a ‘conundrum’, more a direct
consequence of using an inappropriate regular or steady wave model.
That said, the output from this working group, described in Santala
(2017) defines a revised silhouette method, hereafter referred to as
Method 2. This is to be incorporated in the latest revision of API-RP-
2MET which is expected to be published soon. Details of this method
are given in Table 3.

The essential difference between Method 1 and Method 2 lies in the
iterative changes in 𝑑 and 𝑇 (steps 2.3–2.6); the purpose being to retain
a description expressed in terms of the 𝑛-year 𝐻max, but at the same
time maintaining both the correct inundation, Δ𝜂, and the correct 𝑢max
(at 𝑧 = 𝜂max) based upon the 𝑛-year 𝜂max and 𝑇associated. This latter re-
quirement arises from the original calibration of the model by Finnigan
(1991) and Finnigan and Petrauskas (1997), in which it was found that
the adoption of this estimate of 𝑢max led to a minimisation of 𝛴

(

𝛥𝐹𝑥
)

,
the sum of the differences between the measured and predicted WID
loads.

In both Figs. 5 and 6 the two alternative applications of the silhou-
8

ette method are compared to recent laboratory data presented in Ma
Table 3
The revised application of the silhouette method following Santala (2017) (hereafter
referred to as Method 2).

Step Description

2.1 As described in Method 1, Step 1.1.

2.2 As described in Method 1, Step 1.2.

2.3 As described in Method 1, Step 1.3.

2.4 Adjust 𝑇 to achieve the correct 𝑢max (at 𝑧 = 𝜂max) given the 𝑛-year
𝜂max and 𝑇associated.

2.5 With a reduction in 𝑇 , the wave steepness and hence the
non-linearity increases. As a consequence, the crest-through
asymmetry increases, leading to a larger 𝜂max for a given 𝐻max.
Having achieved an improved description of 𝑢max, there is now a
mismatch between the target and predicted 𝑛-year 𝜂max and hence
the target and predicted Δ𝜂.

2.6 Iterate on 2.3, 2.4 and 2.5, incrementally adjusting 𝑑 and 𝑇 to
achieve the target 𝑛-year 𝜂max (and hence Δ𝜂) and the ‘correct’ 𝑢max.

2.7 Apply the silhouette method as described in Method 1, Step 1.5.

Table 4
Laboratory data base of deterministic WID test cases.

(A) incident waves.

spectral peak period 𝑇𝑝 = 1.4 s, 1.6 s and 1.8 s
directional spread 0◦ ⩽ 𝜎𝜃 ⩽ 30◦ and Ewans (1998) spreading
spectral bandwidth 𝛾 = 1, 2.5, 5 and regular waves
inundation 10mm⩽ 𝛥𝜂 ⩽50mm
location of 𝜂𝑐,max −300mm ⩽ 𝑥𝑓 ⩽ 300mm

(B) topside configurations.

topside elevation 95mm ⩽ ℎ𝑑 ⩽145mm from swl
topside orientation 45◦ ⩽ 𝜃 ⩽ 90◦ relative to the mean wave direction
overall topside porosity plated, 30%, 40%, 63%
deck floor porosity plated, 30%, 40%, 63%, no floor

and Swan (2020a) and Ma and Swan (2023); the former considering
a very broad range of incident wave conditions acting on one specific
topside structure and the latter a smaller subset of wave cases incident
to a broad range of topside structures. Both experimental studies were
conducted in the deep water wave basin within the Hydrodynamics
Laboratory at Imperial College London. The incident wave shapes were
first measured and fully defined using an array of 49 resistant-type
wave gauges. These were then removed, and their space occupied
by a generic topside structure; the latter being 0.6 × 0.6m in plan
dimensions, and modular to allow systematic variation in structural
properties. The incident waves were then repeated; the WID loads
measured at 12 kHz using a bespoke 6-degree-of-freedom load cell. Full
details of these laboratory test cases are given in the earlier papers.
For the purpose of the present discussion, it is sufficient to note that
the incident wave cases considered herein were generated as quasi-
deterministic (QD) focused waves, based upon the theory of Lindgren
(1970), Boccotti (1983) and Tromans et al. (1991). With the linear
inputs to the wave paddles defined according to this theory, the in-
dividual waves that evolve within the wave basin are fully non-linear
and representative of the largest waves arising in long random wave
simulations (Swan and Latheef, 2016). These cases are based upon
realistic JONSWAP frequency spectra (Hasselmann et al., 1973) with
varying 𝛾 and 𝜎𝜃 . A summary of the incident wave cases and the
topside configurations are given in Table 4. Overall, the study covered
86 incident wave events acting on 25 different topside configurations;
the total number of deterministic loading events being well in excess
of 1000. Importantly, the range of spectral peak periods and input
amplitudes ensured that both non-breaking and breaking wave events
were recorded; a subset of wave events also being generated at varying
locations relative to the topside structure.

