VARIABLE DENSITY MUNITIONS BEHAVIOR AND MORPHODYNAMICS

IN THE NEARSHORE

by

Temitope Ezekiel Idowu

A dissertatiorsubmitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree afdior of Philosophyn Civil
Engineering

Winter 2025

© 2025 Temitope Ezekiel Idowu
All Rights Reserved



VARIABLE DENSITY MUNITIONS BEHAVIOR AND MORPHODYNAMICS

IN THE NEARSHORE

by

Temitope Ezekiel Idowu

Approved:

Jack PulepPh.D.
Chair ofthe Department divil, Construction, and Environmental
Engineering

Approved:

Jamie PhillipsPh.D.
Interim Dean of the College dingineering

Approved:

Louis F. Rossi, Ph.D.
Vice Provost for Graduate and Professional Education and
Dean of the Graduate College



Signed:

Signed:

Signed:

Signed:

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

JackA. Puleq Ph.D.
Professor in charge of dissertation

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Nobuhisa KobayashPh.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Tian-Jian HsyPh.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Jacob StollePh.D.
Member of dissertation committee



ACKNOWLEDGMENTS

First and foremost, | would like to express my heartfelt gratitude to God
Almighty for His infinite mercy and gradéroughout this academic journey.

| extend my deepest appreciation to Jack Puleo, my Ph.D. advisor, for
believing in me and providing me with the opportunity and platform to pursue my
doctoral studies through this unique and impactful resqagjhact. It has been a
tremendous privilege to be part of the team, creating memories that many other Ph.D.
students can only dream of. Jack is not only an exceptional professor but also an
extraordinary mentor. His passion, dedication, expertise, arehpatwith students
are truly inspiring. | feel fortunate to have had him as my advisor and mentor.

| am also deeply grateful to the other members of my supervisory conémittee
Nobu Kobayashi, Tiadian (Tom) Hsu, and Jacob Stdlléor their expert guidance
and valuable contributions to my academic and research development.

A special thank you goes to my two core team members on the project, Dr.
Manoj Gangadharan and Emily Chapman, for their incredible synergy and team spirit
throughout this journey. It was an honor to collaborate with such talented individuals.

| extend my heartfelt gratitude to all my friends and colleagues at the Center
for Applied Coastal Research (CACR). The past four years would not have been as
enjoyable and fulfilling without your support, camaraderie, and friendship.

| also deeply appreciate the larger University of Delaware (UD) community
and the various organizations and platforms | had the privilege to be a part of,

including UDAWRA, CCEEGSA, RCCGPH, Project Brainlight, ASBPA SNP,



among others. These experiences significantly enriched my Ph.D. journey and
contributed to my personal and professional growth.

| extend my heartfelt gratitude to the staff and colleagues at the Environmental
Hydraulics Laboratory, Institut national de la recherche scientifique, Quebec, Canada,
as well as the visiting students and researchers from various universities in the USA,
Canada, and Mexico for their invaluable contributions to the success of our
experimental campaign in the summer of 2022. My sincere thanks also go to the
Strategic Environmental Research and Development Program (SERDP) for funding
this research project.

Words cannot fully express my appreciation for my wife, Adeola. She was as
deeply invested in this Ph.D. journey as | was. Thank you for being an incredible wife
and an amazing mother to our son, Toluwanimi.

Finally, as the African proverb says,
Indeed, | am a product of a vast and unwavering support system. To my wonderful
parents and sister, thank you for your steadfast encouragement at every stage of my
career and acadhic journey | could not have achieved this without you. To my
uncles, whose inspiration has been a constant source of motivation, and my
professional mentors, who have believed in my potential and whose words have

consistently propelled me forward, | atemally grateful.



TABLE OF CONTENTS

LIST OF TABLES . ...t e e e e e e e e s aeare e IX

LIST OF FIGURES........uuitiiiiiiiiiiiiii s ceeetitieeee et e e aaa e e e e e e s smmmreeeeeaaaaaaaa e e s s s s ssnnnnneeeas X

AB ST RA CT ..ttt e et e e eeent bbb et ettt et e e e e e e e e e e amraaaaaaaaaas Xiv
Chapter

1 INTRODUCTION.....coiiiiiiiiiiitiiiieesieeeseeeeeeeeee e e e e e aaaaaeeesamamreaeaaaaaaaaaaaaeesenans 1

1.1 Research Background...........cccoooeeiiiiiieeeiiiiiie e eeeeeeeeeeeeeee e 1

1.2 Research ODJECHIVES..........uuiiiiiiiiiiiiieeee e 3

1.3 Significance of the Study.............oovviiiiiiic e B

1.4 Structure of the Dissertation...........ccoeeevveveivieeee e 5

2  LITERATURE REVIEW. ..ottt 7

2.1 The Nearshore Environment and Morphodynamics........................ 7

2.2 Nearshore Morphodynamics and Munitions Behavior..................... 9

2.3 Impacts of the Environment on Munitions Bulk Density................. 11

2.4 Prior Studies on Munitions Behavior and Knowledge Gaps........... 13

3 METHODOLOGY ....coiiiiiiiicciiitieieteeess e e e e e e e s snessseeeaeeeaaeaaaaeaeas 15

1 0 I [ o 18 o 1o R TOTP 15

3.2 EXperimental DESIQN...........uuuuuiiiiiiiiiiieeeiiiiiieiieee et e e 15

3.2.1 Wave flume......coooiiiiieee e 15

3.2.2 Beach morphology..........ccccuuiiiiiiiiiieeeiiiiiiiieeeeeee e 17

3.2.3 Beach hydrodynamicCsS.........cccceeeieeeeeiiiiieeeiie e 18

3.2.4 Dimensionless numbers describing the experimentalset...21

3.3 INSrUMENTALION.....uueiiiiie e rnee e eeeeaeees 23

3.3.1 VECION (V)eiiiiiee et 24

3.3.2 VectrinO Il (VECT) ..o eeeeee e 25

3.3.3 Electromagnetic current meter (EMCM)...........ccccvvviviiiinnnns 26

3.3.4 Ultrasonic Distance Meters (UDM).........cc.cceeieevveiivicmmennnnnn. 27

3.3.5 The realtime kinetic global positioning system (RTK GPS).28

Vi



3.3.6 The echosounder D710U SONAL......c.veeeeeeeeeeeceeeeeeaeeaaens 29

3.3.7 Trimble S5 total station.............ooevviiiiiiiicceeeeen 30
3.4 Surrogate Munitions andaonical Objects............ccccceeeiieiiiieecnnnnns 31
3.4.1 Inertia Motion UNItS.........uueiiiiiiiieeeeeecreecisee e eeeeeeeiees 34
3.4.2 Dimensionless parameters related to munitions/objects
migration and burial..............ccccoeiiiiiiicee e 35
3.5 Procedures and ProtoCOIS.........ccccuviiiiiiiiiecciee e 36
3.5.1 Wave flume SetUpP........ccooriiiiiiiiieeee e 36
3.5.2 Experimental StePS..........uuuiiiiiiiii e 37
3.6 Data Collection Methods and Analysis Techniques......................46
3.6.1  SEBNSOIS....u ittt e et et 46
3.6.1.1 Time series synchronization of sensors data........ 48
3.6.1.2 Datacleaning...........cccceeeevvevrivieeeieeeeeeeeeeeeeeeeennnnn 49
3.6.2 MuUNItioNS MIGration.........ccccuuvuruirieeiieieeeiiiieie e e e e e e 51
3.6.3 Munitions burial............ccccoiiiiiiiiieee 51
3.6.4 Munitions data table...........cccooooveiiiiiiiceeeii e 52
BEACH PROFILE MORPHODYNAMICS UNDER VARIED FORCING
CONDITIONS. ...ttt remnr e 53
4.1 Hydrodynamics under the hydrographs.............ccccoviieeee 53

4.2 Morphological responses to the hydrodynamics under the hydrodgs@&phs
MUNITIONS MIGRATION IN RESPONSE TO THE VARIED FORCING

CONDITIONS. ...ttt rmmne e 61
o0 A [ 1 o 18 o 1o PP 61
5.2 Bulk description of variable density munitions migration response to
the controlled forcing conditions.............oooeviiiiiiiiceei e 61
5.2.1 Munitions migration across the entire crag$®re................... 62
5.2.2 Munitions migration in the offshore zone............................ 65
5.2.3 Munitions migration in the surf Zone..........ccccceeevviiiiiieecnnnnd 68
5.2.4 Munitions migration in the swash zane...................cccccccee. 71
5.3 Dimensionless numbers and povi@w relationships..............cc...o... 76
5.4 Nearinstantaneous migration observations in the surf zone.......... 81

vii



5.4.1 Initiation of MOLION........eeviiiiiiiiiiiiii e 81
5.4.2 IMU-derived neafnstantaneous munition migratian............ 82

5.5 Influence of munitions shape and initial orientation on migration...89

5.5.1 Station 8 (SNAPE)........covvviiiiiiiiiiiee et 90
5.5.2 Station 9 (Shape & orientation)............ccevvvvvvvimmrereeeeeninnnd 92
5.5.3 Station 10 (Shape & initial orientatian)..............cceeevvvvvieeenn. 94
6 MUNITIONS BURIAL IN RESPONSE TO THE VARIED FORCING
CONDITIONS. ... e e eneee e e e e e e e e eaan e e e esann 97
6.1 INIFOTUCTION.......ci ittt e e e e e e e e e e e e e eeeas 97
6.2 Bulk description of munitions burial in the nearshore in response to
the controlled forcing conditionsS...........ccooeeeviiiiiiiceee e 98
6.3 Morphodynamics and munitions burial/exposure............ccccceeuuee 101
6.4 Dimensionless numbers and empirical relationships................... 104
7 DISCUSSION AND CONCLUSION.....cccviiiieeiie e ceeemr e e 106
7.1 DISCUSSIONL....ciiiiiiiitiiiiiieeeeinessssbeteeeeeeeeeeeeeeeeeessmateeeeeaaaaaaeaaasssannnn 106
7. 1.1 MIQratiON...eeeeeeeeeeiiieee e 106
7.1.2 BUIAl.cciiiiiiiiiiieeee e 109
7.2 Limitations and future WOrk...........ooovvvviiiiiiiiimre e 110
7.3 CONCIUSION. ...ttt 112
e N [ 114
Appendix

A DESCRIPTION OF TERMS IN THE AGGREGATED MUNITIONS

viii



LIST OF TABLES
Table 3.1:Hydrodynamics characteristics for the different hydrographs........... 19

Table 3.2:Dimensionless parameters considered for describing the model.....21

Table 3.3:Relevant deployed sensors in the study...........cccoovviiiiieeciiccieeeeennn. 24
Table 3.4:Dimensionless numbers associated with munitions behavior........... 36
Table 3.5:Munitions deployments by Stations...............ccevvvvviieemeeeeeeeceeeeiiies 39
Table 4.1:Sensors 100KIP table..........uuiiiiiii e 53

Table5.1:A No moti ondo and fAmotionodo Vv&3 ues
L2 116 [T TP 63

Table5.2ANo moti ondod and fAmotionodo Vv&3 ues
ranges and cases (OffSNOLE).........ooovviiiiiiiiiieir e 66

Table53ANo moti on and Amotionodo val3Es

ranges and (D) cases (SULT).......ooooriiiiiiiiee e 70
Table5.4A No moti on and Amotionodo valkGues
FANGES (SWASKN) - ..ottt ieee bt e e e e e e e e e e e e 74

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..............oovvvvivvicnnnnn 81

Table 5.6:Computed hydrodynamic parameters during each section of the
(010 =110 o FO PP TRTPPPP 86

and

and

and

and

p

p

pe

pe



LIST OF FIGURES
Figure 1.1: Chemical weapons dumping sites globally (Wilkinson, 2017)........... 2

Figure 2.1: Schematic of the nearshore showing the offshore, surf and swash zone
regions. The swash zone is exaggerated................ouvvvvrrreeerennnnnns 8

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 0N 12/08/2023.........coouviiiiiiiiiiiiee e 12

Figure 3.1: Overhead view of the INRS wave flume looking in the offshore
direction from the beach face (LHERS, 2024)..............ccccevvvvvnnnnn 16

Figure 3.2: The offshoreQOi, "Yrand still water deptiSWD)of the six
hydrographs. The markers are the discretized trials contained in each

NYdrograph (CaSe)-........uuuuuriiiiiiiiiii et 20
Figure 3.3: Schematic of the wave flume and the deployed sensars................ 23
Figure 3.4:NOMEK VECIOL........cooiiiiieieieiei e 25
Figure 3.5:NOrtek VECLNNO Il.........ovvueeiiiii e 26
Figure 3.6: The Valeport Electromagnetic current meter...............ccvevvveeeennnnne 27

Figure 3.7: The PulStar Series #8400 ultrasonic distance meter by MassaSanic27
Figure 3.8: The Leica RTK GPS SYStemMl.......ccoooiiiiiiiiiicceee e 28

Figure 3.9:echosounder D710U sonar from EcholLogger (source:
https://www.aditeckuw.com/en/shop/649&chologgeteth

A720U.NIMI ). e 29
Figure 3.10: Trimble S5 total Station............ccccooviiiiieeeece e 30
Figure 3.11:Variable density munitions and canonical objects deployed, L is the

object |l ength, and 6*06 indicates

tyPe dePIOYEA...... .o 32

t

he



Figure 3.12:Distribution of the munitions deployed based on their specific gravity

Figure 3.13:Inertia Motion Unit and a sample R81 munition showing where the

IMU IS INSEIMEA. .....eeiiiiiiiiiiiiei e 35
Figure 3.14:Experimental SLERS.........uvuviiiiiiiiii e reeer e 38
Figure 3.15:Munitions deployment layout in the wave flume........................cce 43
Figure 3.16:Measuring points of the munitionS.............cccceeeeeiviieeeeie e, 44
Figure 3.17:Measuring munitions burial..............ccuueveiiiiieemiiiiiiiieieeeeceee e 45

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

Figure 4.2: Time series excerpts of water depth (h) and esbsse 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) zanes..................... 55

Figure 4.3: Crossshore distribution 00 & {aif) and™Yi & (gil) for all Cases.56

Figure 4.4: The beach slope is gentler at about 1:20 from the flat section &2
m and steeper at about 1:5 betwgen72 tox = 87 m of the scaled
profile. Overall, the foreshore profile is relatively steep at about 1581.

