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Abstract 

As world population increases, coastal areas experience an increase in human occupancy. These 

community locations come with a greater risk of impacts due to extreme natural events. Tsunami, 

being one of the most unpredictable and most devastating types of extreme hydrodynamic events, 

received significant attention over the past decades due to the recent extreme events (2004 Indian 

Ocean, 2010 Chile, 2011 Japan, 2018 Indonesia). The focus of this thesis is on investigating scour 

around structures generated by tsunami. Scouring was found to be one of the greatest sources of 

building damage during the 2011 Tohoku Japan Tsunami and, at the date of the redaction of this 

thesis, this phenomenon is still little understood by the scientific community. The main objective 

of this thesis is to study the change in scouring when multiple buildings are constructed in close 

proximity, as opposed to individual elements such as in the case of all previous studies focussed 

on tsunami-induced scour. This topic was first investigated by the candidate with the use of a 

numerical model, FLOW-3D, using the large eddy simulation approach and the Nielsen (1992) 

bed load sediment transport model. The model results showed a significant increase in scouring 

when a second building was located along the same transversal plane as the building investigated. 

Then, three structure arrangements were investigated in a comprehensive physical experiment 

conducted in the new Dambreak Flume of Hydraulic Laboratory of the University of Ottawa, 

Canada, to study the effects of (1) upstream constriction, (2) lateral spacing and (3) sheltering on 

tsunami-induced scour. All three structure arrangements showed a significant effect on tsunami-

induced scour. A secondary project was conducted in collaboration with the Technical University 

of Braunschweig, Germany, and the Leibniz University Hannover, Germany. This large-scale 

physical experiment, performed in the Large Wave Flume of the Leibniz Institute Hannover, 

Germany, was used to investigate three different research phenomenon that influence tsunami 

scouring: (1) the wave drawdown on scour around structures, (2) the evolution of flow eddies and 

(3) the change in the soil’s pore pressure.  
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Chapter 1:  Introduction 

1.1 Background 

Tsunamis are long period waves generated by earthquakes, landslides or other type of water 

surface disturbance (Di Risio et al., 2009). Over the last two decades, many coastal communities 

have been impacted by this phenomenon. In 2004, an earthquake of moment magnitude ML = 9.0 

generated extremely large tsunami waves along the coastal areas of the Indian Ocean that caused 

230,000 deaths (Synolakis et al., 2005), which made it the deadliest tsunami in recorded history 

and the second larger natural disaster ever recorded in humankind history. In order to mitigate the 

effects of such catastrophes, countries have proposed and/or implemented coastal defenses against 

such waves. The one country that led the world with its ambitious efforts to cope with tsunami 

risks is Japan. In 1992, a total of 9,400 km of Japan’s coast was protected by coastal structures, 

3,000 of which were dykes (Koike, 1996). Also, multiple evacuation routes and tsunami-resistant 

buildings were built to evacuate the population in case of extreme hydrodynamic events. These 

measures led to great success in protecting the coast from erosion, but, most importantly, from 

tsunamis. An example of this success was in the tsunami of 1993. A tsunami with a significant 

wave height of 6.6 m impacted the coasts of Japan. The death toll was of 230 casualties, a relatively 

low number compared to previous similar tsunami events (Satake and Tanioka, 1995). 

However, in 2011, the Tohoku East Japan earthquake, generated waves with runups reaching 40 

m (Tang, 2011). Due to this tsunami size, the majority of the coastline protection reached by this 

tsunami failed (Jayaratne et al., 2016), and over 19,000 people died as a result (Kawachi et al., 

2020). The damages were estimated at 360 billion USD and 1.5 million tons of floating debris 

were released in the Pacific Ocean (Lebreton and Borrero, 2013). This tsunami exposed the limited 

knowledge of the devastating effects of such extreme hydrodynamic event. Therefore, research 

into the field are greatly needed to reduce similar impacts in the future. 

In more recent post-tsunami investigations, multiple mechanisms of structure failure were 

observed, which helped inform future research (Chock et al., 2013; Fritz et al., 2011b; Palermo et 

al., 2013; Shibayama et al., 2013). Infrastructures failures and damage observed included 

overturning, scouring, displacement, dam core entrainment and debris impacts (Jayaratne et al., 

2016; Palermo et al., 2013; Saatcioglu et al., 2005). Therefore, the level of details of many design 

guidelines and standards must be enhanced to help the design of structures capable of withstanding 

the impact of tsunami waves. This thesis focusses on the scouring induced by tsunami inundations 

and, more precisely, the factors enhancing this scouring. The results of this study is also applicable 

to other extreme hydrodynamic events such as fast moving storm surges and dam breaks. At 

present, current design standards for tsunami resistant infrastructure only account for three factors 

when prescribing scour depth around a structure: inundation flow depth, the structure width and 

the Froude number. However, the proposed methods of estimating scour depth fails to capture the 

complexity of the phenomenon. In fact, multiple parameters, such as the flow velocity, soil 

properties, flow direction, structure shape, etc., considered in steady flow conditions, are not 

factored in the scour predictions. This is most likely due to the lack of research in the field and the 

complexity of the phenomenon of tsunami-induced scour.  
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The main goal of the thesis is to better inform the scientific community on three factors that may 

influence tsunami-induced local scouring: flow obstruction/focusing, sheltering and the influence 

of structures’ lateral spacing. Previous research performed with tsunami-like waves proved that 

flow is locally accelerated by obstructions placed upstream of that particular location (Nouri et al., 

2010; Thomas et al., 2015). This flow acceleration may lead to greater scouring around structures 

located downstream of the obstruction since flow velocity and scouring are strongly related 

(Melville and Chiew, 1999). Upstream sheltering and lateral spacing, on the other hand, have never 

been researched in tsunami-type flows. However, it is well known that these structure 

arrangements can significantly influence local scouring in steady flow conditions (Arneson et al., 

2012). These three factors are further discussed in this thesis.  

Additional investigations in this thesis consisted of replicating tsunami waves and subsequent 

inundation using numerical models. The flow patterns around a square column and the subsequent 

scour were investigated. With the collaboration of researchers from the Technical University of 

Braunschweig and Leibniz Hannover University, the author further investigated the mechanisms 

that lead to tsunami-induced scour, including the formation of turbulent eddies around the column 

and the soil’s pore pressure spatio-temporal variation. 

1.2 Research objectives 

The primary objective of the thesis is to better inform the scientific community on the different 

factors influencing scouring caused by tsunami-like flows and, based on those findings, provide 

new practical tools to design engineers to assist with designing infrastructure located in areas at 

risk of impact from extreme hydrodynamic events. The three main objectives and their associated 

secondary objectives are described below. 

• Investigate scouring caused by a dam-break bore around multiple columns using state-of-

the-art numerical models: 

- Evaluate the performance of two numerical models (FLOW-3D and Delft3D) to 

simulate scouring induced by tsunami-like flows. 

- Conduct a performance assessment of different turbulence models incorporated in 

these numerical models, including RANS and LES, and sediment transport models 

to find the optimal combination to be used to simulate local scouring at a square 

column induced by tsunami-like flows. 

- Investigate numerically the scour changes associated with the difference in spacing 

between two columns.  

• Investigate factors influencing scouring around a single column using a combination of 

physical and numerical experimentations: 

- Investigate scour patterns caused by broken solitary waves around a square column 

at large scale. 

- Study the importance of inundation drawdown, typical for tsunami inundation, in 

the scouring process and in the variation of the pore pressure at the interface with 

the column. 

- Investigate the spatio-temporal formation of flow structures around a square 

column using a numerical model. 

- Investigate the correlation between pore pressure and evolution of flow patterns 

over time, and the scour patterns forming around a square column. 
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• Investigate scouring caused by a dam-break bore around multiple columns arranged in a 

pre-determined manner using physical modeling: 

- Investigate the scour change at a column when additional structures are placed 

upstream of it to constrict the flow. 

- Investigate the scour change at a column when an additional structure is placed 

upstream of it, generating a sheltering effect. 

- Investigate the scour change at a column when an additional structure is placed on 

the same flow-transversal section at various lateral spacing. 

- Develop a simple method to calculate scouring amplification effects associated 

with the close proximity of multiple structures. This will hopefully help engineers 

predict scour induced by flow constrictions. 

- Develop a comprehensive experimental database to compare with and validate the 

results of numerical models. 

1.3 Scope and limitations 

This study employs a combination of numerical modeling and physical experiments. Due to 

physical, time and numerical constraints, the study has some inherent limitations in the evaluation 

of the effect of multiple structure arrangements on tsunami-induced scour: 

• Due to facility size constraints, the experiments were performed at a relatively small scale 

(between 1:10 (Hannover - Chapter 5) and 1:80 (Numerical model and University of 

Ottawa experiments – Chapters 3, 4, 6, 7)). The geometric scale of the experiment was 

maximized while remaining below sizes that would induce wall effects. 

• In the experimental tests performed at the University of Ottawa (Chapters 6, 7), the width 

of flume limited the lateral spacing between columns at the scale the tests were performed.  

• A lack of field data prevented a direct validation of the numerical model and an assessment 

of the results of the physical experiments. However, the candidate confirmed some of the 

prescriptions of ASCE7 Chapter 6 on scour due to flow concentration, which were derived 

from a limited field data. Further investigation into the scale effects should be conducted 

before any definitive conclusions are drawn. 

• Due to time constraints, only a limited number of experimental tests and numerical 

simulations were performed. The full extent of two- and three-column arrangements has 

not been fully investigated. 

• In both the physical experiments and numerical models, only one sediment size and column 

shape (square) were employed. Some scale effects, column shape and sediment size effect 

on the scour mechanisms discussed herein was not fully explored by the candidate. 

• The models employed an idealized topography and simple columns’ arrangements. The 

influence of complex topographies, non-symmetric column position and different bed 

slopes have not investigated in this study. However, these idealized cases provide novel 

benchmarking data to calibrate numerical models.  

• In the numerical models and the physical experiments conducted at the University of 

Ottawa, Canada, (Chapters 3, 4, 6, 7), the tsunami-like inundation propagated over a 

horizontal bed, which did not allow for the phenomenon of drawdown to occur. This 

prevented the investigation of some physical phenomena, such as variation of the pore 
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pressure gradient during the drawdown phase, to influence the scour hole forming around 

the columns. 

• In the physical experiment conducted in the Large Wave Flume in Hannover, Germany, 

(Chapter 5), a solitary wave was utilized to simulate a tsunami wave. However, the short 

period of solitary waves could not properly scale the period of a real tsunami wave. 

Therefore, the scour depth was, most likely, not adequately reproduced in this experiment. 

However, the mechanisms of the scour evolution are relatively close  

• A numerical model was employed to simulate tsunami flows and the resulting scour around 

columns. The results of numerical models have inherent limitation because they are an 

approximation of the reality based on previously developed equations.  

1.4 Novelty and motivation 

The main novelties and motivations for this study are enumerated and explained in this subsection: 

• Numerical modeling of inundation generated by tsunami-like waves have been performed 

by previous researchers by using similar flows, such as dambreak bores. Most of those 

investigations only studied hydrodynamic features or scouring near horizontal structures. 

Very few studies have attempted to numerically simulate the generation of scour by dam-

break flows around a vertical structure, and most of these were performed using a circular 

column. The present study is one of the first to successfully apply a numerical model to 

study the dam-break bore scour around a square column. In addition, it is the first study to 

investigate the effect of columns spacing on dam-break flow behaviors and its resulting 

scouring. (Chapters 3, 4) 

• In most cities, the proximity of buildings was shown to generate flow concentrations and 

flow decelerations depending on the building arrangement, which may increase or decrease 

scouring around these buildings. The increase in scour can be investigated by constricting 

the flow advancing onto the vertical structure of interest with the use of additional 

structures placed in the testing area. To the knowledge of the candidate, the present study 

is the first to research tsunami-induced scouring around an arrangement of multiple 

columns, using both a numerical model and a physical model. (Chapters 4, 6, 7) 

• Flow amplification due to upstream constriction is included in the ASCE7 Chapter 6 

Tsunami Loads and Effects. However, the effect of this flow amplification on scour is not 

discussed. The experimental program conducted at the University of Ottawa is the first 

study to investigate the phenomenon of tsunami scour amplification caused by upstream 

constriction. (Chapter 6) 

• In steady flow, the lateral proximity between structures (lateral spacing) and upstream flow 

constrictions is already recognized by the scientific community as being a risk for scour 

amplification around a structure. Also, in steady flow, when a structure is located directly 

upstream of another structure, the former is reducing the scour forming at the latter because 

of an effect of sheltering. These phenomena may be similar in tsunami flows. By better 

predicting the scour risk of a given structure located in a tsunami prone area, the location 

of a structure relative to the others around it can be optimized to minimize the risk of a 

scouring-type failure of that given structure. The result of this study will help increase the 

precision of tsunami scour predictions for designing tsunami resistant structures. (Chapters 

4, 6, 7) 
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• As part of the experimental program in the Large Wave Flume in Hannover, Germany, the 

candidate combined the results of the experimental program and the results of a numerical 

simulation to further investigate the mechanisms that drives tsunami-induced scour. This 

experimental program was unique in its largeness of scale. In addition, this study was the 

first to link the spatio-temporal evolution of turbulent eddies forming around a square 

column, the scour patterns forming around a square column and pore pressure 

measurements. (Chapter 5) 

1.5 Publications 

Journal articles: 

1) April Le Quéré, P., Nistor, I. and Mohammadian, A. (2020). Numerical Modeling of 

Tsunami-Induced Scouring around a Square Column: Performance Assessment of FLOW-

3D and Delft3D. Journal of Coastal Research, 36(6), 1278–1291. doi: 

10.2112/JCOASTRES-D-19-00181.1. 

The author (Philippe April-LeQuéré) was responsible for applying the numerical 

models used in this study and writing the manuscript. This manuscript is presented 

in Chapter 3. 

2) Le Quéré, P. A., Nistor, I., and Mohammadian, A. (2021). Effect of Lateral Spacing of 

Structures on Tsunami-Induced Scour. Journal of Coastal Research, 37(4), 813–826. 

The author was responsible for conducting the numerical models used in this study 

and writing the manuscript. This manuscript is presented in Chapter 4. 

3) April Le Quéré, P., Nistor, I., Mohammadian A., Schimmels S., Schendel A., Goseberg N., 

Welzel M., Krautwald C., Stolle J. (2021). Hydrodynamics and associated scour around a 

free-standing structure due to turbulent bores. Journal of Waterways, Port, Coastal, and 

Ocean Engineering. Under review 

The author was responsible for designing and planning the physical experiment and 

applying the numerical models used in this study and writing the manuscript, which 

is presented in Chapter 5. 

4) April Le Quéré, P., Nistor, I. and Mohammadian, A. (2022). Influence of Macroroughness 

on Tsunami Scour of Coastal Structures. In submission process 

The author was responsible for planning and conducting the physical experiment 

program discussed in this manuscript. The author also wrote the manuscipt, which 

is presented in Chapter 6. 

5) April Le Quéré, P., Nistor, I. and Mohammadian, A. (2022). Structures Sheltering Effects 

and Lateral Spacing on Tsunami-Induced Scour. In submission process 

The author was responsible for planning and conducting the physical experiment 

program discussed in this manuscript. The author also wrote the manuscipt, which 

is presented in Chapter 7. 
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1.6 Thesis outline 

This thesis is organized as follows: 

• Chapter 2 presents a literature review of the most recent research related to tsunami-

induced scouring. Four main topics are discussed: Steady flow scouring, Tsunami scouring, 

Tsunami design code and a brief discussion summarizing its finding is presented. 

• Chapter 3 is two numerical models were applied with four different turbulence models and 

two sediment transport models were compared to asses their performance in terms of 

simulating the scour induced by tsunami-like flows. 

• Chapter 4 outlines the application of one of the models employed in Chapter 3 to a two-

column setup. These two columns were laterally spaced, and located transversal to the 

direction of the flow. Different lateral spacing and incoming flow conditions were tested 

to investigate their influence on the lateral spacing effect on scour. 

• In Chapter 5, a combined numerical and physical study was performed to investigate flow 

patterns forming around a square column as well as the pore pressure variation during the 

broken wave flows.  

• Chapter 6 presents the design and results of a comprehensive experimental program to 

study the effects of upstream flow constriction on scour forming around column. Various 

spacing between columns and various incoming flow conditions were tested to investigate 

the effect of the upstream constriction on scour. 

• Chapter 7 presents the design and results of an experimental used to investigate scour 

formation around two-column setups. The two columns were placed on the central 

longitudinal flume axis and, then, on the same the transversal flume axis to investigate the 

sheltering and spacing effects, respectively, on scour induced by tsunami-like inundation. 

• Chapter 8 summarizes the main conclusions of this study. The candidate’s 

recommendations to further investigate gaps in knowledge in future works are also 

included.  
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Chapter 2:  Literature review 

In this section, an overview of the literature related to the topic of tsunami scour is presented. The 

chapter ends with a discussion of the findings from the literature review and the possible research 

avenues. 

2.1 Steady flow scouring  

Steady flow scouring is the phenomenon of mobile bed transport caused by a constant flow. A first 

look at the factors that influence scouring in steady flow condition will give clues into the potential 

factors that govern the process of tsunami scouring. 

2.1.1   Local scouring 

Local scouring is the phenomenon of bed material transport due to the local change of flow 

conditions, which is the case when a vertical obstruction is present in the flow (e.g. bridge piers). 

When the flow encounters an obstacle, the water piles up at the upstream face of the pier which 

redirects the flow vertically. The downward flow acceleration creates a vortex that undermines the 

bed material at the toe of the structure, creating the horseshoe vortex (Figure 2.1). Over time, the 

scour hole deepens and the horseshoe vortex increases in size. The vortex also diminishes in 

strength until the resulting shear stress on the soil becomes lower than the bed’s critical shear stress 

(Melville and Raudkivi, 1977). 

  

Figure 2.1: Schematic of the vortices structures responsible for scour at a pier in steady flow (Arneson et al., 2012) 

Local scouring in steady flow is defined as clear-water scouring when the approach flow velocity 

is lower than the critical velocity for the initiation of bed material movement (V<Vc). Therefore, 

the bed is stable except for the bed near the obstruction where the local change in flow condition 

leads to sediment transport. Over time, the scour hole develops and reaches equilibrium once the 

maximum scour depth is attained. In cases where the approach flow velocity is exceeding the 

critical velocity for bed movement (V>Vc), the sediment transport condition is defined as live-bed 

scouring. In this type of condition, the movable bed, across the whole channel reach, is being 

transported with greater material transport near the obstruction. In addition, sediment dunes and 
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ripples are formed in the channel and are moving streamwise. These bed forms enter and exit the 

scour hole forming around the vertical obstruction, causing variation in scour depth after the 

equilibrium scour depth was reached (Guan et al., 2015). Figure 2.2 compares the temporal 

evolution of live-bed and clear-water scour depth. Due to the high velocities produced by a tsunami 

wave, the sediment transport condition can be considered as live-bed. However, the hydrodynamic 

features of a tsunami changes depending on the type of coastal slope (Takahashi et al., 2011), 

which means that, in some cases where the velocities are lower, the tsunami wave results in clear-

water scour. Also, the equilibrium scour depth is normally not reached in tsunami flows because 

of the limited time span of the flow. The time dependency of tsunami flows is further discussed in 

section 2.1.4: Temporal evolution of bed scour 

 

Figure 2.2: Temporal evolution of live-bed and clear-water scour (Kothyari et al., 1992) 

The equilibrium scour depth (ds) is a crucial measure in civil engineering design since it informs 

the engineer on multiple design decisions (Arneson et al., 2012). After reviewing over 20 passed 

physical experiments, Melville and Chiew (1999) concluded that the equilibrium scour depth is 

dependent on the following variables: 

 𝑑𝑠 = 𝑓(𝐹𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤, 𝐵𝑒𝑑 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡, 𝐵𝑟𝑖𝑑𝑔𝑒 𝑝𝑖𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦, 𝑇𝑖𝑚𝑒) (2.1) 

• Flood flow: Fluid density (ρ), kinematic viscosity (υ), mean approach flow velocity (V), 

mean approach flow depth (Y), acceleration of gravity (g) 

• Bed sediment: Median grain size (d50), geometric standard deviation of the sediment 

particle distribution (σg), density of particle (ρs), and critical mean approach flow velocity 

for entrainment of bed sediment (Vc) 

• Bridge pier geometry: pier width (b), parameter describing the shape of pier (Sh), alignment 

of pier (Al) 

• Time: time elapsed (t), time to scour depth equilibrium (te) 

2.1.2 Spacing effects 

In addition to the variables included in Equation 2.1, Kothyari et al. (1993) mentioned that the 

spacing between piers influences the equilibrium scour depth and temporal variation of the scour. 
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Spacing (S) is the distance, perpendicular to the flow direction, between two adjacent structures or 

structure elements. Spacing between two piers influences multiple properties of the scour hole 

forming around them. The decrease of the ratio between the pier spacing and the pier width (S/b) 

was found to be resulting in an increase of (Beg, 2010):  

• the scour depth,  

• the scour hole length,  

• the scour hole slopes,  

• the total scour area.  

The link between the relative scour depth and pier spacing is shown in Figure 2.3. Beg (2010) 

found that pier spacing affected the scour depth up to a relative spacing of 6. However, Breusers 

et al. (1977) observed no effect of spacing on scouring passed a spacing of 4.3. The difference 

between the two results may be due to the dependency of the spacing effect on the approach flow 

condition (Elliott and Baker, 1985), which was different in the two cases. 

 

Figure 2.3: Variation of scour depth with respect to pier spacing (Beg, 2010) 

Numerical modeling of transversal column arrangements showed that the reason for the increase 

in scour depth is the greater strength of the horseshoe vortex compared to the single column cases 

(Kim et al., 2014). The investigations of Zhang et al. (2017), and Vasquez and Walsh (2009) 

confirmed that state-of-the-art numerical models (FLOW-3D with k-ε turbulence model and Van 

Rijn (1984a) bed load sediment transport in these specific cases) can be used to accurately calculate 

the scouring around laterally spaced columns, and other complex columns configurations. 

2.1.3 Constriction scouring 

Constriction scouring is caused by flow acceleration (V1 < V2) due to the reduction in channel width 

(B1 > B2) in a particular reach of a channel (Figure 2.4). This type of scour can occur due to the 

natural bank topography or the construction of abutments, which reduces the channel width over 

the reach. The localized flow acceleration increases the flow intensity (V/Vc) over the contracted 

reach, which results in the lowering of the bed if the channel bed is comprised of movable material. 

When the length of transition (Lc) between the two different channel widths is too short, uneven 
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scouring occurs at the transition, which is attributed to local scouring instead of constriction 

scouring. In the idealized cases, it is assumed that the flow is one dimensional and the transition is 

long enough to allow no head loss and no local scour (Sharma, 2017).  

 

Figure 2.4: Sketch of idealized long constriction scour (Sturm et al., 2011) 

The following parameters were found to influence constriction scouring (Sturm et al., 2011): 
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Where 𝑌2 is the maximum flow depth after the contraction, 𝑌1 is the upstream approach flow depth, 

𝐵1 is the width of the approach flow channel, 𝐵2 is the width of the contracted section, 𝑑50 is the 

median grain size, 𝜇 is the viscosity of the fluid, 𝑉1 is the approach velocity, 𝑢∗1 and 𝑢∗𝑐 are the 

shear velocity of the approach flow and the critical shear velocity, g is the gravitational acceleration 

and 𝜎𝑔 is the geometric standard deviation of the sediment size distribution. 

From this relationship, it is apparent that the approach flow properties, the sediment bed properties 

and the channel geometry are influencing the scouring in the contracted reach. When studying the 

phenomenon of constriction (channelization) scour caused by tsunami flows, these variables 

should be varied in order to fully comprehend their link to this scour mechanism in a tsunami 

context.   

2.1.4 Temporal evolution of bed scour 

Up to this point in the thesis, only the equilibrium scour depth has been discussed. However, in 

cases where the approach flow velocity is low, several days may be necessary to reach the 

equilibrium scour depth. In real-life hydrodynamic events, the time span of the event is often not 

long enough to reach the equilibrium scour depth (Kothyari et al., 1993; Melville and Chiew, 
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1999). During events such as floods, the maximum flow velocity may only last for a few hours 

before reducing. Extreme hydrodynamic events, such as rapid storm surges, dam breaks and 

tsunamis, only last a few minutes and can generate a large amount of scour (Tonkin et al., 2013; 

Wilson et al., 2012; Yeh et al., 2013). Due to the time dependency of the flow characteristics in 

the above mentioned hydrodynamic events, the flow is considered as unsteady.  

Linking the temporal evolution of scour to the variation of flow may be the most appropriate way 

to predict the maximum scour depth in those cases, which means that the factors influencing the 

maximum scour depth attained in such events may be different than the ones dictating the 

equilibrium scour depth in steady flow. Therefore, the observations made in steady flow condition 

should be re-evaluated for these unsteady flows. 

2.2 Tsunami scouring  

2.2.1 Field observations of tsunami scouring 

In recent decades, multiple tsunami events have caused building failures and the loss of lives. The 

recent post tsunami field investigations helped the researchers to better understand the modes of 

failures of buildings and the scour processes when these buildings are subjected to tsunami flows. 

Following their post-tsunami surveys of the 2011 Great Japan Tsunami, Tonkin et al. (2014) 

separated the observed scour mechanisms in 4 different categories: 

• Overtopping scour: The water level increases up to a point where it overtops seawalls or 

breakwaters. Then, the flow plunges downward and scours the onshore toe of the structure. 

• Local scour: This scour formation is smaller in diameter and is created by shear stresses at 

the surface of the soil interface. The scour hole forms at the bottom of the structures. This 

scour process is often associated with a loss in pore pressure in the soil, which can cause 

the liquefaction of the soil.  

• General scour: This is the scouring of the soil over a large span of the inundation area. This 

scour mechanism is often associated with a loss in the soil’s pore pressure. 

• Channelization scour: The flow is locally concentrated due to constrictions or changes of 

flow direction. This type of scour can occur in the runup phase of the flow, but is more 

often associated with the drawdown phase. 

 

Overtopping 

 

General 
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Figure 2.5: Types of scour mechanisms (Tonkin et al., 2013) 

Overtopping and local scour have frequently been observed in post-tsunami surveys and some data 

is available for the development of scour estimation models. To the contrary, data for channelized 

and general scour is lacking and not many studies have documented these scour processes. Local 

scour and channelized scour are discussed in this literature review as they are the processes that 

are susceptible to be responsible for the scour increase in multi-structure systems. 

2.2.2 Local Scour 

Local scour holes have been frequently observed around structures in post-tsunami surveys. 

During the 2004 tsunami, scour holes were responsible for the failure of many structures far inland 

(Figure 2.6), even exceeding the tsunami scour design standards of the time (Dames and Moore, 

1980; FEMA, 2008). During the field investigations following the 1993 Hokkaido Tsunami and 

the 2011 Great Japan Tsunami, numerous scour holes were measured to be exceeding depths of 

4m (Tang, 2011; Tonkin et al., 2013; Yeh et al., 2013), and one scour hole was documented to be 

10m deep (Tonkin et al., 2003). 

 
Figure 2.6: Local scour during the 2004 Indian Tsunami. (a) 1.4m Deep.(b) 1.5m Deep (Yeh and Li, 2008) 

To study the phenomenon of local scour in laboratories, engineers and scientists have resorted to 

mimicking tsunami waves with different methods. Solitary waves, Cnoidal waves and N-waves 

Local Scour 

 

Channelized 

 

(b) (a) 
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are often chosen because they can properly replicate the shape of a tsunami wave (Antuono and 

Brocchini, 2011; Chacón-Barrantes, 2018; Nakamura et al., 2008). The use of these short-period 

waves also allow for a test column to easily be installed on a sloped beach, which permits the 

drawdown flow to occur. In the large scale physical experiment conducted by Kato et al. (2000), 

and Tonkin et al. (2003), the drawdown phase of the wave generated the greatest scouring along 

the inshore and longshore faces of the structure. This was explained by the loss in pore water 

pressure inside the soil. When a lag is created between the pore pressure variation and the surface 

water pressure reduction, a negative vertical effective stress is created in the soil, which creates an 

upward pressure on the grain particles. At this point, the soil can experience liquefaction and is 

easily transported by the shear stresses imposed by the moving fluid. Therefore, allowing the 

drawdown phase of the wave to occur is crucial in the study of the processes governing tsunami 

scour.  

When using the above-mentioned short-period waves, the method of wave generation limits the 

wave period (T), which results in waves that are often much shorter than that of an equivalent 

prototype-scale tsunami (Madsen et al., 2008). McGovern et al., (2019) argued that the KC number 

(VT/b), defined by Sumer, et al. (1992), is an important proportion to respect when predicting 

scouring caused by tsunami-like waves because of the importance of the inundation time. Having 

a wave period that is too short will lead to an under prediction of the scour depth, since the scour 

depth at a structure is time dependent (Equation 2.1). It is recognized by the scientific community 

that dambreak bores replicate well tsunami waves since the appropriate scale of the wave period 

can be easily produced in laboratory and the bore front is hydraulically similar to an advancing 

tsunami bore on a flat coastal plain (Chanson, 2009, 2006, 2005). 

The scour hole pattern resulting from the use of a dambreak bore is different from the use of the 

short-period waves in part because the drawdown is usually not simulated when using the former. 

A dambreak bore is typically simulated by impounding a large quantity of water and suddenly 

releasing it onto the test area with the use of a rapidly opening gate. The experiment of Lavictoire 

et al (2014) showed that the dambreak waves are resulting in greater scour depth than solitary wave 

and long wave tests, and the scouring resulting from this type of wave mainly occurs on the 

longshore sides and on the offshore side of a cylindrical structure with little scour onshore of the 

structure. When a square-shaped structure is used, the scouring mainly occurs at the offshore face 

and offshore corners of the column, with smaller scour on the longshore sides (Mehrzad et al., 

2016). Therefore, the shape of the structure is influencing the pattern of the scour hole developing 

around the vertical structure. The approach wave properties, structure size and sediment size were 

all found to influence the scour depth resulting from a dambreak-type bore (Lavictoire et al., 2014; 

Mehrzad et al., 2016).  

The scour hole forming at square structures generated by a dambreak bore begins at the upstream 

corners and extends to meet in the middle of the square column’s offshore face (Mehrzad et al., 

2016). A similar pattern of scour development was observed when a long period wave was used, 

which was attributed to lateral vortices forming at the structure’s offshore corners (D. McGovern 

et al., 2019) (Figure 2.7b). With the use of a numerical model, Arabi et al. (2019) investigated the 

hydrodynamic interaction between a solitary wave and a standing structure (Figure 2.8). In their 

setup, the bed was non-erodible and flat, and an initial water depth was modeled throughout the 

domain. They observed some cylindrical turbulence structures at all corners of the square 

structures. These turbulent eddies were similar to the ones noted by D. J. McGovern et al. (2019) 
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and are most likely leading to scour in the above-mentioned two physical experiments (D. J. 

McGovern et al., 2019; Mehrzad et al., 2016). 

 

Figure 2.7: Scour evolution around a square column subjected to a long wave. (a) Longshore side; (b) offshore facing 

side. Measurements taken every 0.04 t/T (time over wave period) (D. J. McGovern et al., 2019) 

(a) (b) 
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Figure 2.8: Visualization of numerically generated turbulent structures generated by a solitary wave around a 

standing square structure (green shows Q-criterion = 2) (Arabi et al., 2019) 

2.2.3 Channelized Scour 

Channelized scour has been observed in post tsunami surveys, but very little documentation on the 

subject is available. In the aftermath of the 2011 Great Japan Tsunami, the tsunami waves crossed 

the Pacific Ocean and impacted the Western American coast. Wilson et al. (2012) documented the 

erosion and deposition of sediments in two harbors in California, US, following the passage of the 

tsunami waves. Using the NOAA, USGS and USACE data base, they were able to estimate the 

difference in bed elevation caused by the tsunami waves at the two harbors (Figure 2.9).  
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Figure 2.9: Difference in bed elevation in the Crescent City Harbour, United States, after the 2011 Japan Tsunami 

(Wilson et al., 2012) 

They observed that the scouring occurred close to obstacles and where the flow was constricted. 

These scour holes were attributed to local scour and channelized scour respectively. Figure 2.9 

shows a deep scour hole at the entrance of a harbor, which was caused by the concentrated flow 

resulting from the small opening in the seawalls. Wilson et al. (2012) estimated the surface water 

velocity from surveillance footage. A clear link was noted between the areas where surface water 

velocity was higher and the locations of channelized scouring. Therefore, constricted areas locally 

focussed the flow, which resulted in greater flow velocity and channelized-type scouring. 

In their post-tsunami survey of the 2011 Great Japan Tsunami, Yeh, Sato and Tajima (2013) 

observed a deep scour hole between two tsunami-resistant hospital buildings. The scour hole, 

located exactly between the two buildings, was over 3.5 m deep (Figure 2.10a). Only a small 

amount of soil transport can be observed upstream or downstream of the buildings. The scour hole 

was attributed to the process of channelized scour since the buildings proximity locally accelerated 

the flow between them. 
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Figure 2.10: Channelized between two tsunami resistant critical infrastructures (a) View from shore side (b) Areal 

view of the affected area (Yeh et al., 2013)  

In addition to the channelized scour, the phenomena of sheltering and flow amplification were 

noted (Figure 2.10b). First, the hospital buildings protected the weaker buildings that were located 

exactly onshore of them. Second, all the buildings, formerly situated onshore of the gap between 

the hospital buildings, were destroyed. A strong jet flow was generated by the narrow gap and 

caused greater than normal loads and/or scour at the downstream building, resulting in the failure 

of those structures. 

