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Abstract 

Tsunamis are among the most terrifying and complex physical phenomena potentially 

affecting almost all coastal regions of the Earth. Tsunami waves propagate in the ocean 

over thousands of kilometres away from their generating source at considerable speeds. 

Among several other tsunamis that occurred during the past decade, the 2004 Indian 

Ocean Tsunami and the 2011 Tohoku Tsunami in Japan, considered to be the deadliest 

and costliest natural disasters in the history of mankind, respectively, have hit wide 

stretches of densely populated coastal areas. During these major events, severe 

destruction of inland structures resulted from the action of extreme hydrodynamic forces 

induced by tsunami flooding. Subsequent field surveys in which researchers from the 

University of Ottawa participated ultimately revealed that, in contrast to seismic forces, 

such hydrodynamic forces are not taken into proper consideration when designing 

buildings for tsunami prone areas. In view of these limitations, a novel interdisciplinary 

hydraulic-structural engineering research program was initiated at the University of 

Ottawa, in cooperation with the Canadian Hydraulic Centre of the National Research 

Council, to help develop guidelines for the sound design of nearshore structures located 

in such areas. 

 The present study aims to simulate the physical laboratory experiments performed 

within the aforementioned research program using a single-phase three-dimensional 

weakly compressible Smoothed Particle Hydrodynamics (SPH) numerical model. These 

experiments consist in the violent impact of rapidly advancing tsunami-like hydraulic 

bores with individual slender structural elements. Such bores are emulated based on the 

classic dam-break problem. The quantitatively compared measurements include the time-

history of the net base horizontal force and of the pressure distribution acting on columns 

of square and circular cross-sections, as well as flow characteristics such as bore-front 

velocity and water surface elevation. Good agreement was obtained. Results show that 

the magnitude and duration of the impulsive force at initial bore impact depend on the 

degree of entrapped air in the bore-front. The latter was found to increase considerably if 
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the bed of the experimental flume is covered with a thin water layer of even just a few 

millimetres.   

 In order to avoid large fluctuations in the pressure field and to obtain accurate 

simulations of the hydrodynamic forces, a Riemann solver-based formulation of the SPH 

method is utilized. However, this formulation induces excessive numerical diffusion, as 

sudden and large water surface deformations, such as splashing at initial bore impact, are 

less accurately reproduced. To investigate this particular issue, the small-scale physical 

experiment of Kleefsman et al. (2005) is also considered and modeled. 

 Lastly, taking full advantage of the validated numerical model to better 

understand the underlying flow dynamics, the influence of the experimental test geometry 

and of the bed condition (i.e. dry vs. wet) is investigated. Numerical results show that 

when a bore propagates over a wet bed, its front is both deeper and steeper and it also has 

a lower velocity compared to when it propagates over a dry bed. These differences 

significantly affect the pressure distributions and resulting hydrodynamic forces acting on 

impacted structures. 
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Chapter 1. Introduction 

1.1. Objective 

Large tsunami waves propagate in the ocean over thousands of kilometres away from 

their generating source at considerable speeds. They are among the most terrifying and 

complex physical phenomena potentially affecting almost all coastal regions of the Earth. 

Generally, when an offshore subduction earthquake of significant magnitude occurs, the 

quick uplift motion of the seabed vertically displaces a large volume of water, inducing a 

rapid, localized change in sea level. This results into one or several tsunami waves 

propagating in opposite directions, perpendicular to the fault line. In deep waters, these 

waves will have relatively small amplitudes (often less than 1m) but their wavelengths 

often approach hundreds of kilometres. As these waves propagate towards the shoreline 

into shallow coastal waters, due to the compressing effect of the up-sloping seabed and 

the decreasing water depth, waves experience deceleration and a reduction of their 

wavelength, as well as an increase in amplitude. In most cases, depending on the 

geographical features of the coastline, the front of the wave will break when its height 

becomes approximately equal to the local water depth. From this point, the broken wave 

will take the form of a hydraulic bore, a rapidly advancing body of water with a relatively 

uniform depth and a steep turbulent front, and continue to propagate onshore as seen in 

Figure 1.1. In addition, although most often triggered by subduction earthquakes as 

explained above, tsunamis can also be due to the sudden displacement of water induced 

by subaerial and submarine landslides, volcanic eruptions, and meteor impacts.  

Within the past few years, although the phenomenon has been know for centuries 

in countries like Japan, several tsunamis around the globe brought to light the potential 

such events have for causing severe damage to inland buildings and endangering human 

life. Two events that standout particularly among others are the 2004 Indian Ocean 

Tsunami and the 2011 Tohoku Tsunami, Japan. On December 26th of 2004, a Mw9.1 

[USGS, 2012a] subduction earthquake off the northwest coast of Indonesia’s Sumatra  
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Figure 1.1. Hydraulic bore induced by the 2011 Tohoku Tsunami, Iwanuma city, Miyagi 

prefecture, Japan [Kyodo News, 2012]. 

island triggered a tsunami that caused widespread destruction in Indonesia, Malaysia, 

Myanmar, Thailand, Bangladesh, Sri Lanka, India, and several East African countries. 

The death toll was estimated over 310,000 [CAEE, 2005]. In the second case, even 

though Japan had large coastal structures such as breakwaters and sea dikes specifically 

designed against tsunamis, these were no match for the unprecedented tsunami of March 

11th 2011, as shown in Figure 1.2. Triggered by a Mw9.0 [USGS, 2012b] subduction 

earthquake located northeast of the Tohoku region, the tsunami resulted in widespread 

destruction (Figure 1.3), claimed over 20,000 lives, and caused economic losses 

estimated at over 217 billion US dollars [EERI, 2011]. In the aftermath of these events, as 

displayed in Figure 1.4, field surveys in which researchers from the University of Ottawa 

participated revealed that structures can severely be damaged or destroyed due to the 

action of extreme tsunami-induced hydrodynamic forces [Nistor et al., 2005; Ghobarah et 

al., 2006; Saatcioglu et al., 2006; Tomita et al., 2006; Yamamoto et al., 2006; EERI, 

2011]. Furthermore, after the latest 2011 Tohoku Tsunami is was observed that, although 

multiple-storey engineered concrete and steel buildings were previously believed to be 

tsunami-resistant [e.g. EERI, 2011; Takahashi et al., 2011, Mikami et al., 2012], as  
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(a)                                                                        (b) 

Figure 1.2. Destruction of coastal structures by the 2011 Tohoku Tsunami: (a) 

Overturned caissons of the breakwater at Kamaishi city, Miyagi prefecture [Takahashi et 

al., 2011]; (b) Concrete panels stripped from earthen sea dike at Tarou city, Miyagi 

prefecture [EERI, 2011]. 

 

 

Figure 1.3. Widespread destruction of inland structures by the 2011 Tohoku Tsunami in 

Onagawa city, Miyagi prefecture [Courtesy of Mikami Takahito]. 
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(a)                                                                        (b) 

Figure 1.4. Destruction of inland structures due to tsunami-induced hydrodynamic forces: 

(a) 2004 Indian Ocean Tsunami, Phuket city, Thailand [CAEE, 2005]; (b) 2011 Tohoku 

Tsunami, Onagawa city, Miyagi prefecture, Japan [Courtesy of Dr. Ioan Nistor]. 

evidence in Figure 1.3 and Figure 1.4-b, they can also be destroyed. Motivated by these 

field observations, an extensive literature review of current design codes demonstrated 

that, in contrast to seismic forces, such hydrodynamic forces are not taken into proper 

consideration when designing buildings for tsunami prone areas [Nistor et al., 2009a]. 

From a Canadian perspective, history shows that the country’s coastlines can also 

be affected by such catastrophic events. On November 18, 1929, a Mw7.2 earthquake 

occurred south of Newfoundland which triggered a submarine landslide that subsequently 

generated a tsunami that took 28 lives along the Burin peninsula of Newfoundland 

[Ruffman and Hann, 2006]. Another example is the tsunami that partially destroyed the 

town of Port Alberni, British-Columbia, during the night of March 28, 1964. This 

tsunami, which was generated by a Mw9.2 [USGS, 2011] subduction earthquake south of 

the Alaskan coast, reached Vancouver Island within approximately 4 hours. Although its 

waves were relatively small along the open coast of the island, the waves were 

significantly amplified at Port Alberni, by the fact that the town is located at the head of a 

contracting fjord valley. The damages resulting from this tsunami were estimated at 10 

million dollars [White, 1966].  Even though the aforementioned events are of 

significance, what makes Canada particularly susceptible to potentially large tsunami 

waves is the proximity of the Cascadia subduction zone located just off the west coast of 
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Canada and of the United States (Figure 1.5). Recent geological studies in this area 

revealed that a great (magnitude 8 or higher) subduction earthquake of magnitude 

Mw9.0, followed by the generation of a large tsunami, occurred during the year of 1700 

[Atwater et al., 2005]. As tsunami waves can travel far away from their generating 

source, the findings of these studies were also supported by written Japanese records. 

These records indicate that a small tsunami (attenuated over the considerable distance it 

travelled) surprised the inhabitants of several villages, as they did not feel any preceding 

earthquake. It should be noted that, at this time the northwest of North America was not 

yet explored, consequently only the oral traditions of First Nations recall the event. One 

more event that further demonstrates the tsunami risk along the west coast of Canada is 

the 1960 Chile tsunami, generated by a Mw9.5 subduction earthquake, which travelled 

across the Pacific Ocean and took 138 lives in Japan [USGS, 2010]. This last example 

clearly shows that, depending on the orientation of the fault line, any tsunamigenic 

earthquake along the subduction zones surrounding the Pacific Ocean (also known as the 

“rim of fire”) can potentially affect the west coast of Canada.   

 

 

Figure 1.5. Subduction zones around the Pacific Ocean and locations of several great 

tsunamigenic earthquakes (adapted from Atwater et al. [2005]). 
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Based on the damages observed following the 2011 Tohoku Tsunami (Figure 

1.2), the extent of the protection provided by coastal structures, such as breakwaters and 

sea dikes is now questionable. On the other hand, properly designed vertical evacuation 

buildings could be the best approach for saving lives wherever higher grounds cannot be 

reached rapidly. With this in mind, a novel interdisciplinary hydraulic-structural 

engineering research program [Palermo et al., 2008; Nistor et al., 2009b, Nistor et al., 

2011] was initiated at the University of Ottawa in collaboration with the Canadian 

Hydraulic Center of the National Research Council (NRC-CHC). The goal of this 

comprehensive research program is to develop new recommendations and guidelines for 

the sound design of inland structures located in tsunami-prone areas. Although this 

ongoing research program comprises field surveys as well as the physical, numerical, and 

analytical modeling of both tsunami-induced debris impact and hydrodynamic forces on 

structures, this thesis focuses mainly on its numerical modeling component.  

With the ever increasing computational capabilities of modern computers, 

numerical modeling has become a very valuable tool in the engineering field, from 

scientific investigation to the actual design process. However, before a new computer 

model can be applied with confidence in either research or design, it should be validated 

through physical experiments and/or field observations. Over the last few decades, 

numerical models relying on grid-based methods have evolved significantly and are now 

widely used. In the late seventies, a new breed of numerical models that apply mesh-free 

methods were introduced. However, due to their relatively high computing requirements, 

it was not until recent advances in computing technology that this type of numerical 

model began to be widely applied. The Smoothed Particle Hydrodynamics (SPH) 

method, considered to be one of the most promising mesh-free methods, is used in the 

present study to simulate the hydrodynamic forces acting on structures due to tsunami-

induced hydraulic bores.  

1.2. Scope 

The primary goal of the present study was to numerically reproduce part of the ongoing 

physical experiments performed within the aforementioned research program. These 

large-scale experiments are concerned with the impact ‘mechanics’ of rapidly advancing 
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tsunami-like hydraulic bores on free-standing columns having both circular and square 

cross-sections. The hydraulic bores are generated in a rectangular-shaped channel by the 

sudden release of water from an upstream reservoir. This physical arrangement is based 

on the classic “dam-break” problem. The compared numerical and physical results 

include: (i) time-dependent pressure distributions exerted on the upstream face of the 

structures, (ii) time-histories of the net base horizontal force acting on the structures, (iii) 

flow velocities, and (iv) water surface elevations at various locations along the 

experimental channel.  

The validated numerical model is applied to investigate the influence of the 

experimental test geometry on the resulting hydrodynamic forces. Due to both financial 

and space limitations, such tasks would be extremely difficult to perform physically. 

The presence of a thin film of water, initially present over the channel’s floor in 

the physical experiments, was observed to have a significant influence on the magnitudes 

of the resulting hydrodynamic forces. To investigate further the impact of a wet-bed 

condition on system ‘dynamics’, additional numerical tests were performed that 

compared the characteristics of hydraulic bore impacts on free-standing square columns 

and vertical wall for both dry- and wet-bed conditions. 

1.3. Contributions 

The novelty of the present study resides in the numerical investigation, at a relatively 

large-scale and using the SPH method, of the interaction of a hydraulic bore with free-

standing structures. Although this particular type of bore-structure interaction has been 

previously simulated using the SPH method, past studies only considered cases of limited 

dimensions. Hence, little information was provided that considered the time-history of 

hydrodynamic forces under the extended duration of a hydraulic bore similar to that of an 

actual tsunami.  

Although the influence of the bed condition (i.e. dry or wet) on the propagation 

alone of hydraulic bores has been thoroughly investigated by others, little is known about 

the role of the bed condition in regards to the hydrodynamic forces resulting from the 

impact of these bores with structures. To date, studies considering not only both bed 
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conditions but also two fundamentally different structure types, such as slender columns 

and infinitely wide walls, have not been performed either experimentally or numerically.  

In addition, as one of the very few Canadian studies considering the SPH method, 

one objective of this research is to provide a basic understanding of method and of its 

application for the simulation of hydrodynamic forces on structures. 

 Finally, the findings of this research can also be applied to other scenarios, such 

as (a) the rare but possible event of a dam or levee failure, where communities would be 

located in the path of the inundation wave, and  (b) “green water” loading, which occurs 

as a large sea wave overtops onto the deck of a ship.  

1.4. Outline 

Chapter 1 provides an introduction to the study by explaining its objective, scope, and 

contributions to the related field of research. 

 In Chapter 2, the SPH method is first introduced in perspective within the general 

concepts of numerical simulations and a review of its general applications in the field of 

Computational Fluid Dynamics (CFD) is included. In an adapted notation utilized 

throughout this thesis, the most common formulation of the method is derived in detail. 

In addition, important numerical aspects are described in a concise manner, not only 

according to the SPHysics implementation [Gómez-Gesteira et al., 2010a] that was used 

to perform the numerical simulations hereby, but also according to various studies. 

Observations related to these numerical aspects by other researchers are mentioned for 

later reference.  

 A detailed literature review with respect to bore-structure interaction is presented 

in Chapter 3. First, approaches for reproducing tsunami waves experimentally are 

explained and the results of studies demonstrating the influence of the bed condition on 

the propagation alone of hydraulic bores are then presented. Afterwards, existing results 

of current research on the impact of hydraulic bores with structures are reviewed. Lastly, 

previous numerical studies on such impacts performed using the SPH method are 

described. The main objectives of the literature review is to provide a background on 

concepts related to the dam-break scenario used to reproduce tsunami-like hydraulic 

bores, provide a starting point for the interpretation of the results presented in this thesis, 
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and demonstrate the novelty of the latter with respect to similar studies performed with 

the SPH method. 

 In Chapter 4, the several experimental setups considered in this study are detailed, 

along with the computational domains that were used to reproduce them numerically. 

This chapter also details the calibration of the numerical model based on a sensitivity 

analysis.  

 Chapter 5 discusses approaches for extracting specific results from the numerical 

simulations and these are evaluated based on a preliminary comparison with experimental 

data. The preferred approach considers the post-processing of raw numerical outputs by 

specifically implemented programs, and was used for obtaining the numerical results 

presented in the subsequent chapters of this thesis. 

 The core of this study is found in Chapter 6, where numerical results are 

compared quantitatively to experimental ones.   

 With the numerical model validated according to the observed agreement in the 

previous chapter, the results of additional numerical tests are presented in Chapter 7. The 

purpose of these tests is to fully exploit the numerical model in order to gain a better 

understanding of the underlying physical phenomena. The influences of the experimental 

test geometry and bed condition are investigated in detail.  

 Finally, research conclusions and recommendations for future work are presented 

in Chapter 8.  
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Chapter 2. The SPH Method 

This chapter presents the general underlying theory of the SPH method. First, the method 

is introduced conceptually within a description of the fundamental concepts of numerical 

simulations along with the principal characteristics of grid-based and mesh-free methods 

(according to Liu and Liu [2003]). Secondly, the most common formulation of the 

method applied to the governing equations of fluid motion is derived in step-by-step 

detail following a general approach provided by Dalrymple [2007]. Finally, numerical 

aspects related to the method are described according to several sources. The notation 

used in this chapter was specially adapted by considering the advantages of several 

existing notations. The purpose of this is to not only enhance readability but also provide 

a constant notation for the remainder of the thesis as the content of this chapter will often 

be referred to.  

2.1. SPH in Perspective 

2.1.1 Numerical Simulations 

Numerical simulations using computer models play a significant role in engineering as 

they allow relatively quick iterative design optimization and the behavioural evaluation 

of complex systems. Moreover, numerical simulations can either be an alternative or a 

complementary tool to scientific investigation, reducing the occurrence of expensive and 

time-consuming physical experiments in laboratories. Allowing measurements that are 

physically unfeasible, numerical simulations can provide additional insights into 

experimental results and even lead to the discovery of new phenomena. Nevertheless, it is 

only when their application to a specific type of problem has been validated against either 

sets of experimental results or theoretical solutions that numerical simulations should be 

considered as a practical design tool or as a reliable alternative to physical experiments. 
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 Numerical simulations are obtained based on the following general procedure. 

Through laboratory experiments, physical phenomena are first observed, and 

mathematical models are then established with some possible simplifications and 

assumptions. These mathematical models are generally expressed as a set of governing 

equations and, in most circumstances, they are in the form of partial differential 

equations (PDE) with associated boundary and initial conditions. Since these equations 

often do not have analytical solutions, they require to be solved numerically. In order to 

do so, the geometry of the problem domain needs to be divided into discrete components 

over which the solution of the equations will be approximated. This is referred to as 

domain discretization and it consists in dividing a continuum problem domain into a 

finite number of components that form the computational frame for the approximation of 

the governing equations. This computational frame is traditionally a grid or mesh, which 

forms a lattice of points (or grid nodes), with defined connectivity that represents the 

geometry of the problem domain. It is at these points that field variables are to be 

evaluated. To solve the governing equations based on the computational frame, the 

integral or derivative operations within them must be converted from continuous form to 

discrete representation. This is referred to as numerical discretization which is achieved 

via a function approximation theory. After domain discretization and numerical 

discretization, the original governing equations are changed into a set of algebraic 

equations or ordinary differential equations (ODE) that can be solved using existing 

time-integration schemes. 

2.1.2 Grid-Based Methods 

There are two ways of describing the physical governing equations: the Lagrangian 

description and the Eulerian description. Within traditional grid-based methods, the 

Lagrangian description is typically represented by the finite element method (FEM) while 

the Eulerian description is typically represented by the finite Difference method (FDM) or 

the finite volume method (FVM). In grid-based methods following the Lagrangian 

description, the grid is attached onto the material over the entire computation process, 

and therefore it moves with the material. Since each grid node follows the path of the 

material at a grid point, relative movement of the connecting nodes may result in the 
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deformation of the grid cells. Mass, momentum and energy are transported with the 

movement of the grid cells and the mass within each cell remains fixed, as no mass flux 

crosses the cell boundaries. The numerical discretization is performed via the function 

approximation theory of series representation. Since the deformation of the grid can be 

problematic in simulations where the material deformation is large, Lagrangian grid-

based methods are generally more popular for solving computational solid mechanics 

(CSM) problems. In the case of the grid-based methods following the Eulerian 

description, the grid is spatially fixed and the simulated medium moves across the cells of 

this grid (Figure 2.1-a). The flux of mass, momentum and energy across the grid cell 

boundaries are simulated in order to determine the distribution of mass, velocity, energy, 

etc. within the problem domain. The numerical discretization is performed via the 

function approximation theory of differential representation. Since the grid is fixed in 

space, large deformations in the simulated material do not cause any deformation in the 

grid itself. Therefore problematic issues related to highly-distorted grids (as in the case of 

Lagrangian grid-based methods) are avoided. For this reason, Eulerian grid-based 

methods are dominant in the area of computational fluid dynamics (CFD).  

2.1.3 Mesh-free Methods 

Recently, strong efforts have been geared towards a new generation of computational 

methods called mesh-free methods. The key role of mesh-free methods is to provide a 

numerical solution for PDEs with a set of arbitrarily distributed nodes, without using any 

grid that defines the connectivity between these nodes. Such methods can be 

advantageous compared to traditional grid-based ones when considering problems with a 

free-surface, deformable boundaries, moving interfaces (with respect to FDM), large 

deformations (with respect to FEM), and complex grid generation. 

Mesh-free Particle Methods 

Generally, mesh-free particle methods (MPM) refers to the class of mesh-free methods 

that employ a set of finite number of discrete nodes, or particles to represent the state of a 

system and to record the movement of this system. Each particle can either be directly 

associated with one discrete physical object as in the case of stars in astrophysical  
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(a) 

 

(b) 

Figure 2.1. Conceptualized computational nodes of (a) grid-based methods and (b) mesh-

free methods. 

problems, or be generated to represent a part of a continuum problem domain as in the 

case of a fluid particle within a water body (Figure 2.1-b). In MPMs, the domain 

discretization is often referred to as particle representation. Numerical discretization 

within the MPMs, often referred to as particle approximation, involves approximating 

the values of functions, derivatives and integrals at a certain particle using the 

information of the neighbouring particles which have an influence on this particle.  

The SPH Method 

The Smoothed Particle Hydrodynamics (SPH) method is a mesh-free, Lagrangian particle 

method in which the state of a system is represented by a set of arbitrarily distributed 

particles, which possess individual material properties and move according to governing 

conservation equations. The method was first introduced in the late seventies by Gingold 

and Monaghan [1977], and by Lucy [1977] independently, in order to model 
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astrophysical problems where each stellar object would be represented by a single 

particle. Since the collective movement of those stellar objects is similar to the movement 

of a liquid or gas flow, they could be modeled by the governing equations of the classical 

Newtonian hydrodynamics. Since its introduction, the method was applied to a wide 

variety of fields and the reader is referred to Liu and Liu [2003] for an exhaustive 

enumeration of these applications. Within the field of CFD, it was in 1994 that the 

method was first considered to simulate free-surface flows [Monaghan, 1994]. 

Afterwards, the method has been applied to a wide variety of hydraulic cases such as 

dam-breaks [Crespo et al., 2008; Khayyer and Gotoh, 2010], hydraulic jumps [López et 

al., 2010; Jonsson et al., 2011], floating objects [Rogers et al., 2008; Vandamme et al., 

2011], and flow through porous media [e.g. Morris et al., 1999; Zhu et al., 1999; Jiang et 

al., 2007], etc.  

 In the field of Coastal Engineering particularly, the SPH method has been used for 

the simulation of wave propagation and breaking [Monaghan and Kos, 1999; Lo and 

Shao, 2002; Landrini et al., 2007; Guilcher et al., 2007; Dalrymple et al., 2009], the 

interaction of waves with breakwaters [Gotoh et al., 2004; Shao, 2005; Didier and Neves, 

2010; Rogers et al., 2010], wave transmission through porous rubble-mounds [Shao, 

2010]  and sediment transport [Zou and Dalrymple, 2006; Zou, 2007; Ulrich and Rung, 

2010; Manenti et al., 2012]. Since the role of air entrainment is known to be important in 

coastal processes, studies related to multi-phase flows have also been performed 

[Colagrossi and Landrini, 2005; Cuomo et al., 2006; Hu and Adams, 2009, Gong et al., 

2010].  

 As explained in the following sections of this chapter, the discretization of the 

governing equations relies on approximating functions at one particle using a weighted 

average, or smoothening, of the properties of its neighbouring particles. Since the 

formulation of the SPH method is not affected by the arbitrariness of the spatial 

distribution of the particles, the method can handle problems with large deformations 

without any special free-surface treatment. This is considered to be its most attractive 

feature. However, as the neighbours of each particle have to be searched at every time 

step, the method is computationally expensive especially for 3D applications, although 

recent advances in computer technology have helped overcome this difficulty. For 
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instance, Maruzewski et al. [2010] studied the water entry of solid objects such as ship 

hulls using a parallel SPH model executing on as much as 8,192 processors, while 

Dalrymple et al. [2010] have taken advantage of the more affordable computational 

power of Graphic Processing Units (GPUs) to simulate the physical experiments of 

Drønen et al. [2002].  These experiments reproduced near-shore circulation patterns 

resulting from waves propagating and breaking over a bar and a rip channel. 

Nevertheless, depending on the problem to solve, the SPH method generally requires a 

high resolution (i.e. small spacing between adjacent particles) in order to achieve accurate 

results. Hence, modeling large computational domains using a high resolution can be 

challenging in terms of computational time, even with parallel computing. With this in 

mind, although significant work is still required, a few recent studies [Vacondio et al., 

2011; Omidvar et al., 2012] have focused on implementing SPH models with a variable 

particle resolution in analogy to a variable grid size within conventional mesh-based 

methods. 

2.2. Essential Formulation of SPH 

In the SPH method, the numerical discretization results from the combination of two 

steps:  the function approximation and the particle approximation. 

2.2.1 Function Approximation  

The function approximation theory considered in the SPH method is the integral 

representation of functions, which approximates a function �(+), in this case a vector 

function, using its information within a local influence domain Ω, such that: 

 

[2.1]     �(+) = d �(+′) 
Ω f(+ − +′) Ω 

 

where + is the position vector of the location where � is being approximated, +′ 
represents the position vector of surrounding locations were � is being evaluated in order 
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to be approximated at +,  Ω is the infinitesimal volume at a location +′, and f is the 

Dirac delta function given by 

 

[2.2]     f(+ − +′) = h1, + = +′0, + ≠ +′j 
 

When using the Dirac delta function, the integral representation of �(+) is exact as long 

as this last one is defined and is continuous in Ω. Replacing the Dirac function by a scalar 

smoothing function �, often referred to as the smoothing kernel, the integral 

representation of �(+) is given by 

 

[2.3]     ^�(+)_ = d �(+′) 
Ω �(+ − +′, ℎ) Ω 

 

in which ℎ is the smoothing length defining the influence domain of the smoothing kernel 

W. The function approximation given by Eq. 2.3 is often referred to as kernel 

approximation. In order for Eq. 2.3 to be valid, the smoothing kernel must satisfy the 

following conditions: 

 

• Normalization condition: 
 

[2.4]     d �(+ − +′, ℎ) Ω = 1 
Ω  

 

• Delta function behaviour: 
 [2.5]     limJ→� �(+ − +′, ℎ) = f(+ − +′) 

 

• Compact support condition: 
 [2.6]     �(+ − +′, ℎ)  =  0     for      U+ − +′U ≥ 2ℎ 
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in which 2ℎ is the radius of the effective (non-zero) influence domain associated 

with the smoothing kernel. 

 

• Positivity condition: 
 [2.7]     �(+ − +′, ℎ)  >  0     for     U+ − +′U < 2ℎ   

 

• Monotonically decreasing: 
 [2.8]      �(+ − +xy , ℎ)  >  �(+ − +Ry , ℎ)     for      U+ − +xy U < U+ − +Ry U 

 

• Symmetry condition: 
 [2.9]      �(+ − +′, ℎ)  =  �(+′ − +, ℎ)     
 

 If we now consider the spatial derivative of the function �(+), it can be obtained 

by simply replacing the term �(+) of Eq. 2.3 with ∇ ∙ �(+), 

 

[2.10]     ^∇ ∙ �(+)_ = d[∇ ∙ �(+′)] 
Ω �(+ − +′, ℎ) Ω  

 

For simplicity, let’s consider 

 [2.11]     � = �(+ − +′, ℎ) 

 

In three-dimensional space, 
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[2.12]     [∇ ∙ �(+′)]� = {X)|(+′)XF + X)~(+′)XG + X)�(+′)XH � � 

= {�X)|(+′)XF + �X)~(+′)XG + �X)�(+′)XH � 

= {�X)|(+′)XF + �X)~(+′)XG + �X)�(+′)XH �  
+ {)|(+′)X�XF + )~(+′)X�XG + )�(+′)X�XH � 

− {)|(+′)X�XF + )~(+′)X�XG + )�(+′)X�XH � 

= {X)|(+′)�XF + X)~(+′)�XG + X)�(+′)�XH � 

− {)|(+′)X�XF + )~(+′)X�XG + )�(+′)X�XH � 

= ∇ ∙ [�(+′)�] − �(+′) ∙ ∇� 

 

Substituting the identity derived in Eq. 2.12 into Eq. 2.10 yields 

 

[2.13]     ^∇ ∙ �(+)_ = d�∇ ∙ [�(+′)�] − �(+′) ∙ ∇�� 
Ω  Ω 

 

which can be rewritten as  

 

[2.14]    ^ ∇ ∙ �(+)_ = d ∇ ∙ [�(+′)�] Ω 
Ω  − d �(+′) ∙ ∇� Ω 

Ω  

 

Using the divergence theorem (Eq. 2.15), the first integral on the right hand side (RHS) 

of Eq. 2.14 can be converted into an integral over the surface S of the influence 

domain Ω.  
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[2.15]     d ∇ ∙ � 
Ω  Ω = d � ∙ 

� 7 8 

 

where 7 is the unit vector normal to the surface S pointing outwards. Eq. 2.14 then 

becomes 

 

[2.16]     ^∇ ∙ �(+)_ = d �(+′)� ∙ 7 8 
�  − d �(+′) ∙ ∇� Ω 

Ω  

 

Due to the compact support condition (Eq. 2.6), the value of the smoothing kernel � is 

zero on the surface of its influence domain and therefore, the first integral on the RHS of 

Eq. 2.16 is zero. This results in the final form of the kernel approximation of the spatial 

derivative of a function �(+), 

 

[2.17]     ^∇ ∙ �(+)_ =  − d �(+′) ∙ ∇� Ω 
Ω  

 

Note that, although a vector function (�) is considered for demonstrative purposes, the 

integral representation of a scalar function ()) follows a similar approach, where the 

divergence operator is replaced by the gradient operator. In this case, the identity derived 

in Eq. 2.12 becomes   
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[2.18]     [∇)(+′)]� = {X)(+′)XF , X)(+′)XG , X)(+′)XH � � 

  = {�X)(+′)XF , �X)(+′)XG , �X)(+′)XH � 

  = {�X)(+′)XF , �X)(+′)XG , �X)(+′)XH �  
+ {)(+′)X�XF , )(+′)X�XG , )(+′)X�XH � 

− {)(+′)X�XF , )(+′)X�XG , )(+′)X�XH � 

= {�X)(+′)XF + )(+′)X�XF , �X)(+′)XG + )(+′)X�XG , �X)(+′)XH + �X)(+′)XH � 

− {)(+′)X�XF , )(+′)X�XG , )(+′)X�XH � 

= {X)(+′)�XF , X)(+′)�XG , X)(+′)�XH � 

− {)(+′)X�XF , )(+′)X�XG , )(+′)X�XH � 

= ∇[)(+′)�] − )(+′)∇� 

 

and the following corollary of the divergence theorem is used instead. 

  

[2.19]     d ∇) Ω 
Ω  = d )7 8 

�  

2.2.2 Particle Approximation 

The continuous integral representations expressed in Eq. 2.3 and Eq. 2.17 can be 

converted into discrete form through summations over all particles within the influence 

domain of the smoothing kernel. Figure 2.2 represents the influence domain of the 

smoothing kernel for a certain particle 	 located at +�. 
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Figure 2.2. Influence domain Ω with radius 2ℎ of smoothing kernel �. ��� is the distance 

separating particles 	 and 
. 

The particle approximation is obtained by replacing the infinitesimal volume  Ω at the 

location of a neighbour particle 
 by the finite volume of this particle ∆D�. Considering 

Eq. 2.3: 

 

[2.20]     ^�(+)_ = d �(+′)�(+ − +′, ℎ) � 
Ω = � �(+�)�[+� − +� , ℎ]∆D�

�
��x  

 

where ∆D� is the incremental volume associated with particle 
, and 9 is the total number 

of neighbouring particles within the influence domain Ω.  Using the following 

relationship: 

 [2.21]     ∆D� = 6�'�   
 

where 6� and '� are the mass and density of a neighbouring particle 
, respectively, the 

particle approximation of the function � at particle 	 is then 
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[2.22]     ^�(+�)_ = � 6�'� �(+�)�[+� − +� , ℎ]�
��x  

 

For simplicity, let’s consider 

 [2.23]     ��� = �[+� − +� , ℎ] 

 

Following the same approach, the spatial derivative of the function � at particle 	 can be 

expressed as   

 

[2.24]     ^∇ ∙ �(+�)_ = − � 6�'� �(+�)�
��x ∙ ∇���� 

 

where ∇� denotes the gradient taken with respect to the coordinates of particle 
. Since the 

smoothing kernel is symmetric (Eq. 2.9),  

 [2.25]     ∇���� = −∇���� 

 

and Eq. 2.24 becomes 

 

[2.26]     ^∇ ∙ �(+�)_ = � 6�'� �(+�)�
��x ∙ ∇���� 

 

with 

 

[2.27]     ∇���� = +� − +����
X���X���  

 

where ��� = �+� − +�� is the distance separating particle 
 from particle 	. 
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2.2.3 Approximation Errors 

The errors related to the SPH method are categorized as either function approximation 

errors, or errors associated to the particle approximation. The overall error is the 

combination of the two. In a different way than traditional grid-based methods, there are 

two length scales affecting the errors in the SPH method. These intricately related scales 

are the smoothing length (ℎ) and the inter-particle distance, or spacing, with the latter 

being irregular in most practical cases. [Note that, this section does not discuss the errors 

associated to time-integration schemes as these are independent of the numerical 

method]. 

Function Approximation Errors 

These errors are related to how functions are approximated. In the SPH method, the 

function approximation theory utilized to perform the latter is the integral representation 

of functions (see Section 2.2.1).  

 As ℎ → 0, the smoothing kernel � further behaves like the Dirac delta function 

(Eq. 2.2) and the function approximation, or kernel approximation provided by Eq. 2.3 

becomes exact. However, as this would require an infinite number of particles in the 

influence domain (9 → ∞), this is not practically feasible and errors associated with the 

calculation of � are introduced. The accuracy of the kernel approximation is generally 

considered as Z(ℎR) [Monaghan, 1992]. Following Liu and Liu [2003], this can be 

demonstrated with Eq. 2.3 using a Taylor expansion of �(+) around + as follows: 
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[2.28]     ^�(+)_ = d �(+′) 
Ω �(+ − +′, ℎ) Ω 

   = d��(+) + �′(+)(+′ − +) + �[(+′ − +)R]� 
Ω �(+ − +′, ℎ) Ω 

   = d �(+) 
Ω �(+ − +′, ℎ) Ω + d �′(+)(+′ − +) 

Ω �(+ − +′, ℎ) Ω 

      + d �(ℎR) 
Ω �(+ − +′, ℎ) Ω 

   = �(+) d �(+ − +′, ℎ) Ω 
Ω + �′(+) d(+′ − +)�(+ − +′, ℎ) Ω 

Ω  

      + �(ℎR) d �(+ − +′, ℎ) Ω 
Ω  

 

where � stands for the residual. Since � is symmetric (i.e. even function) as stated by 

Eq. 2.9, (+′ − +)�(+ − +′, ℎ) Ω is an odd function and therefore its integral over the 

influence domain Ω is equal to zero. Considering this zero integral and the normalization 

condition (Eq. 2.4): 

 [2.29]     ^�(+)_ = �(+) + �(ℎR) 

 

 Using the same concept of consistency as in traditional grid-based methods, Liu 

and Liu also demonstrate that in order to reproduce a polynomial of degree \ exactly, � 

must satisfy the following conditions: 
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[2.30]     

�� = d �(+ − +′, ℎ) Ω = 1 
Ω                  

�x = d(+ − +′)�(+ − +′, ℎ) Ω = 0 
Ω   

�R = d(+ − +′)R�(+ − +′, ℎ) Ω = 0 
Ω ⋮�K = d(+ − +′)K�(+ − +′, ℎ) Ω = 0 
Ω

 

 

with 

 

[2.31]   j  �(+ − +′, ℎ)  =  0   �y(+ − +′, ℎ)  =  0  �     for     U+ − +′U ≥ 2ℎ 

 

where �� are the 
-th moments of the smoothing kernel �. Eq. 2.31 states that both � 

and its first derivative should be equal to zero on the surface of Ω. Although high orders 

of consistency are theoretically possible with the integral representation of functions, they 

are not always advantageous. For instance, for the even moments (
 = 2, 4, 6 …) to be 

zero, W has to be negative in some parts of Ω. This would make the positivity condition 

(Eq. 2.7) unsatisfied and negative values of W could result in unphysical solutions such as 

negative density values [Liu and Liu, 2003]. Hence, when applied to CFD, the 

consistency of the SPH method is generally first-order (i.e. C1).     

Particle Approximation Errors 

These errors are associated with the discretization of the kernel approximation (Eq. 2.3) 

as the computational domain is represented with a discrete set of particles. In contrast to 

gird-based methods, the distance separating particles in SPH simulations is generally not 

constant as these ones move according to the governing equations. Hence, because of this 

rather random distribution of the computational nodes, traditional error estimates are not 

possible. For this reason, errors associated to the domain discretization are generally 

assessed based on numerical experiments and comparison with known analytical 
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solutions [Monaghan, 2005]. The following are some examples of such study. Interested 

in the stability of the SPH method, Swegle et al. [1995] performed von Neumann 

analyses within the perspective of computational solid mechanics (CSM). By simulating 

heat transfer in a homogenous slab, Cleary and Monaghan [1998] found that reducing ℎ 

more slowly than the inter-particle spacing reduces the overall error. Considering the 

randomness of the particles and the ratio between ℎ and the particle spacing, Graham and 

Hughes [2007] performed numerical experiments of an impulsive pressure-driven flow 

between parallel plates to assess the accuracy of SPH simulations of viscous diffusion.     

2.2.4 Derivation of SPH Formulation for Fluid Motion 

Based on the numerical discretization procedure described in the previous section, SPH 

formulations for PDEs can be derived in various ways. One approach introduced by Benz 

[1990], is to first multiply each term of the PDEs by the smoothing kernel and then 

integrate over the influence domain of the last one. In this study, we will consider the 

compressible Navier-Stokes equations in their Lagrangian form as the set of governing 

equations for the motion of the fluid. These PDEs will be transformed step-by-step into a 

discretized set of ODEs that can be solved via time integration, following the general 

approach provided by Dalrymple [2007].   

Conservation of Mass 

In the case of compressible flows, the conservation of mass in Lagrangian form is as 

follows: 

 

[2.32]     1' V'VA = −∇ ∙ C 

 

with 

 

[2.33]     V'VA  = X'XA  + C ∙ ∇' =  X'XA  + $| X'XF + $~ X'XG + $� X'XH 
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where ' and C are the density and the velocity vector of the fluid, respectively. 

Multiplying both sides of Eq. 2.32 with the smoothing kernel � = �(+ − +′, ℎ) and 

integrating over the influence domain Ω gives: 

 

[2.34]     d �(+ − +′, ℎ) �1' V'VA�  Ω 
Ω = − d �(+ − +′, ℎ)∇ ∙ C Ω 

Ω  

 

Using the same identity as demonstrated in Eq. 2.12, taking � as C and considering � =�(+ − +′, ℎ) for clarity, 

 

[2.35]     d � �1' V'VA�  Ω 
Ω = − d�∇ ∙ [�C] − C ∙ ∇�� Ω 

Ω  

 

Using the divergence theorem (Eq. 2.15), 

 

[2.36]     d � �1' V'VA�  Ω 
Ω = − d �C ∙ 7 8 

� + d C ∙ ∇� Ω 
Ω  

 

Due to the compact support condition (Eq. 2.6), the value of the smoothing kernel � is 

zero on the surface of its influence domain and therefore the first integral on the RHS of 

Eq. 2.36 is zero. 

 

[2.37]     d � �1' V'VA�  Ω 
Ω = d C ∙ ∇� Ω 

Ω  

 

Applying the concept of particle approximation to Eq. 2.37 gives: 

 

[2.38]     � 6�'� � 1'�
V'�VA ��

��x �[+� − +� , ℎ] = � 6�'� C� ∙�
��x ∇��[+� − +� , ℎ]              
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Because of the symmetry of the smoothing kernel (Eq. 2.9 and Eq. 2.25) and taking            ��� = �[+� − +�, ℎ]  for simplicity, Eq. 2.38 can be rewritten as  

 

 [2.39]     � 6�'� � 1'�
V'�VA ��

��x ��� = − � 6�'� C� ∙�
��x ∇���� 

 

Since V'� VA⁄  and the density ('�) at particle 	 are constant with respect to the summation 

over the neighbouring particles 
 = 1, 2, … , 9, they can be excluded from the summation 

of the left hand side (LHS) of Eq. 2.39,  

 

[2.40]     � 1'�
V'�VA � � 6�'� ���

�
��x = − � 6�'� C� ∙�

��x ∇���� 

 

Due to the normalization condition (Eq. 2.4), 

 

[2.41]     1'�
V'�VA = − � 6�'� C� ∙�

��x ∇���� 

 

Since the gradient of a constant is equal to zero, we can deduce with Eq. 2.26 that 

 

[2.42]     � 6�'�
�

��x ∇���� = 0 

 

Multiplying this zero sum by C� and adding it to the RHS of Eq. 2.41 gives: 

 

[2.43]     1'�
V'�VA = − � 6�'� C� ∙�

��x ∇���� + C� ∙ � 6�'�
�

��x ∇���� 
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As before, since the velocity at particle 	 (C�) is constant with respect to the summation 

over the neighbouring particles 
 = 1, 2, … , 9, it can be included in the sum of the 

second term on the RHS of Eq. 2.43. 

 

[2.44]     1'�
V'�VA = − � 6�'� C� ∙�

��x ∇���� + � 6�'�
�

��x C� ∙ ∇���� 

 

Rearranging Eq. 2.44 yields the final form of the conservation of mass equation in SPH 

notation  

 

[2.45]     V'�VA = '� � 6�'�
�

��x [C� − C�] ∙ ∇���� 

 

Conservation of Momentum 

The conservation of momentum in Lagrangian form (without viscous diffusion terms) is 

expressed as follows: 

 

[2.46]     VCVA = − 1' ∇< + 0 

 

with 

 

[2.47]     VCVA  = XCXA  + C ∙ ∇' =  XCXA  + $| XCXF + $~ XCXG + $� XCXH  

 

where 0 is the acceleration due to external forces and < is the fluid pressure. [Note that, 

for simplicity, the viscous diffusion terms are omitted, as they depend on the various 

viscosity and turbulence model selected]. Multiplying both sides of Eq. 2.46 with the 

smoothing kernel � = �(+ − +′, ℎ) and integrating over the influence domain Ω gives: 
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[2.48]     d � �VCVA �  Ω 
Ω = d � �− 1' ∇< + 0�  Ω 

Ω  

 

[2.49]     d � �VCVA �  Ω 
Ω = − d � �1' ∇<�  Ω 

Ω   + d �0 Ω 
Ω   

 

Considering that the integration of the acceleration due to external forces (0) will be 

accounted for in its final formulation, Eq. 2.49 is simplified as follows: 

 

[2.50]     d � �VCVA �  Ω 
Ω = − d � �1' ∇<�  Ω 

Ω   + 0 

 

Using the identity demonstrated in Eq. 2.18, taking ) to be the scalar function <, 

 

[2.51]     d � �VCVA �  Ω 
Ω = − d 1' �∇[�<] − <∇�� Ω 

Ω   + 0 

 

[2.52]     d � �VCVA �  Ω 
Ω = − d 1' ∇[�<] Ω +  d 1' <∇� Ω 

Ω
 

Ω   + 0 

 

Using the divergence theorem (Eq. 2.19), 

 

[2.53]     d � �VCVA �  Ω 
Ω = − d 1' �<7 8 + d 1' <∇� Ω 

Ω
 

�   + 0 

 

Due to the compact support condition (Eq. 2.6), the value of the smoothing kernel � is 

zero on the surface of its influence domain and therefore the first integral on the RHS of 

Eq. 2.53 is zero. 
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[2.54]     d � �VCVA �  Ω 
Ω = d 1' <∇� Ω 

Ω  + 0  
 

Applying the concept of particle approximation, Eq. 2.54 becomes 

 

[2.55]     � 6�'�
�

��x �VC�VA � �[+� − +� , ℎ] = � 1'�
6�'�

�
��x <�∇��[+� − +� , ℎ] + 0 

 

Since VC� VA⁄  is constant with respect to the summation over the neighbouring particles 
 

= 1, 2, … , 9, it can be excluded from the summation of the LHS of Eq. 2.55, and again 

taking ��� = �[+� − +�, ℎ]  for simplicity, 

 

[2.56]     VC�VA � 6�'�
�

��x ��� = � 6�'�'�
�

��x <�∇���� + 0 

 

and due to the normalization condition (Eq. 2.4), 

 

[2.57]     VC�VA = � 6�'�'�
�

��x <�∇����  + 0 

 

Because of the symmetry of the smoothing kernel (Eq. 2.9 and Eq. 2.25), Eq. 2.57 can be 

rewritten as:  

 

[2.58]     VC�VA = − � 6�'�'�
�

��x <�∇����  + 0 

 

Following a similar approach as before, since the gradient of a constant is equal to zero, 

we can deduce with Eq. 2.26 that 
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[2.59]     � 6�'�
�

��x ∇���� = 0 

 

Multiplying this zero sum by <� and 1 '�⁄ , and subtracting it to the LHS of Eq. 2.58 gives: 

 

[2.60]     VC�VA = − � 6�'�'�
�

��x <�∇����  −  <� 1'� � 6�'�
�

��x ∇���� + 0 

Now since the pressure (<�) and density ('�) at particle i  are constant with respect to the 

summation over the neighbouring particles 
 = 1, 2, … , 9, they can be included in the 

sum of the second term on the RHS of Eq. 2.60. 

 

[2.61]     VC�VA = − � 6�'�'�
�

��x <�∇����  − � 6�'�'�
�

��x  <�∇���� + 0 

 

Rearranging Eq. 2.61 yields the final form of the conservation of momentum equation in 

SPH notation: 

 

[2.62]     VC�VA = − � 6�
�

��x
 <� + <�'�'� ∇����  + 0 

2.3. Numerical Aspects of SPH 

In this section, the main numerical aspects of the SPH method are presented in order to 

better understand their influence on the outcome of the simulations. Although there is a 

wide variety of numerical schemes, the ones presented here are those that are 

implemented in SPHysics [Gómez-Gesteira et al., 2010a]. Note that, when a reference is 

made to the actual SPHysics source code, the related information is presented as coded. 

