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Abstract—A substantial proportion of the UK coastline is heavily 

developed with major population centres such as Liverpool and 

Edinburgh owing their existence to their coastal location. In recent 

storms such as that of February 2014, instances of particularly 

violent wave impacts were observed. The resulting overtopping 

and associated pressures in these instances resulted in severe 

flooding and structural damage along the south and south-west 

coasts of the UK. In general, the buildings most severely affected 

by these events tend to be residential. In order to understand the 

response of such structures to these types of events, engineers need 

to be able to quantify the pressures resulting from the plumes 

generated by violent wave breaking, hereby termed as white water 

overtopping. For the design of coastal structures for wave 

overtopping EurOtop is the design manual currently in use in the 

UK, along with BS6349. However, both codes do not fully address 

the issue of white-water overtopping. A Smoothed Particle 

Hydrodynamics (SPH) model was used to simulate an experiment 

carried out in the Large Wave Flume (GWK) in Hannover. No 

correlation was found, using the standard approach, which could 

be used to predict the downfall pressures stochastically using 

incident wave properties. This paper will present an innovative 

approach to analysing the data using the Energy Balance 

Equation proposed by Li and Raichlen (2003). 
 

I. INTRODUCTION 
 
The UK has seen an increase in severe storms resulting in 

violent wave events. A notable example of severe damage 

caused by these events being the Dawlish railway line in 

February 2014. With the rise in sea level due to climate change, 

violent wave events are likely to become more frequent [1] [2]. 

The intensity of these events presents a challenge to structures 

located along the many promenades and seafronts found along 

the coastline of the UK. These structures, previously protected 

by coastal defences, tend to be primarily residential and of 

masonry construction. 

 

When vertical coastal structures are impacted by breaking 

waves they can be subjected to significant horizontal forces. 

These forces have been well researched and empirical 

equations have been developed to predict them. However, the 

effect of these wave impacts can cause large plumes of spray to 

overtop the coastal defences. This phenomenon is termed 

”white water overtopping” and can result in significant impact 

forces on the structures located behind the seawall. Research 

into quantifying these forces is limited. Experiments carried out 

in the Large Wave Channel (GWK) in Hannover by Wolters et 

al. (2005) measured the downfall pressures from near-breaking 

and break-ing waves on the deck of a concrete caisson [3]. 

Results from these experiments indicate that the impact of 

near-breaking waves on a vertical structure could result in peak 

downfall forces in the order of 12 𝜌𝑔𝐻𝑖  underlying the 

importance of understanding this phenomenon for safe coastal 

design. 

 
Violent wave events involve complex fluid mechanics and 

physical processes difficult to capture experimentally. The re-

sulting spray overtopping and downfall tend to occur over short 

periods of time, adding to the difficulty in fully capturing the 

wave mechanics involved. Numerical simulations offer the 

possibility to investigate these effects in detail. Smoothed 

Particle Hydrodynamics (SPH) is a meshless Lagrangian fluid 

modelling technique which discretises the fluid domain into 

particles. The trajectory and interactions between particles is 

computed using the Navier-Stokes equation. Being a meshless 

method, SPH is capable of handling highly non-linear flows 

such as those typical of violent wave events. A coupled 

SWASH-SPH model, developed by Altomare et al. (2015) [4], 

was used to investigate impact forces from breaking waves on 

dikes and seawalls. It has yet to be applied to violent impacts 

resulting in spray dominated overtopping [5]. The SPH 

formulation has been well validated with work by Dalrymple 

and Rogers (2006) [6] demonstrating its ability to handle the 

complex flows of breaking waves as well as the subsequent 

impact and propagation around coastal structures. The work 

presented uses DualSPHysics [7], an open source SPH code 

that has been shown to accurately propagate wave fields from 

offshore to nearshore. This allows for accurate predictions of 

overtopping volumes (V) and impact forces [8]. For further 

validations of SPH for fluid-structure interactions the reader is 

referred to Marrone et al. (2011) [9], Cunningham et al. (2014) 

[10] and Pringgana et al. (2016) [11]. 

