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ABSTRACT 

 
 

BULKING COEFFICIENTS OF AERATED FLOW DURING WAVE OVERTOPPING 

SIMULATION ON PROTECTED-SIDE SLOPES 

 
 
 

Post hurricane Katrina there has been more interest in erosion on the landward side of levees 

resulting from wave overtopping during storm events.  The development of wave overtopping 

simulators has enabled more rigorous evaluation of levee armoring alternatives under controlled 

conditions similar to those on levees.  Steady state overtopping studies have demonstrated a 

reduction in shear stress due to air entrainment in the flow.  There has not been an evaluation of 

air entrainment during wave overtopping simulation.  For this reason, a study was conducted to 

quantify flow bulking occurring during wave overtopping simulation. 

Testing was conducted at the Hydraulics Laboratory at Colorado State University at the 

Engineering Research Center using a wave overtopping simulator.  The simulated levee was 6 ft 

wide.  Levee geometry in the direction of flow was a 13.2 ft. horizontal crest, 30.5 ft levee face 

with 3:1 (horizontal:vertical) slope and 12.2 ft berm with 25:1 slope.  Un-bulked flow thickness 

was measured with “surfboards” which hydroplane along the surface of flow.  Bulked flow 

thicknesses were measured using visual observations of maximum flow thickness on eight staff 

gages along the wall of the simulated levee.  Wave volumes ranged from 20 ft3/ft to 175 ft3/ft.  

Conservation of mass and testing repeatability is demonstrated. 

Bulking values range from zero for the smallest wave volumes to over 100% for the largest wave 

volumes.  An empirical model is developed to estimate bulking on the 3:1 levee slope.  A 



 

iii 

comparison is made to steady state flows with similar air entrainment.  The effect of bulking on 

shear stress is a potential decrease in shear stress over 50% relative to un-bulked flow thickness.  

A method to incorporate wave overtopping bulking into design is proposed using a cumulative 

work approach. 
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inner slope [m/s] 

 ஻ on theݏ  maximum wave overtopping flow velocity at point	ௌ஻ଶ%ݑ
inner slope exceeded by 2% of incoming waves [m/s] 

஼ݔ ௑஼ maximum wave overtopping flow velocity at pointݑ  on the 
on the crest [m/s] 

஼ݔ ௑஼ଶ% maximum wave overtopping flow velocity at pointݑ  on the 
crest exceeded by 2% of incoming  waves [m/s] 

 ஺ on the outerݖ  ௓஺ maximum wave runup flow velocity at pointݑ
slope [m/s] 

 ஺ on the outerݖ  ௓஺ଶ% maximum wave runup flow velocity at pointݑ
slope exceeded by 2% of incoming waves [m/s] 

v measured velocity during wave overtopping  [m/s] ܸ wave overtopping volume per wave per unit width [m3/m] 

ଶܸ%	 maximum wave overtopping volume per wave exceeded by 
2% of incoming waves [m3/m] 

஻ܸଶ% 
maximum wave overtopping volume per wave per unit dike 
crest lateral width at the crest/inner slope transition exceeded 
by 2% of incoming wave 

[m3/m] 

௠ܸ௔௫ maximum overtopping volume per wave per unit dike crest 
lateral width [m3/m] 

ௐܸ	 wave overtopping volume per wave per unit width for a 
certain exceedance probability (ͳ െ ௏ܲ ) [m3/m] 

ௐܸ specified wave overtopping volume per wave per unit width [m3/m] ݔ∗	 remaining wave runup length ݔ∗ ൌ ሺݔ௭ െ  ஺ = 0 at theݔ  horizontal coordinate on the outer slope with	஺ݔ ஺ሻ [m]ݔ
SWL [m] 
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Symbol Description Units ݔ஼ horizontal coordinate on the crest with ݔ஼ = 0 at the outer 
slope/crest transition [m] 

  horizontal projection of the wave runup height ܴ௨ on the	௭ݔ
outer slope relative to the SWL ݔ௭ = ܴ௨ tanߙ⁄  [m] ݖ஺ vertical coordinate on the outer slope with ݖ஺ = 0 at the SWL [m] ݖ௖ levee freeboard relative to the peak storm surge [m] ߛ reduction factor ߛ ൌ ௙ߛ	 Ղँߦ Ղँ equivalent Iribarren number for a slope with a bermߦ [-] relationship of a circle circumference to the circle diameter ߨ [-]  reduction factor for a vertical or very steep wall on a slope	௩ߛ [-]  reduction factor for a shallow foreshore	௛ߛ [-] ௙஼ reduction factor for surface roughness on the crestߛ [-] ௙஺ reduction factor for surface roughness on the outer slopeߛ [-] ௙ reduction factor for surface roughnessߛ [-]  reduction factor for a berm	௕ߛ [-] reduction factor for oblique wave attack ࣜߛ [-] ఉߛ ൌ	ߛ௕	ߦՄऀ [-] 

 ௚௥ transition point between breaking waves and nonbreakingߦ
waves = 2 [-] 

	௠ିଵ,଴ Iribarren number ൌߦ tan ߙ ඥܪ௠଴ ⁄⁄௠ିଵ,଴ܮ   = tanߙ ටʹ	ߨ	ܪ௠଴ ݃	 ௠ܶିଵ,଴ଶ⁄ൗ  
[-] 

	Մऀ Iribarren number ൌߦ tan ߙ ඥܪ௦ ⁄⁄଴௣ܮ   = tanߙ ඥʹ	ߨ	ܪ௦ ݃	 ௣ܶଶ⁄⁄  
[-] 

	ௌ,ିଵ Iribarren number ൌߦ tan ߙ ඥܪ௦ ⁄⁄଴௠ܮ   = tanߙ ටʹ	ߨ	ܪ௦ ݃	 ௠ܶିଵ,଴ଶ⁄ൗ  
[-] 
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1. Introduction 
 

In 2005, Hurricane Katrina caused destruction in New Orleans, Louisiana, to an extent not 

experienced by previous hurricanes.  Approximately 80% of the city was flooded and 986 deaths 

in Louisiana (Brunkard et al. 2008) are attributed to the event.  In an effort to objectively 

understand how this had occurred, multiple review panels comprised of experts in their fields 

were formed.  Three notable panels were the American Society of Civil Engineers External 

Review Panel (Andersen 2007), The Interagency Performance Evaluation Task Force (IPET 

(Link et al. 2009), and the Independent Levee Investigation Team (Seed et al. 2006).  All aspects 

of the disaster were evaluated and a common thread of their findings was that the failure of 

levees was not from the water side, but from the landward side. 

Water that overtops levees or dikes during storms exerts hydraulic loads on the landward-side 

slope protection.  Grass and soil can be eroded by the resulting flow shear stresses and 

turbulence, and even robust armoring alternatives can be damaged at higher overtopping rates.  

In the absence of wind-generated waves, water will not overflow the levee until the water 

elevation exceeds the levee crown elevation.  However, wave overtopping can occur before the 

water elevation reaches the levee crown elevation because the incident waves run up the flood-

side (seaward-side) slope and flow across the levee crest before cascading down the landward-

side slope.  Large waves typical of hurricanes or tropical storms can cause significant 

overtopping even when the levee has several feet of freeboard (crown elevation minus still water 

elevation). 

There are two means of levee crest overflow:  steady overflow and wave overtopping.  The main 

difference between steady overflow and wave overtopping is the variation of flow magnitudes in 
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space and time.  Assuming the levee crown elevation is constant over a reach of levee, steady 

overflow has nearly constant discharge per unit length.  On the landward-side slope the 

supercritical flow rapidly accelerates until terminal velocity is reached, and the flow momentum 

is balanced by the shear resistance of the slope. 

Conversely, flow associated with overtopping of an individual wave is highly unsteady in both 

space and time.  The largest flow thickness and velocity occur at the leading edge of the wave as 

it crosses the levee crest and accelerates down the landward-side slope.  The unsteady flow is 

supercritical with both temporal and spatial accelerations.  While achievement of terminal 

velocity is assumed, the flow remains unsteady in time due to the variation of discharge over 

individual waves and unsteady in space because of the variation in irregular wave overtopping 

volumes.  The peak overtopping discharge of a wave can be between 100 and 1000 times the 

average overtopping discharge resulting from the storm event (Pullen et al. 2007).  Thus, the 

overtopping wave exerts higher instantaneous shear stresses on the slope than steady overflow, 

but the duration of the highest loading is short relative to steady overflow.  This difference may 

be important for levee slope protection that fails due to high intermittent loading rather than 

cumulative loading of small magnitude over longer durations. 

   Objectives 

The terms “aeration” and “bulking” are at times used interchangeably in literature.  For the 

purpose of outlining and fulfilling the objectives of this study, “aeration” is defined as the 

volume of air in a sample divided by the total sample volume (Wood 1983).  “Bulking” is the 

increase in flow thickness resulting from aeration.  Additional terminology to clarify is flow 

“depth” versus flow “thickness”.  In steady state flow hydraulics, “depth” is depth of flow 

normal to the direction of flow, towards the free surface (Chow 1959).  In coastal hydraulics, the 
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term flow thickness is frequently used in place of depth to describe the same parameter, as in 

Schüttrumpf and Oumeraci (2005). 

Objectives for the current investigation are as follows: 

1) Summarize previous wave overtopping investigations and their outcomes in addition 

to relevant steady state aeration studies predicting aeration percentage, which leads 

to flow bulking; 

2) Identify the relevant physical parameters of aeration-induced bulking during wave 

overtopping flow on the landward side of levees; 

3) Quantify flow bulking occurring on the crest and landward side of levees during 

wave overtopping simulation; 

4) Perform analyses to develop a mathematical model for bulking prediction during 

wave overtopping simulation and determine statistical significance; 

5) Provide a comprehensive summary of procedures, results, limitations and 

recommendations for bulking during wave overtopping flows. 

Completion of the study objectives will improve the fundamental understanding of wave 

overtopping simulation processes, provide a model for predicting bulking on the landward side 

of levees during wave overtopping and provide a foundation for estimating flow bulking to 

improve quantification of shear stress values experienced by the levee surface during wave 

overtopping for levee armoring design.  
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   Methodology 

A systematic approach was taken to address the objectives.  A comprehensive literature review 

of previous laboratory and field studies was conducted pertaining to wave overtopping of levees.  

Additionally, studies related to steady state overtopping aeration were reviewed.  Input 

parameters and equations developed from wave overtopping studies are summarized and 

deficiencies in quantifying wave overtopping simulation processes are identified. 

A series of experiments was conducted in a wave overtopping simulator located at the 

Engineering Research Center of Colorado State University.  Data were collected from a wave 

overtopping simulator and adjacent, prototype scale levee section at Colorado State University 

(CSU).  Subsequently, flow bulking predictive equations based on wave volume and distance 

down-slope from the wave overtopping simulator were developed and evaluated for goodness of 

fit to collected data.  Recommended application of the equations for design purposes, limitations 

of the data, recommendations for further research and conclusions are presented. 
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2. Literature review 
 

Extensive research has been conducted to characterize wave overtopping flows through field 

studies, laboratory experiments, mathematical deduction and empirical curve fitting. Methods for 

calculating overtopping flow thicknesses have been presented, but these methods fail to account 

for entrained air that increases the measured flow depth at prototype (full) scale. The purpose of 

this investigation is to provide a method for predicting the bulking occurring during wave 

overtopping flow simulation on the landward side (inner slope) of levees having a 3:1 

(Horizontal: Vertical) slope.  Thus the end user in the engineering design community has a better 

understanding of the flow forces involved. 

Bulking is an indicator of the percent aeration, and aeration quantification is necessary for 

estimating slope surface shear stresses during wave overtopping events. For completeness, the 

more commonly applied wave runup and wave overtopping equations will be summarized. The 

summary literature review is presented to document the complexity of wave overtopping in levee 

design.  A comprehensive table listing wave runup and overtopping equations, their application 

and their source is presented in Appendix A.  In addition, this thorough examination of wave 

overtopping flow studies provides a cursory review of bulking in steady state overtopping flows. 

The knowledge that flow aeration or bulking affects flow properties has been recognized for 

nearly a century as demonstrated by the pioneering Ehrenberger study (1926) to define and 

obtain the distribution of air in self-aerated flows.  Though the results were marginal, the study 

laid the foundation for Lamb and Killen (1950) to develop a more robust method for measuring 

air entrainment.  The new, electrical method allowed relatively rapid measurements 

(approximately 30 seconds each) when compared to mechanical methods and provided 
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acceptable aeration measurement values up to over 90 percent aeration.  Technology for aeration 

measurement remained virtually unchanged until Boes and Hager (1998) developed a fiber-

optical probe method with a faster signal response time, higher sampling frequency and less flow 

disturbance due to smaller size probe.  Similar to the electrical method, a local average aeration 

is measured so the flow must be steady during the acquisition time.   Unlike the electrical method 

which measures a change in electrical resistance, the fiber-optical method measures void fraction 

of bubbles contained in the flow. 

An electrical method was used in multiple steady state studies summarized and analyzed by 

Wood (1983).   It was shown that for uniform flow, self-aeration can be predicted and there is a 

mean air concentration and concentration distribution that is unique to each slope.  In addition, 

Darcy’s friction factor varies with air concentration and can be predicted based on the un-aerated 

friction factor and mean air concentration between the bed and depth where aeration is equal to 

90% (Wood 1983).  In addition, Wood (1983) presented a method for calculating aeration 

concentration as a function of location in the water column.  Measurement methods produce 

inconsistent results at flow depths where aeration is greater than 90%.  As a result, all reviewed 

steady state literature focuses on the flow region where aeration is 90% or less. 

Chanson (2004a) provided a summary of air-water flows and measurement methods.  It was also 

suggested that steady flow measurement techniques may be applied to unsteady flow conditions 

such as dam break wave propagation by calculating local void fractions over a short time 

interval.  Importantly noted was that previous studies of air entrainment using seawater suggest a 

very different process than those observed with fresh water. 
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Dam break wave propagation may be considered similar to wave overtopping of levees, and 

aeration during wave propagation following a dam break was the subject of Chanson (2004b).  

Consistently strong aeration in the surge front leads to the conclusion that increased buoyancy 

reduction in “white water” will increase the relative density of particles (leading to increased bed 

load transport, in this case.)    In addition, a different void fraction distribution shape, relative to 

steady state overtopping, was proposed.  Possible explanations included a non-hydrostatic 

pressure field, a change in rheological fluid properties causing some change in the air-water 

structure between the leading edge and the main flow, a two-phase flow regime change from 

some slug flow at the leading edge to homogeneous bubbly flow after or a change in boundary 

friction between the wave front and the main flow. 

In general, free surface aeration is a common occurrence in steady state flows and hydraulic 

structures.  Chanson (2009) discussed potential issues with small-scale model studies into 

aeration versus prototype scale.  His conclusions were that model studies drastically 

underestimate dimensionless turbulence, air-water interfacial areas and mass transfer rates 

leading to critical issues with model result extrapolation to prototype conditions.  In addition, 

instrumentation type is rarely addressed, yet instrument type, probe sensor size and sampling rate 

affect the bubble size detectable which, in turn, affects final results.  A final finding was 

turbulent air-water flows are poorly understood, and, due to the ubiquitousness of “white water” 

flows, numerical or hybrid numerical/scale modeling was proposed as a future research direction. 

Hughes (2007) evaluates permissible wave overtopping criteria for earthen levees without 

protection and with protective systems for overtopping flow that have been in existence for many 

years.  A few examples of such protections are vegetation, vegetation combined with synthetics 

in turf reinforcement mats, articulating concrete blocks, hydromulch and shotcrete.  Design 



 

8 

guidance for levee protective systems intended for use under steady overtopping conditions is 

available from sources such as River Engineering for Highway Encroachments (Richardson et al. 

2001).  The limitations of steady overtopping design knowledge when combined with wave 

overtopping are succinctly summarized by Hughes (2008b). 

In recent years, advances have been made into characterizing many of the hydrodynamic 

parameters associated with wave-only overtopping at trapezoidal levee and dike structures.  

Equations and methodologies are available for estimating wave run-up and average wave 

overtopping discharge (Van der Meer and Janssen 1995, Van der Meer 2002), distribution of 

overtopping wave volumes (Franco and van der Meer. 1994, Van der Meer and Janssen 1995), 

and leading edge flow thickness and velocity (Schüttrumpf et al. 2002, van Gent 2002b, 

Schüttrumpf and van Gent 2003, Schüttrumpf and Oumeraci 2005).  These relationships are 

summarized in Pullen et al. (2007).  Small-scale laboratory experiments of combined wave 

overtopping and steady overflow have provided empirical equations for average overtopping 

rates, distribution of overtopping volumes, and preliminary estimates of flow parameters on the 

landward-side slope (Hughes and Nadal 2009).  In addition, prototype-scale testing of levee 

armoring performance on landward slopes has been conducted by Thornton et al. (2011 , 2012). 

An outcome of wave runup and overtopping research has been proposed methods for evaluating 

the landward side of levees for erosional resistance to overtopping flows.  The goal of proposed 

methods is the ability to incorporate steady flow knowledge and experience into an application 

addressing wave overtopping erosion challenges.  Van der Meer et al. (2010) proposed a shear 

stress based, cumulative hydraulic loading approach reliant on peak overtopping wave velocities 

and a critical, threshold velocity that is a function of the levee protective cover.  Dean et al. 

(2010b) evaluated three approaches:  velocity, shear stress and a work basis approach.  Each of 



 

9 

Dean’s possible three approaches also incorporates a threshold concept above which erosion of 

the levee will occur.  The conclusion was that the cumulative excess work basis approach is the 

most reasonable of the three evaluated and provides the best results.  Hughes (2011a) evaluated 

Dean et al.’s erosional equivalence method and expanded it to “evaluate the strength and 

resiliency of earthen levee protection against wave overtopping during severe hurricanes” to 

create a more robust erosional equivalence method for evaluating land-side levee armoring to 

resist overtopping waves. 

Van der Meer et al.’s (2010) cumulative hydraulic loading concept was not only the product of 

many years of accumulated research, but a result of wave over-topping simulation.  The 

empirical equations for wave-only overtopping were incorporated into the theory used in creating 

modern-day wave overtopping simulators (Van der Meer et al. 2006, Van der Meer 2007a, Van 

der Meer et al. 2008b, Van der Meer et al. 2011).  A mobile wave overtopping simulator is a 

large container temporarily installed on the crown of a levee or dike that simulates the wave 

overtopping hydraulics by releasing volumes of water in a manner that duplicates the correct 

leading edge thicknesses and velocities for a distribution of wave volumes associated with a 

specific storm condition. 

Design and construction of the wave overtopping simulator was based on the velocity 

overtopping thickness prediction studies of Schüttrumpf and Van Gent (2003) (Van der Meer 

2006).  Schüttrumpf and Van Gent’s (2003) predictive equations of wave overtopping velocity 

produced similar results to each other, however flow thicknesses did not agree.  This discrepancy 

was investigated by Bosman (2007).  Bosman (2007) hypothesized the difference in flow 

thickness could potentially be explained by differences in experimental setup, in particular the 

different seaward slopes, 1:4 and 1:6, used by the investigators.  The hypothesis suffered a 
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setback when the Flowdike project data, a European Union Programme (Lorke et al. 2009, 

2010), which had a slope of 1:3, fell between the data of Schüttrumpf and Van Gent (2003). 

When evaluating wave overtopping simulator results, van der Meer (2010) discussed these issues 

and demonstrated that existing velocity and flow depth predictions, when combined, violate the 

conservation of mass principle.  Within the document, Van der Meer (2010) concluded further 

research is needed in this area. 

In spite of advances in characterization of steady state aerated flow, little is known about aeration 

and bulking in wave overtopping flows, which vary in time and volume.  The closest analogous 

work is presented in a few studies on dam break waves.  Wave overtopping studies have largely 

minimized aeration as an issue as demonstrated in the EurOtop wave overtopping manual (Pullen 

et al. 2007) where the concept is mentioned. 

Numerous studies on wave runup and overtopping have been conducted yielding many 

predictive equations.  Overtopping and runup investigations relevant to this study are those 

providing the foundation for crest and landside flow thickness prediction.  Studies of particular 

interest include prediction of maximum wave overtopping flow depth exceeded at the outer crest 

by two percent of incoming waves by Bosman (2007), van der Meer (2007a) and Valk (2009).  

Similar relationships are developed for the inner crest by van Gent (2002b) and Bosman (2007).  

Bosman (2007) reviews the work of Schüttrumpf et al. (2001) and van Gent (2002c) and finds a 

discrepancy in the coefficients for flow depth.  Schüttrumpf’s full scale model tests yielded a 

coefficient 2.2 times that of van Gent’s (2002c) small scale tests.  In addition, Schüttrumpf’s 

velocity measurements failed to properly register when velocities exceeded 8.5 ft/s.  Bosman’s 

(2007) conclusion was turbulent, fast-moving aerated flow is difficult to quantify. 
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Van der Meer et al. (2006) used the work of Schüttrumpf and van Gent (2003) as the basis for a 

wave overtopping simulator.  As there existed a discrepancy in predicted flow thicknesses, van 

der Meer (2006) used velocity as the basis of design. Hughes (2008a) provides an excellent 

summary of the equations for velocity, flow thickness and friction factor calculation for 

overtopping waves on the crest and landward side of levees.  The literature does not address 

aeration effects on wave overtopping parameters.  In light of known effects of flow aeration 

during steady state overtopping, such as changing friction factors and decreased buoyancy from 

decreased density (Wood 1983, Chanson 1994b), similar changes to friction factors and 

buoyancy are likely occurring during wave overtopping.  Without incorporating improved 

knowledge of aeration and bulking in wave overtopping, erosion models such as those presented 

(Dean et al. 2010b, Hughes 2011a, van der Meer et al. 2010) will inaccurately portray erosion 

potential of irregular wave overtopping on the landward side of levees. 