Fig. 5 concerns a subset of the loading events noted on Table 4;

the wave cases all being focused on the front face of the structure.
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Fig. 5. The maximum WID loads associated with a subset of deterministic wave events focused on the front face of the topside structure; laboratory data compared to silhouette
method predictions for topsides of different porosities, 𝑃 . The silhouette method is based upon API recommendations (Method 1 on Table 2) and the updated procedure (Method
2 on Table 3). In all cases [ ◦ ] corresponds to experimental data and [×] predicted values for 𝑇𝑝 = 1.4 s. Likewise [ • ], [×] 𝑇𝑝 = 1.6 s and [ • ], [×] 𝑇𝑝 = 1.8 s.
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This simplifies the application of the silhouette method. Each sub-plot
concerns the maximum WID load, 𝐹wid𝑥,max, taken from a recorded time-
history, 𝐹wid𝑥 (𝑡), addresses three spectral peak periods and shows its
variation with the level of wave inundation, 𝛥𝜂 = 𝜂𝑐 − ℎ𝑑 . Within
these cases the steepest waves (𝛥𝜂 > 30mm for 𝑇𝑝 = 1.4 s) exhibit
some degree of wave breaking. This varies from incipient spilling to full
over-turning depending on the local steepness 𝐴𝑘𝑝; 𝐴 being the linear
amplitude sum, 𝐴 =

∑𝑁
𝑛=1 𝑎𝑛(𝜔) and 𝑘𝑝 the wave number corresponding

to the spectral peak. In particular it is evident that wave over-turning
causes a significant increase in the measured loads in all cases. The
point at which this occurs is indicated on the sub-plots of Fig. 5; the
observations being consistent with earlier work and fully discussed
in Ma and Swan (2020a). A total of eight sub-plots are provided,
the four rows corresponding to topside structures with an effective
porosity of 𝑃 = 63%, 40%, 30% and 0% (fully-plated). In each case
the left-hand plot contrasts the laboratory data with the silhouette
predictions (Eq. (1)) based upon Method 1 (Table 2) and the right-
hand plot silhouette predictions based upon Method 2 (Table 3). In
all cases an upper-bound solution for the drag coefficient 𝐶𝑑 (Table 1)
recommended by Finnigan and Petrauskas (1997) and adopted in API
(2014) has been applied.

Figs. 5(a) and 5(b), relating to 𝑃 = 63%, exhibit some important
and easily explained trends. First, for small levels of inundation, Δ𝜂, the
currently recommended application of the silhouette method (Method 1
on Fig. 5(a)) exhibits reasonable agreement with the laboratory data.
However, for increased levels of inundation this model consistently
under-predicts 𝐹wid𝑥,max. This is particularly apparent in cases involving
breaking waves (𝛥𝜂 > 30mm for 𝑇𝑝 = 1.4 s) for which the largest mea-
sured load is as much as twice that predicted by the silhouette model
(Method 1). The explanation for this is clear: the silhouette model is
critically dependent upon an effective calibration of 𝐶𝑑 . In seeking to
achieve this Finnigan and Petrauskas (1997) specifically noted that they
excluded all breaking waves, arguing that they were not accurately
reproduced in their wave basin. Having ignored what would undoubt-
edly have been the largest recorded loads, it is hardly surprising that
the adopted calibration under-predicts the maximum measured loads.
Similar arguments apply in respect of the updated silhouette model
(Method 2 on Fig. 5(b)). In this case changes to the ‘equivalent’ regular
wave, based upon additional non-physical iterations (including changes
in the wave period as well as the water depth) produce an increase in
the predicted water particle kinematics and hence an over-prediction
of the maximum loads associated with small inundations. In contrast,
the predicted loads associated with large inundations are closer to
the measured data, when compared to Method 1, but they continue
to under-estimate. Whilst the difference between the measured and
predicted loads undoubtedly reduces with the application of Method 2,
it is equally clear that it fails to predict the trend in the data (with
Δ𝜂). Moreover, the largest loads on which reliability calculations will
ultimately rely continue to be under-estimated.

