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Abstract 

New Zealand is subject to considerable local tectonic activities and lies exposed to major 

earthquake events in the Pacific Ocean, which makes it quite vulnerable to tsunami events. 

Over 14 major tsunami events struck the world’s coastlines, causing death and economic 

destruction, between 1990 and 2000 (Bryant, 2014), and at least 32 tsunami have been recorded 

in New Zealand since 1840 (De Lange et al., 1986). The disastrous Indian Ocean Tsunami of 

December 26, 2004, and the Japanese Tohoku Tsunami of March 11, 2011, highlighted the 

weaknesses and defects in preparation and warning systems (Bryant, 2014). A perusal of the 

available guidance for estimating tsunami loads on coastal structures and bridges shows a large 

variation in the values estimated by the proposed equations and the lack of general agreement 

even on the types of forces imposed on the bridge decks. Reviewing the available literature 

revealed that the magnitudes of the actual tsunami loads on coastal structures and bridges are 

usually not accurately known. It emphasises the need for more investigation of tsunami 

interaction with coastal structures, as that could be of benefit for designing bridges that may be 

subjected to tsunami loads. The main aim of the present study is to experimentally examine the 

interaction of a tsunami bore with coastal bridges. To accomplish this objective, physical 

modelling of the tsunami bore in the laboratory was conducted by investigation of (1) the 

impact of a tsunami bore on a box section bridge deck with different deck clearances; (2) the 

impact of a tsunami bore on a deck-girder section bridge with different deck clearances; (3) the 

effect of contraction on the tsunami induced pressures and forces on a box section bridge deck 

with wing wall and spill-through abutments with different lengths and deck clearances; (4) the 

impact of a tsunami bore on a skewed box section bridge deck with different skew angles and 

deck clearances; (5) the performance of a skewed deck-girder section bridge under tsunami 

bore impact with different skew angles, deck clearances and handrails (i.e. solid and porous 

handrails). 
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The experiments were performed in Flumes A and B. The experiments to investigate the effect 

of contraction on the tsunami induced pressures and forces on a box section bridge deck with 

wing wall and spill-through abutments were undertaken in Flume A, which had a 14 m long, 

1.2 m wide and 0.8 m deep wave flume, connected to a reservoir 11 m long, 7.3 m wide and 

0.6 m deep. In order to investigate the interaction of a tsunami bore with bridges in a broader 

range of bore height and velocity, a tsunami wave flume (Flume B) at the newly commissioned 

laboratory facilities at the University of Auckland was constructed and utilised. All the 

remaining test cases were conducted in Flume B (i.e., unskewed and skewed box section and 

deck-girder section bridges), which is connected to a 6.4 m long, 5.5 m wide and 1.2 m deep 

reservoir made of concrete block walls. It should be noted that both flumes were separated 

from the reservoir using an automatic gate, which is designed to be lifted to a constant height 

to generate a tsunami bore with different bore heights and velocities. Capacitance-type wave 

gauges were placed at the centre of the flume along its length to measure the bore depth and 

velocity. A multi-axis waterproof load cell was used to measure the applied forces and 

moments, and pressure sensors were used to measure the horizontal pressures applied on the 

bridge deck.     

For the impact of a tsunami bore on a box section bridge deck, a simplified box section bridge 

made from acrylic sheets was used with different deck clearances. Pressure transducers were 

also used to measure the tsunami induced pressures on the bridge deck. A good agreement 

between the forces measured by the load cell and those derived from the pressure transducers 

and the forces theoretically computed with the equations available in the literature showed the 

validity of the experimental results. The horizontal force was theoretically calculated based on 

the assumption that the total horizontal force on a bridge deck is mainly correlated with tsunami 

bore flow velocity (and to a lesser extent with tsunami bore height) and is equal to the sum of 

the hydrodynamic and hydrostatic forces. 
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The forces and moments induced by the tsunami bore and acting on a box section bridge deck 

with wing wall and spill-through abutments, were measured. The applied forces and moments 

were found to be larger for the bridge with spill-through abutments compared with the bridge 

with wing-wall abutments.  

For the impact of a tsunami bore on a skewed box section bridge deck, lateral force (Fy) and 

rolling (Mx) and yawing moments (Mz) were introduced, which had been zero for the unskewed 

bridge deck. The results showed a decreasing trend for the horizontal and vertical tsunami 

forces and pitching moments when increasing the skew angle of the bridge deck. In contrast, 

an increasing trend was observed for the lateral force and rolling and yawing moments when 

increasing the skew angle.  

Similar to the skewed box section deck, for the impact of a tsunami bore on a skewed deck-

girder section, the time histories of the induced forces and moments showed a similar shape. 

The main difference is that the normalised horizontal forces on the box section deck are higher 

than those on the deck-girder section bridge. In contrast, the normalised uplift forces on a deck-

girder section were found to be higher than those applied on a box section bridge deck. The 

bridge girders trapped the air and water, which acted as a damper and reduced the horizontal 

forces for the girder bridge deck. Unlike the horizontal forces, the trapped water and air 

between the bridge girders increased the buoyancy force and subsequently the uplift forces on 

the bridge deck.   

Lateral force and rolling and yawing moments were the additional components observed due 

to the different impact mechanism of the bore front on a skewed deck. The asymmetrical 

geometry of the skewed bridge deck on both sides of the vertical plane of symmetry caused 

water diversion towards the flume sidewalls in the Y direction, which exerted a lateral force on 

the deck. The front-acute corner of the bridge deck was the first point of the deck hit by the 
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bore front, which lifted one side of the deck and rotated it about the flow direction (Mx). The 

flow then spread over the entire span. This lag in the period of the initial impact introduced the 

yawing moment (Mz). Mz rotated the bridge in the horizontal plane. Both Mx and Mz were 

negligible for the unskewed bridge. 

The outcome of this study would be a preliminary guideline for tsunami loading characteristics 

that could be of benefit for researchers and design engineers to have a better understanding of 

tsunami bore impact on coastal bridges. Based on the experimental results, equations proposed 

for estimating tsunami horizontal, lateral and uplift forces for a box section bridge deck and a 

deck-girder section bridge including the effects of contraction and skewness. The available 

equations in the literature were adopted on an “average” New Zealand road bridge to quantify 

the tsunami induced loads on it under different tsunami scenarios. Also, a comparison of the 

equations from the currently available guidance was made for estimating tsunami loads on an 

“average” NZ road bridge to calculate the most suitable equations for design purposes.     
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Chapter 1 Introduction and background 

Introduction and background 

________________________________________________________ 

Chapter abstract 

This chapter provides an introduction and some basic knowledge about tsunamis, including an 

overview of the recent major tsunami events around the world in the last two decades and 

tsunami historical records and risks in New Zealand. A brief review of the tsunami bore 

interaction with bridges, and some observed bridge failure mechanisms after recent tsunami 

events are also explained. Finally, the main objectives of this study, contributions to the 

scientific community, and the outline of the thesis are presented. 

 

 

 

 

 

 



Introduction and background 

 

2 

 

1.1 Background 

Vertical displacement of a column of water due to seismic activity, explosive volcanism, a 

landslide above or below water, an asteroid impact, or certain meteorological phenomena can 

create a series of waves in a wave train, called tsunami. It is a Japanese term meaning ‘harbour 

(tsu) wave (nami)’. A tsunami wave can have different shapes depending on its characteristics. 

Wiegel (1964) was one of the first researchers to describe tsunami characteristics. Several 

attempts have been made to achieve a general consensus on tsunami terminology (Bolt et al., 

1975; Myles, 1985). A tsunami can impact the entire coastline and progress inland up to several 

kilometres, called runup height, depending on the number of factors, including geometry, 

topography, orientation, and configuration of the coastline and the direction of the arriving 

waves (Power, 2013). The tsunami runup height could also depend on the cause of tsunami 

generation. Most of the recorded tsunami are earthquake-induced tsunami that originated from 

submarine earthquakes occurring mainly in the upper 100 km of the ocean’s crust. The National 

Geophysical Data Centre (2013) mentioned that earthquakes had produced 83% of all tsunami 

in the Pacific Ocean, highlighting the fact that the most common cause of tsunami is seismic 

activity. Submarine landslides along the steep continental slopes are the other potential cause 

of tsunami (Bryant, 2014). The 1946 Alaskan earthquake-induced tsunami event is recognised 

as one of the largest events of its kind that affects Hawaii (Sokolowski, 1999). Volcanic origin 

is the other source of tsunami generation. Most of the volcanic-induced tsunami produce local 

events mainly because the volcano must lie in the ocean. However, the 1883 Sunda Strait 

eruption in Indonesia, produced a tsunami height of more than 40 m above sea level (Blong, 

1984; Myles, 1985; Self et al., 1981). The probability of occurrence of tsunami produced by 

asteroid or comet impact and also meteorological events are not as common as the causes 

mentioned above (Tappin et al., 1999). 
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Over 14 major tsunami events struck the world’s coastlines, causing death and economic 

destruction between 1990 and 2000 (Bryant, 2014). The disastrous Indian Ocean Tsunami of 

December 26, 2004, and the Japanese Tohoku Tsunami of March 11, 2011, which was the 

costliest natural disaster of the 21st century highlighted the weaknesses and defects in 

preparation and warning systems and illustrated the destructive nature of tsunami (Bryant, 

2014; Ghobarah et al., 2006; Rossetto et al., 2007). The subsequent huge loss of human life 

and damage to critical infrastructure in these disasters have highlighted the need for much more 

attention by the international scientific community to investigate the tsunami interaction with 

coastal structures. Therefore, the scientific community and design engineers have focused on 

investigating the tsunami-resistant design criteria for coastal structures and more effective 

warning systems and evacuation strategies. 

1.2 Tsunami dynamics 

A tsunami wave is a very long wave (kilometres in length) that can travel up to 600-900 km/hr 

and lose little energy due to its large wavelength as it propagates towards the coastline (Bryant, 

2014). The nearshore behaviour of a tsunami depends on the location and tsunami 

characteristics. Some tsunami break offshore and form a tsunami bore, which can cause more 

structural damage and casualties compared with an unbroken wave (Yeh, 1991). A tsunami 

bore is a broken wave with a gently sloping front and a massive amount of energy. The sloping 

bore front can be represented by a real fluid model (Chanson, 2006). As the tsunami bore 

approaches the shoreline, the fluid velocity approaches the wave velocity. As a result, 

turbulence is released onto the initially still water in front of the bore during the momentum 

exchange process that could extend the tsunami runup inland for a couple of hundred metres 

up to several kilometres in low-lying areas depending on the geomorphology and orientation 

of the coast, nearshore bathymetry, and direction of the arriving waves (Yeh, 1991). The 
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tsunami runup heights are commonly greater than offshore tsunami wave heights by a factor 

of 2 or more times (Bryant, 2014). The massive amount of energy in a tsunami bore can destroy 

coastal structures and create lots of destruction. Wave and debris impact are the two main 

categories of tsunami damage to coastal communities based on Yalciner et al. (2011). 

Tsunami bores can lead to damage or collapse of bridges in the adjacent coastal zone (De Lange 

et al., 1986, 1999; Power, 2013). Post-tsunami reconnaissance surveys identified the most 

common bridge failure mechanisms, which would be of benefit for design engineers to identify 

the tsunami-resistant design criteria. Figs. 1.1 to 1.5 show the effect of the 2004 Indian Ocean 

tsunami on coastal bridges of Banda Ache, Sumatra investigated by Iemura et al. (2005) and 

Saatcioglu et al. (2006). Ulee Lheue Bridge (Fig. 1.1) is a three-span bridge supported by two 

abutments and piers. Scouring and settlements near the abutments and damage to the railing 

due to the debris impact were identified as the major causes of damage at this bridge site (Fig. 

1.2). Figs. 1.3a and b show a heavy scouring at both abutments at the upstream side of the 

bridge. Major displacements of about 165 and 95 cm are observable at the south and north side 

of the Peukan Bada Bridge (Fig. 1.4). Figs. 1.5a and b illustrate a two-span steel truss and a 

single-span RC bridge, respectively, completely swept away by the tsunami impact loadings. 

Because of the importance of road accessibility, the first bridge was replaced by a temporary 

bridge to reach the isolated communities in the area (Saatcioglu et al., 2006). More details on 

post-tsunami reconnaissance are presented in Chapter 2, Section 2.3. 
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Fig. 1.1: Three-span Ulee Lheue Bridge (reprinted from Iemura et al. (2005)) 

 

Fig. 1.2: Damage to railings and embankments (reprinted from Iemura et al. (2005)) 

 

Fig. 1.3: Scouring at the upstream side (a) North abutment and (b) South abutment (reprinted from (Iemura et al., 2005)) 
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Fig. 1.4: Peukan Bada Bridge (reprinted from (Iemura et al., 2005)) 

 

Fig. 1.5: (a) Failure of a steel truss bridge in eastern Banda Ache and (b) Failure of a precast concrete bridge near downtown 

Banda Ache and its replacement by a temporary bridge (reprinted from (Saatcioglu et al., 2006). 

1.3 Tsunami hazards in New Zealand 

New Zealand shorelines are susceptible to being struck by local and distant-source tsunami. 

The Alpine Fault, which runs for about 600 km up the spine of the South Island and extends 

through the southern part of the North Island, is one of the world’s major geological features 

and is also the major source of seismic activities and subsequent tsunami in the region (Suggate 

et al., 1978). Four ruptures were recorded for this fault in the past 900 years, causing an 

earthquake of about magnitude 8.0. A high probability of 30% of rupturing has been estimated 

for the Alpine Fault in the next 50 years. Any rupture can produce the largest earthquake ever 

since the European settlement of New Zealand and subsequently creating a tsunami, which 

means that this zone could control the local earthquake-triggered tsunami. The west coast of 

(a) (b) 
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New Zealand is exposed to the Tasman Sea tsunami (De Lange et al., 1986). Also, the east 

coast of New Zealand is exposed to distant tsunami transmitted from most sources around the 

Pacific Ocean such as western North America and South America. Several reported tsunami 

originated from sources around the Tasman Sea (De Lange et al., 1986). South America 

produces stronger tsunami bores than the other distant sources, probably because of the fewer 

islands in the lower South Pacific Ocean. Alaska, Japan, Indonesia, and the Tonga Trench are 

the other potential tsunami sources around the Pacific Ocean. It has been observed that distant 

tsunami sources are smaller in height due to the energy dissipation and spreading of tsunami 

waves along the continental slope (De Lange et al., 1986). Generally, the local-source tsunami 

have more energy before approaching the shoreline and have a limited geographical extent 

while distant-source tsunami affect a larger area of coastlines. Shallow seismicity was the main 

reason for all observed tsunami events in the region between 1840 and 1982 apart from the 

events of 22 June 1981 and 28 September 1970 (De Lange et al., 1986). According to Power 

(2013), a “tsunami run-up height of a metre or more have occurred about every ten years on 

average somewhere around New Zealand”, which is approximately equal to 30% of small 

tsunami in Japan over the same period. Review of the available data and the literature indicates 

that almost all the New Zealand shorelines experienced a tsunami in the past. Many tsunami 

occurred somewhere around New Zealand in the past (Berryman, 2005; Power, 2013; Webb, 

2005). The highest waves observed in New Zealand were a 15 m tsunami associated with the 

Napier earthquake of 2 February 1931 and a 10 m tsunami attributed to submarine mud 

volcanism on 25 March 1947 (De Lange et al., 1986). No significant damage was observed due 

to the historical tsunami that happened so far in New Zealand, but the damage is not as minor 

as credited before (Eiby, 1968; Laing, 1954). Furthermore, the low-lying coastal areas are more 

developed due to the population growth and construction development these days that could 

increase the extent of damage and would be more catastrophic if the same historical tsunami 
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event impacted the New Zealand shorelines. Tsunami impact in these areas can cause millions 

of dollars in damage, cut off communities from lifeline structures and transportation 

infrastructure systems that need to be operational following natural disasters to facilitate the 

emergency services and necessary repairs. 

There is a network of deep ocean tsunami sensors, known as Deep-ocean Assessment and 

Reporting of Tsunami (DART) buoys, established to the north of New Zealand. These sensors 

assist in detecting potential tsunami-induced earthquakes in the Southwest Pacific. There are 

also tsunami gauges around New Zealand coastlines to verify the occurrence of a tsunami and 

record its characteristics. 

The east coast of the North and South Islands of New Zealand and the Wellington region in the 

central part have many coastal roads, railways, bridges, and embankments, which tsunami 

bores could impact. Coastal infrastructure and especially bridges on the State Highway network 

are a vital part of the New Zealand economy and our lifeline structures that need to be 

operational following natural disaster events. Failure of the transportation infrastructure in 

tsunami-prone areas isolates communities, hinders emergency services, delays emergency 

repairs, and significantly affects the recovery of local economies.  

The abovementioned historical background and the recent series of tsunami events, 2004 Indian 

Ocean, 2009 South Pacific, and 2011 Japan, have highlighted the need for more detailed 

investigation of tsunami hazards, especially on coastal infrastructure. Any movement of the 

tectonic plate boundaries could be more destructive than what has been expected to be 

practically possible (Power, 2013). Slips on the Australian-Pacific plate boundary and 

following tsunami in New Zealand and also extreme tsunami events from distant sources such 

as the eastern Pacific Rim and the South West Pacific are also plausible causes of  damage to  
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coastal communities (Goff et al., 2010). A more detailed review in terms of the tsunami 

research in New Zealand is available in Berryman (2005) and Power (2013). 

1.4 Scope of the study 

A perusal of the available guidance for estimating tsunami loads on coastal structures and 

bridges showed a large variation in the values estimated by the proposed equations and the lack 

of general agreement on the types of force imposed on the bridge decks. A review of the 

available literature revealed that the magnitudes of the actual tsunami loads on coastal 

structures and bridges are usually not accurately known. This emphasises the need for more 

investigation of the tsunami interaction with coastal structures, which could benefit the design 

of bridges that may be subjected to tsunami loads. The main objective of the present study is 

to improve the existing knowledge of the tsunami bore interaction with different bridges under 

different tsunami scenarios. To accomplish this objective, physical modelling of the tsunami 

bore in the laboratory was conducted by investigation of (1) the impact of a tsunami bore on a 

box section bridge deck with different deck clearances; (2) the impact of a tsunami bore on a 

deck-girder section bridge with different deck clearances; (3) the effect of contraction on the 

tsunami-induced pressures and forces on a box section bridge deck with wing wall and spill-

through abutments with different deck clearances; (4) the impact of a tsunami bore on a skewed 

box section bridge deck with different skew angles and deck clearances; and (5) the 

performance of a skewed deck-girder section bridge under tsunami bore impact with different 

skew angles, deck clearances and handrails (i.e. solid and porous handrails). 

The outcome of this study is a preliminary guideline (not a design code) for tsunami loading 

characteristics that could be of benefit for researchers and design engineers to have a better 

understanding of tsunami bore impact on coastal bridges. How this guideline could translate 
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into any codified loadings is beyond the scope of this project, and further research needs to be 

done to account for this purpose. In this regard, tsunami hazards specifically in New Zealand, 

most common bridge failure mechanisms, and available guidance in tsunami loadings on 

bridges are presented. 

1.5 Contributions 

This study offers some important insights into the understanding of a tsunami bore interaction 

with coastal bridges including quantifying applied tsunami loads on different types of bridges, 

especially skewed bridge models, as no experimental research has been carried out to 

investigate tsunami bore loads on these types of structures. In addition to the development of a 

preliminary design guideline, the empirical outputs of this research is valuable to other 

researchers to validate their numerical results as data on actual tsunami-induced forces are rare 

in some cases. 

1.6 Outline 

Chapter 1 provides an introduction and some basic knowledge about tsunami, including an 

overview of the recent major tsunami events around the world in the last two decades and 

tsunami historical records and risks in New Zealand. A brief review of the tsunami bore 

interaction with bridges, and some observed bridge failure mechanisms after recent tsunami 

events is included. The main objectives and contributions of this study to the scientific 

community and the outline of the thesis are also presented in Chapter 1. 

A brief review of the types of common tsunami-induced forces and a detailed literature review 

on experimental and numerical research on different types of structures, including bridges, 

exposed to tsunami loads are presented in Chapter 2. This chapter also contains a compilation 

of equations extracted from the available guidelines introducing the different types of tsunami-
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induced forces and a discussion on the potential differences between those equations. The most 

common bridge failure mechanisms based on the available post-tsunami reconnaissance is the 

last section presented in Chapter 2. 

The experimental methodology and procedure are described in Chapter 3, including 

experimental facilities, physical models, and measurement devices. 

In Chapter 4, the generated bore characteristics and associated induced forces, moments, and 

pressures for the different bridges are presented as follows: 

• The impact of a tsunami bore on a box section bridge deck with different deck 

clearances. 

• The impact of a tsunami bore on a deck-girder section bridge with different deck 

clearances. 

• The effect of contraction on the tsunami-induced pressures and forces on a box section 

bridge deck with wing wall and spill-through abutments with different deck clearances. 

• The impact of a tsunami bore on a skewed box section bridge deck with different skew 

angles and deck clearances. 

• The performance of a skewed deck-girder section bridge under tsunami bore impact 

with different skew angles, deck clearances and handrails (i.e. solid and porous 

handrails). 

As there have been limited studies of the effects of skewness and contraction, specific trends 

are evaluated, and recommended equations are presented to quantify the tsunami-induced 

loadings on the abovementioned bridge models. 



Introduction and background 

 

12 

 

Ultimately, the conclusions are presented in Chapter 5, including a summary and critique of 

the findings and recommended areas for further 
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Chapter 2 Literature review 
 

Literature review 

________________________________________________________ 

Chapter abstract 

A review of the common types of tsunami-induced force and studies investigating the effect of 

tsunami bore forces on structures using dam-break phenomena is presented here. A detailed 

literature review of experimental and numerical research on different types of structure exposed 

to tsunamis, including bridges, is presented in this chapter to highlight the gaps and 

shortcomings of the existing research and to develop an understanding of the interaction 

between tsunami-induced bores and bridges. The most common bridge failure mechanisms 

based on the available post-tsunami reconnaissance and tsunami mitigation strategies are 

explained. This chapter also contains a compilation of equations extracted from the available 

guidelines introducing the different types of tsunami-induced force and a discussion on the 

potential differences between those equations. 
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2.1 Types of force 

Recent tsunami events and related studies have provided a substantial amount of information 

on the types of tsunami approaching the coastline and the types of force applied to coastal 

structures as a result of tsunami wave impact. There are several factors, including the width 

and depth of the continental shelf, coastline shape and the steepness of the land immediately 

inland of the shoreline (FEMA, 2011b; Nistor et al., 2011; Yeh et al., 2005), that can determine 

the type of tsunami occurring at a specific geographical location. A tsunami event can be 

classified as one of two types: (a) a tsunami breaking before approaching the shoreline to form 

a turbulent tsunami bore, or (b) a rapid rise of the water level without the formation of a definite 

wave face or bore similar to the nature of a solitary wave (Kosa et al., 2014). One of these two 

types, or a combination of them, can represent an actual tsunami event. In the case of type (b), 

the vertical forces are found to be several times larger than the horizontal forces (FEMA, 

2011b; Kosa et al., 2010). The impacts of breaking and nonbreaking waves on a bridge were 

compared by Araki et al. (2011), who found higher horizontal and uplift forces for the breaking 

wave.  

There is a general consensus among most researchers that tsunamis produce horizontal and 

vertical forces on coastal structures, including bridges. A review of the previous studies 

revealed that most researchers identified two types of horizontal force in their measured time 

history: (a) an impulsive phase of short duration (order of milliseconds) that occurs at the first 

arrival of the bore front on the structure, and (b) a quasi-steady phase with longer duration 

(order of seconds) that starts from the time of the full inundation of the structure. Most 

researchers believe that the total horizontal force is equal to the sum of the hydrostatic and 

hydrodynamic forces (ASCE, 2016; CCH, 2000; Douglass et al., 2006; FEMA, 2011b; Kosa 
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et al., 2010; Lau et al., 2011). However, the applied hydrostatic component is usually negligible 

on a bridge deck due to a smaller vertical surface area compared with long structures such as 

sea walls (Livermore, 2014). The types of force considered by most researchers are as follows. 

2.1.1 Hydrostatic force 

The hydrostatic force is applied to a structure when there is a difference in the static water 

levels upstream and downstream of a structure in a wave flume. The hydrostatic force applies 

perpendicularly to the face of a structure and increases linearly with the water depth. It is 

negligible when the water can flow above and below a structure such as in the case of bridge 

decks (Livermore, 2014). The inundated area of the structure, the fluid density, and the 

gravitational acceleration are the required parameters to determine the hydrostatic force applied 

to a structure. 

2.1.2 Horizontal hydrodynamic (drag) force 

The horizontal hydrodynamic force is applied to a structure due to the moving flow around the 

structure (above and below the bridge deck). The flow velocity, the fluid density, and the 

geometric dimensions of a structure are the main parameters required to calculate the 

hydrodynamic force on a structure. The horizontal hydrodynamic force, also known as drag 

force, is the sum of the moving mass of water and the friction of the water flowing around the 

structure. The dominant component of the drag force for a turbulent flow is the moving mass 

of water, which is highly dependent on the geometrical characteristics of the structure and is 

exerted on the centroid of the wetted surface area (Livermore, 2014). 
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2.1.3 Uplift force 

The uplift force is caused by the uplift pressure on the underside of the horizontal components 

of a structure such as bridge deck. Similar to the hydrodynamic drag force, the bore height, the 

fluid density, and the geometric dimensions of the structure are the main parameters required 

to calculate the uplift force on a structure.  

2.1.4 Impulsive forces  

When a surface wave approaches the shallower coastal areas, the water depth, and subsequently 

the water velocity, starts to decrease. As a result, the height of the tsunami wave increases due 

to shoaling to conserve the energy lost by the velocity reduction. An impulsive force is 

generated on a structure as a result of the impact of the tsunami bore on the face of the structure. 

The impulsive force is one of the most important components that needs to be considered for 

design purposes as it can be applied along with other forces such as the hydrodynamic forces 

(Livermore, 2014). There are also other types of force, including debris impact forces, 

damming forces, and retained water forces (ASCE, 2016; FEMA, 2011b), but these are outside 

the scope of this study. However, to give an indication of their relative magnitudes, the debris 

impact and damming forces can be significant, depending on the flow velocity and mass and 

stiffness of the debris. The magnitude of the retained water force depends on the retained water 

height inside a structure after tsunami recession (Livermore, 2014). 

2.2 Literature review 

During the 2004 Indian Ocean tsunami, 81 out of 186 bridges affected by the tsunami collapsed 

entirely or were heavily damaged (Yeh et al., 2013). The 2011 Great East Japan earthquake 
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and its resulting catastrophic tsunami hit the eastern part of Japan (Simons et al., 2011) and 

even the West Coast of United States of America (USA) (Allan et al., 2012). Approximately 

16,000 deaths were reported by the Japanese National Agency Headquarters due to this event 

(Kosa, 2011). During the 2011 Japan earthquake, bridges that were designed in accordance 

with the Japanese earthquake design code, revised in 1990, withstood the preceding earthquake 

with minor damage, but more than 300 railway or urban road bridges were washed away due 

to the following tsunami event (Kawashima et al., 2011). The recent series of tsunami events 

(2004 Indian Ocean, 2009 South Pacific, and 2011 Japan) have highlighted the need for more 

detailed investigations of tsunami hazards, especially on coastal structures. Numerous studies 

and investigations have been conducted, including: (a) numerical and experimental simulations 

to investigate the effects of wave impacts on coastal structures; (b) survey reports on bridge 

failures during tsunami events; and (c) guidelines to estimate tsunami-induced forces on 

buildings and bridges. 

Tsunami bores have been simulated at laboratory scale using different methods. Piston-type 

wave generation, dam-break analogy, vertical wave board motion, volume-driven wave 

generation and pump-driven wave maker are among the wave generation methods used in 

tsunami wave generation. All above-mentioned techniques can simulate a satisfactory tsunami 

bore. However, according to (Goseberg et al., 2013), researchers utilise the most suitable 

method depending on the wave generation mechanism (i.e., subsonic earthquakes, landslides, 

submarine volcanic eruptions and meteorite impact) and the desired wavelength and wave 

periods. Several studies using the sudden opening of a sluice gate or a radial gate, known as 

the dam-break phenomenon, which is one of the most common methods for producing tsunami 

bores in the laboratory (Chanson, 2006; Cross, 1967; Yeh, 2007). Researchers have 

investigated the interaction between tsunami fluid forces and coastal structures, including 
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bridges, using the dam-break wave (Azadbakht, 2013; Chen et al., 2016; Iemura et al., 2007; 

Nouri et al., 2010; Shafiei et al., 2018). The sluice gate flow rate measurement is based on the 

Bernoulli equation and can be expressed as: 

2 2

1 11 2 1 2   + = +b bu gh u gh                                                                                                        (2.1) 

where h is the water level, u is the flow velocity, and ρ is the density of water (Fig. 2.1). 