Figure 4.5: Changes in the beach profile elevation relative to therjzale
BlEVALION.......iiiieeee e eee e e e e e e e e e, 59

Figure 5.1: Migration distances for munitions in the nearshore; (a) no motion; (b)
[ 70] 1o o TSP SUPRRPPP 64

Figure 5.2: Migration distances for munitions in the offshore zone. The left and

right are the Ano moti on.o..andé6fimot i

Figure 5.3: Migration distances for munitions in the offshore zone separated into
cases. The top and bottom rows
data for each case, respectively...........cccuvvieiiiiieemiiiiiiiiiiieeecce 6.7

Figure 5.4: Migration distances for munitions in the surf zone. The left and right

are the Ano motiono an.d..Amo.t.i6dOno

Xi

O |

t |

dat



Figure 5.5: Migration distances for munitions in the surf zone separated into cases.
The top and bottom rows are the fAno |
€ach Case, reSPECHVEIY...........uuuiieiiiii i creeer e e e eeenr s 71

Figure 5.6: Migration distances for munitions in the swash zone. The left and right
are the Ano motiono and..Aimot.i78no dat

Figure 5.7: Migration distances for munitions in the swash zone separated into
cases. The top and bottom rows are t|
data for each case, respectively............cccuveiiiiiieeeiiiiiiiieee e 74

Figure 5.8: Migration as a function of Shields number for all motion observations.
Positive and negative values represent onstzore offshoredirected
migrations, respectively. The symbol shapes represent the Cases.
Case01 to Case06 &e0, D>, 1,V A respectively..........cccceeeeeennne. 77

Figure 5.9: Power law fit of (a)Q doversus—and (b) |Migration| versus-ain the
SWASN ZONE....oeiiiiecie s 78

Figure 5.10: Power law fit of (a)Q ¢oversus-HY"@nd (b) R doversus—aiY
the SWASh ZONE........cooiiieeeeeeeee s 80

Figure 5.11:(a,b) The migration time history of an R&G= 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 correspondiaglored circles indicate the
start of each migration sectiofib) The beach profile for referencel (c

j) Free surface oscillations (d) 60
to S8 centered around a local RTt = 0 s. The colors correspond with
the colors used for S1 to S8 in Figure 5.11a...........cevvivieiiiiieeeennnnn 84

Figure 5.12:Migration distance as a function of observation of a 81 mm projectile
with SG= 2.5 (R81)SG= 3.0 (M81), and5G=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............... 38

Figure 5.13:The crossshore locations of stations 8, 9, and 10 in the surf zone of
the wave flume........ccooooi i 89

Xii



Figure 5.14:Munitions deployed at the three stations, Station8p52 m focuses
on the influence of shape on migration by comparing cylinders and
Rockets; Station R =57 m focuses on the influence of shape and
initial orientation on migration by comparing cylinders and spheres;
and Station 10% = 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................cccccciiee ) 90

Figure 5.15: The munition pairs versus their net migration at the end of each case
from case01 to case06 at Station.8............eeevvvvviiiiceeiiiiiiiiiieeeeee, 92

Figure 5.16: The munition pairs versus their net migration at the end of each case
from Case01 to Case06 at statiorsP. = spanwise and ST =
SIRAIMWISE . ...ttt eere s e e e e e e e e e e rnee e e e e e e e e e e eeeeeeennnnnns 93

Figure 5.17: The munition pairs versus their net migration at the end of each case
from caseO1 to case06 at station 10. SP = spanwise and ST =
S B AMIWIS et e e enenn bbb e e e eeaaaa e 94

Figure 5.18: Migration dynamics of two 81 mm projectile types, (a) is the flat
headed 81 mm projectile with a fitke base and, (b) the filess 81
MM PFOJECTHE.. ...ttt 95

Figure 6.1: The6 ‘QCagainst the number of observations. The bin sizes are 0.199

Figure 6.2: The6 ‘Cagainst the number of observations in the (a) offshore, (b) surf,
and (C) SWash ZONES........cccooviiiiiii e 100

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 Case(®, arg>, <,V A,
FESPECHVEIY ...t 103

Figure 6.4:Relative burial depth as a functionk€ (a) and—(b)..................e..... 105

Xiii



ABSTRACT

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 k5720 kg/m were
quantified in a largescale wave flume. The forcing consisted oftspdrographof
varying wave heights, periods, still water depths, and durations. Thestrass
profile, typical of natural sandy beaches, was-dwided into swash, surf, and
offshorezones.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 nearshe

Overall, 2228 migration measurements were recorded with 16% and 84% of
the migration observations classified as T
motionodo (net distance O 0.5 m), respecti Ve
increased with pramity 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 offshoredirected (65%), while migration was onshal@ninant (65%) in the
offshore zone. Migration ithe offshore zone was preferentially onshore due to
skewed waves ovdiat 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 distancescurred in the surf zone likely due to downslope gravity.

Migration in the surf and swash zones is a balance betskegred/asymmetric

Xiv



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 zowbere 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 (Eulejiwas ineffective.

A total of 164 burial observations were recorded. Most initially proud
munitions 87%) wereeither 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 aadrfarfield
processes while burial in the offshore zone was governed more bijatéacour
processes.

Parameters such as the Shields number, Keul€gamenter number, Object
mobility number, wave skewness, and wave asymmetry estimated from the closest
measurement location were insufficient to predict migration and buihallarge
scatter in the migratioand burialdata resulting from competing hydrodynamic,
morphodynamic, and munitions response processes makes robust deterministic
predictions with flow statistics and dimensionless numbers diffilgihce the
probability-based approach wasore efficient for quantifying munitions behavior in

the nearshore

XV



Chapter 1

INTRODUCTION

1.1 Research Background

Munitions or Unexploded Ordnance (UX@)e 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 (Wahd WWII), sea disposal of
munitions became common practice up until the 1970s when international conventions
agreed to end the practi¢@arton & Jagusiewicz, 2009)he 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 o¢Eange 1.1; Wilkinson,
2017) The aftermath of ocean disposal of munitions is a global concern currently

impacting over 40 countrig€arton & Jagusiewicz, 2009)
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Source: https:/nonproliferatféti #fd/th&tical-weapon-munitions-dumped-at-sea/
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Figure 1.1: Chemical weapons dumping sites glob&lilkinson, 2017)

In the United States alone, more than 70 chemical weapons and munitions
disposal events occurred in coastal waters between 1918 an{SERDP, 201Q)
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 alonSERDP, 2010; US Army RDECOM, 200T)he reappearance of
underwater munitions has occurred in the Gulf of Mexico and along the coastlines of
at least 16 statg®Randall, 2015)Accounts of UXO appearanée the nearshore after
decades underwat@lacdonald et al., 2004)ause 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


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

exposurgdNAVFAC, 2013) Hence, extremiorcings conditiongould be major
causs of the migration and exposure of UX®the nearshore. More importantly,
guantification of the migration and exposure of the munitiartee nearshoris still
poorly understood especially when the densities of the munitionsQaantifying

the behavior of variable density munitions under fpratotype conditionsvould help
provide further insightsto the stochastic behavior of variable density munitions in
the nearshoren the face of the uncertainty in the extremity and frequenéyroihg

conditionsrequired 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, hydrodynaiick
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 behavia of variable density munitions under six controlfecting conditionsat
different water levels were quantified to address the following:

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

migration across the offshore, suahd swash zones? What are the

probabilistic migration and burial tendencies of munitions across the three

zones?



2. Doeshydrodynamics 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 apretotype scale condition.
Quantifications from the experiments were used to create bulk statistics bereeen
andposttrial measurements to quantify the migration and relative burial of munitions
and establish parameterizations that describe the munitions behaviors based on
dimensionless numbers. Ndastantaneous measurements were used to establish the
initiation of motion @& 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 preesesf
hydrodynamics, morphodynamics, graicale processes, and the munitions
characteristic§Puleo & Calantoni, 2023)spects of the complex interactions and
force balance on a submerged object have been described matheyn@loall2023;
Cristaudo et al., 2023; Rennie et al., 2017; Traykovski & Austin, 2047 are

generally related ttheinitiation of motion rather than migration distance. Lacking



proper deterministic relationships, empirical and other models have beeto used
improveMunitions Burial and Exposurf@BE) prediction. However, due to the

highly stochastic nature of munitions behavior, comprehensive experimental data are
needed for creating dathiven predictionsandfor validation of coupled probabilistic

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

2017). TheUnderwater Munitions Expert System (UnMBE&nnie, 201, a

Bayesian expert systeraquires a broad data set for training and testing. Limited
validation of UnMES has been completed on many processes based on available data
but predictive skilwas moderatevith existing migration distance data especially

closer to the shorelin@almsten & Penko, 2020; Rennie et al., 20T8g 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, 2028j)rently focusing on depths outside the
shoaling zoneMore robust data from the shoaling zone landward are needed to train
UnMES and enhance the MRL. Ultimately, the ddti®en frameworks and repository
will form an integral part of the munitions mobility and burial reference manual that
aims to translatéhe science of munitions phenomenology into-reaitld munitions

response site managemeRtleo 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 ofmunitions highlighting past studies, findings and gaps yet to be filled. In

Chapter 3 the methodologydescribed. The methodology consists of the description



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 controltedings., Chapters 5 and 6 describe the
guantifications of the migration and burial observations, respectiaetiytheir
interreld@ionships with hydrodynamics, morphodynamics, dimensionless nunaioers
powerlaw relationships. The overarching discussions of the findings, limitations
conclusionsand 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 thbroaderefforts of sustainably managing the

public and environmental impacts of disposed munitions in marine environments.



Chapter 2
LITERATURE REVIEW

2.1 The Nearshore Environment and Morphodynamics

The nearshore isroadlyconsidered as the region extending from the shoreline
to a location offshore of the breaking zqiBraloweret al., 2021 and compriseparts
of the offshore zonehe swash and surf zon@agure 2).The offshore zone is loosely
described as the seaward region outside of the surf zone, where thimechaned
sediment transport is negligible (Figure 1). The surf and swash zones are distinct
zones in the nearshore laresometimes combined. For instankielsen, (2009)
broadly classifies the surf zone into three: 1) outer surf zone, 2) inner surf zone, and 3)
swash zonddowever,severabther studies separate the swash from the surf zones
(Elfrink & Baldock, 2002; Masselink & Puleo, 2006; Puleo et al., 2003)e
schematic representation of the swash and surf zones (Bigliustrates 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 zand 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 z@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)he hydrodynamics of the surf zoaegoverned by the high
frequency wavéransformation processetow transformation from irrotational

motion during wave overturning, steepeniagd jet formation into a rotational flow



and into a turbulent boi@attjes, 1988; Svendsen et al., 1978)e entire process
leads to wave energy dissipation accompanied by a decrease in total convective
momentum fluxBattjes, 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 he swaslzone isalsothe region in the nearshonere
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
timescalegElfrink & Baldock, 2002; Masselink & Puleo, 2006jowever, 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
portionof the beach face to the point where turbulence starts to impact the seabed
(Puleo et al., 2000Here the swash zone is depicted as the region extending from the

edge of the surf zone to the uprush limit on the beach (Figlire 2

Beach face
Nearshore or shore Coast
Break pqint Uprush limit
Offshore zone Surf zone Swash zone /
| k o I

————————————— = ----- Berm
Mean water level

Beach step

Figure 2.1: Schematic of the nearshore showing the offshore, surf and swash zone
regions The swash zone is exaggerated.



