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The influence of monochromatic waves interacting with a submerged bar structure 

is investigated through laboratory experiments in a wave flume. Wave profiles for a range 

of non-breaking, spilling, and plunging waves were analyzed for three offshore water 

depths through the interpretation of wave gauge and video imagery data. Evolution of 

propagating waves was reflected in data which showed increased amplitudes due to 

shoaling with subsequent breaking, transfer of single frequency spectrum from lower to 

higher frequency harmonics, and dissipation of energy after breaking onset. Comparisons 

of collected experimental data with previous theory developed by Yao et al (2013), Smith 

& Kraus (1991), Galvin (1968) for wave classification showed to be relatively accurate for 

both relative submergence and surf similarity methods. Wave breaking onset identified by 

instability in the wave crests allowed for measurements of breaking wave height and depth 

at breaking. Theory by Johnson (2006) and Goda (1974) compared to experimental data 

showed little agreement for predicting breaking wave heights. 
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1. INTRODUCTION 

1.1 Purpose of the Study 

Engineers and scientists have recognized the importance of understanding surface 

water waves for many years. Our need to understand surface waves stems from the fact 

that mankind is economically and socially dependent on our understanding of these 

processes for shipping, travel, recreation, coastal development, etc. Understanding the 

effects from these waves and ultimately predicting the behavior of breaking waves is 

particularly important since waves can exert significant forces. There may be a number of 

factors which allow propagating waves to develop into breaking waves. Surface winds 

toppling wave crests, shoreline or shallow submerged bar interaction, and/or the 

combination of multiple wave trains interacting together can all potentially create 

conditions for wave breaking. This particular study focuses on breaking waves interacting 

with a shallow submerged bar.  

As waves from deep water travel into shallow or intermediate water depths, 

waveforms begin to interact with the bathymetry below. This interaction with a shallow 

submerged bar leads to shoaling, diffraction, and wave breaking most commonly occurring 

in nearshore regions. Water depths are a main consideration for these regions and have 

been shown to be important factors in the evolution of shallow water breaking waves; 

unlike deep water waves. Shallow water waves over a submerged bar are often described 

by characteristics such as wave height, wavelength, and water depth. Nelson (1994) is an 

example of this, the study showed that shallow water wave breaking is induced when the 
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limiting ratio of wave height to water depth is met. Beji & Battjes (1993) stated that the 

depth-to-wavelength ratio is an important parameter needed for describing breaking waves. 

Due to shallow water depths and consequent shoaling process, a large amount of energy 

can be released as a breaking wave. Johnson (2006) suggested that the dominant 

mechanism for dissipation of wave energy over a submerged breakwater is depth-limited 

wave breaking. One can see that shallow water depth in conjunction with other factors 

plays an important role in our understanding of breaking waves and, as such, warrants 

further investigation.  

The study of breaking waves inherently requires the identification of some key 

wave characteristics. Breaker classification, surface elevation, wave height, wave period, 

as well as time and location of breaking onset are important wave parameters for this and 

other wave studies. Some wave characteristics can be deduced from other linked variables. 

Yao et al (2013) showed this link when he found that the ratio of the reef-flat submergence 

to offshore wave height can be used to classify both breaker types and breaking locations 

for fringing reefs. Perlin et al (2013) recently reviewed and expanded upon geometric, 

kinematic, and dynamic breaking criteria necessary for wave breaking onset. These 

characteristics can be observed independently through the use of wave gauges and video 

imagery. 

Due to this study’s three-dimensional submerged bar shape, limited scientific data 

of this type exists. The submerged bar’s trapezoidal shape in this study differs from 

previous studies which have utilized two-dimensional sloped submerged structures for 

shallow water wave breaking. Beji & Battjes (1993) is such a study in which a two-

dimensional wave breaking experiment had been conducted over a submerged bar structure 
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with sloped surfaces at the fore and aft. Beji & Battjes (1993) is a key study used in the 

validation of some numerical models. In this study, waves generated from the wavemaker 

are initially monochromatic two-dimensional waves but are modified when passing over 

the three-dimensional submerged bar. Possible non-linear effects of breaking waves in 

conjunction with shoaling and refraction create weakly three-dimensional type waves. This 

investigation will allow for comparisons to current empirical models for shallow water 

breaking waves even though submerged bar geometry differs. This study will further 

enhance understanding of these aspects for breaking waves. 

1.2 Objective 

The objective of this research is to analyze a selection of two-dimensional water 

waves transforming over a submerged three-dimensional trapezoidal bar. The 

characteristics of this submerged bar and experimental setup, shown in subsequent 

sections, provide a new perspective regarding wave breaking phenomenon while also 

verifying what we currently believe to be true from previous works. Previously conducted 

studies have attempted to tackle similar objectives but experimental conditions varied due 

to the fact that, for example, two-dimensional breaking waves were the focus (Beji & 

Battjes, 1993 and Yao et al, 2013) or incident waves studied were multi-directional in 

nature (Nepf et al, 1998). Steps have been taken to allow for reliable and repeatable 

experimental results. 

Tests were carried out in a wave flume through a combination of video camera 

image analysis and wave gauge data collection. The aim of this study is to observe and 

collect data relating to breaker type, surface elevation, water depth, incident wave height 

and period, location of breaking onset, as well as estimations of shallow water wave height. 
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These particular characteristics allow for a sufficient understanding of the study’s selected 

breaking waves. In order to best represent a broad range of surface wave conditions, a 

selection of non-breakers, spillers, and plungers have been generated for three offshore 

water depths. Offshore water depth is defined as the water depth in regions in the wave 

flume which are not located above the submerged bar. Additionally, measurements were 

repeated five times each for all waveforms in order to ensure reliability of results. This 

project generates sufficient experimental data which can be used by others to verify 

numerical models. The simple geometric shape and monochromatic offshore waves were 

chosen with validation of numerical models in mind 

The wave height, wavelength, wave speed, period, and breaking location 

characteristics of the generated waves due to the trapezoidal submerged bar were 

investigated through postprocessing. The investigation of the collected data utilized 

MATLAB and GIMP software in order to best present the results. Identification of wave 

instability by use of a reference grid pattern within collected videos allows for location of 

onset breaking and effective measurements. Using the measured breaking location, the 

water depth at breaking can be deduced, and the breaking wave height can be estimated. 

Wave gauge data is used to present surface elevation in the time domain and allows for 

transformation into the frequency domain for spectral analysis. Energy dissipation, energy 

transfer, and spectral evolution of waveforms will be presented for the selected waves 

interacting with the submerged trapezoidal bar at multiple locations. Comparisons to 

empirical equations mentioned within the literature review such as Beji & Battjes (1993), 

Gourlay (1994), allow for possible relatability to previous theory as well.
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2. LITERATURE SURVEY 

2.1 Literature of Significance 

A reasonable first step in describing a breaking wave is to identify the breaker 

classification. A breaking wave, as identified by the U.S. Army Coastal Engineering 

Research Center (1984), is generally classified as spilling, plunging, or surging. Many 

methods of quantitatively identifying breaking waves have been suggested. An early 

work by Battjes (1974) identified a surf-similarity parameter as a method to describe 

breaking wave types on a two-dimensional plane slope.  

 �� = �
��� ��� = tan �

��� ���  
(1) 

 
The surf similarity parameter (��) relates incident wave height (H0), incident 

wavelength (L0), and plane beach slope (m) to breaker type classifications. The surf 

similarity parameter can also be represented with the tangent of the angle between the 

sloped surface and horizontal bottom (α). The ratio of incident wave height to incident 

wavelength (H0/L0) is referred to in the field of study as the deep water wave steepness. 