 

Fig. 2.1: Sluice gate 

Using the continuity equation and assuming uniform upstream and downstream velocity 

profiles, we obtain: 

1 1= = b bq u h b u h b                                                                                                            (2.2)  

where q is the flow rate and b is the width of the sluice gate. Combining Eqs. (2.1) and (2.2), 

and assuming that 1 bh h  and 1 0u , gives the following equation: 

( ) ( )( ) 1
1 2

1 1 12 1 2 = − − ⎯⎯⎯→ = 
bh h

b b b bq h b g h h h h q h b gh   (2.3)  

Eq. (2.3) can be rewritten as follows: 

12=bu gh                                                                                                                              (2.4) 
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Eq. (2.4) shows that the bore velocity increases when the reservoir water level increases. Eq. 

(2.3) can be modified with a discharge coefficient: 

12= d bq C h b gh                    (2.5) 

Cd depends on a range of parameters, including upstream and tail water depths, gate opening, 

contraction coefficient of the gate, and the flow condition (Subramanya, 2009). 

The main tsunami flow characteristics of flow depth and velocity are highly variable. For 

instance, maximum runup heights of 38.2 m and 28.7 m were recorded for the 1896 Meiji and 

the 1933 Showa tsunamis, respectively (Suppasri et al., 2013). During the Japan tsunami of 

March 2011, the flow depth reached 8 m at Kamaishi City (Fraser et al., 2012) and 6 m at 

Arahama Town (Suppasri et al., 2012). The tsunami waves travelled with average velocities 

estimated to be between 3 and 4 m/s at Kumala beach, and 6 and 8 m/s at Khao Lak (Rossetto 

et al., 2007). The tsunami flow velocity reached as high as 10–13 m/s on a coastal plain close 

to the Sendai Airport (Jaffe et al., 2012). It was estimated to be approximately 8 m/s at 1 km 

inland of the shoreline in Sendai (Hayashi et al., 2013). 

There have been several studies in the literature reporting the wave–structure interaction. An 

analytical solution of the impact force of a water wedge on a flat impermeable wall based on a 

two-dimensional analysis was presented by Cumberbatch (1960). The author considered the 

effect of the gravity forces to be negligible at the time of impact. A two-dimensional wedge 

shape was considered for the wave front region, in which the impingement of the water wedge 

was assumed to be at right angles to the wall. A uniform translational velocity distribution was 

assumed for the water wedge. The validity of the proposed solution was checked by comparing 

the arc length of the fluid particles with and without the wall in place, and it showed a good 

representation of the wave tip shape.  
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Fukui et al. (1963) reported the tsunami-induced wave loads and pressures on a dike with 

different configurations of the flume bed. They stated that the impulsive pressure was 

proportional to the fourth power of the approaching bore velocity. El Ghamry (1963) 

experimentally studied the wave forces on a dock using a 105-ft-long (32-m), 1-ft-wide (0.3-

m), and 3-ft-deep (0.9-m) wave flume along with a 4-ft-long (1.2-m), 1-ft-wide (0.3-m), and 

0.25-ft-thick (0.08-m) aluminium dock model, varying the position of the dock along the flume. 

He found that the wave period and the elevation of the dock were the two most essential factors 

in determining the shape of the time history of the applied forces. His results also indicated that 

the magnitude of the positive and negative uplift forces is highly dependent on the wave period 

and the deck height. Furthermore, he applied a correction factor to alter some of the 

contradictory results that could be attributed to the use of Stoker’s wave theory, as this theory 

is suitable for sinusoidal waves rather than the type of waves generated by El Gahmry in his 

experiments. He also investigated the influence of the trapped air in a series of dock-breaking 

wave interaction experiments. His results demonstrated that the impulsive force could be quite 

high in the case of trapped air under the dock and also showed that the initial rise in the applied 

forces seen in the time history was sensitive to the wave period.  

Cross (1967) investigated the tsunami impact on a dry bed on vertical walls with different 

bottom roughness. He investigated the bore front region in detail along with the wedge theory 

developed by Cumberbatch and suggested a formula to estimate the wave impact forces on the 

vertical wall. The results were compared with the available analytical solutions, and a 

reasonable agreement was found for both the wave tip region and the predicted forces at the 

instant of impact. However, there were some shortcomings and incompleteness in the study 

and experimental data.  
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Wang (1970) conducted experimental studies on the wave-induced uplift pressure using a 90 

ft (27.4 m) by 90 ft (27.4 m) square basin with a suspended horizontal plate above the mean 

water level. He investigated the blast wave patterns with a maximum height of 0.49 ft (0.15 

m). The generated wave in his experiments had a moderate steepness followed by a trough. 

Two stages of loading for the uplift pressure were found in his results. The first stage was the 

initial impact of the wave front on the underside of the plate. The second stage was a slow 

change in pressure which depended on the hydrostatic pressure due to the clearance between 

the wave crest and the underside of the deck. Wang (1970) proposed an equation to estimate 

the uplift impact pressure on the underside of the deck. The horizontal forces on the plate were 

not considered in his experiments due to the lack of a vertical area for the water to contact, 

which made the magnitude of their measured horizontal forces insignificant. He also found that 

the variation of momentum of the wave created impact pressure on the underside of the deck.  

French (1970) conducted experiments similar to Wang (1970) and El Ghamry (1963) on the 

uplift pressures on a horizontal deck. He varied the wave height, the initial water level in the 

flume, and the deck clearance to have a broader range of data. He updated the values of the 

recommended coefficients in the equation of the slowly varying pressure proposed by Wang 

(1970). The initial impact pressure and the slowly changing pressure were observed by French 

(1970), were in agreement with the results by El Ghamry (1963) and Wang (1970).   

The effect of wave impact on a wall-shaped gate was investigated by Nakamura et al. (1973). 

They updated the proposed equations by Cross (1967) and Cumberbatch (1960) for the initial 

impact pressure on a vertical wall. The generated wave tip profile and the estimated values of 

the impact pressure were compared with those obtained by Cross (1967) and Cumberbatch 

(1960) and showed a reasonable agreement. Cross’s and Cumberbatch’s theories were found 
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to be accurate methods to simulate the wave tip characteristics and to estimate the initial impact 

pressure, respectively. Nakamura et al. (1973) also found that the hydrostatic pressure of the 

reflected waves from the wall-shaped gate is as important as the initial impact pressure. They 

indicated that the maximum pressure was 1.5 times greater than the maximum hydrostatic 

pressure applied to the front face. However, they pointed out that additional experiments would 

be required to achieve a more robust and practical method to estimate the maximum pressures 

exerted by the impact of a wave on a wall. 

A wave pressure equation for breaking and post-breaking waves, with a smooth transition, was 

developed by Goda (1975) on a breakwater using the maximum wave height immediately 

upstream of the breakwater. A strong connection was found between the magnitude of the wave 

pressure, the wave period, and the slope of the sea bottom. The uplift pressure in his 

experiments was calculated without considering the overtopped water. The proposed equation 

was compared with the existing formulae by Hiroi (1920) and Sainflou (1928). The results 

revealed that the estimated values obtained from the equations developed by Goda (1975) were 

the most accurate. 

A study by Denson (1978) examined the wave impact on a 1:24-scale bridge model of the USA 

90 St. Louis, Mississippi Bridge to estimate the wave induced uplift, drag forces, and 

overturning moment. The bridge was a four-lane slab-girder type bridge with each pair of lanes 

built as individual structures, and so the forces and moments applied to each pair of lanes (i.e. 

seaward and landward sides) were measured separately. He varied the wave strength, the water 

level in the flume, and the elevation of the deck. The wave-induced forces and moments were 

reported as the most significant sources of damage to the bridge. A series of dimensionless 

graphs was presented by Denson (1978) for design purposes. However, the provided graphs 
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are more applicable to bridges with similar geometry. He proposed a more robust anchorage 

system to prevent this kind of failure in the future.  

Goring (1978) carried out an experimental and theoretical investigation to examine the 

propagation of a solitary wave onto a shelf. The author’s recommended finite element method 

(FEM) to solve the 1D Boussinesq equations for constant depth agreed relatively well with the 

measured experimental values in the laboratory. The author’s expanded his proposed method 

to the case of varying water depth in the direction of the wave propagation to simulate a tsunami 

wave impingement over a slope onto a continental shelf. The wave was generated by moving 

a vertical plate in a horizontal direction (i.e. dam-break concept), and the experimental results 

were consistent with the theoretical method presented by Goring (1978). The long-wave 

theories were also used to validate the experimental results (i.e. the wave profile, celerity, and 

damping characteristics). 

Denson (1980) conducted experiments in a water basin to investigate the forces and moments 

applied to two 1:24-scale bridge models. One bridge was a four-lane slab-girder type bridge 

with each pair of lanes built as individual structures, and so the forces and moments applied to 

each pair of lanes (i.e. seaward and landward sides) were measured separately. The other bridge 

model was a trapezoidal box girder section with 1:10 superelevation towards the sea. The 

generated waves in his experiments approached the bridge at an angle. In contrast to El Ghamry 

(1963), Wang (1970), and French (1970), the wave period was not a significant factor in the 

time history of the applied forces and moments of his experiments, which is a moot point in 

his conclusions.  

Togashi (1986) simulated a tsunami river runup on a vertical wall as a protection gate and 

reported the wave profiles, cross-sectional mean velocity, and the magnitude of the wave forces 
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applied to the front and rear of the wall. He found that the hydrodynamic wave force was mainly 

generated by a drag force that is 10% to 40% higher than the hydrostatic wave force, which is 

similar to the findings of Nakamura et al. (1973). Therefore, if a designer knows the height and 

velocity of a tsunami bore at the location of a tsunami protection wall, they will be able to 

compute the wave height and velocity of both reflected bore in front of the wall and the 

overtopped water behind the vertical wall using the method recommended by Togashi (1986).    

Broughton et al. (1987) studied the effects of wave impact on a horizontal deck platform located 

near to the centre of Ekofisk Field, Norway. They captured an initial slowly varying uplift rise 

followed by a downward force. No sudden initial rise was detected in their experiments due to 

the low sampling rate to capture the initial impulsive rise. Broughton et al. (1987) developed 

two equations to estimate vertical and horizontal forces using the bridge geometry and the wave 

velocity. Their recommended corrective measures to reduce the wave forces applied to the 

platform were to provide rounded edges to the decks as the short-term solution and to jack the 

deck to higher elevations as a long-term solution. 

Kaplan (1992) and Kaplan et al. (1995) reported on the wave impact forces applied to circular 

members and offshore horizontal platforms. They varied the deck clearance and concluded that 

the impulsive force was highly dependent on the deck clearance while the slowly varying 

pressure was a function of the wave period. The porosity of the deck materials, the blockage 

effect, and shielding were also investigated in their analysis. They also provided equations for 

the horizontal and vertical forces to estimate the wave-induced forces, pressures, and moments 

applied to offshore platforms. They found that the magnitude of the impulsive force was 

dominated by the hydrodynamic (drag) force, which can be used as a rough method for 

estimation purposes. The theoretical model presented by Kaplan (1992) can also be utilised to 
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estimate the forces and moments exerted on a vertical cylinder. However, they neglect the 

wave–structure interaction in their theoretical analysis, which is not a realistic scenario. On the 

other hand, their focus was on high deck clearance, which may not be applicable to bridge 

decks.  

Suchithra et al. (1995) investigated the slamming effect of wave impact with different 

frequencies on offshore horizontal platforms with and without longitudinal beams. They 

observed an increase in the measured forces due to the presence of longitudinal beams on the 

underside of the deck. They provided an equation for the slamming vertical force as follows: 

21

2
=s s yF c Au    (2.6) 

where cs is an independent slamming coefficient ranging from 2.5 to 10.2, A is the projected 

area, and uy is the vertical velocity of the wave. It was also shown that the deck clearance has 

a crucial effect on the magnitude of the impact force and the slamming coefficient. A higher 

deck clearance decreases the slamming coefficient. Suchithra et al. (1995) also found that the 

air pockets reduce the forces applied to the platform but emphasized the need for further 

investigation on the effects of air pockets between the longitudinal beams on the underside of 

the horizontal platform. A new method to simulate the waves in the laboratory was also utilised 

to conduct the experiments. The slamming coefficient ranged between 8.7 and 10.2 using the 

new method.  

Ramsden (1996) conducted an experimental study on the impact of solitary waves, undular 

bores, turbulent bores, and surges on a dry bed and their reflection on a vertical wall. Generally, 

the characteristics of a wave near the shoreline define its nature. A solitary wave is a wave 

without any temporal evolution in shape or size, while a turbulent and rapidly moving tsunami 



Literature review 

 

26 

 

wave is classified as a tsunami bore. A tsunami bore can propagate over either a dry or wet bed 

(St-Germain et al., 2012). The applied horizontal and vertical forces, overturning moments, 

velocity of the approaching waves, and pressures were measured by Ramsden (1996). A laser-

induced fluorescence method was used to obtain the wave profiles. The turbulent bores showed 

a steeper wave front and larger forces and moments compared with the undular bores. The 

equations developed by Ramsden (1996) to estimate his measurements indicated that the 

measured forces and moments were underpredicted by up to 50% by Cross (1967). Ramsden 

(1996) also found that the maximum measured forces and moments applied to the vertical wall 

were smaller than the computed values based on the maximum runup assuming a hydrostatic 

condition. However, the applicability of the presented normalised graphs is limited to bed 

slopes no steeper than 1:50. Ramsden (1996) also highlighted the fact that the results of his 

study were only applicable to global failures such as sliding and overturning. This means that 

his results cannot be utilised for local structural failures such as punching-type failures due to 

the wave-impact forces being of short duration.    

Bea et al. (1999) conducted a performance analysis on the effects of wave impact on horizontal 

platforms. They modified the existing equations of the American Petroleum Institute (API), 

which were not consistent with the field observations following wave impact on horizontal 

platforms. According to the API guideline, most of the lower decks of horizontal platforms 

cannot survive wave impact, but data from field reconnaissance surveys indicate otherwise. 

For example, when field observations following a large wave impact on horizontal platforms 

showed little or no damage, the API guideline predicted failure. Bea et al. (1999) validated 

their proposed method against the existing available data from field reconnaissance surveys 

and provided three levels of damage: (i) failure, (ii) minor damage, and (iii) no damage. 
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However, their proposed equations were mostly dependent on the wave velocity and, to a lesser 

extent, on the level of inundation of the bridge deck.  

There have been several investigations reported on the effects of tsunami loads on vertical 

walls, dikes, and structures published by other researchers, such as Takahashi et al. (1985), 

Matsutomi et al. (1994), Asakura et al. (2000); Ikeno (2003); Kathiresan et al. (2005), Fujima 

et al. (2009), Bandara et al. (2012), and Chen et al. (2016). Even though the abovementioned 

experiments may not be applicable to the estimation of tsunami forces on bridges, they provide 

a broad insight and background knowledge on how to evaluate tsunami wave forces on bridges 

and how to develop a proper guideline.  

The following are reviews of the previous studies published as articles, reports, and technical 

notes that investigate the mechanism of tsunami generation, propagation, and runup, and that 

evaluate the tsunami-induced forces on a bridge. Some of the first studies on the effects of 

tsunamis on bridges were conducted by Kataoka et al. (2006) and Shoji et al. (2006). Kataoka 

et al. (2006) investigated the effect of wave forces applied to a girder bridge. They modelled a 

three-span bridge deck scaling from 1:18 to 1:108. Breaking, non-breaking, and broken waves 

were the wave scenarios that they evaluated in their experiments. Their findings showed that 

the magnitude of the impulsive force depends on the tsunami wave condition. This finding is 

in agreement with Nouri et al. (2010) and Ikeno et al. (2001). The drag force formula proposed 

by Goda (1975) was also verified by Kataoka et al. (2006). An experimental and numerical 

investigation was conducted by Shoji et al. (2011) to evaluate the horizontal and vertical 

tsunami wave pressures due to the Japan tsunami of March 2011 on nine bridge decks, which 

were completely washed away. They used the simulated inundation depths from their 

numerical model to determine the induced loads on their bridge models. They observed higher 
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tsunami wave pressure than the value reported by Kataoka et al. (2006), whose model assumed 

very thin bridge piers, which resulted in a reduction of the tsunami-induced loads. The above 

finding is consistent with the results of Lukkunaprasit et al. (2011) and Kosa et al. (2010).  

Lukkunaprasit et al. (2011) investigated the effect of tsunami bore-induced pressure on a bridge 

with a complete pier and deck model. They used a hydraulic wave flume to simulate the 

tsunami bores in their experiments. The model was used to estimate the pressures applied to 

the pier in order to incorporate the effect of the bridge deck on the flow pattern around the pier. 

The results showed an increase of up to 50% on the applied horizontal pressures on the bridge 

pier of the model, which means that the results of the experiments on a standalone pier are not 

conservative for design purposes (Lukkunaprasit et al., 2011). The main cause of the increase 

of the applied horizontal pressures on the pier was that the overtopped water at the instant of 

impact was obstructed by the bridge deck, which accumulated water immediately upstream of 

the bridge pier, and therefore a higher horizontal pressure was recorded on the pier of the 

complete pier and deck model.  

Kosa et al. (2010) analysed two tsunami wave types, namely broken waves and unbroken 

waves, on a 1:50 scale bridge deck representing a damaged bridge during the 2004 Indian 

Ocean tsunami. Kosa et al. (2010) indicated that the horizontal wave force was smaller than 

the uplift force for an unbroken wave, which is the opposite of the broken wave. The maximum 

horizontal and uplift forces were found to be 2.6 and 0.5 times the hydrostatic pressure, 

respectively. Equations were derived from the experimental results for the horizontal and uplift 

forces applied to the slab girder bridge deck using dimensionless values. Kosa et al. (2010) also 

provided a wave pressure distribution equation for the horizontal and uplift forces. 
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Shoji et al. (2006) conducted an experimental study on the effects of the 2004 Indian Ocean 

tsunami to identify the bridge failure mechanisms that had been observed and recorded in their 

study. A 6-m-long wave flume was used to generate the tsunami wave impingement on a box 

girder bridge deck. The wave forces applied to the bridge were measured, assuming 2.00dC =  

to calculate the friction coefficient. However, no pressure measurement was made to compare 

them against the estimated forces. 

Araki et al. (2010) performed an experimental test to estimate the vertical and horizontal forces 

and pressure on a girder bridge. Post breaking and just breaking tsunami wave scenarios were 

investigated in their experiments using a 41-m-long and 0.7-m-wide wave flume. Two peaks 

were observed in the time history of the vertical force applied to the bridge girders in the case 

of a just breaking wave while the post breaking wave presented only one peak. The study stated 

that, in the case of a just breaking wave, both horizontal and vertical forces were higher than 

for the post breaking wave. An increasing trend was observed for the normalised maximum 

wave pressure applied to the bridge girders with a decrease in the tsunami wave height above 

the bridge deck. The proposed equation by Tanimoto (1983) to estimate the wave pressure 

applied to the seaward side of the bridge girders was used. The estimated values of the quasi-

steady pressures were all conservative while the prediction of the initial rise was not accurate, 

and the equation underestimated the initial impulsive pressures applied to the bridge girders. 

The main failure mechanism was identified as the shear breakage of bolts used on the underside 

of the girders to connect the superstructure to the substructure. The above finding is also 

consistent with Araki et al. (2011) and Sugimoto et al. (2007). They also provided an equation 

to estimate the horizontal and uplift forces on their bridge model. They obtained higher values 

for the horizontal pressure on the lower section of the bridge model than the values observed 
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on the upper parts of the bridge model. This is consistent with the findings of Nouri et al. (2010) 

and Ramsden (1996). However, Araki et al. (2010) highlighted the fact that further research to 

investigate the stability of the girder bridge under the wave impact forces and the dynamic 

response of the bridge to the wave forces would be beneficial due to the short duration of the 

impact force. 

Nouri et al. (2010) conducted a comprehensive tsunami bore–structure interaction study on 

various types of structure with different shapes. The tsunami bore was simulated using a dam-

break induced wave generated by rapidly opening a sluice gate and releasing a massive amount 

of water to approach the structure downstream of the gate. The pressures applied to the front 

and lateral sides of the vertical cylindrical structure along with the bore height and velocity 

were measured. A square prism model was also used to quantify the tsunami-induced forces 

including the effect of flow contractions upstream of the square structure. Nouri et al. (2010) 

also investigate the effect of water-borne debris impact forces on the square prism model. They 

noted that the maximum value of the impact pressure occurred at 40% of the bore height. A 

reasonable agreement was observed between the measured bore heights and velocities obtained 

by Nouri et al. (2010) and those observed by Gómez-Gesteira et al. (2004) and Kleefsman et 

al. (2005). In contrast, a significant difference was observed in the time history of the applied 

pressures to the front side of the cylindrical and square prism structures between the results 

obtained by Nouri et al. (2010) and the results provided by Kleefsman et al. (2005) and Árnason 

(2005). The impact force in the time history of the horizontal force was found to be greater 

than the hydrodynamic force for strong bores while the impact force was less than the 

hydrodynamic force for weak bores. The water-borne debris exerted an additional load on the 

structure and created a second peak in the time history of the applied horizontal forces. The 

second peak was found to be always lower than the first peak. The upstream flow contractions 
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also increased the forces and pressures applied to the structures. Nouri et al. (2010) highlighted 

the importance of considering different configurations in the planning phase to minimise the 

tsunami wave-induced forces on structures.    

Sugimoto et al. (2007) carried out hydraulic experiments on steel and reinforced concrete (RC) 

bridges to evaluate the failure mechanism of a bridge under the impact of tsunami waves. They 

used two types of bearing (fixed and movable). Their results revealed that increasing the 

tsunami bore height increases the applied drag and uplift forces and the horizontal wave 

pressures.  

Iemura et al. (2007) studied the effect of tsunami waves on a dry land bridge (Ulee Lheue 

Bridge) in Banda Aceh to understand the failure mechanisms observed during their field 

reconnaissance following the 2004 Indian Ocean tsunami. A 35 cm lateral displacement of the 

deck girders was detected in the field observations, but the bridge was still operational. They 

measured the horizontal and uplift forces exerted on the bridge deck in the laboratory and found 

that the maximum value of the applied forces occurred at the initial stage of the wave impact, 

which was at the highest wave velocity. The drag coefficient value of their bridge model was 

found to be 1.1. Iemura et al. (2007) also investigated the effect of floating wooden debris on 

the forces applied to the bridge deck and recommended an impact duration of 0.2 s, which is 

consistent with the recommendation by FEMA 55. The effect of the breakwater was the other 

factor investigated in their experiments and they observed that larger breakwaters, as high as 

50% of the tsunami wave height, significantly diminished the induced forces on the bridge 

model. 

Shoji et al. (2008) conducted an experimental investigation to simulate the damage of a bridge 

deck subjected to a tsunami using their collected field data after the 2004 Indian Ocean tsunami 
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(Shoji et al., 2006). They modelled a simple spanned concrete bridge without piers in a wave 

flume and provided a range for the drag coefficient based on the geometrical dimensions of the 

bridge deck. The length, width, and height of the bridge deck and the deck clearance varied in 

their experiments. It was found that increasing the deck width will result in a drag coefficient 

reduction. They also observed a higher drag coefficient at greater deck heights. 

Thusyanthan et al. (2008) investigated the effects of pier height, pier width, foundation depth, 

and bridge deck height on the wave-induced pressures applied to a bridge model with two piers 

and a deck. The waves were generated in a wave tank in their experiments. They recorded the 

highest impulsive pressure at the bottom of the pier in a dry condition and slightly above the 

still water level for a wet condition. The magnitude of the impact pressure was found to be the 

same for both piers and the bridge deck. However, the time history showed a delay in the impact 

pressure exerted on the bridge deck. Their findings are consistent with Lau (2009), who 

conducted a numerical simulation of the tsunami flow around I-girder bridge decks. Although 

these investigations reported many interesting results, Thusyanthan et al. (2008) pointed out 

that further detailed investigations should be carried out for a better insight of the observed 

measurements and to validate their results with other studies. 

Shoji et al. (2011) performed physical experiments to evaluate the tsunami fluid forces acting 

on two deck-girder bridges, referred to as small and large bridges in their experiments. They 

generated surging and plunging breaker bores in a wave tank on two bridge models with scale 

of 1:79.2 and 1:100. The prototype bridge was the Lueng Ie Bridge, which was damaged during 

the 2004 Indian Ocean tsunami. They used a propeller type velocity meter immediately 

upstream of the bridge model to measure the flow velocity and a load cell installed on top of 

the bridge deck to measure the horizontal wave force applied to the bridge deck. The sampling 
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rate of their experiments was 200 Hz, and the Froude number Fr ranged from 0.40 to 0.93. The 

focus of this study was to investigate the effect of bore types on the measured drag coefficient 

and to evaluate the effect of different deck clearances on the magnitude of the wave-induced 

horizontal forces on a bridge deck. They generated breaker bore types in their experiments and 

suggested a drag coefficient of 1.52 and 1.56 for surging and plunging breaker bores, 

respectively. However, Arneson (2013) found a drag coefficient between 2.00 and 2.20 for a 

submerged or partially submerged bridge deck. The magnitude of the horizontal forces was 

found to be more sensitive in the case of a lower still water level in the flume and for the 

plunging breaker bore types. Shoji et al. (2011) showed that the proposed equations by Goda 

(1973) and Asakura et al. (2000) to compute the lateral pressure on a structure are not 

applicable to the estimation of the breaker bores induced lateral pressure on a bridge deck as it 

is not practical to apply the assumed boundary conditions of those equations on a bridge deck 

model.  

Kawashima et al. (2011) evaluated the extent of the damage to road and railway bridges during 

the 2011 Great East Japan earthquake and the subsequent tsunami based on field observations 

conducted by the Japan Society of Civil Engineers (JSCE). It was observed that the uplift forces 

are higher than the horizontal forces on a bridge, which lifted and washed away the bridge 

deck. Kawashima et al. (2011) also noted that the bridges that had been designed based on the 

post-1990 design code survived or suffered minor damage. This means that improving the shear 

and flexural capacity and utilising the elastomeric bearings, as per the post-1990 design code 

recommendations, enhanced the performance of the bridges and minimised the damage during 

the 2011 Great East Japan earthquake and the subsequent tsunami. Kawashima et al. (2011) 

proposed proper seismic strengthening for the bridges built pre-1990 due to the extent of the 
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damage they suffered. In addition, Kawashima et al. (2011) recommended that further research 

should be undertaken to determine the tsunami force effect on the design of coastal bridges. 

Araki et al. (2008) studied the effect of tsunami behaviour on a beam of a girder bridge with a 

model scale of 1:70. The tsunami waves were generated in a wave channel for this study. They 

stated that the magnitude of the applied horizontal force was remarkably dependant on the 

tsunami height and the bridge deck clearance. A high level of dependency between the 

magnitude of the wave pressure and force on the seaward side of the upstream girder is the 

other significant finding of this study. It was found that for large deck clearances it is possible 

to calculate the horizontal forces directly from the impact pressures on the first seaward side 

of the upstream girder. They also concluded that the magnitude of the horizontal forces was 

similar to the magnitude of the uplift forces. However, the studies by Shoji et al. (2011) and 

Kawashima et al. (2011) stated otherwise, that is due to the lack of a proper load cell in the 

experiments conducted by Araki et al. (2008). They tried a two-component force recording 

method using a strain gauge for their measurements which could be the main source of 

discrepancy of their results compared with others. 

Huang et al. (2009) conducted a numerical investigation to estimate the wave forces applied to 

the Escambia Bay Bridge deck during the Hurricane Ivan in 2004. A numerical model based 

on the incompressible Reynolds-averaged Navier–Stokes (RANS) equations was used to 

quantify the wave induced forces on the bridge deck. The wave height, velocity, and horizontal 

and uplift forces exerted on the full-scale bridge deck were measured. The measured uplift 

forces were successfully compared with the experimental results by Bea et al. (1999) and the 

numerical results by Douglass et al. (2006). However, the magnitude of the horizontal forces 

was found to be up to 40% and 90% lower than the values estimated by Douglass et al. (2006) 
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and Bea et al. (1999), respectively. There was a general agreement about the unseating of the 

bridge deck due to large uplift forces, which were found to be greater than the weight of the 

bridge deck during the Hurricane Ivan in 2004. It was observed that the simply supported bridge 

deck was lifted by the uplift force and washed away several metres due to the horizontal wave 

force. The results also showed that when the distance between the bottom of the deck and the 

free surface of the still water in the flume is around 25% of the wave height, the weight of the 

bridge deck is larger than the wave-induced uplift force. However, the magnitude of the 

horizontal force was still greater than the horizontal friction force. Huang et al. (2009) 

concluded that while the recommended empirical equations by Bea et al. (1999) and Douglass 

et al. (2006) are practical tools to predict the maximum wave-induced forces for feasibility 

analyses at the early design stages, the proposed numerical method provides a more detailed 

understanding of the time history of the pressures and forces applied to bridge decks (which 

can be used to diminish the effects of the wave impact on coastal communities) and a better 

insight for design engineers.    