2.2 Nearshore Morphodynamics and Munitions Behavior

Skewed waveffom the offshore zone propagate towards the shoreline and
shoal until breaking occurBollowing the collapse of the bore in tlaadward region
of thesurf 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
acceleratedownslope during the backwash phase, where flow is once again governed
by gravity and frction, 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 onshdirected and offshordirected flows.
Velocity magnitudes may reach values exceeding 3 m/s when transitioning from
shallow or nonexistdrdepths to depths of over 1(@hardonmaldonado 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 sedimer{iMasselink & Puleo, 2006¥5radients in sediment transport,
both crossshore and alongshore, result in bed elevattanges 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 shoe (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 lawgactwave transformation.



Objects within coastal regions can be categorized as large or small, depending
on the diffraction parametéka) defined aghe ratio oftherelative sizecommonly
guantified bycrosssectional diametdD), of the object to the wavelength
(Chakrabarti, 1998 When the value déais greater than 0.5, the incident waves on
the object experience diffracti@nd fluid flow is modified Chakrabarti, 1998)

Hence, the hydrodynamic forcing acting on large objedteeitiadominatedand they
modify the farfield flow field. Conversely, objects are considered small wkar (
0.5) and therefore do not cause wave diffraction on the surface or modusidar
flow (Chakrabarti, 1998)Hence, inertia is negligible and drag is dominant in small
objects. Cobbles, cylinders, coni¢alsta and munitions (in the range bf= 20 mmi
155 mm) under typical coastal forcing are all considered small objects.

Morphodynamicsrerelevant toMunitions Burial anceExposurg 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., 201 9nd physical/empirical relationships that should govern
their migration and burigCristaudo et al., 2023; Friedrichs et al., 20 H)wever,
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/shddeleraelatively large
temporal scales, or undghorewaredrivenextreme 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 owerebrought onshore as dredged material: outer bahk®rth

Carolina after Hurricane Mari@reslin, 2017; Geib, 2018Mantoloking beach during
beach nourishment to reverse the damage causddriganeSandy more than five
yearslater(Parry, 2018)Bed characteristics around the objects, the physical
propertiesof theobject (such as bulk density, dimensions, shape, surface roughness),
the object'selative orientation to the flow directipand the surrounding flow
characteristics impact the migration and burial of the objects. The complex
interactions and force balance on the objects are well describieeliberature in

deeper underwater environme(®ennie et al., 201@9nd in swash environments

where objects are intermittently submerg€dstaudo 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 (MR20), corrosion, perforation, biofouling
(Steinhurst et al., 201,7and encrustatiof(George et al., 2015rocesses. The
corrosion processes can remove 0.0&8 mm/yr of materialMelchers and Jeffrey,
2005; Porte, 1967; Sugiyama et al., 200hese 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 geometdythe surface roughness
characteristics of the munitions over time.

The authorglemonstrated the tir@ependent environmental impacts on
munitions bulk density through the deployment of a cluster of alumawimders
bare stegland plated steel at three levels in the water column in a marine basin site.

The three levels in the water column were the seabed, thevatét columnand just
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below the water surfac€igure3 depictsthe corrosion and biofouling processes that
occur onmunitions in underwater marine environments over tidiginough seasonal
changes were observed to impact the changes with more biofouling experienced in the
summer months, an upward trend was observed im#ss increasef the munitions.

As high as 113%, 92%nd 40% increase in mass due to biofouling were observed in
plated steel, aluminupand bare stegtespectivelyin the midwater column where
biologicalactivity 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.

MID-WATER LEVEL NEAR-SURFACE LEVEL

Figure 2.2: Time-reliant corrosion, encrustatipand biofouling processes on an
aluminum cylinder, plated steel, and bare steek3 years(a) Installed in
Lewes, Delaware at Marine Ops on 12/13/2020; (b) retrievel8/2023.
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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 tcatiueythan
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 determinirige mobility and burial characteristics of munitions
(CataneLopera and Garcia, 2006; Friedrichs et al., 2016; Rennie et al.,.2017)
However, bulkdensityof the existing studies on objects migration and burial/exposure
in the nearshore focused on deeper underwater environ(aistoni et al., 2014;
Garcia & Landry, 2018; Rennie et al., 2018Mergetic surf zones, and shoaling zones
(Bruder et al., 2018; Traykovski & Austin, 2017; Voropayev et al., 20880)few
studies have focused on the beach face where swash processé€€nstaurdo &
Puleo, 2020; Luccio et al., 1998)he crossshore displacement of cobbles with
varying sizes, shapgand bulk densitiebasbeen quantified by studying the motion of
cobbles in the swash zone under dameak laboratory conditior(&uccio et al.,
1998) Similar and more recent dabneak studies abbjectmigration are; the
observations of the migration of spherical munitions in the swash zone of a permeable
mobile bed(Gross, 2019)a doubledambreakstudy on the swash observations of
migration, exposure and burial of tapered munitions under mixed grain (sand, gravel,
and cobble) be@Wengrove & GarcidMedina, 2022and a double dam break study on
tapered variable density munitions where the variationlensity were assumed to be

due to biofouling and encrustation proceqsgswu et al., 2022)The dambreak
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studies highlight and provide quantifications on the impacts of tsulile@rextreme
solitarywaveforcing 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 iatmittent submergence of the beach on time scales of seconds to
hours experienced in these zonBEse intermittency exacerbates sampling difficulties
especially considering the potential for rapid morphological change and munitions
mobility, exposure, and buridfew studies have quantified objects tracking in the
swash and surf zone; gravel and microplagtieksanalamai & Kobayashi, 2023)
cobbles in the swash zofleuccio et al., 1998)munitions in energetic surf zones
(Traykovski & Jaffre, 2020)andmunitions in the surf and swagbnegCristaudo &
Puleo, 202Q)Yet, there is aeed for studies atfe burial and mobility of munition in
these surf and swash regiq@salantoni, 2014)o 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 csissre zones and the
associated morphodynamics impainitions'crossshore migration and burial in the

nearshore.
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Chapter 3

METHODOLOGY

3.1 Introduction

This study involved aesies of experiments conducted in a Agaatotype
scalewaveflume which captured morphodynamics, the munitions migrasind
burial/exposure measurements under different forcorglitions.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 lasgale wave flume (Figure 3.1) wigh

beach profile typical of natural sandgaches.

3.2.1 Wave flume

The largescale wave flume is 120 m long, 5 m deep, and 5 m wide, managed
by the Environmental Hydraulics Laboratohystitut National de la Recherche
ScientifiqugINRS), Quebec, Canada (FigiBd). The pistortype 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 3.5 mand 3 10 s,
respectively, are possib{eHE, 2021) The wave flume has a water transfer system

connected to a reservoir with a capacity of 3560 m
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Figure 3.1: Overhead iew of the INRS wave flume looking in thé shore direction
from the beach facg HE-INRS, 2024)

The crossshore coordinatex] in the wave flume increases onshore starting at
x = 0 at the atest position of the wave paddle located at the far end in the building as
shown in Figure 3.1. The spanwise coordingfencreases fromy = 0 at the right wall
for an observer looking onshore (a rigt#nded coordinate system). The vertical
coordinate %) increases from the z = 0 at the bottom of the flume. Along the right wall
from x = 32 m tox = 97 m, are stations spaced 5 m apart equipped with vertical pipe
for placement of sensomseasuring 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
crossshore and alongshore directions on the same beach systerguilibrium
beach profile is often used to create a representative beach profile for a particular
coastal location but even that changes witseasong¢Bosboom & Stive, 2021)The
initial beach profile used for this study is a npastotype scale beach profile of
Mantoloking Beach located in Ocean County, New Jersey pt&Adurricane Sandy
(Pontiki et al., 2023; Tsai et al., 2024 scale of 2.31 based on Froude scaling
presented ifVan Rijn et al., 2011)was applied to obtain the flurseale beach
profile. The beach profile was chosen because it is representative of typical sandy
beach profiles.

The typical median grain sizdsg) of sandy beaches ranges between 0.2 mm
and 2.0 mm, depending on a variety of factors including the sediment source, wave
energy,andcoastal geomorphology like slofi€omar, 1998)The’Q values on
sandy beaches vary along the crelssre zone, witll2 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 breake{Edwards, 2001)

The progressive decreasen can be attributed tareduction in swash intensity
towards the shoreline and the widest sediment grading is observed where energy
dissipation occurs the magsborne, 2019)Based on availability and feasibility, the
saliment with a median grain sizes) of 0.28 mmobtained froma nearby quarry

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

typical range for sandy beach@&$e other properties of the sediment include a

17



specific gravity value of 2.65, and the sorting, skewyress 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
= 7 m tox = 52 m is the region characterized by a relatively flat bathymetdySom
depth of sand for a smoother transition from the concrete flume bottom to the mobile
bed of the actual profileThe 60 m region frome = 52 m tox = 112 m comprised the
nearshore region with varying local slopes towards the dureebeach slope is
gentler at about 1:20 from the flat sectiorxte 72 m and steeper at about 1:5
betweerx = 77 andx = 87 m of the scaled profile. Overall, the foreshore profile is

relatively steep at about 1:14 (Figl#&).

3.2.3 Beach hydrodynamics

The experiment aimed to create forcing conditions that provided the greatest
chance for munitions migration. Hencfferentforcing combinations were designed
based on unique characteristics and the capacity of the wave flusegn#ent of the
HurricaneSandy event from October 2380, 2012was used as a guidehe peak
significant wave heighfQ) and peak wave perioi"Y) of the event segment were
2.74 m and 12.49 s, respectivedptained from WAVEWATCH III(NOAA, 2019;
WW3DG, 2016at 40.12° N, 74.00° Wt 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 ozl
context.

The experiment consisted of six hydrographs (catissjetized into 5 trials

eachexceptfor Case05wvhich contained 10 trials. Thiurations, still water depths,

peak wave periods<"Y), and significant wave height'Q) of the hydrographs (cases)
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are presented in Table 3Thediscretizationwassuch that the hydrodynamic
conditions(durations O, "V, still water depth of each hydrograptvere ramped up
from the first to the last trial. The minimum and maximum valu¢Q "V, and still
waterdepths were 0.211.4 m, 2.512 s, and 2i13.3 m, respectively. Three hundred

irregular waves were forced in each trial using a TMA spec{timghes, 1984)

Table 3.1: Hydrodynamics characteristics for the different hydrographs

Case Number Still Water Depth  Significant Wave ] :
Number  of Trials ) Height 3 +(m) Wave Periods|_(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
293287 0.2111.1 2.54 5.99 0.2110.50
04 5 Increrﬁent' O 160.17 Increment: 0.2P Increment: 0.8% Increment: 0.07
T 0.23 0.86 0.08
. . 2.54'5.99 0.2110.50
05 10 2.24 2'8_7 . ,1'1 . Increment: 0.38 Increment: 0.08
Increment: 0.6 Increment: 0.00.1
0.39 0.04
. . 0.671.00
06 5 2.232.87 0.6 gila Increment: 0.08
Increment: 0.160.17 Increment: 1 0.09
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Figure 3.2 The offshoréO , "Y and still water deptliSWD)of the six hydrographs.

The markers are the discretized trials contained in each hydrograph
(Case).

Case01 to Case03 had increasing still water depth'O3rathd a wave onset
0 0o b whereQ 0s the time increment between ti values of two

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

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

Case04 had a faster wave ongé? 0o P wvith 5 trials to reach the maximui@,
while Case05 had a slower wave onset \198 Q¢ Xoverlo trials. Case06
focused on maximizing the wave period while maintaining a still water depth increase

similar to Case04 but with %O 00 Ho.
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3.2.4 Dimensionless numbers describing the experimental sap

The experiment is designed to model morphodynamics under energetic

conditions andhe motion and burial afbjecs on a mobile bedhe physics of such

models can be characterized by several dimensionless parafieraghuis, 2018

Dean and Dalrymple, 2010; Grasso et al., 20B8ude(Fr), Dean( ), Iribarren(, ),

Rouse(Rou) Shields €}, and Reynolds numbefRe) Table 3.2 provides a brief

description of the dimensionless numbers, the equatmalsvalues obtained for the

experimental condition. The Dimensionless numbers were computed using the peak

hydrodynamic values described in section 3.2.3, scaled usighecalgarameter

applied for the morphology in section 3.2.2.

Table 3.2 Dimensionless parameters considereddfscribingthe model.