2.2.4 Numerical modeling of tsunamis 

With the development of reliable numerical modeling techniques, many researches have turned to 

using this tool to investigate different hydrodynamic characteristics of tsunamis and their 

associated scouring potential. Using numerical models comes with the advantage of easily 

changing the model’s parameter and these parameters have no physical limitations, like in the case 

of physical experiments. However, the governing equations and the solving methods were built 

with inherent assumptions, which makes them only an approximation of the reality and is limiting 

the situations that can be accurately reproduced by the model. Therefore, these models need to be 

validated and calibrated for the tsunami-like flows before being used. At present, most studies 

involving numerical models in the field of tsunami research have used the numerical model to 

reproduce the results from a physical, which validates the numerical model. These studies have 

mostly focussed on the hydrodynamic features of tsunamis due to the complexity of modeling 

scour caused by any type of flows.  

Numerical investigations of tsunami-like waves impacting a vertical structure have been 

performed successfully with the use of various numerical models. St-Germain et al. (2014) were 

successful at representing the complex hydrodynamic interaction between a dambreak bore and a 

square structure through the use of the Lagrangian model SPHysics in combination with the large 

eddy simulation (LES) turbulence model. Similarly, Sarjamee et al. (2017) modeled the dambreak-

bore-structure interaction with the Eulerian model OpenFOAM, using LES. Sarjamee et al. (2017) 

included a mitigation wall upstream of the structure, which added to the complexity of the transient 

flow. 

Authors have utilized numerical models to modeled overtopping scour (Chen et al., 2016; Sulianto 

and Murakami, 2015; Wang et al., 2016) and the morphological change of a flat beach (Liu et al., 

(b) (a) 
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2019) caused by tsunami waves. These investigation were performed with vertical two-

dimensional numerical models, because shear stresses caused by the cross-shore movement of 

water and vertical vortices are responsible for the bed material transport in those cases. In the case 

of vertical structures, the resolution of the flow in the two horizontal directions is necessary to 

replicate the vortices forming around a structure (Figure 2.1, Figure 2.8, and Figure 2.11). 

Pan and Huang (2012) used a horizontal 2D numerical model to reproduce the physical experiment 

results of Tonkin et al. (2003). The experiment consisted of a solitary wave impacting a cylindrical 

vertical structure installed on a sloped movable bed. Their results showed that, although the model 

replicated well certain hydrodynamic features of the wave-column interactions, the 2D model was 

not detailed enough to accurately calculate the scour process around the column. 3D numerical 

models were found to be a lot more accurate for the calculation of wave-induced scouring around 

vertical structures caused by tsunami-like waves (Jayaratne et al., 2018; Nakamura and Mizutani, 

2014). Larsen et al. (2017) studied the scour induced by a tsunami wave around an offshore 

cylindrical monopile using a 3D OpenFOAM model, with the Reynold-averaged Navier-Stokes 

(RANS) equations and the k-ω turbulence model. They found that the vortex formation responsible 

for the local scour (horseshoe vortex) was similar to that in steady current (Figure 2.11). The results 

of this numerical investigation were later compared to experimental results, which confirmed the 

validity of the numerical results (Larsen et al., 2018). 

 

Figure 2.11: Instantaneous vortical structures around a monopile subjected to a tsunami-like wave (Larsen et al., 

2017) 

2.3 Tsunami design code 

Since tsunamis were found to be responsible for the destruction of numerous buildings, design 

standards were developed to help engineers properly design buildings to withstand tsunami events. 
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Forces imposed by hydrostatic pressure, hydrodynamic pressure and debris impact must be 

considered when designing a tsunami-resistant building. In addition, requirements for scour design 

are now provided in some design standards. The latest provisions for local scouring, channelized 

scour and flow amplification are presented in this section. 

2.3.1 Local scour design 

Scouring has led to multiple structure failure during major tsunamis. Scouring around shallow 

foundation removes the support from under some structure elements, making the structure more 

vulnerable to failure. Therefore, adequate standards are required to ensure reliable designs. 

However, standards for tsunami scouring have only been recently added to construction standards 

(Yeh et al., 2005). 

The Federal Emergency Management Agency (FEMA) standard requires designing a building’s 

shallow foundation deeper than the predicted scour depth caused by a tsunami wave at the building 

location. The pile foundation must be able to resist the design loads after the scouring has exposed 

parts of the foundation. FEMA P-646 requires following the table developed by Dames and Moore 

(1980). This design scour depth prediction is related to the distance from the shoreline, flow depth 

and the soil type (Table 2.1). 

 

Table 2.1: Approximate scour depth as a percentage of flow depth (Dames and Moore, 1980) 

The ASCE 7-16 code is currently suggesting to follow the recommendations proposed by Tonkin 

et al. (2014) for local scour at a structure. Their curve was created based on field observations of 

tsunami scour in the aftermath of the 2011 Great Japan Tsunami (Figure 2.12). In this standard, 

only the local flow depth is used to estimate design scour depth. For a flow depth below 2.5 m, the 

design scour depth is equal to 1.2 times the flow depth. After this point, the design local scour 

depth remains at 3 m. This maximum was defined because only a single local scour hole was 

deeper than 3 m in the field observations of Tonkin et al. (2014).  
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Figure 2.12: Estimation of local scour depth with respect to flow depth (Tonkin et al., 2013) 

Two exceptions are included in the ASCE 7-16 standard. (1) If the soil is stable when subjected to 

flows velocities reaching 30 ft/s (9.14 m/s) or is non-erodible strata. Then, there is no need to 

design the building for tsunami scour. (2) When the estimated Froude number for the building 

location is less than 0.5. In those cases, a reduction factor based on the estimated Froude number 

can be applied.  

The latest ASCE7 provisions for column scour design is to consider a vertical scouring to projected 

element width ratio of 1.3 times the Froude number (ds/b = 1.3Fr) up to a Froude number of 1. 

The ratio of scour depth over pile width (ds/b) remains at 1.3 for flows with a Froude number above 

1 (Figure 2.13). 
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Figure 2.13: Estimation of vertical extent of scour to projected pier width with respect to the Froude number 

2.3.2 Channelized and generalized scour 

The ASCE 7-16 states that when designing a structure in a tsunami prone area, general and 

channelized scour should be considered. The scour depth is greater in areas where the returning 

flow can be concentrated, which is associated with channelized scour (example: along seawalls or 

in a pre-existing streambed). If the site has clues indicating that channelized scour is a risk, then 

analysis of this scour process should be carried out. Pore pressure softening should be ignored 

because soil liquefaction is associated with rapid changes in water level, as opposed to channelized 

scour that occurs over a longer time scale. It is recommended to use dynamic numerical modeling, 

physical modeling or empirical methods to determine the depth of scour generated by those 

mechanisms. However, no further guidance is provided for this type of analysis. 

2.3.3 Flow velocity amplification 

In the ASCE 7-16 standard, flow constriction must be considered because it amplifies the flow 

velocity and the associated hydrodynamic forces at a structure installed downstream of the 

constriction. Three experimental studies are mentioned in the standard’s commentary for guidance 

(Nouri, 2008; Nouri et al., 2010; Thomas et al., 2015). Based on these studies, the ASCE 7-16 

requires that the considered flow velocity be increased by 25% when the effective wake clearance 

angle (β) is 20º < β < 35º (Figure 2.14a). When β is lower than 10º or greater than 55º, no 

amplification factor needs to be applied to the flow velocity (Figure 2.14a). The effect of upstream 

obstruction on flow factor shall be considered only if enclosed structures are present within 500ft 

(152m) of the site. 
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Figure 2.14: (a): Flow speed amplification factor vs wake clearance angle (β) (b): Diagram of the effective wake 

clearance angle (Thomas et al., 2015) 

2.4 Discussion and Research Needs 

Tsunami research contains many gaps, which present many research opportunities. As experienced 

during the large tsunamis of the 21st century, the lack of appropriate methods to cope with such a 

destructive hydraulic phenomenon makes the coastal communities vulnerable to any such future 

events. At present, only a very limited number of parameters are used to predict scouring caused 

by tsunamis. Only the flow depth, the Froude number, the structure width and the grain size are 

considered for tsunami scour design in construction standards. However, the standards fail to 

predict accurately the complex process of tsunami scour, because many factors that were found to 

influence scour induced by tsunami-like flows are not yet considered and many scour holes were 

found to exceed the construction standards’ requirements. Additional factors, which are considered 

in steady flow scouring, could be studied in a tsunami context and included in the tsunami design 

standards in the future. Those factors include, but are not limited to: structure geometry, sediment 

properties, the presence of additional structures that concentrate the flow, flow velocity, shore 

slope and inundation time. 

The influence of structure arrangements and their distance from one another on scour is still yet to 

be researched in tsunami flow conditions. Studies performed in steady flow showed that the 

addition of a similar sized structure placed on the same transversal plane can increase the scour 

depth by 21% when the distance between the structures is equal to the structures’ width. The 

ASCE7 standard requires planning for flow velocity amplification due to upstream obstructions, 

but nothing is mentioned on the influence of this setup, nor on the effect of transversally spaced 

buildings, on the associated scour. Sheltering effects may also be occurring when two buildings 

are placed on the same longitudinal line. Further research on the effect of various structure 

arrangements on scouring is needed. 

Several methods of analogizing tsunami waves have been used in previous studies. The use of 

dambreak bores and solitary waves have been the two most common ways to simulate a tsunami 

wave. Several authors have discussed theoretically their validity (Chacón-Barrantes, 2018; 

Chanson, 2009, 2006, 2005; Madsen et al., 2008). Both methods of simulating tsunami waves offer 

different advantages and disadvantages for the study of scouring. However, to this day, no 

(b) (a) 
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experimental research has been performed to directly compare the two tsunami mimicking waves, 

and discuss the importance of the drawdown phase, inundation period and beach slope when 

studying tsunami-induced scouring. Studies have previously varied the height of the incoming 

wave and column size and showed their importance on scour, but none have tested the scale effect 

by simultaneously changing the size of wave, structure and movable bed particles. Studying the 

scale effect would test the assumptions that the scaling rules that applies to scouring in steady flow 

conditions also applies for tsunami-like flows. 

Few studies have used numerical models to study tsunami flows, and tsunami-induced scouring, 

which means that few situations have been modeled (Chen et al., 2016; Larsen et al., 2017; Liu et 

al., 2019; Pan and Huang, 2012; Sarjamee et al., 2017; St-Germain et al., 2014, 2012; Sulianto and 

Murakami, 2015). At present, all numerical studies in the field of tsunami, with only a few 

exceptions, have been performed with non-erodible soil or were studying the phenomenon of 

overtopping scour using a two-dimensional vertical model. To the candidate’s knowledge, the 

morphological changes caused by local scour induced by a tsunami-like wave have only been 

discussed by two studies, and they both used a cylindrically shaped vertical structure. Scouring 

around a square column caused by tsunami has yet to be numerically investigated. These studies 

have utilized long waves and solitary waves to mimic tsunami waves and to study its associated 

local scour. Dambreak wave-structure interaction was investigated over a stable bed, but the 

resulting scour has not been numerically tested so far (St-Germain et al., 2014).  

With the exception of flat beach numerical investigations, all the sediment transport numerical 

investigations were performed at laboratory scale. A prototype scale investigation of local scour 

induced by a tsunami wave has yet to be done. A study at this scale could help confirm the scaling 

methods used in small scale experiments to study the phenomenon of tsunami scour. In addition, 

a numerical model may be used to study the changes in turbulence patterns associated with 

multiple structures compared to a singular structure, which would help explain the reason for the 

change in scour.  
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Chapter 3:  Numerical Modeling of Tsunami Induced 
Scouring around a Square Column: Performance 

Assessment of FLOW-3D and Delft3D 

3.1 Abstract 

In the recent years, tsunamis have caused considerable damage to coastal infrastructures and 

inflicted numerous casualties in coastal communities in the impacted regions. The information, 

which the design requirements for tsunami resistant infrastructures is based on, is still in its 

preliminary stages. The focus of the study is to investigate, by means of a numerical model, the 

scouring occurring around a single square column subjected to tsunami floods. A 3D hydrostatic 

numerical model (Delft3D) and a 3D non-hydrostatic model (FLOW-3D) were used to replicate a 

series of physical tests conducted at the University of Ottawa, which consisted of a dam-break 

wave impacting onto a single square column installed over a movable sediment bed. These 

experimental tests were conducted in the Dambreak Flume at the University of Ottawa. A total of 

four different turbulence models and two different sediment transport models were tested to find 

the most appropriate combination, which could model the complex flow characteristics associated 

with a dambreak-type bore. An extensive review of the hydrodynamic and scouring performance 

of various numerical models was also included in this study. 

3.2 Introduction 

Tsunamis are catastrophic events that affect highly populated coastlines along many regions of the 

world. They cause immense damage and have caused hundreds of thousands of deaths in the past 

two decades alone (Fritz et al., 2011; Nistor, and Palermo, 2015; Palermo et al., 2013; Samarajiva, 

2005; Takahashi et al., 2011; Tang, 2011; Tonkin, Francis, and Bricker, 2013). Although tsunamis 

have been observed to cause structural failure in buildings/infrastructure, very little information is 

available on scouring around buildings when exposed to tsunami-induces coastal inundation 

(Jayaratne et al., 2016; Yeh, and Li, 2008).  

In the latest version of the newest code, elaborated by the American Society of Civil Engineering 

(ASCE) and entitled Minimum Design Loads and Associated Criteria for Buildings and Other 

Structures; Tsunami Loads and Effects ASCE7-Chapter 6, only tsunami flow depth as a factor for 

designing to protect against scouring effects  was taken into consideration (ASCE, 2016; Tonkin, 

Francis, and Bricker, 2013). This provision was developed based only on limited field observations 

and it may lead to inaccurate predictions of the scour around structures in extreme overland flow 

events. Recent physical experiments on extreme flood events suggest that flow properties, the 

structures’ position relative to the shore, and the structures geometry and dimensions are 

significantly influencing the development of the scour and its final depth (Kato, Sato, and Yeh, 

2000; Lavictoire, Nistor, and Rennie, 2014; Mehrzad, Nistor, and Rennie, 2016).  

In order to physically model tsunamis, various wave generation modes have been previously 

employed to account for modifications to the waves as they advance inland in the form of either a 

surge or a highly turbulent bore  (Fritz et al., 2011a; Takahashi et al., 2011). Solitary waves 

https://www.asce.org/templates/publications-book-detail.aspx?id=24136
https://www.asce.org/templates/publications-book-detail.aspx?id=24136
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(Nakamura, Kuramitsu, and Mizutani, 2008; Nistor et al., 2017; Nistor, Goseberg, and Stolle, 

2017), N-waves (Yeh, and Li, 2008), Cnoidal  waves (Antuono, and Brocchini, 2011), and dam 

break waves (Lavictoire, Nistor, and Rennie, 2014; Mehrzad, Nistor, and Rennie, 2016; Nouri et 

al., 2010; St-Germain et al., 2014; St-Germain, Nistor, and Townsend, 2012) have been used by 

various scientists to study tsunami behavior. However, Madsen et al. (2008) have argued that the 

fact that a tsunami has a long period minimizes the energy loss due to friction, and tsunami-

replicating models should follow the same logic. A dam break-type wave, in the form of a broken 

bore, has become a scientifically accepted method to model tsunami-induced inundation due to its 

ability to produce long period waves and to closely represent a tsunami wave advancing on a flat 

coastal plain (Chanson, 2009, 2006). In the present study, the authors employed the use of a dam 

break wave.  

This paper focuses on simulating the impact of tsunami bores on scour around structures under 

extreme flow conditions. Physically-based numerical models are efficient and allow users to assess 

the effect of the specified parameters without the need to perform extensive experimental modeling 

work. Despite experimental modelling being extremely valuable to calibrate and validate 

numerical models, it tends to be expensive and time-consuming. In the particular case of tsunamis, 

the rapidly transient flows and the associated strong eddies in both the horizontal and vertical 

planes represent significant challenges. Presently, various computational fluid dynamic (CFD) 

models have been developed and are available both commercially and as open-source. As part of 

this study, two different numerical models were applied in an attempt to mimic tsunami-like flows: 

FLOW-3D (Flow Science, 2018) and Delft3D (Deltares, 2011). Both have their own set of 

assumptions leading to different strengths and weaknesses. FLOW-3D is a fully non-hydrostatic 

numerical model package developed to solve complicated flow structures. Delft3D is a quasi-3D 

numerical model designed to solve riverine and coastal processes. Although Delft3D was 

developed for larger scales, it was chosen in this study to evaluate to what extent this model can 

simulate the problems of the present study. The hydrostatic assumption for vertical accelerations 

is the main difference between the models. Additional open source CFD models, such as SPHysics 

(Fourtakas and Rogers, 2016; Saghatchi, Ghazanfarian, and Gorji-bandpy, 2014), OpenFOAM 

(Liu et al., 2019; Yan, Mohammadian, and Rennie, 2020b), SSIM (Alemi and Maia, 2018; 

Ehteram and Mahdavi, 2015) and Fluent (Omara et al., 2019), could be used for this task. These 

models have proven to perform well at predicting scouring around a structure. 

Numerical models have been applied for decades to represented tsunami waves and their complex 

interactions with the nearshore and infrastructure located in the vicinity of the shoreline. Reynolds 

Averaged Navier Stokes (RANS) (Chen et al., 2016; Larsen et al., 2018, 2017) and spatially-

averaged models (Sarjamee, Nistor, and Mohammadian, 2017; St-Germain et al., 2014; St-

Germain, Nistor, and Townsend, 2012) were shown to correctly replicate the hydrodynamic 

properties of tsunami-like waves impacting a vertical structure.  

Few numerical models have modeled tsunami-induced scouring around vertical structures. Larsen 

et al. (2017, 2018) were able to achieve realistic scouring around a circular mono-pile by applying 

RANS with k-ω as the closure model. Researchers have investigated some parameters influencing 

tsunami-induced scouring using numerical models, but the investigation of bed profile changes 

around a single column has been virtually unstudied (Jiang et al., 2015; Liu et al., 2019; Nakamura 

et al., 2008; Yeh and Li, 2008).  
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The objective of this study is to study the performance of the previously mentioned numerical 

models (FLOW-3D and Delft3D) in reproducing the tsunami-induced scour around. The model, 

which would prove most adequate to reproduce the spatio-temporal evolution of the experimental 

results, will be used for the authors’ future work on tsunami-induced scour around multiple 

structures. 

The remainder of this paper is organized as follows: Section 2 presents the methodology and details 

of each of the two numerical models investigated. Section 3 presents the results of the study while 

they are further discussed in Section 4. Finally, the conclusions stemming from this study are 

presented. 

3.3 Methods 

In order to find the most suitable numerical model for the authors’ tsunami scouring study, the 

following steps were undertaken: 

• The two numerical models were calibrated using Chanson (2009) analytical solution for a 

dambreak profile. 

• Variables were defined as calibration variables in each sediment transport model and were 

adjusted to match the experimental results found by Merhzad et al. (2016). These results 

were used for the models’ validation. 

• The hydrodynamic field around the bore-building interaction, as well as scouring results, 

for Delft3D and FLOW-3D, were compared. 

• The performance of four turbulence models (standard k-ε, RNG k-ε, k-ω and LES) were 

compared by comparing their effect on the final scour profile. 

• Finally, two different sediment transport models, Van Rijn (1984) and Nielsen (1992), were 

tested in combination with the best performing turbulence model from the previous step. 

3.3.1 Experimental data 

The numerical models were developed to reproduce an experimental test by Mehrzad et al. (2016). 

This experiment was conducted in the Dambreak Flume at the University of Ottawa, Canada. The 

flume used for this experiment was 30 m long, 1.5 m wide and 0.5 m deep. Mehrzad et al (2016) 

studied the spatio-temporal evolution of scouring around vertical square structural models due to 

dam break-waves. Figure 3.1 shows the experimental set up. The dambreak wave was generated 

by the sudden release of a specified volume of water impounded behind a rapidly opening swinging 

gate. Only one of Mehrzad et al. (2016) tests was used for comparison purposes with the results 

from the numerical models investigated in this study. In this test run, Mehrzad et al. (2016) used 

water with an impoundment depth of 0.25 m, which generated a hydraulic bore that impacted a 

square column possessing a width of 0.2 m. The square column was installed in a 0.2 m deep by 

3.3m long sediment bed (with a median diameter grain size (D50) of 0.001 m). A false floor was 

installed upstream and downstream of the sediment bed. The same sand, as specified above, was 

glued onto the false floor to ensure uniform bed roughness over the entire section of propagation 

of the hydraulic bore. A 0.15 m wide gabion bed was installed at the upstream end of the sediment 

bed to reduce local erosion at the interface between the erodible bed and the false floor. 
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Figure 3.1: Experimental setup from Merzhad et al. (2016) 

At the end of each test, the scour around the column was measured using a Leica Disto TM laser 

altimeter which was reported to have a distance measuring accuracy of ± 0.001 m. The results of 

the laser altimeter measurements are an accurate 3D representation of the final bed profile. In 

Mehrzad et al. (2016), wave gauges and video cameras were used to observe the time history of 

the bore velocity and of the sediment bed evolution. When analyzing their results, an apparent 

bowl-shaped deep scour hole, with a maximum depth of 160 mm, was observed to have formed at 

the upstream face of the column (Figure 3.2). A strong vertical vortex was observed to have 

occurred at the front of the model structure and the authors inferred that this was most likely 

responsible for much of the upstream scour hole development. Some minor scouring extended at 

a 45-degree angle downstream from the column. Cone shaped accumulation was observed directly 

behind the column. In their paper, additional information is available on the spatio-temporal 

scouring evolution for different structural models cross sections, size and upstream impoundment 

depths.  

 

Figure 3.2: Final scour bathymetry generated by a hydraulic bore created by an impoundment depth of 0.25m for 

the case of a column with a 0.2m side square cross section (reproduction with permission of Mehrzad et al. (2016)) 
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3.3.2 Numerical Models 

As mentioned, the objective of this study is to compare the performance of two numerical models: 

FLOW-3D and Delft3D, and to assess their suitability to further investigate scouring around a 

structure induced by a dam-break wave. The first software discussed is Delft3D in its open source 

option (Briere, Giardino, and Van der Werf, 2011; Deltares, 2011). The second numerical model 

used in this study is FLOW-3D, for which a research license was granted to the authors. Their 

features and setups are discussed in this section. 

3.3.2.1 Governing Equations 

Delft3D does not allow the use of both the sediment transport module and its non-hydrostatic 

solver. Therefore, a hydrostatic simulation was performed instead. Due to the shallow water 

assumption, the vertical acceleration is only caused by the hydrostatic pressure: 

 
𝜕𝑃

𝜕𝑧
= −𝜌𝑔ℎ (3.1) 

where P is the pressure, ρ is the density, g is the gravitational acceleration and h is the water depth. 

The continuity equations and the momentum equations for the two horizontal directions i (for both 

x- and y-direction) are as follows: 
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where ui and uj are the velocity vectors, t is the time, xi is the position vector, f is the Coriolis 

parameter, Fi are the external forces, Mi is the external hydraulic forces contribution to momentum 

and νV is the vertical eddy viscosity coefficient. The horizontal pressure terms (Px and Py) are 

provided by the Boussinesq assumptions. In the pressure equation, the horizontal pressure gradient 

is derived in the transformed vertical coordinate (𝜎) and ζ is the height of free water surface 

elevation above the horizontal plane of reference. 

 
1

𝜌0
𝑃𝑖 = 𝑔

𝜕𝜁

𝜕𝑥𝑖
+ 𝑔

ℎ

𝜌0

∫ (
𝜕𝜌

𝜕𝑥𝑖
+

𝜕𝜎

𝜕𝑥𝑖

𝜕𝜌

𝜕𝜎′
)

0

𝜎

𝑑𝜎′ (3.4) 

With FLOW-3D, four different turbulence models were employed and their performance was 

assessed to determine the optimal one: (1) the standard k-ε model (used to compare the 

performance of both models), (2) the RNG k-ε model; (3) the k-ω model and (4) the LES model. 

In contrast to Delft3D, FLOW-3D solves the Reynolds-averaged Navier-Stokes momentum 

equation in the vertical direction, allowing the simulation to be fully non-hydrostatic. This feature 

helps capturing the vertical vortices generated by the advancing bore. However, this comes with 

greater computational cost. Although FLOW-3D uses a structured orthogonal grid, it can model 

complex geometries by the application of the fractional area/volume method (FAVOR). This 

method allows a rectangular computational cell to be partially blocked by an obstacle, or, in the 

present case, the presence of a non-uniform bed. Sharp free surface (e.g. hydraulic jumps, free jets 

in air) are modeled using the Volume-of-Fluid (VOF) method (Vasquez, and Walsh, 2009). The 

following equation is the momentum equation which is solved for all axis: 
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𝜕𝑢𝑖

𝜕𝑡
+

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗

[(𝜈) (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] + 𝐹𝑖 (3.5) 

3.3.2.2 Boundary Conditions 

In Delft3D and FLOW-3D, all boundaries were defined as symmetric pressure-type, except for the 

downstream one. In FLOW-3D, the downstream boundary was defined as a negative pressure 

boundary of z = -10m. This boundary definition allowed the flow to freely exit the computational 

domain and, as such, no flow reflection at the downstream boundary was observed, replicating the 

dambreak flume outlet. In the case of Delft3D, no boundary condition reflection was achieved by 

including a 10 m long, 3 m deep, 1.5 m wide reservoir, starting at x = 30 m, to allow the water to 

escape the flume’s testing area. This setup replicates the downstream outflow of the University of 

Ottawa flume used during the physical model test (Mehrzad et al. 2016). No effect of this setup 

was observed on the time-history of the water surface near the structural model (column). 

3.3.2.3 Computational Grids 

In the case of Delft3D, simulations were performed using a curvilinear grid with maximum 

refinement of 0.02 m in the x-direction, a uniform grid size of 0.02 m in the y-direction, and 20 

equal proportion σ-type cells in the z-direction (see Figure 3.3). The grid and time steps were 

optimized through a sensitivity analysis performed by the authors until the model was found to be 

grid and time insensitive.  

 

Figure 3.3: Numerical Model Mesh for Delft3D 

For FLOW-3D, the computational domain consisted of four nested grids with uniform, prism-

shaped cells. Their sizes varied from 0.02 m for most of the domain of the flume to 0.0075 m in 

the close vicinity of the structural model for a total of just over 2.5 million cells (see Figure 22). 

Sensitivity analysis showed no scouring change when additional finer grids were added. The time 

step was variable and optimized throughout the simulation to ensure convergence. Convergence is 

assessed based on the acceleration components. If the Courant number is larger than 1.0, then the 

time step is automatically reduced to achieve convergence. As such, the same computational 

domain setup was used for all numerical tests.  
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Figure 3.4: Numerical Model Mesh for FLOW-3D 

3.3.2.4 Sediment Transport Model 

The sediment transport model used in both Delft3D and FLOW-3D was the one developed by Van 

Rijn (1984), originally developed for coastal-type models. The model calculates separately the 

bedload and suspended sediment transport. According to reference height 𝑎 determined by 

Equation 3.6, the sediment is considered as bedload and is suspended when above that height.  

 𝑎 = 𝑚𝑖𝑛 [𝑚𝑎𝑥 (𝐴𝐾𝑆𝐹𝐴𝐶 ∗ 𝑘𝑠,
𝛥𝑟

2
, 0.01ℎ) , 0.2ℎ] (3.6) 

where 𝑎 is Van Rijn’s reference height, AKSFAC is a proportionality factor (defined by the model 

user), 𝑘𝑠 is the current related effective roughness height, 𝛥𝑟 is the wave-induced ripple height, set 

as constant of 0.025m, and ℎ is the water depth. The bedload transport equation is based on the 

principle of sediment motion such that when a certain shear stress is exceeded the sediment 

becomes entrained. The critical shear stress is based on Shield’s diagram (van Rijn, 1984a,b). The 

following equation describes the bed load transport rate under reference height, a: 

 |𝑆𝑏| = 0.25𝛼𝐷50𝐷∗
−0.3[𝜏𝑏,𝑐

′ /𝜌]
0.5

[(𝜏𝑏,𝑐
′ − 𝜏𝑏,𝑐𝑟)/𝜏𝑏,𝑐𝑟]

2.1
 (3.7) 

where, 𝑆𝑏 is the bed load transport, 𝐷50 is the median grain size, 𝜏𝑏,𝑐
′  bed shear stress due to current, 

𝜏𝑏,𝑐𝑟 is the critical bed-shear stress according to Shields, 𝐷∗ and 𝛼 are the non-dimensional particle 

diameter and a calibration factor (taken as 1.0 in both models), respectively. 𝐷∗ is defined as: 

 𝐷∗ = 𝐷50 [
(𝑠(𝑙) − 1)𝑔

𝜈²
]

1/3

 (3.81) 

where 𝜈 is the dynamic viscosity and 𝑠 is the sediment specific gravity. The total suspended 

sediment transport is found with Equation 3.8 which is the summation, from the reference height 

to the water surface, of the suspended sediment concentration (𝑐) multiplied by the velocity (𝑢): 

 𝑞𝑠 = ∫ 𝑢 ∗ 𝑐 ∗ 𝑑𝑧
ℎ

𝑎

 (3.9) 

The reference sediment concentration is calculated using the following equation: 
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 𝑐𝑎
(𝑙)

= 0.015𝜌𝑠
(𝑙)

𝐷50(𝑇𝑎
(𝑙)

)
1.5

𝑎(𝐷∗
(𝑙)

)
0.3  (3.10) 

where 𝑐𝑎
(𝑙)

 is the mass concentration at the reference height 𝑎, 𝑇𝑎
(𝑙)

 is the non-dimensional bed-

shear stress, 𝜇𝑐
(𝑙)

 is the efficiency factor current, 𝑢∗ is the friction velocity due to currents, and 𝜏𝑐𝑟
(𝑙)

 

is the critical bed shear stress. The following equations are used to determine the above-mentioned 

variables. 

 𝑇𝑎
(𝑙)

=
(𝜇𝑐

(𝑙)
𝜏𝑏,𝑐) − 𝜏𝑐𝑟

(𝑙)

𝜏𝑐𝑟
(𝑙)

 (3.11) 

 𝜇𝑐
(𝑙)

= max (0.6/𝐷∗
(𝑙)

, 0.06) (3.12) 

 𝜏𝑐𝑟
(𝑙)

= (𝜌𝑠
(𝑙)

− 𝜌𝑤)𝑔𝐷50𝜃𝑐𝑟
(𝑙)

 (3.13) 

A second sediment transport model, the diffusion model developed by Nielsen (1992), was tested, 

however only in the case of FLOW-3D. This model was developed for coastal-type conditions and 

was shown to perform well when the median diameter of the sediment is around 0.001 m (Nielsen, 

1992). In FLOW-3D, only the formulation of bedload differs between the application of Van Rijn 

(1984) and Nielsen (1992). Also, both models are based on the Shield’s parameter. The bedload 

transport rate is determined with the following equation: 

 |𝑆𝑏| = 12 [𝑔 (
𝜌𝑠 − 𝜌𝑤

𝜌𝑤
) 𝐷50

3]
1/2

[𝜏𝑏,𝑐
′ ]

0.5
(𝜏𝑏,𝑐

′ − 𝜏𝑏,𝑐𝑟) (3.14) 

3.3.2.5 Turbulence models 

Four different numerical models were tested during this study. (1) The standard k-ε model was 

tested in both Delft3D and FLOW-3D since it was the only turbulence common to the two of them. 

It was also successfully used to model scouring in complex cases (Yan, Mohammadian, and 

Rennie, 2020a, 2020b) (2) The RNG k-ε model was tested in FLOW-3D since it has been used in 

similar cases (Chen et al., 2016). (3) Similarly, the k- ω model was used to measure scouring in 

comparable flows (Larsen et al., 2018). (4) The LES model was tested in FLOW-3D because it is 

recognized to perform well in highly turbulent flows and was previously proven to mimic well 

dambreak flows interacting with structures (Escue, and Cui, 2010; St-Germain et al., 2014). 

The k-ε and k-ω turbulence models are RANS (Reynolds-averaged Navier Stokes) closure models. 

To solve for turbulence, these models emulate energy losses due to turbulence as local viscosity 

increases following the Boussinesq assumption. The k-ε model, as well as all other RANS 

turbulence closure models applied in this study, is a two-equation-type model developed for fully 

turbulent flows: k is the turbulent kinetic energy and ε is the turbulence dissipation rate (Jones, and 

Launder, 1972). This model uses two main assumptions: (1) the fluid and its Reynold stresses are 

isotropic, and (2) the turbulence is only related to the local flow velocity. These assumptions 

reduce the model’s accuracy in specific scenarios. For instance, the isotropic assumption may be 

erroneous close to walls, where the wall proximity changes fluid properties under certain 

circumstances (Nisizima, and Yoshizawa, 1987). In addition, this assumption removes the 

possibility to accurately model non-Newtonian fluids, which are anisotropic by definition and can 

often be the case for tsunami flows with high sediment or debris concentration (Chanson, 2005). 