Douglass et al. (2006) conducted a numerical analysis to estimate the wave forces applied to a 

highway bridge deck. They validated their numerical results with small-scale laboratory 

experiments using a bridge deck in a wave basin. However, their equations were only based on 

the wave height and neglected the importance of the wave velocity. This means that there were 

no direct changes in the magnitude of the estimated forces caused by variations in the wave 

velocity, which is a moot point in their study. 

The wave impact mechanism and consequent damage to the USA 90 bridge over Biloxi Bay 

were numerically modelled by Chen et al. (2009). This study addressed the wave characteristics 

near the subject bridge, the causes of bridge failure, and the magnitude of the applied forces 
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during the Hurricane Katrina in 2005. The coastal wave characteristics and water levels in the 

Gulf of Mexico were determined using numerical models, respectively. The results were 

compared with the data collected by FEMA after the storm event and were consistent especially 

along the shoreline, where the data were more accurate than in inundated areas. They concluded 

that the horizontal force was strong enough to overcome the resistance of the deck–substructure 

connections and to displace the bridge deck from the substructure. They also found that the 

uplift force was large enough to overcome the dead weight of the deck. In addition, they 

determined the critical deck elevation relative to the maximum wave height, which should be 

greater than 50% of the wave height to minimise bridge damage in the case of a wave impact. 

However, they noted that even the bridge decks that were higher than the maximum wave 

height still collapsed. The presence of air pockets was identified as one of the major unknowns 

that could be the primary cause of deck failure. Their proposed methodology can be used to 

undertake a risk assessment on the existing coastal bridges in the areas susceptible to 

hurricanes. 

Lukkunaprasit et al. (2011) conducted an experimental investigation of the effects of tsunami 

wave-induced forces on stand-alone piers and on a complete pier–deck model. The tsunami 

waves were simulated using a hydraulic wave flume. It was found that the horizontal 

hydrodynamic force applied to a pier with the bridge deck present is up to 50% greater than 

the force applied to the stand-alone piers. The photographs taken during their experiments 

showed how the flow pattern was influenced by the bridge deck. The bridge deck acted as an 

obstacle and diverted the topped over and splashed water towards the piers, increasing the 

forces applied to the piers. It was concluded that using the measured forces from the 

experiments conducted on a stand-alone pier is a non-conservative approach which can result 

in major damage and even failure of the bridges during future tsunami events.      
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Schumacher et al. (2008) undertook large-scale experimental modelling using a 1:5 scale RC 

deck with girders to investigate the effect of hurricane wave forces on bridge decks. The wave 

flume was 104 m long, 3.66 m wide, and 4.57 m deep. A flap type wave generator that can 

create large waves up to 1.6 m and a wave period of 3.5 s was used. The bridge model was 

based on prototype dimensions provided by the Florida Department of Transportation’s 

drawings of the I-10 Bridge over Escambia Bay. The forces and flow characteristics were 

measured, and the effect of the dynamic response of the bridge on the wave-induced forces was 

investigated. Surface piercing resistance type wave gauges were used to measure the 

approaching and reflected wave heights. The researchers used tension–compression load cells 

to measure the induced forces on the bridge model. Pressure sensors were mounted on the steel 

plate installed on the bridge deck to minimise flow disturbance and increase the accuracy of 

the pressure measurement. The data sampling rate ranged from 250 to 1000 Hz. No initial rapid 

rise was recorded in the time history of the horizontal pressure applied to the most seaward 

girder, while an initial rise was observed in the time history of the horizontal pressure of the 

internal girders. The compression of trapped air was identified as the main cause of the rapid 

rise of the horizontal pressure on the internal girders, while the air can escape around the 

outward girders. The magnitude of the vertical force was found to be significantly larger than 

the magnitude of the horizontal force. It was found that a combination of horizontal and vertical 

forces can damage the bridge deck connections and dislodge the deck from the substructure. 

However, based on video recordings and photos taken during hurricane, the initial impact was 

not the main cause of failure and lateral movement of the bridge deck. It was concluded that 

the quasi-steady forces were the primary source of damage to the bridge deck for this particular 

case study.   
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A numerical analysis was presented by Shigihara et al. (2009) to evaluate the tsunami forces 

on three bridges affected by tsunami waves during the 2004 Indian Ocean tsunami. The 

numerical analysis was performed using the method utilised by Koshimura et al. (2009). They 

provided a factor of safety, which was the ratio of the acting horizontal force to the resistance 

of the bridge model due to its weight. Bricker et al. (2011) and Sugimoto et al. (2007) used the 

same factor of safety in their research. The findings of Shigihara et al. (2009) are consistent 

with the results of the study by Galvin (1968). Galvin (1968) studied the effects of plunging 

and surging breaker bores and concluded that the breaker bores apply a high horizontal 

hydrodynamic force on a bridge deck.  

Murakami et al. (2012) conducted numerical analysis, including hydraulic and structural 

analysis, to discuss the damage mechanisms caused by the Great East Japan earthquake and its 

subsequent tsunami in 2011. The obtained numerical time history of the applied horizontal 

pressure was consistent with the measured experimental results. They identified the pressure 

difference between the bottom and top sections of the bridge deck as an important factor 

determining the stability of the bridge slab under the tsunami impact. The uplift force was 

recognised as the main cause of bridge deck collapse, and the horizontal force was identified 

as the secondary cause of failure of the bridge deck. The uplift force was found to be higher 

than the horizontal force acting on the bridge, which is consistent with the findings by Shoji et 

al. (2011), Kawashima et al. (2011), and Mazinani et al. (2014).  

Bricker et al. (2011) conducted a computational fluid dynamics (CFD) analysis using the 

OpenFOAM package to evaluate the bridge failure mechanisms during the Great East Japan 

tsunami of March 2011. The tsunami surge, steady flow, and smoothly rising water surface 

were the three wave scenarios simulated in their investigation, which used a full-scale bridge 
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model, namely the Utatsu highway bridge. Based on their survey report, a large uplift force 

and overturning moment were applied to their prototype bridge model during the tsunami 

event. The results indicated that the surge was the main cause of bridge failure. A smoothly 

rising water surface was not identified as a cause of bridge failure, as the rising flow applied a 

negative lift force to the bridge deck. However, it was also noted that once the bridge deck was 

fully submerged, the turbulence and vortex of the rising flow could overturn the bridge deck. 

The video footage taken at the Utatsu bridge during the 2011 tsunami event showed flows of 3 

to 5 m/s, which are similar to the steady flow pattern simulated by Bricker et al. (2011). The 

steady flow had minor effects on the bridge deck. The research concluded that a high fluid 

density during a tsunami event (1200 kg/m3) is an important factor in increasing the tsunami-

induced loadings on a bridge deck, which is consistent with FEMA (2008). The results showed 

a significant increase in the magnitude of the uplift force and overturning moment due to 

trapped air, which was also proven by Chen et al. (2005). Bricker et al. (2011) suggested the 

construction of bridge decks with perforations to allow the trapped air to escape and diminish 

the magnitude of the applied forces to the bridge deck. Replacing the existing super-elevated 

deck with a level deck is the other recommendation provided by Bricker et al. (2011) to obtain 

a tsunami-resilient bridge. 

Trapped air between the water free surface and the underside of a bridge deck is one of the 

most interesting topics in the coastal engineering community. It was recognised by many 

researchers as one of the main failure mechanisms that can increase the buoyancy force under 

a bridge deck. Trapped air under a bridge deck can create a buoyancy force equal to the weight 

of the bridge deck (Azadbakht et al., 2014; Chen et al., 2005; Hayatdavoodi et al., 2016; 

McPherson, 2010; Seiffert et al., 2015; Takahashi et al., 1985). 
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Takahashi et al. (1985) simulated the wave impact on a horizontal slab in a hydraulic flume to 

investigate the effects of enclosed air pockets on the underside of the deck on the applied uplift 

force. An analytical model and the similitude law of the impact were presented. The estimations 

obtained from the proposed analytical method, the similitude law, the experimental results, and 

the field observations were all in agreement. Takahashi et al. (1985) recommended making an 

opening on the deck to decrease the volume of the trapped air between the water-free surface 

and the flat deck. 

Chen et al. (2005) conducted a field reconnaissance following Hurricane Katrina to evaluate 

the effect of the wave impact and the possible failure mechanisms on a twin span bridge. They 

concluded that the trapped air inside the box deck or between the girders was the main reason 

for the bridge deck failure. They conducted a simple experimental assessment on a box section 

deck and found that once the deck is fully submerged the trapped air inside the box deck can 

be as much as the gravity load. This means that the bridge deck is similar to a floating object, 

and even a minor drag force can dislodge and move the deck spans laterally. This observation 

was reinforced by further investigation in the areas of other bridges that suffered little or no 

damage due to sufficient deck clearance to minimise the risk of air pocket accumulation under 

the bridge deck.  

McPherson (2010) conducted an experimental study to quantify the wave forces applied to a 

deck girder bridge model. The wave profile and the applied forces were measured by resistance 

wave gauges and a force transducer, respectively. Several inundation scenarios were examined 

to observe the effect of varying the wave height on the magnitude of the wave-induced forces. 

It was observed that the uplift force increased with the increase of the wave height. The 

experimental results also revealed that the vertical force is significantly greater than the 



Literature review 

 

41 

 

horizontal force. It was found that up to 50% of the voids between the deck girders were filled 

with air. This significantly increased the buoyancy force applied to the bridge deck, which can 

entirely transform the bridge deck into a floating object and displace it horizontally. 

Hayatdavoodi et al. (2016) presented an exhaustive review of the wave loads on coastal bridge 

decks. They highlighted the existing solutions to reduce the wave impact and its devastating 

effects on bridges and provided recommendations for future studies. A significant increase in 

the magnitude of the wave-induced forces was observed by Hayatdavoodi et al. (2016), which 

was due to the trapped air below the bridge deck. The above finding is consistent with the study 

by McPherson (2010). CFD programmes were identified as acceptable solutions to model the 

tsunami wave–structure interactions, as they are proven to be capable of capturing wave 

breaking mechanism and air entrapment. Analytical solutions such as Laplace’s equation and 

the Green–Naghdi nonlinear shallow water wave equations can be used as practical tools to 

estimate the tsunami wave forces on fully submerged bridge decks (Hayatdavoodi et al., 2016). 

The study indicated that a bridge deck should be designed at a higher level than the shallow 

water waves at the bridge site, and if using stronger connections between the bridge deck spans 

is not practical, substructure and deck connections were recommended. It was also noted that 

revisions needed to be made to the existing design codes to account for identified failure 

mechanisms such as air entrapment. The importance of conducting a perimetric study of 

experimental, numerical, and analytical methods to provide a reliable equation to estimate the 

tsunami wave-induced loads on a submerged coastal bridge for design purposes was 

highlighted.   

A numerical investigation was conducted by Azadbakht et al. (2014) to estimate the tsunami-

induced loads on five California coastal bridges. The impact process was divided as: (i) initial 
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impact and (ii) full inundation. The first stage started from the moment the bore front reached 

the bottom of the bridge deck until it overflowed the bridge safety barriers. The second stage 

occurred when the bridge deck was fully inundated. The horizontal and vertical forces were the 

quantities of interest estimated in this study. It was concluded that the horizontal force is the 

sum of the hydrostatic and hydrodynamic forces. The magnitude of the horizontal and uplift 

forces increased with the increase of the wave height. The maximum uplift force was recorded 

at the end of the first stage once the bore flow reached the top of the bridge deck safety barriers 

but before water started to flow on the bridge deck. The maximum horizontal force and 

overturning moment were observed during the initial impact stage, while the maximum uplift 

force occurred during the full inundation of the bridge deck. The results showed a significant 

increase in the uplift force applied to the bridge deck due to the presence of trapped air below 

the deck. The results also showed that the magnitude of the maximum uplift force is sensitive 

to the wave height as a higher wave creates a higher wave velocity. However, no significant 

variation was observed for the maximum horizontal and downward forces and the overturning 

moment. These loads were applied to the bridge deck during the initial impact stage in which 

the wave height and the impact process was limited to the deck thickness plus the safety barrier 

height. This means that an increase of the wave height above the top of the barriers occurred 

during the inundation stage. The first seaward side girder was removed to investigate the effect 

of girders on the time history of the tsunami-induced forces. A 15% reduction was observed in 

the maximum horizontal force applied to the bridge deck while a 25% increase was recorded 

for the maximum uplift force. Two equations were proposed to estimate the maximum 

horizontal and uplift forces and a reasonable agreement was observed between the measured 

and estimated values.    
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Seiffert et al. (2015) investigated the effects of the impact of a solitary wave on a bridge (1:35 

scale) with numerical and experimental models. Both partial and full inundation scenarios were 

covered in their study. The experiments were conducted using a wave flume on a flat plate, a 

girder section bridge deck, and a bridge deck with different amounts of entrapped air obtained 

by adding openings to the bridge deck. It was noted that the trapped air could significantly 

increase the applied uplift force to the bridge deck. Seiffert (2014) concluded that both 

hydrostatic and hydrodynamic components are of equal importance and must be considered in 

the empirical relations estimating tsunami forces on bridges. In addition, Seiffert (2014) 

concluded that using Froude scaling to calculate the applied forces to the prototype resulted in 

a good agreement between the measured forces estimated by the model and those calculated 

for the prototype.  

Cuomo et al. (2009) characterised the applied wave forces on a 1:10 scale bridge model through 

large-scale experiments using the 3D wave basin of the Yokohama Port and Airport Technical 

Investigation Office. The wave loads on longitudinal and transversal beams were measured, 

and a prediction method was recommended to estimate the impulsive and quasi-steady forces 

of the bridge model. The uniqueness of this study is the wider range of the tested parameters 

compared with the previous studies. The Bagnold–Mitsuyasu compression law was utilised to 

gain an insight into the effect of the entrapped air underneath a bridge deck on wave-induced 

forces. The scale effects of the air pockets was also discussed by Cuomo et al. (2009). The 

effect of air slots on the magnitude of the impulsive and quasi-steady forces and the mechanism 

of those openings for releasing the enclosed air underneath the bridge deck were examined. It 

was recommended that making an opening on the bridge deck to decrease the volume of the 

trapped air between the water-free surface and the bridge deck is an effective method to 
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minimise the risk of bridge deck failure during a wave impact event. The above finding is 

consistent with the conclusions made by Takahashi et al. (1985).   

Bozorgnia et al. (2010) numerically investigated the dynamics of the wave impact on a bridge 

deck similar to the I-10 bridge across Mobil Bay. The wave–structure interaction and its 

complicated free-surface discontinuities were simulated using the Navier–Stokes equations and 

the volume of fluid (VOF) method. Similar to the studies by Azadbakht et al. (2015) and Shafiei 

et al. (2016), an initial sharp rise of short duration followed by a quasi-steady force of longer 

duration was observed from the numerical results. Bozorgnia et al. (2010) found that the 

magnitude of the uplift force was greater than the weight of the bridge deck for high 

submergence ratios. Therefore, the bridge deck can be dislodged, lifted, and subsequently 

washed away by the horizontal wave force. Significant attention was paid to the effect of 

entrapped air on the wave-induced forces applied to the bridge deck. A significant reduction 

was observed on the wave-induced uplift force on the bridge deck by creating air vents on the 

deck. 

Xu et al. (2017) performed a numerical simulation of a bridge deck–wave interaction caused 

by a solitary wave and presented probable countermeasures to diminish the adverse effects of 

air entrapment under the bridge deck. The RANS equations were used to carefully consider the 

turbulent nature of the bridge deck–wave interaction. Varying submergence ratios and the 

volume of entrapped air were examined in their numerical analysis. Xu et al. (2017) observed 

a significant reduction of the magnitude of the applied uplift force to the bridge deck by creating 

air vents on the deck. However, an increase in the estimated horizontal force was recorded. Xu 

et al. (2017) highlighted the fact that careful considerations are required by design engineers to 

incorporate the concept of air vents into engineering practices.  
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Qu et al. (2017) conducted a systematic numerical study using an unstructured mesh and an 

incompressible flow solver to investigate the effect of the wave impact on a coastal bridge 

deck. They varied the size of the air vents, wave height, submergence ratio, still water depth in 

the channel, and number of girders in their numerical simulations. Qu et al. (2017) found that 

the uplift force for an inundated bridge deck can be reduced significantly at specific air vent 

opening sizes. For example, an 80% reduction of the maximum uplift force was observed when 

the distance between the bottom of the deck girders and the top of the free surface was equal 

to 25% of the still water level in the channel. However, an increase in the applied uplift force 

to the bridge deck was observed when the deck girders were partially submerged. The above 

finding is consistent with the recommendations by Xu et al. (2017). Qu et al. (2017) provided 

equations to estimate the efficiency of the air vents in decreasing the measured wave-induced 

forces on the bridge deck. However, they also highlighted the probable deficiencies in 

simulating the tsunami flow as a 2D computation domain and advised that this issue should be 

addressed in the future. An experimental investigation was carried out by Mazinani et al. (2014) 

to investigate the effects of the impact of tsunami bores and solitary waves on a 1:40 scale 

bridge model. The tsunami waves were generated using a 24-m-long, 1.5-m-wide, and 2-m-

high hydraulic flume. The measured forces showed a nonlinear increasing trend as the wave 

height increased. A good agreement was observed between the measured experimental forces 

and the proposed analytical method by Goring (1978). Their results also showed a higher uplift 

force than the horizontal force on the bridge deck which is in agreement with Murakami et al. 

(2012).   

The impact of a tsunami flow was investigated on five bridge models with different geometries 

by Nakao et al. (2012). Bridge models with rectangular, trapezoidal, inverted trapezoidal, 

hexagonal, and mixed rectangular/semi-circular (modified rectangular) cross-sectional 
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geometries were used to perform the experimental investigation. The hydrodynamic forces and 

flow characteristics were examined by Nakao et al. (2012). The results showed the highest 

horizontal force for the rectangular section, while the modified rectangular and trapezoidal 

models experienced a lower uplift force but a higher downward vertical force. It was found that 

the inundation depth has little effect on the force coefficients for all model cross sections. They 

also showed that adding baffles to the outer sides of the bridge girders could reduce the uplift 

force and overturning moment on the bridge deck. The uplift force and overturning moment 

were recognised by Nakao et al. (2012) as the two most destructive components during a 

tsunami event. However, no significant reduction was observed in the time history of the 

horizontal force. 

Lukkunaprasit et al. (2011) reported the effect of openings in the handrails and bridge girders 

on the horizontal tsunami force. A 1:100 scale single column bridge model with six girders and 

parapets was used to conduct the experiments using a wave flume. Girder bridge decks with 

solid girders and handrails, 10% perforation, and 60% perforation in its girders and handrails 

were tested. The tsunami bore was generated by the sudden vertical movement of a sliding gate 

in a wave flume with a gentle bed slope. The bore-induced forces were measured by a load cell 

at the base of the bridge model and the pressures were measured with pressure transducers at 

the front and back faces of the bridge pier and seaward side girder. The maximum pressure was 

found to be 4.5 and 3 times the hydrostatic pressure for specific bore heights at the bottom of 

the bridge pier and at the front face of the seaward side girder. A significant reduction was 

observed in the time history of the horizontal force. Therefore, it was concluded that less 

damage is anticipated on a bridge deck with perforations in girders and parapets. 

Guo et al. (2015) examined the wave forces acting on the deck of coastal highway bridges by 

conducting an experimental study on a 1:10 scale full bridge model (i.e. deck, pier, and 
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neighbouring segments). The horizontal and uplift forces applied to the bridge deck were 

measured with different wave heights, wave periods, and deck clearances. The initial rise in 

the time history of the horizontal force was found to be of the same order as the quasi-steady 

force. It was observed that the horizontal and uplift forces were proportional to the wave height. 

A wave with shorter period exerted greater horizontal force on the bridge deck. The results 

were consistent with the equations provided by Douglass et al. (2006) and Kulicki et al. (2008), 

except for the case in which the bridge deck is submerged, where the experimental results were 

overestimated by the abovementioned methods. 

A comparison between a 3D numerical method and experimental results on the effects of local 

topography and bridge deck skewness on the tsunami wave-induced forces and moments on a 

bridge model was presented by Motley et al. (2014) and (2015). They used a computational 

fluid dynamics approach and compared their numerical results of an unskewed bridge deck 

with the outputs from physical modelling. They measured the maximum forces applied to their 

bridge model for the maximum wave height. A good agreement was observed between both 

methods, and the validated numerical method was applied to a skewed bridge deck. One of the 

key differences between the unskewed and skewed bridges is the bore impact mechanism. For 

an unskewed bridge, the bore front hits the entire seaward edge of the bridge deck at the same 

time, while for a skewed bridge deck, the approaching bore hits one side of the seaward side 

of the bridge deck before hitting the other side. Therefore, three new components were 

provided by the results obtained by Motley et al. (2015) due to the different impact mechanisms 

observed in their model. A lateral force (Fy) and rolling and yawing moments (Mx and Mz) that 

do not exist for an unskewed bridge were introduced for a skewed bridge deck. It was observed 

that the different impact process reduces the magnitude of the maximum horizontal force and 
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uplift force. However, no significant change was observed in the time history of the downward 

vertical force. 

Fuchs et al. (2012) and Hughes (1993) investigated the scale effects of impulse solitary wave 

run-up and run-over using a piston-type wave generator. They stated that the scale effects of 

physical experiments, such as viscous forces, surface tension, and volume of air bubbles, could 

affect the accuracy of the results. Therefore, a scale family method was introduced by Hughes 

(1993) and implemented by Heller et al. (2008) for landslide-generated tsunamis to increase 

the accuracy of their results. It was concluded that the scale effects are negligible for the wave 

heights with a minimum overland flow Reynolds number of 6300 and a minimum overland 

Weber number of 10. 

2.3 Survey report on bridge failures 

Field reconnaissance and damage investigations following large tsunamis provide information 

on the bridge failure mechanisms and the vulnerability of bridges during tsunamis, which is 

helpful for designing tsunami-resilient structures. Following the 2004 Indian Ocean and the 

2011 Japan tsunami events, field investigators observed damaged bridges in the adjacent 

coastal zone.  

Iemura et al. (2005) examined the extent of the damage of the 2004 Indian Ocean tsunami on 

bridges within the coastal area of Banda Ache, Sumatra. According to their observations, 

numerous bridge decks were displaced or completely unseated because in most cases they were 

affected by the earthquake before the tsunami, which caused the weakening of the bridge 

structures. Some of the bridges were also damaged by tsunami debris flow. The tsunami bore 

velocity, or, in other words, the hydrodynamic force, was identified as one of the main causes 
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of damage, especially lateral movement and washing away the bridge decks. It was observed 

that even a wave velocity of 11 km/hr is capable of dislodging a bridge deck and moving it 

laterally. Iemura et al. (2005) recommended that using stronger piers and abutments minimise 

the unseating failure due to the uplift force of the tsunami wave impact compared with the 

earthquake ground excitation. It was reported that a tsunami hydrodynamic force is 1.2 times 

of the bridge deck weight while a strong earthquake can produce a maximum force equivalent 

to the bridge deck weight. The debris impact force was identified as one of the main causes of 

failure of bridge decks because it imposes a significant amount of load on the bridge structure, 

especially on the bridge deck. The study proposed to mount soft rubber dampers on the outward 

edge of the bridge deck girders to decrease those loads. Weak handrails and streamlined decks 

are the other options proposed by Iemura et al. (2005) to reduce the tsunami-induced forces on 

a bridge deck, based on the field observations following the 2004 Indian Ocean tsunami. A 

streamlined deck can reduce the applied drag forces to a bridge deck. Collapsing a weak 

handrail at early stages can reduce accumulation of floating debris upstream of the bridge deck 

by facilitating the passage of debris over the bridge. 

The effect of handrails and their perforations on the tsunami wave-induced forces was 

examined by Yim et al. (2011). Based on their results, rigid handrails increase the maximum 

horizontal impulsive and hydrodynamic forces on a fully inundated bridge deck by up to 20%. 

The results seemed reasonable as the presence of the handrails increases the vertical projected 

area, resulting in higher horizontal forces on the bridge deck. They also observed an increase 

of up to 15% in the uplift force on the bridge model with solid handrails, as the handrails 

confined more water below the bridge deck, increasing the buoyant force and subsequently 

exposing the bridge deck to a higher uplift force.  
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Saatcioglu et al. (2006) conducted a reconnaissance following the 2004 Indian Ocean tsunami 

to investigate the performance of structures and bridges in Indonesia. They observed tsunami 

wave forces much higher than typical design wind pressures and identified circle type openings 

on the structures due to the tsunami wave and floating debris impact. It was reported that many 

bridges were washed out of their substructures, including a single-span RC bridge and a multi-

span RC bridge. They reported a tsunami height of up to 6 m in their observed region.  

Maheshwari et al. (2006) conducted a survey to investigate the structural and geotechnical 

engineering aspects of tsunami damage on the coastal areas of Tamil Nadu in India, following 

the 2004 Indian Ocean tsunami. No major evidence of damage due to the earthquake-induced 

ground excitation was found, but they reported extensive damage from the subsequent tsunami 

loading on port and harbour facilities and on bridge embankments and foundations. A direct 

relationship was observed between the runup height and the extent of damage. The soil erosion 

around the bridge abutments was the other identified cause of bridge failure. Implementing a 

proper soil stabilisation method, such as mangroves, was recommended as an effective 

approach. An acceptable method based on a reasonable level of compaction was recommended 

to minimise the observed excessive settlements around coastal structures. Strong bridge deck–

substructure connections were highly recommended to withstand the tsunami-induced 

horizontal and vertical forces. The construction of a break water in front of coastal structures 

such as buildings and bridges is the other provided countermeasure to minimise the level of 

damage due to the tsunami impact. Maheshwari et al. (2006) highlighted the need to conduct 

additional investigation in this area to identify the most robust and comprehensive techniques 

to reduce the tsunami wave forces acting on coastal structures, especially bridges.          
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Leonard et al. (2011) evaluated the vulnerability of New Zealand buildings in terms of their 

use as evacuation structures in order to provide escape plans for low-lying coastal communities. 

Inputs from scientists and local residents were the key factors in determining the extent of the 

tsunami inundation area. Suitable existing buildings were recommended for use as vertical 

evacuation structures. However, the construction of new buildings was also proposed as an 

alternative option. The amendment of the existing Building Act was recommended to provide 

some useful tools and recommendations to evaluate the resistance of the existing buildings 

against a tsunami wave impact and their use as vertical evacuation structures. It was also 

recommended to determine the magnitude of the tsunami wave-induced loads on coastal 

structures to have a better insight into how strong a structure needs to be to withstand the 

exerted load due to the tsunami wave impact.   

More than 300 bridges were extensively damaged during the 2011 Japan tsunami, which has 

been widely examined (Akiyama et al., 2013; Kawashima et al., 2011; Kosa, 2011; Kosa et al., 

2014; Maruyama et al., 2012; Yim et al., 2013). Akiyama et al. (2013) reported that most of 

the bridges in the areas affected by the 2011 Japan tsunami had survived the ground shaking 

with minor damage. However, most of them were washed away due to the subsequent tsunami 

impact loads. It was observed that some bridge deck segments were displaced by up to 200 m 

from the bridge site. Floating debris impact forces were identified as major causes of failure of 

the bridges. Some bridges with shallower girders, wider concrete decks, and RC moment 

resisting frames were fully inundated by tsunami flow but suffered minimal damage. Akiyama 

et al. (2013) recommended to utilise these features in order to reduce tsunami damage in the 

future.  
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The findings of Kawashima et al. (2011) are consistent with the observations of Akiyama et al. 

(2013). They conducted a field reconnaissance following the 2011 Japan tsunami to assess the 

extent of the damage on road and railway bridges during 2011 Japan earthquake and the 

subsequent tsunami. They noted that high or low bridges were not washed away and remained 

operational with little damage because the tsunami water level was lower than the bridge deck 

or the deck was deeply submerged. They also found that mid bridges were more susceptible to 

damage by tsunami debris or rafting. These results were consistent with those of Chock et al. 

(2013), who noted that lower elevation bridge decks remained intact, while higher elevation 

decks experienced severe damage. Kawashima et al. (2011) also noted that the bridges that had 

been designed based on the post-1990 design code survived or had minor damage. It means 

that improving the shear and flexural capacity and utilising elastomeric bearings, as per the 

post-1990 design code recommendations, enhanced the performance of the bridges and 

minimised damage during the 2011 Great East Japan earthquake and the subsequent tsunami. 

