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Abstract 
 

               Recent major earthquake events that occurred in the Indian Ocean (2004), 

Chile (2010) and Japan (2011) generated tsunami waves of significant heights, which 

inundated nearby coastal cities causing extreme destruction and loss of human lives. 

Many coastal bridges were inundated by the tsunami and although they were able to 

withstand the earthquake, they were damaged by the subsequent waves. In particular, 

the tsunami inundation damaged 81 bridges on the coast of Sumatra in 2004 and 252 

bridges in Japan in 2011 according to on-site investigations (Unjoh 2007 and Maruyama 

2013a respectively). The main damage occurred in the connections of the superstructure 

to the substructure causing the bridge deck to be unseated and washed away. This 

damage pattern was observed for different types of bridges including steel-truss bridges, 

I-girder composite bridges, PC-girder bridges and box-girder bridges. These unforeseen 

events demonstrated the vulnerability of bridges to tsunami inundation.  

The main objectives of this study were to (a) understand the tsunami inundation 

mechanism of coastal bridges, (b) evaluate the accuracy of existing simplified 

predictive equations for tsunami loads, (c) identify the difference in the bridge 

response when subjected to unbroken solitary waves and more realistic turbulent bores, 

(d) investigate not only the total waves forces but also the distribution of these forces 

in each bearing and connection in order to determine the max force that each 

connection has to withstand, (e) shed light on the physics of the dynamic wave-

structure interaction and how it is affected by the dynamic characteristics of the bridge, 

(f) gain an insight into the role of air-entrapment and nonlinear wave-air interaction 
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for bridges with diaphragms, (g) examine the tsunami forces for different types of 

bridges including I-girder bridges with cross-frames and diaphragms as well as box-

girder bridges, (h) investigate possible mitigation strategies, such as air-vents in the 

deck, and (i) develop a high quality database that can be used for validation of CFD 

and FSI models, and development of recommendations and design guidelines for 

establishing tsunami-resilient bridges. 

To this end, advanced fluid-structure interaction (FSI) analyses, which 

considered both the hydrodynamics and structural dynamics, were conducted in LS-

DYNA using High-Processing Computing (HPC). Three different wave types and four 

different bridge configurations were simulated in the analyses and interesting results 

were obtained. To complement these analyses and advance the state-of-the-art large-

scale hydrodynamic experiments were conducted in the Large Wave Flume of the O.H. 

Hinsdale Wave Research Laboratory at Oregon State University. Twelve 

configurations of a 1:5 scale I-girder composite bridge, several wave heights between 

0.36m and 1.40m, two water depths and a total of 270 runs were tested in the LWF in 

order to meet the objectives of the project.  

The results of the study demonstrate (a) the complexity of the tsunami 

inundation mechanism with the existence of four different phases, among which a 

phase with a large overturning moment and a distinct rotational bridge mode at the 

time of the first impact of the tsunami wave on the bridge where the impulsive 

horizontal and uplift tsunami loads are maximized, introducing the largest tension in 

the offshore bearings for most of the waves (Phase 1), a phase with a pure uplift of the 

bridge and a governing translational bridge mode as all the chambers of the bridge 
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become inundated and the quasi-static component of the uplift force is maximized 

(Phase 3), introducing the maximum tension in many bearings, and a phase with a 

downward force when the wave hits the top side of the deck, introducing significant 

compression especially in the onshore bearings (Phase 4), (b) the dependence of the 

tsunami forces on the wave type with the bores introducing larger horizontal forces 

than vertical ones and the solitary waves the opposite,  (c) the insufficiency of the 

current research approach of examining the tsunami effects on bridges via the 

calculation of the total tsunami forces on the deck and the need to examine the forces 

in each connection and bridge member in order to really understand the effects of the 

complex wave-structure interaction, (d) the significance of the inertial forces and the 

bridge dynamic characteristics on the fluid-structure interaction and the forces 

introduced in the connections, shear keys and substructure, with the very stiff bridge 

configurations witnessing larger connection forces than the applied load for many bore 

heights due to dynamic amplification, (e) the increase of the total uplift forces in 

bridges with diaphragms due to the air-entrapment and the complex effect on the 

bridge connections due to the nonlinear wave-air interaction, which is also different 

for solitary waves and bores, (f) the variation of the tsunami loads for different types 

of bridges, with the box-girder bridge witnessing uplift forces up to 5 times larger than 

the ones applied on an I-girder bridge with cross-frames, and (g) the effectiveness of 

air-vents in the bridge deck as a mitigation measure against tsunamis as well as their 

limitations, the importance of the distance of the vents from the diaphragms and the 

girders forming the chambers, and the existence of significant 3D effects even in the 

case of 2D wave propagation with impact of the waves normal to the bridge span. 
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Chapter 1: Introduction  

 

 

1.1 Background  

In the last two decades humanity has witnessed large magnitude earthquakes with 

epicenters in the ocean (Indian Ocean 2004, Chile 2010 and Japan 2011), which generated 

tsunami waves of significant heights that caused unprecedented damage on coastal 

communities. Ports, buildings and infrastructure were severely damaged and bridges were 

washed away, cutting lifelines and hindering the efforts of rescue team to provide help to 

the people in need. In the 2004 Indian Ocean Tsunami 81 bridges located on the coast of 

Sumatra were washed away as found by Unjoh (2007). In the 2011 Great East Japan 

Earthquake in Japan, many bridges were able to withstand the strong shaking, however 

approximately 100 of them failed due to the tsunami inundation as estimated by a report 

published by (EERI Oct. 2011).  A detailed survey of the coastal areas by Maruyama et al 

(2013a), found that actually 252 bridges were washed away or moved by the tsunami. 

The most severe and common type of failure in these bridges was the breaking of the 

connections between the superstructure and the substructure, which resulted in the 

unseating and wash out of the bridge deck by the tsunami waves. This damage pattern was 

observed for different types of bridges including (a) bridges with steel-girders and cross-

frames (e.g Koizumi Bridge, Fig. 1-1), (b) bridges with pre-stressed (PC) girders and 

diaphragms (e.g. Utatsu Bridge, Fig. 1-2), (c) box-girder bridges (e.g. Tsuya Railway 

Bridge, Fig. 1-2), and (d) steel truss bridges (Fig. 1-1). Another common type of damage 

included the scour of piers and back-walls.  
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These unforeseen events demonstrated the vulnerability of buildings and bridges to 

tsunami waves and highlighted the need to study and understand their effects on structures. 

Advancing this understanding is essential for developing recommendations and design 

guidelines for tsunami-resilient structures. 

 

  

Figure 1-1: Damaged bridges after the 2011 tsunami in Japan: (a) Koizumi bridge on the left 

(source: EERI Oct. 2011) and (b) Bridge in Rikuzentakata on the right (source: EERI Sept. 2011)  

 

 

    

Figure 1-2: Damaged bridges after the 2011 tsunami in Japan: (a) Utatsu bridge on the left and (b) 

Tsuya railway bridge on the right (adapted from Yashinski. M 2012) 
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1.2 Literature Review  

The extensive damage of bridges in recent tsunamis triggered the response of the 

society and research world in an attempt to improve the understanding of tsunami 

inundation of bridges. The academic community from around the world has responded to 

this need and several studies have been published in recent years. These studies included 

(i) on-site surveys and damage analysis (Kosa 2012, Kawashima 2012, Kasano et al 2012, 

Kawashima and Buckle 2013) (ii) small-scale experiments in wave flumes (e.g. Hayashi 

2013, Lau et al 2011, Maruyama et al 2013, Seiffert et al 2014) and (iii) numerical 

simulations (e.g. Hayatdavoodi et al 2015, Bricker and Nakayama 2014, Kataoka and 

Kaneko 2013, Nakao et al 2013, Yim et al 2011, Azadbakht 2013, Istrati and Buckle 2014).  

 

1.2.1 On-site surveys and experimental studies 

On-site investigations conducted by various research teams analyzed the failed 

bridges and revealed that the overflow can occur either in the form of transverse drag due 

to large horizontal wave forces or in the form of uplift and overturning due to the 

combination of large vertical and horizontal tsunami forces (Kawashima 2012, Fu et al 

2013, Kawashima and Buckle 2013). In addition, the study by Kasano et al (2012), which 

investigated the performance of the bridges in the Tohoku area after the 2011 tsunami, 

revealed that concrete bridges are less susceptible to tsunami inundation than steel bridges 

due to their increased weight and thus inertia. 

 Some of the experimental studies investigated tsunami loads on flat slabs (Seiffert 

et al 2014), decks with girders (Lau et al, 2011; Araki et al 2011, Maruyama et al, 2013; 

Rahman et al 2014, Hayatdavoodi et al, Part II, 2014) and box-shaped decks (Hayashi, 
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2013). Others examined the use of perforations in the girders and parapets as means for 

reducing the horizontal tsunami load, and revealed a reduction of the horizontal load 

approximately equal to the reduction of the projected area (Lukkunaprasit 2008). Some of 

the studies simulated the tsunami waves via unbroken solitary waves, while others via 

turbulent bores. In most of these experiments, the researchers constructed their bridge 

models from acrylic, wood or steel, they either supported the deck rigidly from top/bottom 

of the deck or allowed the deck to move freely on the supports, and measured both 

pressures and forces. Furthermore, they were all small-scale experiments with scale factors 

ranging from 1:100 to 1:35.  

Hoshikuma et al (2013) conducted experiments to study the tsunami effects on 

bridges at a scale of 1:20. They examined several different cross-sections, including flat 

slabs and decks with two or four girders, in an attempt to give insight into the forces that 

various types of bridges have to withstand. In this experiment the bore was created via 

opening of a gate and release of water (dam-break approach), specimens were made of 

acrylic or wood and they were connected rigidly to a pier at the middle of the 

superstructure. These experiments demonstrated that the offshore bearings were uplifted 

while the onshore were compressed meaning that there exists significant overturning 

moment. In addition, trapped air between girders and a rotating flow in the chambers was 

observed during the inundation of the bridge. 

The largest-scale experiment to date was conducted by Bradner et al (2010), where 

they examined the performance of a 1:5 scaled pre-stressed bridge with six girders under 

the impact of hurricane waves. The study found a nonlinear dependence of both regular 

and random wave forces on the wave height and water depth, with the former ones being 
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also dependent on the wave period. Momentum flux was also identified as a promising 

parameter for the development of analytical predictive model of hurricane wave forces. 

This study was unique because it examined for the first time both a rigid and a flexible 

substructure, so that the effect of dynamic wave-structure interaction could be studied. 

Interestingly, the study revealed that the bridge with a flexible substructure had to 

withstand larger horizontal forces than the rigid substructure, for all the tested wave heights 

(Higgins 2013).  

Another interesting observation made by previous researchers (e.g. Douglass et al 

2004 and Lau et al 2011) included the existence of an impulsive load (called ñimpactò, or 

ñslammingò in the literature) at the time of the initial impact of the wave on the bridge, 

followed by a slowly-varying force (also called ñquasi-staticò) of smaller amplitude and 

longer duration. Douglass et al (2004) developed empirical equations for predicting the 

horizontal and vertical varying forces based on a hydrostatic reference force. The study 

focused on the varying loads since the impact load has a short duration compared to the 

response of the structure and it is often not considered important by structural engineers. 

However, they suggested appropriate coefficients for calculating both the varying and the 

impact loads of hurricane wave. For the varying loads the suggested coefficients were equal 

to 1 in both directions, while for the impact loads they were 3 in the vertical and 6 in the 

horizontal direction, which indicated how much larger the impact loads could be.  

Similarly, Lau et al (2011) developed an empirical method for predicting the loads 

applied on the bridge by turbulent bores, using again a reference force as was done by 

Douglass et al (2004). However, for the case of bores these researchers proposed the 

calculation of impulsive forces only in the horizontal direction and not in the vertical one. 
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The recommended coefficients for the slowly-varying and impulsive loads were 1 and 1.5 

respectively, meaning that the latter loads could be 2.5 times larger than the former ones. 

It must be noted that in the aforementioned approaches the impulsive coefficients had to 

be added to the coefficients of the varying loads in order to calculate the impact/impulsive 

forces. Despite the fact that these impact loads have been observed in previous studies, 

their effect on structures has not been thoroughly studied or understood. Interestingly, in 

offshore engineering the horizontal wave slamming force has been identified to be affected 

by the dynamic characteristics of the deck of offshore platforms (Bea et al 2001). 

 

1.2.2 Numerical and analytical studies 

Apart from the experimental studies, several numerical analyses have been conducted 

to study the tsunami effects on bridges. Among others, Lau et al (2011) conducted 

Computational Fluid Dynamics analyses using FLOW 3D, Hayatdavoodi et al (2014) and 

Bricker et al (2012) used OPENFOAM, and Kataoka et al (2013) used CADMAS-SURF. 

In the first two cases, the researchers tried to match the CFD analyses with their 

experimental results. In the latter case, the researchers took the tsunami effects (stresses, 

forces, moments) directly from the CFD analyses, which considers the structure as a rigid 

boundary and calculates the forces from integration of pressures, and compared their results 

with the bridge capacity, in an attempt to explain the failure/survival of certain bridges 

during the 2011 Japan Tsunami. Another research group (Yim et al, 2011) conducted 

numerical studies with a FEM-based multi-physics software program called LS-DYNA 

and calculated the tsunami loads for a bridge made of a rigid material. The advantage of 

using multi-physics software like LS-DYNA, compared to pure CFD software, is that it 
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can solve the fluid flow around the structure as well as the equilibrium of the structure and 

its response, while the disadvantage is generally the associated high computational cost. In 

order to avoid this cost Yim et al (2011) modeled the structure with a rigid material and 

pinned supports, and calculated the total applied tsunami loads without considering the 

bridge flexibility and dynamics.  

Murakami et al (2012) calculated the pressures from the CFD software 

CADMASSURF/3D and then re-applied these pressures as external loads on a flexible 

bridge model, sitting on bearings represented by elasto-plastic springs. This is a more 

realistic approach because it includes the flexibility of the deck and the connections when 

it applies the external tsunami load, however, it still neglects the bridge dynamic 

characteristics when calculating the tsunami loads using CFD software. Istrati and Buckle 

(2014) conducted advanced fluid-structure interaction (FSI) analyses in LS-DYNA using 

an equivalent 2D bridge model with flexible deck and flexible connections, which showed 

that the dynamic characteristics of the bridge can affect both the external tsunami load 

applied on the bridge, as well as the forces in the connections. In addition, the study showed 

the existence of a rotational mode during the impact of tsunami waves, which put the 

offshore bearings in tension and the onshore ones in compression, increasing consequently 

the demand on the offshore connections. These analyses revealed the significance of bridge 

dynamics and FSI, however, due to the simplified 2D bridge model, it was noted that 

further 3D FSI analyses should be conducted and the numerical results should be validated 

against experimental data.  
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More recently Motley et al (2015), developed 2D and 3D CFD numerical models of a 

1:20 scale bridge model in OpenFOAM to examine the effect of the bridge skewness. 