 
 

II. THE SPH SIMULATION 
 
An SPH simulation was developed to replicate experiments 

carried out in the Large Wave Flume (GWK) in Hannover by 

Wolters et al. (2005). Details of the experimental set up can be 

found in their paper [3]. The graphs given in Fig 1 show that 

the results from the numerical model achieved good agreement 

with those from the experiments; demonstrating the ability of 

SPH to model these violent wave events. The complete results 

and comparison can be found in Baines et al. (2017) [12]. 

 

 



 
 

Figure 1: Comparison of numerical and experimental data [12] 
 

It can also be seen from Fig 1 that no clear correlation is 

evident between impact pressure, uprush velocity and downfall 

pressure. As no correlation was found using the standard 

approach of looking for a correlation between incoming wave 

properties and the downfall pressure an alternative method of 

analysis is needed. This paper therefore proposes the use of the 

Energy Balance Equation proposed by Li and Raichlen (2003) 

to attempt to find a correlation between the incoming wave 

energy and the downfalling spray energy. The graph of 

downfall pressure against uprush velocity given in Fig 1b 

shows a clear envelop within which all the data points fall. This 

would suggest that some form of relationship exists between 

the uprush velocity and the resulting pressures on the deck of 

the structure. This forms the basis of the choice to investigate 

energy methods. 
 
 

III. ENERGY METHOD 
 
The Energy Balance Equation (EBE) given by Li and Raichlen 

(2003) [13] relates the incident wave energy, 𝐸𝐼  , to the energy 

dissipated during breaking and impact, 𝐸𝐷 , and the reflected 

wave energy, 𝐸𝑅 . The method presented below uses the EBE to 

relate the kinetic energy of the spray ejected from the fluid after 

impact with the incident wave energy. The potential energy of 

the spray,  𝐸𝑃𝑠𝑝𝑟𝑎𝑦 , that reaches maximum height, and thus 

responsible for the highest downfall impacts [12], can be 

calculated by recording the height reached and volume of fluid 

at that point in the SPH model. The SPH model has no air 

phase and therefore drag is ignored at this point. It can 

therefore be assumed that  𝐸𝑃𝑠𝑝𝑟𝑎𝑦  =  𝐸𝑑𝑜𝑤𝑛𝑓𝑎𝑙𝑙, where  

 

 

 

 

 

 

 

Figure 2: Model set up with control volume 

 

 𝐸𝑑𝑜𝑤𝑛𝑓𝑎𝑙𝑙   is the energy involved in the impact event on the 

deck of the structure. By comparing 𝐸𝑃𝑠𝑝𝑟𝑎𝑦 to 𝐸𝐼 a relationship 

relating incident wave energy to downfall impact pressures 

could be extrapolated. 

 

 

A. Energy balance Equation 

    Consider the control volume delimited by the box in Fig 2. 

The volume has been selected so as to incorporate all the 

motion of the wave at  𝑡 = 𝑡0 as well as the subsequent impact 

and reflection at  𝑡 = 𝑡1. It is assumed that the moment influx 

from the seaward bound of the volume is small enough as to be 

ignored for  𝑡0 ≤ 𝑡 ≤ 𝑡1. The wave reflection after impact will 

need to be considered but they occur within the confines of the 

control volume and thus the mass and momentum flux out of 

the volume is zero for  𝑡0 ≤ 𝑡 ≤ 𝑡1. 

 

Li and Raichlen considered solitary waves when developing 

the EBE. The SPH simulation considered here uses regular 

waves. However if the control volume is located as in Fig 2 the 

event within the control volume is effectively comparable to a 

solitary wave impact in energy terms. This is achieved by 

assuming 𝑡0  to coincide with the instant when the reflected 

wave from the previous impact adds to the incident wave, and 

t1 is taken as the time after the impact has occurred but prior to 

the next incident wave entering the control volume. The time 

chosen for t0 ensures that the properties for the incident wave at 

 𝑡 = 𝑡0  are that of the impacting wave and are not modified by 

and reflected wave from the previous impact event. 