Kawashima et al. (2011) proposed proper seismic strengthening for the bridges built pre-1990 

due to the extent of damage they suffered. Kawashima et al. (2011) classified their failure 

mechanisms into two main categories based on the type of tsunami loading: (i) failure of the 

deck–substructure connections and washing away of the bridge deck inland due to the 

horizontal tsunami loading; and (ii) unseating of the seaward side of the bridge deck due to the 

simultaneous horizontal and uplift loads and washing away of the bridge deck inland, with the 

piers remaining in place. The importance of designing bridges for both horizontal and uplift 

tsunami loads is one of the most significant findings of their study.  

More than 20 bridges located within the areas affected by the 2011 Japan tsunami over two 

main rivers, namely Kesen and Kawahara, were evaluated by Kosa (2011, 2014) to identify the 

most common failure mechanisms. A lateral resistance indicator to estimate the extent of 
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damage was proposed, β, which is the ratio of deck resistance to the tsunami impact force. An 

indicator of less than one means washing away or at least major damage to the bridge deck. He 

postulates three levels of damage as follows: (i) washing away of the bridge deck by the 

tsunami impact, making the bridge unstable; (ii) lateral movement of the bridge deck relative 

to the substructure, with the bridge remaining operational; and (iii) little damage to the 

appurtenant structures such as concrete cover or the handrails. He noted that the steel bridges 

were more susceptible to major damage due to the lightweight attribute of the steel and 

consequently a smaller β ratio compared with the concrete bridges. Almost half of the concrete 

bridges suffered superficial damage and remained operational after the tsunami impact. A 

rotational resistance index, MR/MA, was added to Kosa’s lateral resistance indicator to include 

the rotation damage mechanism (MR and MA are resisting and acting moments, respectively) 

by Maruyama et al. (2012). Their findings are also in agreement with other studies, which 

showed that the bridge decks experienced both horizontal and uplift tsunami forces. 

Maruyama et al. (2012) set up a research committee to evaluate the level of damage to coastal 

bridges during the 2011 Japan tsunami. They pointed out that engineers were more interested 

in how to reconstruct the collapsed bridges after the tsunami events than in estimating the 

applied tsunami wave forces and incorporating them into the design process. Therefore, they 

decided to estimate the applied forces due to tsunami impact based on the available tsunami 

bore height and velocity data from video footage.  

A damage investigation survey was conducted by Unjoh et al. (2006) following the 2004 Indian 

Ocean tsunami. Horizontal forces and floating debris that resulted in dislodging the bridge 

decks were recognised as the primary causes of damage and failure. It was concluded that 

concrete bridge decks survived or suffered minor damage, especially those with proper shear 
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keys that could significantly reduce the extent of the damage to the bridge decks. Uplift 

stoppers at the bearing connections between the substructure and deck connections were 

identified as some of the most effective countermeasures to increase the resistance of a steel 

truss bridge against excessive buoyancy and uplift forces. Wall-type piers and abutments were 

found to be more effective than other types to increase the strength of bridge substructures 

against tsunami flow forces. Unjoh et al. (2006) also recommended an appropriate bank 

protection to minimise the risk of washing out of the backfilled soils and materials placed 

behind the abutments to facilitate the post-tsunami recovery efforts. However, Bricker et al. 

(2011) and Murakami et al. (2012) showed that bridge geometry and local topography also play 

important roles in bridge failure modes. For example, even bridges with shear keys were 

washed out over a narrow inlet. Controlling large debris such as ships during a tsunami event 

was recommended, as including such massive loads into the structural design process is not 

justifiable. Figs. 2.2 to 2.5 show photos of the observed damages to bridges in Banda Aceh, 

North Sumatra Island taken by the Japan Society of Civil Engineers (JSCE) Reconnaissance 

Team in March 2005. 

  

Fig. 2.2. (a) Washout effect of backfill soils and (b) lateral displacement of deck (reprinted from Unjoh et al. (2006)) 
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Fig. 2.3: (a) Lateral displacement of deck and (b) displacement at bearings (reprinted from Unjoh et al. (2006)) 

  

Fig. 2.4: (a) Concrete girder deck with shear keys and (b) steel bearing supports (reprinted from Unjoh et al. (2006)) 

  

Fig. 2.5: (a and b) Wash out of truss bridge (reprinted from Unjoh et al. (2006)) 

Shoji et al. (2008) used the available data collected by Shoji et al. (2006) in Sri Lanka following 

the 2004 Indian Ocean tsunami and classified the failure mechanisms on the affected bridges 

into three groups: (i) wash-out of the bridge deck making the bridge unserviceable; (ii) 
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movement of the bridge deck with severe damage to the abutments due to scour and erosion of 

the soil embankment; and (iii) damage to the handrails and concrete cover of the bridge deck. 

These findings reasonably agree with the findings of Kosa (2011) and Kosa (2014). Shoji et al. 

(2008) highlighted that the provided categories are only valid for the observed inundation 

depths and tsunami bore heights.  

In addition to the field observations by Unjoh et al. (2006), Yashinsky (2012) reported on scour 

damage due to water flowing over the bridge approach embankments. They also recommended 

that a better understanding should be established of the tsunami effects on girder bridges when 

they were overtopped. Roadway embankments located at a reasonable distance from the 

coastline were identified as some of the most effective tsunami walls. Yashinsky (2012) 

highlighted the importance of conducting an exhaustive comparison between tsunami and 

earthquake forces applied to a bridge structure to minimise any probable damage to bridge 

elements such as foundation and substructure.   

As mentioned above, Hayatdavoodi et al. (2016) reviewed the failure mechanisms and existing 

approaches for the estimation of the wave-induced loads on coastal bridges. Regarding the 

mitigation strategies to reduce the tsunami loads, Hayatdavoodi et al. (2016) recommended the 

creation of air vents on the bridge deck to allow the air bubbles to escape from the underside 

of the bridge deck. 

2.4 Tsunami mitigation strategies on bridges 

In addition to the countermeasures presented in Section 2.3, other effective measures to reduce 

the tsunami wave-induced loads on coastal areas and structures are presented in this section. A 

tsunami does not pose only a single risk factor to coastal communities. Therefore, a clear 

understanding of all aspects, including the local tsunami effects and potential mitigation 
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strategies, can minimise its effects on local communities and facilitate the post-tsunami 

recovery efforts. 

Parvin et al. (2001) performed experiments on the effects of energy dissipaters during the 

vertical seismic loading on bridges. Horizontal helical springs were installed between the 

bridge abutments and the deck, and vertical helical springs were installed as connections 

between the bridge deck and substructure instead of the conventional stiff bearings. Fluid 

dampers were used as energy dissipaters, and helical springs mitigated the bridge response by 

up to 75%. Any possible damages due to the deflection gaps between the bridge deck segments 

were also alleviated by the flexibility of the spring bearings. It was observed that the damping 

level of the bridges with fluid dampers increased by 10% compared with a stiff bridge system. 

However, further damping reduction was found to be ineffective in reducing the response of 

the bridge model.     

Sato et al. (2003) conducted a risk assessment analysis to estimate the safety of coastal 

communities and the level of assurance of existing tsunami prevention facilities, such as 

seawalls, instead of conducting a complicated wave runup analysis. Sato et al. (2003) identified 

all serious earthquakes that occurred in the Nankaido region and drew a line between the 

epicentres of these major earthquakes. They shifted the line to simulate different scenarios. 

They provided two normalised values, using shifted fault models and tsunami flow 

characteristics, based on the available field data that provide guidelines to the residents of 

coastal communities for evacuation of tsunami-prone areas. The construction of tsunami 

evacuation structures or prevention facilities such as breakwaters and seawalls was 

recommended for high-risk areas with a high level of tsunami wave and short tsunami arrival 

time.      
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Kathiresan et al. (2005) highlighted the significant role of coastal vegetation on mitigating 

tsunami-induced damage to coastal structures. They studied the affected areas along the south-

east coast of India during the 2004 Indian Ocean tsunami. They recommended a minimum 

offset of 1 km covered with durable and suitable coastal vegetation between the shoreline and 

the coastal communities and encouraged residents of the coastal areas to move to elevated 

places. The above findings are consistent with the results of Shuto (1987) and Dahdouh-Guebas 

et al. (2005). The effective parameters to boost the level of efficiency of mangroves were 

highlighted, including the sea water level, the wave height, the wave period, and the mangrove 

species (Mazda et al., 1997). However, Kerr et al. (2006) noted some errors in Kathiresan 

statistical analysis that could undermine their general conclusion. Furthermore, Vermaat et al. 

(2006) re-analysed the original data using another method and improved Kathiresan 

conclusions.  

Harada et al. (2002) performed hydraulic experiments to evaluate the effect of prevention 

measures and facilities such as rock breakwater, mangroves, coastal forest, concrete seawall, 

and wave dissipating block. The performance of a mangrove forest was found to be equivalent 

to a concrete seawall. Further numerical studies using the experimental results to provide a 

better insight for design engineers were recommended by Harada et al. (2002). In contrast, 

Yanagisawa et al. (2009) noted that approximately 70% of the mangrove forests in Pakarang 

Cape in Pang Nga Province, Thailand, did not survive the 2004 Indian tsunami. Furthermore, 

Shuto (1993) and Wolanski et al. (2007) believed that not only the mangroves were vulnerable 

to tsunami currents, but they could also become dangerous debris, increasing the tsunami-

induced loadings on coastal structures and worsening the tsunami damage. 
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2.5 Available guidelines 

Most of the research to date has tended to focus on inundation modelling, evacuation strategies 

and design of tsunami-resilient buildings; however, little attention has been paid to the design 

of bridges to resist tsunamis. 

There is currently no specific design guideline for estimating tsunami forces on bridges in New 

Zealand or any other Pacific Rim countries, except the USA. The following section comprises 

a comprehensive review and a comparison of the available guidelines and recent numerical and 

experimental studies recommending prediction equations to estimate the tsunami-induced 

forces on bridges and buildings.  

Several methods have been proposed by researchers for estimating tsunami forces on bridges 

and buildings as follows: 

• Wind-driven wave forces on bridge decks (Douglass et al., 2006); 

• Existing design codes specifying tsunami loads on buildings: 

▪ The City and County of Honolulu Building Code (CCH, 2000); 

▪ FEMA P646 – Guidelines for Design of Structures for Vertical evacuation from 

Tsunamis (Heintz et al., 2012);  

▪ American Society of Civil Engineers - Structural Engineering Institute 

Organizations (ASCE/SEI) 7-16 Minimum Design Loads and Associated 

Criteria for Buildings and Other Structures (ASCE, 2016);  

• Development of a guideline for tsunami loads on bridges (Yim et al., 2011); 

• Research recommendations for numerical modelling studies for estimating tsunami 

forces on bridge decks (Lau et al., 2011; Nimmala et al., 2006; Sugimoto et al., 2007); 
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• A comparison of bridge failures with estimates of forces using standard hydraulic 

equations (Yokoi et al., 2013); 

• The existing requirements of the New Zealand Transport Agency (NZTA) Bridge 

Manual for the consideration of tsunami effects on bridges (Melville et al., 2014, 2015). 

2.5.1 Wind-driven wave loads on bridges 

One of the first available guidelines for estimating tsunami loads on bridges was based on the 

comparisons of the tsunami loads with wind-driven forces on bridges. Douglass et al. (2006) 

proposed equations for both the horizontal and vertical components of the tsunami forces by 

reviewing previous studies on the effect of wind-driven waves on offshore horizontal 

platforms, bridge decks, and other types of coastal structure. The proposed equation for the 

horizontal force is as follows: 

( )1 1Hs r Hq wgc spF C n C gd d= + −                                                                                                (2.7) 

where FHs is the horizontal hydrostatic force in the streamwise direction per unit length of 

bridge, Cr is a coefficient to account for the pressure reduction on internal girders, n is the 

number of girders supporting the bridge deck, CHq is a coefficient for estimating the quasi-

steady horizontal force, ρ is the density of the tsunami water, g is the gravitational acceleration, 

dwgc is the distance between the centre of the vertical projected area of the bridge deck and the 

surface of the tsunami wave, and dsp is the bridge deck height including any railings or parapets. 

The concept of a smaller pressure on the internal girders was also verified by Schumacher et 

al. (2008). However, in a numerical and experimental study by Lau et al. (2011), it was 

concluded that the net pressure on an internal girder is nearly zero.    

The equation for the maximum uplift force also has a hydrostatic form as follows: 
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Vu Vq wgs LF C gd W=                                                                                                                            (2.8) 

where FVu is the vertical uplift force per unit length of bridge, CVq is a coefficient for estimating 

the vertical quasi-steady force, dwgs is the height from the soffit of the bridge girders to the 

surface of the tsunami, and WL is the width of the bridge. 

Douglass et al. (2006) stated that the magnitude of the impulsive horizontal force is greater 

than the quasi-steady horizontal force. They also noted the short duration of the impulsive force 

(order of milliseconds) compared with the longer duration of the quasi-steady force (order of 

seconds). The above findings are consistent with the results of (Bullock et al., 2007; Cuomo et 

al., 2007; Schumacher et al., 2008; Shafiei et al., 2016)). The study recommended the inclusion 

of the impulsive force into the design process of bridges, as this is usually neglected by 

engineers due to its short duration. Therefore, impulsive horizontal, CHi, and vertical, CVi, 

coefficients with values of 6 and 3, respectively, were introduced by Douglass et al. (2006) to 

the above equations for the horizontal and vertical forces, along with a factor of safety of 2, to 

account for the uncertainties and lack of general agreement on the validity of the available 

information. However, their equations were only based on the wave height and neglected the 

importance of the wave velocity, excluding any direct changes in the magnitude of the 

estimated forces caused by variations in the wave velocity, which is a moot point in their study 

according to McPherson (2010) and Melville et al. (2015). The difference in the spatial and 

temporal scales of the tsunami bores and wind-driven waves is the other limitation of the above 

equations (Yim et al., 2014). 

2.5.2 Existing design codes specifying tsunami loads on buildings 

In the absence of appropriate guidance to estimate the tsunami wave-induced forces on bridges, 

the recommended equations to estimate the tsunami wave forces on buildings have been 
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adapted by some researchers (Livermore, 2014; Melville et al., 2015; Yim et al., 2011). The 

two main alterations required to adapt the equations with hydrostatic form are: (i) the use of 

the bore height above the underside of the bridge deck instead of the bore height above ground 

level; and (ii) the use of the wetted projected area of a bridge deck instead of the distance 

between the free surface and the ground level. The only change for the hydrodynamic form 

equations is the replacement of the distance between the free surface and the ground level with 

the bore height above the underside of the bridge deck.       

2.5.2.1 City and County of Honolulu Building Code 

The guidance for the structural design of buildings and structures subject to tsunamis in Chapter 

16 of the City and County of Honolulu Building Code (CCH, 2000) contains adapted equations 

based on the required changes explained in Section 2.5.2 for hydrostatic and hydrodynamic 

(drag) forces as follows: 

Horizontal hydrostatic force: 

( )22 2Hs wgs sp b spF g d d u g d= − +                                                                                                                 (2.9) 

where ub is the bore velocity. CCH specifies a value of 1,020 kg/m3 for the density of the 

tsunami water. 

Hydrodynamic force: 

20.5=Hd Hd b spF C u d                                                                                                                         (2.10) 

where FHd is the horizontal hydrodynamic force per unit length of the bridge and CHd is a drag 

coefficient (assumed to have a value of 2.00). 
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The impulsive force (FHi) is estimated to be the sum of the hydrostatic and hydrodynamic forces 

when the building height is less than three times the tsunami flow depth in front of the building. 

CCH provides an equation for the case where the building height is greater than three times the 

flow depth. The first approach is more practical for a bridge overtopped by a tsunami bore, so 

the impulsive force for a bridge deck is given as: 

= +Hi Hs HdF F F                                                                                                                                  (2.11) 

CCH does not recommend any equation for vertical hydrodynamic force estimation. The 

equations provided by the CCH Building Code were adapted by Livermore (2014) and were 

applied to the Wreck Creek Bridge in Washington State, USA. A horizontal hydrodynamic 

force of 32.8 kN/m, a horizontal impulsive force of 172.9 kN/m, and a buoyancy of 40.0 kN/m 

were obtained by Livermore (2014) for a deck of 93.2 kN/m in weight. The tsunami flow depth 

and velocity were calculated through numerical modelling of the tsunami runup at the bridge 

location. 

2.5.2.2 Federal Emergency Management Agency P646 (2012) Guidelines for design of 

structures for vertical evacuations from tsunamis 

The document “Guidelines for Design of Structures for Vertical evacuation from Tsunamis” 

or FEMA P646 (2012) developed by the FEMA in the USA  provides guidelines on tsunami 

loads and their effects on buildings. FEMA P646 provides equations for hydrostatic, 

hydrodynamic, and horizontal impulsive forces, and hydrodynamic vertical and buoyant 

forces. The adapted equations to estimate tsunami forces on bridge decks are as follows: 

Horizontal hydrostatic force: 
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( )2= −Hs wgs sp spF g d d d             (2.12) 

where ρ has the value of 1,200 kg/m3. 

Horizontal hydrodynamic force: 

( )20.5=Hd Hd sp bF C d u                                                                                                            (2.13) 

where CHd is an empirical coefficient with a recommended value of 2.0. Based on this 

guideline, the horizontal impulsive force is conservatively recommended as 1.5 times the 

hydrodynamic force. FEMA P646 highlights that the impulsive force only applies to the part 

of the structure where the tsunami bore front is located, and the hydrodynamic drag force only 

applies to the part of the structure behind the front face. FHi is the maximum combination of 

impulsive and hydrodynamic forces used in design as an impulsive force applied only to the 

front face of the bridge deck. The vertical velocity component of the tsunami flow proposed by 

FEMA P646 to estimate the hydrodynamic vertical force is: 

20.5=Vu Vq v LF C u W                                                                                                                (2.14)                          

FEMA P646 recommends a value of 3.0 for the hydrodynamic vertical coefficient, 
VqC . The 

equation uy = ub . tan α represents the vertical component of the tsunami flow velocity, where 

α is the ground slope at the structure. 

FEMA P646 estimates the buoyant force using the standard method and recommends a value 

of 1,200 kg/m3 for the density of the tsunami water. Based on FEMA P646, buoyant and 

hydrodynamic forces are applied concurrently to the structure. The equations provided by 

FEMA P646 were adapted by Livermore (2014) and applied to the Wreck Creek Bridge in 
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Washington State, USA. A horizontal hydrodynamic force of 104.3 kN/m, a horizontal 

impulsive force of 156.5 kN/m, a buoyancy of 46.6 kN/m, and a vertical upward force of 10.6 

kN/m were obtained by Livermore (2014) for a deck of 93.2 kN/m in weight. As mentioned in 

Section 2.5.2.1, the tsunami flow depth and velocity were calculated through numerical 

modelling of the tsunami runup at the bridge location. 

2.5.2.3 7-16 Minimum Design Loads and Associated Criteria for Buildings and Other 

Structures (ASCE, 2016) 

Chapter 6 of the 2016 edition of ASCE/SEI 7-16 includes methods for estimating tsunami loads 

mainly on buildings. However, it can be used for other structures by replacing some of the 

parameters (Livermore, 2014). 

The calculation of the tsunami horizontal flow velocity and the inundation depth using an 

energy–grade line method, for a given point between the maximum runup and the shoreline, is 

a new feature of this chapter. 

ASCE/SEI 7-16 contains two load cases that could apply to bridges with the following 

adaptations: 

➢ The bridge deck clearance (i.e. the distance from the surface of the tsunami flow to the 

soffit of the bridge girders, dwgs) is equal to two thirds of the maximum dwgs, and ub is 

the maximum horizontal velocity. 

➢ The maximum value of dwgs and one third of the maximum value of ub should be 

adapted. 
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The adapted equations from ASCE/SEI 7-16 for hydrostatic, hydrodynamic, and horizontal 

impulsive forces, and hydrodynamic vertical and buoyant forces applicable to bridges are as 

follows: 

Horizontal hydrostatic force: 

( )g 2 dHs wgs sp spF d d= −
                                                                                                                                  (2.15)                                    

where ρ is the density of water with a recommended value of 1,100 kg/m3. 

Horizontal hydrodynamic force: 

( )20.75Hi tsu Hd cx sp bF I C C d u=                                                                                                            (2.16)                                                                                                                  

Vertical hydrodynamic force: 

21.5=Vu tsu v LF I u W                                                                                                                           (2.17) 

where Itsu is an importance factor with a value dependent on the risk category according to 

ASCE/ICE 7-10, WL is the deck width, uv is vertical velocity component equal to ub . tan α as 

specified in FEMA P646. 

The abovementioned equations were applied by Livermore (2014) to the Wreck Creek Bridge. 

A horizontal hydrodynamic force of 73.5 kN/m, a horizontal impulsive force of 110.3 kN/m, a 

buoyancy of 43.5 kN/m, and a vertical upward force of 9.0 kN/m was obtained by Livermore 

(2014) for a deck of 93.2 kN/m in weight.  
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Adapting and applying the available ASCE/SEI 7-16 equations for tsunami loads on buildings 

to tsunami loads on bridges need to be done with careful consideration as there are two main 

limitations in this approach. The first limitation is that the reference level for the heights 

specified by ASCE/SEI 7-16 to estimate the tsunami loads on buildings is the ground level of 

the building, while for a bridge this is the underside of the deck. The other limitation is the 

projected area of the structure at right angles to the flow direction, which is smaller for a bridge 

than for a building. The tsunami bore flows around a building rather than above or below the 

structure as is the case of a bridge.  

The empirical coefficients in the recommended equations by ASCE/SEI 7-16 for estimating 

the tsunami loads on buildings increase the uncertainty of the equations adapted to the 

estimation of tsunami loads on bridges, as these coefficients were not originally developed for 

the application to bridges. The other concern is that most of the recommended equations were 

derived from flood loads which have a significant difference in terms of the spatial and 

temporal aspects.    

2.5.3 A proposed guideline for tsunami loads on bridges 

The Oregon Department of Transportation proposed a dedicated guideline, prepared by Yim et 

al. (2011), which is unique because it was specifically designed for the estimation of tsunami 

loads on bridges. However, it is not supported by any official party as a guideline.  

Yim et al. (2011) numerically investigated the tsunami effects on three highway bridges in 

Oregon, USA, for several bore height scenarios. They also undertook an exhaustive review of 

the previous studies on the impact of wind-driven waves on bridges (Douglass et al., 2006) and 

the tsunami effects on buildings (Yeh, 2007). Their numerical outputs and the review of the 
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previous research form the basis of their proposed guideline. Yim et al. (2011) combined and 

adapted the earlier methods by Douglass et al. (2006) on the effect of wind-driven forces on 

bridges and by Yeh (2007) on the impact of tsunami loads on buildings. 

The proposed horizontal tsunami force on a bridge deck by Yim et al. (2011) is the sum of the 

hydrostatic force (Douglass et al.) and the hydrodynamic force (Yeh, 2007).  

= +Ht Hs HdF F F                                                                                                                                     (2.18) 

( )( )1 1 = + −Hs r Hq wgs spF C n C gd d                                                                                                (2.19) 

( )2

max
0.5 =Hd Hd wgs bF C d u                                                                                                              (2.20) 

where FHt is the total horizontal force, per unit length of the bridge. Douglass et al. (2006) 

recommend values of 0.4 and 1.0 for Cr and CHq, respectively. CHd is the drag coefficient with 

a recommended value of 1.0 based on the numerical modelling conducted by Yim et al. (2011).  

Their results reveal that the hydrostatic and hydrodynamic forces may not apply 

simultaneously. However, they preferred to be conservative. They also recommended a load 

factor to account for probable uncertainties. Screen capture of their numerical modelling 

indicates that there is a significant amount of water on the top of the bridge deck compared 

with the hydrostatic force below the deck and around the bridge piers. Yim et al. (2011) 

proposed that the vertical tsunami force on a bridge deck is the sum of the hydrostatic force 

applied to the underside of the bridge deck and the hydrodynamic force: 

( )
max

2= 0.5 +
bVt wgs LF gd u W                                                                                                        (2.21) 
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where FVt is the total vertical force per unit length of the bridge. Their recommended value for 

the local horizontal velocity (ub max) at the bottom of the external bridge girders is 3.5 times the 

flow velocity without a bridge in place.  

Yim et al. (2011) evaluated their recommended equations by carrying out numerical modelling 

of a box section bridge deck and comparing the results with a slab girder bridge deck. The 

results of the numerical simulation indicated that the applied forces to a box section bridge 

deck are significantly larger than those acting on a slab girder bridge deck. However, they 

highlighted the necessity of performing more physical modelling in this area. The two main 

limitations of their proposed equations are related to the lack of an equation for the additional 

gravity force on top of the bridge deck and a multiplier in their proposed equations that is not 

cited in any other related studies. 

The Spencer Creek Bridge in Oregon, USA, is the prototype bridge used by Yim et al. (2011) 

to check the outputs of their proposed equations against the results of a numerical study 

conducted by Nimmala et al. (2006). Yim et al. (2011) noted that CHd needs to be 3.5 instead 

of their proposed value of 1.0, and the maximum local tsunami flow velocity utmax needs to be 

equal to the tsunami horizontal flow velocity instead of 3.5 greater. 

Yim et al. (2011) also conducted a numerical study to investigate the effect of varying the 

tsunami bore height on the Schooner Creek Bridge in the USA. The maximum horizontal and 

vertical forces for the strongest tsunami scenario recorded by them were 1,170 kN/m and 5,400 

kN/m, respectively. Yim et al. (2011) proposed to exclude the results of the most severe 

scenario as the predicted forces were found to be too high and to some extent impractical for 

inclusion into the design process. 
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The comparison of the proposed equations by Yim et al. (2011) with the time history of their 

measured forces highlights a couple of limitations. The time history of the horizontal forces 

shows an initial impulsive rise which can be estimated by the sum of hydrostatic and 

hydrodynamic forces. The tsunami flow impingement in their numerical model shows a 

significant amount of water on the top of the bridge deck while the amount of water under the 

deck is not significant, but no equation is presented for this downward vertical force. The n 

multiplier is a factor to account for the effect of the number of girders on the applied tsunami-

induced forces to a bridge. However, using this factor in the hydrostatic equation is not 

supported by any other study.     

2.5.4 Numerical modelling studies of tsunami forces on bridges 

There are several studies in the literature reporting the effect of tsunamis on bridges from a 

numerical point of view by including the mechanism of the tsunami flow generation, its 

propagation, and the resultant forces.  

The effects of a tsunami on a state highway bridge in the USA were investigated by Nimmala 

et al. (2006). They numerically modelled the tsunami propagation and estimated the forces 

applied to two 2D bridge models (Model A and Model B) using the computational mechanics 

software LS-DYNA. The FVWAVE and Cornell models were used by Nimmala et al. (2006) 

for Models A and B. The measured pressures resulting from their numerical model were used 

in their study to generate the time history of the applied forces. The bridge deck is 64 m long 

and consisted of five concrete segments on RC arches. The simulation of a 14 m tsunami bore 

height and 8 m/s tsunami bore velocity on their bridge models resulted in 194 kN/m maximum 

horizontal force, 365 kN/m maximum uplift force, and 524 kN/m maximum downward vertical 

force for Model A, and 349 kN/m maximum horizontal force, 553 kN/m maximum uplift force, 
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and 161 kN/m maximum downward vertical force for Model B. The predicted results for 

models A and B show a significant difference between the FVWAVE and Cornell methods. In 

general, the Cornell method was found to be less conservative than the FVWAVE method. 

Nimmala et al. (2006) concluded that the different mechanisms used by the models to generate 

the bore heights and velocities are the main causes of the observed differences in their results. 

Two 1:50 models of bridges which were inundated and damaged during the 2004 Indian Ocean 

tsunami were mounted on a wave flume (Sugimoto et al., 2007). The researchers simulated the 

impact of an unbroken wave by varying the water level in the flume to understand the 

magnitude of the forces applied to their selected bridge models. The two bridge models used 

by Sugimoto et al. (2007) comprised a RC deck on concrete girders and a concrete deck on 

steel girders. The prototypes of these bridges were moved laterally by 3.0 m and 2.4 m during 

the 2004 Indian Ocean tsunami, but none was dislodged from the substructure. Sugimoto et al. 