The breaker classification range of values were first suggested by Galvin (1968) as the 

following: 
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Surging/collapsing when  �� > 3.3 

Plunging when  0.5 ≤ �� ≤ 3.3 

Spilling when  �� < 0.5 

 The variation of plane slopes studied and more recent insights begin to suggest 

that this classification method provides a good estimation for a range of conditions. The 

authors utilize a two-dimensional plane slope of slope ratios of 1:5, 1:10, and 1:20. It was 

presented that the use of inshore wave steepness parameters (Hb/Lb) compared to offshore 

wave steepness values (H0/L0) does not necessarily provide a better estimation for 

breaker types. Inshore wave steepness contains wave height at breaking (Hb) and 

wavelength at breaking (Lb). Smith & Kraus (1991) compared these and developed a 

classification for two-dimensional barred profiles that showed the following by use of the 

surf similarity parameter: 

Surging/collapsing when  �� > 1.2 

Plunging when  0.4 < �� < 1.2 

Spilling when  �� < 0.4 

The Smith & Kraus (1991) classification varies from Galvin (1968) due to 

differences in submerged structure geometry. Smith & Kraus (1991) utilized a barred 

profile on a plan slope and suggested that the reason these values of the surf similarity 

parameter are significantly less than Galvin (1968) is simply because of the influence of 

the barred extension. Gourlay (1994) cited that the classification presented by Smith & 

Kraus (1991) is consistent with breaker types on barred profiles. Yao et al (2013) found 

that the Smith & Kraus (1991) classification can be compared to the findings for a 

submerged slope with a horizontal flat region yet still remained skeptical. In the Yao et al 

(2013) study, an alternative classification was developed based on incident wave height 
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(H0) and still water depth on the reef flat (hr) which is represented as shallow water depth 

above the submerged bar (hs) for the tests to be completed in this investigation. Water 

depth on the reef flat is a fixed value at the shallow plateau region above the submerged 

bar while water depth above the submerged bar refers to any location above the 

submerged bar. A closer comparison can be made to the following classification since the 

three breaking wave classification types will be identical to the selected waves of this 

study. The relative reef submergence (hr/H0) splits the wave types into the following 

ranges: 

Plunging when  
���� < 1.8 

Spilling when  1.8 ≤ ���� ≤ 2.8 

Non-breaker when  
���� > 2.8 

Breaking onset location can be observed experimentally or inferred from existing 

theory relating to breaking onset characteristics, for example water depth, but 

identification of a highly accurate standard has been shown to be difficult. Multiple 

theories have been presented in an attempt to further clarify the wave breaking onset 

location. Yao et al (2013) observed a relationship taking place within experiments that 

the relative reef flat submergence could be used to predict the general location of 

breaking for those particular waves. The breaking locations were specified as either 

breaking on the submerged bar slope or on the flat plateau region. The following is the 

specific relationship: 
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Breaks on slope when   
���� < 1.2 

Breaks on reef flat when   
���� ≥ 1.2 

 The experimental testing component completed by Kouvaras & Dhanak (2018) 

showed a general agreement between the above theory and experimental measurements 

for a submerged bar of similar geometry. Although these classifications are rather broad, 

we can use this as a sufficient starting point for narrowing in on breaking onset location. 

Lee et al (2014) also conducted experiments with a submerged bar described as a fringing 

reef. The structure relates to the current study since the structure possessed a slope with a 

flat region. Data collected from this experiment identifies the locations of breaking for 

multiple waves and the results can be compared. The maximum height is presumed to be 

breaking wave location for the purposes of the Lee et al (2014) experiments. 

The ratio of deep water wave height to shallow water depth can be referred to as 

the breaker depth index (	�� ℎ!⁄ = γ�). Some descriptions of breaker index will utilize 

the ratio of breaking wave height to shallow water depth (�$ ℎ!⁄ = γ$) as opposed to 

offshore wave height; this is referred to as the breaker height index. These relationships 

are generally accepted non-dimensional parameters used to describe how wave height is 

influenced by water depth at a particular location for breaking waves. Both descriptions 

are used; for example, Gourlay (1994) described in his Hayman Island reef model that the 

critical ratio for wave breaking to occur must be H0/hs >0.4. Nelson (1994) suggests that, 

on a shallow bottom of constant depth, the ratio Hb/hs does not exceed 0.55 due to wave 

breaking prior to the ratio.  

Water depth and breaking location are attainable for this study but, since breaking 

wave height and wavelengths at breaking will be difficult to identify with a high level of 
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confidence, theory relating to offshore parameters are focused on more heavily. It is 

difficult to obtain accurate breaking wave height measurements since breaking is a 

rapidly occurring process and measurements must be made in space for the entire wave 

profile rather than time. Wave gauges are capable of measuring surface elevation at a 

specific location over time but, in order to make accurate breaking wave measurements, 

one would need to make measurements using methods such as PIV (Particle Image 

Velocimetry) or LIF (Laser Induced Fluorescence) and high-speed camera. These 

methods can capture a window of the water surface at a given time but are outside the 

scope of this study. Breaking wave heights in these experiments can be observed as best 

estimates using available measurement techniques but reinforced by theory developed by 

multiple sources. Johnson (2006) is such source which related the breaker depth index in 

the following manner: 

 

γ$ =	�%�& = ' 1.551.91 − 0.72 �&��	0.8   for    

�&�� ≤ 0.5
0.5 < �&�� < 1.5

�&�� ≥ 1.5
 (2) 

 
The relationship can relate offshore water wave height to shallow water wave 

height which is useful for the current study. Goda (2010) utilized the deep water 

wavelengths and wave breaking depth in order to identify breaker height index and 

subsequent breaking wave height. The study statistically enhanced the formula originally 

developed in Goda (1974). The formula was refined to the following: 

 γ$ = �$ℎ$ = 0.17ℎ$ ��� +1 − exp /−1.50 ℎ$�� (1 + 11�2 3� )45 (3) 
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Also, Liu et al (2011) and Robertson (2013) both conducted extensive reviews of 

similar existing empirical models. The studies reinforce the fact that slight disparity 

between multiple studies exists. 

 From the concept provided by Goda (1975), irregular waves represent a 

superposition of regular waves with constant frequencies. Specific wave groups of varying 

energy and power can be identified through a Fast Fourier Transform approach for spectral 

analysis. Kamath et al (2017) showed the evolution of wave energy through spectral 

analysis and found that wave energy can be reduced by up to 90% due to breaking for some 

waves. Comparisons to collected data places all the previous work into perspective. 
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3. EXPERIMENTAL SETUP 

3.1 Wave Flume and Wavemaker 

 The Florida Atlantic University (FAU) – SeaTech wave flume located in the 

Hydrodynamics Lab is utilized for the experimental data collection. The flume is 

approximately 18.29 m long, 1.20 m wide, and 1.20 m tall. The specific dimensions of the 

wave flume setup are shown in Figure 1-Figure 2  

 
Figure 1:Side view of the wave flume for final experiments (units shown in millimeters) 

 

 
Figure 2: Front view of the wave flume (units shown in millimeters)  

 
Wave dampers are located at the ends of the tanks to mitigate wave reflections. The 

tank side walls are made of plexiglass and allow for viewing through the walls. These 

components of the wave flume and wavemaker are shown in Figure 3-Figure 5. 
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Figure 3: Wave absorbing damper located at the far end from the wavemaker 

 

 
Figure 4: Close-up view for the front side of the wavemaker paddle 
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Figure 5: Wave flume perspective showing the wave flume from the side wall 

 
Selected waves for the experiments are generated using a flap type wavemaker 

placed approximately 1.22 m from the starting wall, which pushes waves towards the 

submerged bar. The paddle starts from a retracted position closest to the starting wall and 

this positioning is standardized for all experimental runs. The mechanical system for the 

wavemaker moves by use of a rigid rotating disk and arm combination connected to the 

paddle component (see Figure 6).  
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Figure 6: Mechanical system utilized to generate motion of the wavemaker paddle. 

 
According to work completed by Kouvaras & Dhanak (2018), length of the paddle 

stroke, 6(7, ℎ!), is approximated by the linear function 6(7, ℎ!) = 1.9071 ∗ ℎ! ∗ 7 −
0.0027 ∗ ℎ! where ℎ! is the deep or intermediate water depth off of the submerged bar and 

7 is the camshaft radius which remained the same for all tests at 102 mm. The paddle for 
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the flap type wavemaker contains UHMW a polyethylene sheet with rigid stainless steel 

reinforcement. 

Flapper movement is influenced by three variables controlled through an Anaheim 

Automation DPN10601 driver; acceleration, base speed, and maximum speed. 

Manipulation of these variables in conjunction with the wave interaction over the 

submerged bar create the desired waveforms. A set of parameters is entered into the 

SMC60win software on the computer which is then transmitted to the DPN10601 driver 

and ultimately translated into movement of the flapper paddle by means of the stepper 

motor and camshaft. The wavemaker inputs utilized for each trial are discussed in Section 

4.2. 

3.2 Development of Submerged Bar 

  Specific submerged bar geometry was the starting point from which the 

development of the submerged bar began. To the author’s knowledge, this is the first set 

of breaking wave experiments that utilize a submerged three-dimensional trapezoidal 

shaped bar. After review of depth dependent experimental studies for inducing wave 

breaking and experiments run in the same wave flume by Kouvaras & Dhanak (2018) along 

with personal communication (Kouvaras 2018b), a handful of constraints became evident. 

It was noticed that the wavemaker at FAU – SeaTech works best when the water depth 

prior to the submerged structure is between 0.4 and 0.6 m. Shallow water depth at breaking 

was noticed to be best between 0.08 and 0.16 m. A shallow plateau region, ℎ:, of 0.433 m 

was chosen from these parameters. 