Dimensionless Brief Description Equation Values
Parameter
Froude (Fr) The ratio of inertial to o 0O, 0.1
gravitational forcesDetermines ! ¢ ™
if a flow is super or subcritical .
where, — is the angular frequency.
Dean( Suspension parameter. Descril 0 2.6
wavebreaking conditions in the YO
surf zone where( is the fall velocity.
Iribarren (, Surf similarity parameter. OAl 0.38
’ i}
0
whereQ A Tis the local beach slop@, is
the deepwater wavelength.
Rouse(Rou) The ratio of a turbulent timesca Yé 6 v 2.45
to a settling time scale. Identifig 0
the mode of sedimemtansport. | whereo I "Q¥co, ,I  m& (Von
Karman constant), ai@ is a wave friction
factor
Shields(P Determines the transport regim L T 0.82
(bedload, suspension, sheet ¢ 9]
flow) and incipient motion. wherebed shear stress - "® and f
= friction factor.
Reynolds(Re) | The ratio of inertial to viscous vo 0, Q 1.81 x10°

forces.
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whered @~ ——, O o7
¢ and U is the kinematic viscosity.

TheFr is the primary requirement for waiven physical model@ean and
Dalrymple, 2010)The is widely known as an important parameter for the modal
classification of crosshore beach profiles into dissipative, intermediateeflective
beaches (Grasso et al., 2009). Thevhich is the ratio of the local beach slope and the
deepwater steepness is needed for understanding the breaker type wRitaithe
characterizethe sediment transport in turbulent flows like those observed in the outer
surf and breaking zones. Thaneasures the impact bydrodynamic®on the
incipient sediment motion. Sediment transport similitwite natural conditionss
achieved by adopting-andRou Redefines 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 parameterdfscribing the systenreates
a limitation where certain important nearshore processes may be ignored. For instance,
Dean and Dalrymple (2018uggesthatFr and are sufficient for morphodynamic
models with sand, thereby ignoring important processes like sediment transport mode
and surf similaritylUsingall parameters overcomes the limitations and provides more
context tothe system conditionghe computedr and, values were 0.1 and 0.38
(Table3.2), respectively indicating simildy with sandy beaches of similar scatewl
predominanthyspilling breaker conditionéGrasso et al., 2009)yhe computed
values (2.60) imply an intermediate beach tf[pean & Dalrymple, 2010)The
computed—(Crosby and Whipple, 200éndRouvalues (0.82, 2.45) suggest the
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sediment transport mode is bedload dri¢@rosby & Whipple, 2004)Finally, theRe

valuesof p& p p mtindicate a fully turbulent flow field

3.3 Instrumentation

Approximately 80 sensors were deployed in the wave flume during the
experiment, but onlyhesensors used in this dissertation are described. A total of 25
sensors comprising 2 Nortek Vectors (V), 3 Nortek Vectrino 1l Acoustic Doppler
Profiling Velocimeters (VECT), 8 Valeport model 802 Electromagnetic Current
Meters (EMCM), and 12 MassaSonic Pd&e M-300 Ultrasonic Distance Meters
(UDM) are described. Thare-andposttrial surveys of the munitions locations and
beach profile elevations were achievechgdhe Leica Global Navigation Satellite
System (GNSS) redime kinetic global positioning system (RTK GPS), the

echosounder D710U sonand the Trimble S5 total station.
Offshore
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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 What it does
Rate (Hz)

V (Vector) 2 64 Measures water level and the 3 velocity componeantg (v) at a
single elevation 18mbelow the transducer

VECT (ADPV) 3 100 Measures the 3 velocigomponentsy, v, w) over a 0.03n profile
at Immincrements

EMCM 8 16 Measures the horizontal velocity,() at a single elevation above
the bed.

UDM 12 6500 Measure water depth by using sonar technology

LeicaRTKGPS 1 1 Used to surveynunition position and subaerial or drained beacl
profiles.

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

Trimble S5 total 1 1 Used to survey munition position and subaerial or drained bea

station profiles.

3.3.1 Vector (V)

The Vector (V) also known as Acoustic Doppler Velocimeter isav&locity
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 walertek, 2024a)One
vector eachrecording at 64 Hawere placed at stations 10 and 11 in the surf zone
section of the wave flume (FiguredBat 0.25 m above the bethe V measures the
threevelocity componentsu( v, andw) at a single elevation 0.15 m below the

transduce(Table 3.3)
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Figure 3.4: Nortek Vector

3.3.2 Vectrino Il (VECT)

TheVectrinoll (VECT) or ADPV is a highresolution 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 intervaldNortek, 2024b) Three VECTsvere placedn station one in
the offshore zone and one each at stations 12 and 13 in the surflzexect
measures the three velocity components/(andw) 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(Bgplire 3.5)
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Figure 3.5 Nortek vectrino |l

3.3.3 Electromagnetic current meter (EMCM)

The EMCM is a model 802 paired 3.2 discus se@saxiselectromagnetic
current meter system that measures the velocities of flow in two orthogonal axes based
ontheFaraday principle from ValepofValeport, 2024)The EMCM measures the
horizontal velocity (, 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 &&ure
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. Timedelsof the 12 UDMs deployedere the PulStar
Series M300 by MassaSonic. Data were recorded at a high sample rate of 6500 Hz
and resampled to 50 Hz at thee-dataprocessing stag&he UDMs were located at

12 of the 18 stations (FiguB:7).

Figure 3.7: The PulStarSeries M300 ultrasonic distance meter by MassaSonic
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3.3.5 The reaktime kinetic global positioning system (RTK GPS)

The RTK GPS by thkeeica Global Navigation Satellite System (GNS®yks
by reducing the accuracy margin of standard GNSS systems from within several
meters to centimetdevel precision using corrections from a network of stations or a
reference statio(Figure 3.8) The data obtained in MTM Zone 7 translates to UTM
Zone 19 horizontal NADS83, vertical NAVD88. A Matlab function was used to

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

GS15 Instrument (Receiver)

Figure 3.8 The Leica RTK GPS system
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3.3.6 The echosounder D710Wonar

The echosounder D710U sonar from EchoLodgegure 3.9)s a high
precision hydrographic instrument for measurtimglerwater depth and seabed
profiling. It pairs seamlessly with the Leica Global Navigation Satellite System
(GNSS) RTK GPS and was particularly helpful during gigat surveys where the
wave flume was not drained. The Sonar was used to capture thepbefiels 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 @05
depending on system calibration and environmental conditions. Thevsasa
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 esbsse.

Figure 3.9 echosounder D710U sonar from EchoLog@eurce:
https://www.aditeckuw.com/en/shop/649&chologgeteth-d710u.html)
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3.3.7 Trimble S5 total station
The Trimble S5 total statioffrigure 3.10)a highprecision surveying
equi pment, is part of Trimblebs ensembl e
ease of use and reliabiliffrimble Geospatial, 2024}t is based on Trimble
MagDriveelectromagnetic technology, which ensures fewer moving [&utePoint
technology which ensures accurate measurement and pointing, ayd #las EDM
with an accuracy of 1 mm + 2 ppm which enhances direct reflex performance and
ensures fewer steps in instrumentge{Trimble Geospatial, 2024 The
measurement range can be up to 5500 m under clear conditranble Geospatial,

2024)

Figure 3.1Q 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 basicylindrical shapes and varyirggzed conical frusta of various bulk
densities as munition surrogatéCalantoni 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 cressctional diameters in the range of 20 mm to
155 mm(Calantoni, 2014)

An overview of the various munitionglated studies and the physical
characteristics of the objects used (di ame
found in(Friedrichs et al., 2018Here, 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, geometricahiccteristics, and bulk densities as real munitions
within an acceptable absolute error of < 2Bfuder 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 2800 kg/m
3000 kg/mi, 3500 kgm?, and 4000 kg/f) while the target densities of cylinders were
2000 kg/mi, 2500 kg/m, 3000 kg/m, and 3500 kg/rh The percent errors between the
fabricated canonical objects and the target densities were within 7%. A total of 152

surrogatanunitions and canonical objects were used (Figure 3.11).
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Figure 3.11 Variable density munitions and canonical objects deplolyeslthe
object I ength, and 6é6*6 indicates the
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/n2500 kg/m, 3000 kg/m, and 3500 kg/f respectively.
Gray/silvercolored objects retain their typical bulk density as identified by the
SERDP standardized repository or military man(Brsider et al., 2018When
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):
Colori Munitions typei Station number Munition number (If there are ultiple
munitions of the same type in the same location). For example,"YSPH_2C" is Yellow

T Sphera Station 2i 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 baé&nsitiesusedwithin the specific gravity
ranges from 2 to @/as 13, although the total bulk density variations across all objects
was 25 (Figure 3.11). To the authorsoé knov
collection and range dfulk-densitymunitions/objects deployed in a single study for

guantifying munitions migration in the neahore.
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3.4.1 Inertia Motion Units
Three 81 mm projectiles with bulk densities of 2500 Kyg/B000 kg/m, and
4180 kg/nt housed an+O inertia motion unit (IMU). The %O IMUs are lowcost
compact sensors equipped with the Gyroscope, AccelerqgrapteMagnetometer
whose combined measurements provi@edegreeof-freedomsystem. Th® degrees
of freedom includériple-axisangular velocityaccelerationEulerand quaternion
anglesand rotation The 81 mm surrogate projectiles contained watertight IMU
compartmentsHigure 3.13 which add aough 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 baty life by entering sleep after 60 s of inactivity. The trigger for
wakeup was set to Ahigh sensitivityo with a
measurements of the IMU are roll, angular velocity, and yaw. The roll measurements
were converted intodnslational distance and by extension, the munition trajectories
within the wave flume coordinates using a cumulative sum tech{@istaudo &

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 KeuleGarpenter number and Object
mobility number(Voropayev et al., 2003aJhe maximum force on small objects is
simply a function oKC number and the Reynolds numl¢€hakrabarti, 1998)The
Shields number widely applied in sediment transport for determining the initiation of
motion (incipient motion) has also been found applicable for legiged objects due
to local scour impacts. Hence, several studies have applied the shields alanger
with the earlier stated dimensionless numbers for quantifying the behavior of solid
objects in underwater and nearshore environments e.g. Cyl{fraEdrichs et al.,

2016) mines(Friedrichs, 2007)and surrogate munitior{€ristaudo & Puleo, 2020;
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Puleo & Cristaudo, 2020; Rennie et al., 20TTgble 3.4 describes the dimensionless

numbers and the associated equations.

Table 3.4 Dimensionless numbers associated with munitions behavior.

Dimensionless Brief Description Equation

Parameter

Keulegan the rgtifo between drag and L. 05y

nun?ber KC) Where ¢ is the maximum nedred wave plus curren

! velocity 4 yis wave period is the munitions diameter

Shields  number ratio between destabilizing

P and stabilizing forces zy z. |™
Where Bed shear stresst -7 @ and Q
D QOVBD @ £ |

Object  mobility Initiation of motion and o

Pq identifying the threshold for —

motion/no motion — p QO

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 pigs and scaffold frames at the different crsissre stations for

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

munitions at the different croshore stations, 7) conducting the experiments

according to the prescribégdrodynamic 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 thexis.

Fourteen stations equipped with vertical pipes for placement of sensors
originally existed fromx =32 m tox = 97 m spaced 5 m apart in the wave flume. Four
more stations were createdxat 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 caudederence with the electromagnetic field
around the probes tiie sensors, thereby creating noises in the signals. All sensors
were connected to recording laptop computers or compaterolled data loggers.
Computers were on a local network receiving clock updates every second via a

Garmin GPS antenna and Tac32 &imension4 v5.3 software.