(2007) varied the bore heights and deck clearances in their experiments and presented the 

measured forces in prototype scale. Their numerical model showed displacements for much 

lower tsunami bore heights than those recorded during the 2004 Indian Ocean tsunami at the 

bridge site. No further explanation was provided by Sugimoto et al. (2007) to explain this 

discrepancy. They found that both the horizontal and vertical forces increased with the increase 

of the bore height and the decrease of the deck clearance. Additionally, it was also found that 

the horizontal force was sensitive to the variation of the bore height and the vertical force was 

affected by the change of deck clearance. Sugimoto et al. (2007) concluded that as long as the 

horizontal and uplift forces are less than 0.7 and 0.35 times the bridge weight, respectively, no 

significant damage or failure should occur. They also pointed out that the bridge deck would 

collapse or be washed away if any horizontal or vertical forces larger than the bridge deck 

weight were applied to the deck.     
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Lau et al. (2011) reviewed their earlier physical modelling of the tsunami effects on bridges 

(Lau et al., 2008) and verified the results with a 2D numerical model (Lau et al., 2009) without 

the bridge model in place. Their prototype bridge model was located 1 km away from the 

coastline, and there was no initial water in their flume before the opening of the gate. They 

expanded their 2D numerical model to a 3D model of the bridge to investigate the pressure and 

forces applied to their bridge model. The results of their numerical and physical models were 

consistent in terms of the magnitude of the horizontal forces. They also found that a large 

overturning moment could be generated due to the simultaneous occurrence of the maximum 

horizontal and vertical forces. Their measured maximum horizontal flow velocity and peak 

flow depth showed that they do not occur at the same time. The maximum velocity was 

observed at the time of arrival of the bore front at the bridge and diminished afterwards. Lau et 

al. (2011) measured the peak flow depth soon after the first arrival of the bore front at the bridge 

model in the flume. The maximum forces were estimated to be between the maximum velocity 

and peak flow depth.  

Lau et al. (2009) also conducted a 3D numerical model of their prototype bridge with varying 

deck clearance. They identified two main phases of the horizontal and vertical forces applied 

to the bridge. Soon after the arrival of the bore front at the bridge, there was an initial rapidly 

rising impulsive force, FHi, which was followed by a horizontal hydrodynamic force, FHq, 

during the full inundation of the bridge. The initial upward (uplift) force, FVu, followed by a 

downward vertical (additional gravity) force, FVg, are the two main phases observed in the time 

history of the vertical force. The uplift force is due to the pressure increase under the bridge 

deck, and the downward force is due to the water pressure on the top of the deck after the initial 

impact.  
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Lau et al. (2011) proposed a reference force, Freference, to estimate the horizontal and vertical 

forces on a bridge deck. They also found that the applied pressure to the bridge deck derived 

from the amplification of the hydrostatic pressure due to the amount of water above the deck.  

The reference forces are estimated as: 

( )    h  2.417  1.530          0.4  1.16= −    reference b d b sp d bF g h h d h h                            (2.22) 

( )    h  1.702  0.6626          1.16  1.30= −    reference b d b sp d bF g h h d h h                          (2.23) 

where hd is the deck clearance and hb is the bore height. The maximum horizontal impulsive 

and horizontal hydrodynamic forces are then proposed, respectively, as follows: 

( )  = +Hi Hd Hi referenceF C C F                                                                                                      (2.24) 

 =Hd Hd referenceF C F                                                                                                                    (2.25) 

They also assumed that the maximum horizontal impulsive force could be considered as the 

total horizontal force applied to the bridge.  

The maximum uplift and downward vertical forces are estimated as: 

( )   = +Vu Hd Vu referenceF C C F                                                                                                     (2.26) 

( )     = +Vg Hd Vg referenceF C C F                                                                                                          (2.27)              

where FVu is the uplift force per unit length of the bridge, CHd is an empirical coefficient for 

estimating the horizontal hydrodynamic force, CVu is the coefficient for estimating the uplift 

force, FVg is the downward vertical force per unit length of the bridge and CVg is the coefficient 
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for estimating the downward vertical force on the top surface of the bridge deck. The following 

values are suggested by Lau et al. (2011) to estimate the forces above on a bridge due to the 

impact of a tsunami: 

1,  1,  2,  1.5= = = =Hd Vu Vg HiC C C C  

A report by Kosa et al. (2010) about a physical model study was reviewed by Kosa et al. (2014) 

on a girder bridge in Sumatra Island to investigate the effect of different tsunami flow scenarios 

on the selected bridges. A 1:50 model was placed in a wave flume, which was capable of 

generating broken tsunami bores and unbroken rapidly rising waves. Three tsunami flow 

scenarios were investigated by Kosa et al. (2010) with varying initial water levels and wave 

generation mechanism. They found that, for a broken wave over deep water, decreasing the 

bridge clearance will increase the horizontal force until it reaches its maximum value when the 

bridge clearance is approximately 50% of the wave height. A similar trend was captured for a 

tsunami bore over shallow water. The only difference was the magnitude of the maximum 

horizontal force, which was lower in the case of a shallow water scenario. The horizontal force 

increased and reached a plateau when the bridge clearance was approximately 80% of the wave 

height for an unbroken wave. The vertical force reached a maximum uplift force and suddenly 

changed to a maximum downward vertical force due to the impact of the water on the top of 

the bridge deck. For all wave scenarios, vertical forces increased with the decrease in the deck 

clearance. In summary, increasing the wave height or decreasing the deck clearance increased 

the horizontal force applied to the bridge deck, which is in agreement with Sugimoto et al. 

(2007). It was also found that the horizontal force was greater than the uplift force in a broken 

wave scenario, while the opposite was observed in the case of an unbroken wave. 
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Kosa et al. (2010) summarised their experimental results by proposing the equations below as 

an envelope for the measured forces obtained from their physical modelling. 

( )2.61 1.85
+

= −
d sp

d

h d

Ht sp b
h

F gd h y dy                                                                                              (2.28) 

( )0.53 0.459= −Vt L b dF gW h h                                                                                                       (2.29) 

2.5.5 Standard hydraulic equations method for comparison of bridge failures 

Yokoi et al. (2013) investigated the main bridge failure mechanisms on 85 bridges and used 

standard hydraulic equations to estimate the horizontal and vertical forces on bridges mostly 

damaged and inundated after the 2011 Japan tsunami. They recommended the calculation of 

the maximum horizontal force on a bridge deck as the sum of the equations provided by Kosa 

et al. (2010) for the hydrostatic and hydrodynamic forces. 

( )
( )

 
+

= −
d sp

d

h d

Hs b
h

F g h y dy                                                                                                         (2.30) 

20.5=Hd Hd b spF C u d                                                                                                                   (2.31) 

= +Ht Hs HdF F F                                                                                                                               (2.32) 

Yokoi et al. (2013) proposed that the CHd value should decrease as the WL/dsp increases. They 

used the Japanese “Specifications for Highway Bridges” to provide the following values, which 

are all based on the inundated bridges after the 2011 Japan tsunami: 

2.1 0.1         for 1 8= −  Hd L sp L spC W d W d                                                                               (2.33) 

1.3        for 8= Hd L spC W d                                                                                                       (2.34) 
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They also proposed the following equations for the vertical force, which is the sum of the uplift 

and buoyant forces on the bridge model: 

=b bF gV                                                                                                                                   (2.35) 

20.5=Vu Vu b LF C u W                                                                                                                    (2.36) 

= +Vt Vb VuF F F                                                                                                                             (2.37) 

where Fb and FVu are the buoyancy and uplift forces per unit length of a bridge, respectively, 

and Vb is the volume of the deck. The ratios proposed by Yokoi et al. (2013), indicating the 

failure or survival of the structure, were evaluated by applying them to 85 selected bridges (60 

out of 85 bridges were predicted correctly). These findings highlight the applicability of the 

hydraulic equations to correctly estimate the tsunami forces on most of the case studies. Flow 

depth and velocity as the two main characteristics of a tsunami flow have an important role in 

increasing the accuracy of the equations provided to estimate the applied forces to a bridge, 

according to Yokoi et al. (2013). One of the most significant findings of their study is their 

recommendation on the failure of the bearings before transferring the loads from the 

superstructure to the substructure. They proposed that building a temporary deck on a sound 

substructure (i.e. piers) is easier and more cost-effective than starting from the foundation up.   

The main limitations of this method are the underestimation of the applied tsunami forces to 

some of their test cases, the lack of equations to estimate the initial impulsive force, and the 

downward vertical force. 



Literature review 

 

77 

 

2.5.6 Flood loads in the New Zealand Transport Agency bridge manual 

The unsteady nature and high magnitude of the velocity of a tsunami highlighted the fact that 

flood loads can be considered as a lower limit for estimation of tsunami loads. AS5100.2 

Standard (2004) recommends the following equations to calculate the drag force, uplift force, 

and overturning moment. 

20.5=Hd Hd b spF C u d                                                                                                                    (2.38) 

20.5 W=Vu Vu b LF C u                                                                                                                      (2.39) 

( )20.5 d d=g m b sp spM C u                                                                                                                  (2.40) 

where CHd and CVu are values specified in Figures 15.4.2 and 15.4.3 of AS 5100.2, respectively. 

As mentioned above, due to the difference in flood and tsunami flow characteristics, flood flow 

requirements only provide the lower limit of the imposed loads. It is unable to provide upper-

bound values for the applied forces to the bridge deck. 

2.5.7 New Zealand Transport Agency report 

In recent years, there has been an increased interest in quantifying tsunami loads on structures. 

However, there has been little discussion on the characterisation of tsunami loads on bridges, 

especially in the New Zealand context. Recently, the NZTA incorporated the tsunami effects 

on coastal bridges that have been developed from research undertaken by the University of 

Auckland (Melville et al., 2014, 2015). The equations presented in the following sections were 

provided by the NZTA in a joint study with the University of Auckland (Melville et al., 2015).  



Literature review 

 

78 

 

2.5.7.1 Horizontal hydrodynamic forces 

If a tsunami bore affects a bridge, a horizontal hydrodynamic force occurs after an impulsive 

force according to the following equation: 

( )20.5=Hd Hd b spF C u d                                                                                                                  (2.41) 

where FHd is the horizontal hydrodynamic force in the flow direction per unit length of the 

bridge, CHd is the deck drag coefficient, ub is the tsunami flow horizontal velocity, and dsp is 

the deck height including safety barriers. The inundation of the bridge deck can increase the 

forces and pressures applied to the bridge piers (Lau et al., 2011; Lukkunaprasit et al., 2011). 

The NZTA report suggested using the same equation and coefficients used for the bridge deck 

to estimate the horizontal forces applied to the bridge piers. 

2.5.7.2 Horizontal impulsive forces 

A horizontal impulsive force, normally of the order of milliseconds, is applied to the bridge 

before the horizontal hydrodynamic force and is estimated by introducing an additional 

coefficient to the Eq. 2.41. 

( )20.5= =Hi Hi Hd Hi Hd b spF C F C C u d                                                                                             (2.42) 

where CHi is the coefficient of the horizontal impulsive force. 

2.5.7.3 Vertical forces on the bridge deck 

The downward vertical force and the uplift force are the two forces caused by a tsunami impact 

considered by the NZTA report (Melville et al., 2015) to be applied to a bridge deck. The 
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maximum hydrodynamic uplift force equation proposed by Melville et al. (2015) using the 

horizontal tsunami flow is as follows: 

( )20.5 W=Vu u b LF C u                                                                                                                       (2.43) 

where WL is the width of the bridge deck, and Cu is the hydrodynamic uplift coefficient. 

Melville et al. (2015) recommended to estimate the downward vertical force using the equation 

provided by Lau et al. (2011). 

2.6 Conclusions 

A revision of the available studies and guidelines relating to the effects of tsunami forces on 

buildings and bridges revealed the lack of general agreement in terms of the proposed equations 

to estimate the tsunami forces on coastal structures. Most of the studies provided a relatively 

good agreement between their numerical and experimental results. However, comparing those 

equations with other studies resulted in a large variation in the magnitude of the predicted 

forces. 

The following limitations were identified in the above guidelines and studies: 

• There is no general agreement on the types of force applied to bridges due to tsunami 

impact. The initial impulsive horizontal force has not been considered in the proposed 

equations by some researchers (Lau et al., 2011; Yokoi et al., 2013), while others have 

taken them into account. There are also other types of force, such as the uplift, 

buoyancy, and downward vertical forces, which were included by some researchers in 

their estimations of tsunami forces but were ignored by others in their recommended 

equations. 
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• One of the most significant findings to emerge from the literature review is the shape 

of the time history of the horizontal force due to tsunami impact. An initial sharp rise 

of short duration followed by a quasi-steady force of longer duration was observed in 

the results. 

• Failure of the bridge deck–substructure connections due to the excessive uplift force 

followed by a horizontal movement due to the applied horizontal force was observed 

by most researchers during their field reconnaissance.   

• Due to the insufficiency of information on tsunami flow bore height and velocity, video 

recording and photos taken during tsunami events, were identified as valuable sources 

of input to numerical and experimental studies.  

• The comparison of wind-driven and tsunami waves revealed significant differences 

between these two types of wave in terms of spatial and temporal scales. Most of the 

researchers did not utilise them as a practical approach to estimate tsunami forces. 

• Adapting the proposed equations using the available guidelines for tsunami loadings 

on buildings to estimate the tsunami forces on bridges was not plausible in some of the 

case studies. A large variation was observed on the results of the proposed equations 

when applied to bridges due to the different geometry and flow fields. 

• There is only one set of design guidelines, ASCE/SEI 7-16 “Minimum Design Loads 

and Associated Criteria for Buildings and Other Structures” (ASCE, 2016), which 

take into account the tsunami-induced loads on structures but is not applicable to 

bridges without modifications. In addition, there are currently no design guidelines for 

specific typologies and conditions in New Zealand.  

• Yim et al. (2011) found that the range of their proposed drag coefficients varied case 

by case, depending on the type of bridge, which limit the applicability of their 
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equations. They also noticed that some alterations might require the local velocities at 

the bridge site to obtain relevant results.  

• A significant difference in the estimated tsunami bore heights and velocities obtained 

from different simulation software and physical models was considered one of the main 

problems of the proposed methods. 

• The horizontal and vertical forces obtained from the empirical equations proposed by 

different studies had a broad range of values and were difficult to correlate with the 

hydraulic theories. 

• The evaluation of bridges carried out by Yokoi et al. (2013) after the 2011 Japan 

tsunami demonstrated that the use of basic hydraulic equations could be one of the 

most appropriate methods to estimate the tsunami loads on bridges. 

• The comparison of tsunami wave forces with flood flow forces by Azadbakht et al. 

(2014) revealed that the tsunami forces have higher values than the flood flow forces 

for the same water level. Therefore, flood flow equations can only provide the lower 

limit of the tsunami-induced forces. 

• An interesting comment was made by Yokoi et al. (2013) suggesting that failure of the 

deck to substructure connections prior to load transfer to the bridge piers could lead to 

an intact substructure, which would facilitate the post-tsunami recovery mission. 

Considering the above limitations and lack of a general consensus about the tsunami forces on 

bridges, especially in New Zealand, the need for more investigation in this area is highlighted, 

which could be beneficial for the design of tsunami-resilient coastal bridges. In this regard, 

physical modelling of the tsunami flow around some of New Zealand’s coastal bridges which 

are prone to tsunami hazards is one of the main objectives of this study. The experimental 
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results and discussion alongside the results of the equations of the available guidelines are 

presented in Chapter 4. 
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Chapter 3 Methodology and experimental setup  

Methodology and experimental setup  

________________________________________________________ 

Chapter abstract 

The experimental methodology is described in this chapter, including experimental facilities, 

physical models, and measurement devices. The experiments were undertaken to fulfil the 

objectives of this study and to make noteworthy contributions to determine the tsunami bore 

forces and moments applied to a bridge deck with varying types and geometries under different 

tsunami scenarios. 
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3.1 Facility 

The first experiments were carried out to represent a box section bridge deck with different 

types of abutment (i.e. wing wall and spill-through abutments) and were conducted using 

Flume A, a 14-m-long, 1.2-m-wide, and 0.8-m-deep wave flume connected to a 11-m-long, 

7.3-m-wide, and 0.6-m-deep reservoir (Fig. 3.1). This flume was previously used by Shafiei et 

al. (2018) and Chen et al. (2016) to quantify the tsunami bore interaction with free standing 

structures and with a wharf model, respectively. The flume is equipped with an automatic gate 

to generate tsunami bores. The flume has concrete block sidewalls and a horizontal bed of 

moderately smooth concrete to enable the simulation of the tsunami bore propagation over a 

dry plane bed. The flume is emptied using the drain gate and the drain channel (Shafiei et al., 

2016). For the experiments in Flume A, the reservoir was filled to depths of 400, 500 or 600 

mm, and the sliding gate was lifted to a constant height of either 200, 300 or 400 mm. Table 

3.1 lists four different combinations of gate opening (GO) heights and water levels (WLs) in 

the reservoir, which were used to generate tsunami bores with different heights (hb) and 

velocities (ub) in Flume A. 
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Fig. 3.1: Experimental setup: plan view, attached reservoir, and side section of Flume A (reproduced from Shafiei et al. 

(2018)) 

 

Fig. 3.2: Details of the gate. The photo is looking upstream towards the gate (Flume A) 

The 1.2-m-wide and 0.9-m-high automatic gate consists of a sliding gate and a shutter gate, 

both of which open rapidly, providing near-instantaneous water release (Fig. 3.2). The opening 

mechanism of the sliding gate is automatic. It is timed to remain open for 4.0 s before closing 

automatically. A computer-operated hydraulic piston actuator lifts the sliding gate rapidly. The 
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opening height of the sliding gate is adjustable. Combinations of various gate opening heights 

and water depths in the reservoir enable the generation of different bore strengths (Shafiei et 

al., 2016). 

Table 3.1: Different combinations of bore height and velocity (Flume A) 

Case WL (mm) GO (mm) hb (mm) ub (m/s) 

WW1 600 400 220 2.50 

WW5 600 300 190 2.35 

WW9 500 300 170 2.20 

WW13 400 200 125 1.90 

Table 3.2: Different combinations of bore height and velocity (Flume B) 

Case WL (mm) GO (mm) hb (mm) ub (m/s) 

B1 1100 500 290 4.05 

B5 1100 400 260 3.85 

B9 900 300 210 3.45 

B13 700 200 160 3.00 

A tsunami wave flume (Flume B) was constructed at the newly commissioned laboratory 

facilities at the University of Auckland and utilised to investigate the interaction of a tsunami 

bore with bridges of a broad range of bore heights and velocities. All the remaining test cases 

(representing unskewed and skewed box and deck girder section bridges) were conducted using 

Flume B, which was 1.2-m wide and 15-m long and connected to a 6.4-m-long, 5.5-m-wide, 

and 1.2-m-deep reservoir made of concrete block walls (Figs. 3.3 and 3.4). For the experiments 

in Flume B, the reservoir was filled to depths of 700, 900 or 1,100 mm, and the sliding gate 

was lifted to a constant height of either 200, 300, 400 or 500 mm. Table 3.2 lists four different 

combinations of GO heights and reservoir WLs used to generate the experimental test cases 

with varying bore heights (hb) and velocities (ub) in Flume B.  

Table 3.2 shows that the velocity in Flume B is greater than the velocity in Flume A for a given 

bore height. This is explained by Eq. (2.4) presented in Chapter 2, which demonstrates that 

when the reservoir water level for a given bore height increases, the bore velocity also 

increases. 
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Fig. 3.3: Experimental setup: plan view of the flume, attached reservoir, and side section of Flume B 

 

Fig. 3.4: Details of the gate. The photo is looking upstream towards the gate (Flume B) 

3.1.1 Instrumentation 

Four wave gauges were placed 15 mm above the flume floor at the centre of the flume along 

its length to measure the depth of the flow and to observe the bore propagation in Flume A. 

The first wave gauge (WG1) was placed 4.25 m downstream of the gate, with the remaining 

Hydraulic Piston 

Piston Actuator 

Sliding Gate 
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gauges (numbered WG2 to WG4) equally spaced 1.75 m apart over a total distance of 9.5 m 

downstream of the gate. The approaching bore featured a sloping front, which is typical for 

such experiments. The recorded time at which the bore struck each wave gauge was used to 

calculate the bore velocity. The time of the first non-zero reading at each wave gauge was taken 

as the time of the bore arrival. The wave gauges were logged at 1 kHz. The water depth behind 

the sloping front of the approaching bore was used to measure the bore height. Five wave 

gauges were placed in Flume B in the same order as Flume A, but with different spacings. The 

first wave gauge (WG1) was placed 6.7 m downstream of the gate, with the remaining gauges 

(WG2 to WG5) equally spaced 1.5 m apart over a total distance of 12.7 m downstream of the 

gate. The last wave gauge was placed 0.5 m upstream of the bridge model (Fig. 3.5). 

 

Fig. 3.5: Overall view of Flume B showing the location of the wave gauges 

Pressure sensors (Honeywell 26PC series) were used to measure the horizontal pressures 

applied to the bridge deck. The pressure sensors had a capacity of 34.47 kPa with a precision 

Structure location 
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WG4 

WG3 
WG2 
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of ± 0.043 kPa and a response time of 1 ms. Each pressure sensor was fitted with two flexible 

transparent plastic tubes, and the pressure difference between these tubes was measured. One 

tube was placed to sense the reference pressure, while the other tube was mounted flush with 

the surface of the structure. The tubes were filled with water and checked for air bubble removal 

before each experiment.  

The load cell utilised in this experimental study was a JR3 multi-axis waterproof load cell, 

model 75E20A4, with the positive x-axis aligned with the flow direction (Fig. 3.6). The load 

cell was placed underneath the flume floor in a recess to allow the base of the bridge model to 

be level with the floor of the flume. A 6 × 6 calibration matrix was provided to convert the 

output signals to force values (Shafiei et al., 2016). 

 

Fig. 3.6: Load cell fixed in the recess, looking downstream of the flume 

3.1.2 Test structures 

3.1.2.1 Box section bridge deck 

A simplified box section bridge deck (Figs. 3.7a, b, c, and 3.8) was used in this study to 

investigate the impact of a tsunami bore on this type of bridge. The bridge model was located 

13.2 m downstream of the vertical sliding gate that controls the water release and creates 

different bore strengths. Two sets of experiments were conducted to estimate the tsunami bore 

Y 

X 
Z 
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induced forces on the box section bridge deck. Set 1 was undertaken in Flume A (Appendix A, 

Tables A5 and A6) and Set 2 in Flume B (Appendix A, Table A1). Three representative cases, 

namely Case B1 (hb = 290 mm), Case B9 (hb = 210 mm), and Case B13 (hb = 160 mm), were 

selected to demonstrate the experimental results. These cases cover the range of bore strengths 

in this study and will be hereafter referred to as strong bore (Case B1), moderate bore (Case 

B9), and weak bore (Case B13). Different combinations of bore heights (hb) and deck 

clearances (hd) were used to perform the experiments on the box section bridge deck, and all 

the runs and results are shown in Appendix A, Table A1 and Appendix B, Table B1, 

respectively. 

 

 

 

Fig. 3.7: Unskewed box section bridge dimensions: (a) site plan; (b) long section; (c) cross section 

(a) 

(b) 

(c) 
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Fig. 3.8: Unskewed box section bridge at 100 mm clearance 

The dimensions of the 1:40-scale bridge models were obtained as simple averages of the scaled 

measurements of five actual bridges across New Zealand (shown in Appendix C).  

3.1.2.2 Deck girder section bridge 

A model of a deck girder section bridge was also used to quantify the tsunami-induced loads 

(Figs. 3.9a, b, and c). Table A.6 in Appendix A and Table B.6 in Appendix B show the test 

cases and all the runs and results for the deck girder section bridge, respectively, with different 

combinations of bore strengths and deck clearances. 

Further physical changes were implemented on the deck girder section bridge by adding solid 

and porous handrails to investigate the effects of handrails in tsunami-induced loads on this 

type of bridge (Figs. 3.10 and 3.11). 

3.1.2.3 Skewed box section and skewed deck girder section bridge 

Another geometric parameter, the skew angle, was investigated to determine its effect on the 

time history of the tsunami-induced loads on both types of deck (i.e. box section and deck 

girder section bridge), as shown in Figs. 3.12 to 3.15. Box section and deck girder section 

bridges with skew angles of 10°, 20°, and 30° were used in Flume B to perform the 
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experiments. The skew angles were created by rotating the bridge span around its geometric 

centroid while keeping it in the same position in relation to the incoming bore. The bridge pier 

remained the same for all the bridge models. The corners of the bridge deck were named based 

on their location (front or back of the bridge) and the size of the angle (acute or obtuse) (Wong, 

2015). The front acute corner and back obtuse corner were located on the right side of the flume 

for the box section bridge deck. In contrast, these corners were located on the left side of the 

flume for the deck girder section bridge to facilitate the installation process. However, there 

was no difference between the two models due to the symmetric geometry of the bridge deck 

in relation to the flow direction (x-axis). Schematic site plans of a skewed box and deck girder 

section bridge are shown in Figs. 3.12 and 3.14, respectively. The combinations of bore heights, 

deck clearances, and skew angles used in the experiments for the skewed box section and 

skewed deck girder section bridges are shown in Appendix A, Tables A.2 and A.4, respectively. 

All runs and results for the skewed box section and skewed deck girder section bridges are 

presented in Appendix B, Tables B.2 and B.4, respectively. 

 

 

(a) 

(b) 
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Fig. 3.9: Unskewed deck girder bridge dimensions: (a) site plan; (b) long section; (c) cross section 

 

Fig. 3.10: Unskewed deck girder section bridge with solid handrails 

 

Fig. 3.11: Unskewed deck girder bridge with porous handrails 

(c) 
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Fig. 3.12: Schematic site plan of a skewed box section bridge 

 

Fig. 3.13: Skewed box section bridge deck looking upstream towards the gate 
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Fig. 3.14: Schematic site plan of a skewed deck girder section bridge 

 

Fig. 3.15: Skewed deck girder section bridge looking upstream towards the gate 

3.1.2.4 Wing wall and spill-through abutments 

Two types of abutment were attached to the box section bridge deck to investigate the impact 

of tsunami bores on this type of bridge. Fig. 3.16 shows the types of abutment tested in the 

experiments. Wing wall and spill-through abutments with different lengths (La = 100, 200, 300 

mm) and a no-abutment condition were tested. Spill-through abutments have smoother edges 

and side slopes compared with the wing wall abutments. The bridge model was installed across 
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the width of the flume (1,200 mm) and perpendicular to the flow direction. The 1:40 bridge 

model is presented in Figs. 3.17a and b. The bridge, spanning 600 mm, consists of a deck 240 

mm wide and 35 mm thick, and a pier (60-mm diameter) at midspan with two dummy segments 

on both sides of the deck (300-mm long each) to account for boundary effects. The bridge 

model was placed 10 m downstream of the sliding gate with two types of abutment and varying 

abutment lengths (i.e. different contraction widths) and deck clearances (hd) at both sides.  

In order to represent the test cases with varying contraction widths, bore strengths, and deck 

clearances in a dimensionless form, the following ratios were proposed (Eqs. 3.1 and 3.2): 

2 1=R W W   (3.1) 

=r b dS h h   (3.2) 

where R is the opening ratio, Sr is the submergence ratio, W1 is the full width of the flume 

without abutments, W2 is the clearance between the two abutments (calculated by Eq. 3.3), hb 

is the bore height, and hd is the deck clearance, as shown in Figs. 3.17a and b. 

2 1 2= −  aW W L   (3.3) 

In Eq. 3.3, La is the abutment length on each side of the bridge model, as shown in Fig. 3.16. 

The combinations of bore heights, deck clearances, and opening ratios considered in the 

experiments are shown in Appendix A, Table A.8 and Table A.9, for wing wall and spill-

through abutments, respectively. The main objective was to investigate the effect of the 

opening ratio on the tsunami-induced forces applied to a box section bridge deck with wing 

wall and spill-through abutments. 
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Fig. 3.16: Abutment types 

There is a 5-mm gap between the central part and the dummy segments at both sides of the 

central part to measure the forces and moments exerted on the central segment of the bridge 

deck. To increase the reliability of the results, a simplified deck consisting of a box section 

selected for its common geometrical shape was used. The bridge model was constructed with 

a 5 mm thick clear acrylic sheet, mounted on a base plate installed flush with the surrounding 

semi-dry bed located downstream of the gate. Figs. 3.17a and b illustrate the typical cross 

section geometry and plan view of the bridge model, with a wing wall abutment at each side 

of the bridge. The deck was instrumented with pressure sensors (Honeywell 26PC series) to 

measure the applied horizontal pressures. Figs. 3.17a and b show the position of the pressure 

sensors in the model, designated as P1, P2, and P3, located at the seaward side of the bridge 

deck. 
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Fig. 3.17: Bridge model dimensions with wing wall abutments: (a) cross section; (b) plan view 

An aluminium bar was used downstream of the bridge deck to protect the pressure sensor 

connections to the reference pressure and the amplifier (Figs. 3.18a and b). 

 

Fig. 3.18: Pressure sensors and load cell installation: (a) structure placed 10 m downstream of the gate (photo is looking 

towards the gate); (b) load cell installed in the recess, looking downstream. 
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Fig. 3.19: An example of the generated bore impinging on the bridge model with wing wall abutments: (a) before impact; (b) 

at the instant of impact 

Figs. 3.19a and b show the photographs (looking upstream and extracted from video 

recordings) taken before and during the tsunami bore impact with the bridge deck. The air 

entrainment in the bore front region is visible in these photos. It makes the flow motion more 

complicated and different from ordinary waves because the material in the zone of turbulence 

can be subject to impact forces greater than those produced by ordinary waves (Hayatdavoodi 

et al., 2016). 
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Chapter 4 Results and discussion 

Results and discussion 

________________________________________________________ 

Chapter abstract 

This chapter presents the results obtained from the experiments carried out on different types 

of bridge deck with varying physical parameters, including bore strength and bridge geometry. 