Dimensions utilized are meant to allow for best study of the chosen waves over the 

structure; one example of this is the relatively long fore and aft slopes which are designed 
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to reduce reflection of incoming waves. Allowing for a mellow slope is one preventative 

measure taken to avoid reflections from fowling collected data. Horizontal length in the x-

direction of the slopes was subjectively chosen to be slightly larger than the plateau region 

of the submerged bar and, from this, a slope of m=0.144 (1:6.933) exists. Cross tank lengths 

(y-direction) were subjectively chosen such that the plateau region of the submerged bar 

was roughly two-thirds of the total cross tank distance as seen in Figure 2. All the 

dimensions were confirmed to fit within the FAU – SeaTech wave flume described in 

section 3.1. 

 
Figure 7: three-dimensional perspective of the final submerged bar generated in Solidworks 

 

 Further confidence in the design was necessary prior to undertaking the time and 

financial commitment necessary for the construction of the submerged bar structure. In 

order to develop further confidence for the design, structure shape was verified as 

functional through preliminary CFD modeling using REEF3D (Kamath, 2017b). From this 

modeling, waves showed breaking in the manner desired. Wave breaking is induced over 

a significant portion of the shallow depth region and restricted over the deeper, sloped side 

plain of the structure due to the submerged bar’s trapezoidal shape. Solidworks 3D 

modeling was used as well to draft an effective structure.   
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 The submerged structure was constructed with a combination of U-bar and L-Bar 

6061 aluminum framing connected together with aluminum nut and bolt connections (see 

Figure 8). 

 
Figure 8: Frame structure of the submerged bar before the surface sheets are attached  

 
The top surface of the structure is made from UHMW polyethylene sheets in order 

to greatly reduce the surface friction. Aluminum self-tapping screws secure the 

polyethylene sheets to the frame sufficiently to prevent submerged bar movement during 

testing. 
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Figure 9: Front view of the submerged bar facing the direction of wave propagation 

 

 
Figure 10: Rear view of the submerged bar facing the opposite direction of wave propagation 
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  Buoyancy is considered more during installation due to the availability of a 

sufficient quantity of lead weighting materials. Lead is secured to the underside of the 

structure frame to stabilize the structure during wave loading and marine grade silicone 

caulking material was added to prevent upwelling between the surface interfaces.  

 
Figure 11: Silicone seal between the surface interfaces to secure position and prevent upwelling 

 
3.3 Instrumentation 

3.3.1 Wave Gauges (Anaheim Automation OSSI-010-002D) 

For the purpose of collecting surface elevation data, a configuration of four wave 

gauges was utilized. The array of gauges was mounted to a wood span with C-clamps and 

positioned laterally across the top of the wave flume as shown in Figure 12 
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Figure 12: Wave gauge array configuration shown in the offshore position 

 
 Lateral array positioning is meant to show how the waveforms vary in the lateral, 

y-axis, direction. This cross-tank positioning is important since these particular waves 

vary in height across the lateral width of the tank due to the submerged bar geometry. 

Wave gauge locations were carefully measured in reference to the submerged bar as seen 

in Table 1-4. Positions 1,2,4, and 5 were held constant during all wave tests but, position 

3 varied between non-breakers, spillers, and plunging waves as well as between depths as 

shown in Table 2-4. The aim of varying position 3 between specific runs was to place 

gauges at locations slightly before waves would become unstable and break. It was not 

possible to standardize position 3 between all runs since waves had varying breaking 

positions which could be better identified during postprocessing. Positioning of each 

array along the x-direction, with the assumption that the toe of the front ramp is at x=0, 

included the following: 
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 Position from Front Ramp Toe for All Depths 

Wave Types 
Array 

Position 1 
Array 

Position 2 
Array 

Position 4 
Array 

Position 5 
1,2,3,4,5,6 -0.5 m 1.50 m 4.22 m 5.39 m 

Table 1: Constant wave gauge array positions 1,2,4, and 5 for all depths 
 

 Position from Front Ramp Toe for ℎ;= 0.58 m 

Wave Types 
Array 

Position 3a 
Array 

Position 3b 
Array 

Position 3c 
1,2 3.03 m   

3,4  3.40 m  

5,6   3.00 m 
Table 2: Varying wave gauge array positions 3a, 3b, and 3c 

 
 Position from Front Ramp Toe for ℎ;= 0.55 m 

Wave Types 
Array 

Position 3a 
Array 

Position 3d 
Array 

Position 3e 
1,2 3.03 m   

3,4  3.15 m  

5,6   2.73 m 
Table 3: Varying wave gauge array positions 3a, 3d, and 3e 

 
 Position from Front Ramp Toe for ℎ;= 0.52 m 

Wave Types 
Array 

Position 3a 
Array 

Position 3c 
Array 

Position 3f 
1,2 3.03 m   

3,4  3.00 m  

5,6   2.69 m 
Table 4: Varying wave gauge array positions 3a, 3c, and 3f 

 

 
Figure 13: Top view for 0.58 m offshore depth scenario (units shown in millimeters) 

 



22 

 
Figure 14: Top view for 0.55 m offshore depth scenario (units shown in millimeters) 

 

 
Figure 15: Top view for 0.52 m offshore depth scenario (units shown in millimeters) 

 
These positions will provide a sufficient insight into the setup, breaking, and 

decomposition of each wave.  

The serial communication from the wave gauges was set to a sampling rate of 30 

Hz and linked to a Macbook laptop separate from the wavemaker computer. The 

Macbook computer utilized the open source iTerm2 terminal software for serial 

communication with a baud rate of 38400. This wave gauge configuration has been found 

to minimize common ground noise present in the system. According to company 

specifications, the resolution for the wave gauges is 0.122 mm with an accuracy of 

±1.0%. 

3.3.2 Video Camera (GoPro Hero 4)  

 Collection of data includes the use of a GoPro Hero4 video camera as well as 

wave gauges. The video camera operates with the settings of 1080pixels, 60 frames per 

second, and linearized. With the video instrumentation available, the combination of 
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these settings for pixel resolution and frame rate allowed for the best image quality and 

linearized mode eliminated distortion caused by the camera itself. Each depth and 

breaking wave combination was recorded by the camera at two different positions. 

The first position data was collected from a side profile of each wave. The camera 

was mounted on a tripod stand at the side wall slightly above the still waterline and 

slightly ahead of the location of breaking as shown in Figure 16. 

 
Figure 16: GoPro setup for the side view video collection (preliminary testing) 

 
Preliminary attempts to collect data showed that this positioning was the best 

point of view from which wave breaking onset could be identified along with the best 

estimation for breaking wave height. The exact position of the side view camera varied 

depending on the wave trial due to differences between breaking onset positions for each 

individual case. Physical grid patterns of 20 x 10 mm per grid unit were placed on the 

wave flume wall opposite the side view camera in order to supplement the video imagery 

by increasing accuracy and improving image contrasts during image analysis (see Figure 

17Figure 18).  
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Figure 17: Close-up of the grid pattern which was placed in the background of side video images 

 

 
Figure 18: Isolated side view video frame showing positioning of the grid pattern 

 
The second position from which video data was collected involved a top view of 

the breaking waves at the midpoint laterally across the wave flume (see Figure 19). A 

wood span across the tank held the video camera at a position which allows for the 

viewing of the wave progression from breaking to the end of the submerged bar plateau 

region.  Turbulent regions relative to wave locations are identifiable across the lateral 

width of the wave from this position and, therefore, one can characterize turbulent 
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regions laterally across the length of the wave flume for multiple positions above the 

submerged bar. 

 
Figure 19: Overhead video positioning used for final testing 
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4. PERFORMING EXPERIMENTS 

4.1 Preliminary Testing 

 Preliminary tests were conducted in order to verify the effective collection of 

experimental data. Challenges with wave gauges, submerged bar structure, wave 

selection, as well as video image collection were identified in preliminary work and 

mediated prior to final testing. Wave staff sections of the wave gauges required further 

submergence within the tank since preliminary data showed inaccuracies with trough 

elevation levels. Video images were difficult to view initially due to instrument 

limitations, positioning, and lighting. The introduction of more contrast in the 

background of the videos along with the selected camera locations allowed for better 

images. While running preliminary waves in the flume, upwelling was noticed at the 

surface interfaces of the submerged bar structure.  

 
Figure 20: Preliminary video showing upwelling from the structure prior to caulking material addition 

 
 In order to rectify this upwelling, marine grade silicone caulking was added at 

surface interfaces. These adjustments ensure greater confidence in final experimental 

results. 
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Once the final submerged bar structure was placed in the wave flume, waves to be 

generated from the wavemaker still needed to be specifically identified. Variations in 

offshore water depths required a series of varying wave parameters from the wavemaker 

in order to achieve the non-breaking, spilling, and plunging type waves. Deeper depths 

require the wavemaker to reach a greater speed in order to realize the same waves types 

compared to scenarios with shallower depths. Ultimately, six individual waves were 

identified for each of the three offshore water depths. 

4.2 Final Testing 

During final testing, wave reflections within the flume were the first concern. 