The key studies, Wood (1983), Chanson (1994b, 2004a, 2009), van der Meer et. al (2006, 2010), 

Bosman (2007), Pullen et. al (2007), Dean et. al (2010b), Hughes (2007, 2008a, 2008b, 2011a) 

and Thornton et. al (2011, 2012) have been referenced, but there are many more equations 

associated with wave overtopping and its prediction.  A summary of basic predictive equations 

and their source is presented in Appendix A   The table addresses common variables and defines 

key concepts from a selected body of research papers, reports, and manuals applicable to the 

field of designing and evaluating coastal structures to withstand wave runup and wave 

overtopping.  Fundamental relationships commonly presented for designing and evaluating 

coastal structures to withstand wave runup and wave overtopping are identified, and similar 

equations presented in multiple sources are compared for consistency and differences in variable 

notation names are noted. 
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Investigations pertaining to aeration or bulking are notably lacking or altogether absent.  For this 

reason, a testing program was devised and implemented with the objective of providing some 

quantification of the aeration and bulking occurring on landward side levee slopes during wave 

overtopping as presented in Section 1.1. 
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3. Test Facility, Instrumentation and Program 
 

Wave overtopping events in the field are usually unpredictable.  Environmental conditions 

related to overtopping are often dangerous and uncontrollable.  For these reasons, a wave 

overtopping simulator (WOS) was designed and constructed at the Colorado State University 

(CSU) Hydraulics Laboratory.   The CSU WOS is based on the work of van der Meer (2006, 

2007a) and was constructed with funding from the United States Army Corps of Engineers, New 

Orleans District under Project Hope and the assistance of van der Meer Consulting B.V.  Design 

and construction of the WOS are detailed in Thornton et al. (2010). 

 Facility 

The Facility was funded by the United States Army Corps of Engineers, New Orleans District to 

investigate potential levee armoring materials.  Anticipated wave overtopping conditions in the 

New Orleans area dictated the WOS capacity.  The CSU WOS facility is capable of simulating 

full-scale wave overtopping having maximum average overtopping discharges up to 4.0 ft3/s per 

ft (4.0 cfs/ft) and higher depending on the incident wave conditions.  The Facility simulates 

intermittent wave overtopping by controlled periodic releases of specified volumes of water held 

in a large vertical container. 

The WOS was constructed as a fixed-in-place simulator (versus a mobile simulator as in van der 

Meer (2006, 2007a, 2007b, 2008a, 2008b, 2010)) because of the size needed to generate large 

wave overtopping rates.  Thus, for performance testing, instead of transporting a mobile 

simulator to an actual levee, it is necessary to construct a simulated levee surface at the 

simulator.  Grass-covered and armored levee slopes are replicated by special planter trays that 
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contain appropriate soil and vegetation to simulate specific soil/grass characteristics.  Slope 

armoring is installed in the test trays according to product specifications. 

 

Figure 3-1. Schematic of wave overtopping test facility. 

The facility design (Figure 3-1) features two side-by-side 6-ft-wide test channels with steel 

framework to support the levee trays.  The wave overtopping simulator machine (large green 

vertical container shown positioned on the left-side channel in the Figure 3-2) was designed to be 

moved to either test channel.  This feature expedites testing by permitting preparation of a test 

specimen in one channel while testing is in progress in the other channel.  An overhead gantry 

crane facilitates placement and removal of the test planter trays. 
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Figure 3-2.  CSU wave overtopping test facility. 

The upper photograph of Figure 3-2 shows the Test Facility with the Overtopping Simulator 

container (large green box) and the support framework on which the test trays are mounted.  The 

three sequential images on the lower portion of Figure 3-2 demonstrate the release of a large 

overtopping wave volume onto a set of test trays populated with Bermuda grass in this case. 

For research purposes, a specially constructed set of steel trays was fabricated and installed to 

insure surface uniformity and eliminate the potential of varying test conditions resulting from 

erosion of soil and vegetation.  Modifications were made to the typical flume configuration to 

allow for installation of instruments.  Holes were placed in the test surface bed from the crest to 
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the berm with mounts for installation of flush mount pressure transducers as presented in Figure 

3-3.  The result was a full-scale, rigid bed, physical model of the crest, landward slope, and berm 

of a typical levee with the capability of data collection along the entire length as presented in 

Figure 3-3.  Additional instruments visible in Figure 3-3 are surfboards for flow thickness 

measurement and paddle wheel flow sensors for velocity measurement. 

  
Figure 3-3.  CSU wave overtopping test facility instrumentation. 

Water to operate the Wave Overtopping Test Facility is supplied from Horsetooth Reservoir 

shown in the aerial photograph of the CSU Engineering Research Center presented in Figure 3-4.  

Reservoir water is initially supplied through a 36-inch diameter pipe with maximum head 

pressure of 250 ft (110 psi), and the simulator is fed by smaller diameter pipes (12-inch or 3-inch 
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pressure	
transducer

Surfboard 
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flow	sensor 
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diameter depending on the target average wave overtopping discharge).  After water passes 

through the test facility, it flows to College Lake and is used for irrigation. 

 
Figure 3-4.  Location of wave overtopping test facility. 

The CSU wave overtopping simulator has a water volume capacity of approximately 958 ft3.  

This simulator has about three times the capacity of the Dutch mobile overtopping simulator (van 

der Meer 2007a).  The simulator can release individual overtopping wave volumes up to 175 

ft3/ft.   Depending on the overtopping wave condition being simulated, the Wave Overtopping 

Test Facility can replicate wave overtopping events having average overtopping discharges in 

excess of 4.0 ft3/s per ft. 
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 Instrumentation 

Physical parameters measured to characterize the overtopping waves were volumetric flow 

rate (q), individual wave volume (Vw), distance from the face of the WOS (x) (crest and slope), 

surface velocity parallel to the bed (v), pressure (p) and flow thickness perpendicular to the bed 

(y).  Quality, calibrated instrumentation was employed to collect the required data. 

3.2.1. Flow measurement 

During testing, flow is delivered to the simulator at a constant rate equal to the desired average 

overtopping rate.  The flow rate is set and monitored via an Endress + Hauser® electro-magnetic 

flowmeter with precision (as determined by Endress + Hauser®) of + 0.5% of the measured flow 

rate.  Once the water distribution system reaches an equilibrium state, the constant head of 

Horsetooth Reservoir creates a constant, virtually unchanging water discharge to the WOS. 

3.2.2. Simulator control  

A programmable logic controller (PLC), specifically chosen and programmed for the WOS, 

controls valve operation based on user input wave volumes to be simulated.  The PLC sends 

signals to a hydraulic power unit to open and close the WOS valve.  The PLC also measures the 

rotation of the WOS valve via a rotational digital encoder mounted to the WOS valve axis and 

transmits a signal to stop opening the valve at the correct rotation allowing for control of the 

length of time a wave overtops the levee. 

Figure 3-5 presents the stainless steel housing for the PLC with the connection cables and 

internal components.  Figure 3-6 presents the hydraulic power unit that moves the WOS valve 

and the variable speed drive allowing control of WOS valve movement speed. 
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Figure 3-5.  PLC for controlling the WOS. 

  
Figure 3-6.  The hydraulic power unit (left) with variable speed drive (right). 

User input valve control signals are sent from a local personal computer (pc) to the PLC. A 

custom user interface on the pc allows user input for wave number in the sequence, wave volume 

to be simulated, time since beginning of simulation to open the WOS valve, time to close the 

WOS valve and number of degrees to open the valve.  The collection of user input to control the 

WOS is referred to as a “steering file”. The connection between the pc and PLC is an Ethernet 

CAT 5 cable. 

 



 

20 

3.2.3. Surfboards 

The surfboards (as they are colloquially called) are instruments for measuring flow thickness of 

overtopping waves as described in van der Meer (2010) and presented in Figure 3-7. 

 
Figure 3-7.  Surfboard for measuring flow thickness. 

The instrument was designed to hydroplane on the surface of an overtopping wave.  The 

upstream end is hinged to rotate as hydroplaning occurs.  The rotation is measured by a 

Celesco® 8420 potentiometer connected to the hinge which converts rotation to a 4-20 mA 

signal proportional to the degree of rotation.  The logged signal is later converted to a flow 

thickness using a calibration curve relating the signal to surfboard height above the levee surface. 

Surfboards must be constructed using materials and connectors strong enough to withstand the 

forces of wave impact yet light enough to accurately measure flow thickness.  Aluminum frames 

were manufactured for an acceptable strength to weight ratio.  The hydroplane was formed using 
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thin wood paneling with polyurethane coating and attached using recessed machine screws 

threaded into the aluminum frame.  Three surfboards were constructed and used during testing. 

Surfboards are curved to better maintain contact between the surfboard and the water surface.  

Because the surfboard is curved, high velocity flow can lift the downslope end of the surfboard 

out of the water along with the downslope paddlewheel.  For this reason, there is another 

paddlewheel mounted in the surfboards.  The location of the upslope paddlewheel is such that it 

is in contact with flow when the downslope paddlewheel is lifted out of the water. 

Due to the curvature of the surfboard, the distance from the WOS where flow thickness is 

measured varies dependent on the flow thickness measured.  To determine distance from the 

WOS corresponding to a given flow thickness, calibration curves were developed for each 

surfboard installation location similar to the equation for locations one and two 

 y =
27*൫voltagemeasured-1.97൯0.83

12
 (1) 

 x	ൌሺ‐Ͳ.Ͷͳሻy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy+ͳʹ.͵ʹ (2) 

where y equals flow thickness measured in feet and x equals distance in feet downstream from 

the WOS.  All distance equations as a function of flow thickness are presented in Appendix B. 

3.2.4. Paddle wheel flow sensor 

Flow velocity was measured using Seametric® IP-80 series paddle wheel flow sensors 

(paddlewheels) mounted through the surfboards.  A paddlewheel is presented in Figure 3-8.  Two 

paddlewheels were mounted in each surfboard.  The upstream paddlewheel in a surfboard is 

referred to as paddlewheel one and the downstream paddlewheel in the same surfboard is 

paddlewheel two.  The downstream paddlewheel captured low flow conditions and the upstream 
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paddlewheel captured high flow conditions when the curvature of the surfboard lifts the low flow 

paddlewheel out of the flow.  The paddlewheels send a pulse signal to a pulse counter which 

converts pulses to a 4-20 mA output linearly proportional to the pulse rate.  The logged signal is 

later converted to flow velocity using a calibration curve relating pulses, 4-20 mA signal and 

flow velocity.  Paddlewheel data were collected at twenty locations along the levee 

approximately coinciding with the pressure transducer locations. 

 

Figure 3-8.  Paddle wheel flow sensor 

3.2.5. Pressure transducers 

Overtopping flow thickness was measured using Wika® flush mount IS-21-S pressure 

transducers mounted up through the levee from the underside.  This allowed for mounting as 

flush as possible with the surface to diminish measurement effects created by flow transitioning 

from turf to transducer to turf while crossing the transducer.  A pressure transducer is presented 

in Figure 3-9. 
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Figure 3-9.  Pressure transducer 

Pressure transducer data were collected at twenty locations on the levee.  Two locations were on 

the horizontal crest, fifteen locations on the 3:1 levee and three locations were located on the 

25:1 berm.  Distance of each transducer mounting location from the WOS is presented in Table 

3-1.  Transducers were placed approximately two feet apart in the down slope direction.  

Pressure transducer output was a 4-20 mA signal proportional to pressure detected by the sensor. 
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Table 3-1.  Pressure transducer mounting locations 

 

Pressure 
Transducer 
Location 

No. 

Distance 
Downslope 

from WOS (ft) 

WOS  0.00 

Horizontal 
Crest 

1 10.81 
2 12.41 

Slope 
Transition  13.09 

3:1 Levee 
Slope 

3 13.34 
4 17.58 
5 19.88 
6 21.58 
7 23.58 
8 25.59 
9 27.60 
10 29.59 
11 31.60 
12 34.04 
13 36.16 
14 37.60 
15 39.60 
16 42.10 
17 42.80 

Slope 
Transition  43.58 

25:1 Berm 
Slope 

18 45.12 
19 49.58 
20 54.21 

End of 
Simulated 

Levee 
 55.75 

Locations of other instruments are referenced to a transducer location number when discussed.  

For example, paddlewheel one in surfboard two at location seven is the upstream paddlewheel 

mounted in the second surfboard downstream from the WOS and the paddlewheel is over 

pressure transducer location number seven. 
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3.2.6. Staff gages 

Flow thickness was also measured using staff gages placed at eight locations along the slope and 

oriented perpendicular to the slope.  One staff gage was mounted on the horizontal crest, five 

staff gages were mounted along the 3:1 levee and two staff gages were mounted on the 25:1 

berm.  Staff gages were wall mounted and located along the slope to coincide with pressure 

transducer distances from the WOS.  A staff gage is presented in Figure 3-10. 

 
Figure 3-10.  Staff gage. 

3.2.7. Data collection 

Collection of data was accomplished using two methods.  The first method was with the 

electrical instrumentation (surfboard potentiometers, paddle wheel pulse counters and pressure 

transducers).  All electrical instrumentation output a 4-20 mA signal output that was transmitted 

to a National Instruments® SCB-68 shielded connector block where it was converted to one to 

five volts.  The voltage signal is linearly proportional to the measured process within the 

measurement range of the instrumentation.  The voltage then passed to a National Instruments® 
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DAQcard-6036E data acquisition card capable of sampling at 200,000 samples per second.  The 

DAQcard was connected to a pc with custom Labview® data logging software capable of 

recording up to sixteen data channels at a user specified collection rate.  The data collection rate 

was 50 Hz for all electronic instruments. 

The second data collection method was visual observation.  A team of five to eight people were 

assembled and each person assigned to a different staff gage.  As a wave passed, maximum wave 

height on the staff gage was noted and recorded.  To mitigate observer bias, each person rotated 

to the next staff gage for the next wave.  This was repeated until 27 to 30 observations were 

collected for each of the selected wave volumes at each staff gage location. 

3.2.8. Data collection locations 

Electrical instrumentation data collection locations were carefully chosen to best capture wave 

overtopping simulation flow bulking phenomena.  Locations were also chosen to provide 

sufficient down-slope density of collection points.  There were two collection locations on the 

horizontal crest, fifteen on the 3:1 levee and three on the 25:1 berm for twenty total data 

collection locations.  Spacing was approximately two feet between each location.  Location and 

distance from the WOS of representative collection locations is presented in Figure 3-11.  Other 

locations can be deduced from the pressure transducer number (Xdcr #) and the knowledge the 

pressure transducers were located approximately 2 ft. apart.  Location numbers throughout this 

document refer to pressure transducer locations (e.g. Location 2 is the location of pressure 

transducer #2 approximately 13.09 ft downslope of the WOS.)  Staff gages were wall mounted at 

each of the eight pressure transducer locations labeled in Figure 3-11  
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Figure 3-11.  Instrumentation layout (not to scale) 

Xdcr = pressure gage transducer 
Location ‘X’ = location of Xdcr ‘X’ 
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3.2.9. Test program 

The test program was developed to characterize the range of wave volumes produced by the 

WOS at an average overtopping rate of 2.2 cfs/ft.  A series of ten recorded tests were conducted 

in which ninety-six waves presented in Table 3-2 were routed through the WOS.  Each test 

required approximately one hour and ten minutes to complete.  At this average overtopping rate, 

the minimum Vw simulated was 20 ft3/ft (cf/ft) and the maximum Vw was 175 cf/ft.  All volumes 

of multiple five between the minimum and maximum volumes were simulated.  For electrical 

instrumentation, all volumes were randomized simulated in triplicate for repeatability. Thirty-

two unique wave volumes (ninety-six total) were simulated in each of the first seven tests.  

Simulated wave volumes and order of occurrence is presented in Table 3-2. 
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Table 3-2.  Wave volumes and order of occurrence, tests 1-7 

Wave 

Number 

Wave 
Volume 
(ft3/ft) 

 
Wave 

Number 

Wave 
Volume 
(ft3/ft) 

Wave 

Number 

Wave 
Volume 
(ft3/ft) 

Wave 

Number 

Wave 
Volume 
(ft3/ft) 

1 50  25 40  49 80  73 145 
2 20  26 45  50 95  74 65 
3 45  27 145  51 100  75 150 
4 140  28 130  52 125  76 120 
5 80  29 170  53 60  77 160 
6 155  30 170  54 25  78 45 
7 20  31 115  55 120  79 90 
8 145  32 160  56 55  80 90 
9 140  33 75  57 110  81 105 

10 95  34 110  58 135  82 155 
11 90  35 165  59 40  83 80 
12 75  36 155  60 125  84 130 
13 25  37 170  61 100  85 165 
14 35  38 60  62 150  86 120 
15 30  39 165  63 40  87 110 
16 130  40 35  64 125  88 70 
17 50  41 85  65 50  89 35 
18 175  42 115  66 115  90 85 
18 25  43 70  67 135  91 135 
20 55  44 65  68 175  92 95 
21 75  45 160  69 105  93 85 
22 20  46 30  70 105  94 55 
23 70  47 150  71 65  95 100 
24 30  48 175  72 140  96 60 

 

There were a limited number of data channels available at one time to collect data from 

instrumentation.  For this reason, seven tests were initially conducted.  Instrumentation was 

relocated for each test, as necessary, to ensure velocity, flow thickness and pressure were 

collected at each location for each wave volume.  In addition, a surfboard, paddlewheel and 

pressure transducer were located on the horizontal crest (Location 1 or 2) during each test for 

later verification of mass conservation during testing.  The inherent assumption in moving 

instrumentation between tests is wave volumes can be replicated precisely and combining 

measurements across tests is valid.  Maintenance of instrumentation on the crest during every 
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test allowed for verification that the assumption of replication was valid.  Table 3-3 presents 

overtopping thicknesses for selected wave volumes on the crest for Tests 1-7.  The standard 

deviation values show there is some variability between waves.  The low standard error values 

indicate that mean flow thicknesses are likely to be representative of a larger data set were it to 

be collected.  Time series plots of selected wave thicknesses on the crest are presented in 

Appendix C. 

  



 

 31 

Table 3-3.  Crest flow thickness for select wave volumes, all tests 

 

 Wave Volume 

(ft3/ft) 

Test No. 

Wave 

No. 

20 45 65 95 125 145 175 

Flow Thickness (ft) 

1 

1 0.26 0.40 0.66 0.99 0.94 1.14 1.66 
2 0.27 0.42 0.62 0.91 1.03 1.10 1.45 
3 0.35 0.33 0.60 1.09 0.96 1.12 1.33 

2 

1 0.25 0.39 0.63 0.99 1.02 1.10 1.70 
2 0.38 0.43 0.61 1.00 1.02 0.96 1.45 
3 0.26 0.43 0.59 1.02 0.99 1.06 1.28 

3 

1 0.33 0.40 0.61 1.04 0.94 1.18 1.43 
2 0.25 0.49 0.69 1.03 0.97 1.01 1.44 
3 0.28 0.49 0.63 0.85 1.00 0.99 1.31 

4 

1 0.22 0.49 0.63 0.81 0.90 0.97 1.40 
2 0.36 0.47 0.59 0.87 0.86 0.95 1.17 
3 0.21 0.39 0.62 0.73 0.86 0.97 1.12 

5 

1 0.31 0.55 0.69 0.78 0.94 1.01 1.23 
2 0.23 0.51 0.67 0.87 0.92 1.00 1.18 
3 0.26 0.48 0.66 0.85 0.91 0.93 1.14 

6 

1 0.25 0.40 0.63 0.84 0.87 0.96 1.33 
2 0.28 0.41 0.61 0.97 0.87 1.01 1.16 
3 0.28 0.39 0.59 0.88 0.89 0.94 1.28 

7 

1 0.25 0.40 0.58 0.87 0.83 0.95 1.22 
2 0.23 0.39 0.61 0.79 0.84 0.96 1.14 
3 0.22 0.36 0.61 0.80 0.82 0.95 1.14 

 

 
       

Mean  0.27 0.43 0.63 0.90 0.92 1.01 1.31 
 

 
       

Standard 

Deviation 

 0.05 0.05 0.03 0.10 0.06 0.07 0.16 
 

 
       

Standard 

Error 
 0.01 0.01 0.01 0.02 0.01 0.02 0.04 

         
Standard 

Deviation 

as % of 

Mean 

 17 13 5.0 11 7.0 7.2 12 

 

Staff gages required more repetition and manpower due to the nature of collection.  For this 

reason, fewer volumes were replicated and staff gage data collection was accomplished in tests 
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separate from electronic data collection.  Tests 8, 9 and 10 were primarily for staff gage data 

collection.  Pressure transducers were also installed for later comparison to tests one through 

seven to validate wave profiles appeared equal at equal locations.  For staff gage data collection, 

each wave volume was repeated ten times sequentially before beginning the next higher wave 

volume.  Recording of data occurred as described in Section 3.2.7.  A summary of the test 

program and data collection is presented in Table 3-4. 



