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1. INTRODUCTION  

Coastal bridges are an essential part of the critical infrastructure to support transportation of supplies from 

seaports to coastal and inland cities under normal conditions and for life evacuation under extreme 

conditions caused by natural disasters. These disasters, such as earthquakes and tsunamis, have caused 

great damage to the coastal structures, especially the bridges. The 2004 Sumatra earthquake and 

subsequent tsunami attacked 12 countries around the Indian Ocean. On the west coast of Sumatra, 

hundreds of bridges failed and were washed inland due to tsunami waves, Cluff (2007). The 2011 Great 

East Japan Earthquake triggered a tsunami damaged more than two hundred coastal bridges (Maruyama 

2013a, 2013b). In order to protect coastal bridges from tsunami damage, a methodology to accurately 

estimate tsunami wave forces on bridge deck superstructures is valuable for future design guidelines.  

In past decades, many experiments have been conducted on ocean wave loads on flat deck 

superstructures. El Ghamry (1963) conducted an experiment of periodic wave impact on a plate deck and 

observed that vertical wave forces contain significant positive uplift forces and negative downward 

forces. The article pointed out that the trough of the wave could create a vacuum in the space between the 

deck and water surface generating a suction force pulling the bridge downwards. The author discussed the 

effect of entrapped air that when the wave crest hit the bridge, the entrapped air sheet underneath the deck 

between girders was compressed, producing very high uplift forces. On the other hand, if the pressure of 

trapped air is significantly high, the air pushes the water sideways (i.e. in the longitudinal direction of the 

bridge deck) to create an escape passage. Bhat (1994) and Isaacson and Bhat (1996) experimentally 

investigated vertical wave forces due to non-broken waves hitting a horizontal plate located near the 

water surface, and provided a vertical wave force estimation method based on hydrodynamic impact, drag 

and buoyancy effects considering the influence of plate clearance, wave steepness and plate length was 

provided. Bea (1999) summarized several studies of platforms under hurricane wave forces in the Gulf of 
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Mexico and provided suggestions for improving the American Petroleum Institute (API) deck wave force 

guidelines.   

The damage to bridge shaped structure under hurricanes and solitary waves are investigated by the 

experimental approaches; many researches focused on studying the wave forces and the failure condition 

of the bridge. Denson (1978) conducted a 1:24 scaled model experiment examining the lift force, drag 

force and rolling moment of bridge due to the hurricane waves in the Mississippi Gulf Coast and 

concluded that the bridge anchorage damage was the crucial reason for the bridge failure caused by wave 

force overcoming the dead weight of the bridge. Overbeek and Klabbers (2001) indicated that the 

hurricane wave force on the jetty deck was due to a slow varying pressure and short duration impact 

pressure. Irschik (2004) used an empirical mode decomposition method to separate the short duration 

slamming force from the long duration quasi-static force during wave impact on a slender pile. Iemura et 

al. (2007) experimentally studied fluid loads caused by tsunami flow and debris on the bridge structure 

and noticed that the largest force occurred at the highest velocity at the beginning of wave contact. In an 

experimental study on regular and irregular wave conditions, Bradner (2011) identified relations between 

horizontal and vertical wave forces and wave height, wave period and bridge clearances.   

Other previous researches attempted to determine important factors affecting wave forces on the 

superstructures. Araki et al. (2008) found that the vertical and horizontal tsunami forces were related to 

the clearance between the bridge and water surface. Araki et al. (2011) pointed out that the maximums of 

horizontal and vertical wave forces were smaller for post breaking waves than those of just breaking 

waves. Lukkunaprasit et al. (2011) experimentally found that perforation on the bridge girders and deck 

could effectively reduce tsunami forces. Kosa (2014) observed that for the broken waves, maximum wave 

forces happened when the bridge model was placed at half of the wave height; while for unbroken waves, 

maximum wave forces remained roughly constant throughout the elevations. Fu et al. (2014) found that 

for identical wave heights created under different water depths, wave forces on the bridge deck induced 
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by broken waves were about twice as large as the corresponding non-broken waves. Mazinani et al. 

(2014) discovered the effect of tsunami bores and solitary waves on the bridge deck and found that 

horizontal forces and uplift forces are nonlinearly related to the increasing wave amplitudes. Experiments 

conducted by Fu et al. (2015) found that the horizontal force was mainly affected by the model side (or 

projected) area and the square of the flow velocity, and the downward force was affected by the weight of 

the overflow and was larger for a larger flow velocity. Rahman et al. (2014) conducted an experiment and 

showed that the wave forces were larger for broken waves than the corresponding non-broken waves. The 

wave forces were larger when the bridge model was located at a higher elevation. Experimental results by 

Seiffert et al. (2014) and Hayatdavoodi et al. (2014) demonstrated the influence of the clearance between 

the bridge deck and still water level and wave height on wave forces.  

Numerical simulation techniques have been utilized in order to reveal further characteristics of ocean 

wave load on structures. Chen (2009) simulated coastal bridge failures during Hurricane Katrina and 

showed that the rising of the water level and storm waves were able to strike the bridge superstructure. 

The bridge failed when the magnitude of uplift wave force excessed the weight of the structure, and the 

horizontal force overcame the connection resistance. Jin and Meng (2011) evaluated the influence of 

green water loading and the elevation of the superstructure on the wave forces. Bozorgia (2012) discussed 

the influence of mesh size, time step size, 3D effect and the scaling effect of the simulation results. Huang 

and Xiao (2009)’s simulations indicated that the main cause of bridge deck damage during hurricanes was 

due to the uplift wave forces surpassed the weight of bridge deck. Bricker (2011) investigated the cause of 

deck failure of the Utatsu Bridge during the 2011 Tohuku Tsunami and showed that deck inclination, 

flow speed, and other influences could cause the bridge to fail. Yim et al. (2011) simulated deck-girder 

sections and box sections and concluded that the tsunami wave forces on box section superstructures were 

much higher than the ones with deck-girder sections under identical tsunami input conditions. Bozorgnia 

and Lee (2012) realized that pure 2D simulations could not represent the motion of air in the lateral 
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dimension, so the wave forces results were not trustworthy. By simulating in 3D and with appropriate 

mesh size, modeling of airflow under the bridge could significantly improve the accuracy of the 

predictions. Azadbakht and Yim (2014, 2015) performed numerical simulations based on five California 

bridges to estimate the horizontal and vertical forces and overturning moments under tsunami conditions. 

Their simulations separated the wave loads on the bridge into two stages: in the first stage, the bridge was 

not yet inundated, and air entrapment was important; in the second stage, the bridge was fully inundated, 

and the effect of air could be neglected. Therefore, for the latter condition, the air domain was set as void. 

Yim et al. (2014a) performed numerical simulation of a building component which survived in 2011 

Tohoku tsunami to study the failure mode of structures under tsunamis. Yim et al. (2014b) conducted 

numerical simulation using two methods: Cornell Multigrid Coupled Tsunami model (COMCOT) and the 

Finite-Volume Wave model (FVWAVE) estimating the horizontal and vertical tsunami forces on an 

Oregon coast bridge. The results showed that the estimated tsunami forces on the bridge would not 

exceed loads by the seismic design provision.  

Several researchers focused their investigation on the effect of air entrapment on wave loads on a 

structure using numerical methods. In particular, Bozorgnia et al. (2011) argued that air entrapped in 

between girders and diaphragms enhanced the buoyancy force. On the other hand, introducing air vents 

could help reduce both short duration impulsive and longer duration quasi-static positive forces. Seiffert 

et al. (2015a) studied the influence of the entrapped air between bridge girders by performing a 2D 

simulation and derived the same conclusion. Seiffert et al. (2015b) pointed out that when the bridge 

girders are above the still water level or slightly submerged, the entrapped air will increase the uplift force 

significantly, which is due to the increasing of hydrostatic forces. Additionally, the entrapped air has 

limited influence to wave force in the horizontal direction. Azadbakht and Yim (2016) performed 

numerical simulations of wave impacts on the bridge deck due to regular waves, and their results 

indicated that the trapped air effect is important in increasing the vertical wave forces. They noted that 
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trapped air effect is more significant for the shorter period wave condition, and decreases with the 

increasing wave periods. 

Several methods for estimating wave forces on a structure were developed by Kaplan et al. (1992 and 

1995), Douglass (2006), Cuomo et al. (2007), McPherson (2008) and Azadbakht and Yim (2014). In 

particular, Kaplan et al. (1995) presented a wave force estimation approach on platform shaped structures 

and discussed the physical meaning of the terms in the load prediction expression. Douglass (2006) 

developed a wave force estimating method considering wave forces on the internal girders in the 

horizontal direction instead of only the influence on the leading edge of the bridge. Robertson et al. 

(2007) studied the floating debris impact on bridges and buildings during hurricanes and tsunamis. 

McPherson (2008) improved on the empirical predictions of the horizontal and vertical wave forces 

developed from Douglass (2006) based on results of a series of 1:20 scaled model tests, and obtained 

strong correlations between the empirical predictions and experimental data. Cuomo et al. (2007) and 

McConnell et al. (2007) studied identical series of random wave experiments by measuring the wave 

loads on the internal and external plate elements and girder elements. Relationships between wave forces 

on the elements and the 1/250 and the 1/3 significant wave heights were identified. The American 

Association of State Highway and Transportation Officials (AASHTO, 1998) provided empirical 

equations for designing coastal bridge structures. The Guidelines for Design Structures for Vertical 

Evacuation for Tsunamis, FEMA P-646 (Yeh and Robertson (2005)) considered tsunami wave forces as 

several terms: hydrostatic forces, buoyant forces, hydrodynamic forces, and impulsive forces. Yeh (2007) 

reviewed and analyzed the available tsunami force estimation guideline, and indicated that impact force 

of waterborne objects should be considered in the design formula. Marin (2009) developed a mathematic 

model for estimating wave forces on a bridge deck due to storm surge. The wave forces were divided into 

a lower and a higher frequency component, equations of estimating the wave forces were provided, and 

the influence of add mass effect was discussed. Based on both experimental and numerical studies, Lau et 
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al. (2011) proposed a tsunami force estimation method which categorizes the wave force time history into 

four groups: impulsive, slowly-varying, uplift and additional gravity forces for a constant wave height and 

different bridge deck elevations. Tran and Robertson (2012) evaluated the I-10 onramp under hurricane 

conditions and provided a comprehensive approach to determine hydrodynamic and hydrostatic forces. 

Azadbakht and Yim (2014) proposed empirical equations based on extensive numerical studies using 

computational fluid dynamic simulations.  

Past experiments showed that the wave forces on bridge structures consisted of two major physical 

components: a long duration (quasi-static) force and a short duration (impulsive slamming) force, and 

both components contribute significantly to the maximum wave loads on the structure (Irschik (2004) and 

McPherson (2008)). However, the slamming forces have not been studied systematically and their effects 

on bridge structures, especially due to solitary wave impacts, were not considered in most wave force 

estimating methods. In this study, a series of experimental tests of solitary wave impact on a bridge deck 

structure is described, and the measured wave force data are analyzed. A series of numerical simulations 

is performed to augment experiment results to provide essential information for design guideline 

development. Using resulting (experimental and the numerical) data set, an improved tsunami load 

estimation method is developed.  
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2.  SOLITARY WAVE IMPACT ON BRIDGE DECK EXPERIMENT 

The solitary wave impact on bridge structure experiment is conducted in the two-dimensional Large 

Wave Flume (LWF) at the Oregon State University (OSU) O.H. Hinsdale Wave Research Laboratory 

(HWRL). In the following sections, general information about the experimental setup, instruments, 

solitary wave generation method and data processing are described.  

2.1 Large wave flume 

The scale of the Large Wave Flume (LWF) is 104 meters (342 feet) in length, 3.7 meters (12 feet) in 

width and 4.6 meters (15 feet) in depth. Waves are generated by a piston-type wave generator located at 

the upstream end of the flume, and the maximum water depth of LWF is 2.0 meters for solitary waves and 

2.7 meters for regular waves. In the downstream end of the flume, there is a 1:12 sloped concrete beach to 

dissipate and absorb the wave energy. 

The shape of the bottom floor in the LWF can be arbitrarily manufactured into different shapes. In this 

experiment, to shorten the distance of wave propagation and receive fully developed or broken waves at 

certain distances, the bottom floors are reconstructed into the shape shown in Figure 2.1. An inclined 

slabs from the wave board neutral position, ending at the distance of 28.91 meters and followed by a flat 

section for about 40.23 meters at elevation 0.84 meters.  

Figure 2.1: Side view of the Large Wave Flume. 
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2.2 Experimental setup of solitary wave impacts on bridge deck 

2.2.1 Bridge deck model 

The bridge deck test model was designed and constructed at the University of Nevada, Reno (UNR). The 

model is composed of a reinforced concrete bridge deck and a steel girder system. The detailed 

information of the bridge model is listed in Table 2.1.   

A side view of the instrumental setup is shown in Figure 2.2. Each of the four girders of the bridge is 

supported by two girder load cells, one at each end, to measure the local loads (not included in this study). 

