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ABSTRACT

The actions exerted by waves on a coastal structure very much depend upon hydrodynamic 
processes that originate on shallow waters; even though signifi cant progresses have been made in 
the last few years towards a full understanding of wave breaking, design work is still largely based 
on classical stability formulas. The recent availability of reliable models based on the numerical 
integration of full Navier-Stokes equations provides an important tool, but the evaluation of forces 
on vertical structures in shallow waters is still a particularly delicate application because of the 
complex hydrodynamic issues involved.

The paper presents deals with the numerical simulation of wave effects on front of a vertical 
obstacle on a sloping bottom, with the objective of clarifying some physical issues which are 
relevant towards the applicability of numerical Navier-Stokes simulation as a design tool.
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INTRODUCTION
The argument addressed here is the effect of wave breaking on the hydrodynamic 

loads on structures based on shallow water. The difference between breaking and 
non-breaking waves is crucial in many aspects of the design of coastal works; such 
a difference is highlighted in some empirical formulas, but until recently it still lied 
undetected in engineering practice. The estimation of wave forces on breakwater is an 
important topic, because it is fundamental to design the structures. The value of these 
forces, in many cases with wave breaking condition are generated actions that lead 
to the collapse of materials. To reduce these effects the scientists are studying new 
approaches and new materials [1].

A clear picture of the effects of wave impacts on vertical wall derives from the 
PROVERBS group [2] work in the late 90s. Semi-empirical methods [3-6] provide a 
phase-averaged description of wave transformation on shallow bottom, yielding the 
variation of the wave height, and sometimes the setup in the surf zone; quantities 
such as the wave celerity, the radiation stress and the energy ϐlux are, if necessary, 
modelled by making use of sinusoidal wave theory results. Pressures and forces on the 
structure are then calculated with formulas such as [3], making use of the wave height 
values provided by the previously mentioned methods. The underlying assumption is 
that wave height thus calculated can be safely used as input to formulas which were 
originally derived from experiments carried with non-breaking waves. 
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A weakness of such methods is that wave height in presence of a structure is bound 
to be modiϐied by the presence of the structure itself, so it is somewhat arbitrary to 
assume values provided by run-up experiments on open slopes. Criteria for wave 
breaking in front of a vertical wall have been developed [7], but their applications are 
far from universal.

The situation is changing thanks to recent developments in the numerical simulation 
techniques of wave dynamics, which are now an efϐicient tool to directly enquire into 
the parameters that are of interest to the design of coastal structures. Numerical Navier 
Stokes models, integrated with turbulence modelling and with volume-of-ϐluid surface 
tracing algorithms (in the following referred to as RANS/VOF), can provide a 2D direct 
computation of relevant quantities in near-shore hydrodynamics (i.e., energy ϐlux, 
momentum ϐlux), and extensions to 3D may well be a possibility in the near future; a 
detailed picture of free-surface elevation, pressure and velocity ϐield within the surf 
zone is thus now practically available.

RANS/VOF methods (Reynolds Averaged Navier-Stokes equation/Volume of ϐluid), 
were ϐirst developed by [8], and have now evolved into a fully reliable technique [9]; 
by far the most commonly RANS/VOF software systems for this kind of calculation 
are FLOW-3D, produced by Flow Science [10] and COBRAS (COrnell BReaking waves 
And Structures)-originally developed by [8] at Cornell University. For instance [11-
14] have used the former, while Losada and co-workers have been using the latter 
extensively; in particular [15] considered the wave overtopping on a gravity caisson 
with installed on a rubble-mound foundation. [16], uses a different code developed 
at Danish Hydraulic Institute (DHI). An extensive, though not completely up to date, 
review of existing RANS/VOF techniques applied to wave breaking is reported on 
[17,18], while a full discussion of the turbulence simulation aspects can be found in 
[19].

Innovative Lagrangian Smoothed particle hydrodynamics (SPH) methods are 
quickly evolving, and it is possible that they will be eventually able to compete with 
Eulerian methods [20,21], even though at present there is not yet enough available 
experience to support their application to real wave action problems [22].

METHODOLOGY

The paper presents some results of numerically simulation experiments on wave 
breaking effects in front of a schematic vertical obstacle based on shallow water on a 
sloping bottom. Its main objective is to clarify some hydrodynamic issues which are 
relevant towards design procedures, rather than to provide results towards a speciϐic 
application; the tests were therefore carried out with simple sinusoidal wave trains 
rather than with empirical wave spectra since some hydrodynamic and numerical 
effects can be hidden by the pseudo-random nature of the spectral wave generation, 
which introduces a further element of incertitude in the computed results. 