Several skew angles between 0 and 40 degrees were examined. The study simulated the 

bridge as a rigid boundary and calculated the applied load from integration of pressures. It 

revealed that the skew bridge is subjected to pitching and spinning moments and that there 

exists a force normal to the abutments that could lead to unseating, however the vertical 

forces were not dependent on the skew angle. Another, recent study conducted by Wei and 

Darlymple (2016), simulated the same 1:20 scale straight bridge as Motley et al (2015), 

using the weakly compressible Smoothed Particle Hydrodynamics (SPH) method in 

GPUSPH. The study focused on comparison of the numerical model with the experimental 

results obtained by Hoshikuma et al (2013) and on further numerical analyses for studying 

the possibility of mitigating the tsunami effects bridges via the use of an offshore 

breakwater or the existence of another bridge on the seaward side of the main bridge. 

Apart from the experimental and numerical studies conducted so far, analytical studies 

are also available in the literature. Hayatdavoodi and Ertekin (2015a&b) and Lo et al (2014) 

calculated analytically the wave forces on a submerged horizontal plate for waves in 

shallow water. The former authors used the theory of directed fluid-sheets and solved the 

Level I GreenïNaghdi equations, while the latter ones used the linear shallow-water wave 

theory. Both studies compared the analytical solutions with experimental data and good 

results were obtained.  
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1.2.3 Studies focusing on the role of air  

Another topic that has also attracted the attention of the researchers worldwide is the 

trapped air between the girders of a bridge. McPherson (2008) studied experimentally the 

hurricane induced wave forces on a 1:20 scale bridge model and observed that during the 

inundation of the bridge water could not fill completely the chambers between the girders 

due to the presence of trapped air. He developed predictive force equations where he 

considered additional hydrostatic force-buoyancy, assuming that 50% of the volume 

between girders were filled with air. Azadbakht, M. (2013) investigated numerically via 

2D analyses the impact of hurricane waves on bridges and Hayatdavoodi et al (2014), 

Seiffert et al (2015) investigated experimentally (1:35 scale) the impact of solitary waves 

on coastal bridge and all studies observed that the air-entrapment occurring between the 

girders can significantly alter the water flow field during the wave inundation causing a 

significant increase in the uplift. If the air is allowed to escape, either through the ends of 

the bridge or through holes in the deck then the uplift forces can be reduced significantly 

(Haytdavoodi 2014). This seems to be in agreement with the numerical study conducted 

by Bozognia et al (2011), where it was shown that the air-vents could reduce significantly 

both the impulsive and the quasi-static forces, with a larger reduction of the quasi-static 

forces that could be up to 70%, depending on the ratio s/H, where H is the wave amplitude 

and s is the distance of the bottom of the girder to the still water surface.  

According to Bricker and Nakayama (2014) who conducted a numerical study of the 

tsunami forces induced on the Utatsu Bridge in Japan, the trapped air between the girders 

increased the buoyancy of the bridge deck to such a degree that if the air would have been 

removed then the bridge might not have failed. Moreover, an experimental study by Cuomo 
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et al (2009) of a bridge at 1:8 scale, revealed that the holes in the bridge deck reduces the 

wave pressures on the deck slab but increases the ones on the longitudinal beams. It was 

noted that the trapped air is compressed under the impulsive wave loads which acts as a 

cushioning effect and results both in the reduction of the max impulsive load and in the 

increase of the load duration. Despite this reduction, this case might be more severe for the 

structure due to the longer duration. Last but not least, Xu et al (2016) conducted 2D 

numerical work to study the effect of air venting holes in the bridge deck and concluded 

that such a countermeasure can reduce significantly the uplift force introduced by solitary 

waves, but it can also increase the horizontal force. 

 

1.3 Objectives and Scope of Research  

As discussed in the previous section most of the experiments of tsunami effects on 

bridges to date have been conducted at a small-to-medium scale using very stiff bridge 

models that could not account for the actual bridge properties and dynamic characteristics 

(material, flexibility, inertia). In addition, small-scale experiments might be associated with 

significant scale effects since the atmospheric pressure cannot be scaled in the experiments 

(Martinelli et al 2010). Especially in the case that trapped air is compressed in a chamber 

significant distortion of the scale can occur (Takahashi et al 1985). These facts coupled 

with the fact that (a) the numerical studies to date have focused on identifying the 

maximum total applied tsunami forces via CFD analyses neglecting the response of the 

bridge, (b) most of the numerical investigations and available predictive equations of the 

total tsunami load have not been validated or were validated with small-scale experiments, 

(c) no guidance exists on estimating the individual connections forces, and (d) the effect of 
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the short-duration slamming/impact force on bridges has not been yet thoroughly studied 

and understood, suggest the need for advanced FSI numerical analyses and large-scale 

hydrodynamic experiments.  Therefore, the main objectives of this project are to:  

¶ Understand the tsunami inundation mechanism of coastal bridges  

¶ Evaluate the accuracy of existing simplified predictive equations for tsunami loads 

and develop new simplified methods if required 

¶ Examine the capability of advanced fluid-structure interaction analyses to capture 

the performance of bridges during tsunami inundation  

¶ Identify the difference in the bridge response when subjected to unbroken solitary 

waves and more realistic turbulent bores, and the relationship between the forces 

and the various hydrodynamic parameters 

¶ Investigate not only the total waves forces but also the distribution of these forces 

in the bearings, shear keys and bent cap-to-column connections in order to 

determine the max force that each connection has to withstand 

¶ Shed light on the physics of the dynamic wave-structure interaction and the role of 

the dynamic characteristics of the bridge, including the flexibility of the 

superstructure, substructure and connections, as well as the inertia. 

¶ Gain an insight into the role of air-entrapment and nonlinear wave-air interaction, 

which was seen in previous studies to occur when bridges with diaphragms were 

impacted by waves. 
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¶ Determine the variation of tsunami forces for different types of bridges including 

I-girder bridges with cross-frames and diaphragms as well as box-girder bridges, 

and examine which types are more susceptible to tsunami failure 

¶ Investigate possible mitigation strategies, such as air-vents in the deck, and provide 

recommendations for measures to increase the tsunami resilience of coastal bridges,  

¶ Develop a high quality database that can be used for (i) examining the accuracy of 

existing empirical predictive equations for tsunami loads, (ii) validating 

hydrodynamic models, available CFD methods and FSI capabilities of numerical 

codes, and (iii) development of recommendations and design guidelines for 

establishing tsunami-resilient bridges. 

The main scope of this research is to increase the understanding of tsunami inundation and 

associated effects on bridges, and contribute towards the development of tsunami-resilient 

coastal bridges. This effort is expected to ultimately help save human lives and support 

coastal communities.  

 

1.4 Overview of the Dissertation 

This dissertation has been organized in ten chapters, as follows: 

Chapter 1 presents a literature review on the tsunami inundation of coastal bridges, 

identified research needs and objectives of this particular study. 

Chapter 2 evaluates the accuracy of several existing simplified predictive tsunami 

force equations based on recorded failure modes of a bridge in Japan. The second part of 
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the chapter focuses on advanced fluid-structure interaction (FSI) analyses of the same 

bridge during the impact of different types of waves. 

Chapter 3 describes the large-scale hydrodynamic experiments in the O.H. Hinsdale 

Wave Research Laboratory, including the design and construction of the bridge specimens, 

the determination of the flume bathymetry and testing program, and the instrumentation of 

both the flume and the bridge model. 

Chapter 4 focuses on the determination of the dynamic characteristics of the bridge 

configurations via the use of hammer impact tests, free-vibration tests, analytical 

calculations and modal analyses. 

 Chapter 5 presents results from the hydrodynamic experiments of the I-girder 

bridge with cross-frames and steel bearings, focusing on the determination of the 

inundation mechanism, the horizontal and vertical forces introduced in the connections, the 

difference between the effects associated with unbroken solitary waves and bores, the role 

of the slamming component of the force, and the quality of the experimental data. 

 Chapter 6 focuses on the role of the dynamic fluid-structure interaction by 

presenting and comparing experimental results for several configurations with different 

flexibilities in the connections and the substructure. Detailed comparison of the applied 

tsunami load as well as the bridge response in terms of connection and inertia forces, 

moments, accelerations and displacements is included for the various bridge 

configurations. 
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Chapter 7 presents the tsunami effects on an I-girder bridge with diaphragms. 

Comparison of the wave effects on this type of bridge with the ones of a similar bridge 

with cross-frames is also included in order to determine the role of air-entrapment for both 

solitary waves and bores. 

Chapter 8 focuses on the variation of tsunami forces for three different bridge types 

including I-girder and box-girder bridges. The role of the contact between the bridge with 

elastomeric bearings and the shear keys is also discussed. 

Chapter 9 presents results from multiple bridge configurations, in order to examine 

the efficiency of air-vents in reducing the tsunami forces. In addition, the effect of the 

number of air-vents is examined and the significance of 3D effects identified. The chapter 

finishes with a discussion on counter-measures and retrofitting approaches against 

tsunamis. 

Chapter 10 summarizes the work conducted herein, lists conclusions, provides 

recommendations and discusses potential future work. 

 

 

 

 

 

 

 

 

 



15 

 

Chapter 2: Dynamic FSI analyses and analytical calculations for the 

Utatsu Bridge in Japan  
 

 

2.1 Introduction  

  As discussed in the previous chapter, during the 2011 Great East Japan Earthquake 

close to 100 bridges failed due to tsunami inundation. Many of these bridges have been 

investigated and the observed damage has been identified. This means that these bridges 

could be used as case studies to evaluate the accuracy of various simplified equations and 

approaches for predicting the tsunami loads and the observed failure modes. In this chapter, 

the Utatsu Bridge ï a pre-stressed concrete bridge that suffered significant damage during 

the tsunami inundation in 2011ï will be used as a case study. The damaged bridge with the 

remaining piers is shown in Figure 2-1.  

The Utatsu Bridge was selected as a case study because it consisted of three 

different types of spans, two of which were swept away from the piers and each of them 

seemed to have witnessed a different failure mode. As illustrated in Figure 2-2, spans S3-

S7 had eleven girders with 0.88m height, while spans S8-S12 had four girders with a height 

approximately twice as much as the former girders. Spans S3-S7 were found next to the 

piers with the girders sitting on the soil, while spans S8-S12 were up-side down with the 

deck sitting on the soil. Moreover, as shown in Figure 2-3, the remaining pier P3 had 

damaged steel stoppers with the onshore stopper missing, while pier P7 had intact steel 

stoppers. These two observations indicate that spans S3-S7 might have failed due to a large 

lateral force, while spans S8-S12 due to a large uplift force (combined with overturning). 
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Figure 2-1: Remaining piers of Utatsu Bridge after the 2011 Great East Japan Earthquake 

and Tsunami (source: I. G. Buckle) 

 

 

 

Figure 2-2: Cross-sections of the bridge deck (top) and position of deck spans (bottom) of 

Utatsu Bridge after the 2011 Great East Japan Earthquake and Tsunami (adapted from Fu 

et al 2013) 
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Figure 2-3: Remaining pier P3 (left) and P7 (right) of Utatsu Bridge after the Great East 

Japan Earthquake (source: Yashinski M. 2012 and Kawashima K. 2012 respectively) 

 

 

2.2 Analytical Calculations  

2.2.1 Resistance of bridge connections 

 In an attempt to explain the failure modes, this section will present results from 

simple analytical calculations that were conducted to predict the resistance of the bridge 

against tsunami loads. Since the exact properties of the bearings are not known, the lateral 

and vertical capacity of the connections will be estimated using the JRA provisions. 

According to JRA (1964, 1971) the lateral and vertical resistance for which the bearing 

connections should be designed for are: 

 ὊὦὶȟὬ ὥz ὑὬz ὡὨ (2.1) 

 Ὂὦὶȟὺ ὥz ὑὺzὡὨ (2.2) 
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Where Wd is the weight of the bridge, Kh and Kv are the seismic coefficients and a is the 

over-strength factor. In the tables below it has been assumed that Kh=0.25, Kv=0.1, and 

a=2. Apart from the forces, the overturning resistance of the bridge is also calculated. The 

point of rotation is assumed to be at the land-side girder, and the overturning resistance is 

calculated at this point by considering the contribution from the bridge weight (M1) and 

the bearing connections (M2), as shown below: 

 
ὓρ  ὡὨz  ὡὦὶȾς (2.3) 

 
ὓς  ὊὦὶȟὺὭzὬὭ   (2.4) 

 

Where Wbr is the width of the bridge, Fbr,vi is the vertical resistance of each bearing 

connection and hi is the horizontal distance of each bearing from the potential point of 

rotation. The overturning resistance M2 was calculated in two ways. In the first way, it was 

assumed that all the bearings reach their capacity, while in the second way it is assumed 

that only the offshore bearings reach their capacity and the rest of the bearings have a 

different vertical force, which varies linearly from the offshore to the onshore bearings, 

with the maximum value equal to the capacity of the bearings (at the offshore girder) and 

the minimum value equal to zero at the point of rotation. Table 2-1 shows the calculated 

lateral, vertical and overturning resistance for both types of spans. In this table, there is a 

lower bound (M1 only) and an upper bound (M1+M2) for the overturning resistance. As 

expected, due to their larger weight, spans S8-S12 have a larger resistance. 
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Table 2-1: Estimated resistance of bridge during tsunami inundation 

 

Lateral Resistance 

Spans S3-S7 S8-S12 

Lateral resistance of bridge  (KN) 800 1800 

Vertical Resistance 

Deck Weight   (KN) 1600 3600 

Vertical Capacity of Bearings  (KN) 320 720 

Vertical Capacity/ Bearing  (KN) 29 180 

      

Deck Resistance to Uplift 1920 4320 

Overturning Resistance 

Overt. Resistance due to Weight 6640 14940 

Overt. Resistance due to Bearings     

 all bearings yield 1338 2392 

only seaward bearing yields 938 1491 

      

Deck Overturning Resistance     

 Lower Bound   (KN) 6640 14940 

Upper Bound   (KN) 7978 17332 

 

 

2.2.2 Tsunami loads vs. Bridge resistance 

 For the calculation of the tsunami loads, initially only the drag force and the 

buoyancy are considered. The drag coefficient is calculated using the JRA specifications. 