This is because information presented in the user manual [Gómez-Gesteira et al., 2010a] 

can sometimes differ from the actual code or omit some details.   
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2.3.1 Smoothing Kernels 

There is a wide array of smoothing kernels available and the reader is referred to Liu and 

Liu [2003] and Gómez-Gesteira et al. [2010b] for more details. Two of the most popular 

ones are presented below.  

 Monaghan and Lattanzio [1985] proposed a smoothing kernel based on cubic 

spline functions, which is expressed as follows: 

 

[2.63]     �[+� − +� , ℎ] = I- ×
���
��23 − �R + 12 ��         0 ≤ � < 1

    16 (2 − �)�           1 ≤ � < 2         0                          � ≥ 2
j 

with 

 [2.64]     � =  ��� ℎ⁄  

 

where ��� =  �+� − +��; I- = 15 (7�ℎR)⁄  and I- = 3 (2�ℎ�)⁄  in two- and three-

dimensional space, respectively. The cubic spline smoothing kernel and its first 

derivative with respect to � are shown in Figure 2.3 and Figure 2.4, respectively.  

 

Figure 2.3. Cubic spline and quadratic smoothing kernels. 
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Figure 2.4. Absolute value of the first derivative of the cubic spline and quadratic 

smoothing kernels. 

 Johnson et al. [1996] proposed the quadratic smoothing kernel described as 

follows  

 

[2.65]     ��� = I-  � 316 �R − 34 � + 34�            0 ≤ � ≤ 2  
 

where I- = 2 (�ℎR)⁄  and I- = 5 (4�ℎ�)⁄  in two- and three-dimensional space, 

respectively. The quadratic smoothing kernel and its first derivative with respect to � are 

shown in Figure 2.3 and Figure 2.4, respectively.  
 Unlike the cubic spline smoothing kernel, the absolute value of the first derivative 

of the quadratic smoothing kernel always increases as the distance between particles 

decreases (Figure 2.4), and therefore relieving the problem of tensile instability 

[Monaghan, 2000]. This so-called tensile instability manifests itself as particles clump 

unrealistically with each other, and it is due to the insufficient pressure responsible for 

keeping them apart. [Note that, the pressure term in the discretized momentum equation 

(Eq. 2.58) is multiplied by the first derivative of the smoothing kernel]. However, 

Monaghan [2000] proposed a correction for the tensile instability when using kernels of 

higher order such as the cubic spline smoothing kernel. Lastly, some researchers have 
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found that the accuracy of the SPH function approximation (Eq. 2.3) increases with the 

order of the smoothing kernel [Capone et al., 2007], although this is accompanied with a 

longer computational time as a side effect. 

2.3.2 Compressibility 

With the compressible Navier-Stokes equation of continuity considered in this study (Eq. 

2.32), the fluid is treated as slightly compressible. This approach, often referred to as 

weakly compressible SPH (WCSPH), allows the pressure terms of the discretized 

momentum equation (Eq. 2.62) to be calculated directly from the density of the fluid 

particles via an equation of state, rather than an additional PDE (i.e. a Poisson equation) 

that would have to be solved iteratively. In addition, solving a Poisson equation would 

require tracking the free-surface, which is not straightforward in most cases, especially 

the ones involving wave breaking [Gómez-Gesteira et al., 2010b]. Originally given by 

Batchelor [1967] and adapted by Monaghan [1994], the equation of state used in this 

study is expressed as follows: 

     

[2.66]     <�  = ��R'�L ¡�'�'��¢ − 1£ 
 

where L = 7 is a constant, '� =  1000 
¤ 6�⁄  is the reference water density, and ��   is 

the speed of sound in water at the reference density. According to Dalrymple [2007], a 

value of L = 7 fits oceanic data well, but Morris et al. [1997] suggested that L is best 

taken as unity for low Reynolds number flows. Within this approach, the speed of sound 

at the reference density (��) is known to be a key factor that deserves careful 

consideration, and if the actual speed of sound is employed (e.g. 1480 m/s for water 

under standard pressure and temperature), the simulated fluid tends to become 

incompressible [Liu and Liu, 2003]. Generally, this speed of sound is considerably 

reduced in order to obtain reasonable time steps based on the Courant condition (see 

Section 2.3.4). However, the density fluctuations (|∆'�| '�⁄ ) should remain within 1% in 

order to obtain accurate results and, based on Eq. 2.67 below, this would imply that 
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��  remains about ten times greater than the maximum expected flow velocity 

[Monaghan, 1994, 2005]. 

 

[2.67]    |∆'�|'�  ≈ UC�UR�1R  =  �R  
 

where � is the Mach number. Lastly, the speed of sound at a certain particle 	 is given by 

the derivative of the pressure with respect to density [e.g. Gómez-Gesteira et al., 2010b] 

 

[2.68]      ��R  = X<�X'� 
 

and substituting Eq. 2.66 into Eq. 2.68 followed by taking the derivative, yields 

 

[2.69]      ��R  = ��R �'�'��¢¥x
 

2.3.3 Viscosity and Turbulence  

Two of the most frequently used formulations for the viscous diffusion terms of the 

momentum equation are the artificial viscosity [Monaghan, 1992] and the laminar 

viscosity with Sub-Particle Scale (SPS) turbulence [Lo and Shao, 2002; Dalrymple and 

Rogers, 2006]. 

 In order to dissipate energy and to prevent fluid particles from moving chaotically 

and from colliding with each other, an artificial viscosity term ¦�� is added to the 

pressure terms of the momentum equation  

 

[2.70]   VC�VA = − � 6�
�

��x § <� + <�'�'�  + ¦��¨ ∇���� + 0 
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[2.71]     ¦�� = ©−I�������ª��'��           [C� − C�] ∙ [+� − +�] < 0
      0                  [C� − C�] ∙ [+� − +�] ≥ 0 j 

 

with 

 

[2.72]     ª�� = ℎ[C� − C�] ∙ [+� − +�]«+� − +�«R + 0.01ℎR  

 

[2.73]     ��� = 12 [�� + ��] 

 

[2.74]     '�� = 12 ['� + '�] 

 

where I���� is a free parameter referred to as the artificial viscosity coefficient. It was 

noted that, in many cases where the particle resolution is high, this artificial viscosity is 

too dissipative [Dalrymple and Rogers, 2006]. 

 In grid-based numerical methods, one popular approach for modeling turbulence 

is Large Eddy Simulation (LES). In this approach, the larger eddies which contain most 

of the turbulent kinetic energy are resolved directly by the grid while small eddies are 

modeled or represented by a Sub-Grid Scale (SGS) turbulence model. This is an 

alternative to computationally-expensive Direct Numerical Simulation (DNS) in which 

all scales of turbulence are modeled explicitly by ensuring a very fine grid resolution. For 

a detailed explanation of turbulence and LES, the reader is referred to Pope [2000].   

Following the rationale of LES, Lo and Shao [2002] introduced a laminar viscosity with 

Sub-Particle Scale (SPS) turbulence formulation for modeling viscosity and turbulence 

within the SPH method. For this formulation, the momentum equation including the 

viscous diffusion terms is expressed as follows: 

 

[2.75]     VCVA = − 1' ∇< + N∇RC + 1' ∇O 
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where N is the kinematic viscosity of laminar flow (10¥¬ 6R ­⁄ ) and O is the SPS stress 

tensor. Discretized in SPH notation, the above equation becomes: 

 

[2.76]      VC�VA = − � 6�
�

��x § <� + <�'�'� ¨ ∇���� + � 6� §4N(+� − +�) ∙ ∇����['� + '�]���R ¨ [C� − C�] �
��x  

+ � 6� §O�'�R + O�'�R¨ ∙ ∇���� �
��x + 0 

 

where O� and O� are the SPS shear stress tensors for particles 	 and 
, respectively. For 

further details on the viscous and turbulence modeling considered in this study, the reader 

is referred to Gómez-Gesteira et al. [2010a].  

2.3.4 Time-Stepping 

As explained in Section 2.1.1, the original governing equations in PDE form are 

converted into ODE form through numerical discretization such that they can be solved 

using any stable time stepping algorithm for ODEs. Although there are a variety of ways 

to march the solution of the discretized governing equations ahead in time, two will be 

considered: a variation of the predictor-corrector algorithm [Monaghan, 1989] and the 

symplectic algorithm [Leimkuhler et al., 1996]. Before describing these second order 

algorithms, the determination of the time step is explained. 

 The variable value of the time step (∆A) takes into account the Courant condition, 

the viscous diffusion, and the magnitude of the internal and external forces affecting each 

particle, such that 

 [2.77]     ∆A =  I4�:3 × 6	\[∆A® , ∆A��] 

 

where ∆A® is the time step due to the internal and external force condition, ∆A�� is the 

time step due to the combined Courant and viscosity condition, and I4�:3 is a free 

parameter usually taken as 0.3 and referred to as the time step coefficient. Throughout the 

simulation, a new time step value is determined at the end of each iteration. The internal 
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and external force condition ensures that particles do not get too close to each other 

during the integration of their movement [Morris et al., 1997] and it is expressed as: 

 

[2.78]     ∆A® =  min� ° ℎU��U 

 

where ℎ is the smoothing length, �� is the total internal and external forces per unit mass 

associated with particle 	 (i.e. the value of the right hand side of the momentum 

equation), and the min operator takes into account all particles used in the simulation. On 

the other hand, the Courant condition states that the time step should be less than the time 

required for a sound wave, or any wave, to travel between adjacent particles, and the 

viscosity condition states that the time step should be less than the time scale of the 

viscous phenomenon. According to Monaghan and Kos [1999], the combined Courant 

and viscosity condition is as follows: 

 

[2.79]     ∆A�� =  6	\� ±²
²³ ℎ

�� + 6YF� ´ℎC�� ∙ =���=���R ´µ¶
¶· 

 

where C�� = C� − C� is the difference in velocity between particles 	 and 
, �� is the speed 

of sound at particle 	 calculated according to Eq. 2.69, =�� = +� − +� is the vector 

between particles 	 and 
, and the 6	\ operator takes into account all particles in the 

simulation, while the 6YF operator takes into account all neighbouring particles 
 of a 

particle 	. 
 The predictor-corrector algorithm implemented in SPHysics is as follows 

[Gómez-Gesteira et al., 2010a]. The derivative of the density V'�K VA⁄   and the 

acceleration VC�K VA⁄  of a particle 	 are first calculated using the mass and momentum 

conservation equations (Eq. 2.45 and Eq. 2.62), respectively. The values of the density, 
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velocity and position of the particle are then evaluated at half the time step as follows, 

respectively:   

 

[2.80]     '�K¸x R¹  =  '�K + ∆A2 V'�KVA  

 

[2.81]     C�K¸x R¹  =  C�K + ∆A2 VC�KVA  

 

[2.82]     +�K¸x R¹  =  +�K + ∆A2 C�K 

 

The value of pressure at half the time step <�K¸x R¹
 is then calculated using the equation of 

state (Eq. 2.66) with '�K¸x R¹
. This is known as the predictor stage. Afterwards, the 

derivative of the density V'�K¸x R¹ VA¹   and the acceleration VC�K¸x R¹ VA¹  are re-evaluated 

at half the time step and the values of the density, velocity and position of the particle at 

half the time step are then corrected as follows, respectively: 

 

[2.83]     '�K¸x R¹  =  '�K + ∆A2 V'�K¸x R¹VA  

 

[2.84]     C�K¸x R¹  =  C�K + ∆A2 VC�K¸x R¹VA  

 

[2.85]     +�K¸x R¹  =  +�K + ∆A2 C�K¸x R¹
 

 

This is known as the corrector stage. Finally, the values of the density, velocity and 

position of the particle are evaluated at the end of the time step according to the 

following, respectively: 
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[2.86]     '�K¸x =  2'�K¸x R¹ − '�K 

 

[2.87]     C�K¸x =  2C�K¸x R¹ − C�K 

 

[2.88]     +�K¸x =  2+�K¸x R¹ − +�K 

 

Lastly, the pressure at the end of the time step <�K¸x is calculated using the equation of 

state (Eq. 2.66) with '�K¸x. 

 The symplectic algorithm is similar to the predictor-corrector algorithm with the 

exceptions that the values are not corrected at half the time step and the final evaluation 

at the end of the time step is different. So, just like the predictor-corrector algorithm, the 

derivative of the density V'�K VA⁄   and the acceleration VC�K VA⁄  of a particle i are first 

calculated using the mass and momentum conservation equations (Eq. 2.45 and Eq. 2.62), 

respectively. The values of the density '�K¸x R¹
, velocity C�K¸x R¹

 and position +�K¸x R¹
 of the 

particle are then evaluated at half the time step according to Eq. 2.80, Eq. 2.81 and Eq. 

2.82, respectively. The value of pressure at half the time step <�K¸x R¹
 is then calculated 

using the equation of state (Eq. 2.66) with '�K¸x R¹
. According to the implementation of 

SPHysics (i.e. the open source code), the values of the density, velocity and position of 

the particle are evaluated at the end of the time step according to the following, 

respectively: 

 

[2.89]     '�K¸x =  '�K × 2 + Mº∆A2 − Mº∆A 

 

[2.90]     C�K¸x =  C�K + ∆A VC�K¸x R¹VA  

 

[2.91]     +�K¸x =  +�K + ∆A2 �C�K + C�K¸x R¹ � 
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with 

 

[2.92]     Mº = 1'�K¸x R¹ V'�K¸x R¹VA  

 

Lastly, the pressure at the end of the time step <�K¸x is calculated using the equation of 

state (Eq. 2.66) with '�K¸x. 

2.3.5 Correction Schemes 

Several correction schemes are often required to keep SPH simulations accurate and more 

stable. Some of these are presented in the following subsections.   

Kernel Renormalization 

In the simulation of free-surface flows, the influence domain of the smoothing kernel of a 

particle can be truncated at a boundary of the computational domain or at the free-

surface, as shown in Figure 2.5.  

 

 

Figure 2.5. Truncated influence domain Ω with radius 2ℎ of smoothing kernel �.  



 

Chapter 2 The SPH Method - Numerical Aspects of SPH 43 

In this particular case, the normalization condition (Eq. 2.4) is not fulfilled, and the 

surface integral on the RHS of Eq. 2.16 is not equal to zero since the value of the 

smoothing kernel � is not zero on its entire surface S. Consequently, this makes Eq. 2.17 

invalid. If not considered, this situation can introduce errors in the simulations, 

essentially at the problem boundaries and at the free-surface. The following are two 

correction schemes to handle this situation. 

 To correct the evaluation of a vector function �(+�), or scalar variable, Bonet and 

Lok [1999] proposed the following relationship: 

 

[2.93]    ^�(+�)_ = � 6�'�
�

��x �[+�]��� � 6�'�
�

��x ���»  

 

which is in fact Eq. 2.22 divided by the equation of the normalization condition (Eq. 2.4) 

in discretized form. If the influence domain of the smoothing kernel is not truncated, Eq. 

2.93 is equal to Eq. 2.22, since the normalization condition is satisfied (i.e. Eq. 2.4 is 

equal to one).  

 The second correction scheme consists in the correction of the gradient of the 

smoothing kernel. According to Gómez-Gesteira et al. [2010a], the corrected gradient of 

the smoothing kernel ∇�¼ ��  for a particular particle 	 can be obtained as follows: 

 [2.94]     ∇�¼ �� = %�∇��� 

 

where the matrix %� is given by 

 [2.95]     %� = ��¥x 

 

with 

 

[2.96]     �� = � 6�'�
�

��x ∇��� ⊗ [+� − +�] 
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To apply this correction, the corrected gradient of the smoothing kernel (given by Eq. 

2.94) is substituted in the conservation equations (Eq. 2.45 and Eq. 2.62). One 

disadvantage of this correction method is that the matrix �� must be evaluated and 

inverted for each particle in the simulation prior to the evaluation of the conservation 

equations. This requires performing an additional loop over each particle and their 

associated neighbouring particles, which increases computational time. 

Density Filters and Riemann Solver 

While the kinematics of SPH simulations are generally realistic, the pressure field of the 

particles can exhibit large pressure oscillations, which can be particularly important near 

the free-surface and near the boundaries of the problem domain [Gómez-Gesteira et al., 

2010b]. Since an accurate pressure field is essential for predicting the forces acting on 

obstacles, various schemes have been developed to address this issue. 

One straightforward approach is to apply a filter to the density of the particles (or 

density filter) and re-assign an “averaged” density to each of these particles [Colagrossi 

and Landrini, 2003]. Recall that the pressure field is calculated directly from the density 

field via the equation of state (Eq. 2.66) and hence, a smoother density field will result in 

a smoother pressure field. Based on Eq. 2.22, with the density as the scalar function to be 

approximated, two orders of correction can be used within this approach:  

1 - Zero-Order (Shepard Filter) 

[2.97]     '�K3� = � 6�'�
�

��x '��½�� = � 6�
�

��x �½�� 

 

with 

 

[2.98]     �½�� = ��� � 6�'�
�

��x ���¾  
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2 - First Order (Moving-Least-Squares)  

 

[2.99]     '�K3� = � 6�'� '����¿À��
��x = � 6�

�
��x ���¿À� 

 

with (in 3D) 

 [2.100]     ���¿À� = ÁΨ� + Ψx[F� − F�] + ΨR[G� − G�] + Ψ�[H� − H�]Ã��� 

 

where 

 

[2.101]     Ä = ÅΨ�ΨxΨRΨ�
Æ = Á"��Ã¥x Ç1000È 

 

[2.102]     Á"��Ã = �Á"É��Ã���
�

��x  

 

[2.103]     Á"É��Ã =
ÊËË
ËËÌ

1        [F� − F�][F� − F�]        [F� − F�]R       [G� − G�] [H� − H�][F� − F�][G� − G�] [F� − F�][H� − H�][G� − G�] [F� − F�][G� − G�][H� − H�] [F� − F�][H� − H�] [G� − G�]R [G� − G�][H� − H�][G� − G�][H� − H�] [H� − H�]R ÍÎÎ
ÎÎÏ 

 

where F, G and, H are the components in the X, Y and Z direction of a position vector +, 

respectively. Lastly, the above density filters are generally applied every 20 to 50 time 

steps, as required [Gómez-Gesteira et al., 2010b].  

Another correction scheme for removing large pressure fluctuations or 

discontinuities between two adjacent particles is to consider a Riemann problem as they 

interact with one another. By using this approach, the WCSPH model becomes Godunov-



 

Chapter 2 The SPH Method - Numerical Aspects of SPH 46 

based and, following the work of Parshikov [1999] and Cha and Whitworth [2003], the 

discretized conservation equations (Eq. 2.45 and Eq. 2.62) are reformulated as follows:   

 

[2.104]     V'�VA = −2'� � 6�'�
�

��x [C��∗ − C�] ∙ ∇���� 

 

[2.105]     VC�VA = −2 � 6�
�

��x § <��∗'�'�¨ ∇���� + 0 

 

where C��∗
 and <��∗  are the solution of the Riemann problem between particles 	 and 
 for 

the velocity and pressure, respectively. Another Riemann-adapted SPH formulation of the 

conservation equations is provided by Vila [1999]. Within SPHysics [Gómez-Gesteira et 

al., 2010a], the Riemann problem is solved using a Harten – Lax – van Leer – Contact 

(HLLC) approximate Riemann solver [Toro et al., 1994] using a Monotone Upwind-

centred Scheme for Conservation Laws (MUSCL) [Toro, 2001] with a general �-limiter 

[Hirsch, 1998]. A detailed description of this Riemann solver is provided in Appendix A. 

In their SPH simulations of the interaction of waves with a partially-submerged cylinder, 

Omidvar et al. [2012] observed that the numerical results are very sensitive to the value 

of the slope limiter (�-limiter). As observed in other numerical methods that utilize 

MUSCL-based �-limiters, such as FVM, a low value (i.e. � = 1), also referred to as a 

Minmod limiter, will give diffusive results or decay whereas a higher value (i.e. � = 2), 

also referred to as a Superbee limiter, can lead to unrealistic increases in wave amplitude. 

Based on this, Omidvar et al. [2012] implemented a sponge layer for the dissipation of 

waves, in order to avoid unwanted reflection at the limits of their computational domain 

by gradually decreasing the value of the slope limiter to zero in this region. In addition, as 

the particle resolution increases (i.e. the number of particles increases and the distance 

separating them decreases), the smoothing length (ℎ) will approach zero and the value of 

the �-limiter should approach unity. Lastly, according to Dr. Benedict Rogers, one of the 

developers of SPHysics, [e-mail conversation, 2012] this Godunov-based scheme can 
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lead to a high level of “numerical viscosity” if the particle resolution is not sufficiently 

high (with respect to a low �-limiter value).    

Particle Movement  

In order to keep particles moving in an orderly manner, Monaghan [1989, 1992] 

proposed a correction for updating the position of a particle 	. This correction is 

commonly referred to as the XSPH correction and is expressed as: 

 

[2.106]    (C�)/�Ñ. = C� + M � 6�12 ['� + '�] [C� − C�]���
�

��x  

 

where M is a coefficient, hardcoded as 0.5 within the implementation of SPHysics. With 

this correction, instead of moving according to its own velocity only, a particle’s 

movement is influenced by the average velocity of its neighbouring particles. It is this 

corrected velocity that is used when updating the position +� of the particle within the 

time-stepping algorithm. Although the rationale for the selection of M in Eq. 2.106 is not 

well explained in the literature, Monaghan [1994] selected the value M = 0.5 for the 

simulation of free-surface flows, whereas Liu and Liu [2003] mention that  M = 0.3 is a 

good choice for the simulation of incompressible flows. Surprisingly, Didier and Neves 

[2010] reported that the use of the XSPH correction within the SPHysics implementation 

resulted in unphysical propagation behaviour as they simulated the interaction of waves 

with coastal structures.   

2.3.6 Boundary Condition 

Due to its origin in astrophysical problems, where boundaries are generally non-existent, 

the formulation of the SPH method can be problematic when applied to bounded 

problems. Take for example the issue related to the truncated smoothing kernel discussed 

in Section 2.3.5. In addition, the behaviour of water particles at boundaries needs to be 

defined artificially where it can be challenging to simulate realistic velocity and pressure 

fields. Although several types and variations of boundary treatment have been formulated 
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(the reader is referred to Gómez-Gesteira et al. [2010b] for an extensive review of these 

boundary conditions), they generally consist in modeling the boundaries of the 

computational domain as discrete particles that interact in a specific way with the fluid 

particles. These particles are often referred to as boundary particles and it is worth 

mentioning that these particles are not necessarily fixed, as their motion can be imposed 

(e.g. wavemaker), or be governed by laws of vector mechanics (e.g. floating objects), as 

described in Monaghan [2005]. The two types of boundary condition implemented in 

SPHysics are described below. 

Repulsive Boundary Particles 

According to this boundary treatment, the boundary particles placed in a single row (in 2-

D) or in a layer (in 3-D) will exert a repulsive force on the fluid particles (in analogy to 

the Lennard-Jones forces between atoms in molecular dynamics). Such an idea was first 

introduced by Monaghan [1994], where the magnitude of the central repulsive force per 

unit mass on fluid particle 	 due to boundary particle 
 is given by 

 

[2.107]     )�� = V��� {� ∆����xR − � ∆����¬� 

 

where ��� is the distance separating the fluid particle 	 and the boundary particle 
, Δ is 

the initial inter-particle spacing, and V is a coefficient based on the particular physical 

configuration. According to Monaghan [1994], for problems involving dam-breaks, bores 

or weirs with fluid depth 5, V is typically taken as ¤5 ℎ⁄ , but the results are insensitive 

to its exact value if sufficiently large. The central repulsive force due to a single boundary 

particle (described by Eq. 2.107) is depicted in Figure 2.6. A drawback of the central 

repulsive force given by Eq. 2.107 is that the large variation in the total force acting on a 

fluid particle moving parallel to the boundary causes large disturbances in the flow [Issa, 

2004]. However, a smaller spacing between the boundary particles can mitigate these 

disturbances. According to Monaghan and Kos [1999], these disturbances in the flow are 

equivalent to a corrugated boundary with ripples on the scale of the spacing between the 

boundary particles. 
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Figure 2.6. Central repulsive force ��� on fluid particle 	 due to boundary particle 
. 

 In order to address this issue, Monaghan and Kos [1999] suggest an approach in 

which an interpolation procedure would be used so that the resultant force acting on a 

fluid particle due to its neighbouring boundary particles would be normal to the 

boundary. In other words, the force per unit mass ��� on a fluid particle 	 due to a 

boundary particle 
 is computed using the components of their separation along the 

normal and the tangent directions, such that:  

 [2.108]     ��� = 7�(|7 ∙ =��|)<(|B ∙ =��|) 

 

where 7 is the unit vector normal to the boundary and B is the unit vector tangent to the 

boundary  at the location of boundary particle 
, =�� is the vector separating the fluid 

particle 	 and the fluid particle 
, �(|7 ∙ =��|) is a function designed to increase as the 

normal distance separating the fluid particle 	 and the boundary particle 
 decreases, and <(|B ∙ =��|) is  a function designed to ensure that, as the fluid particle 	 moves between 

two adjacent boundary particles, the force contributions of the boundary particles will 

combine to make the boundary force constant if the fluid particle moves parallel to the 

solid boundary. The normal repulsive force described by Eq. 2.108 due to a single 

boundary particle is depicted in Figure 2.7. 
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Figure 2.7. Normal repulsive force ��� on fluid particle 	 due to boundary particle 
. 

In Eq. 2.108, the functions �(|7 ∙ =��|) and <(|B ∙ =��|) are described as follows: 

 

[2.109]     �(|7 ∙ =��|)  = Ò" 1ÓÔ (1 − Ô)          Ô < 1            0                     Ô ≥ 1j 
 

[2.110]     <(|B ∙ =��|) = 12 {1 + cos §�|B ∙ =��|∆ ¨� 

 

with 

 

[2.111]     " = 1ℎ �0.01��R + Ö��[(C� − C�) ∙ 7]� 

 

and 

 

[2.112]     Ô = |7 ∙ =��|2∆  

 

where �� is the speed of sound of particle 	 (as calculated by Eq. 2.69), Ö is a constant 

equal to 1 if particles 	 and 
 are approaching and equal to zero otherwise, C� and C� are 

the velocity vector of the fluid particle 	 and boundary particle 
, respectively. 
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 This approach was later modified by Rogers and Dalrymple [2008] for the 

numerical simulation of tsunami waves generated by landslides. Their modification 

consisted in the multiplication of an additional term that would adjust the magnitude of 

the normal repulsive force according to the local water depth and velocity of the fluid 

particle normal to the boundary. With this modification, Eq. 2.108 is rewritten as follows: 

 [2.113]     ��� = 7�(|7 ∙ =��|)<(|B ∙ =��|)M(H, $×) 

 

with 

 [2.114]     M(H, $×) = M(H) + M($×) 

 

and 

 

[2.115]     M(H) = ©    0.02                                   H ≥ 0ØH  ¹ Ø + 0.02               0 > H ≥ −                 1                              ØH  ¹ Ø > 1j 
 

and 

 

[2.116]     M($×) = ��
� 0                                   $× ≥ 0|20$×|��                       |20$×| < ��   1                             |20$×| ≥ ��

j 
 

where H is the elevation above the still water level  ,  �� is the speed of sound in water at 

the reference density (as discussed in Section 2.3.2), and the velocity of the fluid particle 

normal the boundary $× is given by 

  [2.117]     $× =  (C� − C�) ∙ 7 
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This latter version of the repulsive boundary treatment (Eq. 2.113) is the one coded in the 

open source SPHysics implementation [Gómez-Gesteira et al., 2010a]. It should be 

noticed here that this version seems to be highly adapted to problems pertaining to ocean 

waves, since in involves the concept of still water level. In SPHysics, this still water level ( ) is an input parameter and it is not clear how it should be selected when simulating 

problems not related to ocean waves (e.g. dam-break). 

 It can be seen (Figure 2.7) that the repulsive force acting on a fluid particle 	, due 

to a boundary particle 
, has no tangential component with respect to the boundary. 

According to this, the repulsive force given by Eq. 2.108 or Eq. 2.113 corresponds to the 

slip condition, where the velocities of fluid particles at the boundary are not necessarily 

zero. In order to promote a no-slip condition, an additional tangential force component 

should be introduced. When using the laminar viscosity with the Sub-Particle Scale (SPS) 

turbulence model, as previously described in Section 2.3.3, this additional force 

component (shown in Figure 2.8), is expressed as follows (according to the SPHysics 

source code): 

 

[2.118]       ��� ,���� ���� = − N���� 6�'�
(+� − +�) ∙ ∇����|+� − +�|R (C� − C�) 

 

where N���� is a free parameter and is referred to as the wall viscosity within the 

SPHysics implementation. Nevertheless, a closer inspection of Eq. 2.118 reveals that this 

force is not solely tangential to the solid boundary but is in fact aligned with but opposite 

to the vector (C� − C�).  

 Finally, the repulsive boundary treatment is incorporated in the momentum 

equation (Eq. 2.62) as follows  

 

[2.119]   VC�VA = − � 6�
�

��x § <� + <�'�'� ¨ ∇���� + � ���
Ù

��x + � ��� ,���� ����
Ù

��x + 0 

 

where ( is the total number of neighbouring boundary particles within the influence 

domain of fluid particle 	. 
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Figure 2.8. Wall friction force ��� ,���� ���� on fluid particle 	 due to boundary particle 
. 

Dynamic Boundary Particles 

Within this approach, boundary particles are treated as regular fluid particles and they 

follow the same equations as these ones [Dalrymple and Knio, 2001]. Thus, these 

dynamic boundary particles follow the continuity equation (Eq. 2.45), the momentum 

equation (Eq. 2.62), and the equation of state (Eq. 2.69), and they share the same physical 

properties as the regular fluid particles. However, as they constitute solid boundaries, 

these particles remain fixed or move according to some externally imposed motion (e.g. 

moving objects such as wavemakers). The repulsion mechanism of this boundary 

condition works in the same way as if any other fluid particles would get closer to one 

another. When a fluid particle approaches a boundary, the density of the particles forming 

this one will increase according to the continuity equation (Eq. 2.45). Subsequently the 

pressure of the boundary particles will also increase according to the equation of state 

(Eq. 2.66), and because of the pressure term of the momentum equation (Eq. 2.62), the 

fluid particles will be repulsed by the boundary particles and hence kept within the 

computational domain. In order to further prevent the penetration of regular fluid 

particles through the boundary dynamic particles, these last ones are placed in a staggered 

manner as shown in Figure 2.9.   
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Figure 2.9. Spatial arrangement of dynamic boundary particles where Δ is the initial 

inter-particle spacing (based on Gómez-Gesteira et al. [2010a]). 

Finally, the advantages of the dynamic boundary condition are its computational 

simplicity. This is because the properties of the boundary particles are calculated in the 

same loops as the fluid particles. Also, it represents a no-slip condition as the velocity of 

boundary particles, which contributes in the calculation of the velocity of nearby fluid 

particles, is set to zero.  

2.3.7 Execution Flow Chart 

To better understand the SPH formulation presented in this chapter, Figure 2.10 shows a 

flow chart for the general execution of SPHysics code. The predictor-corrector time-

stepping algorithm (Section 2.3.4) is considered and A_6YF stands for the end time of the 

simulation. 
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Figure 2.10. General execution flow chart of SPHysics code. 
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Chapter 3. Literature review 

The literature review presented in this chapter focuses on past research contributions 

dealing with bore-structure interaction. First, studies that demonstrate the possible 

approaches for reproducing tsunami waves experimentally are reviewed. The different 

behaviours of tsunami waves at the shoreline are also discussed in order to compare the 

applicability of these approaches. Next, the results of experimental studies which 

investigate the influence of the bed condition on the propagation of hydraulic bores are 

presented. Then, results of current experimental-based research, concerned with the 

impact of hydraulic bores on structures, are reviewed and lastly, related numerical studies 

on such impacts, performed using the SPH method, are described. The main objectives of 

the literature review are to: (i) provide a background on concepts related to the dam-break 

scenario used to reproduce tsunami-like hydraulic bores, (ii) provide a starting point for 

the interpretation of the results presented in this thesis, and (iii) demonstrate the novelty 

of the latter with respect to similar studies performed using the SPH method. 

3.1. Experimental Modeling of Tsunami Bores and Dam-Break 
Waves 

Before describing the approaches for simulating them experimentally, it is worth 

explaining how actual tsunami waves behave as they approach a coastline. Taking the 

2011 Tohoku Tsunami as an example, as it approached a large section of the north-east 

Japanese coastline the observed behaviour of its waves varied considerably, depending on 

local geographical features. The affected areas can generally be categorized as either 

coastal rias (Figure 1.3), which are lower river valleys previously submerged by the sea, 

where the tsunami height reached over 15m with a maximum runup of 38.2m, or coastal 

plains (Figure 1.1) characterized by the presence of sandy beaches, where the tsunami 

inundation waves traveled several kilometres inland with depths ranging from 5 to 10m 

[Mikami et al., 2012]. Based on these differences in the coastline, Takahashi et al. [2011] 
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classified the inland intrusions of the 2011 Tohoku Tsunami into the following four types 

(Figure 3.1). 

 

• Breaking Wave type: The tsunami wave breaks near the shoreline of a typical 

mild-sloping sandy beach, runs up the sand dune, and propagates several kilome-

ters over low-lying land (Figure 3.1-a). 

 

• High Runup type: The tsunami wave breaks inland on a relatively steep slope on 

which it rapidly reaches significant elevations afterwards (Figure 3.1-b). 

 

• Slowly-Varying type: Because of the presence of steep cliffs with deep sea fronts, 

the tsunami wave does not break.  The water surface simply moves up and down 

relatively smoothly (Figure 3.1-c). 

 

• Overtopping type: In ports, where the water is deep in order to allow safe naviga-

tion, the tsunami wave overtops the quaywalls without breaking and intrudes in-

land at particularly high velocities (Figure 3.1-d).   

 

 

Figure 3.1. Types of inland intrusions of a tsunami [adapted from Takahashi et al., 2012]. 
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 One conventional approach for reproducing tsunami waves experimentally is to 

generate a solitary wave inside a flume or wave basin. A benchmark example is the 

physical experiment of Briggs et al. [1995] – well known as the conical island 

experiment – and inspired by the tsunami of December 12, 1992, which caused over 750 

deaths on Babi Island, Indonesia. In this experiment, solitary waves with heights (5) 

varying from 0.016 to 0.046m were generated by the single stroke of a piston-type 

wavemaker inside a 25.0m long × 30.0m wide × 0.6m deep wave basin, with still water 

depths ( ) of 0.32 and 0.42m. The purpose of this experiment was to investigate the 

runup behaviour of a tsunami wave as it refracts around a conical island and converges 

on the backside of the latter. With a different approach, Monaghan and Kos [1999] 

studied (both experimentally and numerically using the SPH method) the runup of a 

solitary wave on a typical Cretan beach. The goal of their study was to investigate the 

effects of the tsunami generated by the volcanic eruption that occurred on the island of 

Santorini in the Aegean Sea (~1500 BC). In their physical experiment, a solitary wave (5 

= 0.088m) was generated by dropping a weighted box into still water (  = 0.21m) at the 

upstream end of a 9.00m long × 0.40m wide wave flume. Regardless of how a tsunami-

like solitary wave is generated experimentally, the transformation it will undergo as it 

reaches and propagates over the modeled coastline will mainly depend on the geometry 

of the latter. 

 One relatively simple approach for reproducing a tsunami-induced hydraulic bore 

experimentally is to generate a dam-break wave by suddenly releasing an impounded 

volume of water from an upstream reservoir (depth ℎ�) into a straight channel (depth ℎ�), 

as conceptualized in Figure 3.2. The water is usually released suddenly by means of a 

vertical gate, after which the dam-break wave propagates downstream while a negative 

wave propagates upstream. Unless mentioned otherwise, the time origin considered 

throughout this thesis corresponds to the sudden release of the water in the reservoir. 

Chanson [2006] analysed visual images of an actual tsunami bore resulting from the 2004 

Indian Ocean Tsunami and demonstrated that the flow characteristics of the analyzed 

bore were very similar to those of a hydraulic bore corresponding to a dam-break wave. It 

should be noted that the analysis he performed was for a tsunami bore propagating over a 

dry surface within a coastal plain area, i.e. corresponding to an inland intrusion of the  
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Figure 3.2. Schematic of the dam-break considered for the generation of tsunami-like 

bores. 

Breaking Wave type described previously (Figure 3.1-a). This type of inland intrusion can 

clearly be observed in Figure 1.1 as the first wave of the 2011 Tohoku Tsunami breaks on 

the shoreline and subsequently propagates over the coastal plain in the form of a 

hydraulic bore. 

 For solving the dam-break problem, considering both the dry- (ℎ� = 0) and wet- 

(ℎ� > 0) bed conditions, Stoker [1957] proposed an analytical solution of the shallow 

water equations (SWE) using the method of characteristics. The SWE are a simplified 

form of the incompressible Navier-Stokes equations, for which viscosity and turbulence 

are neglected and for which hydrostatic pressure and uniform fluid velocity over depth 

are assumed. This analytical solution will subsequently be used in this thesis for 

comparisons with numerical results. Figure 3.3 shows a definition sketch for the 

propagation of dam-break waves according to the SWE, where, in the case of the wet-bed 

condition (Figure 3.3-a), four different zones can be indentified in the fluid at any time A 

after the instantaneous removal of the “dam”. Zone   is the quiet downstream region 

which is terminated on the upstream by the shock wave (i.e. the bore-front), zone $ is the 

undisturbed upstream region, zone 2 is a zone of constant state in which the water is not 

at rest, and zone 3 is a rarefaction wave (negative wave) that connects zones $ and 2. 

When simplified, based on Árnason [2005], Stoker’s analytical solution reads 

 [3.1]     2 ���� = ;R�� + 2 �R�� 

 

with 
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[3.2]     ;R�� =  ��� − ��4� Û1 + °1 + 8 � ����RÜ 

 

and 

 

[3.3]     �R�� = Ý12 Û°1 + 8 � ����R − 1Ü 

 

where � = Ó¤ℎ and ; is the fluid velocity uniform with depth. Solving Eq. 3.1 iteratively 

yields the constant velocity � of the bore-front as well as the constant flow depth ℎR = �RR ¤⁄  of the latter.  

 

 

 

(a) 

 

(b) 

Figure 3.3. Definition sketch for the propagation of dam-break waves according to the 

shallow water equations: (a) wet-bed condition; (b) dry-bed condition. 
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The location of the bore-front can then be calculated as �A, and the water surface 

elevation of zone 3 (ℎ� = ��R ¤⁄ ), along with its location-dependant velocity can be 

evaluated using the following equations, respectively    

 

[3.4]    ��R = 19 Þ2�� − FAßR
 

 

[3.5]    ;� = 23 Þ�� − FAß 

 

where F is the distance from the dam location and positive in the downstream direction. 

Lastly, in the case of the dry-bed condition (Figure 3.3-b), zones   and 2 are simply non-

existent and all that is required is to determine zone 3 using Eq. 3.4 and Eq. 3.5.   

3.2. Influence of Bed Condition on Dam-Break Flow 
Characteristics 

Several researchers have performed physical experiments in order to investigate the 

influence of ℎ� on the propagation of a bore generated by a dam-break. Leal et al. [2006] 

performed a comprehensive compilation of experimental results which demonstrated that 

the bore-front velocity � drastically decreases initially as ℎ� increases from the dry-bed 

condition (ℎ� = 0) to a wet-bed condition (ℎ� > 0).  Also in agreement with Stoker’s 

analytical solution of the SWE [Stoker, 1957] (and as shown in Figure 3.4), U remains 

relatively constant as ℎ� increases further. In addition, Stansby et al. [1998] performed 

small-scale experiments which demonstrated that bores propagating over a wet bed tend 

to be deeper and have a steeper front compared to bores propagating on a “nearly” dry 

bed. Their experiments were conducted in a horizontal, 15.24m long × 0.40m wide × 

0.40m high rectangular flume with Perspex acrylic sidewalls. The location of the vertical 

gate used for impounding water was located 9.76m downstream of the upstream end of 

the flume. Two scales were considered: upstream depths (ℎ�) of 0.100 and 0.360m along 

with downstream depths (ℎ�) of 0.1ℎ�. Due to leakage across their gate apparatus, a thin 

film of water with a depth of 1-3mm covered the downstream section of the flume.  
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Figure 3.4. Influence of initial downstream water depth ℎ� on the bore-front velocity � 

(based on Leal et al. [2006]). 

In view of this leakage, their “nearly” dry bed actually became a wet-bed condition with, ℎ� ≈ 0.002m on average. The previously-mentioned influence of the bed condition on 

the depth and steepness of the bore-front can be seen in Figure 3.5 and Figure 3.6. These 

figures show the propagation of bores propagating on a nearly dry bed and a wet bed, 

respectively. 

 On the other hand, Lauber and Hager [1998] studied the mechanics of dam-break 

waves propagating on a “perfectly” dry bed (ℎ� = 0) inside a smooth rectangular 

horizontal channel 14.00m long × 0.50m wide × 0.95m deep (ℎ�= 0.300m). By 

comparing the profile and propagation of the bore-fronts in Figure 3.7 and Figure 3.8, the 

differences induced by a downstream water layer of even a few millimetres can be 

noticed. The still images in Figure 3.7 correspond to the perfectly dry-bed experiment of 

Lauber and Hager [1998] (ℎ�= 0.300m and ℎ� = 0), while the ones in Figure 3.8 

correspond to one of the nearly dry-bed experiments of Stansby et al. [1998] (ℎ�= 

0.360m and ℎ� ≈ 0.002m). It can be seen in Figure 3.7-a that when the bed is perfectly 

dry, the tip of the bore is reasonably similar to the one predicted by the analytical solution 

of the shallow water equations (Figure 3.3-b). However, Figure 3.8-a shows that, in the 

case of the nearly dry bed, the tip of the bore initially breaks and as the bore further 
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propagate downstream (Figure 3.8-e and Figure 3.8-f), the more stabilized tip seems 

steeper and deeper compared to the one seen in Figure 3.7-f.  

 Lastly, according to Jánosi et al. [2004], these drastic differences in the bore-front 

can be attributed to the resistance the downstream still water imposes to the propagation 

of the bore. 

3.3. Physical Modeling of Bore-Structure Interaction 

Following the approach of generating solitary waves within a wave flume mentioned in 

Section 3.1, Arikawa [2011] investigated at a relatively large scale the impulsive loading 

of breaking tsunami waves on reinforced concrete walls as well as debris impact loads. 

His experiments were performed in a 184m long × 3.5m wide × 12m deep wave flume 

equipped with a wave generator capable of strokes up to 14m that could generate waves 

up to 2.5m in height. His experimental setup was arranged such that the generated 

solitary waves would break directly in front of the test structures, and so the resulting 

pressures and forces would be the highest. It should be noted that such wave impacts 

would generally occur during inland intrusions corresponding to the High Runup type 

described previously in Section 3.1 (Figure 3.1-b). Figure 3.9 shows the typical time-

history of the pressure acting on a structure due to the impact of a breaking tsunami 

wave. According to Arikawa, the peak in the time-history of the pressure occurring at 

initial breaking-wave impact with the structure is referred as “maximum impulsive bore 

pressure”. The magnitude of the latter depends on the profile of the impacting wave along 

with the elevation on the structure at which this pressure is measured. Furthermore, as the 

period of a tsunami wave is usually longer than several minutes, the duration of the 

inundation flow around a structure can be significant. The corresponding portion of the 

exerted pressure beyond initial impact is relatively constant and is referred as 

“sustainable pressure”. It should be noted that, as the test structures considered by 

Arikawa expanded almost entirely across the flume’s width, this sustainable pressure 

could perhaps result from the reflection of the wave instead. Finally, other researchers 

that have also studied tsunami-induced forces on structures by generating solitary waves 

within a laboratory flume include Thusyanthan and Madabhushi [2008] and 

Lukkunaprasit et al. [2009]. 
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Figure 3.5. Comparison of experimental and analytical [Stoker, 1957] bore profiles for a 

nearly dry-bed condition (from Stansby et al. [1998] with ℎ�= 0.100m and ℎ� ≈0.002m). 
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Figure 3.6. Comparison of experimental and analytical [Stoker, 1957] bore profiles for a 

wet-bed condition (from Stansby et al. [1998] with ℎ� = 0.100m and ℎ� = 0.010m). 

 As part of several physical experiments, Ramsden [1993] investigated the impact 

with vertical walls of bores propagating over both dry and wet beds. His experiments 

were carried out in a 36.60m long × 0.40m wide × 0.61m deep horizontal channel in 

which bores were generated by releasing water from a reservoir with ℎ� ≈ 0.50m (dam-

break approach mentioned in Section 3.1). In the case of the bore propagating over a wet  
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Figure 3.7. Bore propagating on a perfectly dry bed (ℎ�= 0.300m and ℎ� = 0): (a) and (b)  

0 to 0.30m downstream of the gate; (c) to (f) 0.90 to 1.20m downstream of the gate 

(adapted from Lauber and Hager [1998], time Tx is not specified).   

bed, an initial ℎ� ≈ 0.003m was considered. From his results, Ramsden observed that the 

initial impact pressure acting on a vertical wall is higher in the case of a bore propagating 

over a wet bed compared to a bore propagating over a dry bed (Figure 3.10-c). This was 

attributed to the steeper front of the bore advancing on the wet bed (Figure 3.10-a) at the 

sampling elevation of 0.018m above the channel’s bottom (the lowest elevation at which 

pressures were measured).  
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Figure 3.8. Bore propagating on a nearly dry bed (ℎ�= 0.360m and ℎ� ≈ 0.002m): (a) to 

(d) just downstream of the gate; (e) and (f) further downstream of the gate (adapted from 

Stansby et al. [1998], the actual distances where the images were taken is not specified). 

 On the other hand, although the impacted structure was a square column with a 

side dimension of 0.30m, the results of the physical experiments performed within the 

current research program introduced in Chapter 1 [Nistor et al., 2011] exhibit a different  
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Figure 3.9. Typical time-history of the pressure acting on structures due to the impact of a 

breaking tsunami wave (adapted from Arikawa [2011]). 

 

Figure 3.10. Comparison of the experimental (a) bore profile, (b) runup, and (c) pressure 

head at an elevation of 0.018m above the channel’s bottom on a vertical wall due to bores 

(ℎ� = 0.5m) propagating on dry (ℎ� = 0) and wet (ℎ� = 0.003m) beds. γ is the unit weight 

of water (adapted from Ramsden [1993]). 
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(a)                                                                        (b) 

Figure 3.11. Comparison of the experimental (a) pressure at an elevation of 0.02m above 

the channel’s bottom, and (b) net force acting streamwise on a square column due to 

bores (ℎ� = 0.55m) propagating on dry (ℎ� = 0) and wet (ℎ� = 0.005m) beds 

(experimental results of Al-Faesly et al. [2012]).   

behaviour. Essentially, the initial impact pressure is considerably higher when the bore is 

propagating over a dry bed compared to when it is propagating over a wet bed. This was 

observed for the ℎ� = 0.55, 0.85, and 1.15m that were considered along with an ℎ� ≈ 

0.005m, which resulted from the difficulty in completely drying the channel between 

each run. A complete description of the experimental setup is provided in Section 4.1.2 of 

Chapter 4. Figure 3.11 shows the time-history of the pressure acting at an elevation of 

0.020m above the channel’s bottom and the net force acting streamwise on the square 

column for ℎ� = 0.55m, for both dry- and wet-bed conditions.  