Interestingly, with a reduction in the porosity of the topside struc-
ture, 𝑃 = 40%, 30% and 0% on Figs. 5(c,d) (e,f) and (g,h) respectively,
the agreement between the measured and predicted loads gets progres-
sively worse. Indeed, the measured data is under-estimated in all cases,
for all levels of inundation, irrespective of the method of calculation
employed. Likewise, the gross under-estimate of the maximum loads
associated with breaking waves also increases; the measured loads
being 2–3 times larger than those predicted using Method 2 in the worst
(steepest) wave cases (Fig. 5(h)). Taken together, these changes confirm
that the inadequacy of the silhouette method cannot be overcome
by a simple re-calibration involving the definition of a larger drag
coefficient; the value adopted in the present predictions being the
maximum recommended in API (2014).

Drawing all the available data together (Table 4), Fig. 6(a) concerns
Method 1 comparing the measured and predicted maximum loads as a
10

function of Δ𝜂. Fig. 6(b) provides a related plot based upon Method 2.
In both cases it is clear that the measured loads are consistently under-
estimated by the silhouette method. Further evidence of this is provided
in Figs. 6(c) and 6(d). These again concern Method 1 and Method 2
respectively, with 𝐹wid𝑥,max expressed as a function of the incident wave
steepness, 1

2𝐻𝑘. Although, in these sub-plots, the trend in the data
is perhaps less apparent than expected, the under-prediction is clear,
occurring for all 1

2𝐻𝑘. This is further confirmed in Figs. 6(e) and 6(f)
which directly compare the measured and predicted loads; the most
significant errors arising in the largest loads generated by the steepest
(breaking) waves and not necessarily involving the largest inundation,
Δ𝜂. Taking Fig. 6 as a whole, the largest errors in the predicted loads
is dependent upon both Δ𝜂 and 1

2𝐻𝑘. This indicates that the loading
coefficients becoming increasingly unsuccessful as the incident waves
diverge from the calibrated range, suggesting that neither the loading
mechanisms assumed within the model (drag) nor the inputs to the
model (steady or regular wave theory) are physically correct. The
cumulative effect of both producing a significant under-prediction. In
considering Figs. 5 and 6 the loads have been calculated using the API
recommended procedures (Tables 2 and 3) with the loading coefficients
set to the recommended maximum (Table 1).

4.2. Kaplan et al.’s (1995) model

Figs. 7 and 8 concerns the application of the Kaplan et al. (1995)
WID load model. The first concerns an example load time-history, 𝐹wid𝑥
𝑡), relating to one specific loading event for which 𝛥𝜂 = 30mm and
1
2𝐻𝑘 = 0.268. In describing this model Kaplan et al. (1995) noted that
the wave kinematics can either be predicted using a Stream Function
solution (Dean, 1965) (appropriate to non-linear regular waves) or a
linear random wave theory with Wheeler (1969) stretching. The data
presented on Figs. 7(a) and 7(b) are closely related to these alternatives.
Fig. 7(a) concerns a regular or steady wave modelled using the API
recommended Method 2 (Table 3). In this case the difference between
the measured and calculated wave elevations would be very similar to
Fig. 2(a); the relevant lines being the Stokes 5th-order solution and the
average wave profile. The measured and calculated maximum wave ele-
vations are identical; the latter fitted to the former. However the overall
wave profiles will differ significantly, as shown in Fig. 2(a). In contrast,
Fig. 7(b) concerns an unsteady irregular wave modelled using the fully
on-linear boundary element method (BEM) proposed by Hague and
wan (2009). This provides the best-possible description of both the
ave shape, 𝜂(𝑥, 𝑦, 𝑡) and the water particle kinematics, 𝐮(𝑥, 𝑦, 𝑧, 𝑡), high

n the wave crest. Most importantly, it avoids the under-prediction
ommonly associated with Wheeler stretching (Fig. 3).

