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A quantitative understanding of the migration of munitions and canonical 

objects in the nearshore is needed for the effective management of contaminated sites. 

Migrations of munitions with a density range of 2000 kg/m3 to 5720 kg/m3 were 

quantified in a large-scale wave flume. The forcing consisted of six hydrographs of 

varying wave heights, periods, still water depths, and durations. The cross-shore 

profile, typical of natural sandy beaches, was sub-divided into swash, surf, and 

offshore zones. The outputs of the study represent what is believed to be the largest 

dataset on object migration spanning simultaneously the swash, surf, and offshore 

zones of the nearshore.  

Overall, 2228 migration measurements were recorded with 16% and 84% of 

the migration observations classified as ñmotionò (net distance > 0.5 m) and ñno 

motionò (net distance Ò 0.5 m), respectively. The probability of munitions migration 

increased with proximity to the shoreline. There was a nearly equal probability of 

onshore or offshore migration in the swash zone. Migration in the surf zone tended to 

be offshore-directed (65%), while migration was onshore-dominant (65%) in the 

offshore zone. Migration in the offshore zone was preferentially onshore due to 

skewed waves over flat bathymetry. Less dense munitions in the offshore zone may 

have migrated offshore likely still related to the skewed nature of the wave profile 

causing transport in both directions through the majority of the wave phase. The 

largest migration distances occurred in the surf zone likely due to downslope gravity. 

Migration in the surf and swash zones is a balance between skewed/asymmetric 
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 xv 

forcing and downslope gravity, with downslope gravity tending to be pronounced 

provided the forcing is sufficient to initiate motion. An exception was sometimes 

observed in the swash zone where onshore forcing was sufficient to transport 

munitions to the seaward side of the berm where they became trapped in a bathymetric 

depression between the dune and berm. Relating overall migration (Lagrangian) to 

fixed hydrodynamic measurements (Eulerian) was ineffective.  

A total of 1645 burial observations were recorded. Most initially proud 

munitions (87%) were either partially buried or at most became fully buried just below 

the surface. No clear trends were observed between munitions bulk density and burial. 

Munitions burial in the swash and surf zones resulted from near- and far-field 

processes while burial in the offshore zone was governed more by near-field scour 

processes. 

Parameters such as the Shields number, Keulegan-Carpenter number, Object 

mobility number, wave skewness, and wave asymmetry estimated from the closest 

measurement location were insufficient to predict migration and burial. The large 

scatter in the migration and burial data resulting from competing hydrodynamic, 

morphodynamic, and munitions response processes makes robust deterministic 

predictions with flow statistics and dimensionless numbers difficult. Hence, the 

probability-based approach was more efficient for quantifying munitions behavior in 

the nearshore. 



 1 

INTRODUCTION  

1.1 Research Background 

Munitions or Unexploded Ordnance (UXO) are ammunitions belonging to a 

larger family of explosives widely used by the Navy, Army, Air force, and other 

military organizations. After the major world wars (WWI and WWII), sea disposal of 

munitions became common practice up until the 1970s when international conventions 

agreed to end the practice (Carton & Jagusiewicz, 2009). The quantity of munitions 

present in the oceans remains uncertain due to limited documentation. However, 

conservative estimates from known records suggest that at least 1.6 million tons of 

chemical weapons munitions were disposed of in the oceans (Figure 1.1; Wilkinson, 

2017). The aftermath of ocean disposal of munitions is a global concern currently 

impacting over 40 countries (Carton & Jagusiewicz, 2009). 

Chapter 1 
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Figure 1.1: Chemical weapons dumping sites globally (Wilkinson, 2017) 

In the United States alone, more than 70 chemical weapons and munitions 

disposal events occurred in coastal waters between 1918 and 1970 (SERDP, 2010).  

There are more than 10 million acres across over 400 designated sites possibly 

containing munitions in underwater environments within the Formerly Used Defense 

Sites program alone (SERDP, 2010; US Army RDECOM, 2001). The reappearance of 

underwater munitions has occurred in the Gulf of Mexico and along the coastlines of 

at least 16 states (Randall, 2015). Accounts of UXO appearance in the nearshore after 

decades underwater (Macdonald et al., 2004) cause public and environmental concern 

(Parry, 2018).  

Early modeling studies on UXO mobility indicate that high energy waves and 

currents could cause offshore located UXO to experience onshore migration and 

Source: https://nonproliferation.org/chemical-weapon-munitions-dumped-at-sea/ 

https://nonproliferation.org/chemical-weapon-munitions-dumped-at-sea/
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exposure (NAVFAC, 2013). Hence, extreme forcings conditions could be major 

causes of the migration and exposure of UXO in the nearshore. More importantly, 

quantification of the migration and exposure of the munitions in the nearshore is still 

poorly understood especially when the densities of the munitions vary. Quantifying 

the behavior of variable density munitions under near-prototype conditions would help 

provide further insights into the stochastic behavior of variable density munitions in 

the nearshore, in the face of the uncertainty in the extremity and frequency of forcing 

conditions required to cause mobility, burial, and exposure.     

 

1.2 Research Objectives  

The objectives of the study were to create more detailed insights into the 

complex interplay between the bulk density variation, hydrodynamics, and 

morphodynamics in the mobility and burial of munitions in the nearshore. Most prior 

studies focused on the deep underwater regions before shoaling begins to occur. Yet, 

munitions appear on the beach face either by being transported from the offshore 

regions, exhumed via sediment erosion, or brought onshore as dredged material 

through the surf and the swash regions to the beach face. Hence, more studies are 

required to quantify the fate of munitions in the nearshore environment.  

The behaviors of variable density munitions under six controlled forcing conditions at 

different water levels were quantified to address the following: 

1. To what extent do hydrodynamics and bulk density impact munitions 

migration across the offshore, surf, and swash zones? What are the 

probabilistic migration and burial tendencies of munitions across the three 

zones? 
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2. Does hydrodynamics play or more dominant role than munitions bulk 

density on migration and burial? 

3. Does shape play a significant role on munitions migration in the 

nearshore? 

4. Are there quantifiable trends between morphodynamics and munitions 

burial? 

 

Addressing the above questions involved conducting experiments with 

surrogate munitions and canonical objects under a near-prototype scale condition. 

Quantifications from the experiments were used to create bulk statistics between pre- 

and post-trial measurements to quantify the migration and relative burial of munitions 

and establish parameterizations that describe the munitions behaviors based on 

dimensionless numbers. Near-instantaneous measurements were used to establish the 

initiation of motion of the munitions and their migration tendencies based on their 

variable density and shapes.  

  

 

1.3 Significance of the Study  

Predicting munitions MBE is difficult due to complex, interrelated processes of 

hydrodynamics, morphodynamics, grain-scale processes, and the munitions 

characteristics (Puleo & Calantoni, 2023) Aspects of the complex interactions and 

force balance on a submerged object have been described mathematically (Chu, 2023; 

Cristaudo et al., 2023; Rennie et al., 2017; Traykovski & Austin, 2017)  but are 

generally related to the initiation of motion rather than migration distance. Lacking 
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proper deterministic relationships, empirical and other models have been used to 

improve Munitions Burial and Exposure (MBE) prediction. However, due to the 

highly stochastic nature of munitions behavior, comprehensive experimental data are 

needed for creating data-driven predictions and for validation of coupled probabilistic 

or computational models (Chu, 2023; Hsu et al., 2020; Liu & Qiu, 2019; Rennie, 

2017) . The Underwater Munitions Expert System (UnMES; Rennie, 2017), a 

Bayesian expert system requires a broad data set for training and testing. Limited 

validation of UnMES has been completed on many processes based on available data 

but predictive skill was moderate with existing migration distance data especially 

closer to the shoreline (Palmsten & Penko, 2020; Rennie et al., 2019). The Munitions 

Response Library (MRL) is a robust community standard repository that aggregates 

information related to munitions behavior and uses UnMES in a predictive approach 

(Penko, 2021; Puleo & Calantoni, 2023) currently focusing on depths outside the 

shoaling zone. More robust data from the shoaling zone landward are needed to train 

UnMES and enhance the MRL. Ultimately, the data-driven frameworks and repository 

will form an integral part of the munitions mobility and burial reference manual that 

aims to translate the science of munitions phenomenology into real-world munitions 

response site management (Puleo and Calantoni, 2023).  

1.4 Structure of the Dissertation 

This dissertation uses an experimental approach to quantify the behavior of 

variable density munitions across three zones in the nearshore from the offshore 

region over a flat bathymetry to the beach face. Chapter 2 provides a detailed literature 

review of munitions highlighting past studies, findings and gaps yet to be filled. In 

Chapter 3 the methodology is described. The methodology consists of the description 
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of the experimental design and conditions including instrumentations, the overview of 

the surrogate munitions and canonical objects deployed, experimental procedures and 

protocol, and the data collection and analysis approach. Chapter 4 describes the data 

analysis procedures and the results of the hydrodynamics and the beach profile 

morphodynamics in response to the controlled forcings., Chapters 5 and 6 describe the 

quantifications of the migration and burial observations, respectively, and their 

interrelationships with hydrodynamics, morphodynamics, dimensionless numbers, and 

power-law relationships. The overarching discussions of the findings, limitations, 

conclusions, and future work are presented in Chapter 7. 

As a whole, this dissertation advances the understanding of munitions behavior 

in the shallower regions of the nearshore namely the surf and swash zones as well as 

compare the observations in these regions with the deeper offshore region. The 

findings will ultimately contribute to the broader efforts of sustainably managing the 

public and environmental impacts of disposed munitions in marine environments. 
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LITERATURE REVIEW  

2.1 The Nearshore Environment and Morphodynamics 

The nearshore is broadly considered as the region extending from the shoreline 

to a location offshore of the breaking zone (Bralower et al., 2021) and comprises parts 

of the offshore zone, the swash and surf zones (Figure 2). The offshore zone is loosely 

described as the seaward region outside of the surf zone, where the wave-induced 

sediment transport is negligible (Figure 1). The surf and swash zones are distinct 

zones in the nearshore but are sometimes combined. For instance, Nielsen, (2009) 

broadly classifies the surf zone into three: 1) outer surf zone, 2) inner surf zone, and 3) 

swash zone. However, several other studies separate the swash from the surf zones 

(Elfrink & Baldock, 2002; Masselink & Puleo, 2006; Puleo et al., 2003).  The 

schematic representation of the swash and surf zones (Figure 2) illustrates a simple 

demarcation between the swash and surf zones in nearshore environments. 

The surf zone is distinctly the region extending from the point where the waves 

break to the edge of the swash zone and is the most dynamic nearshore region 

(USACE, 2003). The waves tend to be skewed outside the surf zone and asymmetric 

or skewed asymmetric inside the surf zone (Battjes, 1988). Within the zone, the wave 

surface profiles possess a relatively steep front and a much gently sloping rear side 

(Svendsen et al., 1978). The hydrodynamics of the surf zone are governed by the high-

frequency wave transformation processes, flow transformation from irrotational 

motion during wave overturning, steepening, and jet formation into a rotational flow 

Chapter 2 
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and into a turbulent bore (Battjes, 1988; Svendsen et al., 1978). The entire process 

leads to wave energy dissipation accompanied by a decrease in total convective 

momentum flux (Battjes, 1988).  

A general understanding of the swash zone is that it is the temporal region 

extending from the maximum uprush limit on the beach to the point of bore collapse 

(Hughes & Turner, 1999). The swash zone is also the region in the nearshore where 

there is an intermittent wetting and receding of waves at the beach face or where the 

beach face is intermittently uncovered by water possibly over short and long 

timescales (Elfrink & Baldock, 2002; Masselink & Puleo, 2006). However, some 

researchers believe this general understanding of the swash zone is too simplistic and 

the swash zone is rather the region extending from the intermittently wet and dry 

portion of the beach face to the point where turbulence starts to impact the seabed 

(Puleo et al., 2000). Here the swash zone is depicted as the region extending from the 

edge of the surf zone to the uprush limit on the beach (Figure 2.1). 

 

Figure  2.1: Schematic of the nearshore showing the offshore, surf and swash zone 

regions. The swash zone is exaggerated. 
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2.2 Nearshore Morphodynamics and Munitions Behavior 

Skewed waves from the offshore zone propagate towards the shoreline and 

shoal until breaking occurs. Following the collapse of the bore in the landward region 

of the surf zone, uprush motion is influenced by gravity and bed friction, with these 

two processes acting in opposition to the flow direction. The leading edge of the 

uprush motion eventually slows to a halt on the beach face. Subsequently, the fluid 

accelerates downslope during the backwash phase, where flow is once again governed 

by gravity and friction, both working against each other. Ultimately, the backwash 

flow decelerates as the fluid thins significantly, with friction surpassing gravitational 

forces.  

Flows within the swash zone do not follow strict oscillatory patterns. Rather, 

they comprise distinct phases of onshore-directed and offshore-directed flows. 

Velocity magnitudes may reach values exceeding 3 m/s when transitioning from 

shallow or nonexistent depths to depths of over 1 m (Chardón-maldonado et al., 2016). 

Hydrodynamics acting on a mobile bed result in sediment transport when the initiation 

of motion criterion is surpassed. Bed shear stresses and pressure gradients within the 

surf and swash zones frequently reach levels that are adequate to initiate the 

movement of sediment (Masselink & Puleo, 2006). Gradients in sediment transport, 

both cross-shore and alongshore, result in bed elevation changes through sediment 

continuity.. On beaches, the most evident expressions of morphodynamics are the 

appearance and disappearance of sandbars and berms. The sandbars and berms are 

dynamic, as they can quickly erode or accrete and migrate either toward or away from 

the shore (Wright & Short, 1984). The phenomenon demonstrates the complex 

interplay between hydrodynamics and morphodynamics where the wave conditions 

impact the bed, and the changes in the bed levels impact wave transformation. 
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Objects within coastal regions can be categorized as large or small, depending 

on the diffraction parameter (ka) defined as the ratio of the relative size, commonly 

quantified by cross-sectional diameter (D), of the object to the wavelength 

(Chakrabarti, 1998). When the value of ka is greater than 0.5, the incident waves on 

the object experience diffraction and fluid flow is modified (Chakrabarti, 1998). 

Hence, the hydrodynamic forcing acting on large objects is inertia-dominated and they 

modify the far-field flow field. Conversely, objects are considered small when (ka < 

0.5) and therefore do not cause wave diffraction on the surface or modify far-field 

flow (Chakrabarti, 1998). Hence, inertia is negligible and drag is dominant in small 

objects. Cobbles, cylinders, conical frusta, and munitions (in the range of D = 20 mm ï 

155 mm) under typical coastal forcing are all considered small objects. 

Morphodynamics are relevant to Munitions Burial and Exposure (MBE) 

studies because energetic conditions can lead to the burial or, more critically, the 

exposure of solid objects, subjecting the previously buried ones to active 

hydrodynamics. Like sediments, munitions also have specific initiation of motion 

criteria (Rennie et al., 2017) and physical/empirical relationships that should govern 

their migration and burial (Cristaudo et al., 2023; Friedrichs et al., 2016). However, 

these criteria and laws are not fully defined, thereby posing challenges in developing 

munitions predictive models and tools for site managers. 

Morphodynamics can cause the munitions to advance either offshore or 

onshore and hence may be transported to the beach/shoreline. Over relatively large 

temporal scales, or under shoreward-driven extreme events, munitions may experience 

relatively large onshore net migration and become exposed on the shoreline/beach 

from deeper underwater environments. For instance, munitions have appeared after 
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storm events or were brought onshore as dredged material: outer banks of North 

Carolina after Hurricane Maria (Breslin, 2017; Geib, 2018), Mantoloking beach during 

beach nourishment to reverse the damage caused by Hurricane Sandy more than five 

years later (Parry, 2018). Bed characteristics around the objects, the physical 

properties of the object  (such as bulk density, dimensions, shape, surface roughness), 

the object's relative orientation to the flow direction, and the surrounding flow 

characteristics impact the migration and burial of the objects. The complex 

interactions and force balance on the objects are well described in the literature in 

deeper underwater environments (Rennie et al., 2017) and in swash environments 

where objects are intermittently submerged (Cristaudo et al., 2023). 

2.3 Impacts of the Environment on Munitions Bulk Density 

Variation in bulk density may be caused by diverse reasons such as numerous 

iterations of the same munition type (MR-2320), corrosion, perforation, biofouling 

(Steinhurst et al., 2017), and encrustation (George et al., 2015) processes. The 

corrosion processes can remove 0.18 - 0.58 mm/yr of material (Melchers and Jeffrey, 

2005; Porte, 1967; Sugiyama et al., 2004). These processes impacting the bulk density 

of munitions (except the numerous iterations of the same munition type) are time-

dependent environmental processes that can occur to munitions situated in marine 

environments. They can also alter the geometry and the surface roughness 

characteristics of the munitions over time.  