 Finally, Árnason [2005] also studied the interaction of bores with free-standing 

structures of various cross-sections. His experiments were conducted in a 16.60m long × 

0.60m wide × 0.45m deep channel in which bores propagating over a wet bed (ℎ� = 

0.02m) were generated using reservoir depths of up to ℎ� = 0.30m. For a square column 

with a side dimension of 0.12m, Figure 3.12 shows that the initial impact force does not 

significantly overshoot the later quasi-steady hydrodynamic force. As indicated in Figure 

3.11-b, this behaviour was also observed in the current research program for the case of a 

wet-bed condition. 
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Figure 3.12. Experimental time-history of the net force acting in the streamwise direction 

on a square column due to bores generated by various upstream water depths ℎ�                           

(adapted from Árnason [2005]). 

3.4. Numerical Modeling of Bore-Structure Interaction using 
SPH 

In regards to bore-structure interactions, the SPH method was first used by Gómez-

Gesteira and Dalrymple [2004] to simulate the impact of bores with a tall free-standing 

structure. Using a weakly compressible SPH model (WCSPH), they reproduced the 

physical experiment performed by Yeh and Petroff [n.d.] where a dam-break wave 

impacted a square column with a side dimension of 0.12m inside a 1.60m long × 0.61m 

wide × 0.75m deep rectangular tank (ℎ� = 0.30m and ℎ� = 0.01m). For their simulations, 

they used the dynamic boundary condition as described in Section 2.3.6, and it is not 

mentioned whether any correction scheme to prevent large fluctuations in the pressure 

field was used (see Section 2.3.5). Nevertheless, they obtained promising agreement 

between the experimental and the numerical time-history of the resulting force acting on 

the column (Figure 3.13). In addition, as the experiment of Yeh and Petroff was 

performed with a wet bed (ℎ� = 0.01m), they also performed a simulation with a dry bed 

and the resulting bore profiles are shown in Figure 3.14. It can be noticed that the bore 

propagating on the dry bed is faster as the presence of the water layer seems to be 

resisting the propagation of the bore over the wet bed (Figure 3.14-b). Lastly, it was also  
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Figure 3.13. Comparison between experimental (circles) and numerical (solid line) time-

history of the resulting force on a column (from Gómez-Gesteira and Dalrymple [2004]). 

 

 

(a)                                                                        (b) 

Figure 3.14. Comparison of bore profile for the (a) dry and (b) wet bed conditions 

moments before initial impact (from Gómez-Gesteira and Dalrymple [2004]). 

noticed that the differences in the shape of the bore-front caused by the bed condition 

ultimately affected the distribution of the resulting force on the column (Figure 3.15).  

 The same set of experimental data was later reproduced by Silvester and Cleary 

[2006] in a study where a sensitivity analysis of various SPH simulation parameters was 

performed. Using a WCSPH model as well, they considered both a repulsive boundary 

condition and a dynamic boundary condition, and it is also not specified whether any 

correction scheme to prevent large fluctuations in the pressure field was used. It should 

be noted that the formulation of the repulsive boundary condition they considered is 

different than the one implemented in SPHysics as described in Section 2.3.6. Figure 3.16 

displays, in sequence, the experiment of Yeh and Petroff simulated by Silvester and 

Cleary. As it was also the case in the physical experiments of Stansby et al. [1998] 

(Figure 3.8-a), the flow resistance by the downstream water layer also induces the tip of  
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Figure 3.15. Vertical distribution of the maximum force acting on the upstream face of a 

column for dry (crosses) and wet (dots) bed conditions (from Gómez-Gesteira and 

Dalrymple [2004]). 

the dam-break wave to break (Figure 3.16-b). The observations made by Silvester and 

Cleary are the following: 

  

• As seen in Figure 3.17, the choice of the boundary condition among the two 

scenarios they considered did not significantly affect the resulting force on the 

column. 

 

• In the case of a vertical gate, a slower opening of the latter will induce a higher 

impact force, as the mechanism by which the gravitational potential energy is 

converted to kinetic energy will be slightly different. 

 
• Using their own formulation for an artificial viscosity [Cleary, 1998] (see Section 

2.3.3), they found their numerical results to be insensitive to the viscosity of the 

fluid.  

 
• An increase in the particle resolution will be accompanied with an increase in the 

accuracy of the numerical results. 
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Figure 3.16. Numerical flow sequence of the experiment of Yeh and Petroff [n.d.] with ℎ�= 0.30m and ℎ� = 0.01m (adapted from Silvester and Cleary [2006]). 
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Figure 3.17. Comparison between experimental and numerical time-history of the 

resulting force on a column using both a repulsive and a dynamic boundary condition 

(from Silvester and Cleary [2006]). 

 By simulating the physical experiment of Kleefsman et al. [2005], Lee et al. 

[2010] compared a weakly compressible formulation with a truly incompressible 

formulation of the SPH method. Kleefsman et al. first performed this experiment for the 

validation of their grid-based FVM model that utilized the Volume of Fluid (VOF) 

technique to track the free-surface. Once again, this experiment was performed to 

investigate the impact of a dam-break wave with a 0.16m long × 0.40m wide × 0.16m 

high rectangular obstacle within a 3.22m long × 1.00m wide ×1.00m deep rectangular 

tank (ℎ� = 0.55m). The results of Lee et al. showed that a WCSPH model would yield an 

inaccurate and highly-fluctuating pressure field compared to a truly incompressible SPH 

model (ISPH), see Figure 3.18. Although they noted the existence of density filters for 

improving the prediction of the pressure field (see Section 2.3.5), they did not explicitly 

mention whether or not they used one in their WCSPH simulation. In addition, they also 

observed that the splash at initial impact of the dam-break wave with the obstacle was 

much more realistic in their ISPH simulation as the intensity of this splash was 

significantly underestimated in their WCSPH simulation (Figure 3.19). Interestingly, by 

using a Shepard density filter to reduce fluctuations in the pressure field along with a  
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Figure 3.18. Experimental and numerical time-history of the pressure exerted on the 

upstream face of a small obstacle at an elevation of 0.021m above the experimental 

tank’s bottom. The experimental and VOF results were obtained by Kleefsman et al. 

[2005] (from Lee et al. [2010]).                              

 

(a)                                                                        (b) 

Figure 3.19. Comparison of the water splash 0.56 seconds after gate opening predicted by 

(a) WCSPH and (b) ISPH models (from Lee et al. [2010]).  

relatively high particle resolution, Crespo et al. [2011] reproduced the same physical 

experiment using a WCSPH model. The latter, which executed on the Graphics 

Processing Unit (GPU), obtained both accurate pressure results and realistic splashing at 

initial impact (Figure 3.20 and Figure 3.21, respectively).  



 

Chapter 3 Literature review - Numerical Modeling of Bore-Structure Interaction using SPH 76 

   

 

Figure 3.20. Experimental and numerical time-history of the pressure exerted on 

upstream face of a small obstacle at an elevation of 0.021m above the experimental 

tank’s bottom. The experimental results were obtained by Kleefsman et al. [2005] (from 

Crespo et al. [2011]). 

 

 

(a)                                                                        (b) 

Figure 3.21. Comparison of the (a) numerical and (b) experimental water splash 0.56 

seconds after the opening of the gate. The experimental image was taken by Kleefsman et 

al. [2005] (from Crespo et al. [2011]). 
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Other studies [e.g. Hughes and Graham, 2010; Shadloo et al., 2011] have also compared 

WCSPH and ISPH models and these have shown that both approaches can produce 

similar results.  

 Finally, due to the relatively small size of the bores and the presence of a wall just 

downstream of the impacted structures that caused wave reflection (e.g. Figure 3.16), the 

experiments of Yeh and Petroff [n.d.] and Kleefsman et al. [2005] did not realistically 

reproduce the impact of tsunami bores on structures. Hence, realistic time-histories of 

hydrodynamic forces resulting from the extended action of tsunami bores were not 

obtained. 

3.5. Conclusion 

The influence of the bed condition (i.e. dry or wet) on the propagation of hydraulic bores 

is relatively well known in the literature. A downstream water depth (ℎ�) of even a few 

millimetres can reduce the velocity of the bore-fronts but more importantly increase their 

depth and steepness. These effects are attributed to the resistance that the downstream 

still water imposes on the propagation of bores [Jánosi et al., 2004]. However, little is 

known about how these effects ultimately influence the hydrodynamic forces resulting 

from the interaction of hydraulic bores with structures. To date, studies considering not 

only both bed conditions but also two fundamentally different structure types, such as 

slender columns and infinitely wide walls, have not been performed either experimentally 

or numerically. Lastly, although numerous studies applied the SPH method to simulate 

bore-structure interactions, these only considered small-scale scenarios that could not 

provide realistic time-histories of hydrodynamic forces comparable to the ones of an 

actual tsunami-induced bore. This could perhaps be explained by the fact that before 

recent advances related to computing technology (e.g. GPU computing and parallel 

computing in general), it was difficult to model large computational domains accurately 

using the SPH method, due to the related high computational cost.   
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Chapter 4. Description of Physical and 

Numerical Experiments  

This chapter describes in detail the several experimental setups considered for this study 

along with the computational domains that were conceived to reproduce them 

numerically. Although the main objective of this research is to reproduce the physical 

experiments performed within the related comprehensive study presented in Chapter 1, 

the smaller experiments of Yeh and Petroff [n.d.] and Kleefsman et al. [2005] are also 

reproduced. This was done to compare the results with previous SPH studies presented in 

Section 3.4 and also to test various numerical aspects before executing computationally 

expensive numerical runs. Representative results of a related sensitivity analysis are also 

included. The purpose of the sensitivity analysis was to guide in the calibration of the 

various SPH-related parameters covered in Chapter 2.  

4.1. Physical Models 

4.1.1 Yeh and Petroff [n.d.] 

Performed at the University of Washington, Seattle, this experimental test was first 

referred to as a “bore in a box”. A dam-break hydraulic bore was generated in a 1.60m 

long × 0.6m wide × 0.75m deep rectangular tank, as shown in Figure 4.1. The volume of 

water initially contained behind a vertical gate was 0.40m long × 0.6m wide × 0.30m 

deep (ℎ� = 0.30m). A square column with a side dimension of 0.12m and a height of 

0.75m was located 0.56m downstream of the gate and at the centerline of the tank. The 

time-history of the net force acting on the column was measured using a load cell. No 

drainage of the tank was considered during the experiments, such that the hydraulic bore 

reflected against the downstream wall after the initial impact with the column. Due to  
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Figure 4.1. Plan view of the experimental setup of Yeh and Petroff [n.d.] 

some difficulty in completely draining the tank prior to the beginning of the run, a water 

layer (ℎ�) of approximately 0.01m was present downstream of the gate. 

4.1.2 Nouri et al. [2010] and Al-Faesly et al. [2012] 

These physical experiments were performed within the aforementioned research program 

initiated at the University of Ottawa in collaboration with the Canadian Hydraulic Center 

of the National Research Council (NRC-CHC), in Ottawa, Canada. The experimental 

setup was first constructed for Nouri et al. [2010] and this facility was later reused by Al-

Faesly et al. [2012] to extend the work.  

Facility 

The experiments were performed inside a 12.87m long × 2.7m wide ×1.4m deep High 

Discharge Flume (HDF) at NRC-CHC. This stainless steel flume was partitioned such 

that dam-break bores were generated in a 10.85m long × 1.3m wide × 1.4m deep channel 

section using water impounded and released by means of a swinging gate mechanism. 

The gate impounded a 5.6m long × 2.7m wide × 1.4m deep reservoir located immediately 

upstream of the former. A schematic of this arrangement is shown in Figure 4.2 and a 

photo of the arrangement is shown in Figure 4.3. As the possible length for a straight 

reservoir was physically limited, the flume was subdivided in this way in order to 

maximize the duration of the hydraulic bores (the effects of the resulting bend in the 

reservoir geometry will be assessed numerically in Chapter 7). Once the downstream 
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Figure 4.2. Plan view of the experimental setup of Nouri et al. [2010] and Al-Faesly et al. 

[2012] shown with a square column. 

 

 

Figure 4.3. Picture of the experimental setup of Nouri et al. [2010] and Al-Faesly et al. 

[2012] with a full reservoir and looking downstream (courtesy of Taofiq Al-Faesly). 
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end of the flume was reached, water was evacuated through a vertical floor drain such 

that the flow upstream would not be affected. An electric winch and counter weight 

mechanism was used to achieve a quick opening of the gate (0.25 to 0.30s according to 

digital video recordings). According to Lauber and Hager [1998], ideal dam-break occurs 

if the dimensionless gate removal time à�  =  A�( ¤/ℎ�)x R⁄  is smaller than 21/2, where A� 

is the removal time of the gate. For the selected impoundment depths (ℎ�) of 0.50, 0.75, 

0.85, and 1.00m [Nouri et al., 2010] and 0.55, 0.85, and 1.15m [Al-Faesly et al., 2012], 

this criterion was satisfied. The experiments by Nouri et al. were only considered in this 

research for qualitative visual comparison with the numerical simulations.  

 Although rubber water-stops were used around the gate assembly, due to the large 

impoundment depths employed, minor leakages across the gate occurred. Due to the 

difficulty in completely drying the downstream section of the test channel between each 

run, most experiments were performed with a downstream water depth (ℎ�) of 

approximately 0.005m (see Figure 6.15-a). Runs performed with a “virtually” dry bed 

(see Figure 6.14-a) were only achieved by allowing sufficient time between runs for the 

flume’s bottom to dry. However, video recordings revealed that experimental runs were 

sometimes performed with a “partially” dry-bed condition (Figure 4.4). It should be noted 

that, for demonstrative purposes, Figure 6.14 and Figure 6.15 correspond to experimental 

runs performed with a mitigation wall and these were not simulated with the numerical 

model. As the influence of the bed condition seen in Figure 3.11 was only noticed in the 

later stages of the experimental program of Al-Faesly et al. [2012], the bed condition was 

only assessed for a very few of the experimental runs considered herein. 

 Finally, the details of the experimental runs available for quantitative comparison 

with numerical results are shown in Table 4.1. 
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Figure 4.4. Partially dry-bed condition observed in some of the experimental runs. 

Table 4.1. Details of the experimental runs considered for quantitative comparison. 

Experimental 

Run 

Label 

ℎ� 

(m) 

ℎ� 

(m) 
Column 

Corresponding 

Numerical 

Simulation 

Device 
Frequency 

(Hz) 

E-55-DRY 0.55 ~0 Square D2-55 
Dynamometer 

Pressure transducers 

1000 

200 

E-55-WET 0.55 ~0.005 Square N/A 

Dynamometer 

Pressure transducers 

Wave gauges 

1000 

200 

500 

E-85-N 0.85 N/A None D2-85-N Wave gauges 250 

E-85 0.85 N/A Square D2-85 

Dynamometer 

Pressure transducers 

Wave gauges 

1000 

200 

250 

E-85-C 0.85 N/A Circular D2-85-C 

Dynamometer 

Pressure transducers 

Wave gauges 

1000 

500 

250 

E-115 1.15 N/A Square D2-115 

Dynamometer 

Pressure transducers 

Wave gauges 

1000 

200 

200 
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Methodology 

With the gate initially closed and locked, water was supplied to the upstream reservoir 

using a variable-pitch blade pump with a discharge varying from 0.1 to 1.0m3/s.  As the 

water level approached the targeted impoundment depth (ℎ�), the supply rate was then 

adjusted to ensure that the water level remained essentially constant before opening the 

gate. Upon release of the gate, the water flowed rapidly downstream in the form of a 

hydraulic bore to impact the test structure. 

Column Model 

The structures impacted by the hydraulic bores were: (a) a 0.30m diameter circular 

column made of a polyvinyl chloride (PVC) pipe 9.0mm thick and 0.70m high, and (b) a 

sharp-edge square column with a side dimension of 0.30m and a height of 1.00m, 

constructed out of four 6.3mm thick Plexiglas sheets. In order to transfer the forces 

imposed by the hydraulic bores to the columns’ bases effectively, the two models were 

mounted on a rigid steel frame, positioned 4.92m downstream from the gate. 

Instrumentation 

For recording the net base horizontal force acting on the columns, the lower part of their 

stiff frames was fixed to a six degree of freedom dynamometer (AMTI MC6 Series), 

which itself was rigidly bolted to the bottom of the steel flume. Also, the vertical pressure 

distribution exerted on the columns was recorded using ten differential pressure 

transducers (Honeywell 20PC Series) aligned vertically on its upstream face at elevations 

of 0.05, 0.10, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, and 0.55m above the flume’s 

bottom. Figure 4.5 displays a schematic of the column model in which the pressure 

transducers are denoted by “P”. Capacitance wave gauges (Akamina model WP-AO-

V02-03) were employed to measure water surface elevations along the flume as well as 

the inundation depths around the test structures. These installations are denoted by “W” 

in Figure 4.2 and Figure 4.5, respectively. Velocities of the bore-fronts were estimated 

using a high-speed video camera (Redlake M-Series) that was referenced to a 0.3m × 

0.3m orthogonal grid painted on the flume’s bed. The sampling rate of the measuring 

devices varied from 200 to 1,000Hz as presented in Table 4.1. 
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Figure 4.5. Schematic of experimental column model (square) and instrumentation used 

by Nouri et al. [2010] and Al-Faesly et al. [2012].    

4.1.3 Kleefsman et al. [2005] 

Performed at the Maritime Research Institute Netherlands (MARIN) and similar to the 

experiment of Yeh and Petroff [n.d.], this dam-break experiment was performed in a 

3.22m long × 1.00m wide × 1.00m deep rectangular tank with ℎ� = 0.55m and ℎ� = 0. 

However, rather than a slender column, the test structure was a short and relatively wide 

obstacle that measured 0.161m long × 0.403m wide × 0.161m high and which was 

located 1.248m downstream of a vertical gate (Figure 4.6). This gate was 

“instantaneously” raised by the release of weights. The time-history of the pressure 

exerted on both the upstream and top faces of the obstacle was recorded using eight 

pressure transducers (denoted by “P” in Figure 4.7). The time-history of the water surface 

elevation was recorded using four wave gages placed at various locations along the 

centerline of the experimental tank (denoted by “W” in Figure 4.6). The sampling rate of 

the measuring devices was 1000Hz.    

4.2. Calibration of SPH-related Parameters 

This section presents the most relevant results of the aforementioned related sensitivity 

analysis. In addition to assisting in calibrating the numerical model, a secondary objective 

of this exercise was to better understand the influence of various SPH-related parameters.  

The physical experiment considered herein was the one of Al-Faesly et al. [2012] with ℎ�  
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Figure 4.6. Plan view of the experimental setup of Kleefsman et al. [2005]. 

 

 

Figure 4.7. Test structure considered in the experiment of Kleefsman et al. [2005]. 
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= 0.85m. This selection was based on the fact that the square column was, on one hand, 

easier to simulate, and also the fact that the middle value of ℎ� = 0.85m was considered 

to be neither too small nor too large. It is important to point out that the physical 

experiments of Al-Faesly et al. [2012] were performed almost simultaneously with this 

sensitivity analysis. Because of some unexpected delays in the compilation of the 

physical results (and because the numerical runs had to be initiated in order to meet 

deadlines), the results of the sensitivity analysis were not compared with the physical 

experiments. Hence, the selection of the simulation parameters was based on judgement 

rather than by a more conventional calibration against physical results. The specially 

conceived procedure, with which numerical results are obtained from the raw numerical 

outputs, is described in Chapter 5.  

 At the time of model calibration, only the serial version of SPHysics was 

available. Hence, simulating the actual size of the physical experiment with reasonable 

resolution would have yielded excessive computational times (à�1:â). According to 

Lauber and Hager [1998], the flow characteristics close to the front of a dam-break wave 

are not affected by the reservoir length (%) if % ℎ�⁄ > 2. It was assumed that the initial 

impact force should be the same as in the physical experiment, even if the water reservoir 

was shorter. This will subsequently be verified numerically in Chapter 7. Thus, although 

the flow width (� = 1.30m) was kept the same as in the physical experiments, a smaller 

reservoir (% = 2.5m) was considered. The resulting geometry of the computational 

domain corresponds to the general one shown in Figure 4.14.  

4.2.1 Preliminary selection of parameter and simulation options 

Based on simulation examples [Gómez-Gesteira et al., 2010a] and through a trial and 

error process, Table 4.2 contains the values of the parameters adopted for the base case of 

the sensitivity analysis. Varying one parameter at a time, the following subsections 

contain the numerical results of the net base horizontal force acting on the column for 

runs with a simulation time (à��:) of 3 seconds. The influences of additional parameters 

for which the graphical results are shown in Appendix B are also discussed and the 

values selected for all the simulations that follow are listed. 
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 Due to time limitations, some simulation aspects or options were selected based 

on the success of recent SPH studies and preliminary tests. Following the work of 

Silvester and Cleary [2006], Rogers et al., [2010], and Omidvar et al., [2012], in which 

the resulting force on objects was of primary importance, a repulsive boundary condition 

was considered [Rogers and Dalrymple, 2008]. Furthermore, based on the last two 

studies, a Riemann solver correction was considered against a density filter for 

preventing large fluctuations and inaccuracies in the pressure field (see Section 2.3.5). 

Lastly, in view of its simplicity, the adapted SPH formulation of Parshikov [1999] was 

selected.    

  

Table 4.2. SPH-related parameters selected for the base case of the sensitivity analysis. 

Parameter Value 

Initial inter-particle spacing (∆) 0.0350m 

Slope limiter (�) 1.3 

Smoothing length (ℎ) 0.0429m 

Speed of sound (��) 46.2m/s 

Time-stepping algorithm Symplectic 

Time-stepping coefficient (I4�:3) 0.2 

Smoothing kernel function Quadratic 

Kinematic viscosity (N) 1 × 10-6 m2/s 

Wall viscosity (N���� ) 8 × 10-5 m2/s 

XSPH Coefficient (M) 0.5 

 

4.2.2 Particle Spacing 

The inter-particle spacing (∆) is the distance that initially separates all particles in a SPH 

simulation. In the case of boundary particles, which are generally fixed in space, this 

spacing is constant throughout the simulation. In the case of water particles, this initial 

inter-particle spacing will dictate how many particles will be located within a given 

volume of water, and hence, this will influence the mass associated to each water particle. 
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Although the actual distance between water particles may change during the simulation 

(i.e. water particles with high pressure will be closer to each other while water particles 

with low pressure will be more distant), this initial inter-particle spacing is a good 

indicator of how close the water particles will be from one another during the simulation. 

 Figure 4.8 shows that the inter-particle spacing has significant influence on the 

net force acting on the column. When the spacing is too large, it seems that the magnitude 

of the force is reduced significantly. It is also clear that, as the latter is reduced (i.e. the 

particle resolution is increased), the solution not only converges but the initial peak at 

impact is more defined. Based on the results obtained by Silvester and Cleary [2006] (see 

literature review), this type of convergence was expected. A similar observation can also 

be made for the velocity of the bore-front, as the time of impact occurs slightly earlier as ∆ decreases.  

 

 

Figure 4.8. Time-history of the net base horizontal force acting on the column for various 

initial inter-particle spacing (∆). 

 However, it is clear from Table 4.3 that, as the inter-particle spacing decreases, 

the time required for the simulations (i.e. the computational time) increases significantly. 

This was also expected, as the computational complexity of the serial version of the 

SPHysics code is Z(\ãä¤R\) [Gómez-Gesteira et al., 2010a], where \ is the total number 

of particles in the simulation (i.e. including both fluid and boundary particles). In other 
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words, compared to a linear increase that is associated with a computational complexity 

of Z(\), the computational time increases more dramatically with \. 

 

Table 4.3. Total number of particles and computational times for various inter-particle 

spacings (∆).  ∆ 

(m) 
Number of Particles 

Computational Time 

(days) 

0.0300 275,841 8.41 

0.0325 225,173 6.21 

0.0350 182,104 4.49 

0.0500 71,959 0.49 

 

4.2.3 Slope Limiter  

This parameter is related to the Riemann solver correction mentioned in Section 2.3.5 and 

described in Appendix A.  

 Figure 4.9 shows that the choice of the slope limiter (�) has a clear influence on 

the time-history of the resulting force acting on the column. As � increases, the 

magnitude of the force tends to increase. However, it seems that when a certain threshold 

value is reached, there is no further influence on the force. Moreover, it seems that the 

initial impact occurs earlier as � increases. The latter implies that as � decreases, the 

velocity of the bore-front decreases. As mentioned in Section 2.3.5, this supports the 

possible excessive diffusion or “numerical velocity” related to the use of Riemann 

solvers. 

 Also, while Table 4.4 shows that � has little influence on the computational time 

required to perform the simulation, it seems that the larger it is the slightly higher the 

computational time will be. 
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Figure 4.9. Time-history of the net base horizontal force acting on the column for various 

slope limiters (�). 

Table 4.4. Computational times for various slope limiters (�). 

β 
Computational Time 

(days) 

1.00 4.31 

1.15 4.40 

1.30 4.49 

1.40 4.55 

 

4.2.4 Smoothing Length 

As depicted in Figure 2.2, the smoothing length (ℎ) controls the size of the influence 

domain of the smoothing kernel at a given particle. This means that more neighbouring 

particles will contribute to the particle approximation as ℎ increases (see Section 2.2.2). 

Hence, it is logical that, as the particle resolution increases, the number of neighbouring 

particles in the influence domain also increases and ultimately a smaller ℎ is required.  In 

the SPHysics implementation, the smoothing length depends on the selected particle 

resolution as follows: 
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[4.1]     ℎ = I�:114Jå∆|R + ∆~R + ∆�R 

 

where ∆|, ∆~, and ∆� are the initial inter-particle spacing in the X, Y and Z directions. 

For all simulations in this thesis, the initial inter-particle spacing is considered the same 

in all directions (i.e. ∆|= ∆~ = ∆�). 

 Figure 4.10 shows that, as the smoothing length increases, the initial peak in the 

force at impact also increases. However, when the smoothing length becomes too large, 

this peak eventually decreases. This can be explained by the fact that, as the smoothing 

length increases, more water particles are included in the particle approximation, and 

furthermore the fluid properties are being smoothed. In other words, a smoothing length 

too large will tend to average the fluid properties excessively and include particles that 

are remote from the region of interest. On the other hand, since the particle 

approximation is performed with an insufficient number of water particles, a smoothing 

length too small might not provide accurate results. As for the magnitude of the force 

after impact, the choice of the smoothing length seems to have a lesser influence, 

although the aforementioned averaging effect can still be observed. This could perhaps be 

explained by the lower pressure gradients following initial impact. 

 As for the computational time, Table 4.5 shows that the smoothing length has 

some influence on the time required for the simulation. As the smoothing length 

increases, the computational time increases as well. This can be explained by the greater 

number of neighbouring water particles involved per particle approximation and the 

accompanying greater amount of calculations. 
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Figure 4.10. Time-history of the net base horizontal force acting on the column for 

various smoothing lengths (ℎ). 

Table 4.5. Computational time for various smoothing lengths (ℎ). 

I�:114J 
h 

(m) 

Computational Time 

(days) 

0.65 0.0396 4.07 

0.71 0.0429 4.49 

0.75 0.0455 4.82 

0.80 0.0485 5.29 

 

4.2.5 Speed of Sound 

The speed of sound in water at the reference density (��) is involved in many aspects of 

the WCSPH simulations. These aspects are: the calculation of the pressure field through 

an equation of state (Eq. 2.66), the determination of the time step based on the Courant 

condition (Eq. 2.79 indirectly through Eq. 2.69), and the determination of the repulsive 

boundary forces (Eq. 2.111 indirectly through Eq. 2.69). In order to ensure that the speed 

of sound is at least ten times greater than the maximum flow speed, Monaghan [1994] 

suggested selecting the speed of sound as follows: 
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[4.2]     �� = I�1�K�Ó¤ℎ� 

 

where Ó¤ℎ� is the approximate speed of a dam-break wave with water height ℎ�, and I�1�K� would normally be taken as 10 in order to fulfil the aforementioned condition. 

 Surprisingly, �� does not significantly affect the magnitude of the force at initial 

impact (Figure 4.11). By inspection Eq. 2.66, one would expect that, as �� increases, the 

computed pressure would also increase. Therefore, the resulting force on the column 

would be larger as the former is obtained by integration of the numerical pressure (see 

Chapter 5 for the details on the post-processing of numerical results). In fact, Figure 4.11 

shows that after the initial impact, the resulting force on the column is generally higher 

for smaller values of the speed of sound. 

 

 

Figure 4.11. Time-history of the net base horizontal force acting on the column for 

various speed of sound at the reference water density (��). 

 Table 4.6 shows that higher values of �� will significantly increase the 

computational time. This can be explained by smaller time steps required to fulfill the 

Courant condition (Eq. 2.79). 
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Table 4.6. Computational time for various speeds of sound at the reference water density 

(��). 

I�1�K� 
�� 

(m/s) 

Computational Time 

(days) 

10 28.88 2.89 

16 46.20 4.49 

20 57.75 5.41 

35 101.08 9.23 

 

4.2.6 Additional Parameters 

Further graphical results of the sensitivity analysis, which show the influence of other 

parameters, are provided in Appendix B. In summary, these results show that: 

 

• Compared to the predictor-corrector algorithm (see Section 2.3.4), the symplectic 

time-stepping algorithm generates higher forces (and pressures) at initial impact. 

 

• Within the range tested (I4�:3 = 0.2 to 0.4), the time step coefficient (see Section 

2.3.4) has no effect on the simulation results, although its influence on the 

computational time is directly proportional. It other words, it would be possible to 

reduce the computational time by half only by multiplying this coefficient by a 

factor of two. 

 

• The choice between the quadratic and cubic spline smoothing kernels has 

negligible influence on the results of the simulation (see Section 2.3.1). 

 
• When using the laminar viscosity with Sub-Particle Scale (SPS) turbulence to 

model the diffusion terms of the momentum equation (see Section 2.3.3), realistic 

values of the kinematic viscosity (N) have negligible influence on the results of 

the simulation. The values tested corresponded to water temperatures varying
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 from 0 to 30°C. To obtain results with more variation would require the selection 

of unrealistic or extreme viscosity values. 

 
• The lower the wall viscosity (N����), the greater the resulting forces (and 

pressures) acting on the column at and beyond initial impact. Deduced by earlier 

impact times, this can be explained by the reduced friction which ultimately 

increases the velocity of the bore (see Section 2.3.6). 

4.2.7 Selected Values 

Except for the particle resolution, the parameters considered for the above sensitivity 

analysis did not have an extreme influence on the results of the simulations. Hence, their 

values were selected such that (i) the resulting force was maximized at both impact and 

beyond, (ii) the diffusion effects would be minimized, and (iii) the computational time 

(Tcomp) would be short. In the case of the particle resolution, it is clear that the higher the 

resolution (i.e. the smaller the initial inter-particle spacing), the more accurate the 

simulation results will be. However, as the computational time increases drastically with 

the resolution, a compromise was required in order to execute the simulations within a 

reasonable amount of time. The values of the SPH-related parameters, which were 

employed in the simulations discussed in the following sections, are presented in Table 

4.7. 

4.3. Computational Domains 

For all five computational domains detailed below, the walls and bottom of the flume (or 

tank) along with the test structures were modeled using perfectly-fixed repulsive 

boundary particles. Assuming that the opening of the gate was sufficiently fast in all the 

previously described physical experiments (Section 4.1), the dam-break scenarios were 

considered to be ‘ideal’ according to Lauber and Hager [1998]. Hence, for the sake of 

simplicity, water in the numerical simulations was assumed to be instantaneously 

released and no gates were modeled. 
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Table 4.7. Final SPH-related parameters selected for numerical simulations. 

Parameter Value 

Initial inter-particle spacing (∆) Variable 

Slope limiter (�) 1.25 

Smoothing length coefficient (I�:114J) 0.725 

Speed of sound coefficient (I�1�K�) 16 

Time stepping algorithm Symplectic 

Time stepping coefficient (I4�:3) 0.4 

Smoothing kernel function Quadratic 

Kinematic viscosity (N) 1 × 10-6 m2/s 

Wall viscosity (N���� ) 8 × 10-5 m2/s 

XSPH coefficient (M) 0.5 

 

4.3.1 Yeh and Petroff [n.d.] 

The computational domain reproduced exactly the dimensions of the experimental setup 

described in Section 4.1.1. Being at a relatively small scale, the purpose of this simulation 

was to test in a short amount of time the procedure conceived for the post-processing of 

raw numerical outputs (Chapter 5). The initial configuration of the computational domain 

is shown in Figure 4.12 just moments after release of water in the reservoir, and details of 

the related simulations are presented in Table 4.8 (Tsim and Tcomp are the physical time and 

computational time of the simulation, respectively). As explained in the following 

section, the experimental downstream water depth (ℎ�) of 0.01m could not be accurately 

modelled and a dry-bed condition was assumed instead. This simulation was performed 

using the serial version of SPHysics and the numerical outputs were obtained at a 

frequency of 100Hz.   
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Figure 4.12. Initial configuration of computational domain for simulating the experiment 

of Yeh and Petroff [n.d.]. 

Table 4.8. Simulation details for the experiment of Yeh and Petroff [n.d.]. 

Simulation 

Label 

ℎ� 

(m) 

ℎ� 

(m) 

∆ 

(m) 

Number 

of 

Particles 

CPUs 
Tsim 

(sec) 

Tcomp 

(days) 

D1 0.30 0.00 0.0225 21,232 1 2.4 0.10 

D2 0.30 0.00 0.0125 105,037 1 2.4 2.08 

 

4.3.2 Nouri et al. [2010] and Al-Faesly et al. [2012] 

These experiments were simulated in two ways: (a) using a computational domain that 

reproduced exactly their actual geometry, and (b) using computational domains with an 

adapted geometry. The purpose of (a) was to compare quantitatively numerical results 

with experimental ones in order to validate the numerical model (Chapter 6). In the case 

of (b), the goal was to investigate, without introducing excessive computational costs, 

various aspects that will be discussed later. 
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 Due to the repulsive boundary condition considered, it was not possible to 

reproduce the exact thickness of the thin water layer initially present in the physical 

experiment downstream of the gate prior to its opening. This is because repulsive forces 

exerted on the fluid particles by the boundary particles are too strong, magnitude-wise, 

when compared to the hydrostatic force of the still fluid acting on the bottom of the 

channel. This results in fluid particles being repulsed to an elevation considerably higher 

than the experimental ℎ� ≈ 0.005m. Consequently, unless mentioned otherwise, a dry-

bed condition was assumed here for the simulations and therefore, some discrepancy at 

initial impact was to be expected (see Figure 3.11). 

Actual Geometry 

This computational domain reproduced exactly the dimensions of the experimental setup 

described in Section 4.1.2. No downstream wall was considered in order to allow fluid 

particles to leave the computational domain once they reached the end of the flume. This 

way, the effect of the floor drain present in the physical experiment was accurately 

reproduced.  Figure 4.13 shows the initial configuration of the computational domain just 

moments after the release of the water in the reservoir. Details of the related simulations 

are presented in Table 4.9. Also, due to the large size of the computational domain with 

respect to the selected resolution, the related numerical simulations were performed with 

the parallel version of SPHysics (i.e. ParallelSPhysics), as indicated by the number of 

CPUs greater than one (Table 4.9). Lastly, due to the limited hard disk memory, 

numerical outputs were usually obtained at a frequency of 100Hz. However, to ensure 

proper capture of the sudden rise in pressure and force, for simulations D2-55 and D2-85, 

a high sampling frequency of 1000Hz was used over short intervals covering initial 

impact. 
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Figure 4.13. . Initial configuration of computational domain for simulating the 

experiments of Nouri et al. [2010] and Al-Faesly et al. [2012] shown with a square 

column. 

 

Table 4.9. Simulation details for the experiment of Nouri et al. [2010] and Al-Faesly et 

al. [2012]. 

Simulation 

Label 
Column 

ℎ� 

(m) 

ℎ� 

(m) 

∆ 

(m) 

Number 

of 

Particles 

CPUs 
Tsim 

(sec) 

Tcomp 

(days) 

D2-55 Square 0.55 0.00 0.035 459,260 32 10.0 4.86 

D2-85 Square 0.85 0.00 0.035 654,648 32 10.0 6.94 

D2-85-C Circular 0.85 0.00 0.035 653,106 32 10.0 6.93 

D2-85-N None 0.85 0.00 0.035 648,060 32 10.0 6.88 

D2-115 Square 1.15 0.00 0.035 849,580 32 10.0 10.42 
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Adapted Geometries 

Two adapted computational domains based on the experiments of Al-Faesly et al. [2012] 

were employed to investigate the influence of reservoir geometry (bend vs. straight), 

reservoir length (%), flow width (�),particle resolution, and the influence of the 

downstream bed condition (i.e. dry vs. wet). The bed condition was investigated with 

respect to not only the propagation of bores but more importantly to the resulting 

hydrodynamic forces acting on a free-standing square column (Figure 4.14) and a vertical 

wall (Figure 4.15). In the runs where the influence of a wet bed is investigated, ℎ� 

corresponds to a value greater than the one used in the physical experiment (0.080m vs. 

0.005m). Hence, only a qualitative comparison between numerical results was performed 

in this case (Section 7.4). In fact, as a result of the high strength of the repulsive forces 

exerted by boundary particles on the fluid particles, this ℎ� was the smallest one possible. 

Figure 4.14 shows the initial configuration of the general computational domain before 

the release of the water in the reservoir, and details of the related simulations are 

presented in Table 4.10. 

 In the case of the second adapted computational domain, the location of the wall 

with respect to the downstream end of the reservoir corresponds to the same location as 

the upstream face of the column considered in the experiments of Al-Faesly et al. [2012] 

(i.e. Figure 4.13 and Figure 4.14). As this wall covers the entire width of the flume, it 

prevents any fluid particles from leaving the computational domain (i.e. no floor drain). 

Figure 4.15 shows the initial configuration of this second adapted computational domain 

prior to release of water in the reservoir and details of the related simulations are 

presented in Table 4.11.  

 In general, numerical outputs were obtained at a frequency of 100Hz for the 

simulations performed for the adapted geometries described above. However, for runs 

D3-L1 and D3-L3 a high sampling frequency of 1000Hz was used over short intervals 

covering initial wave impact, while for runs D3-DRY, D3-WET, D4-DRY, and D4-WET, 

a sampling frequency of 200Hz was used throughout their entire durations. 
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Figure 4.14. Initial configuration of computational domain for simulating the general 

experiment based on Al-Faesly et al. [2012] shown with a dry bed. 

 

Table 4.10. Simulation details for general experiments based on Al-Faesly et al. [2012]. 

Simulation 

Label 

ℎ� 

(m) 

ℎ� 

(m) 

L 

(m) 

W 

(m) 

∆ 

(m) 

Number 

of 

Particles 

CPU

s 

Tsim 

(sec) 

Tcomp 

(days) 

D3-HIGH 0.85 0 6.00 1.30 0.025 933,093 32 10.0 12.51 

D3-WIDE 0.85 0 6.00 2.60 0.035 666,513 32 10.0 7.07 

D3-L1 0.85 0 6.00 1.30 0.035 341,514 32 10.0 3.47 

D3-L2 0.85 0 11.20 1.30 0.035 611,794 32 10.0 6.48 

D3-L3 0.85 0 15.00 1.30 0.035 817,876 32 11.1 10.03 

D3-DRY 0.85 0 5.00 1.30 0.035 291,472 1 5.0 6.41 

D3-WET 0.85 0.08 5.00 1.30 0.035 298,852 1 5.0 6.53 
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Figure 4.15. Initial configuration of computational domain for the experiments with wall 

test structure based on Al-Faesly et al. [2012] shown with a dry bed. 

Table 4.11. Simulation details for the experiment with wall test structure based on Al-

Faesly et al. [2012]. 

Simulation 

Label 

ℎ� 

(m) 

ℎ� 

(m) 

∆ 

(m) 

Number 

of 

Particles 

CPUs 
Tsim 

(sec) 

Tcomp 

(days) 

D4-DRY 0.85 0.00 0.035 281,456 1 5.0 6.14 

D4-WET 0.85 0.08 0.035 286,316 1 5.0 6.32 

 

4.3.3 Kleefsman et al. [2005] 

This computational domain reproduced exactly the dimensions of the experimental setup 

described in Section 4.1.3. The purpose of the related simulation was to extend the 

validation of the numerical by comparing the numerical results to previous studies 

(Chapter 6), and to investigate the influence of the particle resolution on the “numerical” 

viscosity associated to Riemann solvers. Figure 4.16 shows the initial configuration just 

moments after release of water in the reservoir, and simulation details are presented in 

Table 4.12. The simulations were performed using the serial version of SPHysics and 
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numerical outputs were obtained at a frequency of 100Hz for simulations D5-LOW and 

D5-MED, and 200Hz for simulation D5-HIGH. 

 

 

Figure 4.16. Initial configuration of computational domain for simulating the experiment 

of Kleefsman et al. [2005]. 

Table 4.12. Simulation details for the experiment of Kleefsman et al. [2005]. 

Run Label 
ℎ� 

(m) 

ℎ� 

(m) 

∆ 

(m) 

Number 

of 

Particles 

CPUs 
Tsim 

(sec) 

Tcomp 

(days) 

D5-LOW 0.55 0.00 0.0350 77,690 1 6.0 2.92 

D5-MED 0.55 0.00 0.0200 192,060 1 6.0 9.24 

D5-HIGH 0.55 0.00 0.0155 397,412 1 6.0 29.25 
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Chapter 5. Post-Processing of Numerical 

Outputs 

Since the SPHysics implementation of the SPH method can be used to simulate various 

types of flow problem with very different configurations, no means is provided within 

source code for obtaining specific results from the simulations. Therefore, it was 

necessary to implement ways to do so and two approaches which required additional 

coding are described and evaluated in this chapter. The first one takes advantage of the 

repulsive forces of boundary particles acting on fluid particles already being calculated in 

the simulation (Eq. 2.113 and Eq. 2.118), making its implementation within the SPHysics 

source code relatively straightforward. On the other hand, requiring the full 

implementation of external programs, the second approach consists in “sampling” 

particles located within a certain region of interest by searching the raw output files 

created by the numerical model. 

5.1. Repulsive Force of Boundary Particles 

This approach is for the determination of the resulting hydrodynamic force acting on an 

arbitrary object. Based on the concept of the repulsive boundary treatment discussed 

Section 2.3.6 and following the work of Rogers et al. [2010], the resultant hydrodynamic 

force acting on a solid object (fixed or moving) can be obtained by summing the 

repulsive forces exerted by the surrounding fluid particles on all boundary particles that 

compose this object.  By the principle of equal and opposite action, the force per unit 

mass ��� exerted on a boundary particle 
 due to a fluid particle 	 is given by:    

 [5.1]     6���� = −6���� 
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where 6� and 6� are the masses of fluid particle 	 and boundary particle 
, respectively. 

Subsequently, the total force per unit mass �� acting on a boundary particle 
 due to all 

its 9 neighbouring fluid particles is given by: 

 

[5.2]     �� =  � ���
�

��x  

 

 

Figure 5.1. Total force per unit mass �� on a boundary particle 
 due to neighbouring 

fluid particles (normal components shown only). 

Schematically, �� is represented in Figure 5.1 above. Rearranging Eq. 5.1 and Eq. 5.2 

yields: 

 

[5.3]     �� =  − � 6����6�
�

��x  

 

Note that, the force per unit mass ��� on particle 	 due to a boundary 
 in the above 

equations is given by the summation of the normal component (Eq. 2.113) and the radial 

component due to wall friction (Eq. 2.118). In order to obtain the resultant force vector 012�3�4 on the object, the summation of the resultant force per unit mass on each of its 

composing boundary particles multiplied by their associated weights is performed as 

follows:   
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[5.4]     012�3�4  =  � 6���
Ùæçèéêë

��x  

 

where (12�3�4 is the total number of boundary particles forming the solid object. 

Rearranging Eq. 5.3 and Eq. 5.4 yields: 

 

[5.5]     012�3�4  = − � 6�
Ùæçèéêë

��x � 6����6�
�

��x  

 

Finally, since the mass of the boundary particles is constant over a simulation, 

 

[5.6]     012�3�4  = − � � 6����
�

��x
Ùæçèéêë

��x  

 

 One advantage of this approach is that the repulsive boundary forces ��� exerted 

on fluid particles by boundary particles are already being calculated within the SPHysics 

source code. Hence, it is only required to add the necessary code instructions in order to 

have the resulting force acting on an arbitrary object given by Eq. 5.6 written to an 

additional ASCII file. However, this approach does not provide any measurements of 

pressure, velocity, or water surface elevation.    

5.2. Particle Sampling 

Since the SPH method is based on a Lagrangian description, the fluid particles carry 

along their physical properties as they travel across the computational domain. This can 

become a disadvantage when it is required to determine the value of a flow property at a 

specific point in the fluid that does not necessarily correspond to the location of a water 

particle. Inspired by Gesteira and Dalrymple [2004] the approach, referred to hereafter as 

particle sampling, consists mainly in first searching for the fluid particles that are within 
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a certain sub-region of the computational domain, or sampling volume, and then in 

approximating the value of a particular flow property, or field variable, based on the 

properties associated to these “sampled” fluid particles. This approximated flow property 

would then be assumed to be measured at the center of the sampling volume. 

 Generated at a specified frequency, the raw outputs of the SPHysics source code 

used here consist of ASCII files in which each line contains the properties of a single 

particle in the simulation (e.g. position, velocity, density, mass, pressure, etc.). In other 

words, each of these files could be considered a “snapshot” of the computational domain 

at a given instant during the simulation [note that, for all of these output files, the line 

index of a particle is constant over the simulation and independent of the actual position 

of this particle within the computational domain]. In order to obtain results from these 

files using particle sampling as explained above, a series of object-oriented post-

processing programs where implemented in C++. The entire source code of the latter 

along with user guidance can be found in Appendix C.  