33 

Table 3-4.  Test program 

Position 

Test Number 

1 2 3 4 5 6 7 8 9 10

1 PT, SB, PW PT, SB SB SB PT, SB PT, SB PT, SB PT 

2 PT, SB, PW SB, PW PT, SB, PW PT, SB, PW PT, SB, PW PT, SB, PW PT, SB, PW PT, SG PT, SG PT, SG 

3 PT, SB, PW PT 

4 PT, SB, PW SG PT, SG SG 

5 PT  PT

6 PT, SB, PW PT 

7 PT, SB, PW PT, SB, PW PT, SG SG SG 

8 PT, SB, PW PT, SB, PW PT 

9 PT, SB, PW PT, SB, PW PT 

10 PT, SB, PW PT, SB, PW PT 

11 PT, SB, PW PT, SB, PW SG PT, SG SG 

12 PT, SB, PW PT 

13 PT, SB, PW PT, SB, PW PT 

14 PT, SB, PW PT, SB, PW SG SG PT, SG 

15 PT, SB, PW PT, SB, PW PT 

16 PT, SB, PW PT 

17 PT SG SG PT, SG 

18 PT PT SG SG PT, SG 

19 PT PT, SB, PW SB,PW PT 

20 PT PT PT PT PT, SB, PW PT PT PT, SG PT, SG PT, SG 
(1)PT – pressure transducer 
(2)SB – surfboard 
(3)PW – paddle wheel sensor 
(4)SG – staff gage 
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4. Data Collection 
 

The data collected during testing included wave volume (Vw), distance downslope from WOS 

(x), velocity (v), pressure (p), flow thickness by surfboard and flow thickness by staff gage (y).  

Two means of data collection were employed:  electrical and observational.  Electrical data 

consisted of sensor output during ten tests.  Observational data were collected during Tests 8-10. 

During Tests 1-7, each test was comprised of ninety-six consecutive waves.  Thirty-two unique 

wave volumes were simulated.  Each volume was simulated in triplicate, and volumes were 

multiples of 5 ft3/ft between 20 and 175 ft3/ft.  Volumes were released from the WOS in random 

order to more closely simulate levee conditions. 

Fourteen sensors were employed during each test including paddlewheel velocity sensors, 

pressure transducers and surfboards attached to rotational potentiometers.  A total of 9,408 

unique measurements of wave characteristics were collected electrically between the 

paddlewheel sensors, pressure transducers and surfboards in Tests 1-7. 

Observational data were comprised of staff gage visual observations documented during Tests 

8-10.  Each test was composed of thirty-two unique wave volumes replicated ten times for a total 

320 waves per test.  Observations were made at eight locations during each test for a total of 

6,708 staff gage observations.  Eight pressure transducers were utilized to collect data during the 

staff gage tests for later comparison to Tests 1-7 pressure transducer data.  The complete data set 

consisted of 16,116 unique observations of wave data values,e.g. Vw and  x, v, p, y as a function 

of time. 
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 Paddlewheel Flow Sensors 

The paddlewheel flow sensors mounted in the surfboards generated a voltage sending a 

continuous stream of data that was logged to a text file at 50 Hz for the duration of each test.  An 

example portion of plotted voltage data from paddlewheel flow sensor one mounted in surfboard 

1 at Location 2 during Test 1 is presented in Figure 4-1.  The first five hundred seconds of test 

one is presented showing voltages resulting from twelve waves ranging in volume from 20 to 

155 ft3/ft. 

 
Figure 4-1.  Paddlewheel sensor data example. 

Voltages were subsequently converted to velocity data using the equation: 

 v =
125 ∗ ൫voltagemeasured-voltagezero൯

7.29
 (3) 

derived from the calibration curve presented in Figure 4-2 where v equals velocity in feet per 

second.  Multiple paddlewheels were calibrated prior to testing in un-aerated, steady state flow..  
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Each calibration yielded the same result within tolerances.  A voltagezero value was recorded 

prior to each test. 

 
Figure 4-2.  Paddlewheel sensor calibration. 

Wave data were selected, separated and organized by volume and location to create the working 

data set.  As an example, a 175 ft3/ft wave velocity profile from the two paddlewheels of 

surfboard 1 in Test 1 at Location 1 and 2 is presented in Figure 4-3.  The measured wave velocity 

from approximately 674 to 692 seconds during test one has a peak velocity of approximately 

25.5 ft/s. 

PW Velocity = ((Voltage‐1.0)*125)/7.29
R² = 0.99

0

5

10

15

20

25

30

35

0.0 1.0 2.0 3.0 4.0 5.0

P
it
o
t V

e
lo
ci
ty

 (f
t/
s)

Paddle Wheel Output (Volts)

Paddle Wheel Calibration

PW2 PW1 Calibration w/ Pitot



 

 37 

 
Figure 4-3.  Wave velocity profile. 

Wave velocity measurements were used along with concurrent flow thickness measurements for 

mass conservation verification. 

 Pressure Transducers 

The pressure transducers generated a voltage sending a continuous stream of data that was 

logged to a text file at 50 Hz for the duration of each test.  An example portion of plotted voltage 

data from pressure transducer 2 during Test 1 is presented in Figure 4-4.  The first five hundred 

seconds of Test 1 is presented showing twelve waves ranging in volume from 20 to 155 ft3/ft. 
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Figure 4-4.  Pressure transducer data example. 

Voltages were converted to flow thickness data using the equations: 

 
p =k*൫voltagemeasured-voltagezero൯ 
(k = 2.5 or 5.0 depending on the pressure transducer) 

(4) 

 y =2.31 ∗ p ∗ cos ߠ (5) 

 

where p equals pressure in pounds per square inch, y equals flow thickness perpendicular to the 

bed in feet and θ equals slope angle in degrees.  A voltagezero value was recorded prior to each 

test. 

Pressure transducer data were selected, separated and organized by volume and location to create 

the working data set.  As an example, the measured flow thickness time series of 175 ft3/ft wave 

from the pressure transducer at Location 2 during Test 1 is presented in Figure 4-5.  Figure 4-5 
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illustrates the measured wave thickness from approximately 674 to 692 seconds during Test 1 

with a peak flow thickness of approximately 2.2 ft. 

 
Figure 4-5.  Flow thickness by pressure transducer example. 

Pressure transducer flow thickness measurements were collected though not used for this 

analysis.  Mass conservation with pressure transducer data was found to be problematic.  A 

possible explanation of this is the great deal of turbulence affecting pressure transducer readings. 

 Surfboards 

The surfboard rotational potentiometers generated a voltage sending a continuous stream of data 

that was logged to a text file at 50 Hz for the duration of each test.  An example portion of 

plotted voltage data from surfboard 1 during Test 1 is presented in Figure 4-6.  The first five 
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hundred seconds of Test 1 is presented showing twelve waves ranging in volume from 20 to 155 

ft3/ft. 

 
Figure 4-6.  Surfboard data example. 

Voltages from the rotational potentiometers were converted to flow thickness using the 

calibrated equations for surfboards 1, 2 and 3: 

௠௘௔௦௨௥௘ௗ݁݃ܽݐ݈݋ݒௌ஻ଵ =27.0*ሺݕ  െ  ௭௘௥௢ሻ଴.଼ଷ (6)݁݃ܽݐ݈݋ݒ

௠௘௔௦௨௥௘ௗ݁݃ܽݐ݈݋ݒௌ஻ଶ =45.1*ሺݕ  െ ௭௘௥௢ሻ଴.଼଻݁݃ܽݐ݈݋ݒ (7) 

௠௘௔௦௨௥௘ௗ݁݃ܽݐ݈݋ݒௌ஻ଷ =22.3*ሺݕ  െ  ௭௘௥௢ሻ଴.଼ଷ (8)݁݃ܽݐ݈݋ݒ

These relationships were derived from the calibration curves presented in Figure 4-7, Figure 4-8 

and Figure 4-9 where ysbn equals flow thickness measured by surfboard ‘n’ in feet.  A voltagezero 

value was recorded prior to each test. 

1 

9
10 

11 

12

4 

5 

6

7

8

2 

3 



 

 41 

 
Figure 4-7.  Flow thickness calibration curve, surfboard one. 

 
Figure 4-8.  Flow thickness calibration curve, surfboard two. 
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Figure 4-9.  Flow thickness calibration curve, surfboard three. 

Surfboard data were selected, separated and organized by volume and location to create the 

working data set.  As an example, a 175 ft3/ft wave flow thickness derived from surfboard 

measurements at Location 1 during Test 1 is presented in Figure 4-10.  The measured flow 

thickness from approximately 674 to 692 seconds during Test 1 had a peak flow thickness of 

approximately 1.8 ft. 
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Figure 4-10.  Wave thickness by surfboard profile. 

Surfboard flow thickness measurements were used for flow thickness determination and mass 

conservation verification. 

 Staff Gages 

Collected staff gage data were point values of maximum flow thickness observations made by 

multiple observers.  Thirty-two different wave volumes were each observed for maximum flow 

thickness from twenty-five to thirty times at eight different locations.  An example of wave 

volume thicknesses for seven wave volumes observed at location two (on the horizontal crest) is 

presented in Figure 4-11.  Plotted for each volume are the thirty observations with the exception 

of wave volume 20 ft3/ft which had twenty-five observations.  Observed flow thicknesses at 
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Location 2 for seven wave volumes between 175 and 20 ft3/ft ranged from approximately 3.5 ft 

to 0.25 ft., respectively. 

 
Figure 4-11.  Staff gage maximum wave thickness at Location 2 (horizontal crest). 

Observed staff gage flow thickness measurements were used for maximum flow thickness 

determination. 

 Test Procedure 
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followed to ensure instrumentation was functioning properly and testing conditions could be 

replicated.  The testing procedure for Tests 1-7 was as follows: 

1) Pressure transducers were mounted in the levee slope at pre-determined locations; 

2) Surfboards were mounted so paddlewheel velocity meters and flow thickness 

instruments collected data at installed pressure transducer locations;  

3) Data collection cables were attached to instruments; 

4) A surfboard calibration curve was determined by raising the surfboard incrementally 

off the levee surface, fixing the surfboard position, recording the minimum distance 

between the curved surfboard surface and the levee surface and recording the 

measured voltage.  This was repeated at approximately one inch intervals from zero 

to twenty-four inches perpendicularly above the levee surface.  The collected voltages 

were later analyzed resulting in the surfboard calibration curves presented in Figure 

4-7 through Figure 4-9; 

5) All instrumentation was checked to ensure it was functioning and responding to input 

by exciting the instrument and verifying a change in voltage was measured; 

6) Once instrumentation was installed and verified as functioning properly, the wave 

steering file was loaded in to the WOS computer to produce the wave volumes 

presented in Table 3-2; 

7) The WOS was verified to be functioning and responding to control signals; 

8) Ten seconds of data were recorded from each instrument as a “zero” point and 

checked to verify data collection was occurring; 

9) Incoming flow rate was set to 2.2 cfs/ft (13.2 cfs pipe inflow); 

10) Data collection began a few seconds prior to beginning a test; 

11) Post-test, flow was stopped and data collection was verified and the WOS shut down; 

12) Collected data in the form of text files were transferred to CSU servers for later 

analysis. 

Staff gage data were collected in Tests 8-10.  The testing procedure for Tests 8-10 was as 

follows: 

1) Pressure transducers were mounted in the levee slope at pre-determined locations; 
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2) Data collection cables were attached to pressure transducers; 

3) All instrumentation was checked to ensure it was functioning and responding to input 

by exciting the instrument and verifying a change in voltage was measured; 

4) Once instrumentation was installed and verified as functioning properly, a wave 

steering file was loaded in to the WOS computer to produce ten identical wave 

volumes; 

5) The WOS was verified to be functioning and responding to control signals; 

6) Ten seconds of electronic data were recorded from each instrument as a “zero” point 

and checked to verify data collection was occurring; 

7) Incoming flow rate was set to 2.2 cfs/ft (13.2 cfs pipe inflow); 

8) Six to eight personnel were each assigned to monitor one of eight staff gages mounted 

to the flume wall; 

9) Electronic data collection began a few seconds prior to beginning a test; 

10) During testing, observed maximum flow thickness for a wave on a staff gage was 

recorded by each person.  Between waves, personnel rotated to the next staff gage 

downstream (or to the most upstream gage for the last person downstream) to record 

the next wave.  This was repeated until ten waves of the same volume were 

simulated.  In this manner, eight to ten observations were collected at each staff gage.  

Personnel rotation was used to help eliminate observational bias; 

11) The procedure was repeated for the thirty-two wave volumes; 

12) Post-test, flow was stopped, data collection was verified and the WOS shut down; 

13) Documented staff gage maximum flow thicknesses were later collated into a working 

data set.  Collected electronic data in the form of text files were transferred to CSU 

servers for later analysis. 

 Data Summary 

Data were collected during ten tests.  Data consisted of paddlewheel flow sensor, pressure 

transducer, surfboard and staff gauge observations.  Paddlewheel sensor, pressure transducer and 

surfboard data were converted to velocity and flow thickness values, respectively, using 
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calibration equations relating sensor voltage output to a measured value.  Staff gage observations 

were recorded directly and compiled into the final data set available for analysis.  
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5. Analysis, Findings and Discussion 
 

The collected data described in Chapter 4 were reviewed, systematically screened and analyzed 

for wave thickness trends, including bulking, associated with wave overtopping on the landward 

side of levees.  Data are grouped and displayed based on simulated wave volume, slope distance 

from the WOS and bulking coefficient.  Bulked and un-bulked flow thicknesses are displayed 

and examined.  Simulated wave volumes are examined for mass conservation.  Average wave 

bulking coefficients are quantified for simulated wave volumes at specified slope distances from 

the WOS.  A second order multivariable polynomial regression is used for empirical model 

development predicting bulking coefficients on the landward side of levees during simulated 

wave overtopping.  The bulking coefficient predictive model residuals are presented.  The 

predictive model is evaluated for engineering conservatism based on the residuals and 

engineering judgement. 

 Analysis Methods 

Bulking flow thickness coefficients were determined for each simulated wave volume at each of 

the data collection locations using un-bulked and bulked maximum flow thicknesses.  Un-bulked 

maximum flow thicknesses were determined using the surfboard continuous data stream 

described in Section 4.3.  It should be noted that the surfboards are the best currently available 

technology for measuring the un-bulked flow depth during wave overtopping.  As with any 

mechanism designed to “plane”, the surfboard’s ability to hydro-plane is a function of velocity of 

flow and density of flow.  It is likely that there is some level of aeration in the un-bulked 

overtopping wave thicknesses since a sufficiently high velocity of very low density fluid would 

cause the surfboards to hydroplane.  However, it is the best available method for such 
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measurements.  It is considered acceptable since the additional “un-measured” bulking will only 

add a level of conservatism in shear stress based design. 

Bulked maximum flow thicknesses were determined using the staff gage data described in 

Section 4.4.  A bulking coefficient was determined at each location for each wave volume by 

normalizing the bulked maximum flow thickness using the un-bulked maximum flow thickness.  

This collection of bulking coefficients formed the final data set for bulking predictive model 

development.   

For un-bulked maximum flow thickness, surfboard flow thickness values on the 3:1 slope for 

each wave volume were collected at locations coincident with staff gage locations.  Surfboard 

flow thickness data was analyzed for peak flow thickness.  Peak flow thickness was determined 

using a combination of Mathworks MatLab® and Microsoft Excel® software.  Because data 

collection was a continuous stream of data, Matlab® was used to select each wave beginning and 

ending time at each location used for analysis.  Each wave was analyzed in Excel® for peak flow 

thickness by calculating a running half second average for the duration of wave overtopping.  

The highest half second average value was used as the peak flow thickness of the wave at that 

location.  The peak flow thickness values from the three waves of equal volume at equal 

locations were averaged for the final un-bulked flow thickness data set presented in Table 5-1.  

Location 17 (42.80 ft. from WOS) was affected by slope geometry and was not included in the 

final analysis.  See Figure 3-11 for downslope locations. 
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Table 5-1.  Surfboard flow thickness, in feet 

Wave Volume 
(ft3/ft) Downslope Distance (feet from WOS) 

12.41 17.58 23.58 31.60 37.60 
175 1.48 1.33 1.45 1.27 1.42 
170 1.27 1.33 1.43 1.34 1.40 
165 1.26 1.30 1.41 1.26 1.37 
160 1.11 1.28 1.25 1.34 1.25 
155 1.12 1.20 1.27 1.30 1.23 
150 1.11 1.20 1.25 1.25 1.14 
145 1.12 1.05 1.16 1.18 1.10 
140 1.07 1.03 1.22 1.19 1.05 
135 1.01 0.99 1.10 1.06 0.93 
130 1.02 0.97 1.15 1.09 0.94 
125 0.98 0.91 1.05 1.05 0.86 
120 1.01 0.95 1.05 1.02 0.87 
115 1.00 0.89 1.00 0.98 0.86 
110 0.97 0.87 0.95 0.98 0.78 
105 1.02 0.85 1.01 0.99 0.77 
100 1.00 0.85 0.91 0.90 0.77 
95 1.00 0.79 0.95 0.81 0.77 
90 0.99 0.75 0.98 0.81 0.71 
85 0.93 0.68 0.98 0.78 0.66 
80 0.81 0.59 0.84 0.62 0.63 
75 0.74 0.52 0.88 0.56 0.64 
70 0.72 0.49 0.82 0.55 0.57 
65 0.62 0.42 0.73 0.50 0.53 
60 0.53 0.41 0.63 0.46 0.49 
55 0.52 0.39 0.57 0.42 0.47 
50 0.42 0.32 0.45 0.37 0.39 
45 0.38 0.29 0.40 0.31 0.35 
40 0.34 0.27 0.31 0.22 0.27 
35 0.32 0.22 0.29 0.23 0.25 
30 0.34 0.22 0.30 0.21 0.26 
25 0.29 0.21 0.27 0.20 0.23 
20 0.29 0.19 0.26 0.21 0.25 

 

Maximum bulked flow thicknesses were determined from twenty-five to thirty staff gage flow 

thickness readings recorded for each volume at each location.  The staff gage flow thickness 

values for each wave volume at each location were averaged for the final maximum bulked flow 
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thickness data set presented in Table 5-2.  Average error of staff gage readings from the accepted 

value was + 4.9%.  Staff gage readings were within + 4.4% for values greater than 60 ft3/ft, + 

5.6% for wave volumes 50, 55 and 60 ft3/ft and + 6.5% for wave volumes less than 45 ft3/ft.    

See Figure 3-11 for downslope locations 

Table 5-2.  Staff gage flow thickness, in feet 

Wave Volume 
(ft3/ft) Downslope Distance (feet from WOS) 

12.41 17.58 23.58 31.60 37.60 
175 2.98 2.89 2.70 1.44 1.40 
170 2.86 2.66 2.38 1.45 1.33 
165 2.70 2.57 2.13 1.38 1.29 
160 2.65 2.26 1.92 1.33 1.23 
155 2.32 2.26 1.79 1.27 1.24 
150 2.40 1.98 1.77 1.23 1.26 
145 2.21 2.07 1.70 1.20 1.16 
140 2.09 1.96 1.50 1.17 1.15 
135 1.97 1.86 1.48 1.07 1.03 
130 1.83 1.78 1.39 1.04 1.05 
125 1.67 1.66 1.29 1.04 0.96 
120 1.58 1.70 1.23 0.95 0.98 
115 1.56 1.66 1.21 0.96 0.92 
110 1.34 1.56 1.20 0.90 0.85 
105 1.34 1.58 1.14 0.87 0.83 
100 1.29 1.51 1.09 0.86 0.83 
95 1.24 1.58 1.09 0.82 0.81 
90 1.11 1.43 0.97 0.80 0.81 
85 1.10 1.31 0.92 0.86 0.81 
80 1.05 1.25 0.84 0.71 0.77 
75 0.93 1.06 0.79 0.71 0.75 
70 0.86 0.95 0.76 0.64 0.67 
65 0.77 0.80 0.62 0.56 0.64 
60 0.67 0.70 0.56 0.57 0.64 
55 0.62 0.69 0.48 0.47 0.54 
50 0.56 0.54 0.42 0.50 0.49 
45 0.49 0.43 0.37 0.40 0.42 
40 0.46 0.38 0.37 0.37 0.40 
35 0.42 0.34 0.36 0.33 0.35 
30 0.40 0.31 0.32 0.31 0.33 
25 0.39 0.29 0.30 0.31 0.32 
20 0.36 0.34 0.31 0.26 0.38 
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  Validity Check 

A validity check of mass conservation was performed by computing the mass for each wave 

volume from collected velocity, flow thickness and collection rate data at the crest location.  