3.5.2 Experimental steps

Some major steps after creating the beach profile in the wave flume are
depicted inFigure 3.14 The sorting of the munitions involved arranging the munitions
according to their station numbeFdure 3.15Table 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 orientati the same croshore location.
Stations 2 @ffshore), 11 and 12 (surf) and 17 (swash) had munitions of similar shapes
and initial orientations but different bulk densities at the respective-shuss
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 stationTHe deployments at
stations 2 (offshore) and ISwash or surf/swash interfacegre spherical munitions
of similar diameter with varying bulk density values emphasizing bulk density
variation.At stations 4 (offshore), 8 (surf), and 13 (sarisurf/swash interfagetwo
munition types of relatively similar lengths (CYLs and RKTSs) but with varying bulk
density values were deployethphasizing variation in shape and initial orientation
At stations 5 (offshoregnd10 (surf), munitions were of similar shapes but with
multiple pairs of munitions having similar bulk densitiEachmunition par had a
spanwise and streamwiseiented munitiomespectively emphasizing initial
orientation Station §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 (svashor 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 densitiesvaspaired, forming pairs of different munitions with similar

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

spanwise initial orientation/ariable 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 mmapectiles all deployed spanwise to provide the best
chance for migratiorFinally, 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 the flow) or streamwise (parallel to the flos)l

munitions were deployed sid®/-side in the alongshore positionrtonimize possible

interference or collision with each otherrhg wavepropagatio (Figure 3.15)

Table 3.5 Munitions deployments by stations

Stations Munitions SpecificGravity Orientation Diameter (D)

155_1A 4.23 Spanwise 0.155

1 (Xx=22m) )
155_1B 4.23 Spanwise 0.155
YSPH_2C 35 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

2X=2ImM)  oopH 2B 25 NA 0.099
RSPH_2C 25 NA 0.099
OSPH_2A 4 NA 0.099
MSPH_2A 3 NA 0.099
YSPH_2A 35 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
MRKT_4 3 Streamwise 0.07
YCYL_4 3.5 Spanwise 0.07
RRKT_4 25 Streamwise 0.07
_ MCYL_4 3 Spanwise 0.07
Ax=32m) kT 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
MCYL_5B 3 Streamwise 0.07
RCYL_5B 25 Spanwise 0.07
RCYL_5A 2.5 Streamwise 0.07
_ YCYL_5B 3.5 Spanwise 0.07
Sx=37m) GCYL_5A 2 Streamwise 0.07
GCYL_5B 2 Spanwise 0.07
YCYL_5A 35 Streamwise 0.07
MCYL_5A 3 Spanwise 0.07
S40_6A 5.72 Spanwise 0.04
P81 6B 4.18 Spanwise 0.081
6(x=42m) S40 6C 5.72 Spanwise 0.04
P81_6A 4.18 Spanwise 0.081
S40_6B 5.72 Spanwise 0.04
_ S155 3A 4.23 Spanwise 0.155
TX=47Tm) o5 3 4.23 Spanwise 0.155
MCYL_8 3 Spanwise 0.07
SRKT_8 3.32 Streamwise 0.07
RCYL_8 25 Spanwise 0.07
GCYL_8 2 Streamwise 0.07
8(x=52m) YCYL_8 3.5 Spanwise 0.07
YRKT_8 3.5 Streamwise 0.07
RRKT_8 25 Spanwise 0.07
GRKT_8 2 Streamwise 0.07
MRKT_8 3 Spanwise 0.07
BLU_ 9 4.46 Spanwise 0.099
GCYL_9B 2 Streamwise 0.07
YCYL_9A 3.5 Spanwise 0.07
RSPH_9 25 NA 0.099
9 x=57m) 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 25 Spanwise 0.07
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 25 Spanwise 0.081
W0&=62m g1 108 4.18 Streamwise 0.081
FLAT_10A 4.18 Spanwise 0.07
Y81 _10B 35 Streamwise 0.081
S81_10B 4.18 Spanwise 0.081
R81_10A 25 Streamwise 0.081
P81_10A 4.18 Spanwise 0.081
_ 155_11A 4.23 Spanwise 0.155
11 x=67m) 155 11B 3.5 Spanwise 0.155
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
12 x=72m) Y40 _12A 3.554 Spanwise 0.04
S40_12B 5.72 Spanwise 0.04
M40_12B 3.02 Spanwise 0.04
R40_1A 2.491 Spanwise 0.4
R40_12B 2.491 Spanwise 0.04
RCYL_13 25 Spanwise 0.07
RRKT_13 2.5 Streamwise 0.07
GCYL_13 2 Spanwise 0.07
GRKT_13 2 Streamwise 0.07
13x=77m) SRKT_13 3.32 Streamwise 0.07
YRKT_13 35 Streamwise 0.07
YCYL_13 3.5 Spanwise 0.07
MRKT_13 3 Streamwise 0.07
MCYL_13 3 Spanwise 0.07
S40_14 5.72 Spanwise 0.04
BLU_14B 4.46 NA 0.099
Y81_16A 3.5 Spanwise 0.081
14&=82m)  pokT 14 25 Streamwise 0.07
RSPH_14B 25 NA 0.099
R81 16 25 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 25 NA 0.099
M81 16A 3 Spanwise 0.081
BLU_15C 4.46 NA 0.099
MSPH_15A 3 NA 0.099
RSPH_15A 25 NA 0.099
YSPH_15A 35 NA 0.099
OSPH_15D 4 NA 0.099
RSPH_15D 25 NA 0.099
BLU_15A 4.46 NA 0.099
RSPH_15C 25 NA 0.099
MSPH_15C 3 NA 0.099
YSPH_15C 3.5 NA 0.099
15k=87m) 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 35 NA 0.099
OSPH_15B 4 NA 0.099
BLU_15B 4.46 NA 0.099
MSPH_15B 3 NA 0.099
YSPH_15B 35 NA 0.099
S81_16B 4.18 Spanwise 0.081
Y81_16B 35 Streamwise 0.081
M81_16B 3 Spanwise 0.081

16 x=92m) YCYL_14 3.5 Streamwise 0.07
R81 14 2.5 Spanwise 0.081
S81_14 4.18 Spanwise 0.081

RCYL_14 25 Spanwise 0.07

M40_17B 3.02 Spanwise 0.04

S40_17B 5.72 Spanwise 0.04

M40_17A 3.02 Spanwise 0.04

17 x=97m) 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

_ S40_18B 5.72 Spanwise 0.04

18x=102m o/0 15c 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
Offshore
Offshore boundary Surf Swash
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Figure 3.15: Munitions deployment layout in the wave flume

Munitions were surveyed before the first trial and generatfter 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.gantial 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 31 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 profiesgrpostrials
during full surveysThree ground control points were surveyed at the beginning of
each experiment for confirmation that the GF&srecording 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 SPHSs) were measured at their tips

while the tapered mutions were measured at the tip, and the bagpi(e 3.5).

Measurement points

A BLU (Spherical) A Rocket (Tapered)

Figure 3.16: Measuring points of the munitions
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Munitions burial depths relative to the nd@id 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 levé (Figure 3.7). 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.

Side View: Partially Buried Side View: Buried
=~ =3
= W=
ST
= o o5
=< <3
Read = =
Across E 7 = Ruler
B I
£ E N3 Read
8 =5 = Across Yardstick
Buria =lumcn < cw) —
Depth

Record values as NEGATIVE

e.g. -2.4 cm telling us that Record values as POSITIVE
diam-2.4 cm is the amount e.g. 1.7 cm telling us that the
below the sand level munition is fully buried 1.7

cm below the sand level

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 theinforced 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 resurveyed beforehe next trial run. At the end of each case
(hydrograph), all munitions and sensors were removed from the wave #athéhe
beach profile was reset in preparation for the next case. The wave fluopeaed

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 ofi05 volts which translated to 0.3 m/s to 1 m/s set at a
samplirg rate of 64 Hz (Table 3.3). Data were recorded in .vec format and
subsequently converted into .dat and other formats.

The Vectrino Il data was sampled at the highest possible sampling rate of 100
Hz, and a baud rate of 19200. TWectrino Profiler(version1.3.2) a Nortek multi
instrument data acquisition system which runs based on the latess{aléed
Java7u9 was the GUI for setting up the data collection and export of the Vectrino data.
All connected Vects were grouped in tectrino Profilersoftware 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 Instrumefitee DAQExpres$.1 was the
GUI for setting preferences and recording data. The voltage input of the EMCM was
5 to 5 volts and the terminal configuratioc
Endedo. The EMCM data were recorded at 16
expoted in both .csv and .tdms formats. The miseconds were not captured in the
csv files but were captured in thams files. Hence, the time stamps were obtained
from the tdms filesThe 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 correlationo-efficient for converting inta (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 witha Tac32 from CNS Systems. The central time was obtained from a
network of satellites via @armin GPS antennd@ac32 automatically sets a
computero6s internal T25mitidecords. The timealispay r acy |
updates synchronously with tl&PS signal and corrects for time delays in the
instrumentation and the cabgNS Systems, 2024fach connected computer
grabbed and interacted with central time using the Dimensi@n34oftware installed
on the operating system.
The UDM data were recorded on a different server usiall cRIO-9025
CompactRIO controlleby NationallnstrumentsThe NI cRIO9025 is a CompactRIO

controller manufactured by National Instruments, essentially acting astareal
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embedded controller used for advanced control and monitoring applications in
industrial settingsAn LED and an extra UDM were jointly connected tokieRIO-
90250n which all the UDMs were mounted and the NI16225 on which the EMCMs
were mountedising a channel splittefhe time series of both signals were
harmaizedby 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 timkéset 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 sensorBhe UDM data was originally recorded at 6500 Hz but
resampled to 50 Hz .pguet fileswhich had also incorporated therrelation
coefficientbetween the voltages and actual depths recoiidesl.parquet files were

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

3.6.1.1 Time series synchronizatiorof sensors data

The time series of alensodata were synchronized with the first Vectrino
datasets for all experimental rufi$ie Vectrino Il was chosen because it has the
highest sampling rate (100 Hz) of all the sensors and it was located farthest affshore
the wave flume. The first step was to synchronize all otbettime series data whose
timestamps had earlier been converted into the Matlab time usinghanse code
called epoch2Matlab in a loop. Secondly, an initial cleaning was performed on all the
vectrino data using the followingutoffs/filters; dbcut =40, corrcut = 6P0and

badbeams = 2 where dbcut, corf@rtd badbeams are the amplitude cutoffs,

correlationcutoffand t he mi ni mum number of bad beam

48



Each sensor 6s dat a-symchrenizead ithnectl dambyat i vel y

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
outsice 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 writterbtain theactual water elevations from the
bottam upusing a bacicalculation 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 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 dung dryness phase and the beach profile elevation was constantly
changing due to erosion/accretion procesamde was used to obtain the tiseries
of the changing beach profile elevation
approach. The obtained changing beach profile elevation was then subtracted from the
water elevation data to obtain the water Hepffter 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 experi ment Abudtine-Dimedias filteririg uachios oh O .
Matl ab called Amedfiltlo was used for <cl ec
technique which applies a sliding window to a sequence and replaces the center value
in the window with the median value of dhtapoints in the windo@Pratt, 1991)
The n =51 was found to be the optimal number, where n is therdéin 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
suif/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 expeviasmtained for each
dataset. Then the medfiltl with n = 51 was applied to the dataset to obtain the cleaned

v data.

VECTRINO II (VECT)
Thevectdata is unique in that it measures the velocity profile over 3 cm at 1
mm intervals. The elevations of thectsensor 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 poofidening
30 bins of velocity time series were converted into one velocity time series. After
obtaining the 1Dvelocity time series, the process applied to the vector data was

applied to obtain the cleangdctdata.

Additionally, an absolute velocity threshold of 3 m/s was applied to all the
velocity datasetsveéct, vandemcm and spikes with valudargerthan 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 organizechaifdes. An in-
house MTM2INRS Matlab code was used to convert the location data from the MTM
zone 7 coordinates into the flume coordinaldge 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 describeBigure 3.15Final tables of the
location data wee created and saved in .mat formdtse 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 haming 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 éta for all cases and trialBhe expectedneasuremergrrors Ois also(0.05

m).

3.6.4 Munitions data table

The aggregated munitions data brings together all elements of the project into
an overall outputhatcontains 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 velocittime-seriesdata (vectsy andemcn) as inputs and calcula6™
0 p ando , of thefull-time series data and others like the offshoreshoreand
wetcomponert of the velocity time series data. The data was organized into tables
according to cases and trials.

A giant MATLAB code that accepts thigsparateburial, location, bulk
statistics, profile elevatigmndwavecharacteristic§ 0, 0 ) datasets was
developed. In the code, 58 different variables were developed all describing different
components of the munitionés behavior 1incl
values associated with each munition. See Appendix A for full detadslescription

of the table and its components.
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Chapter 4

BEACH PROFILE MORPHODYNAMICS UNDER VARIED FORCING
CONDITIONS

The hydrodynamicand beach profile morphologptay a pivotal role in the
extent of migration and burial of the munitiofhs 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 loaip of the sensors at each station. During the experiments,

some sermsmalfunctionedand the bad data were excluded from the analysis.

Table 4.1 Sensors lockip table

STATION X (m) Velocity sensors Nominal height above the bed UDM is
(m) 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
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As an example, the velocity time series across the entire-ginoss for the largest

forcing condition Case03TrialOlis depicted in Figure 4.1.
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Figure 4.1 Time series of the velocity sensors from the offshore zone to the beach
face

Thefluid velocity was generally greateststation 15 the point after which
most of the wave breaking occurred in ttese(Figure 4.1) However, the time series
shownis too long to see obvious trends. Hende hydrodynamics of stations 1,,12
and 17 representing the offshore, sarfd swash zones respectivelnd contaimg

bothUDMs 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 sideby-side (Figure 4.2).

Station 1 (x =22 m)
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Figure 4.2: Time series excerpts of water depth (h) and esbsse 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 serieshowsa progressive decreasehias waves propagate from the
offshore to the swash zone (Figur@)4Breaking processes and bore capture led to
fewer waves observed near the beach face compared to offshore (FXyuiédre is
a transition to more skewed/asymmetric waves with a decrease in water depth (Figure
4.1 b,d,f). Swash data are more sawtesithped, as expecté8aldock, 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 dégso, the UDM sensors had limited
capability for capturing the peaks of steep wave crdsts.believed these alterations

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

the profile.
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Figure 4.3: Crossshore distribution o0 (aif) and™Y  (gil) for all Cases.