 In this study, the flow property within a single sampling volume is calculated via 

a kernel approximation (discretized) as stated by Eq. 2.22. The shape of this sampling 

volume (a sphere of radius 2ℎ) was selected in analogy to the influence domain of the 

smoothing kernel as depicted in Figure 2.2. As an example, taking the velocity as the 

flow property to be evaluated: 

 

[5.7]     C = � 6�'� C��(+� − +�, ℎ)�ìæíîïé
��x  

 

where 9�1��:3 is the total number of fluid particles within the sampling volume ;, and +ð is the position vector of the center of this sampling volume. The selection of the radius 

of the sampling volume is an important consideration and will be discussed in Section 

5.3.2. Firstly, to ensure that the contributions of fluid particles, which are remote from the 

region of interest, are insignificant, the selected radius should not be too large. On the 

other hand, if it is too small, it is possible that too few water particles will be within the 

sampling volume. This behaviour will be discussed further in Section 5.3.2 in regards to 
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selection of the post-processing smoothing length. When calculating the density as the 

flow property, Eq. 5.7 leads to:  

 

[5.8]     ' = � 6�'� '��(+� − +�, ℎ)�ìæíîïé
��x =  � 6��(+� − +�, ℎ)�ìæíîïé

��x  

 

As discussed in Section 2.3.5 when dealing with truncated influence domains, for which 

the normalization condition is not satisfied (Eq. 2.4), the correction suggested by Bonet 

and Lok [1999] can be applied to both Eq. 5.7 and Eq. 5.8. For instance, Eq. 5.8 

becomes: 

 

[5.9]     ' = � 6��(+� − +�, ℎ)�ìæíîïé
��x    � 6�'� �(+� − +�, ℎ)�ìæíîïé

��x»  

 

As for the pressure, it can be calculated using the equation of state (Eq. 2.66) based on 

the density given by either Eq. 5.8 or Eq. 5.9. While the speed of sound at the reference 

water density (��) in Eq. 2.66 applied in the post-processing should be the same as the 

one considered in the simulation, the smoothing length (ℎ) in Eq. 5.7, Eq. 5.8, and Eq. 5.9 

can be different. 

5.2.1 Resultant Force on Column 

Of most interest here, the net horizontal force acting streamwise (i.e. X direction) on a 

column can be determined by integrating the pressure exerted over its surface area. In the 

case of a circular column, the surface area is first divided into tributary areas as depicted 

in Figure 5.2. The sampling volumes are located adjacent to and at the center of their 

corresponding tributary areas. Hence, the centers of the sampling volumes are equidistant 

from one another. In order to determine whether a water particle is within a particular 

sampling volume or not, its distance from the center of the sampling volume is compared 

to the radius of that volume. Once all the water particles within each of the sampling 

volumes have been listed, the approximated pressure <ñ within the sampling volume is 
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obtained by first calculating the average density (') according to Eq. 5.9, and then by 

applying the equation of state (Eq. 2.66). The streamwise resultant force !/ acting on the 

column is then calculated as follows: 

 

 

Figure 5.2. Plan view of circular column surrounded with spherical sampling volumes of 

radius 2ℎ. 

[5.10]     !/ = d <ñ  cos òó  " 
ô  

 [5.11]      " = ∆ò���∆H� 

 

and 

 [5.12]     òó = ò� − � 

 

where �� is the radius of the circular column, ∆H� is the difference in  elevation between 

the centers of overlaid sampling volumes (i.e. the height of the tributary areas), and ∆ò� 

is the difference in orientation between two adjacent sampling volumes (i.e. the angle 

corresponding to the arc of the tributary areas). The force contribution of a single 
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sampling volume is shown schematically in Figure 5.3. Lastly, this integration procedure 

was carefully developed by taking into consideration the possibility of having both 

positive and negative pressure acting at any location on the column. 

 

 

Figure 5.3. Force contribution  ! of a single sampling volume acting on tributary 

area  ". 

5.2.2 Water Surface Elevation  

The surface elevation of the fluid can be obtained by placing virtual wave gages within 

the computational domain. These virtual wave gages are represented by a single sampling 

volume elongated along its height (Figure 5.4). The surface elevation at the center of the 

sampling volume is assumed to be equal to the elevation of the highest water particle 

located within it. Judgement is required when evaluating the water surface using this 

approach when splashing or wave breaking occurs. In analogy to the size of the spherical 

sampling volumes discussed in the previous section, the narrower the length and width of 

this elongated sampling volume is, the more precise the determination of the free-surface 

will be. Nevertheless, if these dimensions are insufficient with respect to the particle 

resolution, it is possible that the highest water particle within the sampling volume (if 

any) will be situated at an elevation below the local free-surface.      
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Figure 5.4. Schematic of virtual wave gage for the determination of the water surface 

elevation. 

5.3. Performance and Adjustments  

In the following sub-sections, the approaches for obtaining specific results from the 

simulations described previously are evaluated in order to indentify the preferred ones 

which would be used throughout this study. Lastly, some adjustments were made in an 

attempt to improve their effectiveness. 

5.3.1 Repulsive Force of Boundary Particles 

The summation of the repulsive forces by the boundary particles (Eq. 5.6) is used to 

obtain the net force acting on the column for simulations D1 and D2, which correspond to 

the experiment of Yeh and Petroff [n.d.]. With marginal agreement, Figure 5.5-a shows a 

comparison of numerical and experimental time-history of the net force acting on the 

column for simulations with ∆ of 0.0225 (D1) and 0.0125m (D2). It should be noted that 

the second peak in the force (negative) is explained by the reflection of the hydraulic bore 

on the downstream wall present in the experiment (see Figure 3.16 and Figure 4.12). The 

discrepancy of approximately 0.05 second in the occurrence time of initial impact, which 

translates into a slightly slower experimental bore-front velocity, can most likely be 

attributed to the 1.0 cm layer of water (ℎ�) present over the bottom the experimental box  
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         (a)                                                               (b) 

Figure 5.5. Comparison of numerical and experimental time-history of the net force 

acting on the column obtained through the summation of boundary repulsive forces: (a) 

with different initial inter-particle spacings (simulations D1 and D2); (b) with various 

speed of sound reduction factor (#) for simulation D1. 

not being simulated. As discussed in Section 4.3.2, this omission is due to the difficulty 

in modeling shallow water depths when using the repulsive boundary condition 

implemented in SPHysics. In any case, it is clear that the discrepancy in the magnitude of 

the initial impact force is considerable, even with an increased particle resolution (Figure 

5.5-a). However, as noticed by Rogers et al. [2010], an increase in the resolution 

generally increases the overall accuracy (Figure 5.6). They also used SPHysics along 

with the same approach to determine the resulting force acting on a breakwater caisson 

due the impact of incoming waves. With similar degrees of discrepancy, their results also 

show some difficulty in predicting the peaks in the resulting force, although the 

experimental results are both over and under predicted. However, in this study, this force 

is only being over predicted when considering the experiment of Yeh and Petroff [n.d.] 

(Figure 5.5-a). Interestingly, with respect to the impulsive peaks, the agreement observed 

by Rogers et al. is improved with the increase in resolution, although the agreement of 

the subsequent peaks is not as good (Figure 5.6-a and Figure 5.6-b). Furthermore, it can 

be observed in the results of Rogers et al. [2010] that the occurrence time of the 

impulsive peaks occurs generally sooner with a high resolution (Figure 5.6-b). On the 

other hand, this occurrence time is in better agreement with the physical results in the 

case of the lower resolution (Figure 5.6-a). In the current study, as the particle resolution  
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(a) 

 

(b) 

Figure 5.6. Numerical and experimental time-history of the wave-induced horizontal 

force acting on a caisson breakwater obtained through the summation of boundary 

repulsive forces by Rogers et al. [2010] with an initial particle spacing (∆) of (a) 0.010m, 

and (b) 0.005m. 
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is varied, the occurrence times of the peaks also vary (Figure 5.5-a). The time difference 

between the positive peak (initial impact) and negative peak (reflected wave) decreases 

from 1.24 to 1.05 seconds from the lower resolution to the higher resolution. This time 

difference is 1.16 seconds in the case of the physical experiment.  

 As the resulting force obtained by the summation of the repulsive forces exerted 

by the boundary particles generally overestimates the experimental value (Figure 5.5-a), 

it was concluded that, given their formulation described in Section 2.3.6, these repulsive 

forces could perhaps be too strong. In a relatively quick attempt to address this issue, the 

strength of these repulsive forces was reduced by applying a reduction factor # to the 

particle speed of sound (��) in Eq. 2.111 as follows:    

  

[5.1]     " = 1ℎ �0.01(#��)R + Ö(#��)[(C� − C�) ∙ 7]� 

 

As �� depends on the speed of sound in water at the reference density �� (according to Eq. 

2.69), in order to avoid altering the compressibility of the water, the latter was not 

reduced directly. Figure 5.5-b shows that better agreement is obtained as the value of # 

decreases, although the agreement in the negative portion of the time-history of the force 

deteriorates. Another disadvantage of this modification is that, if the strength of the 

repulsive forces is reduced further (i.e. # < 1/6), water particles will start flowing out of 

the computational domain. This is because the repulsive forces associated with the 

boundary particles become less important compared to the hydrostatic forces at the 

bottom of the water reservoir.     

 Finally, as mentioned in the literature review (Section 3.4), Silvester and Cleary 

[2006] also calculated the resulting force acting on the column for the physical 

experiment of Yeh and Petroff [n.d.] by summing of the repulsive forces exerted by the 

boundary particles (Figure 3.17). Although their numerical results slightly overestimate 

the peaks in the time-history of the force, relatively good agreement is obtained. It should 

be noted that the formulation of the repulsive boundary condition they considered is 

different than the one implemented in SPHysics.   
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5.3.2 Particle Sampling 

Determination of Pressure 

For the determination of the pressure exerted on the upstream face of the column, 

sampling volumes were initially placed such that their outer surface would be adjacent to 

the boundary particles forming the structure (Figure 5.2). With this arrangement, 

unrealistic pressure time-histories were obtained. During visualization, it was noticed 

that, along the entire submerged height of the column, a vertical layer of water particles 

with low pressures would form between the incoming flow and the column’s upstream 

face, and that more realistic pressures would only develop further upstream. Based on the 

experimental observations of Nouri et al. [2010], it is possible for negative pressures to 

develop, but only at higher elevations on the column (e.g. higher than 30cm), where a 

flow jet is reflected upstream. Furthermore, after initial bore impact and as a result of a 

decrease in the flow velocity, a void of particles would gradually form between 

approaching water particles and the boundary particles forming the column. One could 

view this void as the result of the repulsive forces by the boundary particles reaching 

equilibrium with the incoming flow momentum. In a plane close to the flume’s bottom, 

Figure 5.7 and Figure 5.8 demonstrate the development of unrealistically low pressures 

and a void of particles at the front of the square and circular column in simulations D2-85 

and D2-85-C, respectively (for all figures in which an X axis is displayed, the origin 

considered corresponds to the downstream end of the reservoir). Also, for all figures 

showing still images from the numerical simulations, the black lines represent solid 

boundaries.  

 In order to verify if this is unrealistic, or if such unphysical layer can be avoided 

by increasing the particle resolution, Figure 5.9 shows a time sequence of the bore-

column impact but for a simulation with an initial inter-particle spacing of 0.025m 

(simulation D3-HIGH) rather than 0.035m (simulations D2-85 and D2-85-C). 

Unfortunately, this unrealistic layer still forms and its effects do not seem to be 

attenuated by using a higher resolution. Note that, with respect to the time of initial 

impact, the frames shown in Figure 5.9 correspond to the same ones as in Figure 5.7 and  
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Figure 5.7. Region of unrealistic pressures and void developing beyond initial impact 

upstream of the square column in a plane close the flume’s bottom (simulation D2-85).   

Figure 5.8. This difference in time can be explained by the fact that the convergence 

associated with an increase in the resolution tends to produce slightly faster bore-front 

velocities (see Figure 4.8 of the sensitivity analysis included in Chapter 4). In a 

mathematical and numerical study on errors related to the SPH method, Vaughan et al., 

[2007] mentioned the occurrence of a “numerical boundary layer” when considering a 

repulsive type boundary condition. According to their observations, a layer of closely 

packed fluid particles can form near a boundary, very similar to what can seen in Figures 

5.7, 5.8, and 5.9 near the lateral boundaries shown by black lines. Their explanation for 

this phenomenon is as follows: In order to oppose the lateral hydrostatic force, a pressure 

gradient (i.e. a density gradient) must develop. In order for the density to increase at a 

particular point, particles must become more packed. Where a particle has many  
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upstream of the circular column in a plane close the flume’s bottom (

neighbours, each needs only to move a relatively small distance to cause the density to 

increase. Conversely, where a particle has 

boundary due to its influence domain being truncated (

neighbours must move much more. 

near boundaries, it does not explain why unrealistically low pressures develop directly 

upstream of the column (e.g. 

boundary in the computational domain subjected to hydrostatic pressure, realistic 

pressure gradients are observed. For instance, 
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unrealistic pressures and void developing beyond initial impact

upstream of the circular column in a plane close the flume’s bottom (simulation

C). 

neighbours, each needs only to move a relatively small distance to cause the density to 

re a particle has few neighbours (as in the case close 

boundary due to its influence domain being truncated (Figure 2.5)), this particle and its 

move much more. Although this explains the clustering of fluid particles 

near boundaries, it does not explain why unrealistically low pressures develop directly 

upstream of the column (e.g. Figure 5.7-b). It should be noted that, for any other solid 

boundary in the computational domain subjected to hydrostatic pressure, realistic 

pressure gradients are observed. For instance, Figure 5.10 shows (simulation 
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Figure 5.9. Region of unrealistic

upstream of the square column in a plane close the flume’s bottom for a simulation with a 

higher resolution (

accurate hydrostatic pressure distribution acting on the upstream wall of the reservoir 

before the arrival of the negative 

 Since the inaccuracy discussed above would have required further investigation to 

have it resolved, it was decided to work around it instead. 

where the pressure field seemed more realistic, 

between the outer surface of the

seen in Figure 5.11-b in comparison to th

Since Figure 5.7, Figure 5.8

pressures changes with time 

further upstream after – it was required to develop a procedure based on
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upstream of the square column in a plane close the flume’s bottom for a simulation with a 

higher resolution (simulation D3-HIGH). 

accurate hydrostatic pressure distribution acting on the upstream wall of the reservoir 

before the arrival of the negative dam-break wave. 

Since the inaccuracy discussed above would have required further investigation to 

resolved, it was decided to work around it instead. In order to sample particles 

seemed more realistic, some distance, or spacing, was introduced 

outer surface of the sampling volumes and the structure’s edge. This can be 

b in comparison to the initial arrangement show in Figure 

8, or Figure 5.9, show that the location of more realistic 

pressures changes with time – from closer to the column’s boundary at impact and to 

it was required to develop a procedure based on varying the 
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Figure 5.10. Hydrostatic pressure distribution of fluid particles acting on the upstream 

wall of the water reservoir before the arrival of the negative dam-break wave for 

simulation D2-85. 

spacing between the sampling volumes and the column’s boundary. Taking, for example, 

the determination of the pressure at each transducer used in the physical experiment of 

Nouri et al. [2010] and Al-Faesly et al. [2012], the procedure is as follows: (1) Sampling 

volumes are first aligned vertically with their outer surface adjacent to the column’s 

surface (i.e. no spacing), and with their center elevations adjusted such that they 

correspond to the elevations of the pressures transducers used in the physical experiments 

(see Figure 4.5 and Figure 5.11-a). (2) With the sampling volumes initially positioned 

this way, the pressure time-history at the corresponding transducers is first obtained. (3) 

Afterwards, spacing is introduced between the sampling volume and the column, and a 

second time-history of pressures is obtained. (4) The last step is then repeated by 

gradually increasing the spacing until it becomes considerably large. For example, some 

of the pressure time-histories obtained with various spacings are shown in Figure 5.12 for 

simulation D2-85-C. Compared to time-histories obtained using greater spacings, it can  
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Figure 5.11. Cross-section along the X-Z plane passing through the column’s center 

showing the arrangement of sampling volumes for the determination of the pressure time-

history: (a) with no spacing; (b) with a spacing of 0.06m from the column’s edge (black 

lines represent solid boundaries). 

be observed that the closer the sampling volumes are to the column’s edge, the higher the 

pressures at initial impact are. However, at this location directly next to the column, the 

pressures beyond initial impact become unrealistic as they remain very low (Figure 5.12-

a). As the spacing increases and as particles are being sampled further upstream of the 

column, the measured pressures at initial impact become lower while the pressures just 

after impact begin to develop (Figure 5.12-b). Once a given spacing is reached, the 

pressures after impact become maximum (Figure 5.12-c), and if the spacing is increased 

further, all pressures reduce as they are being measured too far away from the column, 

where the pressure field tends to be more hydrostatic (Figure 5.12-d). Lastly, in order to 

obtain the overall pressure time-history, as shown in Figure 5.13, the maximum value 

(either positive or negative) from each of the time-histories obtained with different  
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Figure 5.12. Numerical pressure time-histories at transducers P5 to P45 obtained with no 

spacing (a), and spacings of (b) 0.03m, (c) 0.06m, and (d) 0.12m for simulation D2-85-C. 

spacings is selected for all time instants. Note that, only four spacings are shown in 

Figure 5.12, although the spacing for this example was in fact varied from none to 0.20m, 

with 0.01m increments. This spacing increment was selected by trial and error based on 

the initial inter-particle spacing of the simulation. 

 The results presented in Figure 5.12 and Figure 5.13 were obtained via the kernel 

approximation (discretized) of the density within spherical sampling volumes of radius 2ℎ using Eq. 5.9 followed by the equation of state (Eq. 2.66). As mentioned previously, 

the speed of sound in water at the reference density (��) considered in the post-processing 

is the same as in the numerical simulation. However, as discussed below, it was noticed 

that using the same smoothing length (ℎ) did not necessarily produce the best results. 

Considering a sampling volume whose center is located 0.05m above the flume’s bottom  
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Figure 5.13. Numerical time-history of the pressure at corresponding transducers derived 

from the absolute maximums of the time-histories obtained with various spacings for 

simulation D2-85-C. 

and 0.06m upstream of the column for simulation D2-85-C (i.e. P5 in Figure 5.12-c), 

Figure 5.14 shows the time-history of the pressure calculated using various smoothing 

lengths. It can be observed that when ℎ is too small (i.e. 0.010m), the results are noisier, 

and it is possible that no water particles are within the sampling volume at a given time 

instant. This results in a calculated pressure of zero. As ℎ increases, the calculated 

pressure becomes generally more precise and the spike at initial impact is better captured. 

Conversely, for ℎ values greater than 0.020m, although the pressure time-history is 

smoother as more particles are taking part in the kernel approximation, the magnitude of 

this measurement slightly decreases as the sampling volume expands away from the 

region of interest (i.e. away from the column’s front where the pressures are higher). 

Note here that the actual smoothing length considered for simulation D2-85-C was 

0.044m. Based on the results shown in Figure 5.14, the selected smoothing length in the 

post-processing of raw numerical outputs was approximately 0.5 of the one utilized in the 

actual simulations.  



 

Chapter 5 Post-Processing of Numerical Outputs - Performance and Adjustments 123 

 

Figure 5.14. Pressure time-histories at transducer P5 for simulation D2-85-C obtain using 

various smoothing lengths (ℎ). 

Determination of Resultant Force 

As discussed in Section 5.2.1, the resulting force acting streamwise on the column can be 

obtained by integrating the pressure exerted on its surface area. As for the determination 

of the pressure acting on the upstream face of the column discussed in the previous 

section, it was also required to introduce a spacing between the sampling volumes and the 

surface of the column structure. As shown in Figure 5.15 in the case of simulation D1, 

the resulting force on the column will depend on the value of this spacing. It can be seen 

that the time-history of the force follows the same behaviour as was observed for the 

time-history of the pressure (Figure 5.12). For a small spacing, the force at impact is the 

highest while the force after impact is relatively low. This can be explained by the fact 

that, at impact, the pressures are high at locations closer to the column; however, as the 

simulation advances, low pressures and a void of particles develop at the column’s edge 

(e.g. Figure 5.7). Alternatively, for a larger spacing, the peak in the force at impact is not 

detected.  This is because, as particles are sampled away from the high impact pressures, 

the force after impact tends to be higher, since the region of higher more realistic 

pressures migrates upstream. By taking the maximum at each time instant of the time-

histories of the force obtained with gradually increasing spacings, the overall time-history 

of the net force acting on the column is determined. The numerical and experimental 

[Yeh and Petroff, n.d.] time-histories of the net force acting on the column for simulation 

D1 are presented in Figure 5.16. By comparing numerical results with the experimental 
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results of Yeh and Petroff [n.d.], good agreement can be observed in the magnitude of the 

force and in the time separating the positive peak (initial impact) and the negative peak 

(reflected wave). It is important to note that, for representative purposes, the experimental 

time-history of the force presented in Figure 5.16 was shifted by 0.05 seconds earlier in 

time. This discrepancy in the time of impact can most likely be attributed to the fact that 

the 1.0cm layer of water that was present over the bottom of the experimental box (wet-

bed condition) was not simulated. 

 

 

Figure 5.15. Numerical time-history of the resulting force acting on the column for 

simulation D1 obtained by pressure integration for various distances separating the 

sampling volumes from the column’s surface. 
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Figure 5.16. Numerical and experimental time-history of the net force acting on a square 

column for simulation D1. 

5.4. Discussion 

In this chapter, two different approaches for obtaining specific results from the numerical 

simulations were presented and evaluated. The first one consisted in the determination of 

the resulting force acting on an object through the summation of the repulsive forces 

exerted by the boundary particles that form this object. Based on preliminary attempts, 

marginal agreement with the experimental data of Yeh and Petroff [n.d.] was obtained. 

Moreover, it seemed that improving this agreement would have required a high particle 

resolution, and possibly additional modifications to the formulation of the repulsive 

boundary condition. On the other hand, determination of the resulting force by pressure 

integration through the particle sampling approach provided satisfactory results even with 

a lower particle resolution. Hence, the latter will be utilized throughout the remainder of 

this thesis in the determination of the resulting force acting on solid objects. Also, this 

second approach also allowed for determination of the pressure, velocity, and water 

surface elevation in a relatively straightforward manner. 

 Lastly, it should be mentioned that, if determination of the force resulting from 

the impact on columns of floating debris was of interest, then the summation of the 

repulsive forces exerted by the boundary particles would have been a suitable approach 
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for estimating the latter. As floating objects are also formed of boundary particles, it 

would be required to consider the repulsive forces exerted by the boundary particles 

forming the impacted column on the ones forming the incoming floating object. For more 

information on the modeling of floating objects within the SPH method in general, the 

reader is referred to Monaghan [2005] and Gómez-Gesteira et al. [2010a].        
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Chapter 6. Comparison of Numerical with 

Physical Results 

As the core of this thesis, a detailed quantitative comparison between numerical and 

experimental results is presented in this chapter. Physical experiments were described in 

Section 4.1. First, the experiments of Nouri et al. [2010] and Al-Feasly et al. [2012] are 

considered. Subsequently, the single experiment of Kleefsman et al. [2005] is also 

considered not only to further validate the SPH numerical model but also further 

investigate some discrepancies observed in the first comparison of this chapter.  

6.1. Experiments of Nouri et al. [2010] and Al-Faesly et al. 
[2012] 

This section is sub-divided according to the measurements compared, namely (i) the 

water surface elevation (h), (ii) the bore-front velocity (�), (iii) the pressure distribution 

on the upstream face of the column, and (iv) the net base horizontal force acting 

(streamwise) on the column (!/). As mentioned in Section 4.1.2, initial leakage through 

the gate occurred in the physical experiments. Hence, most experimental runs were 

performed with a downstream water depth ℎ� ≈ 0.005m. However, by allowing 

sufficient time between runs for the flume’s bottom to dry, it was possible to perform 

runs with a “virtually” dry bed (see Figure 6.14-a). It should also be noted that runs were 

sometimes performed with a “partially” dry-bed condition (Figure 4.4), and that the bed 

condition was only assessed in the later stages of the experimental program of Al-Faesly 

et al. [2012]. Hence, throughout this section, if the bed condition (i.e. dry or wet) is 

known for a particular run, it will be mentioned explicitly. As mentioned in Section 4.3.2, 

due to some difficulties in reproducing exactly the actual ℎ� (~ 0.005m), all SPH results 

presented in this section correspond to a “dry-bed” condition. Also, as most runs were 
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performed using the square column model, it will be mentioned explicitly when the 

circular one is considered. 

 To investigate further some discrepancies observed between SPH simulations and 

physical measurements, also included are those numerical results obtained using grid-

based FVM along with VOF. These particular results were obtained by Zhihui Ma, 

graduate student at the University of Ottawa, who has been working in parallel on the 

same research project using the Flow-3D software package. 

 Due to unknown reasons and confirmed by video analysis, regardless of the 

measurement (i.e. water surface elevation, pressure, and force), the actual time reference 

of all experimental time-histories presented herein is unknown. This leads one to surmise 

that the measuring devices were not properly synchronized with the opening of the gate 

in the physical experiments. Unfortunately, this required the shifting of all experimental 

data from an arbitrary amount of time (sometimes up to 3 seconds), making comparison 

of the impact occurrence time futile. Depending on the measurement, the actual approach 

used to perform this time shift is explained in the respective section. 

 Lastly, with the exception of run E-115, only one set of experimental data per run 

was provided for all the measuring devices (i.e. no duplicates). In the case of run E-115, a 

second set of experimental data was provided. [The corresponding comparison with 

numerical results is provided in Appendix D].     

6.1.1 Water Surface Elevation 

The locations of wave gauges used in the physical experiments are shown in Figure 4.2 

and Figure 4.4. The following approach was used to adjust the time reference of the water 

surface elevation data: For a particular run, the time-history of all wave gauges 

corresponded to one single time series. The time shift was determined by having the 

initial segment of the experimental time-history of the water surface elevation at wave 

gauge W1 (in the reservoir) match the numerical one (see Figure 6.1-a). Afterwards, this 

time shift was systematically applied to all other wave gauges.  

 Figure 6.1 shows the numerical and experimental time-history of the water 

surface elevation at wave gauges W1 to W8 for a run performed without a column 

structure and with an impoundment depth ℎ� = 0.85m (experimental run E-85-N).  
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Figure 6.1. Comparison of numerical and experimental time-history of the water surface 

elevation at wave gages (a) W1, (b) W2, (c) W3, (d) W4, (e) W5, (f) W6, (g) W7, and (h) 

W8 for ℎ� = 0.85m and without a column (experimental run E-85-N and simulation D2-

85-N).  
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Although generally good agreement can be observed, Figure 6.1-a shows that the 

experimental time-history at W1 dips momentarily below the numerical one. This 

discrepancy is also observed for all other comparisons with different ℎ�. On the other 

hand, in the case of W2, the experimental time-history momentarily surpasses the one 

predicted by the numerical model. From video visualization (Figure 6.2), it was noticed 

that, for all runs, diagonal cross-waves would meet near the location of W2, thereby 

explaining the latter discrepancy. The formation of these cross-waves observed in the 

experimental results but not in the numerical ones will be examined in Section 7.1.      

 

 

Figure 6.2. Cross-waves occurring upstream of the column in the physical experiments 

(experiment E-85-C).  

 In the experimental runs that employed the column structure, it should be noted 

that, with the exception of the run with a circular column (experiment E-85-C), wave 

gauges W2, W3, and W4 were not utilized as they were believed to cause unwanted flow 

disturbances. Moreover, as the assessment of the inundation depths next to the column 

(W9, W11, and W13) required more wave gauges, W5 and W6 were sacrificed in all 

runs. Before proceeding ahead with a quantitative comparison of the time- history of the 

water surface elevation, the main flow features of the overall experiment are (visually) 
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Qualitative comparison of the numerical (left, simulation D2
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presented. Figure 6.3 shows experimental still frames along with corresponding ones 

from numerical simulation D2-85. [It should be noted that the ‘roughened’ water surface 

(seen in the still frames of the numerical simulation in Figure 6.3) is produced by the 

post-visualization process. As reconstructing a smooth water surface between adjacent 

particles would have been cumbersome, in order to make the main flow features more 

visible, each particle is represented visually by a relatively large sphere]. Moments after 

impact (Figure 6.3-c and Figure 6.3-d), it can be observed that, in the case of the physical 

experiment, the flow around the square column rapidly develop into a downstream wake. 

As the influence of the bed condition is investigated numerically (Section 7.4), it will be 

demonstrated that the latter plays a role in the formation of this wake. Furthermore, the 

cross-waves observed in the physical experiment (Figure 6.2) are not present in the 

numerical simulation (Figure 6.3-c). As time advances, the water level at the front of the 

column rises and the wake behind the column strengthens, both experimentally and 

numerically. The fully developed wake in the numerical simulation (Figure 6.3-e) is 

clearly visible and remains relatively straight. On the other hand, as expected with the 

vortex shedding resulting from highly turbulent flows around blunt obstacles, the 

experimental one is highly unstable and translates side to side. Eventually, due to the 

flow obstruction, or “bottleneck”, caused by the column, a wave propagates back 

upstream (Figure 6.3-g and Figure 6.3-h). From an upstream perspective (at a location 

just above the swinging gate looking downstream), the still frame in Figure 6.4 clearly 

shows this wave as it reaches wave gauge W2 in experimental run E-85-C. As 

experimental velocity measurements, other than the bore-front velocity, were not 

performed, video analysis was employed to study the nature of this wave. The video 

record led one to believe that the wave seen in Figure 6.4 could perhaps be a hydraulic 

jump. From the observed relatively slower movement of the entrained air bubbles 

downstream of the wave, the flow velocity at this location seemed subcritical, compared 

to what appeared to be a supercritical regime upstream. Furthermore, the presence of 

entrained air bubbles downstream of the wave is characteristic of the high turbulence and 

mixing induced by a hydraulic jump. The obstruction caused by the column model (and 

the resulting wave propagating upstream) are further investigated in Section 7.2. 
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Figure 6.4. Obstruction-induced wave propagating upstream in the physical experiments 

(ℎ� = 0.85m, experimental run E-85-C).  

 Figures 6.5, 6.6, 6.7, and 6.8 show numerical and experimental time-histories of 

the water surface elevation related to experimental runs E-55-WET, E-85, E-85-C, and E-

115, respectively. In all of these figures, the agreement for wave gauges W1, W7, and 

W8 is shown to be fairly good. However, in the case of gauges W9, W11, and W13, 

which are located directly at the front, side, and back of the column, respectively (see 

Figure 4.5), the agreement is marginal.   

 In the case of gauge W9, although the initial rise in the water surface predicted by 

the numerical model is much more gradual compared to the one recorded experimentally, 

some agreement is obtained at later times (e.g. Figure 6.6-d). An explanation for this 

discrepancy will be provided later in this section, as the bore interaction with the column 

is visualized frame-by-frame. Also, for the run with ℎ� = 1.15m (E-115), the intensity of 

the splashing at initial impact, along with the high momentum of the flow against the 

wave gauge, makes the reading of the water surface elevation difficult (Figure 6.8-c). 

From here on, the water depth at W9 will be referred to as the “runup” of the water on the 

upstream face of the column. 

 With the exception of run E-85-C, for which the circular column was considered, 

the agreement at wave gauge W11 is relatively poor. Based on the aerodynamics of the 

square column, this disagreement is believed to be due to the significant flow separation 

from the column’s lateral sides, which makes the wave gauge measurement difficult.  
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Figure 6.5. Comparison of numerical and experimental time-history of the water surface 

elevation at wave gages (a) W1, (b) W7, (c) W8, (d) W9, (e) W11, and (f) W13 for ℎ� = 

0.55m (experimental run E-55-WET and simulation D2-55). 

To support this hypothesis and taking for example experimental run E-115 (Figure 6.8-d), 

it is difficult to believe that, 4 seconds after gate opening, the  (middle) flow depth on the 

side of the column would be 0.04m while it is 0.89m at the front of the column (Figure 

6.8-c). Furthermore, considering run E-85-C, with the circular column being more 

aerodynamic, the reading at W11 is more stable and seems more realistic (Figure 6.7-g). 

Lastly, the relatively coarse resolution used in the numerical simulation (an initial inter- 
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Figure 6.6. Comparison of numerical and experimental time-history of the water surface 

elevation at wave gages (a) W1, (b) W7, (c) W8, (d) W9, (e) W11, and (f) W13 for ℎ� = 

0.85m (experimental run E-85 and simulation D2-85). 

particle spacing of 0.035m compared to a column side dimension of 0.30m), and the 

observed inconveniences of the repulsive boundary condition discussed in Section 5.3.2 

(i.e. void at solid boundaries), could render the numerical reproduction of the highly 

turbulent and unstable flow at this precise location (W11) particularly challenging. 

 In the case of gauge W13, some discrepancy is also observed although it seems to 

be diminishing as the impoundment depth increases. In the case of numerical simulation 
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Figure 6.7. Comparison of numerical and experimental time-history of the water surface 

elevation at wave gages (a) W1, (b) W2, (c) W3, (d) W7, (e) W8, (f) W9, (g) W11, and 

(h) W13 for ℎ� = 0.85m and with the circular column (experimental run E-85-C and 

simulation D2-85-C). 
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Figure 6.8. Comparison of numerical and experimental time-history of the water surface 

elevation at wave gages (a) W1, (b) W8, (c) W9, (d) W11, and (e) W13 for ℎ� = 1.15m 

(experimental run E-115 and simulation D2-115).  

D2-55, the wake never reaches the downstream edge of the column (Figure 6.5-f), while 

in the case of simulation D2-115, the agreement is relatively good with the exception of 

the sudden initial rise recorded in the physical experiment not being captured by the 

numerical model (Figure 6.8-e). Most likely, due to the better aerodynamics of the 

circular column (experimental run E-85-C), the magnitude-wise agreement between the 

numerical and experimental results at W13 is relatively good (Figure 6.7-h). However, as 
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was mentioned previously with ℎ� = 0.85m (Figure 6.3-c and Figure 6.3-d), the wake in 

the numerical simulations generally develops more slowly than was observed 

experimentally (e.g. Figure 6.6-f).  

  Considering the circular column run (E-85-C), in which gauges W2 and W3 were 

used, some time lag is clearly visible in the propagation of the obstruction-induced wave 

discussed previously. This discrepancy is partially observed for experiment E-115 at 

gauge W1 (Figure 6.8-a). Considering the peak of the wave (run E-85-C), the actual time 

lag between the physical experiment and the numerical simulation is 2.81 and 2.71 

seconds at gauges W2 and W3, respectively. Furthermore, the average celerity for this 

wave to travel from W3 to W2 is 1.65 and 1.56m/s, with a decrease in height of 0.015 

and 0.055m, in the physical experiment and in the numerical simulation, respectively. 

Hence, with the wave celerities being approximately the same, this shows that, compared 

to the numerical wave, the experimental wave takes longer to initiate its propagation. The 

latter was noted visually when selecting the still frames shown in Figure 6.3-g and Figure 

6.3-h. Lastly, the greater decrease in wave height in the numerical simulation could be an 

indication of excessive diffusion. 

 On the matter of the discrepancy observed in the runup (i.e. gauge W9) in the 

earlier stages of the bore-structure interaction (e.g. Figure 6.6-d), a qualitative 

comparison of still frames is provided in Figure 6.9 (which views the column structure 

from the side). The run shown was performed with ℎ� = 1.00m [Nouri et al., 2010], while 

the numerical one was performed with ℎ� = 1.15m (simulation D2-115). The main 

discrepancy lies in the fact that the numerical model does not reproduce accurately the 

significant splash of water that occurs at initial impact (see Figure 6.9-a and Figure 6.9-

b). However, later in the simulation (beyond ~3 seconds), the agreement at W9 and in the 

overall profile of the water surface within the vicinity of the column is fairly good. The 

lack of splashing at initial impact in the numerical simulation is believed to be due to the 

relatively coarse particle resolution employed in conjunction with the use of a Riemann 

solver for removing inaccuracies in the pressure field (see Section 2.3.5). The main 

outcome of this combination is excessive “numerical viscosity”, which prevents the water 

particles from reaching higher elevations and separating from one another at the moment 

of initial impact. Initially, this discrepancy was very confusing, as SPH is known to  



 

Chapter 6 Comparison of Numerical with Physical Results - Experiments of Nouri et al. [2010] and Al-

Faesly et al. [2012]  140 

 

For caption see following page. 

accurately reproduce significant water surface deformations (e.g. Figure 3.16). It was 

only after a personal communication with Dr. Benedict Rogers, one of the developers of 

SPHysics, that the latter explanation was found. Unfortunately, due to circumstances at 

the time, it was not possible to fix this discrepancy with the experiments of Nouri et al. 

[2010] and Al-Faesly et al. [2012], as access to a cluster computer was no longer 

available for the execution of the parallel version of SPHysics. Hence, as the experiment 

of Kleefsman et al. [2005] was much smaller (and could be simulated using the serial  
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Figure 6.9. Qualitative comparison of numerical (left, simulation D2-115) and 

experimental (right, Nouri et al. [2010]) water surface profiles (a, b) 1.50, (c, d) 3.00, (e, 

f) 4.00, and (g, h) 7.00 seconds after gate opening. Experimental ℎ� = 1.00m and 

numerical ℎ� = 1.15m. 

version of the numerical model), that experiment was used to investigate the influence of 

particle resolution on the splashing phenomenon at initial impact when using a Riemann 

solver. The results of this investigation are presented in the second quantitative 

comparison of this chapter (Section 6.2). 
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 Figure 6.10 shows the numerical time-history of the water surface elevation at all 

wave gauges and for all impoundment depths. The numerical results shown correspond to 

simulations D2-55, D2-85, and D2-115. As expected, the greater the impoundment depth, 

the stronger the generated hydraulic bore will be (and the deeper the flow will be at all 

wave gauges). Considering gauge W2, Figure 6.10-b shows that, before the arrival of the 

aforementioned obstruction-induced wave, the rate at which the water surface elevation 

increases beyond the passing of the bore-front increases as the impoundment depth 

increases. Furthermore, the obstruction caused by the column becomes more significant 

as the impoundment depth increases. As a result, the resulting wave occurs sooner and its 

height becomes more significant (e.g. Figure 6.10-c). 
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For caption see following page. 
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Figure 6.10. Numerical time-history of the water surface elevation at all wave gauges for 

all impoundment depths ℎ� (simulations D2-55, D2-85, and D2-115). 

6.1.2 Bore-Front Velocity 

The experimental bore-front velocities considered for comparison were obtained using a 

high-speed video camera, whose field of view was referenced to a 0.30m square grid 

marked on the flume’s bottom. For experimental runs in which the column model was 

absent, the bore-front velocity was determined where this one is normally located. Except 

for E-85-N, these particular experimental runs are not listed in Table 4.1. In the case of 

the numerical simulations, the bore-front velocity was determined just before impact with 

the column (slightly upstream). This is because, other than the simulation D2-85-N, 

associated numerical runs (D2-55 and D2-115) had the column model present. Table 6.1 

provides the numerical and experimental bore-front velocities along with the 

corresponding true relative error, where the experimental value is considered to be the 

true value in the calculation of this error. With the absolute value of the largest true  
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Table 6.1. Comparison of numerical and experimental bore-front velocity. 

Simulation 
ℎ� 

(m) 

� 

Numerical 

(m/s) 

� 

Experimental 

(m/s) 

M4 

(%) 

D2-55 0.55 3.13 2.99 -4.68 

D2-85 0.85 4.45 4.04 -10.15 

D2-115 1.15 5.43 5.64 3.72 

 

relative error around 10%, the agreement is arguable. There are many factors that could 

potentially explain discrepancies. 

 First, as the video analysis was performed visually by the experimentalist, it is 

plausible that measuring errors occurred. For instance, Figure 6.11 shows still frames 

(plan view) of the bore-front propagating over the 0.30m square grid marked on the 

flume’s bottom (ℎ� = 0.85m). As the shape of the bore-front is irregular, the exact arrival 

of the bore-front at each of the white transversal grid lines is open to question.  

 

 

    (a)                                          (c)                                          (b) 

Figure 6.11. Experimental still frames (plan view) of the bore-front at the location of the 

column (ℎ� = 0.85m and ℎ� ≈ 0.005m, time Tx is unknown). 

 Secondly, it is unknown how many experimental runs with the same 

impoundment depth (i.e. duplicates) were considered in the determination of the 

corresponding bore-front velocity. As the experiments were performed at a relatively 
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large scale, variations in the actual bore-front velocity, even for identical experimental 

runs, are likely to occur.  

 Lastly, the bed condition (i.e. wet, “partially” dry, or “virtually” dry) was not 

assessed for the experimental values presented in Table 6.1. As discussed in the literature 

review (e.g. Figure 3.4), the bed condition can significantly affect the bore-front velocity. 

To support this, using still images taken by the high-speed video camera once again, 

Figure 6.14 shows the propagation of a bore (ℎ� = 0.55m) over a “virtually” dry bed 

before collision with a mitigation wall (topic not covered in this thesis). Even over a short 

distance, it is clear that the bore-front segment propagating over the dry portion of the 

flume’s bottom advances more rapidly. Therefore, as the numerical simulations 

considered in this chapter were all preformed with a perfectly dry bed, this last factor 

could explain why the numerical model generally over predicts the bore-front velocity.  

 On the other hand, as selection of the SPH-related parameters was not based on a 

thorough comparison with experimental results (see Section 4.2), it is possible that better 

agreement would have been obtained if a more conventional calibration had been 

performed.   

6.1.3 Pressure 

Comparisons of the numerical and experimental time-history of the vertical pressure 

distribution exerted on the upstream face of the column (ℎ� = 0.55m and for both dry- 

and wet-bed conditions), are presented in Figure 6.12 and Figure 6.13, respectively. With 

the exception of the spikes at initial impact, the agreement is quite good. However, at 

elevations higher than 0.35m (e.g. Figure 6.13-g), the numerical model overestimates 

pressures. This is a consequence of the runup (i.e. water surface elevation at gauge W9) 

being slightly greater in the numerical simulation beyond ~5 seconds (see Figure 6.5-d).  

 Shock pressures, characterized by high magnitude and short duration, are clearly 

visible (Figure 6.12) at initial impact of the hydraulic bore with the column. This is for 

both the numerical and experimental results, as both run E-55-DRY and simulation D2-

55 correspond to a dry-bed condition. Discrepancies reside in the magnitude of the 

pressure spikes being overestimated by the numerical model at pressure transducers P5 

and P10, and the experimental spikes at P15 and P20 not being captured by the latter. On  
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Figure 6.12. Comparison of numerical and experimental time-history of pressures acting 

on the column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 0.30, (g) 

0.35, and (h) 0.40m above the flume’s bottom for ℎ� = 0.55m and experimental ℎ� ≈ 0 

(experimental run E-55-DRY and simulation D2-55). 
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Figure 6.13. Comparison of numerical and experimental time-history of pressures acting 

on the column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 0.30, (g) 

0.35, and (h) 0.40m above the flume’s bottom for ℎ� = 0.55m and experimental ℎ� ≈ 

0.005m (experiment E-55-WET and simulation D2-55). 
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the other hand, as was mentioned in Section 3.3, no shock pressures were observed in the 

physical experiment performed with a wet-bed condition (Figure 6.13). In an 

experimental study focusing on the impact of ocean waves breaking directly on vertical 

walls, Hattori et al. [1994] found that the larger the amount of air entrapped in the  

impinging wave, the lower the magnitude and the longer the rise, or compression time, of 

the impact pressures. This “cushioning” provided by the entrapped air and  its effect on 

impact pressures was also noticed by Peregrine [2003], who also investigated 

experimentally the impact of breaking waves on vertical walls. Hence, the believed 

explanation for the absence of shock pressures at initial impact in the case of physical 

experiments performed with a wet bed (e.g. E-55-WET) is as follows: As the hydraulic 

bore advances in the test channel, the still water layer of depth ℎ�  its propagation. This 

flow resistance and the resulting decrease in the bore-front velocity are well known in the 

literature (Figure 3.4), even for an ℎ� of a few millimetres. From Figure 3.8 (ℎ� ≈ 

0.002m), in contrast to Figure 3.7 (ℎ� = 0), the momentum transfer from the advancing 

bore-front to the downstream still water layer seems to generate turbulence which results 

in considerable air entrainment. It would be this higher concentration of entrapped air in 

the bore-front that inhibits shock pressures at initial impact. In fact, by comparing still 

images from the current physical experiments captured with the high-speed video camera 

(Figure 6.14 and Figure 6.15), this increase in the concentration of entrapped air within 

the bore-front can be noticed. [The runs shown in these figures were performed with a 

mitigation wall and such a protection measure is not considered in the current study].    

 Although both the numerical and experimental runs depicted in Figure 6.12 

correspond to a dry-bed condition, there is some discrepancy in the magnitude of the 

impact pressure at transducer P5. The most probable explanation for this is the fact that, 

although the physical experiment was performed with a “virtually” dry-bed, due to the 

friction with the flume’s dry bottom, some air entrainment is still likely to occur. 

However, the single-phase SPH numerical model does not simulate any air entrainment. 

Two other possible reasons are the following: Bagnold [1939], who studied wave 

pressures on coastal structures, pointed out that the magnitude of pressure peaks varies 

extensively from impact to impact, even when waves are identical. Based on this,  
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 (a)                                                             (b) 

Figure 6.14. Experimental still frames of the bore-front propagating over a “virtually” dry 

bed (ℎ� ≈ 0) captured with the high-speed video camera (ℎ� = 0.55m).   

 

  (a)                                                            (b) 

Figure 6.15. Experimental still frames of the bore-front propagating over a wet bed (ℎ� ≈ 

0.005m) captured with the high-speed video camera (ℎ� = 0.55m).   
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Kirkgöz [1991] considered a log-normal probability distribution for the interpretation of 

the shock pressures resulting from the impact of breaking waves with walls inclined at 

various angles. Therefore, as only one set of experimental data was provided herein for 

an experimental run performed with a dry bed (E-55-DRY), the degree of variation in the 

impact pressures cannot be assessed with confidence. Secondly, with the exception of run 

E-85-C, the sampling frequency of the pressure transducer was 200Hz. Although further 

tests would be required to thoroughly demonstrate this, there is a possibility that this 

frequency might be insufficient to properly capture very short impulses in the pressure 

time-history. For example, in the case of numerical simulation D2-85, it was noticed that 

increasing the frequency of numerical outputs from 100Hz to 1000Hz revealed further 

detail of the shock pressure at initial impact. Considering only a short time interval 

covering initial impact, Figure 6.16 shows that the time-history for transducer P5 

obtained at a frequency of 100Hz matches, but does not fully capture the initial spike and 

its subsequent oscillation seen in the time-history obtained at 1000Hz. Therefore, it is 

possible that higher pressure peaks occurred in the physical experiments but these were 

not captured by the pressure transducers.    