The experimental results were compared with the equations proposed in the literature for a 

typical New Zealand road bridge to quantify the tsunami-induced loads with different tsunami 

scenarios. Based on the experimental results, equations were proposed for estimating tsunami 

horizontal, lateral, and uplift forces for a box section bridge and for a deck girder section bridge. 

The proposed equations were then compared with those from the currently available guidance 

to identify the most suitable equations to estimate the tsunami-induced forces applied to a 

bridge deck with varying geometrical parameters. 
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4.1 Box section bridge deck 

A 1:40 box section bridge model representing a typical bridge constructed in New Zealand was 

used to perform the experiments. Dimensions of a typical bridge were obtained as simple 

averages of the measurements from five actual bridges: Kakanui River (Otago), Kowhai River 

(Canterbury), Ngaruroro River Diversion (Hawkes Bay) and Waimakariri River (Belfast, 

Canterbury), as shown in Appendix C.  

4.1.1 Bore characteristics 

In the present study, the bore front profile was captured by capacitance-type wave gauges (four 

gauges in Flume A and five gauges in Flume B). The time history of the generated bores was 

recorded at each wave gauge along the flume, as shown in Figs. 4.1a and 4.2a for Cases WW1 

and B1, respectively. The measured bore heights at each wave gauge location resulted in less 

than 3% variation over five repetitions of the experiment (Figs. 4.1a and 4.2a), confirming the 

ability of the experimental setup to repeatedly generate the same bore as shown in Figs. 4.1b 

andFig. 4.2b for Flume A and Flume B, respectively. The slightly steeper bore profile shown 

in the time history of Flume A is due to the greater area of the reservoir behind the gate, which 

provides continuous flow into the flume and a higher rate of increase of the bore height. The 

capacitance-type wave gauges used in this study record the bore height once the water touches 

the wave gauge’s wires. Therefore, the higher the rate of increase of the bore height, the steeper 

the leading edge of the time history of the bore height will be.   
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Fig. 4.1: Time history of the bore height for (a) five experiment repetitions and (b) average values for each wave gauge along 

the length of the flume. Note the position of the gate, wave gauges, and structure on the x-axis (Flume A). 
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Fig. 4.2: Time history of the bore height for (a) five experiment repetitions and (b) average values for each wave gauge along 

the length of the flume. Note positions of the gate, wave gauges, and structure on the x-axis (Flume B). 
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Fig. 4.3: Bore front profile at different wave gauge locations at Flume A for a 4 m length of the bore on its leading front. 

Note 0 on the x-axis indicates the leading front of the bore (reproduced from Shafiei et al. (2016)). 

 

Fig. 4.4: Bore front profile at different wave gauge locations at Flume B for a 4 m length of the bore on its leading front. 

Note 0 on the x-axis indicates the leading front of the bore (reproduced from Shafiei et al. (2016)). 

Figs. 4.3 and 4.4 show the bore front profile over 4 m from its leading front in Flume A and 

Flume B, respectively. The graphs show a reasonably good agreement with the analytical 

solution presented by Chanson (2006). The approaching bore featured a sloping front, which 

is typical for such experiments. 

As expected, increasing both the water depth in the reservoir and the gate opening height 

resulted in higher bores and greater velocities. The generated bore took approximately 4.0 to 
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5.2 s in Flume A and 3.3 to 4.4 s in Flume B, depending on the velocity, to travel the length of 

the flume and reach the bridge model. The bore velocities in individual experiments ranged 

from 1.9 to 2.5 m/s in Flume A and 3 to 4.05 m/s in Flume B, corresponding to prototype 

velocities ranging from 12 to 15.8 m/s in Flume A and 19 to 25.6 m/s in Flume B. The following 

equation was proposed by different studies to estimate the velocity of a tsunami bore (ub) as a 

function of bore height (hb): 

( )
0.5

                                                                                               b b bu Fr g h=                                                    (4.1) 

where ub is the bore velocity, hb is the bore height, g is the gravitational acceleration and Frb is 

the Froude number. Different values of Frb have been proposed by different studies to calculate 

the bore velocity (Bryant, 2014; Heintz et al., 2012; Iizuka et al., 2000; Kirkoz, 1983; 

Lukkunaprasit et al., 2009; Matsutomi et al., 2010; Murty, 1977; Nandasena et al., 2013; 

Robertson et al., 2013; Robertson et al., 2008; Shafiei et al., 2016). Table 4.3 lists these values 

and shows that the results of this study are within a reasonable range compared with the other 

studies.  

Table 4.3. Tsunami bore Froude number for different studies 

Study Froude No. 

Bryant (2014) 0.67 

Iizuka et al. (2000) 1.1 

Nandasena et al. (2013) 1.15-1.5 

Kirkoz (1983) 1.4 

Shafiei et al. (2016) 1.7 

This study Flume A (Flume B) 1.7 (2.4) 

 Murty (1977) 1.85 

Heintz et al. (2012) 2 

Robertson et al. (2013) 1.15-2.55 

Lukkunaprasit et al. (2009) 2.4-3 

Robertson et al. (2008) 1.8-2.95 
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4.1.2 Tsunami flow generation over the unskewed box section bridge deck 

Fig. 4.5 shows a photograph looking upstream taken during bore impingement in the 

experiments where the unskewed box section bridge deck is perpendicular to the flow direction. 

As shown in Fig. 4.5, the height of overtopping above the bridge deck is approximately ten 

times the height of the bridge deck clearance. 

 

Fig. 4.5: An example of the generated bore impinging on the box section bridge deck at the instant of impact (photo looking 

towards the gate in Flume B) 

Due to the turbulent nature of the bore front during the test, the impact process was divided 

into two main stages: 1) initial impact, and 2) fully inundated condition, which is consistent 

with the findings of Azadbakht et al. (2014) and Shafiei et al. (2016). Soon after the first arrival 

of the bore at the bridge site (Fig. 4.6a), the water free-surface elevation started to overtop the 

bridge deck (Fig. 4.6b). The bore flow rapidly became quasi-steady (Fig. 4.6c), with flow under 

and over the bridge deck across the full width of the bridge. The amount of water accumulation 

varied depending on the deck clearance and the bore strength. The overtopped water from 

strong bores joined the main flow at the downstream side of the bridge instead of ponding on 

the top surface of the deck. A few seconds after the initial bore impact, the water level began 
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to decrease on the upstream side of the bridge model, starting the recession stage (Fig. 4.6d). 

Finally, the water free-surface elevation dropped below the bridge deck, indicating the end of 

the experiment.   

 

 

Fig. 4.6: Photographs taken during the experiments (unskewed box section bridge deck). The bore travel direction is from 

right to left. 

4.1.3 Tsunami bore induced pressures 

Figs. 4.7a to c show the averaged horizontal pressures over five repetitions at the different 

sensor locations (P1, P2, and P3) for different bore strengths. The time history plots show a 

sudden increase in the horizontal pressure due to the bore impact resulting from the sloping 

bore front region (Cooker et al., 1995; Hattori et al., 1994; Okamura, 1993). Figs. 4.7a to c also 

show a reduction of up to 35% of the initial maximum impulsive pressure due to the 

accumulation of water on the upstream side of the bridge deck. These results are consistent 

with previous studies by (Azadbakht et al., 2014; Motley et al., 2015; Wong, 2015). In Fig. 4.7, 

t = 0.0 s represents the instant of the gate opening.   

(c) 

(b) (a) 3.1 sec 2.7 sec 

(d) 5.7 sec 3.7 sec 
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Fig. 4.7: Average pressure profiles at sensors P1, P2 and P3 for hd = 100 mm 

Fig. 4.8 displays the averages of the maximum horizontal forces measured by the load cell 

during the five repetitions of the experiment (i.e. each data point is a representation of five 

tests) and the forces calculated from the integration of the measured pressures. The pressure 

integration method was also used by Thusyanthan et al. (2008) and Robertson et al. (2013). 

(b) 

(a) 

(c) 
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The front face of the bridge deck (i.e. the vertical projected area) was divided into strips on 

which the horizontal pressure was assumed to be constant. Fig. 4.8 shows a good correlation 

between the horizontal force measured by the load cell and the horizontal force calculated from 

the integration of the measured pressure. These results confirm the validity of the measurement 

techniques used in this study. 

 

Fig. 4.8: Comparison of the maximum horizontal forces directly measured by the load cell with the forces calculated from 

measured horizontal pressures for different deck clearances 

4.1.4 Tsunami bore induced forces and moments 

The multi-axis load cell at the base of the structure was used to the measure forces and moments 

applied to the bridge. Figs. 4.9, 4.10, and 4.11 present the typical time history plots of the 

horizontal and uplift forces and the pitching moment for the three representative test cases 

(strong, moderate, and weak bores), respectively. As the bore strength increased, the magnitude 

of the forces (Fx and Fz) and moments (My) also increased, which is consistent with the findings 

of past studies by Azadbakht et al. (2014) and Wong (2015). As the bore front hit the bridge 

deck, there was a sudden increase in the magnitude of the horizontal and uplift forces. This was 

due to the bore impact resulting from the sloping bore front region and the accumulation of 

water on the upstream side of the bridge deck. The initial rise (i.e. the impulsive horizontal 
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force) occurred before the quasi-steady horizontal force was fully developed, which took 

around 1 s in the experiments. Once the bore flow was fully developed, a gradual reduction 

occurred after the impulsive rise of the horizontal force, as shown by the time history in Fig. 

4.9. The decline was more pronounced at a lower bore strength (i.e. the weak bore). The 

hydrodynamic force resulting from the resistance of the bridge deck against the bore flow and 

the hydrostatic force caused by the difference between the water levels upstream and 

downstream of the bridge were the two factors exerting the horizontal forces on the bridge 

deck.  

The magnitude of the quasi-steady part of the horizontal force shown in time history is expected 

to be correlated to the tsunami bore flow velocity and, to a lesser extent, to the tsunami bore 

height. The total horizontal force, FHt, is equal to the sum of the hydrodynamic and hydrostatic 

forces, which is consistent with information available from the literature (Cross, 1967; Nouri, 

2008; Shafiei et al., 2016). According to Heintz et al. (2012), the hydrostatic force, FHs, is 

significantly smaller than the hydrodynamic force and can be estimated using the volume of 

the pressure prism on the bridge deck. The hydrodynamic part remains approximately constant 

for a short time (order of seconds) after the initial rise. The hydrodynamic and total horizontal 

forces can be estimated by the following equations: 

21

2
Hd d b vF C u A=                                                                                                                                                        (4.2) 

Ht Hs HdF F F= +                                                                                                                                      (4.3) 

where FHt is the total horizontal force (N), FHs is the hydrostatic horizontal force (N), FHd is the 

hydrodynamic horizontal force (N), ρ is the water density (1,000 kg/m3), hd is the deck 

clearance (m), Cd is the drag coefficient, ub is the bore velocity (m/s) and Av is the vertical 
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projected area of the model (m2). This is the same approach used by Kosa et al. (2010), Ohmori 

et al. (2000), and also adopted by Yeh (2007) for estimating tsunami bore induced loads on a 

bridge model. 

Fig. 4.10 shows the time history of the horizontal force measured by the load cell (averaged 

from five repetitions), the calculated force from the integration of the measured pressure, and 

the hydrostatic, hydrodynamic, and total horizontal forces. The inundated area of the front face 

of the bridge deck was used to calculate the hydrostatic force shown in Fig. 4.10. The 

hydrodynamic and total horizontal forces were estimated using Eqs. (4.2) and (4.3). A drag 

coefficient of 2.0 was calculated using the equation: 22d x b VC F u A= . The initial rise shown 

in the time history of the force calculated from integration is in agreement with the averaged 

force measured by the load cell. The differences in the quasi-steady part could have been due 

to the influence of the local bore flow patterns on the pressure sensors (Nouri et al., 2010). The 

time history plots in Fig. 4.10 show a good agreement between the averaged force measured 

by the load cell and the total horizontal force calculated by Eq. (4.3) for the quasi-steady part. 

Therefore, the pressure integration method and Eq. (4.3) can be used to estimate the initial rise 

and the steady state part of the time history of the horizontal force, respectively. Fig. 4.10 also 

shows that the hydrostatic force is an order of magnitude lower than the hydrodynamic force 

and could be neglected, which is in agreement with Heintz et al. (2012). 

The time history plots in Fig. 4.11 show a sudden initial rise in the vertical force applied to the 

bridge deck resulting from an increase in pressure under the bridge at the time of the bore 

arrival at the bridge site. The initial impulsive force is sometimes identified as a hydrodynamic 

uplift force (Livermore, 2014). The uplift force continued to increase until the bore flow started 

to overtop and pond on the top surface of the bridge deck. Overtopping and ponding of water 

apply a downward vertical force to the bridge deck, which could be the dominant component 
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of the vertical force depending on the bore strength. The downward vertical force is a 

combination of the hydrodynamic and hydrostatic forces. The weight of the water on the top 

surface of the bridge deck corresponds to the hydrostatic component, and the flowing water 

over the bridge deck corresponds to the hydrodynamic component. As Fig. 4.11 indicates, the 

resulting vertical force is positive for the stronger bores (i.e. the uplift force is greater than the 

downward vertical force) and starts to decrease for the weaker bores due to the smaller uplift 

pressure on the underside the bridge deck. In addition, as the bore height increases, the 

overtopped water tends to join the flow downstream of the bridge instead of ponding on the 

top surface of the bridge deck, resulting in a smaller downward vertical force for the stronger 

bores. 

The sum of the buoyancy of the bridge, FVb, and the hydrodynamic uplift force, FVu, has been 

used by several researchers to estimate the uplift force applied to a bridge deck due to a tsunami 

wave impact (Yim et al., 2011; Yokoi et al., 2013). However, the buoyancy force was neglected 

by Yim et al. (2011), given its lower magnitude compared with the hydrodynamic uplift force. 

Therefore, the maximum uplift force can be estimated with the following equation: 

( )20.5=Vu u w v hF C u A                                                                                                                   (4.4) 

where Cu is the hydrodynamic uplift coefficient, vu  is the vertical component of the bore 

velocity and Ah is the horizontal projected area of the bridge deck. However, due to the lack of 

information on the vertical component of the bore velocity, the equation above was not utilised 

in this study to estimate the time history of the uplift force.  

Fig. 4.12 shows the time history of the pitching moment, My, measured on the bridge for the 

three representative cases. The figure shows that the shape of the time history of the pitching 

moment is similar to the time history of the measured horizontal force shown in Fig. 4.9.   
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Fig. 4.9: Time history plots of the induced horizontal forces (Fx) 

 

Fig. 4.10: Comparison of the time history plots of the measured horizontal force, measured pressure integration, and 

calculated force from Eqs. (4.2) and (4.3) 

 

Fig. 4.11: Time history plots of the induced vertical force (Fz) 
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Fig. 4.12: Time history plots of the induced pitching moments (My) 

4.2 Wing wall and spill-through abutments 

These experiments were conducted in Flume A. The objective of this section is to investigate 

the effect of contractions on the flow characteristics on a box section bridge deck with different 

types of abutment. Measurements of the bore height and velocity were taken upstream of the 

bridge model in the flume and the results were compared with those from previous studies. The 

horizontal and vertical forces were measured at the base of the bridge model. The horizontal 

pressures applied to the bridge deck were measured to study the effect of contraction on the 

tsunami bore induced pressures. Simultaneous measurements of the pressure applied to several 

locations on the bridge model (Figs. 3.17a and b) provided an estimate of the horizontal forces 

using the integration of the pressure over the bridge deck surface area. Five repetitions for each 

experiment were carried out as shown in Fig. 3.16. A box section bridge deck was tested under 

four different bore heights (hb) and four different deck clearances (hd), with wing wall and spill-

through abutments and various abutment lengths (La). A stand-alone pier was also tested under 

four different bore heights and with varying pier heights to measure the forces applied to the 

pier itself. Overall, 192 individual test cases were conducted to characterise the impact loads 

of a tsunami bore on this type of bridge model. 
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4.2.1 Tsunami flow generation over the box section bridge with abutments 

The impact process observed in the experiments with the box section bridge deck without 

abutments was also seen in the bridge model with abutments. Two main stages were observed: 

1) initial impact, and 2) fully inundated condition, in agreement with the findings of Azadbakht 

et al. (2014) and Shafiei et al. (2016). Soon after the first arrival of the bore at the bridge 

location (Fig. 4.13a), the water free-surface elevation started to overtop the bridge deck (Fig. 

4.13b). The bore flow rapidly became quasi-steady (Fig. 4.13c), with flow under and over the 

bridge deck across the full width of the bridge. The amount of water accumulation varied 

depending on the abutment length and the deck height (opening ratio). The amount of 

overtopped water ponding on the top surface of the deck increased as the opening ratio 

decreased. For a no-abutment condition (R = 1.0), the downward vertical force was smaller 

than for the other test cases because the overtopped water joined the flow at the downstream 

side of the bridge instead of ponding on the top surface of the deck. Six seconds after the initial 

bore impact, the water level began to decrease upstream of the bridge model, starting the 

recession stage (Fig. 4.13d). Finally, the water free-surface elevation dropped below the bridge 

deck, indicating the end of the experiment. 

 

3.8 sec 3.6 sec (a) (b) 
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Fig. 4.13: Photographs taken during the experiments (WW49) 

4.2.2 Tsunami bore induced pressures 

Figs. 4.14a, b, and c show the average horizontal pressure profiles at sensors P1, P2, and P3, 

respectively, for wing wall abutments and for the three representative cases (strong, moderate, 

and weak bores), all with an opening ratio, R, of 0.67. Fig. 4.14 shows that the pressure time 

history can be generally characterised into two main phases. The first phase is the impulsive 

part, where a sudden pressure increase occurs in a short time (order of milliseconds) and is 

associated with the initial impact of the sloping bore front (Cooker et al., 1995; Hattori et al., 

1994; Okamura, 1993; Shafiei et al., 2016). The second phase is a longer quasi-steady state 

with the pressure decreasing over a longer period of time (order of seconds), which is in 

agreement with the pressures measured by Lau et al. (2011) and Lukkunaprasit et al. (2011). 

The pressure fluctuations in the second phase are probably due to the variations in the amount 

of air trapped between the bore and the structure (Cuomo et al., 2009; Takahashi et al., 1985), 

or the vibration of the structure while the bore is passing around the bridge deck (Kosa et al., 

2010; Nouri et al., 2010). The pressure plots in Fig. 4.14 represent the average horizontal 

pressure profiles from five repetitions. As expected, the pressure magnitude is higher for the 

stronger bore than for the weaker bore. The initial bore impact may also have been influenced 

by the air entrapment in the bore front (Shafiei et al., 2016) and pier location, which resulted 

9.8 sec 4.8 sec (d) (c) 
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in a highly turbulent flow. In Fig. 4.14, t = 0.0 s represents the time of gate opening, but the 

individual time history plots have been shifted along the time axis so that the initial positive 

pressure always occurs at t = 4.0 s. From Figs. 4.14a, b, and c, it is apparent that the difference 

in the peak horizontal pressures and in the average pressures immediately afterwards in the 

quasi-steady state phase is not significant among the pressure sensors P1 through to P3. This is 

consistent with the findings of the study by Lau et al. (2011).  

 

 

(a) 

(b) 



Results and discussion 

 

119 

 

 

Fig. 4.14: Average horizontal pressure profiles at sensors P1, P2, and P3 with varying bore strengths 

Fig. 4.15 displays the averages of the maximum horizontal force measured from five repetitions 

of the experiment (i.e. each data point is a representation of five tests) and the forces calculated 

from the integration of the horizontal pressure measured using pressure sensors mounted on 

the front face of the bridge deck. The correlation between the measured and calculated forces 

shown in Fig. 4.15 demonstrates the validity of the force and pressure measurement techniques 

used in this study.  

 

Fig. 4.15: Comparison of the directly measured maximum horizontal forces, for a strong bore and R = 1.0, with the 

horizontal forces calculated from the integration of the measured pressures 

(c) 
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4.2.3 Tsunami bore induced forces 

Fig. 4.16 represents the time history of the horizontal force (Fx) for wing wall abutments for 

the three representative cases (strong, moderate, and weak bores), all with an opening ratio of 

R = 0.67. The measured horizontal force applied to a stand-alone pier was subtracted from the 

total measured force on the deck–pier structure to calculate the forces applied only to the deck. 

The horizontal force applied to a stand-alone pier ranged from 10% to 20% of the total 

horizontal force of the deck–pier structure, depending on the bore strength and the pier height. 

As seen in Fig. 4.16, the magnitude of the horizontal force increases with an increase in the 

bore strength (i.e. the bore height and velocity), which is in agreement with the results presented 

by Araki et al. (2008) and Shafiei et al. (2018). Fig. 4.16 also shows a sudden rise in the 

horizontal force (Fx) that rapidly reaches a maximum soon after the first impact of the tsunami 

bore on the bridge deck (Kataoka et al., 2006; Nistor et al., 2009). This peak does not exceed 

the total steady-state force exerted on the bridge deck (Wong, 2015). There is no general 

agreement among researchers about the magnitude and duration of the impulsive force and its 

magnitude relative to the quasi-steady horizontal force. However, it is usually considered to be 

of short duration and to have a highly variable magnitude. After the initial impact, the water 

free-surface elevation reaches the top of the deck and starts to overtop the bridge. The 

horizontal impulsive force rapidly becomes a steady-state force with the development of 

tsunami flow over and under the bridge deck across the full width of the deck (Azadbakht et 

al., 2014; Kataoka et al., 2006).  
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Fig. 4.16: Time history plots of the maximum induced horizontal force (Fx) for different bore strengths and R = 0.67 

The vertical force (Fz) is shown in Fig. 4.17 for the same test cases shown in Fig. 4.16. The 

vertical hydrodynamic force was observed by some researchers (Yim et al., 2011; Yokoi et al., 

2013), although the findings are somewhat contradictory in terms of the direction of the vertical 

force (up or down). As shown in Fig. 4.17, soon after the first arrival of the tsunami bore at the 

bridge, the bridge deck experiences an upward vertical impulsive force resulting from an 

increase in pressure under the bridge. This impulsive force is sometimes identified as a 

hydrodynamic uplift force (Livermore, 2014). The upward impulsive force rapidly changes to 

a downward force as the free-surface elevation reaches the top of the bridge deck and starts to 

flow over the bridge deck, leading to ponding on the deck until the bridge is inundated. The 

downward vertical force is a combination of hydrodynamic and hydrostatic forces as explained 

in Section 4.1.4. 
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Fig. 4.17: Time history plots of the maximum induced uplift force (Fz) for different bore strengths and R = 0.67 

4.2.4 Effects of contraction on the maximum tsunami-induced forces 

4.2.4.1 Horizontal force 

As shown in Fig. 4.18a, decreasing the opening ratio results in a decrease in the horizontal 

force due to the creation of a lateral flow. A smaller opening ratio also leads to a higher flow 

velocity, and as a result, the flow tends to move upward and overtop the deck rather than to 

apply a load to the upstream side of the deck. The maximum horizontal force was recorded at 

R = 1.0, where the tsunami flow develops mostly under the deck across the full width of the 

bridge. Fig. 4.18b shows that the horizontal force increases with an increase in the submergence 

ratio, as a higher submergence ratio means a higher bore and a smaller deck clearance. These 

findings are in agreement with the results of Sugimoto et al. (2007) and Suchithra et al. (1995). 

The experimental results of the bridge model with spill-through abutments shown in Figs. 4.19a 

and b display a similar shape to the results obtained for the wing wall abutments, apart from 

the magnitude of the horizontal force, which was greater for the spill-through abutments. Spill-

through abutments have smoother edges compared with the sharp edges of the wing wall 

abutments, and therefore less energy is lost during the bore interaction with the spill-through 

abutments. 
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Fig. 4.18: Relationship between the normalised maximum horizontal force and the parameters in Eq. (4.8) for wing wall 

abutments 
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Fig. 4.19: Relationship between the normalised maximum horizontal force and the parameters in Eq. (4.8) for spill through 

abutments 

4.2.4.2 Uplift force 

Fig. 4.20a displays the measured uplift force for the wing wall abutments. The results are 

displayed in the same manner as for the horizontal force. The results in the figure show an 

increasing trend as the opening ratio decreased until reaching a peak point at approximately 

R = 0.5, followed by a decreasing trend further on. As mentioned in Section 4.2.5.1, a smaller 

opening ratio leads to a higher flow velocity. This flow tends to move upward and cause an 

impact underneath the bridge deck, which results in a greater uplift force compared with the 

no-abutment condition. For opening ratios lower than 0.5, the amount of overtopping tends to 

be greater and as a result, the overtopped water exerts greater downward force on the top 

surface of the deck compared with opening ratios greater than 0.5. This leads to a smaller 

uplift force and a decreasing trend for R 0.5 . Fig. 4.20b shows that the uplift force increases 

with the increase in the submergence ratio, as a higher submergence ratio means a higher bore 

and a smaller deck clearance. This is consistent with the results of Sugimoto et al. (2007) and 

Qu et al. (2017). There was zero uplift force when the flume was fully blocked (i.e., R = 0), 

as the bore flow hit the front face and top side of the deck and overtopped the deck instead of 
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flowing on its underside. Therefore, the curves for the normalised uplift force were fitted to a 

value of zero at R = 0. The measured uplift force for the spill-through abutments, shown in 

Figs. 4.21a and b, demonstrate an identical trend to the wing wall abutments for similar test 

cases. The only exception is the magnitude of the uplift force, which is greater for the spill-

through abutments due to the smoother edges compared with the wing wall abutment sharp 

edges, and therefore less energy is lost during the bore interaction with the spill-through 

abutments. 

 

 

Fig. 4.20: Relationship between the normalised maximum uplift force and the parameters in Eq. (4.8) for wing wall 

abutments  
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Fig. 4.21: Relationship between the normalised maximum uplift force and the parameters in Eq. (4.8) for spill through 

abutments 

4.2.5 Characteristic tsunami forces for a box section bridge deck with abutments 

The tsunami bore forces on a box section bridge deck with abutments depend on the following 

parameters in this study: 
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where ρ is water density, g is gravitational acceleration, hb is bore height, hd is deck clearance, 

LL, WL, and dss are the bridge deck dimensions, W1 is the full width of the flume without 

abutments and W2 is the clearance between the two abutments as shown in Fig. 3.17. 
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The horizontal force was normalised as 20.5 b vu A , where Av is the vertical projected area of the 

bridge deck. The submergence ratio (Sr) was characterised as a dimensionless height parameter 

as follows: 

b
r

d

h
S

h
=                                                                                                                                        (4.6) 

The opening ratio was proposed as follows: 

2

1

=
W

R
W

                                                                                                                                       (4.7) 

The submergence ratio is introduced as a measure of the bore height over the deck clearance, 

as the magnitude of the tsunami bore forces increased with an increase in the bore height (hb) 

and a decrease in the deck clearance (hd). After eliminating the constant parameters (ρ, g, LL, 

WL, and dss) and based on Eqs. (4.1), (4.6) and (4.7), Eq. (4.5) can be rewritten as follows: 

( )*

2
,

0.5
r

b

F
F f S R

u A
= =                                                                                                                     (4.8)  

4.2.6 Equations for estimating tsunami forces 

This section provides a series of graphs to demonstrate the effect of the opening ratio (R) and 

the submergence ratio (Sr) on the tsunami bore induced forces.    

As seen in Figs 4.18a and 4.19a, a correlation exists between the normalised horizontal force 

and the opening ratio. There is also a logarithmic relationship between the normalised 

horizontal force and the submergence ratio as shown in Figs. 4.18b and 4.19b. Based on these 



Results and discussion 

 

128 

 

relationships and by applying the boundary conditions, the following numerical formula can 

be obtained:  

* 0.29

2
ln

0.5
= =  x

x Hi r

b v

F
F C R S

u A
                                                                                                              (4.9) 

where CHi is the coefficient of the horizontal impulsive force and has a value of 1.8. The values 

of 1.0 and 1.5 for CHi were recommended by Lau et al. (2011) and Melville et al. (2015), 

respectively. Figs. 4.22 and 4.23 compare the horizontal forces measured by the load cell with 

those estimated by Eq. (4.9). In general, the figures show that the error of the proposed equation 

is less than 20% for both the wing wall and the spill-through abutments. 