The second assumption limits the model’s capabilities as it pertains to highly mixed fluids. In such 
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cases, heavy turbulence from surrounding eddies will most likely affect local turbulence. The 

standard k-ε model is available on both Deflt3D and FLOW-3D and it was the common turbulence 

model used to compare the importance of the hydrostatic assumption on the numerical models’ 

results. The two governing equations for the standard k-ε model are: 

 
𝜕𝑘

𝜕𝑡
+

𝜕𝑘𝑢𝑖

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗

[(
𝜈 + 𝜈𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗

] + 𝑃𝑘 − 𝐺 − 𝜀 (3.15) 

 
𝜕𝜀

𝜕𝑡
+

𝜕𝜀𝑢𝑖

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗

[(
𝜈 + 𝜈𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗

] + 𝐶1𝜀

𝜀

𝑘
 [𝑃𝑘 + (1 − 𝐶3𝜀)𝐺] + 𝐶2𝜀

𝜀2

𝑘
 (3.16) 

where k is the turbulent kinetic energy calculated as follows:  

 𝑘 =
1

2
𝑢𝑖′𝑢𝑖′̅̅ ̅̅ ̅̅ ̅ (3.17) 

and ε is the dissipation of turbulent kinetic energy:  

 𝜀 = 𝜈 
𝜕𝑢𝑖′

𝜕𝑥𝑗

𝜕𝑢𝑖′

𝜕𝑥𝑗

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 (3.18) 

While 𝑢𝑖′ is the ith component of the fluctuation velocity, Pk is a turbulent energy production term, 

G is a source term due to the gravitational forces, and νt is the eddy viscosity: 

 𝜈𝑡 = 𝐶𝜇

𝑘2

𝜀
 (3.19) 

and σk, σε, C1ε, C2ε and C3ε are constants with the following empirically determined values: 

𝐶𝜇 = 0.09 𝜎𝑘 = 1.00 𝜎𝜀 = 1.30 𝐶1𝜀 = 1.44 𝐶2𝜀 = 1.92 𝐶3𝜀 = −0.33 

RNG k-ε is a more recent version of the standard k-ε model. It was derived from the instantaneous 

Navier-Stokes equations using a statistical method termed renormalization group (RNG) (Fluent 

Inc., 2001; Yakhot, and Orszag, 1986). This method uses a combination of dynamic scaling and 

invariance together with iterated perturbation methods to evaluate the transport coefficients and 

transport equations for low Reynolds flows and large-scale modes. This mathematical procedure 

resulted in a modification of some parameters and constant values from the standard k-ε model 

equations for turbulent dissipation rate (ε). ε is integrated to obtain an accurate description of the 

effective turbulent transport variation with respect to the effective Reynolds number (or eddy 

scale), allowing the model to better handle low-Reynolds-number and near-wall flows. RNG k-ε 

also includes a swirl modification factor in the eddy viscosity equation. The outcome of this 

addition is that swirling effects are included and are not dependent on the flow behavior. The 

equations for k and ε after the RNG modifications are: 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗

[(𝜈 +
𝜈𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗

] + 𝑃𝑘 − 𝜌𝜀 (3.20) 
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𝜕𝑡
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𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
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𝜕

𝜕𝑥𝑗

[(𝜈 +
𝜈𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗

] + 𝐶1𝜀

𝜀

𝑘
 𝑃𝑘 + 𝐶2𝜀𝜌

𝜀2

𝑘
 (3.21) 

Constants for RNG k-ε are also different from the standard k-ε: 

𝐶𝜇 = 0.0837 𝜎𝑘 = 0.7179 𝜎𝜀 = 0.7179 𝐶1𝜀 = 1.063 𝐶2𝜀 = 1.7215 
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The k-ω model was developed to cope with the accuracy problem of turbulence models when 

simulating boundary layers with adverse pressure gradient (Wilcox, 1988). Wilcox (1988) 

modified the previous two-equation models by introducing the specific dissipation rate term (ω). 

This term represents the ratio of turbulent dissipation rate (ε) to the turbulent mixing energy (k). 

This allowed for modelling with improved accuracy of the more significant turbulence occurring 

near walls (Bardina, Huang, and Coakley, 1997). The next two equations, Equation 3.22 and 3.23 

describe the turbulent mixing energy and specific dissipation rate, respectively: 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑗)

𝜕𝑥𝑗
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] (3.23) 

where τij is the Reynolds stress tensor. Invoking the Boussinesq approximation, Wilcox (1988) 

approximated that the Reynolds stress tensor is proportional to the mean strain-rate tensor: 

 𝜏𝑖𝑗 = 2𝜈𝑡 [𝑆𝑖𝑗 −
1

3
 
𝜕𝑢𝑘

𝜕𝑥𝑘
 𝛿𝑖𝑗] −

2

3
𝜌𝑘𝛿𝑖𝑗  (3.24) 

The closure constants in the above equations have the following values: 

𝛽 = 3/40, 𝛽∗ = 9/100, 𝛾 = 5/9, 𝜎 =  𝜎∗ = 1/2 

LES is defined as a spatially averaged model, compared to time averaged model in the case of 

RANS. It approximates the Navier-Stokes equations by removing (filtering) the small-scale eddies 

in order to reduce the computational time. The base assumption of this model is that eddies can be 

separated into two categories: large eddies (larger than the computational grid cell size) which are 

solved directly and small eddies (smaller than the grid cell size) which are approximated by 

increasing local viscosity. Large eddies are believed to carry more energy and have greater 

influence on the flow. Therefore, they are the main contributors to the energy transport. However, 

this becomes a problematic issue near walls and in cases where multiple flows are interacting. In 

those cases, small-scale turbulence becomes relevant for the overall flow. Since LES does not 

average flow over time, it allows rapid fluctuations to occur, making the model better for 

simulation of flow separation and strong flow curvature (Pope, 2004; Spalart et al., 2006). To apply 

LES, the length scale is found using a geometric mean of the grid cell dimensions: 𝛿𝑥, 𝛿𝑦 and 𝛿𝑧 

(Smagorinsky, 1963): 

 𝐿𝑠 = (𝛿𝑥𝛿𝑦𝛿𝑧)
1
3 (3.25) 

LES scales velocity fluctuation by the magnitude of Ls multiplied by the mean shear stress. The 

LES kinematic eddy viscosity is:  

 𝜈𝑇 = (𝑐𝐿𝑠)2√2𝑒𝑖𝑗2𝑒𝑖𝑗 (3.26) 

where c is a constant with typical values varying between 0.1 and 0.2 (0.1 was used) and eij is the 

strain rate tensor components. The kinematic eddy viscosity is added to the fluid’s viscosity 

similarly to the other turbulence models used. 
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3.4 Results 

The results from the two numerical models are presented in the following section, including both 

the resulting scour and the hydrodynamic features of the flow.  

3.4.1 Hydrodynamic Results 

Given that the flow is the driving force behind the scouring, it is first discussed. The hydrodynamic 

results of both models to model the non-obstructed flow and the flow-structure interaction are 

presented. 

3.4.1.1 Bore Profile 

First, the numerical results time history of the bore profiles from the two models were compared 

to Chanson’s (2009) analytical solution and then calibrated to ensure that the models could 

reproduce near-theoretical profiles. In Delft3D, calibration was conducted by varying the fluid’s 

minimum eddy viscosity, which resulted in defining the background eddy viscosity constants as 

1x10-3 Pa*s in both x and y directions. In FLOW-3D, no calibration was needed to match the bore 

profile. Chanson’s (2009) analytical solution has two components consisting of: (1) an ideal bore 

profile where the bottom friction does not affect the profile, and (2) a bore front that slows because 

of the bottom friction, such that its front and profile changes in shape. The following two equations 

are the idealized and friction-affected bore profile equations (Chanson, 2009, 2006, 2005). 

 √
𝑑

𝑑0
=

1

3
(2 −

𝑥

𝑡 ∗ √𝑔 ∗ 𝑑0

) (3.27) 

 
𝑑

𝑑0
= √

𝑓

4
∗

𝑈2

𝑔 ∗ 𝑑0
∗

𝑥𝑠 − 𝑥

𝑑0
 (3.28) 

In Figure 3.5, the bore profile generated by the two numerical models at four different moments 

in time were compared to Chanson’s (2009) analytical solutions. Both Delft3D’s and FLOW-3D’s 

profiles closely match the idealized profile of Chanson after the passage of the bore front. 

However, results of both numerical models showed discrepancies for the region of the tip of the 

bore. For FLOW-3D, only the very tip of the bore front differs from the theoretical solution of 

Chanson. The profile is advancing a little slower than the theoretical front. Delft3D also had 

difficulties replicating the tip of the front, predicting a slightly steeper and earlier (in terms of 

arrival and location) front in comparison to the analytical solution. However, the speed of the bore 

front and general profile were well represented. Delft3D’s capacity to replicate the bore profile 

indicates that the hydrostatic assumption did not hinder the model’s capability to replicate these 

conditions.  
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Figure 3.5: Numerical Model's Bore Profile against Chanson (2009) Idealized Bore Profile 

3.4.1.2 Vertical Vortex 

Previous studies on scouring around vertical structures due to rapidly transient flow concluded that 

the vertical vortex at the structure front is responsible for flow-induced scouring (Arneson et al., 

2012; Chen et al., 2016; Istiarto, 2001; Tonkin et al., 2003). Therefore, the ability of a numerical 

model to reproduce such vortices is important to accurately reproduce scouring. All FLOW-3D 

simulations evidentiated the formation of a strong vertical vortex at the structure toe (Figure 3.6a)). 

The velocity magnitude of the vertical vortex generated when LES was utilized was larger than 

the other three turbulence models. The vertical vortex’s maximum vertical velocity calculated was 

-1.76 m/s, -0.89 m/s, -0.72 m/s and -0.95 m/s for LES, k-ω, standard k-ε and RNG k-ε, respectively. 

Due to the vertical vortex, the flow plunged downwards at the front of the structure and then around 

the sides, thus increasing scour. As the bed started to erode, the vortex began to develop causing 

it to grow in size and velocity. This continued until the flow slowed and its energy decreased as a 

result of the reduction in the level of impounded water.  
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Figure 3.6: XZ Plane Velocity Vectors after 12s at the middle of the structure’s front side using the a) FLOW-3D 

with LES Turbulence Model model and b) Delft3D model. 

The flow velocity field for Delft3D in Figure 3.6b) as for the same location and time (time = 12 s) 

as the one for FLOW-3D. Flow never plunged downward, even when grid resolution near the 

column was increased to match that of FLOW-3D’s. The only negative vertical velocities were 

found in the cells next to the structure. Sediment deposition at the structure toe, instead of scouring, 

was observed. This further forces the flow sideways, instead of downwards in a circular motion to 

create the vertical vortex. At the structure’s corners, a stronger downward flow was observed, but 

no vortex formation. Also, the water surface elevation did not increase significantly in the case of 

Delft3D comparing to that of FLOW-3D. Both the absence of the vertical vortex and the lack of 

upward forcing of flow are possibly consequences of the hydrostatic assumption used by Delft3D 

which prevented the simulation from accurately reproducing the complex hydrodynamic field 

around the pier. 

3.4.2 Scouring Results 

In this section, the resulting scouring from the dambreak wave is discussed. The scouring results 

from Delft3D are first discussed, followed by the different turbulence models used in FLOW-3D 

and, finally, the comparison between van Rijn (1984) and Nielsen (1992) sediment transport 

performances in FLOW-3D 

3.4.2.1 Delft3D Results 

Both numerical models were calibrated by matching the maximum scour depth to that measured 

in the physical model by Mehrzad et al. (2016). In Delft3D, the calibration was performed using a 

morphological scale factor by varying its value from 0.5 to 15. The final value was 10. For FLOW-

3D, the maximum scour depth was calibrated by increasing the entrainment coefficient to 0.15, 

0.3, 0.3 and 0.6 for LES, k-ω, standard k-ε and RNG k-ε turbulence models, respectively (Ciofalo, 

1996; Flow Science, 2018). Although the default value, 0.018, is quite low compared to the final 

values used by the authors, there is no physically-based reasoning for choosing this value 

(Mastbergen, and Van Den Berg, 2003). Both, the entrainment coefficient and the morphological 
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scale factor, are recommended by the model developers to be used for calibration. In the two 

models, they are used to enhance the pickup rate. 

All simulations were run until the bed had reached equilibrium. This took around 60 seconds, 

which took less than 20 hours of computational time for Delft3D and in the order of 70 hours for 

the FLOW-3D simulations. The computer used to conduct all computational work was a server 

with an Intel Xeon CPU X5690 @ 3.47 GHz with 3.46 GHz (2 processors), 12 cores/24 threads 

and 96 GB of RAM. The reasons for this difference in computational time is because the number 

of cells necessary to obtain a cell-size-insensitive mesh was greater in the case of FLOW-3D. The 

increase in cells was necessary to solve the momentum equation in the vertical direction, as more 

calculations and the use of FAVOR for the computation of the geometry, was required.  

 

Figure 3.7: a) Top: Difference between Experimental Results and Delft3D Results Bottom: Delft3D Results using 

Standard k-ε Turbulence Model b) Transversal Profile of the Final Bed Elevation at Cross-section 3 c) Longitudinal 

Profile of the Final Bed Elevation at Cross-section 4 

Figure 25, 26 and 27 show the plan and cross sectional views of the bed elevation after the 

completion of each numerical run from all the models. In Figure 25 a) and Figure 26 a) to d), the 

figures’ top half shows the difference between the experimental results and numerical model 

results, obtained by subtracting the elevation of the experimental bed level from the numerical one. 

A positive value indicates that the numerical model resulted in more scouring than the 

experimental results, and vice-versa for negative values. The bottom half shows the numerical 

models scouring result only. The color scale in the bottom half is indicating the scour depth. Lines 

3 and 4 in Figure 25 a) are the cross sections shown in Figure 25 b), Figure 25 c), Figure 27 a) and 

Figure 27 b). Zones 1 and 2 are areas where the Root Mean Square Error (RMSE) was calculated 

and compiled in Table 3.1. Zone 1 is extending 300 mm upstream from the structure and 300 mm 
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on each side of the centerline. Zone 2 is a 700 mm by 600 mm rectangle starting at the upstream 

face of the structure, extending 500 mm downstream of the column and is centered in the y 

direction. RMSE was calculated with the elevation difference at every centimeter in both 

horizontal directions. 

When using the Delft3D model, the results matched the maximum scour depth of 160 mm 

measured in the experiment. The maximum scour depth occurred at the front corner of the 

structure, as opposed to the middle of the upstream face in the case of the physical experiment. 

The numerical model as shown in Figure 7 a) poorly reproduced the shape and spatial extent of 

the upstream scour hole. Scour was not present in the numerical results at the same location where 

the deepest scour occurred in the experimental results. In fact, sediment accumulation in the 

structure’s front area was observed in the Delft3D model. This difference is also confirmed by the 

RMSE in zone 1 with a value of 41.12 mm (see Table 3.1). Scouring on the side of the structure 

continued much further downstream comparted to the experimental results. Even though Delft3D 

poorly reproduced the spatial extent of the front scour hole, it had the least amount of error of all 

models in zone 2 with an RMSE of 38.36 mm. 

Table 3.1: Scour RMSE for the regions defined in Figure 3.7 

Models RMSE Zone 1  

(mm) 

RMSE Zone 2  

(mm) 

Delft3d 42.12 38.36 

FLOW-3D standard k-ε 17.30 58.47 

FLOW-3D RNG k-ε 19.84 58.47 

FLOW-3D k-ω 17.30 56.27 

FLOW-3D LES 19.75 48.41 

FLOW-3D LES - Nielsen 15.42 43.77 

 

Very steep slopes were found in the scour hole, particularly in the region in front of the structure 

where slopes up to 75 degrees were measured. The steep slopes may be due to the lack of 

consideration of the slope stability calculation in the version of Delft3D used. In fact, no indication 

of slope stability is present in the Delft3D-FLOW manual (Deltares, 2011). If a slope stability 

calculation was applied, the accumulation at the structure front would experience slope failure, 

leading to more realistic slopes of the scour hole. Also, the hydrostatic assumption prevented the 

formation of an upstream vertical vortex (see Figure 3.6) The only substantial vertical velocities 

observed in the model were found in the first column of cells upstream of the structure. The cells 

beyond the first set of vertical cells are virtually not affected by the downward or upward velocity 

next to the column which led to no vertical vortex being generated. The poor reproduction of this 

phenomenon is preventing the occurrence of the downward acceleration of the flow, which is 

responsible for most of the scouring at the front of the structure. Overall, the scouring results given 

by Delft3D were judged to be unsatisfactory. 

3.4.2.2 FLOW-3D Results 

Using FLOW-3D, the scour pattern improved notably compared to using Delft3D. Figure 8 a) 

shows scouring using the same turbulence model (standard k-ε) as Delft3D. Major scouring was 

generated in front of the structure, with maximum scouring occurring at the front corners of the 
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structure. The shape and magnitude of the upstream scour hole is well replicated with little vertical 

error (RMSE = 17.30 mm) by the Flow3D model. However, the numerical scour hole developed 

too far downstream and, hence, the RMSE in zone 2 was 58.47 mm. This pattern was observed in 

Delft3D as well, but with a lesser magnitude. Downstream scouring was correctly modeled, but 

too much sediment was removed downstream of the column. FLOW-3D shows better results than 

Delft3D when it comes to replicating scour in front of the structure. The non-inclusion of the 

hydrostatic pressure assumption has greatly helped in FLOW-3D to recreate the effects of the 

upstream vortex on the upstream scouring.  

 

Figure 3.8: a) FLOW-3D standard k-ε turbulence model results b) FLOW-3D k-ω turbulence model results c) 

FLOW-3D RNG k-ε turbulence model results d) FLOW-3D LES turbulence model results // top: difference between 

experimental results (Mehrzad et al., 2016) and FLOW-3D results // bottom: FLOW-3D results  

All turbulence models yielded scour results with some commonalities after calibration as both the 

shape and magnitude of the final scour were close to the experimental results. The maximum scour 

depth found at the upstream corners as opposed to the center in the physical model. k-ω and 

standard k-ε have the least amount of scouring difference at the front, closely followed by the other 

two turbulence models. The local scouring at the corners is most prevalent in the case of RNG k-

ε.  

When comparing the cross-sections shown in Figure 9, some difference was observed between the 

results provided when using the investigated turbulence models. The upstream scour was well 

replicated when all the turbulence models were used but have poorly represented the downstream 

end. Figure 3.9 b) reinforces the previously made observation that RNG k-ε performed worse than 

the other turbulence models. The final scour hole obtained with this model had very steep side 

slopes compared to the results of the other models, resulting in greater impact on the transversal 

profile of the RNG k-ε model showed in Figure 3.9  b). In Figure 3.9 a), only LES provided some 
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difference from the results of the other models investigated. Downstream of x=27.6 m, less 

scouring occurred and the erosion profile was closer to the experimental measurements. 

 

Figure 3.9: Comparison of numerical and experimental data (Mehrzad et al., 2016): a) transversal profile of the 

final bed elevation at cross-section 3 b) longitudinal profile of the final bed elevation at cross-section 4 

Downstream scouring, in the case of all turbulence models, continued far downstream when 

compared to the experimental results. More specifically, very similar scour shapes was observed 

for all the turbulence models. This indicates a problem that may be common to all of them. This 

issue may stem from the employment of Van Rijn’s (1984) sediment transport model. LES 

replicated the experimental results best and especially the downstream bed elevation, with an 

RMSE of 48.41 mm in zone 2. The scour hole when using LES was shorter and shallower than the 

other turbulence models. This suggests that the non-time averaging method of this turbulence 

model is better at cancelling the turbulence and local flow acceleration and preventing erosion 

propagation downstream. The downstream sediment accumulation was also better represented 

with LES. The accumulation reached the back of the column and widens sooner than when using 

the other models employed. The size of the accumulation was still lower than what was observed 

in the physical model, but performance was the best among all turbulence models.  

3.4.2.3 FLOW-3D Sediment Transport Model Comparison 

While keeping the same turbulence model (LES), an additional sediment transport model was 

tested in FLOW-3D to investigate its performance. Nielsen’s (1992) model was tested and 

compared to that using the Van Rijn (1984) formula used in the previous sections. Results were 

similar; however, using Nielsen’s model showed some improvement in both the frontal scour depth 

and length (Figure 3.10 a) and b)). In the cross-sections shown in Figure 3.10 c) and d), marginal 

differences between the two sediment transport models can be observed, but, when using the 

Nielsen model, sediment accumulation at the downstream end of the scour hole occurs earlier. This 

accumulation still occurred much further downstream than that observed in the physical 

experiment.  



41 

 

 

Figure 3.10: Nielsen (1992) and Van Rijn (1984) sediment transport model comparison in FLOW-3D using LES 
turbulence model a) plan view of bed elevation results of Nielsen (1992) sediment transport model b) plan view of 

bed elevation results of Van Rijn (1984) sediment transport model c) transversal profile of the final bed elevation at 

cross-section 3 d) longitudinal profile of the final bed elevation at cross-section 4 

3.5 Discussion 

In the following lines, the possible explanation behind the difference in the results are discussed. 

The differences in the hydrodynamic and scouring performances of both numerical models are 

discussed, as well as the difference between the turbulence models tested. These reasoning explain 

the final choice of model combination for this tsunami study’s next steps. 

3.5.1 Hydrodynamic Performances 

Both models, Delft3D and FLOW-3D, replicated well the hydrodynamic properties of the 

dambreak bore. In the bore tip, significant vertical acceleration and turbulence occurs and these 

two features represent a challenge for numerical models, especially for the hydrostatic ones, such 

as the case of Delft3D. The only differences were observed at the very tip of the bore and this is 

due to the different grid coarseness. 
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Closer to the structure, replicating the vertical vortices proved to be difficult for hydrostatic-type 

models due to the vertical flow acceleration. In Delft3D, some vertical velocities at the structure 

front was observed, but to a lesser degree then that reproduced by FLOW-3D. The maximum 

vertical velocity measured in the center longitudinal plane was -1.7m/s for FLOW-3D, and -0.4m/s 

for Delft3D (Figure 3.6). In Delft3D, the flow was mainly directed horizontally; resulting in the 

absence of a vertical vortex formation. The location of the maximum vertical velocity was against 

the column. The horizontally forced flow caused significant horizontal flow acceleration at the 

upstream corners of the structure, leading thus to increased concentrated scour on the sides and 

upstream corners of the structure. In FLOW-3D, the maximum velocity occurred near the bed, a 

few cells away from the column, and a clear circular flow motion was observed. Therefore, the 

fact that FLOW-3D applies the Navier-Stokes momentum equation in the vertical direction helps 

to predict the vertical vortices at the structure front. FLOW-3D’s final grid was more refined than 

the Delft3D’s after the sensitivity analysis was performed. However, when Delft3D’s grid 

resolution was increased to match FLOW-3D’s grid resolution in the vicinity of the column, no 

major hydrodynamic change was observed in Delft3D. 

3.5.2 Scouring Performances 

Large discrepancies in the results were noted between FLOW-3D and Delft3D. FLOW-3D was 

more capable than Delft3D at reproducing the scour pattern in front of the structure. Although the 

maximum scour depth was reached using Delft3D, no scouring occurred at the middle of the 

structure front, where the maximum scour depth was observed in the physical model. Possible 

sources for such differences could be the absence of both the vertical vortex and the slope stability 

calculation in Delft3D. The absence of the vertical vortex, stemming from the hydrostatic 

assumption, is more likely to be the greatest source of error. The reason being that, in steady flow 

modeling, a local scour around a square column is badly replicated by models that fail to generate 

a proper horseshoe vortex since it is the main driving force for sediment transport (Khosronejad, 

Kang, and Sotiropoulos, 2012). Therefore, the use of a non-hydrostatic modeling is important for 

properly replicating local scour. The profiles from cross-sections 3 and 4 are shown in Figure 3.11 

to better compare the results from the two models. 
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Figure 3.11: Comparison of FLOW-3D and Delft3D a) transversal profile of the final bed elevation at cross-section 

3 b) longitudinal profile of the final bed elevation at cross-section 4 

Two sediment transport models proposed by Van Rijn (1984) and Nielsen (1992) available in 

FLOW-3D were tested to verify which of them reproduced best the experimental results. Nielsen’s 

model showed good performance for both the upstream and side scouring formation and the RMSE 

was reduced by 22% and 9% for zones 1 and 2, respectively. Since Nielsen’s and Van Rijn’s 

models have the same formulations for calculating the suspended sediments in FLOW-3D and 

their bedload equations are based on Shields’ parameter, the scour results can be expected to be 

similar. The difference between the results is mainly attributed to the fact that the excess shear 

stress is to the power of 2.1 in the formulation of bedload transport in Van Rijn (1984) (equation 

3.7) compared to an exponent of 1 for Nielsen (1992). This difference causes the Van Rijn model 

to overestimate transport where flow is accelerated along the column sides, leading a longer scour 

hole. 

In Mehrzad et al. (2016), it was observed that, at the end of the runs, sand was depositing in the 

scour hole, reducing the final scour depth by up to 20% compared to the maximum recorded value. 

Therefore, scouring showed in Figure 3.2 is scouring after scour slope collapse had occurred and 

is not representative of the previously occurring maximum scour hole. Only FLOW-3D showed 

some minimal post-bore deposition. The maximum scour depth was reduced by up to 5% in those 

cases. The version of Delft3D used, on the other hand, does not account for slope stability, 

explaining why this model exhibited scour side slopes of up to 75 degrees. This indicates that 

Delft3D does not account for a slope stability limit. If such a concept was included, it is possible 

that Delft3D could be performing to a satisfactory level. Strong scouring at the upstream corners 

seems to be correct (Mehrzad, Nistor, and Rennie, 2016) and, over time, will lead to slope failure 

in the middle of the column, increasing scouring at the structure front. In FLOW-3D, scouring 

started at the corners and then spread to the center of the column.  The maximum scour depth was 

found at the corners (see Figure 3.8). This explains why field observations of scouring at vertical 

structures is maximum at the corners or sides (Kato, Sato, and Yeh, 2000; Lavictoire, Nistor, and 

Rennie, 2014; Nakamura, Kuramitsu, and Mizutani, 2008).  

3.5.3 FLOW-3D Turbulence Models Comparison 

Scouring results from all turbulence models were similar in geometry and depth after calibration. 

Several observations were made: the scour hole was well represented upstream of the column, the 

scour hole extended too far downstream, and the downstream accumulation did not describe the 

correct triangular shape observed in the experimental teste. The calibration factors for the 

turbulence models used were very different. The entrainment coefficient used for calibration was 

increased to 0.15, 0.3, 0.3 and 0.6 for LES, k-ω, standard k-ε and RNG k-ε turbulence models, 

respectively. This difference can be attributed to the difference in excess shear stress calculated by 

those models.  The driving factor for the upstream scour was the vertical vortex at the upstream 

face of the structure. Since the rapid velocity change at the upstream end of the structure was 

critical, a model capable of representing rapidly changing flow is key. LES showed the greatest 

downward velocity in the vertical vortex at the structure front. The vertical velocity was larger for 

LES than for the RANS turbulence models because LES does not average velocities over time, 

increasing the model’s capacity to reproduce strong flow curvature and unsteady flows (Roux et 

al., 2005). 
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Some differences were observed between the results of the standard k-ε and RNG k-ε models. The 

RNG k-ε model performed worse in terms of the front scouring. One of the major differences 

between these two models is the swirl modification factor found in RNG k-ε, resulting in the 

swirling effect not being dependent on the flow behavior. The result is a reduction in turbulence 

viscosity in rapidly strain flows which should increase the flow velocity (Yeoh, and Tu, 2009). 

The increase in velocity was similarly observed in this case, but the associated quantity of 

transported sediment was lower than standard k-ε model. Therefore, the difference likely stems 

from the coefficient difference. However, previous researchers have concluded that most k-ε 

models have a tendency to poorly reproduce highly swirling flows, such as those observed at the 

upstream face of the column (Clayton, and Morsi, 1986; Escue, and Cui, 2010; Firth, and Duggins, 

1985).  

When comparing the models using the k-ω and k-ε turbulence models, no major scour differences 

were observed. Only scouring at the very front of the column was different, and a slight difference 

in RMSE in zone 2 with a 2.2 mm difference. k-ω was more accurate with respect to the 

experimental results.  Adverse pressure present at the toe of the column may generate difficulties 

for k-ε-type models to accurately simulate the experimental results, a notable problem with k-ε 

models. Near-boundary flows are also usually better represented by k-ω, explaining the calibration 

factor and better representation of the upstream scouring (Patel, Rodi, and Scheuerer, 1984; 

Wilcox, 1988). k-ω and k-ε showed similar results in free flows (Menter, 1993). Therefore, the 

small difference in the results indicates that the scour was driven more by the flow swirling than 

the near-boundary shear stress. 

3.6 Conclusions 

Several conclusions were drawn from this comparative study of scour simulation performance 

using Delft3D and FLOW3D. The two numerical models were applied with the objective of 

finding the most suitable model to simulate dambreak-type bore-induced scouring around 

structures. Both models were successfully calibrated against Chanson (2009) analytical dambreak 

bore profiles and Mehrzad (2016) scouring results. Both models well replicated the dambreak bore 

profile. However, only FLOW-3D was able to simulate the vertical vortices at the structure toe.  

FLOW-3D performed better than Delft3D in the critical scouring area (structure front). However, 

the computation time was much longer for the former and the results for side and downstream 

scour still need improvement. In Delft3D, the absence of the slope stability calculation and the 

non-hydrostatic solving of Navier-Stokes reduced the accuracy of the hydrodynamic and scouring 

results. Other differences between the models, such as the resolution of vertical turbulence may 

also have contributed to the differences in scour results. Although little difference was found 

between the performances of the FLOW-3D turbulence models results, LES was found to perform 

slightly better. The RMSE in the downstream region was 34% less indicating that LES simulated 

best the complex vortices around the column. A 13% reduction in bed profile RMSE was obtained 

when using Nielsen (1992) against Van Rijn (1984) sediment transport model. Both defined zones, 

upstream and downstream of the column, indicate better results when using Nielsen (1992). In 

addition, the scour hole was shortened. 
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Chapter 4:  Effect of Lateral Spacing of Structures on 
Tsunami-Induced Scour 

4.1 Abstract 

Tsunamis are a devastating force, a statement supported by the extreme tsunamis which struck the 

Indian and Pacific Ocean over the past two decades: the 2004 Indian Ocean Tsunami, the 2010 

Chile Tsunami and the 2011 Tohoku Japan Tsunami. In those events, flood-induced scouring was 

found to be an important phenomenon which often led to infrastructure damage. Past research has 

focussed on scouring around single columns and other isolated horizontal structures to attempt to 

understand the complex processes characterizing this phenomenon. However, given that coastal 

cities are often comprised of complex arrangements of multiple, often crammed, structures, 

tsunami inundation flow often finds concentrated paths in between such structures; these flow 

concentrations increase the resulting scouring. This research is an attempt to inform the scientific 

community on the potential of augmented scour due to flow concentration due to the lateral spacing 

of structures and compare it with non-concentrated flow-induced scour. The authors employed the 

FLOW-3D numerical model for this study. This model was first calibrated using a physical model 

experiment performed in the Dambreak Flume of the University of Ottawa, Canada. Results from 

this study demonstrate that flow concentration due to the lateral spacing of structures leads to 

greater scouring than for the case of an isolated structure and that the magnitude of the scour, for 

most cases studied, was larger than what is prescribed by the latest building codes. 

4.2 Introduction 

With the increase in world population, coastal communities are expanding. Living in the proximity 

of oceans comes with socio-economic benefits. However, it also places the inhabitants of these 

communities at a high risk to extreme hydrodynamic events such as hurricanes and associated 

storm surges, and/or tsunamis. To cope with such risks, infrastructure design codes were developed 

to design structures capable of withstanding effects and loading caused by tsunamis. Codes written 

in mandatory language for the design of tsunami-resistant buildings have only recently been 

elaborated and rely a limited data. One of the least understood mechanisms leading to structural 

failure is scouring induced by the tsunami flooding. In the latest version of the Chapter 6 - Tsunami 

Loads and Effects in the ASCE 7 –6 Minimum Design Loads and Associated Criteria for Buildings 

and Other Structures standard developed by the American Society of Civil Engineering (ASCE) , 

the only factor considered in determining the maximum design scour depth (ds) is the tsunami 

inundation depth (y) (ASCE, 2016a). This standard was based on a limited amount of field 

measurements obtained after the 2011 Great Japan Tsunami (Tonkin, Francis, and Bricker, 2014). 

The standard states that a vertical structure at a given location shall be designed for scouring with 

depths equal to 1.2 times the predicted flow depth at that location (ds = 1.2y), up to a maximum 

scour depth of 3.6 m. The latest proposed change for pile scour design is to consider a vertical 

scouring to projected element width ratio of 1.3 times the Froude number (ds/b = 1.3Fr) up to a 

Froude number of 1. The ds/b ratio remains constant at 1.3 for flows with a Froude number above 

1 (Nistor, 2020). However, sediment characteristics, flow properties other than flow depth, 

obstacle geometry and structure configurations (which represent the focus of this study) influence 
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scour depth in steady flow (Ettema et al., 1998; Kothyari et al., 1992, 1993; Melville and Chiew, 

1999); however the ASCE 7 Chapter 6 does not consider them at this stage.  

Most studies aiming to explain tsunami-induced scouring were performed through field 

investigations of areas affected by tsunamis or by using physical experiments (Jayaratne et al., 

2016; Kato, Sato, and Yeh, 2000; McGovern et al., 2019; Moon, Tan, and Lau, 2014; Nouri et al., 

2010; Palermo et al., 2013; Rueben et al., 2015; Sarjamee, Nistor, and Mohammadian, 2017; 

Thomas, Killian, and Bridges, 2015; Tonkin et al., 2003; Yeh and Li, 2008; Yoshii, Tanaka, and 

Matsuyama, 2017). Results from those experiments suggest that flow properties, the structures’ 

position relative to the shore, and their geometry and dimensions significantly influence the 

development of the scour. 

To date, few numerical investigations have been successfully performed for tsunami-induced 

scouring. The ones that have succeeded in this endeavor combined physical experiments with a 

numerical model, which was proven to be a good method to gather additional measurements after 

the latter was calibrated with experimental data (Chen et al., 2016; Larsen et al., 2017, 2018; 

Nakamura, Kuramitsu, and Mizutani, 2008; Rahman, Schaab, and Nakaza, 2005; Sulianto and 

Murakami, 2015; Wei et al., 2016). A similar methodology was employed in this research to study 

parameters affecting tsunami-induced scouring. The parameter investigated herein is flow 

concentration due to the lateral spacing of structures. The effect of flow concentration due to the 

presence of two closely positioned structures increases flow velocity around the designed structure. 

Scouring induced by this flow concentration during tsunami inundation is also referred to as 

channelization scouring (Tonkin, Francis, and Bricker, 2013). This phenomenon was documented 

in field investigations of tsunami affected zones (Chock et al., 2013), but this topic lacks adequate 

documentation (Wilson, Davenport, and Jaffe, 2012).  