A pair of bent caps support the girder load cells and the bridge model; the bent caps are made of steel 

with HSS7x5x1/2 cross-sections. Beneath the bent caps are six vertical load cells. These structural 

members and instruments are supported by a pair of steel test frames with a cross-section of W18x76 and 

bolted to the side walls of the LWF. A pair of linear guide rails and six rollers connect the test frame and 

upper structural members to allow smooth horizontal movement when horizontal restraints are not 

present. Two horizontal load cells (one on each end) are connected between the bent caps and end anchors 

(which are also fixed on the side walls). For this study, steel bars are used to connect the bent caps and the 

shear keys to prevent horizontal movement. Therefore, the test model is considered rigidly fixed in space. 

There is an average gap of 0.12 meters between the edge of the deck and the side wall of the flume to 

allow air beneath the girders to escape. 

To determine an appropriate location for the model to fit the target wave conditions, a series of 

preliminary tests has been conducted before setting up the instruments. The tested water depths include 

both 2.0 meters and 1.90 meters. Results of the preliminary test suggest that the bridge model should be 

positioned at a distance of 58.825 meters to the neutral wave board position, and the surface of the deck is 

at the elevation of 2.554 meters as shown in Figure 2.3. The bridge deck test model is supported 

sufficiently rigidly to be considered “fixed” throughout the experiment.  
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Table 2.1: Properties of model parameters. 

 Model Parameters Metric(meter) British(inch) 

Bridge deck 

Length (L) 1.938 76.313 

span length (S) 

(between supports) 
1.554 61.187 

Width (W) 3.456 136.025 

Thickness (t) 0.061 2.375 

Bridge girder 

Girder Cross section w8x13 

Girder height 0.203 8.000 

Girder spacing 0.518 20.375 

Total height (ℎ𝑏) 0.264 10.374 

 

 

 

 

              *LC indicates for load cell. 

 

               

Figure 2.2: Side view of the experiment model setup. 
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Figure 2.3: Elevation view of the experiment model setting. 

 

 

 

2.2.2 Instrumentations 

2.2.2.1 Wave measurements  

Thirteen twin-wire resistance wave gauges are installed along a side wall of the wave flume to record 

wave heights of propagating waves. In addition, five ultrasonic wave gauges are installed on the top of the 

wave deck to capture the overtopping wave height above the bridge deck. Sixteen acoustic Doppler 

velocimetry (ADVs) are located in certain locations along the flume wall. By capturing the motion of the 

setting material floating in the water, the velocities of the fluid particle can be recorded in the three spatial 

directions(x, y and z) at a specific location. The sampling rate of the two types of wave gauges and the 

ADVs are 50 Hz. The locations of the instruments are summarized in Tables 2.2 and 2.3. 



 
 

11 

 

 

 

Table 2.2: Location of wave gauges. 

Number of wave 

gauges 

Placement 

x y z 

WG1 17.732 -1.281 - 

WG2 21.488 -1.384 - 

WG3 28.802 -1.383 - 

WG4 32.440 -1.378 - 

WG5 36.102 -1.383 - 

WG6 39.658 -1.344 - 

WG7 40.263 -1.352 - 

WG8 41.179 -1.351 - 

WG9 43.009 -1.344 - 

WG10 47.086 -1.387 - 

WG11 50.742 -1.376 - 

WG12 54.382 -1.378 - 

WG13 68.923 -1.269 - 

USWG1 57.909 -1.338 3.640 

USWG2 58.820 -1.334 3.649 

USWG3 59.739 -1.332 3.633 

USWG4 60.659 -1.334 3.648 

USWG5 61.569 -1.325 3.648 
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Table 2.3: Locations of Acoustic Doppler Velocimetry (ADVs). 

Number of ADVs 
Placement 

x y z 

ADV1 21.258 -1.428 0.923 

ADV 2 21.293 -1.414 1.846 

ADV 3 21.241 -1.422 2.461 

ADV 4 21.283 -1.415 2.756 

ADV 5 32.248 -1.407 1.243 

ADV 6 32.238 -1.406 1.844 

ADV 7 32.243 -1.397 2.469 

ADV 8 32.236 -1.409 2.766 

ADV 9 54.181 -1.343 1.233 

ADV 10 54.187 -1.416 1.840 

ADV 11 54.142 -1.415 2.137 

ADV 12 54.188 -1.392 2.452 

ADV 13 54.176 -1.404 2.752 

ADV 14 68.765 -1.417 1.506 

ADV 15 68.821 -1.412 1.824 

ADV 16 68.781 -1.412 2.128 
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2.2.2.2 Load measurements 

The experiment is considered to be two-dimensional, and the forces are measured in the horizontal (x) 

and vertical direction (z). In the horizontal direction, forces are measured by two load cells each with a 

load range of up to 10 kilo-pound. In the vertical direction, six load cells are placed under the bridge deck 

(three on each side) to measure vertical forces. On each side, the load cell in the middle position has a 

load range of up to 20 kilo-pound, and the four load cells at the upstream and downstream locations have 

the maximum capacities of 50 kilo-pound. The horizontal force is calculated by summing up the two 

horizontal load cell measurements. Similarly, the vertical force is calculated by summing up the six 

vertical load cell measurements. The sampling rate of the load cells is 10,000 Hz.  

2.3 Solitary wave generation theory 

The solitary wave generation technique in the Large Wave Flume utilizes an inviscid flow method 

governed by potential flow theory. Details of the methodology are described in Goring and Raichlen 

(1980). A brief summary is provided here for convenience. The theory considers the shallow water 

condition assuming the velocity distribution to be constant through depth. As the wave maker moves at 

the same speed as the water particle, the displacement trajectory (𝜉) of the wave maker satisfies: 

𝑑𝜉

𝑑𝑡
= �̅�(𝜉, 𝑡)                                                                      (2.1) 

Based on the shallow water condition, the water particle processes in the depth-averaged-velocity, 

Svendsen (1974) defined the depth-averaged-velocity to be: 

�̅�(𝜉, 𝑡) =  
𝑐 𝜂(𝜉,𝑡)

ℎ+𝜂(𝜉,𝑡)
     (2.2) 

Where 𝜂 represents the water surface elevation which is defined as a product of wave height H and some 

function of phase angle, 𝑓(𝜃): 

𝜂(𝜉, 𝑡) = 𝐻𝑓(𝜃)     (2.3) 
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Where phase angle is given by: 

                       𝜃 = 𝑘(𝑐𝑡 − 𝜉)           (2.4)  

In equation (2.4), k is the wave number, and c is the wave group velocity. The wave board velocity can be 

expressed by displacement trajectory: 

𝑑𝜉

𝑑𝑡
=

𝑑𝜉

𝑑𝜃

𝑑𝜃

𝑑𝑡
=

𝑑𝜉

𝑑𝜃
∙ 𝑘(𝑐 −

𝑑𝜉

𝑑𝑡
)    (2.5) 

Then, the relation between wave maker displacement and phase angle can be given as: 

𝑑𝜉

𝑑𝜃
=  

𝐻𝑓(𝜃)

𝑘ℎ
       (2.6) 

Integrating (2.6), the wave maker displacement trajectory can be given as: 

𝜉(𝑡) =  
𝐻

𝑘ℎ
∫ 𝑓(𝜔)

𝜃

0
𝑑𝜔     (2.7) 

For a solitary wave, the water surface elevation is: 

𝜂(𝑥, 𝑡) = 𝐻𝑠𝑒𝑐ℎ2[𝜅(𝑐𝑡 − 𝜉)]    (2.8) 

where 𝜃 = 𝑘(𝑐𝑡 − 𝜉), 𝜅 = √
3𝐻

4ℎ3 and 𝑐 = √𝑔(ℎ + 𝐻). 

Substituting into the equation (2.7), the wave maker displacement trajectory for the solitary wave is 

obtained: 

𝜉(𝑡) =
𝐻

𝑘ℎ
𝑡𝑎𝑛ℎ𝜅(𝑐𝑡 − 𝜉)    (2.9) 

The displacement time history can be solved by iteration methods, such as the Newton-Raphson method. 

With the help of an MATLAB code, the time history of each test trial can be generated and input into a 

wavemaker controlling program.   
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2.4 Test plan 

This study is focused on examining the wave forces on the straight bridge with rigid connections. The 

experimental tests contain 22 impact solitary waves hitting the test model. The wave parameters include 

two water depths: 2.0 meters and 1.90 meters; and input solitary wave heights are: 0.36 ~ 0.70 meters for 

non-broken waves and 0.90 ~ 1.40 meters for broken waves at water level of 2.0 meters; 0.46 ~ 0.65 

meters for non-broken waves and 0.80 ~ 1.30 meters for broken waves at water level of 1.90 meters. One 

of the test cases, with the water level of 2.0 meters and input wave height of 1.40 meters, has been 

repeated 11 times, to look for the repeatability of the broken waves. The detailed test procedure is shown 

in Table 2.4. 

For a certain water level, the bridge clearance, 𝑍, defined as the distance between water surface and the 

bottom of the bridge is calculated. In the cases of SWL equal 2.0 and 1.90 meters, the bridge clearance 

are 0.29 and 0.39 meters, respectively.  

Table 2.4: Description of test cases, (letters "NB" indicates non-broken waves and "B" indicates broken waves). 

Water level, h (m) Wave Height, H(m) Wave condition    

2.00 0.36 NB  

2.00 0.42 NB  

2.00 0.55 NB  

2.00 0.70 NB  

2.00 0.90 B  

2.00 1.00 B  

2.00 1.20 B  

2.00 1.40 B (Repeated 11 times ) 

1.90 0.46 NB  

1.90 0.52 NB  

1.90 0.65 NB  

1.90 0.80 B  

1.90 1.00 B  

1.90 1.10 B  

1.90 1.30 B   
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2.5 Data processing and validation 

2.5.1 Solitary wave generation validation 

Wave gauge 1 (WG1) measures the wave height at the distance of 17.732 meters. At this distance, the 

wave propagations have not been disturbed by the slope plate. A comparison of theoretically generated 

wave profiles and the WG1 measurements are shown in Figure 2.4. The normalized wave height 

(𝐻𝑊𝐺1/h) of a solitary wave is compared with its theoretical wave height value (𝐻𝑡ℎ𝑒𝑜𝑟𝑦/h) using 

Goring’s wave generation method, shown in Table 2.5. It can be seen that the measured solitary waves are 

consistent with theoretical predictions, and the differences are within ±5%. The rest of the profiles 

measured by WG1 are compared with the theoretical wave profiles shown in Appendix B.  

After wave propagating through the inclined bottom slope, the wave form is modified by shoaling: the 

wave height becomes higher, and the water depth decreases. In some cases, the solitary wave breaks and 

transformed into a rolling bore. To measure the wave height at the moment of impact, an ultrasonic wave 

gauge (USWG1) is placed at 0.9165 meters upstream of the deck. A sample time series of the wave height 

is shown in Figure 2.5 and Appendix B. The impact wave height in each test trial is presented in Table 

2.5. From Table 2.6, it can be observed that the impact wave heights of broken waves do not increase 

with the input wave heights. The bore at the leading edge of the broken wave, consisting of foamy 

whitecaps, makes an estimation of the exact wave height difficult.  

 

 Figure 2.4: Wave profile measured by WG1 and theoretical profile. a. SW1, b. SW2, c. SW3, d. SW4. 
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Figure 2.5: Wave gauge time histories [trial SW1 input wave height 0.36 m, water depth 2.00 m (1.16 m after slope)]. 
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Table 2.5: Normalized wave height comparison between WG1 measurement and theoretical values. 

Trial 𝑯𝒊𝒏𝒑𝒖𝒕 (m)  h(m) 𝑯𝒕𝒉𝒆𝒐𝒓𝒚/h 𝑯𝑾𝑮𝟏/h  Error (%) 

SW1 0.39 2.00 0.180 0.183 1.422 

SW2 0.42 2.00 0.210 0.211 0.671 

SW3 0.55 2.00 0.275 0.274 -0.276 

SW4 0.70 2.00 0.350 0.345 -1.517 

SW5 0.90 2.00 0.450 0.443 -1.543 

SW6 1.00 2.00 0.500 0.484 -3.109 

SW7 1.20 2.00 0.600 0.59 -1.7 

RP4* 1.40 2.00 0.700 0.738 5.357 

SW8 0.46 1.90 0.242 0.24 -0.83 

SW9 0.52 1.90 0.274 0.272 -0.613 

SW10 0.65 1.90 0.342 0.335 -2.208 

SW11 0.80 1.90 0.421 0.41 -2.656 

SW12 1.00 1.90 0.526 0.511 -2.846 

SW13 1.10 1.90 0.579 0.566 -2.209 

SW14 1.30 1.90 0.684 0.715 4.554 
      RP4*: Repeatability test, this test has been repeated 11 times. 

 

 

Table 2.6: The impact wave height (USWG1 reading) for each test trial. 