In both Figs. 7(a) and 7(b) three predicted load time-histories, 𝐹wid𝑥
𝑡), are presented. The uppermost curve incorporates the porosity (𝑃 =
3%) or solidity (𝑆 = 1−𝑃 = 0.37) of the topside structure, but neglects
ny form of velocity blockage, both on the perimeter of the topside and
ithin it. The inevitable result of this omission is that the measured
ata is over-predicted. In attempting to account for the velocity block-
ge Kaplan et al. (1995) argued that for individual structural members
ithin the topside, the Keulegan–Carpenter number will be large (100–
50) and consequently the fluid flow within the crest of the wave
an be considered quasi-static, essentially a gradually varying current.
ased upon this assumption, he employs the blockage factors proposed
y Taylor (1991); the latter based on classical actuator disk theory
nd specifically developed for steady (time-independent) currents. This
ub-divides the blockage into two parts: the initial reduction in the
ncident flow as it approaches the structure, due to the flow diversion
round the structure, and the reduced velocities within the structure
ue to the cumulative sheltering of members/bodies located further up-
tream; the latter effect being closely associated with wake formation.
ollowing Taylor (1991) the two blockage factors are defined by:

1 =
1
𝐶𝑑

and 𝑏2 =
1 − 𝐶𝑑

4 𝑆
𝐶𝑑

(6)

1 + 4 𝑆 1 + 4 𝑆
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Fig. 6. The maximum WID loads, 𝐹 wid
𝑥 , from the full laboratory data base (Table 4) compared to the silhouette method: sub-plots (a,c,e) applied using Method 1 (Table 2), (b,d,f)

using Method 2 (Table 3), with (a,b) expressed as a function of Δ𝜂, (c,d) a function of 𝐻𝑘∕2 and (e,f) a direct plot of measured against predicted. [•] Experimental data, [×]
silhouette method predictions and [•] a combination of both.
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Fig. 7. An example WID loading time-history with comparisons to alternative implementations of the Kaplan et al. (1995) model. (a) Based on Method 2 (Table 3) for regular
aves and (b) a fully non-linear BEM calculation of unsteady focused waves. On each sub-plot, [ ] incorporates porosity (or solidity) but neglects any form of velocity

blockage, [ ] incorporates both solidity and velocity blockage such that 𝑏1 < 1 and 𝑏2 = 1, [ ] incorporates solidity and velocity blockage where both 𝑏1 < 1 and
2 < 1; all compared to [ • ] experimental measurements.
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For a topside structures represented by a series of porous grids, the
velocity appropriate to the 𝑛-th grid would be 𝑢𝑛 = 𝑢0 · 𝑏1 · (𝑏2)𝑛−1 where
0 is the incident (unblocked) velocity, 𝑏2 only acts from the second
anel onwards and the effects on successive panels are cumulative
Kaplan et al. (1995) refers to a ‘cascade’ of blockage effects). Figs.
(a) and 7(b) describe the changes in the predicted loads, 𝐹wid𝑥 (𝑡), due
o the inclusion of first 𝑏1 and then 𝑏1 and 𝑏2; the latter leading to
n under-prediction of the loads irrespective of the kinematics model
mployed. Whilst Fig. 7(b) suggests that the inclusion of 𝑏1 alone may
ive the improved agreement, subsequent results will show that this
s simply fortuitous. Indeed, there is no justification for the inclusion
f 𝑏1, but the neglect of 𝑏2. In practice, the difficulty lies with the
radually varying current approximation. This is at odds with the
ighly transitory and spatially localised nature of WID loading and
ppears inconsistent with Kaplan’s subsequent proposal to incorporate
nertia and impact loading; the former dependent on the unsteady
cceleration and the latter involving very rapid change. That said, the
ata presented on Fig. 7 does not preclude the possibility that the
aplan model can provide accurate predictions rather that the input
arameters, particularly the drag (𝐶𝑑), blockage (𝑏1) and shielding (𝑏2)
oefficients must be appropriately defined given both the nature of
he loading and the kinematics employed. However, if this requires
roblem-specific empirical calibration, as appears to be the case, the
odel ceases to be truly predictive.

Fig. 8 concerns the most complete form of the Kaplan model, with
olidity, drag, blockage and shielding all included using the recom-
ended values. All of the loading events noted in Table 4 are included;

he format of the figure being comparable to Fig. 6. The only difference
s the applied kinematics models; the left column based upon API
ethod 2 (Table 3) and the right column the fully non-linear BEM,

xactly as used in Fig. 7. Whilst the second approach undoubtedly
rovides an improved description of the incident waves, all of the
omparisons (irrespective of the kinematics model employed) show that
he Kaplan model consistently under-estimates the measured data. This
s particularly apparent in Figs. 8(e) and 8(f); the largest errors again
ccurring in the steepest (breaking) wave cases involving a substantial
ut not necessarily the maximum deck inundation, Δ𝜂.