 

 

Figure 6.16. Comparison of numerical time-history of pressures acting on the column at 

an elevation of 0.05m above the flume’s bottom with different sampling frequencies for ℎ� = 0.85m (simulation D2-85). 
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 Considering the physical experiments for which the bed condition was not 

assessed, Figures 6.17, 6.18, and 6.19 show the comparison of the numerical and 

experimental time-history of pressure for E-85, E85-C, and E-115, respectively. Once 

again, the main discrepancy rests with the prediction of pressure at initial impact. This, in 

turn, is believed to be related to the bed condition in the physical experiments, which is 

most likely different from being “perfectly” dry as in the case of the numerical 

simulations. Interestingly, as seen in Figure 6.19-g, the numerical model is capable of 

capturing the development of negative pressures exerted at higher elevations on the 

column occurring at initial impact. These negative pressures can be attributed to water 

being reflected upstream, along with the suction created as it separates from the column’s 

surface. Nevertheless, the numerical model generally over-predicts these negative 

pressures (e.g. Figure 6.19-e). Furthermore, in the case of the circular column (Figure 

6.18), such pressures are not experimentally measured. It is foreseeable that, due to the 

better aerodynamics of a circular column, the upstream flow reflection, which induces 

negative pressures, is less important. With this in mind, it is plausible that the numerical 

prediction of the negative pressures is affected by the unwanted formation of the 

numerical layer of unrealistic pressures discussed in Section 5.3.2 and the post-

processing approach that was adopted to work around it. Lastly, a gradually increasing 

discrepancy can be observed towards the end of the simulations (e.g. Figure 6.19-c). As 

will be discussed in more detail in Section 7.1, it is suspected that additional inflow was 

provided during the physical experiments by the flume’s water supply system. As no 

additional inflow was considered in the simulations, this resulted in numerical bores of 

slightly shorter duration. 

 It can be noticed that the magnitudes of the impact pressures predicted by the 

numerical model are considerably high with respect to subsequent pressures (e.g. Figure 

6.19-a). This was initially investigated by verifying the assumption of a weakly 

compressible fluid (see Section 2.3.2) in the SPH simulations. According to Monaghan 

[1994], density variations with respect to the reference water density ('�= 1000kg/m3) 

should remain within 1% in order to obtain accurate results when considering this 

assumption. Therefore, the maximum density fluctuations for each of the impoundment 

depths within the impact region directly upstream of the column were determined. These  
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Figure 6.17. Comparison of numerical and experimental time-history of pressures acting 

on the column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 0.30, (g) 

0.35, and (h) 0.40m above the flume’s bottom for ℎ� = 0.85m (experimental run E-85 and 

simulation D2-85). 



 

Chapter 6 Comparison of Numerical with Physical Results - Experiments of Nouri et al. [2010] and Al-

Faesly et al. [2012]  154 

 

Figure 6.18. Comparison of numerical and experimental time-history of pressures acting 

on the circular column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 

0.30, (g) 0.35, and (h) 0.40m above the flume’s bottom for ℎ� = 0.85m (experimental run 

E-85-C and simulation D2-85-C). 
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Figure 6.19. Comparison of numerical and experimental time-history of pressures acting 

on the column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 0.30, (g) 

0.35, and (h) 0.40m above the flume’s bottom for ℎ� = 1.15m (experimental run E-115 

and simulation D2-115). 
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fluctuations are presented in Table 6.2. It can be seen that, for all impoundment depths, 

the maximum density variation which occur at initial impact is slightly greater than 1%. 

Note that, according to Eq. 4.2, as the speed of sound is increased with the impoundment 

depth, the compressibility of the simulated fluid decreases accordingly. This explains 

that, although the impact force increases with the impoundment depth, the maximum 

density variations remain approximately the same. 

 

Table 6.2. Numerical water density at initial impact and corresponding variation with 

respect to the reference density ('�= 1000kg/m3). 

Simulation 
ℎ� 

(m) 

Impact Time 

(s) 

'�:â��4   
(kg/m3) 

|∆'| '�⁄  

(%) 

D2-55 0.55 1.82 1017.06 1.71 

D2-85 0.85 1.23 1015.63 1.56 

D2-115 1.15 1.12 1017.03 1.70 

 

Considering another moment in the bore-structure interaction where better agreement is 

generally observed, i.e. when the resulting force on the column reaches its second peak 

(see Figure 6.22), Table 6.3 shows the density variations in the simulated fluid once again 

directly upstream of the column. In this second case, it can be observed that these 

variations remain below 1%.  

 The latter initially led one to believe that the high numerical pressures at initial 

impact were perhaps due to excessive increases in the density, with which the pressure is 

directly computed using the equation of state (Eq. 2.66). However, by comparing in 

Figure 6.20 the time-history of the pressure at transducer P5 obtained with the SPH 

method (simulation D2-115) with that obtained by Zhihui Ma, using grid-based FVM 

along with VOF, very similar magnitudes are observed. As the latter numerical method 

considers the fluid to be strictly incompressible, it can be concluded that the relatively 

large density fluctuations presented above do not introduce inaccuracies in the numerical 

prediction of the pressure at initial impact. 

 Finally, Figure 6.21 shows the numerical time-histories of the pressure at all 

transducers and for all impoundment depths. As expected, due to a higher bore-front  
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Table 6.3. Numerical water density at the moment of maximum force due to runup and 

corresponding variation with respect to the reference density ('�= 1000kg/m3). 

Simulation 
ℎ� 

(m) 

Runup Time  

(s) 

'õ�K�â 

(kg/m3) 

|∆'| '�⁄  

(%) 

D2-55 0.55 5.73 1002.55 0.26 

D2-85 0.85 4.67 1003.00 0.30 

D2-115 1.15 3.76 1003.33 0.33 

 

 

 

Figure 6.20. Comparison of the numerical time-history of the pressure acting on the 

column at an elevation of 0.05m above the flume’s bottom obtained using the SPH 

method (simulation D2-115) and FVM with VOF (ℎ� = 1.15m and ℎ� = 0). FVM results 

courtesy of Zhihui Ma. 

velocity, the impact pressure increases with increasing impoundment depth. In the case of 

the negative pressures exerted at higher elevations on the column at initial impact, they 

also generally increase with increase in the impoundment depth. This could possibly be 

due to higher impact velocities that result in greater water reflection directed upstream 

(e.g. Figure 6.9-a). As expected, as flow velocities and runup are also more important, 

post-impact pressures also increase with increase in the impoundment depth. 
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Figure 6.21. Numerical time-history of pressures acting on the column at elevations of (a) 

0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 0.30, (g) 0.35, and (h) 0.40m above the 

flume’s bottom for all impoundment depths ℎ� (simulations D2-55, D2-85, and D2-115). 
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6.1.4 Force 

By integrating the numerical pressure exerted on its entire surface, the numerical time-

history of the net base horizontal force acting streamwise on the column (!/) was 

obtained and compared with the experimentally-obtained one captured with the 

dynamometer. Figure 6.22 shows the comparison for all impoundment depths. In the case 

of the impoundment depth of 0.55m, both experimental dry- and wet-bed conditions are 

considered (Figure 6.22-a and Figure 6.22-b, respectively).  

 

 

Figure 6.22. Comparison of numerical and experimental time-history of the net base 

horizontal force acting on the column for impoundment depths (ℎ�) of (a) 0.55m with a 

virtually dry bed (ℎ� ≈ 0), (b) 0.55m with a wet bed (ℎ� ≈ 0.005m), (c) 0.85m, and (d) 

1.15m.  

Similarly, as for the case of the pressure, the numerical time-history of the force displays 

a distinctive peak at initial impact while, depending on the bed condition, the 

experimental one generally does not. Beyond initial impact and for all impoundment 

depths, the rate at which the force increases due to the runup of the bore on the column 
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(i.e. the rising inundation level at the front of the column) is in perfect agreement up until 

the second peak is reached. This second peak in the time-history of the force is referred to 

as the “runup force”. Further on, the experimental time-history of the force shows large 

fluctuations increasing with the impoundment depth. Surprisingly, these fluctuations 

were not recorded in the experimental time-history of the pressures exerted on the 

upstream face of the column (e.g. Figure 6.19). Hence, these could be due to an unsteady 

formation of the wake downstream of the column, as very strong turbulence and air 

entrainment was observed during the experimental runs. To visualize the latter, Figure 

6.23 shows that the degree of turbulence and entrapped air increases as the impoundment 

depth increases. The still frames shown in the figure correspond to times approximately 2 

seconds after the runup force is reached. Lastly, the fact that the numerical model does 

not account for air entrainment could possibly explain its inability in reproducing these 

fluctuations in the time-history of the force.  

 

 

 (a)                                             (b)                                            (c) 

Figure 6.23. Still frames of the physical experiments [Nouri et al., 2010] with 

impoundment depths (ℎ�) of (a) 0.50m, (b) 0.75m, (c) 1.00m showing the varying degree 

of turbulence and air entrainment at times corresponding to approximately 2 seconds after 

the runup force is reached. 

 Considering the column of circular cross-section (run E-85-C), it can be seen in 

Figure 6.24 that, during the entire simulation, the SPH numerical model significantly 

overpredicts the net base horizontal force. As the discrepancy is large, the source code of 

the post-processing program developed for determination of the resulting force on the  
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Figure 6.24. Comparison of numerical and experimental time-history of the net base 

horizontal force acting on the circular column for ℎ� = 0.85m. ℎ� = 0 for the numerical 

simulation performed using the SPH method (D2-85-C) while ℎ� = 0.001m for the one 

performed using FVM with VOF. FVM results courtesy of Zhihui Ma. 

column by the integration of the pressure was carefully revised (see Section 5.2), 

although no issue was found. Next, in order to verify the accuracy of the experimental 

measurements obtained with the dynamometer, the experimental run was also simulated 

by Zhihui Ma using FVM with VOF (Figure 6.24). Although he considered a wet-bed 

condition (ℎ� = 0.001m), which further confirms the reduction in the impact force 

observed in the physical experiments (e.g. Figure 6.22), relatively good agreement is 

observed in this case. Strangely, there is good agreement between the numerical (SPH) 

and experimental results of the pressures acting at the very front of the circular column 

(Figure 6.18). Since the resulting force is derived from integration of the pressure, one 

would expect reasonable agreement for it as well. Although the exact reason for this 

disagreement is unknown, it is suspected to be due to the following: in contrast to the 

square column (Figure 5.7), the void of fluid particles and numerical layer of unrealistic 

pressures that develops at the front of the column (see Section 5.3.2) could possibly 

increase numerically the area of the circular column projected to the flow (Figure 5.8). In 

other words, the effective diameter of the circular column in the numerical simulation 

(simulation D2-85-C) could be greater than the actual one of the physical experiment (run 
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E-85-C). Furthermore, for the numerical predictions of the pressures to be accurate at the 

very front of the column (i.e. at a stagnation point), this would imply that the column’s 

diameter has limited influence on the pressures at this particular location. Hence, through 

further investigation, it would be important to also validate the pressures acting at other 

locations around the circular column (i.e. not just at the front of the column). 

 As the experimental time-history of the net base horizontal force was obtained at 

a frequency of 1000Hz (Table 4.1), it is possible to examine the effect of the flume’s bed 

condition on the rise time of the force at initial impact. Over a short time interval 

covering initial impact, Figure 6.25 shows the experimental time-history of net force 

acting on the column for both bed conditions (runs E-55-DRY and E-55-WET). The full 

time-history of the net force corresponding to these experimental runs can be seen in 

Figure 3.11-b.     

 

 

Figure 6.25. Comparison of the experimental rise time of the net base horizontal force 

acting on the column due to the impact of bores (ℎ� = 0.55m) propagating on dry (ℎ� ≈ 

0) and wet (ℎ� ≈ 0.005m) beds (experimental runs E-55-DRY and E-55-WET). 

The time required for the first distinct peak to be reached is 0.110 and 0.879 seconds for 

the dry- and wet-bed conditions, respectively. Having a rise time greater in the case of the 

wet-bed condition supports the aforementioned hypothesis that more air is entrapped into 
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the bore-front as the latter propagates over a thin water layer. [Hattori et al. [1994] 

noticed that the time required for air bubbles to compress increases the rise time].  

 In a similar way, Figure 6.26 shows, over a short time interval covering initial 

impact, the comparison between the numerical and experimental time-history of the net 

force acting on the column for ℎ� = 0.55m. The numerical results correspond to a run 

with a perfectly dry bed (simulation D2-55), while the experimental ones correspond to a 

run with a “virtually” dry bed, as previously discussed. 

 

 

Figure 6.26. Comparison of the experimental and numerical rise time of the net base 

horizontal force acting on the column due to the impact of a bore (ℎ� = 0.55m) 

propagating on a dry bed (experimental ℎ� ≈ 0; experimental run E-55-DRY and 

simulation D2-55). 

 It can be seen that the rise time of the force impulse at initial impact is longer in the case 

of the physical experiment (0.110 compared to 0.029 seconds). This demonstrates that, 

although the bore propagated over a “virtually” dry bed, a certain degree of air 

entrainment still occurs. As the numerical model does not model the air phase, the 

predicted magnitude of the force impulse is therefore greater, as the cushioning effect of 

entrapped air bubbles generally reduces it [Peregrine, 2003]. 

 Figure 6.27 shows the numerical time-history of the net base horizontal force 

acting on the square column for all impoundment depths considered. As the bore-front 
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velocity increases with the impoundment depth, the force impulse at initial impact, or the 

impact force, is also expected to increase. Furthermore, compared to this impact force, 

the second peak in the time-history, or the runup force, becomes more significant as the 

impoundment depth increases. This runup force also occurs earlier in the bore-structure 

interaction. A similar behaviour of the runup force can also be observed in the results of 

Árnason [2005] (Figure 3.12). [As Árnason’s experiments were performed with a wet-

bed condition (ℎ� = 0.02m), he did not observe a large spike in the time-history of the 

force at initial impact]. 

 

 

Figure 6.27. Numerical time-history of the net base horizontal force acting on the column 

for all impoundment depths ℎ� (simulations D2-55, D2-85, and D2-115). 

6.2. Experiment of Kleefsman et al. [2005]  

The primary goal of incorporating the results of this experiment in the present study was 

to investigate the influence of particle resolution on the “numerical viscosity” associated 

with the Riemann solver utilized for removing inaccuracies in the pressure field (see 

Section 2.3.5). As mentioned in Section 6.1.1, the lack of water splashing at initial impact 

of the hydraulic bore with the structure is believed to be the main manifestation of this 

excessive viscosity. Restricted to the serial version of SPHysics, the initial inter-particle 

spacing (∆) was decreased from 0.0350 to 0.0155m (see Table 4.12).   
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6.2.1 Water Surface Elevation 

As suspected, compared to the initial water splash observed in the physical experiment 

(Figure 6.31-d), Figure 6.28 shows that the numerical simulation of such splash is 

considerably improved with the use of a smaller ∆. Splashing is essentially non-existent 

for ∆ = 0.0350m, which is the same value that was adopted in simulating the experiments 

of Nouri et al. [2010] and Al-Feasly et al. [2012]. This provides a clear explanation for 

the lack of splashing previously observed in Figure 6.9-a. Nevertheless, the splashing 

observed in the physical experiment (Figure 6.31) is still more significant, and an even 

smaller initial inter-particle spacing would be required to reproduce it exactly. 

 The influence of the particle resolution on the water surface elevation at wave 

gauges W1, W2, W3, and W4 is shown in Figure 6.29. The locations of these gauges are 

shown in Figure 4.6. For wave gauges upstream of the obstacle (W2 and W3), the arrival 

time of the hydraulic bore is not visibly affected as ∆ is decreased below 0.0350m. In the 

sensitivity analysis (Figure 4.8) it was observed that the bore-front velocity slightly 

converges for ∆ below this value. However, since the distances of gauges W2 and W3 

from the reservoir gate are relatively small (0.504 and 1.000m, respectively) such 

convergence is not noticeable in Figure 6.29. On the other hand, the particle resolution 

has a significant influence on the water surface elevation. This is demonstrated by the 

more defined time-history of the water surface elevation for ∆ = 0.0155m, for which 

peaks are generally higher and with a more sudden rise.  

 Considering the numerical simulation with the highest particle resolution (D5-

HIGH), the time-histories of the water surface elevation are compared to experimental 

ones in Figure 6.30. Magnitude-wise, relatively good agreement is observed. However, a 

time lag, varying from 0.21 to 0.36 seconds, is observed as the flow propagates back 

upstream after reflecting on the downstream wall of the tank, to be subsequently reflected 

back downstream on the upstream wall. Such flow reflection is shown in Figure 6.31, 

which compares still frames of simulation D5-HIGH to experimental ones. At W1 

(Figure 6.30-a), the first sudden rise in the water surface elevation is due to the abrupt 

front of the bore resulting from the reflection on the downstream wall (Figure 6.31-i).  
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Figure 6.28. Comparison to the numerical water splash at initial wave impact for inter-

particle spacings ∆ of (a) 0.0350, (b) 0.0200, and (c) 0.0155m corresponding to 

simulations D5-LOW, D5-MED, and D5-HIGH, respectively.  
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Figure 6.29. Numerical time-history of the water surface elevation at wave gauges (a) 

W1, (b) W2, (c) W3, and (d) W4 for inter-particle spacings ∆ of 0.0350, 0.0200, and 

0.0155m corresponding to simulations D5-LOW, D5-MED, and D5-HIGH, respectively. 

The time lag in the arrival of this reflected bore is 0.21 seconds. As this bore then reflects 

on the upstream wall, the water elevation suddenly rises again in the reservoir, giving 

place to the second peak in Figure 6.30-a. The corresponding time lag has slightly 

increased to 0.25 seconds. At W2 and W3 (Figure 6.30-b), the second sudden rise in the 

time-history of the water surface elevation shows that, as the wave resulting from the 

reflection with the upstream wall arrives at the location of the wave gauges, the time lag 

has further increased to approximately 0.36 seconds. Hence, this discrepancy in the 

propagation of the reflected wave increases over time. Such lag in the time-history of the 

water surface elevation has also been observed in previous studies in which the 

experiment of Kleefsman et al. [2005] was considered (see literature review). Simulating 

the experiment with both WCSPH and ISPH models, Lee et al. [2010] attributed this 

discrepancy to the coarse particle resolution they employed (∆ = 0.0183m). However, 

even with the convergence of the wave arrival time observed in Figure 6.29, the time lag  
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Figure 6.30. Comparison of numerical (simulation D5-HIGH) and experimental 

(Kleefsman et al. [2005]) time-history of the water surface elevation at wave gages (a) 

W1, (b) W2, (c) W3, and (d) W4. 

is still present for the smaller ∆ value adopted in the current research. Based on the 

numerical results of Lee et al. [2010] and the ones obtained in this research, it seems that 

this discrepancy is neither associated with the particle resolution nor the compressibility 

of the simulated fluid (i.e. compressible or incompressible). Furthermore, as Lee et al. did 

not employ a Riemann solver, the discrepancy cannot be associated with this particular 

solution approach. 

6.2.2 Pressure 

In contrast to the water surface elevation, Figure 6.32 shows that, for all pressure 

transducers presented in Figure 4.7, the overall time-history of pressure on the front and 

top faces of the obstacle is not significantly improved with further increases in the 

particle resolution. At initial wave impact however, the pressure impulse at transducer P1 

is considerably higher for ∆ = 0.0155m (simulation D5-HIGH). This difference is perhaps  
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For caption see page 171. 
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For caption see page 171. 
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Figure 6.31. Qualitative comparison of numerical (left, simulation D5-HIGH) and 

experimental (right, Kleefsman et al. [2005]) water surface profiles. 

due to the fact that the numerical outputs of this simulation were obtained at a frequency 

of 200Hz compared to 100Hz in the case of the other two. Moreover, in the case of the 

pressure transducers located on top of the obstacle (P5 to P8) small pressure peaks at 

approximately 5.25 seconds develop as the particle resolution increases. From Figure 

6.31-m, this peaks occurs because, after reflection on the upstream wall, the wave breaks 

directly on top of the structure. 

 Considering the simulation with the highest resolution (D5-HIGH) for the 

comparison of the numerical time-histories of the pressure with the ones measured 

experimentally, good agreement can be observed in Figure 6.33. As in the time-history of  
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Figure 6.32. Numerical time-history of the pressure at all pressure transducers for inter-

particle spacings ∆ of 0.0350, 0.0200, and 0.0155m corresponding to simulations D5-

LOW, D5-MED, and D5-HIGH, respectively. 
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Figure 6.33. Comparison of numerical (simulation D5-HIGH) and experimental 

(Kleefsman et al. [2005]) time-history of the pressure at all pressure transducers. 
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the water surface elevation, a time lag is visible for the pressure transducers located at the 

front of the obstacle (P1 to P4). Such a time lag can also be observed in the numerical 

results of Lee et al. [2010] and Crespo et al. [2011] in Figure 3.18 and Figure 3.20, 

respectively. It was also noted that, on the top of the obstacle (pressure transducers P5 to 

P8), no peaks in the pressure are recorded in the physical experiment. The still frames in 

Figure 6.31 demonstrate that, after the reflection with the upstream wall, the experimental 

wave breaks before reaching the obstacle (Figure 6.31-l), while in the numerical 

simulation (Figure 6.31-m), the wave breaks directly on top of it. Lastly, as in the study 

of Crespo et al. [2011] (Figure 3.20), the numerical model also over-predicts the pressure 

at initial impact at transducer P1 (Figure 6.33-a).  

6.3. Discussion 

The quantitative comparison of the numerical with physical results performed in this 

chapter demonstrates the effectiveness of the WCSPH numerical model. Employing a 

Riemann solver for the correction of instabilities in the pressure field allowed for good 

agreement between the observed and simulated hydrodynamic forces, even with a 

relatively coarse particle resolution (∆ = 0.0350m). However, by introducing excessive 

“numerical viscosity”, this Godunov-based correction scheme rendered the reproduction 

of complex flow features, in particular splashing at initial wave impact, more difficult. To 

mitigate this detrimental side effect, a particularly high particle resolution is required. 

Also, with its area projected to the flow believed to be increased numerically (Figure 

5.8), agreement in the resulting hydrodynamic forces acting on the circular column was 

poor (Figure 6.24). This could have been further investigated by adjusting the column’s 

diameter such that its ‘effective’ area projected to the flow is the same as the one in the 

physical experiment.    

 For the experiments of Nouri et al. [2010] and Al-Feasly et al. [2012], the bed 

condition (i.e. dry vs. wet) was shown to have a significant influence on the magnitude of 

the force at initial wave impact. As most experimental runs were performed with a wet- 

or partially wet-bed condition, such impulsive forces were generally nonexistent in the 

experimental data. The assessment of the rise time of this impact force would suggest that 

the entrapped air in the bore-front plays a major role in its inhibition. Since the numerical 
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model only simulates the water phase and since only simulations with a dry bed were 

possible (due to the difficulty in reproducing the exact thickness of the experimental 

downstream water depth), considerably large numerical impact forces were generally 

observed.  

 Lastly, considering the experiment of Kleefsman et al. [2005], the propagation 

and reflection process of the numerical hydraulic bore in the closed test tank lagged in 

time. This behaviour was also observed in previous SPH-related studies. Although the 

exact cause for this discrepancy is unknown, the results presented in this research, 

together with those of earlier related studies, leads one to conclude that it was not due to 

the particle resolution, the compressibility of the simulated fluid, or the use of a Riemann 

solver. Time-related discrepancies in the upstream propagation of the obstruction-induced 

wave and in the formation of the downstream wake were also noticed in the experiments 

of Nouri et al. [2010] and Al-Feasly et al. [2012]. However, based on additional 

numerical simulations undertaken in this study, plausible explanations for these cases are 

presented in the next chapter.  
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Chapter 7. Results of Numerical Experiments 

Validated with a reasonable level of confidence, the numerical model is further utilized in 

this chapter to investigate important aspects of the physical experiments. These aspects 

are (i) the reservoir geometry, (ii) the width of the test channel, (iii) the reservoir size, 

and (iv) the downstream bed condition (i.e. dry vs. wet). These additional numerical 

simulations had a two-fold purpose: (i) to investigate further and improve our 

understanding of the underlying physical phenomena involved in the bore-structure 

interaction, and (ii) to assist in explaining some of the discrepancies observed in the 

qualitative comparison exercises performed between the numerical simulations and the 

experimental data.    

7.1. Influence of Reservoir Geometry 

Figure 4.2 shows a schematic of the experimental setup of Nouri et al. [2010] and Al-

Faesly et al. [2012]. In order to maximize the duration of the hydraulic bores, which were 

generated based on the dam-break approach, the upstream reservoir was partitioned as 

shown. With this modification, the reservoir geometry has a sharp 180° bend, rather than 

a straight section (which is the case in the ideal dam-break scenario). Furthermore, there 

is an expansion and subsequent constriction of the flow width in this bend. The purpose 

of this particular modeling exercise is to evaluate the influence of such a bend in the 

reservoir unit on the overall results of the physical experiments. To do this, a numerical 

simulation (D3-L2) was performed with a hydraulic bore generated from a straight 

reservoir having equal surface area (see Figure 4.14). The dimensions of this ‘equivalent’ 

reservoir were selected as % = 11.20m and � = 1.30m.    
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7.1.1 Runup and Force 

Figure 7.1 demonstrates that the reservoir geometry has a considerable influence on the 

time-history of the runup (wave gauge W9) and therefore, on the net base horizontal 

force acting streamwise on the column. As the reservoir with a sharp 180° bend (hereafter 

referred to as the “bend” reservoir), has a 3.28m straight section upstream of the gate (see 

Figure 4.2), no differences during the initial stages of the bore-structure interaction are 

expected. However, beyond ~3 seconds into the simulation, significant differences can be 

observed. First, a higher runup is reached in the case of the bend reservoir and 

consequently a higher runup force is also reached (625.76 compared to 591.92N). 

Secondly, in the case of the straight reservoir, the maximum runup is attained more 

gradually and also later in the simulation. The same is true for the time-history of the 

force (4.67 compared to 6.22 seconds). Furthermore, the rate at which the runup and the 

force decrease once their maximums have been reached is more gradual in the case of the 

straight reservoir. 

 

 

Figure 7.1. Time-history of (a) the bore runup and (b) the net base horizontal force acting 

streamwise on the column for straight (simulation D3-L2) and bend (simulation D2-85) 

reservoirs. 

7.1.2 Water Surface Elevation and Velocity 

To help explain the above-noted differences in the time-history of the runup and of the 

resulting force acting on the column, Figure 7.2 shows the water surface profile along the 

centerline of both reservoir geometries at various times after gate opening. [Note that, for  
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Figure 7.2. Water-surface profile along the centerline of the bended (simulation D3-L2)  

and straight (simulation D2-85) reservoirs (a), 1.00, (b) 2.00, (c) 2.88, (d) 5.00, and (e) 

8.00 seconds after gate opening. 
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all figures in which an X axis is displayed, the origin corresponds to the downstream end 

of the reservoir (i.e. the location of the gate)]. Initially, up until the negative dam-break 

wave reaches the upstream end of the partition wall in the bend reservoir (X = -3.28m), 

the water surface profile is identical (Figure 7.2-a). Beyond this point, the water depth at 

X ≈ -4.00m remains greater in the case of the bend reservoir (e.g. Figure 7.2-b). By 

comparing the water surface profiles in Figure 7.2-c and Figure 7.2-d, it can be deduced 

that the bend reservoir initially empties more rapidly, as the water depth for X < -6.00m 

is lower. However, as time advances, the upstream section of the straight reservoir (X < -

3.28m) eventually empties quicker than in the case of the bend reservoir (Figure 7.2-e). 

Figure 7.2-c shows that the water surface in the bend reservoir drops at X ≈ -6.00m but 

then increases again at X ≈ -4.00m. The latter shows that, as the flow enters the channel 

‘test’ section, the constriction in the flow width from 2.70 to 1.30m (see Figure 4.2) 

forces the water level to increase at this location.  

 To better visualize the impact of this constriction in the flow width, Figure 7.3 

displays, in a plane close to the flume’s bottom, the velocity field inside the bend 

reservoir at times corresponding to those considered in Figure 7.2. When the negative 

dam-break wave reaches the upstream end of the partition wall at X = -3.28m (Figure 

7.3-b), the effective width of the dam-break flow becomes greater than 1.30m. Hence, the 

discharge increases suddenly and because of the width constriction along the centerline of 

the reservoir, the flow accelerates as it enters the straight test section. This flow 

acceleration is also apparent from the sudden drop in the water surface elevation near this 

location (Figure 7.2-c). Up to ~5 seconds into the simulation, when compared to the 

straight geometry, the volume of water in the bend reservoir has decreased more rapidly. 

From this point in time, it is believed that the combined head loss, attributed to the initial 

flow expansion, the sharp 180° bend, and the eventual flow constriction seen in Figure 

7.3-d, governs the flow supply, rather than the remaining potential energy of the water 

that remains in the reservoir. As a result, the flow exiting the reservoir from there on is 

shallower (Figure 7.2-e) and slower (Figure 7.4-b). 
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For caption see following page. 
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Figure 7.3. Plan view of velocity field inside the bended reservoir (a) 1.00, (b) 2.00, (c) 

2.88, and (d) 5.00 seconds after gate opening (simulation D2-85). 
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Figure 7.4. Time-history of the depth-averaged flow velocity (a) -3.00m, (b) -0.25m, and 

(c) 3.27m from the gate for straight (simulation D3-L2) and bended (simulation D2-85) 

reservoirs. 

 Figure 7.4 shows, for both reservoir geometries, the time-history of the depth-

averaged streamwise velocity 3.00 and 0.25m upstream of the gate (i.e. inside the 

reservoir), as well as 3.27m downstream of the gate. The depth-averaged velocity (;�) is 

computed as follows: 

 

[7.1]    ;� = � ; ∆HℎJ
J��  

 

where ℎ is the water depth, ; is the streamwise flow velocity at the middle of a tributary 

depth ∆H approximated according to Eq. 5.7. For the bend reservoir, it can be seen from 

Figure 7.4 that, at all locations shown, the velocity momentarily exceeds that for the 

straight reservoir case. This acceleration in the bore velocity, due to the  previously 

discussed wider dam-break flow just upstream of the narrower test section, would explain 
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the higher runup of water on the column shown in Figure 7.1-a. Consequently, a higher 

runup induces a higher runup force (Figure 7.1-b). At later times however, as more water 

remains in the straight reservoir and since the latter induces less head losses, the 

corresponding flow velocity is greater. This explains the more sustained runup of water 

and the resulting force on the column.  

 Figure 7.5 shows the time-history of discharge from the reservoir near the 

location of the gate (X = -0.25m). The discharge is computed as the product of the depth-

averaged flow velocity (;�) and the rectangular cross-sectional flow area (� × ℎ). The 

observed behaviour is very similar to that for the velocity (Figure 7.4-b). For both 

geometries, the sudden increase in discharge after gate opening is essentially identical. In 

the case of the bend reservoir, the discharge momentarily increases as the width of the 

dam-break flow expands (e.g. Figure 7.3-b). Once its peak is reached (3.42 seconds), the 

discharge then decreases at an approximately constant rate until the end of the simulation. 

In the case of the straight reservoir, the discharge increases at a low but constant rate after 

the sudden rise. It is only much later in the simulation (5.89 seconds) that it begins to 

decrease at an approximately constant rate as well.       

 

 

Figure 7.5. Time-history of the discharge calculated 0.25m upstream from the gate for 

straight (simulation D3-L2) and bended (simulation D2-85) reservoirs. 
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7.1.3 Cross-Waves Formation 

As discussed in Section 6.1.1, diagonal cross-waves formed in the physical experiments 

at the entrance of the test section. However these are not reproduced by the SPH 

numerical model (see Figure 6.2 and Figure 6.3). Also, in contrast to the experimental 

results, a gradual decrease in the numerical time-history of the pressure at various 

elevations on the column was observed towards the end of the simulations (e.g. Figure 

6.19-c). Although not explicitly mentioned by either Nouri et al. [2010] or Al-Faesly et 

al. [2012], it is suspected that additional inflow was provided during the physical 

experiments by the pumps supplying water to the flume. According to the layout of this 

laboratory flume (see Nouri et al. [2010]), the inflow provided by the pumps during the 

reservoir-filling stage comes from a 2.30m long opening in the left lateral wall of the 

flume (Figure 7.6-b). As no additional inflow was considered in the SPH simulations, the 

resulting hydraulic bores were of slightly shorter duration. In his numerical simulations 

using grid-based FVM with VOF, Zhihui Ma also noticed this discrepancy. As the 

software package that Ma used (Flow-3D) allows open boundaries with inflow, he 

adjusted the ‘inflow’ value such that his numerical results matched the experimental ones 

at times beyond 10 seconds. Depending on the experimental run being simulated, the 

inflow values determined in this way varied between 0.2 and 0.3m3/s. Figure 7.6 clearly 

shows the effect of this lateral inflow on the formation of the cross-waves in the 

simulations performed using FVM with VOF. When there is no inflow (Figure 7.6-a), the 

flow around the sharp 180° bend induces higher outward velocities, thereby creating a 

change in the water surface elevation next to the left lateral wall in the upstream portion 

of the test section. As shown in Figure 7.3-d, these higher velocities are also observed in 

the SPH simulations. On the other hand, when there is lateral inflow upstream of the test 

section (Figure 7.6-b), water from opposite transversal directions (along the Y axis) 

accelerates and converges inside the test section, perhaps resulting in the formation of 

diagonal cross-waves. 

 Alternatively, these cross-waves observed in the physical experiments could be 

the result of shock waves induced by lateral disturbances to the supercritical dam-break 

flow (Dr. Colin Rennie, personal communication, 2012).       
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Figure 7.6. Effect of additional lateral inflow on the formation of diagonal cross-waves at 

the entrance of the test section (ℎ� = 0.85m). Numerical results obtained using FVM with 

VOF courtesy of Zhihui Ma. 
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7.1.4 Discussion 

The numerical tests performed in this section clearly demonstrate that the unique (bend) 

geometry of the reservoir unit of the experimental flume in this study has an impact on 

the flow entering the flume’s test section. Although the initial stages of the bore-structure 

interaction is the same for both the ‘straight’ and ‘bend’ geometries, the bend reservoir 

induces a higher but less sustained runup force. Also, it seems that the diagonal cross-

waves at the entrance of the test channel in the physical experiments are largely due to 

opposite ‘transverse-directed’ currents that converge together.   

7.2. Influence of Channel Width 

In order to examine the flume ‘wall’ effect on the bore-structure interaction, the width of 

the test section, was increased numerically. Considering the computational domain with a 

straight reservoir shown in Figure 4.14 with % = 6.0m, the width (�) was doubled from 

1.3 to 2.6m.  

7.2.1 Runup and Force 

Figure 7.7 shows the resulting influence that the flow width has on both wave runup and 

the net base horizontal force acting streamwise on the column structure. As the dam-

break flow in a straight channel is generally two-dimensional, the resulting force on the 

column is essentially the same for both widths, up until wall effects occur after 

approximately 2 seconds in the case of � = 1.3m. However, it is noted that the peak in 

the time-history of the force at initial impact is greater for � = 2.6m. Since the depth of 

the bore-front and its velocity are the same for both widths (Figure 7.9), and given that a 

numerical output frequency of 1000Hz was considered from 1 to 2 seconds for the 

simulation with � = 1.3m, it is not known with certitude why such a difference in the 

initial impact force occurs. At the moment of impact, the latter is believed to be caused 

by a slightly different distribution of water particles within the sampling volumes. This in 

turn would result in a different kernel approximation of the pressure. [The approach taken 

for determining the resulting force acting on the column, by the integration of the 

pressure, is described in Section 5.2.1]. After ~2 seconds, the runup on the column 
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(Figure 7.7-a) is higher for � = 1.3m than if is for � = 2.6m. Consequently, the runup 

force is also higher (Figure 7.7-b). 

 

 

Figure 7.7. Time-history of (a) the bore runup and (b) the net base horizontal force acting 

streamwise on the column for channel widths (W) of 1.3 (simulation D3-L1) and 2.6m 

(simulation D3-WIDE). 

7.2.2 Water Surface Elevation and Velocity 

Providing cross-sectional views of the test section just upstream of the column structure 

(X = 4.67m), Figure 7.8 shows the influence of the flow width on the water surface 

elevation at this location. At 2 seconds (Figure 7.8-a and Figure 7.8-b), the water surface 

elevation in front of the column (i.e. the runup) is approximately the same for both 

widths. As time advances, the obstruction of the column in the narrower channel causes 

the water level across the flume to increase (Figure 7.8-c).  On the other hand, in the case 

of the wider channel, the water level away from the channel’s centerline does not seem to 

be significantly affected by the presence of the column (e.g. Figure 7.8-h).  

 Looking at the time-history of the water surface elevation and the depth-averaged 

flow velocity 1.77 and 3.77m downstream of the gate, Figure 7.9-c shows that the main 

difference between the two widths is that, in the case of � = 2.6m, the smaller flow 

obstruction caused by the column does not induce a wave that propagates upstream once 

the maximum runup is reached. In addition, the sudden velocity reduction associated with 

the propagation of such wave (i.e. the increase in water depth) is clearly noticeable in the 

case of  � = 1.3m (e.g. Figure 7.9-b). 
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For caption see following page. 

 

 To investigate further the nature of this obstruction-induced wave observed in the 

physical experiments (� = 1.3m), simulation D2-85 is considered and the Froude 

number at locations sufficiently away from one another (X = 1.77m and X = 3.77m) is 

calculated as: 

  [7.2]     !� = ;�Ó¤ℎ 

 

where ;� is the depth-averaged flow velocity calculated with Eq. 7.1 and ℎ is the flow 

depth. The time-history of the Froude number at these locations is shown in Figure 7.10,  
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Figure 7.8. Cross-sectional view of bore-structure interaction just upstream of column (a, 

b) 2.00, (c, d) 3.00, (e, f) 3.75, (g, h) 4.50, and (i, j) 6.00 seconds after gate opening for 

channel widths (W) of 1.3 (left, simulation D3-L1) and 2.6m (right, simulation D3-

WIDE).  

where a red horizontal line highlights the critical value of unity. At impact with the 

column structure, as the velocity is high and the flow depth shallow, the flow is 

considerably supercritical (Fr > 1).Shortly after, as the flow depth associated with the 

dam-break increases, the related velocity decreases and so does the Froude number. At 

4.73 seconds after gate opening, just moments after the maximum runup is reached, the 

flow at X = 3.77m becomes subcritical as the obstruction-induced wave propagates 

upstream. At X = 1.77m, the flow becomes subcritical at 6.44 seconds, due to the later 

arrival of this wave. Hence, according to this numerical simulation (D2-85), there is a 

small possibility for a hydraulic jump to occur, since at some instant the flow is 

supercritical upstream while subcritical further downstream. However, since the upstream 

Froude number is close to unity, this jump would be relatively weak and characterized by 

simple undulations of the free-surface [Chow, 1973]. Based on this, the wave observed in 

the physical experiment (Figure 6.4) could possibly be a hydraulic jump, as previously  
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Figure 7.9. Time-history of the water-surface elevations (left) and depth-averaged flow 

velocities (right) for channel widths (W) of 1.3 (simulation D3-L1) and 2.6m (simulation 

D3-WIDE) at locations (a, b) 1.77m, and (c, d) 3.77m from the gate.  

 

Figure 7.10. Froude number 1.77 and 3.77m downstream of the gate for simulation D2-

85. 
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suspected in Section 6.1.1. Because of the visible turbulence however, this experimental 

hydraulic jump seems stronger than a simple undular jump, according to the definition of 

Chow.  

 Figure 6.7-b shows that the experimental obstruction-induced wave exhibits delay 

in comparison the numerical one. As the two waves had approximately the same celerity, 

it was concluded that this delay was a consequence of the times at which their 

propagation was initiated. To investigate this discrepancy, Figure 7.11 shows the time-

history of the water surface elevation 1.77m downstream of the gate for simulations D3-

L1 and D3-HIGH, for which the initial inter-particle spacing is 0.035 and 0.025m, 

respectively.       

 

 

Figure 7.11. Time-history of the water-surface elevation 1.77m downstream from the gate 

for numerical simulations (D3-L1 and D3-HIGH) with different initial inter-particle 

spacings Δ. 

It can be observed that, as in the physical experiments, the arrival of the wave at this 

location occurs later in the case of the simulation with the higher particle resolution. 

Figure 7.12 demonstrates that, as the void between fluid particles and repulsive boundary 

particles decreases with a higher particle resolution, the effective flow area at the location 

of the column increases. Consequently, the flow obstruction is less significant and the 

aforementioned wave forms later. [Note that, no advanced post-visualization was 
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performed in Figure 7.12; the fluid particles are simply coloured blue and repulsive 

boundary particles red]. 

  

 

Figure 7.12. Cross-sectional view at X = 4.92m demonstrating the reduction of the 

effective flow area caused by the void of fluid particles near solid boundaries for the 

initial inter-particle spacing Δ of (a) 0.035m (simulation D3-L1) and (b) 0.025m 

(simulation D3-HIGH). 

7.2.3 Bore-Structure Interaction 

Figure 7.13 shows the numerical time-history of the net base horizontal force acting on 

the column for simulation D3-L1 (% = 6.0m and � = 1.3m). The red points correspond to 

key moments in the bore-structure interaction for which velocity vectors in an X-Z plane 

just upstream of the column are shown sequentially in Figure 7.14. To further illustrate 

the following description of the bore-structure interaction, corresponding still frames of 

the physical experiments of Árnason [2005] are also presented in Figure 7.15.  

 At initial impact (Figure 7.14-a), the shallow bore-front impacts the column at 

very high velocity. As the momentum of the water is either suddenly reduced to zero or 

redirected upwards, a large impulsive force is exerted on the column. Shortly after  
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Figure 7.13. Numerical time-history of the net base horizontal force acting on the column 

with points associated to Figure 7.14 (simulation D3-L1).  

(Figure 7.14-b), the resulting force on the column drops significantly since, as a region of 

lower velocity begins to form directly upstream of the column, the incoming water flows 

around the column with a less drastic change in its momentum. Figure 7.15-a shows a 

still frame from the experiments of Árnason at a similar instant. Beyond this point, 

although the velocity of the incoming flow decreases, its depth increases (Figure 7.14-c), 

resulting in a gradually increasing force acting on the column. [Note that this decrease of 

velocity is hardly noticeable in Figure 7.14, as the velocity scale was selected in order to 

improve the visibility of velocity gradients at locations of low velocity]. As the runup of 

water on the column increases, a surface roller forms (Figure 7.14-c). This surface roller 

is characterized by water being redirected upstream and falling on the incoming flow. 

Figure 7.15-b shows a still frame showing such flow feature in the experiments of 

Árnason. As the water level increases further, this surface roller expands towards the 

walls of the flume, as seen in the transversal cross-sections taken just upstream of the 

column shown in Figure 7.8. At the moment when this surface roller reaches the walls, as 

seen in Figure 7.15-c for the experiments of Árnason, the second peak in the force (i.e. 

the runup force) occurs (Figure 7.14-e). Furthermore, because of the flow obstruction 

caused by the column, as discussed previously a wave initiates its propagation upstream.  

With a closer inspection of the velocity field within this wave (Figure 7.14-h), the  
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For caption see page 196. 
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For caption see page 196. 
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Figure 7.14. Velocity field upstream of column’s center (a) 1.23, (b) 1.61, (c) 3.00, (d) 

3.75, (e) 4.27, (f) 4.75, (g) 5.50, (h) 6.00, and (i) 7.00 seconds after gate opening for the 

channel width (W) of 1.3m (simulation D3-L1). 

 

(a)                                                         (b) 

 

(c)                                                         (d) 

Figure 7.15. Still frames from the physical experiments of Árnason [2005] showing the 

interaction of a hydraulic bore (ℎ� = 0.250m) with a circular column.  



 

Chapter 7 Results of Numerical Experiments - Influence of Channel Width 197 

following is observed. The upper portion of the incoming flow at the front of the wave is 

redirected upwards and slightly backwards as well, although no wave breaking occurs. 

The water particles then flow downwards and downstream on the back of the wave. In 

addition, weak clockwise orbital flow is observed at the very peak of the wave, bringing 

some water particles from the downstream side of the wave to the front (Figure 7.14-i). 

As this wave propagates upstream from the column, the resulting force on the latter 

gradually diminishes as a consequence of the falling water surface elevation and the 

lower flow velocity in front of it. This reduction in the water depth results in the majority 

of the velocity vectors next to column being directed downwards (e.g. Figure 7.14-i) 

compared to upwards, as in the earlier stages of the bore-structure interaction (e.g. Figure 

7.14-e). 

 In a plane close to the channel’s bottom, Figure 7.16 and Figure 7.17 show the 

numerical velocity in the X and Y directions, respectively, as the wake downstream of the 

column develops (simulation D2-85). As the hydraulic bore impacts the column, it 

divides into two streams (e.g. Figure 7.16-a). Because of the flow reflection caused by the 

flume walls, these streams are reoriented towards the centerline of the flume (Figure 

7.17-a) and, as the components of the velocity in the Y direction are small compared to 

the ones in the X direction, they eventually reconnect at a distance much further 

downstream (not shown). With time, the reconnecting point gradually migrates upstream 

(e.g. Figure 7.16-b), until it reaches the back of the column (e.g. Figure 7.16-c). At that 

instant, some of the fluid particles flowing around the column flow back upstream behind 

the column, as shown by the negative X velocities in Figure 7.16-c. In addition, as the 

flow circulating around the column reconnects behind it with moderated Y velocity 

components with opposite directions (Figure 7.17-c), the water surface is forced upwards 

along the centerline of the flume. The latter can clearly be seen in Figure 6.3-e. Beyond 

this point in time, it seems that, as a void region develops, the water particles with very 

low velocities directly behind the column do not mix with the ones that are flowing 

around it (e.g. Figure 7.16-d). 

 With regards to the influence of the channel width on the formation of the 

downstream wake, Figure 7.18 shows (plan view) the evolution of the velocity field 

around the column in simulations D3-L1 and D3-WIDE, corresponding to � of 1.3 and  
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Figure 7.16. Plan views of the X velocity field in a plane cl

(a) 1.50, (b) 2.50, (c) 4.00, and (d) 6.00 seconds after gate opening for 

2.6m, respectively. In the case of 

flowing around each side of the column reconnect later in the simulation and further 

downstream. The latter can be explained by the fact 

the divided streams tends to flow away from 

Hence, in the case of the narrower flume, the reflection of these streams on the lateral 

walls is more pronounced and the

Results of Numerical Experiments - Influence of Channel Width 

. Plan views of the X velocity field in a plane close to the channel’s bottom at 

(a) 1.50, (b) 2.50, (c) 4.00, and (d) 6.00 seconds after gate opening for simulation

In the case of � = 2.6m, it can be observed that the two streams 

each side of the column reconnect later in the simulation and further 

downstream. The latter can be explained by the fact that, as the bore impacts the column, 

the divided streams tends to flow away from the column towards the sides of the flume. 

n the case of the narrower flume, the reflection of these streams on the lateral 

and the streams reconnect sooner along the flume’s centerline.  
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ose to the channel’s bottom at 

simulation D2-85. 