The authors demonstrated the time-dependent environmental impacts on 

munitions bulk density through the deployment of a cluster of aluminum cylinders, 

bare steel, and plated steel at three levels in the water column in a marine basin site. 

The three levels in the water column were the seabed, the mid-water column, and just 
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below the water surface. Figure 3 depicts the corrosion and biofouling processes that 

occur on munitions in underwater marine environments over time. Although seasonal 

changes were observed to impact the changes with more biofouling experienced in the 

summer months, an upward trend was observed in the mass increase of the munitions. 

As high as 113%, 92%, and 40% increase in mass due to biofouling were observed in 

plated steel, aluminum, and bare steel, respectively, in the mid-water column where 

biological activity was greatest. At the seabed, 55% and 14% increase in mass were 

observed in the aluminum and plated steel likely due to biofouling and encrustation, 

and a 9% decrease in bare steel due to corrosion. 

 

Figure 2.2: Time-reliant corrosion, encrustation, and biofouling processes on an 

aluminum cylinder, plated steel, and bare steel over 3 years. (a) Installed in 

Lewes, Delaware at Marine Ops on 12/13/2020; (b) retrieved on 12/08/2023. 
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The bulk density values of the munitions have been observed to be a 

determining driver of the dominant process between munitions burial and/or migration 

i.e., above certain threshold bulk density values, the munitions tend to bury rather than 

migrate (Calantoni, 2018). However, this threshold for burial/migration dominance 

requires further study. 

2.4 Prior Studies on Munitions Behavior and Knowledge Gaps 

Prior studies have shown that local forcing and bulk density are primary 

parameters in determining the mobility and burial characteristics of munitions 

(Catano-Lopera and Garcia, 2006; Friedrichs et al., 2016; Rennie et al., 2017). 

However, bulk density of the existing studies on objects migration and burial/exposure 

in the nearshore focused on deeper underwater environments (Calantoni et al., 2014; 

Garcia & Landry, 2018; Rennie et al., 2017), energetic surf zones, and shoaling zones 

(Bruder et al., 2018; Traykovski & Austin, 2017; Voropayev et al., 2003b) and few 

studies have focused on the beach face where swash processes occur (Cristaudo & 

Puleo, 2020; Luccio et al., 1998). The cross-shore displacement of cobbles with 

varying sizes, shapes, and bulk densities has been quantified by studying the motion of 

cobbles in the swash zone under dam-break laboratory conditions (Luccio et al., 

1998). Similar and more recent dam-break studies of object migration are; the 

observations of the migration of spherical munitions in the swash zone of a permeable 

mobile bed  (Gross, 2019), a double dam-break study on the swash observations of 

migration, exposure and burial of tapered munitions under mixed grain (sand, gravel, 

and cobble) bed (Wengrove & Garcia-Medina, 2022) and a double dam break study on 

tapered variable density munitions where the variations in density were assumed to be 

due to biofouling and encrustation processes (Idowu et al., 2022). The dam-break 
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studies highlight and provide quantifications on the impacts of tsunami-like extreme 

solitary wave-forcing conditions on munitions migration and burial in the swash zone. 

However, the number of objects/munitions studies focused on the surf and swash zone 

under random waves and/or currents are still relatively few due to the complexities 

associated with the intermittent submergence of the beach on time scales of seconds to 

hours experienced in these zones. The intermittency exacerbates sampling difficulties, 

especially considering the potential for rapid morphological change and munitions 

mobility, exposure, and burial. Few studies have quantified objects tracking in the 

swash and surf zone; gravel and microplastics (Laksanalamai & Kobayashi, 2023), 

cobbles in the swash zone (Luccio et al., 1998), munitions in energetic surf zones 

(Traykovski & Jaffre, 2020)  and munitions in the surf and swash zones (Cristaudo & 

Puleo, 2020). Yet, there is a need for studies on the burial and mobility of munition in 

these surf and swash regions (Calantoni, 2014) to help fill the knowledge gaps in the 

parameter space in the region. 

Hence, the overarching objective of this study is to investigate the role of bulk 

density variations in munitions and how the different cross-shore zones and the 

associated morphodynamics impact munitions' cross-shore migration and burial in the 

nearshore.  
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METHODOLOGY  

3.1 Introduction  

This study involved a series of experiments conducted in a near-prototype 

scale wave flume which captured morphodynamics, the munitions migration, and 

burial/exposure measurements under different forcing conditions. Chapter 3 focuses 

on the adopted methodology, encompassing the experimental design, the materials and 

instrumentations, the experimental procedures and protocols, and the data collection 

methods and analysis techniques.  

3.2 Experimental Design 

 

The experiment was conducted in a large-scale wave flume (Figure 3.1) with a 

beach profile typical of natural sandy beaches. 

3.2.1 Wave flume 

The large-scale wave flume is 120 m long, 5 m deep, and 5 m wide, managed 

by the Environmental Hydraulics Laboratory, Institut National de la Recherche 

Scientifique (INRS), Quebec, Canada (Figure 3.1). The piston-type wave paddle with 

active absorption has a maximum stroke length of 4 m and 4 m/s maximum velocity. 

Wave flume water depth and wave period ranges of 2.5 ï 3.5 m and 3 ï 10 s, 

respectively, are possible (LHE, 2021). The wave flume has a water transfer system 

connected to a reservoir with a capacity of 3500 m3. 

Chapter 3 
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Figure 3.1: Overhead view of the INRS wave flume looking in the offshore direction 

from the beach face (LHE-INRS, 2024). 

The cross-shore coordinate (x) in the wave flume increases onshore starting at 

x = 0 at the at-rest position of the wave paddle located at the far end in the building as 

shown in Figure 3.1. The spanwise coordinate (y) increases from y = 0 at the right wall 

for an observer looking onshore (a right-handed coordinate system). The vertical 

coordinate (z) increases from the z = 0 at the bottom of the flume. Along the right wall 

from x = 32 m to x = 97 m, are stations spaced 5 m apart equipped with vertical pipes 

for placement of sensors measuring different aspects of the hydrodynamics and 

morphodynamics. 
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3.2.2 Beach morphology 

Important aspects of the beach morphology are the beach profile and the 

sediment grain sizes. The beach profile often experiences temporal changes both in the 

cross-shore and alongshore directions on the same beach system. An equilibrium 

beach profile is often used to create a representative beach profile for a particular 

coastal location but even that changes with the seasons (Bosboom & Stive, 2021). The 

initial beach profile used for this study is a near-prototype scale beach profile of 

Mantoloking Beach located in Ocean County, New Jersey USA preïHurricane Sandy 

(Pontiki et al., 2023; Tsai et al., 2024). A scale of 2.31 based on Froude scaling 

presented in (Van Rijn et al., 2011)  was applied to obtain the flume-scale beach 

profile. The beach profile was chosen because it is representative of typical sandy 

beach profiles.  

The typical median grain size (d50) of sandy beaches ranges between 0.2 mm 

and 2.0 mm, depending on a variety of factors including the sediment source, wave 

energy, and coastal geomorphology like slope (Komar, 1998). The Ὠ  values on 

sandy beaches vary along the cross-shore zone, with Ὠ  values decreasing from the 

breaking zone to the backshore with the sediment on the foreshore and backshore 

being better sorted than those further offshore in the breaker zone (Edwards, 2001).  

The progressive decrease in Ὠ  can be attributed to a reduction in swash intensity 

towards the shoreline and the widest sediment grading is observed where energy 

dissipation occurs the most (Osborne, 2019).  Based on availability and feasibility, the 

sediment with a median grain size (d50) of 0.28 mm obtained from a nearby quarry 

was used for the experiment which falls within the between 0.2 mm and 2.0 mm 

typical range for sandy beaches. The other properties of the sediment include a 
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specific gravity value of 2.65, and the sorting, skewness, and kurtosis values of 1.65, 

0.23, and 1.30, respectively. 

The scaled beach profile was constructed in the wave flume (Figure 3.3). The x 

=  7 m to x = 52 m is the region characterized by a relatively flat bathymetry of 0.5 m 

depth of sand for a smoother transition from the concrete flume bottom to the mobile 

bed of the actual profile. The 60 m region from x = 52 m to x = 112 m comprised the 

nearshore region with varying local slopes towards the dune. The beach slope is 

gentler at about 1:20 from the flat section to x = 72 m and steeper at about 1:5 

between x = 77 and x = 87 m of the scaled profile. Overall, the foreshore profile is 

relatively steep at about 1:14 (Figure 3.3).  

3.2.3 Beach hydrodynamics 

The experiment aimed to create forcing conditions that provided the greatest 

chance for munitions migration. Hence, different forcing combinations were designed 

based on unique characteristics and the capacity of the wave flume. A segment of the 

Hurricane Sandy event from October 29 - 30, 2012 was used as a guide. The peak 

significant wave height (Ὄ) and peak wave period (Ὕ) of the event segment were 

2.74 m and 12.49 s, respectively, obtained from WAVEWATCH III (NOAA, 2019; 

WW3DG, 2016 at 40.12º N, 74.00º W. It is noted that the aim was not to reproduce 

Hurricane forcing. Instead, nearshore wave data following the event were used to 

provide forcing estimates rather than selecting forcing conditions without real-world 

context. 

The experiment consisted of six hydrographs (cases) discretized into 5 trials 

each except for Case05 which contained 10 trials. The durations, still water depths, 

peak wave periods (Ὕ), and significant wave heights (Ὄ) of the hydrographs (cases) 
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are presented in Table 3.1. The discretization was such that the hydrodynamic 

conditions (durations, Ὄ, Ὕ, still water depth) of each hydrograph were ramped up 

from the first to the last trial. The minimum and maximum values of Ὄ, Ὕ, and still 

water depths were 0.21ï1.4 m, 2.5ï12 s, and 2.1ï3.3 m, respectively. Three hundred 

irregular waves were forced in each trial using a TMA spectrum (Hughes, 1984).  

 

Table 3.1: Hydrodynamics characteristics for the different hydrographs. 

Case 

Number 

Number 

of Trials 

Still Water Depth 

(m) 

Significant Wave 

Height ╗▼ (m) 
Wave Period ╣▬ (s) Duration (hr)  

01 5 2.1 0.72 7.11 0.59 

02 5 2.87 1.1 6 0.50 

03 5 3.3 1.4 6 0.50 

04 5 
2.23ï2.87 

Increment: 0.15ï0.17 

0.21ï1.1 

Increment: 0.22ï

0.23 

2.54- 5.99 

Increment: 0.84ï

0.86 

0.21ï0.50 

Increment: 0.07ï

0.08 

05 10 
2.24ï2.87 

Increment: 0.6 

0.21ï1.1 

Increment: 0.09ï0.1 

2.54ï5.99 

Increment: 0.38ï

0.39 

0.21ï0.50 

Increment: 0.03ï

0.04 

06 5 
2.23ï2.87 

Increment: 0.15ï0.17 
0.6 

8ï12 

Increment: 1 

0.67ï1.00 

Increment: 0.08ï

0.09 
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Figure 3.2: The offshore Ὄ , Ὕ and still water depth (SWD) of the six hydrographs. 

The markers are the discretized trials contained in each hydrograph 

(Case). 

Case01 to Case03 had increasing still water depths and Ὄ, and a wave onset 

ὨὌ
Ὠὸ Њ; where Ὠὸ is the time increment between the Ὄ values of two 

successive trials, meaning the largest waves were forced from the first trial on. Case04 

and Case05 maximized Ὄ as still water depths increased with each trial. However, 

Case04 had a faster wave onset, 
ὨὌ

Ὠὸ  ρυ with 5 trials to reach the maximum Ὄ, 

while Case05 had a slower wave onset with 
ὨὌ

Ὠὸ χ over 10 trials. Case06 

focused on maximizing the wave period while maintaining a still water depth increase 

similar to Case04 but with a 
ὨὌ

Ὠὸ Њ. 
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3.2.4 Dimensionless numbers describing the experimental set-up 

 

The experiment is designed to model morphodynamics under energetic 

conditions and the motion and burial of objects on a mobile bed. The physics of such 

models can be characterized by several dimensionless parameters (Kamphuis, 2018; 

Dean and Dalrymple, 2010; Grasso et al., 2009): Froude (Fr), Dean ( ), Iribarren (‚), 

Rouse (Rou), Shields (—), and Reynolds numbers (Re). Table 3.2 provides a brief 

description of the dimensionless numbers, the equations, and values obtained for the 

experimental condition. The Dimensionless numbers were computed using the peak 

hydrodynamic values described in section 3.2.3, scaled using the 2.31 scale parameter 

applied for the morphology in section 3.2.2.     

 

Table 3.2: Dimensionless parameters considered for describing the model. 
Dimensionless 

Parameter 

Brief Description Equation Values 

Froude (Fr)   The ratio of inertial to 

gravitational forces. Determines 

if a flow is super or subcritical 

Ὂὶ  
Ὄ„

ς ὫὬ
 

where „   is the angular frequency. 

0.1 

Dean (   Suspension parameter. Describes 

wave-breaking conditions in the 

surf zone 

   
Ὄ

Ὕύ
 

where ύ is the fall velocity. 

2.6 

Iribarren (‚ Surf similarity parameter. 
‚  

ÔÁÎ‍

Ὄ
ὒ

 

where ÔÁÎ‍ is the local beach slope, ὒ  is 

the deep-water wavelength. 

0.38 

Rouse (Rou) The ratio of a turbulent timescale 

to a settling time scale. Identifies 

the mode of sediment transport. 

 

Ὑέό
ύ

ό
 

where ό  ‖ ὪȾςὃ„ , ‖ πȢτ (Von 

Karman constant), and Ὢ is a wave friction 

factor  

2.45 

Shields (Ᵽ Determines the transport regime 

(bedload, suspension, sheet 

flow) and incipient motion.  

—  
†

” ” ὫὨ
 

where bed shear stress †  ”Ὢό and f 

= friction factor.  

0.82 

Reynolds (Re) The ratio of inertial to viscous 

forces.  
ὙὩ  

ὃ„Ὤ

ὺ
 1.81 × 106 
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where ὃ  
  

 ,         Ὄ  Ὄ Ⱦ

Ѝς and  ὺ is the kinematic viscosity. 

 

The Fr is the primary requirement for wave-driven physical models (Dean and 

Dalrymple, 2010). The   is widely known as an important parameter for the modal 

classification of cross-shore beach profiles into dissipative, intermediate, or reflective 

beaches (Grasso et al., 2009). The ‚  which is the ratio of the local beach slope and the 

deep-water steepness is needed for understanding the breaker type while the Rou 

characterizes the sediment transport in turbulent flows like those observed in the outer 

surf and breaking zones. The — measures the impact of hydrodynamics on the 

incipient sediment motion. Sediment transport similitude with natural conditions is 

achieved by adopting — and Rou. Re defines the level of turbulence and nearshore lab 

experiments are generally in the fully turbulent regime even if exact similitude is not 

achieved.  

The use of only one or two of the parameters for describing the system creates 

a limitation where certain important nearshore processes may be ignored. For instance, 

Dean and Dalrymple (2010) suggest that Fr and   are sufficient for morphodynamic 

models with sand, thereby ignoring important processes like sediment transport mode 

and surf similarity. Using all parameters overcomes the limitations and provides more 

context to the system conditions. The computed Fr and ‚ values were 0.1 and 0.38 

(Table 3.2), respectively indicating similarity with sandy beaches of similar scales and 

predominantly spilling breaker conditions (Grasso et al., 2009). The computed   

values (2.60) imply an intermediate beach type (Dean & Dalrymple, 2010). The 

computed — (Crosby and Whipple, 2004) and Rou values (0.82, 2.45) suggest the 
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sediment transport mode is bedload driven (Crosby & Whipple, 2004). Finally, the Re 

values of ρȢψρ  ρπ indicate a fully turbulent flow field. 

 

3.3 Instrumentation 

Approximately 80 sensors were deployed in the wave flume during the 

experiment, but only the sensors used in this dissertation are described. A total of 25 

sensors comprising 2 Nortek Vectors (V), 3 Nortek Vectrino II Acoustic Doppler 

Profiling Velocimeters (VECT), 8 Valeport model 802 Electromagnetic Current 

Meters (EMCM), and 12 MassaSonic PulseStar M-300 Ultrasonic Distance Meters 

(UDM) are described. The pre-and post-trial surveys of the munitions locations and 

beach profile elevations were achieved using the Leica Global Navigation Satellite 

System (GNSS) real-time kinetic global positioning system (RTK GPS), the 

echosounder D710U sonar, and the Trimble S5 total station. 