 

Fig. 4.22: Comparison of the values of the maximum horizontal force from Eq. (4.9) and from the experiment (wing wall) 
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Fig. 4.23: Comparison of the values of the maximum horizontal force from Eq. (4.9) and from the experiment (spill through) 

The relationship between the normalised uplift force and the dimensionless parameters Sr and 

R is expressed by Eq. (4.10).  
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Figs. 4.24 and 4.25 compare the uplift forces measured by the load cell with those estimated 

by Eq. (4.10). In general, the figures show that the error of the proposed equation is less than 

20% for both the wing wall and the spill-through abutments. 
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Fig. 4.24: Comparison of the values of the normalised uplift force from Eq. (4.10) and from the experiment (wing wall) 

 

Fig. 4.25: Comparison of the values of the normalised uplift force from Eq. (4.10) and from the experiment (spill through) 
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4.3 Deck girder section bridge 

A deck girder section bridge was tested with varying bore heights and deck clearances and five 

repetitions for each experiment. Overall, 64 individual test cases were conducted to 

characterise the impact loads of a tsunami bore on this type of bridge deck. 

4.3.1 Tsunami flow generation over the deck girder section bridge 

Figs. 4.26 and 4.28 show photographs looking from the side window taken at the instant of the 

bore arrival at the bridge location and at the initial impact, respectively, for the experiments 

where the bridge deck was perpendicular to the flow direction (i.e. the unskewed deck girder 

section bridge). The experiments for the deck girder section bridge were conducted in Flume 

B. 

 

Fig. 4.26: An example of the generated bore impinging on the deck girder section bridge at the instant of impact (the bore 

travel direction is from right to left) 

Similar to the box section bridge deck, the impact process was divided into two main stages: 

1) initial impact, and 2) fully inundated condition. Figs. 4.27a to c show the initial impact, the 

instant of overtopping soon after the first arrival of the bore at the bridge location and the quasi-

steady state, respectively.   
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Fig. 4.27: Photographs taken during the experiments (G1) 

 

Fig. 4.28: An example of the generated bore impinging on the deck girder section bridge at the instant of impact (side view) 

4.3.2 Tsunami bore induced forces 

Figs. 4.29, 4.30, and 4.31 illustrate the time history of the horizontal force (Fx), uplift force 

(Fz), and pitching moment (My), respectively, for the three representative cases (strong, 

moderate, and weak bores), all with the same deck clearance of hd = 100 mm. The magnitude 

(b) (a) 

(c) 
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of the forces increases with the increase of the bore strength (i.e., bore height and velocity), 

which is in agreement with the results of studies by Motley et al. (2015) and Shafiei et al. 

(2018). It was also noted that the weaker the bore, the greater the delay for the peak force to 

occur. This is because the bore front is not strong enough for a weak bore, and more water 

needs to be accumulated in front of the bridge to create the peak force following the first impact. 

These time history plots show similar trends to those obtained for the box section deck (Figs. 

4.9, 4.11, and 4.12). The normalised results shown in Figs. 4.44 and 4.45 indicate smaller 

horizontal force for the deck girder section bridge compared with the box-section bridge deck, 

as air was trapped in the voids between the girders and the air bubbles acted as a damper. These 

findings are consistent with the numerical study carried out by Yim et al. (2011). Figs. 4.52 

and 4.53 show greater normalised uplift force for the deck girder section bridge compared with 

the box section bridge deck caused by the air trapped in the girders, which resulted in higher 

buoyancy forces. These results are consistent with the findings of Istrati et al. (2019). However, 

Yim et al. (2011) found higher uplift forces for the box section bridge deck, although they 

noted that their findings should be further investigated using physical modelling. 

 

Fig. 4.29: Time history plots of the induced horizontal force (Fx) 
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Fig. 4.30: Time history plots of the induced uplift force (Fz) 

 

Fig. 4.31: Time history plots of the induced pitching moment (My) 

4.4 The skewed box section bridge deck 

Skewed bridges are commonly used to cross roadways, waterways, railways, or landscape 

features that are not perpendicular to the longitudinal direction of a bridge at the intersection. 

Skewed bridges are characterised by their skew angle, defined as the angle between a line 

normal to the centreline of the bridge and the centreline of the support (abutment or pier). This 

section provides a more detailed investigation regarding the effects of tsunami bore impact on 

a skewed bridge with various skew angles. The main differences between an unskewed and 

skewed bridge are as follows. 
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➢ The longitudinal axis of the skewed bridge is not perpendicular to the direction of the 

incoming wave. 

➢ The bore front reaches one side of the skewed bridge deck before the other side, which 

generates a lateral force (Fy) and rolling and yawing moments (Mx and Mz) that do not 

exist in unskewed bridges. 

The moment generated in the flow direction (X-axis) is called the rolling moment, the moment 

generated in the lift direction (Z-axis) is called the yawing moment, and the moment generated 

in the lateral force direction (Y-axis) is called the pitching moment (Cengel et al., 2012). Sixty-

four individual experiments were undertaken comprising different combinations of skew 

angles (10°, 20°, and 30°), bore strengths (strong, moderate, and weak bores), and deck 

clearances (hd) as shown in Appendix A, Table A.2. Five repetitions of each experiment were 

carried out to ensure the consistency of the results, giving a total of 320 tests.     

4.4.1 Tsunami flow generation over the skewed box section bridge deck 

The time history plots of the skewed box section deck display a similar shape to the unskewed 

box section deck shown in Section 4.1.2 apart from the initial impact. Figs. 4.32a and b show 

the impact of the bore front region on the unskewed and skewed bridge decks, respectively. 

The bore front hit one side of the deck before the other side in the case of a skewed bridge 

deck, which created different overtopping processes at the instant of impact compared with the 

unskewed bridge deck. The initial impact mechanism on the skewed bridge deck generates a 

lateral force (Fy) and also rolling and yawing moments (Mx and Mz) in addition to the horizontal 

and uplift forces (Fx and Fz) and pitching moment (My) observed on the unskewed bridge deck. 

Currently, no method is available in the literature to estimate the abovementioned additional 

components.  
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Fig. 4.32: An example of the generated bore impinging on the (a) unskewed and (b) skewed box section bridge deck 

4.4.2 Tsunami bore induced forces 

The overall trend of the horizontal and uplift forces shown in the time history plots (Figs. 4.33 

and 4.35) is identical to the trend of the measured forces observed for the unskewed box section 

bridge deck (Case B1). The horizontal force (Fx) suddenly rises to a maximum soon after the 

first impact of the tsunami bore on the bridge structure (Motley et al., 2015; Wong, 2015). The 

peak horizontal force is followed by a gradual reduction of up to 25% on average for all the 

test cases regardless of the skew angle. The time history plots of individual test cases were 

synchronised by shifting them, so the initial rise occurs at t = 3.0 s after the gate opening time. 

This synchronisation method was chosen to provide a better way to compare the time history 

of the unskewed and skewed bridges and was applied to the plots provided in Figs. 4.33 to 

4.38. 

The time history of the horizontal force (Fig. 4.33) shows a reduction of up to 20% on average 

caused by the increase of the skew angle to 30°. The front acute corner of the deck is the first 

point of contact by the bore front, which creates a non-uniform distribution of the tsunami force 

and the abovementioned reduction at the instant of impact. These findings are consistent with 

the study by Wong (2015). 

(b) (a) 
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Video recordings showed a water diversion towards the flume sidewalls in the Y direction due 

to the skewness of the deck, introducing a lateral force component (Fy), as shown in Fig. 4.34, 

and additional moment components (Mx and Mz), as shown in Fig. 4.42 and 4.44. These values 

are non-existent for the unskewed box section bridge deck. The observed oscillations in the 

time history of the lateral force for the unskewed bridge are due to the minor vibration of the 

bridge connections at the bottom base plate during the bore impact. The magnitude of these 

oscillations is significantly lower than the measured lateral forces shown in Fig. 4.34. The 

lateral force increases with the increase of the skew angle, as shown in Fig. 4.34. Depending 

on the skew angle, the lateral force can be significant. The results show that for a 30° skew 

angle the lateral force is approximately 80% of the horizontal force. 

A similar trend to the unskewed box section bridge deck (Fig. 4.11) can be observed in the time 

history of the vertical force for the skewed bridge (Fig. 4.35). The initial rise of the vertical 

force was found to be sensitive to the skew angle, which is consistent with the results presented 

by Wong (2015). A reduction of up to 22% was observed as the skew angle was increased to 

30°. The reduction of the initial uplift force could be due to the different mechanisms of the 

initial impact on the skewed bridges, as the tsunami bore hit the acute corner of the skewed 

deck before reaching the other side. The initial rise was followed by a drastic reduction in the 

uplift force for the skewed bridge test cases unlike the unskewed bridge. The time history of 

the uplift force for the unskewed bridge showed a reduction of approximately 50% after the 

initial sudden rise (Fig. 4.11), while this reduction is more than 90% for all skewed bridge test 

cases as shown in Fig. 4.35. That is, the magnitude of the downward vertical force increases 

with the increase of the skew angle. Under the same bore strength and deck clearance (hd), a 

small portion of the overtopped water hit the top surface of the unskewed bridge deck, and the 

remaining water joined the main flow downstream of the bridge model. In contrast, a large 
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amount of water hit the top surface of the deck of the skewed bridge due to its geometry, which 

resulted in smaller uplift forces than those observed for the unskewed bridge. 

 

Fig. 4.33: Time history plots of the induced horizontal force (Fx) for different skew angles and the strong bore 

 

Fig. 4.34: Time history plots of the induced lateral force (Fy) for different skew angles and the strong bore 

 

Fig. 4.35: Time history of the induced uplift forces (Fz) with different skew angles for the strong bore 
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4.4.3 Tsunami bore induced moments 

The measured rolling (Mx), pitching (My), and yawing moments (Mz) are presented in Figs. 

4.36 to 4.38, respectively, for the strong bore and different skew angles. 

As mentioned in Section 4.4.2, the skew angle has an influence on the magnitude of the tsunami 

bore induced forces and moments on a bridge deck, mainly due to the different geometry and 

angle between the longitudinal axis of the bridge deck and the direction of the incoming bore. 

The front acute corner of the bridge deck is the first point of the deck hit by the bore front, 

which lifts one side of the deck and rotates it around the flow direction (Mx). The flow spreads 

over the entire span of the deck afterwards. This lag in the period of initial impact introduces 

the yawing moment (Mz). Mz rotates the bridge in the horizontal plane. Both Mx and Mz are 

negligible for the unskewed bridge.       

The overall trend of the pitching moment shown in the time history is similar to the moment 

observed for the unskewed box section bridge deck (Case B1) and includes a sudden rise that 

reaches a maximum soon after the first impact of the tsunami bore on the bridge deck (Motley 

et al., 2015; Wong, 2015). The peak is followed by a drastic reduction of up to 85% on average 

as the skew angle increases to 30°. 

Figs. 4.36 and 4.38 show an increasing trend for the rolling and yawing moments, respectively, 

as the skew angle increases. The asymmetrical geometry of the skewed bridge deck on both 

sides of the vertical plane of symmetry causes a water diversion towards the flume sidewalls 

in the Y direction and a non-synchronous impact. As the skew angle increases, the effect of the 

water diversion and the increase in the magnitude of the rolling and yawing moments are more 

pronounced. That is, the bore flow direction is not perpendicular to the bridge deck longitudinal 

axis and hits one side of the skewed bridge deck before the other side (also captured on video 
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recordings), introducing rolling and yawing moments (Mx and Mz), which do not exist for the 

unskewed box section bridge deck. 

The observed oscillations in the time history of the rolling and yawing moments for the 

unskewed bridge are due to the minor vibration of the bridge connections at the bottom base 

plate during the impact.  

 

Fig. 4.36: Time history plots of the induced rolling moment (Mx) for different skew angles and the strong bore 

 

Fig. 4.37: Time history plots of the induced pitching moment (My) for different skew angles and the strong bore 
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Fig. 4.38: Time history plots of the induced yawing moment (Mz) for different skew angles and the strong bore 

4.5 The skewed deck girder section bridge 

This section provides the results of an experimental investigation of the effects of the tsunami 

bore impact on a skewed deck girder section bridge with skew angles of 10°, 20°, and 30°. The 

main differences between the unskewed and skewed bridges are covered in Section 4.4. 

4.5.1 Tsunami flow generation over the deck girder section bridge 

Figs. 4.39a, b, and c show the different stages of the impact of a tsunami bore on a skewed 

deck girder section bridge, which are similar to the skewed box section bridge deck. Details of 

the impact process are described in Section 4.4.1. 

 

(b) (a) 
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Fig. 4.39: Photographs taken during the experiments (SG1) 

Figs. 4.40a and b show the bore front impact on the unskewed and skewed deck girder section 

bridge, respectively, which introduces the additional force and moment components explained 

in Section 4.4.2. 

 

Fig. 4.40: An example of the generated bore impinging on the (a) unskewed and (b) skewed deck girder section bridge 

4.5.2 Tsunami bore induced forces 

The time history plots of the measured induced forces display a similar shape to the results 

obtained for the skewed box section bridge deck. The main difference is the magnitude of the 

resulting forces and moments. The differences between the box section and the deck girder 

section bridges are highlighted in Section 4.3.2. 

(c) 

(b) (a) 
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Fig. 4.41: Time history plots of the horizontal force (Fx) for different skew angles and the strong bore (deck girder section) 

 

Fig. 4.42: Time history plots of the lateral force (Fy) for different skew angles and the strong bore (deck girder section) 

 

Fig. 4.43: Time history plot of the uplift force (Fz) for different skew angles and the strong (deck girder section) 
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4.5.3 Characteristics of the tsunami forces for a skewed bridge deck 

The tsunami bore forces on a skewed bridge deck depend on the following parameters in this 

study: 

( , , , , , , , , ) = b d b L L ssF f g h h u L W d                                                                                                     (4.11) 

where ρ is water density, g is gravitational acceleration, hb is bore height, hd is deck clearance, 

LL, WL and dss are deck dimensions and θ is the skew angle.  

The maximum horizontal force was normalised as 20.5 b vu A , where Av is the vertical projected 

area of the bridge deck. The submergence ratio of the bridge deck (Sr) was characterised as a 

dimensionless height parameter as follows: 

b
r

d

h
S

h
=                                                                                                                                   (4.12) 

After eliminating the constant parameters (ρ, g, LL, WL, and dss) and based on Eq. (4.1) and Eq. 

(4.12), Eq. (4.11) can be rewritten as follows: 

( )*

2
,

0.5



= = r

b v

F
F f S

u A
                                                                                                      (4.13)  

4.5.4 Equations for estimating tsunami forces on a skewed bridge deck 

This section provides a series of graphs to demonstrate the effect of the skew angle (θ) and the 

submergence ratio (Sr) on the normalised horizontal tsunami bore induced forces.    

Figs. 4.44a and 4.45a show a decreasing trend for the normalised horizontal force with the 

increase of the skew angle for a skewed box section bridge and a deck girder section bridge, 
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respectively. Based on the observed trend, it was inferred that the reduction of the normalised 

horizontal force continued until it was levelled to approximately zero at the 90° skew angle. 

However, further investigation is warranted to verify this assumption in the future. A wide 

range of *

xF  values, varying from 0.5 to 3.5, was observed by different researchers (Iemura et 

al., 2007; Melville et al., 2015; Shoji et al., 2011; Yim et al., 2011). Figs. 4.44b and 4.45b show 

an increasing trend with the increase in the submergence ratio as the magnitude of the tsunami 

bore forces increased with the increase in the bore height (hb) and the decrease in the deck 

clearance (hd). The normalised horizontal force was found to be greater for the skewed box 

section bridge deck than for the deck girder section bridge, as air was trapped in the voids 

between the girders and the air bubbles acted as a damper. These findings are consistent with 

the numerical study carried out by Yim et al. (2011).  

The relationship between the normalised horizontal force and the dimensionless parameters tan 

θ and Sr is expressed by Eq. (4.14).  

tan*

2
ln

0.5





−
= = xAx

x r

b v

F
F e S

u A
                                                                                               (4.14) 

where Ax is 1.25 for the box section deck and 1.75 for the deck girder section bridge. Figs. 4.46 

and 4.47 compare the horizontal forces measured by the load cell and those estimated by Eq. 

(4.14) for the skewed box section and the deck girder section bridges, respectively. In general, 

the figures show that the error of the provided equation is less than 20%. However, the 

recommended equation underpredicts the experimental results when skew angle is small. 

Further experimental or numerical investigation for a wider range of skew angles is needed to 

address this issue. 
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Fig.4.44: Relationship between the normalised horizontal force and the parameters in Eq. (4.14) for the skewed box section 

deck 
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Fig. 4.45: Relationship between the normalised maximum horizontal force and the parameters in Eq. (4.14) for the skewed 

deck girder section 

 

Fig. 4.46: Comparison of the values of the normalised streamwise force from Eq. (4.14) and from the experiment for the 

skewed box section deck 
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Fig. 4.47: Comparison of the values of the normalised streamwise force from Eq. (4.14) and from the experiment for the 

deck girder section bridge 

Figs. 4.48a and 4.49a show an increasing trend for the lateral force with the increase of the 

skew angle for the skewed box section and the deck girder section bridges, respectively. Figs. 

4.48a and 4.49a also indicate that the normalised lateral force reaches its maximum value at 

the 90° skew angle. No previous investigations of the value of 
*

yF  were found during the 

literature review carried out for this study. Figs. 4.48b and 4.49b also show an increasing trend 

for the normalised lateral force with the increase in the submergence ratio. The normalised 

lateral force was found to be larger for the skewed box section deck than for the deck girder 

section. The relationship between the normalised lateral force and the dimensionless 

parameters cot θ and Sr is expressed by Eq. (4.15).  
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Figs. 4.50 and 4.51 compare the maximum horizontal forces measured by the load cell with 

those estimated by Eq. (4.15) for the skewed box section and deck girder section bridges. The 

figures show that the error of the proposed equation is, in general, less than 20%. 

  

  

Fig. 4.48: Relationship between the normalised lateral forces and the parameters in Eq. (4.15) for the skewed box section 

deck 
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Fig. 4.49: Relationship between the normalised lateral forces and the parameters in Eq. (4.15) for the deck girder section 

bridge 
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Fig. 4.50: Comparison of the normalised lateral force values from Eq. (4.15) with the experimental values for the box section 

bridge deck 

 

Fig. 4.51: Comparison of the normalised lateral force values from Eq. (4.15) with the experimental values for the deck girder 

section bridge 
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The normalised uplift force demonstrates a decreasing trend with the increase of the skew 

angle, as shown in Figs. 4.52a and 4.53a for the skewed box section and deck girder section 

bridges, respectively. Based on the observed trend, it was inferred that the reduction of the 

normalised uplift force continued until it was levelled to approximately zero at the 90° skew 

angle. However, further investigation is warranted to verify this assumption in the future. 

Similar to 
*

yF , no previous investigations of the value of *

zF  were found during the literature 

review carried out for this study. Figs. 4.52b and 4.53b show that as the submergence ratio 

increases, the normalised uplift force also increases. The uplift force was normalised as 

2cos 0.5 b hu A  , where Ah is the horizontal projected area of the bridge deck. The normalised 

uplift force was found to be greater for the skewed box section bridge deck than for the deck 

girder section bridge. 

The relationship between the normalised uplift force and the dimensionless parameters tan θ 

and Sr is expressed by Eq. (4.16).  

* 0.3tan

2

cos
ln

0.5





−= =  z
z Vu r

b h

F
F C e S

u A
                                                                                                (4.16) 

where CVu is the coefficient of vertical impulsive force with a value of 0.18 for the skewed box 

section deck and 0.14 for the skewed deck girder section bridge. Figs. 4.54 and 4.55 compare 

the maximum uplift forces measured by the load cell with those estimated by Eq. (4.16) for the 

skewed box section and deck girder section bridges, respectively. In general, the figures show 

that the error of the provided equation is less than 20%. 
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Fig. 4.52: Relationship between the normalised uplift forces and the parameters in Eq. (4.16) for the skewed box section 

deck 
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Fig. 4.53: Relationship between the normalised uplift forces and the parameters in Eq. (4.16) for the deck girder section 

bridge 

 

Fig. 4.54: Comparison of the normalised uplift force values from Eq. (4.16) with the experimental values for the skewed box 

section deck 

0.0

0.1

0.2

0.3

0.0 0.5 1.0 1.5 2.0 2.5 3.0

F
z

co
sθ

/0
.5

ρ
u

b
2
A

h

Sr=hb/hd

0˚ skew angle 10˚ skew angle 20˚ skew angle 30˚ skew angle

0.0

0.1

0.2

0.3

0.00 0.10 0.20 0.30

V
al

u
e 

o
f 

F
z*

fr
o
m

 e
x

p
er

im
en

t

Value of Fz
* from Eq. (4.16) 

0˚ skew angle 10˚ skew angle 20˚ skew angle

30˚ skew angle 1:1 line 20% Deviation

(b) 



Results and discussion 

 

155 

 

 

Fig. 4.55: Comparison of the normalised uplift force values from Eq. (4.16) with the experimental values for the deck girder 

section bridge 

4.5.5 Tsunami bore induced moments 

The measured rolling (Mx), pitching (My) and yawing moments (Mz) are given in Figs. 4.56 to 

4.58, respectively, for the strong bore and different skew angles. The time history of the 

induced moments shows a similar shape to the time history of the skewed box section bridge 

deck. The main difference is that the moments observed on the deck girder section bridge are 

greater than those for the skewed box section bridge deck, as the measured forces were found 

to be greater for the deck girder section bridge. 
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Fig. 4.56: Time history plots of the induced rolling moment (Mx) for different skew angles and the strong bore 

 

Fig. 4.57: Time history plots of the induced pitching moment (My) for different skew angles and the strong bore 

 

Fig. 4.58: Time history plots of the induced yawing moment (Mz) for different skew angles and the strong bore 
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4.5.6 The combined effects of skewness and contraction on tsunami-induced forces 

This section presents the recommended equations to estimate the tsunami forces on a skewed 

deck, including the combined effects of skewness and contraction. The combination of the 

proposed equations in Sections 4.2.6 and 4.5.4 results in the following equations: 

tan* 0.29

2
ln

0.5





−
= =   xAx

x Hi r

b v

F
F C e R S

u A
                                                                                         (4.17) 
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(1.95 1.7 ) ln
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b h
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−= =    −                                                                        (4.18) 

where Ax is 1.25 for the box section deck and 1.75 for the deck girder section deck. CHi is the 

coefficient of horizontal impulsive force with a value of 1.8 for both skewed box section and 

skewed deck girder section bridges. CVu is the coefficient of vertical impulsive force with a 

value of 0.14 for the skewed box section bridge deck and 0.18 for the skewed deck girder 

section bridge. 

4.5.7 Comparison with the available guidelines and modelling 

Figs. 4.59 and 4.60 show a comparison of the estimated values of the tsunami-induced 

horizontal and uplift forces, respectively, using the available equations in the literature 

(presented in Chapter 2) and for the range of tsunami bore heights and velocities used in this 

study. These figures are an excerpt from the currently available guidance for estimating 

tsunami loads on bridges. The equations proposed by Yim et al. (2011) and Douglass et al. 

(2006) for wind-driven wave forces on bridges, the equations developed based on the numerical 

modelling by Kosa et al. (2010) and Lau et al. (2011), and the equations proposed by Yokoi et 

al. (2013), CCH (2000), Heintz et al. (2012), and ASCE (2016) are plotted in Figs. 4.59 and 

4.60. The last three sources are generally used for the estimation of tsunami loads on buildings 

but were adapted for the estimation of tsunami loads on bridges in this study.  
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As mentioned in Chapter 2, the equations were used in this study to estimate the tsunami-

induced loads on a typical New Zealand road bridge for a range of bore heights. Although there 

is a significant difference between some of the equations in Fig. 4.59, a good agreement can be 

observed between the horizontal force using a safety factor value of 1.0 and the results obtained 

by Lau et al. (2011), Yokoi et al. (2013) and Kosa (2011). Yokoi et al. (2013) used the Japanese 

“Specifications for Highway Bridges” to provide their recommended equations. As mentioned 

in Chapter 2, the bridges that were designed based on the post-1990 Japanese “Specifications 

for Highway Bridges” survived or had minor damage. The consistency between the results of 

the current study with those provided by Yokoi et al. (2013) and accordingly with the Japanese 

“Specifications for Highway Bridges” is one of the most significant findings to emerge from 

this study and highlights the applicability of the proposed equations to minimise the damage to 

highway bridges following a tsunami event.   

The assumption of a large net pressure inside the girder chambers and the application of a large 

impulsive force coefficient CHi = 6.0 are the two main reasons for the high magnitude of the 

estimated total force using the equations proposed by Douglass et al. (2006). The values 

estimated using the equations proposed by Lau et al. (2011) indicate a satisfactory agreement 

between their proposed equations and the measured values in this study. 

As Fig. 4.59 shows, the results of this study using a safety factor value of 2.0 are consistent 

with the results obtained by ASCE (2017). The equations proposed by Melville et al. (2015), 

using a drag coefficient value of Cd = 3.0 in Eq. (2.36) (e.g., CHq = 2.0, CHi = 1.5), nearly 

encompass all modelling results, except those by CCH (2000) for a flow depth of greater than 

7.5 m, which appear to be the most conservative approach.  

Similar to the equations proposed by Douglass et al. (2006), the large values shown in Fig. 4.59 

for the equation proposed by Yim et al. (2011) are due to the use of the n multiplier, which is 
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not supported by the results of any other research. This multiplier leads to a different trend and 

to large forces for stronger bores compared to other equations. In some of these studies, the 

applied forces were measured only on the bridge deck. This means that when the bore height 

is lower than the deck clearance, the applied horizontal force is zero, as shown in Figs. 4.59 

and 4.60. 

Fig. 4.60 shows that the results of this study using a safety factor value of 1.0 are consistent 

with the results obtained by Lau et al. (2011) in terms of the uplift forces applied to the bridge 

deck. The results of this study using a safety factor value of 2.0 are consistent with the results 

obtained by ASCE (2016) and Yim et al. (2011). Similar to the maximum horizontal force, the 

equation proposed by Melville et al. (2015) appears to be the most conservative approach to 

estimate the tsunami-induced uplift force on the bridge deck.   

4.5.8  Effects of handrails on the tsunami-induced forces on a deck girder section bridge 

This section assesses the effects of handrails on the magnitude of the tsunami-induced forces 

on a deck girder section bridge. The present study compared three configurations, where the 

first one is the deck girder section bridge without handrails, and the other two are the deck 

girder section bridge with porous and solid handrails. The details of the bridge handrails are 

given in Chapter 3 (Figs. 3.10 and 3.11). Both solid and porous handrails are 25 mm high, and 

the porous handrail opening size is 15 mm by 50 mm.  

The time history of the horizontal forces (Fig. 4.61) show an increase of approximately 18% 

and 31% for porous and solid handrails, respectively. This increase seems to be caused by the 

increase in the vertical projected area due to the handrail installations. 
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Fig. 4.59: Plots of equations for estimating the maximum horizontal tsunami-induced forces on a deck girder section bridge 
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Fig. 4.60: Plots of equations for estimating the maximum uplift tsunami-induced forces on a deck girder section bridge 
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The time history of the uplift force (Fig. 4.62) also suggests an increase of up to 25% for the 

initial uplift force on the deck girder section bridge with a solid handrail. Therefore, the 

horizontal and vertical tsunami-induced forces measured on the bridge deck without handrails 

underestimate the applied forces and could be a non-conservative design approach. 

 

Fig. 4.61: Time history plots of the horizontal force (Fx) with and without handrails. 

 

Fig. 4.62: Time history plots of the uplift force (Fz) with and without handrails 
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Chapter 5 Conclusions and recommendations for 

future work 

Conclusions and recommendations for future work 

________________________________________________________ 

Chapter abstract 

The conclusions are presented in this chapter, including a summary and critique of the findings 

and recommended areas for further research. 
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5.1 Conclusions 

The recent 2011 Japan tsunami and the 2004 Indian Ocean tsunami had devastating effects on 

most of the bridges located near the shorelines. The coastal infrastructure and especially the 

bridges on the state highway network are a vital part of the economy of a country and are part 

of the essential infrastructure that needs to be operational following natural disaster events. 

Failure of the transportation infrastructure in tsunami-prone areas isolates communities, 

hinders emergency services, delays emergency repairs, and significantly affects the recovery 

of local economies. Thus, in response to the abovementioned extensive damage to coastal 

bridges and to understand their performance against tsunami bores, this study aims to 

experimentally investigate and quantify the tsunami bore impact loads on coastal bridges.  