Conservation of mass is a fundamental principle used to verify the validity of collected data in 

the form 

 

ߩ  ∙ ௪ܸ௔௩௘ ൌ ߩ ∙ ቌ෍ ௧ܸ ∙ ௧ܻ ∙ ௧೙ݐ∆
௧ୀ଴ ቍ (9) 

 
where ρ = density of water, Vwave = wave volume in cubic feet per foot of width, tn = total wave 

overtopping time, Vt = velocity in feet per second at time t, Yt = surfboard flow thickness in feet 

at time t and Δt = time between data samples, in seconds.  A spreadsheet was created to 

differentiate between the two paddlewheel velocities collected at a location and select the highest 

value.  Assuming water in the WOS and that flowing beneath the surfboard have equal densities, 

the higher flow velocity was multiplied by surfboard flow thickness measured at the same 

moment and by the time step between data collection times (0.02 sec.) for the length of each 

individual wave overtopping time.  This yielded incremental wave overtopping discharges for a 

period of 0.02 seconds.  All incremental discharges were summed to obtain total overtopping 

wave volume and the calculated sum was compared to expected wave volumes (programmed 

into the WOS steering file) on the horizontal crest.  Unexplainable discrepancies between the 

anticipated volume and the calculated volume could indicate instrumentation issues, calibration 

issues with the WOS or differences in fluid density between the WOS and surfboard 

measurements.  Results are presented in Table 5-3. 
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Table 5-3.  Wave volume by mass conservation 

Simulated Wave 
Volume (ft3/ft) 

Mass Conservation Average Percent Difference 
vs. Anticipated VolumeWave Volume 

 Wave #1 Wave #2 Wave #3  
175 175.8 167.4 167.0 -2.8 
170 158.4 154.9 161.6 -6.9 
165 155.8 156.1 159.7 -4.7 
160 154.0 147.5 149.6 -6.0 
155 147.8 143.2 142.1 -6.8 
150 142.2 137.5 139.9 -6.8 
145 138.7 138.3 135.2 -5.2 
140 137.9 132.2 133.4 -3.9 
135 133.3 133.6 129.0 -2.2 
130 127.2 121.7 126.8 -3.7 
125 124.5 131.3 128.1 2.4 
120 127.2 118.7 116.3 0.6 
115 112.0 115.4 117.3 -0.1 
110 108.9 113.6 111.6 1.2 
105 106.8 105.8 105.5 1.0 
100 102.2 108.8 105.3 5.4 
95 93.2 97.6 98.7 1.6 
90 92.3 97.3 93.4 4.9 
85 90.7 97.0 85.2 7.0 
80 83.0 83.6 83.3 4.1 
75 76.9 71.5 79.9 1.4 
70 68.0 68.9 71.9 -0.6 
65 66.4 59.0 57.9 -6.0 
60 52.2 53.4 51.2 -12.9 
55 55.7 45.6 45.0 -11.3 
50 51.5 43.8 35.6 -12.8 
45 35.4 39.0 28.4 -23.8 
40 34.6 22.1 23.5 -33.2 
35 24.7 20.0 19.7 -38.7 
30 21.8 22.9 16.4 -32.1 
25 14.2 14.5 13.4 -43.7 
20 10.1 10.5 12.7 -44.5 
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Wave volumes were within + 7.0 percent for values greater than 60 ft3/ft, -11 to 13.0 percent for 

wave volumes 50, 55 and 60 ft3/ft and -23 to 45 percent for wave volumes less than 45 ft3/ft.  It 

is believed the smaller waves had a more significant portion of total wave volume incapable of 

supporting the surfboard weight.  This resulted in greater error for smaller waves.  However, 

acceptable results with higher wave volumes indicate model setup and data collection were 

functioning properly.  Also, flow thickness measurements by the surfboard at the higher wave 

volumes (which have more bulking) seem to be not greatly affected by flow bulking.  For these 

reasons, all wave volumes were included in the analysis because maximum flow thicknesses 

should have been unaffected. 

 Bulking Predictive Model 

Wave flow thicknesses were determined using staff gage and surfboard measurements.  

Surfboard flow thickness measurements were considered un-bulked maximum flow conditions 

while staff gage measurements represented bulked maximum flow thickness conditions.  For 

each location and wave volume, the bulking coefficient, BC, was determined using 

 BC=
ySG
ySB

 (10)

where ySG is the staff gage flow thickness and ySB is the surfboard flow thickness.  The bulking 

coefficient represents the increase to flow thickness as a result of air entrainment at peak flow 

thickness.  Final bulking coefficient values were determined by averaging the three BC values at 

each location for each wave volume.  Bulking coefficients are presented in Table 5-4. 
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Table 5-4.  Wave bulking coefficients. 

Simulated Wave 
Volume 
(ft3/ft) 

Downslope Distance 
(feet from WOS)

12.41 17.58 23.58 31.60 37.60 
175 2.01 2.17 1.86 1.14 0.99 

170 2.25 2.00 1.66 1.08 0.95 

165 2.14 1.98 1.52 1.09 0.94 

160 2.38 1.76 1.54 0.99 0.98 

155 2.07 1.88 1.42 0.98 1.01 

150 2.15 1.66 1.42 0.99 1.11 

145 1.97 1.97 1.46 1.02 1.05 

140 1.95 1.90 1.23 0.98 1.10 

135 1.95 1.87 1.35 1.01 1.11 

130 1.80 1.84 1.21 0.96 1.11 

125 1.71 1.82 1.23 0.99 1.12 

120 1.57 1.80 1.17 0.94 1.12 

115 1.56 1.86 1.22 0.98 1.08 

110 1.38 1.79 1.26 0.92 1.08 

105 1.31 1.84 1.13 0.89 1.07 

100 1.29 1.79 1.20 0.96 1.09 

95 1.24 1.99 1.15 1.00 1.05 

90 1.12 1.90 0.99 0.98 1.14 

85 1.19 1.92 0.94 1.10 1.22 

80 1.30 2.13 1.00 1.14 1.23 

75 1.26 2.06 0.90 1.26 1.18 

70 1.20 1.95 0.93 1.18 1.17 

65 1.24 1.89 0.85 1.11 1.22 

60 1.28 1.70 0.90 1.24 1.29 

55 1.19 1.76 0.85 1.13 1.16 

50 1.34 1.67 0.92 1.37 1.26 

45 1.29 1.48 0.91 1.27 1.18 

40 1.35 1.42 1.18 1.64 1.49 

35 1.32 1.55 1.23 1.42 1.37 

30 1.20 1.46 1.07 1.49 1.29 

25 1.33 1.37 1.14 1.52 1.35 
20 1.25 1.80 1.19 1.22 1.50 
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Bulking coefficient values less than 1.0 would indicate a flow thickness decrease as a result of 

aeration.  This is not physically possible.  Of 160 BC values, twenty one values are between 1.0 

and 0.90 and three values are less than 0.90.  To better approach reality, these BC values were 

interpreted as measurement error and represented as 1.0 during analysis.  The final BC values 

used for regression are presented in Table 5-5. 
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Table 5-5.  Final wave bulking coefficients. 

Simulated Wave 
Volume 
(ft3/ft) 

Downslope Distance 
(feet from WOS)

12.41 17.58 23.58 31.60 37.60 
175 2.01 2.17 1.86 1.14 1.00 
170 2.25 2.00 1.66 1.08 1.00 
165 2.14 1.98 1.52 1.09 1.00 
160 2.38 1.76 1.54 1.00 1.00 
155 2.07 1.88 1.42 1.00 1.01 
150 2.15 1.66 1.42 1.00 1.11 
145 1.97 1.97 1.46 1.02 1.05 
140 1.95 1.90 1.23 1.00 1.10 
135 1.95 1.87 1.35 1.01 1.11 
130 1.80 1.84 1.21 1.00 1.11 
125 1.71 1.82 1.23 1.00 1.12 
120 1.57 1.80 1.17 1.00 1.12 
115 1.56 1.86 1.22 1.00 1.08 
110 1.38 1.79 1.26 1.00 1.08 
105 1.31 1.84 1.13 1.00 1.07 
100 1.29 1.79 1.20 1.00 1.09 
95 1.24 1.99 1.15 1.00 1.05 
90 1.12 1.90 1.00 1.00 1.14 
85 1.19 1.92 1.00 1.10 1.22 
80 1.30 2.13 1.00 1.14 1.23 
75 1.26 2.06 1.00 1.26 1.18 
70 1.20 1.95 1.00 1.18 1.17 
65 1.24 1.89 1.00 1.11 1.22 
60 1.28 1.70 1.00 1.24 1.29 
55 1.19 1.76 1.00 1.13 1.16 
50 1.34 1.67 1.00 1.37 1.26 
45 1.29 1.48 1.00 1.27 1.18 
40 1.35 1.42 1.18 1.64 1.49 
35 1.32 1.55 1.23 1.42 1.37 
30 1.20 1.46 1.07 1.49 1.29 
25 1.33 1.37 1.14 1.52 1.35 
20 1.25 1.80 1.19 1.22 1.50 
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Simulated wave volumes, Vw, distance from the WOS, X (in feet) and bulking coefficient values, 

BC, were evaluated using the curve fitting tool in Matlab.  A second-order polynomial fit resulted 

using the robust, bi-square method to minimize possible data outlier effects on regression 

outcome.  An empirical bulking coefficient model for the landward side of 3:1 levees during 

simulated wave overtopping is: 

ͻ.ͶE‐Ͷ	൅	஼ =ͳ.ͳͺܤ  ௐܸ	 െ ͹.ͺܧ‐͵ܺ ൅ ͳ.ͳܧ‐ͷ ௐܸଶ െ ͹.͸ܧ‐ͷ ௐܸܺ ൅ ͳ.ͳܧ‐Ͷܺଶ	 (11) 

where VW is wave volume in ft3/ft and X is slope distance from the WOS in feet.  Model 

coefficient of determination (R2) is 0.72.  The predictive regression curve is presented in Figure 

5-1.  The predictive curve with upper and lower 95% confidence bounds is presented in Figure 

5-2.  Figure 5-3 through Figure 5-7 present bulking coefficients by wave volume and location for 

each wave volume examined on two dimensional plots. 

There is a trend of decreasing bulking coefficient with decreasing wave volume and distance 

from the simulator.  However, all influencing factors, such as a measurable “plunging” effect by 

waves after passing over the crest transition and when bulking caused by surface roughness 

supersedes bulking created by wave simulation, have not yet been explained in literature.  The 

first phenomena is demonstrated in Figure 5-3 where wave volume 70 ft3/ft demonstrates a 

higher bulking coefficient than wave volume 125 ft3/ft approximately 18 ft from the WOS.  The 

second phenomena is demonstrated in Figure 5-4 where bulking coefficients for large wave 

volumes are higher than smaller volumes approximately 18 ft from the WOS and subsequently 

lower than small wave volumes immediately downslope at approximately 24 ft from the WOS.  

As such, regression equations should be used cautiously. 
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Figure 5-1.  Predictive regression curve fit. 

 

Figure 5-2.  Regression curve fit with 95% confidence bounds. 

Vw (ft3/ft) 
X (ft) 

BC 

BC 

Vw (ft3/ft)  X (ft) 

BC = 1.18+ 9.4E‐4Vw – 7.8E‐3X + 1.1E‐5(Vw)2 – 7.6E‐5 VwX + 1.1E‐4X2
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Figure 5-3.  Bulking coefficient by wave volume and location, 20 – 175 ft3/ft. 

 
Figure 5-4.  Bulking coefficient by wave volume and location, 20 – 55 ft3/ft. 
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Figure 5-5.  Bulking coefficient by wave volume and location, 60 – 95 ft3/ft. 

 
Figure 5-6.  Bulking coefficient by wave volume and location, 100 – 135 ft3/ft. 
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Figure 5-7.  Bulking coefficient by wave volume and location, 140 – 175 ft3/ft. 
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Table 5-6.  To determine a percent error regression residuals were normalized using observed 

data.  The normalized residuals demonstrate the percent difference between the model and 

observed condition.  The closer the normalized residual is to zero, the better the model.  The 

percent difference between model and observed conditions are presented in Table 5-7. 

 
Figure 5-8.  Regression residuals. 
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Table 5-6.  Regression residuals (ft). 

Simulated Wave 
Volume 
(ft3/ft) 

Downslope Distance 
(feet from WOS)

12.41 17.58 23.58 31.60 37.60 
175 0.58 0.83 0.62 0.02 -0.04 
170 0.84 0.68 0.44 -0.03 -0.03 
165 0.75 0.68 0.31 0.00 -0.02 
160 1.01 0.47 0.34 -0.08 -0.01 
155 0.71 0.61 0.24 -0.07 0.01 
150 0.81 0.40 0.25 -0.07 0.11 
145 0.65 0.73 0.30 -0.04 0.06 
140 0.64 0.67 0.08 -0.05 0.12 
135 0.66 0.65 0.21 -0.03 0.13 
130 0.52 0.63 0.08 -0.03 0.14 
125 0.44 0.63 0.11 -0.03 0.15 
120 0.32 0.62 0.06 -0.02 0.15 
115 0.32 0.69 0.12 -0.02 0.12 
110 0.15 0.63 0.17 -0.01 0.12 
105 0.09 0.69 0.05 -0.01 0.11 
100 0.08 0.65 0.12 0.00 0.13 
95 0.04 0.86 0.08 0.00 0.09 
90 -0.07 0.77 -0.07 0.00 0.19 
85 0.01 0.80 -0.06 0.11 0.27 
80 0.13 1.02 -0.06 0.15 0.27 
75 0.10 0.95 -0.05 0.27 0.22 
70 0.05 0.85 -0.05 0.19 0.21 
65 0.10 0.80 -0.05 0.12 0.26 
60 0.14 0.61 -0.04 0.25 0.33 
55 0.06 0.67 -0.04 0.14 0.19 
50 0.22 0.59 -0.04 0.38 0.29 
45 0.17 0.40 -0.04 0.27 0.20 
40 0.23 0.34 0.14 0.64 0.51 
35 0.21 0.48 0.19 0.42 0.38 
30 0.09 0.39 0.03 0.48 0.30 
25 0.23 0.30 0.10 0.51 0.35 
20 0.15 0.73 0.15 0.20 0.49 
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Table 5-7.  Percent difference between model and observed condition. 

Simulated Wave 
Volume 
(ft3/ft) 

Downslope Distance 
(feet from WOS)

12.41 17.58 23.58 31.60 37.60 
175 -29% -38% -33% -2% 4% 
170 -37% -34% -26% 2% 3% 
165 -35% -34% -20% 0% 2% 
160 -42% -27% -22% 8% 1% 
155 -34% -32% -17% 8% -1% 
150 -38% -24% -18% 7% -10% 
145 -33% -37% -21% 4% -6% 
140 -33% -35% -7% 5% -11% 
135 -34% -35% -16% 3% -12% 
130 -29% -34% -7% 4% -12% 
125 -26% -34% -9% 3% -13% 
120 -20% -34% -5% 2% -14% 
115 -20% -37% -10% 2% -11% 
110 -11% -35% -13% 1% -11% 
105 -7% -37% -4% 1% -10% 
100 -7% -36% -10% 0% -12% 
95 -4% -43% -7% 0% -9% 
90 6% -41% 7% 0% -16% 
85 -1% -42% 6% -10% -22% 
80 -10% -48% 6% -13% -22% 
75 -8% -46% 6% -21% -19% 
70 -4% -44% 5% -16% -18% 
65 -8% -42% 5% -11% -21% 
60 -11% -36% 5% -20% -25% 
55 -5% -38% 5% -12% -17% 
50 -16% -35% 4% -27% -23% 
45 -13% -27% 4% -22% -17% 
40 -17% -24% -12% -39% -34% 
35 -16% -31% -16% -29% -28% 
30 -8% -27% -3% -32% -23% 
25 -17% -22% -9% -34% -26% 
20 -12% -41% -12% -17% -33% 
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 Bulking Predictive Model Summary 

A bulking predictive model for the landward side of 3:1 levees during wave overtopping 

simulation was developed using bulked and un-bulked flow thicknesses.  The predictive model 

(Equation 11) 

ͻ.ͶE‐Ͷ	൅	஼ =ͳ.ͳͺܤ  ௐܸ	 െ ͹.ͺܧ‐͵ܺ ൅ ͳ.ͳܧ‐ͷ ௐܸଶ െ ͹.͸ܧ‐ͷ ௐܸܺ ൅ ͳ.ͳܧ‐Ͷܺଶ (11) 

is based on wave volume (VW) measured in ft3/ft and slope distance (X) from the WOS measured 

in feet.  The bulking coefficient, BC, may be used to predict anticipated increase to flow 

thickness resulting from flow aeration during wave overtopping simulation.  Because simulated 

flows carried no sediment or debris of any kind, BC can also be interpreted as mean volumetric 

aeration, Ce, using the conversion, 

 C௘ = ͳ	 െ ͳܤ஼  (12) 

Regression residuals were also determined.  Residuals indicate the model tends to under predict 

flow bulking for larger volume waves at the crest and upper slope.  Smaller volume waves are 

under predicted at the crest and toe of the slope.  Under prediction occurs for all wave volumes 

immediately downslope of the crest.  Slight over prediction occurs mid-slope for the medium and 

large waves.  Under prediction is conservative for shear stress design and non-conservative for 

flow thickness design.  These results apply strictly to the tested geometry.  Application to other 

geometries is not recommended without prior validation. 

 Application 

Application of the equation may be used for predicting anticipated bulking coefficients during 

overtopping simulation or computing bulking coefficients of flow thickness data collected during 
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overtopping simulation.  Using Pullen (2007) and Hughes et al (2012) with the following 

seaward conditions, wave overtopping volumes to be simulated can be calculated: 

 Hs = 8 ft, significant wave height at the toe,  Tp = 9 sec, peak wave period,  cot α = 3, seaward facing levee slope angle,  q = 2.2 ft3/ft/sec, average overtopping discharge,  t = 1 hr, test duration 

Once wave volumes to be simulated are calculated, corresponding BC and mean aeration values 

along the slope can be calculated using Equations 11 and 12.  Table 5-8 presents wave volumes 

to be simulated, Bc and mean aeration 10 ft and 30 ft from the simulator.  Ten feet from the 

WOS is on the horizontal crest approximately 3 ft upstream of the transition to a 3:1 slope.  

Thirty feet from the WOS is located on the 3:1 slope approximately 13 ft upstream of the 

transition to the 25:1 berm which is outside the influence on bulking created by the slope 

transition.  Wave volumes less than 20 ft3/ft would also be in the simulation but are not included 

as they are outside the range of data used for BC equation development. 

Table 5-8.  Bulking coefficients and mean aeration. 

 BC 
mean 

aeration (%) 

  BC 
mean 

aeration (%) 

Simulated 
Wave 

Volume 
(ft3/ft) 

Downslope 
Distance 

(feet from WOS) 

Downslope 
Distance 

(feet from WOS) 

 Simulated 
Wave 

Volume 
(ft3/ft) 

Downslope 
Distance 

(feet from WOS) 

Downslope 
Distance 

(feet from WOS)

10.0 30.0 10.0 30.0  10.0 30.0 10.0 30.0 

157.1 1.41 1.10 29 9   38.0 1.13 1.01 12 1 
137.3 1.34 1.06 25 6   37.6 1.13 1.01 12 1 
125.8 1.30 1.05 23 4   37.3 1.13 1.01 12 1 
117.6 1.28 1.03 22 3   36.9 1.13 1.01 12 1 
111.3 1.26 1.03 21 3   36.5 1.13 1.01 12 1 
106.2 1.25 1.02 20 2   36.2 1.13 1.01 12 1 
101.9 1.24 1.02 19 2   35.8 1.13 1.01 12 1 
98.1 1.23 1.02 19 2   35.5 1.13 1.01 12 1 
94.8 1.23 1.01 18 1   35.1 1.13 1.01 12 1 
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 BC 
mean 

aeration (%) 

  BC 
mean 

aeration (%) 

Simulated 
Wave 

Volume 
(ft3/ft) 

Downslope 
Distance 

(feet from WOS) 

Downslope 
Distance 

(feet from WOS) 

 Simulated 
Wave 

Volume 
(ft3/ft) 

Downslope 
Distance 

(feet from WOS) 

Downslope 
Distance 

(feet from WOS)

10.0 30.0 10.0 30.0  10.0 30.0 10.0 30.0 

91.9 1.22 1.01 18 1   34.8 1.13 1.01 12 1 
89.2 1.21 1.01 18 1   34.5 1.13 1.01 12 1 
86.8 1.21 1.01 17 1   34.1 1.13 1.01 12 1 
84.6 1.20 1.01 17 1   33.8 1.13 1.01 12 1 
82.5 1.20 1.01 17 1   33.5 1.13 1.01 12 1 
80.6 1.20 1.00 16 1   33.2 1.13 1.01 12 1 
78.8 1.19 1.00 16 1   32.9 1.13 1.01 12 1 
77.1 1.19 1.00 16 1   32.6 1.13 1.01 12 1 
75.5 1.19 1.00 16 1   32.3 1.13 1.01 12 1 
74.0 1.18 1.00 16 0   32.0 1.13 1.01 11 1 
72.6 1.18 1.00 15 0   31.7 1.13 1.01 11 1 
71.2 1.18 1.00 15 0   31.4 1.13 1.01 11 1 
70.0 1.18 1.00 15 0   31.1 1.13 1.01 11 1 
68.7 1.17 1.00 15 0   30.8 1.13 1.01 11 1 
67.6 1.17 1.00 15 0   30.5 1.13 1.01 11 1 
66.4 1.17 1.00 15 0   30.2 1.13 1.01 11 2 
65.4 1.17 1.00 15 0   29.9 1.13 1.01 11 2 
64.3 1.17 1.00 14 0   29.7 1.13 1.01 11 2 
63.3 1.17 1.00 14 0   29.4 1.13 1.01 11 2 
62.4 1.16 1.00 14 0   29.1 1.13 1.01 11 2 
61.4 1.16 1.00 14 0   28.9 1.12 1.01 11 2 
60.5 1.16 1.00 14 0   28.6 1.12 1.01 11 2 
59.7 1.16 1.00 14 0   28.3 1.12 1.01 11 2 
58.8 1.16 1.00 14 0   28.1 1.12 1.01 11 2 
58.0 1.16 1.00 14 0   27.8 1.12 1.01 11 2 
57.2 1.16 1.00 14 0   27.6 1.12 1.01 11 2 
56.4 1.16 1.00 14 0   27.3 1.12 1.01 11 2 
55.7 1.15 1.00 14 0   27.1 1.12 1.01 11 2 
54.9 1.15 1.00 13 0   26.8 1.12 1.01 11 2 
54.2 1.15 1.00 13 0   26.6 1.12 1.01 11 2 
53.5 1.15 1.00 13 0   26.3 1.12 1.01 11 2 
52.9 1.15 1.00 13 0   26.1 1.12 1.01 11 2 
52.2 1.15 1.00 13 0   25.9 1.12 1.01 11 2 
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 BC 
mean 

aeration (%) 