Reflections within the wave flume needed to be eliminated prior to reliable collecting 

data. In order to combat these reflection issues, a period of water settling was required 

after the wavemaker ceased movement. This period of waiting time allowed for the wave 

flume to reach a steady state from which more reliable data could be collected. Waves 

were run nearly consecutively but were limited by damping time of wave reflections 

between runs. The period of damping time varied between different waves depending on 

the amount of energy present in the system; this means that a plunging wave would 

require more time for the water to settle than a non-breaker or spiller. Verification of a 

steady state within the tank was done with the help of the wave gauges. A new set of 

waves was not begun until the wave gauges deviated by 0.61 mm which, along with 

postprocessing, was shown to provide sufficiently accurate data. 

Once the water had settled and the entire system was verified as working 

properly, the waves could be generated by the wavemaker system. Signal inputs are 

entered into the SM60WIN user interface installed onto a Windows 10 computer 
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platform. The SM60WIN works in conjunction with the DPN10601 driver and high-

powered motor. The motor controls the wavemaker flapper which translates into waves 

propagating down the tank. Waves were generated for three depths, six different waves 

per depth, and five different wave gauge array positions. Reliability required that every 

wave type and position be repeated five times. No issues, such as upwelling, were 

experienced during testing. The following waves were run during final experiments: 

Waves for ℎ;= 0.52 m    

Array 
Position #s 

Wave Type 
Accel/Decel 
[steps/sec2] 

Base Speed 
[steps/sec] 

Max Speed 
[steps/sec] 

Breaker Class 

1,2,3a,4,5 1 300 250 250 nonbreaking 

1,2,3a,4,5 2 500 100 300 nonbreaking 

1,2,3c,4,5 3 300 300 500 spiller 

1,2,3c,4,5 4 500 100 450 spiller 

1,2, 3f,4,5 5 300 300 750 plunger 

1,2, 3f,4,5 6 500 100 700 plunger 
Table 5: Wave parameter settings for 0.52 m depth 

 
Waves for ℎ;= 0.55 m    

Array 
Position #s 

Wave Type 
Accel/Decel 
[steps/sec2] 

Base Speed 
[steps/sec] 

Max Speed 
[steps/sec] 

Breaker Class 

1,2,3a,4,5 1 300 300 300 nonbreaking 

1,2,3a, 4,5 2 500 100 350 nonbreaking 

1,2,3d,4,5 3 300 300 550 spiller 

1,2,3d,4,5 4 500 100 500 spiller 

1,2,3e,4,5 5 300 300 800 plunger 

1,2,3e,4,5 6 500 100 750 plunger 
Table 6: Wave parameter settings for 0.55 m depth 

 
Waves for ℎ;= 0.58 m    

Array 
Position #s 

Wave Type 
Accel/Decel 
[steps/sec2] 

Base Speed 
[steps/sec] 

Max Speed 
[steps/sec] 

Breaker Class 

1,2,3a,4,5 1 300 300 350 non-breaker 

1,2,3a,4,5 2 500 100 400 non-breaker 

1,2,3b,4,5 3 300 300 600 spiller 
1,2,3b,4,5 4 500 100 550 spiller/non-breaker 
1,2,3c,4,5 5 300 300 850 plunger 

1,2,3c,4,5 6 500 100 800 plunger 
Table 7: Wave parameter settings for 0.58 m depth 
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5. DATA POSTPROCESSING 

5.1 Wave Gauge Analysis 

Four columns of serial data are collected per run and require postprocessing from 

raw data to useable surface elevation data. The serial output into iTerm2 gives point values 

which are saved into text files for later use and these raw point values need to be converted 

to surface elevation values according to the provided instrument specifications. At each of 

the five array positions, each of the four wave gauges are presented individually since 

surface elevations are shown to vary across the y-direction. The lateral profile of the waves 

is important for the understanding how these waves act as they interact with this three-

dimensional bar. Along with other wave characteristics such as wave period, wave speed, 

relative time; all wave gauge data was postprocessed using MATLAB software. 

5.1.1 MATLAB Wave Gauge Postprocessing 

Once data was collected and saved into text files, MATLAB was used to import the 

raw data for postprocessing. Each of the four rows of the serial data correspond to 

individual wave gauges which were isolated and converted to surface elevation values in 

millimeters. The conversion formula from counts to millimeters of elevation is 

counts*(staff length in millimeters)/4095 which was to applied to each point value. Surface 

elevation during times of stillwater represent the zero mean surface elevation, therefore, 

the average of the first 50 stillwater values were used as a normalization factor. Using the 

first 50 values was shown to be sufficient in order to normalize the elevation values around 

zero from the start. 
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In order to show the progression and general characteristics of these waveforms, 

waveforms are first represented in the time domain. Progression of surface elevation in 

relation to a relative time shows how the waveforms change when evolving from offshore 

waves which have little or no interaction with the bottom bathymetry to waves which are 

primarily influenced by the interaction with the submerged bar. Since wave gauge data is 

collected at a frequency of 30 Hz, relative time increments are all represented by 0.03= 

seconds. The MATLAB function findpeaks was used to identify wave peaks for incident 

waves and, from this, conservative evaluation of wave periods was obtainable (see Figure 

21). Waves before the submerged bar interaction were used for trimming data due to the 

fact that waves offshore are more easily identified and have not begun to shoal causing a 

reduction in wave speed.  

 
Figure 21: Example of MATLAB output identifying wave peaks used to determine wave period (0.52 m 

offshore depth case) 
 

In an attempt to avoid using data which can be influenced by wave reflections, the 

obtained wave periods were used to determine the point at which the wave gauge data 

would be trimmed. The goal was to stop data at the point when the first wave would have 
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theoretically reached the far end wall of the wave flume and reflected back to the aft edge 

of the submerged bar plateau. This is considered a conservative assumption because waves 

would actually slow as they begin to shoal over the submerged bar. For further accuracy, 

nonbreaking waves started at the second peak, spillers started at the third peak, and 

plungers started at the fourth incoming peak. The starting peaks were selected at points 

when waves had ramped up to a consistent observed amplitude which occurred at later 

wave peaks for higher energy waves. A half period prior to the selected starting peak and 

a half period after the final calculated peak before reflection influences are included with 

the core data in the time domain plots as shown in Figure 22 in contrast to the untrimmed 

data in Figure 21. Wavelengths were determined by inputting wave periods into the 

dispersion relationship for surface waves. The wavelengths verify incident waves as either 

deep water or intermediate waves. 

 
Figure 22: Time domain plot at position 1 for a wave with an offshore depth of 0.52 m 

 
Along with time domain analysis, the frequency spectrum of each trial was 

observed. A common way to present the individual frequency components of the selected 
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surface waves is to plot the frequency spectrum of the wave amplitudes. A primary 

frequency component and possible multiple harmonics show as spikes in the power versus 

frequency plots (see Figure 23).  

 
Figure 23: Frequency spectrum for a monochromatic offshore wave with an offshore depth of 0.52 m 

 
The selected method of analysis for this study utilizes the simple Fast Fourier 

Transform within the MATLAB code. The frequency range shown in plotting represent 

only 25% of the entire range because the higher frequencies above this point are small 

enough to be considered negligible. From the spectral plots, energy is analyzed by 

integration over the frequency power spectrum. The area under frequency spectrum plots 

are integrated over the entire frequency range by using the MATLAB function trapz. Five 

attempts per wave are averaged to obtain averaged energy values so that variances in 

energy values could be avoided. The obtained energy values show how that energy is either 

gained or dissipated over the selected range from just prior to the front ramp up through 

the end of the submerged bar flat region. 

5.2 Image Analysis  
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Video from the GoPro Hero 4 camera allows for visual analysis of the wave 

characteristics. The aim of the video data collection is to specifically analyze breaker type, 

location of breaking onset, and estimates for shallow water wave heights; both MATLAB 

as well as GIMP were used for video analysis. Only breaking wave cases were used for 

image analysis. Difficulties in the selection of breaking onset locations arose since the 

identification is partially subjective depending on one’s identification of wave breaking. 

Within the scope of this experiment, wave breaking is defined as the point at which a 

defined crest begins to appear within the waveform and signs of instability appear, such as 

wave crest overturning, which leads to subsequent wave breaking. 

5.2.1 GIMP with GAP Plug-In 

The GIMP the image manipulation software selected for frame by frame viewing 

of waveforms. GIMP requires a plug-in named GAP in order to import videos, otherwise 

only image files can be imported to the program. Collected video files were imported and 

individual video frames were isolated and viewed. This program was selected due to the 

fact that the software is open source, easy to use, and allows for proper image manipulation 

with minimal loss of picture resolution.  