In these calculations the inclinations of the bridge in neglected. For the calculation of the 

drag two different velocities were used, which were estimated to be v=4.4m/s and 6.0m/s 

in the studies by Fu et al (2012 and 2013). Table 2-2 shows that the drag force did not 

exceed the estimated lateral resistance of any of the bridge spans even when the velocity 

was 6 m/s. Similarly, the calculated buoyancy was much smaller than the estimated 
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resistance even when it is assumed that 50% of the volume of the chambers between the 

girders had trapped air. Therefore, this indicates that the drag and buoyancy cannot explain 

the observed failure modes. 

The next step of the analytical calculations considered additional simplified 

equations available in the literature. In particular, two sets of equations (Douglass et al 

2006 and McPherson 2008), which were initially developed for predicting the hurricane 

wave forces were used. Moreover, four other sets of equations (Lau et al 2011, Yim et al 

2011, Fu et al 2012, and Azadbakht 2013) that were developed for tsunami waves are used 

for this case study. Interested readers can find the exact equations in the original studies 

mentioned above, however for brevity reasons the equations will not be presented herein. 

These simplified equations were used to calculate the forces and moments for increasing 

levels of inundation until the resistance of the bridge is reached and the results are shown 

in Appendix A. For the calculation of the moment the point of application of the forces had 

to be determined.  Lum et al (2011) and Yim & Azadbakht (2013) applied the resultants of 

the wave forces at the center of mass of the bridge. In this study the horizontal load was 

applied at the mid-height of the bridge and the vertical force at the mid-width. Thus, the 

overturning moment at the location of rotation is calculated from: 

 
ὓέὺὩὶὸὊὬz ὌὦὶȾς Ὂὺz ὡὦὶȾςȢ (2.5) 

Where Hbr is the height of the bridge. 

 Comparison of the predictive tsunami loads with the estimated resistance of the 

bridge (Appendix A), identified the most possible failure mode for each type of span. 

These failure modes are shown in Table 2-3. Interestingly, a horizontal failure mode was 
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predicted using the simplified predictive equations of Douglass et al (2006), Lau et al 

(2011), Fu et al (2012) and Azadbakht (2013) , and a overturning (or uplift) failure mode 

by McPherson (2008) and Yim et al (2011). Even more interesting it is the fact that all 

these equations predict the same failure for both types of spans, which is in contrast to the 

observed damaged of the bridge discussed in the previous section. It must be noted that for 

all the equations as the water elevation increased the overturning resistance was exceeded 

always before the uplift resistance, and that is the reason why in Table 2-3 for some 

equations both failure modes overturning/uplift are mentioned. Moreover, some of the 

equations predicted failure of the spans before the bridge was totally inundated, which is 

not correct because the video footage analyzed in Fu et al (2013) revealed that the bridge 

had not failed even when it was fully inundated. The exact water elevation at which the 

bridge failed could not be identified by the previous video. 

 The inability to predict the observed failure modes using the predictive tsunami 

equations might be explained by the fact that some of the above simplified methods (i) 

consider only the height of the wave and neglect the velocity, (ii) have been developed for 

different types of waves that do not match the flow characteristics observed at the location 

of the Utatsu Bridge, and (iii) have been developed based on small-scale experiments with 

possible significant scale effects or full-scale 2D numerical analyses that could not capture 

all the effects of the air-wave-structure interaction and have not been validated against 

experiments. In addition, there might also exist inaccuracies in the simplified approach that 

was used herein to calculate the resistance of the bridge.  
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The unsuccessful effort to predict the observed failure modes via comparison of 

several available tsunami predictive equations with the estimated resistance of the bridge 

indicates that the tsunami inundation of bridges is a complex phenomenon that it still not 

fully understood. More advanced methods for determining the tsunami effects on bridges 

need to be developed. 

 

Table 2-2: Simplified calculations of tsunami loads and resistance of bridge 

Lateral Direction 

Spans S3-S7 S8-S12 

Drag Force     

 v=6.0m/s 430 2030 

v=4.4m/s 230 1087 

Lateral Resistance of bridge  (KN) 800 1800 

Vertical Direction 

Spans S3-S7 S8-S12 

Buoyancy of bridge  673 1515 

Buoyancy of trapped air 580 2500 

Buoyancy of bridge+50% trapped air 963 2765 

Deck Resistance to Uplift 1920 4320 

 

 

Table 2-3: Predicted failure mode of spans using simplified equations  

  Spans 

Predictive equations S3-S7 S8-S12 

  Failure Type Failure Type 

Douglass et al (2006) Horizontal Horizontal 

McPherson (2008) Overturning/Uplift Overturning/Uplift 

Lau et al (2011) Horizontal Horizontal  

Yim et al (2011) Overturning/Uplift Overturning/Uplift 

Fu et al (2012) Horizontal Horizontal 

Azadbakht (2013) Horizontal  Horizontal 
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2.3 Dynamic fluid-structure interaction analyses 

2.3.1 Introduction and objective 

 

Given the fact that the analytical calculations presented in the previous section could 

not explain the observed failure modes of the Utatsu Bridge, the next step in this study was 

to develop an advanced computational bridge model subjected to tsunami inundation. The 

computational analyses were expected to provide a better insight into the tsunami effects 

than the simplified approach presented in the previous section. The literature review in 

chapter 1 demonstrated that there have been conducted several interesting studies so far, 

that have contributed substantially towards understanding tsunami effects on bridges. 

However, in all these analyses the bridge was considered bridge, which means that the 

bridge flexibility and the structural dynamics were not considered during the wave-

structure interaction. The use of the rigid models can be possibly attributed to (i) the 

widespread belief of many researchers that CFD analyses with rigid structures give 

conservative estimates of tsunami forces, (ii) the high computational cost of including the 

structural flexibility and considering the dynamic fluid-structure-interaction in these 

analyses, and (iii) the fact that the field of FSI it is still at its infancy and available methods 

have not been validated against experiments of wave inundation of bridges. 

Experience with other types of dynamic loading, such as earthquake, has shown 

that the flexibility and generally the dynamic characteristics of the structure (mass, 

damping), substantially affects the load that the structure has to withstand. Therefore, in 

this study, the objective is to model explicitly the flexibility of the superstructure and its 

connections, and investigate the dependence of tsunami forces on bridge flexibility, 
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especially during the first impact of the wave, which is expected to be an impulsive 

phenomenon. Although most of the studies to date have focused on the maximum total 

tsunami loads, in this study examination of the forces in each bearing connection is 

believed to be of utmost significance and is expected to shed light on the failure of the 

connections in recent tsunamis. To achieve these objectives advanced dynamic fluid-

structure interaction analyses of different models were conducted in LS-DYNA. 

Description of the numerical method, the models and the assumptions, as well the observed 

behavior and results are presented in the following section. 

 

2.3.2 The concept of fluid-structure interaction 

 

Fluid-structure interaction (FSI) is the interaction of a movable or deformable 

structure with a fluid flow (Bungartz (2006)). In particular, FSI is traditionally considered 

a two-way coupling where the structure is affected by the pressure and/or viscous forces of 

the fluid, while the fluid is influenced by the shape of the structure and its velocity (CD-

Adapco (2013)). This two-way coupling can be either ñstrongò or ñweak/looseò depending 

on the specific application. According to the above manual, the ñstrongò (or alternatively 

called ñimplicitò) coupling is required for dynamic or transient simulations and in cases 

where relatively light or compliant structures interact with a relatively heavy fluid. On the 

other hand, ñweakò coupling is generally appropriate for ñstaticò or otherwise steady-state 

solutions where the velocity of the structure is close to zero. However, in many applications 

it is not clear in advance which type of coupling is required and analysts should try both. 
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For the numerical analyses presented herein a two-way FSI coupling will be used to capture 

the transient nature of the tsunami wave impact on the bridge. 

 

2.3.3 The ALE method for FSI problems 

In LS-DYNA there exist various solvers that can be used to study FSI effects. One 

of those - the Arbitrary Lagrangian Eulerian (ALE) solver- is usually recommended for 

short duration and highly transient phenomena such as explosions, where the fluids are 

compressible. This method combines the Lagrangian formulation ï which is common for 

simulating the structural behaviorï and the Eulerian formulation ï which is common for 

simulating the fluid flow. In the ALE method an arbitrary referential coordinate system is 

introduced and the mesh is allowed to move relative to the motion of the fluid (Aquelet et 

al 2003, Souli et al 2009, Souli and Benson 2010). The fluid-structure interaction is handled 

through a coupling algorithm which can be constraint-based or penalty-based. One of its 

limitations is that it is applicable only to laminar flow. It cannot account for fluid boundary 

layer effects (drag) because it does not solve the full Navier-Stokes equations (LS-DYNA 

AWG 2013).  In addition, the method is generally appropriate for very short duration 

phenomena since it is an explicit algorithm that uses a very small time step (usually in the 

range of 10-5 to 10-9 sec) which is automatically defined based on the element size and 

speed of sound in the specific material.  

Experience has shown that the ALE solver can be sensitive to the penalty coupling 

spring, the stiffness of which can create inaccurate results, introduce instabilities and 

reduce the time step. Therefore, the user should try to find the most appropriate value for 



26 

 

the penalty stiffness and make sure the results are not dependent on the chosen value. 

Moreover, the ALE solver can sensitive to the number of elements and mesh size and even 

when a stable solution has been established, a minor change can create instabilities. Due to 

these factors, a stable solution that is independent of the mesh size and the penalty stiffness, 

for relatively long duration phenomena (in the range of seconds) such as the impact of 

tsunami waves on bridges, is computationally very expensive. However, some  of 

advantages are the facts that the solver (a) uses a monolithic FSI approach ideal for strongly 

coupled FSI problems, (b) can simulate multi-phase flow, and (c) can capture the 

compressibility effects of the fluids, which makes it promising for studying the tsunami 

impact on coastal bridges. 

 

2.3.4 Numerical Models in LS-DYNA  

The numerical studies described below used a model based on the dimensions of 

the Utatsu Bridge. In particular, a concrete T-girder section similar to the one of the spans 

S8-S12 was simulated. Based on available evidence, a superstructure width of 8.25m, 

height of 2.1m, and a girder thickness of 0.3m was estimated. Three dimensional FSI 

analyses should be conducted to rigorously study the interaction of tsunami waves with a 

bridge structure. However, it is generally common practice in CFD field to conduct 2D 

analyses before moving to 3D. This is because 2D analyses are much faster and can give 

an idea of what to expect from the more advanced 3D analyses. The 2D analyses also serve 

as a rational check for the 3D analyses. To this end equivalent 2D FSI analyses were 

conducted in LS-DYNA. Although the ALE method in LS-DYNA has a 2D formulation, 
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it was decided to use the 3D formulation, and the whole cross-section in X-Z was modeled 

along with a slice of finite length in the Y direction. In other words, an equivalent 2D model 

was analyzed, using 3D solids elements instead of shells that would be normally used in 

2D analyses. For the bridge both *MAT_ELASTIC and *MAT_RIGID were used, while 

for the water and air *MAT_NULL was used. In order to define the initial thermodynamic 

state of the fluid materials an equation of state (EOS) of a polynomial form was used. 

Since the goal of this study was to investigate the interaction of the bridge with the 

waves and the role of the bridge flexibility, particular attention was given to the flexibility 

of the deck and the flexibility of the connections. The bearings were modeled as uncoupled 

springs with a horizontal stiffness of 875KN/m and a vertical stiffness of 8.75 x105 KN/m. 

Using the above cross-section, four different cases were modeled: (i) a rigid superstructure 

with pinned supports (RP), (ii) a rigid superstructure supported on springs (RS), (iii) a 

flexible superstructure with pinned supports (FP), and (iv) a flexible superstructure 

supported on springs (FS). Table 2-4 summarizes the four bridge cases. All models used 

Rayleigh viscous damping assuming 5% damping in the first two modes.  

Regarding the simulation of the tsunami waves three different models were 

developed. The focus of this numerical study is not to provide equations for tsunami loads, 

but rather to look at the dynamic response of the structure when impacted by a wave. 

Therefore, in Model 1, which was the simplest one, the full development of the tsunami 

wave was not simulated, in an attempt to reduce the computational domain and 

consequently the required computational time of the analyses. In this model, which is 

shown in Figure 2-4, the tsunami wave was simulated as an incoming volume of water with 
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an initial velocity of 7m/s that could reach the top of the bridge.  In model 2, shown in 

Figure 2-5, a more realistic representation of the tsunami waves was pursued via the use of 

the dam break approach. In this case, a volume of water was initially at rest and gravity 

was applied to it to allow the water to flow towards the bridge as a bore. The computational 

domain was 55m long and 9.3m high, resulting in longer computational times. 