Trial  𝑯𝒊𝒏𝒑𝒖𝒕 (m) h (m) 𝑯𝑼𝑺𝑾𝑮𝟏 (m) 𝑯𝑼𝑺𝑾𝑮𝟏/h Wave Condition 

SW1 0.39 2.000 0.430 0.215 Non-broken 

SW2 0.42 2.000 0.517 0.259 Non-broken 

SW3 0.55 2.000 0.684 0.342 Non-broken 

SW4 0.70 2.000 0.969 0.484 Non-broken 

SW5 0.90 2.000 0.819 0.409 Broken 

SW6 1.00 2.000 0.764 0.382 Broken 

SW7 1.20 2.000 0.767 0.383 Broken 

RP4* 1.40 2.000 0.741 0.370 Broken 

SW8 0.46 1.900 0.595 0.313 Non-broken 

SW9 0.52 1.900 0.681 0.358 Non-broken 

SW10 0.65 1.900 0.977 0.514 Non-broken 

SW11 0.80 1.900 0.798 0.420 Broken 

SW12 1.00 1.900 0.707 0.372 Broken 

SW13 1.10 1.900 0.599 0.315 Broken 

SW14 1.30 1.900 0.718 0.378 Broken 
   RP4*: Repeatability test, this test has been repeated 11 times. 
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2.5.2  Filtering and qualification of wave force measurements 

The data acquisition is fulfilled by a program: LabVIEW. The wave forces recorded by eight load cells 

are measured in high-speed sampling frequency: 10,000 Hz. A certain amount of noise is included in the 

load cell measurements. To receive smoother data time histories, a Butterworth filter, specifically, the 

second order with a cut-off frequency of 30 Hz low-pass filter is built to remove the high-frequency 

signals. After filtering, the maximum of the load cell readings reduced about 5% ~ 15% depends on how 

much energy carried by noise signals. The difference caused by filtering is considered during the data 

analysis process.  
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3. ANALYSIS OF EXPERIMENTAL RESULTS 

3.1 Wave force analysis 

In this section, the slamming and quasi-static wave force components are decomposed and studied 

independently to provide a perspective on the wave load effect on bridge structures. The wave forces and 

the force components shown are non-dimensionalized in two ways: one with the self-weight of the 

concrete bridge deck model (see the non-dimensional values on the left y-axis of the figure); the other 

with the equivalent weight of the bridge deck using water as the reference density value (see the non-

dimensional values on the right y-axis). 

3.1.1 Load cell time histories  

An example of raw time history of each load cell is shown in Figure 3.1. By adding up the horizontal and 

vertical load cells correspondently, the wave forces in the two directions are calculated and presented in 

Figure 3.2. 

The shapes of wave force time histories reveal the resistance pattern during the wave impact process. The 

horizontal force is always positive which means that the horizontal load cells are always in tension due to 

impact and drag forces induced by the passing solitary wave (Figure 3.2a). The wave forces in vertical 

direction contain a positive section first and followed by a negative section (Figure 3.2b). It indicates that, 

as the wave pass through, the bridge deck is first uplifted and then pushed down by the solitary waves.  

The time histories of individual load cells in vertical direction exhibit a more detailed wave impact on the 

bridge structure process (Figures 3.1b-d). The corresponding wave load process is shown sequential in 

Figure 3.3. The wave forces measured in the upstream positions have largest magnitudes, and the ones in 

the middle have significant smaller magnitudes comparatively. The time histories measured by the 

downstream load cells show different trends that the amplitudes are negative first before it turns positive. 

As the wave contacts on the bridge, the bridge experiences an uplift force (relative to the static condition) 
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induced by the rising water (see Figure 3.3a). The load on the front edge of the bridge deck tends to be 

(relatively) positive (upward direction). Meanwhile, more of the dead weight of the bridge is shifted to the 

back edge of the bridge, resulting in the upstream load cells registering a largest positive force and the 

downstream load cells registering a negative force. The load cells in the middle are close to neutral axis 

where smaller forces are measured. An impact spike can be observed in the time histories of  six load 

cells. The front edge of the bridge deck contacts the solitary wave first. Thus, the impact force 

experienced by the upstream load cells are most significant, while in the middle and downstream 

locations, the impact force registered is much smaller. As the incoming solitary wave keeps moving 

forward, the wave forms a pressure patch and pushes the bridge deck upward. As the wave passes, water 

starts to drop at the back of the wave and separate from bridge deck creating a void, low-pressure section, 

which induces a downward force on the bridge deck. As the wave continues to move downstream, the 

downward effect becomes more significant until it balances the combination of the buoyant and uplift 

forces (Figure 3.3b). This is when the total vertical force becomes zero. Afterward, the downward forces 

become dominant. As the wave is about to completely pass and leave the bridge deck, the back edge of 

the bridge is subjected to an uplift force, and the front edge carries most of the dead weight of the bridge 

deck, hence experiences a relative downward force. Therefore, the load cells in upstream and middle turn 

negative while the ones downstream turn positive. (Figure 3.3c) 
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Figure 3.1: An example of the individual load cell time histories (dimensionless), a. time histories of horizontal load cells, b. time 
histories of upstream load cells, c. time histories of the middle load cells, d. time histories of the downstream load cells. 

Figure 3.2: An example of the load cell time histories (dimensionless), a. time history of the horizontal 
wave force, b. time history of the vertical wave force. 
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Figure 3.3: The wave impact on bridge deck process. 

  

a. 

b. 

c. 
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3.1.2 Slamming and quasi-static force decomposition  

To study the slamming and quasi-static wave force components separately, the quasi-static and slamming 

force components are extracted from the original experimental data. A 11th-ordered Daubechies wavelet 

base function is selected and applied (Strange and Nguyen (1996)). An example of utilizing the wavelet 

transformation technique to obtain the quasi-static and slamming force components of trial SW3 and SW4 

are shown in Figure 3.4. Another decomposition method consisting of a low pass filter process and the 

application of the Empirical Mode Decomposition (EMD) method (Huang 1999, Wu and Huang 2009), 

introduced by Irschik (2004) who used this procedure to estimate the quasi-static forces of breaking 

waves on a slender pile, was also applied to the wave force time histories. Comparing the two 

decomposition method results shows that the two approaches generate almost equivalent results. 

However, the EMD method involved personal judgment in determining the low pass filter cutoff 

frequency. Therefore, only the wavelet method is applied to process the data. The data processing 

procedure of using the EMD method and wavelet method are described in Appendix C. 
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Figure 3.4: Decomposed the time histories of wave forces (dimensionless) in the horizontal and vertical directions, a. time 
histories of horizontal total wave force and quasi-static component of trial SW3, b. time histories of horizontal total wave force 
and slamming component of trial SW3, c. time histories of the vertical total wave force and quasi-static component of trial SW3, 
d. time histories of horizontal total wave force and quasi-static component of trial SW3, e. time histories of horizontal total wave 
force and quasi-static component of trial SW4, f. time histories of horizontal total wave force and slamming component of trial 
SW4, g. time histories of the vertical total wave force and quasi-static component of trial SW4, h. time histories of horizontal 
total wave force and quasi-static component of trial SW4. 
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3.1.3 Analysis of experimental results 

The wave force analysis is presented in this section. The original raw voltage LabVIEW readings are 

calibrated and processed by a program written in MATLAB. The total wave forces are calculated by 

summing the horizontal and vertical load cell measurements correspondently. The maximum values of 

total wave forces in horizontal and vertical directions, the maximum values of the quasi-static and 

slamming forces in the horizontal and vertical directions are the focus of the analysis. The values of these 

quantities are summarized in Appendix B. 

Examples of horizontal wave force time histories are shown in Figures 3.5. The slamming force time 

histories of the non-broken wave test trials contain only a single major impulse (e.g. Figures 3.5b and 

3.5d), except for the trial with largest non-broken wave height, SW4 (Figure 3.5f, impact wave height: 

0.97 m). For this case, four impulses with nearly equal amplitudes are observed in the slamming force 

time history induced by wave impact on each bridge girder. For broken waves (Figure 3.5h), multiple 

slamming forces can also be observed, yet the first impulse is considerably larger than the subsequent 

ones. It appears that the broken wave bore impact generates a large slamming force on the structure and 

then the wave energy dissipates quickly as the broken wave propagates.  

Typical vertical wave force time histories are shown in Figure 3.6. Similar to the situation in the 

horizontal direction. The slamming forces contain a single major impulse for small wave heights and 

multiple slamming forces for large wave heights and broken wave cases.  
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Figure 3.5: Typical time histories of the wave forces, quasi-static components and slamming components (dimensionless) in the 
horizontal direction, a. original and quasi-static time histories of SW2, b. original and slamming time histories of SW2, c. original 
and quasi-static time histories of SW3, d. original and slamming time histories of SW3, e. original and quasi-static time histories 
of SW4, f. original and slamming time histories of SW4, g. original and quasi-static time histories of SW5, h. original and 
slamming time histories of SW5. 

 



 
 

28 

 

 

 

  

Figure 3.6: Typical time histories of the wave forces, quasi-static components and slamming components (dimensionless) in the 
vertical direction, a. original and quasi-static time histories of SW2, b. original and slamming time histories of SW2, c. original 
and quasi-static time histories of SW3, d. original and slamming time histories of SW3, e. original and quasi-static time histories 
of SW4, f. original and slamming time histories of SW4, g. original and quasi-static time histories of SW5, h. original and 
slamming time histories of SW5. 
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Generally, the slamming impacts occur only during the uplifting (positive) phases of the vertical wave 

force time histories, except for the test trial SW3 and SW4 (Figures 3.6d and 3.6f, impact wave heights: 

0.68m and 0.97m). In these two trials, a negative slamming impulse can be observed as the wave forces 

turn negative. It may indicate a second impact on the structure which is likely related to the impact wave 

height. For the two cases mentioned above, the impact wave heights are all significantly larger than the 

elevation of the deck (0.55m above water surface). The negative slamming could be caused by the 

overtopped water falling onto the top of the bridge deck.  

3.1.3.1 Horizontal and vertical wave forces and components of non-broken wave impact 

The maximums of the wave forces are plotted in Figure 3.7 for the test cases at water depth 2.0 meters 

and 1.90 meters correspondently versus normalized impact wave height measured by USWG1. The test 

cases of the non-broken waves are presented here.  

At the water level of 2.00 meters, maximum values of wave forces are plotted versus the normalized 

impact wave heights, 𝐻𝑢𝑠1/ℎ, and shown in Figures 3.7a, 3.7c, and 3.7e. For the non-broken waves, the 

wave forces increase with the impact wave heights and the relations are nearly linear. For the horizontal 

forces and vertical downward forces, the quasi-static components are about twice as large as the 

slamming forces, while for the vertical uplift forces, the slamming forces tend to be larger than the quasi-

static forces. Note that the maximum total wave forces do not equal to the summation of the two 

components, because the maximum values of quasi-static and slamming components do not occur at the 

same time.  

The differences between the maximum values of the quasi-static and slamming components are small in 

the horizontal and vertical directions at the water level of 1.90 meters as it shown in Figures 3.7b, 3.7d, 

and 3.7f. However, in the vertical uplift direction, the differences in magnitude become larger.  
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The maximum values of the total wave forces of the two water depths are plotted in Figures 3.8a, 3.8b, 

and 3.8c as a function of the normalized impact wave heights,  𝐻𝑢𝑠1/ℎ. By comparing the two groups of 

wave force measurements, the total forces in the horizontal direction are nearly linearly related to the 

impact wave heights. The vertical uplift forces appear to be similarly linearly related with the normalized 

wave heights, but the data points are more scattered. However, for the vertical downward forces, the two 

groups of data points follow different increasing rates. When the water depth is 2.0 meters, the vertical 

downward forces are larger than those in the 1.90 meters water depth.  

The quasi-static components of both water depths are shown in Figures 3.8d, 3.8e, and 3.8f.  In 

horizontal, vertical uplift and vertical downward directions, the maximum of quasi-static components at 

the water level of 2.0 meters are always slightly larger than those in the water level of 1.90. Figures 3.8g, 

3.8h and 3.8i display the slamming components of the two water depths. In the horizontal direction, the 

maximums of slamming components of the two water depths seem to form a linear relation with the 

normalized impact wave height, 𝐻𝑢𝑠1/ℎ. The vertical uplift slamming forces at water level of 1.90 meters 

are larger than those at water depths of 2.0 meters. It seems that the entrapped air effect is sensitive to the 

bridge clearance (distance between the water surface and the bottom of the bridge). By comparing the 

vertical uplift slamming force components, under similar wave height, larger bridge clearance cases tend 

to significantly increase the trapped air effect which increases the slamming force in the vertical uplift 

direction.  
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Figure 3.7: Dimensionless maximum wave forces for non-broken waves vs dimensionless impact wave height, the Horizontal 
force, vertical uplift forces, and vertical downward forces of water level h = 2.0 m (left), h=1.9 m (right). a. horizontal wave 
forces (h=2.0m), b. horizontal wave forces (h=1.90m), c. vertical uplift wave forces(h=2.0m), d. vertical uplift wave 
forces(h=1.90m), e. vertical downward wave forces(h=2.0m), f. vertical downward forces(h=1.9m). 
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Figure 3.8: Dimensionless wave forces and wave force components for non-broken waves vs dimensionless wave height of 
water level h=2.00m and h=1.90 m, a. horizontal total wave forces, b. vertical uplift total wave forces, c. vertical downward 
total wave forces, d. horizontal quasi-static components, e. vertical uplift quasi-static components, f. vertical downward 
quasi-static components, g. horizontal slamming components, h. vertical uplift slamming components, i. vertical downward 
slamming components. 
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3.1.3.2 Horizontal and vertical wave forces and components of broken wave impact 

Figure 3.9 shows the horizontal and vertical wave forces for the 11 broken wave test trials with an 

identical input wave heights of 1.40 meters at the water level of 2.0 meters. The time histories of the wave 

forces are overlaid on each other. It can be observed that the quasi-static forces are highly uniform 

throughout the 11 test trials. However, the slamming forces are more scattered, and the magnitudes of 

peak points fall in a large range. The degree of dispersity can be observed from the coefficient of variance 

of the wave forces listed in Table 3.1. The coefficient of variance of the slamming forces are about 40%, 

but the coefficient of variance of the quasi-static forces are less than 5%. Thus, the repeated tests show 

that the impact of broken wave contains a repeatable quasi-static component, yet the slamming 

component is rather randomly dispersed due to the turbulent front edge of the broken wave that affects the 

impact direction and wave height with a finite degree of randomness.  