 

Figure 3.3: Schematic of the wave flume and the deployed sensors 
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Table 3.3: Relevant deployed sensors in the study 

Sensor Number Logging  

Rate (Hz) 

What it does 

V (Vector) 2 64 Measures water level and the 3 velocity components (u, v, w) at a 

single elevation 15 cm below the transducer 

VECT (ADPV) 3 100 Measures the 3 velocity components (u, v, w) over a 0.03 m profile 

at 1 mm increments  

EMCM  8 16 Measures the horizontal velocity (u,v) at a single elevation above 

the bed. 

UDM 12 6500 Measures water depth  by using sonar technology 

Leica RTK GPS 1 1 Used to survey munition position and subaerial or drained beach 

profiles. 

D710U sonar 1 1 Used to survey beach profiles in the underwater portions of the 

wave flume  

Trimble S5 total 

station. 
1 1 Used to survey munition position and subaerial or drained beach 

profiles. 

 

3.3.1 Vector (V) 

The Vector (V) also known as Acoustic Doppler Velocimeter is a 3-D velocity 

sensor based doppler shift effect, consisting of a transmitter and three receivers by 

Nortek Inc (SedExpNet, 2024). The vector can record precise velocity measurements 

at high sample rates from small sampling volumes of water (Nortek, 2024a). One 

vector each, recording at 64 Hz, were placed at stations 10 and 11 in the surf zone 

section of the wave flume (Figure 3.4) at 0.25 m above the bed. The V measures the 

three velocity components (u, v, and w) at a single elevation 0.15 m below the 

transducer (Table 3.3).  



 25 

      

Figure 3.4: Nortek Vector 

3.3.2 Vectrino II (VECT)  

The Vectrino II (VECT) or ADPV is a high-resolution velocimeter that is also 

based on acoustics from Nortek Inc. It is capable of measuring 3D velocity 

fluctuations at sampling rates of up to 200 Hz, collecting data of a 30 mm profile of 

water at 1 mm intervals (Nortek, 2024b). Three VECTs were placed in station one in 

the offshore zone and one each at stations 12 and 13 in the surf zone. The vect 

measures the three velocity components (u, v, and w) over a 30 mm profile at 1 mm 

increments with the first bin beginning 0.04 m below the transducer. The VECTs 

recording at 100 Hz were placed at station 1 at 0.2 m above the bed and at stations 12 

and 13 in the surf zone at 0.06 m above the bed (Figure 3.5).   
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Figure 3.5: Nortek vectrino II 

3.3.3 Electromagnetic current meter (EMCM) 

The EMCM is a model 802 paired 3.2 discus sensor 2-axis electromagnetic 

current meter system that measures the velocities of flow in two orthogonal axes based 

on the Faraday principle from Valeport (Valeport, 2024). The EMCM measures the 

horizontal velocity (u, v) at a single elevation above the bed. The eight EMCMs 

recording at 16 Hz were placed at stations 2, 4, 6, 8 14, 15, 16, and 17 (Figure 3.3, 

3.6). EMCMS were placed at 0.1 m (offshore) and 0.06 m (surf and swash zone) 

above the bed. 
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Figure 3.6:  The Valeport Electromagnetic current meter 

3.3.4 Ultrasonic Distance Meters (UDM) 

The UDM records the vertical distance from its position to the free surface or the 

bed using sonar technology. The models of the 12 UDMs deployed were the PulStar 

Series M-300 by MassaSonic. Data were recorded at a high sample rate of 6500 Hz 

and resampled to 50 Hz at the pre-data processing stage. The UDMs were located at 

12 of the 18 stations (Figure 3.7).  

 

 

Figure 3.7: The PulStar Series M-300 ultrasonic distance meter by MassaSonic 
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3.3.5 The real-time kinetic global positioning system (RTK GPS) 

The RTK GPS by the Leica Global Navigation Satellite System (GNSS) works 

by reducing the accuracy margin of standard GNSS systems from within several 

meters to centimeter-level precision using corrections from a network of stations or a 

reference station (Figure 3.8). The data obtained in MTM Zone 7 translates to UTM 

Zone 19- horizontal NAD83, vertical NAVD88. A Matlab function was used to 

convert the MTM coordinates into the local coordinates of the wave flume. 

 

   

Figure 3.8: The Leica RTK GPS system 
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3.3.6 The echosounder D710U sonar 

The echosounder D710U sonar from EchoLogger (Figure 3.9) is a high 

precision hydrographic instrument for measuring underwater depth and seabed 

profiling. It pairs seamlessly with the Leica Global Navigation Satellite System 

(GNSS) RTK GPS and was particularly helpful during post-trial surveys where the 

wave flume was not drained. The Sonar was used to capture the beach profiles in the 

underwater portions of the wave flume during such surveys. The sonar can operate on 

a wide range of frequencies and depths. The vertical accuracy is within ±0.01ï0.05 m 

depending on system calibration and environmental conditions. The sonar was 

mounted on framing profiles attached to a cart that allowed the sonar to be moved 

from one end of the wave flume to the other in the cross-shore. 

 

Figure 3.9: echosounder D710U sonar from EchoLogger (source: 

https://www.aditech-uw.com/en/shop/6491-echologger-eth-d710u.html ) 

https://www.aditech-uw.com/en/shop/6491-echologger-eth-d710u.html
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3.3.7 Trimble S5 total station 

The Trimble S5 total station (Figure 3.10), a high-precision surveying 

equipment, is part of Trimbleôs ensemble of total stations designed to for accuracy, 

ease of use and reliability (Trimble Geospatial, 2024). It is based on Trimble 

MagDrive electromagnetic technology, which ensures fewer moving parts, SurePoint 

technology which ensures accurate measurement and pointing, and the DR Plus EDM 

with an accuracy of 1 mm + 2 ppm which enhances direct reflex performance and 

ensures fewer steps in instrument set-up (Trimble Geospatial, 2024). The 

measurement range can be up to 5500 m under clear conditions (Trimble Geospatial, 

2024).  

 

Figure 3.10: Trimble S5 total station 
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3.4 Surrogate Munitions and Canonical Objects 

Munitions span a range of shapes, sizes, and bulk densities. Numerous studies 

employed basic cylindrical shapes and varying-sized conical frusta of various bulk 

densities as munition surrogates  (Calantoni et al., 2014; Friedrichs et al., 2016, 2018; 

Garcia & Landry, 2018; Rennie et al., 2017; Voropayev et al., 2003b)   

The munition sizes of interest for this effort are tapered, cylindrical, or 

spherical munitions or objects with cross-sectional diameters in the range of 20 mm to 

155 mm (Calantoni, 2014). 

An overview of the various munitions-related studies and the physical 

characteristics of the objects used (diameter, length, and bulk density, ɟm) can be 

found in (Friedrichs et al., 2018). Here, munitions ranging from 40 mm to 155 mm 

diameter (D) were deployed. Canonical objects (spheres and cylinders) were also used 

for simplicity in modifying bulk density. Recent prior studies developed replicas with 

similar shapes, sizes, geometrical characteristics, and bulk densities as real munitions 

within an acceptable absolute error of < 20% (Bruder et al., 2018; Cristaudo & Puleo, 

2020). In this study, canonical objects were fabricated using iron shavings mixed with 

leveling cement (spheres) or Quikrete concrete mix (cylinders; within aluminum 

tubes) to obtain desired densities. The target densities of the spheres were 2500 kg/m3, 

3000 kg/m3, 3500 kg/m3, and 4000 kg/m3, while the target densities of cylinders were 

2000 kg/m3, 2500 kg/m3, 3000 kg/m3, and 3500 kg/m3. The percent errors between the 

fabricated canonical objects and the target densities were within 7%. A total of 152 

surrogate munitions and canonical objects were used (Figure 3.11).  
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Figure 3.11: Variable density munitions and canonical objects deployed, L is the 

object length, and ó*ô indicates the number of objects of a specific type 

deployed. 

Figure 3.11 highlights the munitions and canonical objects deployed in the 

study and the density range using color coding where green, red, magenta, and yellow 

were near 2000 kg/m3, 2500 kg/m3, 3000 kg/m3, and 3500 kg/m3, respectively. 

Gray/silver-colored objects retain their typical bulk density as identified by the 

SERDP standardized repository or military manuals (Bruder et al., 2018). When 

appropriate, these color codings are retained in the presentation of the results for direct 

correspondence. Munitions are named using the following nomenclature (Figure 3.11): 

Color ï Munitions type ï Station number ï Munition number (If there are multiple 

munitions of the same type in the same location). For example,"YSPH_2C" is Yellow 

ï Sphere ï Station 2 ï C where C means the third YSPH munition at Station 2. 
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Figure 3.12: Distribution of the munitions deployed based on their specific gravity 

values. 

An overview of the specific gravity of the munitions deployed (Figure 3.12) 

shows that a wide range of munitions bulk densities was deployed in the experiment. 

The total number of unique munitions bulk densities used within the specific gravity 

ranges from 2 to 6 was 13, although the total bulk density variations across all objects 

was 25 (Figure 3.11). To the authorsô knowledge, this study comprises the largest 

collection and range of bulk-density munitions/objects deployed in a single study for 

quantifying munitions migration in the near-shore.  
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3.4.1 Inertia Motion Units  

Three 81 mm projectiles with bulk densities of 2500 kg/m3, 3000 kg/m3, and 

4180 kg/m3 housed an x-IO inertia motion unit (IMU). The x-IO IMUs are low-cost 

compact sensors equipped with the Gyroscope, Accelerometer, and Magnetometer 

whose combined measurements provide a 9-degree-of-freedom system. The 9 degrees 

of freedom include triple-axis angular velocity, acceleration, Euler and quaternion 

angles, and rotation The 81 mm surrogate projectiles contained watertight IMU 

compartments (Figure 3.13) which add enough space for external batteries for the 

IMUs all housed inside the munitions for data collection over an extended period. The 

instrumented 81 mm surrogate projectile munitions were deployed in the surf zone. 

Instrumenting munitions with IMUs provided Lagrangian observations of 

munitions response to varied forcing conditions. The IMUs were inserted into and 

retrieved from the munitions before and after the Cases. IMUs were set to sleep/wake 

mode, extending battery life by entering sleep after 60 s of inactivity. The trigger for 

wake-up was set to ñhigh sensitivityò with a sample rate of 256 Hz. The principal 

measurements of the IMU are roll, angular velocity, and yaw. The roll measurements 

were converted into translational distance and by extension, the munition trajectories 

within the wave flume coordinates using a cumulative sum technique (Cristaudo & 

Puleo, 2020; Frank et al., 2016) . 
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Figure 3.13: Inertia Motion Unit and a sample R81 munition showing where the IMU 

is inserted 

 

3.4.2 Dimensionless parameters related to munitions/objects migration and 

burial.  

Dimensionless numbers associated with small solid structures like vertical 

cylinders, pipelines, and mines are the Keulegan-Carpenter number and Object 

mobility number (Voropayev et al., 2003a). The maximum force on small objects is 

simply a function of KC number and the Reynolds number (Chakrabarti, 1998). The 

Shields number widely applied in sediment transport for determining the initiation of 

motion (incipient motion) has also been found applicable for larger-sized objects due 

to local scour impacts. Hence, several studies have applied the shields number along 

with the earlier stated dimensionless numbers for quantifying the behavior of solid 

objects in underwater and nearshore environments e.g. Cylinders (Friedrichs et al., 

2016), mines (Friedrichs, 2007), and surrogate munitions (Cristaudo & Puleo, 2020; 
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Puleo & Cristaudo, 2020; Rennie et al., 2017). Table 3.4 describes the dimensionless 

numbers and the associated equations. 

Table 3.4: Dimensionless numbers associated with munitions behavior. 

Dimensionless 

Parameter 

Brief Description Equation 

Keulegan-

Carpenter 

number (KC), 

the ratio between drag and 

inertia forces 
╚╒  

◊□╣▼
╓

 

Where ◊□ is the maximum near-bed wave plus current 

velocity, ╣▼ is wave period, ╓ is the munitions diameter  

Shields number 

(Ᵽ 

ratio between destabilizing 

and stabilizing forces 
Ᵽ  

Ⱳ╫
ⱬ▼ ⱬ◌ ▌▀

 

Where Bed shear stress †  ”Ὢό and Ὢ

ὪὶὭὧὸὭέὲ Ὢὥὧὸέὶ  
 

Object mobility 

(Ᵽ□  

Initiation of motion and 

identifying the threshold for 

motion/no motion 

—
ό

”
” ρὫὈ

 

 

3.5 Procedures and Protocols 

3.5.1 Wave flume setup 

The steps in the wave flume setup were: 1) marking the scaled profile 

elevations on the flume sidewalls, 2) adding sediment using a bucket loader, 3) 

spreading and compacting the sediment to match the marked profile elevations, 4) 

installing galvanized pipes and scaffold frames at the different cross-shore stations for 

sensor installation, 5) routing sensor cables into the control trailer, 6) placing 

munitions at the different cross-shore stations,  7) conducting the experiments 

according to the prescribed hydrodynamic conditions, 8) periodic flume draining for 

profiling and munitions surveying, and 9) resetting the beach profile for the next set of 
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hydrodynamic conditions. Steps 1, 2 and 3 were conducted before the start of each 

Case. It involved the use of the bucket loader, skid steer and minimal physical labor 

for an even spread of the sediment in the y-axis.  

Fourteen stations equipped with vertical pipes for placement of sensors 

originally existed from x = 32 m to x = 97 m spaced 5 m apart in the wave flume. Four 

more stations were created at x = 22, 27, 102, and 107 making a total of 18 stations. 

The scaffolding for the sensors consisted of steel pipes for the frames and aluminum 

pipes for holding the sensors. Aluminum pipes were used for holding the sensors 

rather than steel because steel causes interference with the electromagnetic field 

around the probes of the sensors, thereby creating noises in the signals. All sensors 

were connected to recording laptop computers or computer-controlled data loggers. 

Computers were on a local network receiving clock updates every second via a 

Garmin GPS antenna and Tac32 and Dimension4 v5.3 software. 

3.5.2 Experimental steps 

Some major steps after creating the beach profile in the wave flume are 

depicted in Figure 3.14. The sorting of the munitions involved arranging the munitions 

according to their station numbers (Figure 3.15, Table 3.5). The munitions were 

deployed strategically at the stations to achieve the objectives of the study. Stations 

1(offshore), 7 (offshore/surf interface), and 18 (swash), focused on munitions with 

similar shapes, bulk densities and initial orientation at the same cross-shore location. 

Stations 2 (offshore), 11 and 12 (surf) and 17 (swash) had munitions of similar shapes 

and initial orientations but different bulk densities at the respective cross-shore 

locations (Figure 3.15). However, the munitions in station 2 were all spherical objects, 

and therefore initial orientation was inconsequential.  
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Figure 3.14: Experimental steps 

The largest munitions (155 mm ) were deployed spanwise at stations 1, 7, and 

11 all with similar bulk density values except for station 11. The deployments at 

stations 2 (offshore) and 15 (swash or surf/swash interface) were spherical munitions 

of similar diameter with varying bulk density values emphasizing bulk density 

variation. At stations 4 (offshore), 8 (surf), and 13 (surf or surf/swash interface), two 

munition types of relatively similar lengths (CYLs and RKTs) but with varying bulk 

density values were deployed emphasizing variation in shape and initial orientation. 

At stations 5 (offshore), and 10 (surf), munitions were of similar shapes but with 

multiple pairs of munitions having similar bulk densities. Each munition pair had a 

spanwise and streamwise-oriented munition respectively, emphasizing initial 

orientation. Station 6 (offshore) contained two different types of tapered munitions 

and bulk density values all initially oriented in the same spanwise direction. At station 
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16 (swash or surf/swash boundary or swash), two munition types (81s and CYLs) with 

four bulk density variations were deployed. One of the two munition types with 

similar bulk densities was paired, forming pairs of different munitions with similar 

bulk density values (except for M81 which had no CYL pairing) and all had a 

spanwise initial orientation. Variable density 40 mm munitions were deployed 

spanwise at stations 12 and 17 while station 18 contained similar density 40 mm 

munitions and a pair of 81 mm projectiles all deployed spanwise to provide the best 

chance for migration. Finally, stations 9 and 14 (surf) both had a range of munition 

types of two or more different bulk densities and initial orientations represented. 

Munitions were mostly deployed proud, and the tapered munitions were either placed 

spanwise (perpendicular to the flow) or streamwise (parallel to the flow). All 

munitions were deployed side-by-side in the alongshore position to minimize possible 

interference or collision with each other during wave propagation (Figure 3.15). 