 The last and biggest model, was model 3, which consisted of a computational 

domain 135m long and 11.85m high. This bigger model was more realistic because (a) it 

used again the dam-break approach, (b) it had a larger amount of water that could inundate 

the bridge, (b) the distance from the location of the ñreservoirò to the bridges was 

significantly longer and allowed the wave to break multiple times and convert into a bore 

before it reached the bridge, and (d) the bridge was located at a higher elevation and further 

from the outflow boundary to minimize boundary effects. Different mesh-sizes were 

examined for all three models. For the smallest model, model 1, mesh sizes between 15cm 

and 3.75cm were examined, however for the two larger models the smallest mesh size was 

7.5cm in order to keep the computational time-step as large as possible. A typical time-

step used in the analyses was 10^-6 sec. For the smaller models the analyses were run on 

desktop (Dell Optiflex 990 Desktop, IntelÈ Core Ê i7-2600 CPU @3.4GHz with 8 cores), 

however the largest models were run on a cluster. The computational time of the analyses 

ranged between a few hours up to 180hrs. Since it has been seen in the literature (Yim et 

al. 2011) that there is a high amplitude and short-duration force at the time of the initial 

impact of the wave on the structure, it was decided to focus on the initial impact, to study 

the most significant effects of transient structural and fluid dynamics.  
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Table 2-4: Bridge models used in the FSI analyses 

 
Connection Type 

Pins (Rigid) Springs (Flexible) 

Superstructure 

Type 

Rigid RP RS 

Flexible FP FS 

 

 

 

 

 
 

Figure 2-4: Simplified FSI Model 1 

 

 

 
 

 

 

Figure 2-5: FSI Models 2 (top) and 3 (bottom) 
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2.3.5 Modal Analyses of the bridge models 

 

In order to understand the dynamic behavior of the equivalent 2D model a modal 

analysis was conducted prior to the FSI analyses. The first ten modal periods are shown in 

Table 2-5 and the first four vibration modes are shown in Figures 2-6 and 2-7, for the 

flexible deck with pins and springs respectively. As can be observed from the table, the 

flexible deck with springs, is the most flexible case and has the longest modal periods, as 

expected. In addition, it can be seen that the first 10 modes have periods in the range of 0.1 

sec to 0.004 sec which are generally small numbers. However, since the largest time-step 

used in the FSI analyses is around 10^-5sec, this means that the dynamic effects of all ten 

modes can be captured. In the discussion below, the girder from the left, which is the first 

girder to be impacted by the tsunami, is referred to as girder No. 1, the right end girder as 

No. 4, while girders No. 2 and No. 3 will be the interior ones. 

 

Table 2-5: Natural periods (in sec) for the three bridge models 

  Rigid deck &springs Flexible deck & pins Flexible deck & springs 

Mode 1 9.67E-02 5.91E-02 1.12E-01 

Mode 2 9.84E-03 1.04E-02 2.62E-02 

Mode 3 9.66E-03 9.84E-03 2.50E-02 

Mode 4   8.00E-03 2.13E-02 

Mode 5   6.44E-03 1.75E-02 

Mode 6   6.29E-03 1.11E-02 

Mode 7   5.97E-03 1.07E-02 

Mode 8   5.01E-03 1.03E-02 

Mode 9   4.68E-03 9.51E-03 

Mode 10   4.49E-03 8.48E-03 
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Figure 2-6: First four vibrations modes of a flexible superstructure with pinned 

connections 

 

 

Figure 2-7: First four vibrations modes of a flexible superstructure with spring connection 
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2.3.6 Observed behavior 

 

Figures 2-8 shows screenshots from one of the simulations for model 2 while the 

wave is inundating the bridge. After the application of the gravity the wave starts flowing 

towards the location of the bridge and starts breaking as a plunging type before it reaches 

the bridge. As the inundation process begins, the wave impacts first the offshore girder and 

the offshore overhang and then it impacts the second girder and the deck of the 1st chamber. 

As the wave propagates all girders and chambers become inundated by the wave. 

Interestingly, during the inundation trapped air can be observed in all chambers, interacting 

with a counter-clockwise rotating wave flow inside the chambers. The trapped air between 

the girders of the bridge and the rotating flow after the impact of tsunami bores created 

using the dam-break experiment was also observed in the experimental study conducted by 

Nakao et al (2013). After the occurrence of the rotating flow in all chambers, the bridge is 

overtopped by the wave with air still remaining trapped in the chambers. 

Figure 2-9 shows similar screenshots for the largest model, model 3. In this model, 

after the application of the gravity the wave breaks multiples times and by the time it arrives 

at the bridge location is has transformed into a quasi-steady bore. This model simulates a 

larger initial volume of water which leads to longer inundation times of the bridge 

compared to the previous model. However, a similar inundation mechanism with trapped 

air, counter-clockwise rotating flow in the chambers, uplift and a downward splash on the 

top of the deck can be observed. Figure 2-10 shows the time-histories of the horizontal and 

vertical applied tsunami load calculated in LS-DYNA by integrating the pressures. This 

graph demonstrates (a) the existence of a short-duration peak in the horizontal load at the 
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time of the initial impact, (b) a simultaneous uplift load (positive) with a longer duration 

and a smaller amplitude than the horizontal load, and (c) a downward load (negative) as 

the bridge deck is overtopped by the wave. 

 

 

 

 

 

 

 
 

Figure 2-8: Screenshots of FSI analysis for Model 2 with 7.5cm mesh size, from                 

LS-PrePost 
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Figure 2-9: Screenshots of FSI analysis for Model 3 with 15cm mesh size, from                    

LS-PrePost 
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Figure 2-10: Time-histories of applied horizontal and vertical tsunami load from Model 3  

 

 

2.3.7 Applied tsunami loads and resultant connection forces 

 

As mentioned in the previous section the applied tsunami loads were calculated in 

LS-DYNA by integrating the pressures on the surface of the bridge. In addition, since these 

were FSI analyses the dynamic equilibrium of the bridge during tsunami inundation was 

considered and the forces in the bearings calculated.  Figure 2-11 shows the applied 

tsunami load (red color) and the sum of the connection forces (green color) in both 

directions for model 1 and two bridge configurations, one with pinned connections and the 

other one with springs. It can be interestingly seen that the total connection forces in some 

cases are larger than the applied load and in other cases lower, and this can probably be 

attributed to the dynamic response of the bridge. This means that the practice of obtaining 

the maximum external wave load from a pure CFD analysis and applying it statically on a 

bridge model for finding the connection forces, might yield un-conservative results. 

Interestingly, in the same figure can be observed that although the horizontal applied 

tsunami load is similar in both the case with springs and the one with pins, the uplift 
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tsunami load seems to change in the two cases. This indicates that there might exist a 

dependence of not only of the applied wave load on the dynamic characteristics of the 

bridge. These observations were based on a specific value of the spring stiffness and a 

simple representation of the wave, meaning that parametric analyses with additional values 

of the stiffness and more wave types and should be conducted in the future in order to 

verify the behavior. This behavior should also be compared with hydrodynamic 

experiments to ensure that the numerical results are not artificially affected by various 

numerical parameters. 

It must be also noted that, inspection of the models and the fringe plots revealed 

that in the case of model 1, although an initial velocity of 7m/s was assigned, LS-DYNA 

accelerated the flow so that the wave impacted the bridge with a velocity three to four times 

higher. This is a numerical issue in LS-DYNA that has also been observed by Yim et al 

(2011).  Models 2 and 3 did not seem to suffer from this numerical issue, and the waves 

impacted the bridge at more reasonable velocities. 

Figure 2-12 shows the tsunami forces in the bearing connections for three bridge 

configurations (RS, FP, FS). It is clearly seen that the flexibility affects significantly how 

much force is taken by each connection. In particular, for the bridge cases with springs 

(RS, FS) all the bearings are equally sharing the total horizontal tsunami load, however for 

the bridge with pinned connections the offshore bearings are witnessing significantly larger 

maximum horizontal forces (by a factor of 2) than the rest of the bearings. This seems 

reasonable since the maximum horizontal force seems to occur at the initial impact of the 

tsunami wave on the offshore girder, which means that the offshore bearings are the closest 
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to the location of the load application and thus they attract more forces than the rest of the 

bearings. This is an important finding because it indicates that for bridges with steel 

bearings, the offshore bearings and connections should be designed for the total estimated 

horizontal tsunami load and should not be assumed that it will be equally distributed to all 

the connections. 

An even more interesting finding can be obtained via examination of the vertical 

forces in each bearing. For all the bridge configurations examined herein, at the time of the 

initial impact of the wave, the offshore and onshore bearings are under tension and 

compression respectively, while the bearings of the interior girders can be either in tension 

or in compression depending on the wave type and the flexibility case. In particular, the 

first bearing always takes the largest uplift force, which can be several times larger than 

the uplift taken by the rest of the bearings. In particular, for the bridge with a flexible 

superstructure (with pins and springs) the offshore bearings seem to attract most -if not all-

of the total uplift force applied on the bridge, however for the bridge with rigid 

superstructure and springs the total uplift force is shared by the bearings of the two first 

girders impacted by the tsunami wave. This distribution of forces in the connections, 

demonstrated that at the initial impact of the wave on the bridge there is significant rotation 

of the superstructure, which justifies the larger vertical force in the offshore bearings and 

the out-of-phase forces in the offshore and onshore bearings.  This is an important finding 

because it indicates that for bridges impacted by bores, the offshore bearings and 

connections should be designed for larger tensile forces that the rest of the bearings, 

otherwise they could fail first and lead to a progressive collapse mechanism.  
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Figure 2-11: Time-histories of applied tsunami load and resultant connection forces for 

model 1 and for two different bridge configurations FP (top) and FS (bottom), from LS-

PrePost 

 

Figure 2-12: Time-histories of forces in each bearing, for model 1 and three different 

bridge configurations, RS (top), FP (middle) and FS (bottom), from LS-PrePost 
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It shall be clarified that Figure 7-11 and 7-12 were obtained directly form LS-

PrePost and have signs that are opposite to the sign of Figure 7-10, meaning that uplift has 

a negative sign in the two graphs.  

Tables 2-6 shows the ratios of the maximum applied tsunami load, maximum total 

forces in the connections (reactions), and maximum force in the offshore bearings, between 

the different bridge configurations, for both models 1 and 2. The external vertical load 

refers to uplift, while the maximum connection force refers to the tensile force in the 

offshore bearing after the subtraction of the weight component. This table shows that the 

bearing flexibility tends to reduce both the horizontal and the vertical tsunami loads when 

the superstructure is simulated as flexible (FP and FS) for both model 1 and 2, however the 

effect on the horizontal forces is not consistent in the two models when a rigid 

superstructure is used. In addition, the inconsistent effect of the bearing flexibility between 

the two models is also observed for the maximum total forces in the connections. This 

inconsistent effect can be probably attributed to the fact that the two models are simulating 

the tsunami inundation with different approaches (initial velocity vs dam-break), which 

could excite different modes of the structure. Despite the inconsistent effect on the total 

connection forces, the effect on the forces in the offshore bearings is very consistent with 

the bearing flexibility resulting in smaller horizontal and vertical forces in the latter 

bearings for both wave types and bridge superstructures. 
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Table 2-6: Maximum tsunami forces for Model 1 

 

 Model 1 Model 2 

Ratios RS/RP FS/FP RS/RP FS/FP 

Max Applied Load         

Horizontal 0.82 0.96 1.18 0.86 

Vertical 0.64 0.59 0.81 0.85 

Max Sum Reactions         

Horizontal   0.65   1.08 

Vertical   1.23   0.67 

Max Con. Force         

Horizontal   0.29   0.68 

Vertical   0.82   0.83 

 

The previous observations are considered significant and could probably explain why so 

many bearings and connections failed in Japan during the 2011 Tsunami. However, it must 

be pointed out that in this paper the role of FSI on tsunami forces on bridges was studied 

based on simplified 2D bridge models that might not capture accurately the dynamic 

behavior of a full 3D bridge model. Therefore, these results must be verified with 3D FSI 

analyses that will more accurately capture the dynamic behavior of the bridge. In addition, 

more realistic waves should be used in order to ensure that the tsunami waves are simulated 

accurately. However, due to the complexity of the FSI analyses, these numerical results 

should also be validated against other numerical software tools and ideally with an FSI 

experiment. To this end, the second part of this study focused on conducting large-scale 

hydrodynamic experiments, which will presented in the following chapters. 
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2.4 Summary 

The first part of this chapter focused on analytical calculations for predicting the 

tsunami loads and expected resistance on a specific bridge. Utatsu Bridge, a bridge that 

was extensively damaged in the 2011 Great East Japan Earthquake was used as a case 

study. This bridge had two types of spans with different number of girders and a different 

height, which seemed to have failed in different ways. The spans with a larger number of 

girders and a smaller height translated horizontally shearing the steel stoppers, while the 

other type of spans seemed to have been uplifted and overturned leaving the stoppers with 

minor damage at some piers and no damage at others. Simplified equations for predicting 

the tsunami forces on bridges were selected from the literature and used for Utatsu Bridge. 

In addition, a simple approach for estimating the resistance of the bridge against horizontal, 

vertical and overturning failure considering both the weight of the bridge and capacity of 

the bearings was implemented. Comparison of the estimated tsunami loads with the 

resistance of the bridge using the simple analytical calculations, could not explain the 

observed failure modes of the two bridge spans, indicating that the tsunami inundation of 

bridges is a complex phenomenon that it still not fully understood. More advanced methods 

for determining the tsunami effects on bridges need to be employed. 

To this end, three numerical models were developed and advanced fluid-structure 

interaction analyses were conducted using the ALE method in LS-DYNA. The three 

numerical models were different in size and used different ways to simulate the tsunami 

inundation, with the first model using a small volume of water with initial velocity and the 

other two models using the dam-break approach for creating bores. These were equivalent 

2D models with four different bridge configurations, which switched between a rigid and 



42 

 

a flexible superstructure, and between pinned and flexible bearings, in order to study the 

effect of the flexibility of the superstructure and the connections. Review of the inundation 

process and the calculated tsunami forces demonstrated the existence of:  

¶ a short-duration peak in the horizontal load at the time of the initial impact 

¶ a simultaneous uplift load with a longer duration and a smaller amplitude than the 

horizontal load 

¶ trapped air between the girders of the bridge interacting with a counter-clockwise 

rotating wave flow in the chambers, and  

¶ a downward load as the bridge deck is overtopped by the wave 

The advanced FSI analyses also revealed that the total forces in the connections were 

in some cases higher than the applied load (calculated from the integration of pressures), 

and this is probably due to the dynamic response of the bridge. Both the superstructure and 

substructure flexibility seemed to influence the applied tsunami loads and the tsunami 

forces in each connection. In particular, for the bridge models with springs all the bearings 

are equally sharing the total horizontal tsunami load, however for the bridge with pinned 

connections the offshore bearings are witnessing maximum horizontal forces that are twice 

as much as in the rest of the bearings. In addition, for both the bridge models with pins and 

springs, the uplift forces in the offshore bearings were significantly larger than the uplift 

taken by the rest of the bearings. As a matter of fact, in the former case the offshore bearings 

attracted all the uplift force at the initial impact of the wave on the bridge. This is an 

important finding because it indicates that for bridges impacted by bores, the offshore 
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bearings and connections should be designed for larger tensile forces that the rest of the 

bearings, otherwise they could fail first and lead to a progressive collapse mechanism.  