 

Table 3.1: Mean, standard deviation (STD) and coefficient of variance (CV) of broken wave forces. 

 

    
Wave Forces (N) Quasi-static Forces(N) Slamming Forces(N) 

𝐹𝑥_𝑚𝑎𝑥 𝐹𝑧_𝑚𝑎𝑥 𝐹𝑥_𝑚𝑎𝑥 𝐹𝑧_𝑚𝑎𝑥 𝐹𝑥_𝑚𝑎𝑥 𝐹𝑧_𝑚𝑎𝑥  

Mean 22356.96 17192.46 12792.83 10729.86 13109.43 10015.40 

STD 3987.92 3761.47 483.36 534.92 4339.10 4002.20 

CV 17.84% 21.88% 3.78% 4.99% 33.10% 39.96% 
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Figure 3.9: Repeatability test wave force time histories for total wave forces, quasi-static and slamming force 
components (dimensionless) in both horizontal and vertical directions [ input wave height 𝐻𝑖𝑛𝑝𝑢𝑡 = 1.40 m, water 

depth h =2.0 m (1.16m).] a. horizontal wave force time histories, b. vertical wave force time histories, c. horizontal 
quasi-static component time histories, d. vertical quasi-static component time histories, e. horizontal slamming 
component time histories, f. vertical slamming component time histories. 
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3.1.3.3 Overturning moment and components  

The overturning moment is another quantity that is important to the bridge deck superstructure design. 

The overturning moment is calculated by summing moment at each load cell to the center of mass of the 

bridge deck superstructure. Similar to the wave forces, the time history of an overturning moment is 

composed of long duration (Quasi-static) and short duration (Slamming) components. The wavelet 

decomposing technique is used to separate these two parts. In this section, the maximum values of the 

positive and negative total moment, the maximum values of the positive and negative of the quasi-static 

component of the moment, and the maximum positive and negative slamming component of the moment 

are the focus of analysis, and these quantities are summarized in Appendix B. The positive direction of 

the moment is defined as counterclockwise. When the bridge is under a positive moment, the top fiber of 

the bridge deck is in compression while the bottom fiber is in tension.  

Two types of non-dimensional values are used: one with the product of self-weight of the concrete bridge 

deck model and the length of bridge (see the non-dimensional values on the left y-axis of the figure); the 

other with product of the equivalent weight of the bridge deck using water as the reference density value 

and the length of bridge (see the non-dimensional values on the right y-axis). 

Four typical time histories of the overturning moments are shown in Figure 3.10. Time histories a-f are 

non-broken wave tests, and g-h are broken wave tests. It can be observed that both the positive and 

negative moments increase with the wave height under the non-broken wave condition. The slamming 

components are not significant for the overturning moments. For the total moment, the negative moments 

are larger than the positive ones in all the tests. At the water level of 2.0 meters and 1.9 meters, the 

magnitudes of the negative moments are about twice as large as the positive moments.  
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Figure 3.10: Typical time histories of the Overturning moment, quasi-static components and slamming components 
(dimensionless), a. original and quasi-static time histories of SW2, b. original and slamming time histories of SW2, 
c. original and quasi-static time histories of SW3, d. original and slamming time histories of SW3, e. original and 
quasi-static time histories of SW4, f. original and slamming time histories of SW4, g. original and quasi-static time 
histories of SW5, h. original and slamming time histories of SW5. 
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3.2 Comparison with small-scale experimental data 

Results presented in the last section revealed the relation between wave forces and the impact wave 

heights. However, these results only cover the range between 0.4 to 1 of the normalized impact wave 

height, 𝐻𝑢𝑠1/ℎ. To take advantage of existing experimental data of solitary wave impact on a bridge deck 

structure in the literature, results of small-scale model with similar experimental test set up obtained by 

Hayatdavoodi et al. (2014) are examined and compared in this section.  The combined data set of the 

large and small scales experiments may provide additional insight to the problem of solitary wave impact 

on bridge deck structure. 

3.2.1 Test conditions of the small-scale experiment 

The experiment described in Hayatdavoodi et al. (2014) (conducted at the University of Hawaii) consists 

of a smaller scale bridge model impacted by solitary waves. The experimental results are compared with 

the current experiment under similar experimental conditions. The text matrix of the small-scale 

experiment includes four different water depths (ℎ): 0.071 m, 0.086 m, 0.114 m and 0.143 m, (for this 

study, the dataset of water depth of 0.143m are selected,) three normalized bridge clearance (𝑍/h): -0.21, -

0.17 and 0.06, and five normalized wave heights (H/h) between 0.1 and 0.5. The experiment parameters 

and model dimensions of the two experiments are listed in Table 3.2. 

Table 3.2: Model dimensions and input parameters for large and small experiments 

  Small scale (UH) Large scale (OSU) 

Scale  1: 35 1:5 

Width(W) 0.149 m 3.456 m 

Length (L) 0.305 m 1.938 m 

Total height (ℎ𝑏) 0.0508 m 0.260 m 

Water depth (h) 0.224 m 2.00 m  1.90 m 

Normalized wave height (H/h) 0.1 ~ 0.5 0.31~1.207 0.434~1.132 

Normalized bridge clearance (𝑍/h)* -0.21, -0.17, 0.06 0.25 0.37 

 *Negative value of 𝑍/h indicates for partially submerging of the model. 
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3.2.1.1 Wave force normalization 

The wave force measurements of the small-scale experiment are extracted from the figure of 

Hayatdavoodi et al. (2014) using a digitizing method. To compare the horizontal and vertical wave forces 

between the two experiments, the wave forces are nondimensionalized with the self-weight of the bridge 

deck models, respectively. These dimensionless wave forces are presented as a function of the normalized 

wave height 𝐻 ℎ⁄  (see Figure 3.11). 

3.2.1.2 Input conditions of the experimental tests 

The large scale experiment conducted in the LWF at OSU contains two water depths. They are 2.0m and 

1.9m near the wavemaker. The water depth in the section containing the model is 1.16m and 1.06m. The 

elevation of the bridge model cannot be easily changed, the bridge clearance 𝑍 in the two water depths are 

0.29m and 0.39m correspondently. Therefore, the normalized bridge clearance 𝑍/ℎ are 0.25 and 0.37. 

The impact wave height of each test trial is measured by USWG1. In this section, only the data sets of the 

non-broken waves are shown.  

3.2.2 Data comparison between large- and small-scale experimental results 

The data points from the large- and small-scale experiments are plotted synchronously, the horizontal 

forces, the vertical uplift forces and the vertical downward forces for a water depth of 2.0 and 1.90 meters 

are shown in Figure 3.11. Additionally, the quasi-static components in the two directions are displayed in 

the figures also.  

In Figure 3.11a, the total wave forces in the horizontal direction of the large- and small-scale experiments 

are shown. The large-scale experiment seems to have a higher horizontal force increasing ratio than the 

small-scale model does. However, the horizontal wave forces appear to be not very sensitive to the 

normalized bridge clearance, 𝑍/ℎ. In the small-scale experiment, the data with different normalized 

bridge clearances are concentrated, and so does the data in the large-scale experiment.  
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The total wave forces in the vertical uplift direction are shown in Figure 3.11c, results of the small-scale 

model indicate that the vertical uplift forces increase noticeably as the wave height rise. As pointed out by 

Hayatdavoodi et al. (2014), as the normalized bridge clearance, 
𝑍

ℎ
,  varies from -0.21 to -0.17, the wave 

forces are slightly raised; but when the bridge clearance is even larger, (𝑍/ℎ equals to 0.03), the uplift 

wave forces decrease significantly, due to the fact that waves cannot make fully contact with the bridge 

model with higher elevation. Overlaying the large-scale experiment dataset, the total wave forces of the 

large-scale experiment generally follow the increasing trend. 

The total wave forces in the vertical downward direction are shown in Figure 3.11e. In the small-scale 

experiment, the vertical downward forces increase in a small increasing rate, while in the large-scale 

experiment, the increasing rate is much larger. 

In general, comparing data of the two experiments: the horizontal, vertical uplift and vertical downward 

wave forces in the large-scale experiment tend to have higher increasing rate than those in the small-scale 

experiment. The difference may due to the data filtering procedure. In the paper, Seiffert et al. (2014), the 

author mentioned that after filtering the wave force time histories, the long duration signals are remained 

but the higher frequency impulse forces are significantly reduced. Therefore, it is reasonable to compare 

the quasi-static components of wave forces in horizontal, vertical uplift and downward directions of the 

two scale experiments. 

Figure 3.11b shows the horizontal quasi-static components in the large-scale experiment and the 

horizontal wave forces in the small-scale experiment. It can be seen that the two groups of horizontal 

wave forces are better lined up. The increasing ratio between horizontal wave forces and normalized wave 

height, 𝐻𝑢𝑠1/ℎ, forms a nearly linear relation. Additional, the horizontal quasi-static wave forces seem 

not to be significantly affected by bridge clearance. 
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In Figure 3.11d, quasi-static wave components in the vertical uplift direction are shown. As mentioned, 

the wave forces in the vertical uplift direction are sensitive to the bridge clearance. It can be better 

represented by the quasi-static component of the vertical uplift forces in the large-scale experiment. The 

quasi-static wave forces in the large-scale experiment have a similar increasing rate as the small-scale 

experiment, but the data points are scattered between different normalized bridge clearances.  

In Figure 3.11f, the quasi-static wave components in the vertical downward direction are shown. 

Comparing with the small-scale experiment, the quasi-static forces in the large-scale experiment still have 

a higher increasing rate. On the other hand, the quasi-static vertical downward forces are slightly affected 

by bridge clearance. 

Analyzing data set of the two scaled experiments, wave forces in the horizontal, vertical uplift and 

downward directions agree with each other. Especially, comparing with the vertical uplift quasi-static 

components reveals that the wave forces in the vertical uplift direction are not only affected by the wave 

height but also by the bridge clearance.  
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Figure 3.11: Comparison between large and small scale experiment data (dimensionless): horizontal positive force, vertical uplift 
force and downward force, a. horizontal total wave forces, b. horizontal quasi-static components, c. vertical uplift total wave 
forces, d. vertical uplift quasi-static components, e. vertical downward total wave forces, f. vertical downward quasi-static 
components. 
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4.   REVIEW OF EMPIRICAL WAVE FORCE PREDICTION METHODS 

In this section, selected empirical methods in the literature are reviewed, and the physical terms (e.g. 

hydrostatic, buoyancy, hydrodynamic, impulsive, and debris forces) employed in each of the methods are 

examined. The wave force predictions based on three selected empirical methods are compared with the 

experiment measurements, and an assessment of each of the predictive methods is made. 

4.1 Review of empirical methods 

4.1.1 Yeh and Robertson (2005) (FEMA P-646) 

In the Guidelines for Design Structures for Vertical Evacuation for Tsunamis (FEMA P-646), the tsunami 

loadings are consisted of several terms: (1) hydrostatic forces, (2) buoyant forces, (3) hydrodynamic 

forces, (4) impulsive forces, (5) debris impact forces, (6) debris damming forces, (7) uplift forces and (8) 

additional gravity loads above the structure. In this study, the debris force terms are not considered, 

because there is no debris consideration in the experiment. 

The hydrostatic force term, 𝐹𝑑, comes from the drag forces term of the Morison Equation, (Morison 

1950), which is expressed as:  

𝐹𝑑 =
1

2
𝜌𝐶𝑑𝐵(ℎ𝑢2)𝑚𝑎𝑥      (4.1) 

In the equation, 𝐶𝑑 represents the drag coefficient which is affected by the geometry of the object and the 

Reynolds number. (A  𝐶𝑑 value of 2.0 is recommended in FEMA P-646.) The parameter (ℎ𝑢2)𝑚𝑎𝑥 is the 

maximum value of the product between the water depth above the bottom of the structure, ℎ, and the 

square of the flow velocity, 𝑢2, is used instead of  ℎ𝑚𝑎𝑥 and 𝑢𝑚𝑎𝑥
2  because the maximum values of the 

two parameters usually do not occur simultaneously.  