= 2.6m, it can be observed that the two streams 

each side of the column reconnect later in the simulation and further 

as the bore impacts the column, 

towards the sides of the flume. 

n the case of the narrower flume, the reflection of these streams on the lateral 

reconnect sooner along the flume’s centerline.   
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Figure 7.17. Plan views of the 

(a) 1.50, (b) 2.50, (c) 4.00, and (d) 6.00 seconds after gate opening for simulation 

7.2.4 Discussion 

The numerical results presented in this section show that the width of the channel 

marked influence on the bore

observed in the later stages of the interaction

narrow width considered in the 

obstruction of the flow field in the vicinity of the 0.3m wide column

latter, the water depth at the front of the column 

exerting greater post-impact hydrodynamic forces on the column. Based on the increasi

runup force with respect to 

suggest that the greater the impoundment depth, the 

width will be. 
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. Plan views of the Y velocity field in a plane close to the channel’s bottom at 

(a) 1.50, (b) 2.50, (c) 4.00, and (d) 6.00 seconds after gate opening for simulation 

The numerical results presented in this section show that the width of the channel 

influence on the bore-structure interaction. However, this influence is mainly 

of the interaction. The most important effect of the relatively 

narrow width considered in the actual physical experiments (� = 1.30

of the flow field in the vicinity of the 0.3m wide column. As a result of the 

at the front of the column reaches higher elevations

hydrodynamic forces on the column. Based on the increasi

 the initial impact force shown in Figure 6.27

that the greater the impoundment depth, the greater the influence of the 
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locity field in a plane close to the channel’s bottom at 

(a) 1.50, (b) 2.50, (c) 4.00, and (d) 6.00 seconds after gate opening for simulation D2-85. 

The numerical results presented in this section show that the width of the channel has a 

structure interaction. However, this influence is mainly 

effect of the relatively 

= 1.30m) is the 

As a result of the 

reaches higher elevations, thereby 

hydrodynamic forces on the column. Based on the increasing 

27, this would 

the influence of the channel 
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Figure 7.18. Plan view of velocity field around the column (a, b) 2.50 and (c, d) 3.00 

seconds after gate opening for channel widths (W) of 1.3 (left, simulation D3-L1) and 

2.6m (right, simulation D3-WIDE). 

 Also, it is obvious that the obstruction-induced wave observed in the physical 

experiments is due to the relatively narrow width of the test section, when compared to 

the width of the column structure. An analysis of the flow criticality for simulation D2-85 

showed that, while the Froude number is close to unity, the flow upstream of this wave 

was supercritical yet subcritical downstream. Theoretically, a weak hydraulic jump could 

form but the numerical velocity field revealed that this wave was more like a simple 

wave propagating over an opposite current. On the other hand, based on the visible 

turbulence and air entrainment, such a wave in the video images of the physical 

experiments (e.g. Figure 6.4) is more indicative of a hydraulic jump. Due to the relatively 
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coarse resolution of the numerical simulations and the excessive numerical diffusion 

induced by the Riemann solver scheme (see Section 6.2.1), it is possible that the complex 

flow features of a hydraulic jump were not successfully reproduced in the numerical 

simulation.  

 Lastly, due to the reflection of the divided hydraulic bore from the flume’s side 

walls, the development of the wake downstream of the column is also affected by the 

width of the test section. In the case of a narrower section, reflection off the flume’s side 

walls of water flowing around the sides of the column is stronger than it would be for the 

case of a wider section. Consequently, the downstream wake forms earlier in the case of a 

narrower channel. 

7.3. Influence of Reservoir Size  

To examine the influence of reservoir size (i.e. its surface area) on the resulting 

hydrodynamic forces, a computational domain with a straight reservoir is considered 

(Figure 4.14). As was the case in the physical experiments, the flow width (W) is fixed at 

1.3m, however the reservoir length (L) is varied (6.0, 11.2, and 15m). To further examine 

the influence of reservoir size, the numerical results are also compared with the empirical 

and analytical relationships that follow.  

 In their laboratory investigation on dam-break flow mechanics, Lauber and Hager 

[1998] examined, among other things, the effect of the reservoir length. One of their main 

conclusions was that the flow depth and velocity field close to the front of a dam-break 

wave is not affected by reservoir length if % ℎ�⁄ > 2. Taking into account the length of 

the reservoir, Lauber and Hager formulated the following empirical relationships for 

estimating maximum flow depth and its occurrence time at any location downstream of 

the gate: 

 

[7.3]      ö¿∗ = 49 ÷1 + Á(ø∗)(ù∗)¥R �⁄ Ã¥xú¥û ü⁄
 

 [7.4]      à¿∗ = 1.7Áø∗ + (ù∗)R �⁄ Ã 
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with the following dimensionless parameters: 

 [7.5]     ù∗ = ù ℎ�⁄  

  [7.6]     ö∗ = ℎ ℎ�⁄  

 [7.7]     à∗  =  A( ¤/ℎ�)x R⁄  

 [7.8]     D∗  =  ; (¤ℎ� )x R⁄⁄  

 

where ù is the distance downstream from the gate, ℎ is the flow depth, A is the time after 

gate opening, ; is the mean flow velocity, and ø∗ = % ℎ�⁄  is the relative length of the 

straight water reservoir used to generate the dam-break wave.  

 As one of the pioneers on the topic, Ritter [1892] provided an analytical solution 

for the dam-break problem in a dry horizontal straight channel of infinite length. He 

assumed hydrostatic pressure and the fluid to be inviscid with no bottom friction. Despite 

all these assumptions, physical experiments have shown that, except for the bore-front 

and during wave initiation, Ritter’s solution can predict the general characteristics of the 

dam-break flow reasonably well [Lauber and Hager, 1998]. With the dimensionless 

parameters presented above, Ritter’s solution takes the form:    

 

[7.9]     ö∗ = ¡13 �2 − ù∗à∗�£R
 

 

[7.10]     D∗ = 23 �1 + ù∗à∗� 

 

with a constant bore-front velocity � = 2Ó¤ℎ� (D∗ = 2).  

 Eq. 7.3 and Eq. 7.6 shows that, when the reservoir is infinitely long, the maximum 

flow depth (ℎ) at any location ù approaches (4 9⁄ )ℎ� asymptotically. Similarly, the 

prediction of Ritter’s analytical solution at any location ù (Eq. 7.9 and Eq. 7.6) 
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approaches (4 9⁄ )ℎ� asymptotically, but as time goes to infinity. In addition, Ritter’s 

solution of the mean flow velocity (Eq. 7.10 and Eq. 7.8) indicates that at any location ù, 

the latter approaches the value of (2 3⁄ )Ó¤ℎ� as time goes to infinity.  

7.3.1 Runup and force 

Figure 7.19 shows the influence of the reservoir size on the time-history of the runup and 

the net base horizontal force acting streamwise on the column. Up to when the runup 

force for L = 6.0m is reached (4.27 seconds), the time-history of the resulting force is 

very similar for all reservoir lengths, with the exception of the initial impact force. As 

explained previously in Section 7.2, it is believed that the initial impact force should be 

the same for all reservoir lengths, as the velocity and the depth of the bore-front at impact 

are the same (Figure 7.20). This would also agree with the observations of Lauber and 

Hager [1998] indicating that the flow characteristics of the bore-front are not affected 

when % ℎ�⁄ > 2, which is the case for all lengths considered here. For the greater 

reservoir lengths of 11.2 and 15.0m, a quasi-steady force of 571N is reached, on average, 

between 5 and 9 seconds. In the case of % = 15.0m, this force is sustained much longer, 

although it begins to diminish near the end of the simulation. As expected, the time-

history of the water runup on the column follows the same trend as the force time-history. 

  

 

Figure 7.19. Time-history of (a) the bore runup and (b) the net base horizontal force 

acting streamwise on the column for reservoir lengths (L) of 6.0, 11.2 and 15.0m 

corresponding to simulations D3-L1, D3-L2, and D3-L3, respectively. 



 

Chapter 7 Results of Numerical Experiments - Influence of Reservoir Size 204 

    

7.3.2 Water Surface Elevation and Velocity 

Figure 7.20 shows the time-history of the water surface elevation and the depth-averaged 

flow velocity 0.25m upstream, as well as 0.77, 1.77 and 3.77m downstream of the gate. 

The depth-averaged flow velocity is calculated according to Eq. 7.1. For the locations 

downstream of the gate (X > 0), the analytical predictions of the flow depth and of the 

flow velocity provided by Ritter’s [1892] analytical solution (Eq. 7.9 and Eq. 7.10) are 

also shown. In addition, the maximum flow depths calculated from the empirical 

equations of Lauber and Hager [1998] are plotted at their corresponding occurrence times 

(Eq. 7.3 and Eq. 7.4). For the latter, the numbers 1, 2, and 3 correspond to the reservoir 

lengths of 6.0, 11.2, and 15m, respectively. As mentioned previously, it can be noticed 

that, for all reservoir lengths, both the numerical flow depth and flow velocity are initially 

identical. This is until either the arrival of the aforementioned obstruction-induced wave, 

or the weakening of the hydraulic bore due to the emptying of the reservoir. In the second 

case, the associated gradual reduction in both the flow depth and velocity is clearly 

observed in Figure 7.20-a at 3.19 and 6.32 seconds in the case of the reservoir lengths of 

6.0 and 11.2m, respectively. These times were determined as the instant when the 

deviation with the time-history associated to % = 15.0m is greater than 0.005m. At the 

location of the gate (X = 0), the dimensionless time corresponding to this decline can be 

estimated as à∗  = 1.7ø∗, according to Lauber and Hager [1998]. The latter corresponds 

to the time required for the negative dam-break wave to reach the upstream end of the 

straight reservoir. For the impoundment depths of 6.0m and 11.2m, this instant 

correspond 3.53 and 6.58 seconds, respectively. In the case of L = 11.2m and at the 

shown locations with X > 0.77m, the arrival of the obstruction-induced wave occurs 

before the expected decrease in bore intensity (e.g. Figure 7.20-e). For L = 6.0m however, 

the latter is only observed for X = 3.77m.    

 Inspecting the time-history of the water surface elevation, there is relatively good 

agreement with Ritter’s analytical solution until the arrival of the obstruction-induced 

wave (Figure 7.20-e). This agreement is particularly true for the rate at which the water 

surface elevation suddenly increases after the bore-front has reached a particular location,  
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Figure 7.20. Time-history of the water-surface elevations (left) and depth-averaged flow 

velocities (right) for reservoir lengths (L) of 6.0, 11.2 and 15.0m at locations of (a, b)  

-0.25m, (c, d) 0.77, (e, f) 1.77m, and (g, h) 3.77m from the gate. 
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although this rise is generally more sudden in the case of the numerical simulation. Also, 

where the dam-break flow is not altered by the obstruction-induced wave, there is a 

constant difference of approximately 0.038m between the numerical results and Ritter’s 

solution of the flow depth. It can be seen that the maximum flow depth predictions by the 

empirical relationship of Lauber and Hager [1998] (Eq. 7.3) are slightly below the one 

provided by Ritter’s analytical solution (Figure 7.20-c). Also, their prediction of the 

occurrence time of the maximum flow depth (Eq. 7.4) is approximately 1 second later 

than was observed in the numerical simulations. For both reservoir lengths of 6.0 and 

11.2m, only Figure 7.20-c shows this last discrepancy, although for % = 6.0m, it is also 

observed in Figure 7.20-e.      

 The behaviour of the obstruction-induced wave is also affected by the length of 

the reservoir. Closer to the column, the arrival of the wave, which inflects a deviation 

from Ritter’s solution of the flow depth, occurs at approximately the same time for all % 

(see Figure 7.21-g). In the case of L = 6.0m however, the height reached by this wave is 

not as high as was the case for the greater reservoir lengths. In the case of the greater %, 

the same wave height is reached although it is only for L =15.0m that the flow depth 

beyond the passing of the wave remains approximately constant. As you move further 

upstream, the height reached by the wave increases as the reservoir length increases 

(Figure 7.22-e). This is explained by the fact that, further upstream, the wave arrives later 

and the more time the reservoir has to empty. Hence, the weaker dam-break flow 

upstream of the wave is not as strong as the flow around the column downstream. This 

results in a decrease in elevation of the wave and of the “plateau” directly downstream of 

the wave.    

 An initial discrepancy can be observed between the time-history of the flow 

velocity predicted by Ritter’s solution and the one obtained in the numerical simulations 

(Figure 7.20-d). The latter can be explained knowing that, assuming an inviscid fluid and 

neglecting bottom friction, Ritter considered a constant bore-front velocity � =2Ó¤ℎ� = 5.78m/s. This is well known to be an over-prediction [Leal et al., 2006], and it 

explains the quicker arrival time of the bore-front at locations X > 0. This discrepancy 

was expected as Ritter’s solution is known to provide a poor prediction of dam-break 

flow characteristics during wave initiation just after the release of the reservoir and 
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particularly at the bore-front [Lauber and Hager, 1998]. As seen in the numerical 

simulations, the velocity of the bore-front (initial peak in the time-history of the flow 

velocity) actually accelerates with distance, and if a longer distance was considered, a 

deceleration would be observed due to the effect of bottom friction. Nevertheless, the rate 

at which the numerical flow velocity approaches the value of (2 3⁄ )Ó¤ℎ� = 1.93m/s, 

beyond the passing of the bore-front, agrees very well with Ritter’s solution (e.g. Figure 

7.20-d). As expected, because of the decrease in the flow strength due to either the 

limited reservoir volume or the arrival of the obstruction-induced wave, there is a 

departure from the analytical prediction (Figure 7.20-f).  

7.3.3 Steady-State Flow Condition 

Based on the quasi-constant net base horizontal force acting on the column for % =15.0m 

(simulation D3-L3), one could say that, in the vicinity of the column, a steady-state 

condition occurs momentarily. According to Iizuka and Matsutomi [2000], the resulting 

force acting horizontally on a structure due to a steady tsunami flow can be estimated 

using the following relationship:   

 

[7.11]     !/ = 12 'ý-$Rℎ®(J 

 

where ý- is a drag coefficient, $ is the inland tsunami flow velocity, ℎ® is the inundation 

depth at the front of the structure, and (J is the width of the structure. For the drag 

coefficient, they proposed 1.1 to 2.0. Interestingly, this relationship is identical to the 

classical relationship for form drag, namely:  

  

[7.12]     !- = ý-"â' ;�R2  

 

where "â is the projected area of the structure in the direction of flow and ;� is the free-

stream velocity. According to Crowe et al. [2005], when the Reynolds number is greater 
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than 104 the approximate value of ý- for a square rod or column is 2.0. The latter is given 

by the following:  

 

[7.13]     �þ = ;�%�N  

 

where %� is the characteristic length (being set equal to the side dimension of the square 

column), and N = 10¥¬ 6R ­⁄  is the kinematic viscosity of water at 20ºC. Here, ;� is 

taken as ;� at a distance 1.00m upstream of the column (X = 3.77m).  

 At a time of 8 seconds after the opening of the gate in simulation D3-L3: 

 

�þ = (0.896/­)(0.36)10¥¬6R/­ = 267,000 > 10,000 

 

According to either Eq. 7.11 or Eq. 7.12 and assuming ý- = 2.0, the resulting force acting 

streamwise on the column is calculated as: 

 

!/ = 12 �1000 
¤6�� (2.0)(0.896/­)R(0.626)(0.306) = 147.339 

 

On the other hand, the corresponding force predicted by the numerical model is 558.57N, 

which gives a difference of 411.24N between the two values. 

 However, in the form drag relationship (Eq. 7.12), a steady flow is assumed 

around the obstacle. Hence, in addition to dynamic components, the derivation considers 

equal hydrostatic pressure distributions on both the front and back sides of the obstacle. 

As is clear from Figure 7.23, this condition is not present in our case. The inundation 

depth at the front of the column, or runup, is 0.62m, whereas it is 0.17m at the back of the 

column. Using the relationship below, the numerical hydrostatic forces acting at the front 

and back of the column are calculated.  

 

[7.14]     !. = 12 L��ℎR 
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Figure 7.23. Difference in the water surface elevation at the front and back of the column 

at steady-state for % = 15.0m (simulation D3-L3). 

!.,®õ1K4 = 12 �9810 96�� (0.30)6(0.626)R = 565.659 

 

!.,2��� = 12 �9810 96�� (0.30)6(0.176)R = 42.539 

 

The difference in the hydrostatic force acting at the front and back of the column is then 

523.12N. This difference in the hydrostatic forces acting on the front and back faces of 

the column is of the same order of magnitude as the difference between the net horizontal 

force estimated by the classical form drag relation and that predicted by the numerical 

model.  

7.3.4 Discussion 

The larger the reservoir size (or length in the case of a straight reservoir) is, the more 

sustained the hydraulic bores generated therein (and hence the hydrodynamic forces 

exerted on a structure) will be.  As predicted by Ritter [1892], the numerical results show 
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that, for a sufficiently long reservoir, the flow depth and velocity at any location 

downstream of the gate approach the values (4 9⁄ )ℎ� and (2 3⁄ )Ó¤ℎ�, respectively, as 

time advances, given that the reservoir length is sufficiently long. However, the latter 

does not hold when there is disturbance to the dam-break flow, such as the increase in 

water depth that results from the flow obstruction caused by the column.   

 For the longest reservoir length considered (% = 15.0m), the resulting force on the 

column eventually reached a quasi-steady value. However, this numerical value is much 

greater than that calculated based on classical fluid mechanics. This is because the 

hydrostatic pressure distributions on the front and back of the column are not the same in 

the current experiments. Our experiments show that, unless the tsunami inundation 

depths at the front and back of a structure are approximately the same, such a relationship 

is not appropriate.   

7.4. Influence of Bed Condition 

The experimental results of Nouri et al. [2010] and Al-Faesly et al. [2012] presented in 

Section 6.1 demonstrated that the bed condition, whether it is wet or dry, has a significant 

influence on the resulting hydrodynamic force at initial impact of hydraulic bores with 

columns. According to these results, large initial impulses in the pressure and force are 

inhibited (e.g. Figure 6.22) when the hydraulic bore propagates over a wet bed (ℎ� ≈ 

0.005m). As noted in the literature review (Section 3.3), Árnason [2005], who only 

considered a wet-bed condition (ℎ� = 0.02m), also did not observe such peaks in the 

force at the instant of impact of hydraulic bores with columns (Figure 3.12). However, 

Ramsden [1993] observed that the initial impact pressure acting on a vertical wall is 

higher (Figure 3.10) in the case of a bore propagating over a wet bed (ℎ� = 0.003m) 

compared to a bore propagating over a dry bed (ℎ� = 0). To investigate further the 

influence of the bed condition on the development of the hydrodynamic forces and 

elucidate the above disagreement, the impact on structures of bores propagating on both 

dry and wet beds is investigated numerically in this section. Two structure types are 

considered, a square column with a side dimension of 0.30m (simulations D3-DRY and 

D3-WET) and a vertical wall that expands across the width of the test channel 
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(simulations D4-DRY and D4-WET). The computational domains corresponding to these 

structures are shown in Figure 4.14 and Figure 4.15, respectively, with % = 5.0m and � = 

1.3m. 

 As discussed in Section 4.3.2, some difficulties related to the repulsive boundary 

condition were encountered when trying to simulate the thin downstream water depth 

(ℎ�) observed in the physical experiments. Since ℎ� has a strong influence on both the 

bore propagation and the resulting hydrodynamic forces generated at initial impact, a 

quantitative comparison of experimental results with numerical results corresponding to 

an equivalent wet-bed condition was not feasible. Therefore, the numerical wet-bed 

condition considered here corresponds to an ℎ� greater than was observed in the physical 

experiments of Nouri et al. [2010] and Al-Faesly et al. [2012] (0.080m vs. 0.005m). A 

qualitative comparison between only numerical results is performed for this reason. In 

fact, as a result of the high strength of the repulsive forces exerted by boundary particles 

on the fluid particles, the numerical ℎ� employed herein was the smallest one possible. 

7.4.1 Bore Propagation 

In order to verify their propagation characteristics, the bore profiles produced by the 

model are compared to the analytical solution of the shallow water equations (SWE) 

using the method of characteristics [Stoker, 1957]. As described in the literature review 

(Section 3.1), the SWE are a simplified form of the incompressible Navier-Stokes 

equations, for which viscosity and turbulence are neglected and for which hydrostatic 

pressure and uniform fluid velocity over depth are assumed. The comparisons of the 

entire bore profile for the dry- and wet-bed conditions are shown in Figure 7.24 and 

Figure 7.25, respectively, at various times after the release of water in the reservoir. The 

agreement with the analytical solution, shown in Figure 7.24 and Figure 7.25, is 

relatively good and comparable to the level of agreement observed by Stansby et al. 

[1998], who compared small-scale experimental bore profiles with the same analytical 

solution of the shallow water equations (see Figure 3.5 and Figure 3.6). Nevertheless, 

with regards to Figure 7.25, it seems that the bore-front velocity � in the case of the wet-

bed condition is less than the constant analytical one of 2.88m/s. Figure 7.26 shows the 

time-history of �, for both dry- and wet-bed conditions, up to the time of impact of the  
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Figure 7.24. Comparison of numerical and analytical (SWE) bore profiles for the dry-bed 

condition (simulation D3-DRY). 
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Figure 7.25. Comparison of numerical and analytical (SWE) bore profiles for the wet-bed 

condition (simulation D3-WET). 
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Figure 7.26. Time-history of the bore-front velocity U for the dry- and wet-bed conditions 

until impact with structures (simulations D3-DRY and D3-WET). 

bores with the structures, which occurs at 1.23 and 2.04 seconds, respectively. It can be 

observed that, in the case of the dry bed, the bore-front keeps accelerating until a quasi-

steady velocity of approximately 4.45m/s is reached. However, in the case of the wet bed, 

the bore-front initially accelerates to a maximum velocity of 3.40m/s but then it continues 

to decelerate until impact with the structures. At that instant, the bore-front has a velocity 

of 2.38m/s. This deceleration and the difference in the location of the bore-front can be 

attributed to the fact that the analytical solution neglects the effects of turbulence. Indeed, 

Figure 7.27-b demonstrates that strong turbulence seems to be created in the region of the 

flow where some of the kinetic energy, or momentum, of the advancing bore-front is 

transferred to the initially still fluid particles located on the channel’s bottom. Hence, 

dissipation of energy due to turbulence could explain this deceleration of the bore-front 

when propagating on a wet bed. 

 Figure 7.27 shows side and plan views of the numerical simulations for which the 

bore-fronts are located at a distance of 3.60m from the downstream end of the reservoir. 

[Note that, for this figure and all others showing images from the numerical results, the 

black lines represent solid boundaries]. The previously discussed (Section 4.3.2) effect of 

the repulsive forces of the boundary particles on the still fluid particles can be clearly 

seen over the flume’s bottom in Figure 7.27-b and next to the solid boundaries (i.e. lateral  
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Figure 7.27. Side (top) and plan (bottom) views of bore-front for the dry- (left, simulation 

D3-DRY) and wet-bed (right, simulation D3-WET) conditions at a distance of 3.60m 

from the downstream end of the reservoir. 

walls and column) in Figure 7.27-d. Upon inspection of the plan views of the bores in 

Figure 7.27-c and in Figure 7.27-d, it is clear that the shape of the bore-front across the 

width of the channels is remarkably different. In the case of the dry bed, the bore-front is 

furthest downstream at the center of the flume, which could possibly be explained by the 

additional friction caused by the lateral walls. However, in the case of the wet bed, the 

bore-front is the furthest downstream next to the flume walls. In the latter case, further 

analysis showed that the bore-front profile becomes higher at the center of the channel. 

This causes accelerated flow motion towards the walls, which eventually reduces the 

bore-front profile at the center of the channel. 

 Figure 7.28 shows the profile of the bore-fronts at a section 3.60m from the 

downstream end of the reservoir. For both dry- and wet-bed conditions, the very front of 

the bores is almost vertical. This steep section reaches an elevation of 0.13m in the case 

of the dry-bed condition (compared to an elevation of 0.21m in the case of the wet-bed 

one). Furthermore, the overall slope of the bore profile along the ~0.60m reach just 
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upstream of the steep front section is much milder in the case of the dry-bed condition 

(0.00277) compared to the wet-bed one (0.30544). 

 

 

Figure 7.28. Comparison of bore-front profile for the dry- (simulation D3-DRY) and wet-

bed (simulation D3-WET) conditions at a distance of 3.60m from the downstream end of 

the reservoir. 

7.4.2 Bore Runup and Velocity Field 

Figure 7.29 shows the time-history of the bore runup on the impacted structures. For both 

dry- and wet-bed conditions and for both structures, the rate at which the runup suddenly 

increases moments after initial impact is essentially the same. Nevertheless, for the entire 

duration of the simulations, the runup associated with the wet-bed condition reaches 

elevations that remain higher than the one associated with the dry-bed condition. In the 

case of the column (Figure 7.29-a) and for the wet-bed condition, the rates at which the 

runup varies beyond the initial sudden rise are very similar to those observed for the dry-

bed condition. Also, it seems that the time-histories of the runup would converge beyond 

a 5 seconds period. The runup on the column for the dry-bed condition continues to 

increase beyond the first sudden rise until a maximum value of 0.59m is reached at 3.87 

seconds, after which a decrease is observed. Conversely, in the case of the wet-bed 

condition, this additional increase beyond the first sudden rise, until a maximum value of 

0.68m is reached at 3.57 seconds, is not as significant. On the other hand, in the case of 

the vertical wall structure (Figure 7.29-b), for both dry- and wet-bed conditions, the value  
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Figure 7.29. Time-history of the bore runup for dry- and wet-conditions on the (a) 

column (simulations D3-DRY and D3-WET) and (b) wall (simulations D4-DRY and D4-

WET). 

of the runup beyond the initial sudden rise remains essentially constant, except that in the 

case of the wet bed condition a significant hump occurs at 2.59 seconds. Furthermore, the 

residual difference in the runup between the two bed conditions is noticeable in the case 

of the vertical wall structure (Figure 7.29-b). 

 Considering the evolution of the bores as they interact with the two structures, 

remarkable differences are observed. Firstly, for the column structure, the velocity 

vectors in the center plane of the channel shown in Figure 7.30 demonstrate the formation 

of a very well defined surface roller on the upstream face of the column as it is being 

impacted by the bore propagating on the dry bed. As in shown in Figure 7.8 in the case of 

simulation D3-L1, over time, this surface roller was observed to increase in elevation and 

to expand laterally. Subsequently, at the moment when this surface roller reaches the 

flume walls, it will reach its maximum elevation, which corresponds to the maximum 

runup at 3.87 seconds on Figure 7.29-a. Following that instant, a wave forms and, due to 

the obstruction caused by the presence of the column, is reflected back upstream, 

eventually causing the runup to decrease. The latter can be observed in Figure 7.14 for 

simulation D3-L1. However, in the case of propagation over the wet bed (Figure 7.31), 

the flow is also initially forced upwards due to the presence of the column and, instead of 

being redirected upstream in a rolling motion (as observed in the case of the dry-bed 

condition), the bulk of the flow is redirected downwards and around the column. Similar  
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Figure 7.30. Side view of velocity field upstream of column’s center for the dry-bed 

condition (a) 0.50 and (b) 1.00 seconds after initial impact (simulation D3-DRY). 

 

 

Figure 7.31. Side view of velocity field upstream of column’s center for the wet-bed 

condition at (a) 0.50 and (b) 1.00 seconds after initial impact (simulation D3-WET). 
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to the case of the dry bed, the flow obstruction engendered by the column causes the 

formation of a wave that propagates back upstream, followed by a reduction in the runup. 

Moreover, as shown in Figure 7.32, the complete formation of the wake just downstream 

of the column occurs much sooner in the case of propagation over the wet bed. This 

figure displays the velocity vectors in a plane close to the channel’s bottom at times 

corresponding to 0.75 seconds after initial impact. This supports the previous observation 

that the wake in the physical experiments, generally performed with a wet-bed condition, 

forms faster than in the corresponding numerical simulations performed with a dry-bed 

condition (see Figure 6.3-c and Figure 6.3-d in Section 6.1.1). The latter also explains the 

time lag in the time-history of the water surface elevation at the back of the column at 

wave gauge W13 (e.g. Figure 6.6). However, as seen in Figure 6.8 for the larger 

impoundment depth of 1.15m, the reflection effect of the lateral walls discussed in 

section 7.2.3 seems more predominant and such delay is not occurring.  

 Secondly, considering the vertical wall structure, both bores advancing on the dry 

and wet beds are fully reflected back in the upstream direction. However, this process 

exhibits important differences in flow patterns. Figure 7.33 shows a time sequence of the 

interaction of the bore propagating on the dry bed with the vertical wall. Moments after 

initial impact, a fluid jet is reflected relatively close to the wall and plunges backwards on 

top of the very shallow incoming flow in a motion similar to the breaking of an ocean 

wave (Figure 7.33-d and Figure 7.33-e). From this point onwards, two very distinct 

currents with opposite directions can be observed, as the reflected water literally flows 

upstream over the incoming water (e.g. Figure 7.33-g). Significant shear stresses occur 

between the two flow layers as velocity reduces to zero at their interface. Furthermore, a 

stagnant region located directly in front of the wall develops slowly and remains 

relatively narrow, as the incoming flow is redirected upwards just upstream. For the bore 

propagating on a wet bed, a reflected fluid jet also plunges backwards on the incoming 

flow (Figure 7.34-f). However, unlike the dry-bed condition, this occurs at a location 

further away from the wall and much later after initial impact (Figure 7.33-d). Also, the 

stagnant region in front of the wall forms more rapidly for the wet-bed condition and its 

length is also much larger. [Note that the times considered in Figure 7.33 and Figure 7.34 

are the same with respect to initial impact of the bores with the vertical wall]. 
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Figure 7.32. Plan view of velocity field around the column at times corresponding to 0.75 

seconds after initial impact for (a) dry- and (b) wet-bed conditions corresponding to 

simulations D3-DRY and D3-WET, respectively. 
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Figure 7.33. Side view of velocity field upstream of wall’s center for the dry-bed 

condition (a) moments before impact, (b) at initial impact and at times corresponding to 

(c) 0.50, (d) 0.75, (e) 1.00, (f) 1.50 (g) 2.00, and (h) 2.50 seconds after initial impact 

(simulation D4-DRY). 
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Figure 7.34. Side view of velocity field upstream of wall’s center for the wet-bed 

condition (a) moments before impact, (b) at initial impact and at times corresponding to 

(c) 0.50, (d) 0.75, (e) 1.00, (f) 1.50 (g) 2.00, and (h) 2.50 seconds after initial impact 

(simulation D4-WET). 
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7.4.3 Pressure 

Figure 7.35 provides the time-history of the pressure at various elevations. The pressure 

is obtained at the center of the upstream vertical face of the column structure, as a result 

of impact of bores propagating on both dry and wet beds. As observed in the physical 

tests (Figure 3.11-a), in the case of the dry-bed condition, the time-history of the pressure 

at a low elevation (Figure 7.35-a) has a large spike at initial impact.  However, such a 

spike does not occur in the case of a wet bed. For the dry-bed case, at higher elevations 

on the column, the magnitude of this spike at initial impact decreases with elevation (e.g. 

Figure 7.35-c) and practically vanishes at elevations above 0.15m (e.g. Figure 7.35-e). At 

these elevations, the increase in pressure following initial impact is much more gradual. 

This is due to the steepness of the bore-front which, as shown in Figure 7.28, is very mild 

above an elevation of 0.15m. A similar behaviour was also observed by Kirkgöz [1991]. 

In his experiments of wave breaking on vertical and inclined walls, the highest impact or 

shock pressures were measured when the wave front was approximately parallel to the 

wall, or in other words, when it was very steep with respect to the inclination of the wall. 

For the wet-bed case however, the bore-front is also very steep for elevations of up to 

approximately 0.20m and there is still no significant spike at initial impact. This is due to 

not only the lower velocity of the bore propagating on the wet bed, but, more importantly, 

to increased void in the fluid particles in the lower region of the bore-front (Figure 7.27-

b). Although air entrainment is not accounted for in the numerical model, one might 

surmise that the high turbulence resulting from the transfer of momentum to the still 

water layer would entrain more air in this lower region of the bore-front. Since air is 

much more compressible than water [Peregrine, 2003], its presence would undoubtedly 

provide some attenuation and hence affect the impact pressure. This effect of the 

entrapped air bubbles in the bore-front was also suspected based on experimental 

observations discussed in Section 6.1.3. Since the bore-front for the wet-bed condition 

remains relatively steep at elevations higher than 0.20m, unlike the observed gradual rise 

for the dry-bed condition, a sudden rise in pressure is generated at higher locations on the 

column (e.g. Figure 7.35-e). Surprisingly, for these higher elevations on the column, the 

opposite was observed in the experimental results shown in Figure 6.12 and Figure 6.13. 

Unfortunately, as wave gauges W2 and W3 upstream of the column were not utilised in 
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the corresponding experimental runs, it was not possible to examine the steepness of the 

bore-front in order to further investigate this disagreement. Beyond initial impact, quasi-

steady hydrodynamic pressures are observed for both bed conditions. However, for the 

wet-bed case, a second rise is observed between around 2 and 3 seconds at all elevations. 

This second rise seems to be extended over a longer time period at higher elevations. 

 For the case of the vertical wall structure, Figure 7.36 provides, for both dry and 

wet beds, the time-history of the pressure exerted at various elevations at the center of the 

wall resulting from bore impact. For the dry-bed condition, very similar observations can 

be made for the case of the column structure (Figure 7.35). However, in the case of a wet 

bed, the pressure development is different. Firstly, moderate initial peaks can be observed 

even at lower elevations on the wall (Figure 7.36-a and Figure 7.36-b). Figure 7.37 shows 

the plan view of the pressure field at initial impact in a region close to the channel’s 

bottom.  In the case of the bore propagating on a wet bed impacting the vertical wall 

(Figure 7.37-d), the fluid particles from this aforementioned lower void region converge 

towards the center of the wall. In the case of the column (Figure 7.37-c), fluid particles 

are ultimately diverted towards and around the sides of the structure. It seems that this 

convergence of fluid particles, which occurs in the case of the vertical wall, generates the 

initial peaks, or spikes, in the time-history of the pressure although the bore propagates 

on a wet bed. It can also be seen that, for all the elevations shown in Figure 7.36, the 

pressure beyond initial impact for the wet-bed condition is considerably higher when 

compared to the dry-bed condition. This seems to remain valid until the end of the 

simulations. This could partly be attributed to the runup reaching higher elevations in the 

case of the wet-bed condition (Figure 7.29-b).  However, as shown in Figure 7.34, it 

could be mostly due to the large hydrodynamic pressures generated as flow velocities 

within the bulk of the flow suddenly go to zero moments after initial impact. To support 

this, the side views of the pressure field in a plane located at the center of the wall 

structure shown in Figure 7.38 show that, for a dry-bed condition (Figure 7.38-a), the 

pressures next to the wall are closer to the hydrostatic condition, when compared to the 

wet-bed case (Figure 7.38-b). 
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Figure 7.35. Time-history of pressures acting at the center of the upstream face of the 

column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, and (f) 0.30m  

above the channel’s bottom for the dry- (simulation D3-DRY) and wet-bed (simulation 

D3-WET) conditions. 
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Figure 7.36. Time-history of pressures acting at the center of the wall at elevations of (a) 

0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, and (f) 0.30m  above the channel’s bottom for 

the dry- (simulation D4-DRY) and wet-bed (simulation D4-WET) conditions. 
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Figure 7.37. Plan views of the pressure field at initial impact with the column (left, 

simulations D3-DRY and D3-WET) and wall (right, simulations D4-DRY and D4-WET) 

for the dry- (top) and wet-bed (bottom) conditions. 

 Referring back to the results of Ramsden [1993] (see Figure 3.10), one can 

deduce why he observed higher impact pressures on his physical wall model impacted by 

a bore that propagated over a wet bed. The lowest sampling location he considered 

corresponded to an elevation for which the bore-front profile for the wet-bed condition 

was steeper than that for the dry-bed condition. As shown in Figure 7.35-d and Figure 

7.36-d, respectively, this is similar to both the column and wall structures cases. 
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Figure 7.38. Side views of the pressure field at times corresponding to 1.50 seconds after 

initial impact with the wall for the (a) dry- and (b) wet-bed conditions (simulations D4-

DRY and D4-WET). 

7.4.4 Force 

For both dry and wet bed conditions, Figure 7.39 shows the time-history of the total net 

base horizontal force acting on the column, along with the total net force acting on the 

wall per meter width. For both structures, the spike in the force at initial impact is more 

defined and generally of higher magnitude in the case of the dry-bed condition. This can 

be anticipated based on the large initial peaks observed in the time-histories of the 

pressure acting at low elevations on the structures (e.g. Figure 7.35-a and Figure 7.36-a). 

Nevertheless, for the wet-bed case, the time-histories of the force acting on both types of 

structure still show a sudden rise at initial impact. This is due to the overall contribution 

of the small, but sudden spikes in the pressure at higher elevations on the structures. This 

is in contrast to the dry-bed condition, for which sudden spikes occurred at lower 

elevations only. 

 Considering the column structure (Figure 7.39-a), the second peak in the force, or 

the runup force, for the dry-bed condition is lower in magnitude when compared to the 

initial impact force. This force occurs at the same instant at which runup is maximum 

(Figure 7.29-a). On the other hand, for the wet-bed condition, the runup force is larger 

and occurs sooner, as the water runup on the column rises suddenly to a higher elevation 

just after initial impact. However, due to the propagation of the bore around the column, 

this is not sustained over time. 
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Figure 7.39. Time-history of (a) the net base horizontal force acting on the column 

(simulations D3-DRY and D3-WET), and of (b) the net force per meter width of wall 

(simulations D4-DRY and D4-WET) for dry- and wet-bed conditions. 

Towards the end of the simulations, the time-histories of the force for both dry- and wet-

bed conditions converge to a more quasi-steady hydrodynamic state. A steady 

hydrodynamic state is not eventually reached, partly due to the short duration of the 

simulations and implicitly to the limited size of the generated bores. Árnason [2005], who 

studied the interaction of bores propagating on wet beds with a square column (Figure 

3.12), did not observe such a distinctive runup force. Although his experiments were 

conducted with a wet bed (which explains the lack of the initial impact force), and with a ℎ�/ℎ� ratio up to 0.067, Árnason also observed the formation of a surface roller on the 

upstream face of the column, as was the case in this study for the dry-bed condition. This 

assumes that, based on the ℎ�/ℎ� ratio, the runup process and hence the runup force will 

either be similar to that recorded for the dry-bed condition if the ratio is low, or similar to 

the one observed for the wet bed condition considered in this study, for which ℎ�/ℎ�  = 

0.094. 

 For the case of the vertical wall structure (Figure 7.39-b), it was also observed 

that the runup force, which occurred at 3.80 seconds for a dry-bed condition, is close to 

the hydrostatic force based on the corresponding runup. However, for the wet-bed 

condition, the runup force is significantly larger and its maximum value is reached sooner 

(2.86 seconds). For the wet-bed condition, the development rate after initial impact of the 

runup force on the wall is similar to the one observed for the column. However, in the 

case of the column, due to the bore passing around the latter, the development of the 



 

Chapter 7 Results of Numerical Experiments - Influence of Bed Condition 230 

runup force is interrupted at 2.62 seconds (Figure 7.39-a). Lastly, as observed for the 

time-histories of pressures shown in Figure 7.36, for the wet-bed condition the residual 

force on the vertical wall is much greater than the hydrostatic one. However, this force 

seems to return to a hydrostatic value later on in the numerical simulations. 

7.4.5 Discussion 

The numerical model was used in this section to study the interaction of tsunami-like 

bores propagating on both dry and wet beds with two types of structures: (a) a slender 

column with a square cross-section, and (b) a vertical wall with a width corresponding to 

the width of the test flume.  

 Based on the literature review (Sections 3.2 and 3.3), which demonstrated that 

although the propagation of bores over dry and wet beds is relatively well understood, the 

development of hydrodynamic forces resulting from their impact with structures has not 

been compared, nor investigated thoroughly. Numerical simulations have been performed 

to provide detailed insights into the complex flow patterns occurring in the vicinity of the 

structures analyzed and in the resulting pressure and forces acting on them. The main 

observations of this qualitative comparison are: 

 

1. At low elevations on the column’s front face, large spikes in the time-history of 

the pressure occur at initial impact of a bore propagating over a dry bed. 

However, these are not observed in the case of a bore propagating over a wet bed 

(Figure 7.35-a). This is in agreement with experimental results (Figure 3.11). 

Numerically, this was determined to occur due to the low particle density in the 

lower region of the bore-front propagating over the wet bed (Figure 7.27-b). 

Experimentally, this could be due to a higher concentration of entrained air in this 

lower part of the bore-front as momentum transfer occurs at this location. 

However in the case of the vertical wall, fluid particles are concentrated towards 

the center of the structure (Figure 7.37-d) and such spikes can occur for the wet 

bed condition. However, they are of lesser magnitudes than the spikes 

corresponding to the dry bed condition (Figure 7.36-a).  
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2. For both structures (wall and column), the sudden rises in the time-history of the 

pressure at initial impact will depend upon the slope of the bore-front at the 

corresponding elevation. A steep slope will induce a sudden rise or possibly a 

spike, whereas a mild slope will induce a more gradual increase (e.g. Figure 7.36-

d). This observation was first noted by Ramsden [1993].  

 

3. For the time-history of the net force acting on both structures (wall and column), 

the magnitude of the initial impact force will generally be higher for the case of a 

bore propagating on a dry bed (Figure 7.39), due mainly to (1) above. However, 

as the front of a bore propagating on a wet bed is deeper and steeper (Figure 

7.28), as mentioned in (2) above sudden rises in the time-history of the pressure at 

initial impact can occur at elevations further up the structure. These contributions 

can result in large impact forces. 

 

4. In the case of bores propagating on wet beds, the maximum runup on both 

structure types is not only more pronounced, but also more sudden (Figure 7.29). 

Consequently, the second peak in the time-history of net force (runup force) is 

also higher and more sudden (Figure 7.39). In the case of the column (Figure 

7.39-a), the time-history of the net force rapidly converges beyond the runup force 

to the quasi-steady hydrodynamic state and becomes equal to the time-history of 

the total net force observed in the case of the dry-bed condition. This abrupt 

change is due to the bulk of the bore passing around the column, which is in 

contrast to the complete blockage caused by the vertical wall (Figure 7.39-b).   

 

5. In the case of the column impacted by the bore propagating on a dry bed, a very 

well defined surface roller forms on the upstream face of the column (Figure 

7.30), as the runup on the structure gradually increases beyond initial impact 

(Figure 7.29). On the other hand, when impacted by the bore propagating on a wet 

bed, this surface roller does not form (Figure 7.31). Although Árnason [2005] 

performed similar physical experiments with a wet-bed condition and noted  the 

formation of  similar surface rollers, he did not observe the peaks in the runup 
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force (Figure 3.12) that were observed in this  study (Figure 7.39-a). This implies 

that a surface roller (and hence a less significant runup force), can also form for a 

wet-bed condition, but for lower ℎ�/ℎ� ratios.  
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Chapter 8. Conclusions and Recommendations 

8.1. Conclusions 

Based on the quantitative comparison of numerical with physical results presented in 

Chapter 6 and the extensive analysis of numerical results in Chapter 7, the following 

conclusions can be drawn: 

  

• Physical experiments, which investigate the impact mechanisms of rapidly-

advancing tsunami-like hydraulic bores with structures, were simulated 

successfully using a single-phase three-dimensional WCSPH numerical model. 

This study demonstrates the suitability of this relatively new numerical method 

for reproducing such violent and nonlinear water impacts. 

 

• To prevent the large fluctuations in the pressure field associated with WCSPH 

(see Section 3.4), a Riemann solver was employed. Although this approach 

proved to be quite successful, in regards to estimating impact forces on structures, 

it introduced excessive “numerical viscosity” in the computations. This numerical 

viscosity made the simulations of complex flow features more difficult. However, 

as demonstrated in Section 6.2, this detrimental side effect can be mitigated by 

increasing the resolution of the simulation via a decrease in the initial inter-

particle spacing.     

 

• The numerical experiments described in Section 7.1 clearly demonstrated the 

influence that reservoir geometry had on hydrodynamic forces generated by the 

bores on the model structures. Upon gate opening, the presence of a sharp 180° 

bend in the reservoir of our laboratory flume was found to cause brief flow 

acceleration, accompanied by premature reduction in the flow intensity.  [These 
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flow features are not observed in the classical dam-break scenario case (in which 

a “straight” reservoir is assumed)].  The reduction in the flow intensity resulted in 

a higher but less sustained runup force.    

 

• As a bore that is generated by the typical dam-break scenario is generally two-

dimensional, the force at initial impact with a slender structure is theoretically not 

affected by the width of the test channel. The numerical results presented in 

Section 7.2 indicated that, when the test channel is ‘narrow’ with respect to the 

width of the column structure, significant flow obstruction results. This causes the 

flow depth directly upstream of the column to increase significantly compared to 

that downstream. Consequently, the runup of water on the upstream face of the 

column reaches higher elevations and the associated runup force is therefore 

greater. Furthermore, because of ‘wall’ effects, the wake downstream of the 

column develops more rapidly in a narrower test channel.       

 
• To investigate the influence of reservoir size on both wave dynamics and resulting 

hydrodynamic forces, the length of a straight reservoir was varied numerically 

(Section 7.3). In conformity with analytical and empirical relationships, the model 

simulations showed that, as time advances, the depth and velocity of the flow at 

any location downstream of the gate tends to (4 9⁄ )ℎ� and (2 3⁄ )Ó¤ℎ�, 

respectively for a ‘long’ reservoir.  If the test channel is wide, such that the 

column structure does not substantially increase the water depth upstream by 

obstructing the incoming flow, the resulting quasi-steady force acting on the 

column could be estimated using the standard form drag formula. However, even 

though the force can reach steady-state, it cannot be estimated using the classical 

approach if the depths, immediately before and after the column, are not 

essentially the same. 

 
• The results of laboratory studies described in the literature review (Section 3.2) 

and the numerical simulations performed in this research (Section 7.4) clearly 

show that the bed condition (i.e. wet vs. dry) has a significant influence on the 
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propagation characteristics of a hydraulic bore. Generally, when a bore propagates 

over a wet bed, its front is both higher and steeper and it also has a lower velocity 

compared to when it propagates over a dry bed. These differences significantly 

affect the pressure distributions and resulting hydrodynamic forces acting on 

impacted structures. Furthermore, when the bed is slightly wet (i.e. a downstream 

depth of just a few millimeters),  the changes in the bore-front profile might not 

be significant However, it is suspected that, due to  turbulence associated with the 

momentum transfer from the advancing bore-front to the downstream still water 

layer, considerable air entrainment occurs. As is well known from many past 

studies related to breaking wave impacts, entrapped air bubbles can significantly 

inhibit impulsive shock pressures at initial contact of the water with the structure.      