 Given the fact that the previous FSI analyses used simplified 2D models, the results 

presented in this chapter should be verified against 3D FSI analyses that will more 

accurately capture the dynamic behavior of the bridge. In addition, due to the complexity 

of the FSI analyses, these numerical results should also be validated against other 

numerical software tools and ideally with hydrodynamic experiments. 
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Chapter 3: Large scale hydrodynamic experiments in the O.H. Hinsdale 

Wave Research Laboratory 

 

3.1 Introduction  

The advanced fluid-structure interaction analyses presented in the previous chapter 

yielded interesting results and gave an insight into the forces that the bridge connections 

have to withstand during tsunami inundation. The offshore bearings were seen to take 

larger vertical forces than the rest of the bearings due to the existence of a large moment 

that resulted in the rotation of the bridge. Moreover, the analyses demonstrated the 

significance of the bridge flexibility and the dynamic fluid-structure interaction (FSI) when 

the bridge was impacted by tsunami waves. Since the field of FSI it is at its infancy meaning 

that most of the available computational methods have not been validated for the impact of 

a multi-phase fluid on a flexible bridge with significant displacements, and given the fact 

that the specific FSI method in LS-DYNA that was used by the author for the previous 

analyses was dependent on several numerical parameters, it was considered necessary to 

validate these results with hydrodynamic experiments. 

As was stated in the first chapter of this dissertation, the likelihood of significant 

scale-effects in small-scale experiments has been highlighted in previous studies. This 

likelihood emanates from (a) the difficulty of properly scaling the stiffness of the structure 

and (b) the inability to scale the atmospheric pressure (Martinelli et al 2010), as well as 

from (c) the distortion of the scale when the air is compressed by a wave (Takahashi et al 

1985). Therefore, in an attempt to advance the state-of-the-art it was deemed critical to 

conduct the hydrodynamic experiments at the largest possible scale. Other major reasons 
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for conducting large-scale experiments, in addition to minimizing the scale-effects, was the 

fact that they will allow (i) the construction of the bridge with the same material as the 

prototype ones (reinforced concrete and structural steel), (ii) the use of design methods and 

components as used in current practice (e.g. shear studs, deck reinforcement, shear keys, 

cross-frames, bearings, bent caps), and (c) the simulation of the flexibility of the 

superstructure, substructure and connections in the most possibly realistic way. 

 

3.2 Bridge specimen 

3.2.1 Design of composite bridge 

For the hydraulic experiments conducted in this study a composite bridge model 

with four I-girders was designed and constructed at a 1:5 scale. The in-plane dimensions 

of the bridge deck are 3.45m length and 1.94m width. These dimensions were intentionally 

chosen to be equal to the ones of the bridge used in the study by Bradner et al (2010), so 

that comparisons between the two experiments can be conducted. That study focused on 

the effects of hurricane waves on coastal bridges and it was unique because (a) it was the 

first study conducted at such a large scale and (b) it considered the dynamic fluid-structure 

interaction via the simulation of the substructure flexibility using equivalent horizontal 

springs. Interestingly, the aforementioned study revealed that the horizontal flexibility 

increased both the horizontal and vertical forces that the bridge had to withstand (Higgins 

et al (2013)). 

Given the in-plane dimensions the bridge and all the components were designed 

assuming that the structure was located on the West Coast of the US in a Seismic Zone 3 
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and a site class B. This was done because there is a likelihood of tsunamis inundating the 

west coast if a large magnitude earthquake occurs along the Cascadia subduction zone. In 

the preliminary phase of the design of the bridge specimen it was decided to use a 

composite steel bridge instead of an RC bridge with concrete girders in order to avoid 

possible cracking of the girders during the shipping of the bridge from Reno to Corvallis. 

Moreover, the steel components (girders, cross-frames, gusset plates) could be more easily 

modified than the concrete ones during the experiments in order to examine different 

configurations (e.g. adding/removing diaphragms, adding a soffit slab). 

The prototype bridge was analyzed following the AASHTO LRFD Bridge Design 

Specifications (2012) and the resultant forces and moments were scaled down to a 1:5 scale 

and were used for the design of the model bridge specimen. All the load combinations and 

requirements specified in AASHTO were considered in order to design a realistic bridge 

in accordance with the current practice. Loads considered included dead, live, wind, fatigue 

and earthquake among others. For the seismic design, response spectra for several cities on 

the west coast (e.g. San Francisco, Seattle, Anchorage) were generated using the USGS 

website. The chosen response spectra had As=0.45g, SDS=1.0g and SD1=0.33g. Limit states 

for strength, constructability, service, fatigue and fracture were considered.  

 As shown in Fig.3-1 the bridge has four steel girders which are connected with L-

shape cross-frames at the end supports and at third points. The steel girders were W8x13, 

and were readily available in the US market. Single angles were used at the intermediate 

cross-frames to satisfy slenderness ratios and prevent local buckling and lateral torsional 

buckling during the construction process. At the supports double angles were used as cross-
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frames in order to resist the large forces during the extreme event. The detailing of the 

cross-frames is shown in Figure 3-2. The details of all the bridge components are shown in 

Appendix B. 

For the shear connectors both the strength and the fatigue limit state were 

considered. Two shear connectors with 0.95cm diameter each and a pitch of 5.1cm were 

welded on the flange of each girder, in order to achieve the composite behavior with the 

deck. The pitch of the shear connectors was kept constant along the whole length of the 

girders, as shown in Figure 3-1. The deck was constructed with concrete and was reinforced 

with a steel wire with #3 rebar spaced at 0.10m in both directions. The reinforcement was 

placed at the mid-height of the concrete slab. The thickness of the slab is 5.1 cm, the haunch 

is 1.0 cm and height of the steel girders is 21.3cm. For the design of the slab and its 

reinforcement, service limit states, strength limit states and extreme events (including 

vehicular collision) were taken into account. In addition to the limit states specified by 

AASHTO, the RC bridge deck was also checked against the live load that the bridge would 

have to withstand during the preparation of the experiments to ensure that it will not fail 

when several students were standing on the bridge. 

Two different bearing types were designed and used for connecting the 

superstructure to the substructure, including steel bearings as well as plain elastomeric 

bearing pads.  The elastomeric bearings were designed per Method A of AASHTO (2012) 

to allow for thermal expansion. The bearing dimensions were 6.5 cm diameter and 1.27 cm 

height, and were manufactured by Scougal Rubber Corporation, who conducted material 

testing to meet all the AASHTO Specifications. Shear keys were also designed to take the 
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lateral earthquake load and transfer it to the bent caps. The shear keys consisted of steel 

angles L6 x 6 x (1/2) with two stiffeners 0.95cm thick each. Table 3-1 shows a summary 

of the main characteristics of the bridge model.  

 

Table 3-1: Summary of bridge characteristics 

Bridge Type I-girder Composite Bridge  

Deck Type Reinforced Concrete 

Deck Dimensions 3.45m x 1.95m x 0.05m 

Deck Reinforcement 
Steel wire with #3 rebar spaced at 

0.10m in both directions 

Girders W8x13, height=0.21m 

Girder Stiffeners Welded steel plates, 0.635cm thick 

Cross-frames Steel angles L1x1x1/8 

Shear keys 
Steel angles L6x6x(1/2) with two 

stiffeners 0.95cm thick each 

Shear Studs 2 at 5.1cm with D=0.95cm 

Steel bearings  HSS 8x2x(5/16) 

Elastomeric bearing pads Circular with D=6.5cm, H=1.27cm 

Bent caps HSS 7x5, L=2.5m 

Weight of bridge deck 12.62kN 
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Figure 3-1: Finalized rebar layout of the deck (top) and framing plan with girders and 

cross-frames (bottom), adapted from Reno Iron Works (Appendix C) 
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Figure 3-2: Detailing of end cross-frames (top) and intermediate cross-frames (bottom), 

adapted from Reno Iron Works (Appendix C) 
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3.2.2 Construction of the composite bridge  

 The bridge specimen was designed by UNR and was constructed by Reno Iron 

Works (RIW). Figure 3-3 shows the steel components of the bridge during their assembly 

at the facilities of RIW. The stiffeners were welded to each I-girder, while the single-angle 

intermediate cross-frames were welded to gusset plates, and once both components were 

ready then the gusset plates were bolted to the stiffeners of the girders forming the frame 

of the bridge.  Following the completion of the assembly of the steel members, the bridge 

frame was moved in the yard and formwork was attached, as shown in Figure 3-4. The 

steel wire was installed at the mid-height of the deck before the concrete pouring. 

 

 

Figure 3-3: Assembly of the bridge steel members at the facilities of Reno Iron Works 

(RIW) 
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Figure 3-4: Bridge with formwork before the concrete pouring at RIW 

 

3.2.3 Assembly in the Large-Scale Structures Laboratory at UNR 

 Since the experimental setup was very complex and consisted of a large number of 

connecting elements and bolted connections with regular sized holes (only 1/8 in larger 

than the bolt sizes) it was critical for the success of the project to ensure that everything 

will fit together. Therefore, the two red HSS7x5 bent caps that were initially designed and 

constructed by Bradner et al (2010) were shipped from OSU to UNR. In order to 

accommodate the new bridge type the bent caps had to be modified by welding two steel 

plates on top of the bent caps. These plates were machined to a very tight tolerance in order 

to meet the flatness requirements set by the load cells manufacturer, which were attached 

between the girders and the bent caps. Additional connecting plates between the bent caps 

and the load cells as well as between the load cells and the bearings were also designed and 
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constructed, as shown in figure 3-4. Once the fitting process and the instrumentation of the 

bridge was successfully completed in the Large-Scale Structure Laboratory at UNR ïas 

shown in Figures 3-5 and 3-6 - all the components were disconnected and shipped 

separately to Oregon State University. 

 

       

     

Figure 3-5: Four steel bearings connected to the bent cap (top-left), shear-key in contact 

with the top plate of the elastomeric bearings and the bent-cap (top-right), and details of 

the connections between the girders, steel bearings, load cells and bent cap (bottom), 

during the pre-test assembly in the Large-Scale Structures Laboratory at the University of 

Nevada, Reno 



54 

 

 

 

 

Figure 3-6: I-girder bridge connected to the steel bent caps during the pre-test assembly 

in the Large-Scale Structures Laboratory at the University of Nevada, Reno 
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Figure 3-7: Instrumenting the bridge with strain gages in the Large-Scale Structures 

Laboratory at the University of Nevada, Reno 

 

3.3 Hydrodynamic experiments 

3.3.1 Facility 

The experiments were conducted in the Large Wave Flume (LWF) at the O.H. 

Hinsdale Wave Research Laboratory (HWRL) at Oregon State University. The flume is 

104.24 m long, 3.66 m wide, and 4.57 m deep, and is shown in Figure 3-8. The maximum 

depth for tsunami-type wave generation is 2 m, and the maximum wave height for this 

depth is 1.40m. The LWF is equipped with a piston-type dry-back wavemaker that has a 

4.2m maximum stroke hydraulic actuator, which can generate both regular and random 

waves, as well as solitary waves, to simulate hurricane-type and tsunami-type waves. The 

flume is equipped with a powered carriage spanning transversely the flume, which is 
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supported on the flume walls and has a 6ton-capacity crane for installation of experimental 

specimens in the flume. Moreover, the LWF has a movable/adjustable bathymetry made of 

20 square configurable concrete slabs. The flume includes a series of bolt-holes with 

vertical patterns every 3.66m along the flume for supporting test specimens as well as the 

concrete bathymetry slabs. 

 

Figure 3-8: Large Wave Flume (LWF) facility with default bathymetry in the O.H. 

Hinsdale Wave Research Laboratory at OSU (source: http://wave.oregonstate.edu/large-

wave-flume) 

 

3.3.2 Flume bathymetry and bridge location in the LWF 

3.3.2.1 CFD and one-way FSI analyses 

 As was discussed in the first chapter of this dissertation several of the studies 

conducted to date have simulated the tsunami waves as bores, while other studies used 

unbroken solitary waves due to their simplicity and available mathematical description. 

Briggs et al (2009) describe the tsunami waves as long gravity waves that are changing in 
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height and shape as they reach shallow waters, due to the beach slope and bathymetry. 

These waves can break, ending up traveling ashore either as rising tides or bores, indicating 

that at the location of coastal bridges it might be more realistic to simulate the tsunami 

waves as bores than unbroken solitary waves. Nonetheless, one of the goals of this 

experiment was to use both unbroken solitary waves and bores, in an attempt to identify 

the differences in the tsunami forces introduced by the two different wave types.   

 Various studies have been conducted to study the complex phenomenon of wave 

breaking, among which Peregrine (1983) and Ghosh et al (2007) presented a detailed 

description of the different phases encountered by a plunging wave, including the onset of 

wave breaking, wave overturning, plunge point, oblique splash-up, secondary plunge and 

multiple splash-up events.  Following these multiple plunging and splash-ups events, a 

quasi-state bore will eventually form. Although, there exist multiple wave breaking criteria 

(e.g. Munk 1949 and Grilli et al 1997) that could predict when the breaking will start, it is 

still unknown (a) how much time and distance will take from the onset of the breaking until 

the formation of the bore, and (b) how much will be the height of the bore. Determining 

these two unknowns was critical for the design of the hydrodynamic experiments. 

To this end, several Computational Fluid Dynamics (CFD) models of the whole Large 

Wave Flume at OSU were developed, as shown in Figure 3-9, and extensive numerical 

analyses were conducted. The parametric CFD analyses examined different bathymetries 

with slopes of 1:12, 1:24 and 1:36, and aimed to identify: 

¶ The appropriate combination of slopes/bathymetry that will permit the testing of a 

wide range of both unbroken solitary waves and bores  
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¶ The optimum distance of the bridge specimen from the wavemaker, which will be 

determined by the distance required for the formation of the bores, 

¶  The elevation of the bridge specimen, which will be determined by (a) the height 

of the quasi-steady bores, (b) the vertical pattern of holes along the flume, and (c) 

the goal to inundate the bridge as much as possible, and 

¶  The required wave matrix that will be able to impact the bridge 

The CFD analyses were conducted in LS-DYNA (Hallquist 2014) again. However, this 

time the new incompressible solver, called ICFD (Del Pin et al 2014), was used instead of 

the compressible one. The former code has significant advantages over the latter one for 

problems involving water wave propagation and free-surface flow, because it is an implicit 

code allowing the user to specify the time-step based on the CFL condition, reducing 

consequently the required analysis time by an order of magnitude in some cases. The code 

solves the Navier-Stokes equations, uses the Level Set Method for tracking the fluid 

interface and includes various turbulence models, such as the Large Eddy Simulation 

(LES), making it therefore possible to simulate the wave-breaking.  