The hydrostatic force term, 𝐹𝑠, caused by the pressure difference between the two sides of structure, is 

given by:  
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  𝐹𝑠 =
1

2
𝜌𝑔𝑏ℎ𝑚𝑎𝑥

2       (4.2) 

(This force would be zero if the fluid depths on both sides of the structures are equal.)  

The buoyant force term, 𝐹𝑏, obtained by integrating the pressure over the wet surface of the structure, is 

given by: 

                   𝐹𝑏 = 𝜌𝑔𝑉𝑤𝑒𝑡           (4.3) 

The impulsive force term, 𝐹𝑖, is caused by the impact of the fluid on the front side of the structure. It is 

considered to be 1.5 times the hydrodynamic force, i.e.  

                   𝐹𝑖 = 1.5𝐹𝑑                        (4.4) 

The uplift force term, 𝐹𝑢, is the combination effect of buoyance force and the hydrodynamic uplift force 

on the inundated structure. The Guideline mentioned that during rapid inundation, the increasing water 

level provides uplifting forces to the soffit of the structure members (aside from the buoyancy force). It is 

conservatively estimated as: 

                   𝐹𝑢 =
1

2
𝐶𝑢𝜌𝐴𝑓𝑢𝑣

2                       (4.5) 

In the equations (4.5), the coefficient 𝐶𝑢 is recommended to be 3.0; 𝐴𝑓 is the area of the bottom of the 

structure or structure members, and 𝑢𝑣 is the estimated vertical velocity or water rise rate.   

An additional gravity load, 𝐹𝑟, equal to the weight of the amount of water on top of the structure can be 

represented as: 

             𝐹𝑟 = 𝜌𝑔𝐴𝑓′ℎΔ                (4.6) 

where, 𝐴𝑓′ is the area of the projection of the horizontal area and ℎΔ is the water depth above the top 

surface of the structure. 
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The total wave forces in the horizontal and vertical directions are considered to be the combinations of 

these terms. Specifically, 

Horizontal force:  

  𝐹𝑥 =  𝐹𝑖 + 𝐹𝑑 + 𝐹𝑠 =  1.5𝐹𝑑 +
1

2
𝜌𝐶𝑑𝐵(ℎ𝑢2)𝑚𝑎𝑥 +

1

2
𝜌𝑔𝑏ℎ𝑚𝑎𝑥

2            (4.7) 

Vertical uplift force: 

  𝐹𝑢𝑝 =  𝐹𝑏 + 𝐹𝑢 =  𝜌𝑔𝑉𝑤𝑒𝑡 +
1

2
𝐶𝑢𝜌𝐴𝑓𝑢𝑣

2           (4.8) 

Vertical downward force: 

  𝐹𝑑𝑜𝑤𝑛 =  𝐹𝑟 = 𝜌𝑔𝐴𝑓ℎΔ              (4.9) 

4.1.2 McConnell et al. (2004) 

McConnell conducted a series of experiments to determine the wave forces on different bridge elements 

under hurricane waves. The reference horizontal and vertical wave forces, 𝐹ℎ
∗ and 𝐹𝑣

∗, are calculated based 

on hydrostatic pressure, and two empirical coefficients obtained from fitting the experiment data.  

Horizontal quasi-static force: 

𝐹ℎ𝑞𝑠(+𝑜𝑟−)

𝐹ℎ
∗ =

𝑎

[
(𝜂𝑚𝑎𝑥−𝑐1)

𝐻𝑠
]𝑏

        (4.10) 

Vertical quasi-static force: 

𝐹𝑣𝑞𝑠(+𝑜𝑟−)

𝐹𝑣
∗ =

𝑎

[
(𝜂𝑚𝑎𝑥−𝑐1)

𝐻𝑠
]𝑏

         (4.11) 

The coefficients a and b are given in McConnell et al. (2004) for wave forces in different directions and 

structural elements. The total wave forces for the structure can be determined by adding wave forces on 

each element. The detailed explanation of this method can be found in McConnell et al. (2004). 
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4.1.3  McPherson (2008) 

The wave force estimation method suggested by McPherson was obtained empirically from a series of 

1:20 scaled model tests. Influence of the model geometry is specifically considered.  

The vertical uplift force is calculated as: 

𝐹𝑉 = 𝐹𝑠 + 𝐹𝐵𝑟𝑖𝑑𝑔𝑒 + 𝐹𝐴𝑖𝑟        (4.12) 

      = 𝛾𝛿𝑧 𝐴𝑤𝑒𝑡 − 𝐹𝑤 + 𝛾𝑉𝐵𝑟𝑖𝑑𝑔𝑒 + (𝑁 − 1)0.5𝛾𝛿𝐺𝑎𝑝 𝐴𝐺𝑎𝑝      

where 𝛿𝑧 is the distance between the wave crest and the top of deck; 𝛾 is the special weight of water;  

𝐴𝑤𝑒𝑡is the wet area of the deck, 𝑉𝐵𝑟𝑖𝑑𝑔𝑒 is the volume of the submerged portion; 𝛿𝐺𝑎𝑝 is the height of the 

girder; 𝐴𝐺𝑎𝑝 is the area between each girder and N is the number of the girders. The parameter 𝐹𝑤 

represents the weight of water overtopping the deck, the author defined the shape of these overtopping 

water to be triangular:  

𝐹𝑤 =
1

2
𝛾𝛿𝐴, when ℎ ≤ ℎ𝑚𝑜𝑑𝑒𝑙       (4.13) 

 𝐹𝑤 =
1

2
𝛾𝛿𝐴 + 𝛾(ℎ − ℎ𝑚𝑎𝑥), when ℎ > ℎ𝑚𝑜𝑑𝑒𝑙     (4.14) 

The parameter h is defined as the height of still water level and ℎ𝑚𝑜𝑑𝑒𝑙 is the height of the top of the deck.  

The horizontal force is calculated as: 

𝐹𝐻 = 𝐹𝑠_𝐹𝑟𝑜𝑛𝑡 + 𝐹𝑠_𝐵𝑎𝑐𝑘          

Specifically, the horizontal force is computed by summing the hydrostatic forces from both front and back 

of the structure.  

𝐹𝑠_𝐹𝑟𝑜𝑛𝑡 = 0.5 ∗ (𝜂𝑚𝑎𝑥 + ℎ − ℎ𝑔𝑖𝑟𝑑𝑒𝑟)𝐻𝑏𝑟𝑖𝑑𝑔𝑒𝐿𝑏𝑟𝑖𝑑𝑔𝑒𝛾, where 𝜂𝑚𝑎𝑥 ≤ ℎ𝑑𝑒𝑐𝑘;  

            (4.15) 
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 𝐹𝑆_𝐹𝑟𝑜𝑛𝑡 = 0.5 ∗ [(𝜂𝑚𝑎𝑥 + ℎ − ℎ𝑔𝑖𝑟𝑑𝑒𝑟) + (𝜂𝑚𝑎𝑥 − ℎ𝑑𝑒𝑐𝑘)]𝐻𝑏𝑟𝑖𝑑𝑔𝑒𝐿𝑏𝑟𝑖𝑑𝑔𝑒𝛾,

 where 𝜂𝑚𝑎𝑥 > ℎ𝑑𝑒𝑐𝑘;        (4.16)  

𝐹𝑠_𝐵𝑎𝑐𝑘 = 0 , where ℎ < ℎ𝑔𝑖𝑟𝑑𝑒𝑟𝑠       (4.17) 

𝐹𝑠_𝐵𝑎𝑐𝑘 = 0.5(ℎ − ℎ𝑔𝑖𝑟𝑑𝑒𝑟)2𝐿𝑏𝑟𝑖𝑑𝑔𝑒𝛾 , where ℎ > ℎ𝑔𝑖𝑟𝑑𝑒𝑟𝑠   (4.18) 

where ℎ𝑔𝑖𝑟𝑑𝑒𝑟 is the distance from the floor to the bottom of the girder; 𝐿𝑏𝑟𝑖𝑑𝑔𝑒 is the lateral length of the 

girders; ℎ𝑑𝑒𝑐𝑘  is the distance from the floor to the bottom of the deck; 𝜂𝑚𝑎𝑥 is the maximum wave height, 

and 𝐻𝑏𝑟𝑖𝑑𝑔𝑒 is the total height of the bridge structure. According to the author, the horizontal hydrostatic 

force on the structure is an integration of pressure on the surface of the structure as a function of the wave 

height and still water level, specifically, when the still water level is higher than the bridge level ℎ𝑔𝑖𝑟𝑑𝑒𝑟, 

the hydrostatic force on the back side should be included.   

4.1.4 Azadbakht and Yim (2014) 

Azadbakht and Yim’s method is based on numerical simulations of tsunami loads on five coastal bridges 

in California. The wave forces are described as: 

Horizontal force: 

  𝐹𝐻 = 𝐹ℎ_ℎ𝑠 + 𝐹𝑑 = 0.5𝜌𝑔(2 × ℎ0 − 𝐿ℎ)𝐿ℎ + 0.5𝐶𝑑𝜌𝜈2𝐿ℎ,  ℎ0 ≥ 𝐿ℎ  (4.19) 

 𝐹𝐻 = 𝐹ℎ_ℎ𝑠 + 𝐹𝑑 = 0.5𝜌𝑔ℎ0
2 + 0.5𝐶𝑑𝜌𝜈2𝐿ℎ,    ℎ0 < 𝐿ℎ  (4.20) 

Vertical force: 

 𝐹𝐷𝑉 = 𝐶𝐷𝑉(𝐹𝑣ℎ𝑠
+ 𝐹𝑣𝑠

) = 𝐶𝐷𝑉[𝜌𝑔(ℎ0 − 𝐿𝑔 − 𝑇𝑑) + 0.5𝐶𝑣𝑠𝜌𝜈2𝐿𝑠𝑏]   (4.21) 

 𝐹𝑈𝑃 = 𝐶𝑈𝑃(𝐹𝑏 + 𝐹𝑙) = 𝐶𝑈𝑃[𝜌𝑔𝑉 + 0.5𝐶𝑙𝜌𝜈2𝐿𝑣]     (4.22) 
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The horizontal force contains hydrostatic term, 𝐹ℎ_ℎ𝑠, and hydrodynamic term, 𝐹𝑑, where in equation 

(4.19) and (4.20), 𝐿ℎ is the height of the bridge superstructure; ℎ0is the difference between the bottom of 

the deck and maximum of the water surface. The vertical downward force is combined with horizontal 

hydrostatic force, 𝐹𝑣ℎ𝑠
, which is the gravity of the water above the structure and the slamming force 𝐹𝑣𝑠

, 

where 𝐿𝑠𝑏 is the effective length of bridge deck for slamming forces and 𝜈 is the tsunami fluid velocity. 

The vertical uplift force is composed of the buoyant force, 𝐹𝑏, where V is the submerged volume per unit 

length and the uplifting force, 𝐹𝑙, where 𝐿𝑣 is the width of the bridge deck. The detailed parameter 

description can be found on the Fig 19 in Azadbakht and Yim (2014). The values of the coefficients are 

recommended by the author to be: 

 

Table 4.1: Empirical coefficient for Tsunami wave force recommended by Azadbakht and Yim (2014) 

Coefficient  Estimated value 

Drag (𝐶𝑑) 2.00 

Lift(𝐶𝑙) 1.00 

Slamming in vertical direction (𝐶𝑑) 2.00 

Uplift Force (𝐶𝐷𝑉) 0.77 

Downward Force (𝐶𝑈𝑃) 0.53 

 

4.2 Comparison of experiment results with selected prediction methods 

Using the empirical methods introduced McConnell et al. (2004), McPherson (2008), and Azadbakht and 

Yim (2014), the wave force magnitudes are calculated by using the corresponding experimental 

parameters for each wave height. The method introduced by Yeh and Robertson (2005) considers the 

situation where the water depth changes over the distance which is not adaptable to this study, therefore, 

not included in the consideration. The results can be seen from Figure 4.1. Here, the wave forces 
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calculated by each empirical method are nondimensionalized with the weight of the structure, and the 

wave height is normalized with the length of the bridge deck, L. 

The figure shows that McConnell’s method overestimates the horizontal wave force and is very 

conservative, whereas the method introduced by Azadbakht and Yim is closer but underestimated the 

forces comparing with the experimental results. McPherson’s method predicts values that are too small.  

For the vertical uplift forces, Azadbakht and Yim’s method produces very accurate wave force 

predictions at water depth 2.0 meters and 1.9 meters. The two other methods overestimate the uplift 

forces. McPherson’s method provides reasonably accurate predictions when the waves do not overtop the 

bridge deck, yet the values become too conservative for the overtopping conditions. For the vertical 

downward wave forces, it can be seen that both Azadbakht and Yim, and McConnell’s method tend to 

overestimate the vertical downward forces.  