The bulk hydrodynamics across the entire cibgsre for all the cases were
examined using®® and"Y valuesVariations inthe’0  and"Y  from the
UDMs and velocity meters for all cases and trials are presenkgdure 4.3(where
rmsis the root mean square). T2 was calculated assuming a Rayleigh
distribution as a direct relationship with as’'© ="0j ¢, and’O is estimated from
the UDM data using the relationshi(p=4* , , where, is the standard deviation of

the free surface oscillatiof® 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
‘'O due to the progressive increasédnfrom 0.21 m to 1.1 m in both Cases.
Breaking typically occurred near= 77 m with variations depending on forcing
conditions. Waves then dissipated across the remainder of the profile into the swash
zone.

The™  were computed by obtaining the root mean square of the velocity
time series. Th&  values (Figure 5ig) followed similar patterns with th®©
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 wgivte hei
variability did not cause large variability W, likely due to a corresponding
increase in still water depth. Case04 and Case05 did show a consistent increase in
"Y  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 inY ~ was observed in the flat section, and magnitudes
were smaller than for the first three Cases. For all Cges,were greatest following
breaking and into the swash zone. These observations imply that erosion/accretion
processes and nebed forcing were more prominent in the inner surf and swash

zones. Thus, migration processes may also be more prominent inetieses r

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 (Bigure

The berm betweex =82 m andk = 90 m eroded offshore, causing accretion and sand
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bar formation betweex = 76 m andk = 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.
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Figure 4.4: The beach slope is gentler at about 1:20 from the flat sectior @& m
and steeper at about 1:5 betwaen72 tox = 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 thetped measurements (Figudeb).
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 = 70 m. The small changes are likely due to sensor
accuracy, weak sediment transport gradients, and variations irdilreasional

ripple formation and migratiocaptured using a single cresisore profile. Fronx =

58



70 m tox = 100 m, more substantial erosion/accretion to a magnitude of 0.4 m was
observed (Figurd.5). The region fronx = 75 m tox = 90 m, where wave breaking
was concentrated and with the steepest slope (1:5), experienced the most noticeable

bed level changes.
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Figure 4.5: Changes in the beach profile elevation relative to therfeelevation.

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,"@dralues of 2.1 m and 0.72 m,
respectively (Tabl8.1), and was also one of the shortest hydrographs (Figure 3.2)

Bed level changes were less than £ 0.2 m even in the region betwé#hm andx =
90 m, indicating little variability in the berm. Case04 had conditions of still water

depth andO of 2.237 2.87 m and 0.21 1.1 m, respectively. Berm erosion and sand
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bar formation occurred betwegnr= 80 m tox =90 m andk =75 m tox =80 m,
respectively. Case06 had a still water depth range ofi22237 m similar to Case04,

but with a constariO of 0.6 m and longer wave periods. Unlike Case04, greater
accretion occurred offshore of the erosion point betweeid5 m andk =80 m and
onshore between the= 90 m andk = 100 m region coinciding with the dune toe.
Case02 had a still water depth of 2.87 m ‘@wd1.1 m values, leading to weaker
accretion and greater erosion fram 75 m tox =80 m andk =80 m tox =90 m,
respectively, than in Case06. Case03 had the largest still water depth and wave height
combinations (3.3 m ari®@= 1.4 m), resulting in extensive accretion and sand bar
formation fromx =75 m tox =80 m and corresponding erosion of the berm and dune
toe.Although Case03 had the strongest forcing conditiGase05 had the most
substantial morphodynamidgkely due to the longer duration. Case05 is the longest
hydrograph (Figure 3.2), artde forcing ran over the course of 10 trials. The longer
duration led to a greater magnitude of erosion and accretion relative to Case04

similar Case to Case05 except for theger duration as well as Case03

60



Chapter 5

MUNITIONS MIGRATION IN RESPONSE TO THE VARIED FORCING
CONDITIONS

5.1 Introduction

The understanding of umitions 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 givertheir bulkdensities, 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 pretrial munitions locatior{location beforeyvere subtracted from the pesial
munitions location after each tribcation after) In instances where pteal location
measurement was absent eithecause theunition was not found at the pteal
stage or the munition was underwater, the last available location was used as the
location beforeThe second was the tritd-trial migration where munitions location

werepre-trial measurement was subtracted from the-padtlocation measurement,
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regardless. The challenge with trtattrial migration dataset is that it only takes the
pretrial location or postrial location to be absent for no data to exist and this was
fairly common due to the large number of munitions deployedtfileemigration

type computed was the cumulative migration whbkeeinitial locations of the

munition prior to the start of each experimental case were subtracted frposthe

trial munition locatioras 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 statktigration distances were subdivided
into two cat egor i -ashoremifgration magnitudes lass thadnorr cr 0 s s
equal to 0.5 m, -shoredmigfativo magmtndes exceeding®.bm.s s
This threshold value was chosen based on roughlptigest dimension of the

munitions that ofterexperienced motion (mortars and rockets) and a desire to exceed

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

5.2.1 Munitions migration across the entire crossshore

The entire crosshore comprises the offshore zone characterized by a
relatively flat bathymetry at the bed, the surf zone where wave breagiugred 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 afshone.
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 (3dblkeigure5.1)
with the colorcoding separating munitions by specific gravB@ and matching the
munitions colors provided in Figureld. Negative and positive migration values
i mply offshore and onshore migration, resctg
migration observations were 349, and 1879, respectively, implying that 84% of the
deployed munitions did not migrate beyond 0.5 mheiftrtinitial location. The
percentages of the ka6 with6Griaonngde sBGenfi t2i oh s  (
2.5, S@< 53 ,8G8 ®. 53G<3 .45SCG& O. 5, SGrHE8were5 O
8% (152), 17% (317), 19% (357), 21% (391), 27% (517), and &%) (tespectively
(Table5.1). Munitions in theSGr a n g e $G< 3 PL7%) wede two times more
likely to migrate O 0.SG<th5(B%) giyeasinglat t o muni
forcing conditions. Migration percentages forthe s&G& al ues f or fAmoti on
munitions were 16% (57), 31% (108), 17% (61), 14% (47), 19% (65), and 3% (11).
These percentages spread acrosS@rmnges, implying thadGmay be less
important for net migration provided the forcing is sufficient to exceed initiation of
motion. Oveall, 58% (202 of 349) of the net migration events were offshore directed.
Wave nonlinearity, the existence of an undertow, and local bed slope are factors that

may relate to offshore migration.

Table5.XANo moti ondo and fAmotiono v&dramges and p
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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) hadsGof < 3, implying that althougBGvalues may be less important for
Aimotiono migration provided the forcing i s

the SGmay become a dominant factor for ledigtance migration.
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5.2.2 Munitions migration in the offshore zone

The offshore zone is the region frome 0 m tox = 47 m. It is characterized
by flat bathymetry, continuous submergence of munitions;bmeaking waves, and
minimal changes in the overall morphology. A total of 812 munition data points were
obtained comprising 94% (76%nof athld2 )i morntd o€
migrations, respectively (Tabfe2; Figure ). There was a higher percentage (705
of 764; 92%) of the SGOo ARuére$20T™h® muni ti ons
correspondi n @ghb)(fable 5.2) omplies tHat8% (29 haBiG< 2.5,
while 83% (40) hadG< 3. Il n total, 31 of the 48 fimot
migration implying that more munitions (65%) migrated onshore in the offshore zone.
The onshore migration tendency in the zone
which is overwhelmingly skewed to the right (Figurg)50nly 6 of 48 (13%) of the
Amotiono munitions traveled more than the
migration, and theiBGvalues werelain the SG2 SG< 2.5 range. These
observations suggest that in the offshore zone over flatter betttyytihe 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 leftrighd
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The percentages in each case were calculated as a function of the total number
of migration datapoints in the caskaple 5.B). 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 combinatidaislé 3.),

produced the | argest percentage value for
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(Table 5.). Case04 and Case05, produced nearly identical migration behavior for

bot hmditnioono and fimoti ono migratiables both a
5.2b). The histograms of the migrations in the offshore zone were separated into the
casesfigure53) . The fAno motionodo migrations acros
normal distribution or are skewed towards
migrations across all casatsoskewed more towards the onshdfeg(re 53).
Expectedly,th&Gv al ues of the fAmoti ono M®AGPHati ons
and 8G<®Brafges,regardes of t he case. Few ASGot i ono
< 3.5 range (e.gFKigure 53, Case01, Case02, and Case03) migrated beyond 5 m,

further emphasizing the importance of bulk density on munitionsdastgnce

migration. As discussed in Sectidr®, the offshore zone experienced relatively

weaker nearbed forcing due to the water depth (Figuhe
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Figure 5.3: Migration distances for munitions in the offshore zone separated into
cases. The top and bottom rows are t
for each case, respectively.
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5.2.3 Munitions migration in the surf zone
The surf zone typically extended shoreward feom47 m to the surf/swash
boundarybetweerx = 77 m andk = 97 m, depending on the water depth and wave
characteristics. This region was characterized by relatively steep slopes (1520
with increasing steepess shoreward. Munitions in the surf zone accounted for 42
55% of the total munitions deployed and the migration observations in the surf zone
account for 51% of the total migration dataints. A total of 1212 surf zone
observations from were made comprising (241; 20%) and (971; 80%) data points for
the Amotiono and Ano mot Figured4 Taea53mi gr at i or
The 80% (971 of 1212) Ano motionodo net r
were comparatively smaller than that of the offshore zone observations (94%). About
73% (713 of 971) of the S@&W n3i,t iiompsl ywiingh tfhnac
to the offshore zone, the fAno moTthe ono muni
greatest net migration distances during the experiment were recorded in the surf zone

with a maximum net migration distance of 40 m offshore (Figute 5.
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to the offshore zone, which had a value of 83%. About 34% (83 of 241) of the

Amotiond net migrations were greater than

major migration. Thirteen percent (11 of 83) and 49% (51 of 83) of the major

m gration obser v8G<i @2ns5 w8 raiges, jaittlye 2 O

accounting for 60% of the munitions with net migrations greater than 5 m. Net

migration in the surf zone was predomingrffshoredirected 65% (157 of 241) as

also shown in Figuredwh er e t he

0

mot i ono -skewed. @hisi o n

trend is in contrast with the offshore zone where net munitions migration was largely
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onshoredirected and may suggest the importance of gravity (slope) on munitions

migration.

Table5.3:ANo0 moti on and fimotionod val®ks and pe
ranges and (b) cases (surf).

PRAMEOT 1 | A w! | 6 RBHw + A wt + 6 RWBHw K up AWl wk K S RBBwk 3 O0UE
-OwoOObUDP hYuwe AGwe! | vdwepl |+ odwepl | Kdbwepl KiwpkK NA
, OUPOO hl Gwel + NIwep hAGwep! hKIwep! Wdwe i woet | Khu
@EAwW" EU "EUlY *"EUlY "EUlY ©"EUlY "EUlY "EUlY 300E
-OwoOOUDP WWH wepk At wel AYUwepr W Owepr WHOwepl ANGwek NA
, OUPOO hl Gwepl | Noiwep +YUowep NKIwep Kdwe | vidwepl | Kl
30UEO hut t | Kt huk | FuN W | kKt FuN A hul hul

Thecasebased migrations in the surf zolegure 55) had t he fino mot
net migration following a nearly normal di
lefts k ewed in favor of offshore migration. T
Case04, and Case06 with distributions more norired.trend observed in the
offshore zone persists in the surf zone, where Case03 had the relatively largest
percentage of Amotiono migration at 30% ar
14%) for fAno mot iobserved BomCdse(d arl Casedh (Gable a s
5.3b). The largest migration distance-4#® m in the entire experiment also occurred
during case03TheSG of the Ano moti onod SGmmge mi gr at i ¢
from 2 to 5.8. A similar observation i s me
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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and

5.2.4 Munitions migration in the swashzone

bott om

r ows

ar e

t he n

The swash zone extesdfrom the farthest runup edge on the beach face to the

surf/swash boundary. The boundary varied with trial from77 m tox = 97 m due to

the changing forcing conditions. The swash zone spans the shortesthoyoss

distance of all three zones. The number of munitions initially deployed in the swash

zone varied from 30 to 50 (132%) depending on the surf/swash boundary location.

In addition to theexclusionof munitions that experienced no hydrodynamic forcing

71

no



from the dataset, sonmeunitionswith significant offshore migration distances initially
deployed in the swash zone ended up in the surf zone in subsequent trials. Such
datasets were subsequergtnsideredhs part of the surf zone categorization.

There were 204 total observations in the swash zone which comprised 144
(71%) and 60 (29%) observations Fgore Amot i c
56; Table 5.4). Ninetyt hr ee percent (56 of 68O of the
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,
respectivly (Figure56; Figue 57, 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 suv
munitions suggest a nearly equal probabitynunitions migration in either
direction, but the offshordirected migrations are likely to migrate farther distances
(Figure 56, Case06). The spread of the migration percentages and no observable
trends between net migration distanceandS8¢ or t he fAmoti ond munit
thatSGpl ays a | esser role in the fAmotiondo mui

conditions aresufficientto cause migration.