.3. Graaf et al.’s (1995) model

Figs. 9 and 10 are the equivalent of Figs. 7 and 8, but with the
odels predictions based upon Graaf et al. (1995). In Fig. 9(a) the wave
odelling was based upon the API recommended Method 2 (Table 3)

ppropriate to regular waves, whilst in Fig. 9(b) it was based upon
12
he fully non-linear BEM solution for unsteady or irregular waves. In
oth cases the time-history of the total WID load, 𝐹wid𝑥 (t), is presented
ogether with the two components contributing to this total; the face-
oad and base-load defined in Eqs. (3) and (4) respectively. In addition,
he model predictions are compared to two sets of laboratory data.
he first relates to a topside porosity of 𝑃 = 63% is identical to that
resented on Fig. 7. The second is a simplified solid box with the same
verall geometry but zero porosity (𝑃 = 0%). This latter case was
hosen to be consistent with the assumption under-pinning the Graaf
t al. (1995) model: that any momentum arising at the boundary
f the topside structure is assumed to be instantaneously destroyed
Section 3.2).

The laboratory data presented on Fig. 9 confirms that with a reduc-
ion in 𝑃 , the maximum WID load substantially increases. Neverthe-
ess, if calculations are based upon a steady regular wave (Fig. 9(a)),
he Graaf et al. (1995) model over-predicts both measured records. The
xplanation for this lies in two parts, both related to the use of an
nappropriate (non-physical) wave model:

(a) The under-prediction of the fluid velocities high in the wave
crest (Fig. 3) is more than offset by the increased volume of
water (based on the wave shape, Fig. 2) arriving at the perimeter
of the topside structure. This is expected to occur in all but the
steepest breaking wave cases.

(b) With a (steady) regular wave neglecting all spatial evolution, the
maximum crest-elevation and hence the maximum inundation
extends over the entire plan area of the structure. This ensures
that the face-load is maximised (subject to errors noted in (a))
and the based-load grossly over-predicted.

f, as an alternative, the Graaf et al. (1995) model is based upon a non-
inear and unsteady wave model, the difficulties noted in (a) and (b)
an be avoided. Evidence of this is provided on Fig. 9(b); the key point
eing the agreement between the model prediction and the 𝑃 = 0%
aboratory data. Indeed, it was this agreement, observed over a wide
ange of cases involving fully-plated (𝑃 = 0%) topsides, that motivated
he development of the Lagrangian Momentum Absorption (LMA) WID
oad model (Ma and Swan, 2020b); the challenge being to incorporate
he porosity and layout of key elements/equipment within the topside
tructure.

Fig. 10 addresses all of the WID loading cases noted in Table 4; the
aximum force, 𝐹wid𝑥,max, again expressed in terms of both Δ𝜂 and 1

2𝐻𝑘,
with direct comparisons between the measured and predicted loads
demonstrating the extent of the over-prediction, as well as identifying
a small number of cases in which the Graaf et al. (1995) model
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Fig. 8. The maximum WID loads, 𝐹 wid
𝑥 , from the full laboratory data base (Table 4) compared to Kaplan et al.’s (1995) model: sub-plots (a,c,e) applied using Method 2 (Table 3),

(b,d,f) using fully non-linear BEM calculations of unsteady focused waves, with (a,b) expressed as a function of Δ𝜂, (c,d) a function of 𝐻𝑘∕2 and (e,f) a direct plot of measured
against predicted. [•] Experimental data, [×] predictions of the Kaplan model and [•] a combination of both.
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Fig. 9. Example WID loading time-histories with comparisons between the adoption of different wave models when calculating the loads based upon Graaf et al. (1995). (a) Using
Method 2 (Table 3) for regular waves and (b) a fully non-linear BEM calculation of unsteady focused waves. Both sub-plots show measured time-histories on topsides of [ • ]
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ecomes non-conservative. These involve very steep breaking waves
located where 𝛥𝜂 ≈ 0.035m and 𝐻𝑘∕2 ⪆ 0.3); the explanation
eing the increased rate of momentum transfer as a result of wave
reaking (Ma and Swan, 2020a)). Although significant improvements

can be realised by applying a non-linear and unsteady wave model
the solution remains, on average, over-predictive due to the neglect of
topside porosity (Figs. 10(b,d)).