Overall, by comparing between each estimating method. Azadbakht and Yim’s method can accurately 

estimate the wave force in the vertical direction, but under-estimate the wave force in the horizontal 

direction. McConnell’s method appears to be conservative in general. (This method is derived from 

Hurricane wave experiments, some of the parameters, such as: 𝐻𝑠 , the significant wave height, cannot be 

directly used for solitary waves). McPherson’s method tends to underestimate the horizontal wave forces, 

but provide accurate prediction for the non-inundated situations.  
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Figure 4.1: Comparison of dimensionless wave forces between selected empirical methods and the experiment measurement 
vs dimensionless impact wave heights, a. horizontal wave forces, h = 2.0 m, b. horizontal wave forces, h = 1.9 m, c. vertical 
uplift wave forces, 
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 5. NUMERICAL SIMULATION OF SOLITARY WAVE IMPACT ON BRIDGE DECK 

Research by Azadbakht and Yim (2014, 2015 and 2016) have investigated the tsunami wave forces 

impact on bridge deck structures using numerical simulation. Analysis of the wave impact experiment 

data indicates that not only the wave height but also the bridge clearance have a significant influence on 

the wave forces. Due to the limited time available, in the experimental tests the large-scale bridge model 

are fixed at a constant elevation and cannot be easily moved vertically. Therefore, very limited data is 

available on the variation of bridge clearance. To investigate the influence of the bridge clearance to the 

wave forces, numerical simulations are performed to obtain additional data to complement the parametric 

study on the horizontal and vertical wave forces using a finite element analysis (FEA) code LS-DYNA. 

Pressure and horizontal and vertical forces on the structures are obtained by solving the Navier-Stokes 

(NS) equation in the fluid domain using the arbitrary Lagrangian-Eulerian (ALE) solver. The accuracy of 

the numerical simulation results is verified with selected experimental test results. Numerical theories and 

the governing equations are well documented in details in Azadbakht and Yim (2014, 2015 and 2016). 

Only key simulation information about this particular experiment and analysis of simulation results are 

presented in this section.  

5.1 Description of numerical model  

A three-dimensional (3D) numerical model is developed using the ALE fluid solver in LS-DYNA 

including both air and water domains. The viscosity of the two domains are considered in the simulation: 

𝜇𝑎𝑖𝑟 =1.0e-5 𝑚2 𝑠⁄  and 𝜇𝑤𝑎𝑡𝑒𝑟 =0.001𝑚2 𝑠⁄ . The compressibility of the fluid is controlled by the Bulk 

modulus and defined to be 1.0e+5 and 2.2e+9 for air and water correspondently.   

To reduce the calculating time to acceptable levels, a truncated section of the water flume is simulated as 

computational domain, the dimensions of the domain are 27 meters long, starts at the location of wave 

gauge 9, about 43.009 meters to the actual wave board neutral position; 0.3 meters wide and 3.00 meters 

high. The depth of the water domain is 1.16 meters to be identical to the experiment conditions. The 
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geometry of the steel I-beam bridge girder is slightly simplified. The dimensions of the bridge cross-

section are equivalent to the experimental model, but only 0.25 meter of the bridge section in the 

longitudinal direction is modeled, and a gap of 0.05 meters wide is left on one side to allow air to escape. 

While the concrete material is used as the input, because the bridge deck is treated as rigid, its material 

properties do not affect the wave force computations. Figure 5.1 shows the computational domain and the 

bridge model geometry. The mesh size of air and water domains is 0.05 m, and mesh is refined to 0.025 m 

in the air and water domains in the region between 15.0 to 18.5 meters along the direction of the wave 

flume. The mesh size of the bridge deck model is also 0.025 m. To predict wave forces on the bridge 

model accurately, auto-adjustable time steps with an initial step size of 6.7e-5 s is used. 

 

The boundary conditions shown in Figure 5.1 are specified as:  

(1) The velocity inlet boundary on left face: the input velocity time history, 𝑢𝑖𝑛𝑙𝑒𝑡, is calculated under 

shallow water assumption using the wave height measured by ultrasonic wave gauge, USWG1, and set to 

the phase nodes. The velocity is calculated by asymptotic long wave relationship between wave height 

and horizontal velocity (see Dean and Dalrymple 1991):  

𝑢𝑖𝑛𝑙𝑒𝑡 = 𝜂𝑈𝑆𝑊𝐺1√
𝑔

ℎ
          (5.1) 

Where, 𝜂𝑈𝑆𝑊𝐺1 is the time history of the water surface measurement; 𝑔 is the gravitational acceleration. 

Figure 5.1: Computational domain of the 3D simulations. (Unit: meter) 
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(2) At the downstream boundary, a damping zone is used to ensure wave passage with little or no 

reflected back to the bridge section. 

(3) Free slip boundaries are defined on the four sides: top, bottom, front and back (boundary layer 

effects are not important for such a highly transient flow and hence not modeled).  

5.2 Validation of numerical model  

Experimental measurements presented in the previous sections are used to validate the predictive 

capability of the numerical model. Quantitative values used in the validation of the numerical simulations 

includes the wave forces in the vertical uplift and horizontal directions.  
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Figure 5.2: Comparison of experimental measurements and numerical simulations of horizontal, vertical uplift and downward 
wave forces (dimensionless) vs dimensionless wave heights, a. Horizontal wave forces, b. vertical uplift wave forces, c. vertical 
downward wave forces. 
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Figure 5.3: Comparison of horizontal wave force time histories(dimensionless) between simulation results and 
experiment measurements, a. horizontal wave force time histories of SW3, b. vertical wave force time histories of 
SW3, c. horizontal wave force time histories of SW4, d. vertical wave force time histories of SW4. 

 

Figure 5.4: Comparison of experimental measurements and numerical simulations of quasi-static and slamming 
components (dimensionless) vs dimensionless wave heights, a. Horizontal quasi-static components, b. horizontal 
slamming components, c. vertical uplift quasi-static components, d. vertical uplift slamming components. 
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Numerical simulation comparison with experimental data has been performed for a number of 

experimental cases. A typical example is presented here for reference. Figure 5.2 shows that good 

agreement between experiment measurements and numerical simulations is achieved for both horizontal 

and vertical directions. Figure 5.3 shows the comparison of the horizontal and vertical wave force time 

histories between simulation results and experiment measurements. Quasi-static and slamming 

components of the wave forces in horizontal and vertical uplift directions are presented in Figure 5.4. For 

the horizontal wave forces, the shapes of the slamming component time histories match well between the 

numerical simulations and experiment measurements. On the other side, in the vertical direction the 

predicted slamming force components are not matched as well with the experiment time histories. For the 

example cases (and several other similar test cases not presented here), the differences between the 

experimental and numerical wave force time histories are considered acceptable.  

5.3 Numerical simulations complementing experimental data 

A series of numerical simulations are performed to investigate the effects of the bridge clearance and 

wave height to the wave forces. The simulations focus on obtaining horizontal and vertical wave height 

time histories and the magnitudes of the maximum wave forces as a function of bridge clearance.  

For the experiment conditions considered here, the bridge deck elevation is set at 2.55 meters from the 

bottom of Large Wave Flume. The bridge clearance (from the water free surface to the lower surface of 

the bridge model) in this case is 0.29 meters for the water depth 2.0 meters. For the simulations at selected 

wave heights, the normalized bridge clearance is varied from 0 to 0.3. 

5.4 Analyzing numerical simulation results 

Several numerical simulation cases have been performed focusing on investigating the relation between 

wave forces and bridge clearances. These numerical test cases are based on identical wave heights used in 

the experiment tests, but considering additional bridge deck elevations. Therefore, a new variance: bridge 
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clearance 𝑍, which is defined as the distance between still water level and the bottom of the bridge model, 

is introduced into wave force prediction expressions. The simulation results, including horizontal and 

vertical wave forces time histories, are processed by the Daubechies wavelets method (Strang and Truong 

1996) to decompose the quasi-static and slamming components. An example of the decomposition of the 

wave force component time history is shown in Figure 5.5. 

Figure 5.5: Examples of decomposing quasi-static and slamming components from the original wave force time histories 
(dimensionless) using a Daubechies wavelet method, a. horizontal wave forces and quasi-static component time histories of 
SW3, b. horizontal wave forces and slamming component time histories of SW3, c. vertical wave forces and quasi-static 
component time histories of SW3, d. vertical wave forces and slamming component time histories of SW3, e. horizontal wave 
forces and quasi-static component time histories of SW4, f. horizontal wave forces and slamming component time histories of 
SW4, g. vertical wave forces and quasi-static component time histories of SW4, h. vertical wave forces and slamming 
component time histories of SW4. 
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5.4.1 Quasi-static wave force component versus bridge clearance 

In this section, the maximum wave force components by numerical simulations in the horizontal and 

vertical directions are normalized with the gravity of the bridge deck, and the bridge clearance is 

normalized with the length of the bridge deck. 

In Figure 5.6a and 5.6b, the maximum values of normalized quasi-static forces in the horizontal and 

vertical directions versus normalized bridge clearance are presented. For comparison, the predicted wave 

force values using the empirical equations by Azadbakht and Yim (2014) are also shown in the figures. 

The empirical equations were explained in the previous section. 

In the horizontal direction, the empirical wave force predictions by Azadbakht and Yim (2014) are linear 

monotonic associated with normalized bridge clearance. However, the simulation results reveal that the 

quasi-static components and normalized bridge clearances are not linearly related, and the quasi-static 

forces tend to increase with bridge clearance initially rather than a linear decay predicted by the empirical 

formula. The quasi-static force components decrease with increasing bridge clearance only after reaching 

a peak value. The empirical formula predictions tend to over-estimate the quasi-static force components 

when the bridge clearances are small but under-estimate when the clearance value is large. 

In the vertical uplift direction, the empirical wave force prediction assumes that the vertical wave forces 

are constant with respect to bridge clearance. However, simulation results show that the quasi-static force 

components decrease with increasing bridge clearance. The empirical equation predictions tend to under-

estimate the quasi-static wave force components for lower bridge clearances and over-estimate the quasi-

static wave force components for larger bridge clearances. 

5.4.2 Slamming wave force component versus bridge clearance 

The maximum values of the slamming force components in the horizontal and vertical uplift directions 

are shown in the Figures 5.7a and 5.7b. In the horizontal direction, the slamming forces behave differently 
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between different wave heights. For the lower wave height cases, the maximum values of the slamming 

forces increase slowly. For the cases with high impact wave heights, the maximum values of the 

slamming force components increase rapidly with bridge clearance. In the vertical uplift direction, it can 

be observed that the maximum values of the slamming force components are large for large impact wave 

heights, and the maximum slamming force component versus the bridge clearance is more scattered. In 

general, comparing with the quasi-static wave force components, the slamming force components behave 

highly dispersed with variations in bridge clearance. The magnitude and duration of the slamming wave 

force components are affected by air compression and the geometry of the structure, therefore, for the 

cases considered in this study, it is anticipated that the slamming force components behave highly non-

linearly. 
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Figure 5.6: Dimensionless quasi-static force vs. dimensionless bridge clearance, the straight lines represent the wave 
force prediction by Azadbakht and Yim (2014), a. horizontal direction, b. vertical uplift direction. 
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Figure 5.7: Dimensionless slamming force in the vertical uplift direction vs. dimensionless bridge clearance, a. 
horizontal direction, b. vertical uplift direction. 
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6. PROPOSED WAVE FORCES PREDICTING METHOD INCLUDING CLEARANCE 

EFFECT 

In the previous section, a review of the existing empirical prediction procedures in comparison with 

experimental measurements found that the method proposed by Azadbakht and Yim (2014) was among 

the most accurate overall existing empirical methods in predicting the vertical forces. However, in the 

horizontal direction, their predictions consistently under-estimated the wave forces. Another observation 

from the experimental measurements is that the bridge clearance also has a strong influence on the total 

wave forces and quasi-static and slamming components in both the vertical and horizontal directions. In 

fact, the relations between wave force components versus wave heights and bridge clearances are clearly 

demonstrated in the numerical simulation results. In this section, the inclusion of a new “bridge 

clearance” parameter into the empirical design method of Azadbakht and Yim (2014) to take into account 

the effect of elevation of the bridge deck about the still wave level is proposed.   

6.1 The quasi-static wave force component 

First of all, by using the equations introduced in Azadbakht and Yim (2014) as reference forces, the 

quasi-static components in the horizontal and vertical directions are given as:  

The horizontal quasi-static force: 

 𝐹ℎ_𝑞𝑠 = 𝐶𝐻[𝐹ℎ_ℎ𝑠 + 𝐹𝑑] = 𝐶𝐻[0.5𝜌𝑔(2ℎ0 − 𝐿ℎ)𝐿ℎ + 0.5𝐶𝑑𝜌𝑣2𝐿𝑠𝑏];   (6.1) 

The vertical uplift quasi-static force: 

𝐹𝑣_𝑞𝑠 = 𝐶𝑈𝑃[𝐹𝑏 + 𝐹𝑙] = 𝐶𝑈𝑃[𝜌ℎ𝑉 + 0.5𝐶𝑙𝜌𝑣2𝐿𝑣];     (6.2) 

The physical interpretation of the parameters and the values of the coefficients: 𝐶𝑑  and 𝐶𝑙 are the same to 

the section 4.1.4. In order to make the empirical equations adopt to the quasi-static forces, two new 

“clearance” coefficients:  𝐶𝐻 and  𝐶𝑈𝑃 are added. A relationship between the clearance coefficients and 
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the dimensionless parameters  
√𝐻𝐿

𝑍
 is attempted to be establish, where L is the length of the bridge deck; H 

is the wave height, and Z is the bridge clearance. 