A range of frames showing the above-mentioned waves without reflections were 

selected and extracted by GIMP. From the range of video frames, individual frames were 

viewed to confirm the consistency of breaking onset location. The best representations of 

breaking onset were selected from the video frames that show the point at which the crest 

of the wave becomes unstable and begins to topple. The selected frame showing the 

position of onset is the principal frame used for marking and identification. A principal 
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frame was selected for each depth and breaking wave type; this represents twelve unique 

cases. 

 
Figure 24: Principle frame showing the wave crest at breaking onset in reference to the measurement grid 
 

The principle frame for each case is marked at the crest front with a straight-line 

relative to the vertical lines on the background grid with the GIMP editor. These marking 

lines can be used to compare against the black grid on the far tank wall which is positioned 

at a known location relative to the submerged bar. Since the grid is at a known location, 

the marking line overlaid on the grid identifies the location of breaking onset. Breaker type 

is easily observed at the principal frame and a series of frames following. 

5.2.2 MATLAB Video Frame Wave Measurement 

Within MATLAB there is the capability of making measurements by converting 

selected pixels from an image into real lengths. Reasonable estimates can be made for 

measurements within an image as long as the image includes an object with a known 

reference length. Shallow water wave height when breaking occurs is what this study is 

interested in finding. The process used includes the main functions imshow and ginput 

within the MATLAB code. Analysis starts with the selection of the principle video frame 

within which the chosen shallow water wave is beginning to break and height 
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measurements are desired. Principle frames were previously manipulated to include 

reference lines seen in Figure 25 which are parallel to the background grid lines. The code 

allows the user to zoom into the frame image and prompts a selection of two points at either 

end of a reference length. Reference lengths are selected from background grid lines since 

the grid increments are known lengths prior to testing and selected near the location of 

breaking to avoid as much distortion error as possible.  

 
Figure 25: MATLAB pixel measurement for creation of a pixel to millimeters conversion factor 

 
A length in pixel units is collected and, with a simple magnitude length calculation, 

a conversion factor in units of millimeters per pixel is generated. This frame specific 

conversion value is used to find other lengths within the frame, i.e. shallow water wave 

height.  Once this conversion factor is established, two more points are selected for 

measurement of the breaking wave height within the frame. For the purpose of this 

analysis, one point is selected at the intersection of the trough line and vertical wave height 

reference line and the second is chosen at the top of the wave’s highest point along the far 
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tank wall. Coordinates are converted from pixel length into real length in millimeters with 

the conversion factor. This measurement is repeated three times and averaged for each 

wave to further avoid undue errors in the measurement process. 
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6. RESULTS 

6.1 Wave Classification 

Offshore waves were the focus of much of the initial analysis and results. Collected 

offshore wave data yielded the necessary wave characteristics of wave period, wavelength, 

wave height, and wave speed used in wave classification. These particular values allow for 

the classification of waves as non-breakers, spillers, or plungers for all scenarios. By 

identifying the wave periods and wave heights offshore, wavelengths and wave speeds 

were easily calculated with the dispersion relationship. Each of these characteristic values 

were averaged over the five attempts per scenario even though only small variations, less 

than 1/10th of a second, were noticed in values between all five attempts. The result of this 

averaging yielded the results shown in Table 8-Table 10. 

Waves for offshore depth of 0.52 m (ℎ;= 0.52 m, ℎ:= 0.087 m) 

Wave Type >� 
[sec] 

�� 
[m] 

?@ 
[m/sec] 

�� 
[mm] 

1 3.933 8.685 2.208 18.712 

2 3.294 7.203 2.186 27.537 

3 1.985 4.086 2.058 42.347 

4 2.206 4.625 2.097 34.263 

5 1.356 2.487 1.833 78.498 

6 1.439 2.706 1.880 70.943 
Table 8: Offshore wave parameters found for waves of offshore depth 0.52 m 
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Waves for offshore depth of 0.55 m (ℎ;= 0.55 m, ℎ:= 0.117 m) 

Wave Type >� 
[sec] 

�� 
[m] 

?@ 
[m/sec] 

�� 
[mm] 

1 3.206 7.181 2.240 24.466 

2 2.854 6.331 2.218 28.348 

3 1.820 3.755 2.064 50.985 

4 1.989 4.190 2.106 41.981 

5 1.282 2.319 1.809 93.600 

6 1.351 2.511 1.858 80.558 
Table 9: Offshore wave parameters found for waves of offshore depth 0.55 m 

 
Waves for offshore depth of 0.58 m (ℎ;= 0.58 m, ℎ:= 0.147 m) 

Wave Type >� 
[sec] 

�� 
[m] 

?@ 
[m/sec] 

�� 
[mm] 

1 2.869 6.519 2.273 31.209 

2 2.488 5.561 2.235 32.702 

3 1.673 3.436 2.054 61.751 

4 1.817 3.824 2.104 51.905 

5 1.213 2.148 1.771 100.526 

6 1.282 2.348 1.831 94.763 
Table 10: Offshore wave parameters found for waves of offshore depth 0.58 m 

 
Results reflect slightly larger values of wave period, wavelength, and wave speed 

since leading waves within the wave groups were used in calculations but, the differences 

between leading wave and following wave periods were noticed to be insignificant since 

the differences were as small as 1/100th of a second in some cases.  

Initially, it was unknown whether propagating waves prior to submerged bar 

interaction would be either deep water waves or intermediate water waves. In order to 

characterize this aspect, the offshore wavelengths were compared to the offshore water 

depths according to the generally accepted limits (Sorensen 2006). Results showed that 

every wave generated within the experiments fell within the constraints of intermediate 

depth waves.    

In terms of previous works cited for comparison, Yao et al (2013) was the only 

study that attempted to identify when a wave over a submerged bar would not break. The 
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relative submergence ratio method suggested by Yao et al (2013) accurately predicted all 

non-breaking wave scenarios within the scope of this study. Breaking wave classification 

predictions were also shown to have high levels of accuracy in these experiments. Criteria 

suggested by Galvin (1968) and Smith & Kraus (1991) accurately predicted resulting wave 

classifications for all averaged cases except for offshore depth of 0.58 m, wave type 6. The 

scenario for the offshore depth of 0.58 m, wave type 4 wave was initially a weak spilling 

wave which transformed into a non-breaking wave after roughly 4 wave cycles. Because 

of this, the classification of the wave was difficult and could be considered either a spiller 

or a non-breaker depending on one’s interpretation. For the purpose of this study, the wave 

is considered to be a spiller since the spilling characteristics are most present before 

significant reflections could occur. This offshore depth of 580 mm, wave type 4 scenario, 

interpreted by Yao et al (2013), was the only error found for wave classifications with that 

particular criteria. All results are shown in Table 11-Table 13. 

 Waves for offshore depth of 0.52 m (ℎ;= 0.52 m, ℎ:= 0.087 m) 

 Wave 
Type 1 

Wave 
Type 2 

Wave 
Type 3 

Wave 
Type 4 

Wave 
Type 5 

Wave 
Type 6 

Galvin (1968) N/A N/A spilling spilling plunging plunging 
Smith & 

Kraus (1991) 
N/A N/A spilling spilling plunging plunging 

Yao (2013) 
non-

breaker 
non-

breaker 
spilling spilling plunging plunging 

Collected 
Data 

non-
breaker 

non-
breaker 

spilling spilling plunging plunging 

Table 11: Predicted breaking wave classifications for waves of offshore depth 0.52 m 
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 Waves for offshore depth of 0.55 m (ℎ;= 0.55 m, ℎ:= 0.117 m) 

 Wave 
Type 1 

Wave 
Type 2 

Wave 
Type 3 

Wave 
Type 4 

Wave 
Type 5 

Wave 
Type 6 

Galvin (1968) N/A N/A spilling spilling plunging plunging 
Smith & 

Kraus (1991) 
N/A N/A spilling spilling plunging plunging 

Yao (2013) 
non-

breaker 
non-

breaker 
spilling spilling plunging plunging 

Collected 
Data 

non-
breaker 

non-
breaker 

spilling spilling plunging plunging 

Table 12: Predicted breaking wave classifications for waves of offshore depth 0.55 m 
 

 Waves for offshore depth of 0.58 m (ℎ;= 0.58 m, ℎ:= 0.147 m) 

 Wave 
Type 1 

Wave 
Type 2 

Wave 
Type 3 

Wave 
Type 4 

Wave 
Type 5 

Wave 
Type 6 

Galvin (1968) N/A N/A spilling spilling plunging spilling 
Smith & 

Kraus (1991) 
N/A N/A spilling spilling plunging spilling 

Yao (2013) 
non-

breaker 
non-

breaker 
spilling 

non-
breaker 

plunging plunging 

Collected 
Data 

non-
breaker 

non-
breaker 

spilling spilling plunging plunging 

Table 13: Predicted breaking wave classifications for waves of offshore depth 0.58 m 
 
6.2 Surface Elevation 

 Collected surface elevation data was compared in order to assess reliability within 

the data. Five attempts per wave scenario allowed for a sufficient amount of data for 

comparison purposes. Repeatability was confirmed after review of the data since wave 

amplitudes at each position along the flume varied by less than 3% between attempts of 

the same specifications. After wave breaking, turbulence and irregular wave interactions 

made this task more difficult but the surface elevation values stayed within a reasonable 

range even with added turbulence.  