The computational geometry is a rather typical 2D wave conϐiguration, and it 
follows a standard set up for this kind of studies: a 2 dimensional domain extending 
for a total of 280 meters-a 70m long stretch of horizontal bottom canal followed by a 
ϐlat 1/20 slope ϐigure 1.

Figure 1: Numerical set-up.
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A target structure is schematized as a straight vertical wall, founded on depth ds; 
a sinusoidal wave generator is located on the left end side of the channel, providing a 
Stokes 1st order (Airy) wave orbital velocity and water height input, with wave height 
H and period T.

FLOW-3D software was employed, with various grid sizes and time steps and 
a standard k-ε turbulence model was used for most of the computations; RNG (Re-
Normalisation Group) method was also occasionally tested to verify the consistence 
of results. 

Grid resolution is possibly the most important numerical parameter, as it critically 
affect the results and requires a trade-off between accuracy and computational effort. 
A compressible ϐluid approach is taken, with a realistic coefϐicient for water as it is 
necessary since compressibility might play a role in some conditions; time steps 
must therefore automatically adjusted during the computation in order to satisfy the 
stability constraints, thus leading to rather long computational times.

The size of the spatial mesh is an important issue, and some results of a mesh 
convergence analysis are shown in the following. Wave parameters at the generator 
were: H=2 m (wave height) and T=4.8 s (wave period); roughness parameter in the 
bottom wall function was set to 0 (smooth wall).

There seems to be a good coincidence between the ϐiner and the medium grid 
(Figure 2); so, in the trade-off between accuracy and computational effort, the Medium 
Grid is the best option, and square cells of 0.10 m sides can be accepted. Even in the 
constant depth zone, where the ϐlow ϐield can be expected to be rather regular, too 
coarse a grid can lead to a remarkable underestimation of the peak height; in the 
example shown above, with a wave length of about 33 meters, the three different mesh 
sizes imply respectively 165, 330 and 660 points for each wave. Similar tests have to 
be carried out for each computational experiment.

Testing and calibration of RANS/VOF against experimental results on such a 
complex system are a prerequisite; a number of tests were thus run by making use of 
the numerical set up as in ϐigure 1. Figure 3 summarises the results of the comparison 
between published experimental data [23-25] and the simulated [26-29], wave heights 
in various probes located along the submerged slope on both the constant depth zone 
and the breaking zone.

Also the instantaneous water height η(t) can be veriϐied against laboratory tests: 
Figure 4 shows a comparison with [30].

The peak η(t) values are well reproduced, even if SPH (Smoothed particle 
hydrodynamics) seems to provide a better performance for the overall behavior; it is 
worth noticing, however, that the SPH results presented above were produced within 
a work aimed at testing and optimizing the effects of various viscosity formulations on 
a speciϐic set of ad-hoc experiments, while the present RANS/VOF calculations are not 
calibrated for any particular problem. SPH does not seem to be yet fully mature for this 
kind of applications [22].

Scale effects 

When considering RANS/VOF calibration against laboratory or ϐield experiments, it 
is important to note that most of the published results are carried out at a rather small 
scale, or at prototype scale with low wave heights, thus implying low Reynolds numbers 
and presumably a comparatively low level of turbulence. Numerical modelling is also 
often performed at a reduced length scale, mainly because numerical viscosity effects 
decrease with the mesh size. 
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However, independence from scale is not a trivial assumption since, as the 
physical dimensions go up (higher Re) the inϐluence of viscosity decreases while the 
turbulence effects increase. A detailed numerical analysis was undertaken (Figure 5) 
by considering the comparative effects of molecular and simulated eddy viscosity at 
different scales; the rationale behind small scale modelling breaking is thus found to 
be correct since, at least for spilling waves, important parameters are not inϐluenced 
by the size. However, if no additional damping effects are considered (i.e., if a standard 
high Reynolds turbulence model is used) the damping out of turbulence as the scale 
goes further down cannot be properly reproduced. Thus, while no ϐinal conclusion can 
be reached about the lowest admissible limit, it can be safely assumed that length ratios 
as low as 1/40 can still provide reliable results. This is consistent with [21] results, 
which show the relatively low importance of turbulence effects on water height.

Wave breaking on a sloping beach 

Before the actual impact of a breaking wave is examined, it is useful to reconsider 
the behaviour of the wave as it evolves, breaks and reforms along the slope when no 
obstacle is present. The commonly accepted parameter is the local wave height, easily 
computed as standard deviation ση, of the instantaneous water height η, (trivially 

Figure 2: Comparison between wave height at different grid size: coarser grid, medium grid, fi ner grid.
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ση=H/√8 for sinusoidal waves, Hs/4 for random waves); it is also useful to consider 
the momentum ϐlux Fqdm transported by the wave as a signiϐicant parameter associated 
with wave intensity.