The clearance coefficients are calculated as the ratios between the quasi-static wave forces from 

simulations and the empirical equation predictions. The data sets in each test groups are plotted in the 

Figures 6.1 and 6.2. Then, the clearance coefficients are defined based on curve fitting of the data sets 

from the four wave height test groups. The shapes of the clearance coefficient trend lines are also shown 

in Figure 6.1 and 6.2. The resulting clearance coefficients (in the pertinent range for 
√𝐻𝐿

𝑍
 between 0.72√𝐿 

and 25.1√𝐿) are given as follow: 

In the horizontal direction: 

𝐶𝐻 = [1.2 × (
√𝐻𝐿

𝑍
)

−0.25

] , for  0.72√𝐿 <
√𝐻𝐿

𝑍
< 25.1√𝐿;          (6.3) 

In the vertical uplift direction: 

𝐶𝑈𝑃 = [14 × (
√𝐻𝐿

𝑍
)

−1.70

+ 0.2]−1, for 0.72√𝐿 <
√𝐻𝐿

𝑍
< 7.2√𝐿; (6.4) 

𝐶𝑈𝑃 = [0.48] −1, for 7.2√𝐿 ≤
√𝐻𝐿

𝑍
< 25.1√𝐿. (6.5) 



 
 

62 

 

 

 

 

Figure 6.1: Clearance coefficient 𝐶𝐻 vs. dimensionless parameter √𝐻𝐿/𝑍 in the horizontal direction. 
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Figure 6.2: Clearance coefficient 𝐶𝑈𝑃 vs.dimensionless parameter√𝐻𝐿/𝑍 in the vertical uplift direction. 
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6.2 The slamming wave force component 

Similarly, the slamming components in the two directions are defined by modifying the empirical wave 

forces introduced by Azadbakht and Yim (2014) with slamming coefficients:𝐶𝐻_𝑆𝐿 and 𝐶𝑈𝑃_𝑆𝐿. The

slamming components in the horizontal and vertical directions are calculated using the following 

equations: 

The horizontal quasi-static force: 

𝐹ℎ_𝑞𝑠 = 𝐶𝐻_𝑆𝐿[𝐹ℎ_ℎ𝑠 + 𝐹𝑑] = 𝐶𝐻_𝑆𝐿[0.5𝜌𝑔(2ℎ0 − 𝐿ℎ)𝐿ℎ + 0.5𝐶𝑑𝜌𝑣2𝐿𝑠𝑏]; (6.6) 

The vertical uplift quasi-static force: 

𝐹𝑢𝑝_𝑞𝑠 = 𝐶𝑈𝑃_𝑆𝐿[𝐹𝑏 + 𝐹𝑙] = 𝐶𝑈𝑃_𝑆𝐿[𝜌ℎ𝑉 + 0.5𝐶𝑙𝜌𝑣2𝐿𝑣]; (6.7) 

The slamming coefficients are calculated as the ratios between the slamming wave forces from 

simulations and the empirical equation predictions. The slamming coefficients versus the dimensionless 

parameter √𝐻𝐿 𝑍⁄  are plotted in Figure 6.3 and 6.4. However, as mentioned in the previous section, the 

slamming forces components are more nonlinearly distributed and scattered. Therefore, the slamming 

coefficients are defined to be able to bound the data points (from above in Figure 6.3 and from below in 

Figure 6.4). The slamming coefficients are defines as below. 

In the horizontal direction: 

𝐶𝐻_𝑆𝐿 = 1.95 × (
√𝐻𝐿

𝑍
)−0.8 + 0.15, for  0.72√𝐿 <

√𝐻𝐿

𝑍
< 25.1√𝐿; (6.8) 

In the vertical uplift direction: 

𝐶𝑈𝑃_𝑆𝐿 = [6 × (
√𝐻𝐿

𝑍
)

−0.68

− 0.7]−1,       for 0.72√𝐿 <
√𝐻𝐿

𝑍
< 5.03√𝐿; (6.9) 

𝐶𝑈𝑃_𝑆𝐿 = [0.90]−1, for 5.03√𝐿 ≤
√𝐻𝐿

𝑍
< 25.1√𝐿. (6.10) 
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6.3 Proposed empirical method 

The proposed wave force estimation method is given as: 

The total horizontal force: 

 𝐹𝐻 = (𝐶𝐻 + 𝐶𝐻_𝑆𝐿) × [𝐹ℎ_ℎ𝑠 + 𝐹𝑑] = (𝐶𝐻 + 𝐶𝐻_𝑆𝐿) × [0.5𝜌𝑔(2ℎ0 − 𝐿ℎ)𝐿ℎ + 0.5𝐶𝑑𝜌𝑣2𝐿𝑠𝑏]; 

            (6.11) 

The total vertical uplift force: 

𝐹𝑈𝑃 = (𝐶𝑈𝑃 + 𝐶𝑈𝑃_𝑆𝐿) × [𝐹𝑏 + 𝐹𝑙] = (𝐶𝑈𝑃 + 𝐶𝑈𝑃_𝑆𝐿) × [𝜌ℎ𝑉 + 0.5𝐶𝑙𝜌𝑣2𝐿𝑣].  (6.12) 
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Figure 6.3: Slamming coefficient 𝐶𝐻_𝑆𝐿vs. dimensionless parameter √𝐻𝐿/𝑍 in the horizontal 
direction. 

Figure 6.4: Slamming coefficient 𝐶𝑈𝑃_𝑆𝐿vs. dimensionless parameter √𝐻𝐿/𝑍 in the vertical 
direction. 
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6.4 Validation of proposed method with experimental data 

A comparison between the calculation values of the proposed method and the experimental data in the 

horizontal and vertical directions, respectively, are shown in Figures 6.5 and 6.6. In the horizontal 

direction, prediction values from the proposed method match well with the experiment measurement. In 

the vertical uplift direction, the proposed method is on the conservative side as it overestimates the wave 

forces in the very high and very low range by about 40%. 
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Figure 6.5: Comparison between proposed method estimations and experimental measurements of maximum horizontal 

wave forces (N/m). 

Figure 6.6: Comparison between proposed method estimations and experimental measurements of maximum vertical 
uplift wave forces (N/m). 
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7. CONCLUDING REMARKS 

7.1 Conclusions 

Wave forces due to the solitary wave impacts on bridge deck superstructures were the major focus of this 

experimental study. A 1:5 scale bridge deck model which was installed in the 2-D Large Wave Flume at 

Oregon State University, was subjected to a series of fifteen different solitary wave conditions at two 

different still water levels (i.e. two different water depths) were tested. During the experiment, wave force 

in the horizontal and vertical directions acting on the bridge deck model were recorded. Two types of 

wave forces components in the recorded force time-history were observed: a short duration impulsive 

slamming force and a long duration slow-varying quasi-static force. Both wave force components 

contribute significantly to the maximum values of the horizontal and vertical wave forces. These two 

types of wave force components have different generation mechanisms. The quasi-static force 

components are related to the buoyancy, drag, and so on. On the other hand, the slamming force 

components are caused by the impulsive impact of the fluid on the structure and also the compression of 

the trapped air. To study these two components systematically, the two wave force components are 

extracted from the original time histories using a wavelet transformation method and investigated 

separately.   

Based on a thorough analysis of the experimental data, several observed conclusions are stated as follow: 

1. It can be observed that for non-broken waves the total wave force in both the horizontal and vertical 

directions increase with the wave heights. For the two components of the wave forces, both the 

slamming and the quasi-static force components increase with wave height. In the horizontal 

direction, the quasi-static force component is predominate, while in the vertical direction, slamming 

forces play a more important role.  

2. For broken waves, a relatively larger amount of energy of the wave were dissipated before impacting 

the bridge, so the wave forces on the bridge are relatively smaller. In addition, the variation in the 
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magnitudes of the maximum wave forces is larger due to the random natural of the broken waves. 

From the observed experimental data, it is observed that this large scattering is mostly caused by the 

variability in the slamming force components. The broken waves contain noticeable overturning and 

rolling fluid particle motions. The shape of the leading rolling-bore of the wave can be highly random 

causing high variability in the slamming force component. On the contrary, the quasi-static force 

components have a low variability, and the resulting maximum forces are highly consistent. 

3. Using the experimental data, the validity of several existing empirical equations for predicting 

horizontal and vertical wave forces was examined. It was found that most of the existing empirical 

equations did not predict well for the experiment in this study. This is due to the fact that the wave 

conditions used in the development of the empirical equations were different from the wave 

conditions of this experimental tests. Hence, wave forces predicted by these empirical equations, 

especially the slamming force component, are underestimated.  

4. A parametric study was conducted using a segmented three-dimensional numerical model. Simulation 

results of the horizontal and vertical wave forces were validated via comparison with experimental 

measurements to ensure predictive accuracy. By applying the same wave experimental wave heights 

and varying the normalized bridge clearance, relations between the wave forces and the wave 

height/clearance parameters were investigated. The following are observed from results of the 

parametric study: 

a. Maximum quasi-static wave force in the horizontal direction increases with increasing wave 

height. For large wave heights, initially, the quasi-static wave forces increase with increasing 

normalized bridge clearance (from 0 to 0.15). For higher values of normalized bridge 

clearance (beyond 0.15), the maximum horizontal quasi-static wave forces become stable. 

For small wave height, the maximum horizontal quasi-static wave force is relatively stable 
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for normalized bridge clearance ranging from 0 to 0.075, but the maximum value decreases 

for normalized bridge clearance beyond 0.075.  

b. For large wave heights, the maximum quasi-static wave force in the vertical direction (i.e. an 

uplift force) is stable for normalized bridge clearance between 0 and 0.15 but decreases 

gradually with increasing normalized bridge clearance from 0.15 to 0.3. For small wave 

heights, the maximum quasi-static wave force in the vertical direction decreases 

monotonically. 

c. For the slamming force in the horizontal direction, for large wave heights, the maximum 

force magnitude generally increases with bridge clearance. However, for the lower wave 

height cases, there is a mild increase in the region of low normalized bridge clearance (below 

0.05) but gradually decreases with increasing normalized bridge clearance (above 0.075). 

d. For the slamming force in the vertical direction, the maximum force varies differently for 

different wave heights. For large wave heights, the slamming force increases slightly with 

increasing normalized bridge clearance in the range of 0 to 0.15. Beyond the range of 0.15, 

the maximum vertical slamming force fluctuates significantly with a maximum close to the 

value of normalized bridge clearance 0.15. For the lower wave height test cases, the vertical 

slamming wave forces decrease with increasing normalized bridge clearance except for 

values below 0.05.  

5. Improved empirical formulas for predicting the wave forces in the horizontal and vertical directions 

were proposed. The proposed method considers the effects of both quasi-static and slamming wave 

components. Additional coefficients are introduced to take into account the variations of bridge 

clearances and wave heights. The proposed wave forces achieve reasonable agreement with the 

experiment measurements.  
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7.2 Remarks on future research  

It is known the wave force in horizontal and vertical directions vary with the parameter of the still water 

level. However, for experimental results available to date, there is insufficient data to determine the effect 

of still water levels on wave forces. Additional independent experimental data are needed to validate the 

proposed wave force prediction methods.  
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Appendix A. Wave gauge measurements. 

 

 

Figure A-1: Wave profile measured by WG1 and theoretical profile in SW5 ~ SW14. 
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Figure A-2: Wave gauge time histories [trial SW2 input wave height 0.42 m, water depth 2.00 m (1.16 m after slope)]. 
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Figure A-3: Wave gauge time histories [trial SW3 input wave height 0.55 m, water depth 2.00 m (1.16 m after slope)]. 
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Figure A-4: Wave gauge time histories [trial SW4 input wave height 0.70 m, water depth 2.00 m (1.16 m after slope)]. 
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Figure A-5: Wave gauge time histories [trial SW5 input wave height 0.90 m, water depth 2.00 m (1.16 m after slope)]. 
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Figure A-6: Wave gauge time histories [trial SW6 input wave height 1.00 m, water depth 2.00 m (1.16 m after slope)]. 
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Figure A-7: Wave gauge time histories [trial SW7 input wave height 1.20 m, water depth 2.00 m (1.16 m after slope)]. 
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Figure A-8: Wave gauge time histories [trial RP4 input wave height 1.40 m, water depth 2.00 m (1.16 m after slope)]. 



 
 

86 

 

 

 

 

Figure A-9: Wave gauge time histories [trial SW8 input wave height 0.46 m, water depth 1.90 m (1.06 m after slope)]. 
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Figure A-10: Wave gauge time histories [trial SW9 input wave height 0.52 m, water depth 1.90 m (1.06 m after slope)]. 
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Figure A-11: Wave gauge time histories [trial SW10 input wave height 0.65 m, water depth 1.90 m (1.06 m after slope)]. 
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Figure A-12: Wave gauge time histories [trial SW11 input wave height 0.80 m, water depth 1.90 m (1.06 m after slope)]. 
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Figure A-13: Wave gauge time histories [trial SW12 input wave height 1.00 m, water depth 1.90 m (1.06 m after slope)]. 
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Figure A-14: Wave gauge time histories [trial SW13 input wave height 1.10 m, water depth 1.90 m (1.06 m after slope)]. 
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Figure A-15: Wave gauge time histories [trial SW14 input wave height 1.30 m, water depth 1.90 m (1.06 m after slope)]. 
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Appendix B. Maximums of wave force and wave force components. 