Table 3.5: Munitions deployments by stations 

Stations Munitions  SpecificGravity Orientation Diameter (D) 

1 (x = 22 m) 
155_1A 4.23 Spanwise 0.155 

155_1B 4.23 Spanwise 0.155 

2 (x = 27 m) 

YSPH_2C 3.5 NA 0.099 

BLU_2A 4.46 NA 0.099 

RSPH_2A 2.59 NA 0.099 

MSPH_2C 3 NA 0.099 

BLU_2B 4.46 NA 0.099 

OSPH_2B 4 NA 0.099 

RSPH_2B 2.5 NA 0.099 

RSPH_2C 2.5 NA 0.099 

OSPH_2A 4 NA 0.099 

MSPH_2A 3 NA 0.099 

YSPH_2A 3.5 NA 0.099 

OSPH_2C 4 NA 0.099 
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YSPH_2B 3.5 NA 0.099 

BLU_2C 4.46 NA 0.099 

MSPH_2B 3 NA 0.099 

4 (x = 32 m) 

MRKT_4 3 Streamwise 0.07 

YCYL_4 3.5 Spanwise 0.07 

RRKT_4 2.5 Streamwise 0.07 

MCYL_4 3 Spanwise 0.07 

GRKT_4 2 Streamwise 0.07 

RCYL_4 2.5 Spanwise 0.07 

YRKT_4 3.5 Streamwise 0.07 

GCYL_4 2 Spanwise 0.07 

5 (x = 37 m) 

MCYL_5B 3 Streamwise 0.07 

RCYL_5B 2.5 Spanwise 0.07 

RCYL_5A 2.5 Streamwise 0.07 

YCYL_5B 3.5 Spanwise 0.07 

GCYL_5A 2 Streamwise 0.07 

GCYL_5B 2 Spanwise 0.07 

YCYL_5A 3.5 Streamwise 0.07 

MCYL_5A 3 Spanwise 0.07 

6 (x = 42 m) 

S40_6A 5.72 Spanwise 0.04 

P81_6B 4.18 Spanwise 0.081 

S40_6C 5.72 Spanwise 0.04 

P81_6A 4.18 Spanwise 0.081 

S40_6B 5.72 Spanwise 0.04 

7 (x = 47 m) 
S155_3A 4.23 Spanwise 0.155 

S155_3B 4.23 Spanwise 0.155 

8 (x = 52 m) 

MCYL_8 3 Spanwise 0.07 

SRKT_8 3.32 Streamwise 0.07 

RCYL_8 2.5 Spanwise 0.07 

GCYL_8 2 Streamwise 0.07 

YCYL_8 3.5 Spanwise 0.07 

YRKT_8 3.5 Streamwise 0.07 

RRKT_8 2.5 Spanwise 0.07 

GRKT_8 2 Streamwise 0.07 

MRKT_8 3 Spanwise 0.07 

9 (x = 57 m) 

BLU_9 4.46 Spanwise 0.099 

GCYL_9B 2 Streamwise 0.07 

YCYL_9A 3.5 Spanwise 0.07 

RSPH_9 2.5 NA 0.099 

MCYL_9A 3 Streamwise 0.07 

GCYL_9A 2 Spanwise 0.07 

MSPH_9 3 NA 0.099 

MCYL_9B 3 Spanwise 0.07 
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OSPH_9 4 NA 0.099 

YCYL_9B 3.5 Spanwise 0.07 

YSPH_9 3.5 NA 0.099 

RCYL_9B 2.5 Streamwise 0.07 

RCYL_9A 2.5 Spanwise 0.07 

10 (x =  62 m) 

M81_10B 3 Spanwise 0.081 

S81_10A 4.18 Spanwise 0.081 

M81_10A 3 Streamwise 0.081 

Y81_10A 3.5 Spanwise 0.081 

FLAT_10B 4.18 Streamwise 0.07 

R81_10B 2.5 Spanwise 0.081 

P81_10B 4.18 Streamwise 0.081 

FLAT_10A 4.18 Spanwise 0.07 

Y81_10B 3.5 Streamwise 0.081 

S81_10B 4.18 Spanwise 0.081 

R81_10A 2.5 Streamwise 0.081 

P81_10A 4.18 Spanwise 0.081 

11 (x = 67 m) 
155_11A 4.23 Spanwise 0.155 

155_11B 3.5 Spanwise 0.155 

12 (x = 72 m) 

S40_12C 5.72 Spanwise 0.04 

Y40_12B 3.554 Spanwise 0.04 

S40_12A 5.72 Spanwise 0.04 

M40_12A 3.02 Spanwise 0.04 

Y40_12A 3.554 Spanwise 0.04 

S40_12B 5.72 Spanwise 0.04 

M40_12B 3.02 Spanwise 0.04 

R40_12A 2.491 Spanwise 0.04 

R40_12B 2.491 Spanwise 0.04 

13 (x = 77 m) 

RCYL_13 2.5 Spanwise 0.07 

RRKT_13 2.5 Streamwise 0.07 

GCYL_13 2 Spanwise 0.07 

GRKT_13 2 Streamwise 0.07 

SRKT_13 3.32 Streamwise 0.07 

YRKT_13 3.5 Streamwise 0.07 

YCYL_13 3.5 Spanwise 0.07 

MRKT_13 3 Streamwise 0.07 

MCYL_13 3 Spanwise 0.07 

14 (x = 82 m) 

S40_14 5.72 Spanwise 0.04 

BLU_14B 4.46 NA 0.099 

Y81_16A 3.5 Spanwise 0.081 

RRKT_14 2.5 Streamwise 0.07 

RSPH_14B 2.5 NA 0.099 

R81_16 2.5 Spanwise 0.07 
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BLU_14A 4.46 NA 0.099 

S81_16A 4.18 Streamwise 0.081 

R40_14 2.491 Spanwise 0.04 

SRKT_14 3.32 Streamwise 0.07 

RSPH_14A 2.5 NA 0.099 

M81_16A 3 Spanwise 0.081 

15 (x = 87 m) 

BLU_15C 4.46 NA 0.099 

MSPH_15A 3 NA 0.099 

RSPH_15A 2.5 NA 0.099 

YSPH_15A 3.5 NA 0.099 

OSPH_15D 4 NA 0.099 

RSPH_15D 2.5 NA 0.099 

BLU_15A 4.46 NA 0.099 

RSPH_15C 2.5 NA 0.099 

MSPH_15C 3 NA 0.099 

YSPH_15C 3.5 NA 0.099 

RSPH_15B 2.5 NA 0.099 

OSPH_15A 4 NA 0.099 

BLU_15D 4.46 NA 0.099 

MSPH_15D 3 NA 0.099 

OSPH_15C 4 NA 0.099 

YSPH_15D 3.5 NA 0.099 

OSPH_15B 4 NA 0.099 

BLU_15B 4.46 NA 0.099 

MSPH_15B 3 NA 0.099 

YSPH_15B 3.5 NA 0.099 

16 (x = 92 m) 

S81_16B 4.18 Spanwise 0.081 

Y81_16B 3.5 Streamwise 0.081 

M81_16B 3 Spanwise 0.081 

YCYL_14 3.5 Streamwise 0.07 

R81_14 2.5 Spanwise 0.081 

S81_14 4.18 Spanwise 0.081 

RCYL_14 2.5 Spanwise 0.07 

17 (x = 97 m) 

M40_17B 3.02 Spanwise 0.04 

S40_17B 5.72 Spanwise 0.04 

M40_17A 3.02 Spanwise 0.04 

Y40_17B 3.554 Spanwise 0.04 

S40_17A 5.72 Spanwise 0.04 

Y40_17A 3.554 Spanwise 0.04 

R40_17 2.491 Spanwise 0.04 

 S40_18A 5.72 Spanwise 0.04 

18 (x = 102 m) 
S40_18B 5.72 Spanwise 0.04 

S40_18C 5.72 Spanwise 0.04 
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S81_18A 4.18 Spanwise 0.04 

S40_18D 5.72 Spanwise 0.04 

S40_18E 5.72 Spanwise 0.04 

S40_18I 5.72 Spanwise 0.04 

S40_18F 5.72 Spanwise 0.04 

S40_18G 5.72 Spanwise 0.04 

S81_18B 4.18 Spanwise 0.081 

S40_18H 5.72 Spanwise 0.04 

S40_18J 5.72 Spanwise 0.04 

 

  

Figure 3.15: Munitions deployment layout in the wave flume  

Munitions were surveyed before the first trial and generally, after every other 

trial when the wave flume was drained. Generally, full surveys were achieved after 

Trials02, 04, and 05 in cases containing 5 trials, and in Case05 containing 10 trials, 

full surveys were achieved after Trials02, 04, 06, 08, and 10. Only partial surveys 

spanning the swash and shallow parts of the surf zone were achieved after the other 

trials. 
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After the munition deployments, setup of the sensors at the stations (Figure 

3.3; Table 3.3; section 3.5.1) and initial surveys, the wave flume is filled up slowly to 

the desired still water depth based on the hydrodynamic conditions highlighted in 

Table 3.1 of section 3.2.3. The waves were generated and run based on the 

hydrographs (Figure 3.2). 

The surveys involved the use of the RTK GPS or the Trimble Total Station to 

measure the coordinates of the munitions and the beach profiles pre- and post-trials 

during full surveys. Three ground control points were surveyed at the beginning of 

each experiment for confirmation that the GPS was recording at the correct antenna 

height and accuracy level. 

 During partial surveys, the sonar was used to survey the underwater portions of 

the beach profile while the RTK GPS was to survey the dry portions and the 

munitions. The spherical munitions (BLUs and SPHs) were measured at their tips 

while the tapered munitions were measured at the tip, and the base (Figure 3.16). 

 

Figure 3.16: Measuring points of the munitions 
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Munitions burial depths relative to the near-field profile elevation were 

measured either as partial or full burials. Burial depths of partially buried munitions 

were recorded as the depth above the bed using a ruler placed against the undisturbed 

bed level (Figure 3.17). Fully buried munitions were identified with metal detectors, 

escavated, and a yardstick or longer ruler was placed on undisturbed bed from one end 

of the excavation to the other, a ruler is then lowered into the opening until contact is 

made with the munition. The height record on the ruler from the contact to the 

intersection with the horizontal ruler or yardstick.  

 

Figure 3.17: Measuring munitions burial 
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Some munitions went missing during the experiments due to excessive burial 

far below the magnetic reach of the metal detectors. Others were not found because 

they migrated too close to the reinforced concrete side walls, and interference between 

the reinforced steel in the walls and the metal detectors made it difficult to locate 

them. However, any lost munition later found was repositioned to the last known 

location and re-surveyed before the next trial run. At the end of each case 

(hydrograph), all munitions and sensors were removed from the wave flume, and the 

beach profile was reset in preparation for the next case. The wave flume set-up and 

experimental steps are then repeated. 

 

3.6 Data Collection Methods and Analysis Techniques 

3.6.1 Sensors  

The vector (V) sensor was connected to the VE Graphical User Interface (GUI) 

which provided the options of input settings such as the velocity range, and sampling 

rate. The velocity range of 0 ï 5 volts which translated to 0.3 m/s to 1 m/s set at a 

sampling rate of 64 Hz (Table 3.3). Data were recorded in .vec format and 

subsequently converted into .dat and other formats. 

The Vectrino II data was sampled at the highest possible sampling rate of 100 

Hz, and a baud rate of 19200. The Vectrino Profiler (version 1.3.2) a Nortek multi-

instrument data acquisition system which runs based on the latest pre-installed 

Java7u9 was the GUI for setting up the data collection and export of the Vectrino data. 

All connected Vects were grouped in the Vectrino Profiler software before recording 

to ensure they all started and stopped recording at the same time. 
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The EMCM and few other sensors not covered in this dissertation were routed 

into the NI6225 data logger by National Instruments. The DAQExpress 5.1 was the 

GUI for setting preferences and recording data. The voltage input of the EMCM was -

5 to 5 volts and the terminal configuration for the EMCM was ñReferenced Single 

Endedò. The EMCM data were recorded at 16 Hz sampling rate (Table 3.3) and 

exported in both .csv and .tdms formats. The micro-seconds were not captured in the 

csv files but were captured in the tdms files. Hence, the time stamps were obtained 

from the tdms files. The EMCM time series data was adjusted for a time delay of 5/16 

of a second (0.3125 s) across all the files. There was a direct 1:1 ratio between the 

voltages recorded as outputs and actual flow velocities, hence there was no need to 

apply any correlation co-efficient for converting into u (m/s).  

The different computers being used for recording data from the sensors were 

all connected to a local network receiving clock updates and hence, a central time for 

all computers. The central time was achieved by connecting all the computers to a 

laptop with a Tac32 from CNS Systems. The central time was obtained from a 

network of satellites via a Garmin GPS antenna. Tac32 automatically sets a 

computerôs internal clock at an accuracy level 10 ï 25 milliseconds. The time display 

updates synchronously with the GPS signal and corrects for time delays in the 

instrumentation and the cables (CNS Systems, 2024). Each connected computer 

grabbed and interacted with central time using the Dimension 4 v5.3 software installed 

on the operating system. 

The UDM data were recorded on a different server using the NI cRIO-9025 

CompactRIO controller by National Instruments. The NI cRIO-9025 is a CompactRIO 

controller manufactured by National Instruments, essentially acting as a real-time 
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embedded controller used for advanced control and monitoring applications in 

industrial settings. An LED and an extra UDM were jointly connected to the NI cRIO-

9025 on which all the UDMs were mounted and the NI6225 on which the EMCMs 

were mounted using a channel splitter. The time series of both signals were 

harmonized by obtaining the time offsets between the two signals using an 

xcorrelation (xcorr in Matlab) approach and applying the time offset to the UDM data 

to synchronize with the EMCM data. The time offset was applied to the UDM datasets 

and not the EMCM datasets because the EMCM datasets are connected to the central 

time linked to all other sensors. The UDM data was originally recorded at 6500 Hz but 

resampled to 50 Hz .parquet files which had also incorporated the correlation 

coefficient between the voltages and actual depths recorded. The .parquet files were 

the formats used for the harmonization process using the time offsets.  

 

3.6.1.1 Time series synchronization of sensors data 

The time series of all sensor data were synchronized with the first Vectrino II 

datasets for all experimental runs. The Vectrino II was chosen because it has the 

highest sampling rate (100 Hz) of all the sensors and it was located farthest offshore in 

the wave flume. The first step was to synchronize all other vect time series data whose 

timestamps had earlier been converted into the Matlab time using an in-house code 

called epoch2Matlab in a loop. Secondly, an initial cleaning was performed on all the 

vectrino data using the following cutoffs/filters; dbcut = -40, corrcut = 60, and 

badbeams = 2 where dbcut, corrcut, and badbeams are the amplitude cutoffs, 

correlation cutoff, and the minimum number of bad beams before data is ñNaNedò. 
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Each sensorôs data was then iteratively time-synchronized with vect1 data by 

interpolation. The sensors include the other vects, vector, EMCM and UDM. 

 

3.6.1.2 Data cleaning 

The data cleaning was done separately for each sensor. 

UDM  

The UDM data cleaning was done first because it provides the depth data used 

as a cutoff during the data cleaning of sensors close to the shoreline that experienced 

intermittent wetness and dryness. During the cleaning process, the parts of the data 

outside of the period between the start and end times of each experiment were cut off. 

The original UDM data captured the distance from the elevation of the UDM to the 

water level. Series of codes were written to obtain the actual water elevations from the 

bottom up using a back-calculation process. The water depths were obtained from the 

elevations by subtracting the profile depth from the water elevation at the same x-

location. This was a straightforward process for the UDMs located in the underwater 

portions, but more complications were introduced in the UDMs located in the 

surf/swash zones where there was intermittent wetting and exposure of the beach 

profile. The datasets captured both water elevation during wetness phase and the beach 

profile elevation during dryness phase and the beach profile elevation was constantly 

changing due to erosion/accretion processes. A code was used to obtain the time-series 

of the changing beach profile elevation at the UDMôs location using a moving window 

approach. The obtained changing beach profile elevation was then subtracted from the 

water elevation data to obtain the water depth. After a series of painstaking iterative 

process, a lowpass filter with an fcut =0.8 was found to be the sweet spot for 
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eliminating most of the noises in the signal without losing too much good data and this 

was applied to the time series data of the water elevations and depths. 

EMCMs 

The parts of the data outside of the period between the start and end times of 

each experiment were first ñNaNedò. A built-in 1-D median filtering function in 

Matlab called ñmedfilt1ò was used for cleaning the data. The medfilt1 is a nonlinear 

technique which applies a sliding window to a sequence and replaces the center value 

in the window with the median value of all datapoints in the window (Pratt, 1991). 

The n = 51 was found to be the optimal number, where n is the nth-order 1D median 

filter to the timeseries data, and it was applied to all the EMCM datasets. Additionally, 

a water depth cutoff of 0.02 m (20 cm) was applied to the EMCMs located in the 

surf/swash zones. The cutoff implied that any part of the timeseries where the water 

depth was less than 2 cm, was classified as dry and therefore, no velocity datapoint.  