The example documented by Yeh, Sato, and Tajima (2013) and Chock et al. (2013) is considered 

here. Prior to the 2011 Great Japan Tsunami, two tsunami-resistant hospital buildings were 

constructed in the proximity of each other in the Town of Onagawa, with an unobstructed corridor 

between them (Figure 4.1). During the 2011 Tsunami inundation, the two neighbouring buildings 

concentrated the flow in the narrow spacing between them, leading to the creation of a scour hole 

between them whose depth exceeded 3.5 m. Conclusions from recent physical experiments 

indicate that the final scour depth is lesser than the maximum scour depth generated by a tsunami 

due to sediment settlement and slope failure (Mehrzad, Nistor, and Rennie, 2016; Tonkin et al., 

2003). Therefore, this scour hole most likely reached a maximum scour depth which was deeper 

than the maximum scour depth prescribed in the ASCE7 Chapter 6. 
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Figure 4.1: Deep scour hole between two hospital buildings in Oganawa caused by the 2011 Great Japan Tsunami 

The two adjacent buildings focussed the flow in between them, which subsequently led to this 

deep scouring. In steady flow conditions, the distance between two vertical structures placed on 

the same transversal plane to the flow is referred to as spacing (Arneson et al., 2012; Beg, 2010; 

Elliott and Baker, 1985). Beg (2010) experimentally investigated the effects of two structures 

installed transversely on the flow in a clear-water conditions. The addition of a second vertical pier 

increased the maximum scour depth at the structure up to a spacing equal to 7 times the width of 

the structure. Scour depth increased by 21% when the columns were placed at a distance equal to 

the piers’ diameter. Results from Elliott and Baker (1985) show that the approach flow 

characteristics influence the scour, increasing the effects of structures’ lateral spacing: the higher 

the intensity of the flow (approach velocity to sediment’s critical velocity for transport), the greater 

the influence of the structures’ lateral spacing. 

In the past decade, researchers have studied the hydrodynamic changes due to the interaction of 

multiple buildings and tsunami-like flows. Nouri et al. (2010) experimentally investigated the 

effects of the flow constriction on hydrodynamic loading of structures located downstream of the 

constriction. The constriction was built by attaching wooden blocks to the flume’s walls, upstream 

of a vertical column, to constrict the flow of a dambreak bore. The constriction resulted in a 10% 

increase in the flow velocity in the worst case and, hence, an increase in the impact force exerted 

on the downstream structure. Thomas, Killian, and Bridges (2015) investigated the effect of flow 
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constriction in a wide flume. They used square shaped blocks installed upstream of the structure 

of interest to constrict the flow produced by a paddle wave maker. In the worst case observed, the 

force experienced by the structure of interest was double their baseline (which was a standalone 

monitored block). The bore front velocity was amplified by a factor of 25% when the blocks were 

placed at an upstream angle varying between 20 and 35 degrees. The maximum measured velocity 

increase was of 40%. However, no significant effect on runup was observed. These two 

experimental studies were used to inform the ASCE 7 Chapter 6 recommendations on flow 

amplification due to constriction. 

Other studies have used a numerical-based approach to study dambreak bores. Multiple studies 

confirmed that the bore hydrodynamics can be accurately reproduced by various hydrodynamic 

models while using different turbulence closure models (Brufau and Garcia-Navarro, 2000; St-

Germain et al., 2014; St-Germain, Nistor, and Townsend, 2012; Xia et al., 2010). St-Germain et 

al. (2014) utilized a weakly compressible smoothed-particle hydrodynamic model with large eddy 

simulation (LES) turbulence model to simulate a dambreak bore advancing onto a free standing 

single square column. Water levels at the column were accurately simulated except for the peak in 

water height recorded at bore impact. Sediment transport on a flat and uneven bed were well 

replicated by multiphase Lagrangian-type models (Yeh and Li, 2008). Pan and Huang (2012) 

applied a 2D unstructured numerical model to replicate the experimental results on tsunami scour 

performed by Tonkin et al. (2003). The Eulerian-type model closely matched the hydrodynamic 

properties of the wave attacking the structure and replicated the final scour hole reasonably well. 

However, Pan and Huang (2012) concluded that the use of a 2D numerical model was limiting the 

quality of their results and a 3D model should be used instead. 

The goal of the present research is to numerically investigate the potential for scour augmentation 

between two laterally spaced structures in tsunami-like flows. The numerical model FLOW-3D 

was utilized for this endeavour. Its selection was motivated by its capacity to reproduce scouring 

caused by complex flows (Alemi and Maia, 2018; Chen et al., 2016; Omara et al., 2019; Vasquez 

and Walsh, 2009). Additionally, FLOW-3D was shown to accurately replicate scouring due to a 

dambreak bore in the first phase of this study (April Le Quéré, Nistor, and Mohammadian, 2020).  

4.3 Methods 

In order to study the effect of laterally spaced neighbouring structures in tsunami-like flows on 

scouring, the following steps were implemented: 

• The FLOW-3D numerical model was calibrated to the experimental results from the 

physical tests of Mehrzad, Nistor, and Rennie (2016) – details of the experimental test are 

briefly described in the next section. The numerical model calibration is described in detail 

in the first phase of the study April Le Quéré, Nistor, and Mohammadian (2020). The 

resulting calibration was verified by comparing the model to additional experimental 

results from the same experiment. 

• Using the calibrated model, the scouring around single and two-columns arrangements 

were tested with different lateral spacing between the columns (S), different impoundment 

depths (h0) used to generate the dambreak waves and two column widths (b). 

• The effect of the additional lateral structure on scour was analyzed.  
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• The hydrodynamic properties of the flow around the structures was subsequently 

investigated to explain the scouring results and to further discuss the potential scour risks. 

4.3.1 Experimental data 

The calibration of the FLOW-3D numerical model was performed using the scour results from a 

physical experiment conducted by Mehrzad, Nistor, and Rennie (2016). The experiment was 

conducted in the Dambreak Flume of the University of Ottawa, Canada. Their experiment 

consisted of a comprehensive experimental program, which investigated the spatial and temporal 

evolution of scour generated by a turbulent bore with different characteristics flowing around a 

single column model installed in sand bed. The turbulent bore was in the form of a dambreak wave 

generated by the rapid release of a volume of water impounded behind a swing gate. Their flume 

was 30 m long, 1.5 m wide and 0.8 m deep. The rapid opening of the gate resulted in dambreak  

wave with hydrodynamic properties similar to those of a tsunami broken wave advancing inland 

on a flat coastal plain (Chanson, 2005, 2006, 2009; Madsen, Fuhrman, and Schäffer, 2008). A 

single square column was installed downstream of the swing gate in a movable bed section 

consisting of uniform sand with a median diameter (d50) of 0.001 m. The rest of the flume floor 

was made of concrete covered with similar sand grains glued on the flume surface to ensure 

uniform bed roughness. In the numerical model, the identical flume configuration was reproduced 

for the calibration exercise and for the column spacing tests. Figure 4.2 shows a conceptual side 

and plan view of the flume. 

 

Figure 4.2: Experimental flume setup 

At the end of each experimental test, the bed scour was measured using a Leica Disto TM laser 

altimeter, which has an accuracy of ±0.001 m. The results from the elevation measurements was 

an accurate 3D representation of the bed topography measured at the end of each test series. The 

resulting bed topography was utilized for the validation of the numerical model. 
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4.3.2 Numerical model 

In this study, a commercially available numerical model (FLOW-3D) was applied to test the 

potential for scouring enhancement caused by building spacing in tsunami-like flows (Flow 

Science, 2018). This model was selected because of its capacity to simulate scouring around 

complex geometries (Alemi and Maia, 2018; Vasquez and Walsh, 2009), tsunami induced scour 

behind dike-like horizontal structures (Chen et al., 2016) and was also found to capably represent 

tsunami-induced scouring around a single square column when using Large Eddy Simulation 

(LES) and Nielsen (1992) sediment transport formula (April Le Quéré, Nistor, and Mohammadian, 

2020). The numerical model setup and its main equations are described in this section. 

4.3.2.1 Computational grid 

The computational grid consisted of four nested grids of approximatively cubic cells. The cells 

were not all cubic to allow the solid boundaries and nested grid boundaries to follow cell segments 

instead of crossing them. This arrangement allowed the geometry of the experimental features to 

be correctly modeled by FAVOR (Flow Science, 2018) and to allow a smooth transition between 

the nested grids. The average cell size varied from Δ1 = 0.02 m in most of the flume to Δ4 = 0.0075 

m near the columns for a total of approximatively 4 million cells (Figure 4.3). A sensitivity analysis 

of the grid resolution was performed and showed that there was no scouring change when a finer 

grid is used. The time step was optimized by the FLOW-3D algorithm throughout the simulation 

to ensure convergence and stability. The time step was reduced when the Courant number was 

greater than 1.0 and increased when it was unnecessarily low. This method allowed a balance 

between computational efficiency and accuracy. 

 

Figure 4.3: Numerical Model Mesh in FLOW-3D 

4.3.2.2 Boundary conditions 

All boundaries in the model were defined as symmetric pressure in order to simulate walls, except 

for the downstream boundary, which was defined as a negative pressure boundary. Defining the 
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downstream boundary in this manner allowed for an unhindered outflow of water, replicating the 

experimental flume outlet. This method resulted in no wave reflection or any outflow effect at the 

column. A roughness height of 0.001 m was defined for the fixed portion of the flume bed, in order 

to adequately model the sand glued to the fixed portion of the flume bed in the experimental setup.  

4.3.2.3 Governing equations 

FLOW-3D solves the Navier-Stokes momentum equation in all directions, allowing for a fully 

non-hydrostatic solving of the flow. LES was used for closing the Navier-Stokes equations, which 

is described in the Turbulence model section. The fully non-hydrostatic model help capture the 

vertical vortices forming in the vicinity of the column, which is crucial for properly modelling 

local scour (Khosronejad, Kang, and Sotiropoulos, 2012). The continuity and momentum 

equations, which are solved in all Cartesian directions, are expressed as: 

 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 (4.1) 
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where ui and uj are the velocity vectors, t is the time, xi and xj are the position vectors, P is the 

pressure, ρ is the fluid density, 𝜈 is the eddy viscosity coefficient and Fi represent the external 

forces applied to the fluid such as the gravity.  

The FAVOR method was employed to represent the geometry of elements in the experimental 

model. Geometric shapes were approximated with the intersection between the grid faces and the 

user defined geometry, such as the columns and flume bed. This procedure allows for a cubic grid 

to model complex geometries by partially blocking certain cells. The Volume-of-fluid (VOF) 

method was used for the tracking of the free surface (Vasquez and Walsh, 2009; Flow Science, 

2018). 

4.3.2.4 Turbulence model 

The turbulence model used in the numerical model calculations was LES, which is a spatially 

averaged model. In the resolution of the turbulence, LES removes small eddies and replaces them 

by local viscosity increases based on the assumptions that larger eddies carry more energy and that 

small eddies are similar to local energy sinks. In the preliminary study accomplished by the authors 

(April Le Quéré, Nistor, and Mohammadian, 2020), it was shown that the use of this model resulted 

in a better representation of the bed scouring compared to time-averaged models such as k-ε and 

k-ω. The better performance of LES was due to the fact that spatially-averaged models allow for 

rapid flow fluctuation, making it more accurate for simulating flow separation and strong flow 

curvatures (Pope, 2004; Roux et al., 2005; Spalart et al., 2006) such as the complex vortices 

generating local scour (Istiarto, 2001; Melville and Raudkivi, 1977; Omara et al., 2019). To apply 

LES, the length scale is found using a geometric mean of the grid cell dimensions: 𝛿𝑥, 𝛿𝑦 and 𝛿𝑧 

(Smagorinsky, 1963): 

 𝐿𝑠 = (𝛿𝑥𝛿𝑦𝛿𝑧)
1
3 (4.3) 

LES scales velocity fluctuation with the magnitude of Ls multiplied by the mean shear stress. The 

LES kinematic eddy viscosity is hence:  
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 𝜈𝑇 = (𝑐𝐿𝑠)2√2𝑒𝑖𝑗2𝑒𝑖𝑗 (4.4) 

where c is a constant with typical values varying between 0.1 and 0.2 (taken as 0.1 in this study) 

and eij are the strain rate tensor components.  

The kinematic eddy viscosity is then added to the fluid’s viscosity (𝜈) in the momentum equation 

(Equation 4.2). 

4.3.2.5 Sediment transport model 

The calculation for sediment transport was performed by considering separately the bedload 

sediment transport and the suspended sediment transport. The bedload transport was simulated 

using the sediment transport model proposed by Nielsen (1992), which was developed for coastal-

type conditions. This model was based on the principle that excess shear stress causes transport, 

based on the Shields (1936) parameter:  

 |𝑞𝑏,𝑖| = 12 [𝑔 (
𝜌𝑠 − 𝜌𝑤

𝜌𝑤
) 𝑑𝑖

3]
1/2

[𝜃𝑏,𝑐
′ ]

0.5
(𝜃𝑏,𝑐

′ − 𝜃𝑏,𝑐𝑟) (4.5) 

where 𝑞𝑏,𝑖 is the bed load transport rate in units of volume per bed width per time, 𝑔 is the 

gravitational acceleration, 𝜌𝑠 and 𝜌𝑤 are the density of the sediment and water, respectively, 𝑑𝑖 is 

the grain diameter, 𝜃𝑏,𝑐
′  is the local shields and 𝜃𝑏,𝑐𝑟 is the critical shields parameter calculated 

using the Soulsby-Whitehouse equation (Soulsby, 1997). 

 𝜃𝑏,𝑐
′ =

𝜏

(𝜌𝑠 − 𝜌𝑤)𝑑𝑖‖𝑔‖
 (4.6) 

 𝜃𝑏,𝑐𝑟 =
0.3

1 + 1.2𝑑∗
+ 0.055[1 − 𝑒𝑥𝑝(−0.02𝑑∗)] (4.7) 

 𝑑∗ = 𝑑𝑖 [
𝜌𝑤(𝜌𝑠 − 𝜌𝑤)‖𝑔‖

𝜇𝑤
2

]

1
3

 (4.8) 

where 𝜏 is the bed shear stress calculated from the law of the wall and the quadratic law of bottom 

shear stress for 3D turbulent flow, 𝑑∗ is the dimensionless grain size and 𝜇𝑤 is the dynamic 

viscosity of water.  

The bedload transport rate was then used to calculate the change in bed elevation (𝑍𝑏) based on 

the packing fraction (𝑝′), taken as 0.64: 

 𝑝′
𝜕𝑍𝑏

𝜕𝑡
=

𝜕𝑞𝑏,𝑖

𝜕𝑥𝑖
+ 𝐷 − 𝐸 (4.9) 

where D is the downward sediment flux and E is the upward sediment flux. 

For the suspended sediment, the formulation of Mastbergen and Van Den Berg (2003) was applied. 

The entrainment lift velocity of sediment (𝑢𝑙𝑖𝑓𝑡,𝑖) was used to compute the amount of sediment 

converted into suspension, adding the suspended sediment in the flow over the movable bed. 

Equation 4.10 describes the entrainment lift velocity of the sediment: 

 𝑢𝑙𝑖𝑓𝑡,𝑖 = 𝛼𝑖𝑛𝑠𝑑∗
0.3(𝜃𝑏,𝑐

′ − 𝜃𝑏,𝑐𝑟)
1.5

√
‖𝑔‖𝑑50(𝜌𝑠 − 𝜌𝑤)

𝜌𝑤
 (4.10) 
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where 𝑢𝑙𝑖𝑓𝑡,𝑖 is the entrainment lift velocity of sediment, 𝛼𝑖 is the entrainment coefficient used as 

calibration coefficient (taken as 0.15) and 𝑛𝑠 is the outward pointing normal to the packed bed 

interface.  

For additional details on the numerical model’s equation, the reader is directed to the FLOW-3D 

user manual (Flow Science, 2018). 

4.3.3 Numerical model calibration and verification 

The model was calibrated by adjusting the entrainment coefficient in the sediment transport model, 

which has a default value of 0.018 (Mastbergen and Van Den Berg, 2003). This coefficient is 

multiplied to the excess shear stress calculation and enhances the sediment pick-up rate (see 

Equation 4.10). Values ranging from 0.01 to 0.6 were used in the calibration exercise and, with a 

final value of 0.15, the maximum scour depth in the numerical model was identical to the one in 

the experimental results from Mehrzad, Nistor, and Rennie (2016). For additional details on the 

calibration exercise, the reader is referred to April Le Quéré, Nistor, and Mohammadian (2020). 

The final bed profile and comparison with experimental data for the calibration run (b = 0.2 m, h0 

= 0.25 m) are shown in Figure 4.4.  



54 

 

 

Figure 4.4: FLOW-3D calibration results with b = 0.2m and a bore generated by a h0=0.25m impoundment depth; 

a) top plate: plan view of the experimental final bed surface) and bottom plate: plan view of the numerical model 

final bed surface; b) bed elevation at cross-section 1; c) bed elevation at cross-section 2 

Scouring upstream of the structure was replicated with reasonable accuracy. In a rectangular area 

extending 0.3m upstream of the column and 0.3 m on either side of its centerline covering the 

upstream scour hole area, a root mean square error (RMSE) of 15.42 mm was calculated. The 

RMSE for the back of the column was calculated in a rectangular area between x = 27.25 m and x 

= 27.65 m with a width 0.6 m centered on the centerline. The resulting RMSE for the second area 

was 43.77 mm, indicating larger discrepancies in the side and downstream area of the scour hole.  

A verification of the calibration was performed by comparing the calibrated numerical model 

results to an additional topography result from the same study. In this verification setup, a column 

width of 0.3m and an impoundment depth of 0.2 m were used. The remainder of the setup was 

identical to the one performed in the calibration. Figure 4.5 shows a comparison between the final 

bed elevations calculated using FLOW-3D and the one measured in the experiment. The resulting 
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scour profile shows similar trends as the calibration run (b = 0.2 m, h0 = 0.25 m). Scouring in the 

numerical model extends further downstream compared to the experimental results. The location 

of the deepest scour in the numerical model is situated at the upstream corners as opposed to the 

front of the column in the physical experiment. In the case of the larger column, the experimentally 

measured maximum scour depth is upstream of the front corners instead of in the middle of the 

upstream segment, making it closer to the numerically calculated maximum scour location. The 

maximum scour depth was well replicated: 125 mm for FLOW-3D vs 130 mm for the physical 

experiment.  

 

Figure 4.5: Numerical model verification using a 30 cm column and a bore generated by a 20 cm impoundment 

depth; top: FLOW-3D results // bottom: experimental results 

Single column runs were simulated when investigating the effect of the lateral spacing between 

the structures in order to obtain a baseline for the increase effect. The numerically calculated final 

profile’s maximum scour depth was compared to the results in Mehrzad, Nistor, and Rennie (2016) 

when the same conditions were used (Figure 4.6). The model was initially calibrated using a 20cm 

wide column and an impoundment depth of 25 cm, which explains why the numerical model 

matched accurately the experimentally-obtained value. The other three setups returned a maximum 

scour depth with a relative error between 3% and 4%. These results indicate that the calibrated 

model is robust enough to correctly evaluate the maximum scour depth when different 

impoundment depths and obstruction widths are used. 
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Figure 4.6: Maximum scour depth comparison for varying impoundment depths (h0) and column widths (b) 

4.3.4 Numerical test setup 

In the numerical test runs, a second column was added in the same transversal plane as the column 

of interest to study the effect that lateral spacing between the structures has on scouring (Figure 

4.7). The column width was reduced to 0.1 m for most runs to reduce wall effects at higher spacing 

ratios. A series of tests were performed with a 0.2 m wide column to test the effects of the model 

scale and structure width. The lateral spacing (S), defining the distance between the inner side of 

the two columns, was varied from S = 0 m to S = 0.3 m. Beyond a distance of S = 0.3 m, the space 

between the walls and the columns would be smaller than S, which would result in greater flow 

concentration between the walls and the columns than between the columns themselves. Single 

column runs were performed to obtain a reference maximum scour depth, which was used to 

compare the changes caused by the addition of the second column. Three impoundment depths (h0 

= 0.15 m, 0.25 m and 0.35 m) were used to generate the bore and to evaluate the significance of 

the approach flow momentum on the lateral spacing effect. 
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Figure 4.7: Plan view of the laterally-spaced columns setup in the numerical model 

4.3.5 Model scaling 

The numerical simulations followed a Froude scale of 1:80 model to prototype ratio, which 

guarantees the dynamic similarity of the gravitational forces. This scaling method comes at the 

expense of ignoring viscosity and roughness scaling. Firstly, the surface tension effects can be 

negligible at such scale given that it relates to air entrainment. Some relative roughness effects will 

be experienced in the early and late stages of the bore as the flow is lesser, but turbulence in most 

of the flow duration reduces Reynolds effect in tsunami-like flows (Foster, Rossetto, and Allsop, 

2017). However, overlooking Reynolds number similarity may lead to a poor representation of the 

horseshoe vortex, resulting in a poor representation of near-structure scouring (Huang, Yang, and 

Xiao, 2009).  

The three impoundment depths used in this study (0.15 m, 0.25 m and 0.35 m) generated bores 

with the properties shown in Table 4.1. At a Froude scale of 1:80, the prototype flow properties 

compare well to tsunami events such as the 1993 Hokkaido-Nansei-Oki tsunami (Jaffe and 

Gelfenbuam, 2007; Titov and Synolakis, 1997) or the 2010 Chilean Tsunami (Earthquake 

Engineering Research Institute, 2010; Fritz et al., 2011b). 
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Table 4.1: Hydraulic properties of the dambreak bore at prototype scale following an 80:1 Froude similarity 

 Model scale Prototype Scale 

Impoundment depth (h0) 

(m) 
0.15 0.25 0.35 12 20 28 

Maximum flow depth 

(m) 
0.080 0.146 0.182 6.40 11.2 14.4 

Maximum depth averaged 

velocity 

(m/s) 

0.72 0.90 1.35 6.44 8.05 12.1 

Inundation period 

(s) 
50 50 50 450 450 450 

 

The median grain size (d50) used in the physical experiment and in the numerical model calibration 

exercise was of 0.001 m. The grain size, in Mehrzad, Nistor, and Rennie (2016), was selected 

following the dimensionless shear stress proportion. However, the exact proportions could not be 

reached due to the ripple forming behaviour of smaller grain size. For the numerical model, smaller 

grain size could be used to respect the dimensionless shear stress proportion without experiencing 

rippling effects or cohesion forces due to the built-in formulas for sediment transport. However, 

the numerical model results could not be verified with a physical model if such a small grain size 

were to be used. Therefore, the authors chose to keep the same grain size of 0.001 m in the 

numerical model. Keeping this size of sand allowed the tests to represent prototype scale scour 

process linked to the sediment size. The reasoning behind this statement is that the size of uniform 

sediments does not affect the scour depth unless the ratio of column width to grain size (b/d50) is 

smaller than 50 (Melville and Chiew, 1999). In the case of the smaller column used (0.1 m), the 

proportion b/d50 is 100, which is theoretically sufficient to prevent sediment scale effects. As 

shown later in this study, local scour is the governing process for scouring, not channelization. 

Therefore, the single column theory remains applicable in this case. 

4.4 Results 

Results from the FLOW-3D simulations are presented in this section. These results include both 

scouring and hydrodynamic changes caused by the addition of a laterally spaced column of the 

same size. 

4.4.1 Scour results 

First, the bed elevation change results for the single column (b = 0.1 m) and for the different 

column lateral spacing are presented (Figure 4.8) for scour generated from a bore produced by the 

release of water with one specific impoundment depth (h0 = 0.25 m). The 0.1 m wide single column 

shows a different scour pattern than that calculated for case of the 0.2 m column. The maximum 

scour depth still occurred in front of the upstream face of the column, but a much larger scour area 

extended downstream, along the structure’s sides (see Figure 4.8 a). The scour wrapped around to 

the back of the column and prevented sediment accumulation to occur at the downstream face of 



59 

 

the column. Once an adjacent column was added (with a lateral spacing ratio (S/b) = 0), the scour 

depth increased by 48% due to the doubling of the structure’s effective width. The maximum scour 

depth was located just upstream of the front face due to the circular nature of the strong horseshoe 

vortex. Unlike for the single column case, sheltering from the two virtually adjacent set columns 

allowed sediment accumulation to occur at the downstream face. The scour pattern that formed 

around the two 0.1m adjacent columns was very similar to that of the 0.2 m single column. A small 

amount of scouring extended downstream at a 45-degree angle.  

 

Figure 4.8: Plan view of the relative scour bed elevation for a single column (a) and for spacing ratios varying from 

0 (b) to 2 (d); due to a bore generated by an impoundment depth, h0 = 0.25m and a column width, b = 0.10m 

For a lateral spacing ratio S/b = 1, the separation between the columns allowed some flow between 

them. The scouring was found to be greater than that observed in the single column test. The 

maximum scour depth occurred at both of the upstream corners and the scour between the columns 

was lesser than observed at the upstream corners (Figure 4.9). The scour extended further 

downstream than in the single column test, which may be caused by an acceleration of the flow 

around the structures. A downstream angled scour, similar to S/b = 0, was observed for all the two-

column configurations. At S/b = 2, the scour hole around each column was similar to the single 

column pattern, but with a slightly longer scour tail and a deeper maximum depth at the outside 

upstream corners. Indeed, the upstream bed elevation cross-sections at S/b = 2 and S/b = 3 were 

only marginally different from that observed for the case of the single column (Figure 4.9), 

implying that the effect of the adjacent column becomes negligible for S/b = 2 and above for these 

particular hydrodynamic conditions.  



60 

 

 

Figure 4.9: Transversal vertical cross-section of the final bed elevation upstream of the columns; centered on the 

midpoint of the right column due to a bore generated by an impoundment death, with h0 = 0.25m and a column 

width, b = 0.10m 

Interestingly, symmetry was not observed in the formation of the scour. This is the result of using 

a spatially averaged turbulence model (LES). Symmetry is typically not preserved with this type 

of model because the turbulence is not time-averaged, causing rapid variation of both the flow 

direction and flow velocity. 

Figure 4.10 shows the resulting relative scour depth (maximum scour depth of the test divided by 

maximum scour depth in single column test (ds/ds0)) of the 15 numerical setups grouped by the 

same impoundment depth (h0). When the two columns were placed next to each other (S/b = 0), 

the relative maximum scour depth increased for bores generated by the higher impoundment 

depths released from the reservoir. The same trend of scour augmentation was observed for every 

spacing ratio, indicating that the spacing effect varies depending on the approaching flow 

properties. At S/b = 1, the relative scour depth sharply reduced compared to the adjacent columns 

cases. At S/b = 3, the relative scour depth was approximately 1.0 for h0 = 0.15 m and h0 = 0.25 m, 

meaning that the adjacent column had a negligible effect on the maximum scour depth starting at 

that spacing. For the highest impoundment depth (h0 = 0.35 m) used, the second column had a 

greater effect on the maximum scouring and up to the highest spacing tested. With the 0.2m 

column, the effect of spacing on scour reduced as spacing increased. When the spacing ratio was 

1.5, a different behaviour was observed. The relative scour depth sharply reduced to 1.04, which 

is similar to the results found when the two adjacent 0.1m columns were spaced by 2 or 3 

diameters. This difference may indicate that the flow depth is limiting the lateral size of the column 

related vortices, preventing the interaction of the turbulence generated by each column at lower 

flow depths. 
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Figure 4.10: Maximum scour depth variation with the lateral spacing ratio (S/b) and the bore-generating 

impoundment depth (h0) 

To account for the variation of lateral spacing effect with an increase in the impoundment depth, 

the lateral spacing ratio was adjusted for the approach flow depth (y) (defined as the adjusted 

spacing ratio (S’=(S+b)/(by)) and plotted against the relative scour depth in Figure 4.11. A linear 

trend seemed to appear when the adjusted spacing ratio (S’) was less than S’<17.2. To build the 

trend line, the value of 2.0 was used as an intersection point on the vertical axis. This value was 

considered as a theoretical maximum for the relative scour depth, since it is the maximum value 

for the relative scour depth occurring for two columns placed transversally in steady flow (Beg, 

2010). This maximum occurs when the lateral spacing is equal to zero, which effectively doubles 

the projected width of the structure, explaining the intersection with the y-axis. The best fit linear 

regression for the results with an adjusted spacing ratio of S’<17.2 had a negative slope of 0.058 

and was crossing the vertical axis at ds/ds0 = 2 (described by Equation 4.11). A coefficient of 

determination (R2) of 0.922 was calculated for the curve described by Equation 4.11. The relative 

scour depth associated with an adjusted spacing ratio of S’>17.2 was found to be close to 1.0, with 

a maximum difference of ±0.04. A conservative envelope is proposed in Equation 4.13 to account 

for lateral spacing when designing structures in tsunami risk area. However, this curve was only 

developed with a limited amount of numerical tests, with one grain size and one structure shape. 

For 𝑆’ = [
(𝑆 + 𝑏)

(𝑏𝑦)
] < 17.2 

𝑑𝑠

𝑑𝑠0
= 2 − 0.058 [

(𝑆 + 𝑏)

(𝑏𝑦)
] (4.11) 

For 𝑆’ = [
(𝑆 + 𝑏)

(𝑏𝑦)
] > 17.2 

𝑑𝑠𝑥

𝑑𝑠0
= 1 (4.12) 

For 𝑆’ = [
(𝑆 + 𝑏)

(𝑏𝑦)
] < 27 

𝑑𝑠

𝑑𝑠0
= 2 − 0.037 [

(𝑆 + 𝑏)

(𝑏𝑦)
] (4.13) 
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Figure 4.11: Maximum scour depth increase as a function of the adjusted spacing ratio (S’=(S+b)/(by)) 

4.4.2 Hydrodynamic results 

It is recognized in the scientific community that the horseshoe vortex is the main hydrodynamic 

structure responsible for local scouring (Ettema, Kirkil, and Muste, 2006), meaning that the 

associated scour depth will be proportional to this vortex’s strength. One likely source of the 

increase in maximum scour depth is the change in the horseshoe vortex strength associated with 

the addition of a second column in the vicinity of the first one. Figure 4.12 shows a longitudinal 

x-z cross-section of the flow upstream of the mid-point of one of the two columns for all the column 

spacings. A specific instant (t = 30 s) was chosen because the horseshoe vortex was well formed 

by this time, which was also the moment before the approaching flow depth started to decrease. 

Expected flow direction fluctuations linked to the calculation of turbulence by LES were observed 

in the model results. However, those single instants were indicative of an observed trend. A large 

vertical vortex was present at the structure toe in all the model arrangements. The vorticity of the 

horseshoe vortex was much larger at S/b = 0 (Figure 4.12 b) than in the case of the single column 

(Figure 4.12 a). Generally, when a second column was included, the vorticity at the structure toe 

was always larger than that calculated in the case of the single column. As the spacing increased, 

the intensity of the vortex reduced, but the vorticity was still larger than in the single column case. 

The augmentation of the vortex strength associated with the increase in the effective structure 

width, which further intensified the erosion process, is consistent with the literature for steady flow 

(Dargahi, 1989). 
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Figure 4.12: Horseshoe vortex and vorticity at the midpoint of the column(s) upstream face at t = 30s with column 

width, b = 0.1m and the impoundment depth, h0 = 0.25m; a), b): single column b) to e) and g) to j): spacing ratio 

varying from 0 to 3 
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4.5 Discussion 

In this section, the scouring and hydrodynamic changes caused by the addition of a laterally spaced 

column is compared to previous findings from literature. In addition, the significance of these 

results for the design of structures in tsunami-prone areas are discussed. 

4.5.1 Scouring  

The final bed elevation profiles showed lengthier scour holes that extended further downstream as 

the spacing between the columns reduced. These long scour holes may not be fully accurate as 

during the calibration and verification exercises, it was noted that the length of the scour holes was 

overestimated in the FLOW-3D simulations. In the field observations made in Oganawa (Yeh, 

Sato, and Tajima, 2013), the scour hole was present only in between the buildings and no scouring 

was reported along the side walls nor downstream of the structures. However, soil protection in 

the form of concrete and an asphalt layer was observed at the site and this may have prevented the 

formation of lengthier scour holes at those locations.  

When compared to the scouring increase due to lateral spacing in steady flow, similarities can be 

noted. The relative scour depth generated by a bore resulting from an impoundment depth of 0.35m 

was close to the one found by Beg (2010) whose experimental tests were conducted in steady flow 

conditions, especially for the spacing ratios of 2 and 3. In their investigation, the relative scour 

depth was 1.95 for S/b = 0, 1.21 for S/b = 1, 1.1 for S/b = 2 and 1.05 for S/b = 3. In the present 

experiments, the maximum scour depth did not double when the columns were side by side, as 

with the case observed in steady flow (Breusers, Nicollet, and Shen, 1977). This observation is 

consistent with findings of Mehrzad, Nistor, and Rennie (2016) who found that the doubling of 

the column’s effective width did not result in a doubling of the scour depth in tsunami-like flows. 

One possible reason of the difference between steady and unsteady flow is that, in unsteady flow 

conditions, such as the ones occurring during tsunami inundation, the flow duration is not 

sufficiently long to reach the equilibrium scour depth. The variation of impoundment depth did 

not affect the duration of the flow, but the larger flow momentum associated with bores generated 

by the higher impoundment depths was crucial in the effect induced by the lateral spacing. 

Similarly, in steady flow conditions, the approaching flow properties influence scour enhancement 

caused by lateral spacing (Elliott and Baker, 1985). 

4.5.2 Hydrodynamic changes 

In the numerical model, the addition of a second structure on the same transversal plane increased 

the strength of the horseshoe vortex as shown in Figure 4.12. This change may suggest that the 

process responsible for the scour augmentation at the structures was not only channelization (see 

Figure 4.13 for a depiction of the flow structures dictating the scour process). Instead, there are 

hypothesis that the local scouring process was enhanced by the column-induced blockage, as 

explained in the following. The channelization scouring, in steady flow, is caused by the flow 

momentum increase caused by the narrowing of a flow path (Briaud et al., 2005; Sturm, Ettema, 

and Melville, 2011) and scouring caused by this process is observed between the obstructions. 