The fino motiondo muni 1% (d44 of 20d)ofctte swashe d f or
zone observation@able 5.4; Figure®). The increase in percentages with increasing
SGindicates that densemnunitionst end t o experience Ano mot i c
weaker swash zone forcingpproximately9 2 % of t he fAno m&AE i ono m

O 3, with the | e8G@<t25drethesvashmanaadlways migratingl 2 O
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beyond 0.5 m. Th8GO 3 muaccountingnosr 92 % of the fino mot
observations suggest that the threst8@for motion’'no-motion in the swash zone

may be within the range of 2 to 3.
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Figure 5.6: Migration distances for munitions in the swash zone. The left and right are
the fino motiono and Amotionod data, r

The fimotiono and fino motiono observatic
contrasting. On one hand, munitions bulk density suggests that denser munitions tend
to experience fAno m8Qseemato have Minimdl imgortande h er h e
in the Amotiond munitions, as there were r
distance and th8G The discrepancy betwe&Ga nd mi gr ati on in the |
Aino moti ono daSGsa key factor imtpelfinaledsterninataon of a

muni tion expoenrd eonrcifinngo Ammoottiion o, but t he fo
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driver of migration than the bulk density in munitions that experience significant net

migration.

Table5.4:ANo moti on and fimoti onodo v a&SGagss and
(swash).

PpR2AME OT | wAs@w! | 6 R 8B w + wPASEwt + 6 RuWBuf KueAMlwK K3 Rwduwk 3 OUE

-OwoOOUl Yuwe ASkuwce AdKkUwce ht opwWs | WIHwpk KKIwepl KK
|+

, OUPOC Yuwp' AUwepkK Jwepl | YUwph +AGwepl ht 0we by
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Figure 5.7: Migration distances for munitions in the swash zone separated into cases.
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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® ) . A simil ar pattern of (70%, 3G
motionoiamd fnmhgt ati ons were observed in C:
(Table5.4b).

The offshore migration of the berm between 80 m andk = 90 m for most
cases (Figure 7) explains the inability to locate some of the munitions initially placed
in the swash zone of ttf&Gvalue. Hence, only a few or no data points were observed
for some of the caseBigure 57). The fewdata point®©bserved 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 cmbination in Case03 which led to offshore migrations of most
munitions initially deployed in the swash explains whig(re 57, Case03) is nearly
blank.
As with the surf zone, th8Gd i st ri buti ons of both the T
Amoti ond net mi gr aSGraogafstom? {0 8.8, suggdstiigthe ent i r €

relative importance of hydrodynamics over munitions bulk density.
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5.3 Dimensionless numbersand powerlaw relationships

The object mobility number€ ) and the shields numbe#}are two
dimensionless numbers that have been relatetunitions migratior{Cristaudo &
Puleo, 202Q)The two dimensionless numbers associated with each munition were
computed using the equations in section 3.4.2 usinditfezentii u types described
in section 3.6.4. The- and—based ord were used in this analysis.
The migration distancgs i mo t wee platted againshe— and—(Figure 5.8). A
wide scatter irmigration is observed in both dimensionless numbers. The crtical
is a measure of the relationship between the object diameter and bed roughness
(Friedrichs et al., 2018; Rennie et al., 204/l since a wide range of munitions was
deployed, the widscatter may be expected. Thembeds the impact of the
hydrodynamics+( hu) and the morphology i ) 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
distancgCristaudo & Puleo, 2020; Friedrichs et al., 2018; Traykovski & Austin,
2017) However, a greater clustering of the l{desise munitions with green symbols
( 2 SGX 2.5) occurred inthe- 10 & and— 16 & and correspond with the
greatest migration distances implying that the munitions with sn&@enay require

weaker overall forcing for migration.
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Figure 5.8: Migration as a function of Shields number for all motadoservations.

Positive and negative values represent onslzore offshoredirected
migrations, respectively. Trymbolshapes represent the Cases. Case01
to Case06 are,0, D>, <,V A, respectively.

A prior study attempted to establish a powawv relationship between the

absolute munition migratioandthe— and—using the nonlinear least squares

regression analysis approaulit insignificantR? values were obtaingcristaudo &

Puleo, 202Q)TheR?improved when th&Gwas incorporate@R? = 0.27) ThisR? =

0.27 is still low and implies lowonfidence in the modeAttempts were made to

explore the same empiricadlationshipsn all zones and combinedut the results of

the analysis were podfor instanceHeswashdQs @— andsQ s

W —

produced??=-0.06 and-0.01 (Figure 5.9)vheresQ sis the absolute migration

77



distance [Migration|NegativeR? can occur when the model does fudbow the data

trend and fits worse than a horizontal I{frggure 5.9).
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Figure 5.9: Power law fit of (a)Q | versus—and (b) |Migration| versus- in the
swash zone
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Attempts were made to improve titrodel by incorporating the munitions intrinsic
propertyi theSG into the equations to producg® s @ — "Y'OandsQ s

®— "Y"O. The models were slightly improved, resultingRfi= 0.12 [a1=3.286,b1
=-0.089,c1 =-1.667] and 0.12e1=3.4898 b; = -0.142,c; = -1.883], respectively

(Figure 5.10). ThesB? values are still too low for the model be robust

® Dats
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E
= 10 . *y
£
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Figure 5.10: Power law fit of (a)Q | versus-AY"@nd (b) R | versus— RY @ the
swash zone.

Several other combinations were attempted blR4®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®staghore

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 neanstantaneous 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 complexnteractionsbetween munitions in the nearshore and the forcing
conditions. The initiation afotiontimes of munitions at the same= 82 m location
relative to the start times of the waweker (t = 0 s) for cases with available data are
presented iTale 5.5 The munition types are described in the following order:

colord munition type, e.g., R81 impliesRed 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 8G=25)=225 M81(SG=3.00=24.9 S81 5G=4.18)=37.€
Case04 Trial01 R81 8G=2.5)=87.4 No data S81 8G=4.18) = 90.¢
Case05 Trialo1 M81 (SG=3.0)=12.1 Y81 (SG=3.5)=133.9 S81 SG=4.18) = 183.
Case06 Trial01 R81 SG=2.5) =45.6 No data S81 §G=4.18) =55.7

Thewider anging time from for Table®mfwhso Ai ni ti
expected because the hydrodynamics of each case vBaigle 3.). Across the cases
shown, the lesdense instrumented R81 munitidd@= 2.5) consistently had shorter
Ainitiation of motiond ti me&&=41B)aThist he i nst
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 flom the same crosshore position and under the same forcing.

Conversely, overall hydrodynamics likely dominate over bulk density for munitions

migration in the surf zon&sgction 5.2.8for long-distance migration.
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5.4.2 IMU -derived nearinstantaneous munition migration

The IMU data of a R81 munitiol58G= 2.5) during Case02 TrialOh £ 2.87,0 = 1.1

m, Y = 6 s) are presented to show the variability in the migration time histayré

5.17) where relative time (RTt) is referenced to a local time when the munition started
to move. The overall duration of motion was about 31 m87Y(Q3. The munition
trajectory was divided based on observations of change in migration behavior.
Sections are numbered and cetoded Figure 5.1) and examples include the

change from offshore migration to roughly stationary or roughly stationary to offshore
migration. The bedctprofile (Figure 5.1b) and corresponding water level variation
within 120 s of change in migration behavibigure 5.1&i j) are also shown. Free
surface oscillations (d) were taken from t
migration range of the particular section. From relative time RTt =0 sto RTt =53 s,
the munition migrated 5.61 m offshore (S1; blue) at a mekcity of 0.11 m/s.

Sections S2 (orange), S4 (purple), S6 (cyan), and S8 (black) have relatively similar
properties where the munitiexperienced 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 ssshore 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 = 11®MRTt = 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 R&G= 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. Thecorrespondingeoloredcircles indicate the start of each
migration section. (b) The beach profile for referencg) (eree surface
oscillations (d) 60 s before and aft
around a local RTt = 0 s. The colors correspond with the colors used fo
S1 to S8 irFigure 5.14.

Conversely, S5 (green) from RTt = 522 s to RTt = 697 s initially started with
onshoréoffshore 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 meamigrationvelocity of 0.04 m/s. These data show that munition

migration varies coesiderably across the profile and with time of forcing.

84



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 judbeforethe 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 neavave troughsKigure 5.11,g,1,j). S3, S4, and S6 were initiated
towards the eshof a wave group with S3 near a trough, while S4 and S6 were near
wave crestsHigure 5.1&,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 posisaf 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 = 76 m andk = 82 m. Theobservations 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
portionscharacterized 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 (RT# 850 s to RTt = 1280 s), the beach slope was steeper (1:17% from
= 53 m tox = 62 m, and theorrespondingesponse on th@unition 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 frams 53 m to the offshore. The migration

speed and distance reduced, suggesting a domiiluginceof 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 surfzs®llation
observationsHigure 5.1&i j) may suggest more of a cumulative effect of the larger
wave groups than the individual waves that led to the&S8 bbservations.

Deployed sensors were fixed in space, whereas the munition migration is
Lagrangian. Thus, hydrodynamic statistitaljle 5. were calculated for the duration
of the identified sections using the sensor located nearest the mean munition location.
The local skewnes$Y) and asymmetryd( ) were quantified fronfree surface

oscillationd (Elgar & Guza, 1986and expressed as

o o O .
Y ;’ o7 Equation §.2)
o o .
o] 06 o7 h Equation 6.3

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) O Y 0
S1 8 77 0.81 053 1T 0. (
S2 8 77 0.92 075 1 0. ¢
S3 7 72 0.86 075 10.!
S4 7 72 083 050 10.:
S5 7 72 090 068 T10.:
S6 6 67 086 058 10.:
S7 5 57 0.87 052 0.05
S8 3 47 0.83 0.79 0.06

An increase in wave nelmearity 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) haveanging 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 10. 6
The positive asymmetry ih may be due to the waveform adjusting as it came off the
wave paddle. Offshore migration sections S1, S5, and S¥# hfadm 0.52 to 0.68 and
6from 10.29 to 0.05. The onshore yof grati or
0.75andb of T0.51. These data suggest that wav
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 w8 = 2.5 (R81)SG= 3 (M81), andSG=
4.18 (S81) (Case02 TrialOEigure 5.12. Marked differences were observed between
the munitions: 1) The least dense R8GE 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 aatbshree munitions were for R81
observations. 2) The most dense SBG¥£ 4.18) had the fewest observations of
motion (5) andhe distance magnitudes (mean = 0.45, std = 0.29) were the smallest. 3)
The moderate density M8SG= 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 efrtat 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 superimpdson 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), and5G= 4.18 (S81), (a) net
migration, (b) gross migration, and (c) duration of the migration
expressed in (a). Color coding is relative to Figuie.3

Offshore motions for the instrumented 81 mm munitions dominated regardless
of SGwith 100%, 100%, and 70% (55 of 79) of the R81, M81, and S18 events,
respectively, being offshomirected (a). The corresponding durations of motion

(Figure 5.12) 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)

with mean and std values of 3.6 s and 1.4 s, respectivgiyré 5.12). The offshore
dominance matches surf zone observations for the larger dé&taget(54) 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 8nél,10 in the surf
zone of the wave flume (Figure 5.13) were explofidw wave energy progressively
increased fronstation 8 to station 10, implying an increase in wave impacts on the
munitions from one station to the neX8tation 8(x = 52) munitions deployment in the
crossshore location focuses on the probable role of shapbjectmigration.Station

9 (x = 57) andstation 10(x = 62) explore the roles of shape and initial orientation on

objectmigration (Figure 5.13).