 

VECTORS (V) 

A similar process to the EMCM was conducted on the vector data. The portion 

of the timeseries between the start and the end of the experiment was retained for each 

dataset. Then the medfilt1 with n = 51 was applied to the dataset to obtain the cleaned 

v data. 

 

VECTRINO II (VECT) 

The vect data is unique in that it measures the velocity profile over 3 cm at 1 

mm intervals. The elevations of the vect sensor were mostly above the bed for all the 

experiments, and therefore the mean of the u component of the 3 cm velocity profiles 
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to obtain a representative 1 dimension time series data i.e. a velocity profile containing 

30 bins of velocity time series were converted into one velocity time series. After 

obtaining the 1D velocity time series, the process applied to the vector data was 

applied to obtain the cleaned vect data. 

 

Additionally, an absolute velocity threshold of 3 m/s was applied to all the 

velocity datasets (vect, v and emcm) and spikes with values larger than the threshold 

were removed. 

  

3.6.2 Munitions migration 

The munitions location data obtained using the RTK GPS, total station and 

manually were aggregated for all cases and trials and organized into .mat files. An in-

house MTM2INRS Matlab code was used to convert the location data from the MTM 

zone 7 coordinates into the flume coordinates. The organized data contained the x, y, z 

components measures at the tip and base/mid portions of the tapered munitions and in 

the tip of the spherical munitions as described in Figure 3.15. Final tables of the 

location data were created and saved in .mat formats. The expected measurement error 

O is (0.05 m). 

 

 

3.6.3 Munitions burial  

The raw manually collected munitions burial data were transferred into excel 

spreadsheets. The measured burial depths were adjusted by subtracting the munitions 
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diameter from the measured burial to obtain the actual burial values of the munitions. 

Errors in naming and obvious measurement errors were checked and corrected. The 

munitions naming scheme was made consistent with the naming scheme for the 

location data. The data were subsequently organized into a giant struct file containing 

the burial data for all cases and trials. The expected measurement errors O is also (0.05 

m).  

3.6.4 Munitions data table 

The aggregated munitions data brings together all elements of the project into 

an overall output that contains information on munitions deployed, the associated 

migration and burial of each munition, the local hydrodynamics and morphodynamics 

associated with each munition across all cases and trials.  

A code for obtaining the bulk statistics of all the velocity data was written to 

accept the velocity time-series data (vects, v and emcm) as inputs and calculate ό , 

ό Ϸ, and ό , of the full -time series data and others like the offshore, onshore, and 

wet components of the velocity time series data. The data was organized into tables 

according to cases and trials.  

A giant MATLAB code that accepts the disparate burial, location, bulk 

statistics, profile elevation, and wave characteristics (Ὄ, Ὄ ) datasets was 

developed. In the code, 58 different variables were developed all describing different 

components of the munitionôs behavior including the associated dimensionless number 

values associated with each munition. See Appendix A for full details and description 

of the table and its components.  
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BEACH PROFILE MORPHODYNAMICS UNDER VARIED FORCING 

CONDITIONS  

The hydrodynamics and beach profile morphology play a pivotal role in the 

extent of migration and burial of the munitions. In this chapter, the results of 

hydrodynamics and the beach profile responses are presented. 

 

4.1 Hydrodynamics under the hydrographs 

The velocity and water depth measurements captured by the different sensors 

were organized systematically from the offshore to the beach face (Table 4.1). Table 

4.1 serves as a quick look-up of the sensors at each station. During the experiments, 

some sensors malfunctioned, and the bad data were excluded from the analysis. 

Table  4.1: Sensors look-up table 
STATION  X (m) Velocity sensors Nominal height above the bed  

(m) 

UDM is 

defined by 

number 

1 22 "VECT" 0.25 1 

2 27 "EM1" 0.10 - 

4 32 "EM2" 0.10 2 

6 42 "EM3" 0.10 - 

7 47 - - 3 

8 52 "EM4" 0.10 4 

9 57 - - 5 

10 62 "V1" 0.25 - 

11 67 "V2" 0.25 6 

12 72 "VECT4" 0.06 7 

13 77 "VECT5" 0.10 8 

14 82 "EM5" 0.03 9 

15 87 "EM6" 0.03 10 

16 92 "EM7" 0.03 11 

17 97 "EM8" 0.03 12 

Chapter 4 
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As an example, the velocity time series across the entire cross-shore for the largest 

forcing condition, Case03Trial01, is depicted in Figure 4.1. 

 

Figure 4.1: Time series of the velocity sensors from the offshore zone to the beach 

face 

The fluid velocity was generally greatest at station 15, the point after which 

most of the wave breaking occurred in this case (Figure 4.1). However, the time series 

shown is too long to see obvious trends. Hence, the hydrodynamics of stations 1, 12, 

and 17 representing the offshore, surf, and swash zones respectively, and containing 

both UDMs and velocity sensors are further examined by zooming in on the first 100 s 
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of the experimental run. The velocity (u) and depths (h) of the respective stations are 

plotted side-by-side (Figure 4.2).  

 

Figure 4.2: Time series excerpts of water depth (h) and cross-shore velocity (u) for 

the first 100 s of the largest forcing conditions (Case03, Trial 01) in the 

offshore (a,b), surf (c,d), and swash (e,f) zones. 

The time series shows a progressive decrease in h as waves propagate from the 

offshore to the swash zone (Figure 4.2). Breaking processes and bore capture led to 

fewer waves observed near the beach face compared to offshore (Figure 4.2). There is 

a transition to more skewed/asymmetric waves with a decrease in water depth (Figure 

4.1 b,d,f). Swash data are more sawtooth-shaped, as expected (Baldock, 2019). The 

profile contained a long flat section providing space for waves coming off the paddle 

to adjust to local water depth before shoaling on the actual profile. Still, the 

accommodation space may have been insufficient, causing alterations to the wave 
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shape relative to expectations for the actual depth. Also, the UDM sensors had limited 

capability for capturing the peaks of steep wave crests.  It is believed these alterations 

are insignificant for the study of migration given the deployment of munitions across 

the profile. 

 

Figure 4.3: Cross-shore distribution of Ὄ   (aïf) and Ὗ   (gïl) for all Cases.  

 

The bulk hydrodynamics across the entire cross-shore for all the cases were 

examined using Ὄ  and Ὗ  values. Variations in the Ὄ  and Ὗ  from the 

UDMs and velocity meters for all cases and trials are presented in Figure 4.3 (where 

rms is the root mean square). The Ὄ  was calculated assuming a Rayleigh 

distribution as a direct relationship with Ὄ as Ὄ =Ὄ Ѝςϳ , and Ὄ is estimated from 

the UDM data using the relationship Ὄ=4* „, where „ is the standard deviation of 

the free surface oscillation. Ὄ values tend to show a gradual progression with slight 
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shoaling followed by breaking. Case04 and Case05 showed the widest variations in 

Ὄ  due to the progressive increase in Ὄ from 0.21 m to 1.1 m in both Cases. 

Breaking typically occurred near x = 77 m with variations depending on forcing 

conditions. Waves then dissipated across the remainder of the profile into the swash 

zone. 

The Ὗ  were computed by obtaining the root mean square of the velocity 

time series. The Ὗ  values (Figure 5gïl) followed similar patterns with the Ὄ   

observations. Velocities for Case01, Case02, and Case03 were nearly constant at 

around 0.4 m/s across the flat section; indicative of the wave field having adjusted to 

the local water depth. The similarity also suggests that for these trials, the wave height 

variability did not cause large variability in Ὗ , likely due to a corresponding 

increase in still water depth. Case04 and Case05 did show a consistent increase in 

Ὗ  with respect to trial number as the wave height and period increased with the 

increasing still water depth. Case06 had the longest wave periods and fixed wave 

heights. Little variability in Ὗ  was observed in the flat section, and magnitudes 

were smaller than for the first three Cases. For all Cases, Ὗ  were greatest following 

breaking and into the swash zone. These observations imply that erosion/accretion 

processes and near-bed forcing were more prominent in the inner surf and swash 

zones. Thus, migration processes may also be more prominent in these regions. 

 

4.2 Morphological responses to the hydrodynamics under the hydrographs 

Temporal variability in beach profiles for Case03, as an example, shows the 

locations of erosion and accretion and variability in local beach slopes (Figure 4.4). 

The berm between x = 82 m and x = 90 m eroded offshore, causing accretion and sand 
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bar formation between x = 76 m and x = 82 m (Figure 4.4). The sand bar shifted 

offshore as the trial sequence progressed and this motion was observed for many of 

the Cases. 

 
Figure 4.4: The beach slope is gentler at about 1:20 from the flat section to x = 72 m 

and steeper at about 1:5 between x = 72 to x = 87 m of the scaled profile. 

Overall, the foreshore profile is relatively steep at about 1:14.  

The morphodynamics for all cases were analyzed by subtracting the beach 

profile measurements after each trial from the pre-trial measurements (Figure 4.5). 

Positive and negative values imply accretion and erosion, respectively. Across all 

Cases, minimal bed level changes (within the range of ± 0.1 m) were observed in the 

offshore zone to roughly x = 70 m. The small changes are likely due to sensor 

accuracy, weak sediment transport gradients, and variations in three-dimensional 

ripple formation and migration captured using a single cross-shore profile. From x = 
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70 m to x = 100 m, more substantial erosion/accretion to a magnitude of 0.4 m was 

observed (Figure 4.5). The region from x = 75 m to x = 90 m, where wave breaking 

was concentrated and with the steepest slope (1:5), experienced the most noticeable 

bed level changes.  

 

 

Figure 4.5: Changes in the beach profile elevation relative to the pre-trial elevation. 

The bed level changes and morphodynamics observed across the cases vary 

from least to most severe as Case01, Case04, Case06, Case02, Case03, and Case05. 

Case01 had the smallest still water depth, and Ὄ, values of 2.1 m and 0.72 m, 

respectively (Table 3.1), and was also one of the shortest hydrographs (Figure 3.2). 

Bed level changes were less than ± 0.2 m even in the region between x = 70 m and x = 

90 m, indicating little variability in the berm. Case04 had conditions of still water 

depth and Ὄ of 2.23 ï 2.87 m and 0.21 ï 1.1 m, respectively. Berm erosion and sand 
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bar formation occurred between x = 80 m to x = 90 m and x = 75 m to x = 80 m, 

respectively. Case06 had a still water depth range of 2.23 ï 2.87 m similar to Case04, 

but with a constant Ὄ of 0.6 m and longer wave periods. Unlike Case04, greater 

accretion occurred offshore of the erosion point between x = 75 m and x = 80 m and 

onshore between the x = 90 m and x = 100 m region coinciding with the dune toe. 

Case02 had a still water depth of 2.87 m and Ὄ=1.1 m values, leading to weaker 

accretion and greater erosion from x = 75 m to x = 80 m and x = 80 m to x = 90 m, 

respectively, than in Case06. Case03 had the largest still water depth and wave height 

combinations (3.3 m and Ὄ= 1.4 m), resulting in extensive accretion and sand bar 

formation from x = 75 m to x = 80 m and corresponding erosion of the berm and dune 

toe. Although Case03 had the strongest forcing conditions, Case05 had the most 

substantial morphodynamics, likely due to the longer duration. Case05 is the longest 

hydrograph (Figure 3.2), and the forcing ran over the course of 10 trials. The longer 

duration led to a greater magnitude of erosion and accretion relative to Case04, a 

similar Case to Case05 except for the longer duration as well as Case03. 
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MUNITIONS MIGRATION IN RESPONSE TO THE VARIED FORCING 

CONDITIONS  

5.1 Introduction  

The understanding of munitions migration dynamics in the nearshore remains 

limited. Empirical attempts at describing the phenomenon have proven difficult and 

unreliable. This study leverages on the volume of migration observations in using a 

probabilistic approach to create quantifiable insights into the migration tendencies of 

the munitions in the nearshore and shallow water regions. Results presented in this 

chapter attempts to provide a deeper understanding of the migration tendencies of 

munitions given their bulk-densities, shape and initial orientation. The migration 

tendencies were explored through bulk observations of migrations and a limited 

analysis of the instantaneous observations of munitions migration.  

5.2 Bulk description of variable density munitions migration response to the 

controlled forcing conditions 

Three migration types were calculated. The first is the actual migration where 

the pre-trial munitions location (location before) were subtracted from the post-trial 

munitions location after each trial (location after). In instances where pre-trial location 

measurement was absent either because the munition was not found at the pre-trial 

stage or the munition was underwater, the last available location was used as the 

location before. The second was the trial-to-trial migration where munitions location 

were pre-trial measurement was subtracted from the post-trial location measurement, 

Chapter 5 
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regardless. The challenge with trial-to-trial migration dataset is that it only takes the 

pre-trial location or post-trial location to be absent for no data to exist and this was 

fairly common due to the large number of munitions deployed. The third migration 

type computed was the cumulative migration where the initial locations of the 

munition prior to the start of each experimental case were subtracted from the post-

trial munition location as the case progressed from one trial to the next. Henceforth, 

migration in the rest of this chapter and generally in the dissertation refers to the first 

description of migration unless otherwise stated.  Migration distances were subdivided 

into two categories: ñno motionò for cross-shore migration magnitudes less than or 

equal to 0.5 m, and ñmotionò for cross-shore migration magnitudes exceeding 0.5 m. 

This threshold value was chosen based on roughly the longest dimension of the 

munitions that often-experienced motion (mortars and rockets) and a desire to exceed 

expected measurement errors (0.05 m) by an order of magnitude. 

 

5.2.1 Munitions migration across the entire cross-shore  

The entire cross-shore comprises the offshore zone characterized by a 

relatively flat bathymetry at the bed, the surf zone where wave breaking occurred and 

water depth progressively decreased due to the changing slope and the swash zone 

characterized by intermittent uprush and backwash on the beach face. Of the total 152 

munitions deployed, 40 munitions (26%) were initially deployed in the offshore zone. 

The munitions deployed in the surf zone and swash zones varied from 42 to 55% and 

19 to 32%, respectively. Munitions were surveyed before the first trial and generally, 

after every other trial when the wave flume was drained. Munitions that were 

landward of the maximum runup and experiencing no hydrodynamic forcing were 
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excluded from the data set. A total of 2228 migration measurements were obtained 

encompassing all cases and trials. 

Data are presented in tabular form and as histograms (Table 5.1, Figure 5.1) 

with the color-coding separating munitions by specific gravity (SG) and matching the 

munitions colors provided in Figure 3.11. Negative and positive migration values 

imply offshore and onshore migration, respectively. The ñmotionò and ñno motionò 

migration observations were 349, and 1879, respectively, implying that 84% of the 

deployed munitions did not migrate beyond 0.5 m of their initial location. The 

percentages of the ñno motionò munitions (Figure 5.1) with SG ranges of 2 Ò SG < 

2.5, 2.5 Ò SG < 3, 3 Ò SG < 3.5, 3.5 Ò SG < 4, 4 Ò SG < 4.5, and 4.5 Ò SG < 5.8 were 

8% (152), 17% (317), 19% (357), 21% (391), 27% (517), and 8% (145), respectively 

(Table 5.1). Munitions in the SG range of 2.5 Ò SG < 3 (17%) were two times more 

likely to migrate Ò 0.5 m compared to munitions with SG < 2.5 (8%) given similar 

forcing conditions. Migration percentages for the same SG values for ñmotionò 

munitions were 16% (57), 31% (108), 17% (61), 14% (47), 19% (65), and 3% (11). 

These percentages spread across the SG ranges, implying that SG may be less 

important for net migration provided the forcing is sufficient to exceed initiation of 

motion. Overall, 58% (202 of 349) of the net migration events were offshore directed. 

Wave non-linearity, the existence of an undertow, and local bed slope are factors that 

may relate to offshore migration. 

Table 5.1: ñNo motionò and ñmotionò values and percentages based on the SG ranges. 

2&ɯ1ÈÕÎÌÚ ƖɯȀɯ2&ɯǾɯƖȭƙɯ ƖȭƙɯȀɯ2&ɯǾɯƗ ƗɯȀɯ2&ɯǾɯƗȭƙ ƗȭƙɯȀɯ2&ɯǾɯƘ ƘɯȀɯ2&ɯǾɯƘȭƙ ƘȭƙɯȀɯ2&ɯǾɯƙȭƜ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƜǔɯȹƕƙƖȺɯ ƕƛǔɯȹƗƕƛȺ ƕƝǔɯȹƗƙƛȺ ƖƕǔɯȹƗƝƕȺ ƖƛǔɯȹƙƕƛȺ ƜǔɯȹƕƘƙȺ ƕƜƛƝ 

,ÖÛÐÖÕ ƕƚǔɯȹƙƛȺ ƗƕǔɯȹƕƔƜȺ ƕƛǔɯȹƚƕȺ ƕƘǔɯȹƘƛȺ ƕƝǔɯȹƚƙȺ ƗǔɯȹƕƕȺ ƗƘƝ 
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Figure 5.1: Migration distances for munitions in the nearshore; (a) no motion; (b) 

motion. 