 Another useful capability of the new solver is the coupling with the mechanical 

solver in LS-DYNA for solving fluid-structure-interaction (FSI) problems. For the FSI 

coupling a partitioned approach is used meaning that the fluid and solid equations are 

uncoupled. Both one-way and two-way FSI coupling can be implemented. In addition, both 

weak and strong coupling can be achieved, depending on whether the mechanical solver 

runs explicitly or implicitly. The code uses an ALE approach for simulating the motion of 
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the structure in FSI problems, allowing it to handle large displacements of the solid body 

during the interaction with a fluid. 

 In the 2D computational model of the LWF, the bridge structure was simulated as 

a rigid boundary, which means that the wave-bridge interaction and bridge response were 

not considered in order to reduce the computational time. The wavemaker was simulated 

using shell elements (Figure 3-10) that moved horizontally with a prescribed motion. The 

wavemaker-water interaction was simulated via one-way FSI, meaning that the wavemaker 

affected the fluid but the fluid did not affect the motion of the wavemaker. Since the 

wavemaker had to undergo significant displacements in the model, which were in the range 

of 3.5m for the largest waves, special commands were used to allow the surface nodes to 

move with the wavemaker using an ALE approach -as was done for the volume mesh of 

the fluid - otherwise the analyses failed prematurely.  

 The prescribed motion assigned to the wavemaker in the LS-DYNA model was the 

actual motion that the wavemaker will undergo in the experimental tests, and this was 

calculated using the solitary wave generation theory. The wave generation theory used by 

the piston-type wavemaker in the LWF of the O.H. Hinsdale Wave Research Laboratory, 

is the one described by Goring and Raichlen (1980) and Hughes (1993). Readers are 

welcome to examine the derivation and all the details of the theory by accessing the above 

studies. For the purpose of this dissertation only the main equations for calculating the 

displacement of the wavemaker are presented below: 
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 ὢέὸ ὸzὥὲὬὯὧὸὢέ             (3.1) 

 ὧ Ὣz Ὄ Ὤ (3.2) 

 Ὧ
σz Ὄ

τz Ὤ
 (3.3) 

 

In the above three equations, h is the water depth, H is the wave height, g is the gravitational 

acceleration, c is the celerity of the wave and Xo(t) is the wavemaker displacement history. 

Since Xo(t) is on both sides of equation 3.1, this means that for a particular water depth 

and wave height the displacement of the wavemaker can be calculated numerically (e.g. in 

Matlab) via iterations.  

CFD models with different fluid mesh sizes were developed, starting from a mesh 

size of 10cm and going down to 1.25cm, as shown in Figure 3-10. In addition, different 

time-steps were also examined ranging between 0.01sec and 0.0025sec. In a 104.24m long 

and 4.57m deep flume the 10cm mesh was considered a reasonable starting point. 

However, the results revealed that even for a large solitary wave with H=1.20m in a 1.16 

water depth, breaking did not occur, despite the fact that the wave height/water depth ratio 

exceeded the 0.78 limit introduced by Munk (1949). This indicated that the 10cm could 

not resolve accurately the free-surface of the wave, and the mesh size was reduced.  

Figure 3-11 shows the contours of the fluid velocities close to the wavemaker for 

two CFD models, (a) one with a 10cm mesh size and 0.01sec time-step, and (b) another 

one with a finer mesh equal to 2.5cm and a time-step equal to 0.0025sec. Some relatively 

small differences can be noticed in the free-surface of the fluid. As the wave propagates 
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along the flume and reaches the second flat section where h=1.16cm the model with the 

fine mesh starts breaking as expected (Figure 3-11), while the model with the coarse mesh 

does not break. Following the first plunging the wave in the former model keeps breaking 

with multiple splash-ups and plunges, while the wave in the latter model still does not 

break, as shown in Figure 3-12. The different models demonstrated that the wave-breaking 

was very dependent on the mesh size and the time-step, and most of the parametric studies 

were conducted using the 2.5cm mesh size. The model with the 1.25cm mesh size was also 

predicting the wave breaking and was capturing even more local fluctuations and details 

than the model with the 2.5cm mesh size, however it was computationally too expensive. 

Figure 3-14, shows the snapshots of the wave propagation and breaking, with the latter one 

described by multiple plunges, as was observed in the experimental study by Ghosh et al 

(2007). 

The computational analyses were run on the High Performance Computing Cluster 

at UNR, using up to 100 cores per analysis. The analysis time ranged between 1 day to 

several days depending on the mesh size and time-step. The results of the numerical 

analyses showed that a 1:12 slope followed by a horizontal bathymetry 40.2m long and 

another 1:12 slope at the end was the most appropriate. The slope at the beginning would 

cause an increase of the wave height due to shoaling, and later on breaking of the wave in 

some cases, while the slope at the end would dissipate the energy of the wave. In addition, 

the optimum location for the bridge was between bays 14 and 15, in order to allow for the 

bore to form after the wave breaking and still inundate the bridge.  
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Figure 3-9: Full-scale CFD model of the Large Wave Flume at Oregon State University, 

with the adjusted bathymetry and the bridge specimen in LS-DYNA (to scale) 

 

 

 

Figure 3-10: Close image of two CFD models with 10cm (left) and 2.5cm (right) fluid 

mesh size respectively at the location of the wave-maker. 
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Figure 3-11: Snapshot of the contours of the fluid velocities close to the wavemaker for 

two CFD models with 10cm (top) and 2.5cm (bottom) mesh size respectively 
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Figure 3-12: Snapshot of the contours of the fluid velocities at t=9.51sec, for two CFD 

models with 10cm (top) and 2.5cm (bottom) mesh size respectively 
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Figure 3-13: Snapshot of the contours of the fluid velocities at t=11.43sec, for two CFD 

models with 10cm (top) and 2.5cm (bottom) mesh size respectively 
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Figure 3-14: Snapshot of the contours of the fluid velocities during the wave propagation 

and breaking, for the CFD model with 2.5cm mesh size and a wave with H=1.20m and 

d=2.0m 
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3.3.2.2 Preliminary hydrodynamic testing without the bridge specimen 

The parametric CFD analyses presented in the previous section identified the 

optimal bathymetry and bridge location. However, given the fact that the plunging wave-

breaking is a very complex phenomenon that was seen to be dependent in the 

computational analyses on both the mesh size and the time-step it was decided to perform 

preliminary wave tests in the Large Wave Flume before the installation of the bridge.  

These experimental tests identified the onset of breaking point, the location of the 

formation of the quasi-steady bore, and its height, confirming visually the estimations 

found with the numerical model. Interestingly, although according to the simple solitary 

wave breaking criteria (Munk 1949) the wave breaking should have happened between bay 

4 and 5, it was observed in the preliminary wave tests that the onset of breaking actually 

happens further down, between bays 8 and 9, and the quasi-steady bore is formed after bay 

12. Therefore, the bridge was installed between bays 14 and 15 and the bathymetry was a 

combination of two inclined sections with a 1:12 slope and a flat section, as was determined 

by the CFD analyses. The final bathymetry and bridge location are shown in Figure 3-15. 

 

 

Figure 3-15: Cross-section of the Large Wave Flume (LWF) depicting the bathymetry, 

bridge location and flume instrumentation 
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3.3.3 Testing frame and installation in the flume 

Steel bent caps with an HSS7x5 section where used, as in Bradner et al (2010). 

Although the bridge was not designed for tsunami loads but was instead designed according 

to existing guidelines and current practice, the load cells, the rails, the carriages and the 

connections below the bent cap had to be designed for the tsunami loads to avoid any 

damage during the tsunami experiments and ensure proper measurement of the parameters 

of interest. To this end a numerical model of the bridge with all the major components was 

developed in the commercial software CSI Bridge (2017) licensed by Computer & 

Structures. Inc, as shown in Figure 3-16. The total horizontal and vertical tsunami loads 

were estimated based on the available literature, and were applied on the bridge as static 

loads to find the distribution in each connection. These forces were multiple times larger 

than the forces introduced by the hurricane waves tested by Bradner et al (2010), which 

exceeded the capacity of the rails and the carriages. Therefore, the bent caps were 

furthermore modified by adding additional connections (carriages, load cells and steel 

plates) between the test-frame and the bent caps. 

 Figure 3-17 shows the final experimental setup at the bridge location. The main 

components include the test frame (W18x76), which is bolted to the walls of the flume, the 

rails with the rollers (carriages), the bent caps, the horizontal links/springs, the bearings 

(steel/elastomeric), the shear keys and the bridge deck. The rails with the rollers should not 

provide any resistance due to negligible friction, so that the horizontal stiffness of the 

substructure is represented by the horizontal springs/links attached to the bent cap.  

Moreover, vertical and horizontal load cells were installed both at the level of the bent caps 

and at the level of the girders, and are shown with yellow and green color respectively.  
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 The load cells below the girders were added in order to capture the vertical force 

that each bearing and connection has to withstand, while the load cells below the bent caps 

were added in order to find the forces that will go into a three-column bent. The other 

significant reason for using load cells at both levels, was to check the quality of the 

experimental data and gain confidence in the obtained information. If the tsunami vertical 

load was a static load then the total vertical force calculated by the load cells at the two 

levels would be the same. Therefore, comparison of the time-histories of the recorded total 

vertical forces from the two sets of load cells is expected to give an insight into the dynamic 

effects. To distinguish between the vertical forces measured below the girders and below 

the bent cap, the former ones will be referred in this study as vertical forces in the ñgirder 

connectionsò or ñbearingsò while the latter one will be referred as forces in the ñbent-cap 

connectionsò or ñpiersò. It must be noted that the actual piers and their axial stiffness was 

not modeled in the experimental setup. Similarly to the case with the vertical forces, 

horizontal forces were recorded in both the shear keys and the substructure links/springs, 

in order to verify that the friction at the rail-roller interface has a negligible effect, and 

increase the confidence in the experimental data.  

Once the bathymetry and the bridge location were finalized, the set up of the 

experiments in the large wavel flume started, following the steps below: 

¶ Installation of the concrete slabs to form the bathymetry of the flume 

¶ Installation of the flume instrumentation with simultaneous installation of the test 

frame at the bridge location 
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¶ Installation of the rails on the test frame, connection of the load cells to the rollers 

and then connection of both components to the rails. 

¶ Installation of the bent caps on the vertical load cells (Figure 3-18) 

¶ Addition of new steel plates on the top face of the bent caps, connection of the 

vertical load cells to these plates, and installation of the bearings on the load cells 

¶ Moving the bridge in the flume using the crane and installation of top of the  

bearings (Figures 3-18 and 3-19) 

¶ Installation of the pressure gages, accelerometers and displacement transducers on 

the bridge, and acoustic probes in the flume at the location of the bridge 

¶ Filling of the LWF with water (Figure 3-20) 

 

 

 

Figure 3-16: Numerical Model of the bridge setup in CSI Bridge  
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Figure 3-17: Cross-section of the experimental setup at the bridge location depicting the 

major components (test frame, bridge specimen, bent caps and connecting elements) 

 

 

Figure 3-18: Installation of the bent cap on the load cells that were connected to the test 

frame 
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Figure 3-19: Installation of the bridge with steel bearings in the LWF 
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Figure 3-20: View of the bridge specimen with the LWF empty (top) and filled with 

water (bottom) before the hydrodynamic tests 
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3.4 Wave Matrix  

In the preliminary design phase of the hydrodynamic experiments three different 

water depths were considered including 1.80m, 1.90m and 2.0m. However, for the finalized 

bathymetry (Figure 3-15) the CFD models with the refined mesh revealed that the bores 

could not fully inundate the bridge when the water depth was 1.80m, and consequently this 

case was dropped from the wave matrix. A shown it Table 3-2 and Table 3-3 two water 

depths were used including the 1.90m and 2.0, and a range of waves with heights between 

0.36m to 1.40m. 

It must be noted that the experiments were conducted in two different stages, with 

each stage having a different wave matrix. As shown in Table 3-2 in the first stage, two 

water depths and two types of waves ï unbroken solitary waves and bores ï  with input 

heights between 0.36m-0.70m for the former waves and between 0.80m-1.40m for the 

latter ones. In the second stage of the experiments only a 2.0m water depth was examined, 

however three different wave types ï unbroken solitary waves, a longer wave with an error 

function (erf=10sec), and turbulent bores ï and additional wave heights were tested. In 

total 420 hydrodynamic tests were conducted in the LWF. 
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Table 3-2: Wave heights and water depths tested in the first stage of the experiments 

Water Depth (m) Wave height (m) Wave Type 

1.90 

0.46 Solitary 

0.52 Solitary 

0.65 Solitary 

0.80 Bore 

1.00 Bore 

1.10 Bore 

1.30 Bore 

2.00 

0.36 Solitary 

0.42 Solitary 

0.55 Solitary 

0.70 Solitary 

0.90 Bore 

1.00 Bore 

1.20 Bore 

1.40 Bore 

 

 

Table 3-3: Wave heights and water depths tested in the second stage of the experiments 

Water Depth (m) Wave height (m) Wave Type 

2.00 

0.36 Solitary 

0.42 Solitary 

0.50 Solitary 

0.55 Solitary 

0.62 Solitary 

0.70 Solitary 

0.80 Bore 

0.90 Bore 

1.00 Bore 

1.20 Bore 

1.40 Bore 

  

Unbroken with erf T=10s 
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3.5 Structural Matrix  

In the current experimental study, twelve bridge configurations of a straight bridge 

were tested. Seven of these test cases were focusing on the effect of the bridge flexibility 

on the dynamic wave-structure interaction and the tsunami forces introduced in the 

connections. Details of these configurations are shown in Table 1. Both test cases ST1 and 

ST2 have a rigid link (rod) at the substructure level, which does not allow the bent cap to 

move laterally. The difference between the two configurations lies in the connection of the 

girder to the load cells on top of the bent caps, which in the former case is established with 

steel bearings while in the latter this is done with elastomeric bearings (flexible). The steel 

bearings in ST1 restrict all degrees of freedom, while elastomeric bearings with the shear 

keys in ST2 allow rotations and vertical displacements of the bridge but restrict the 

horizontal displacements. Comparison of these two bridge cases is expected to give an 

insight into the role of the flexibility of the connections during the tsunami inundation. 