  BC 
mean 

aeration (%) 

Simulated 
Wave 

Volume 
(ft3/ft) 

Downslope 
Distance 

(feet from WOS) 

Downslope 
Distance 

(feet from WOS) 

 Simulated 
Wave 

Volume 
(ft3/ft) 

Downslope 
Distance 

(feet from WOS) 

Downslope 
Distance 

(feet from WOS)

10.0 30.0 10.0 30.0  10.0 30.0 10.0 30.0 

51.6 1.15 1.00 13 1   25.6 1.12 1.01 11 2 
51.0 1.15 1.00 13 1   25.4 1.12 1.02 11 2 
50.3 1.15 1.00 13 1   25.2 1.12 1.02 11 2 
49.7 1.15 1.00 13 1   24.9 1.12 1.02 11 2 
49.2 1.15 1.00 13 1   24.7 1.12 1.02 11 2 
48.6 1.15 1.00 13 1   24.5 1.12 1.02 11 2 
48.0 1.14 1.00 13 1   24.3 1.12 1.02 11 2 
47.5 1.14 1.00 13 1   24.0 1.12 1.02 11 2 
46.9 1.14 1.00 13 1   23.8 1.12 1.02 11 2 
46.4 1.14 1.00 13 1   23.6 1.12 1.02 11 2 
45.9 1.14 1.00 13 1   23.4 1.12 1.02 11 2 
45.4 1.14 1.00 13 1   23.2 1.12 1.02 11 2 
44.9 1.14 1.00 12 1   23.0 1.12 1.02 11 2 
44.4 1.14 1.00 12 1   22.8 1.12 1.02 11 2 
43.9 1.14 1.00 12 1   22.5 1.12 1.02 11 2 
43.5 1.14 1.00 12 1   22.3 1.12 1.02 11 2 
43.0 1.14 1.00 12 1   22.1 1.12 1.02 11 2 
42.5 1.14 1.00 12 1   21.9 1.12 1.02 11 2 
42.1 1.14 1.01 12 1   21.7 1.12 1.02 11 2 
41.7 1.14 1.01 12 1   21.5 1.12 1.02 11 2 
41.2 1.14 1.01 12 1   21.3 1.12 1.02 11 2 
40.8 1.14 1.01 12 1   21.1 1.12 1.02 11 2 
40.4 1.14 1.01 12 1   20.9 1.12 1.02 11 2 
40.0 1.14 1.01 12 1   20.8 1.12 1.02 11 2 
39.6 1.13 1.01 12 1   20.6 1.12 1.02 11 2 
39.2 1.13 1.01 12 1   20.4 1.12 1.02 11 2 
38.8 1.13 1.01 12 1   20.2 1.12 1.02 11 2 
38.4 1.13 1.01 12 1   20.0 1.12 1.02 11 2 

 

Chanson (1993) demonstrated reduction of the Darcy friction factor, fD, due to aeration during 

steady state overtopping.  The Darcy friction factor, fD, is defined as 
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 fD =
ͺτͲρvʹ (13) 

The ratio of aerated friction factor to un-aerated friction factor is then 

 
fDaeratedfDun‐aerated  =

൬ͺτͲρvʹ൰aerated						 ൬ͺτͲρvʹ൰un‐aerated (14) 

Equivalent flows, excepting aeration, have equal velocities and unequal depths.  Rearranging 

terms and canceling, 

 
fDaeratedfDun‐aerated  = ቆ τͲaeratedτͲun‐aeratedቇ ൬ρun‐aeratedρaerated ൰ (15) 

Applying Chanson (1993) to determine 
fDaeratedfDun‐aerated and applying Equation 11 and Equation 12 to 

determine ቀρun‐aeratedρaerated ቁ, it is possible to determine ቆ τͲaeratedτͲun‐aeratedቇ.  The inverse relationship between 

shear stress and BC is presented in Figure 5-9. 
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Figure 5-9.  BC vs Shear stress. 

Decreasing shear stress with increasing BC implies a reduction in erosion with increasing BC. 

Dean et al (2010b) investigated methods to determine erosional limits of grass slopes using 

velocity, shear stress and work based approaches concluding the work based approach is 

preferable.  Hughes (2011a) expanded the results of Dean et al (2010b), applying the results to 

wave overtopping of levees using cumulative work done by each overtopping wave during a 

wave overtopping event.  The cumulative work is related to an excess wave volume and 

compared to the volumetric erosional limit of the levee, thus providing a tool to investigate the 

potential for levee failure during an overtopping event. 

The Dean et al (2010b) erosion limit is based on recommended velocity/time limiting values in 

Hewlett et al (1987).  Using the Dean et al (2010b) method, Hughes et al (2011a) confirmed the 

erosion limit for a good grass cover is  
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EWKWβW  = Ͳ.Ͷͻʹ	x	ͳͲ͸ m͵sʹ  (16) 

EW is erosion due to excess work, KW is an unknown coefficient and βW is a grouping of terms 

including water mass density and shear stress.  Erosion limit values for other grass conditions are 

provided in Dean et al (2010b), and Hughes et al (2011a) determined the erosion limit for open 

erosion control mats and filled mats.  Hughes (2011a) also derived βW determining it to be 

 βW = ͳͅρfD (17) 

The effect of aeration due to wave bulking on erosion limits can be determined by first 

combining Equation 16 and Equation 17, 

 ቆ EWKW൫ͳͅρfD൯ቇ  = Ͳ.Ͷͻʹ	x	ͳͲ͸ m͵sʹ  (18) 

Because the Dean et al. (2010b) and Hughes (2011a) erosional limit values are based on limiting 

velocity/time curves developed through prototype testing, a deviation from testing conditions 

should result in an increase/decrease in the erosional limit.  Flow bulking during wave 

overtopping is a deviation.  The effect on the erosional limit may be expressed as a multiple of 

the Dean et al (2010b) erosional equivalence and determined by initially assuming equivalent 

conditions  

 						 ቆ EWKW൫ͳͅρfD൯ቇHewlett	et	al  = ቆ EWKW൫ͳͅρfD൯ቇbulked (19) 

Canceling like terms and rearranging, 
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ቀEWKWቁHewlett	et	alቀEWKWቁbulked 									 ൌ ρbulked					ρHewlett	et	al fDbulked					fDHewlett	et	al (20) 

Equation 19 implies changes in flow density or surface roughness from the original testing 

conditions used for Hewlett et al (1987) may lead to a difference in erosional limit. 

Hughes (2011a) uses the Dean et al (2010b) excess work approach and applies it to overtopping 

wave volumes on levees thus creating an “excess volume” approach to be used for evaluating 

levee resiliency to wave overtopping events.  As overtopping wave volume conditions differ 

from those used to create the limiting velocity/time curves in Hewlett et al (1987), the wave 

volume that is “excess” should increase/decrease accordingly.  Applying the Bc value determined 

using Equation 11 and the ratio in Equation 19, and assuming BC is applicable to the entire wave 

volume, wave volume excess in Hughes (2011a) can be adjusted accordingly. 

From Hughes (2011a), erosional limit for wave overtopping of levees with good grass can be 

estimated using  

 ൬ EWKWβW  ൰Hewlett	et	al ൬ fFʹgsinθ  ൰= ቀͲ.Ͷͻʹ	x	ͳͲ͸ m͵sʹ ቁ ൬ fFʹ	g	sinθ  ൰ 	 (21) 

where fF is the Fanning friction factor (equal to ¼ fD), g is gravitational acceleration and θ is 

levee slope.  Combining Equation 21 and Equation 20, cancelling and rearranging terms 

 
ቀEWKWቁHewlett	et	alቀEWKWቁbulked 									 ൌ ρbulked					ρHewlett	et	al sin	θbulked					sin	θHewlett	et	al (22) 

Using Equation 11 and Equation 12, the mean aeration percent for a simulated wave volume can 

be determined.  From mean aeration percent, flow density can be determined by  
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 ρbulked ൌ ሺρun‐bulkedሻሺͳ‐Ceሻ (23) 

Mean air concentration during Hewlett et al (1987) testing can be estimated using Chanson 

(1993) 

 Ce ൌ Ͳ.ͻ	sin	(24) ߠ 

The increase/decrease to be applied to each overtopping wave volume is determined using 

Equation 22.  Following Hughes (2011a), the sum of overtopping wave volumes is then 

compared to the results of Equation 21 to evaluate levee resiliency. 
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6. Summary and Conclusions 
 

Prototype scale tests were conducted to determine bulking coefficients for overtopping waves on 

a landward side levee with 3:1 (horizontal:vertical) slope.  Collected data were analyzed to 

determine a predictive equation for wave bulking during wave overtopping simulation.  An 

empirical model for predicting a bulking coefficient applicable to simulated overtopping wave 

flow thickness including entrained air was developed for the landward side of a 3:1 levee.  

Model parameters were wave volume per unit width in ft3/ft, slope distance from the WOS and a 

bulking coefficient given as the ratio of bulked thickness divided by un-bulked thickness at 

maximum flow thickness. 

  Research summary and discussion 

Levee failure as a result of erosion from wave overtopping was determined to be the major cause 

of flooding in New Orleans during Hurricane Katrina (Seed et al. 2006, Andersen 2007, Link et 

al. 2009).  Wave overtopping research has documented overtopping wave frequency, velocity 

and flow thickness, and predictive equations are available for wave overtopping processes 

(Hughes 2008a, Pullen et al. 2007, Bosman 2007, van der Meer 2006, 2007a, Valk 2009, van 

Gent 2002b, 2002c, 2003, Schüttrumpf et al. 2001). 

Development of a wave overtopping simulator (van der Meer et al. 2006, 2007b, 2008b, 2010, 

van der Meer 2007) enabled in situ levee testing of wave overtopping conditions.  The resiliency 

to wave overtopping of certain vegetated levees was quantified (van der Meer 2008a) and a 

larger, stationary wave overtopping simulator was developed (Thornton et al. 2010) to quantify 

multiple levee armoring methods resiliency to wave overtopping (Thornton et al. 2010, 2011, 

2012). 
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In addition to performance testing, predictive methods for levee resilience have been put forth by 

van der Meer (2010), Dean et al. (2010b) and Hughes (2011a).  Van der Meer et al. (2010) 

proposed a shear stress based, cumulative hydraulic loading approach reliant on peak 

overtopping wave velocities and a critical, threshold velocity that is a function of the levee 

protective cover.  Dean et al. (2010b) evaluated three approaches concluding a cumulative excess 

work approach is the most reasonable of the three evaluated and provides the best results.  

Hughes (2011a) evaluated Dean et al.’s erosional equivalence method and expanded it to include 

earthen levee protection during wave overtopping due to severe hurricanes.  The expanded 

erosional equivalence method is a more robust erosional equivalence method for evaluating the 

ability of landward side levee armoring to resist overtopping waves. 

The levee resilience predictive methods do not address or incorporate flow aeration.  In light of 

known effects of flow aeration during steady state overtopping, such as changing friction factors 

and decreased buoyancy from decreased density (Wood 1983, Chanson 1994b), similar changes 

to friction factors and buoyancy are likely occurring during wave overtopping.  To develop either 

a deterministic or shear stress based approach to levee resiliency, flow bulking must be 

quantified. 

The development of a wave overtopping simulator (Van der Meer et al. 2006; Van der Meer 

2007a; Van der Meer et al. 2008b, Van der Meer et al. 2011) allows for wave overtopping testing 

under controlled conditions.  A wave overtopping simulator is a large container temporarily 

installed on the crown of a levee or dike and simulates the wave overtopping hydraulics by 

releasing volumes of water in a manner that duplicates the correct leading edge thicknesses and 

velocities for a distribution of wave volumes associated with a specific storm condition.  The 

CSU WOS was built as a larger, permanent structure in combination with a levee system for 
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replicating the landward side of the levee (Van der Meer et al. 2011).  This facility provided the 

means for studying flow bulking on the landward side of a levee under more controlled 

conditions than realistically feasible in the field. 

A series of experiments was conducted in the WOS located at the Engineering Research Center 

of Colorado State University.  Data were collected from the WOS and a downslope, prototype 

scale, 3:1 levee section.  Data included flow velocity from paddlewheel sensors, pressure from 

pressure transducers, flow thickness from specialized surfboards and flow thickness visually 

observed from flume wall mounted staff gages. 

The collected data were reviewed, systematically screened and analyzed for wave thickness 

trends, including bulking, associated with wave overtopping on the landward side of levees.  

Simulated wave volumes were examined for mass conservation with errors of + 7.0 percent for 

values greater than 60 ft3/ft, -11 to 13.0 percent for wave volumes 50, 55 and 60 ft3/ft and -23 to 

45 percent for wave volumes less than 45 ft3/ft.  Average wave bulking coefficients were 

quantified for simulated wave volumes at specified slope distances from the WOS.  A second-

order multivariable polynomial regression was used for empirical model development predicting 

bulking coefficients on the landward side of levees during simulated wave overtopping.  The 

mathematical model is presented as Equation 11 and has R2 = 0.72.  The predictive model was 

assessed to have engineering conservatism based on the residuals and engineering judgement. 

 Conclusions 

Important findings resulted from the research that can be used to address the need for design 

guidance of levee armoring used as protection against failure due to wave overtopping.  

Meaningful findings from this study are as follows: 
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 A mathematical model was developed for the quantification of flow bulking during wave 

overtopping simulation on the landward side of 3:1 levees.  The model was developed 

from prototype scale data of wave overtopping volumes between 20 and 175 ft3/ft.  

Conducted research provided the first documented methodology for a predictive tool to 

quantify flow bulking during simulated wave overtopping.  Provided as Equation 11, the 

flow bulking model is presented as follows: 

ͻ.ͶE‐Ͷ	൅	஼ =ͳ.ͳͺܤ  ௐܸ	 െ ͹.ͺܧ‐͵ܺ ൅ ͳ.ͳܧ‐ͷ ௐܸଶ െ ͹.͸ܧ‐ͷ ௐܸܺ ൅ ͳ.ͳܧ‐Ͷܺଶ	 (11) 

 The developed method of Equation 11 was tailored to wave volume, slope length and 

bulking coefficient data from a robust, unique dataset collected from a prototype scale 3:1 

levee model.  The first-ever-collected bulking coefficient data as a function of wave 

volume and slope length are provided in Table 5-4. 

 The developed method of Equation 11 provided prediction of wave bulking coefficients 

on the landward side of 3:1 levees during wave overtopping simulation.  The method 

provided an overall R2 of 0.72 for the range of wave volumes and slope lengths. 

 A method for applying Equation 11 to Hughes (2011a) excess overtopping wave volume 

method is presented assuming BC is uniform throughout a wave volume. 

The equation was developed from a physical model with ranges of altered parameters.  

Application of the equation outside of the laboratory conditions is not advised. 

 Recommendations for further research 

The mathematical model developed from this research provides a solid framework for the 

expansion of predictive models of levee resilience under wave overtopping conditions.  Use of 
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the model in levee resilience predictive relationships could improve the functionality and 

applicability of the relationships. 

The equation was developed from an approximately 30.5 ft. long, 3:1 levee transitioning to a 

25:1 berm.  Data from a 4:1 levee slope or other commonly built levee slope would supplement 

results from the present study.  Incorporation of data from slope lengths greater than the 30.5 ft 

slope length used in this study would also be of benefit as levee slopes greater than 30.5 ft. are 

not uncommon. 

The flow bulking coefficient model for simulated wave overtopping on landward side 3:1 levees 

is based on the average bulking throughout the water column.  Developing a method to quantify 

aeration at specific locations within the water column would provide an improved functionality 

to levee resilience predictive relationships.  Field verification of flow bulking on the landward 

side during wave overtopping of levees for comparison to simulated wave overtopping 

conditions would also be of benefit. 

The physical environment during wave overtopping conditions is an extremely challenging one 

to quantify.  Overtopping wave velocities can range from 0 to 30+ and back to 0 ft/s during the 

passage of a single wave in a few seconds.  Flow thicknesses can range from 0 to 3+ and back to 

0 ft in the same amount of time.  Equipment needs to be sturdy enough to withstand multiple, 

high velocity impacts from waves yet delicate enough react quickly to the fast changing 

variables.  Equipment also needs to accurately measure over the wide range of flow densities, 

velocities and flow thicknesses that occur in a short time frame.  This measurement environment 

is challenging and is a likely contributor to errors in continuity.  Improvements in equipment 

and/or technology could improve results. 
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Summary of wave runup and overtopping equations
APPLICATION SOURCE EQUATION 

1.1 - WAVE RUNUP FLOW HEIGHT 

1.1.1 Outer Slope Runup Flow Height 

Wave Runup Flow 
Height Above SWL - 
Average exceeded by 
2% of incoming waves 
(deterministic) for 
irregular waves 

Van der Meer and 
Janssen (1995) 
Equation 2 
Van Steeg (2007) 
Equation 2-17 
Van der Meer (2002) 
Equations 3a & 3b 
Pullen (2007) Equation 
5.4 
Dean et al. (2010b) 
Equation 21 
Hughes (2011a) 
Equations 36 & 37 

Van der Meer and Janssen (1995) Equation 2 valid for the range Ͳ.ͷ ൏ Ղँߦ ൏ Ͷ ݎ݋ ͷ. See note 1. ܴ௨ଶ%ܪ௦ ൌ ͳ.͸	ߛ௛	ߛ௙	ࣜߛ	ߦՂँ
 with a maximum of ܴ௨ଶ%ܪ௦ ൌ ͵.͸	ߛ௛	ߛ௙	ࣜߛ 

Van Steeg (2007) Equation 2-17. ܴ௨ଶ%ܪ௠଴ ൌ 	ͳ.͹ͷ	ߛ௕	ߛ௙	ࣜߛ	ߦௌ,ିଵ 
Van der Meer (2002) Equations 3a & 3b, Pullen (2007) Equation 5.4, Dean et al. (2010-2) Equation 21, Hughes (2011a) 
Equations 36 & 37. See note 2. ܴ௨ଶ%ܪ௠଴ ൌ 	ͳ.͹ͷ	ߛ௕	ߛ௙	ࣜߛ	ߦ௠ିଵ,଴				݁ݎ݄݁ݓ			Ͳ.ͷ	 ൑ 	 ௠ିଵ,଴ߦ	௕ߛ 		൏ ͳ.ͺ	

 with a maximum of ܴ௨ଶ%ܪ௠଴ ൌ ͳ.ͲͲ	ߛ௙	ࣜߛ ቆͶ.͵	 െ	 ͳ.͸ඥߦ௠ିଵ,଴ቇ 		ͳ.ͺ			݁ݎ݄݁ݓ			 ൏ 	  ௠ିଵ,଴ߦ௕ߛ
Note 1: Iribarren number for a slope with a berm  ߦՂँ ൌ	ࣶߛ	ߦՄऀ   

Note 2: Iribarren criteria provided in Dean et al. (2010b) Equation 21 
Note3 : Per Van der Meer (2002) Equations 3a & 3b valid for the range Ͳ.ͷ ൏ ௕ߛ ௠ିଵ,଴ߦ ൑ ͺ ݋ݐ ͳͲ. 
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APPLICATION SOURCE EQUATION 

Wave Runup Height 
Above SWL - Average 
exceeded by 2% of 
incoming waves 
(probabilistic) for 
irregular waves 

Van der Meer and 
Janssen (1995) 
Equation 4 
Van der Meer (2002) 
Equations 5a & 5b 
Bosman (2007) 
Equations 2-2 & 2-3 
and 6-9 & 6-10 
Valk (2009) Equation 
2.6 
Pullen et al. (2007) 
Equation 5.3 

Van der Meer and Janssen (1995) Equation 4 (see note 1). ܴ௨ଶ%ܪ௦ ൌ ͳ.ͷ	ߛ௛	ߛ௙	ࣜߛ	ߦՂँ 

     with a maximum of ܴ௨ଶ%ܪ௦ ൌ 	͵.Ͳ	ߛ௛	ߛ௙	ࣜߛ
Van der Meer (2002) Equations 5a & 5b, Bosman (2007) Equations 2-2 & 2-3, Valk (2009) Equation 2.6 (upper equation 
only), Pullen et al. (2007) Equation 5.3 (see note 2 & note 3). 