5.2 Current codes and recommendations 

There are currently no design guidelines for estimating tsunami forces on bridges in New 

Zealand or any other Pacific Rim countries except ASCE (2016), which was developed in the 

United States of America for determining tsunami-induced forces on buildings. However, a 

comprehensive review has been conducted in this study on the recent numerical and 

experimental modelling research on tsunami-induced forces on bridges and structures as 

follows: 

• Wind-driven wave forces on bridge decks (Douglass et al., 2006); 

• Existing design codes specifying tsunami loads on buildings: The City and County of 

Honolulu Building Code (CCH, 2000), FEMA P646 – Guideline for Design of 

Structures for Vertical loads for Buildings Evacuations from Tsunamis (Heintz et al., 

2012), and Minimum Design Loads and Associated Criteria for Buildings and Other 

Structures (ASCE, 2016); 
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• Development of a guideline for tsunami loads on bridges (Yim et al., 2011); 

• Research recommendations from modelling studies for estimating tsunami forces on 

bridge decks (Lau et al., 2011; Nimmala et al., 2006; Sugimoto et al., 2007); 

• A comparison of bridge failures with the forces estimated using standard hydraulic 

equations (Yokoi et al., 2013); 

• The existing requirements of the New Zealand Transport Agency (NZTA) Bridge 

Manual for the consideration of tsunami effects on bridges (Melville et al., 2014, 2015). 

• An examination of these available sources for estimating tsunami forces on coastal 

bridges showed a large variation in the values estimated by the proposed equations and 

the lack of a general agreement on the type of forces exerted on a bridge deck 

(Livermore, 2014). 

The main objective of the present study was to improve the existing knowledge of the tsunami 

bore interaction with a bridge under different tsunami scenarios and geometries (i.e. 

contraction, skewness, deck clearance, and bore strength). To accomplish this, physical 

modelling of a tsunami bore in the laboratory was conducted for the investigation of: (1) the 

impact of a tsunami bore on a box section bridge deck with different deck clearances; (2) the 

impact of a tsunami bore on a deck girder section bridge with different deck clearances; (3) the 

effect of contraction on the tsunami-induced pressures and forces on a box section bridge deck 

with wing wall and spill-through abutments with different deck clearances; (4) the impact of a 

tsunami bore on a skewed box section bridge deck with different skew angles and deck 

clearances; and (5) the performance of a skewed deck girder section bridge under tsunami bore 

impact with different skew angles, deck clearances, and handrails (solid and porous handrails). 

The experiments were performed using two wave flumes, which were separated from the 

reservoir using an automatic gate designed to be lifted to a constant height to generate a tsunami 
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bore with different heights and velocities. Capacitance-type wave gauges were used to measure 

the bore depth and velocity. The applied forces and moments to the test structures were 

measured using a multi-axis load cell.    

The accuracy of the estimated loads is highly dependent on the flow parameters at the bridge 

location, which were identified as the key difference among the available methodologies. Large 

variations were observed between the methods proposed by researchers to estimate the tsunami 

bore velocity in terms of the tsunami bore depth. The results of this study suggested that the 

equation ( )
0.5

b u bu gh=  with αu values of 1.7 and 2.4 for Flumes A and B, respectively, gives 

a reasonable estimation of the bore velocity in terms of the bore height. 

The following conclusions can be made from the results of the present study: 

• Two main stages were observed during the impact of a tsunami bore on a bridge deck: 

1) initial impact, and 2) fully inundated condition, which is consistent with the findings 

of Azadbakht et al. (2014) and Shafiei et al. (2016).  

• The shape of the time history of the horizontal force due to the tsunami impact on a 

bridge comprises an initial sharp rise of short duration followed by a quasi-steady force 

of longer duration. 

• The magnitude of the horizontal and uplift forces was found to be similar for the 

unskewed box section and the unskewed deck girder section bridges, which is 

consistent with the results observed by Araki et al. (2008). 

• Regarding the time history of the measured vertical force, it was observed that soon 

after the first arrival of the tsunami bore at the bridge, the bridge deck experienced an 

upward vertical impulsive force resulting from an increase in the pressure under the 

bridge. The upward impulsive force rapidly changed to a downward force as the free-



Conclusions and recommendations for future work 

167 

 

surface elevation reached the top of the bridge deck and started to overflow, leading to 

ponding on the deck until the bridge was inundated. The downward vertical force is a 

combination of the hydrodynamic and hydrostatic forces (Nouri, 2008; Shafiei et al., 

2016).  

• For the box section bridge deck with abutments, a decreasing trend was observed in 

the time history of the measured horizontal force with the decrease in the opening ratio 

due to the creation of lateral flow. Smaller opening ratios lead to higher flow velocities, 

and as a result, the flow tended to move upward and overtop the deck rather than to 

apply a load to the top surface of the bridge deck. The maximum horizontal force was 

recorded at R = 1.0, with the tsunami flow developing mostly under the deck across 

the full width of the bridge. 

• The time history of the applied vertical force to a box section bridge deck with 

abutments displayed an increasing trend as the opening ratio decreased until reaching 

a peak point at approximately Sr = 0.5, followed by a decreasing trend further on. For 

submergence ratios lower than 0.5, the overtopping tended to be greater and as a result, 

the overtopped water exerted a larger downward force on the top surface of the deck 

than with submergence ratios greater than 0.5. This led to the smaller uplift forces and 

the decreasing trend for 0.5rS  . 

• The applied forces and moments were found to be slightly larger for the bridge with 

spill-through abutments due to their smoother edges and lower energy dissipation 

compared with wing wall abutments.  

• In terms of the impact of a tsunami bore on a box section bridge deck, a good agreement 

between the forces measured by the load cell, the forces measured by pressure 

transducers, and the theoretically computed forces using the equations proposed in the 

literature showed the validity of the experimental results. The horizontal force was 
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theoretically calculated based on the assumptions that the horizontal force was 

correlated with the tsunami bore flow velocity and, to a lesser extent, to the tsunami 

bore height, and that it was equal to the sum of the hydrodynamic and hydrostatic 

forces.   

• In terms of the impact of a tsunami bore on a skewed box section bridge, it was 

observed that the bore front hit the acute corner of the skewed bridge deck before the 

other side, creating the lateral force (Fy) and the rolling and yawing moments (Mx and 

Mz), which are non-existent for the unskewed bridge. The results showed a decreasing 

trend for the horizontal and vertical tsunami forces and pitching moments as the skew 

angle increased. On the other hand, an increasing trend was observed for the lateral 

force and for the rolling and yawing moments with the increase of the skew angle. 

Currently, no investigations are available in the literature regarding the 

abovementioned additional components. For example, for a 30° skew angle the lateral 

force was found to be approximately 80% of the horizontal force, which is significant 

and needs to be included in the design process of a bridge.  

• In terms of the impact of a tsunami bore on a skewed deck girder section bridge, the 

time history plots of the measured induced forces and moments displayed a similar 

shape to the results from the experiments with a skewed box section deck. The main 

difference was that the normalised horizontal force on the box section deck was greater 

than the force on the deck girder section, as the voids between the girders trapped the 

air and the air bubbles acted as a damper. In contrast, the normalised uplift force on a 

deck girder section bridge was found to be greater than the force applied to a box 

section bridge deck, as the trapped air between the girders resulted in higher buoyancy 

forces and consequently higher normalised uplift forces on the deck girder section 

bridge.  
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• There was a decrease of approximately 55% in the uplift force for the deck girder 

section bridge after the initial sudden rise and more than 90% for the box section bridge 

deck. The voids between the girders reduced the amount of overtopping, which led to 

a smaller reduction in the uplift force after the initial rise for the deck girder section 

bridge compared with the box section model, as shown in the time history plots. In 

other words, the magnitude of the downward vertical force for the deck girder section 

deck was found to be smaller than for the box section deck. 

• For the same bore strength and deck clearance (hd), a portion of the overtopped water 

hit the top surface of the unskewed bridge deck. The remaining water joined the main 

flow downstream of the bridge model. In contrast, a larger amount of water hit the top 

surface of the skewed bridge deck due to its geometry, which led to a larger downward 

vertical force. The bore flow overtopped the bridge at the front acute corner first and 

then hit the other side of the deck closer to the front obtuse corner. Consequently, a 

smaller portion of the water joined the main flow downstream of the bridge deck 

compared with the unskewed bridge. 

• All the experimental results were incorporated into the mathematical formulations and 

developed into a simplified method for estimating tsunami forces on bridge decks with 

different geometries. Critical empirical coefficients for bridge decks under tsunami 

loads were evaluated based on an average value of the scattering data from the 

experimental results because of the uncertainties resulting from the turbulent nature of 

a tsunami wave (Yim et al., 2011). Overall, the experimental results and proposed 

equations will be beneficial to researchers and bridge designers for the design of 

tsunami-resilient bridges and to facilitate the post-tsunami rescue efforts. 

• The consistency between the results of the current study with those obtained by Yokoi 

et al. (2013) and accordingly with the Japanese “Specifications for Highway Bridges” 
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is one of the most significant findings to emerge from this study and highlights the 

applicability of the proposed equations to minimise the damage to highway bridges 

following a tsunami event.   

• The equations proposed by Melville et al. (2015) were found to be the most 

conservative approach to estimate the tsunami-induced horizontal and uplift forces on 

the bridge deck. 

5.3 Recommendations for future work 

This research has highlighted many questions in need of further investigation in the following 

areas: 

• Increasing the scale could be one of the main improvements for future experiments to 

account for unknowns or uncertainties arising from different sources. A larger scale 

bridge model, reservoir, and sliding gate would increase the reliability of the 

experimental results, especially when dealing with air entrapment in the tsunami flow 

and minimise the disturbance of the deck on the generated tsunami bore. 

• Further investigation and experimentation are strongly recommended with higher 

submergence ratios to determine the upper limit of the submergence ratio in the 

equations proposed in this study.  

• The load measurements were taken for a clear water condition, which is not a realistic 

representation of a tsunami bore. Further experiments could be undertaken by including 

sediments, which would lead to a more accurate estimation of the tsunami bore impact 

on a bridge deck. The effects of debris and the tsunami back flow are the other two 

important factors to consider for future studies. 
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• Research is also needed to determine the effect of the number of girders on the tsunami 

bore induced forces and moments on a bridge deck. 

• Further physical modelling of tsunami flow on a skewed deck with contraction needs 

to be undertaken to validate the accuracy of the proposed equations. 

• Further research could explore the effect of the bridge model scale and of a tsunami 

bore train instead of a single bore. 
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Appendix A 
___________________________________________________________________________ 

Experimental test cases 

Table A.4: Different combinations of the bore height and velocity and deck clearance for the box section bridge 

deck (Flume B). 

 

 

 

 

 

 

 

 

 

 

Case WL (mm) GO (mm) hb (mm) hd (mm) ub (m/s) Skew Angle (degree) 

B1 

1100 500 290 

100 

4.05 

0 

B2 125 

B3 150 

B4 200 

B5 

1100 400 260 

100 

3.85 
B6 125 

B7 150 

B8 200 

B9 

900 300 210 

100 

3.45 
B10 125 

B11 150 

B12 200 

B13 

700 200 160 

100 

3.00 
B14 125 

B15 150 

B16 200 
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Table A.5: Different combinations of bore height and velocity and deck clearance for skewed box section bridge 

deck (Flume B). 

 

 

Case WL (mm) GO (mm) hb (mm) hd (mm) ub (m/s) Skew Angle (degree) 

SB1 

1100 500 290 

100 

4.05 

10 

SB2 125 

SB3 150 

SB4 200 

SB5 

1100 400 260 

100 

3.85 
SB6 125 

SB7 150 

SB8 200 

SB9 

900 300 210 

100 

3.45 
SB10 125 

SB11 150 

SB12 200 

SB13 

700 200 160 

100 

3.00 
SB14 125 

SB15 150 

SB16 200 

SB17 

1100 500 290 

100 

4.05 

20 

SB18 125 

SB19 150 

SB20 200 

SB21 

1100 400 260 

100 

3.85 
SB22 125 

SB23 150 

SB24 200 

SB25 

900 300 210 

100 

3.45 
SB26 125 

SB27 150 

SB28 200 

SB29 

700 200 160 

100 

3.00 
SB30 125 

SB31 150 

SB32 200 

SB33 

1100 500 290 

100 

4.05 

30 

SB34 125 

SB35 150 

SB36 200 

SB37 

1100 400 260 

100 

3.85 
SB38 125 

SB39 150 

SB40 200 

SB41 

900 300 210 

100 

3.45 
SB42 125 

SB43 150 

SB44 200 

SB45 

700 200 160 

100 

3.00 
SB46 125 

SB47 150 

SB48 200 
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Table A.6: Different combinations of bore height and velocity and deck clearance for the deck-girder section 

bridge (Flume B). 

 

 

 

 

 

 

 

 

 

 

 

Case WL (mm) GO (mm) hb (mm) hd (mm) ub (m/s) Skew Angle (degree) 

G1 

1100 500 290 

100 

4.05 

0 

G2 125 

G3 150 

G4 200 

G5 

1100 400 260 

100 

3.85 
G6 125 

G7 150 

G8 200 

G9 

900 300 210 

100 

3.45 
G10 125 

G11 150 

G12 200 

G13 

700 200 160 

100 

3.00 
G14 125 

G15 150 

G16 200 
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Table A.7: Different combinations of bore height and velocity and deck clearance for the skewed deck-girder 

section bridge (Flume B). 

 

 

Case WL (mm) GO (mm) hb (mm) hd (mm) ub (m/s) Skew Angle (degree) 

SG1 

1100 500 290 

100 

4.05 

10 

SG2 125 

SG3 150 

SG4 200 

SG5 

1100 400 260 

100 

3.85 
SG6 125 

SG7 150 

SG8 200 

SG9 

900 300 210 

100 

3.45 
SG10 125 

SG11 150 

SG12 200 

SG13 

700 200 160 

100 

3.00 
SG14 125 

SG15 150 

SG16 200 

SG17 

1100 500 290 

100 

4.05 

20 

SG18 125 

SG19 150 

SG20 200 

SG21 

1100 400 260 

100 

3.85 
SG22 125 

SG23 150 

SG24 200 

SG25 

900 300 210 

100 

3.45 
SG26 125 

SG27 150 

SG28 200 

SG29 

700 200 160 

100 

3.00 
SG30 125 

SG31 150 

SG32 200 

SG33 

1100 500 290 

100 

4.05 

30 

SG34 125 

SG35 150 

SG36 200 

SG37 

1100 400 260 

100 

3.85 
SG38 125 

SG39 150 

SG40 200 

SG41 

900 300 210 

100 

3.45 
SG42 125 

SG43 150 

SG44 200 

SG45 

700 200 160 

100 

3.00 
SG46 125 

SG47 150 

SG48 200 
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Table A.8: Different combinations of bore height and velocity and deck clearance for the wing wall abutments 

(Flume A). 

Case WL (mm) GO (mm) hb (mm) hd (mm) ub (m/s) R 

WW1 

1100 500 290 

100 

2.50 

1 

WW2 125 

WW3 150 

WW4 200 

WW5 

1100 400 260 

100 

2.35 
WW6 125 

WW7 150 

WW8 200 

WW9 

900 300 210 

100 

2.20 
WW10 125 

WW11 150 

WW12 200 

WW13 

700 200 160 

100 

1.90 
WW14 125 

WW15 150 

WW16 200 

WW17 

1100 500 290 

100 

2.50 

0.83 

WW18 125 

WW19 150 

WW20 200 

WW21 

1100 400 260 

100 

2.35 
WW22 125 

WW23 150 

WW24 200 

WW25 

900 300 210 

100 

2.20 
WW26 125 

WW27 150 

WW28 200 

WW29 

700 200 160 

100 

1.90 
WW30 125 

WW31 150 

WW32 200 

WW33 

1100 500 290 

100 

2.50 

0.67 

WW34 125 

WW35 150 

WW36 200 

WW37 

1100 400 260 

100 

2.35 
WW38 125 

WW39 150 

WW40 200 

WW41 

900 300 210 

100 

2.20 
WW42 125 

WW43 150 

WW44 200 

WW45 

700 200 160 

100 

1.90 
WW46 125 

WW47 150 

WW48 200 

WW49 

1100 500 290 

100 

4.05 
0.5 

WW50 125 

WW51 150 

WW52 200 

WW53 1100 400 260 100 3.85 
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WW54 125 

WW55 150 

WW56 200 

WW57 

900 300 210 

100 

3.45 
WW58 125 

WW59 150 

WW60 200 

WW61 

700 200 160 

100 

3.00 
WW62 125 

WW63 150 

WW64 200 
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Table A.9: Different combinations of bore height and velocity and deck clearance for the spill-through abutments 

(Flume A). 

Case WL (mm) GO (mm) hb (mm) hd (mm) ub (m/s) R 

ST1 

1100 500 290 

100 

4.05 

1 

ST2 125 

ST3 150 

ST4 200 

ST5 

1100 400 260 

100 

3.85 
ST6 125 

ST7 150 

ST8 200 

ST9 

900 300 210 

100 

3.45 
ST10 125 

ST11 150 

ST12 200 

ST13 

700 200 160 

100 

3.00 
ST14 125 

ST15 150 

ST16 200 

ST17 

1100 500 290 

100 

4.05 

0.83 

ST18 125 

ST19 150 

ST20 200 

ST21 

1100 400 260 

100 

3.85 
ST22 125 

ST23 150 

ST24 200 

ST25 

900 300 210 

100 

3.45 
ST26 125 

ST27 150 

ST28 200 

ST29 

700 200 160 

100 

3.00 
ST30 125 

ST31 150 

ST32 200 

ST33 

1100 500 290 

100 

4.05 

0.67 

ST34 125 

ST35 150 

ST36 200 

ST37 

1100 400 260 

100 

3.85 
ST38 125 

ST39 150 

ST40 200 

ST41 

900 300 210 

100 

3.45 
ST42 125 

ST43 150 

ST44 200 

ST45 

700 200 160 

100 

3.00 
ST46 125 

ST47 150 

ST48 200 

ST49 

1100 500 290 

100 

4.05 
0.5 

ST50 125 

ST51 150 

ST52 200 

ST53 1100 400 260 100 3.85 
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ST54 125 

ST55 150 

ST56 200 

ST57 

900 300 210 

100 

3.45 
ST58 125 

ST59 150 

ST60 200 

ST61 

700 200 160 

100 

3.00 
ST62 125 

ST63 150 

ST64 200 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

180 

 

Appendix B 
___________________________________________________________________________ 

Experimental Results 

Table B.10: Tsunami impact forces and moments measured by the load cell at the structure base on the 

unskewed box section bridge deck (Flume B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Case Fx (N) Fz (N) My (N.m) 

B1 250 220 47 

B2 225 183 42 

B3 207 160 34 

B4 145 110 24 

B5 234 179 40 

B6 184 147 32 

B7 157 130 29 

B8 120 60 15 

B9 175 125 28 

B10 149 98 21 

B11 121 70 14 

B12 16 51 0 

B13 95 76 15 

B14 62 29 9 

B15 25 5 0 

B16 0 0 0 
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Table B.11: Tsunami impact forces and moments measured by the load cell at the structure base on the skewed 

box section bridge deck (Flume B). 

 

Case Fx (N) Fy (N) Fz (N) Mx (N.m) My (N.m) Mz (N.m) 
Skew Angle 

(degree) 

SB1 223 50 205 24 39 5 

10 

SB2 185 40 157 19 33 3 

SB3 153 31 135 17 20 2 

SB4 109 22 84 12 11 1 

SB5 187 42 154 18 32 3 

SB6 144 32 125 14 21 2 

SB7 117 26 110 12 15 1 

SB8 82 16 50 9 8 0 

SB9 148 26 111 13 19 2 

SB10 120 20 84 11 9 1 

SB11 96 15 55 8 7 0 

SB12 12 14 33 3 2 0 

SB13 82 15 61 9 7 1 

SB14 51 10 20 5 4 0 

SB15 0 0 0 0 0 0 

SB16 0 0 0 0 0 0 

SB17 152 84 180 46 33 10 

20 

SB18 122 67 149 39 25 8 

SB19 111 52 116 33 14 6 

SB20 85 38 63 23 8 4 

SB21 135 71 141 37 25 8 

SB22 105 51 105 30 16 6 

SB23 88 44 92 28 11 5 

SB24 59 27 30 15 6 3 

SB25 111 44 98 25 15 5 

SB26 94 32 71 21 7 4 

SB27 71 24 40 15 7 3 

SB28 10 21 22 0 0 0 

SB29 65 25 52 16 5 3 

SB30 39 15 10 10 3 2 

SB31 0 0 0 0 0 0 

SB32 0 0 0 0 0 0 

SB33 115 103 165 61 28 13 

30 

SB34 95 89 135 50 19 10 

SB35 75 64 105 33 11 9 

SB36 68 50 52 31 5 6 

SB37 98 88 128 46 21 10 

SB38 78 63 100 37 12 8 

SB39 61 58 82 28 7 7 

SB40 32 37 20 22 4 4 

SB41 83 55 91 34 12 7 

SB42 62 43 62 27 4 5 

SB43 47 34 32 15 3 4 

SB44 6 31 16 6 4 1 

SB45 45 31 45 21 3 4 

SB46 31 20 5 13 2 3 

SB47 0 0 0 0 0 0 

SB48 0 0 0 0 0 0 
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Table B.12: Tsunami impact forces and moments measured by the load cell at the structure base on the unskewed 

deck-girder section bridge (Flume B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Case Fx (N) Fz (N) My (N.m) 

G1 298 307 50 

G2 248 260 41 

G3 220 207 30 

G4 160 159 15 

G5 267 249 39 

G6 228 192 29 

G7 200 169 21 

G8 139 100 11 

G9 235 164 27 

G10 161 124 14 

G11 120 95 10 

G12 47 0 1 

G13 151 95 10 

G14 105 53 6 

G15 42 0 2 

G16 0 0 0 
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Table B.13: Tsunami impact forces and moments measured by the load cell at the structure base on the skewed 

deck-girder section bridge (Flume B). 

 

Case Fx (N) Fy (N) Fz (N) Mx (N.m) My (N.m) Mz (N.m) 
Skew Angle 

(degree) 

SG1 233 55 280 28 47 7 

10 

SG2 180 43 226 21 38 5 

SG3 150 35 188 19 30 3 

SG4 114 28 128 15 21 3 

SG5 209 45 220 18 40 5 

SG6 172 31 168 17 29 3 

SG7 135 30 147 16 25 3 

SG8 91 18 89 12 13 2 

SG9 158 26 147 16 28 3 

SG10 137 23 111 13 19 2 

SG11 95 20 79 12 11 2 

SG12 21 13 40 9 0 1 

SG13 113 16 76 11 15 2 

SG14 78 10 45 9 7 1 

SG15 0 0 0 0 0 0 

SG16 0 0 0 0 0 0 

SG17 175 100 255 49 38 12 

20 

SG18 130 79 209 38 33 9 

SG19 102 65 159 35 26 7 

SG20 71 46 111 28 18 6 

SG21 156 83 198 38 31 10 

SG22 115 61 150 33 25 7 

SG23 92 52 131 29 22 6 

SG24 64 43 68 17 10 4 

SG25 128 50 134 27 22 6 

SG26 96 45 102 23 17 5 

SG27 61 29 62 21 9 4 

SG28 41 28 29 11 0 3 

SG29 75 33 72 17 12 4 

SG30 58 20 35 14 5 2 

SG31 0 0 0 0 0 0 

SG32 0 0 0 0 0 0 

SG33 120 138 225 67 31 15 

30 

SG34 105 115 188 51 28 12 

SG35 70 92 143 46 26 10 

SG36 49 70 88 38 14 7 

SG37 110 108 174 46 26 11 

SG38 80 85 139 44 21 9 

SG39 65 69 118 37 22 8 

SG40 41 47 56 32 8 5 

SG41 91 75 115 36 18 8 

SG42 65 61 94 31 13 7 

SG43 45 42 53 25 9 5 

SG44 37 39 19 20 0 4 

SG45 58 44 59 24 10 5 

SG46 47 26 21 21 4 3 

SG47 0 0 0 0 0 0 

SG48 0 0 0 0 0 0 
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Table B.14: Tsunami impact forces and moments measured by the load cell at the structure base on the box section 

bridge deck with wing wall abutments (Flume A). 

Case Fx (N) Fz (N) My (N.m) R 

WW1 93 83 32 

1.00 

WW2 67 53 31 

WW3 54 42 27 

WW4 13 14 25 

WW5 67 61 30 

WW6 50 40 28 

WW7 32 21 25 

WW8 0 0 0 

WW9 48 40 22 

WW10 35 22 20 

WW11 17 12 18 

WW12 0 0 0 

WW13 18 12 13 

WW14 5 2 10 

WW15 0 0 0 

WW16 0 0 0 

WW17 81 116 30 

0.83 

WW18 57 88 28 

WW19 40 68 25 

WW20 10 28 22 

WW21 60 89 28 

WW22 42 66 24 

WW23 26 46 23 

WW24 0 0 0 

WW25 41 63 21 

WW26 28 45 19 

WW27 13 26 15 

WW28 0 0 0 

WW29 15 25 11 

WW30 4 3 9 

WW31 0 0 0 

WW32 0 0 0 

WW33 73 145 29 

0.67 

WW34 49 110 27 

WW35 34 88 22 

WW36 8 36 14 

WW37 47 113 25 

WW38 37 84 22 

WW39 23 58 19 

WW40 0 0 0 

WW41 35 82 14 

WW42 22 55 12 

WW43 11 37 11 

WW44 0 0 0 

WW45 12 31 10 

WW46 3 4 2 

WW47 0 0 0 

WW48 0 0 0 

WW49 61 150 27 

0.50 

WW50 42 118 24 

WW51 30 95 16 

WW52 6 33 10 

WW53 44 120 23 
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WW54 32 92 21 

WW55 18 67 15 

WW56 0 0 0 

WW57 32 90 11 

WW58 22 61 9 

WW59 8 34 5 

WW60 0 0 0 

WW61 10 37 9 

WW62 2 5 7 

WW63 0 0 0 

WW64 0 0 0 
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Table B.15: Tsunami impact forces and moments measured by the load cell at the structure base on the box section 

bridge deck with spill-through abutments (Flume A). 

Case Fx (N) Fz (N) My (N.m) 
R 

ST1 93 83 32 

1.00 

ST2 67 53 31 

ST3 54 42 27 

ST4 13 14 25 

ST5 67 61 30 

ST6 50 40 28 

ST7 32 21 25 

ST8 0 0 0 

ST9 48 40 22 

ST10 35 22 20 

ST11 17 12 18 

ST12 0 0 0 

ST13 18 12 13 

ST14 5 2 10 

ST15 0 0 0 

ST16 0 0 0 

ST17 91 133 32 

0.83 

ST18 61 102 29 

ST19 46 80 27 

ST20 12 28 22 

ST21 63 101 29 

ST22 44 78 25 

ST23 30 54 24 

ST24 0 0 0 

ST25 42 73 21 

ST26 32 57 20 

ST27 16 36 16 

ST28 0 0 0 

ST29 16 28 11 

ST30 54 33 9 

ST31 0 0 0 

ST32 0 0 0 

ST33 85 161 34 

0.67 

ST34 56 123 29 

ST35 42 100 24 

ST36 9 31 14 

ST37 55 125 27 

ST38 41 96 23 

ST39 25 65 19 

ST40 0 0 0 

ST41 38 91 15 

ST42 28 67 14 

ST43 14 38 12 

ST44 0 0 0 

ST45 13 3531 10 

ST46 43 4 2 

ST47 0 0 0 

ST48 0 0 0 

ST49 71 163 29 

0.50 ST50 52 129 26 

ST51 37 107 18 

ST52 8 36 11 
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ST53 50 128 25 

ST54 37 104 23 

ST55 24 69 17 

ST56 0 0 0 

ST57 34 98 12 

ST58 27 73 10 

ST59 9 39 5 

ST60 0 0 0 

ST61 11 40 9 

ST62 3 5 7 

ST63 0 0 0 

ST64 0 0 0 
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Appendix C 
___________________________________________________________________________ 

Drawings of selected bridges 

 

Fig C.1: Kanui River, Otago 

 

Fig C.2: Kowhai River, Canterbury 

 

Fig C.3: Ngaruroro River, Diversion, Hawks Bay 
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Fig C.4: Waimakariri River, Canterbury 
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Fig C.5: Drawings of Kakanui Bridge 
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Fig C.6: Drawings of Kowhai Bridge 
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Fig C.7: Drawings of Kowhai Bridge 

 

 



Appendix 

193 

 

 

Fig C.8: Drawings of Kowhai Bridge 
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Fig C.9: Drawings of Kowhai Bridge 
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Fig C.10: Drawings of Kowhai Bridge 
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Fig C.11: Drawings of Ngaruroro Bridge 
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Fig C.12: Drawings of Ngaruroro Bridge 
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Fig C.13: Drawings of Rakaia Bridge 
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Fig C.14: Drawings of Rakaia Bridge 
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Fig C.15: Drawings of Rakaia Bridge 
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Fig C.16: Drawings of Waimakariri Bridge 
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Fig C.17: Drawings of Waimakariri Bridge 
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Fig C.18: Drawings of Waimakariri Bridge 
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Fig C.19: Drawings of Waimakariri Bridge 
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