Surface elevation plots represent the window in which reflections are best avoided 

and without leading waves prior to full ramp-up of the wavemaker. The results of wave 

data trimming meant that non-breaking waves, with increased wavelength and resulting 

increased wave speed according to the dispersion relationship, allowed for only one or two 
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wave periods to show but spilling waves show two or three cycles and plunging waves 

represent 4 or five cycles as seen in Figure 26Figure 28. Graphs representing individual 

wave positions, as seen below, show surface elevation in reference to the stillwater level 

which corresponds to a zero-amplitude surface elevation. 

 
Figure 26: Trimmed non-breaking wave with 0.55 m offshore water depth typical number of cycles  

 

 
Figure 27: Trimmed spilling wave with 0.55 m offshore water depth typical number of cycles 
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Figure 28: Trimmed plunging wave with 0.55 m offshore water depth typical number of cycles 

 
Shoaling is observed from the evidence of increased amplitude and decreased 

wavelength in overlaid time domain plots. Decreased periods between peaks in the data 

signal the mentioned decrease in wavelength most notably from positions 3 through 5. 

Gauge 4 saw very little amplitude growth but did experience small amounts of turbulence 

in surface elevation values. This is consistent with what would normally be seen from 

typical submerged bar interactions. Breaking wave cases showed an increase in amplitude 

from wave gauge array position 1 through position 3 but show differing characteristics 

from array positions afterwards since waves broke after position 3. Plunging type waves 

showed the largest differences in amplitude between array positions 3 and 4 or 2 and 3 

compared to spilling waves which did increase but showed less drastic differences.  
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Figure 29: Plunging wave with 0.52 m offshore water depth showing significant increase in amplitude at 

position 3 
 

 

 
Figure 30: Spilling wave with 0.58 m offshore water depth showing less ramp-up in amplitude at position 3 

compared to plunging waves  
 

 Plunging wave amplitude decreased after the breaking point and continued to do 

so up through wave gauge array position 5 more notably for deeper offshore depths (see 

Figure 31). Spilling cases showed a decrease in amplitude most significant for wave gauge 
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1 but occasionally for wave gauges 2 and 3 an increase in amplitude was noticed (see Figure 

32). 

 
Figure 31: Large decrease in amplitude after position 3 for plunging wave with 0.58 m offshore water 

depth 
 

 
Figure 32: Surface elevation for a spilling wave with 0.58 m offshore water depth showing increased 

amplitude at position 4 for wave gauges 2 and 3 
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 Non-breaking wave scenarios showed amplitude growth from wave gauge array 

positions 1 through 5 across the entire length of the submerged bar structure. Most 

significant increases in amplitude occurred at position 5 as seen in Figure 33. 

 
Figure 33: Progression across the submerged bar for a non-breaking wave with offshore water depth of 

0.58 m 
 

Non-uniform breaking across the y-direction was observed within all breaking 

scenarios and was more apparent in deeper depth cases for waves of higher amplitude. The 

non-uniformity of the waves, although expected, did not show an abrupt change in 

amplitude between wave gauge 3 and 4 corresponding to a drastic change in depth between 

the two gauges. The differences in surface elevation between wave gauge 3 located above 

the submerged bar plateau compared to gauge 4 off of the plateau region were small relative 

to the differences in depths; this characteristic can be seen in Figure 34. 
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Figure 34: Plunging wave with 0.55 m offshore depth showing wave progression across the submerged bar 
 
6.3 Frequency Domain 

 Examination completed through FFT analysis of wave gauge amplitudes allowed 

for identification of primary frequencies as well as additional harmonics. A noticeable 

single peak is evident within the frequency spectrum of the offshore data as seen in Figure 

35. Offshore waves prior to interaction with submerged bar geometry seem monochromatic 

in nature. 
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Figure 35: Monochromatic spilling wave of 0.55 m offshore water depth shown in the frequency domain 

 
One primary frequency was identified with varying ranges of values depending on 

the particular wave. Primary frequencies ranged roughly between 0.30 Hz and 0.82 Hz 

from all collected data. Some offshore waves show a small peak of higher frequency after 

the primary frequency but, due to the small amplitude of the secondary peak and the limited 

amount of data available within trimmed data, the offshore waves can be considered 

monochromatic in nature. Evidence of this occurrence can be seen in Figure 36. 
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Figure 36: Frequency domain of an offshore spilling wave of 0.52 m offshore water depth showing an 

inconsequential spike in a higher frequency compared to the primary frequency 
 

As waves came into contact with the submerged bar, the data in frequency domain 

began to identify multiple harmonic frequencies within higher frequencies. As waves 

progressed further along the length of the submerged bar, more higher frequency harmonics 

began to show. The largest number of harmonics are seen in wave gauge array position 5 

as shown in Figure 37. All wave scenarios, even non-breaking scenarios, experienced this 

transfer into higher frequency harmonics which were most noteworthy for wave gauge 1 

and least evident in wave gauge 4. Harmonic frequencies above 3.5 Hz, which is roughly 

25% of the entire frequency range, were not presented since harmonics of higher frequency 

were shown to be insignificant or nonexistent.  
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Figure 37:Frequency domain representation of a spilling wave in 0.55 m of water   

 
For breaking wave scenarios, energy flux data reflects the build-up and subsequent 

release of energy across the length of the submerged bar. Data tends to show an increase 

in energy initially for all cases but only breaking scenarios show a decrease in energy closer 

to the end of the bar plateau. Spilling and plunging waves both tended to decrease in energy 

after wave gauge array position 4 but at differing rates with plunging waves showing the 

greatest rate of energy decrease when compared to spilling waves. Plunging waves for a 

majority of cases showed a decrease in energy earlier when compared to spillers because 

energy showed decreasing values between array positions 3 and 4 as opposed to after 

position 4 for spillers. Plungers over all depths showed an average 9% energy reduction 

averaged across all gauges between array position 4 and 5 although it was observed that 

energy had reduced by as much as 28% for some gauges of the previous position 4. Plunger 

energy averaged over all wave gauges experienced only a 2% reduction in energy total 

between positions 3 and 4 but it was noticed that a reduction of up to 16% had occurred. 
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Figure 38: Energy progression for a plunger with 0.55 m offshore water depth 

 

 
Figure 39: Energy progression for a plunger with 0.58 m offshore water depth 

 
Wave gauges 2 experienced the most energy dissipation overall compared to other 

wave gauges. Wave gauge 4 in deeper water increased in energy at array position 5 for all 

but 1 plunger and 2 spiller wave cases even when other wave gauges were decreasing in 

energy values. The average increase in energy for plunging waves at wave gauge 4 between 
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array positions 4 and 5 for all cases was 4% but increase in energy of up to 29% was 

observed.  Although these circumstances tended to hold true, there were some mixed results 

for certain wave cases. Wave gauges located over the submerged bar plateau, gauges 1 

through 3, occasionally showed increases in energy after array positions 3 or 4 (see Figure 

40). This occurred more often within spilling wave cases and no particular wave gauge 

consistently showed this increase after initial onset of breaking. 

 
Figure 40: Energy progression for a plunger with 0.58 m offshore water depth showing increases in wave 

gauges 1 and 3   
 

Non-breaking wave scenarios show a continuous build-up of energy and no 

dissipation. Energy increases throughout all locations over the submerged bar but the rate 

of increase does not appear to increase at a constant. Also, between array positions 4 and 

5, as shown in Figure 41, the rate of increase seems to increase more than between other 

positions. 
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Figure 41: Energy progression for a non-breaker with 0.58 m offshore water depth showing increasing 

energy levels throughout all wave gauge array positions 
 
6.4 Breaking Onset Location 

 First identification of breaking location grouped waves into two groups, those 

which break on the submerged bar slope and those which break on the plateau region. Yao 

et al (2013) criteria centering around the relative submergence ratio was used with partial 

success. Successful prediction rates averaged 70% for evaluated cases and, for some 

depths, the criteria only worked 50% of the time as seen in Table 14Table 16. 