௠ିଵ.଴ߦ  ൌ	൑ ͳ.͹ͷ	for breaking waves ܴ௨ଶ%ܪ௠଴ ൌ ͳ.͸ͷ	ߛ௕	ߛ௙	ࣜߛ	ߦ௠ିଵ,଴ 
௠ିଵ.଴ߦ  ൌ	൐ ͳ.͹ͷ	for nonbreaking waves ܴ௨ଶ%ܪ௠଴ ൌ	ߛ௕		ߛ௙	ࣜߛ ቆͶ.Ͳ െ	 ͳ.ͷඥߦ௠ିଵ,଴ቇ 

Bosman (2007) Equations 6-9 & 6-10 
Մऀߦ      	൑ ͳ.͹ͷ for breaking waves ܴ௨ଶ%ܪ௦ ൌ ͳ.͸ͷ	ߛ௙	ࣜߛ	ߦՄऀ 

Մऀߦ					 	൐ ͳ.͹ͷ for nonbreaking waves ܴ௨ଶ%	ܪ௦ ൌ 	ͳ.ͲͲ	ߛ௙	ࣜߛ 	ቆͶ.͵ െ	 ͳ.͸ඥߦՄऀቇ 

Note 1: Iribarren number for a slope with a berm  ߦՂँ ൌ	ࣶߛ	ߦՄऀ 

Note 2: Iribarren number range  criteria show in Bosman formula. 
Note 3: Per Pullen et al. (2007) Equation 5.3 valid for the range Ͳ.ͷ ൏ ௕ߛ ௠ିଵ,଴ߦ ൑ ͺ ݋ݐ ͳͲ. 
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APPLICATION SOURCE EQUATION 

Wave Runup Flow 
Height Above SWL - 
Average exceeded by 
2% of incoming waves 

Van Gent (2002b) 
Equation 1 
Bosman (2007) 
Equations 2-15, 2-16 
& 2-24 
Schüttrumpf and van 
Gent (2003) Equations 
1a &1b 

Van Gent (2002b) Equation 1. ܴ௨ଶ%ܪ௦ ൌ ௌ,ିଵߦ		ݎ݋݂		ௌ,ିଵ൯ߦ൫	଴ܿ	ߛ 	൑  ݌

ܴ௨ଶ%ܪ௦ ൌ 	ߛ ቆܿଵ	 െ	ܿଶ	ࣟௌ,ିଵ ቇ ௌ,ିଵߦ		ݎ݋݂		 	൒  ݌

with  ݌ ൌ Ͳ.ͷ	 ௖భ௖బ 
Bosman (2007) Equations 2-15 & 2-16, and 2-24 (2-24  upper formula only). ܴ௨ଶ%ܪ௦ ൌ ௌ,ିଵߦ		ݎ݋݂							ௌ,ିଵ൯ߦ	൫	ܿ଴	ఉߛ௙ߛ 	൑ ݌
ܴ௨ଶ%ܪ௦ ൌ ఉߛ௙ߛ 	ቆܿଵെ	ܿଶߦௌ,ିଵ ቇ ௌ,ିଵߦ		ݎ݋݂						 	൐  ݌

with  ݌ ൌ Ͳ.ͷ	 ௖భ௖బ 
Schüttrumpf and van Gent (2003) Equations 1a &1b ܴ௨,ଶ%ܪ௦ ൌ	ܿ଴	൫ߦௌ,ିଵ൯		݂ݎ݋		ߦௌ,ିଵ 	൑  ݌

ܴ௨ଶ%ܪ௦ ൌ	ܿଵ	 ቆ ܿଶ	ࣟௌ,ିଵቇ ௌ,ିଵߦ		ݎ݋݂		 	൒  ݌

with  ݌ ൌ Ͳ.ͷ	 ௖భ௖బ 
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APPLICATION SOURCE EQUATION 

1.2 - WAVE RUNUP FLOW DEPTH and WAVE OVERTOPPING FLOW DEPTH 

1.2.1 Outer Slope Wave Runup Flow Depth and Wave Overtopping Flow Depth 

Wave Runup Flow 
Depth - Maximum 
exceeded by 2% of 
incoming waves (ݖ஺) 

Wave Overtopping 
Flow Depth - 
Maximum exceeded 
by 2% of incoming 
waves (ܴ஼) 

Select Runup or 
Overtopping output by 
use of ݖ஺ or ܴ஼  
respectively 

Schüttrumpf and van 
Gent (2003) Equation 
3 
Van der Meer et al. 
(2006) Equation 3 
Van der Meer (2007a) 
Equation 2.3 
Bosman (2007) 
Equation 2-9 
Van der Meer et al. 
(2010) Equation 3 
Hughes (2007) 
Equation 1 
Hughes (2008a) 
Equation 1 

Schüttrumpf and van Gent (2003) Equation 3. ݄௓஺ଶ%ܪௌ ൌ c୅୦ଶ%∗ ൬ܴ௨ଶ%	ି	ݖ஺ܪௌ ൰	 
Van der Meer et al. (2006) Equation 3, van der Meer (2007a) Equation 2.3. ݄஼଴ଶ%ܪௌ ൌ c୅୦ଶ%∗ ൬ܴ௨ଶ%	ି	ܴ஼ܪௌ ൰	 
Bosman (2007) Equation 2-9. 		݄஼଴ଶ%ܪ௦ 	ൌ 	 ܿ′௛ଶ% ൬ܴ௨%െ	ܴ௖ܪ௦ ൰
Van der Meer et al. (2010) Equation 3. 		݄஼଴ଶ%ܪ௦ 	ൌ 	 ஺ܿ௛ ൬ܴ௨%െ	ܴ௖ܪ௦ ൰
Hughes (2007) Equation 1, Hughes (2008a) Equation 1. 	݄஼଴ଶ%ܪ௦ 	ൌ 	 ஺ܿ௛ଶ% ൬ܴ௨%െ	ܴ௖ܪ௦ ൰ 
Note: equations can be combined by conforming coefficient notation. 
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APPLICATION SOURCE EQUATION 

Wave Overtopping 
Flow Depth - 
Maximum at outer 
crest exceeded by 2% 
of incoming waves 

Bosman (2007) 
Equations 2-17, 2-25, 
4-13, & 6-1 
Valk (2009) Equation 
2.8 
Van der Meer (2007a) 
Equation 10-3 

Bosman (2007) Equations 2-17, 2-25, & 4-13. ݄஼଴ଶ%ܪ௦ ൌ	ܿ′௛,ଶ% 	ቆܴ௨ଶ%െ ܴ௖ߛ௙ܪ௦ ቇ 

Bosman (2007) Equation 6-1, and Valk  (2009) Equation 2.8. ݄஼଴ଶ%ܪ௦ ൌ	 Ͳ.ͲͲ͹݊݅ݏଶ	ߙ 	ቆܴ௨ଶ%െ	ܴ௖ߛ௙ܪ௦ ቇ 

Van der Meer (2007a) Equation 10-3. ݄஼଴ଶ%ܪ௦ 	ൌ 	 Ͳ.ͲͲͻ݊݅ݏଶ	ߙ 	൬ܴ௨ଶ%െ	ܴ௖ܪ௦ ൰ 
1.2.2  - Crest Wave Overtopping Flow Depth 

Wave Overtopping 
Flow Depth - 
Maximum at a point 
on the crest exceeded 
by 2% of incoming 
waves 

Schüttrumpf et al. 
(2002) Equation 3 
Schüttrumpf and 
Oumeraci (2005) 
Equation 14 
Pullen et al. (2007) 
Equation 5.41 
Schüttrumpf and van 
Gent (2003) Equation 
5 
Van der Meer (2007a) 
Equation 2.1 
Bosman (2007) 
Equation 2-27 
Hughes (2007) 
Equation 3 
Hughes (2008a) 
Equation 3 

Schüttrumpf et al. (2002) Equation 3, Schüttrumpf and Oumeraci (2005) Equation 14, Pullen et al. (2007) Equation 5.41. ݄௑஼݄஼଴ ൌ	ܿଶ௑஼ܿଶ஼଴ ൌ ݌ݔ݁ ൬െ	ܿଷ 	  ஼൰ܤ஼ݔ
Schüttrumpf and van Gent (2003) Equation 5, van der Meer (2007a) Equation 2.1. ݄௑஼ଶ%݄஼଴ଶ% ൌ exp ൬െ	ܿ஼௛∗ 	 ஼൰ܤ௖ݔ
Bosman (2007) Equation 2-27. ݄௑஼ଶ%݄஼଴ଶ% ൌ exp ൬െ	ܿ௛ଶ%" 	  ஼൰ܤ஼ݔ
Hughes (2007) Equation 3, Hughes (2008a) Equation 3. ݄௑஼ଶ%݄஼଴ଶ% 	ൌ ݌ݔ݁	 ൬െܿଷ 		  ஼൰ܤ஼ݔ
Note: a review of coefficients may allow combining these equations. 
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APPLICATION SOURCE EQUATION 

Wave Overtopping 
Flow Depth - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Van Gent (2002b) 
Equation 2 
Bosman (2007) 
Equation 2-19 

Van Gent (2002b) Equation 2. ݄஻଴ଶ%ܪ௦ ൌ	ܿ௛ᇱ 	ቆܴ௨ଶ% െ ܴ஼ߛ௙஺	ܪ௦ ቇ 

Bosman (2007) Equation 2-19. ݄஻଴ଶ%ܪ௦ ൌ	ܿ"௛ଶ% 	ቆܴ௨ଶ%െ	ܴ஼ߛ௙஺	ܪ௦ ቇ 

Wave Overtopping 
Flow Depth - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Used for crest or inner 
slope depth depending 
on point of crest 
selected 

Van Gent (2002b) 
Equation 8 
Bosman (2007) 
Equation 2-11 

Van Gent (2002b) Equation 8. ݄௑஼ଶ%ܪ௦ ൌ	ܿ௛ᇱ 	ቆܴ௨ଶ% െ	ܴ௖ߛ௙஺	ܪ௦ ቇ ݌ݔ݁	 ൬െ	ܿ௛" 	 ௖ܤ஼ݔ ൰ 
Bosman (2007) Equation 2-11. ݄௑஼ଶ%ܪ௦ ൌ	ܿ′௛ଶ% 	൬ܴ௨ଶ%െ	ܴ஼ܪ௦ ൰ ݌ݔ݁	 ൬െ	ܿ"௛ଶ%  ஼൰ܤ஼ݔ
Note: Duplicated for the inner slope. 

Wave Overtopping 
Flow Depth - 
Maximum at a point 
on the crest exceeded 
by 2% of incoming 
waves 

Bosman (2007) 
Equations 4-15 & 6-4 
Van der Meer (2007a) 
Equation 10.5 

Bosman (2007) Equation 4-15.  ݄௑஼ଶ%݄஼଴ଶ% ൌ ܿ௧௥௔௡௦௛ ݌ݔ݁	 ቆെ	ܿ௛ଶ%" 	 ௙஼ߛ஼ݔ  ௠ିଵ,଴ቇܮ	

Bosman (2007) Equation 6-4, van der Meer (2007a) Equation 10.5. ݄௑஼ଶ%݄஼଴ଶ% ൌ Ͳ.ͺͳ ݌ݔ݁	 ቆെ	͸	 ௙஼ߛ஼ݔ  ௠ିଵ,଴ቇܮ	
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APPLICATION SOURCE EQUATION 

1.2.3 - Inner Slope Wave Overtopping Flow Depth 

Wave Overtopping 
Flow Depth - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Used for crest or inner 
slope depth depending 
on point of crest 
selected 

Van Gent (2002b) 
Equation 8 
Bosman (2007) 
Equation 2-11 

Van Gent (2002b) Equation 8. ݄௑஼ଶ%ܪ௦ ൌ	ܿ௛ᇱ 	ቆܴ௨ଶ% െ	ܴ௖ߛ௙஺	ܪ௦ ቇ ݌ݔ݁	 ൬െ	ܿ௛" 	 ௖ܤ஼ݔ ൰ 
Bosman (2007) Equation 2-11. ݄௑஼ଶ%ܪ௦ ൌ	ܿ′௛ଶ% 	൬ܴ௨ଶ%െ	ܴ஼ܪ௦ ൰ ݌ݔ݁	 ൬െ	ܿ"௛ଶ%  ஼൰ܤ஼ݔ
Note: Duplicated for the crest. 

Wave Overtopping 
Flow Depth and Flow 
Velocity - Maximum 
(iterative) 

Schüttrumpf et al. 
(2002) Equations 5 & 
5+ (unnumbered 
following Equation 5) 
Schüttrumpf and 
Oumeraci (2005) 
Equations 41, 42, & 43 
Bosman (2007) 
Equations 2-13 & 2-14 
and  2-31 
Pullen et al. (2007) 
Equations 5.43 & 5.44 

Schüttrumpf et al. (2002) Equations 5 & 5+ (unnumbered following Equation 5); Schüttrumpf and Oumeraci (2005) 
Equations 41, 42, & 43; Bosman (2007) Equations 2-13 & 2-14 and  2-31; Pullen et al. (2007) Equations 5.43 & 5.44. 

ௌ஻ݑ ൌ			 ஻଴ݑ ൅	݇ଵ	݄ௌ஻݂ ݄݊ܽݐ	 ቀ݇ଵ	ݐʹ ቁͳ ൅	 ݇ଵ	஻଴݄ௌ஻ݑ	݂ ݄݊ܽݐ	 ቀ݇ଵ	ݐʹ ቁ
 with 

ݐ ൎ 	െ	 	஻଴݃ݑ sin ߚ ൅	ඨ ߚଶ݊݅ݏ	ௌ஻ଶ݃ଶݑ ൅	 sin	஻gݏ	ʹ ߚ
 and 

݇ଵ ൌ		ඨʹ	݂	݃	sin ௌ஻݄ߚ
 and ݄ௌ஻ ൌ			 ௌ஻ݑ݄஻଴	஻଴ݑ

Wave Overtopping 
Flow Depth - 
Maximum on Inner 
Slope 

Hughes (2007) 
Equation 10 
Hughes (2008a) 
Equation 14 

Hughes (2007) Equation 10, Hughes (2008a) Equation 14. ݄ௌ஻ଶ% ൌ	ቆ݄஻଴ଶ% %ௌ஻ଶݑ%஻଴ଶݑ ቇ 
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APPLICATION SOURCE EQUATION 

Wave Overtopping 
Flow Depth - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Van Gent (2002b) 
Equation 5 
Bosman (2007) 
Equation  2-22 

Van Gent (2002b) Equation 5, Bosman (2007) Equation  2-22. ݄ௌ஻ଶ% ൌ	 ሺ݄஻଴ଶ%ሻሺݑ஻଴ଶ%ሻ ൬ܭଶܭଷ ൅ ସܭ ஻ሻ൰ൗݏ	ଷଶܭ	ଶܭ	͵ሺെ݌ݔ݁  

 with 

ଶܭ ൌ	 ඥg	sin యߚ ଷܭ										 ൌ	 ඨͳ	ʹ ݂ሺ݄஻଴ଶ%ሻሺݑ஻଴ଶ%ሻయ ସܭ							 ൌ	ݑ஻଴ଶ% െ	ܭଶܭଷ
1.3 - WAVE RUNUP FLOW VELOCITY and  WAVE OVERTOPPING FLOW VELOCITY 

1.3.1 - Outer Slope Wave Runup Flow Velocity and  Wave Overtopping Flow Velocity 

Wave Runup Flow 
Velocity - Maximum 
exceeded by 2% of 
incoming waves (ݖ஺) 

Wave Overtopping 
Flow Velocity - 
Maximum exceeded 
by 2% of incoming 
waves (ܴ஼) 

Select Runup or 
Overtopping output by 
use of ݖ஺ or ܴ஼  
respectively 

Schüttrumpf and van 
Gent (2003) Equation 
2 
Van der Meer et al. 
(2006) Equation 2 
Van der Meer (2007a) 
Equation 2.4 
Van der Meer et al. 
(2010) Equation 4 
Hughes (2007) 
Equation 2 
Hughes (2008a) 
Equation 2 

Schüttrumpf and van Gent (2003) Equation 2. ݑ௓஺ଶ%ඥ݃	ܪ௦ ൌ	 ஺ܿ௨∗ 	ቌඨܴ௨ଶ% െ	ݖ஺ܪ௦ ቍ 

Van der Meer et al. (2006) Equation 2, van der Meer (2007a) Equation 2.4. ݑ஼଴ଶ%ඥ݃	ܪ௦ ൌ	 ஺ܿ௨∗ 	ቌඨܴ௨ଶ% െ	ܴ஼ܪ௦ ቍ 

Van der Meer et al. (2010) Equation 4. ݑ஼଴ଶ%ඥ݃	ܪ௦ ൌ ஺ܿ௨ 	ቌඨܴ௨ଶ% െ	ܴ஼ܪ௦ ቍ 

Hughes (2007) Equation 2, Hughes (2008a) Equation 2. ݑ஼଴ଶ%ඥ݃	ܪ௦ ൌ ஺ܿ௨ଶ% 	ቌඨܴ௨ଶ% െ	ܴ஼ܪ௦ ቍ 

 Note: a review of coefficients may allow combining these equations. 
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APPLICATION SOURCE EQUATION 

Wave Runup Flow 
Velocity - Maximum 
exceeded by 50% of 
incoming waves 

Wave Runup Flow 
Velocity - Maximum 
exceeded by 2% of 
incoming waves 

Select Runup or 
Overtopping output by 
use of ݖ஺ or ܴ஼  
respectively 

Schüttrumpf and 
Oumeraci (2005) 
Equation 12 
Bosman (2007) 
Equation 2-10 
Van der Meer (2007a) 
Equation 10-4 

Schüttrumpf and Oumeraci (2005) Equation 12. ݑ௓஺ହ଴%ඥ݃	ܪௌ ൌ 	Ͳ.ͻͶ	ඨሺܴ௨ଶ%െ	ݖ஺ሻܪௌ
Bosman (2007) Equation 2-10. ݑ஼଴ଶ%ඥ݃ܪ௦ ൌ	ܿ′௨ଶ%			ඨܴ௨ଶ%െ	ܴ௖ܪ௦
Van der Meer (2007a) Equation 10-4. ݑ஼଴ଶ%ඥ݃ܪ௦ 	ൌ 	 . ͵Ͳ݊݅ݏ	ߙ 		ඨܴ௨ଶ%െ	ܴ௖ܪ௦

Wave Overtopping 
Flow Velocity - 
Maximum at outer 
crest exceeded by 2% 
of incoming waves 

With coefficients to 
incorporate slope 
gradient. 

Bosman (2007) 
Equations  2-18, 2-26, 
4-14, & 6-2 
Valk (2009) Equation 
2.9 

Bosman (2007) Equations  2-18, 2-26, & 4-14. ݑ஼଴ଶ%ඥ݃ܪ௦ ൌ	ܿ′௨ଶ%			ඨܴ௨ଶ%െ	ܴ௖ߛ௙ܪ௦
Bosman (2007) Equation  6-2, Valk (2009) Equation 2.9. ݑ஼଴ଶ%ඥ݃ܪ௦ ൌ	 Ͳ.ʹͷsin ௦ܪ௙ߛܴ௖	ඨܴ௨ଶ%െ			ߙ
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APPLICATION SOURCE EQUATION 

1.3.2 - Crest Wave Overtopping Flow Velocity 

Wave Overtopping 
Flow Velocity at a 
point on the Crest - 

Maximum (coefficient 
of 1/2) 

Schüttrumpf et al. 
(2002) Equation 4 
Schüttrumpf and 
Oumeraci (2005) 
Equation 30 
Pullen (2007) Equation 
5.42 
Hughes (2007) 
Equation 4 
Hughes (2008a) 
Equation 4 

Schüttrumpf et al. (2002) Equation 4, Schüttrumpf and Oumeraci (2005) Equation 30, Pullen (2007) Equation 5.42. ݑ௑஼ ൌ	ݑ஼଴	݁݌ݔ ൬െ	 ஼ݔ ݂ʹ	݄௑஼൰
Hughes (2007) Equation 4, Hughes (2008a) Equation 4. ݑ௑஼ଶ% ൌ	ݑ஼଴ଶ%	݁݌ݔ ቆെ	 ஼ݔ 	 ி݂ʹ	݄௑஼ଶ%ቇ 

Wave Overtopping 
Flow Velocity at a 
point on the Crest - 
Maximum (without 
coefficient of 1/2) 

Schüttrumpf and van 
Gent (2003) Equation 
4 
Van der Meer (2007a) 
Equations 2.2  & 10.6 
Bosman (2007) 
Equations  2-28, 4-16, 
& 6-5 

Schüttrumpf and van Gent (2003) Equation 4, van der Meer (2007a) Equation 2.2 ݑ௑஼ଶ%ݑ஼଴ଶ% ൌ ݌ݔ݁ ቆെ	ܿ஼௨ଶ%∗ 	 ஼ݔ ݂݄௑஼ଶ%ቇ
Bosman (2007) Equation 2-28. ݑ௑஼ଶ%ݑ஼଴ଶ% ൌ ݌ݔ݁ ቆെ	ܿ௨ଶ%" 	 ஼ݔ 	݂݄௑஼ଶ%ቇ 

Bosman (2007) Equation  4-16. ݑ௑஼ଶ%ݑ஼଴ଶ% ൌ ݌ݔ݁ ቆെ	ܿ௨ଶ%" 	 ௙஼ߛ஼ݔ 	݄௑஼ଶ%ቇ 

Bosman (2007) Equation  6-5, van der Meer (2007a) Equation 10.6. ݑ௑஼ଶ%ݑ஼଴ଶ% ൌ ݌ݔ݁ ቆെ	Ͳ.Ͷʹ	 ௙஼ߛ஼ݔ 	݄௑஼ଶ%ቇ 