 
Our research findings demonstrate that the hydrodynamic forces on structures caused by 

the impact of tsunami bores will depend on certain highly variable factors. As a tsunami 

is often composed of a series of waves, the bore-front associated with the first wave will 

generally advance onshore over dry land (i.e. a ‘dry-bed’ condition). However, the 

subsequent waves, which can sometimes be larger than the first one, will propagate on 

land previously flooded by the first wave (i.e. a ‘wet-bed’ condition). Clearly, the bed 

condition at a particular site will strongly depend on topographical land features, such as 

local depressions. It is also clear that any constrictions influencing the flow width, either 

natural or manmade, will influence the inundation depths and velocities around impacted 

structures, and consequently, the resulting hydrodynamic forces acting on them. The 

effects of other field-related factors such as terrain roughness and fluid density variations, 

due to mixing with earth materials, remain essentially unknown. Furthermore, it is 

interesting to note that the salinity of the water will also influence the concentration of 

entrapped air bubbles. This is because bubbles tend to persist longer in saltwater due to 

their relatively smaller size [Peregrine, 2003]. Based on the above observations, it is clear 

that any guidelines for the design of buildings to withstand tsunami loading should 

account for site-specific flow characteristics. 
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8.2. Recommendations for Future Work 

The research findings described in this thesis helped to identify the following areas for 

recommended future numerical and experimental work: 

  

• Although it guaranteed reasonable accuracy in the estimation of hydrodynamic 

forces generated by tsunami bores on structures, the Riemann solver scheme used 

in this research introduced excessive numerical diffusion. Given the earlier  

success of Crespo et al. [2011], in their  GPU-based implementation (see Section 

3.4), further research should be undertaken with a view to reducing the 

inaccuracies in the pressure field associated with WCSPH.  Employing a density 

filter, as an alternative to a Riemann solver, might prove to be successful in this 

regard.   

 

• The researches of Nouri et al. [2010] and Al-Faesly et al. [2012] also dealt with 

the impact of waterborne debris on structures. As the impact mechanics of 

floating objects are already included in the open source code of SPHysics, future 

work could concentrate on the numerical reproduction of such impacts. However, 

as demonstrated in Section 5.3.1, this would require improving the repulsive 

boundary condition used to simulate solid boundaries.  

 

• The effectiveness of mitigation walls was investigated experimentally by Al-

Faesly et al. [2012]. Based on the successful results of this thesis, it is believed 

that these relatively similar experiments could also be reproduced numerically 

with good agreement using the SPH method.  

 
 

• Comparisons of SPH with more established grid-based numerical methods are 

still scarce in the literature and existing ones mainly consider simple benchmark 

scenarios.  

 
• Regardless of the numerical method employed, the results of this research show 

that a two-phase model must be used if the impulsive pressures at initial impact 
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are to be simulated accurately. In the case of the SPH method, open source and 

even commercial implementations that model both air and liquid phases are rare. 

 
• Additional experimental work is required to explore further the influence of the 

bed condition on air entrainment in the bore-font. Laboratory tests, requiring the 

measurement of entrapped air concentrations in the fluid, might possibly employ 

the special instrumentation used by Bullock et al. [2006] in their study of the 

impact of breaking waves on walls.   
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Appendix A Riemann Solver Description 

The following is a general introduction to the Riemann problem along with a brief 

description of the Harten – Lax – van Leer – Contact (HLLC) approximate Riemann 

solver [Toro et al., 1994] using a Monotone Upwind-centred Scheme for Conservation 

Laws (MUSCL) [Toro, 2001] with a general �-limiter [Hirsch, 1998], as mentioned in 

Section 2.3.5. Note that this description considers the tree-dimensional case and it is 

according to the SPHysics source code which implements a WCSPH model. For a full 

description of Riemann solvers in general, the reader is referred to Toro [2001].   

 The Riemann problem is defined as a discontinuity in space of a field variable, 

and as example here, a discontinuity in the density field (') between a particle 	 and a 

particle 
 (Figure A.1-a). Theoretically, when such condition arises, a shock wave 

propagates in one direction (right) while a rarefaction wave propagates in the opposite 

direction (left) as shown in Figure A.1-b. The contact area of these two waves is referred 

here as the middle wave.   

 

 

 (a)                                                                        (b) 

Figure A.1. Definition sketch of (a) initial Riemann problem between interacting particles 

	 and 
, and (b) subsequent propagating waves (based on Gómez-Gesteira et al. [2010a]). 
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Including the left (superscript %) and right (superscript �) states, Figure A.2 displays the 

two additional regions within which the field variables are assumed constant. The slope 

of each straight line in Figure A.2 represents to the speed (8) of its corresponding wave.  

 

 

Figure A.2. Possible states of the Riemann problem shown in the "-time plane (based on 

Toro et al. [1994]).  

In a nut shell, the main idea of the Riemann solver hereby is to determine from which 

state the field variables should be evaluated in order to be used in the reformulated 

governing equations (Eq. 2.104 and Eq. 2.105). To do so, for each field variable Ô (e.g. 

', $, ;, and E), the first step consist in constructing the left and right state of the 

Riemann problem using a MUSCL scheme along with a specified slope limiter (β) as 

follows ($, ;, and E are the components in the X, Y and Z direction of a velocity vector 

C, respectively): 

 

[A. 1]     Ô�
À = Ô� + ∆Ô� 

 

[A. 2]     Ô�� = Ô� − ∆Ô� 

 

with 

 [A. 3]     ∆Ô�  and  ∆Ô� = 6YFÁ0, 6	\[�∆Ô�, ∆Ô�], 6	\[∆Ô�, �∆Ô�]Ã         if  ∆Ô� ≥  0 
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or 

 [A. 4]     ∆Ô�  and  ∆Ô� = 6	\Á0, 6YF[�∆Ô�, ∆Ô�], 6YF[∆Ô�, �∆Ô�]Ã         if  ∆Ô� <  0 

 

and 

 

[A. 5]     if  ∆φ�  or   ∆Ô� >  12 «Ô� − Ô�«,     then   ∆Ô�  or  ∆Ô� =  12 «Ô� − Ô�« 
 

where 

 

[A. 6]     ∆Ô� = 
Ô� ∙  12 [+� − +�] 

 

[A. 7]     ∆Ô� = 
Ô� ∙  12 [+� − +�] 

 

In the case where field variables constitute a vector quantity (i.e. velocity), the following 

step multiplies a transformation matrix (à) such that this vector is projected on the axis 

(") aligning particle 	 and 
 (Figure A.3). 

 

 

Figure A.3. Projections of the left (%) and right (�) states of vector field variables on the 

axis (") aligning particle 	 and 
 (based on Parshikov [1999]).   
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[A. 8]     C�,ôÀ = [à] Ç$�À;�ÀE�À
È 

 

[A. 9]     C�,ô� = [à] Å$��;��E��
Æ 

 

with 

                     àxx = −[F� − F�] ���R¹                      àxR = −[G� − G�] ���R¹                      àx� = sin�                     àRx = −(sin�)(sin�)(cos ò) − (cos�)(sin ò) [A. 10]       àRR = −(sin�)(sin�)(sin ò) + (cos�)(cos ò)                     àR� = (sin�)(cos�)                     à�x = −(cos�)(sin�)(cos ò) + (sin�)(sin ò)                     à�R = −(cos�)(sin�)(sin ò) − (sin�)(cos ò)                     à�� = (cos�)(cos�) 

 

and 
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                    sin� = −[H� − H�] ���R¹  

                    cos� = å[F� − F�]R + [G� − G�]R ���R¾  

                    sin� = −[H� − H�] å[G� − G�]R + [H� − H�]R¹  

[A. 11]     cos� = −[G� − G�] å[G� − G�]R + [H� − H�]R¹  

                    sin ò = −[G� − G�] å[F� − F�]R + [G� − G�]R¹  

                    cos ò = −[F� − F�] å[F� − F�]R + [G� − G�]R¹  

 

where F, G and, H are the components in the X, Y and Z direction of a position vector +. 

The next step consists in calculating the resulting values of the field variables along the 

axis " using an approximate HLLC Riemann solver. Considering the following column 

vector of the field variables 

 

[A. 12]     
 = Ç'$;EÈ 

 

the solution of the Riemann problem on the axis " is defined as 

 

[A. 13]     
�1��4�1K,ô =
���
�� 
À,ô                   if    8�,� ≤ 8À 

À,ô∗           if    8À < 8�,� ≤ 8∗

�,ô∗           if    8∗ < 8�,� ≤ 8�

�,ô                       if   8� < 8�,�

j 
 

with  
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[A. 14]     
ôÀ =
ÊËË
ËÌ '�À$�,ôÀ;�,ôÀE�,ôÀ ÍÎÎ

ÎÏ
 

 

[A. 15]     
ô∗� = '�,ôÀ §8À − $�,ôÀ8À − 8∗ ¨ ÊËË
Ì 18∗;�,ôÀE�,ôÀ ÍÎÎ

Ï
 

 

[A. 16]     
ô∗� = '�,ô� §8� − $�,ô�8� − 8∗ ¨ ÊËË
Ì 18∗;�,ô�E�,ô� ÍÎÎ

Ï
 

 

[A. 17]     
ô� =
ÊËË
ËÌ '��$�,ô�;�,ô�E�,ô� ÍÎÎ

ÎÏ
 

 

where 8�,� is the average velocity of both particles 	 and 
 along the axis " calculated as 

 

[A. 18]     8�,� = {$�À + $��2 ;�À + ;��2 E�À + E��2 � ∙ [àxx àxR àx�] 
 

and 

 [A. 19]     8À = $�,ôÀ − ��À��À 

 [A. 20]     8∗ = $∗ 

 [A. 21]     8� = $,ô� + ������ 
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for which 

 

[A. 22]     ��À =
���
��                     1                                      for   <∗ ≤ <�À 

         ÊËË
Ì�'�À'∗� (<�À − <∗)(<�À − <∗)(��À)RÍÎÎ

Ïx R⁄
                 for   <∗ > <�À    j 

 

[A. 23]     ��� =
���
��
��                      1                                       for   <∗ ≤ <��  

         
ÊËË
ËÌ§'��'∗ ¨ [<�� − <∗]
[<�� − <∗][���]RÍÎÎ

ÎÏx R⁄
                 for   <∗ > <��     j 

 

[A. 24]      $∗ =  $�,ôÀ + $�,ô�2 + ��À + ���L − 1  

 

[A. 25]      �∗ =  ��À + ���2 + 0.25(L − 1)[$�,ôÀ − $�,ô� ] 

 

[A. 26]      '∗ =  ��∗c��x �⁄
 

 

where L = 7 and <∗ is calculated by the equation of state (Eq. 2.66) using '∗; ��À and ��� 

are the speed of sounds of the left and right states, respectively, calculated using Eq. 2.69 

with densities '�À and '��, respectively. Lastly, the final step consist in converting the 

solution of the Riemann problem from the " axis back to the original coordinate system 

by using the transpose of matrix à, and to calculate the pressure by using the equation of 

state (Eq. 2.66) with the solution of the density. 
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[A. 27]     C��∗ = [à]� ÊËË
Ì[
�1��4�1K,ô]xR[
�1��4�1K,ô]x�[
���CB>�7,�]xüÍÎÎ

Ï
 

 

[A. 28]     <��∗  = ��R'�L {§'��∗'� ¨¢ − 1� 

 

with 

 [A. 29]     '��∗ = [
�1��4�1K,ô]xx 
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Appendix B Additional Results of Sensitivity 

Analysis 

This appendix contains additional graphical results of the sensitivity analysis performed 

to calibrate SPH-related parameters. In the case of Figure B.1 and Figure B.3, the values 

of the parameters considered for the base case are provided in Table B.1 below. Note that 

for all other graphical results presented hereby, the values considered for the base case 

are provided in Table 4.2.    

 

Table B.1. SPH-related parameters considered for the base case of the sensitivity analysis 

results presented in Figure B.1 and Figure B.3. 

Parameter Value 

Initial inter-particle spacing (∆) 0.0300m 

Slope limiter (�) 1.3 

Smoothing length (ℎ) 0.0368m 

Speed of sound (��) 46.2m/s 

Time Stepping algorithm Symplectic 

Time stepping coefficient (I4�:3) 0.2 

Smoothing kernel function Quadratic 

Kinematic viscosity (N) 1 × 10-6 m2/s 

Wall viscosity (N���� ) 8 × 10-5 m2/s 

XSPH coefficient (M) 0.5 
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Figure B.1. Time-history of the net base horizontal force acting on the column using the 

symplectic (red) and with the predictor-corrector (blue) time stepping algorithms. 

 

 

Figure B.2. Time-history of the net base horizontal force acting on the column for various 

time stepping coefficients (I4�:3). 
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Figure B.3. Time-history of the net base horizontal force acting on the column using the 

quadratic smoothing kernel (blue) and the cubic spline smoothing kernel (red). 

 

 

Figure B.4. Time-history of the net base horizontal force acting on the column for various 

kinematic viscosities of laminar flow (N). 

 



 

Appendix B Additional Results of Sensibility Analysis  260 

 

Figure B.5. Time-history of the net base horizontal force acting on the column for various 

wall viscosities (N���� ). 
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Appendix C Post-Processing Code 

This appendix provides the source code of the post-processing programs that were 

developed in order to obtain specific results from raw numerical outputs by the approach 

of particle sampling. From a conceptual perspective, their implementation was discussed 

in Chapter 5.  In total, four programs were developed in the C++ language using the 

object-oriented programming (OOP) paradigm. Only the three-dimensional case is 

considered hereby although the code can easily be simplified to the two-dimensional case 

where applicable. These programs were developed using the Microsoft Visual Studio 

2008 integrated development environment (IDE) on the Microsoft Server 2008 operating 

system (OS).  

 In each of the following sub-sections, guidance to the utilization of these 

programs is provided in addition to their source code. Note that the raw outputs of the 

numerical model SPHysics (or ParallelSPHysics) are called PART files. These are ASCII 

files are created at a specified frequency in which each indexed line contains the 

properties of a single particle in the simulation. They are labelled from PART_0001 and 

so on, and the simulation time corresponding to each of these output files are found in a 

single output file called DT. Generally, other implementations of the SPH method 

generate outputs in a similar format. Hence, in order to use to following post-processing 

programs with other implementations, it is only required to modify the code section 

responsible for opening and reading the files containing the particles’ properties. In 

addition, for each of the programs, their specified input parameters (discussed below) are 

presented in the command prompt (MS-DOS) window for verification once stated, and 

the index of the current PART file being analysed is displayed to provide feedback on the 

progress of the execution (Figure C.1). Lastly, note that all length and coordinate inputs 

mentioned in the following sections are in meters.  
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Figure C.1. Sample screenshot of the feedback provided during the execution of the post-

processing programs. 

Virtual Wave Gauge 

The program virtual_wave_gauge.exe provides the time-history of the water surface 

elevation at a specified location as explained in Section 5.2.2. Its input file containing the 

post-processing parameters must be an ASCII file called wave_gauge_parameters.txt and 

Figure C.2 shows an example. The first line (1) corresponds to the index (type integer) of 

the PART file from which post-processing will begin while the second line (2) 

corresponds to the index (type integer) at which it will end. With these parameters, only a 

portion of the simulation can be analysed as doing so for its entire length can require long 

computational times. The third line (3) corresponds to the total number (type integer) of 

particles in the simulation (boundary and water particles). The fourth line (4) is the 

number (type integer) of boundary particles. By providing the latter, this program and all 

the ones presented subsequently discard all boundary particles for the post-processing. 

Since all boundary particles are listed first in the PART files, the program only reads data 

when the lines corresponding to water particles are reached. The three following lines (5-

6-7) corresponds the coordinates (type double) of the rectangular sampling volume in the 

x, y and z directions, respectively. The last three lines (8-9-10) correspond to the 

dimensions (type double) of the rectangular sampling volume in the x, y and z directions, 

respectively. 
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Figure C.2. Example of the content of an input file for the post

virtual_wave_gauge.exe

 Once the program terminates, an

elevation at Cx=4.35 Cy=2.05

center coordinates in the x-y plane of the virtual wave gauge for easier bookkeeping

content is a single column of data

elevation over the specified range of PART files.

rectangular sampling volume (i.e. the virtual wave gauge) at a particular time, the 

resulting value will be indefin

 The following are the source files the program utilizes. Note that the main 

subroutine is located in the file 

particle.h and sampling_volume.h

presented.

Processing Code - Virtual Wave Gauge  

Example of the content of an input file for the post-processing program 

virtual_wave_gauge.exe considering run D2-85.  

Once the program terminates, an ASCII output file named for instance

2.05.txt will be created. The name of this file provides the 

y plane of the virtual wave gauge for easier bookkeeping

of data corresponding the time-history of the water surface 

elevation over the specified range of PART files. Lastly, if no particle is present in the 

rectangular sampling volume (i.e. the virtual wave gauge) at a particular time, the 

resulting value will be indefinite (-1.#IND). 

The following are the source files the program utilizes. Note that the main 

subroutine is located in the file virtual_wave_gauge.cpp and that the header files 

sampling_volume.h are also used by all other programs subsequently 
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processing program 

for instance Water 

file provides the 

y plane of the virtual wave gauge for easier bookkeeping. Its 

of the water surface 

is present in the 

rectangular sampling volume (i.e. the virtual wave gauge) at a particular time, the 

The following are the source files the program utilizes. Note that the main 

and that the header files 

programs subsequently 
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particle.h 

/************************************************************ 

Code by Philippe St-Germain, University of Ottawa, 2012 

The author makes no warranty or guarantee, expressed or  

implied, as to the accuracy and reliability of the results  

derived from the use of this code. Its free distribution  

does not constitute any such warranty or guarantee. No  

responsibility or liability is assumed by the author. 

************************************************************/ 

#ifndef PARTICLE_H 

#define PARTICLE_H 

 

namespace post_processing { 

 

  class Particle { 

 

    public: 

      //Attributes associated to a water particle  

      double x_pos; 

      double y_pos; 

      double z_pos; 

      double x_vel; 

      double y_vel; 

      double z_vel; 

      double density; 

      double pressure; 

      double mass; 

 

  };//End of class Particle 

 

} 

 

#endif 
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sampling_volume.h 

/************************************************************ 

Code by Philippe St-Germain, University of Ottawa, 2012 

The author makes no warranty or guarantee, expressed or  

implied, as to the accuracy and reliability of the results  

derived from the use of this code. Its free distribution  

does not constitute any such warranty or guarantee. No  

responsibility or liability is assumed by the author. 

************************************************************/ 

#ifndef SAMPLING_VOLUME_H 

#define SAMPLING_VOLUME_H 

 

#ifndef PI 

#define PI 3.141592654 

#endif 

 

#include "particle.h" 

#include <math.h> 

#include <iostream> 

#include <vector> 

 

namespace post_processing{ 

 

  using namespace std; 

 

  class SamplingVolume{ 

 

    public: 

 

      //Array of particles inside the sampling volume  

      std::vector <Particle> particle_sample; 

 

      //***************************************************** 

      //Variable related to a spherical sampling volume 

      //for the kernel approximation of a flow property 

      //***************************************************** 

      //Center coordinates of sampling volume 

      double center_x; 

      double center_y; 

      double center_z; 

      //Smoothing length of sampling volume 

      double h; 

      //Variable for the equation of state (Eq. 2.66):  

      //B= (c0)^2 * rho0 / gamma  

      double B; 

      //***************************************************** 

 

      //***************************************************** 

      //Dimensions of rectangular sampling volume  

      //for the determination of the water surface elevation 

      //                    OR 

      //Dimensions of rectangular tributary area on a  

      //rectangular solid object for the determination of 

      //the resulting for by pressure integration 
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      //***************************************************** 

      double x_dim; 

      double y_dim; 

      double z_dim; 

      //***************************************************** 

 

      //***************************************************** 

      //Variable for sampling volumes involved in the  

      //determination of the resulting for by pressure  

      //integration 

      //***************************************************** 

      //Start angle of radial tributary area 

      double theta1; 

      //End angle of radial tributary area 

      double theta2; 

      //Distance from the center of the circular column to  

      //the center of the sampling volume  

      //               OR 

      //Distance from a center axis of a square column to t 

      //the center of the sampling volume 

      double rv; 

      //***************************************************** 

 

      Function for the kernel approximation of the velocity 

      //in the X direction 

      double avg_x_vel(){ 

        //For the correction of Bonet and Lok (Eq. 2.93)   

        double sum1=0;    

        double sum2=0; 

        //Distance seperating a fluid particle from the  

        //center of the sampling volume 

        double d; 

        //Looping over all fluid particles inside the   

        //sampling volume 

        for(int i=0;i<particle_sample.size();i++){ 

 

          d=sqrt(pow(particle_sample[i].x_pos-center_x,2)+  

→                pow(particle_sample[i].y_pos-center_y,2)+  

→                pow(particle_sample[i].z_pos-center_z,2)); 

 

          sum1+=particle_sample[i].x_vel*  

→               particle_sample[i].mass* 

→               kernel(d)/  

→               particle_sample[i].density; 

 

          sum2+=particle_sample[i].mass* 

→               kernel(d)/  

→               particle_sample[i].density; 

 

        }//End of loop over all fluid particles   

        return sum1/sum2; 

      }//End of function avg_x_vel 

 

      //Function for the kernel approximation of the velocity 

      //in the Y direction (similar as function avg_x_vel) 

      double avg_y_vel(){ 

        double sum1=0; 
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        double sum2=0; 

        double d; 

        for(int i=0;i<particle_sample.size();i++){ 

 

          d=sqrt(pow(particle_sample[i].x_pos-center_x,2)+  

→                pow(particle_sample[i].y_pos-center_y,2)+  

→                pow(particle_sample[i].z_pos-center_z,2)); 

 

          sum1+=particle_sample[i].y_vel*  

→               particle_sample[i].mass* 

→               kernel(d)/  

→               particle_sample[i].density; 

 

          sum2+=particle_sample[i].mass * 

→               kernel(d)/  

→               particle_sample[i].density; 

 

        } 

        return sum1/sum2; 

      }//End of function avg_y_vel 

 

      //Function for the kernel approximation of the velocity 

      //in the Z direction (similar as function avg_x_vel) 

      double avg_z_vel(){ 

        double sum1=0; 

        double sum2=0; 

        double d; 

        for(int i=0;i<particle_sample.size();i++){ 

 

          d=sqrt(pow(particle_sample[i].x_pos-center_x,2)+  

→                pow(particle_sample[i].y_pos-center_y,2)+  

→                pow(particle_sample[i].z_pos-center_z,2)); 

 

          sum1+=particle_sample[i].z_vel*  

→               particle_sample[i].mass* 

→               kernel(d)/  

→               particle_sample[i].density; 

 

          sum2+=particle_sample[i].mass* 

→               kernel(d)/  

→               particle_sample[i].density; 

 

        } 

        return sum1/sum2; 

      }//End of function avg_z_vel 

 

      //Function for the calculation of the pressure 

      //assumed to be acting at the center of the  

      //sampling volume 

      double avg_pressure(){ 

        //Equation of state (Eq. 2.66) 

        return B*(pow(avg_density()/1000.0,7)-1); 

      } 

 

      //Function for the kernel approximation of the density 

      double avg_density(){ 

        //For the correction of Bonet and Lok (Eq. 2.93)        
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        double sum1=0; 

        double sum2=0; 

        //Distance seperating a fluid particle from the  

        //center of the sampling volume 

        double d; 

        //Looping over all fluid particles inside the   

        //sampling volume 

        for(int i=0;i<particle_sample.size();i++){ 

 

          d=sqrt(pow(particle_sample[i].x_pos-center_x,2)+  

→                    pow(particle_sample[i].y_pos-center_y,2)+  

→                    pow(particle_sample[i].z_pos-center_z,2)); 

 

          sum1+=particle_sample[i].mass*kernel(d); 

 

          sum2+=particle_sample[i].mass/ 

→               particle_sample[i].density* 

→               kernel(d); 

 

        }//End of loop over all fluid particles 

        return sum1/sum2; 

      }//End of function avg_density 

 

      //Quadratic kernel function (Eq. 2.65) 

      //Takes as parameter the distance from of the  

      //water particle from the center of the sampling volume 

      double kernel(double d){ 

        double r; 

        r=d/h; 

        double alpha_d; 

        alpha_d=5/(4*PI*pow(h,3)); 

        if(0<=r&& r<= 2){ 

          return alpha_d* 

→                (3.0/16.0*pow(r,2)-3.0/4.0*r+3.0/4.0); 

        } 

        else{ 

          return 0; 

        } 

      }//End of function kernel 

 

      //Function for the determination of the elevation of the  

      //highest water particle inside the sampling volume 

      //Note that the function parameters are passed by 

      //reference 

      void max_elev(double &elev){ 

        //Setting the maximum elevation to zero  

        //initially 

        elev=0; 

        //Looping over all water particles inside the 

        //sampling volume. If a higher elevation is  

        //found, the elev variable is updated. 

        for(int i=0;i<particle_sample.size();i++){ 

          if(particle_sample[i].z_pos>elev){ 

            elev=particle_sample[i].z_pos; 

          } 

        }//End of loop over all fluid particles 

      }//End of Function max_elevation 
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  };//End of class SamplingVolume 

 

} 

 

#endif
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virtual_wave_gauge.cpp 

/************************************************************ 

Code by Philippe St-Germain, University of Ottawa, 2012 

The author makes no warranty or guarantee, expressed or  

implied, as to the accuracy and reliability of the results  

derived from the use of this code. Its free distribution  

does not constitute any such warranty or guarantee. No  

responsibility or liability is assumed by the author. 

************************************************************/ 

#ifndef WAVE_GAUGE 

#define WAVE_GAUGE 

 

#include "particle.h" 

#include "sampling_volume.h" 

 

#include <math.h> 

#include <string.h> 

#include <vector> 

#include <iostream> 

#include <string> 

#include <sstream> 

#include <fstream> 

#include <cstdlib> 

 

namespace post_processing { 

 

  using namespace std; 

 

  void sampleParticle(int np,int nb ,char* filename, 

→                     SamplingVolume &sampling_volume){ 

 

    //Limits of the rectangular sampling volume 

    double x_min=sampling_volume.center_x- 

→                sampling_volume.x_dim/2; 

    double x_max=sampling_volume.center_x+ 

→                sampling_volume.x_dim/2; 

    double y_min=sampling_volume.center_y- 

→                sampling_volume.y_dim/2; 

    double y_max=sampling_volume.center_y+ 

→                sampling_volume.y_dim/2; 

    double z_min=sampling_volume.center_z- 

→                sampling_volume.z_dim/2; 

    double z_max=sampling_volume.center_z+ 

→                sampling_volume.z_dim/2; 

 

    //Current particle being sampled 

    Particle currentParticle; 

    //Single line of the PART file 

    string line; 

    char *charLine; 

    //Position of the current particle 

    double x_pos; 

    double y_pos; 

    double z_pos; 
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    //Opening the PART file for reading 

    ifstream infile; 

    infile.open(filename); 

 

    //Looping over all lines of the PART file 

    int nn=0; 

    while(nn<np){ 

 

      //Making sure that the end of the PART file 

      //is not reached 

      if(!infile.eof()){ 

 

        //Reading a line  

        getline(infile,line); 

 

        //Adding a dummy token at the end of the string 

        //in order to avoid an error with the atof function 

        //when an empty line is read 

        line =line + " 1"; 

 

        //If not an empty line 

        if(!(line==" 1")){ 

 

          //Only sampling water particles and not  

          //boundary partilces 

          if(nn>nb){ 

 

            //Decomposing the line into an array of 

            //characters 

            charLine = new char[line.length()]; 

            for(unsigned int i=0;i< line.length();i++){ 

              charLine[i] = line[i]; 

            } 

 

            //Determination of the fluid particle position 

            x_pos=atof(strtok (charLine," ")); 

            y_pos=atof(strtok (NULL," ")); 

            z_pos=atof(strtok (NULL," ")); 

 

            //Checking if the particle is inside the  

            //retangular sampling volume 

            if(((x_min<x_pos)&&(x_pos<x_max))&& 

→             ((y_min<y_pos)&&(y_pos<y_max))&& 

→             ((z_min<z_pos)&&(z_pos<z_max))){  

 

              currentParticle.x_pos=x_pos; 

              currentParticle.y_pos=y_pos; 

              currentParticle.z_pos=z_pos; 

              currentParticle.x_vel=atof(strtok (NULL," ")); 

              currentParticle.y_vel=atof(strtok (NULL," ")); 

              currentParticle.z_vel=atof(strtok (NULL," ")); 

              currentParticle.density=atof(strtok (NULL," ")); 

              currentParticle.pressure=atof(strtok (NULL," ")); 

              currentParticle.mass=atof(strtok (NULL," ")); 
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              sampling_volume.particle_sample.push_back 

→                                             (currentParticle); 

 

            } 

 

            //Deleting pointer 

            delete[] charLine; 

            charLine=0; 

          }//End of if water particle 

 

        }//end of if not empty line   

      }//end of if not end of file 

 

      nn++; 

 

    }//end of loop over all particles 

 

    //Closing the PART file 

    infile.close(); 

 

  }//End of sampleParticle function 

 

  void printMaxElev(SamplingVolume sampling_volume,  

→                   vector<string> &elev_time_history, 

→                   int part_index,int num_part, 

→                   string outFileName){ 

 

    //Determination of the maximum elevation 

    double elevation; 

    sampling_volume.max_elev(elevation); 

 

    //Converting the maximum elevation into a string 

    string elevationString; 

    ostringstream ee; 

    ee<<elevation; 

    elevationString = ee.str(); 

 

    //Inserting the maximum elevation at the in the  

    //array of the time-history of this one 

    elev_time_history.push_back(elevationString); 

 

    //If all the PART files have been processed, 

    //the final output file is written 

    if(part_index==num_part ){ 

 

      //Creating the output file containg the time-history 

      //of the water surface elevation 

      char* result_filename; 

      result_filename=0; 

      result_filename = new char[outFileName.length() + 1]; 

      strcpy(result_filename,outFileName.c_str()); 

      ofstream outfile(result_filename); 

 

      //Writing the entire time-history to the output file 

      for(int i=0;i<elev_time_history.size();i++){ 

        outfile<<elev_time_history[i]<<"\n"; 

      } 
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      //Closing the output file 

      outfile.close(); 

 

      //Deleting pointer 

      delete [] result_filename; 

      result_filename=0; 

 

    } 

 

  }// End of printMaxElev function 

 

} 

 

//*********************************************************** 

//Main program 

//*********************************************************** 

using namespace post_processing; 

 

int main(int argc,char** argv){ 

 

  //Variables for reading the raw PART files 

  char* in_filename; 

  string in_filenameTemp; 

  string indexString; 

 

  //Array for the time-history of the water surface elevation 

  vector<string> elevation_time_history; 

 

  //********************************************************* 

  //Input parameters 

  //********************************************************* 

 

  //Opening file containing input parameters 

  ifstream infile; 

  infile.open("wave_gauge_parameters.txt"); 

 

  //Index of the intial PART file to begin post-processing 

  int ini_part; 

  //Number of PART files to be processed beyond initial  

  //PART file 

  int num_part;  

  //Total number of particles in the simulation 

  int np;  

  //Number of boundary particles in the simulation 

  int nb;  

  //Coordinates of the center of rectangular  

  //sampling volume 

  double center_x;  

  double center_y; 

  double center_z; 

  //Dimansions of the rectangular sampling colume  

  double x_dim; 

  double y_dim; 

  double z_dim; 
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  //Reading in the inputs 

  infile>>ini_part; 

  infile>>num_part; 

  infile>>np; 

  infile>>nb; 

  infile>>center_x; 

  infile>>center_y; 

  infile>>center_z; 

  infile>>x_dim; 

  infile>>y_dim; 

  infile>>z_dim; 

 

  //Closing the input file 

  infile.close(); 

 

  //Writing the inputs to the command promt window  

  cout<<ini_part<<" : Intial PART file to begin post-processing"<<"\n"; 

  cout<<num_part<<" : Number of PART files to process"<<"\n"; 

  cout<<np<<" : Total number of particles"<<"\n"; 

  cout<<nb<<" : Number of boundary particles"<<"\n"; 

  cout<<center_x<<" : Center of sampling volume in the X     

→                  direction"<<"\n"; 

  cout<<center_y<<" : Center of sampling volume in the Y  

→                  direction"<<"\n"; 

  cout<<center_z<<" : Center of sampling volume in the Z  

→                  direction"<<"\n"; 

  cout<<x_dim<<" : X dimension of sampling volume"<<"\n"; 

  cout<<y_dim<<" : Y dimension of sampling volume"<<"\n"; 

  cout<<z_dim<<" : Z dimension of sampling volume"<<"\n"; 

  //********************************************************* 

 

  //Name of the output file containing the post-processing 

  //results 

  string outFileName; 

  ostringstream cx; 

  cx<<center_x; 

  ostringstream cy; 

  cy<<center_y; 

  outFileName="Water elevation at Cx="  

→             + cx.str() + " Cy="+cy.str()+ ".txt"; 

 

  //SamplingVolume object 

  SamplingVolume samplingVolume; 

 

  //Initializing the properties of the SamplingVolume 

  //object 

  samplingVolume.center_x=center_x; 

  samplingVolume.center_y=center_y; 

  samplingVolume.center_z=center_z; 

  samplingVolume.x_dim =x_dim; 

  samplingVolume.y_dim=y_dim; 

  samplingVolume.z_dim=z_dim; 

 

  //Looping over PART files 

  for(int i=ini_part;i<=num_part;i++){ 
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    //******************************************************* 

    //Generation of the string corresponding to the current 

    //PART file to be processed  

    //******************************************************* 

    ostringstream ii; 

    ii<<i; 

    indexString=ii.str(); 

 

    if (i <10){ 

      in_filenameTemp="PART_000"+indexString; 

      in_filename=new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    else if (i<100){ 

      in_filenameTemp="PART_00"+indexString; 

      in_filename = new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    else if (i<1000){ 

      in_filenameTemp ="PART_0" +indexString; 

      in_filename = new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    else{ 

      in_filenameTemp="PART_" +indexString; 

      in_filename=new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    //******************************************************* 

 

    //Calling the function that will search the current PART  

    //file and construct the list of particle located inside  

    //the sampling volume 

    sampleParticle(np,nb,in_filename,samplingVolume); 

 

    //Calling the function that will write the results to  

    //the output file  

    printMaxElev(samplingVolume,elevation_time_history,i, 

→                num_part,outFileName); 

 

    //Progress feedback on the command prompt window 

    cout<<"->Processing file "<<in_filenameTemp<<" for   

→         "<<outFileName<<"\n"; 

 

    //Clearing the sampled particles 

    samplingVolume.particle_sample.clear(); 

 

    //Deleting pointer 

    delete [] in_filename; 

    in_filename=0; 

 

  }//End of looping over PART files 

  return 0; 

}//End of main program 

//*********************************************************** 

#endif 
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Kernel Approximation at Single Point 

The program kernel_approximation_single_point.exe provides the time-history of a 

specified flow property at a single point in the computational domain as explained in 

Section 5.2. The ASCII input file containing the post-processing parameters for this 

program must be called kernel_approx_single_point_parameters.txt and Figure C.3 

shows an example. Up to the seventh line (1-7), the input parameters are the same ones as 

for the virtual_wave_gauge.exe program. The eighth line (8) contains the smoothing 

length ℎ (type double) of the spherical sampling volume, while the ninth line (9) 

corresponds to the flow property (type string) to be approximated at the center of this 

sampling volume. The possible options for the latter are (exactly written) PRESSURE, 

X_VELOCITY, Y_VELOCITY, and Z_VELOCITY. If the approximation of the pressure is 

selected, a tenth line (10) is required containing the value corresponding to (��R'�) L⁄   

(see equation of state given by Eq. 2.66).  

 

 

Figure C.3. Example of the content of an input file for the post-processing program 

kernel_approximation_single_point.exe considering run D2-85. 

Once the program terminates, an ASCII output file named for instance X velocity 

at Cx=9.87 Cy=2.05 Cz=0.125 with h=0.02.txt will be created. The name of this file 
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provides the center coordinates of the spherical sampling volume, and its content is a 

single column of data corresponding the time-history of the flow property approximated 

over the specified range of PART files. If this property was the pressure, the units of the 

results are Pascals (<Y or 9 6R⁄ ) and if the latter was the velocity in either the x, y, or z 

direction, the units of the results are 6/­. Lastly, if no particle is present in the spherical 

sampling volume at a particular instant, the resulting value will be indefinite (-1.#IND). 

 The following is the source file the program utilizes in addition to the header files 

particle.h and sampling_volume.h presented earlier. Note that the main subroutine is 

located in the source file below. 
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kernel_approximation_single_point.cpp 

/************************************************************ 

Code by Philippe St-Germain, University of Ottawa, 2012 

The author makes no warranty or guarantee, expressed or  

implied, as to the accuracy and reliability of the results  

derived from the use of this code. Its free distribution  

does not constitute any such warranty or guarantee. No  

responsibility or liability is assumed by the author. 

************************************************************/ 

#ifndef KERNEL_APPROX 

#define KERNEL_APPROX 

 

#include "particle.h" 

#include "sampling_volume.h" 

 

#include <math.h> 

#include <string.h> 

#include <vector> 

#include <iostream> 

#include <string> 

#include <sstream> 

#include <fstream> 

#include <cstdlib> 

 

namespace post_processing { 

 

  using namespace std; 

 

  void sampleParticle(int np,int nb,char* filename, SamplingVolume  

→                     &samplingVolume){ 

 

    //Current particle being sampled 

    Particle currentParticle; 

    //Single line of the PART file 

    string line; 

    char *charLine; 

    //Position of the current particle 

    double x_pos; 

    double y_pos; 

    double z_pos; 

 

    //Distance between the current particle and  

    //the center of the sampling volume 

    double d; 

 

    //Opening the PART file for reading 

    ifstream infile; 

    infile.open(filename); 

 

    //Looping over all lines of the PART file 

    int nn=0; 

    while(nn<np){ 

      //Making sure that the end of the PART file 

      //is not reached 
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      if(!infile.eof()){ 

 

        //Reading a line  

        getline(infile,line); 

        //Adding a dummy token at the end of the string 

        //in order to avoid an error with the atof function 

        //when an empty line is read 

        line =line + " 1"; 

        //If not an empty line 

        if(!(line==" 1")){ 

          //Only sampling water particles and not  

          //boundary partilces 

          if(nn>nb){ 

 

            //Decomposing the line into an array of 

            //characters 

            charLine = new char[line.length()]; 

            for(unsigned int i=0;i<line.length();i++){ 

              charLine[i] = line[i]; 

            } 

 

            //Determination of the fluid particle position 

            x_pos=atof(strtok (charLine," ")); 

            y_pos=atof(strtok (NULL," ")); 

            z_pos=atof(strtok (NULL," ")); 

 

            //Computing the current particle distance  

            d=sqrt(pow(((x_pos)-samplingVolume.center_x),2)+ 

→                  pow(((y_pos)-samplingVolume.center_y),2)+ 

→                  pow(((z_pos)-samplingVolume.center_z),2)); 

 

            //Checking if the particle is inside the  

            //retangular sampling volume 

            if(d<=(2*samplingVolume.h)){  

 

              Particle currentParticle; 

 

              currentParticle.x_pos=x_pos; 

              currentParticle.y_pos=y_pos; 

              currentParticle.z_pos=z_pos; 

              currentParticle.x_vel=atof(strtok (NULL," ")); 

              currentParticle.y_vel=atof(strtok (NULL," ")); 

              currentParticle.z_vel=atof(strtok (NULL," ")); 

              currentParticle.density=atof(strtok (NULL," ")); 

              currentParticle.pressure=atof(strtok (NULL," ")); 

              currentParticle.mass=atof(strtok (NULL," ")); 

 

              samplingVolume.particle_sample.push_back 

→                                            (currentParticle); 

            } 

            //Deleting pointer 

            delete[] charLine; 

            charLine=0; 

          }//End of if water particle 

        }//end of if not empty line 

      }//end of if not end of file 
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      nn++; 

 

    }//end of loop over all particles 

 

    //Closing the PART file 

    infile.close(); 

 

  }//End of sampleParticle function 

 

  void printTimeHistory(SamplingVolume &samplingVolume, 

→                       vector<string> &time_history, 

→                       int part_index,int num_part, 

→                       string outFileName, 

→                       string propertyToAnalyze){ 

 

    //Approximation of the flow property 

    double measurement; 

    string measurementString; 

    ostringstream pp; 

    if(propertyToAnalyze=="PRESSURE" ){ 

      measurement=samplingVolume.avg_pressure(); 

    } 

    if(propertyToAnalyze=="X_VELOCITY" ){ 

      measurement=samplingVolume.avg_x_vel(); 

    } 

    if(propertyToAnalyze=="Y_VELOCITY" ){ 

      measurement=samplingVolume.avg_y_vel(); 

    } 

    if(propertyToAnalyze=="Z_VELOCITY" ){ 

      measurement=samplingVolume.avg_z_vel(); 

    } 

    pp<<measurement; 

    measurementString=pp.str(); 

    time_history.push_back(measurementString); 

 

    //If all the PART files have been processed, 

    //the final output file is written 

    if(part_index==num_part){ 

 

      //Creating the output file containg the time-history 

      //of the water surface elevation 

      char* result_filename; 

      result_filename=0; 

      result_filename = new char[outFileName.length() + 1]; 

      strcpy(result_filename,outFileName.c_str()); 

      ofstream outfile(result_filename); 

 

      //Writing the entire time-history to the output file 

      for (int i=0;i<time_history.size();i++){ 

        outfile<<time_history[i]<<"\n"; 

      } 

 

      //Closing the output file 

      outfile.close(); 

 

      //Deleting pointer 

      delete [] result_filename; 
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      result_filename=0; 

    } 

  }// End of printTimeHistory function 

 

} 

 

//*********************************************************** 

//Main program 

//*********************************************************** 

using namespace post_processing; 

 

int main(int argc,char** argv){ 

 

  //Variables for reading the raw PART files 

  char* in_filename; 

  string in_filenameTemp; 

  string indexString; 

 

  //Array for the time-history of the measurement  

  vector <string> time_history; 

 

  //********************************************************* 

  //Input parameters 

  //********************************************************* 

 

  //Opening file containing input parameters 

  ifstream infile; 

  infile.open("kernel_approx_single_point_parameters.txt"); 

 

  //Index of the intial PART file to begin post-processing 

  int ini_part; 

  //Number of PART files to be processed beyond initial  

  //PART file 

  int num_part;  

  //Total number of particles in the simulation 

  int np;  

  //Number of boundary particles in the simulation 

  int nb;  

  //Initial coordinates of the center of sherical sampling volume  

  double center_x; 

  double center_y; 

  double center_z; 

  //Smoothing length of sampling volume  

  double h; 

  //Variable for the equation of state (Eq. 2.66):  

  //B = (c0)^2 * rho0 / gamma  

  double B; 

  //Property to analyze for (PRESSURE, X_VELOCITY, 

  //Y_VELOCITY, or Z_VELOCITY) 

  string propertyToAnalyze; 

 

  //Reading in the inputs 

  infile>>ini_part; 

  infile>>num_part; 

  infile>>np; 

  infile>>nb; 

  infile>>center_x; 
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  infile>>center_y; 

  infile>>center_z; 

  infile>>h; 

  infile>>propertyToAnalyze; 

  if(propertyToAnalyze=="PRESSURE"){ 

    infile >> B; 

  } 

   

  //Closing the input file 

  infile.close(); 

 

  //Writing the inputs to the command promt window  

  cout<<ini_part<<" : Intial PART file to begin post-processing"<<"\n"; 

  cout<<num_part<<" : Number of PART files to process"<<"\n"; 

  cout<<np<<" : Total number of particles"<<"\n"; 

  cout<<nb<<" : Number of boundary particles"<<"\n"; 

  cout<<center_x<<" : Center of sampling volume in the X  

→                 direction"<<"\n"; 

  cout<<center_y<<" : Center of sampling volume in the Y  

→                 direction"<<"\n"; 

  cout<<center_z<<" : Center of sampling volume in the Z  

→                 direction"<<"\n"; 

  cout<<h<<" : Smoothing length"<<"\n"; 

  cout<<propertyToAnalyze<<" : Flow property to approximate"<<"\n"; 

  if (propertyToAnalyze=="PRESSURE"){ 

    cout<<B<<" : B = (c0)^2 * rho0 / gamma"<<"\n"; 

  } 

  //********************************************************* 

 

  //Name of the output file containing the post-processing 

  //results 

  string outFileName; 

  ostringstream cx; 

  cx << center_x; 

  ostringstream cy; 

  cy << center_y; 

  ostringstream cz; 

  cz << center_z; 

  ostringstream h_temp; 

  h_temp<<h; 

 

  if(propertyToAnalyze=="PRESSURE"){ 

    outFileName="Pressure at Cx="+  

→               cx.str()+" Cy="+cy.str()+ 

→               " Cz="+cz.str()+" with h="+h_temp.str() 

→               +".txt";  

  } 

  if(propertyToAnalyze=="X_VELOCITY"){ 

    outFileName="X velocity at Cx="+   

→               cx.str()+" Cy="+cy.str()+ 

→               " Cz="+cz.str()+" with h="+h_temp.str() 

→               +".txt";  

  } 

  if(propertyToAnalyze=="Y_VELOCITY"){ 

    outFileName="Y velocity at Cx="+  

→               cx.str()+" Cy="+cy.str()+ 

→               " Cz="+cz.str()+" with h="+h_temp.str() 
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→               +".txt";  

  } 

  if(propertyToAnalyze=="Z_VELOCITY"){ 

    outFileName="Z velocity at Cx="+   

→               cx.str()+" Cy="+cy.str()+ 

→               " Cz="+cz.str()+" with h="+h_temp.str() 

→              +".txt";  

  } 

 

  //SamplingVolume object 

  SamplingVolume samplingVolume; 

 

  //Initializing the properties of the SamplingVolume 

  //object 

  samplingVolume.center_x =center_x; 

  samplingVolume.center_y = center_y; 

  samplingVolume.center_z = center_z; 

  samplingVolume.h = h; 

  if(propertyToAnalyze=="PRESSURE"){ 

    samplingVolume.B=B; 

  } 

 

  //Looping over PART files 

  for (int i=ini_part; i<= num_part; i++){ 

 

    //******************************************************* 

    //Generation of the string corresponding to the current 

    //PART file to be processed  

    //******************************************************* 

    ostringstream ii; 

    ii<<i; 

    indexString=ii.str(); 

 

    if (i<10){ 

      in_filenameTemp="PART_000"+indexString; 

      in_filename=new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    else if (i<100){   

      in_filenameTemp = "PART_00"+indexString; 

      in_filename=new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    else if (i<1000){ 

      in_filenameTemp="PART_0" +indexString; 

      in_filename=new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    else{ 

      in_filenameTemp="PART_" +indexString; 

      in_filename=new char[in_filenameTemp.length()+1]; 

      strcpy(in_filename,in_filenameTemp.c_str()); 

    } 

    //******************************************************* 

 

    //Calling the function that will search the current PART  

    //file and construct the list of particle located inside  



 

Appendix C Post-Processing Code - kernel_approximation_single_point.cpp 284 

    //the sampling volume 

    sampleParticle(np,nb,in_filename,samplingVolume); 

 

 

    printTimeHistory(samplingVolume,time_history,i, 

→                    num_part,outFileName,propertyToAnalyze); 

 

    //Progress feedback 

    cout<<"Processing file "<<in_filenameTemp<<" for " <<  

→         outFileName<< "\n"; 

 

    //Clearing the sampling volume 

    samplingVolume.particle_sample.clear(); 

 

    //Delete pointer 

    delete [] in_filename; 

    in_filename=0; 

 

  }//End of loop over PART files 

 

  return 0;  

}//End of main program 

//*********************************************************** 

 

#endif 
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Kernel Approximation of Vertical Distribution 

The program kernel_approximation_vertical_distribution.exe provides the time-history 

of a specified flow property at numerous points in the computational domain along a 

vertical axis. This flow property is approximated in the exact same matter as in the 

kernel_approximation_single_point.exe program presented above. In addition, this 

analysis is iterated and the location at which the approximation is performed varies 

incrementally based on provided parameters. The latter was implemented for sampling 

particles in regions of more realistic pressures by increasing the spacing separating the 

location of the approximation from a solid boundary as discussed in Section 5.3.2. For 

instance, this movement could also be used to determine the vertical velocity 

distributions along a cross-section more systematically. The ASCII input file containing 

the post-processing parameters for this program must be called 

kernel_approx_vertical_dist_parameters.txt and Figure C.4 shows an example.  