.4. LMA (Ma and Swan, 2020b)

Having emphasised the importance of incorporating WID loading
ithin a reliability analysis and having shown that the presently rec-
mmended WID load models do not yield accurate predictions without
xtensive and problem-specific empirical calibration (including the
ccurrence of breaking waves), it is important to emphasise that with
he application of recently developed models all the required loading
omponents can be successfully predicted. Fig. 11 provides evidence of
his success; the LMA model (Ma and Swan, 2020b) being compared
o the wide-ranging laboratory data considered earlier. Fig. 11(a) ad-
resses the time-history of the individual loading event considered in
igs. 7 and 9 (𝛥𝜂 = 30mm and 1

2𝐻𝑘 = 0.268). In this and all subsequent
cases the wave theory on which the LMA load predictions are based
is both fully non-linear and unsteady. This is an essential requirement
of this load model. In the absence of any empirical calibration, or
empirical coefficients of any form, the incident wave shape 𝜂(𝑥, 𝑦, 𝑡), its
volution in space (𝑥, 𝑦) and time (𝑡) (beneath the topside structure) and

the associated water particle kinematics 𝑢(𝑥, 𝑦, 𝑧, 𝑡) must be accurately
defined. As a result, the LMA model should not be applied using
simplified regular waves (either Airy or Stokes waves) or linearised
random/irregular wave theories; both will lead to large predictive
errors. Having shown that the load time-history can be accurately
predicted,1 Figs. 11(b)–11(d) again concerns the full set of loading cases
oted on Table 4. In contrast to Figs. 6, 8 and 10, it is clear that the

LMA model provides a good description of the maximum measured
loads, 𝐹wid𝑥,max, across a very broad range of loading events. This is most
apparent in Fig. 11(d) which provides a direct comparison between
the measured and predicted loads. Importantly, this figure confirms
that the largest loads arising in the steepest (breaking) wave cases are
equally well predicted. This demonstrates the advantage of applying

1 Whilst this agreement is very good, it only represents one example. Many
ther examples are provided in Ma and Swan (2020b) and Ma and Swan

(2023); the former addressing a broad range of incident wave conditions and
the latter widely varying topside configurations.
14

t

a relatively simple load model based upon accurate, fully-nonlinear,
wave modelling; the latter being a pre-requisite for the success of the
LMA model.

4.5. Topside orientation

Figs. 5–11 have considered the success of the available WID load
models for varying levels of wave inundation (Δ𝜂), incident wave
steepness ( 12𝐻𝑘), and topside porosity (𝑃 ). Whilst these are all key
variables, the laboratory data base outlined on Table 4 also includes
ariations in the deck floor porosity (𝑃𝑧) and the topside orientation
𝜃). Although 𝑃𝑧 primarily affects the vertical loading, 𝜃 will have a

significant effect on the horizontal loads considered herein. Fig. 12
onsiders this; the success of the available models being considered in
uccessive sub-plots. In each case the model predictions are compared
o the measured data for increasing Δ𝜂 and four orientations of the
opside front face, 𝜃 = 90◦, 75◦, 60◦ and 45◦, where 𝜃 = 0◦ corresponds

to the direction of wave propagation. Given the square plan area of the
topside structure and the axi-symmetric layout of internal panels (Ma
nd Swan, 2020a) 90◦ ⩾ 𝜃 ⩾ 45◦ effectively covers the full range of

all possible topside orientations. Whilst the data presented on Fig. 12
all relates to a topside porosity of 𝑃 = 40%, the comparisons are
indicative of those occurring for all other porosities. Importantly, the
under-prediction of the silhouette and Kaplan et al. (1995) models
(Figs. 12(a), 12(b)), and the over-prediction of the Graaf et al. (1995)
model for all values of 𝜃 are consistent with both earlier results and
the explanations provided. Interestingly, the variation with 𝜃 depends
pon whether the model is primarily driven by the wetted area (in
he silhouette model) or the resolved component of the velocity in
he Kaplan et al. (1995) and Graaf et al. (1995) models. This re-enforces
he need for a model based upon both an accurate description of the
ncident waves and an appropriate loading mechanism. With the LMA
odel achieving both of these requirements the loads are successfully
redicted irrespective of 𝜃 (Fig. 12(d)).