A net offshore or onshore migration distance magnitude exceeding 5 m was 

considered major and comprised 100 of 349 (29%) munitions. Of those 100 munitions, 

67% (67) had SG of < 3, implying that although SG values may be less important for 

ñmotionò migration provided the forcing is sufficient to exceed initiation of motion, 

the SG may become a dominant factor for long-distance migration.  
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5.2.2 Munitions migration in the offshore zone 

The offshore zone is the region from x = 0 m to x = 47 m. It is characterized 

by flat bathymetry, continuous submergence of munitions, non-breaking waves, and 

minimal changes in the overall morphology. A total of 812 munition data points were 

obtained comprising 94% (764 of 812) and 6% (48 of 812) ñno motionò and ñmotionò 

migrations, respectively (Table 5.2; Figure 5.2). There was a higher percentage (705 

of 764; 92%) of the ñno motionò munitions with SG Ó 2.5 (Figure 5.2). The 

corresponding ñmotionò (48; 6%) (Table 5.2a) implies that 60% (29) had SG < 2.5, 

while 83% (40) had SG < 3. In total, 31 of the 48 ñmotionò migrations had net onshore 

migration implying that more munitions (65%) migrated onshore in the offshore zone. 

The onshore migration tendency in the zone is also evident in the ñmotionò histogram 

which is overwhelmingly skewed to the right (Figure 5.2). Only 6 of 48 (13%) of the 

ñmotionò munitions traveled more than the 5 m cutoff for what is considered a major 

migration, and their SG values were all in the SG 2 Ò SG < 2.5 range. These 

observations suggest that in the offshore zone over flatter bathymetry, the munitions 

bulk density and wave skewness are important for net migration. 
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Figure 5.2: Migration distances for munitions in the offshore zone. The left and right 

are the ñno motionò and ñmotionò data, respectively. 

Table 5.2: ñNo motionò and ñmotionò values and percentages based on the SG ranges 

and cases (offshore). 

ȹÈȺɯ2&ɯ1ÈÕÎÌÚ ƖɯȀɯ2&ɯǾɯƖȭƙɯ ƖȭƙɯȀɯ2&ɯǾɯƗ ƗɯȀɯ2&ɯǾɯƗȭƙ ƗȭƙɯȀɯ2&ɯǾɯƘ ƘɯȀɯ2&ɯǾɯƘȭƙ ƘȭƙɯȀɯ2&ɯǾɯƙȭƜ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƜǔɯȹƙƝȺɯ ƕƜǔɯȹƕƘƕȺ ƕƝǔɯȹƕƘƚȺ ƖƔǔɯȹƕƙƕȺ ƗƔǔɯȹƖƗƕȺ ƙǔɯȹƗƚȺ ƛƚƘ 

,ÖÛÐÖÕ ƚƔǔɯȹƖƝȺɯ ƖƗǔɯȹƕƕȺ ƕƙǔɯȹƛȺ ƖǔɯȹƕȺ Ɣǔ Ɣǔ ƘƜ 

        

ȹÉȺɯ"ÈÚÌÚ "ÈÚÌƔƕ "ÈÚÌƔƖ "ÈÚÌƔƗ "ÈÚÌƔƘ "ÈÚÌƔƙ "ÈÚÌƔƚ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƝƙǔɯȹƕƕƖȺ ƜƝǔɯȹƕƗƕȺ ƜƜǔɯȹƝƝȺ ƝƚǔɯȹƕƗƝȺ ƝƚǔɯȹƕƛƜȺ ƝƛǔɯȹƕƔƙȺ ƛƚƘ 

,ÖÛÐÖÕ ƖǔɯȹƖȺ ƕƕǔɯȹƕƚȺ ƕƖǔɯȹƕƗȺ ƘǔɯȹƚȺ ƘǔɯȹƜȺ ƗǔɯȹƗȺ ƘƜ 

3ÖÛÈÓ ƕƕƘ ƕƘƛ ƕƕƖ ƕƘƙ ƕƜƚ ƕƔƜ ƜƕƖ 

The percentages in each case were calculated as a function of the total number 

of migration datapoints in the case (Table 5.2b). Case05 had the largest number of 

data points (186) because it contained more trials (10 trials) than the other cases (5 

trials). Unsurprisingly, Case03, with the largest forcing combinations (Table 3.1), 

produced the largest percentage value for ñmotionò migration (12%) of all the cases 
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(Table 5.2b). Case04 and Case05, produced nearly identical migration behavior for 

both ñno motionò and ñmotionò migrations both at (96%, 4%), respectively (Table 

5.2b). The histograms of the migrations in the offshore zone were separated into the 

cases (Figure 5.3). The ñno motionò migrations across all the cases follow a nearly 

normal distribution or are skewed towards onshore migration. The ñmotionò 

migrations across all cases also skewed more towards the onshore (Figure 5.3). 

Expectedly, the SG values of the ñmotionò migrations were mostly in the 2 Ò SG < 2.5 

and 2.5 Ò SG < 3 ranges, regardless of the case. Few ñmotionò munitions in the 3 Ò SG 

< 3.5 range (e.g., Figure 5.3, Case01, Case02, and Case03) migrated beyond 5 m, 

further emphasizing the importance of bulk density on munitions long-distance 

migration. As discussed in Section 4.2, the offshore zone experienced relatively 

weaker nearbed forcing due to the water depth (Figure 4.4). 

 

 

Figure 5.3: Migration distances for munitions in the offshore zone separated into 

cases. The top and bottom rows are the ñno motionò and ñmotionò data 

for each case, respectively. 



 68 

5.2.3 Munitions migration in the surf  zone 

The surf zone typically extended shoreward from x = 47 m to the surf/swash 

boundary between x = 77 m and x = 97 m, depending on the water depth and wave 

characteristics. This region was characterized by relatively steep slopes (1:20 ï 1:5) 

with increasing steep-ness shoreward. Munitions in the surf zone accounted for 42ï

55% of the total munitions deployed and the migration observations in the surf zone 

account for 51% of the total migration data points. A total of 1212 surf zone 

observations from were made comprising (241; 20%) and (971; 80%) data points for 

the ñmotionò and ñno motionò net migrations, respectively (Figure 5.4; Table 5.3a). 

The 80% (971 of 1212) ñno motionò net migrations observed in the surf zone 

were comparatively smaller than that of the offshore zone observations (94%). About 

73% (713 of 971) of the munitions with ñno motionò had SG Ó 3, implying that similar 

to the offshore zone, the ñno motionò munitions tended to have higher density. The 

greatest net migration distances during the experiment were recorded in the surf zone 

with a maximum net migration distance of 40 m offshore (Figure 5.4). 
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Figure 5.4: Migration distances for munitions in the surf zone. The left and right are 

the ñno motionò and ñmotionò data, respectively. 

About 50% (120 of 241) of the ñmotionò munitions had SG < 3, as compared 

to the offshore zone, which had a value of 83%. About 34% (83 of 241) of the 

ñmotionò net migrations were greater than the 5 m cutoff for what was considered a 

major migration. Thirteen percent (11 of 83) and 49% (51 of 83) of the major 

migration observations were in the 2 Ò SG < 2.5 and 2.5 Ò SG < 3 ranges, jointly 

accounting for 60% of the munitions with net migrations greater than 5 m. Net 

migration in the surf zone was predominantly offshore-directed 65% (157 of 241) as 

also shown in Figure 5.4 where the ómotionò migration histogram is left-skewed. This 

trend is in contrast with the offshore zone where net munitions migration was largely 
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onshore-directed and may suggest the importance of gravity (slope) on munitions 

migration. 

Table 5.3: ñNo motion and ñmotionò values and percentages based on the (a) SG 

ranges and (b) cases (surf). 

ȹÈȺɯ2&ɯ1ÈÕÎÌÚ ƖɯȀɯ2&ɯǾɯƖȭƙɯ ƖȭƙɯȀɯ2&ɯǾɯƗ ƗɯȀɯ2&ɯǾɯƗȭƙ ƗȭƙɯȀɯ2&ɯǾɯƘ ƘɯȀɯ2&ɯǾɯƘȭƙ ƘȭƙɯȀɯ2&ɯǾɯƙȭƜ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƕƔǔɯȹƝƗȺ ƕƛǔɯȹƕƚƙȺ ƖƕǔɯȹƖƔƔȺ ƖƗǔɯȹƖƖƖȺ ƖƙǔɯȹƖƘƚȺ ƘǔɯȹƘƙȺ Ɲƛƕ 

,ÖÛÐÖÕ ƕƖǔɯȹƖƜȺ ƗƝǔɯȹƝƗȺ ƕƛǔɯȹƘƔȺ ƕƘǔɯȹƗƘȺ ƕƜǔɯȹƘƗȺ ƕǔɯȹƗȺ ƖƘƕ 

        

ȹÉȺɯ"ÈÚÌÚ "ÈÚÌƔƕ "ÈÚÌƔƖ "ÈÚÌƔƗ "ÈÚÌƔƘ "ÈÚÌƔƙ "ÈÚÌƔƚ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƜƜǔɯȹƕƘƘȺ ƛƕǔɯȹƕƛƘȺ ƛƔǔɯȹƕƔƚȺ ƜƚǔɯȹƕƛƕȺ ƜƚǔɯȹƖƖƕȺ ƛƝǔɯȹƕƙƙȺ Ɲƛƕ 

,ÖÛÐÖÕ ƕƖǔɯȹƕƝȺ ƖƝǔɯȹƛƖȺ ƗƔǔɯȹƘƚȺ ƕƘǔɯȹƖƛȺ ƕƘǔɯȹƗƙȺ ƖƕǔɯȹƘƖȺ ƖƘƕ 

3ÖÛÈÓ ƕƚƗ ƖƘƚ ƕƙƖ ƕƝƜ Ɩƙƚ ƕƝƛ ƕƖƕƖ 

 

The case-based migrations in the surf zone (Figure 5.5) had the ñno motionò 

net migration following a nearly normal distribution and the ñmotionò net migrations 

left-skewed in favor of offshore migration. The ñmotionò exceptions are Case02, 

Case04, and Case06 with distributions more normal. The trend observed in the 

offshore zone persists in the surf zone, where Case03 had the relatively largest 

percentage of ñmotionò migration at 30% and the same migration pattern of (86%, 

14%) for ñno motionò and ñmotionò was observed for Case04 and Case05 (Table 

5.3b). The largest migration distance of -40 m in the entire experiment also occurred 

during case03. The SGs of the ñno motionò net migrations span the entire SG range 

from 2 to 5.8. A similar observation is made in the ñmotionò net migration, suggesting 

that hydrodynamics plays a more dominant role than munitions bulk density on 

migration in the surf zone, provided conditions are sufficient for migration to occur. 
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Figure 5.5: Migration distances for munitions in the surf zone separated into cases. 

The top and bottom rows are the ñno motionò and ñmotionò data for each 

case, respectively. 

 

 

5.2.4 Munitions migration in the swash zone 

The swash zone extended from the farthest runup edge on the beach face to the 

surf/swash boundary. The boundary varied with trial from x = 77 m to x = 97 m due to 

the changing forcing conditions. The swash zone spans the shortest cross-shore 

distance of all three zones. The number of munitions initially deployed in the swash 

zone varied from 30 to 50 (19ï32%) depending on the surf/swash boundary location. 

In addition to the exclusion of munitions that experienced no hydrodynamic forcing 
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from the dataset, some munitions with significant offshore migration distances initially 

deployed in the swash zone ended up in the surf zone in subsequent trials. Such 

datasets were subsequently considered as part of the surf zone categorization. 

There were 204 total observations in the swash zone which comprised 144 

(71%) and 60 (29%) observations for ñmotionò and ñno motionò, respectively (Figure 

5.6; Table 5.4a). Ninety-three percent (56 of 60) of the ñmotionò munitions had SG Ó 

3, suggesting that hydrodynamics and morphodynamics may play a more dominant 

role than density on munitions migration in the swash zone for energetic conditions. 

The maximum net onshore and net offshore migration distances were 12 m and 17 m, 

respectively (Figure5.6; Figure 5.7, Case06). The percentages of the munitions 

migrations in either direction were similar with 47% (28 of 60) migrating offshore and 

53% (32 of 60) migrating onshore. These swash zone observations for the ñmotionò 

munitions suggest a nearly equal probability of munitions migration in either 

direction, but the offshore-directed migrations are likely to migrate farther distances 

(Figure 5.6, Case06). The spread of the migration percentages and no observable 

trends between net migration distance and the SG for the ñmotionò munitions suggest 

that SG plays a lesser role in the ñmotionò munitions migration when forcing 

conditions are sufficient to cause migration. 

 

The ñno motionò munitions accounted for about 71% (144 of 204) of the swash 

zone observations (Table 5.4; Figure5.6). The increase in percentages with increasing 

SG indicates that denser munitions tend to experience ñno motionò likely under 

weaker swash zone forcing. Approximately 92% of the ñno motionò munitions had SG 

Ó 3, with the least dense munitions (2 Ò SG < 2.5) in the swash zone always migrating 
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beyond 0.5 m. The SG Ó 3 munitions accounting for 92% of the ñno motionò 

observations suggest that the threshold SG for motion/no-motion in the swash zone 

may be within the range of 2 to 3. 

 

Figure 5.6: Migration distances for munitions in the swash zone. The left and right are 

the ñno motionò and ñmotionò data, respectively. 

The ñmotionò and ñno motionò observations in the swash zone appear 

contrasting. On one hand, munitions bulk density suggests that denser munitions tend 

to experience ñno motion.ò On the other hand, SG seems to have minimal importance 

in the ñmotionò munitions, as there were no observable trends between net migration 

distance and the SG. The discrepancy between SG and migration in the ñmotionò and 

ñno motionò datasets implies that SG is a key factor in the final determination of a 

munition experiencing ñmotionò or ñno motionò, but the forcing is a more dominant 
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driver of migration than the bulk density in munitions that experience significant net 

migration. 

Table 5.4: ñNo motion and ñmotionò values and percentages based on the SG ranges 

(swash). 

ȹÈȺɯ2&ɯ1ÈÕÎÌÚ ƖɯȀɯ2&ɯǾɯƖȭƙɯ ƖȭƙɯȀɯ2&ɯǾɯƗ ƗɯȀɯ2&ɯǾɯƗȭƙ ƗȭƙɯȀɯ2&ɯǾɯƘ ƘɯȀɯ2&ɯǾɯƘȭƙ ƘȭƙɯȀɯ2&ɯǾɯƙȭƜ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƔǔɯȹƔȺɯ ƛȭƙǔɯȹƕƕȺ ƛȭƙǔɯȹƕƕȺ ƕƗǔɯȹƕƜȺ ƖƜǔɯȹƘƔȺ ƘƘǔɯȹƚƘȺ ƕƘƘ 

,ÖÛÐÖÕ ƔǔɯȹƔȺɯ ƛǔɯȹƘȺ ƖƗǔɯȹƕƘȺ ƖƔǔɯȹƕƖȺ ƗƛǔɯȹƖƖȺ ƕƗǔɯȹƜȺ ƚƔ 

        

ȹÉȺɯ"ÈÚÌÚ "ÈÚÌƔƕ "ÈÚÌƔƖ "ÈÚÌƔƗ "ÈÚÌƔƘ "ÈÚÌƔƙ "ÈÚÌƔƚ 3ÖÛÈÓ 

-ÖɯÔÖÛÐÖÕ ƕƔƔǔɯȹƖȺ ƛƝǔɯȹƘƚȺ ƔǔɯȹƔȺ ƛƔǔɯȹƖƗȺ ƚƜǔɯȹƚƔȺ ƙƝǔɯȹƕƗȺ ƕƘƘ 

,ÖÛÐÖÕ ƔǔɯȹƔȺ ƖƕǔɯȹƕƖȺ ƕƔƔǔɯȹƕȺ ƗƔǔɯȹƕƔȺ ƗƖǔɯȹƖƜȺ ƘƕǔɯȹƝȺ ƚƔ 

3ÖÛÈÓ Ɩ ƙƜ ƕ ƗƗ ƜƜ ƖƖ ƖƔƘ 

 

 

 

Figure 5.7: Migration distances for munitions in the swash zone separated into cases. 

The top and bottom rows are the ñno motionò and ñmotionò data for each 

case, respectively. 
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The swash zone had the smallest number of munitions observations of all three 

zones largely because of the migration of many initially proud munitions into the other 

zones and the relatively smaller area of intermittent swash motions. Case05 had a 

large number of data points due to the greater number of trials. The observed trend 

between Case04 and Case05 in the offshore and surf zones was also maintained in the 

swash zone (Table 5.4b). A similar pattern of (70%, 30%) and (68%, 32%) for ñno 

motionò and ñmotionò migrations were observed in Case04 and Case05, respectively 

(Table 5.4b). 