Whereas in the case discussed in this study, the scouring was mostly present at the upstream face 

and corners of the columns. The fact that the horseshoe vortex was the main driver of scouring 
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may explain why the 0.2 m column had a relative scour depth similar to the 0.1 m column at a 

lateral spacing ratio of 0 and 1, but was much lower when the spacing ratio was of 1.5. As shown 

in Figure 4.10, the reservoir impoundment depth and the subsequent bore generated by its rapid 

release significantly influenced the effect of the lateral spacing effect on scouring. The authors 

suggest that the flow depth at the column location(s) limited the lateral expansion of turbulence 

around them; this resulted in a more significant influence of the lateral spacing at deeper flow 

depths, associated with deeper impoundment depths. It also means that the stronger turbulence 

generated by the wider 0.2 m columns was transversally limited in size, reducing the interaction 

between the structures. This hypothesis explains the more rapid decrease in the influence of the 

lateral spacing in the case of the wider column (0.2 m). 

 

Figure 4.13: Schematic representation of the flow structures creating scour around the columns 

4.5.3 Comparison to ASCE 7 design considerations 

When comparing the numerical model results to the latest recommendations by ASCE 7 - Chapter 

6, it is apparent that further investigations on the topic of scour is necessary. The newer 

recommendations for tsunami-induced scour around columns are based on experiments used for 

the calibration of the present numerical model and on additional experiments performed in the 

same dambreak flume at the University of Ottawa (Lavictoire, Nistor and Rennie, 2014; Mehrzad, 

Nistor, and Rennie, 2016). Since design considerations in ASCE 7 – Chapter 6 are only provided 

for the case of single columns, the numerical model results were considered as single column when 

inputting the column width. On the other hand, the column width in the numerical tests with a 

spacing of 0m was considered as two times the column width, which corresponds to the effective 

width of the two columns. For the lowest impoundment depth, the resulting vertical scour to 

column width ratio (ds/b) was well below the envelope proposed by ASCE 7 (Figure 4.14). 

However, for the bores generated by the impoundment depths h0 = 0.25 m and h0 = 0.35 m, some 

of the results were situated above the proposed envelope. In fact, even the single column test was 

above the envelope when the impoundment depth was of 0.35 m. Some consideration of structure 

spacing should be included in the design of structures prone to experiencing tsunami-induced 

scouring, especially at higher flow momentums. 
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Figure 4.14: Vertical extent of pile scour to projected element width ratio (ds/b) 

4.6 Conclusions 

Several conclusions from this numerical investigation using FLOW-3D were drawn. (1) The lateral 

spacing between two columns does affect the scour depth around them. This increase in scour 

depth, similar to the case of steady flows, is inversely correlated with the distance between the 

columns and directly proportional with the strength of the flow momentum. (2) The increase in 

horseshoe vortex strength is believed to be responsible for this scouring augmentation, leading the 

authors to believe that the flow depth may be a controlling factor for effect the lateral spacing 

between the columns because it limits the lateral size of structure-associated highly turbulent zone. 

(3) Some of the scour depths calculated by the numerical model were found to be exceeding the 

scour design envelope proposed by ASCE 7 Chapter 6. Equations 4.11, 4.12 and 4.13 are 

preliminary proposed to help calculate scour around column elements that are close to each other. 

However, the authors point to the strict limitations of these equations, indicating that, prior to 

proposing them as practical tools for design as they are only based on numerical model results. 

More experimental and numerical investigations need to be performed to validate these numerical 

results and equations.  

Physical modeling is planned by the authors in the near future to help confirm the phenomenon of 

increased tsunami-induced scouring caused by lateral spacing. 
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Chapter 5:  Hydrodynamics and associated scour 
around a free-standing structure due to turbulent bores 

5.1 Abstract 
Forensic engineering field surveys conducted in the aftermath of large-scale tsunamis documented 

the presence of deep local scour holes around structures caused by the extreme inundation 

occurring during such events. The mechanisms leading to scour in extreme flows are still not well 

understood as several physical phenomena influencing the spatio-temporal extent of scour have 

not been adequately investigated. The authors have conducted an experimental test program that 

has employed a large square column in the Large Wave Flume of the Coastal Research Center, 

Germany, while they also used a state-of-the-art numerical model (FLOW-3D) to numerically 

reproduce the experimental results. An investigation of the turbulent flow structures observed 

around the impacted structure showed that these flow structures are largely responsible for the 

sediment transport during the runup phase, but the turbulent energy was far less intense during the 

drawdown phase. The weakness of the turbulent structures observed during drawdown indicates 

that a different physical phenomenon than the one corresponding to the inflow phase is responsible 

for the sediment transport experienced during inundation drawdown. Due to the rapid lowering of 

the flow depth during the drawdown phase of tsunami inundations, a loss of excess pressure occurs 

because of the upward pressure gradient forming within the soil. However, the pore pressure 

measurements taken inside the soil in the physical experiment indicate no sign of upward pressure 

gradient on the inshore side of the column, which is an observation that is incongruent with 

previous similar studies and previous theoretical concepts. This difference was explained by a 

layer of soil that remained with a low water content throughout the test because the column was 

installed on dry sand with low permeability, a condition never tested before for pore pressure 

change caused by tsunami-like waves. 

5.2 Introduction 
Over the past few decades, large tsunami events have impacted coastal communities along the 

coastlines of many countries (see e.g. Krautwald et al., 2021; Stolle et al., 2020; Suppasri et al., 

2013), resulting in infrastructure failures (Chock et al., 2013; Ghobarah et al., 2006; Jayaratne et 

al., 2016; Palermo et al., 2013; Shibayama et al., 2013; Stolle and Goseberg, 2020; Yeh et al., 

2013), lives lost and various forms of pollution, some in the form of floating debris (J. Stolle et 

al., 2019; Jacob Stolle et al., 2020; Stolle et al., 2018). To this day, the scientific community has a 

limited understanding of tsunami inundations and their resulting impacts on structures. This lack 

of knowledge is partly because it is challenging to predict the occurrence of this type of extreme 

hydrodynamic phenomenon, leading to a lack of “live” field observations and measurements of 

tsunami events. Scouring around buildings is one of the least understood effects of the tsunami 

inundation. Not only is the scouring around structures in the field still not predicted to an adequate 

level of accuracy, but the transient nature of tsunamis is adding its complexity. Parameters such as 

the grain size (Lavictoire et al., 2014), structure width (Mehrzad et al., 2016), flow depth (Tonkin 

et al., 2013), number of wave (Chen et al., 2013; Larsen et al., 2018, 2017), wave period, and flow 

velocity (D. J. McGovern et al., 2019) were found to influence scour when examining the tsunami 
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effects using a physical model. However, many other parameters which may influence scour are 

yet to be investigated. 

To simulate tsunamis at reduced scale, various generation methods have been utilized to recreate 

either the surge or the highly turbulent tsunami bore advancing inland (Fritz et al., 2011a; 

Takahashi et al., 2011). Solitary waves (Nakamura et al., 2008; Nistor et al., 2017b, 2017a), N-

waves (Yeh and Li, 2008), cnoidal waves (Antuono and Brocchini, 2011), and dam break waves 

(Lavictoire et al., 2014; Mehrzad et al., 2016; Nouri et al., 2010; St-Germain et al., 2014, 2012) 

have all been used by scientists to study tsunami behaviors in laboratory. A more detailed review 

of tsunami generation methods using experimental facilities was provided by Goseberg et al. 

(2013). These wave proxies present different challenges and can lead to an inappropriate 

representation of some of the tsunami wave properties. Indeed, Tonkin et al. (2003) showed, 

through the use of solitary wave experiment, that the wave drawdown leads to a large sediment 

erosion around the inland face of structures. 

Sediment transport associated with the drawdown process is, in part, caused by the pore pressure 

variation within the soil, which leads to an increase in scouring because of momentary liquefaction. 

In the case of tsunamis and other similar extreme flow events, the inundation generates infiltration 

in the sediment bed, which causes an increase in pressure within the voids of the soil skeleton to 

balance the pressure generated by the water on the soil surface. Once the drawdown process is 

initiated, the overburden pressure exerted by the inundation lowers rapidly, resulting in greater 

excess pressure within the soil than that applied to the sediment bed surface and this difference in 

pressure causes an upward pressure gradient within the soil skeleton. This pressure gradient results 

in a net upward force exerted on the bed particles, which effectively reduces their submerged 

weight (Mason and Yeh, 2016; Sumer, 2014; Sumer et al., 2011). Physical experiments showed 

that the drawdown sheet flow results in the greatest quantity of sediment transport and this 

phenomenon was strongest at the location of the still water level; these were both explained by the 

rapid generation of upward pressure gradient within the sediment bed skeleton (Sumer et al., 2011). 

The  locations near a structure where a decrease of excess shear stress was forming during the 

drawdown phase corresponded to areas where the greater scouring occurred (Nakamura et al., 

2008). Therefore, representing this return phase of the wave is highly important when studying the 

full extent of the phenomenon of tsunami-induced scour. 

Few researchers have studied the variation of pore pressure in sediment beds caused by tsunami-

like waves using numerical models, with many lacking comparison with physical experiments 

(Guo et al., 2019; Scholtès et al., 2015) and with little success when they did (Xiao et al., 2010; 

Yeh and Mason, 2014). However, all those models were performed on flat beaches and the pore 

pressure effect on the prediction of scour around a structure caused by tsunami-like waves is yet 

to be investigated.  

Previous authors have shown the accuracy of numerical models to simulate tsunami-like flows 

(Motley et al., 2016; St-Germain et al., 2014, 2012), and their capabilities and limitations to 

calculate the resulting scour induced by that flow (April Le Quéré et al., 2020; Chen et al., 2016; 

Jiang et al., 2015; Larsen et al., 2018, 2017; Liu et al., 2019; Pan and Huang, 2012; Xiao et al., 

2010). In this study, a state-of-the-art numerical model (FLOW-3D) was applied to investigate the 

possible scour error around structures induced by the lack of pore pressure considerations in 

sediment transport models. The selection of this numerical model was motivated by its proven 

capability to model scouring generated by complex and transient flows (Alemi and Maia, 2018; 
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April Le Quéré et al., 2020; Chen et al., 2016; Omara et al., 2019; Vasquez and Walsh, 2009). The 

numerical model was calibrated and compared with results from experiments performed at the 

Large Wave Flume (GWK) at the Coastal Research Center (FZK) in Hannover, Germany. The 

primary objectives of this study are to:  

1. Numerically simulate the hydrodynamics of a turbulent bore resulting from a broken 

solitary wave advancing onto a sloped sandy beach; 

2. Discuss the differences between the experimental and numerical scour results and how 

those differences relate to the spatio-temporal variation in pore water pressure; 

3. Investigate the change in turbulence structures around the structure and how it influences 

the associated scour. 

The scope of this study is bounded by the fact that authors present a portion of the results of a 

comprehensive experimental program which is novel in its scale and whose results were used to 

validate the numerical model and explain the scour results of the latter. This study does not address 

the full extent of the experimental program. The primary focus of the study is on the presentation 

of the numerical model results, which include a first comparison of the turbulence structures 

forming around a structure during runup and rundown of tsunami-like inundation. Its second focus 

is on discussing the effects of the experimental pore pressure measurements, which showed a 

different pattern compared to previous studies on the scour induced by tsunami-like wave. 

5.3 Methodology 
The novel set of physical experiments, performed at FZK, Hannover, Germany, with unique new 

experimental conditions allowed for high-quality observations, an accurate understanding of the 

phenomenon of scour and selected experimental runs all of which were further used to calibrate 

the numerical model, FLOW-3D (Flow Science, 2019). Further in-depth analysis of the 

experimental campaign will be the subject of future publications. The numerical model, which was 

already used to inform and instruct the research planning of this experimental program, 

supplemented the authors with additional measurements to gain a greater understanding of the 

flow behavior and increase confidence in the numerical solutions. 

5.3.1 Physical experiment 

The experiments described in this study were performed in the GWK of the Leibniz Institute 

Hannover in Germany. This flume is 307 m long, 5 m wide and 7 m deep, which makes it one of 

the largest of its kind in the world. The specifics of this experimental facility, its wave generating 

capabilities and technology are described in previous publications (see e.g. Fernández et al., 2014; 

Gieschen et al., 2021; Rupprecht et al., 2017; Sriram et al., 2016). 

5.3.1.1 Experimental setup 

Figure 5.1 shows the experimental setup with the installations placed in the flume to perform the 

experiments. A mobile bed with a slope (1:20), composed of sand with properties listed in Table 

5.1, was built at one end of the flume, at a distance of 170 m away from the wave maker’s zero 

position. The beach slope utilized in this experiment was built with the same slope gradient used 

in the extensive solitary wave runup investigation performed by Synolakis (1987) and as that used 

in the tsunami scour experiments conducted by Tonkin et al. (2003) and Kato et al. (2000). A 
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square column manufactured of acrylic material, fixed to a concrete base located 1.5 m below the 

sand level, with square cross-section and a width (b) of 0.6 m was installed into the dry portion of 

the beach to simulate the scour around a structure at prototype scale. This size of the structure was 

decided to maximize the realizable scale of the structure, but such that the blockage ratio would 

not lead to the occurrence of wall effects (Melville and Raudkivi, 1977). During the experiment, 

the water in the basin was kept at a constant water level (d) and a piston-type wave maker produced 

a solitary wave. 

Table 5.1:  Sand slope sediment properties 

 
Value 

Hydraulic conductivity (K) (cm/s) 0.333 

Median grain size (d50) (mm) 0.34 

Porosity 0.435 

Sorting coefficient ((d75/d25)
0.5) 1.39 

Span (d90/d10) 3.24 

 

 

Figure 5.1: Experimental setup with side and plan view, waves propagating from left to right - Large Wave Flume, 

Hannover, Germany, a joint research facility run between Technische Universität Braunschweig and Leibniz 

University Hannover 

5.3.1.2 Experimental protocol 

This paper has a specific focus on numerical modelling and the comparison of the numerical model 

results with the experimental ones obtained as part of the comprehensive experimental program. 

A more detailed description of the whole experimental program is presented in a different study, 

and, as such, only details of some of the experimental tests used in here are presented. The height 

(H) of the solitary wave generated for the validation case was 0.74 m. The undisturbed water depth 
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(d) in the deep section of the flume was set to 3.2 m, which resulted in a non-linearity parameter 

(H/d) of 0.231 (within the range of values suggested by Madsen et al., 2008). In order to test the 

repeatability of the results of the experiments, the test was repeated once and the examination of 

the time histories of water surface elevations measured by the ultrasonic scanners and scour depth 

along the column faces yielded standard deviations of 19.9 mm and 8.64 mm, respectively. After 

each run, the water level in the flume was lowered to allow for a full reconstruction of the beach 

slope using heavy machinery while the area around the column model and walls was formed 

manually. The accuracy of the reconstruction work, as well as for a reference data set, the 

bathymetry and topography of the beach and the square column was measured with a 3D laser 

scanner (type: Faro Focus 3D, FARO Europe GmbH, Korntal-Münchingen, Germany). After the 

water level was reset to the appropriate level for the following test, a minimum of 12 hours interval 

before performing the subsequent test was set to allow the water table in the soil to reach a near 

equilibrium level before every test series. 

5.3.1.3 Scale effects 

Scaling the dimensions of the wave and the column with a ratio of 1:20 using the Froude scale 

(Eq. (5.1)), a value which is a commonly used in the past to scale tsunami experiments (Yoshii et 

al., 2017), and by using the  Dean’s scale (Eq. (5.2)) for the sediment size, which is based on the 

sediment’s fall velocity (Dean, 1985; Hughes, 1993; Hughes and Fowler, 1990), results in the 

experiment being of similar magnitude to real tsunami events such as the 1993 Hokkaido-Nansei-

Oki Tsunami (Jaffe and Gelfenbuam, 2007; Titov and Synolakis, 1997) or the 2010 Chilean 

Tsunami (Earthquake Engineering Research Institute, 2010; Fritz et al., 2011b) (see Table 2). The 

Froude number (Fr), with the flow depth as characteristic length, an element which is one of the 

important characteristics of the tsunami inundation at the location of the structure, had a value 

between 0.5 and 1.5, typical for tsunami inundation (Bricker et al., 2012; Matsutomi et al., 2010). 

Fr is also used for the determination of many critical cases in tsunami design and can be easily 

determined in a tsunami prone area using the Energy Grade Line (EGL) method proposed in 

Chapter 6 (Tsunami Loads and Effects) of the American Society of Civil Engineers (ASCE) 7-16 

standard (Robertson, 2020). 
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Where LP and LM are lengths at prototype and model scale respectively, VP and VM are velocities 

at prototype and model scale respectively, and DSP and DSM are particle grain size at prototype and 

model scale respectively. 

Table 5.2: Solitary wave bore and sediment parameters at prototype scale following a 1:20 Froude scale and 

Dean’s scale 

 
Model scale Froude 

scale 1:20 

Dean scale 

1:20 

Wave height (H) (m) 0.74 14.8 14.8 

Maximum flow depth (hmax) (m) 0.50 10 10 
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Maximum depth averaged velocity (Vmax) 

(m/s) 

1.5-2 6.7-8.9 6.7-8.9 

Median grain size (d50) (mm) 0.34 
 

1.5 

Inundation period (T) (s) 20 90 90 

 

During moments when the flow depth was largest, the Reynolds number (Re), defined with the 

structure width as the characteristic length, was between 0.7 x 106 and 1.0 x 106. Due to the 

transient nature of the inundation flow, a range of values needed to be defined for Re. However, 

during the early part of the runup and when the rundown was fully developed, which corresponds 

to the instances when the majority of the scour occurred, Re was sufficiently large to mitigate 

surface tension, viscosity scale effects (Bricker et al., 2015) and the formation of near-structure 

vortices (Larsen et al., 2017). However, the inundation period, when scaled up to prototype, was 

an order of magnitude lower than that of a typical tsunami. The Keulegan-Carpenter (KC) number 

for this case was 45. The KC number calculated from  field measurements ranges from 50 to 1500) 

(D. J. McGovern et al., 2019). At low KC numbers, the flow field around the structure may not 

exist long enough to contribute to the scour process and the bed requires more time to reach 

equilibrium. However, the expected flow structures formed around the structure, indicating that 

the KC number is large enough to be a factor for the scour development. Therefore, the experiment 

and the numerical model may not have properly reproduced some features, such as the magnitude 

of the scour depth of in-situ sites visited after tsunami events, but the above-mentioned 

considerations ensure that the mechanisms governing the scour are well represented. In addition, 

as the numerical model showed good capability to reproduce the experimental scouring 

observations, the authors are confident that the model can be further used to simulate larger 

durations in future work. 

5.3.1.4 Instrumentation 
Three Mic+340/IU/TC Ultrasonic sensors (US) by Microsonic (Microsonic GmbH, Dortmund, 

Germany) were used to measure the time-history of the water surface elevation at representative 

locations along the sloped beach, which allowed for the estimation of the flow depth at the 

structure’s location over time. Two US sensors were installed at the same longitudinal axis as the 

velocity measuring equipment (0.9 m inshore and offshore of the column) while one was installed 

at the same longitudinal location as that of the center of the column (Figure 5.2(a)). In addition, a 

2D scanner (Sick Group, Düsseldorf, Germany, LMS511-20100) was used to monitor the water 

surface elevation along the beach. A wave gauge (WG) (custom-made, in-house wire-resistance 

type, FZK, Germany) was installed at the beach toe to monitor the time-history of the water surface 

elevation (shown in Figure 5.1). 
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Figure 5.2: (a) Location of the measuring instrumentation; (b) location of the pore pressure sensors on the column 

faces; (c) photograph of the measuring instrumentation around the column; (d) photograph of the exposed pore 

pressure sensors during the bed construction 

Two electromagnetic current meters (ECM) (HS Engineers, D-18107 Lichtenhagen, Germany, 

type: ISM-2001) were placed 0.15 m above the initial sand surface. The ECMs were installed 

0.9 m upstream and downstream of the longitudinal location of the column’s center, at a distance 

of 0.6 m away from the flume walls.  

Fifteen pressure sensors (General Electric, 1830 Druck High Performance Level Pressure Sensors, 

Fairfield, United States) were installed on the three of the column faces (front, side and back) to 

monitor the pore pressure change in the sand bed around the structure. On each face, pressure 

sensors were installed every 0.2 m, with the first one installed 0.10 m, 0.115 m and 0.13 m below 

the initial surface of the sand for the front, side and back faces, respectively (see Figure 5.2(b)).  

The three US, the two ECM and the pressure sensors were all synchronized with the use of an in-

house custom made data acquisition system. The sampling rate of all these instruments was set at 

1000 Hz. 

Throughout the tests, bed elevation change along the walls of the column model was monitored 

using two cameras (GoPro, United States, type: Hero 8, sampling frequency: 60 Hz) installed 

inside the column. The two cameras were installed below the initial sand bed level. The two 

cameras were sufficient to spatially cover three faces of the column (front, one longshore side and 

back) when recording. After the completion of each run, bed elevation around the column was 

scanned from several positions using the 3D scanner (FARO Europe GmbH, Korntal-Münchingen, 

Germany, type: Faro Focus 3D). These measurements resulted in a 3D representation of the final 

bed topography. 
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5.3.2 Numerical model 

In this study, the FLOW-3D numerical model (Flow Science, 2019) was used to investigate the 

turbulent structures occurring around a column subjected to tsunami-like flows. The model was 

also used to evaluate the scour induced by the turbulent flow around the structure and to also 

evaluate the need to account for pore pressure when estimating scour caused by transient tsunami-

like flows. The use of the large eddy simulation (LES) turbulence model in combination with 

Nielsen's (1992) sediment transport model were found to be accurate for calculating scouring 

caused by tsunami-mimicking flows around a square columns (April Le Quéré et al., 2020). The 

numerical model setup and its main equations are further described in this section. 

5.3.2.1 Governing equations 

FLOW-3D is a non-hydrostatic numerical model that solves the Navier-Stokes momentum 

equation along the three principal Cartesian directions to simulate flows occurring within its 

boundaries. The non-hydrostatic solution helps to capture the complex vortex structures such as 

the ones forming at vertical elements, which are crucial for accurately modelling local scour (Imran 

et al., 2017; Khosronejad et al., 2012). The continuity and momentum equations were resolved 

with an implicit method of second order of accuracy (Hirt, 1979). The free surface condition was 

modelled using the volume of fluid (VOF) method (Hirt, 1981). 

5.3.2.2 Sediment transport model 

The calculations for the sediment transport were performed by considering separately the bedload 

sediment transport, using the Nielsen’s (1992) model, and the suspended sediment transport, with 

the formulation of Mastbergen and Van Den Berg (2003). First, the bedload transport model 

proposed by Nielsen (1992) was developed for coastal-type conditions and was constructed on the 

principle of that excess shear stress causes sediment transport and is based on Shields parameter. 

The formulation of Mastbergen and Van Den Berg (2003) was applied to model the suspended 

sediment transport rate.  

5.3.2.3 Computational domain 

The computational domain consisted of four consecutive meshes consisting of cubic cells with 

different grid size (see Figure 5.3). A size ratio of two was applied between consecutive meshes, 

which was found to minimize the errors when the flow was transitioning from one mesh to the 

other. The cell size varied from Δ1 = 0.10 m in the offshore section to Δ3 = 0.025 m near the column 

for a total number of approximatively 6 million cells. The offshore limit of the mesh extended to 

the toe of the sand slope. The computational domain extended onshore to the maximum 

longitudinal position of the wave runup. The faces of the cells of mesh #3 were chosen to follow 

the surfaces of the column, which allowed the geometry of the experimental features to be correctly 

modeled by FAVOR (Flow Science, 2019). The circular dots shown in Figure 5.3 indicate the 

location of data collection points, which corresponded to the location of the experimental 

measuring tools described in the Instrumentation section. 



75 

 

 

Figure 5.3: Computational domain showing the four regions and their specific grid dimensions 

5.3.2.4 Initial and boundary conditions 

The initial conditions for the model were based on the parameters of the physical experiment. The 

still water level in the basin was set to 3.2 m and the solitary wave height was 0.74 m. The slope 

of the sand bed was of 1:20 with the particle size of the bed material being 0.34 mm, the same as 

the median grain size (d50) of the sand used in the experiment. The critical Shields parameter 

selected for the sand used was of 0.036 based on the formulations of Soulsby (1997). 

All boundaries in the model, except for the offshore one, as well as the beach slope, were defined 

as free slip boundaries in order to simulate solid walls. The offshore boundary was defined as a 

solitary wave boundary, where the free surface elevation and flow velocity imposed at that 

boundary were calculated with the equation of McCowan (1891) for solitary wave. The beach 

slope was defined as a rough no-slip boundary with a roughness height of 0.0003 m, which led to 

an accurate representation of the inundation hydrodynamics.  

5.3.2.5 Turbulence model 

A large eddy simulation (LES) approach was employed in this study, whereby the turbulence is 

resolved for eddies larger than the cell size and smaller eddies are replaced by local viscosity based 

on the assumption that large eddies carry more energy and that smaller ones are similar to local 

sinks of energy. For additional details on the numerical model’s equations, the reader is directed 

to the FLOW-3D user manual (Flow Science, 2019). 

5.3.2.6 Mesh sensitivity analysis 

The required mesh sensitivity analysis was performed in a two-step process. The first step was to 

find the coarsest mesh that does not lead to a change in the results of the wave runup on the sand 

beach or decay of the offshore wave. This analysis was performed with a 2D vertical mesh without 

the presence of the column and the model domain was extended 200 m offshore similar to the 

experimental flume setup (see Figure 5.1). The cell size was varied from 0.2 m to 0.05 m with 

0.05 m increments. The results indicated no decay of the offshore wave through numerical 

diffusion and the time -history of the water surface elevation along the beach from the 0.1 m mesh 

and the 0.05 m were nearly identical, with an average RMSE of 0.00756 m at the three US 

locations. However, a 0.05 m mesh was chosen for the beach section to reduce the error induced 
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by the transition between two meshes in highly turbulent areas. The second step consisted of 

varying the cell size near the column. The calculated final bed topography was compared between 

the different simulations to test mesh sensitivity. The cell size near the column was varied between 

0.05 m and 0.015 m with increments varying between 0.01 m and 0.005 m. Additional mesh 

blocks were defined between the 0.05 m meshes and the mesh near the column to reduce the mesh 

transition induced error. The sensitivity analysis showed that a mesh with a cell size of 0.025 m 

was optimal for the domain near the column, since the final maximum scour depth was different 

by 4% and the standard deviation of the scour depth in the vicinity of the column was 0.002 m. 

No sensitivity analysis was performed for the time step for this model. However, the time step was 

automatically varied, based on stability, during the simulation from a maximum of 0.035 s, when 

the wave was propagating over the basin, to a minimum of 0.0002 s at the instant the broken wave 

bore collided with the column. The reduction of the time step throughout the simulation was done 

to allow for a convergence of pressure and to keep the Courant number below 1.0 (Courant et al., 

1967), leading to model stability. When possible, the model automatically increased the time step 

to minimize the total run time. 

5.3.2.7 Calibration procedure 

The first calibration was performed by adjusting the entrainment coefficient (αi), which influences 

the pickup rate of the bed particles in the sediment transport model. The authors elected to tune 

this coefficient to adjust the scour since it is recommended to use for calibration purposes by the 

developers of FLOW-3D (Flow Science, 2019) and, as such, this coefficient  was varied between 

0.012 and 0.15. The coefficient was modified until the maximum final scour depth in the numerical 

model was of equal magnitude to the one measured in the experiment, with no discrimination for 

the location of this maximum scour depth. αi = 0.014 was found to be the most appropriate value 

in this case.  

5.4 Results 
The results presented in this section include both experimental measurements and numerical 

calculations of the flow hydrodynamic and bed elevation changes, and comparisons of those results 

with analytical solutions. 

5.4.1 Offshore wave profile 

First, the offshore water surface displacement caused by the solitary wave, calculated by the 

numerical model and measured in the experiment model, was compared with that obtained using 

Goring’s approximation of the Boussinesq solution (Goring, 1978), which is described by 

Equations 5.3 through 5.5: 

 𝜂 = 𝐻𝑠𝑒𝑐ℎ2 (
𝛽(𝑐𝑡 − 𝑥)

2
) (5.3) 

 𝛽 = √
3𝐻

𝑑3
 (5.4) 
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 𝑐 = √𝑔(𝐻 + 𝑑) (5.5) 

where η is the free surface displacement, H is the solitary wave height, β is the wave number, c is 

the wave celerity, t is the time, x is the longitudinal position and d is the still water depth. The 

solitary wave in the experimental model was generated by the method of Goring (1978) as 

described in Schimmels et al. (2016) and the water surface displacement at the wave boundary in 

the numerical model was calculated using the McCowan's (1891) solution. 

The evolution of the water surface displacement presented in Figure 5.4 was taken at WG1, which 

was located at the toe of the sloped sand beach. Time (t) = 0 s (reference time for the remainder of 

this manuscript) in Figure 5.4 corresponds to the instant at which the broken bore reaches the 

location of US1. The results showed that the numerical model represented well the physical model 

and analytical solution. It also confirms that the paddle wave maker generated the solitary wave 

appropriately and the wave height decay through viscous dissipation and surface friction in the 

experimental flume was minimal. 

 

Figure 5.4: Time-history of the water surface displacement caused by the solitary wave at WG1 

5.4.2 Post-wave breaking time-history of the water surface  

In Figure 5.5, the temporal variation of the water surface elevation on the beach was compared 

between the observed experimental data, the numerical results and the analytical solution for 

solitary wave runup on a sloped beach proposed by Peregrine and Williams (2001). Their 

analytical solutions for the water surface displacement, which equals to the flow depth since the 

soil was dry at the location of measurement, and the near-bed velocity are Equation 5.6 and 

Equation 5.7, respectively: 

 𝜂 =
1

9𝑔𝑐𝑜𝑠𝜃
(2√𝑔𝐴 −

1

2
𝑔𝑡∗𝑠𝑖𝑛𝜃 −

𝑥∗

𝑡∗
)

2

 (5.6) 

 𝑢̅ =
1

3𝑐𝑜𝑠𝜃
(2√𝑔𝐴 − 2𝑔𝑡∗𝑠𝑖𝑛𝜃 −

2𝑥∗

𝑡∗
) (5.7) 
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where (θ) is the angle of the bed slope, A is half of the runup maximum vertical reach (taken as 

0.62 m), x* is the longitudinal location with respect to the location of the bore collapse, t* is the 

time zeroed at the instant when the bore collapsed. 

When the broken wave reached the US positions, large spikes were measured between t = 0 s and 

t = 3 s, which were caused by the splash induced by the impact of the wave on the column. Since 

these spikes were judged as non-representative of the real water surface at the start of the wave 

runup they were removed from the data sets. After the spikes, the flow depth rapidly reached its 

maximum. At the column location (Figure 5.5(b)), the maximum flow depth reached 0.45 m and 

0.48 m in the experiment and the numerical model, respectively. Following the flow depth peak (t 

= 3 s), flow depth reduced until approximately t = 6 s. Then, the average flow depth plateaued until 

the final rapid flow depth reduction at t = 15 s. The flow reversal, estimated at t = 7.5 s, represents 

the instant when the flow velocity at ECM2 reached zero and the flow initiated an offshore 

movement at that location. The flow depth measured by US1 and US3 showed a noticeably 

different flow behavior. The presence of the plateau was nonexistent at US1 (Figure 5.5(a)), while 

its length was enhanced at US3 (Figure 5.5(c)). The total inundation time at the column location 

was approximately 20 s in both the numerical model and the experimental measurements. Previous 

studies of solitary wave runup reported similar results of runup flow depth evolution over time 

(Pujara et al., 2015; Sumer et al., 2011; Tonkin et al., 2003).  
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Figure 5.5: Comparison of the numerical model and experimental results of the flow depth at the three ultrasonic 

sensors: (a) US1 (b) US2 (c) US3 

Both the experimental results and the numerical ones showed good agreement with the analytical 

solution in the early stages of the wave, especially at the location of US1. However, flow depth 

reduced quicker in the analytical solution after the flow depth has reached its maximum. In 

addition, the plateau found at US2 and US3 is not found in the analytical solution. The presence 
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of the structure and the movable bed, which dissipated some of the flow energy, may explain the 

generation of this plateau. This flow depth plateau can also be observed in the results discussed in 

Tonkin et al. (2003), indicating that the structure and sediment bed may be causing this flow 

behavior. 

The numerical and experimental flow depth results along the sloped beach showed good 

agreement. The maximum flow depth and the general wave profile were similar at all three 

locations. Some ripples produced by the wave-structure interaction were observed in US2 (Figure 

5.5(b)) and US3 (Figure 5.5(c)), which were well replicated by the model. The ripples did not 

completely match, but their period and magnitude were similar between the two. The RMSE was 

used as a quantitative measure for the difference between the numerical and the US scanners 

results, which was calculated between t = 3 s and t = 20 s to remove the section with the spikes. 

The RMSE was of 0.0285 m, 0.0462 m and 0.0485 m for the US1, US2 and US3 respectively.  

5.4.3 Post-wave breaking time-history of the flow velocity  

In Figure 5.6, the velocity measured by the two ECMs was compared to the velocity calculated by 

the numerical model at their sampling locations and to the analytical solution of Peregrine and 

Williams (2001) (Eq. (7)). A delay was observed before the moment at which the first velocity 

measurement was taken because the sampling location of the ECMs was 0.15 m above the initial 

bed level to eliminate the bed influence on the measurements. This elevation of the sampling 

location also explains why the velocity calculated in the numerical model decreased to zero at t = 

14 s when the flow depth reduced below 0.15 m. Only a section of the ECM experimental 

measurements was retained due to the high fluctuations and noise observed in the measurements 

outside of the interval presented herein. These fluctuations and the inherent lack of accuracy during 

the measurements during these instants was attributed to the high turbulence in the initial flow and 

the entrained air in the bore. More significant such fluctuations were measured by ECM1 compared 

to ECM2, and the interval of low noise data of the former was shorter. However, when comparing 

those velocity intervals with the numerical model’s measurements, good agreement was observed 

both in the scale of the measurements and the timing of the flow reversal. 
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Figure 5.6: Comparison of the flow velocity results in the numerical model and in the experiment at (a) ECM1 and 

(b) ECM2 

Owing to the good agreement between the numerical and experimental results, velocity 

calculations obtained through the numerical model could be used to gain a better understanding of 

the hydrodynamic behavior of the wave runup at the structure’s location. The maximum velocity 

calculated from the numerical model occurred when the wave first reached the ECM level. Then, 

the flow velocity reduced until its reversal at t = 7 s. At this point, the flow accelerated in offshore 

direction until a maximum velocity of 2.3 m/s and 2.0 m/s was reached for ECM1 and ECM2, 

respectively. The RMSE for ECM1 and ECM2 were of 0.396 m/s and 0.304 m/s respectively. 