   Waves for offshore depth of 0.52 m 

    Wave Type 3 Wave Type 4 Wave Type 5 Wave Type 6 

Collected flat flat slope slope 

Yao (2013) flat flat slope flat 
Table 14: General breaking location for waves of offshore depth 0.52 m 

 
   Waves for offshore depth of 0.55 m 

    Wave Type 3 Wave Type 4 Wave Type 5 Wave Type 6 

Collected flat flat slope slope 

Yao (2013) flat flat flat flat 
Table 15: General breaking location for waves of offshore depth 0.55 m 
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   Waves for offshore depth of 0.58 m 

    Wave 
Type 3 

Wave 
Type 4a 

Wave 
Type 4a 

Wave 
Type 4a 

Wave 
Type 5 

Wave 
Type 6 

Collected flat flat flat flat slope slope 
Yao (2013) flat flat flat flat flat flat 

Table 16: General breaking location for waves of offshore depth 0.58 m 
 

Differences in breaking location data could result from simple differences in the 

selection of breaking location. Some subjectivity is present with these types of 

experiments depending on how the researcher classifies the breaking onset occurrence. 

Frame by frame isolation of video data allowed for reasonable identification of 

breaking location although wave crest location could vary between frames. With a video 

frame rate of 60 fps and a minimum calculated wave speed of 1.771 m/s, the wave was 

capable of moving horizontally a minimum of 29.5 mm between each frame. For a 

maximum calculated wave speed of 2.272 m/s means the wave is capable of moving 37.9 

mm between frames. Specific breaking locations showed that plunging waves broke 

closer to the front toe of the submerged bar and usually at deeper water depths than 

spilling waves. All spilling waves broke on the bar plateau but plunging waves broke 

mostly on the front slope although one plunging wave did break on the plateau region. As 

water depth increased in experiments, breaking waves tended to break at a location 

further away from the front edge of the submerged bar ramp. 

 Waves for offshore depth of 0.52 m 

 Wave Type 3 
[m] 

Wave Type 4 
[m] 

Wave Type 5 
[m] 

Wave Type 6 
[m] 

Position of 
Onset Collected 

3.004 3.391 2.809 2.787 

Water Depth at 
Breaking 

0.087 0.087 0.115 0.118 

Table 17: Specific breaking location for waves of offshore depth 0.52 m 
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 Waves for offshore depth of 0.55 m 

 Wave Type 3 
[m] 

Wave Type 4 
[m] 

Wave Type 5 
[m] 

Wave Type 6 
[m] 

Position of 
Onset Collected 

3.128 3.640 2.887 2.892 

Water Depth at 
Breaking 

0.117 0.117 0.134 0.133 

Table 18: Specific breaking location for waves of offshore depth 0.55 m 
 

 Waves for offshore depth of 0.58 m 

 
Wave 
Type 3 

[m] 

Wave 
Type 4a 

[m] 

Wave 
Type 4b 

[m] 

Wave 
Type 4c 

[m] 

Wave 
Type 5 

[m] 

Wave 
Type 6 

[m] 
Position of 

Onset 
Collected 

3.638 3.605 3.912 4.272 3.002 3.067 

Water Depth 
at Breaking 

0.147 0.147 0.147 0.147 0.154 0.147 

Table 19: Specific breaking location for waves of offshore depth 0.58 m 
 

From observations, wave type 4 breaking position varied by 0.667 m between 

three selected peaks before transforming into a non-breaking type wave. This occurrence 

was unique since other instances are considered to have a constant breaking location. It 

was discovered that wave type 3 for a 0.55 m offshored water depth broke just prior to 

wave gauge position 3d by 24 mm and wave type 5 for a 0.58 m water depth broke 0.5 

mm before position 3c which is small enough to be considered at the point of breaking; 

all other waves broke after wave gauge array position 3. 

6.5 Shallow Water Wave Height 

 Comparisons between collected experimental results with theoretical results from 

Johnson (2006) and Goda (2010) showed significant variations. As long as the correct 

locations within the image are selected, the algorithm operates within a sufficiently small 

error window and can be more accurate if multiple attempts are averaged. Multiple 

calibration attempts for the MATLAB measurement algorithm showed that repeatability 



55 

was possible since preliminary calibration measurements showed small deviations no 

greater than 2% in difference from actual values as seen in Table 20.  

Initial Wave Measurement Calibration for MATLAB Code [mm] 

59.29 60.35 58.83 59.21 59.57 
     

Average 59.45 
   

Actual 60       

Table 20: Calibration results for one set of measurements for breaking wave height 
 

Collected wave measurement data was averaged over three individual measurement 

attempts of each wave type. Data for individual attempts showed a maximum variation of 

2.3 mm for 0.52 m offshore depths, 4.0 mm for 0.55 m offshore depths, and 2.7 mm for 

0.58 m offshore depths between measurement results. Averaged collected data is reflected 

in Table 21-Table 23. 

 Breaking waves heights for offshore depth of 0.52 m 

 Wave Type 3 
[mm] 

Wave Type 4 
[mm] 

Wave Type 5 
[mm] 

Wave Type  
[mm]6 

Johnson (2006) 69.60 69.60 98.39 94.44 

Goda (2010) 66.31 66.70 138.96 144.36 

Collected Data 68.40 73.88 97.86 94.42 
Table 21: Theoretical and experimental data for breaking wave heights for 0.52 m offshore water depth 

 
 Breaking waves heights for offshore depth of 0.55 m 

 Wave Type 3 
[mm] 

Wave Type 4 
[mm] 

Wave Type 5 
[mm] 

Wave Type 6 
[mm] 

Johnson (2006) 93.60 93.60 117.87 106.32 

Goda (2010) 87.17 87.82 154.51 156.57 

Collected Data 82.95 72.21 106.79 112.40 
Table 22: Theoretical and experimental data for breaking wave heights for 0.55 m offshore water depth 
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 Breaking waves heights for offshore depth of 0.58 m 

 
Wave 
Type 3 
[mm] 

Wave 
Type 4a 
[mm] 

Wave 
Type 4b 
[mm] 

Wave 
Type 4c 
[mm] 

Wave 
Type 5 
[mm] 

Wave 
Type 6 
[mm] 

Johnson 
(2006) 

117.60 117.60 117.60 117.60 123.40 117.60 

Goda 
(2010) 

106.65 107.71 107.71 107.71 168.71 101.98 

Collected 
Data 

113.48 112.49 84.94 88.88 125.73 129.85 

Table 23: Theoretical and experimental data for breaking wave heights for 0.58 m offshore water depth 
 
 Theoretical models utilized averaged input variables for offshore wavelength and 

wave height for calculations. Theory suggested by Johnson (2006) agreed most with this 

study’s experimental measurements versus theory by Goda (2010) which showed far less 

agreement. A difference of 27% for 0.52 m offshore depths, 28% for 0.55 m offshore 

depths, and 19% for 0.58 m offshore depths between measured results and Goda (2010). A 

difference of 2% for 0.52 m offshore depths, 15% for 0.55 m offshore depths, and 15% 

mm for 0.58 m offshore depths between measured results and Johnson (2006). 

6.6 Overhead Wave Profile 

 A qualitative analysis is made using video data collected from an overhead position 

for all breaking wave scenarios and all offshore water depths. Despite the lack of thorough 

quantitative analysis, some interesting characteristics can be observed from a qualitative 

standpoint.  

 Crest turbulence after wave breaking tends to move in the y-direction despite the 

fact that the initial offshore wave is unidirectional in nature. Video data showed that the 

breaking crest of the waves did not reach across the entire width of the submerged bar 

plateau at initial breaking locations. All breaking waves initially broke near the wall 

containing the reference grid and turbulence continued to grow in the y-direction as the 

wave progressed as seen in Figure 42.  
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Figure 42: Initial crest turbulence at initial breaking (left) compared to the larger crest turbulent region 
later in the wave progression (right) 

 
At initial wave breaking points, wave crest turbulence grew at the greatest rate and 

began to slow afterwards. In the y-direction, it is noticed that crest and turbulence widths 

varied between different wave classifications and larger amplitude waves ultimately 

develop further as seen in Figure 43.  

  
Figure 43: Overhead comparison for turbulent regions of a spiller (left) and a plunger (right) at initial 

breaking 
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7. DISCUSSION 

  This study allowed for a new perspective regarding water waves interacting with a 

submerged bar because the three-dimensional trapezoidal shape of the bar was previously 

unstudied. Evidence shows that collected video and wave gauge data provided a reliable 

perspective into the desired characteristics of wave classification, surface elevation, water 

depth offshore and at breaking, wave height, wave period, and location of breaking onset. 

These features are relevant to the larger goal of understanding how offshore waves 

transform over any particular shallow submerged bar.  

It became evident that the classification of waves as non-breaking, spilling, and 

plunging type remains a main factor within for resulting data and that the prediction of 

these occurrences was mostly predictable by use of the surf similarity parameter or relative 

submergence ratio. An overall success rate of 95% for wave classification prediction 

reflects the high certainty present for the theories provided by Galvin (1968), Smith & 

Kraus (1991), as well as Yao et al (2013) in reference literature. Even the less accurate 

theories from Galvin (1968) and Smith & Kraus (1991) that used the surf similarity 

parameter showed a relatively high accuracy of 92% for studied cases.  