The offshore migration of the berm between x = 80 m and x = 90 m for most 

cases (Figure 7) explains the inability to locate some of the munitions initially placed 

in the swash zone of the SG value. Hence, only a few or no data points were observed 

for some of the cases (Figure 5.7). The few data points observed in Case01 were due 

to the swash extents being farther away from the shoreline, and hence many deployed 

munitions in the zone did not experience hydrodynamic forcing. Conversely, the 

strong forcing combination in Case03 which led to offshore migrations of most 

munitions initially deployed in the swash explains why (Figure 5.7, Case03) is nearly 

blank. 

As with the surf zone, the SG distributions of both the ñno motionò and 

ñmotionò net migrations spanned the entire SG range from 2 to 5.8, suggesting the 

relative importance of hydrodynamics over munitions bulk density. 
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5.3 Dimensionless numbers and power-law relationships 

The object mobility number (— ) and the shields number (—) are two 

dimensionless numbers that have been related to munitions migration (Cristaudo & 

Puleo, 2020). The two dimensionless numbers associated with each munition were 

computed using the equations in section 3.4.2 using the different ñuò types described 

in section 3.6.4. The —  and — based on ό  were used in this analysis. 

The migration distances (ñmotionò) were plotted against the —  and —  (Figure 5.8). A 

wide scatter in migration is observed in both dimensionless numbers. The critical —   

is a measure of the relationship between the object diameter and bed roughness 

(Friedrichs et al., 2018; Rennie et al., 2017) and since a wide range of munitions was 

deployed, the wide scatter may be expected. The — embeds the impact of the 

hydrodynamics (†ȟ u) and the morphology ( †ȟὨ ) which both impacted munitions 

behavior stochastically. The wide scatter observed aligns with observations from past 

studies showing a weak correlation between dimensionless parameters and migration 

distance (Cristaudo & Puleo, 2020; Friedrichs et al., 2018; Traykovski & Austin, 

2017). However, a greater clustering of the less-dense munitions with green symbols 

(2 Ò SG < 2.5) occurred in the — π ὸέ ς and — π ὸέ υ and correspond with the 

greatest migration distances implying that the munitions with smaller SG may require 

weaker overall forcing for migration.  
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Figure 5.8: Migration as a function of Shields number for all motion observations. 

Positive and negative values represent onshore- and offshore-directed 

migrations, respectively. The symbol shapes represent the Cases. Case01 

to Case06 are , , , , , , respectively.   

A prior study attempted to establish a power-law relationship between the 

absolute munition migration and the —  and — using the nonlinear least squares 

regression analysis approach but insignificant R2 values were obtained (Cristaudo & 

Puleo, 2020). The R2 improved when the SG was incorporated (R2 = 0.27). This R2  = 

0.27 is still low and implies low confidence in the model. Attempts were made to 

explore the same empirical relationships in all zones and combined, but the results of 

the analysis were poor. For instance, the swash ȿὨȿ  ὥ—  and ȿὨȿ  ὥ—  

produced R2 = -0.06 and -0.01 (Figure 5.9) where ȿὨȿ is the absolute migration 
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distance |Migration|.  Negative R2 can occur when the model does not follow the data 

trend and fits worse than a horizontal line (Figure 5.9). 

 

 

Figure 5.9: Power law fit of (a) |Ὠ| versus — and (b) |Migration| versus —  in the 

swash zone. 
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Attempts were made to improve the model by incorporating the munitions intrinsic 

property ï the SG, into the equations to produce  ȿὨȿ  ὥ— ὛὋ and ȿὨȿ

 ὥ— ὛὋ. The models were slightly improved, resulting in R2 = 0.12 [a1=3.286, b1 

= -0.089, c1 = -1.667] and 0.12 [a1=3.4898, b1 = -0.142, c1 = -1.883], respectively 

(Figure 5.10). These R2 values are still too low for the model to be robust.  
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Figure 5.10: Power law fit of (a) |Ὠ| versus —ȟὛὋ and (b) |Ὠ| versus —ȟὛὋ in the 

swash zone. 

Several other combinations were attempted but no R2 > 0.12 was obtained 

which implied that the model barely improved and overall, the dimensionless numbers 

were insufficient for reliably describing or predicting munitions migration. Much 

poorer results were obtained for the other zones and across the entire cross-shore 

combined. 
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5.4 Near-instantaneous migration observations in the surf zone 

5.4.1 Initiation of motion 

The IMU data provided near-instantaneous observations of the munition 

migration in the surf zone. The interpretations of the observations with respect to the 

hydrodynamics and the beach slope in the vicinity of the munitions give insights into 

the complex interactions between munitions in the nearshore and the forcing 

conditions. The initiation of motion times of munitions at the same x = 82 m location 

relative to the start times of the wave maker (t = 0 s) for cases with available data are 

presented in Table 5.5. The munition types are described in the following order: 

colorðmunition type, e.g., R81 implies a Red 81 mm projectile (see Figure 3). 

Table 5.5: Duration of time before initiation of motion due to the wave forcing 

relative to t = 0 s, the wave maker start time. 

Experiment No Munition Type, SG, and Initiation of Motion Time (s) 

Case02 Trial01 R81 (SG = 2.5) = 22.5 M81 (SG = 3.0) = 24.9 S81 (SG = 4.18) = 37.6 

Case04 Trial01 R81 (SG = 2.5) = 87.4 No data S81 (SG = 4.18) = 90.6 

Case05 Trial01 M81 (SG = 3.0) = 12.1 Y81 (SG = 3.5) = 133.9 S81 (SG = 4.18) = 183.4 

Case06 Trial01 R81 (SG = 2.5) = 45.6 No data S81 (SG = 4.18) = 55.7 

The wide-ranging time from forcing to ñinitiation of motionò (Table 5.5) was 

expected because the hydrodynamics of each case varied (Table 3.1). Across the cases 

shown, the less-dense instrumented R81 munition (SG = 2.5) consistently had shorter 

ñinitiation of motionò times than the instrumented S81 munition (SG = 4.18). This 

limited observation suggests that bulk density impacts the initiation of motion as less 

dense munitions of similar shapes and sizes are mobilized before the denser munitions 

originating from the same cross-shore position and under the same forcing. 

Conversely, overall hydrodynamics likely dominate over bulk density for munitions 

migration in the surf zone (Section 5.2.3) for long-distance migration. 
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5.4.2 IMU -derived near-instantaneous munition migration 

The IMU data of a R81 munition (SG = 2.5) during Case02 Trial01 (h = 2.87, Ὄ = 1.1 

m, Ὕ = 6 s) are presented to show the variability in the migration time history (Figure 

5.11) where relative time (RTt) is referenced to a local time when the munition started 

to move. The overall duration of motion was about 31 min (1870s). The munition 

trajectory was divided based on observations of change in migration behavior. 

Sections are numbered and color-coded (Figure 5.11) and examples include the 

change from offshore migration to roughly stationary or roughly stationary to offshore 

migration. The beach profile (Figure 5.11b) and corresponding water level variation 

within 120 s of change in migration behavior (Figure 5.11cïj) are also shown. Free 

surface oscillations (ɖ) were taken from the sensor closest to the midpoint of the 

migration range of the particular section. From relative time RTt = 0 s to RTt = 53 s, 

the munition migrated 5.61 m offshore (S1; blue) at a mean velocity of 0.11 m/s. 

Sections S2 (orange), S4 (purple), S6 (cyan), and S8 (black) have relatively similar 

properties where the munition experienced a series of small onshore/offshore motions, 

likely mimicking the flow oscillations. Net migrations were S2 (0.91 m), S4 (0.56 m), 

S6 (0.86 m), and S8 (2.08 m) over durations of 57 s, 87 s, 153 s, and 496 s, 

respectively. The corresponding cross-shore mean migration velocities range from 

0.004 m/s to 0.016 m/s offshore. In S3 (yellow), a rapid offshore migration (2.19 m) 

was followed by a gradual onshore migration (2.01 m) and another rapid offshore 

migration (1.56 m) over ~325 s (RTt = 110 s to RTt = 435 s), resulting in net 

migration of 1.75 m offshore. 
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Figure 5.11: (a,b) The migration time history of an R81 (SG = 2.5) instrumented 

surrogate munition in the surf zone. Offshore migration is from right to 

left. The color changes depict the sectioning of the munition migration 

trajectory. The corresponding-colored circles indicate the start of each 

migration section. (b) The beach profile for reference. (cïj) Free surface 

oscillations (ɖ) 60 s before and after the onset of the S1 to S8 centered 

around a local RTt = 0 s. The colors correspond with the colors used for 

S1 to S8 in Figure 5.11a. 

Conversely, S5 (green) from RTt = 522 s to RTt = 697 s initially started with 

onshore/offshore oscillations similar to S4 that led to a short net migration distance, 

then gradually migrated offshore before rapidly migrating back onshore in the last few 

seconds. The resulting mean migration velocity was 0.02 m/s. Section S7 (red) from 

RTt = 850 s to RTt = 1280 s experienced 17.20 m of offshore migration and a 

corresponding mean migration velocity of 0.04 m/s. These data show that munition 

migration varies considerably across the profile and with time of forcing. 
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Local hydrodynamics and bed slopes provide context for some of the 

tendencies of the behavior. The initiation of motion (S1) may have been triggered by a 

wave crest just before the start of a wave group, suggesting that the initial motion may 

not occur under the largest waves in the group. Transitions to S2, S5, S7, and S8 

occurred inside wave groups with S2 and S8 initiated near wave crests, while S5 and 

S7 were initiated near wave troughs (Figure 5.11d,g, i,j). S3, S4, and S6 were initiated 

towards the end of a wave group with S3 near a trough, while S4 and S6 were near 

wave crests (Figure 5.11e,f,h). The different hydrodynamic conditions under which 

the sections were triggered suggest that changes in the behavior of munitions 

migration and trajectories are not tied solely to peak hydrodynamic conditions. Note 

that the discrepancies in the positions of the symbol on the waveforms in the subplots 

are due to the relative distances between the UDM sensors and the munitions 

locations. The rapid migration observed in S1 was likely aided by the local steep slope 

(1:8.5) between x = 76 m and x = 82 m. The observations in S2, S3, S4, and S5 from 

RTt = 53 s to RTt = 697 s coincide with a gentler beach slope (1:30) that had some 

portions characterized by local troughs or small negative slopes. Due to the gentle 

slope, local hydrodynamics might have been more dominant in the three sections, but 

the gentle slope could have aided the observed onshore migration under skewed 

waves. In S7 (RTt = 850 s to RTt = 1280 s), the beach slope was steeper (1:17) from x 

=  53 m to x = 62 m, and the corresponding response on the munition migration was a 

burst of offshore migration over a relatively short time where the munition traveled 12 

m offshore in 390 s (~890 to ~1280 s). From RTt = 1280 s to RTt = 1776 s, the 

munition entered the flat slope region from x = 53 m to the offshore. The migration 

speed and distance reduced, suggesting a dominant influence of the slope on the net 
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migration. In the region, repeated onshore/offshore vacillation suggests that the 

munition may have been trapped in a local depression or developed a local scour hole, 

allowing for only restricted horizontal motions. The free surface oscillation 

observations (Figure 5.11cïj) may suggest more of a cumulative effect of the larger 

wave groups than the individual waves that led to the S1ïS8 observations. 

Deployed sensors were fixed in space, whereas the munition migration is 

Lagrangian. Thus, hydrodynamic statistics (Table 5.6) were calculated for the duration 

of the identified sections using the sensor located nearest the mean munition location. 

The local skewness (Ὓ) and asymmetry (ὃ) were quantified from free surface 

oscillation ɖ (Elgar & Guza, 1986) and expressed as 

Ὓ  
ộ Ớ     

ộ ỚȾ
   Equation (5.2) 

ὃ  
ộ Ớ     

ộ ỚȾ
ȟ  Equation (5.3) 

where H is the imaginary part of the Hilbert transform and < > denotes time averaging. 

Table 5.6: Computed hydrodynamic parameters during each section of the migration. 

Sections UDM No UDM Location (m) Ὄ Ὓ ὃ 

S1 8 77 0.81 0.53 ī0.03 

S2 8 77 0.92 0.75 ī0.60 

S3 7 72 0.86 0.75 ī0.51 

S4 7 72 0.83 0.50 ī0.41 

S5 7 72 0.90 0.68 ī0.29 

S6 6 67 0.86 0.58 ī0.48 

S7 5 57 0.87 0.52 0.05 

S8 3 47 0.83 0.79 0.06 

 

An increase in wave non-linearity is denoted by wave skewness becoming 

more positive and asymmetry becoming more negative. Durations of nearly stationary 
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motion (S2, S4, S6, and S8) have Ὓ ranging from 0.5 to 0.79, indicating that there is 

still moderate to strong onshore skewness; possibly balanced by profile slope. 

Corresponding asymmetries range from ī0.6 to 0.06, indicating moderate asymmetry. 

The positive asymmetry in ὃ may be due to the waveform adjusting as it came off the 

wave paddle. Offshore migration sections S1, S5, and S7 had Ὓ  from 0.52 to 0.68 and   

ὃ from ī0.29 to 0.05. The onshore migration section, S3, had the second largest Ὓ of 

0.75 and ὃ of ī0.51. These data suggest that wave skewness and asymmetry alone are 

insufficient to identify munition migration and/or migration direction. 

The impact of bulk density on migration distance and duration was explored by 

comparing the three 81 mm munitions with SG = 2.5 (R81), SG = 3 (M81), and SG = 

4.18 (S81) (Case02 Trial01, Figure 5.12). Marked differences were observed between 

the munitions: 1) The least dense R81 (SG = 2.5) had more observations (79) and the 

largest magnitudes of migration observations. The mean and standard deviation (std) 

values of the absolute motion distances were 0.53 m and 0.79 m, and 13 of the 14 

absolute motion distances greater than 1 m across all three munitions were for R81 

observations. 2) The most dense S81 (SG = 4.18) had the fewest observations of 

motion (5) and the distance magnitudes (mean = 0.45, std = 0.29) were the smallest. 3) 

The moderate density M81 (SG = 3.0) experienced moderate motion events (7) and the 

mean and std values of the absolute motion distances were 0.47 m and 0.76 m. The 

mean values of the gross motions were R81 = 2.69 m, M81 = 0.92 m, and S81 = 1.03 

m, as compared to the mean values of the net motions of R81 = 0.53 m, M81 = 0.47 

m, and S81 = 0.45 m. These findings indicate the munitions are likely to oscillate 

onshore and offshore superimposed on a mean transport direction. 
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Figure 5.12: Migration distance as a function of observation of a 81 mm projectile 

with SG = 2.5 (R81), SG = 3.0 (M81), and SG = 4.18 (S81), (a) net 

migration, (b) gross migration, and (c) duration of the migration 

expressed in (a). Color coding is relative to Figure 3.11. 

 

Offshore motions for the instrumented 81 mm munitions dominated regardless 

of SG with 100%, 100%, and 70% (55 of 79) of the R81, M81, and S18 events, 

respectively, being offshore-directed (a). The corresponding durations of motion 

(Figure 5.12c) also show that the R81 was the most active, followed by the M81 and 
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the S81. The most dense munition (S81) experienced the smallest ñmotionò durations 

with mean and std values of 3.6 s and 1.4 s, respectively (Figure 5.12c). The offshore 

dominance matches surf zone observations for the larger dataset (Figure 5.4) and 

further indicates the importance of beach slope on munitions migration. 

 

5.5 Influence of munitions shape and initial orientation on migration 

Munitions of varying bulk densities deployed at stations 8, 9, and 10 in the surf 

zone of the wave flume (Figure 5.13) were explored. The wave energy progressively 

increased from station 8 to station 10, implying an increase in wave impacts on the 

munitions from one station to the next.. Station 8 (x = 52) munitions deployment in the 

cross-shore location focuses on the probable role of shape on object migration. Station 

9 (x = 57) and station 10 (x = 62) explore the roles of shape and initial orientation on 

object migration (Figure 5.13). 

 

 

Figure 5.13: The cross-shore locations of stations 8, 9, and 10 in the surf zone of the 

wave flume. 
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The net migrations of the munitions at the end of each case were observed. The 

net migrations are the cumulative migrations obtained by subtracting the pre-trial 

locations from the final locations of the munition after each case as explained in 

section 5.2.  