Surf

-—r E
]
So..swe e 25 W
Wave “1_:
paddle e
— o
0.5
7 \ 0
0 12 22 32 42 52 57 62 72 82 92 102 12
2m  2m Cross-Shore Distance (m)

Legend (Instruments)

B EMCM (Velocity) - Vector (Velocity) W UDM (depth) [ RBR (depth) |

Figure 5.13: The crossshore locations ddtations 89, and10in 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 ttréapre

locations from the final locations of the munition after each case as explained in

section 5.2
Se=2 SG=25 SG=3 a)
C—— L4 e —
e ampm— Station 8
SG=25 SG=35 b)
© %)
| c)
SG=418 SG =418 | sG=418

' Station 10

Figure 5.14: Munitions deployed at the three statioBtation § x =52 m focuses on

the influence of shape on migration by comparing cylinders and Ro&tatgn 9 x

=57 m focuses on the influence of shape and initial orientation on migration by
comparing cylinders and spheres; &tdtion 10 x = 62 m focuses on the influence of
shape and initial orientation on migration by comparing surrogate 81 projectiles with
noses, without nosgand 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 simiGvalues at three alongshore positions
(Figure 5.14a). Th&8Gs of the three pairs of munitions were 2,,2/&d 3. The CYL
and RKT both have B 0f 0.07 m but slightly differerit of 0.420 m and 0.405 m,

respectively (Figure 3.11The impact of the length is likely negligible in comparison
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to the shape impact§he 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 agast fluid flow. Conversely, the RKTs have celile 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 ofsimilar crosssectional diameter. Additionally, the shape differences lead to
slightly different scour processes around the munitions. The scour Bgdumd 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 acr8&3palirings, the

CYL experienced relatively smaller net migrations (Figure 5.15) than the RKTs most
likely due to he shape differences. AcrdS&values, the&sG= 3 munition pairs

recorded smaller net migration distances tharB@e 2.5 (Figure 5.15). However, an
anomaly is observed in tl8&G= 2 munition pairs where the net migration distances
recorded were smaller than the distances recorded BGke2.5 andSG= 3

munition pairs. SmallesGvalues would logically produce larger net migration values
but in the case of th8G= 2 munition pairs, the net migrations were smaller. The
possible reason is that the munitions were light enough to migrate witlildwidand
therefore migrate onshore with tbeshore flow immediately followed by a relatively
equal offshore migration leading to a small net migration at the end oifahe

Munition migrations werealso mostly offshorglirected (Figure 5.15), which is
consistent with the overall observations of munitions migration in theend

(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 caseO6siation 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 san@Gvalues were deployed (Figure 5.14b). B@values were
2.5 and 3.5, respectively. The two categorieS@, SG= 2.5 and th&sG= 3.5 each
contain three munition®ne SPH and two CYLs. One of the CYiluas oriented
spanwise and the other streamwise. Hence, the shape and initial orientation are two
parameters being varied. Although the grouped munitions have sBatheD of
the sphere (0.099 m) is 40%gerthan theD of CYL (0.07 m). The length to
diameter ratiosl(/D) are also different due to the shape difference with values of 1
and 6 respectively for SPH and CYL, respectively (Figure 3.11)SGwe 2.5

recorded net migrations mostly greater than 0.5 m whil&@re 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 WB@re2.5 experienced
greater net migrations than t8&= 3 munitions (Figure 5.15), further highlighting

the possibility that there is a certé&Gthreshold below which munitions migrate with
fluid flow as observed in th8G= 2 munitions in Figure 5.15. Like station 8, most
munition migrationswere also offshoralirected which is consistent with the ovéral
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 86= 2.5andSG= 3.5munitions
(Figure 5.16) The inconsistent behavisuggestshat initial orientation might play a

minor rolein munitions net migration, especially tine energetic surf zone.

BlSPH (SG=2.5)
1+ Station 9 (x = 57 m) | IMCYL-SP (SG=2.5)
2 c3 o4 BlCYL-ST (SG=2.5)

c6 _Ct C5 6 -
= [_ISPH (SG=3.5)
== ==
L ] [ICYL-ST (SG=3.5)
\ ] | mmcyL-sp(sc=35)
!

C2

C5 _C6

s
U =

-0.2

Net Migration Distance (m)

-0.4

-0.6

Munitions

Figure 5.16: The munition pairs versus their net migration at the end of each case
from Case01 taCaseO@at station 9SP = spanwise and ST = streamwise.

93



5.5.3 Station 10 (Shape &initial orientation)

Station 10also focuses on shape and initial orientation justdteéion 9 but
there is greater wave action and turbulence in this position. Three types of 81 mm
projectiles withSG= 4.18 were deployed (Figure 5.17). The three munition types are
(1) the 81 mm projectile with a pointed @&tip and fin base, (2) thitat-headed1
projectile with fin basgand (3) the finless corgped 81 mm projectile now code
named 81fin, 81fl&tip and 81finless, respectively. The three types of 81 mm mortars
exhibited differat net migration behaviors. Overall, the munitions sl net
migrationmostly < 0.5 mexcept for a fewdue 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.
2.5 C1
[ 181fin-SP (SG=4.18)
2~ Station 10 (x = 62 m) [81fin-SP (SG=4.18) |
8 1flatTip-SP (SG=4.18)
151 I 81flatTip-ST (SG=4.18) |
E Bl 3 1finless-SP (SG=4.18)
g 1~ _c B8 1finless-ST (SG=4.18) |
s
2 05+ _
a C3 c2 C3
S _C2 5 c4 cs C6 e
g D= ===
k= ( )
s 05+ — |
‘d-; 0.8
4
AE 0.6
04
- v ,ﬂ,’ﬂ_‘ ca o5 S8
1.5 -OZ \_H_I\_‘\:‘I—I
_2 -0.4

Munitions

Figure 5.17: The munition pairs versus their net migration at the end of each case
from caseO1 to caseO6station 10SP = spanwise and ST = streamwise.
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The81flatTips tended to experience a greater net migration than the others and
the 81finless the least. The flat nature of the tips o8ftiatTip 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 dezxatency for

rotational movement about the base axis as illustrated in Figure 5.18.

Distance travelled i

Towards the
beach face

(a) (b)

| \
i i H -

Incident waves Incident waves

Figure 5.18: Migration dynamics of two 81 mm projectile types, (a) is the flat headed
81 mm projectile with a fiike base and, (b) the filess 81 mm
projectile

Although the sketch is a simplification of how the two 81 mm projectile
respond to a wave impact, it does depict how the tendemoyatiemore 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 resulaigea

difference in the overall migration distance covered. Hetheeshape has some

influence on the nenhunitionmigration. Across the different initial orientations, there
were no obvious trends in the net migrations as the initially spamwiséions

experienced greater net migration in some cases and smaller in other cases across all
81 mm projectile munition types (Figure 5.1Tinitial orientation seems to have

negligible inpact 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 @losse positions, bulk density
has been shown to remain as the dominant driver ohiggation over shape and
initial orientation. Shape may exert some influerespecially 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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Chapter 6

MUNITIONS BURIAL IN RESPONSE TO THE VARIED FORCING
CONDITIONS

6.1 Introduction

Numerousstudies exist on the burial dynamics of underwater objects within the size
range of the munitions under stydgour and burial around short cylindersler
oscillatory flows(CatafieLopera et al., 2007; Demir & Garcia, 2007; Rennie et al.,
2017)and combined flow§CatafieLopera et al., 2007; Catafiopera & Garcia,

2006; Catafid.opera & Garcia, 2007¥hort cylinders under progressive shoaling
waves(Voropayevet al., 2003g)burial and scour around conical frustums under
combined flowgCatafieLopera et al., 2011ycour and burial of piles and pipelines
under combined wavédSumer et al., 2001; Sumer & Fredsge, 2061ihe burial and
scour under energetic surf conditiofisgykovski et al., 2007 spherical bodies under
steady flows and current$rielsen et al., 2005andmunitions inthe surf and swash
zone under waveL(istaudo & Puleo, 2090Some studies have also aggregated
burial datapoints from different studies mostly under steady flow oscillatory waves
(Friedrichs et al., 2016, 2018 here have been many more studies on burial than
migration but many of the studies were in the deeper underwater zonesimitial

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 crglssre. Theaggregation of the large datasets
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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 k6720 kg/m)
and in sizes. The lengths of the smallestlangestmunitions 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 buriay the crosssectional diameter of the munition
to obtain the dimensionless burial depth rafip@). A 6j ‘O of 1 implies that an
initially proud munition achieved full burial anélues >1 suggest burials greater than
the crosssectional diameters of the munitiofhedj Ohi st ogr ams of t he 0
motiond munitions were obtained (Figure 6.
that did not receive any wave action during the experimental runs were excluded from
the analysis. Few outlier data wilh 'O v values were also excluded as
measurement errors becatisemajority ofthem were lost munitions that were later
found after several trials and rough estimates of their burial values were added
manually.lt was also difficulto knowwhich trial hydro condition to associate with
suchaburial datasetOverall, 164 burial observations across the cases from case01 to
case06 were recorded.
Figure 6.1 shows that tlig ‘O ranges from 0 to 4.74, whereQ values imply
that the munition remained proud after the trial. ieighty-sevenpercent 87%; 1439

of 1645 of thedj ‘O values fall within thé to 1 range. This suggests that most
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initially proud munitions become partially buried or at maestomdully buried just
below the surface. No clear trends can be observed betweeén@and theSG

values as eaadhj ‘O bin has allSGvalues represented (Figure 6.1).
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Burial Depth ratio ( B/D)

Figure 6.1: The 8] ‘O against the number of observations. The bin sizes are 0.1.

Thedj O histograms were separated into the offshore, and swash zones
(Figure 6.2) The burial dynamics across the three zones exhibit notable differences. In
the offshore zone, th@j O 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, tidg O 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
betweemn| ‘O 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

P45 <8G<58
(a) Offshore 4<SG<45 |

3.5<8G<4
B3 <SG<35
Bl25<SG<3
l2<sG<25

L L 1

T

No of Observations

Burial Depth ratio ( B/D )

Figure 6.2: The ] 'O 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 thg'O data points in the swash zone
had SG O 3, indicating the dominance of mtL
forces. Relatively fewer burial data points were observed in the swash zone compared
to the other two zoneé substantial proportion of the data points involved heavier
munitions with SG > 3 (Figure 6.2c). The broader context suggests that many of the
lessdense munitions initially deployed in the swash zone migrated into the surf zone
or further offshore, whiclkxplains the relatively lower nurebofdj ‘O observations

in the swash zone.

6.3 Morphodynamics and munitions burial/exposure

Thyé"j,o, the change in relative burial dep

prothhege bet we eyr‘?‘,otahned tarriraalnsg e ds th@arse dr eqi «rmr
(Furg8)y The beach pobfaieedhrweff @ MmMromwards t
beach face.Vdmbaserwmee¥¢%muoxtMMt anixe 03Q he

m regitomeraenfgéroden dahle zone were excluded fr

of 133/5expdamhewiotimttsheir yczbvé)werreeﬁ poobntda innge d .
di screpanttlyi vevalee@ohbinai nde ildsection 6.
excl ugdgiaod m Mpdtiwedes® m=aB 0 m.

Each @pPRngeBG®mwas6.spl it into four quadrants

v .,

Yo over¥ys n terms of burial/exposure and er

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 264/8630.5%), and the swash zone 24/129 (18.5%).

Quadrant Ill: Munition exposure and beach erosion. This condition matches
expectations for fafield 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 swagone 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 swashze 11/129 (9%). The largest magnitudesahitionwere

observed in the surf zone, with values in the rangd ahd 4 Figure 6.3b).

Conversely, over 95% dhe valuesn the offshore zone were betwednand 1

(Figure63a) . The @Ano manthe swash zomégure &3¢) waresthe

high-density munitions wittsGgenerally 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 zoneshesymbobk
represent the Cases. Case01l to Case(®, &rg>, 4,V A, respectively.

Only weak beach profile change was experienced in the offshoreignes(
6.3a), and munitiorY8j ‘O values were equally small. In the surf zone and to a lesser
extent the swash zone where accretion and erosion occurred, the magnii@e® of
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 (neaifield) and the hydrodynamiedriven force balance on the munitionsr Fo
instance, in the swash zone, the impac&@@bn burial becomes more obvious as
Quadrant | has a higher proportionstf/er and dark silvesymbols 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 KeulegarCarpenter number (KC) and the shields numdgare related
to objects burial under wave conditiogf®umer & Fredsoe, 2002nd widelyapplied
in the objects burial studies earlier cited at the beginning of this chBpt&l data
(exposure data excluded) were plotted againsK@andd (Figure 64) to identify
potential trends. The excluded exposure data are the data pointg W@iti. KC
numbers span from approximately 10 to 1000 with burial depth ratios ranging from
nearly proud to roughl$j O= 5. The dashed linefigure 64a) represent empirical
relationships from a broad data set (Friedrichs et al.,)Z016ylinders (top dashed
line) and conicafrusta(bottom dashed line) with waves only and well offshore of
breaking.Only about 506 (8000f 1589) of the dataset fell between the tdashed
lines, further suggesting the difficulty in obtaining empirical relationships between
munitions burial and the dimensionless numbrgr laboratory results suggest that
0] Oshould increase witKC butthis isnot always the caq&riedrichs, 2007)The
0] Ovalues span the entire parameter spa¢égare 64b and, hence, the lack of
trendsbetweerd and 6] ‘O further suggests that probabilistic rather than
deterministic models should be used to predict munitions behavior. It is interesting to
note thatl values ranged from as small as 0.5 to as large dsi@@ré 64b)

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 functionK€ (a) and—b).

Attempts were made to create power law relationships betweén thand the
dimensionless numbekC and—as demonstrated in previous studi€sstaudo &
Puleo, 2020; Rennie et al., 201Ifdividually and collectively, the lack of trends

made it impossible to establish any meaningful empirical model.
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