 2
0

d

qdmF p u dz





  

In which: 

d=depth

η=instantaneous water height

p=pressure

ρ=water density 

u=velocity

For a regular wave train, the breaking and the successive reforming take place in a 
well-deϐined number of points. The wave height trend is therefore step-shaped, with 

Figure 3: Correlation between numerical and experimental wave heights at different probes.
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leaps localized in the points where breaking conditions are reached. This provides a 
better understanding of breaking processes, by appropriately selecting the measuring 
probes. Figure 6 shows how a typical RANS/VOF simulation of a spilling wave.

In the ϐigure 7, the time behaviour of Fqdm and of its kinetic part Fqk  2

0

d

qkF u dz




   

is shown at the three probes P1, P2 and P3, (as reported in ϐigure1), for a sine wave 
input train with H=2 m and T=4.8 s. The ϐirst probe, P1, is in the constant depth zone 
(d=8 m) where the waves are still sinusoidal; Fqdm ϐluctuations for both the numerically 
simulated wave and an Airy wave of the same height are practically the same. It 
also interesting to see that the kinetic term Fqk is relatively small so that the most 
important term of the momentum ϐlux is the pressure. For breaking waves (P2) and 
post-breaking or reforming waves (P3) the difference between the parameters for 
numerically simulated wave and those calculated according to the linear wave theory 
is much more important. Also, for breaking and regenerating waves the kinetic term 
becomes the most important one in the momentum ϐlux. For the breaking wave in P2, 
the ratio between the numerically simulated momentum ϐlux and the same quantity 
evaluated for an Airy wave of the same zero up crossing height would be about 1.50. 
The same parameter rises to 2 for post-breaking wave in P3.

Figure 4: Instantaneous water height η, form experimental data, FLOW-3D numerical results and 2D SPH [30].

Figure 5: Undertow vertical profi le and wave height time history in probe P3.

Figure 6: Velocity (arrows-[m/s]) and turbulence (colour scale-[m2/s2]) intensity from RANS/VOF numerical 
simulations.
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The same simulations are then repeated for different wave heights: in the following 
regular waves with different heights are considered at the three probes.

At probe P1 the differences in both water height and momentum ϐlux between the 
waves are obvious (Figure 8a). Moving along the slope, the higher wave train reaches 
probe P2 after its breaking point, while the lower one (H=2 m) has not dissipated any 
energy yet (Figure 8b), so their local wave heights and momentum ϐluxes are similar. 
The average water level (set up) is of course higher-as it was to be expected.

Figure 7: Momentum fl ux time history in probe P1, P2 and P3.
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Results shown so far suggest that, while for non-breaking waves the linear theory 
provides acceptable estimates of the momentum ϐlux and therefore possibly of the 
wave forces that would be exercised on a structure, for breaking and post-breaking 
waves the linear theory would strongly underestimate such a parameter.

Wave actions on a vertical wall 

According to the above mentioned PROVERBS programme (for instance, [2]), as well 
as to some earlier work, such as the paper by [31], a distinction has to be made between 
the (perhaps inappropriately) so called quasi-static and impact (also called slamming) 
loads. Quasi-static force varies in time in accordance to the water surface elevation 
and can be adequately interpreted under the incompressible ϐlow assumptions, while 
the slamming force can be either due to velocity components brought to a sudden stop 
by a normal solid wall or to the formation of a jet like slipping ϐlow (“ϐlip-through.”, 
[32,33]), without any actual impact on the wall.

Slamming pressures Ps, in principle, can reach very high values, but their duration is 
generally very small, linked as it is to the elastic wave propagation time, and therefore 
to the ϐluid sound speed C. If Dy is the length involved in the normal impact, the typical 
slamming force would thus be Ps Dy2, and its duration Ts=Dy/C, i.e. generally high 
and very short in comparison with quasi-static loads. Such short duration impulses 
appear to be random in numerical experiments as well as in practice, thus reϐlecting 
high sensitivity to physical conditions as well as to computational parameters. Figure 
9 provides an example of the slamming pressure computed at the average sea level.

Figure 8: Water height and momentum fl ux time histories in probe P1 (a) and P3 (b) for different H.
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Figure 9: Typical slamming pressure as computed by RANS/VOF.