Test cases ST3 and ST4 are different than the two previous cases since the 

substructure flexibility is now modeled explicitly using a linear horizontal medium spring 

(flexible) and a soft spring (very flexible) respectively instead of a rigid rod, as a link 

between the bent cap and the bracket connected to the flume wall. These springs were first 

designed and used by Bradner et al (2010), where the stiffness of the medium spring was 

selected to represent the scaled fundamental period of the prototype I-10 Bridge over 

Escambia Bay. The spring stiffness was 458 kN/m for the medium spring and 107kN/m 

for the soft spring. Last but not least, test case ST11 was similar to case ST2 however the 

shear keys were removed and the bridge deck was allowed to rotate and translate both 

vertically and horizontally, restricted only by the flexibility of the elastomeric bearings.  
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Bridge configurations ST2B and ST3B were conducted in the second stage of the 

experiments, and were similar to the configurations ST2 and ST3, respectively, of the first 

stage. The main difference was that in the first stage each bent cap was connected to the 

test frame via three load cells ï representing a three-column bentï while in the second stage 

only 2 load cells were used below the bent-cap, representing a two-column bent. The 

middle connection was dropped in the second stage because the measured uplift forces 

were smaller than the ones predicted by the simplified predictive tsunami equations used 

in the design of the first stage. The second stage was also beneficial because it provided 

the chance to subject the bridges to additional wave heights and wave types, and to repeat 

previous wave heights in an attempt to check the repeatability of the measured 

hydrodynamic and bridge parameters. 

 The other five bridge configurations shown in Table 3-5, focused on the second 

part of the objectives presented in chapter 1, which included (a) the deciphering of the role 

of the air-entrapment in bridges with diaphragms, (a) the determination of the variation of 

tsunami forces for different bridge types, such as I-girder and box-girder bridges, and (c) 

the investigation of the use of air-vents in the deck as a mitigation strategy against tsunamis. 

Bridge configuration ST5 is similar to ST2 but in addition wooden diaphragms are attached 

at the location of the cross-frames. The diaphragms are sealed with caulk and are 

consequently expected to trap the air between the girders when the wave inundates the 

chamber. Bridge configuration ST6 was built based on configuration ST5 with the addition 

of a thick wooden slab at the bottom. This soffit slab was connected to the girders and the 

diaphragms, forming thus a box-girder bridge. It must be noted that the goal for this 
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configuration was to simulate the geometry of a box-girder, and not the exact 

superstructure flexibility of an actual box-girder. 

 Bridge configuration ST7 is similar to ST5 but this time eighteen 2.5in diameter 

holes were drilled in the deck. The total area of the air-vents was 0.85% of the deck area. 

Comparison of the data from the aforementioned configurations will shed light on the 

effectiveness of the air-vents in reducing the uplift tsunami forces for bridges with 

diaphragms. In an attempt to study the effect of the number of air-vents 18 more holes were 

drilled in the deck forming bridge configuration ST9. Last, in bridge case ST10 the 

diaphragms were removed in order to examine if the venting would have an effect on the 

uplift forces that I-girder bridges with cross-frames have to withstand. 

 

Table 3-4: Bridge cases focusing on the role of the dynamic fluid-structure interaction 

Bridge 

Cases 

Substructure Stiffness Connection Type 

Shear 

Keys 

Bent-pier 

connections Rigid  

link 

Medium 

spring 

Soft 

spring 

Steel 

Bearings 

Elastomeric 

Bearings 

ST1 ω     ω   ω 3 

ST2 ω       ω ω 3 

ST3   ω     ω ω 3 

ST4     ω   ω ω 3 

ST11 ω       ω   3 

ST2B ω       ω ω 2 

ST3B   ω     ω ω 2 
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Table 3-5: Bridge cases focusing on the role of air-entrapment, the variation of tsunami 

forces relative to the bridge type, and the use of air-vents as counter-measures against 

tsunamis 

Bridge 

Cases 

Substructure 

Stiffness 

Connection 

Type 
Shear 

Keys 
Diaphragms Soffit 

Venting 

(%) 
Rigid  link 

Elastomeric 

Bearings 

ST5 ω ω ω ω     

ST6 ω ω ω ω ω   

ST7 ω ω ω ω   0.85 

ST9 ω ω ω ω   1.70 

ST10 ω ω ω     1.70 

 

 

3.6 Instrumentation  

3.6.1 Flume Instrumentation  

Since one of objectives of the current study was the development a high quality 

database that could be used for validation of hydrodynamic models and CFD methods by 

research groups around the world, the wave flume was heavily instrumented. Wave 

hydrodynamics were measured in the experiments using resistive-type wave gages, 

acoustic probes, pressure gages and ADVs.  In particular, 13 resistive-type wave gages 

were installed along the length of the flume to measure the free-surface elevation and 

capture the propagation of the waves (shoaling) and the complex phenomenon of plunging 

wave breaking. Moreover, 5 acoustic probes were installed at the location of the bridge to 

track the overtopping process, and 16 Vectrino-II ADVs were installed at four different 

locations in order to measure the flow velocities and determine the velocity profile. In 

addition, two pressure gages were added at the same location with two velocity profiles, to 
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measure the hydrodynamic pressure. Table 3-6 is showing the bays of the Large Wave 

Flume that were instrumented, the corresponding instruments and their exact location. The 

acoustic probes are not shown in this table because they were not installed at the exact 

location of a bay, but were instead installed in an array between bays 14 and 15, with two 

probes installed in front of and behind the bridge and the rest installed along the width of 

the bridge. Similarly two wave gages are also not included since they were installed in an 

array between bays 8 and 9. It is worth mentioning that all the instruments were surveyed 

in order to identify the exact location and facilitate the comparison with numerical codes.  

 

Table 3-6: Flume instrumentation and corresponding locations 

Bay  3 4 6 7 8 9 10 11 12 13 17 

Distance  17.73 21.49 28.80 32.44 36.10 39.66 43.01 47.09 50.74 54.38 68.92 

Wave 

gauges 
Å Å Å Å Å Å Å Å Å Å Å 

Pressure 

gauges  
- - - Å - - - - - Å - 

Elevation 

(m) 
      1.224           1.211   

ADVs - Å - Å - - - - - Å Å 

Elevation 

(m) 

  

  

  

  

  

  

  

  

  

0.923 

1.846 

2.461 

2.756 

  

  

  

  

  

  

1.243 

1.844 

2.469 

2.766 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

1.233 

1.84 

2.137 

2.452 

2.752 

1.506 

1.824 

2.128 
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3.6.2 Bridge Instrumentation 

 

In addition to the extensive flume instrumentation, the bridge was extensively 

instrumented in order to measure both the tsunami impact pressures, as well as the bridge 

response in terms of accelerations, displacements, strains and forces, and obtain useful data 

for (a) the development of new and (b) validation of existing FSI methods. To this end, 12 

pressure gages were installed on the steel girders and on the concrete deck to capture the 

impact pressures at certain locations, shown in Fig. 3-21 and Fig. 3-22. In addition, 3 

biaxial accelerometers together with 2 vertical and 2 horizontal string pots were installed 

on top of the concrete deck, to capture the bridge response along the horizontal and vertical 

axis. The accelerometers were installed at three locations on the top surface of the bridge 

deck, two of which were next to the offshore and onshore lifting lugs. Vertical string pots 

were installed at similar locations with the two aforementioned accelerometers (offshore 

and onshore lifting lugs), so that both type of instruments can capture the rotation of the 

bridge.  

The horizontal string pots were attached to stiff tubes, which were bolted to the two 

bent caps, to measure their displacements (Fig.3-21). For the bridge configuration ST11 

two Novotechniks displacement transducers were added between the bridge deck and the 

stiff tubes to measure the relative displacement between the deck and the bent caps. 

Moreover, 24 strain gages were installed on the steel cross-frames to get an estimation of 

the forces carried by each member, and understand the load path from the girders to the 

connections. 
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Furthermore, 16 submersible load cells were installed to measure the forces in 

certain members and connections. In particular, existing 20-kip and 50-kip load cells were 

used for measuring the vertical forces below the bent caps and 10-kip load cells were used 

to measure the horizontal forces in the rigid links and flexible springs. Additionally, 10-

kip load cells were purchased and installed below each girder as well as on the shear keys. 

Due to the long lead time of the additional load cells, part of the experiments were 

conducted without the load cells at the shear keys. 

 

 

Figure 3-21: Cross-section of the experimental setup at the bridge location depicting the 

major components and the bridge instrumentation  

 



83 

 

 

Figure 3-22: Plan view of the experimental setup at the bridge location depicting the 

location of the load cells and pressure gages installed on the bridge 

 

3.7 Data acquisition system  

To accommodate the large number of instrumentation and the need to have certain 

parameters recorded at different rates than other ones, three different DAQ modules were 

utilized. Two DAQs were part of the O.H. Hinsdale Wave Research Laboratory (HWRL) 

equipment and the third DAQ was a portable one that was borrowed from the Earthquake 

Engineering Laboratory at UNR. From the two HWRL DAQs, the master DAQ was 

sampling at a rate of 50Hz and was storing data from the flume instrumentation (e.g. wave 
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gages and acoustic probes), while the slave DAQ sampled at 10000Hz and stored data from 

the bridge instrumentation (pressures, accelerations, load cells, string pots). The UNR 

DAQ stored also data from the rest of the bridge instrumentation including strain gages 

and load cells, and sampled at a rate of 5000Hz to 6000Hz. The higher sampling rate of the 

bridge instrumentation was selected in order to capture the impulsive response of the 

bridge. 

 

3.8 Summary 

This chapter has described the design of large-scale hydrodynamic experiments of 

tsunami inundation of a coastal bridge, to complement previous FSI analyses and gain an 

insight into the complex physics of wave-structure interaction. The experiments were 

conducted at the largest possible scale ς a 1:5 scale ς in order to (a) avoid possible scale 

effects associated with small-scale experiments and (b) use a realistic bridge model made 

out of the same material as prototype bridges, with structural members and components 

according to current practice, and simulation of the flexibility of the superstructure, 

substructure and connections in the most possibly realistic way. Therefore, a composite 

bridge model with four steel I-girders and in-plane dimensions 3.45m x 1.94m was 

designed at the University of Nevada, Reno and constructed by Reno Iron Works. The steel 

girders were connected with cross-frames at third points and at the end supports. The bridge 

deck was made of concrete, reinforced with a steel wire and connected to the steel girders 

via shear studs to ensure a composite behavior. Two different bearing types were designed 

and used for connecting the superstructure to the substructure, including steel bearings, as 
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well as plain elastomeric bearing pads. In the latter case steel shear keys were also designed 

to transfer the large seismic lateral forces from the deck to the supports. The bridge and all 

components were designed according to AASHTO LRFD Bridge Design Specifications 

(2012), assuming that the bridge was located on the West Coast in a Seismic Zone 3. 

The hydrodynamic experiments were conducted in the Large Wave Flume of the 

O.H. Hinsdale Wave Research Laboratory (HWRL) at Oregon State University. The bridge 

with the bent caps and most of the associated components were pre-assembled in the Large-

Scale Structures Laboratory at the University of Nevada, Reno to ensure proper fitting, 

disassembled, and then shipped to OSU for testing in the HWRL. One of the objectives of 

the project was to examine both unbroken solitary waves and turbulent bores, in order to 

identify possible differences between the wave effects on coastal bridges caused by the two 

wave types. Since wave-breaking is a complex phenomenon, especially the plunging-type 

one, despite the studies conducted to date on this topic and the available wave breaking 

criteria that could predict the onset of wave breaking, there are still two major unknowns. 

In particular, the two unknowns include (a) the time and distance that will take from the 

onset of the breaking until the formation of the bore, and (b) the height of the bore, and 

both of these unknowns were critical for the successful design of the hydrodynamic 

experiments. To determine these unknowns several models ς with different mesh-sizes and 

time-steps ς of the Large Wave Flume with the wavemaker and the bridge were developed 

in LS-DYNA and extensive parametric FSI analyses were conducted using a one-way 

coupling of the ICFD and Mechanical solvers. These analyses determined (a) the 

appropriate combination of slopes/bathymetry that will permit the testing of a wide range 

of both unbroken solitary waves and bores, (b) the optimum distance of the bridge 
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specimen from the wavemaker, (c) the elevation of the bridge specimen, and (d) the 

required wave matrix that will be able to impact the bridge. The wave matrix included two 

water depths (1.90m and 2.00m) and three types of waves ï unbroken solitary waves, a 

longer wave with an error function (erf=10sec), and turbulent boresï  with input heights 

between 0.36m-1.40m. 

In the HWRL hydrodynamic experiments the bridge was connected to the bent 

caps, which were supported via linear guide rails and rollers on a test frame bolted to the 

walls of the flume. In this experimental setup the piers were not explicitly modeled, 

however their flexibility was simulated via the use of horizontal links/springs. Moreover, 

vertical load cells were installed both below the bent caps and below each girder, in order 

to capture the vertical force that each bearing and connection has to withstand. Comparison 

of the total vertical forces from the two sets of load cells are expected to (a) identify the 

role of dynamics and (b) increase the confidence in the experimental data. Horizontal load 

cells were installed at the level of the bent cap and on the shear keys in order to measure 

the horizontal tsunami forces introduced in the bridge connections. In addition to the 

connection forces, the bridge was extensively instrumented in order to measure the tsunami 

impact pressures, as well as the bridge response in terms of accelerations, displacements 

and strains. Apart from the extensive instrumentation of the bridge specimen, the flume 

was also heavily instrumented with resistive wave gages, acoustic probes, pressure gages, 

and ADVs to measure the wave hydrodynamics. 

The structural matrix of the experiments included twelve bridge configurations of 

a straight bridge. Seven configurations focused on the effect of the bridge flexibility on the 
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dynamic wave-structure interaction and the tsunami forces introduced in the connections. 