 Note: a review of coefficients may allow combining these equations. 
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APPLICATION SOURCE EQUATION 

Wave Overtopping 
Flow Velocity - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Van Gent (2002b) 
Equation 3 
Bosman (2007) 
Equation 2-20 

Van Gent (2002b) Equation 3. ݑ஻଴ଶ%ඥ݃	ܪ௦ ൌ	ܿ௨ᇱ 	൫ߛ௙஼൯଴.ହ 		ቆܴ௨ଶ% െ ܴ஼ߛ௙஺	ܪ௦ ቇ଴.ହ 	/				൬ͳ ൅	ܿ௨"  ௦൰ܪ஼ܤ	
Bosman (2007) Equation 2-20 ݑ஻଴ଶ%ඥ݃ܪ௦ ൌ	ܿ′௨ଶ%		ඥߛ௙஼ 		ඨܴ௨ଶ%െ	ܴ஼ߛ௙஺	ܪ௦ ൬ͳ ൅	ܿ"௨ଶ% ௦൰൘ܪ஼ܤ	 ஼ܤ	ݎ݋݂	݈݀݅ܽݒ				 	൐  ௠଴ܪ	

Wave Overtopping 
Flow Velocity - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Van Gent (2002b) 
Equation 9 
Bosman (2007) 
Equation 2-12 

Van Gent (2002b) Equation 9. ݑ௑஼ଶ%ඥ݃	ܪ௦ ൌ	ܿ௨ᇱ 	ቆܴ௨ଶ% െ	ܴ௖ߛ௙஺	ܪ௦ ቇ଴.ହ ݌ݔ݁	 ቆെ	ܿ௨" 	 ஼ݔ	 	 ௖݂݄௑஼ଶ%ቇ 

Bosman (2007) Equation 2-12. ݑ௑஼ଶ%ඥ݃ܪ௦ ൌ	ܿ"௨ଶ%			ඨܴ௨ଶ%െ	ܴ஼ܪ௦ ݌ݔ݁			 ቆെ݂	  ݄௑஼ଶ%ቇ	௖ʹܤ

Note: Duplicated for Inner Slope 

Wave Overtopping 
Flow Velocity decay 
rate along crest - 
Maximum 

Van der Meer et al. 
(2010) Equation 7 

Van der Meer et al. (2010) Equation 7. ݄௑஼ଶ%ݑ஼଴ଶ% ൌ ݌ݔ݁ ቆ  ௠ିଵ,଴ቇܮ஼ݔ
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APPLICATION SOURCE EQUATION 

1.3.3 Inner Slope Wave Runup Flow Velocity and  Wave Overtopping Flow Velocity 

Wave Overtopping 
Flow Velocity - 
Maximum at inner 
crest exceeded by 2% 
of incoming waves 

Van Gent (2002b) 
Equation 9 
Bosman (2007) 
Equation 2-12 
 
 

Van Gent (2002b) Equation 9 ݑ௑஼ଶ%ඥ݃	ܪ௦ ൌ	ܿ௨ᇱ 	ቆܴ௨ଶ% െ	ܴ௖ߛ௙஺	ܪ௦ ቇ଴.ହ ݌ݔ݁	 ቆെ	ܿ௨" 	 ஼ݔ ௖݂݄௑஼ଶ%ቇ 

 
Bosman (2007) Equation 2-12. ݑ௑஼ଶ%ඥ݃ܪ௦ ൌ	ܿ"௨ଶ%			ඨܴ௨ଶ%െ	ܴ஼ܪ௦ ݌ݔ݁			 ቆെ݂	  ݄௑஼ଶ%ቇ	௖ʹܤ

Note: Duplicated for the crest. 

Wave Overtopping 
Flow Velocity on 
Inner Slope - 
Maximum  exceeded 
by 2% of incoming 
waves 

Van Gent (2002b) 
Equation 6 
Schüttrumpf and van 
Gent (2003) Equation 
6 
Bosman (2007) 
Equations 2-23 & 2-29 
Hughes (2007) 
Equations 5, 6, 7, and 
8 
Hughes (2008a) 
Equations 9, 10, 11, & 
12 

Van Gent (2002b) Equation 6, Schüttrumpf and van Gent (2003) Equation 6; Bosman (2007) Equations 2-23 & 2-29; Hughes 
(2007) Equations 5, 6, 7, and 8; Hughes (2008a) Equations 9, 10, 11, & 12. ݑௌ஻ଶ% ൌ	ܭଶܭଷ ൅	ܭସ expሺെ	͵	ܭଶ	ܭଷଶ	ݏ஻ሻ 
     with ܭଶ ൌ	 ඥ݃	 sin యߚ   and ܭଷ ൌ	 ටଵ	ଶ ௙ሺ௛ಳబమ%ሻሺ௨ಳబమ%ሻయ    and  ܭସ ൌ	ݑ஻଴ଶ% െ	௄మ௄య 
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Wave Overtopping 
Flow Velocity - 
Maximum far down 
the Inner Slope (ܵ௕ 
approaches infinity) 

Schüttrumpf and van 
Gent (2003) Equation 
7 
Hughes (2007) 
Equation 9 
Hughes (2008a) 
Equation 13 

Schüttrumpf and van Gent (2003) Equation 7, Hughes (2007) Equation 9, and Hughes (2008a) Equation 13. ݑௌ஻ଶ% ൌ	ܭଶܭଷ ൌ	 ൤ʹ݃	݄஻଴ଶ% %஻଴ଶݑ ݊݅ݏ ݂ߚ ൨ଵ ଷ⁄  

     with ܭଶ ൌ	 ඥ݃	 sin యߚ   and   ܭଷ ൌ	 ඨͳ	ʹ ݂ሺ݄஻଴ଶ%ሻሺݑ஻଴ଶ%ሻయ
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1.4 - WAVE OVERTOPPING FLOW DISCHARGE 

1.4.1 - Outer Slope - Wave Overtopping Flow Discharge 

Wave Overtopping 
Flow Discharge - 
Average and Crest 
Freeboard according 
to van der Meer 
 
Wave Overtopping 
Flow Discharge - 
Average and Crest 
Freeboard according 
to van der Meer -  
Coefficient A for 
Equation 2-7 
 
Wave Overtopping 
Flow Discharge - 
Average and Crest 
Freeboard according 
to van der Meer - 
Coefficient B for 
Equation 2-7 
 
Wave Overtopping 
Flow Discharge - 
Average 
(deterministic) 

Van der Meer (2002) 
Equations 21, 22, & 23 
Van Steeg (2007) 
Equations 2-7, 2-8, & 
2-9; and 2-10 & 2-11 
Pullen et al. (2007) 
Equation 5.9 
Hughes (2011a) 
Equations 40 & 41 

Van der Meer (2002) Equation 21, van Steeg (2007) Equations 2-7, 2-8, & 2-9. 
ݍ  ൌ ஻ோ೎݁	ܣ	  
ܣ  ൌ		ට݃	ܪ௠଴ଷ 		 Ͳ.Ͳ͸͹√tanߙ	ߦ௠ିଵ,଴ 
ܤ  ൌ 	െ	Ͷ.͵ܪ௠଴ 		 ͳߦ௠ିଵ.଴	ߛ௕	ߛ௙	ߛఉ	ߛ௩ 
 
Van der Meer (2002) Equations 22 & 23, Pullen et al. (2007) Equation 5.9, van Steeg (2007) Equations 2-10 & 2-11, Hughes 
(2011a) Equations 40 & 41. ݍට݃	ܪ௠଴ଷ ൌ		 Ͳ.Ͳ͸͹√tanߙ	ߛ௕	ߦ௠ିଵ.଴	݁ି	ସ.ଷ		 ோ೎ு೘బ	ఊ್ఊ೑ఊഁఊഌ 
     
      with a maximum of ݍට݃	ܪ௠଴ଷ ൌ 	Ͳ.ʹ	݁ି	ଶ.ଷ		 ோ೎ு೘బ	ఊ೑ఊഁ 
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Wave Overtopping 
Flow Discharge - 
Average 
(deterministic) 

Dean and van Ledden 
(2010a) Equation 5 
Dean et al. (2010b) 
Equations 26 & 27 

Dean and van Ledden (2010a) Equation 5. 	 ௠଴ଷܪ௔௟௟ට݃ݍ	 	ൌ Ͳ.Ͳ͸͹	ඨ 	tan ௠଴ܪߙ ⁄௠ିଵ,଴ܮ 	݁ି	ସ.ଷ	௓೎	ඥு೘బ ௅೘షభ,బ⁄ு೘೚ 	୲ୟ୬ఈ ௠ିଵ,଴ߦ	ݎ݋݂			 	൏ ͳ.ͺ 

     with 	ݍ௔௟௟ට݃ܪ௠଴ଷ 	ൌ Ͳ.ʹ	݁ି	ଶ.ଷ	௓೎	ு೘బ	 ௠ିଵ,଴ߦ	ݎ݋݂			 	൐ ͳ.ͺ 

 
Dean et al. (2010b) Equation 26. 
     for Breaking Waves ߦ௠ିଵ,଴ 	൏ ͳ.ͺ ்ݍ஺ௐට݃ܪ௠଴ଷ ൌ Ͳ.Ͳ͸͹	ߛ௕	ඨ 	tan ௠௢ܪߙ ⁄௠ିଵ,଴ܮ 	݁ିସ.ଷ	ிᇲ 	 
     with ܨᇱ ൌ	 ௠௢ܪඥ	௖ݖ ఉߛ௙ߛ௕ߛ	௠௢ܪ⁄௠ିଵ,଴ܮ 	 tanߙ 

 
Dean et al. (2010b) Equation 27. 
     for Nonbreaking Waves ߦ௠ିଵ,଴ 	൐ ͳ.ͺ ்ݍ஺ௐට݃ܪ௠଴ଷ ൌ Ͳ.ʹ	݁ିଶ.ଷ	ிᇲ 	 
     with ܨᇱ ൌ	  ௙ߛ௕ߛ	௠௢ܪ	௖ݖ

 
Note 1: Dean and van Ledden (2010a) Equation 5 is described as calculating "allowable wave overtopping rates". Dean et al. 
(2010b) Equations 26 & 27 are described as calculating "total average wave overtopping rates" 
Note 2: Dean et al. (2010b) Equations 26 & 27 results are described as "determined by Van der Meer (2002) empirical 
methods" but these equations are not presented in Van der Meer (2002) and the authors do not clarify what is meant by " Van 
der Meer (2002)  empirical methods". 
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Wave Overtopping 
Flow Discharge - 
Average 
(deterministic) 

Pullen et al. (2007) 
Equation 5.10 

Pullen et al. (2007) Equation 5.10. ݍට݃ܪ௠଴ଷ ൌ Ͳ.ʹͳ expቆെ	 ܴ஼ߛ௙ߛఉ	ܪ௠଴	ሺͲ.͵͵ ൅ Ͳ.Ͳʹʹሻ	ߦ௠ିଵ,଴	ቇ 

 

Wave Overtopping 
Flow Discharge - 
Average 
(probabilistic) 
 

Van der Meer (2002) 
Equations 24 & 25. 
Bosman (2007) 
Equations 2-5 & 2-6 
Pullen et al. (2007) 
Equation 5.8 
Valk (2009) Equations 
2.2 & 2.3 
 

Van der Meer (2002) Equations 24 & 25, Bosman (2007) Equations 2-5 & 2-6, Pullen et al. (2007) Equation 5.8, Valk (2009) 
Equations 2.2 & 2.3. ݍට݃ܪ௠଴ଷ ൌ	 Ͳ.Ͳ͸͹√tanߙ	ߛ௕	ߦ௠ିଵ.଴	݁݌ݔ ቆെͶ.͹ͷ ܴ௖ܪ௠଴ 	 ͳߦ௠ିଵ.଴	ߛ௕ߛ௙ߛఉߛ௩ቇ 

 
     with a maximum of ݍට݃ܪ௠଴ଷ ൌ Ͳ.ʹ	݁݌ݔ ቆെʹ.͸ ܴ௖ܪ௠଴ 	 ͳߛ௙ߛఉቇ 

 
Note: Bosman (2007) Equation 2-5 uses the coefficient -4.7 rather than the -4.75 used by other papers. 

Wave Overtopping 
Flow Discharge - 
Average 
(probabilistic) 

Pullen et al. (2007) 
Equation 5.11 

Pullen et al. (2007) Equation 5.11. ݍට݃ܪ௠଴ଷ ൌ ͳͲ஼ expቆെ	 ܴ஼ߛ௙ߛఉ	ܪ௠଴	ሺͲ.͵͵ ൅ Ͳ.Ͳʹʹሻ	ߦ௠ିଵ,଴	ቇ 
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Wave Overtopping 
Flow Discharge - 
Average for zero 
freeboard 
(probabilistic) 
 
Can be used for 
deterministic 
applications by 
increasing the average 
overtopping discharge 
by one standard 
deviation. 

Pullen et al. (2007) 
Equation 5.14 
 

Pullen et al. (2007) Equation 5.14. 
௠ିଵ.଴ߦ      ൏ ʹ.Ͳ ݍට݃ܪ௠଴ଷ ൌ Ͳ.Ͳͷ͵͹ߦ௠ିଵ.଴ 
௠ିଵ.଴ߦ      ൒ ʹ.Ͳ ݍට݃ܪ௠଴ଷ ൌ ቆͲ.ͳ͵͸ െ	 Ͳ.ʹʹ͸ߦ௠ିଵ.଴ଷ 	ቇ 

 
Note: This equation can be used for deterministic design or safety assessment by increasing the average overtopping 
discharge by about one standard deviation. 

Wave Overtopping 
Flow Discharge 
exceeded by 2% of 
incoming waves 
 
Schüttrumpf and van 
Gent (2003) Equation 
10 (outer crest) is a 
modified version of 
van Gent (2002b) 
Equation 4 

Van Gent (2002b) 
Equation 4 
Schüttrumpf and van 
Gent (2003) Equation 
10 
 

Van Gent (2002b) Equation 4. ݍ஻଴ଶ%ට݃	ܪௌଷ ൌ	ܿ௤ᇱ 	൫ߛ௙஼൯଴.ହ 	ቆܴ௨ଶ% െ ܴ஼ߛ௙஺	ܪ௦ ቇଵ.ହ 			/				൬ͳ ൅	ܿ௤"  ௦൰ܪ஼ܤ	
 
Schüttrumpf and van Gent (2003) Equation 10. 	ݍ஻଴ଶ%ට݃ܪௌଷ 	ൌ 	 ܿ௤ᇱ 	൬ܴ௨ଶ% െ	ܴ஼ܪ௦ ൰ଵ.ହ ൬ͳ ൅ ܿ௤" ௌ൰൘ܪ஼ܤ 	 
 
Note: Duplicated for inner crest. 
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Wave Overtopping 
Flow Discharge - 
Average for breaking 
waves 
 
Wave Overtopping 
Flow Discharge - 
Average for 
nonbreaking waves 

Schüttrumpf et al. 
(2001) Equations 4 &  
5 

Schüttrumpf et al. (2001) Equations 4 & 5. 
௢௣ߦ      ൌ൏ ௚௥ߦ for breaking waves 	 ௦ଷܪ	݃	ʹඥݍ 	ൌ 		Ͳ.Ͳ͵ͺ	ߦ௢௣	݁݌ݔ ቆെͷ.ͷ	 ܴ௖	ܴ௨,ଶ%	ቇ	 
 
௢௣ߦ      ൌ	൒ ௚௥ߦ 	for nonbreaking waves ݍඥʹ ݃ ௦ଷܪ 		ൌ 	 ቆͲ.Ͳͻ͸ െ Ͳ.ͳ͸Ͳߦ௢௣ଷ ቇ ݌ݔ݁		 ቆെͷ.ͷ	 ܴ௖	ܴ௨,ଶ%	ቇ 

 

1.4.2 - Crest - Wave Overtopping Flow Discharge 

Wave Overtopping 
Flow Discharge 
exceeded by 2% of 
incoming waves 
 
See modified version 
in Schüttrumpf and 
van Gent (2003) 
Equation 10 (outer 
crest) 

Van Gent (2002b) 
Equation 4 
Schüttrumpf and van 
Gent (2003) Equation 10 

Van Gent (2002b) Equation 4. ݍ஻଴ଶ%ට݃	ܪௌଷ ൌ	ܿ௤ᇱ 	൫ߛ௙஼൯଴.ହ 	ቆܴ௨ଶ% െ ܴ஼ߛ௙஺	ܪ௦ ቇଵ.ହ 			/				൬ͳ ൅	ܿ௤"  ௦൰ܪ஼ܤ	
 
Schüttrumpf and van Gent (2003) Equation 10. 	ݍ஻଴ଶ%ට݃ܪௌଷ 	ൌ 	 ܿ௤ᇱ 	൬ܴ௨ଶ% െ	ܴ஼ܪ௦ ൰ଵ.ହ ൬ͳ ൅ ܿ௤" ௌ൰൘ܪ஼ܤ 	 
Note: Duplicated for outer slope. 

1.5 WAVE OVERTOPPING FLOW VOLUME 

1.5.1 - Outer Slope Wave Overtopping Flow Volume 

Wave Overtopping 
Flow Volume  - 
Maximum in a single 
wave based on Flow 
Depth and Flow 
Velocity variation 
over time exceeded by 
2% of incoming waves 

Bosman (2007) 
Equations 4-27, 5-3, 
and 6-7 

Bosman (2007) Equations 4-27 & 5-3. ଶܸ%ܪ௦ଶ ൌ ܿ௦ 	 ௦ܪ	ଶ%ඥ݃ݑ 	݄ଶ%ܪ௦ 	 ௢ܶ௩௧ଶ%௠ܶିଵ.଴ 
 
Bosman (2007) Equation 6-7. ଶܸ%ܪ௦ଶ ൌ Ͳ.ͶͲ	 ௦ܪ	ଶ%ඥ݃ݑ 	݄ଶ%ܪ௦ 	 ௢ܶ௩௧ଶ%௠ܶିଵ.଴ 
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Wave Overtopping 
Flow Volume - 
Maximum in a Single 
Wave 

Smith et al. (1994) 
Equation 3 
Van der Meer and 
Janssen (1995) 
Equation 31 
Pullen et al. (2007) 
Equation 5.35 
Valk (2009) Equation 
2.7 
Hughes (2011a) 
Equation 50 

Smith et al. (1994) Equation 3, van der Meer and Janssen (1995) Equation 31, Pullen et al. (2007) Equation 5.35, Valk (2009) 
Equation 2.7, Hughes (2011a) Equation 50. 
 

௠ܸ௔௫ ൌ ܽ	ሾ݈݊ሺ ௢ܰ௪ሻሿସ ଷ⁄  and   ܽ ൌ Ͳ.ͺͶ	 ೘்	௤௉೚ೡ  

 

Wave Overtopping 
Flow Volume  - 
Maximum per Wave 
for a given probability 
of exceedance 

Van der Meer and 
Janssen (1995) 
Equation 30 
Pullen et al. (2007) 
Equation 5.34 
Hughes (2011a) 
Equation 49 
 

Van der Meer and Janssen (1995) Equation 30, Pullen et al. (2007) Equation 5.34. ௐܸ	 ൌ ܽ	ሾെ	lnሺͳ െ ௏ܲா	ሻሿସ ଷ⁄  
 
Hughes (2011a) Equation 49. ௐܸ ൌ ܽ	ሾെ lnሺ ௏ܲா	ሻሿସ ଷ⁄  
 

Wave Overtopping 
Flow Volume  - 
Maximum per Wave 
exceeded by 2% of 
incoming waves 
 
van Gent (2002b) 
Equation 7 applied to 
inner slope. 
 
Schüttrumpf and van 
Gent (2003) Equation 
11 applied to outer 
slope 

Van Gent (2002b) 
Equation 7 
Schüttrumpf and van 
Gent (2003) Equation 
11 

Van Gent (2002b) Equation 7. 

ଶܸ%ܪ௦ଶ ൌ	ܿ௏ᇱ 	൫ߛ௙஼൯଴.ହ 		ቆܴ௨ଶ% െ ܴ஼ߛ௙஺	ܪ௦ ቇଶ 
 
Schüttrumpf and van Gent (2003) Equation 11. ଶܸ%ܪ௦ଶ ൌ	ܿ௏ᇱ 	൬ܴ௨ଶ% െ	ܴ஼ܪ௦ ൰ଶ 
 
 
Note: Duplicated for inner slope. 
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Wave Overtopping 
Flow Volume - 
Maximum as related 
to Wave Runup 
Remainder exceeded 
by 2% of incoming 
waves 

 

Bosman (2007) 
Equations 4-30 & 6-8 
 
 

Bosman (2007) Equations 4-30 & 6-8. 

ଶܸ%ܪ௦ଶ ൌ	ܿ௩,ଶ%ᇱ 	ቆܴ௨ଶ% െ ܴ஼ܪ௦	ߛ௙஼ ቇଶ 
 
Note: Bosman (2007) Equation 4-30 not reproduced in the literature review  notes. 

1.5.2 Inner slope Wave Overtopping Flow Volume 

Wave Overtopping 
Flow Volume  - 
Maximum per Wave 
exceeded by 2% of 
incoming waves 
 
van Gent (2002b) 
Equation 7 applied to 
inner slope. 
 
Schüttrumpf and van 
Gent (2003) Equation 
11 applied to outer 
slope. 