.6. Overall comparison

In an attempt to quantify the relative success of the available
ID load models, Table 5 provides data relating to three commonly

dopted model performance measures. These alternative values all
eek to define the ‘goodness of fit’ to the measured data. To avoid a
engthy discussion of their relative merits, all three measures have been
rovided. With the modelling errors defined in terms of the difference
n the maximum predicted and measured loads, both taken from a
oading time-history, summed over all individual loading events (𝑖 = 1
o 𝑛), the three measures are defined by:



Ocean Engineering 285 (2023) 115302

15

L. Ma and C. Swan

Fig. 10. The maximum WID loads, 𝐹 wid
𝑥 , from the full laboratory data base (Table 4) compared to Graaf et al.’s (1995) model: sub-plots (a,c,e) applied using Method 2 (Table 3),

(b,d,f) using fully non-linear BEM calculations of unsteady focused waves, with (a,b) expressed as a function of Δ𝜂, (c,d) a function of 𝐻𝑘∕2 and (e,f) a direct plot of measured
against predicted. [•] Experimental data, [×] predictions of the Graaf et al. (1995) model and [•] a combination of both.



Ocean Engineering 285 (2023) 115302L. Ma and C. Swan

w
a
d
f
p
r

i
a
n
e
a

Fig. 11. Comparisons to the LMA model (Ma and Swan, 2020b) based upon fully non-linear BEM calculations of unsteady focused waves. (a) An example loading time-history
𝐹 wid
𝑥 (t): [ • ] experimental measurement compared to [ ] the predicted load time-history; the latter separated into the [ ] face-load and [ ] base-load

components. (b,c,d) The maximum WID loads, 𝐹 wid
𝑥,max from the full laboratory data base (Table 4) with (b) expressed in terms of Δ𝜂 and (c) in terms of 𝐻𝑘∕2 and (d) a direct plot

of measured against predicted: [•] experimental data, [×] LMA (Ma and Swan, 2020b) predictions and [•] a combination of both.
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(i) Mean square error (MSE) =

1
𝑛

𝑛
∑

𝑖=1

(

𝐹 𝑃
𝑥,max − 𝐹𝑀

𝑥,max

)

= 1
𝑛

𝑛
∑

𝑖=1

(

𝛥𝐹 2
𝑖
)

(7)

(ii) Root mean square error (RMSE) =
√

MSE (8)

(iii) Median absolute-deviation (MAD) =

median ⟨ |𝛥𝐹1|, |𝛥𝐹2|, |𝛥𝐹3|,… |𝛥𝐹𝑛| ⟩ (9)

here the super-script ‘𝑃 ’ denotes predicted and ‘𝑀 ’ measured. In
ddition to these values, the fourth row on Table 5 defines the mean
eviation (MD). Whilst this is not an effective measure of model per-
ormance (or fit) it confirms whether (on average) the model over-
redicts or under-predicts; the former perhaps being acceptable in a
e-assessment context, the latter not.

In considering the values of (i), (ii) and (iii) given on Table 5 it
s important to note that they simply seek to quantify the predictive
bility of the model over a very broad range of loading events. Since
ot all of these events will be relevant to all topside structures (for
xample, increases in the deck elevation, ℎ𝑑 , will limit the extent of
ny inundation, Δ𝜂, for a given exceedance probability), the values
16
iven on Table 5 do not directly relate to success/accuracy in design
alculations. Nevertheless, they are indicative of this; the key points
iven as follows:

• The silhouette method typically under-predicts the maximum
measured WID load. This occurs irrespective of the adopted wave
modelling (Tables 2 and 3); the updated API recommendations
(Santala, 2017) providing a small improvement based upon all 3
measures of modelling success. This simply arises because of an
increase in the predicted kinematics and should not be taken to
imply the appropriateness of either the load model (drag) or the
adopted wave theory (regular Stokes waves).

• The (Kaplan et al., 1995) model also under-predicts. This can be,
to some extent, improved by the adoption of a fully non-linear
unsteady wave model, but the model success remains poor. Inter-
estingly, if the effects of shielding (𝑏𝑛−12 ) on the internal panels
is neglected, the model over-predicts by a comparable amount.
This confirms the fortuitous nature of the apparent agreement
between the Kaplan model (with 𝑏2 = 1.0) and the measured
data on Fig. 7(b). Moreover, it demonstrates the sensitivity of the
Kaplan model to the chosen coefficients, a significant difficulty
without problem-specific data to effectively calibrate the model.
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Fig. 12. Comparisons between the measured and predicted maximum loads for varying topside orientations based upon different models for [×, • ] 𝜃 = 90◦, [×, • ] 75◦,
×, • ] 60◦ and [×, • ] 45◦ where [ • ] corresponds to experimental data and [×] model predictions. All cases relate to 𝑃 = 40%.
Table 5
Model performance measures based on Eqs. (7), (8) and (9); providing alternative quantification of the ‘goodness of fit’. Additional data
describing the mean deviation (md) is also provided to identify under-estimates and over-estimates.