The qualitative agreement with many experimental tests is obvious, as the typical 
“church roof” behavior is well reproduced; numerical modelling techniques based on 
RANS/VOF would in principle be well suited to carry out this kind of analyses, since 
ϐluid compressibility is taken into account and computational steps are normally 
small enough. However, a different approach to the numerical experiments would be 
required in order to estimate the appropriate statistics, and this aspect is outside the 
scope of this work.

In order to exclude impact loads, the time resolution of the output can be lowered: 
as shown in ϐigure 10, a smoother diagram is obtained by lowering sampling interval, 
even though occasional short duration peaks can still be seen.

Wave breaking effects on a slope and their relevance to wave actions on the wall 
have been analyzed by considering a schematic vertical wall founded at depth ds on the 
previously considered sloping beach; two locations and therefore two different values 
for ds are considered: the ϐirst one (scheme A) by locating the wall at a distance of 
170m from the wave generator (former position of probe P2) and the second (scheme 
B) at 210m (formerly probe P3). In the second example waves break at about abscissa 
192, while in the ϐirst no breaking takes place before the wall: Figure 11 reports results 
for water height and momentum ϐlux at the wall.

As it was to be expected, the wave height is much greater when the wall is present, 
because of the reϐlection effects; it is remarkable however that the momentum ϐlux 
(inclusive of the static pressure) does not change substantially. A clearer picture can be 
obtained by plotting the pressure at the wall over the whole water height for a whole 
period (Figure 12).

The same calculations were carried out for different input waves in order to 
evaluate the inϐluence of the offshore wave height as well as the effects of the wave 
breaking.

Figure 13 reports resulting water height oscillations and momentum ϐluxes (which 
coincide with horizontal forces) at the wall for scheme B and for the following wave 
parameters: H=1, 2, 3, and 4 m, T=4.8 and 10 s. 

It is interesting to note that the lowest wave (H=1 m) yields a higher water height as 
well as higher total force than the H=2 wave, which breaks before the wall; increasing 
wave heights, however, yield increasing forces 

Very few-if any-Numerical RANS/VOF are available for wave forces on vertical 
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structures in shallow water; the most complete numerical solution for a similar, but 
geometrically more complex, problem are presented in the already quoted paper by 
[15], where the main emphasis is on wave run-up rather than on forces or pressures. 

In the following a comparison is made with the semi-empirical methods mentioned 
above; in particular pressures and forces were computed with the Goda procedure 
mentioned above and referred to as GG. (Figure 14).

The general trend for pressure is well reϐlected, even though computed values tend 
to stay below GG for short wave periods while they seem to be higher for longer waves. 
Same applies to global forces, where a good ϐit is obtained for the lower period, while 
again for longer waves RANS/VOF results considerably exceed GG values.

As it is well known from traditional procedures and engineering practice, a constant 
value is reached, depending on the basement depth. This is only true, however, when 
the bottom slope is slight enough, so in our 1/20 slope examples the wave actions 
depend on offshore wave height, as it can be seen by plotting the results.

Figure 10: Effect of sampling interval dtout on RNAS/VOF computed pressures a) dtout=0.01s; b) dtout=0.4s.

Figure 11: Numerical set-up with schematic structure, water heights and momentum fl uxes at the wall as function of time: left-scheme A; right-scheme B.
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This seem to suggest that RANS/VOF provides, for a vertical structure 
in shallow water, results that are comparable with empirical formulas; the 
ϐlexibility deriving from numerical simulation provides thus an important 
design tool for situations where wave breaking on shallow water and reϐlection 
from vertical structure interact with each other.

Figure 12: Pressure vertical profi le at the wall (H=3m; T=4.8s) plotted at 0.48s intervals.

Figure 13: Pressure vertical profi le at the wall (H=3m; T=4.8s) plotted at 0.48s intervals.
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Figure 14: Pressure and forces at the wall for different wave heights (H=1-2-3-4m) and periods (T=10s; T=4.8s) RANS/VOF (average over a few 
waves) vs. GG procedure.

CONCLUSIONS

A number of useful results have been obtained by numerically modelling breaking 
wave action a vertical structure on shallow water on a sloping bottom. Such a 
conϐiguration, while largely diffused in practise, had not been tackled before with up to 
date numerical integration of full Navier-Stokes with Volume of Fluid surface tracking.

It has been shown that such modelling can be carried out on a small spatial scale 
since-at least for spilling waves-relevant hydrodynamic parameters are not inϐluenced 
by the scale; this allows numerical and practical advantages.

Results for pressure and force on the structure are comparable to those provide 
by existing and well proven empirical methods, while at the same time allowing the 
ϐlexibility deriving from numerical simulation. RANS/VOF has thus proven to be an 
important design tool for structures in shallow water.
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