Table B-1: Maximum horizontal wave forces, maximum vertical forces, minimum wave forces, maximum horizontal wave forces, 
maximum vertical quasi-static forces, minimum quasi-static forces, maximum horizontal slamming forces and vertical slamming 
forces, water level 2.0 meters. 

 

 

 

Table B-2: Maximum horizontal wave forces, maximum vertical forces, minimum wave forces, maximum horizontal wave forces, 
maximum vertical quasi-static forces, minimum quasi-static forces, maximum horizontal slamming forces and vertical slamming 
forces, water level 1.90 meters. 

Trial 
𝐻𝑖𝑛𝑝𝑢𝑡 

(m) 

Wave Forces (N) Quasi-static Forces(N) Slamming Forces(N) 

𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 𝐹𝑧_𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 𝐹𝑧_𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡  

SW8 0.46 6844.537 8568.569 -3507.83 4942.91 2607.51 -2883.77 3459.99 6217.61 

SW9 0.52 9920.348 17466.87 -6926.1 6874.43 5085.85 -5862.91 4914.79 12580.69 

SW10 0.65 19725.75 24149.62 -10087.2 11908.78 9697.47 -8301.58 12293.57 18009.41 

SW11 0.80 24316.26 19009.39 -2831.45 11869.19 8616.00 -2269.98 15978.72 13235.38 

SW12 1.00 15211.31 11141.67 -3343.45 11574.72 8625.49 -2998.82 5068.58 3035.80 

SW13 1.10 17589.05 12953.8 -3037.24 11980.93 8503.10 -2712.82 9219.04 7537.49 

SW14 1.30 25338.93 20898.03 -1985.01 15623.44 11346.72 -1678.64 13131.33 11832.87 

 

 

Trial 
𝐻𝑖𝑛𝑝𝑢𝑡 

(m) 

Wave Forces (N) Quasi-static Forces(N) Slamming Forces(N) 

𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 𝐹𝑧_𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 𝐹𝑧_𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 

SW1 0.36 2477.73 1444.43 -708.67 2392.45 806.33 -887.25 362.01 646.39 

SW2 0.42 5167.26 6226.63 -3599.81 4267.16 2128.17 -3132.30 2432.36 4172.99 

SW3 0.55 9353.96 13590.62 -10236.11 7952.82 5999.26 -7271.31 4084.84 9757.91 

SW4 0.70 17624.22 20174.03 -19365.01 11815.90 10984.20 -7568.20 6472.10 12731.99 

SW5 0.90 20573.06 16165.92 -4141.34 11234.47 10103.29 -3881.16 12690.31 9782.59 

SW6 1.00 19813.71 15276.13 -2214.30 11282.35 9249.32 -2059.06 8737.31 7391.94 

SW7 1.20 29167.74 26553.92 -3205.28 13101.84 10848.79 -2865.87 20222.75 19555.10 

RP4 1.40 20021.45 18422.37 -3170.66 12091.49 10447.06 -3146.06 10901.84 11683.40 
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Table B-3: Maximum values of the positive and negative total moment, the maximum values of the positive and negative of the 
quasi-static portion of the moment, and the maximum positive and negative slamming portion of the moment, water level 2.0 
meter. 

 

Table B-4: Maximum horizontal wave forces, maximum vertical forces, minimum wave forces, maximum horizontal wave forces, 
maximum vertical quasi-static forces, minimum quasi-static forces, maximum horizontal slamming forces and vertical slamming 
forces, water level 2.00 meters, input wave height 0.140 meters. 

  

Trial 
Wave Forces (N) Quasi-static Forces(N) Slamming Forces(N) 

𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 𝐹𝑧_𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 𝐹𝑧_𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝐹𝑥 𝐹𝑧_𝑢𝑝𝑙𝑖𝑓𝑡 

RP1 21217.82 14165.35 -3331.06 12454.60 10310.23 -3263.83 11402.74 6844.20 

RP2 18009.33 12278.69 -4038.97 12389.51 10723.76 -3672.68 7388.04 5134.96 

RP3 17783.23 13696.50 -3397.31 13568.34 11864.16 -3105.06 8224.69 5582.09 

RP4 20021.45 18422.37 -3170.66 12091.49 10447.06 -3146.06 10901.84 11683.40 

RP5 27050.64 23103.19 -3656.10 13063.88 11091.06 -3271.03 18116.12 15780.41 

RP6 26641.47 22221.66 -4847.39 12656.24 10687.03 -4650.67 17348.33 14909.72 

RP7 28654.51 21342.55 -2855.03 12732.61 9749.41 -2544.84 20350.20 15322.39 

RP8 24640.61 17430.41 -3025.16 12425.36 10746.79 -2900.09 15240.21 10373.84 

RP9 24129.91 16819.43 -3265.72 13643.69 10629.43 -2992.86 15222.99 9536.26 

RP10 18877.39 13156.61 -3036.92 12796.62 10603.81 -2975.89 9739.50 5841.21 

RP11 18900.15 16480.31 -3087.32 12898.76 11175.67 -2830.75 10269.03 9160.91 

Mean 22356.96 17192.46 -3428.33 12792.83 10729.86 -3213.98 13109.43 10015.40 

Std 3987.92 3761.47 574.67 483.36 534.92 556.3645 4339.10 4002.20 

CV 17.84% 21.88% -16.76% 3.78% 4.99% -17.31% 33.10% 39.96% 

Trial 
𝐻𝑖𝑛𝑝𝑢𝑡 

(m) 

Total Overturning Moment (𝑁 ∙ 𝑚) Quasi-static (𝑁 ∙ 𝑚) Slamming (𝑁 ∙ 𝑚) 

𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  

SW1 0.36 988.83 -1833.25 819.29 -1744.97 262.39 -293.98 

SW2 0.42 2881.70 -4765.29 1117.74 -4872.27 1797.77 -1189.25 

SW3 0.55 7173.02 -13738.29 5234.10 -11492.41 5438.65 -6867.45 

SW4 0.70 16186.61 -30350.10 11834.62 -19455.72 8032.63 -19299.05 

SW5 0.90 8754.79 -14292.45 5713.65 -15029.04 3419.33 -3070.66 

SW6 1.00 6092.06 -11287.60 5193.93 -11317.96 2120.07 -2860.61 

SW7 1.20 7669.46 -12116.82 7963.66 -12062.41 5784.45 -7113.61 

RP4 1.40 10065.38 -12459.53 10001.20 -13087.44 5428.53 -4176.10 
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Table B-5: Maximum values of the positive and negative total moment, the maximum values of the positive and negative of the 
quasi-static portion of the moment, and the maximum positive and negative slamming portion of the moment, water level 1.90 
meters. 

Trial 
𝐻𝑖𝑛𝑝𝑢𝑡 

(m) 

Total Overturning Moment (𝑁 ∙ 𝑚) Quasi-static (𝑁 ∙ 𝑚) Slamming (𝑁 ∙ 𝑚) 

𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  

SW8 0.46 3557.44 -4702.71 1255.49 -4387.26 2540.81 -1527.89 

SW9 0.52 8855.34 -8936.72 1472.82 -7175.73 7411.31 -7093.17 

SW10 0.65 10304.65 -13874.54 4892.26 -12129.47 7513.85 -9670.07 

SW11 0.80 2372.94 -9152.55 1316.50 -7317.08 2716.01 -3872.36 

SW12 1.00 2050.33 -9621.02 569.78 -9864.56 2002.92 -1518.43 

SW13 1.10 1992.34 -9518.34 2253.41 -9421.46 2226.80 -2181.98 

SW14 1.30 2912.50 -8779.94 1284.19 -9188.48 3207.75 -3645.94 

 

 

Table B-6: Maximum values of the positive and negative total moment, the maximum values of the positive and negative of the 
quasi-static portion of the moment, and the maximum positive and negative slamming portion of the moment, input wave 
height 0.140 meters. 

Trial 
Total Overturning Moment (𝑁 ∙ 𝑚) Quasi-static (𝑁 ∙ 𝑚) Slamming (𝑁 ∙ 𝑚) 

𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑀𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑀𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  

RP1 8633.34 -10319.73 8822.07 -10933.29 5006.84 -4974.45 

RP2 10072.44 -11390.61 10327.50 -12407.57 4277.07 -3411.16 

RP3 7324.56 -10647.06 8232.53 -11666.61 4894.59 -3690.35 

RP4 10065.38 -12459.53 10001.20 -13087.44 5428.53 -4176.10 

RP5 8587.23 -11762.51 9270.84 -11858.03 4292.14 -5646.70 

RP6 9236.39 -11319.08 9875.62 -12384.39 3929.08 -4481.88 

RP7 9796.01 -10203.39 9422.58 -10654.07 3788.13 -5581.30 

RP8 8626.87 -11039.37 9277.80 -11783.95 5245.31 -4647.68 

RP9 8681.34 -12745.57 9646.55 -12545.08 6048.63 -4226.94 

RP10 9891.59 -11791.50 10317.42 -12260.64 3846.32 -3566.80 

RP11 9345.80 -10670.57 9543.31 -10576.29 4538.58 -4104.89 

Mean 9114.60 -11304.00 9521.60 -11832.00 4663.20 -4409.80 

Std 842.46 833.78 627.49 818.97 727.32 754.29 

CV  9.24% -7.38% 6.59% -6.92% 15.60% -17.10% 
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Appendix C. Decomposing slamming and quasi-static wave force components. 

In order to study the two wave force components of the experiment separately, the slamming force 

component and the quasi-static force component are extracted from the original measurement using a 

decomposition procedure which combines of a low pass filter step and the application of the Empirical 

Mode Decomposition (EMD) method, introduced by Irschik (2004) who used this procedure to estimate 

the quasi-static forces of breaking waves on a slender pile.  

An example of utilizing this technique to find the quasi-static force and slamming force of trial SW4 is 

shown in Figure C-1. The procedure is described as follow:  first step, the original forcing time history is 

transferred into the frequency domain using Fast Fourier Transformation (FFT). The Main frequency of 

wave force can be observed in the frequency domain (Figures C-1a and C-1b). Then, a Butterworth low-

pass filter with a cut-off frequency which is equal to the main frequency of the time history is applied to 

the original data to minimize the amplitudes of fluctuations. Figures C-1c and C-1d show the filtered time 

histories, and it can be seen that the amplitude of fluctuations is decreased comparatively. Secondly, the 

EMD method is applied to the filtered data, and the time histories of Intrinsic Mode Function (IMF) and 

residual are received. The residual is then considered as quasi-static force time history. The EMD method, 

which was described in Huang et al. (1999), firstly, captures the maximum and minimum peaks on a time 

history and forms the upper and lower envelopes. Secondly, the mean curve between the two envelopes is 

calculated which is then considered as the residual. The residual (quasi-static force) time histories of 

horizontal and vertical forces are shown in Figures C-1e and C-1f. Lastly, the slamming force is 

calculated by subtracted quasi-static force from the original time history. The slamming forces in 

horizontal and vertical directions are shown in Figures C-1g and C-1h.  

This method has to be applied to each time history individually. Based on the chosen of main frequency 

value and the amplitudes of the fluctuations, sometimes one mode or two modes of IMFs are considered 

to determine the quasi-static force. On the other hand, for the cases that do not contain large amplitude 
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slamming fluctuations, the EMD technique is no longer applied to avoid overestimating the slamming 

forces.  

The Wavelet method is found to be adaptable for decomposing the wave force time histories as well. 

Therefore, a 11th order Daubechies wavelet transformation is applied to the wave forces time histories as a 

comparison (see Figure C-2). The topic about wavelet analysis can be found in Newland (1993) and 

Strang and Truong (1996). Some of the comparisons are shown in the Figures C-3 and C-4. The 

decomposed time histories with the two methods are highly resemblance.  

Figure C-1: Typical low pass filter-EMD method to separate the quasi-static force and slamming force of Trial SW4. 

 

Figure C-1: Typical low pass filter-EMD method to separate the quasi-static force and slamming force of Trial SW4. 
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Figure C-2: Typical Daubechies wavelet method to separate the quasi-static force and slamming force of Trial SW4. 

 

Figure C-2: Typical Daubechies wavelet method to separate the quasi-static force and slamming force of Trial SW4. 

 

Figure C-2: Typical Daubechies wavelet method to separate the quasi-static force and slamming force of Trial SW4. 
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Figure C-3: Comparison of decomposed quasi-static forces and slamming force using Wavelet method and the Empirical Mode 
Decomposition method (EMD) for the Wave force time histories in the horizontal direction (SW1~SW4). 



 
 

100 

 

 

 

 

 

Figure C-4: Comparison of decomposed quasi-static forces and slamming force using Wavelet method and the Empirical Mode 
Decomposition method (EMD) for the Wave force time histories in the vertical direction (SW1~SW4). 

 



 
 

 

 

 

 

 