 

 

Figure C.4. Example of the content of an input file for the post-processing program 

kernel_approximation_vertical_distribution.exe considering run D3-DRY. 
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The first four lines (1-4) of the input file correspond to the same parameters as in the 

input files for the programs presented in the above sections. The fifth and sixth lines (5-6) 

correspond to the center coordinates (type double) in the x and y direction, respectively, 

of the vertical axis along which is align the several spherical sampling volumes. The 

seventh and eight lines (7-8) contain the lowest and highest elevations (type double), 

respectively, at which sampling volumes will be aligned on the vertical axis, while the 

ninth line (9) corresponds to the vertical distance (type double) center-to-center between 

these sampling volumes (meters). Note that if the difference between the maximum and 

lowest elevations specified in line eight and seventh, respectively, is not a multiple of the 

vertical distance separating the sampling volumes (ninth line), the elevation of the last 

sampling volume at the top of the vertical axis will correspond to the highest multiple of 

this vertical distance below the maximum elevation specified. The tenth line (10) 

contains the smoothing length ℎ (type double) of the spherical sampling volume, while 

the eleventh line (11) corresponds to the flow property (type string) to be approximated at 

the center of the sampling volumes. The possible options for the latter are (exactly 

written) PRESSURE, X_VELOCITY, Y_VELOCITY, and Z_VELOCITY. If the 

approximation of the pressure is selected, the twelfth line (12) will correspond to (��R'�) L⁄   (see equation of state given by Eq. 2.66). Otherwise, the twelfth line 

corresponds to the number of iterations the analysis will be performed varying the 

location of the vertical axis. The two following lines (13-14) are the direction (either 

capital X or Y) and the increment (type double), respectively, according to which the 

location of the vertical axis will vary between iterations. 

 Every time an iteration is completed, an ASCII output file named for instance 

Pressure distribution at Cx=9.73 Cy=0.65 with h=0.02.txt will be created. The name of 

this file provides the center coordinates in the x-y plane of the vertical axis along which 

the sampling volumes are aligned, and the smoothing length h used for the 

approximations. Its content is numerous space-limited columns of data corresponding to 

the time-history of the approximated flow property for each of the sampling volumes 

over the specified range of PART files. The first column (most left) corresponds to the 

lowest sampling volume while the last column (most right) corresponds to the highest 
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sampling volume. Lastly, if no particle is present in a particular spherical sampling 

volume at a given instant, the corresponding result will be indefinite (-1.#IND).   

 The following is the source file the program utilizes in addition to the header files 

particle.h and sampling_volume.h presented earlier. Note that the main subroutine is 

located in the source file below. 
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kernel_approximation_vertical_distribution.cpp 

/************************************************************ 

Code by Philippe St-Germain, University of Ottawa, 2012 

The author makes no warranty or guarantee, expressed or  

implied, as to the accuracy and reliability of the results  

derived from the use of this code. Its free distribution  

does not constitute any such warranty or guarantee. No  

responsibility or liability is assumed by the author. 

************************************************************/ 

#ifndef KERNEL_APPROX_DIST 

#define KERNEL_APPROX_DIST 

 

#include "particle.h" 

#include "sampling_volume.h" 

 

#include <math.h> 

#include <string.h> 

#include <vector> 

#include <iostream> 

#include <string> 

#include <sstream> 

#include <fstream> 

#include <cstdlib> 

 

namespace post_processing { 

 

  using namespace std; 

 

  void sampleParticle(int np,int nb,char* filename, 

→                     vector <SamplingVolume> 

→                     &sampling_volumes){ 

 

    //******************************************************* 

    //NOTE: 

    //******************************************************* 

    //To increase computational efficiency, particles located 

    //within the rectangular limits of the sampling volumes 

    //in the X-Y plane are searched first before being 

    //assigned to the sampling volumes individually 

    //******************************************************* 

 

    //Limits of the sampling volumes in the X-Y plane 

    // in the inputs z_max < z_min there will be no sampling 

    //volume in the array sampling_volumes and this will  

    //generate an execution error 

    double x_min=sampling_volumes[0].center_x- 

→                2*sampling_volumes[0].h; 

    double x_max=sampling_volumes[0].center_x+ 

→                2*sampling_volumes[0].h; 

    double y_min=sampling_volumes[0].center_y- 

→                2*sampling_volumes[0].h; 

    double y_max=sampling_volumes[0].center_y+ 

→                2*sampling_volumes[0].h; 
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    //Array containing the inital sample of particles 

    vector <Particle> sampled_particles; 

    //Variable for the current particle 

    Particle currentParticle; 

 

    //Single line of the PART file 

    string line; 

    char *charLine; 

    //Position of the current particle 

    double x_pos; 

    double y_pos; 

 

    //Opening the PART file for reading 

    ifstream infile; 

    infile.open(filename); 

 

    //Looping over all lines of the PART file 

    int nn=0; 

    while(nn<np){ 

      //Making sure that the end of the PART file 

      //is not reached 

      if(!infile.eof()){ 

 

        //Reading a line  

        getline(infile,line); 

        //Adding a dummy token at the end of the string 

        //in order to avoid an error with the atof function 

        //when an empty line is read 

        line =line + " 1"; 

        //If not an empty line 

        if(!(line==" 1")){ 

          //Only sampling water particles and not  

          //boundary partilces 

          if(nn>nb){ 

 

            //Decomposing the line into an array of 

            //characters 

            charLine = new char[line.length()]; 

            for(unsigned int i=0;i<line.length();i++){ 

              charLine[i] = line[i]; 

            } 

 

            //Determination of the fluid particle position 

            x_pos=atof(strtok (charLine," ")); 

            y_pos=atof(strtok (NULL," ")); 

 

            if(((x_min<=x_pos)&&(x_pos<=x_max))&& 

→             ((y_min<=y_pos)&&(y_pos<=y_max))){ 

 

              currentParticle.x_pos=x_pos; 

              currentParticle.y_pos=y_pos; 

              currentParticle.z_pos=atof(strtok(NULL," ")); 

              currentParticle.x_vel=atof(strtok(NULL," ")); 

              currentParticle.y_vel=atof(strtok(NULL," ")); 

              currentParticle.z_vel=atof(strtok(NULL," ")); 

              currentParticle.density=atof(strtok(NULL," ")); 

              currentParticle.pressure=atof(strtok(NULL," ")); 
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              currentParticle.mass=atof(strtok(NULL," ")); 

 

              sampled_particles.push_back(currentParticle); 

            } 

 

            //Deleting pointer 

            delete[] charLine; 

            charLine=0; 

          }//End of if water particle 

        }//end of if not empty line 

      }//end of if not end of file 

 

      nn++; 

 

    }//end of loop over all particles 

 

    //Closing the PART file 

    infile.close(); 

 

    //Distance between the current particle and  

    //the center of a particular sampling volume 

    double d; 

 

    //Looping over all sampling volumes 

    for(int i=0;i<sampling_volumes.size();i++){ 

 

      //Looping over all initially sampled particles 

      for(int j=0;j<sampled_particles.size();j++){ 

 

        currentParticle = sampled_particles[j]; 

 

        //Computing the current particle distance  

        d=sqrt(pow(((currentParticle.x_pos)- 

→         sampling_volumes[i].center_x),2)+ 

→         pow(((currentParticle.y_pos)- 

→         sampling_volumes[i].center_y),2)+ 

→         pow(((currentParticle.z_pos)- 

→         sampling_volumes[i].center_z),2)); 

 

        //Checking if the current particle is inside the  

        //current sampling  

        if(d<=(2*sampling_volumes[i].h)){ 

 

          sampling_volumes[i].particle_sample.push_back 

→                                             (currentParticle); 

 

        } 

      }//End of loop over all initially sampled particles   

    }//End of loop over all sampling volumes aligned  

    //vertically 

  }//End of sampleParticle function 

 

  void printDistribution(vector<SamplingVolume> 

→                        &sampling_volumes, 

→                        vector<vector<string>> 

→                        &time_history,int part_index, 

→                        int ini_part,int num_part, 



 

Appendix C Post-Processing Code - kernel_approximation_vertical_distribution.cpp 291 

→                        string outFileName, 

→                        string propertyToAnalyze){ 

 

    //Approximation of the flow property for each sampling 

    //volume 

    for(int i=0;i<sampling_volumes.size();i++){  

 

      double measurement; 

      string measurementString; 

      ostringstream pp; 

 

      if(propertyToAnalyze=="PRESSURE" ){ 

        measurement=sampling_volumes[i].avg_pressure(); 

      } 

      if(propertyToAnalyze=="X_VELOCITY" ){ 

        measurement=sampling_volumes[i].avg_x_vel(); 

      } 

      if(propertyToAnalyze=="Y_VELOCITY" ){ 

        measurement=sampling_volumes[i].avg_y_vel(); 

      } 

      if(propertyToAnalyze=="Z_VELOCITY" ){ 

        measurement=sampling_volumes[i].avg_z_vel(); 

      } 

 

      //Storing the approximated measurement in the  

      //time-history array 

      pp<<measurement; 

      measurementString=pp.str(); 

      if(part_index==ini_part){ 

        vector <string> temp; 

        temp.push_back(measurementString); 

        time_history.push_back(temp); 

      } 

      else{ 

        time_history[i].push_back(measurementString); 

      } 

 

    }//End of loop over sampling volumes 

 

    //If all the PART files have been processed, 

    //the final output file is written 

    if(part_index==num_part){ 

      //Creating the output file containg the time-history 

      //of the water surface elevation 

      char* result_filename; 

      result_filename=0; 

      result_filename = new char[outFileName.length() + 1]; 

      strcpy(result_filename,outFileName.c_str()); 

      ofstream outfile(result_filename); 

 

      //String variable for the construction of a single line 

      //to be written to the output file 

      string outputLine; 

 

      //Writing the entire time-history of the measurement 

      //for each of the sampling volume 

      for(int i=0;i<time_history[0].size();i++){ 
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        outputLine =""; 

        for (int j =0;j<time_history.size();j++){ 

          outputLine+=(time_history[j])[i]+" "; 

        } 

        outputLine+="\n"; 

        outfile<<outputLine; 

      } 

 

      //Closing the output file 

      outfile.close(); 

 

      //Deleting pointer 

      delete [] result_filename; 

      result_filename=0; 

    } 

  }// End of printDistribution function 

 

} 

//*********************************************************** 

//Main program 

//*********************************************************** 

using namespace post_processing; 

 

int main(int argc, char** argv) { 

 

  //Variables for reading the raw PART files 

  char* in_filename; 

  string in_filenameTemp; 

  string indexString; 

 

  //Array for the time-history of the measurement  

  vector<vector<string>> time_history; 

 

  //Array of sampling volume objects  

  vector <SamplingVolume> sampling_volumes; 

 

  //********************************************************* 

  //Input parameters 

  //********************************************************* 

 

  //Opening file containing input parameters 

  ifstream infile; 

  infile.open("kernel_approx_vertical_dist_parameters.txt"); 

 

  //Index of the intial PART file to begin post-processing 

  int ini_part; 

  //Number of PART files to be processed beyond initial  

  //PART file 

  int num_part;  

  //Total number of particles in the simulation 

  int np;  

  //Number of boundary particles in the simulation 

  int nb;  

  //Initial coordinates of the center of sherical sampling 

  //volumes  

  double ini_center_x; 

  double ini_center_y; 
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  //Coordinates of the center of sherical sampling 

  //volumes to be incremented  

  double center_x; 

  double center_y; 

  //Cente elevation of lowest sampling volume 

  double z_min; 

  //Center elevation of highest sampling volume 

  double z_max; 

  //Vertical distance between centers of adjacent sampling 

  //volumes 

  double z_dim; 

  //Smoothing length of sampling volume  

  double h; 

  //Variable for the equation of state (Eq. 2.66):  

  //B = (c0)^2 * rho0 / gamma  

  double B; 

  //Property to analyze for (PRESSURE, X_VELOCITY, 

  //Y_VELOCITY, or Z_VELOCITY) 

  string propertyToAnalyze; 

  //Number of iterations for the procedure 

  int numIterations; 

  //Direction in which the procedure is repeated 

  string direction; // "X" or "Y" 

  //Incremental distance between iterations 

  double increment; 

 

  //Reading in the inputs 

  infile>>ini_part; 

  infile>>num_part; 

  infile>>np; 

  infile>>nb; 

  infile>>ini_center_x; 

  infile>>ini_center_y; 

  infile>>z_min; 

  infile>>z_max; 

  infile>>z_dim; 

  infile>>h; 

  infile>>propertyToAnalyze; 

  if(propertyToAnalyze=="PRESSURE"){ 

    infile >> B; 

  } 

  infile>>numIterations; 

  infile>>direction; 

  infile>>increment; 

 

  //Closing the input file 

  infile.close(); 

 

  //Writing the inputs to the command promt window  

  cout<<ini_part<<" : Intial PART file to begin post-processing"<<"\n"; 

  cout<<num_part<<" : Number of PART files to process"<<"\n"; 

  cout<<np<<" : Total number of particles"<<"\n"; 

  cout<<nb<<" : Number of boundary particles"<<"\n"; 

  cout<<ini_center_x<<" : Initial center of sampling volume in the X  

→                     direction"<<"\n"; 

  cout<<ini_center_y<<" : Initial Center of sampling volume in the Y  

→                     direction"<<"\n"; 
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  cout<<z_min<<" : Center elevation of lowest sampling volumes"<<"\n"; 

  cout<<z_max<<" : Center elevation of highest sampling volumes"<<"\n"; 

  cout<<z_dim<<" : Vertical distance between centers of sampling  

→              volumes"<<"\n"; 

  cout<<h<<" : Smoothing length"<<"\n"; 

  cout<<propertyToAnalyze<<" : Flow property to approximate"<<"\n"; 

  if(propertyToAnalyze=="PRESSURE"){ 

    cout<<B<<" : B = (c0)^2 * rho0 / gamma"<<"\n"; 

  } 

  cout<<numIterations<<" : # of iterations for the procedure at  

→                      different locations along the specified  

→                      direction"<<"\n"; 

  cout<<direction<<" : Direction in which the procedure is repeated (X  

→                  or Y)"<<"\n"; 

  cout<<increment<<" : Incremental distance between iterations"<<"\n"; 

  //********************************************************* 

 

  //Looping for each iteration of the procedure 

  for(int j=0;j<numIterations;j++){ 

 

    //Name of the output file containing the post-processing 

    //results 

    string outFileName; 

    ostringstream cx; 

    ostringstream cy; 

    ostringstream h_temp; 

 

    if(direction=="X"){ 

      center_x=ini_center_x+j*increment; 

      center_y=ini_center_y; 

    } 

    else if(direction=="Y"){ 

      center_x=ini_center_x; 

      center_y=ini_center_y+j*increment; 

    } 

 

    cx<<center_x; 

    cy<<center_y; 

    h_temp<<h; 

 

    outFileName="Cx="+cx.str()+" Cy="+cy.str()+" with h="+ 

→               h_temp.str(); 

 

    if(propertyToAnalyze=="PRESSURE"){ 

      outFileName="Pressure distribution at "+ 

→                 outFileName+".txt";  

    } 

    if(propertyToAnalyze=="X_VELOCITY"){ 

      outFileName="X velocity distribution at "+ 

→                 outFileName+".txt";  

    } 

    if(propertyToAnalyze=="Y_VELOCITY"){ 

      outFileName="Y velocity distribution at "+ 

→                 outFileName+".txt";  

    } 

    if(propertyToAnalyze=="Z_VELOCITY"){ 

      outFileName="Z velocity distribution at "+ 
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→                 outFileName+".txt";  

    } 

 

    //Constructing the vertical stack of sampling volumes  

    for(double z=z_min;z<z_max;z=z+z_dim){ 

      //Current sampling volume being constructed 

      SamplingVolume samplingVolume; 

      //Initializing its variables 

      samplingVolume.center_x=center_x; 

      samplingVolume.center_y=center_y; 

      samplingVolume.center_z=z; 

      samplingVolume.h=h; 

      samplingVolume.B=B; 

      //Inserting it in the array of sampling volume objects 

      sampling_volumes.push_back(samplingVolume); 

    } 

 

    //Looping over PART files 

    for (int i=ini_part;i<=num_part;i++){ 

 

      //***************************************************** 

      //Generation of the string corresponding to the current 

      //PART file to be processed  

      //***************************************************** 

      ostringstream ii; 

      ii<<i; 

      indexString=ii.str(); 

 

      if (i<10){ 

        in_filenameTemp="PART_000"+indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      else if (i<100){   

        in_filenameTemp = "PART_00"+indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      else if (i<1000){ 

        in_filenameTemp="PART_0" +indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      else{ 

        in_filenameTemp="PART_" +indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      //***************************************************** 

 

      //Calling the function that will search the current PART  

      //file and construct the list of particle located inside  

      //the sampling volume 

      sampleParticle(np,nb,in_filename,sampling_volumes); 

 

      printDistribution(sampling_volumes,time_history,i, 

→                       ini_part,num_part, 
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→                       outFileName,propertyToAnalyze); 

 

      //Progress feedback 

      cout<<"->Processing file "<<in_filenameTemp<<" for  

→           "<<outFileName<<"\n"; 

 

      //Clearing the sampling volume 

      for(int k=0;k<sampling_volumes.size();k++){ 

        sampling_volumes[k].particle_sample.clear(); 

      } 

 

      //Delete pointer 

      delete [] in_filename; 

      in_filename=0; 

    }//End of loop over PART files 

 

    //Emptying the time-history vector for the next iteration 

    time_history.clear(); 

 

    //Clearing the sampling volumes for the next iteration 

    sampling_volumes.clear(); 

 

  }//End of iterations 

 

  return 0; 

 

}//End of main program 

//*********************************************************** 

 

#endif 
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Pressure Integration 

The program pressure_integration.exe provides the time-history of the resulting force 

acting in the x direction on either a circular or square column. This force is determined by 

the integration of the pressure acting on the surface of the column as detailed in Section 

5.2.1. The implementation of this program resembles to some extent the one of the 

kernel_approximation_vertical_distribution.exe program as multiple vertical alignments 

of spherical sampling volumes are programmatically placed along the perimeter of the 

column. Due to the presence of a layer of unrealistic pressures as described in Section 

5.3.2, the spacing between the sampling volumes and the surface of the column is 

incrementally increased through iterations within the execution of the program. Note that 

in order to obtain the resulting force in another direction than the x direction and if the 

cross-section of the column is not either circular or square, modifications to the code are 

required. The ASCII input file containing the post-processing parameters for this program 

must be called pressure_integration_parameters.txt and Figure C.5 shows an example.  

 

 

Figure C.5. Example of the content of an input file for the post-processing program 

pressure_integration.exe considering run D1. 
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The first line (1) of this input file specifies the cross-section (type string) of the column 

which is either (exactly written) CIRCULAR or SQUARE. The second line (2) 

corresponds to the index (type integer) of the PART file from which post-processing will 

begin while the third line (3) corresponds to the index (type integer) at which it will end. 

The fourth line (4) corresponds to the total number (type integer) of particles in the 

simulation (boundary and water particles) and the fifth line (5) is the number (type 

integer) of boundary particles alone. The sixth (6) and seventh (7) lines correspond to the 

center coordinates (type double) of the column in the x and y direction, respectively, and 

the eight line (8) represents the column’s radius (circular column) or half of its side 

dimension (square column). The ninth (9) and tenth (10) lines contain the lowest and 

highest elevations (type double), respectively, at which sampling volumes will be aligned 

vertically around the perimeter of the column. The eleventh line (11) contains the vertical 

distance (type double) center-to-center between these sampling volumes. The twelfth line 

(12) corresponds to the number of vertical alignments of sampling volumes (type integer) 

that will be placed around the perimeter of the column or in other words, the number of 

sampling volumes around the column per elevation. Note that the values entered on the 

eleventh and twelfth lines, referred as z_dim and numVol in the source code, respectively, 

determine indirectly the size of the tributary areas of the sampling volumes based on the 

equations below. 

 

[C. 1]     à�	�$AY�G "�þY = H_ 	6 2�\$6Däã ��          if circular column 

 

[C. 2]     à�	�$AY�G "�þY = H_ 	6 ­	 þ  	6þ\­	ä\\$6Däã 4⁄           if square column 

 

where �� is the radius of the column is circular. In the case of a square column numVol 

should be selected as a multiple of four. The thirteenth line (13) contains the smoothing 

length ℎ (type double) of each spherical sampling volume and the fourteenth line (14) 

will correspond to (��R'�) L⁄   (see equation of state given by Eq. 2.66). The fifteenth line 

(15) corresponds to the number of iterations the analysis will be performed increasing the 
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spacing between the sampling volumes and the surface of the column. The last two lines 

(16-17) are the initial distance (type double) separating the center of the sampling 

volumes from the center of the column and its increment (type double), respectively.  

 Every time an iteration is completed, an ASCII output file named for instance 

Force time-history for rv=0.06 h=0.0225 z_dim=0.01125 numVol=44.txt will be created. 

The name of this file provides the center-to-center distance separating the sampling 

volumes from the column during the iteration, the smoothing length used, the center-to-

center vertical distance separating the sampling volumes, and the number of sampling 

volumes around the column per elevation, respectively. Its content is a single column of 

data corresponding to the time-history of the resulting force acting in the x direction on 

the column.   

 The following is the source file the program utilizes in addition to the header files 

particle.h and sampling_volume.h presented earlier. Note that the main subroutine is 

located in the file source file below. 
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pressure_integration.cpp 

/************************************************************ 

Code by Philippe St-Germain, University of Ottawa, 2012 

The author makes no warranty or guarantee, expressed or  

implied, as to the accuracy and reliability of the results  

derived from the use of this code. Its free distribution  

does not constitute any such warranty or guarantee. No  

responsibility or liability is assumed by the author. 

************************************************************/ 

#ifndef PRESSURE_INTEGRATION 

#define PRESSURE_INTEGRATION 

 

#ifndef PI 

#define PI 3.141592654 

#endif 

 

#include "particle.h" 

#include "sampling_volume.h" 

 

#include <math.h> 

#include <string.h> 

#include <vector> 

#include <iostream> 

#include <string> 

#include <sstream> 

#include <fstream> 

#include <cstdlib> 

 

namespace post_processing { 

 

  using namespace std; 

 

  void sampleParticles(int np,int nb,char* filename, 

→                      vector<vector<SamplingVolume>>  

→                      &sampling_volumes,double cx, double cy){ 

 

    //******************************************************* 

    //NOTE: 

    //******************************************************* 

    //To increase computational efficiency, particles located 

    //within the rectangular limits of sampling volumes 

    //in the X-Y plane are searched first before being 

    //assigned to the sampling volumes individually 

    //******************************************************* 

 

    //Limits of the sampling volumes in the X-Y plane 

    // in the inputs z_max < z_min there will be no sampling 

    //volume in the array sampling_volumes and this will  

    //generate an execution error 

    double h=(sampling_volumes[0])[0].h; 

    double rv=(sampling_volumes[0])[0].rv; 

    double x_min=cx-rv-2*h; 

    double x_max=cx+rv+2*h; 

    double y_min=cy-rv-2*h; 
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    double y_max=cy+rv+2*h; 

 

    //Array containing the inital sample of particle 

    vector <Particle> sampled_particles; 

 

    //Current particle 

    Particle currentParticle; 

 

    //Single line of the PART file 

    string line; 

    char *charLine; 

    //Position of the current particle 

    double x_pos; 

    double y_pos; 

 

    //Opening the PART file for reading 

    ifstream infile; 

    infile.open(filename); 

 

    //Looping over all lines of the PART file 

    int nn=0; 

    while(nn<np){ 

      //Making sure that the end of the PART file 

      //is not reached 

      if(!infile.eof()){ 

 

        //Reading a line  

        getline(infile,line); 

        //Adding a dummy token at the end of the string 

        //in order to avoid an error with the atof function 

        //when an empty line is read 

        line =line + " 1"; 

        //If not an empty line 

        if(!(line==" 1")){ 

          //Only sampling water particles and not  

          //boundary partilces 

          if(nn>nb){ 

 

            //Decomposing the line into an array of 

            //characters 

            charLine = new char[line.length()]; 

            for(unsigned int i=0;i<line.length();i++){ 

              charLine[i] = line[i]; 

            } 

 

            //Determination of the fluid particle position 

            x_pos=atof(strtok (charLine," ")); 

            y_pos=atof(strtok (NULL," ")); 

 

            //Checking if the particle is within the  

            //outer limit 

            if (((x_min<=x_pos)&&(x_pos<=x_max))&& 

→               ((y_min<=y_pos)&&(y_pos<=y_max))){  

 

              currentParticle.x_pos=x_pos; 

              currentParticle.y_pos=y_pos; 

              currentParticle.z_pos=atof(strtok(NULL," ")); 
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              currentParticle.x_vel=atof(strtok(NULL," ")); 

              currentParticle.y_vel=atof(strtok(NULL," ")); 

              currentParticle.z_vel=atof(strtok(NULL," ")); 

              currentParticle.density=atof(strtok(NULL," ")); 

              currentParticle.pressure=atof(strtok(NULL," ")); 

              currentParticle.mass=atof(strtok(NULL," ")); 

 

              sampled_particles.push_back(currentParticle); 

 

            } 

 

            //Deleting pointer 

            delete[] charLine; 

            charLine=0; 

          }//End of if water particle 

        }//end of if not empty line 

      }//end of if not end of file 

 

      nn++; 

 

    }//end of loop over all particles 

 

    //Closing the PART file 

    infile.close(); 

 

    //Distance between the current particle and  

    //the center of a particular sampling volume 

    double d; 

 

    //Looping over all the "vertical alignments" of 

    //sampling volumes 

    for(int i=0;i<sampling_volumes.size();i++){ 

 

      //Looping over each sampling volume of a 

      //"vertical alignments" 

      for(int j=0;j<sampling_volumes[i].size();j++){ 

 

        //Looping over all initially sampled particles 

        for(int k=0;k<sampled_particles.size();k++){ 

          currentParticle = sampled_particles[k]; 

          //Computing the current sampled particle's distance  

          d = sqrt(pow(((sampled_particles[k].x_pos)- 

→             (sampling_volumes[i])[j].center_x),2)+ 

→             pow(((sampled_particles[k].y_pos)- 

→             (sampling_volumes[i])[j].center_y),2)+ 

→             pow(((sampled_particles[k].z_pos)- 

→             (sampling_volumes[i])[j].center_z),2)); 

 

          //Checking if the fluid particle is inside 

          //the current sampling volume 

          if (d <=(2*h)){  

 

           (sampling_volumes[i])[j].particle_sample.push_back 

→                                                   (currentParticle); 

          } 

 

        }//End of looping over all initially sampled  
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         //particles 

      }//End of looping over all sampling volumes of a  

       //"vertical alignments"  

    }//End of looping over all "vertical alignments" 

     //of sampling volumes 

  }//End of RectangularSampleParticles function 

 

  void printForceInX(string type,vector<vector<SamplingVolume>>  

→                    &sampling_volumes,vector<double> 

→                    &force_time_history,int part_index, 

→                    int num_part,double col_dim, 

→                    int numVol,string outFileName){ 

 

    //Average pressure in the current sampling volume 

    double pressure; 

    //Tributary area of the current sampling volume 

    double area; 

    //Force contribution of the current sampling  

    double forceInX; 

    //Orientation angle of force contribution 

    //(only used with circular column) 

    double theta_force; 

    //Width of tributary area of sampling volumes 

    //(only used with square column 

    int numVolPerFace=numVol/4; 

    double volumeDim=2*col_dim/numVolPerFace; 

    //Total resultant force in x acting on the column  

    double totalForceInX=0.0; 

 

    //Looping over all "vertical alignments" of sampling volumes  

    for (int i=0; i< sampling_volumes.size(); i++){ 

      //Looping over all sampling volumes of "vertical alignment" i 

      for(int j=0; j< sampling_volumes[i].size(); j++){ 

 

        //Getting the pressure 

        pressure=(sampling_volumes[i])[j].avg_pressure(); 

 

        if(type=="CIRCULAR"){ 

          //Computing the orientation of the force  

          //contribution 

          theta_force=((sampling_volumes[i])[j].theta1+ 

→                     (sampling_volumes[i])[j].theta2)/2-PI; 

 

          //************************************************* 

          //Computing the tributary area 

          //************************************************* 

          //For the radial sampling volume at 0 degrees 

 

          if((sampling_volumes[i])[j].theta2< 

→            (sampling_volumes[i])[j].theta1){ 

            area=abs((sampling_volumes[i])[j].theta2*2)* 

→                col_dim*(sampling_volumes[i])[j].z_dim; 

          } 

          else{ 

          area=abs((sampling_volumes[i])[j].theta2- 

→              (sampling_volumes[i])[j].theta1)*col_dim* 

→              (sampling_volumes[i])[j].z_dim; 
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          } 

          //************************************************* 

 

          //Computing the force contribution in the x 

          //direction 

          forceInX=pressure*area*cos(theta_force); 

 

          //To check that the force contribution is not   

          //-1.#IND before incrementing the total resultant  

          //force 

          if (forceInX==forceInX){ 

            totalForceInX+=forceInX; 

          } 

        } 

        //SQUARE column 

        else{ 

          //Computing the tributary area 

          area=volumeDim*(sampling_volumes[i])[j].z_dim; 

 

          //Computing the force contribution in the 

          //x direction 

          forceInX=pressure*area; 

 

          //To check that the force contribution is not 

          //-1.#IND before incrementing the total resultant 

          //force 

          if(forceInX==forceInX){ 

            //Only considering sampling volumes at the front 

            //or at the back of the column 

            if(i<numVolPerFace){ 

              totalForceInX+=forceInX; 

            } 

            if((2*numVolPerFace<=i)&&(i<3*numVolPerFace)){ 

              totalForceInX-=forceInX; 

            } 

          } 

        } 

      }//End of Loop over all sampling volumes of "vertical alignment" 

       //i 

    }//End of Loop over all "vertical alignments" of sampling volumes  

 

    //Addiing the total resultant force to the force  

    //time-history array 

    force_time_history.push_back(totalForceInX); 

 

    //If all the PART files have been processed, 

    //the final output file is written 

    if(part_index==num_part){ 

      //Creating the output file containg the time-history 

      //of the water surface elevation 

      char* result_filename; 

      result_filename=0; 

      result_filename = new char[outFileName.length() + 1]; 

      strcpy(result_filename,outFileName.c_str()); 

      ofstream outfile(result_filename); 

 

      for(int i=0;i<force_time_history.size();i++){ 



 

Appendix C Post-Processing Code - pressure_integration.cpp 305 

        outfile<<force_time_history[i]<<"\n"; 

      } 

 

      //Closing the output file 

      outfile.close(); 

 

      //Deleting pointer 

      delete [] result_filename; 

      result_filename=0; 

    } 

  }// End of printForceInX method  

 

} 

 

//*********************************************************** 

//Main program 

//*********************************************************** 

using namespace post_processing; 

 

int main(int argc,char** argv){ 

 

  //Variables for reading the raw PART files 

  char* in_filename; 

  string in_filenameTemp; 

  string indexString; 

 

  //Array used to store the resultant force time-history 

  vector <double> force_time_history; 

 

  //********************************************************* 

  //Input parameters 

  //********************************************************* 

 

  //Opening file containing input parameters 

  ifstream infile; 

  infile.open("pressure_integration_parameters.txt"); 

 

  //Type of column considered (CIRCULAR or SQUARE) 

  string type; 

  //Index of the intial PART file to begin post-processing 

  int ini_part; 

  //Number of PART files to be processed beyond initial  

  //PART file 

  int num_part;  

  //Total number of particles in the simulation 

  int np;  

  //Number of boundary particles in the simulation 

  int nb;  

  //Coordinates of the column's center in the X-Y plane 

  double cx; 

  double cy; 

  //Half dimension of column: 

  //radius for circular column 

  //side dimension/2 for square column 

  double col_dim;  

  //Cente elevation of lowest sampling volume 

  double z_min; 
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  //Center elevation of highest sampling volume 

  double z_max; 

  //Vertical distance between centers of adjacent sampling 

  //volumes 

  double z_dim; 

  //Initial distance between center of sampling volumes 

  //with center of column 

  double ini_rv;  

  //Number of sampling volumes per elevation 

  int numVol;  

  //Smoothing length of sampling volume  

  double h; 

  //Variable for the equation of state (Eq. 2.66):  

  //B = (c0)^2 * rho0 / gamma  

  double B; 

  //Number of iterations for the procedure 

  int numIterations; 

  //Incremental distance between iterations 

  double increment; 

 

   //Reading in the inputs 

  infile >> type; 

  infile>>ini_part; 

  infile>>num_part; 

  infile>>np; 

  infile>>nb; 

  infile>>cx; 

  infile>>cy; 

  infile>>col_dim; 

  infile>>z_min; 

  infile>>z_max; 

  infile>>z_dim; 

  infile>>numVol; 

  infile>>h; 

  infile >> B; 

  infile>>numIterations; 

  infile>>ini_rv; 

  infile>>increment; 

 

  //Closing the input file 

  infile.close(); 

 

  //Writing the inputs to the command promt window 

  cout<<type<<" : Column type (CIRCULAR or SQUARE)"<<"\n"; 

  cout<<ini_part<<" : Intial PART file to begin post-processing"<<"\n"; 

  cout<<num_part<<" : Number of PART files to process"<<"\n"; 

  cout<<np<<" : Total number of particles"<<"\n"; 

  cout<<nb<<" : Number of boundary particles"<<"\n"; 

  cout<<cx<<" : X coordinate of the column's center"<<"\n"; 

  cout<<cy<<" : Y coordinate of the column's center"<<"\n"; 

  cout<<col_dim<<" : Half dimension of column"<<"\n"; 

  cout<<z_min<<" : Center elevation of lowest sampling volumes"<<"\n"; 

  cout<<z_max<<" : Center elevation of highest sampling volumes"<<"\n"; 

  cout<<z_dim<<" : Vertical distance between centers of sampling  

→              volumes"<<"\n"; 

  cout<<numVol<<" : # of sampling volumes around the column per  

→               elevation (multiple of 4)"<<"\n"; 
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  cout<<h<<" : Smoothing length"<<"\n"; 

  cout<<B<<" : B = (c0)^2 * rho0 / gamma" <<"\n"; 

  cout<<numIterations<<" : Number of iterations for the procedure with 

→                      different spacings"<<"\n"; 

  cout<<ini_rv<<" : Initial dist. between center of sampling volumes  

→               with center of column"<<"\n"; 

  cout<<increment<<" : Incremental distance (spacing) between  

→                  iterations"<<"\n"; 

  //********************************************************* 

 

  //Looping for each iteration of the procedure 

  for(int k = 0;  k < numIterations; k++){ 

 

    //Name of the output file containing the post-processing 

    //results 

    string outFileName; 

    ostringstream ini_rv_temp ; 

    ostringstream h_temp ; 

    ostringstream z_dim_temp ; 

    ostringstream numVol_temp ; 

    ini_rv_temp  << ini_rv + k * increment; 

    h_temp  << h; 

    z_dim_temp << z_dim; 

    numVol_temp << numVol; 

 

    outFileName="Force time-history for rv="+ 

→               ini_rv_temp.str()+" h= "+h_temp.str()+ 

→               " z_dim= "+z_dim_temp.str()+" numVol= "+ 

→               numVol_temp.str()+".txt"; 

 

    //Array containing "columns" of sampling volumes 

    //Each of these "columns" are themselves 

    //arrays of sampling volumes 

    vector<vector<SamplingVolume>> sampling_volumes; 

 

    //Layout of sampling volumes around a  

    //circular column 

    if(type=="CIRCULAR"){ 

      //Arc angle of the tributary area associated to  

      //each sampling volume 

      double delta_theta; 

      delta_theta=6.283185307/numVol; 

 

      //Constructing numVol times "vertical alignments"  

      //of sampling volumes 

      for(int j=0;j<numVol;j++){ 

        for(double z=z_min;z<=z_max;z=z+z_dim){ 

          //Current sampling volume 

          SamplingVolume samplingVolume; 

 

          //Initializing the start and end angles 

          if(j==0){ 

            double temp=j*delta_theta-delta_theta/2; 

            samplingVolume.theta2=temp+delta_theta ; 

            samplingVolume.theta1=6.283185307-delta_theta/2; 

          } 

          else{ 
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            samplingVolume.theta1=j*delta_theta- 

→                                 delta_theta/2; 

            samplingVolume.theta2=samplingVolume.theta1+ 

→                                 delta_theta; 

          } 

 

          //Initializing tributary heigth of sampling volume 

          samplingVolume.z_dim=z_dim;  

 

          //Initializing center radius of sampling volume 

          samplingVolume.rv=ini_rv+k*increment; 

 

          //Volume's center coordinates 

          if (j==0){ 

            samplingVolume.center_x=cx+samplingVolume.rv* 

→                                   cos(0.0); 

            samplingVolume.center_y=cy+samplingVolume.rv* 

→                                   sin(0.0); 

            samplingVolume.center_z=z; 

          } 

          else{ 

            samplingVolume.center_x=cx+samplingVolume.rv* 

→                                   cos((samplingVolume.theta1+ 

→                                   samplingVolume.theta2)/2); 

            samplingVolume.center_y=cy+samplingVolume.rv* 

→                                   sin((samplingVolume.theta1+ 

→                                   samplingVolume.theta2)/2); 

            samplingVolume.center_z=z; 

          } 

 

          //Initializing smoothing length of sampling volume 

          samplingVolume.h=h; 

 

          //Initializing Coefficient for EoS of sampling volume 

          samplingVolume.B=B; 

 

          //If very first sampling volume at the bottom 

          if (z==z_min){ 

            vector <SamplingVolume> temp; 

            temp.push_back(samplingVolume); 

            sampling_volumes.push_back(temp); 

          } 

          //Else insert the current sampling volume in 

          //the sampling volume array directly  

          else{ 

            sampling_volumes[j].push_back(samplingVolume); 

          } 

        } 

      } 

    } 

 

    //Layout of sampling volumes around a  

    //square column 

    else{ 

 

      //Number of sampling volume per face 

      int numVolPerFace=numVol/4; 
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      //x or y dimension of tributary area of the 

      //sampling volumes  

      double volumeDim=2*col_dim/numVolPerFace; 

 

      //Front face of square column 

      for(int j=0;j<numVolPerFace;j++){ 

        for(double z=z_min;z<=z_max;z=z+z_dim){ 

          //Current sampling volume 

          SamplingVolume samplingVolume; 

 

          //Height of tributary area 

          samplingVolume.z_dim=z_dim; 

 

          //Volume's center coordinates 

          samplingVolume.center_x=cx-ini_rv-k*increment; 

          samplingVolume.center_y=(cy+col_dim)- 

→                                 ((j+1)*volumeDim)+(volumeDim/2); 

          samplingVolume.center_z=z; 

 

          //Distance from center of column 

          samplingVolume.rv=ini_rv+k*increment; 

 

          //Initializing smoothing length sampling volume 

          samplingVolume.h=h; 

 

          //Initializing Coefficient for EoS of sampling volume 

          samplingVolume.B=B; 

 

          //If very first sampling volume at the bottom 

          if(z==z_min){ 

            vector<SamplingVolume> temp; 

            temp.push_back(samplingVolume); 

            sampling_volumes.push_back(temp); 

          } 

          //Else insert the current sampling volume in 

          //the sampling volume array directly 

          else{ 

            sampling_volumes[j].push_back(samplingVolume); 

          } 

        } 

      } 

 

      //Skier's right face of square column 

      for(int j=0;j<numVolPerFace;j++){ 

        for(double z=z_min;z<=z_max;z=z+z_dim){ 

          //Current sampling volume 

          SamplingVolume samplingVolume; 

 

          //Height of tributary area 

          samplingVolume.z_dim=z_dim; 

 

          //Volume's center coordinates 

          samplingVolume.center_x=(cx-col_dim)+ 

→                                 ((j+1)*volumeDim)-(volumeDim/2); 

          samplingVolume.center_y=cy-ini_rv-k*increment; 

          samplingVolume.center_z=z; 
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          //Distance from center of column 

          samplingVolume.rv=ini_rv+k*increment; 

 

          //Initializing smoothing length of sampling volume 

          samplingVolume.h = h; 

 

          //initializing Coefficient for EoS of sampling volume 

          samplingVolume.B = B; 

 

          //If very first sampling volume at the bottom 

          if (z==z_min){ 

            vector<SamplingVolume> temp; 

            temp.push_back(samplingVolume); 

            sampling_volumes.push_back(temp); 

          } 

          //Else insert the current sampling volume in 

          //the sampling volume array directly 

          else{ 

            sampling_volumes[j+numVolPerFace].push_back 

→                                             (samplingVolume); 

          } 

        } 

      } 

 

      //Back face of square column 

      for(int j=0;j<numVolPerFace;j++){ 

        for (double z=z_min; z<=z_max; z=z+z_dim){ 

          //Current sampling volume 

          SamplingVolume samplingVolume; 

 

          //Height of tributary area 

          samplingVolume.z_dim=z_dim; 

 

          //Volume's center coordinates 

          samplingVolume.center_x=cx+ini_rv+k*increment; 

          samplingVolume.center_y =(cy-col_dim)+((j+1)*volumeDim)- 

→                                  (volumeDim/2); 

          samplingVolume.center_z=z; 

 

          //Distance from center of column 

          samplingVolume.rv=ini_rv+k*increment; 

 

          //Initializing smoothing length of sampling volume 

          samplingVolume.h=h; 

 

          //Initializing Coefficient for EoS of sampling volume 

          samplingVolume.B=B; 

 

          //If very first sampling volume at the bottom 

          if(z==z_min){ 

            vector<SamplingVolume> temp; 

            temp.push_back(samplingVolume); 

            sampling_volumes.push_back(temp); 

          } 

          //Else insert the current sampling volume in 

          //the sampling volume array directly 

          else{ 
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            sampling_volumes[j+2*numVolPerFace].push_back 

→                                               (samplingVolume); 

 

          } 

        } 

      } 

 

      //Skier's left face of square column 

      for(int j=0;j<numVolPerFace;j++){ 

        for(double z=z_min;z<=z_max;z=z+z_dim){ 

          //Current sampling volume 

          SamplingVolume samplingVolume; 

 

          //Height of tributary area 

          samplingVolume.z_dim=z_dim; 

 

          //Volume's center coordinates 

          samplingVolume.center_x=(cx+col_dim)- 

→                                 ((j+1)*volumeDim)+(volumeDim/2); 

          samplingVolume.center_y=cy+ini_rv+k*increment; 

          samplingVolume.center_z=z; 

 

          //Distance from center of column 

          samplingVolume.rv=ini_rv+k*increment; 

 

          //Initializing smoothing length of sampling volume 

          samplingVolume.h=h; 

 

          //Initializing Coefficient for EoS of radial sampling volume 

          samplingVolume.B=B; 

 

          //If very first sampling volume at the bottom 

          if(z==z_min){ 

            vector <SamplingVolume> temp; 

            temp.push_back(samplingVolume); 

            sampling_volumes.push_back(temp); 

          } 

          //Else insert the current sampling volume in 

          //the sampling volume array directly 

          else{ 

 

            sampling_volumes[j+3*numVolPerFace].push_back 

→                                               (samplingVolume); 

          } 

        } 

      } 

    } 

 

    //Main loop over the PART files 

    for(int i=ini_part;i<=num_part;i++){ 

 

      //***************************************************** 

      //Generation of the string corresponding to the current 

      //PART file to be processed  

      //***************************************************** 

      ostringstream ii; 
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      ii<<i; 

      indexString=ii.str(); 

 

      if (i<10){ 

        in_filenameTemp="PART_000"+indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      else if (i<100){ 

        in_filenameTemp = "PART_00"+indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      else if (i<1000){ 

        in_filenameTemp="PART_0" +indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      else{ 

        in_filenameTemp="PART_" +indexString; 

        in_filename=new char[in_filenameTemp.length()+1]; 

        strcpy(in_filename,in_filenameTemp.c_str()); 

      } 

      //***************************************************** 

 

      sampleParticles(np,nb,in_filename, 

→                     sampling_volumes,cx,cy); 

 

      printForceInX(type,sampling_volumes,force_time_history, 

→                   i,num_part,col_dim,numVol,outFileName); 

 

      //Progress feedback 

      cout<<"->Processing file "<<in_filenameTemp<<" for  

→           "<<outFileName<<"\n"; 

 

      //Emptying the sampled particles 

      //Loopin over all the "columns" of sampling volumes 

      for(int m=0 ;m<sampling_volumes.size();m++){ 

        //Looping over each radial sampling volume 

        for (int n=0;n<sampling_volumes[m].size();n++){ 

           (sampling_volumes[m])[n].particle_sample.clear(); 

        } 

      } 

 

      //Delete pointer 

      delete [] in_filename; 

      in_filename=0; 

 

    }//End of loop over PART files 

 

    //Emptying the force time-history array 

    force_time_history.clear(); 

 

    //Emptying the sampling volume arrays 

    for(int i=0;i<sampling_volumes.size();i++){ 

       (sampling_volumes[i]).clear(); 

    } 
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    sampling_volumes.clear(); 

 

  }//End of Iterations 

 

  return 0;  

 

}//End of main program 

//*********************************************************** 

 

#endif 
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Appendix D Additional Comparison of 

Numerical with Physical Results 

 

Figure D.1. Second comparison of numerical and experimental time-history of the water 

surface elevation at wave gages (a) W1, (b) W8, (c) W9, (d) W11, and (e) W13 for ℎ� = 

1.15m (runs E-115 and D2-115). 
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Figure D.2. Second comparison of numerical and experimental time-history of pressures 

acting on the column at elevations of (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25, (f) 

0.30, (g) 0.35, and (h) 0.40m above the flume’s bottom for ℎ� = 1.15m (runs E-115 and 

D2-115). 
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Figure D.3. Second comparison of numerical and experimental time-history of the net 

base horizontal force acting on the column for ℎ� = 1.15m (runs E-115 and D2-115). 

 