The role of the flexibility generated by (a) the bearings, (b) the existence/removal of the 

shear keys, and (c) the substructure, was comprehensively studied. The other five 

configurations focused on (a) the role of the air-entrapment in bridges with diaphragms, 

(b) the variation of tsunami forces for different bridge types, such as I-girder bridges with 

cross-frames and diaphragms, as well as box-girder bridges, and (c) the investigation of the 

use of air-vents in the deck as a mitigation strategy against tsunamis. Apart from a physical 

insight into the aforementioned topics, the wide range of experiments with the extensive 

instrumentation of both the flume and the bridge specimen are expected to develop a high 

quality database that can be used by research groups around the world for: (i) examining 

the accuracy of existing empirical predictive equations for tsunami loads and development 

of new ones, (ii) development, calibration and validation of hydrodynamic models, CFD 

methods and FSI approaches for structures with significant inertia and large displacements, 

and (iii) development of recommendations and design guidelines for establishing tsunami-

resilient bridges. 
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Chapter 4: Dynamic characteristics of the bridge  
 

4.1 Hammer impact Tests 

4.1.1 Horizontal direction 

In an attempt to identify the dynamic characteristics of the bridge, impact hammer 

tests were conducted prior to the hydrodynamic experiments. In particular, twelve 

hammer tests were done to cover different bridge specimens (ST2, ST3, ST11 and ST15) 

and two directions. In most of the cases the input force was recorded by instrumentation 

attached to the hammer and the response of the bridge - in terms of acceleration - was 

measured using accelerometers attached to the deck. In some cases, in addition to the 

acceleration of the bridge deck, horizontal forces in the shear keys and substructure link 

as well as vertical forces in the bearings and bent cap connections were also measured. 

Based on the recorded time histories FFTs were generated and the excited frequencies 

were identified. 

In all these tests an 8lb hammer with two different tip materials ï wood and 

rubber- was used and the sensitivity to the tip material was examined. As shown in Figure 

4-1 the wood tip introduced a higher magnitude and lower duration impact pulse than the 

rubber tip -as expected since it is a significantly stiffer material- and distributed the 

impact energy over a large range of frequencies up to 1000Hz, while the rubber tip 

resulted in a smaller range up to 400Hz. The aforementioned numbers correspond to a 

horizontal impact on the side of the overhang for the bridge with elastomeric bearings, 

shear keys and a rigid substructure (ST2). The duration of the impact was 0.0051sec and 

0.0017sec for the rubber and wood impact case respectively. As shown in Figure 4-2 and 



89 

 

Table 4-1 the different impact materials resulted in a different bridge response with the 

wood exciting a small number of low natural frequencies and a large number of high 

frequencies up to 751.88Hz and the rubber exciting a larger number of frequencies 

mainly in a lower range up to 266.25Hz. Interestingly, the two tests also excited several 

common modes and the corresponding frequencies determined by the two different 

hammer tests were similar (e.g. 30.13Hz and 31.88Hz) with a maximum difference up to 

6.7%. This indicates that despite the different materials there is repeatability and 

consistency in the measurements.  

The relatively small difference between the frequencies from the two tests can be 

possibly justified by the friction generated between the shear keys and the girders during 

the impact, which can be affected by the impact rate. In addition, since the horizontal 

impact was at the edge of the overhang and not at the center of mass, this is expected to 

have introduced moment in the system causing a slight rotation of the bridge with sliding 

of the girder on the shear keys, after which the bridge did not come to rest at the exactly 

same initial position, changing slightly the point of contact between the shear keys and 

girders for the next hammer test. The last possible reason for the differences between the 

frequencies is the automatic procedure that was developed in Matlab for identifying the 

local maxima in the FFTs. 
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Figure 4-1: Input Force-Histories (left) and FFTs (right) for Hammer Tests #9 (wood) 

and #10 (rubber) for the bridge with elastomeric bearings, shear keys and rigid 

substructure 

 

 

Figure 4-2: Bridge Deck Acceleration-Histories (left) and FFTs (right) for Hammer Test 

#9 (top) and #10 (bottom) for the bridge with elastomeric bearings, shear keys and rigid 

substructure 
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Table 4-1: Sample of excited frequencies (Hz) during two horizontal hammer tests with 

different tip material for the bridge with elastomeric bearings, shear keys and rigid 

substructure (ST2)  

Hammer Test #9 Hammer Test #10 

Wood  

(td=0.0017sec) 

Rubber 

(td=0.0051sec) 

15.75 17.25 

30.13 28.13 

43.75 31.88 

49.50 39.63 

103.00 42.75 

176.63 46.38 

182.13 53.50 

204.13 60.75 

262.13 74.25 

272.25 77.63 

337.25 104.13 

399.50 109.38 

543.25 169.38 

558.38 182.13 

646.75 207.13 

658.88 243.88 

726.50 263.13 

751.88 266.25 

 

4.1.2 Vertical direction 

Inspection of the recorded frequencies by the two hammer tests revealed that the 

most appropriate hammer tip material was the rubber since the frequencies of interest 

were in the lower range. Therefore, for the hammer tests in the vertical direction only the 

rubber tip was used. Since most of the bridge configurations had elastomeric bearings 

with shear keys ï apart from ST1 that had steel bearings and ST11 that had elastomeric 

bearings without shear keys - the vertical hammer tests were conducted only for one 

bridge configuration, namely ST3. In particular 4 different hammer tests were conducted 
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in the vertical direction, with two hammer tests impacting at the center of the bridge deck 

and two other tests impacting at the overhang.  The former tests were attempting to excite 

a vertical translation mode and the latter ones a rotational mode along the longitudinal 

axis. In these two groups of tests the bridge acceleration was recorded at the center of the 

bridge in one test and at the edge of the overhang in the following test.  

As shown in Figures 4-4 and 4-5, despite the fact that the impact pulse was 

similar in shape and duration concentrating the energy in the same range of frequencies 

for all vertical tests, the location of impact as well the location of the recording of the 

bridge response affected the frequencies that were excited and also the contribution of the 

main modes in the response. Nonetheless, as shown in Table 4-2, there were multiple 

modes which were excited in all four tests and the corresponding frequencies obtained 

from the FFTs of the bridge response were similar in all tests with a difference 1%-2%. 

Interestingly the fundamental mode had a similar frequency in all four tests (21.88, 22.13, 

22.00 and 22.00) indicating that the vertical translational mode and the rotational mode 

along the longitudinal bridge axis have very close frequencies. 
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Figure 4-3: Input Force Histories (left) and FFTs (right) for Hammer Tests #5 (impact on 

center recording on center), #6 (impact on edge recording on center) and #7 (impact on 

edge recording on edge) for the bridge with elastomeric bearings, shear keys and rigid 

substructure 

 

 

 

Figure 4-4: Bridge Deck Acceleration Histories (bottom left) and FFTs (bottom right) for 

Hammer Tests #5 (impact on center recording on center), #6 (impact on edge recording 

on center) and #7 (impact on edge recording on edge) for ST3 
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Table 4-2: Sample of excited frequencies (Hz) during vertical hammer tests for bridge 

case ST3 

Hammer Test #5 
Hammer Test 

#6 
Hammer Test #7 

Hammer Test 

#8 

21.88 22.13 22.00 22.00 

- - - 33.88 

52.25 53.00 53.13 52.75 

61.38 62.00 61.38 61.75 

80.63 80.38 79.63 80.38 

- - 95.88 94.25 

- - - 104.50 

144.63 142.63 141.75 146.25 

150.69 - 150.38 - 

- 180.75 - 179.25 

188.13 188.13 188.88 188.00 

204.06 197.13 - - 

- - - 228.13 

238.06 240.25 238.00 237.25 

- - 261.25 261.63 

- 272.63 - 272.13 

288.38 - - - 

365.00 - - - 

- - - 373.50 

 

4.2 Hammer tests vs analytical calculations 

The excited fundamental frequencies obtained from all hammer tests and for 

different bridge cases are shown in Table 4-3. It must be noted that the two fundamental 

frequencies shown for hammer test #13 were determined from the FFTs of the shear key 

forces and the horizontal deck acceleration respectively. In most of the cases that multiple 

hammer tests (with different tip materials or different point of impact) were conducted 

for the same bridge specimen and in the same direction there was very good agreement in 

the fundamental frequencies, however in one or two cases the numbers were different. In 

order to understand the possible reasons for this difference and clarify which frequency 



95 

 

corresponds to each mode it is important to compare the results from the hammer tests 

with simple hand calculations. In this view, hand calculations were conducted using the 

measured weight of the bridge -which was 2838lbf - and the elastomeric bearing stiffness 

(shear, axial, bending) was calculated using the properties provided by Scougal Rubber, 

the manufacturer of the bearings. Moreover, the medium substructure spring that was 

initially designed and used in the study by Bradner et al (2010) was subjected to axial 

tests prior to the hydrodynamic tests and the stiffness of one spring was determined to be 

equal to 1216ln/in which is slightly less than the 1307lb/in (458kN/m /2=229kN/m) 

reported by the previous researchers.  

Using the aforementioned properties and assuming that the bridge behaves as an 

SDOF with a rigid deck and a spring with a stiffness equal to the shear stiffness of all 

bearings in bridge case ST11 and to the stiffness of the two substructure springs in bridge 

case ST3, the horizontal fundamental frequencies are 5.43Hz and 2.18Hz respectively. 

Following a similar procedure in the vertical direction and assuming that the vertical 

flexibility comes only from the bearings neglecting thus the friction between the girders 

and the shear keys, a fundamental vertical translation frequency equal to 20.59Hz is 

obtained.  This vertical fundamental frequency is in a good agreement with the hammer 

tests that gave 21.88Hz-22.0Hz.  

In the horizontal direction the comparison between the hand calculations and 

hammer tests is not as good as in the vertical direction, with the hammer tests giving 

7.63Hz and 3.25Hz for bridge cases ST11 and ST3, and the hand calculations giving 

5.43Hz and 2.18Hz respectively. The difference in the horizontal frequency of case ST11 
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can be possibly justified by the inaccuracy in estimating the shear stiffness of the 

bearings. For the hand calculations the static shear modulus at 50% and 73oF was used 

and the 5.43Hz frequency was obtained, however in order to get 7.63Hz as in the hammer 

tests a shear modulus twice as the one given by the manufacturer should be used. It is 

well known in the literature that the dynamic shear modulus - and shear stiffness 

consequently- depends significantly on (a) the strain level and (b) the strain rate. For 

example, in the Natural Rubber Technical Information Sheet of the Malaysian Rubber 

Producersô Research Association, it is demonstrated that a natural rubber with a 60 IRHD 

and a shear modulus of 0.86MPa (at 50% strain) has a dynamic shear modulus at 1% 

strain and 1Hz excitation equal to 1.68MPa, which is almost two times higher. Therefore, 

the higher frequency of ST11 measured in the hammer tests is due to the short duration of 

the impact and the strain level to which the bearings were subjected. The higher 

frequency measured also in case ST3 might also mean a higher dynamic stiffness of the 

substructure springs that were made of steel or the existence of some friction in the rails 

or the excitation of a different frequency that the one assumed in the hand calculations. 

The exact reason for the difference will be identified in the following sections. 
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Table 4-3: Fundamental natural frequencies obtained from hammer tests for different 

bridge cases 

Bridge Case Hammer # Material 
Impact 

Direction 

Frequency 

(Hz) 

ST2 

9 Wood Horizontal 15.75 

10 Rubber Horizontal 17.25 

13 Rubber Horizontal 21.29 & 22.66 

ST3 

4 Rubber Horizontal 3.25 

5 Rubber Vertical 21.88 

6 Rubber Vertical 22.13 

7 Rubber Vertical 22.00 

8 Rubber Vertical 22.00 

ST11 
11 Wood Horizontal 7.63 

12 Rubber Horizontal 7.63 

ST15 
1 Rubber Horizontal 3.63 

2 Rubber Horizontal 2.63 

 

4.3 Free-Vibration Tests 

In addition to the hammer tests, free-vibration tests were conducted for the 

flexible bridge cases including ST3, ST11 and ST15. The free-vibration tests were 

implemented in two different ways, (a) slowly pushing and pulling the bridge 

horizontally until resonance is reached and then letting the bridge vibrate, and (b) using a 

wire to deform the bridge and then cutting of the wire.  Interestingly as seen in Table 4-4, 

for case ST11 the two methods seem to give different values for the fundamental 

horizontal modes ranging from 5.63Hz in the first method to 7.69Hz in the second 

method. This indicated again that the slow application of displacement in the first method 

compared to the abrupt release of the bridge in the second method, as well as the different 

level of strains to which the bearings were subjected, influenced significantly the bearing 

stiffness and subsequently the fundamental period.  
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Notably, the second free vibration method and the hammer test shown in Figures 

4-6 and 4-7 seem to yield similar fundamental frequencies. Table 4-5 verifies the 

observations from visual inspection of the figures and shows a fundamental frequency of 

7.63Hz for the Hammer Test and the 7.69Hz for the second Free-Vibration method. The 

same table reveals an excellent agreement of horizontal fundamental frequencies between 

the hand calculations and the first fee-vibration method with the low-rate application of 

displacement for both bridge cases ST3 and ST11, verifying that the strain level and 

strain rate are the two reasons for the differences seen initially. The hammer tests, free-

vibration tests and hand calculations have identified (i) the fundamental vertical 

frequency for all bridge cases with elastomeric bearings (21.85Hz) , (ii) the fundamental 

horizontal frequency for bridge case ST3 (2.19Hz), and (c) a range for the fundamental 

horizontal frequency of case ST11 (5.63Hz-7.69Hz) depending on the strain level and 

strain rate. 

Table 4-4: Fundamental natural frequencies obtained from free-vibration tests for 

different bridge cases 

Bridge 

Case 

Free Vibration 

# 
Method Direction 

Frequency 

(Hz)  

ST3 3 Push-Pull Horizontal 2.19 

ST11 

4 Push-Pull Horizontal 5.63 

5 
Quick-

Release 
Horizontal 7.69 

ST15 
1 Push-Pull Horizontal 2.13 

2 Push-Pull Horizontal 2.13 
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Figure 4-5: Bridge Deck Acceleration-Histories (left) and FFTs (right) for Free Vibration 

Test #5 for the bridge with elastomeric bearings and no shear keys (ST11) 

 

Figure 4-6: Bridge Deck Acceleration-Histories (left) and FFTs (right) for Hammer Test 

#12 for the bridge with elastomeric bearings and no shear keys (ST11) 

 

 

Table 4-5: Fundamental natural frequencies (Hz) obtained from hammer tests, free-

vibration tests and hand calculations for different bridge cases 

Fundamental 

mode 

Bridge 

Specimen 

Hammer 

Tests 

Free 

Vibration 

Tests 

Analytical 

Calculations 

Horizontal 

Translation 

ST3 3.25 2.19 2.18 

ST11 7.63 5.63 and 7.69 5.43 

Vertical 

Translation 
ST3 

21.88 and 

22.0 
- 20.59 
















































































































































































































































































































































































































































































