Good agreement between the numerical, the experimental results, and the analytically calculated 

velocity was also noted. However, the analytical solution predicted the same velocity behaviors, 

but occurring about 1 to 2 seconds earlier, which may be due to the lack of energy loss 

considerations in the analytical solution. 

Figure 5.7 shows the time-history of the Froude number (Fr) variation. The flow velocity measured 

by the ECM2 and the flow depth recorded by US3 (co-located longitudinally) were used to 

estimate Fr in the immediate vicinity of the structure’s location. These sensors were located 0.9 m 

laterally inshore of the center of the column. For the numerical results, Fr was calculated using the 

depth-averaged velocity, which explains the larger interval of data than presented in Figure 5.6, at 

the location of US2. Although the flow and velocity measurements were not taken at the very same 

location, the temporal variation and magnitude of Fr were very similar and confirmed that using 

the measurements taken at the longitudinal location of ECM2 lead to an acceptable estimation of 

the Fr variation at the column location. This different sampling location also caused a slight shift 

in the Fr (Figure 5.7).  

 𝐹𝑟 =  
𝑉

√𝑔ℎ
 (4.8) 
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Where V is the flow velocity, g is the gravitational acceleration and h is the flow depth. The 

numerical model calculated the Fr for very shallow waters, which explains the very large spike at 

the wave arrival. After 3 s, the Fr decreased to a value of 0.8 and remained constant for 2 s. Then, 

Fr further decreased until flow reversal and then increased relatively linearly to a maximum of 

around 1.5 during the drawdown phase of the flow, a value sustained  between t = 15 s and t = 

18 s. This result indicates that the run-up phase of the flow can be characterized, for the current 

conditions, as deeper and relatively slower, while drawdown flow was shallower and faster, which 

is consistent with previous findings (Liu et al., 2019; Synolakis, 1987; Xiao et al., 2010).  

 

Figure 5.7: Time-history of the Froude number variation at the US2 location (Numerical results) and the ECM2 

location (Experimental results) 

5.4.4 Turbulent flow structures 

The turbulent flow structures were studied for results from the numerical model by using the Q-

criterion (Hunt et al., 1988), which is the relative dominance of the rotational vs strain components 

in a flow and used as a measure of vortical component. Figure 5.8(a) to Figure 5.8(c) show the 

turbulence structures around the column from three different angles of view at a given instance (t 

= 4 s) during the runup phase of the wave. Figure 5.8(d) to Figure 5.8(f) show the same, but at an 

instant (t = 10 s) selected during the drawdown phase. The results showed that the turbulence 

structures in the runup phase were greater in number, size and vorticity compared to the ones 

forming during the rundown phase. This highly turbulent energy, and its associated shear stress, 

were responsible for the rapid scour which occurred during the runup phase. During the drawdown 

phase, turbulent structures were fewer and lower in energy, which indicates that the scouring 

observed in the drawdown phase of the wave is associated with a different phenomenon. 
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Figure 5.8: Evolution of the numerically-calculated turbulence structures (a,b) and sketches of the turbulence 

structures (c,d) around the column during the runup phase at 4.0 s (a,c) and the drawdown phase at 10.0 s (b,d) 

Figure 5.9 shows stills taken from the GoPro video recordings taken from inside the column. 

Figure 5.9(a) and Figure 5.9(e) show the turbulent structures forming at the column during the 

runup, which occur at the same time as those shown in Figure 5.8(a) to Figure 5.8(c). Figure 5.9(c) 

and Figure 5.9(g) show the turbulent structures forming at the column during the drawdown, which 

corresponds to the same time as those shown in Figure 5.8(d) to Figure 5.8(f). In Figure 5.9(a), 

similarly to the numerical results, a horseshoe vortex formed along the bed while sand being 

suspended was observed at the front face. Vertical vortices (occurring within the blue circles) 

formed at the corners of the structure. These were also observed in Figure 5.9(c) and Figure 5.9(g) 

during the drawdown phase. The vertical vortices forming at the corners of the square structure 

were also observed by McGovern et al. (2019) and were attributed to the large sediment transport 

near the corners of the structure. The surface roller was observed forming along the front face 

during the runup (Figure 5.9(a)) and on the back side during drawdown (Figure 5.9(g)).  
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Figure 5.9: GoPro video stills from inside the column showing the front and side faces (a,b,c,d) and the side and 

back face (e,f,g,h) at 4.0 s (a,e), at 7.0 s (b,f) at 10.0 s (c,g) and at 18.0 s (d,h) 
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5.4.5 Scouring pattern and evolution 

Three different representation of the scour results were compared between the numerical model 

and the physical experiment: (1) the final beach topography in close vicinity of the column, (2) the 

final bed elevation along the faces of the structure, and (3) the scour depth evolution over time at 

the center of the column faces. 

The comparison of the final bed elevation change in both the experimental tests and the numerical 

model are shown in Figure 5.10(a) and Figure 5.10(b) respectively. The difference between the 

two topography results (numerical and experimental) is shown in Figure 5.10(c) (red indicates 

more scour in the numerical results and blue indicates more scour in the experimental results). The 

numerical results and the experimental results indicated similar patterns of erosion. The deepest 

scour was found at the front and back corners of the structure. Bed was eroded at all the faces of 

the structures, except for the center of the back face where accretion was observed. A large quantity 

of volume of accreted sand was found 0.5 m offshore and inshore of the column for both the 

numerical and experimental results, with more accretion in the case of the numerical one. The final 

maximum scour depth was matched in both, since it was used as a comparison point for the 

calibration exercise. However, the width of the scour was significantly larger in the experiment 

when compared to that observed in the numerical model, which may indicate that the rotational 

flow patterns at the onshore corners were less developed in the numerical model or indicate the 

presence of a different scour process. The accretions onshore of the column were much narrower 

in the numerical model, while the size and magnitude of the accretion offshore of the column were 

similar in both models. The numerical model showed an asymmetric scour pattern. 

 

Figure 5.10: Comparison of the final bed topography: (a) experimental results, (b) numerical results and (c) the 

difference between the experimental results and the numerical ones (red – larger erosion of numerical calculation, 

blue – larger erosion of experimental 

The final bed elevation change at three faces (front, side and back) of the column was compared 

between the numerical results and the experimental results in Figure 5.11. The results at the front 

(Figure 5.11(a)) showed a high agreement. The maximum difference between the two can be found 

near the corners, where the RMSE was 0.0107 m. For the sides (Figure 5.11(b)), the two lateral 

sides were shown for the numerical model, but only one side was measured during the experiment. 
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The two sides, in the numerical results, show again the asymmetry of the simulation. The 

experimental results followed a similar trend as the numerical results. The RMSE between the 

experimental results and the average of the two sides was 0.0131 m. The results at the back (Figure 

5.11(c)) of the column point to significant differences between the numerical and experimental 

results. In fact, the bed in the experiment has reduced in elevation across the entire face length and 

the maximum scour depth was found at the corners of the back face. Contrary to this, accretion 

was shown to have occurred along most of the face in the numerical model. The RMSE between 

the two results was 0.0407 m, which indicates poor replication of the scour at the back face. 

 

Figure 5.11: Final bed elevation comparison between the numerical and the experimental results at the (a) front 

face (b) side face (c) back face 
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The time-history of the scour evolution at the center of the structure’s sides, where the pressure 

sensors were located, was monitored throughout the experiment to link it with the change in pore 

pressure over time (Figure 5.12). At the front face (Figure 5.12(a)), the pattern of bed elevation 

change was similar between the numerical results and experimental results. The bed rapidly 

scoured to an elevation of -40 mm and -35 mm in the numerical results and the experimental 

results, respectively. Then, the bed stabilized until the end of the drawdown phase, when material 

deposition led to an increase in bed elevation, which was lesser in the numerical model. A certain 

lag in the pressure sensor readings (see Figure 5.12(b)) indicated a downward pressure gradient 

during the runup and an upward pressure gradient during the drawdown (t = 5 s to 20 s), which 

would indicate a decrease in the effective stresses during drawdown. However, no scour linked 

with this reduction in effective stresses was observed during the drawdown at the front face.  
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Figure 5.12: Temporal evolution of the bed elevation and the pore pressure at the center of the (a,b) front face (c,d) 

side face (e,f) back face 

Similarly, on the sides, the pattern of scour evolution was well represented by the numerical model, 

especially when compared to the left side, but a certain difference of elevation was observed at the 
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end of the measurements (Figure 5.12(c)). Between t = 18 s and t = 24 s, some scour followed by 

a rapid deposition of sediment was observed in the experimental results, which led to the final 

scour depth to be lower than that calculated on the left side with the numerical model, but greater 

than that on the right side. This deposition occurred after the last data point for the numerical 

model, but no such deposition was observed when testing longer numerical test durations. The 

pore pressure variation (Figure 5.12(d)) was not as conclusive as on the front, and does not indicate 

any sign of significant decrease in effective stress. Also, the shallowest pressure sensor (115mm 

below the initial bed level) indicated fluctuations in the results which may be due to the fact that 

the bed level was approaching its sampling elevation. 

On the back side of the structure (Figure 5.12(e)), before t = 14 s, the scour pattern was well 

replicated with a certain difference in magnitude from the experimental results. After this instant, 

the numerical model predicted a small erosion at the back face. On the other hand, the experimental 

results indicated rapid scouring for that same period. The rapid scouring experienced at that instant 

could be attributed to the presence of an upward pressure gradient in the soil generated by the rapid 

reduction in the flow depth. A phenomenon that was not accounted by the numerical model in the 

calculation of sediment transport. However, the experimental measurements of pore pressure did 

not point towards such an upward pressure gradient. In fact, the pressure at the shallowest pressure 

sensor remained greater than of the other two pressure sensors for the majority of the drawdown 

phase (t = 7 s to t = 20 s in Figure 5.12(f)). Therefore, if an upward gradient formed within the soil 

due to the rapid lowering in flow depth, its effects were not measured deep in the sand. A 

discontinuity in the pore pressure may have been created by the fact that the water infiltrated only 

a few centimeters in the soil and never reached the shallowest of the pressure sensors on the back 

side and the sides of the column. In Figure 5.9, it can be observed that a layer of sand remained 

unsaturated during the test. This is different than the experiment of Tonkin et al. (2003), where the 

soil was fully saturated because the column was installed at the still water level and a strong 

upward pressure gradient was noted during the drawdown of the wave.  

5.5 Discussion 
The accurate representation of the hydraulic bore by the numerical model helped to obtain good 

agreement of the scour results between the numerical results and the experimental ones on the 

front and sides of the structure. However, the magnitude of the final maximum scour depth 

(0.15 m) was much lower than the one predicted by the ASCE 7-16 Chapter 6 (0.528 m) for this 

situation (see Figure 5.G12-20 in Robertson (2020)). As expected, it indicates that the short 

inundation period, which was an order of magnitude shorter than that for a typical tsunami, has 

most probably led to less sediment scour than would be experienced during a tsunami inundation 

at a prototype scale. However, by exclusively considering the flow depth, and ignoring factors 

such as inundation duration and grain size scaling, when predicting the scour, the method proposed 

by Robertson (2020) was developed conservatively.  

In addition, the scour at the back of the structure was significantly underestimated by the numerical 

model. The sediment transport model was only considering flow patterns when calculating the 

sediment transport because the calculations are based on shear stresses calculated at the bed level. 

During the runup phase, the flow near the structure was characterized by strong turbulent eddy 

structures, which allowed for a more accurate calculation of the sediment transport in the numerical 

model since the latter accounted for it when calculating sediment transport. However, during 
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drawdown, most of the turbulent structures were found on the lee side of the structure and exhibited 

lesser turbulent energy, which has not led to sediment transport on the back side, as was however 

observed in the experiment.  

The lack of scour produced during the drawdown on the back side of the structure indicates that a 

different mechanism, not considered by the numerical model, was influencing the sediment 

transport during this phase of the wave. The rapid lowering of the flow depth created a reduction 

in overburden pressure on the surface of the soil and should have led to an upward pressure 

gradient in the soil skeleton during the drawdown phase, especially at the back side of the structure. 

However, the measurements from the pressure sensors within the soil (as seen in Figure 5.12(f)) 

do not support this observation made during the comprehensive physical experiment conducted by 

Tonkin et al. (2003). Although similar, the present experiment and the experiment of Tonkin et al. 

(2003) have a few differences. Both experiments studied erosion around a vertical column on a 

sloped sand beach using tsunami-like solitary wave as a forcing hydrodynamic event. However, 

some of the conditions in the current experiments were quite different from those of Tonkin et al. 

(2003), and they may have affected pore pressure measurements:  

1. The shape of the column was different (squared column in the present experiments, 

compared to a round column).  

2. The incident wave height was 2.5 times higher than the one used by Tonkin et al. (2003), 

which should have led to an increase in pore pressure gradient (Abdollahi and Mason, 

2020) because the resulting increased flow depth over the shore increases the pressure on 

the soil surface.  

3. The column used in the present study was placed on the beach at a distance of 6 m from 

the still water level, instead of being installed at the still water level. The placement of the 

column further up the shore translates into reduced flow depth at the column and the 

associated hydrostatic pressure on the soil surface, which should have decreased the 

chances of an upward pressure gradient forming in the soil (Sumer et al., 2011). 

The authors judged that the fact that the column placed on dry land, in combination with the smaller 

grain diameter, were the key differences that led to the upward pore pressure gradient not forming 

deep in the soil. In fact, it was noted that a layer of sand remained unsaturated in the soil (see 

Figure 5.9(d) and Figure 5.9(h)) and the water only infiltrated a small distance in the soil due to 

the low hydraulic conductivity of the soil skeleton. This layer of unsaturated soil was not present 

in the experiment of Tonkin et al. (2003) since the column was installed at the still water level. In 

addition, to the authors’ knowledge, most previous studies that explain theoretically the 

phenomenon of momentary liquefaction caused by tsunami have done so with the assumption that 

there is an uniformity in water content within the soil pores and that this water content is high (Guo 

et al., 2019; Mason and Yeh, 2016; Scholtès et al., 2015; Xiao et al., 2010; Yeh and Mason, 2014). 

Although this layer of unsaturated soil prevented the pore pressure to increase deep in the soil, an 

upward pore pressure gradient may have occurred near the bed surface. Due to the placement of 

the pore pressure sensors in the unsaturated layer of soil, this could not be observed. 

This phenomenon, however, was not accounted for in the numerical model as the latter is 

modelling the soil as one single phase, effectively neglecting an important process. There is further 

need to couple the fluid domain (at least one-way) to a model that is capable of solving the soil-

governing processes.  
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5.6 Conclusions 
A numerical model was successfully applied to simulate the results of a large-scale experiment of 

a solitary wave impacting a vertical structure installed on a sloped sand beach. The numerical 

model showed an accurate representation of the flow characteristics of the wave runup on the 

sloped beach. The calculation of the final scour accurately represented the experimental results on 

the sides and front of the structure, but the numerical model failed to predict the deep scour holes 

that formed near the back corners or the structure. This discrepancy was found to be due to the 

lack of pore pressure gradient consideration in the calculation of sediment transport in the 

numerical model. The latter used the shear stresses to model the scour of the bed by the flow and 

the associated turbulent structures.  This resulted in the numerical model accurately representing 

the scour during the runup phase of the wave. However, during the rundown phase, when the back 

of the structure has shown significant scour, the model failed to predict it. This was hypothesized 

that it is partly due the fact that the significant influence of the decrease in effective shear stress of 

the surface’s soil is not taken into account in the numerical model.  
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Chapter 6:  Influence of Macroroughness on Tsunami 
Scour of Coastal Structures 

6.1 Abstract 

The extreme tsunamis of the past two decades (e.g., the 2004 Indian Ocean Tsunami, the 2010 

Chile Tsunami, and the 2011 Tohoku, Japan Tsunami) have proven the devastating force of such 

extreme hydrodynamic events. Flood-induced scouring leading to infrastructure damage has been 

found to be an important phenomenon during post-tsunami forensic investigations, and previous 

research focused on investigating the complex process of tsunami-induced scouring utilized 

around isolated single columns or horizontal structures. However, given that coastal cities often 

have complex arrangements of multiple structures, and narrow, often-crammed paths between 

edifices, the channels between these structures concentrate the flows, which results in an 

enhancement of scour risk compared to isolated structures. This research is an attempt to inform 

the scientific community regarding the amplification of scour due to flow concentration due to the 

presence of macroroughness elements offshore of the design structure. The authors employed a 

comprehensive physical experimental method for this study. The experiments were performed in 

the new Dambreak Flume at the University of Ottawa, Canada. The results from this study 

demonstrate that factors such as the flow conditions and the distance between the macroroughness 

elements influence the effect of the macroroughness elements upstream on the increase of scour at 

the design structure. 

6.2 Context and research needs 

Post-tsunami forensic investigations over the past few decades have highlighted the devastating 

impacts of such extreme hydrodynamic events. To reduce the impacts of similar natural 

phenomena in the future, scientists have studied these waves, their hydraulic properties, and their 

effects on structures. The focus of this study is on one of those effects: scouring. At present, many 

parameters that dictate scour that are linked with extreme inundations, such as tsunamis, are still 

unknown. One parameter for scour that has yet to be investigated by the scientific community is 

the effects of neighbouring structures around the design structure. Field examples of multiple 

structures, focusing on the flow between them, which leads to enhanced scour, can be found in 

existing forensic tsunami investigations (Chock et al., 2013; Wilson et al., 2012; Yeh et al., 2013).  

Yeh et al. (2013) documented a case of two large tsunami-resistant hospital buildings that 

generated local flow concentrations between them which led to failure of all the structures on the 

onshore side of the gap between the buildings. These two large buildings can be considered as 

“macroroughness elements” that concentrated the flow both between and downstream of them. 

Although hydrodynamic forces were likely responsible for the failure of most of the structures on 

the onshore side of the hospital buildings, the authors hypothesized that there was a greater risk 

for scour at the location of the failed structures due to the two neighboring tsunami-resistant 

buildings. 

Tonkin et al. (2013) separated tsunami-induced scour into four different categories: (1) local scour, 

which occurs near a vertical structure; (2) generalized scour, which occurs over a large area; (3) 
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overtopping scour, which occurs when a flow overtops a horizontal structure; and (4) channelized 

scour, which occurs when a flow is concentrated or redirected. The specific case of upstream 

macroroughness elements focusing the flow onto a downstream single structure is investigated in 

the present study. This case can be argued as being a combination of both local scour (1), because 

of the shape of the columns, and channelized scour (4), because of the focused flow between the 

two upstream macroroughness elements. 

Steady flow studies have highlighted the risk of increased scour due to the narrow spacing between 

structure elements (Beg, 2010; Hamidi and Siadatmousavi, 2018; Hosseini and Amini, 2015; Kim 

et al., 2014; Zhang et al., 2017). Hosseini and Amini (2015) and Hannah (1978) found that columns 

that are placed in a staggered arrangement lead to an increase of up to 25% in scour depth at the 

downstream column when subjected to a steady flow. Meanwhile, Zhang et al. (2017) investigated 

the case of two upstream macroroughness elements concentrating a flow onto a downstream 

column of similar size, and their results show that while this arrangement leads to less scouring 

around the downstream column when the columns are close to one another, it leads to increased 

scour when the distance between the columns is set at 3 times their diameter. These observations 

give clues that upstream macroroughness elements are likely to lead to an increase in scouring 

around a downstream structure when subjected to a tsunami-like wave. 

Channelized scour, also referred to as constriction scour, has been researched in steady flow 

conditions, in contrast to tsunami flow situations. Channelized scour occurs when abutments 

spanning a long section of a river reduce the effective width of that river (Gill, 1981; Laursen, 

1963). The flow’s streamlines are concentrated in the contraction, leading to more shear stress 

across the entire width of the bed (Ettema et al., 2010; Sturm et al., 2011); however, if the river is 

wide, only local flow accelerations and scour are observed near the sides of the constricted reach 

(Lim and Cheng, 1998). Channelized scour is also contingent on the assumption that the transition 

between river reaches with different widths is “long”. When the transition occurs over a short 

distance, large scouring at the abutments can be observed, which is driven more by turbulence than 

by unidirectional flow acceleration (Ballio, 2004; Ettema et al., 2010; Melville, 1997). This 

turbulence indicates that a local scour process is responsible for the displacement of bed material, 

rather than channelized scour (Ettema et al., 2006b, 1998). Differentiating between the two scour 

processes is important when analysing the case studied here. 

Most tsunami scour research has been performed with observations from post-tsunami forensic 

investigations and using laboratory experiments or applying numerical models. When 

investigating the scouring mechanisms of tsunamis using the latter two methods, the majority of 

cases considered structure-less beaches, horizontal structures (such as seawalls), or individual 

vertical structures.  

Only a limited number of studies have investigated the interaction between multiple structures 

subjected to tsunami flows. Nouri et al. (2010) investigated the amplification of the flow velocity 

and hydrodynamic forces on a standing column caused by an upstream contraction. The 

contraction in this case was built out of wood studs attached to the sidewalls of a flume, which 

rapidly reduced the flume’s effective width. Thomas et al. (2015) similarly investigated the 

amplification of flow energy due to an upstream contraction by using a series of vertical square 

columns to channel the flow onto a downstream column of the same size. In both cases, an increase 

in flow velocity and hydrodynamic force was noted downstream of the contraction. Furthermore, 

Thomas et al. (2015) noted a sheltering effect leading to a reduction in flow velocity and force 
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when the wake clearance angle (β) between the macroroughness elements and the downstream 

column was less than 10º. The results of these two studies were used to inform the design 

considerations for tsunami flow amplification caused by the constriction effect of shoreward 

structures, as found in ASCE 7-16 Chapter 6, Tsunami Loads and Effects (Robertson, 2020). 

However, no constriction effect relating to tsunami scour is mentioned in this building standard. 

Le Quéré et al. (2021) utilized a numerical model to investigate the effect of lateral spacing of two 

columns on local scouring induced by a tsunami-like wave, and their results indicated that the 

addition of a second column installed on the same transversal plane leads to an increase in 

scouring. The increase in scouring was attributed to the increase in strength of the near-column 

flow turbulence, as well as because the effect of the second structure was greater when the spacing 

between the columns was smaller and when the flow depth at the columns was greater. No 

additional studies have investigated the effect of neighboring structures on tsunami-induced 

scouring. 

The objectives of this research were to recreate tsunami flows in a novel hydraulic flume setup 

and to investigate the effects of upstream constriction on scouring around a downstream-positioned 

column. In addition, the effects on scour amplification of the spacing between upstream 

macroroughness elements (Wc), the longitudinal distance between the macroroughness elements 

and the design column (L), and the incoming wave properties (h0) caused by upstream constriction 

were investigated. 

6.3 Methodology 

The authors elected to study the phenomenon of scour caused by upstream macroroughness 

elements through a comprehensive physical experiment. This section describes the method used 

in the experiment as well as the equipment used, the setup tested, and the scaling considerations 

by the authors. 

6.3.1 Dambreak flume 

The comprehensive experimental program discussed herein was carried out in the newly-built 

dambreak flume of the Hydraulic Laboratory of the University of Ottawa, Canada (see Figure 6.1). 

The dimensions of the flume were 30.3 m in length, 1.5 m in width, and 1.5 m in depth. A large 

piston-activated swing gate was utilized to retain water upstream of the flume (see Figure 6.2(a)). 

The gate was then opened rapidly to obtain a sudden release of water in order to generate the 

dambreak bore. Although it is not physically feasible to achieve an instant release of impounded 

water, the gate’s opening time was below the gate removal time proposed by Lauber and Hager 

(1998) (𝑇0 =  𝑡0√𝑔/ℎ0 < 1.41), which has been widely used to evaluate the rapidity of gate-

opening in previous dambreak experiments. Where 𝑇0 is the non-dimensional gate opening time, 

𝑡0 is the dimensional gate opening time, and 𝑔 is the gravitational acceleration. Three wave 

absorbers were installed in the flume upstream of the swing gate in order to attenuate the inevitable 

negative wave generated after the dambreak bore rushed up the approach slope. Their porosity was 

0.5, and a thick fabric was attached to the upstream-most wave absorber to further reduce the wave 

energy. 
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Figure 6.1: Plan and side view sketch of the dambreak flume, Hydraulic Laboratory of the University of Ottawa, 

Canada 

In order to install a sand bed area to evaluate scour, the bed of the flume was raised by the 

installation of a false floor section downstream of the swing gate. Starting from the upstream end 

of the false floor, a 3.30 m-long approach slope (11:1) section was followed by a 4.20 m-long 

horizontal section. This section of the false floor was constructed with steel plates supported by 

cinder blocks. The sand bed section was protected at the upstream end by a 0.20 m-long gabion to 

reduce the inevitable scour that would occur at the transition between the solid false floor and the 

sand section. The sand bed section (d50 = 0.1 mm) was 3.9 m in length and was retained at the 

downstream end by a concrete weir. A gravel drain was installed below the sand bed and the 

downstream weir to allow for the drainage of excess water that would infiltrate the sand bed during 

the tests. 



96 

 

 

Figure 6.2: Pictures of experiment installation: a) swing gate system; b) false floor installation; c) measurement 

equipment and column support system 

6.3.2 Instrumentation 

Four (4) ultrasonic sensors (MassaSonic, M5000, Hingham, United States; accuracy: 1 mm, range: 

0.1 m to 1.0 m) were installed at strategic locations along the flume to monitor the water surface 

elevation. The locations of the sensors were as follows: (US1) at X = 4.5 m; (US2) at X = 7.5 m to 

monitor the flow behavior on the horizontal section; (US3) at X = 10.0 m to monitor the flow 

behavior just before the macroroughness elements; (US4) at X = 10.85 m to monitor the runup at 

the upstream face of the design column. The positions of the ultrasonic sensors were as shown in 

Figure 6.1.  

Analog voltage signals from the ultrasonic sensors were converted to digital format with a data 

acquisition system (HBM, MX1601B, Darmstadt, Germany, rate = 200 Hz) which offered 16 

individually configurable channels.  

Two (2) cameras were used during the experimental campaign. Camera 1 (GoPro, HERO 7, San 

Mateo, United States; rate: 240 FPS, resolution: 720p) was used to evaluate the velocity of the 

bore front on the flat section of the false floor. The false floor was painted white, and black lines 

were drawn every 0.2 m to allow for tracking of the bore front position. The times of the bore 

passage at each line were used to determine the speed. Camera 2 (Apple, iPhone 7, Cupertino, 

United States; rate: 240 FPS, resolution: 720p) was used to estimate the water surface velocity by 

the use of hollow plastic balls 5 mm in diameter released in the reservoir prior to each test. The 

difference between their passage time at the lines with positions of X = 7.40 m and X = 7.60 m was 

used to estimate the velocity of the balls at the location of US2. The velocity measurements from 

the camera were synchronized with the data from the ultrasonic sensors by estimating the time of 

arrival of the bore front at the location of US2. The positions of the two cameras were as shown in 

Figure 6.1. 

A Terrestrial Laser Scanner (Leica, ScanStation P50, Heerburgg, Switzerland; accuracy: 1.2 mm 

@ 120 m) was employed to scan the bed elevation before and after the bore passage. The difference 

between those two measurements was used to evaluate the scour produced by the dambreak bore. 

The three columns utilized were square and were constructed with Plexiglas. Square columns were 

used as they represent well the shape of a typical building. Their dimensions were 0.10 m x 0.10 
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m x 1.50 m, and the walls of the columns were 0.01 m thick. The columns were secured in place 

by their upper sections by using a system of wooden studs and clamps in order to allow sturdy 

anchoring and to simplify changes in location between tests (Figure 6.2(c)). All sides of the 

columns were painted with matte black paint to prevent the laser scanner from measuring the bed 

elevation through them, which would induce measurement errors due to light refraction when the 

laser passed through the Plexiglas walls.  

6.3.3 Experimental test program 

A 3-column arrangement was utilized in the present experimental program. The experimental 

program conducted by Thomas et al. (2015) inspired the disposition of the columns in the present 

study. A square column of width (b) = 0.10 m, referred to as the design structure, was placed at 

the transversal center of the flume, and two macroroughness elements of the same dimensions as 

the design structure were installed upstream of the design structure. Figure 6.3 shows a plan view 

of the columns’ arrangement. The longitudinal distance between the macroroughness elements and 

the design column (LD) was varied between 2b and 4b, and the distance between the two 

macroroughness elements (Wc) was varied between 0b and 4b. The impoundment depth (h0) was 

varied between 0.15 m and 0.35 m. In addition, three single-column tests, one for each h0, were 

performed to allow for a baseline comparison. Table 6.1 shows all the tests that were performed 

to examine the dependency of the scour amplification due to constriction on the three above-

mentioned measurements. The test number designates the dimensions of the h0, Wc, and LD in each 

particular test. The first letters in the test number describe the arrangement type (“Sg”: single 

column; “C”: constriction). The number immediately following “h” is the wave condition (“1”: h0 

= 0.15 m; “2”: h0 = 0.25 m; “3”: h0 = 0.35 m). The numbers immediately following “w” and “L” 

refers to the magnitudes of Wc and L, respectively. 

 
Figure 6.3: Plan view of the three columns’ arrangement and the relevant measurements 
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Test no 

Impoundment 

depth  

(h0) (cm) 

Obstacle 

spacing  

(Wc) 

Downstream 

distance  

(LD) (cm) 

Clearance 

angle  

(β) 

Sg_h1 15 N/A N/A N/A 

Sg_h2 25 N/A N/A N/A 

Sg_h3 35 N/A N/A N/A 

C_h1_w0_L2 

15 

0 2 0.0 

C_h1_w1_L2 1 2 9.5 

C_h1_w2_L2 2 2 18.4 

C_h1_w3_L2 3 2 26.6 

C_h1_w4_L2 4 2 33.7 

C_h2_w0_L2 

25 

0 2 0.0 

C_h2_w1_L2 1 2 9.5 

C_h2_w2_L2 2 2 18.4 

C_h2_w3_L2 3 2 26.6 

C_h2_w4_L2 4 2 33.7 

C_h3_w0_L2 

35 

0 2 0.0 

C_h3_w1_L2 1 2 9.5 

C_h3_w2_L2 2 2 18.4 

C_h3_w3_L2 3 2 26.6 

C_h3_w4_L2 4 2 33.7 

C_h2_w0_L3 

25 

0 3 0.0 

C_h2_w1_L3 1 3 7.1 

C_h2_w2_L3 2 3 14.0 

C_h2_w3_L3 3 3 20.6 

C_h2_w4_L3 4 3 26.6 

C_h2_w0_L4 

25 

0 4 0.0 

C_h2_w1_L4 1 4 5.7 

C_h2_w2_L4 2 4 11.3 

C_h2_w3_L4 3 4 16.7 

C_h2_w4_L4 4 4 21.8 

Table 6.1: Detailed list of the experimental program tests 

6.3.4 Scaling considerations 

The comprehensive experiments presented herein do not represent a particular case at the prototype 

scale. Nonetheless, the implications of scaling must be considered when planning such 

experiments for them to appropriately represent similar physical phenomena at such a scale. In 

general, experiments using hypothetical scales ranging from 1:40 to 1:80 compare well to recent 

large-scale tsunamis such as the 1993 Hokkaido-Nansei-Oki Tsunami (Jaffe and Gelfenbuam, 

2007; Titov and Synolakis, 1997) and the 2010 Chilean Tsunami (Earthquake Engineering 

Research Institute, 2010; Fritz et al., 2011b). 
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The Froude number (Fr), one of the most important characteristics of a tsunami inundation, has a 

value between 0.5 and 1.5 (Bricker et al., 2012; Matsutomi et al., 2010). In the experiments 

presented herein, Fr was found to be between 1.0 and 1.5 for the majority of the inundations. 

Therefore, the Fr was similar to real-life observations of tsunamis. Melville and Chiew (1999) 

proposed that when b/d50 < 50, the local scour depth is influenced by the sediment size. In the 

present experiment, this ratio is of 1000, which suggest that the sediment size should not have 

affected local scour measured in the present study. 

The Reynolds number should also be considered when scaling hydrodynamic phenomena. The 

flow can be separated into two phases: impact phase (t = 0 s to 10 s in Figure 6.5) and the quasi-

steady-flow phase (t = 10 s to 45 s in Figure 6.5). The Reynolds number (Re) associated with the 

structure width for those phases is between 2 x 105 and 3.2 x 105, and 1 x 105 for the impact phase 

and the quasi-steady-flow phase, respectively. These values are similar to, or marginally smaller 

than, typical prototype scale tsunamis (reaching Re = 3 x 108 (Tihn et al. 2022)). However, the 

current values of Re indicate that the flow was fully turbulent, mitigating surface tension, viscosity 

scale effects (Bricker et al., 2015) and allowing the  formation of near-structure vortices (Larsen 

et al., 2017), especially during the impact phase when most of the scour occurs. 

 The Keulegan-Carpenter numbers (𝐾𝐶 = 𝑈𝑇/𝑏) for the waves of the present experiments were 

between 1200 and 1600. Where U is the maximum value of the outer oscillatory flow velocity, T 

is the inundation period and b is the column width. These values compare well with previous 

dambreak experiments but are greater than in other studies of tsunami-like experiments using other 

types of waves and field measurements (50 to 1500) (McGovern et al., 2019). These high values 

of KC number indicate that the inundation was sufficiently long to allow for the appropriate 

formation of turbulent structures at the column.  