From identified waves, plunging type waves showed the largest amplitudes as was 

expected and observed in countless studies prior. Keeping the wave type constant, higher 

amplitude surface elevation was observed in wave gauge 1 and, in general, incrementally 

decreased for 2, 3, and 4 respectively for positions over the submerged bar for all wave 

classifications. This shape mirrors surface elevation of three-dimensional waves and 
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indicates that the submerged bar does change directionality from initially two-dimensional 

incident waves to multi-directional waves that look similar to those in studies such as Napf 

(1997). The decreasing amplitude from wave gauge 1 through 4 did not hold true in 100% 

of the cases. Shoaling seemed to continue for some waves at individual locations along the 

y-direction of the wave flume after the wave crest had only partially reached its maximum 

width and this appeared to happen more for spilling type waves. Effects of waves 

steepening and breaking are not apparent until wave gauge array positions 3 through 5 and 

these effects are reflected in wave gauges 1 through 4. Shoaling begins minimally at wave 

gauge array position 2 but much greater evidence of shoaling appears at array position 3. 

Frequency domain analysis led to the identification and confirmation of 

monochromatic wave characteristics within all offshore waves prior to submerged bar 

interaction but this did not hold throughout the entire progression. The transformation of 

the studied waves involved the transfer of frequency components from lower primary 

frequencies to multiple higher frequency harmonics for both breaking and non-breaking 

cases, so, waves do not need to initiate breaking to experience this phenomenon. Transfer 

from lower to higher frequency components is initiated by the submerged bar interaction 

and represents one of the most significant changes occurring in the system. Zhang et al 

(2005) suggested that energy loss is mainly due to wave components at frequencies higher 

than the primary frequency which could explain the loss in energy of some breaking waves 

but not for increases in energy of nonbreaking waves. Also, results suggest that energy 

dissipation for breaking waves of this three-dimensional submerged bar study may be 

underestimated when compared to two-dimensional submerged bar case.  
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The process of pinpointing the location of breaking and performing measurements 

within principle video frames benefited greatly from the use of guidelines and grid lines 

but finding locations for breaking onset still presented a great challenge. Because the 

horizontal movement of waves could move at least 29.5 mm between frames and the 

required resolution was in millimeters, this meant the video images could be subject to 

larger errors than other collected data. This error could compound with the wave height 

measurement of the breaking wave but the waves saw less drastic movement vertically. 

One point suggesting accuracy of collected data is that calibration attempts for MATLAB 

measurements suggested that the algorithm was reliable within a small error range. 

Experimental measurements compared to theory suggested by Johnson (2006) and Goda 

(2010) showed mixed results. Johnson (2006) agreed more with this study’s breaking wave 

height measurements than Goda (2010) which may be due to 3-dimensinal experimental 

setup of the Johnson (2006) study compared to the 2-dimansional setup of the Goda (2010) 

study.  

Further research trials for this particular submerged bar geometry would allow for 

a more concrete understanding of this wave evolution. The addition of more wave gauges 

in varying positions and more trials could better show the progression of the shoaling 

waves, in particular, between array positions 2 and 3 where the most significant increase 

in amplitude is observed. Future experiments could also benefit from a larger wave tank in 

order to rule out any possible interactions with side walls. Even with the attempts to avoid 

side wall effects, there is possibility that the side walls effects could be large.
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8. CONCLUSIONS 

This study provides an investigation of wave progression over a submerged bar of a 

specific trapezoidal geometry. Conclusions can be drawn solely from collected data as it 

stands alone but it is also beneficial to compare results with studies previously conducted. 

Upon analysis of all available data, one can come to the following conclusions: 

• Propagating waves initially interact with this study’s submerged bar in an expected 

manner as seen in previous shallow water submerged bar studies. As waveforms 

propagated from deeper water into the shallow submerged bar region, shoaling 

occurred normally as amplitude increased and wavelength decreased in shallow 

depth regions; this is reflected in the wave gauge surface elevation data. The deeper 

water sloped region of the submerged bar allows for an asymmetric wave of higher 

amplitude at wave gauge 1 and smaller at wave gauge 4. Without this deeper region 

beside the shallow water plateau, this asymmetry would not occur as is observed 

with two-dimensional submerged bars. 

• Higher frequency wave harmonics are generated by the submerged bar interaction. 

For all waves within the scope of this study, the number of harmonic components 

increased the further along the length of the submerged bar a propagating wave 

traveled. 

• Non-breaking waves showed a continuous amplification of wave height over the 

entire submerged bar shallow plateau in the x-direction. The fact that these waves 

continued to increase in height throughout this entire region, reflects that shoaling 
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continues at least until waves move into the deeper aft sloped region of the 

submerged bar. The shallow plateau region of the submerged bar is not long enough 

for completion of this shoaling process.  

• Wave height amplification is still possible even after waves have broken. This 

represents a minority of waves from those studied and may be unique to these 

asymmetric waves. This was observed to occur more often for spilling type waves. 

The non-breaking wave scenarios in which the shoaling process continues 

throughout the plateau region may explain why this could occur. Since the waves 

don’t break across the entire width of the wave flume, this leaves regions along the 

y-direction that have not toppled and, therefore, act similar to a non-breaking wave 

in those specific regions. The main determinant of this phenomenon seems to be at 

which point in time and space along the y-direction observations are made. 

• Waves increased significantly in energy for all wave gauges due to the initial 

interaction with the submerged bar and subsequently showed reductions in energy 

after waves broke but only over shallow plateau regions. Shallow regions of the 

submerged bar initiate energy dissipation while locations over the deeper side slope 

of the submerged bar do not dissipate energy for this study. Energy does not 

dissipate in the deeper regions because breaking does not occur in this region.. 

• Waves showed energy dissipation after breaking but the reduction in energy was 

not significant within the plateau region. Compared to increases in energy initially 

seen prior to breaking, the reduction of energy after breaking was significantly 

smaller.  
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• Proposed theory for wave classification of non-breaking, spilling, and plunging 

waves agrees with observations for this study’s experimental data. Galvin (1968), 

Smith & Kraus (1991), and Yao et al (2013) each accurately predicted wave 

classifications for greater than 90% of the occasions. Wave classification theories 

combined for a total accuracy of 93% for all scenarios which shows a high level of 

accuracy. Accuracy is increased for smaller amplitude wave scenarios. 

• Breaking onset theory from Yao et al (2013) was accurate for a majority of 

occurrences. The 69%. accuracy percentage shows that theory proposed by Yao et 

al (2013) can be used to accurately predict a majority of breaking location 

occurrences within this study. 

• Breaking wave height prediction shows mixed accuracy. Johnson (2006) breaking 

wave height theory agrees with this study most with only an 11% difference 

compared to experimental MATLAB measurements but Goda (2010) showed a 

25% difference compared to this study’s collected measurements. Theory from 

Johnson (2006) is most reliable and the percentage difference is small enough that 

confidence is relatively high. 



64 

APPENDIX 

A.1 MATLAB Shallow Water Wave Height Measurement Code 

wave_pic = imread(‘NAME OF IMAGE FILE‘); %import selected frame to 

analyze 

real_ref_length= 60; % [mm] ******* using horizontal length between 3 vertical grid 

spaces on the same horizontal line 

% real_ref_length is a real length measured from an item in the lab 

imshow(wave_pic) 

disp('Press Enter After Zoom') 

zoom on; %zoom into wave to see better for analysis 

waitfor(gcf, 'CurrentCharacter', char(13)) % hit Enter key to confirm zoom adjustment 

before proceeding 

hold on; 

disp('Select Reference Length') 

[xcord,ycord]= ginput(2);  % collects two sets of cordinates for a known distance 

pixel_length_x=xcord(2)-xcord(1); % calculating pixel length on x-axis 

pixel_length_y=ycord(2)-ycord(1); % calculating pixel length on y-axis 

pixel_length_magnitude=sqrt((pixel_length_x^2)+(pixel_length_y^2)); %distance 

beween the 2 selected points 

pix2real = real_ref_length/pixel_length_magnitude     % *(mm/pixel) pixel to real vehicle 

length conversion 
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disp('Select Wave Height') 

[xcord_wave,ycord_wave]= ginput(2);  % collects two sets of cordinates for finding wave 

height 

pixel_length_xwave=xcord_wave(2)-xcord_wave(1); % calculating pixel length on x-

axis 

pixel_length_ywave=ycord_wave(2)-ycord_wave(1); % calculating pixel length on y-

axis 

pixel_length_magnitude_wave=sqrt((pixel_length_xwave^2)+(pixel_length_ywave^2)); 

%distance beween the 2 selected points in pixels 

estimated_wave_h=pixel_length_magnitude_wave*pix2real 

close(gcf); 
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