 

 

Figure 5.14: Munitions deployed at the three stations, Station 8) x = 52 m focuses on 

the influence of shape on migration by comparing cylinders and Rockets; Station 9) x 

= 57 m focuses on the influence of shape and initial orientation on migration by 

comparing cylinders and spheres; and Station 10) x = 62 m focuses on the influence of 

shape and initial orientation on migration by comparing surrogate 81 projectiles with 

noses, without noses, and without tails  

5.5.1 Station 8 (shape) 

  The role of shape on munitions migration was explored by pairing canonical 

cylinders and hydra rockets (RKTs) of similar SG values at three alongshore positions 

(Figure 5.14a). The SGs of the three pairs of munitions were 2, 2.5, and 3. The CYL 

and RKT both have a D 0f 0.07 m but slightly different L of 0.420 m and 0.405 m, 

respectively (Figure 3.11). The impact of the length is likely negligible in comparison 
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to the shape impacts. The CYL takes on the symmetric form of a typical cylinder and 

therefore the center of gravity is closer to the geometric center, regardless of the 

orientation in space. Hence, the force balance around the object will tend to provide 

better stability against fluid flow. Conversely, the RKTs have cone-like tips and 

irregular bases, which tend to impact the center of gravity and the force balance, 

providing smaller resistance to the fluid flow in comparison to a more symmetric 

cylinder of similar cross-sectional diameter. Additionally, the shape differences lead to 

slightly different scour processes around the munitions. The scour buildups around the 

RKTs are generally more uneven, making it easier for fluid action to move the 

munition in comparison to the CYLs where scour processes tend to be more even and 

symmetric around the object. Hence, in nearly all the cases across all SG pairings, the 

CYL experienced relatively smaller net migrations (Figure 5.15) than the RKTs most 

likely due to the shape differences. Across SG values, the SG = 3 munition pairs 

recorded smaller net migration distances than the SG = 2.5 (Figure 5.15). However, an 

anomaly is observed in the SG = 2 munition pairs where the net migration distances 

recorded were smaller than the distances recorded in the SG = 2.5 and SG = 3 

munition pairs. Smaller SG values would logically produce larger net migration values 

but in the case of the SG = 2 munition pairs, the net migrations were smaller. The 

possible reason is that the munitions were light enough to migrate with fluid flow, and 

therefore migrate onshore with the onshore flow, immediately followed by a relatively 

equal offshore migration leading to a small net migration at the end of the trial. 

Munition migrations were also mostly offshore-directed (Figure 5.15), which is 

consistent with the overall observations of munitions migration in the surf zone 

(Section 5.2.3). 
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Figure 5.15:  The munition pairs versus their net migration at the end of each case 

from case01 to case06 at station 8. 

 

5.5.2 Station 9 (Shape & orientation)  

 

At station 9, two sets of a sphere and two cylinders oriented streamwise and 

spanwise of the same SG values were deployed (Figure 5.14b). The SG values were 

2.5 and 3.5, respectively. The two categories of SGs, SG = 2.5 and the SG = 3.5 each 

contain three munitions- one SPH and two CYLs. One of the CYLs was oriented 

spanwise and the other streamwise. Hence, the shape and initial orientation are two 

parameters being varied. Although the grouped munitions have similar SGs, the D of 

the sphere (0.099 m) is 40% larger than the D of CYL (0.07 m). The length to 

diameter ratios (L/D) are also different due to the shape difference with values of 1 

and 6 respectively for SPH and CYL, respectively (Figure 3.11). The SG = 2.5 

recorded net migrations mostly greater than 0.5 m while the SG = 3.5 were mostly less 
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than 0.5 m (Figure 5.16), suggesting the role of bulk density on munitions migration. 

This is also consistent with the observations in station 8 where SG = 2.5 experienced 

greater net migrations than the SG = 3 munitions (Figure 5.15), further highlighting 

the possibility that there is a certain SG threshold below which munitions migrate with 

fluid flow as observed in the SG = 2 munitions in Figure 5.15. Like station 8, most 

munition migrations were also offshore-directed which is consistent with the overall 

migration trends in the surf zone. 

The shape did not seem to impact the net migration. No definitive trends were 

observed between the net migrations of the SPHs and CYLs. In terms of initial 

orientation, no definitive trend was observed in the SG = 2.5 and SG = 3.5 munitions 

(Figure 5.16). The inconsistent behavior suggests that initial orientation might play a 

minor role in munitions net migration, especially in the energetic surf zone.  

 

Figure 5.16:  The munition pairs versus their net migration at the end of each case 

from Case01 to Case06 at station 9. SP = spanwise and ST = streamwise. 
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5.5.3 Station 10 (Shape & initial o rientation)  

Station 10 also focuses on shape and initial orientation just like station 9, but 

there is greater wave action and turbulence in this position. Three types of 81 mm 

projectiles with SG = 4.18 were deployed (Figure 5.17). The three munition types are 

(1) the 81 mm projectile with a pointed cone tip and fin base, (2) the flat-headed 81 

projectile with fin base, and (3) the finless cone-tipped 81 mm projectile now code-

named 81fin, 81flatTip and 81finless, respectively. The three types of 81 mm mortars 

exhibited different net migration behaviors. Overall, the munitions had small net 

migration mostly  < 0.5 m except for a few due to the large bulk density, regardless of 

the shape and initial orientation (Figure 5.17). This suggests that bulk density is a 

dominant driver of munitions migration. However, the shape seemed to have some 

influence.  

 

Figure 5.17:  The munition pairs versus their net migration at the end of each case 

from case01 to case06 at station 10. SP = spanwise and ST = streamwise. 
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The 81flatTips tended to experience a greater net migration than the others and 

the 81finless the least. The flat nature of the tips of the 81flatTip seemed to provide 

more symmetry and even distribution of the forces than the others, thereby improving 

the chances of translational movement. On the other hand, the relatively smaller 

migration distances recorded in the 81finless could be due to a greater tendency for 

rotational movement about the base axis as illustrated in Figure 5.18. 

 

 

Figure 5.18: Migration dynamics of two 81 mm projectile types, (a) is the flat headed 

81 mm projectile with a fin-like base and, (b) the fin-less 81 mm 

projectile. 

Although the sketch is a simplification of how the two 81 mm projectiles 

respond to a wave impact, it does depict how the tendency to rotate more around an 

axis (the base) can shorten the translational distance covered. When repeated over 
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several waves the cumulative effect is likely to compound and result in a large 

difference in the overall migration distance covered. Hence, the shape has some 

influence on the net munition migration. Across the different initial orientations, there 

were no obvious trends in the net migrations as the initially spanwise munitions 

experienced greater net migration in some cases and smaller in other cases across all 

81 mm projectile munition types (Figure 5.17).  Initial orientation seems to have 

negligible impact on munitions net migration in this station and this is likely due to the 

greater intensity of wave action which tends to dominate over initial orientation.  

 

Based on the observations across all three cross-shore positions, bulk density 

has been shown to remain as the dominant driver of net migration over shape and 

initial orientation. Shape may exert some influence, especially when there is a big 

difference in the symmetry which influences the force balance around the munition. 

Initial orientation exerts the least impact, especially under high energetic conditions of 

the surf zone. 
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MUNITIONS BURIAL IN RESPONSE TO THE VARIED  FORCING 

CONDITIONS  

 

6.1 Introduction  

Numerous studies exist on the burial dynamics of underwater objects within the size 

range of the munitions under study; scour and burial around short cylinders under 

oscillatory flows (Cataño-Lopera et al., 2007; Demir & García, 2007; Rennie et al., 

2017) and combined flows (Cataño-Lopera et al., 2007; Cataño-lopera & García, 

2006; Cataño-Lopera & García, 2007), short cylinders under progressive shoaling 

waves (Voropayev et al., 2003a), burial and scour around conical frustums under 

combined flows (Cataño-Lopera et al., 2011), scour and burial of piles and pipelines 

under combined waves (Sumer et al., 2001; Sumer & Fredsøe, 2001), mine burial and 

scour under energetic surf conditions (Traykovski et al., 2007), spherical bodies under 

steady flows and currents (Truelsen et al., 2005), and munitions in the surf and swash 

zone under waves (Cristaudo & Puleo, 2020). Some studies have also aggregated 

burial datapoints from different studies mostly under steady flow oscillatory waves 

(Friedrichs et al., 2016, 2018). There have been many more studies on burial than 

migration but many of the studies were in the deeper underwater zones with minimal 

wave transformation processes typical of nearshore environments like wave breaking. 

This study generated a larger number of burial datapoints than what is obtainable in 

previous studies across the entire cross-shore. The aggregation of the large datasets 

Chapter 6 
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obtained helps provide probabilistic insights into the nature of objects burial in the 

nearshore.  

 

 

6.2 Bulk description of munitions burial in the nearshore in response to the 

controlled forcing conditions 

The munitions vary widely in bulk density values (2000 kg/m3 to 5720 kg/m3) 

and in sizes. The lengths of the smallest and largest munitions deployed were 0.20 m 

and 0.754 m for the 40 mm and 155 mm projectiles, respectively. Hence the burial 

was normalized by dividing the burial by the cross-sectional diameter of the munition 

to obtain the dimensionless burial depth ratio (ὄὈϳ ). A ὄὈϳ  of 1 implies that an 

initially proud munition achieved full burial and values >1 suggest burials greater than 

the cross-sectional diameters of the munitions. The ὄὈϳ  histograms of the ñno 

motionò munitions were obtained (Figure 6.1). Like the migration analysis, munitions 

that did not receive any wave action during the experimental runs were excluded from 

the analysis. Few outlier data with ὄὈϳ υ values were also excluded as 

measurement errors because the majority of them were lost munitions that were later 

found after several trials and rough estimates of their burial values were added 

manually. It was also difficult to know which trial hydro condition to associate with 

such a burial dataset. Overall, 1645 burial observations across the cases from case01 to 

case06 were recorded. 

Figure 6.1 shows that the ὄὈϳ  ranges from 0 to 4.74, where 0 values imply 

that the munition remained proud after the trial run. Eighty-seven percent (87%; 1439 

of 1645) of the ὄὈϳ  values fall within the 0 to 1 range. This suggests that most 
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initially proud munitions become partially buried or at most become fully buried just 

below the surface. No clear trends can be observed between the ὄὈϳ  and the SG 

values as each ὄὈϳ  bin has all SG values represented (Figure 6.1).  

 

 

Figure 6.1: The ὄὈϳ  against the number of observations. The bin sizes are 0.1. 

 

The ὄὈϳ  histograms were separated into the offshore, surf, and swash zones 

(Figure 6.2). The burial dynamics across the three zones exhibit notable differences. In 

the offshore zone, the ὄὈϳ  values ranged from 0 to 1, indicating that only partial 

burial occurred regardless of the bulk density (Figure 6.2a). Conversely, in the surf 

and swash zones, the ὄὈϳ  values extended up to 4, though slight differences were 
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observed between the two zones. In the surf zone, no definitive trends were identified 

between ὄὈϳ  values and bulk density (Figure 6.2b). The SG values of the munitions 

encompassed the full range from the smallest to the largest SG values, suggesting that 

far-field processes exert a stronger influence on burial than the bulk density of the 

munitions. 

 

 

Figure 6.2: The ὄὈϳ  against the number of observations in the (a) offshore, (b) surf, 

and (c) swash zones. 
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Conversely, 92% (118 out of 129) of the ὄὈϳ  data points in the swash zone 

had SG Ó 3, indicating the dominance of munitions bulk density over hydrodynamic 

forces. Relatively fewer burial data points were observed in the swash zone compared 

to the other two zones. A substantial proportion of the data points involved heavier 

munitions with SG > 3 (Figure 6.2c). The broader context suggests that many of the 

less-dense munitions initially deployed in the swash zone migrated into the surf zone 

or further offshore, which explains the relatively lower number of ὄὈϳ  observations 

in the swash zone. 

 

6.3 Morphodynamics and munitions burial/exposure 

 

The ЎὄὈ , the change in relative burial depth, was plotted against the normalized 

profile change between the trials   ЎᾀὈ and arranged based on cross-shore regions 

(Figure 6.3). The beach profile changes obtained were from x = 30 m onwards to the 

beach face. There were no Ўᾀ measurements to obtain Ўᾀ
Ὀ at the x = 0 m to the x = 30 

m region and therefore, all Ўὄ
Ὀ in the zone were excluded from the analysis. A total 

of 1335 burial/exposure data points with their corresponding Ўᾀ
Ὀ were obtained. The 

discrepancy between this value and the 1645 obtained in section 6.2 was due to the 

exclusion of data points between x = 0 m and x = 30 m.  

Each panel (Figure 6.3) was split into four quadrants (I, II, III, IV) describing  

Ўὄ
Ὀ versus 

Ўᾀ
Ὀ in terms of burial/exposure and erosion/accretion relationships as 

Quadrant I: Munition burial and beach accretion. This condition may be expected as 

sediment is deposited causing the munition to become covered. The observations of 
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munitions burial and beach accretion were: offshore zone 110/345 (32%), the surf 

zone 332/861 (39%), and the swash zone 70/129 (54%). 

Quadrant II: Munition burial and beach erosion. This condition may be unexpected 

since erosion of sediment would be expected to cause munition exhumation. The 

observations of munitions burial and beach erosion were: offshore zone 113/345 

(33%), the surf zone 264/861 (30.5%), and the swash zone 24/129 (18.5%). 

Quadrant III: Munition exposure and beach erosion. This condition matches 

expectations for far-field dominance of erosion leading to exposure. The observations 

of munitions exposure and beach erosion were: offshore zone 48/345 (14%), surf zone 

127/861 (14.5%), and swash zone 24/129 (18.5%).   

Quadrant IV: Munition exposure during accretion. This condition is unexpected for a 

stationary munition when sediment is deposited. The observations of munitions 

exposure and beach erosion were: offshore zone 74/345 (21%), the surf zone 138/861 

(16%), and the swash zone 11/129 (9%).   The largest magnitudes of munition were 

observed in the surf zone, with values in the range of -4 and 4 (Figure 6.3b). 

Conversely, over 95% of the values in the offshore zone were between -1 and 1 

(Figure 6.3a). The ñno motionò munitions in the swash zone (Figure 6.3c) were the 

high-density munitions with SG generally greater than 4. 
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Figure 6.3: a-c) Dimensionless relative burial depth change versus relative profile 

change for the offshore (a), surf (b), and swash zones (c). The symbols 

represent the Cases. Case01 to Case06 are , , , , , , respectively.    

Only weak beach profile change was experienced in the offshore zone (Figure 

6.3a), and munition ЎὄὈϳ  values were equally small. In the surf zone and to a lesser 

extent the swash zone where accretion and erosion occurred, the magnitudes of ЎὄὈϳ  

were relatively larger suggesting that munition burial is affected by morphodynamics 

(far-field) in addition to the downward vertical movement of the munitions due to self-

weight (near-field) and the hydrodynamics-driven force balance on the munitions. For 

instance, in the swash zone, the impact of SG on burial becomes more obvious as 

Quadrant I has a higher proportion of silver and dark silver symbols spanning the 

space (Figure 6.3c) indicating that more dense munitions experience greater burial. 
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6.4 Dimensionless numbers and empirical relationships 

 The Keulegan-Carpenter number (KC) and the shields number (ɗ) are related 

to objects burial under wave conditions (Sumer & Fredsoe, 2002) and widely applied 

in the objects burial studies earlier cited at the beginning of this chapter. Burial data 

(exposure data excluded) were plotted against the KC and ɗ (Figure 6.4) to identify 

potential trends. The excluded exposure data are the data points with ὄὈϳ <0. KC 

numbers span from approximately 10 to 1000 with burial depth ratios ranging from 

nearly proud to roughly ὄὈϳ = 5. The dashed lines (Figure 6.4a) represent empirical 

relationships from a broad data set (Friedrichs et al., 2016) for cylinders (top dashed 

line) and conical frusta (bottom dashed line) with waves only and well offshore of 

breaking. Only about 50% (800 of 1589) of the dataset fell between the two dashed 

lines, further suggesting the difficulty in obtaining empirical relationships between 

munitions burial and the dimensionless numbers. Prior laboratory results suggest that 

ὄὈϳ  should increase with KC but this is not always the case (Friedrichs, 2007). The 

ὄὈϳ  values span the entire parameter space in Figure 6.4b and, hence, the lack of 

trends between ɗ and  ὄὈϳ   further suggests that probabilistic rather than 

deterministic models should be used to predict munitions behavior.  It is interesting to 

note that ɗ values ranged from as small as 0.5 to as large as 20 (Figure 6.4b) 

suggesting that the forcing on munitions varied widely across the profile and trials.  
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Figure 6.4: Relative burial depth as a function of KC (a) and — (b). 

Attempts were made to create power law relationships between the ὄὈϳ  and the 

dimensionless numbers KC and — as demonstrated in previous studies (Cristaudo & 

Puleo, 2020; Rennie et al., 2017). Individually and collectively, the lack of trends 

made it impossible to establish any meaningful empirical model.  

 

 






