6.3.5 Test repeatability 

Multiple tests with the same hydrodynamic conditions were performed. Figure 6.4 shows the flow 

depth measured by US2 during 9 tests: 3 performed with each h0 (0.15 m, 0.25 m, and 0.35 m). A 

good agreement was achieved in all three flow conditions. The normalized standard deviations 

were 3.9%, 5.1%, and 4.4% for the tests with h0 = 0.15 m, h0 = 0.25 m, and h0 = 0.35 m 

respectively. In addition, 5 tests were repeated with the same column arrangement in order to test 

the repeatability of the bore-induced scouring. The normalized standard deviation for the 

maximum scour depth was 2.9%, which indicates appropriate test repeatability.  
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Figure 6.4: Repeatability of dambreak bore water surface elevations at US2, comparing 3 tests for 3 different 

impoundment depths 

6.4 Results 

The results section presents the experimental results in three categories: (1) hydrodynamic 

properties of the undisturbed bore; (2) hydrodynamic changes in the dambreak bore caused by the 

presence of the columns; and (3) the scouring results. 

6.4.1 Bore hydrodynamic properties 

Figure 6.5 shows the time series of the hydrodynamic data collected during the single column tests. 

In this figure, the water surface elevation variations at two locations along the flume measured by 

US2 and US3 (Figure 6.5b, Figure 6.5c), the surface velocity variations over time estimated with 

Camera 2 (Figure 6.5d), and the Froude numbers at US2 (Figure 6.5e) are shown. In addition, the 

runup at the upstream face of the design column for the single column tests, measured by US4, is 

shown in Figure 6.5a. At all the measurement points, the bore water surface saw a rapid increase 

in water depth followed by a gradual decrease in depth after the maximum flow depth was reached 

(t = 10 s to 12 s). As well, the maximum velocity was reached at the time of the bore’s arrival and 

decreased as the wave progressed. The Froude number rapidly reached its maximum value at the 

wave’s arrival and progressively decreased over time. A typical Froude number value for this flow 

was found to be between 1.0 and 1.5, which occurred between t = 10 s and t = 30 s for all 

impoundment depths. The Froude number was slightly overestimated for these experiments 

because the surface velocity was utilized instead of the depth-averaged velocity. However, the 

turbulence of the dambreak bore and the low friction of the false floor surface should have reduced 

the vertical gradient of the horizontal flow velocity. This velocity uniformity results in the surface 
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velocity being more representative of the depth-averaged velocity compared to flows with greater 

vertical gradient of velocity. 

 

Figure 6.5: The time series data of the single column tests: (a) the runup at the upstream face of the column (US4); 

(b) the water surface elevation of the flow approaching the column (US3); (c) the water surface elevation just 

upstream of the sand bed (US2); (d) the surface flow velocity at US2; (e) the Froude number at US2 
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A secondary reflection wave was noted in the measurements. This wave resulted in the flow depth 

increasing by < 0.02 m and was accompanied by surface ripples. This wave was generated by the 

upward forcing of the water when the bore reached the approach slope. After the bore reached the 

top of the approach slope, a differential in water surface was generated between the top of the false 

floor and the location of the gate. This surface elevation gradient generated an upstream movement 

of energy in the form of a wave which moved in the upstream direction, reached the end of the 

flume, and was reflected towards the columns. The installation of the three wave absorbers reduced 

the wave height by 70%, and surface ripples were generated by the partial reflection of the wave 

from the wave absorbers. This wave was inevitable due to the presence of the false floor. The 

authors judged that this was a good compromise between the absorption of the return wave while 

not largely impeding the free movement of the dambreak wave. 

The analytical solution from Ritter (1892) for dambreak bores advancing on a horizontal surface 

(Equation 6.1) was compared to the free surface elevation measurements taken by US2 (see Figure 

6.6). Although not all of the flume’s false floor was fully horizontal, the bore was compared to 

Ritter’s solution since it represents tsunami bores advancing on flat coastal plains (Chanson, 2009, 

2006, 2005).  

 
𝐻

ℎ0
=

1

9
(2 −

𝑥

𝑡 ∗ √𝑔 ∗ ℎ0

)

2

 (6.1) 

where H is the flow depth, x is the horizontal distance between the dambreak gate and the particular 

location of measurement, t is the time starting at the instant the impounded water was released, 

and h0 is the impoundment water depth. The impoundment depth in Ritter’s solution was 

augmented by 0.1 m in order to achieve the best fit for the bore front (t < 10 s). With this 

adjustment, a good agreement between the experimental results and the theoretical solution was 

reached. This adjustment was necessary due to the fact that this is a theoretical equation and 

physical phenomena such as friction and turbulence were not accounted for when it was developed. 

In addition, h0 in this paper is the elevation of water in the reservoir that exceeded the level of the 

false floor. However, in reality, a bore of h0 + (false floor height) was produced and lost energy as 

it rushed up the approach slope. In this case, it can be concluded that the energy loss does not 

correspond to the gain in gravitational potential from t = 0 s to the moment the bore reached the 

top of the false floor. Therefore, the wave carries more energy than the height of impounded water 

exceeding the elevation of the bed would account for. 
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Figure 6.6: Water surface time histories from US2 compared to the bore surface solution proposed by Ritter (1892) 

Figure 6.7 shows the bore front speed as it progressed over the horizontal section of the false floor. 

The time the tip of the bore reached the lines painted at 0.2 m increments on the false floor was 

used to estimate the bore front’s speed. The average bore front speed over three tests was used to 

construct the data displayed in Figure 6.7. The bore entered the section monitored by Camera 2 (X 

= 4.5 m) with its highest velocity; then, the front’s speed decreased and was approximatively 

constant for the last 1.5 m of the monitored section (X = 6.5 m to X = 8.0 m). When comparing the 

results to Equation 6.2, proposed in FEMA P-646 (2012), the bore speed at the end of the horizontal 

section was in good agreement with this theoretical solution. 

 𝑈 = 2√𝑔 ∗ 𝐻𝑚𝑎𝑥  (6.2) 

where U is the bore front speed and Hmax is the maximum flow depth (taken at US2). This equation 

was developed for estimating tsunami velocity based on the flow depth. A similar equation was 

proposed by Ritter (1892) and emphasized by Chanson (2005), but using h0 used instead of Hmax. 

The bore front speed resulting from Ritter's (1892) and Chanson's (2005) methods resulted in 

velocities far greater than those obtained with Hmax. The use of h0, as proposed by Ritter (1892) 

and Chanson (2005), was based on theoretical approach that neglected real-life physical 

phenomena such as friction and turbulence, and may not be the most appropriate in this context.  
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Figure 6.7: Comparison of the bore front velocity along the horizontal section of false floor with the theoretical 

solution proposed by FEMA P-646 (2012) 

6.4.2 Water surface change with macroroughness elements 

Figure 6.8 shows still shots of the water surface around the columns at t = 10 s taken from three 

points of view ((a) side, (b) angled view from upstream, (c) in-flume top view). Although Figure 

6.8 shows the surface from only one test (C_h2_w4_L4), the flow structures depicted were found 

in all setups with Wc ≥ 2b. The intensity and dimensions of the flow structures varied between 

setups. When the flow reached the front face of the columns, the vertical face of the column 

redirected the flow in the vertical direction, generating a surface roller (indicated in blue) which 

directed the water to the sides of the columns to generate wakes. The wakes generated by the 

columns met in the center between the columns, which created a local flow acceleration. The 

junction of these two wakes generated a strong flow with a slight downward trajectory advancing 

towards the design column (see red arrows in Figure 6.8a). This intensified flow resulted in a larger 

roller and wake in front of the design column. The downward component of the flow may also 

have contributed to an intensification of the horseshoe vortex that drives sediment transport around 

columns (H N C Breusers et al., 1977; Ettema et al., 2006b). The exaggeration of the horseshoe 

vortex is only speculated by the authors, but the surface flow acceleration between the columns 

and the scour amplification at the design column presented later in the paper gives clues into this 

horseshoe vortex intensification. As Wc was reduced, the roller forming at the design structure was 

less exaggerated by the constriction effect of the upstream columns. When Wc = 1b, the flow 

between the columns decelerated and was highly turbulent. The surface roller at the design column 

was remarkably less intense than at the macroroughness elements. Similarly, when Wc = 0b, no 

flow passed between the columns. The turbulence on the lee side of the macroroughness elements 

reached the design column and formed disorganised turbulent flow patterns. No strong visual 

difference in flow structures was noted when L was changed. 
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Figure 6.8: Images of flow surface reaction to the presence of the three vertical structures at t = 10 s: a) side view; 

b) angled view from upstream; c) in-flume top view (test: C_h2_w4_L4). Blue circles indicate surface rollers and 

red arrows indicate flow direction  

The runup at the design column was monitored by US4. A comparison of the maximum runups 

for all setups (Ri) and the one for the single column tests (R0) is plotted against β in Figure 6.9. 

Although the flow was accelerated between the macroroughness elements, the runup at the design 
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column was lower in all tests than that for the single column tests. A very strong correlation 

between β and the runup was observed. However, little difference was noted when LD was varied. 

The h0 = 0.25 m and h0 = 0.35m tests yielded very similar results, except when β = 0b. The h0 = 

0.15m tests showed less reduction of runup linked with the presence of macroroughness elements. 

This reduction in runup was caused by a combination of a sheltering effect from the 

macroroughness elements and an amplification of the scour depth at the design column, which led 

to a lowering of the bed level at the column. 

 

Figure 6.9: Influence of upstream constriction on the runup at the design column (US4) 

6.4.3 Scour results 

Figure 6.10 shows the bed topography after the passage of the bore for all the structure 

arrangements. The majority of the scouring was found upstream of the front face, in a bowl shape, 

and accumulation was found downstream of the design column. The deepest scouring was found 

at the corners of the structures, except for the tests where Wc = 0b. In those tests, the maximum 

scour depth was found in a depression near the center of the front face or along the sides of the 

column. As the impoundment depth was increased, the scouring also increased. In runs with h0 = 

0.35 m and in some of the h0 = 0.25 m runs with deeper scouring, the scour hole wrapped around 

the column and scoured the soil at the back face of the column. 

With all arrangements with Wc ≥ 2b, the scouring was greater around the design column compared 

to the single column tests with the same impoundment depth. This scour amplification was similar 

to the flow acceleration observed between the macroroughness elements as described in Figure 

6.8. L was found to be inversely correlated with the scour depth at the design column. In tests with 

h0 = 0.35 m, the scour holes associated with the three columns were wide enough to connect with 

each other and form one scour hole with irregular topography. Arrangements with Wc ≤ 1b led to 
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a sheltering effect from the two macroroughness elements and a great reduction in scouring at the 

design column. 
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Figure 6.10: Post-bore passage sand topography: (a) h0 = 0.15 m, L = 2; (b) h0= 0.25 m, L = 2; (c) h0= 0.25 m, L = 3; (d) h0 = 0.25 m, L = 4; (e) h0 = 0.35 m, L 

= 2 // (A) single column; (B) Wc = 0; (C) Wc = 1; (D) Wc = 2; (E) Wc = 3; (F) Wc = 4 
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A comparison of the maximum scour for all setups (dsi) and the one for the single column tests 

(ds0) is plotted against the macroroughness spacing (Wc/b) in Figure 6.9. As illustrated in Figure 

6.11, the tests with Wc ≤ 1b led to a reduction in maximum scour depth at the design column, while 

the contrary was observed for the tests with Wc > 2b. When observing the dependency of the scour 

amplification on h0, the tests with h0 = 0.15 m had a lower maximum scour depth amplification, 

but the sheltering effect at low Wc was greater. The contrary was observed for the runs with h0 = 

0.25 m and with h0 = 0.35 m. The tests with LD = 2b and h0 = 0.35 m and h0 = 0.25 m showed a 

very similar maximum scour amplification in all arrangements, except for one test (C_h3_w4_L2), 

which could be considered as outlier. The change in LD was only tested for h0 = 0.25 m. The 

distance LD was found to be inversely proportional to the constriction effect with regard to 

maximum scour depth. The constriction effect increased as Wc increased without reaching an upper 

limit. In the flume utilized in this study, the distance between the macroroughness elements could 

not be increased further without encountering a high risk of wall effects. Since the distance 

between the macroroughness elements and the walls would be less than the distance between the 

macroroughness elements when Wc ≥ 4.33b, therefore the upper limit of the constriction effect on 

scour was not found in this study. 

 

Figure 6.11: Relative maximum scour depth with varying macroroughness spacing 

The use of the wake clearance angle (β) to compare the test results for all the setups allows for 

simultaneously incorporating Wc and LD in the analysis. In addition, this angle is already present 

in the ASCE standard for calculating flow velocity amplification caused by upstream constriction 

(ASCE, 2016b). Macroroughness elements installed with β < 13º sheltered the design column and 

reduced the maximum scour depth at the column. When β > 13º, the constriction effect of the 

macroroughness elements increased the scouring at the design column, and the best-fit curve in 

Figure 6.12 illustrates this correlation.  
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Figure 6.12: Relative maximum scour depth increase with varying of angle β 

In addition, the authors proposed a design envelope in Figure 6.12 which conservatively includes 

all the test results. When compared to the velocity curve from ASCE7, both have similar features 

(see Table 6.2). When considering onshore flow constrictions, there are no changes to the existing 

scour or velocity predictions when structures are present at β < 10º. When 10º < β < 20º, the scour 

amplification factor is a linear function bounded by 1.0 at the lower limit (β = 10º) and 1.35 at the 

upper limit (β = 20º). When 20º < β < 35º, an amplification factor of 1.35 should be applied to the 

maximum scour depth calculated with the equations from ASCE7. For β > 35º, no experimental 

data are available, which is a limitation of this study. Since the envelope for β < 35º is very similar 

to the velocity amplification and because the scour is closely related to flow velocity (Ettema et 

al., 1998; Melville, 1985), the authors believe that the scour amplification would be highly similar 

to the velocity amplification when β > 35º. Therefore, it is proposed that the scour amplification 

factor for 35º < β < 55º should be a linear function with 1.35 and 1.0 at the lower and upper limits 

respectively. Structures found at β ≥ 55º are not expected to generate any flow constriction that 

would lead to scour amplification. 
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Effective wake clearance angle (β)  0º 10º 20º 35º >55º 

Flow speed amplification factor 

(ASCE, 2016b) 

1 1 1.25 1.25 1 

Scour depth amplification factor 

(proposed) 

1 1 1.35 1.35 1 

(unknown) 
Table 6.2: Flow speed and scour depth amplification factors with respect to β 

The scour results were plotted against the approach flow depth at US2 (Figure 6.13) and against 

the Froude number at US2 (Figure 6.14), and compared with the curves in Figures 6.12-1 and 6.12-

2 from ASCE7 (Robertson, 2020). The h0 was positively correlated with flow depth, and the 

produced bore generated a deeper scour hole. The Froude number, on the other hand, did not show 

a significant dependency on scour depth since its magnitude was very similar in all 3 impoundment 

depths. In addition, it is challenging to define a singular value for the Froude number due to the 

transient nature of the studied flow. However, the Froude number (Fr) exceeded 1.0 in all tests for 

the majority of the tests’ duration. The 6.12-2 envelope is constant beyond Fr = 1. Therefore, 

according to Figure 6.12-2 from ASCE7, the ratio of scour depth to the column width should be 

1.3 in all the tests in this study. 

 
Figure 6.13: Maximum scour depth at design structure with respect to the flow depth at US2 
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Figure 6.14: Maximum scour depth to column width ratio against the Froude number at US2 

When observing Figure 6.13 and Figure 6.14, 2 and 3 data points, with h0/b = 3.5, for each figure 

respectively exceeded the conservative envelope of the ASCE standard. The curve in Figure 6.13 

was developed by field observation, but the sloped portion of the envelope was developed 

theoretically by Tonkin et al. (2013). The envelope in Figure 6.14, on the other hand, was 

developed conservatively with results from dambreak experiments (Lavictoire et al., 2014; 

Mehrzad et al., 2016). A comparison between the single column from the present study and the 

studies used for the development of the ASCE7 6.12-2 envelope is illustrated in Figure 6.15. The 

nature of the waves used in the experiments was similar; however, Lavictoire et al. (2014) used 

circular columns, and wider columns were used in most of their experiments, which led to a lower 

ratio of maximum scour depth to column width compared to the present study. Mehrzad et al. 

(2016) performed three tests with the same shape and size of columns (square base, b = 0.10 m) 

as in the present study, and in their tests, the resulting maximum scour depths surpassed by 10 to 

20% the ones measured in the present study for similar conditions. This dissimilarity may be due 

to the difference in inundation periods resulting from the dambreak waves produced in the two 

studies. The scales of the flumes were highly similar, but the length of the impoundment was 23 

m in Mehrzad et al.'s (2016) study compared to 16 m in the present study. The longer water 

reservoir led to a greater total amount of water rushing toward the columns and a longer inundation 

period, and thus theoretically more scour (Kothyari et al., 1993; Zhang et al., 2017). Applying an 

increase of 20% to the scour results of the present study in order to account for the different flume 

conditions used to develop the ASCE 6.12-2 envelope resulted in 12 data points surpassing the 

ASCE 6.12-2 envelope. 
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Figure 6.15: Single column results compared with the results from the experiments by Mehrzad et al. (2016) and 

Lavictoire et al. (2014)  

6.5 Discussion 

Although neighboring structures redirected the flows and enhanced the scour at the design 

columns, the authors argue that local scour, and not channelized scour, was responsible for the soil 

transport. The flow accelerated between the columns, but only minimally scoured the soil between 

the columns and just downstream of them. Scouring was very concentrated at the columns’ front 

faces, and highly turbulent eddies were found to be present at the columns. Therefore, this study 

showed an example of the amplification of local scour caused by flow acceleration, as opposed to 

channelized scour. 

The resulting scour amplification factor showed a dependence on the three factors examined: 

spacing between macroroughness elements (Wc); longitudinal distance between design structure 

and macroroughness elements (LD); and flow conditions (h0). Wc was positively correlated with 

the amplification factor, and L was negatively correlated with the scour amplification factor. The 

two were combined to generate the β angle, which showed high similarities with the flow 

amplification factor given in the ASCE7 standard (Table 3). However, due to flume width 

limitations, β was only 33.7º at its maximum. This limitation prevented the authors from observing 

at what point the clearance angle was too open to influence scour at the design structure. The lower 

impoundment depth led to a lower scour amplification, but h0 = 0.25 m and h0 = 0.35 m waves 

resulted in highly similar scour amplification factors for the same β angle. According to these 

observations, once the extreme hydrodynamic event reaches a certain size, the factor for scour 

amplification caused by upstream constriction remains constant for all wave sizes. However, the 

scale of the experiment constitutes a limitation. 
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The present study employed a dambreak type setup to produce waves similar to tsunami 

inundations. This setup has the advantage of correctly replicating tsunami inundation periods, but 

at the cost of not simulating the drawdown phase of the waves, as in the case of solitary wave-type 

setups. The scour produced by the runup phase is associated with highly turbulent eddies formed 

around the columns (D. J. McGovern et al., 2019; Tonkin et al., 2003), while the scour produced 

by the drawdown phase is linked to pore pressure softening of the soil (Abdollahi and Mason, 

2020; Mason and Yeh, 2016; Tonkin et al., 2003; Yeh and Mason, 2014). Knowing that the scour 

amplification caused by upstream constrictions is linked with flow velocity, the effect of 

surrounding macroroughness will be very important during the runup phase and less during the 

drawdown phase. During the latter phase, the flow velocity may be exaggerated by the presence 

of surrounding macroroughness elements, but the pore pressure change, the main driver of 

sediment transport in this phase, should be affected to a much lesser extent. Therefore, this study 

should appropriately represent a worst-case scenario for scour amplification due to onshore flow 

constrictions. In addition, only edifices present on the upstream side of a building should be 

considered when using the scour amplification factor. 

6.6 Conclusions 

In this study, the influence of upstream macroroughness elements on tsunami-induced scouring 

was investigated, and a process of local scour amplification at a design structure was observed. 

The wakes from two upstream macroroughness elements met midway to generate a strong 

plunging flow that resulted in scour amplification at the design structure in some arrangements. 

The maximum scour at the design column was found to exceed the ASCE guidelines. 

The resulting scour amplification factor showed a dependence of the scour amplification on the 

three factors investigated. An increase in scour was noted when the distance between the 

macroroughness elements (Wc) was greater than 1. The longitudinal distance between design 

structure and macroroughness elements (LD) was inversely correlated with scour amplification at 

the design column, while impoundment depth (h0) was positively correlated with the scour 

amplification. 

A reduction in maximum scour depth was noted for macroroughness elements with Wc ≤ 2b, and 

with β < 10º. When β > 10º, the upstream macroroughness elements strongly influenced the scour 

at the design structure. A curve for scour amplification was proposed based on the scour results. 

There was a high similarity between the scour amplification due to upstream constriction found in 

this study and the velocity amplification found by Thomas et al. (2015). The link between scour 

and velocity has often been mentioned in the literature for steady flows, but the same cannot be 

said for dambreak bores. Many other factors influence the velocity of extreme flows, such as bed 

slope and roughness elements; however, their explicit links with scour in extreme flow contexts 

are still mostly undiscussed. 
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Chapter 7:  Structures Sheltering and Lateral Spacing 
Effects on Tsunami-Induced Scour 

7.1 Abstract 

Post-event field investigations of the 2004 Indian Ocean Tsunami and the 2011 Great Japan 

Tsunami highlighted the risk of damage to structures caused by adjacent hydraulic scouring. Since 

inhabited coastal regions often have large numbers of constructed edifices in close proximity, 

flows are often found to be either focused or diminished in intensity by the presence of these 

structures, and these flow concentration and dissipation areas influence the resulting scour around 

the structures. The American ASCE building standard only provides guidance for limiting scour 

around a single isolated structure. Hence, the current study is an attempt to investigate, through 

the use of a comprehensive physical model, scouring around two arrangements in order to test the 

effects of sheltering and lateral spacing of columns on tsunami-induced adjacent scour formation. 

The experiment consisted of varying the incoming flow properties and different setup dimensions 

to measure their impact on the produced scour. The wave runup and scour at a sheltered column 

were found to be always lower than those around a single column. Tighter lateral spacing of 

columns led to an increase in scour; however, in contrast to steady flow conditions, wider spacing 

led to a decrease in scour. 

7.2 Introduction 

Tsunamis of the past few decades have been proven to be highly destructive, and have led to great 

amounts of structure damage and loss of life (Chock et al., 2013). The difficulty of forecasting 

such events and the short reaction time after a wave is generated present a great challenge for 

engineers. In addition, post-tsunami forensic investigations from the 2011 Great Japan Tsunami 

proved that the building standards were underestimating the potential impact of such natural 

extreme hydrodynamic events, and updating those standards by the scientific and engineering 

communities is still in progress. One standard that is still lacking details involves recommendations 

for scour. Only a limited number of field observations were used to construct the present 

recommendation in the ASCE7 standard for local scour caused by tsunami waves, and the 

magnitude of the forecasted scour depth is based on flow depth alone (Robertson, 2020). Many 

additional factors that affect scour in steady flow are considered in the HEC-18, but have not yet 

been fully investigated for transient flows such as tsunami waves. These factors include structure 

shapes, flow attack angles, bed forms and materials, flow depths, and column spacing, to name a 

few (Melville and Coleman, 2000; Richardson et al., 2001). Among these factors, many involve 

the presence of nearby structures.  

To give a real-life example, the case of two tsunami-resistant buildings constructed near one 

another in Onagawa, Japan which were impacted by the 2011 Great Japan Tsunami illustrates well 

the importance of neighboring structures (Yeh et al., 2013). Figure 7.1(a) shows a picture taken in 

the onshore direction of the gap between two tsunami-resistant buildings, and Figure 7.1(b) shows 

an aerial photograph of the same area. A deep scour hole surpassing 3.5 m in depth formed between 

the edifices which was caused by the flow acceleration due to the close proximity of the two 

buildings. In addition, structures in the onshore shadow of the tsunami-resistant buildings were 
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found to be still standing after the passage of the tsunami, while the edifices directly onshore of 

the gap between the buildings had failed. Therefore, the tsunami-resistant buildings had sheltered 

the structures that were still standing from the impact of the tsunami. The phenomena of scour 

amplification caused by the tight lateral spacing between the buildings and the sheltering caused 

by upstream structures have yet to be investigated for a tsunami flow. 

 

Figure 7.1: Post-tsunami examples of sheltering and spacing effects, 2011 Great Japan Tsunami, Onagawa (Yeh et 

al., 2013) 

Although this field example gives clues into the stresses induced by tsunami inundations, only a 

very limited number of studies have investigated the hydrodynamic differences caused by the 

presence of multiple structures in such inundations (Nouri et al., 2010; Thomas et al., 2015). To 

the knowledge of the authors, at the time of this writing, only one study has considered the lateral 

spacing effect on tsunami-induced scour (Le Quéré et al., 2021), whereas other studies on tsunami-

induced scour have focused on flat beaches, horizontal structures, or isolated vertical structures. 

In contrast, for steady flows, scouring around groups of columns (piers), sometimes quite complex, 

has been of great interest (Alemi and Maia, 2018; Amini et al., 2012; Ghaemi et al., 2013; Hannah, 

1978; Hosseini and Amini, 2015; Vasquez and Walsh, 2009), but steady-flow scouring around 

simpler column systems, such as two columns placed one behind the other or side-by-side has also 

been explored in order to investigate the effects on scour of sheltering and spacing, respectively.  

First considering two columns placed one behind the other, a reduction of scour around the 

downstream column occurs when the angle between the flow direction and the line of the columns 

is below 15ᵒ (Hannah, 1978; Memar et al., 2018). In this case, the upstream column shelters the 

downstream column by reducing the velocity of the flow advancing onto the latter, thereby 

reducing the intensity of the horseshoe vortex (Ataie-Ashtiani and Beheshti, 2006; Hosseini and 

Amini, 2015). In addition, deposition from the upstream column changes the flow patterns around 

the sheltered column, as the presence of the upstream column generates suspended sediments in 

the flow, and the flow acts like it is in a live-bed condition at the downstream column (Ataie-

Ashtiani and Beheshti, 2006). The combination of these three physical mechanisms leads to less 

scour at the downstream column compared to that around a single column subjected to the same 

test conditions (Ataie-Ashtiani and Beheshti, 2006; Keshavarzi et al., 2018).  

However, there is one exception to the rule that a sheltered column experiences less scour, i.e., 

when the width of the upstream column is greater than that of the downstream one (Beg and Beg, 
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2015). In these cases, the scour depth at a downstream (sheltered) column may surpass that for a 

single column, because the scour holes forming around the two columns join and the scour depth 

of the upstream column dictates the depth of scour at the sheltered column.  

The scouring around the sheltered column occurs at a much slower rate than around the upstream 

column (Keshavarzi et al., 2018). This difference is very important particularly in transient flows 

such as tsunami inundations, because the equilibrium scour depth is often not reached by the time 

the flow subsides.  

When the angle between the lines of the columns and the direction of the flow is greater than 15ᵒ, 

an accentuation of scour occurs at the downstream column due to vortices shedding from the 

upstream column (Hannah, 1978). This accentuation of scour is present even when the columns 

are placed laterally to the flow (Memar et al., 2018). Beg (2010) found that the presence of a 

second, laterally spaced column increased the width, length, and depth of the scour holes around 

each column, but only up to the point where the columns were spaced apart (S) to 7 times the 

columns’ widths (b). The maximum amplification of scour depth occurs when S = 0. In this case, 

the two columns act similarly to a single column of twice the width. The increase in scour at low 

S is caused by the compression of the flow between the columns, which compresses the horseshoe 

vortex (Hosseini and Amini, 2015) and increases the sediment transport (Yang et al., 2020). As S 

increases, the scour amplification caused by the presence of the second column decreases (Ataie-

Ashtiani and Beheshti, 2006).  

Elliott and Baker (1985) found that the flow intensity (the ratio of flow velocity to the critical flow 

velocity necessary for sediment transport) was positively correlated with the scour amplification 

linked with lateral spacing. Similarly, Yang et al. (2020) found that the Froude number affected 

the scour hole forming around column groups. Therefore, considering tsunami-induced scour, the 

flow conditions may have an effect on the sheltering and spacing effects. 

Scour around isolated columns in tsunami flows has been researched with post-tsunami field 

campaigns, numerical models, and experimental models (Jayaratne et al., 2016; Kato et al., 2000; 

D. J. McGovern et al., 2019; Moon et al., 2014; Nouri et al., 2010; Palermo et al., 2013; Rueben 

et al., 2015; Sarjamee et al., 2017; Thomas et al., 2015; Tonkin et al., 2003; Yeh and Li, 2008; 

Yoshii et al., 2017). Through the use of physical models of tsunami-like waves, parameters such 

as sediment grain size (Lavictoire et al., 2014), structure width (Mehrzad et al., 2016), flow depth 

(Tonkin et al., 2013), number of waves (Chen et al., 2013; Larsen et al., 2018, 2017), and wave 

periods (D. J. McGovern et al., 2019) have been found to influence tsunami-induced scour. Similar 

to steady flow conditions, turbulent eddies forming around vertical structures are responsible for 

the transport of bed materials around columns (April Le Quéré et al., 2020; Larsen et al., 2018, 

2017; D. J. McGovern et al., 2019), and also like in steady flow conditions, these flow structures 

may be affected by the addition of a second column. 

Le Quéré et al. (2021) showed the risk of tsunami-induced scour amplification due to lateral 

column spacing with the use of a numerical model, and both the flow conditions and the spacing 

were found to affect the amplification caused by the addition of a second column. These 

observations are yet to be confirmed with a physical model. 

Based on the literature reviewed, the hypotheses presented here are that the presence of an 

upstream structure will reduce the scour at a design column, and that a structure spaced 
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transversely to the design structure will result in an amplification of scour. The objectives of this 

study were:  

1- To verify that the produced dambreak bores had hydrodynamic properties similar to real-

life tsunamis; 

2- To study the effect of the presence of a sheltering structure on scour around the design 

structure; 

3- To study the effect of the presence of a laterally spaced structure on scour around the design 

structure; and 

4- To propose comprehensive design guidelines based on the results of the present study in 

order to improve on current tsunami scour predictions.  

7.3 Methodology 

To accomplish the above-mentioned objectives, the authors elected to conduct a comprehensive 

physical experiment. The new dambreak flume at the University of Ottawa, Canada, was utilized 

for this endeavour. Different column setups and flow conditions were tested to fully investigate 

the influence of sheltering and lateral spacing on tsunami-induced scour. 

7.3.1 Experimental setup 

The dambreak flume was 30.3 m in length, 1.5 m in width and 1.5 m in depth. The flume floor 

was horizontal and did not allow for the installation of a sand bed, and therefore a false floor 

composed of four subsections was constructed in order to raise the existing floor and allow the 

installation of a sand bed section. The four subsections were established as follows (see Figure 7.2 

for more details on the experimental setup): 

1) Approach slope: This section was constructed with a steel plate supported by several cinder 

blocks, and caulking was used to ensure a tight seal around the edges. 

2) Horizontal false floor: This section was built completely out of cinder blocks, and a steel 

plate covered the section to create a uniform surface. This section was painted in white, 

and black lines were drawn at 0.2 m intervals to allow for estimates of the bore front 

velocity and flow surface velocity. 

3) Sand bed: The median grain size (d50) of the sand was 0.1 mm, and a gabion was installed 

at the upstream end of this section in order to reduce the inevitable scour occurring at the 

sand bed-false floor interface. A drain component constructed of uniform gravel covered 

with a geotextile material was installed below the bed to allow excess water to drain out of 

the test area.  

4) Concrete weir: The concrete weir was constructed with cinder blocks installed on the gravel 

drain. 



119 

 

 

Figure 7.2: Flume setup and equipment location: (a) plan view; (b) side view  

The dambreak wave was produced by releasing water impounded behind a piston-activated swing 

gate (Figure 7.3(b)). The rapid opening of the swing gate led to a near-instantaneous release of the 

impounded water. The gate-opening time satisfied the standards used in previous dambreak 

research for the free release of impounded water (Lauber and Hager, 1998; Jacob Stolle et al., 

2020, 2019). The flume downstream of the gate was dry along its full length. The runup of the 

dambreak wave on the false floor generated a negative wave that propagated upstream, which was 

reflected onto the structural setup, and therefore three wave absorbers with a porosity of 0.5 were 

installed in order to reduce the action of the negative wave. In addition, a thick fiber mat was 

installed on the upstream-most wave absorber to further damper the action of the reflected wave. 

The negative wave is described in more detail in the Bore hydrodynamic properties section. 
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Figure 7.3: (a) Column and ultrasonic sensor disposition; (b) the piston-activated swing gate 

7.3.2 Equipment 

Four ultrasonic sensors (MassaSonic, M5000, Hingham, United States; accuracy 1 mm, range 0.1 

m to 1.0 m) were installed at strategic locations along the flume to monitor the progress of the 

surface of the dambreak wave. The X,Y positions of the ultrasonic sensors, in meters, were: US1 

(4.5, 0); US2 (7.5, 0.2), to monitor the flow behavior on the horizontal false floor section; US3 

(10.0, 0.2), to monitor the undisturbed flow behavior just before the columns; and US4 (10.85, 0), 

to monitor the runup at the front face of the design column. The locations of the ultrasonic sensors 

were as described in Figure 7.2. 

A data acquisition system (HBM, MX1601B, Darmstadt, Germany; rate = 200 Hz) with 16 

individually configurable channels was utilized to convert the analog voltage signals from the 

ultrasonic sensors to digital format.  