Van Gent (2002b) 
Equation 7 
Schüttrumpf and van 
Gent (2003) Equation 
11 

Van Gent (2002b) Equation 7. 
 

ଶܸ%ܪ௦ଶ ൌ	ܿ௏ᇱ 	൫ߛ௙஼൯଴.ହ 		ቆܴ௨ଶ% െ	ܴ஼ߛ௙஺	ܪ௦ ቇଶ 
 
Schüttrumpf and van Gent (2003) Equation 11. ଶܸ%ܪ௦ଶ ൌ	ܿ௏ᇱ 	൬ܴ௨ଶ% െ	ܴ஼ܪ௦ ൰ଶ 
 
Note: Duplicated for outer slope. 
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1.6 - WAVE OVERTOPPING IRIBARREN NUMBER 

1.6.1 Outer Slope Wave Overtopping Iribarren Number 

Wave Runup Iribarren 
number for use with 
Significant Wave 
Height, Peak 
Deepwater 
Wavelength, and Peak 
Wave Period (#1) 

Smith et al. (1994) 
Equations 2a & 2b and 
4& 5 
Van der Meer and 
Janssen (1995) 
Equations 1, 2, 4, 16, 
17, 18, 19, 20, 21, 22, 
23, 26 & 27 
Schüttrumpf et al. 
(2001) Equations 2 & 
3  and 4 & 5 
Bosman (2007) 
Equations 2-8, 3-6, 3-
7, 6-9 & 6-10 

Van der Meer and Janssen (1995) Equations 1, 2, 4, 16, 17, 18, 19, 20, 21, 22, 23, 26 & 27; Schüttrumpf et al. (2001) 
Equation2 & 3 and 4 & 5; Bosman (2007) Equations 2-8, 3-6, 3-7, 6-9 & 6-10. ߦՄऀ ൌ	 tan ߙ ටܪ௦ ଴௣⁄ൗܮ  

 
 
 
Note: several papers include the Iribarren number subsidiary to a defined equation. 

Wave Runup Iribarren 
number transition 
point between 
breaking waves and 
nonbreaking waves 
(#1+) 

Schüttrumpf et al. 
(2001) Equations 4 & 
5 

Schüttrumpf et al. (2001) Equations 4 & 5. ߦ௢௣ ൌ൏  for breaking waves	௚௥ߦ

     and ߦ௢௣ ൌ൒  for nonbreaking waves	௚௥ߦ

 

Wave Runup Iribarren 
number Equivalent for 
Slope with Berm (#2) 

Van der Meer and 
Janssen (1995) 
Equations 2 & 4 and 
26 & 27 

 

Van der Meer and Janssen (1995) Equations 2 & 4 and 26 & 27. ߦՂँ ൌ	ߛ௕	ߦՄऀ 
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Wave Runup Iribarren 
number General Term 
for use with 
Significant Wave 
Height and with 
various Deepwater 
Wavelengths and 
Wave Period (#3) 

Van Gent (2002a) 
Equation 1 
 

Van Gent (2002a) Equation 1. ߦ௫ ൌ tanߙ ඥܪ௦ ⁄⁄଴௫ܮ   = tanߙ ඥʹ ߨ ௌܪ ݃ ௫ܶଶ⁄⁄  
 

Wave Runup Iribarren 
number General Term 
for use with 
Significant Wave 
Height, Mean Spectral 
Deepwater 
Wavelength, and 
Mean Double or 
Multiple Wave Period 
(#4) 

Van Gent (2002a) 
Equation 1 
Schüttrumpf and van 
Gent (2003) Equations 
1a & 1b 
Bosman (2007) 
Equations  2-15 & 2-
16 
Van Steeg (2007) 
Equations  2-1 & 2-2, 
2-16 & 2-17 
 

Van Gent (2002a) Equation 1; Schüttrumpf and van Gent (2003) Equations 1a & 1b; Bosman (2007) Equations 2-15 & 2-16; 
van Steeg (2007) Equations  2-1 & 2-2, 2-16 & 2-17, & 2-24. 	ߦௌ,ିଵ ൌ	 tan ߙ ටܪ௦ ௠ିଵ,଴⁄ൗܮ  

     and ܮ௠ିଵ,଴ ൌ	݃	 ௠ܶିଵ,଴ଶʹ	ߨ  

 

Wave Runup Iribarren 
number General Term 
for use with 
Significant Wave 
Height, mean 
Deepwater 
Wavelength, and 
Mean Wave Period 
(#5) 

Schüttrumpf and 
Oumeraci. (2005) 
Equation 10 
Bosman (2007) 
Equation 3-8 

 Schüttrumpf and Oumeraci. (2005) Equation 10, Bosman (2007) Equation 3-8. ߦௗ ൌ tanߙ ඥܪ௦ ⁄⁄଴௠ܮ   = tanߙ ඥʹ ߨ ௌܪ ݃ ௠ܶଶ⁄⁄   [-] 
 



 

 

 

107 

APPLICATION SOURCE EQUATION 

Wave Runup Iribarren 
number General Term 
for use with 
Significant Wave 
Height based on the 
Spectrum, Peak 
Deepwater 
Wavelength, and Peak 
Wave Period (#6) 

Hughes (2007) 
Equations 14, 15, & 16 

Hughes (2007) Equations 14, 15, & 16. ߦ௠௣ ൌ	 tan ௠଴ܪඥߙ ⁄଴௣ܮ 	ൌ 	 tan ߙ ටʹ	ߨ	ܪ௠଴ ݃	 ௣ܶଶ⁄ൗ  

 
 

Wave Runup Iribarren 
number General Term 
for use with Spectral 
Mean Wave Height 
based on the 
Spectrum, Spectral 
Mean Deepwater 
Wavelength, and 
Spectral Mean Wave 
Period (#7) 

Van Steeg (2007) 
Equations  2-8 & 2-9 
and 2-10 & 2-11 
Bosman (2007) 
Equations  2-2, 2-3, 2-
5 & 2-6 
Pullen et al. (2007) 
Equations 5.3, 5.4, 5.8, 
5.9, 5.10, 5.11, 5.14, & 
5.16 
Valk (2009) Equations 
2.2 & 2.3, 2.5 & 2.6 
Dean and van Ledden 
(2010a Equations 5 & 
6 
Dean et al. (2010b) 
Equation 21 
Hughes (2011a) 
Equations 36 & 37, 38 
& 39, 40 & 41, and 42 
& 43 

Van Steeg (2007) Equations  2-8 & 2-9 and 2-10 & 2-11; Bosman (2007) Equations  2-2, 2-3, 2-5 & 2-6; Pullen et al. (2007) 
Equations 5.3, 5.4, 5.8, 5.9, 5.10, 5.11,  5.14, & 5.16; Valk (2009) Equations 2.2 & 2.3, 2.5 & 2.6; Dean and van Ledden 
(2010a Equations 5 & 6; Dean et al. (2010b) Equation 21; Hughes (2011a) Equations 36 & 37, 38 & 39, 40 & 41, and 42 & 
௠ିଵ,଴ߦ .43 	ൌ 	 tanߙ ඥܪ௠଴ ⁄⁄௠ିଵ,଴ܮ   = tanߙ ටʹ	ߨ	ܪ௠଴ ݃	 ௠ܶିଵ,଴ଶ⁄ൗ   [-] 

     and ܮ௠ିଵ,଴ ൌ		݃	 ௠ܶିଵ,଴ଶʹ	ߨ  
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APPLICATION SOURCE EQUATION 

1.7 - PROBABILITY 

1.7.1 - Outer Slope Probability 

Probability of Wave 
Overtopping 
 
Probability of Wave 
Overtopping - 
Coefficient c for 
Smith et al. (1994) 
Equation 4 

Smith et al. (1994) 
Equations 4 & 5 
Van der Meer and 
Janssen (1995) 
Equations 26 & 27 

Smith et al. (1994) Equation 4, van der Meer and Janssen (1995) Equation 26. 

௢ܲ௪ = exp [ - (  
ோ಴ ுೞൗ௖   )2 ] 

 
Smith et al. (1994) Equation 5 

c = 0.81 ߛ௙	ߦՄऀ with a maximum of c = 1.62 ߛ௙ 

 
Van der Meer and Janssen (1995) Equation 27. 

c = 0.81 ߛ௛ߛ௙ࣜߛ	క೐೜	 with a maximum of c = 1.62 ߛ௛ߛ௙ࣜߛ 

 

Probability of Wave 
Overtopping Volume 
per Wave being less 
than or equal to a 
given Wave Volume 
 
Discrepancy between 
papers on dimensions 
for parameter a. 

Van der Meer and 
Janssen (1995) 
Equations 24 & 25 
Pullen et al. (2007) 
Equations 5.32 & 5.33 
Van Steeg (2007) 
Equations 2-14 & 2-15 
Valk (2009) Equation 
2.4 
Van der Meer et al. 
(2010) Equations 1 & 
2 
Hughes (2011a) 
Equations 44, 46, & 48 

Van der Meer and Janssen (1995) Equations 24 & 25, Pullen et al. (2007) Equations 5.32 & 5.33, van Steeg (2007) Equations 
2-14 & 2-15, Valk (2009) Equation 2.4, van der Meer et al. (2010) Equation 1 (with Equation 2 below), Hughes (2011a) 
Equation 44  (with Equation 46 below). 

௏ܲ ൌ ܲሺܸ ൑ 	 ௐܸሻ ൌ ͳ െ exp ቈെ	൬ ௐܸܽ൰଴.଻ହ቉ 
     and ܽ ൌ Ͳ.ͺͶ	 ௠ܶ	ݍ௢ܲ௪  

 
Van der Meer et al. (2010) Equation  2, Hughes (2011a) Equation 46. ܽ ൌ Ͳ.ͺͶ	 ௠ܶ 	 ௢ܲ௪ݍ	 ൌ 	Ͳ.ͺͶ	 ௠ܶ 	 ௪௢ܰ௪ܰ	ݍ	 ൌ 	Ͳ.ͺͶ	  ௢ܰ௪ݐ	ݍ	

 
Hughes (2011a) Equation 48. 

௢ܲ௪ ൌ	 ௢ܰ௪ܰ௪  

     and ܰௐ ൌ	  ாܶ௠ݐ
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APPLICATION SOURCE EQUATION 

Probability of Wave 
Overtopping Volume 
per Wave being 
greater than or equal 
to a given Wave 
Volume 
 
Discrepancy between 
papers on dimensions 
for parameter a. 

Van der Meer et al. 
(2006) Equation 1 
Bosman (2007) 
Equations 2-7 & 5-1 
Hughes (2011a) 
Equations 45, 46, & 48 

Van der Meer et al. (2006) Equation 1, Bosman (2007) Equations 2-7 & 5-1, Hughes (2011a) Equation 45  (with Equation 46 
below). 

௏ܲா ൌ ܲሺܸ ൒ 	 ௐܸሻ ൌ exp ቈെ	൬ ௐܸܽ൰଴.଻ହ቉ 
     and ܽ ൌ Ͳ.ͺͶ	 ௠ܶ	ݍ௢ܲ௪  

 
Hughes (2011a) Equation 46. ܽ ൌ Ͳ.ͺͶ	 ௠ܶ 	൬ ௢ܲ௪൰ݍ	 	ൌ 	Ͳ.ͺͶ	 ௠ܶ 		൬ݍ	ܰ௪௢ܰ௪ ൰ 	ൌ 	Ͳ.ͺͶ		 ൬ݍ	ݐா	௢ܰ௪൰ 
 
Hughes (2011a) Equation 48. 

௢ܲ௪ ൌ	 ௢ܰ௪ܰ௪  

     and ܰௐ ൌ	  ாܶ௠ݐ

 

Probability of Wave 
Overtopping per Wave 

Pullen (2007) 
Equations 5.36 & 5.37 
Van Steeg (2007) 
Equation 2-16 
Valk (2009) Equation 
2.5 
Hughes (2011a) 
Equation 47 

Pullen (2007) Equations 5.36 & 5.37, van Steeg (2007) Equation 2-16, Valk (2009) Equation 2.5, 

௢ܲ௪ ൌ	exp ൥െ	ቆ√െ ln Ͳ.Ͳʹ	 ܴ஼ܴ௨ଶ%ቇଶ൩ 
     and 

௢ܲ௪ ൌ	 ௢ܰ௪ܰ௪  
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Appendix B 
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Flow thickness based surfboard measurement locations.  
Test Location Flow Thickness Location (ft. from WOS) 

1 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵ʹ 

2 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵͵ 

3 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵Ͷ 

4 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵Ͷ 

5 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵Ͷ 

6 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵Ͷ 

7 1-2 xൌ‐Ͳ.Ͷͳy͵൅Ͳ.͹Ͳyʹ‐ͳ.ͷͶy൅ͳʹ.͵Ͷ 

7 3-4 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅ͳ͸.͹ͻ 

1 6-7 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅ʹ͵.ͲͶ 

3 7-8 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅ʹ͵.ͺ͹ 

2 8-9 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅ʹͷ.ͺͺ 

4 9-10 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅ʹͻ.͸ͳ 

5 10-11 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅͵ͳ.ͷ͸ 

6 11-12 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅͵͵.ͺ͹ 

1 13 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅͵ͺ.Ͳͺ 

3 13-14 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅͵͹.͹ͺ 

2 14-15 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅͵ͻ.ͺͻ 

4 15-16 xൌ‐Ͳ.ʹ͸y͵൅Ͳ.ͲͲʹͶyʹ‐Ͳ.ͷͳy൅Ͷʹ.Ͳ͸ 

6 19 xൌ‐Ͳ.ʹͷy͵൅Ͳ.Ͷ͵yʹ‐ͳ.͵ʹy൅Ͷͻ.͵Ͷ 

7 19 xൌ‐Ͳ.ʹͷy͵൅Ͳ.Ͷ͵yʹ‐ͳ.͵ʹy൅Ͷͻ.͵Ͷ 

5 20 xൌ‐Ͳ.ʹͷy͵൅Ͳ.Ͷ͵yʹ‐ͳ.͵ʹy൅ͷͶ.Ͳ͹ 
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Appendix C 
 

 



 

 

113 

Crest surfboard flow thickness time series. 

 
Figure C-1.  Crest surfboard flow thickness, 20 ft3/ft, Test 1. 
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Figure C-2.  Crest surfboard flow thickness, 20 ft3/ft, Test 2. 
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Figure C-3.  Crest surfboard flow thickness, 20 ft3/ft, Test 3. 
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Figure C-4.  Crest surfboard flow thickness, 20 ft3/ft, Test 4. 
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Figure C-5.  Crest surfboard flow thickness, 20 ft3/ft, Test 5. 
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Figure C-6.  Crest surfboard flow thickness, 20 ft3/ft, Test 6. 
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Figure C-7.  Crest surfboard flow thickness, 20 ft3/ft, Test 7. 
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Figure C-8.  Crest surfboard flow thickness, 20 ft3/ft, 1st wave, all tests. 
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Figure C-9.  Crest surfboard flow thickness, 20 ft3/ft, 2nd wave, all tests. 
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Figure C-10.  Crest surfboard flow thickness, 20 ft3/ft, 3rd wave, all tests. 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20

T
h
ic
k
n
e
ss

 (f
t)

Time (sec)

Flow Thickness
2nd Wave

20 ft3/ft

Test 1

Test 2

Test 3

Test 4

Test 5

Test 6

Test 7



 

 

123 

 
Figure C-11.  Crest surfboard flow thickness, 45 ft3/ft, Test 1. 
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Figure C-12.  Crest surfboard flow thickness, 45 ft3/ft, Test 2. 
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Figure C-13.  Crest surfboard flow thickness, 45 ft3/ft, Test 3. 
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Figure C-14.  Crest surfboard flow thickness, 45 ft3/ft, Test 4. 
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Figure C-15.  Crest surfboard flow thickness, 45 ft3/ft, Test 5. 
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Figure C-16.  Crest surfboard flow thickness, 45 ft3/ft, Test 6. 
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Figure C-17.  Crest surfboard flow thickness, 45 ft3/ft, Test 7. 
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Figure C-18.  Crest surfboard flow thickness, 45 ft3/ft, 1st wave, all tests. 
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Figure C-19.  Crest surfboard flow thickness, 45 ft3/ft, 2nd wave, all tests. 
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Figure C-20.  Crest surfboard flow thickness, 45 ft3/ft, 3rd wave, all tests. 
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Figure C-21.  Crest surfboard flow thickness, 65 ft3/ft, Test 1. 
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Figure C-22.  Crest surfboard flow thickness, 65 ft3/ft, Test 2. 
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Figure C-23.  Crest surfboard flow thickness, 65 ft3/ft, Test 3. 
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Figure C-24.  Crest surfboard flow thickness, 65 ft3/ft, Test 4. 
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Figure C-25.  Crest surfboard flow thickness, 65 ft3/ft, Test 5. 
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Figure C-26.  Crest surfboard flow thickness, 65 ft3/ft, Test 6. 
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Figure C-27.  Crest surfboard flow thickness, 65 ft3/ft, Test 7. 
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Figure C-28.  Crest surfboard flow thickness, 65 ft3/ft, 1st wave, all tests. 
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Figure C-29.  Crest surfboard flow thickness, 65 ft3/ft, 2nd wave, all tests. 
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Figure C-30.  Crest surfboard flow thickness, 65 ft3/ft, 3rd wave, all tests. 
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Figure C-31.  Crest surfboard flow thickness, 95 ft3/ft, Test 1. 
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Figure C-32.  Crest surfboard flow thickness, 95 ft3/ft, Test 2. 
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Figure C-33.  Crest surfboard flow thickness, 95 ft3/ft, Test 3. 
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Figure C-34.  Crest surfboard flow thickness, 95 ft3/ft, Test 4. 
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Figure C-35.  Crest surfboard flow thickness, 95 ft3/ft, Test 5. 
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Figure C-36.  Crest surfboard flow thickness, 95 ft3/ft, Test 6. 
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Figure C-37.  Crest surfboard flow thickness, 95 ft3/ft, Test 7. 
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Figure C-38.  Crest surfboard flow thickness, 125 ft3/ft, 1st wave, all tests. 
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Figure C-39.  Crest surfboard flow thickness, 125 ft3/ft, 2nd wave, all tests. 
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Figure C-40.  Crest surfboard flow thickness, 125 ft3/ft, 3rd wave, all tests. 
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Figure C-41.  Crest surfboard flow thickness, 125 ft3/ft, Test 1. 
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Figure C-42.  Crest surfboard flow thickness, 125 ft3/ft, Test 2. 
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Figure C-43.  Crest surfboard flow thickness, 125 ft3/ft, Test 3. 
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Figure C-44.  Crest surfboard flow thickness, 125 ft3/ft, Test 4. 
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Figure C-45.  Crest surfboard flow thickness, 125 ft3/ft, Test 5. 
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Figure C-46.  Crest surfboard flow thickness, 125 ft3/ft, Test 6. 
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Figure C-47.  Crest surfboard flow thickness, 125 ft3/ft, Test 7. 
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Figure C-48.  Crest surfboard flow thickness, 125 ft3/ft, 1st wave, all tests. 
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Figure C-49.  Crest surfboard flow thickness, 125 ft3/ft, 2nd wave, all tests. 
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Figure C-50.  Crest surfboard flow thickness, 125 ft3/ft, 3rd wave, all tests. 
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Figure C-51.  Crest surfboard flow thickness, 145 ft3/ft, Test 1. 
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Figure C-52.  Crest surfboard flow thickness, 145 ft3/ft, Test 2. 
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Figure C-53.  Crest surfboard flow thickness, 145 ft3/ft, Test 3. 
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Figure C-54.  Crest surfboard flow thickness, 145 ft3/ft, Test 4. 
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Figure C-55.  Crest surfboard flow thickness, 145 ft3/ft, Test 5. 
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Figure C-56.  Crest surfboard flow thickness, 145 ft3/ft, Test 6. 
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Figure C-57.  Crest surfboard flow thickness, 145 ft3/ft, Test 7. 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0

T
h
ic
k
n
e
ss

 (f
t)

Time (sec)

Flow Thickness
Test 07
145 ft3/ft

Wave 1

Wave 2

Wave 3



 

 

170 

 
Figure C-58.  Crest surfboard flow thickness, 145 ft3/ft, 1st wave, all tests. 
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Figure C-59.  Crest surfboard flow thickness, 145 ft3/ft, 2nd wave, all tests. 
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Figure C-60.  Crest surfboard flow thickness, 145 ft3/ft, 3rd wave, all tests. 
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Figure C-61.  Crest surfboard flow thickness, 175 ft3/ft, Test 1. 
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Figure C-62.  Crest surfboard flow thickness, 175 ft3/ft, Test 2. 
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Figure C-63.  Crest surfboard flow thickness, 175 ft3/ft, Test 3. 
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Figure C-64.  Crest surfboard flow thickness, 175 ft3/ft, Test 4. 
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Figure C-65.  Crest surfboard flow thickness, 175 ft3/ft, Test 5. 
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Figure C-66.  Crest surfboard flow thickness, 175 ft3/ft, Test 6. 
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Figure C-67.  Crest surfboard flow thickness, 175 ft3/ft, Test 7. 
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Figure C-68.  Crest surfboard flow thickness, 175 ft3/ft, 1st wave, all tests. 
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Figure C-69.  Crest surfboard flow thickness, 175 ft3/ft, 2nd wave, all tests. 
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Figure C-70.  Crest surfboard flow thickness, 175 ft3/ft, 3rd wave, all tests. 
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