 

Fig 3 shows the energy terms considered in the control volume. 

The figure can be expressed mathematically using Eq. (1), 

where EP denotes potential energy from the wave run up 

at  𝑡 = 𝑡1. Unlike for the case of a solitary wave run up, the 

velocity of the toe after impact is not zero and therefore EP is 

replaced with 𝐸𝐾𝑠𝑝𝑟𝑎𝑦 for the kinetic energy of the toe just after 

impact. The initial energy input comes from the incident wave. 

The incident wave energy can be calculated by combining the 

kinetic and potential energy of the particles within the wave 

(Eq. (2)). By considering the height of the free surface,  𝜂(𝑥, 𝑡), 
particle velocity, 𝑢(𝑥, 𝑡) , and wave celerity, c, the kinetic 

energy and potential energy can be integrated to give Eq. (3) 

and Eq. (4) respectively. For the complete derivation of these 

equations see Li and Raichlen (2003) [13]. 

 

 

 

𝐸𝐼 = 𝐸𝐷 +  𝐸𝑃 +  𝐸𝑅    (1) 

 

𝐸𝐼 =  𝐸𝐾 + 𝐸𝑃               (2)



 

Figure 1 Energy balance in a control volume 

 

 

The incident wave energy can therefore be expressed using 

Eq. (5). The energy dissipated in the system is lost via three 

phenomena (Eq. (6)). The energy lost during the breaking 

process, 𝐸𝐵 , energy dissipated by friction at the air-water 

interface, 𝐸𝐵𝐵 , and energy dissipated by bottom friction. 

𝐸𝐹𝐵 .  𝐸𝐵𝐵  and 𝐸𝐹𝐵  are neglected as the SPH model has no 

air and any energy lost to bottom friction is assumed 

negligible. It results that   𝐸𝐷 ≅ 𝐸𝐵 . 

 

Li and Raichlen developed an equation to predict the energy 

dissipated during wave breaking using results from 

experiments.  

 

Some investigation of the value of 𝛽 to be used for varying 

bathymetries should be undertaken. For the case discussed in 

this paper 𝛽 is taken as the angle of the second slope as that 

is the slope on which the wave breaks, 𝛽 = 5.34° 

By returning to Eq. (1) and substituting Eq (8) is obtained, 

replacing 𝑬𝑲𝒔𝒑𝒓𝒂𝒚  with 1
2⁄ 𝑚𝑣2  where 𝑣  is toe velocity. 

Using Eq. (8), the mass per unit width of the toe can be 

calculated.  

 

As mentioned previously, the value of EPspray then needs to be 

calculated using Eq. (9) where mspray is the mass of the spray 

at peak height and hp denotes peak height. As drag is ignored 

due to the single-phase nature of the SPH model 

used,  𝑬𝑷𝒔𝒑𝒓𝒂𝒚  =  𝑬𝒅𝒐𝒘𝒏𝒇𝒂𝒍𝒍. 

 

Once  𝑬𝒅𝒐𝒘𝒏𝒇𝒂𝒍𝒍 and  𝑚𝑡𝑜𝑒 have been calculated, it should be 

possible to investigate the possibility of a relationship 

relating the incident wave energy and the resulting downfall 

pressures, through the use of  𝑬𝒅𝒐𝒘𝒏𝒇𝒂𝒍𝒍. 

IV. CONCLUSION 

Results from both experiments and SPH simulations 

demonstrated the lack of a correlation, using the standard 

approach, between impact pressure, uprush velocity and 

downfall pressure during a violent wave impact event. As 

such a new approach, using energy and based on the Energy 

balance equation given by Li and Raichlen (2003) [13] has 

been proposed. 
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