Two cameras were used during the experiments. Camera 1 (GoPro, HERO 7, San Mateo, United 

States; rate = 240 FPS, resolution = 720p) was installed above the flume and looking down at the 

horizontal false floor section, with an X,Y position of (4, 0). Camera 1 was used to evaluate the 

bore front velocity as it progressed on the horizontal false floor section. The black lines on the 

horizontal false floor section were used to track the bore front position, with the times of the bore 

passage at each line being used to determine its velocity. Camera 2 (Apple, iPhone 7, Cupertino, 

United States; rate = 240 FPS, resolution = 720p) was positioned on top of the flume sidewall (see 

Figure) looking down at the position of US2 (7.5, 0.8). Hollow plastic balls 5 mm in diameter were 

released in the reservoir prior to each experiment, and the times of their passage over the lines with 

position X = 7.40 m and X = 7.60 m were used to estimate the velocity of the balls near US2, which 

is served to estimate the flow surface velocity. A visual representation of the positions of the two 

cameras can be found in Figure 7.2. 
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A Terrestrial Laser Scanner (Leica, ScanStation P50, Heerburgg, Switzerland; accuracy = 1.2 mm 

@ 120 m) was utilized to scan the bed elevations before and after the bore passage. The difference 

between the two measurements was used to evaluate the scour caused by the dambreak bore. The 

laser scanner was positioned at a minimum of three locations around the columns to scan the whole 

bed. Stitching of the scans generated a three-dimensional representation of the bed topography. 

For the sheltering runs with two upstream columns, one scan had to be performed outside the flume 

in order to measure the whole bed. The authors adjusted the data from these scans to account for 

light refraction through the Plexiglas wall of the flume. 

Three square columns with a width (b) of 0.10 m were employed in the experimental campaign 

(see Figure 7.3(a)). The walls of the columns were constructed out of 0.01 m-thick Plexiglas. All 

sides of the columns were painted with matte black paint to prevent the laser scanner from 

measuring the bed elevation through them, which would have induced measurement error due to 

light refraction when the laser passed through the column walls.  

7.3.3 Test procedures 

Two setups were used to test the sheltering effect and the lateral spacing effect. For the sheltering 

setup (Figure 7.4), three distances were varied in order to test the dependency of the scour on those 

distances: the longitudinal distance between the upstream macroroughness element and the design 

column (LD), the elevation Z of water in the reservoir prior to the dambreak (h0), and the width of 

the upstream macroroughness element (bSh). This entailed 10 different tests, as detailed in Table 

7.1. The test numbers in Table 7.1 accord with the particular test settings. The first two letters refer 

to the type of setup (Sh: sheltering setup; Sp: spacing setup; Sg: single column). The numbers 

immediately following h, L, and b refer to the scale of h0 (1: 0.15 m; 2: 0.25 m; 3: 0.35 m), the 

scale of L (2: 2b; 3: 3b; 4: 4b), and the scale of bSh (1: 1b; 2: 2b), respectively. 

 

Figure 7.4: Plan view of sheltering setup column arrangements tested  
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Test no. Type of setup 
Impoundment 

depth (h0) (m) 

Downstream 

distance (LD) 

Width of 

macroroughness 

element (bSh) 

Sh_h1_L2_b1 Sheltering 
0.15 

2b 1b 

Sh_h1_L2_b2 Sheltering 2b 2b 

Sh_h2_L2_b1 Sheltering 
0.25 

2b 1b 

Sh_h2_L2_b2 Sheltering 2b 2b 

Sh_h3_L2_b1 Sheltering 
0.35 

2b 1b 

Sh_h3_L2_b2 Sheltering 2b 2b 

Sh_h2_L3_b1 Sheltering 
0.25 

3b 1b 

Sh_h2_L3_b2 Sheltering 3b 2b 

Sh_h2_L4_b1 Sheltering 
0.25 

4b 1b 

Sh_h2_L4_b2 Sheltering 4b 2b 

Table 7.1: Sheltering setups utilized 

For the spacing setups, two columns were installed on the same transversal line. To test the 

influence of the macroroughness element column on the scour depth at the design column, two 

settings were varied (Figure 7.5): the elevation Z of water in the reservoir prior to the dambreak 

(h0), and the distance between the macroroughness element column and the design column (S). In 

total, 15 tests were carried out (Table 7.2). The numbers in Table 7.2 summarize the test setups, 

where the first two letters refer to the type of setup (Sh: sheltering setup; Sp: spacing setup; Sg: 

single column). The numbers immediately following h and S refer to the scale of h0 (1: 0.15 m; 2: 

0.25 m; 3: 0.35 m) and the scale of S (0: 0b; 1: 1b; 2: 2b; 3: 3b; 4: 4b), respectively. 

 

Figure 7.5: Plan view of lateral spacing setup column arrangements tested  
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Test no. Type of setup 
Impoundment 

depth (h0) (m) 
Spacing ratio (S) 

Sp_h1_S0 Spacing 

0.15 

0b 

Sp_h1_S1 Spacing 1b 

Sp_h1_S2 Spacing 2b 

Sp_h1_S3 Spacing 3b 

Sp_h1_S4 Spacing 4b 

Sp_h2_S0 Spacing 

0.25 

0b 

Sp_h2_S1 Spacing 1b 

Sp_h2_S2 Spacing 2b 

Sp_h2_S3 Spacing 3b 

Sp_h2_S4 Spacing 4b 

Sp_h3_S0 Spacing 

0.35 

0b 

Sp_h3_S1 Spacing 1b 

Sp_h3_S2 Spacing 2b 

Sp_h3_S3 Spacing 3b 

Sp_h3_S4 Spacing 4b 

Table 7.2: Lateral spacing setups utilized 

Although not shown in this article, in the spacing tests, a third column was present downstream of 

the two laterally spaced columns in order to test the effect of flow constriction on scour formation 

at the downstream column. The two laterally spaced columns were utilized as macroroughness 

elements to amplify the flow at the downstream column and amplify the scouring at the latter. 

However, the downstream column was found to have a negligible effect on scour-hole formation 

around the laterally spaced upstream columns. The effect of the downstream column was tested 

by running tests with and without the column and comparing the scour depths. The standard 

deviation divided by the mean of the maximum scour depth of the two setups was 3.7%, which 

was judged to be negligible, especially when compared to the normalized standard deviation of the 

maximum scour depth for the single-column tests (3.3%). 

In addition, a single-column test was conducted for each h0 in order to obtain a baseline to test the 

effects of lateral spacing and sheltering on scouring (see Table 7.3). 

Test no. Type of setup 
Impoundment 

depth (h0) (m) 

Sg_h1 Single column 0.15 

Sg_h2 Single column 0.25 

Sg_h3 Single column 0.35 

Table 7.3: Single column setups utilized 

Between each test, a delay of at least 22 hours was allowed to ensure a similar soil water content 

prior to the next test. Before each run, the bed was leveled with a flat wooden stud, and horizontal 

polystyrene guides installed along the flume walls helped in ensuring a horizontal, level bed. 

Depressions in the sand bed were filled and compacted by hand. Immediately after each test, the 

swing gate was closed and any water present between the approach slope and the swing gate was 
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pumped out. The three-dimensional scans of the flume were performed 1 hour after each test to 

allow residual water in the sand bed to exit through the gravel drain. 

7.4 Repeatability 

Repeatability of the present experiment was tested by comparing the transversal cross-sections of 

final bed elevation at X = 10.89 m (0.01 m upstream of the columns) for three repetitions of the 

test Sp_h2_S3. The normalized standard deviation of the bed elevation along the whole cross-

section for the three tests was of 0.96% (Figure 7.6). In addition, the three single-column tests 

were performed at least twice each, and the normalized standard deviation for the maximum scour 

depth of those tests was 3.3%. Therefore, it was concluded by the authors that the present 

experimental series is highly repeatable. 

 

Figure 7.6: Scour repeatability of Sp_h2_S3 test 

7.5 Results 

The current section of this article reports the main results of the above-described experiments. It 

is divided in four subsections: (1) the hydrodynamic properties of the dambreak bore; (2) the flow 

behaviour around the columns arranged in a sheltering setup; (3) the effects on scouring of two 

columns placed in a sheltering setup; and (4) the hydrodynamic and sediment transport results 

associated with the spacing setups. 

7.5.1 Bore hydrodynamic properties 

The bore hydrodynamic properties at US2 are illustrated in Figure 7.7. By the time the bore reached 

US2, the bore had run up on the approach slope and passed over the majority of the horizontal 

false floor (see Figure 7.2 for reference). The longitudinal position of US2 was chosen in order to 

display the hydrodynamic properties of the bore because the bore had not yet reached any columns, 

nor did the movable bed section and the painted horizontal floor at that location allow for an 

estimation of the flow velocity. Figure 7.7(a) shows the flow depth measured at US2. In the initial 

stage of the bore (t = 0 s to t = 10 s), the flow depth rapidly increased to its maximum, and then 
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the flow depth gradually decreased until the return wave reached US2, which was accompanied 

by numerous surface ripples. The authors dampened this return wave by installing three wave 

absorbers, which reduced its height by 70% and produced surface ripples from the partial reflection 

of the return wave by the wave absorbers. The authors judged that this wave absorber setup was a 

good compromise between reducing the energy of the return wave and mitigating the impact of 

the absorbers on the free flow of the impounded water. Greater h0 led to greater flow depth. 

 

Figure 7.7: Hydraulic properties of flow at US2: (a) flow depth; (b) flow surface velocity; (c) Froude number 

In Figure 7.7(b), the flow surface velocity as measured with the floating plastic particles is shown. 

The greatest surface velocity was measured at the beginning of the bore. The surface velocity then 

gradually decreased with time. In contrast to the flow depth, no strong correlation was found 

between the surface velocity and h0. The Froude number for the undisturbed dambreak bore was 

calculated by using the flow depth and the surface velocity (Figure 7.7(c)). The utilization of the 

surface flow velocity may lead to a slight overestimation of the Froude number, since it does not 

represent the depth-averaged velocity that is normally used in this relationship. However, the 

relatively smooth false floor and the turbulent nature of the dambreak bore reduced the vertical 

gradient of the longitudinal velocity, and so therefore, in this case, the surface velocity was a good 

representation of the flow velocity. The Froude number was found to be at its maximum at the 

arrival of the bore front, and then rapidly decreased to a value between 1.0 and 1.5. The magnitude 

of the Froude number remained in this range for most of the inundation. Similar to the situation 

with the velocity, no strong correlation between the Froude number and h0 was found. 
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7.5.2 Sheltering effects on flow behavior 

Figure 7.8 shows a still shot of the test Sh_h3_L2_b1 at t = 7 s. Although this is just an example 

at one instant during one test, this figure gives an example of the flow structure that formed around 

the columns in every sheltering setup. The flow around the upstream macroroughness element 

acted similarly to the flows during the single-column tests. Due to the supercritical nature of the 

flow, the design column did not affect the flow around the upstream macroroughness element. 

However, it should be mentioned, in a general case, the design column may affect the flow around 

upstream macroroughness when the distance between the two structures is short. At the front face 

of the macroroughness element, a strong surface roller formed due to the flow being redirected 

vertically. The water from the roller was then pushed laterally to form a V-shaped wake. The water 

then wrapped around the macroroughness element and generated disorganized turbulence at the 

back face. This turbulent flow then reached the design column and started transporting the soil 

around it. Weak rollers formed on the sides of the design column, but no distinct structured eddies 

were present. This disorganized turbulent flow means that a horseshoe vortex did not form and 

scour the soil in a way similar to that in a single-column test. A reduction in scour at the design 

column can be expected because of the absence of a horseshoe vortex. Downstream of the design 

column, a small section of strong turbulence was observed, followed by a V-shaped wake. 

 

Figure 7.8: Turbulent flow structures around two structures placed in a sheltering setup (Sh_h3_L2_b1 at t = 7 s)  

The maximum runup was measured for all setups by US4 (Figure 7.9). All setups resulted in a 

reduction in maximum runup at the design column compared to the single-column tests with the 
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same h0. The minimum reduction for the tests was 24% for Sh_h2_L4_b1 and a maximum of 49% 

for Sh_h3_L2_b2. In the setups tested, LD did not have a definitive influence on runup. The width 

of the upstream macroroughness element (bSh) was found to have a strong influence on the runup 

at the design column. An average reduction of 9% of the runup at the design column was measured 

when bSh was increased from 1b to 2b. Lastly, an increase in h0 resulted in an inverse correlation 

with the relative maximum runup at the downstream column. This influence of h0 was likely caused 

by the magnitude of highly turbulent area around the structures. The higher h0 resulted in a deeper 

flow at the structures, which allowed for larger eddies to form. Since L was not changed when h0 

was increased, the scale of the eddies associated with the greater h0 was greater in comparison with 

the scales of the columns and L. 

 

Figure 7.9: Relative maximum runup (maximum runup of the test (Ri) divided by the maximum runup of the single-

column test (R0)) with respect to the longitudinal distance between columns 

7.5.3 Sheltering effects on scour 

Figure 7.10 shows a two-dimensional representation of the post-bore bed topography for all the 

sheltering setups. The scour holes forming at the upstream macroroughness element were bowl-

shaped, and maximum scouring was found at the front corners. At the back face of the 

macroroughness element, accumulation was noted except for the setups where h0 = 0.35 m and 

when h0 = 0.25m and bSh = 2b, because the scour hole induced by the eddies forming at the 

upstream corners extended past the sides of the macroroughness element and to the back face. 

However, when h0 < 0.35m, accumulation occurred between the columns and downstream of the 

design column. When h0 = 0.35m, the scour hole forming around the macroroughness element 

extended downstream until it reached the design column, and one non-uniform scour hole was 

formed. The combination of the accumulation between the columns and the disorganized flow 

reaching the design column led to far less scouring at the design column compared to the single-

column tests. The scouring at the design column was greatly reduced when bSh was increased from 
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1b to 2b. The locations with the deepest scour were found either at the corners of the front face or 

in the middle of the front face.  
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Figure 7.10: Post-bore topographies 
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The maximum scour reduction for all the different setups is presented in Figure 7.11. All three 

distances (h0, bSh, and LD) in the tests were found to influence the maximum scour depth at the 

design structure. h0, only tested for LD = 2b, was found to be inversely correlated with the sheltering 

effect of the upstream macroroughness element, meaning that the upstream macroroughness 

element reduced the scour forming around the design column more with lower h0. The greater 

effect at low h0 may be caused by the fact that the shear stress the inundation induced on the sand 

was low and that the energy loss caused by the upstream macroroughness element reduced the 

excess shear stress more than when h0 was greater. In addition, accumulation between the columns 

may have caused some filling in the scour hole in the latter stages of the inundation. On the other 

hand, at h0 = 0.35 m, the scour hole around the upstream macroroughness element reached the 

design column, which enhanced the scour depth at that column.  

 

 Figure 7.11: Relative maximum scour depth (maximum scour depth of the test (dsi) divided by the maximum scour 

depth of the single column test (ds0)) with respect to the longitudinal distance between columns (LD/b) 

As L was increased, the sheltering effect decreased, and the turbulence of the rooster tail behind 

the upstream macroroughness element decreased as it moved downstream. This resulted in a more 

uniform flow, which in turn allowed for more developed eddies to form around the design column 

and scour the soil. The formation of developed eddies is apparent when comparing Figure 7.10(f) 

and Figure 7.10(l). In the former, most of the scouring was found on the sides of the design 

structure and did not resemble the typical scour hole around a single column. In the latter case, the 

scour hole shape was very different. The scouring was found at the corners of the front face, which 

was similar to the single-column cases, where the flow prior to impacting the column is 

undisturbed and developed eddies form at the upstream corners.  

bSh was found to be positively correlated with the sheltering effect, and Figure 7.12 shows its 

influence on the relative maximum scour depth. The reduction in relative maximum scour depth 

at the design column was found to be as high as 25% when bSh was increased from 1b to 2b. This 
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reduction was because of the increased blockage from the upstream macroroughness element. The 

smaller difference in the tests with h0 = 0.35 m was caused by the fact that the scour hole around 

the upstream macroroughness element reached the design structure and enhanced the scouring 

there. 

 

Figure 7.12: Relative maximum scour depth with respect to distance between columns (bsh/b) 

7.5.4 Spacing effects 

Figure 7.13 shows the flow structures forming around the two columns of the Sp_h1_S2 test at 

four different times. At t = 7 s, a strong surface roller formed at the front face of both structures, 

and there was no apparent interaction between these two flow structures except for between the 

two columns where the two waves merged. At that location, the rollers around each column were 

rotating in opposite directions. This led to strong surface turbulence, which may have led to the 

difference in scouring between the columns. Downstream of the columns, two defined V-shaped 

wakes, one for each column, formed. The size and strength of those two turbulent structures 

decreased rapidly with time. These flow structures were noted to be very similar to the flow 

structures that formed around a single column, except for the interaction between the columns. 
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Figure 7.13: Turbulent flows around two laterally spaced structures (Sp_h1_S2)  

As in the single-column tests, the scour holes formed around the laterally spaced columns were 

bowl-shaped, with the maximum scour occurring at the front corners due to the shape of the eddies 

around each column (see Figure 7.14). In most setups, the scour hole reached the back corners. 

When h0 = 0.25 m or 0.35 m, the scour hole reached the center of the back face. For all setups with 

S ≤ 2, the scour holes that had formed around each column joined together (Figure 7.14(d) to 

Figure 7.14(l)) and for Sp_h3_S3 (Figure 7.14(o)).  

As noted in the Test procedures section, a third column was present downstream at a distance of 

L = 2b in all of the spacing tests (Figure 7.14(d) to Figure 7.14(r)). However, its influence was 

found to be negligible when compared with the tests without this column. The upstream limit of 

the scour hole forming around the downstream column can be seen in Figure 7.14(o), Figure 

7.14(q), and Figure 7.14(r). Because of the supercritical nature of the flow, the presence of the 

downstream column had no influence on the eddies at the front face of the laterally spaced columns 

which drove the sediment transport, since the presence of that column prevented sediment 

accumulation from forming directly downstream of the laterally spaced columns. However, the 

focus of this paper is on the scour holes forming around the columns, not on sediment accretion 

downstream of them. 
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Figure 7.14: Spacing setup post-bore topographies (includes single columns) 

The maximum scour depth was found at the front corners of the structures, and more particularly, 

when S = 1b, the centermost front corners showed the deepest scour, while when S = 0 or S > 1b, 

the locations of the deepest scour were at the outermost front corners. In addition, the edges of the 

scour holes in most setups were not symmetrical around the transversal center of each column. 

Also, the scour holes were larger and extended farther upstream on the outer-most sides. Figure 

7.14(j) best illustrates the formation of the non-symmetrical scour holes. These skewed scour holes 

were due to a compression of the horseshoe vortex between the columns (Hosseini and Amini, 

2015), caused by the presence of the additional laterally spaced column.  

Figure 7.15 illustrates the transversal cross-sections for each test 0.01 m upstream of the two 

laterally spaced columns. The zero on the x-axis represents the center of the leftward column. The 

second column would be located on the negative side of the x-axis, with the spacing as described 

in the legend. In 7 of the 9 setups with S > 1b, the scouring was deeper near the outside corners (at 

0.05 m on the x-axis). In addition, in most of the setups with S > 1b, less scouring was noted 

compared to the single-column setup. 
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Figure 7.15: Cross-section of bed 0.01m upstream of columns, centered on the left column  

When comparing the maximum scour depths of the dual-column tests to those of the single-column 

tests, the tests with S = 0b and S = 1b and Sp_h1_S2 showed an increase in maximum scour depth 

(Figure 7.16). The rest of the tests showed a decrease in maximum scour depth of up to 14%. The 

tests with S = 0b showed an average scour amplification of 19%, with no strong correlation 

between h0 and the relative maximum scour depth. This column disposition is similar to doubling 

the effective width of a single column, since water does not flow between the two columns. As S 

increased, the relative maximum scour depth decreased. When S ≥ 2b, the maximum scour depth 
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decreased and was lower than that for the single-column tests. Therefore, the mechanism 

governing the scouring was negatively impacted by the presence of the second column, and/or a 

greater amount of deposition was caused by the presence of the second column. If only the latter 

phenomenon took place, the vortices around the structures would lead to the same sizes and shaped 

of the scour holes, but accumulation at the bottom of the holes would increase the bed elevation. 

In this case, the width of the scour holes would be the same as in the single column case, and either 

the slopes of the scour holes would be milder or the bottoms of the holes would be flat because of 

deposition. However, when observing the cross-sections between x = 0.05 m and x = 0.25 m in 

Figure 7.15, it is apparent that when S was greater, the width of the scour hole decreased. The 

authors concluded from this observation that deposition was not responsible for this reduction in 

maximum scour depth, and instead, a reduction in the strength of the vortices forming around the 

structures was responsible for the reduction in scour.  

 

Figure 7.16: Relative maximum scour depth variation (maximum scour depth of the test (dsi) divided by the 

maximum scour depth of the single column test (ds0)) with the lateral spacing ratio and the bore-generating 

impoundment depth (h0) 

7.6 Discussion 

7.6.1 Column Sheltering 

Sheltering effects on runup and scour led to the expected results, i.e., the setups with greater 

upstream macroroughness element widths (bSh) increased the sheltering effect, while the setups 

with a shorter distance between the macroroughness element and the design structure (LD) 

increased the sheltering effects. In both cases, the eddies around the design structure became more 

disrupted by the upstream macroroughness element as bSh increased and LD decreased. This led to 

the turbulent flow patterns influencing the formation of scour at the design column.  
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h0 also influenced the sheltering effect on runup and scouring at the design column. h0 was 

positively correlated with runup and negatively correlated with scour reduction. The lower flow 

momentum associated with low h0 resulted in less energy loss from the upstream macroroughness 

element, leading to a flow with sub-critical velocity at the design column and hence a decreased 

scour depth. In addition, sediment accumulations on the lee side of the macroroughness element 

increased the bed elevation near the design structure.  

Runup is determined as the flow depth added to the bed elevation at the location of measurement. 

Therefore, in cases with deeper scouring but a similar flow depth, the runup was lower. In cases 

with h0 = 0.35 m, the scour depth was greater in proportion to the flow depth compared to the other 

wave conditions, and so the resulting runup for those tests was lower due to the deeper scour hole. 

Tests without a movable bed would perform better at isolating the runup at the structure and in 

representing a worst-case scenario. Therefore, in this study, the effect of the scouring on the runup 

is too great to allow a conclusion on the effect of sheltering on runup alone. 

7.6.2 Discussion of Lateral Column Spacing 

The results from the spacing setup were compared to two previous studies which also dealt with 

the amplification of scour caused by column spacing: the steady flow physical experiments by Beg 

(2010) and the dambreak numerical investigation by Le Quéré et al. (2021). The physical 

experiments by (Beg (2010) differ from those in this study because of the different flow conditions 

and because in their study, the columns were circular instead of square. In addition, only a steady 

flow condition was used in the study by Beg (2010), which would reflect an example of an endless 

flow, which in turn would provide an infinite period for the scour to reach equilibrium. This 

situation contrasts with the present study and the study by Le Quéré et al. (2021), which allowed 

comparisons of flows with similar properties, such as maximum flow depths and Froude numbers. 

Also, in the study by Le Quéré et al. (2021), the numerical FLOW-3D model was applied for the 

same spacings, sizes, and shapes of columns as in the present study, and the impoundment water 

depths were the same. However, the flume utilized in their numerical model differed; i.e., the 

length of the impoundment was 23 m compared to 16 m in the present study, leading to a longer 

inundation time, and the flume floor was completely horizontal. 
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Figure 7.17: Comparison of present study to previous studies numerical results and steady flow results (a) h0 = 0.15 

m (b) h0 = 0.25 m (c) h0 = 0.35 m 

In Figure 7.17(a), it can be seen that the results from h0 = 0.15 m from the present study were very 

comparable to the numerical results from Le Quéré et al. (2021). However, the relative maximum 

scour depths for the dambreak setups in the present study and Le Quéré et al.’s (2021) study were 

much lower than those for the steady flow in Beg’s (2010) study. The longer flow period in the 

case of the steady flow amplified the effect of the lateral spacing.  

In Figure 7.17(b), a difference can be seen between the present study’s experimental results, Le 

Quéré et al.’s (2021) numerical results, and Beg’s (2010) steady flow results. In the numerical 

results, no reduction in relative maximum scour depth was noted when S ≥ 2b; however, the 

difference in inundation periods may have caused this result. The maximum scour depths for the 

single-column tests in the present study were up to 20% lower in magnitude than in the numerical 

results by Le Quéré et al. (2021). The spacing effect may have similarly been affected by the flow 

period.  

In Figure 7.17(c), with h0 = 0.35 m, an even larger difference can be seen between Le Quéré et 

al.’s (2021) numerical results and those of the present study. The experimental results of the 

present study with h0 = 0.35 m were similar to those with h0 = 0.25 m, but Le Quéré et al.’s (2021) 

numerical results showed an exaggeration of the spacing effect when a greater impoundment depth 

was used. The results of the latter were similar to those with the steady flow for some S. This 
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exaggeration of the spacing effect with a greater h0 was attributed to the greater flow depth and 

longer flow period in Le Quéré et al. (2021); however, the same effect was not observed in the 

present study. This discrepancy may have been caused by numerical errors induced by the 

difficulty of numerical models to simulate unsteady flows. The comparison of the present study 

and the steady flow results from Beg (2010) highlights the importance of the inundation time on 

the spacing effect. 

The dambreak setup used in this experiment comes with the advantage of properly replicating the 

long period of a natural tsunami, unlike the solitary waves often utilized in some tsunami-related 

experiments (Madsen et al., 2008). However, only the runup phase of the tsunami inundation was 

simulated, not the drawdown phase. One disadvantage of not modeling the drawdown phase is that 

some of the scour processes, exaggerated by soil-softening due to an upward pressure gradient in 

the soil, are not included in the experiment. Although changes in the horizontal pressure gradient 

linked with a sheltering-type column setup was hypothesized by previous authors (Yeh and Li, 

2008; Yeh and Mason, 2014), a verification of this phenomenon is still needed. In addition, the 

drawdown exposes the design column to an undisturbed flow, and therefore a larger quantity of 

sediment may be transported compared to what was found in this study. 

7.7 Conclusions 

A comprehensive experimental program was carried out to investigate scouring related to various 

two-column setups. Scouring patterns around two columns installed on the same longitudinal line 

(sheltering setup) and around two columns installed on the same transversal line (spacing setup) 

were found to be different, as well as differing from the scouring patterns around a single column. 

When two columns were placed in a sheltering setup, a reduction in wave runup was found at the 

design (downstream) column that was positively correlated with the impoundment depth (h0) and 

the width of the upstream macroroughness element (bSh). Scouring at the design column was also 

reduced by the addition of the upstream macroroughness element. A reduction of up to 83% was 

measured in one test (Sh_h1_L2_b2, see Table 7.1). The longitudinal distance between the design 

structure and the macroroughness element (LD), as well as h0, were negatively correlated with 

scour reduction, while bSh was positively correlated with scour reduction. 

When two columns were placed on the same transversal line, the maximum scour depth was 

amplified by 20% at a spacing (S) of 0. A maximum amplification of 7% was measured at the 

lowest spacing (S = 1b), which indicates that the second column slightly amplified the development 

of scour, contrary to that in a steady flow condition. For tests with S > 1b, only one test (Sp_h1_S2, 

see Table 7.2) showed an amplification of scour, while the other tests showed a reduction in 

maximum scour depth. The authors hypothesized that the formation of a horseshoe vortex around 

the columns was disrupted by flow structures forming around the second column, which reduced 

the capacity to transport sediment. Tests with a longer period, such as in the case of the numerical 

model presented in Le Quéré et al. (2021) and for the steady flow in Beg (2010), allow more time 

for the horseshoe vortices to gather more energy compared to flow structures around single 

columns. 

From the results of this experimental program, the authors were unable to produce clear and safe 

design guidance for the construction of future structures in tsunami-prone areas. The authors 

therefore propose that more flow conditions should be tested for both setups, including some that 
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allow for the rundown phase of the wave. Also, the columns were placed only at two angles to the 

flow direction (0º and 90º), and more angles should be tested to further investigate scour 

amplification caused by surrounding structures. Different sediment diameters and experiment 

scale should also be considered for future studies. 
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Chapter 8:  Conclusions and Recommendations for 
Future Work 

8.1 Conclusions 

The work presented in this thesis examined the processes governing the scour around structures 

caused by flows similar to tsunamis inundation. A series of numerical modelling studies and two 

experimental programs conducted at Leibniz University Hannover, Germany, and at the newly 

constructed Dambreak Wave Flume in the Hydraulic Lab at the University of Ottawa were 

conducted. The following conclusions were drawn from this study: 

• Numerical investigation of scour around a single column and two laterally spaced columns 

(Chapter 3-4): 

- Tsunami-induced scour is a complex phenomenon influenced by several parameter, 

which were identified in the literature review. Based on this study, the approach 

flow depth, the inundation time, the structure size, and the presence of surrounding 

structures should be considered when predicting the scour at a vertically standing 

structure. 

- Applying numerical models showed the importance of non hydrostatic solving of 

the RANS equations when evaluating local scour induced by tsunami-like waves. 

This approach allows for a solving of the momentum equation in the vertical 

direction and allows for the generation of vertical eddies responsible for scour at 

the toe of a structure subjected to tsunami flows. 

- The numerical model FLOW-3D in combination with the LES turbulence model 

(Smagorinsky, 1963) and Nielsen (1992) sediment transport model was found to 

accurately simulate the scour hole forming at the upstream face of structure 

subjected to a dambreak bore. The correct resolution of scour forming at this 

location is crucial since the deepest scour was forming at the upstream corners. 

However, the scour past the front face was poorly simulated by this model. 

• Combined numerical and experimental investigation of scour around a single column in 

Hannover, Germany (Chapter 5) 

- The FLOW-3D model was successfully applied to a large-scale experiment with 

solitary waves to simulate a tsunami wave. The turbulence forming around the 

square column was found to be much stronger during the runup phase compared to 

the drawdown phase of the inundation. However, discrepancies in the scour depth 

results on the onshore side of the structure, which formed during the drawdown 

phase, point towards a scour mechanism not taken into account by the numerical 

model. 

- In the literature, the soil softening caused by an upward pore pressure gradient the 

soil should be the mechanism enhancing the scour during the drawdown process of 

the wave. However, pore pressure measurements performed during the experiment 

does not support the presence of this upward pore pressure gradient.  

• Experimental study of scour around multiple arrangements of columns in Ottawa, Canada 

(Chapters 6-7) 
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- The study of lateral spacing of columns using both a numerical model and a series 

of physical experiments showed a change in scour (increase or decrease, depending 

on the test) at the columns depending on the lateral distance between the columns 

and the incoming flow properties (flow depth and Froude number). However, the 

magnitude of scour changes due to the column’s lateral spacing was very different 

between the numerical model calculations and experiment measurements. The 

numerical results showed an amplification of scour in all tests compared to single 

column tests, while the physical experiments showed a small amplification of scour 

at low spacing, but a decrease in scour compared to single column tests at higher 

spacing. The results were judged not conclusive enough to provide design guidance. 

- The experimental study of the effect of sheltering on scour showed a decrease in 

runup and scour at the downstream column when the latter was placed directly in 

the shadow of an upstream positioned column. The upstream column width, the 

longitudinal distance between the two column, and the incoming flow properties 

(flow depth and Froude number) were found to influence the runup onto the face of 

the column and the scour depth at the downstream column. However, no exact 

correlation between these measurements was drawn, which would lead to 

appropriate design guidelines. 

- The presence of upstream columns was found to be influencing scour at a column 

placed downstream of the gap between them. The width between the upstream 

columns, the distance longitudinal between the downstream column and the 

upstream columns, and the incoming flow properties (Froude number and flow 

depth) were found to influence the scour around the sheltered column. A design 

scour amplification factor was proposed to account for the effect of upstream flow 

constriction on scour. 

8.2 Recommendation for Future Work 

The studies presented herein focused on the scour induced by tsunami-like inundation around 

single column and multi-columns arrangements. The scope of the work had limitations described 

in Chapter 1 and the candidate suggests the following potential avenues for future research to 

further enhance the body of knowledge on tsunami-induced scour:  

• The investigation of the effects of different parameters, found to influence scour in steady 

flow, in tsunami flow conditions. Those parameters include, but are not limited to: structure 

geometry, sediment properties, flow velocity, shore slope, and inundation time. 

• The need to compare the scour generated by the two main tsunami-like inundation 

mechanisms used in lab experiments: the dambreak bore and the broken solitary wave. 

These two flow conditions were used to model tsunami waves in scaled experiments. 

However, no study has directly discussed their different resulting scour at similar scale. 

• The investigation of scour changes with the experimental scale. Studies have previously 

varied the height of the incoming wave/bore and column size and demonstrated their 

importance on scour formation. However, none tested the scale effect by simultaneously 

changing the size of wave, structure and movable bed particles. Studying the scale effects 

would test the assumptions that scaling rules used to investigate scouring in steady flow 

conditions also apply for tsunami-like flows. 
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• A prototype scale investigation of local scour induced by a tsunami wave has yet to be 

done. A prototype study could help confirm the validity of the scaling methods used in 

small scale experiments to investigate tsunami scour.  

• More numerical investigations should be performed to improve the accuracy of simulations 

of dam-break-induced scour around structures. Although the numerical results of dam-

break-induced scour presented in this thesis are accurate in the critical section of the scour 

that occurs in the close front face of a square column, the difference in scour at the back 

and sides of the column should be improved. 

• The numerical investigation of the turbulent flow patterns forming around multi-column 

arrangements when subjected to tsunami flows. The differences in the turbulence 

characteristics associated with multiple columns positioned close to one-another, when 

compared to a singular structure may explain the reason for the change in scour associated 

with the addition of columns. 

• Investigation of two-columns setup placed at different orientation angles with respect to 

inflow direction should be performed. Two-column setups in this study were performed at 

two angles: 0º (sheltering setup) and 90º (spacing setup). Additional angles between the 

two columns and the incoming flow direction will provide more detail on the scour change 

caused by surrounding columns.  

• A possible investigation of tsunami-induced scour forming around multi-column 

arrangements when a setup that allows for drawdown to occur would be worthwhile. In the 

present study, the scour amplification caused by the presence of multiple structure was only 

studied using a dambreak wave. The use of a solitary wave or a long wave would allow the 

investigation of the drawdown effects on the scour processes. 
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