Silhouette method Kaplan et al. (1995) Graaf et al. (1995) LMA

Method 1 Method 2 Method 2 BEM BEM Method 2 BEM BEM
(𝑏2 = 1.0)

MSE [N2] 97.27 66.14 166.75 119.6 147.85 132.87 164.85 17.29
RMSE [N] 9.86 8.13 12.91 34.58 12.16 11.53 12.84 4.16
MAD [N] 20.37 10.10 64.70 7.71 46.46 65.22 61.78 2.09
MD, 𝛥𝐹 [N] −6.29 −4.13 −9.51 3.35 −8.15 7.41 8.18 −0.82
• The Graaf et al. (1995) model over-predicts the measured data. In
this case the adoption of an improved kinematics model produces
no noticeable improvement, irrespective of the measure adopted,
(i), (ii) or (iii). This suggests that (realistic) increases in the
fluid velocities (Fig. 3) are in large part offset by changes in the
predicted wave shape and that the single most important issue is
the failure to account for the porosity or openness of the topside
structure.

• Finally, the LMA model provides, by far, the best fit to the
maximum measured loads, 𝐹wid𝑥,max. This is supported by all three
measures of modelling success; the quantified deviations or errors
being almost an order of magnitude smaller. Most importantly,
it should be emphasised that this modelling success is achieved
using a very simplistic but complete load model (essentially mo-
mentum transfer based upon Newton’s second law), a realistic,
fully-nonlinear description of the incident waves and no empirical
17

coefficients/calibration.
5. Concluding remarks

This paper has provided a quantitative assessment of the commonly
adopted models used to describe the wave-in-deck loads that arise when
the height of an incident wave-crest exceeds the deck elevation and
the topside structure experiences direct wave loading. The difficulty of
incorporating such events within a full structural reliability analysis,
particularly where it relates to the required re-assessment of an older
structure with a lower deck elevation, is explained. The implications
of recent advances in the description of extreme waves, not least
the non-linear increases in crest-elevation (beyond second-order), the
increased fluid velocities high in a wave crest, and the occurrence of
wave breaking, add to these difficulties. The required changes to the
design/re-assessment process are both direct, in terms of a need to
accurately describe the increased loads, and indirect in terms of the

need to consider a broader range of sea-states and individual wave
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loading events. This latter point raises concerns regarding any pre-
determined ‘design point’. In many instances the key to these challenges
lies in the accurate prediction of the WID loads.

To investigate this a large laboratory data base of WID loading
events provide the benchmark against which present recommended
practice from the international design standards and guidance notes,
recently proposed updates to these methods/models, and the present
state-of-the-art in terms of both wave modelling and WID load pre-
dictions are compared. The results arising from this extensive set of
comparisons confirm that none of the WID load models currently
recommended in the international standards/guidance notes provide
an adequate representation of the applied loads. Moreover, in several
instances it is recommended that these models are applied in conjunc-
tion with a non-linear regular or steady (Stokes) wave. In such cases
the wave characteristics at high elevations within the wave crest (the
only part relevant to WID loading) are so far removed from the physical
reality of extreme waves in realistic seas that extensive and problem-
specific calibration becomes an essential requirement. This is not what
would be expected of a predictive load model, adding significantly to
the cost and duration of a full reliability analysis, particularly where
this requires the investigation of multiple sea-states to define potential
‘worst-case’ loading events and their respective return probabilities.

Having shown that present recommended practice has significant
limitations in respect of WID load predictions, comparisons to the
same laboratory data base has confirmed the broad success of the
recently proposed Lagrangian Momentum Absorption (LMA) WID load
model (Ma and Swan, 2020b). This adopts a simplistic, but complete,
formulation of the applied loads (essentially a transfer of momentum
from the wave crest into the topside structure following Newton’s
second law), is capable of incorporating the topside layout and fully
non-linear description of the incident waves. Provided that the incident
wave conditions are accurately modelled both in terms of the wave
shape and the underlying water particle kinematics, the model is ac-
curate, requires minimal computational effort, and is not dependent
on any empirical coefficients or calibration. As such, it is entirely
appropriate to design/re-assessment calculations.
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