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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 kg/m3 to 5720 kg/m3 were quantified in a large-scale wave flume. The
forcing consisted of six cases of varying wave heights, periods, still water depths, and durations. The
cross-shore profile, typical of natural sandy beaches, was sub-divided into swash, surf, and offshore
zones. Overall, 2228 migration measurements were recorded with 16% and 84% of the migration
observations classified as “motion” (net distance > 0.5 m) and “no motion” (net distance ≤ 0.5 m),
respectively. The probability of munitions migration increased with proximity to the shoreline. There
was a nearly equal probability of onshore or offshore migration in the swash zone. Migration in the
surf zone tended to be offshore-directed (65%), while migration was onshore-dominant (65%) in the
offshore zone. Migration in the offshore zone was preferentially onshore due to skewed waves over
flat bathymetry. Less dense munitions in the offshore zone may have migrated offshore likely still
related to the skewed nature of the wave profile causing transport in both directions through the
majority of the wave phase. The largest migration distances occurred in the surf zone likely due to
downslope gravity. Migration in the surf and swash zones is a balance between skewed/asymmetric
forcing and downslope gravity, with downslope gravity tending to be pronounced provided the
forcing is sufficient to initiate motion. An exception was sometimes observed in the swash zone
where onshore forcing was sufficient to transport munitions to the seaward side of the berm where
they became trapped in a bathymetric depression between the dune and berm. Relating overall
migration (Lagrangian) to fixed hydrodynamic measurements (Eulerian) was ineffective. Parameters
such as the Shields number, wave skewness, and wave asymmetry estimated from the closest
measurement location were insufficient to predict migration. Large scatter in the migration data
resulting from competing hydrodynamic, morphodynamic, and munitions response processes makes
robust deterministic predictions with flow statistics and dimensionless numbers difficult.

Keywords: munitions; unexploded ordnance; solid objects; migration; nearshore

1. Introduction

Munitions or unexploded ordnance (UXO) are ammunitions belonging to a larger
family of explosives. Munitions existing in the environment consist of ordnance that failed
to detonate as intended, functioned as intended but harbor residual explosive or poten-
tially active chemical warfare agents, were discarded, broken-down, or abandoned, or are
dummy rounds [1]. Widespread munition disposal at sea was a prevalent practice from
the late 1800s until the 1970s, at which point international conventions were enacted to
bring an end to the practice [2]. The aftermath of ocean disposal of munitions is a global
concern currently impacting over 40 countries [2]. The quantity of munitions present in the
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oceans remains uncertain due to limited documentation. However, conservative estimates
suggest that at least 1.6 million tons of chemical weapons munitions were disposed of
in the oceans [3]. In the United States alone, more than 70 chemical weapons and muni-
tions disposal events occurred in coastal waters between 1918 and 1970. There are more
than 10 million acres across over 400 designated sites possibly containing munitions in
underwater environments within the Formerly Used Defense Sites program alone [4,5].
The reappearance of underwater munitions occurred in the Gulf of Mexico and along the
coastlines of at least 16 states [6].

Nearshore hydrodynamic and morphodynamic processes can lead to munitions burial,
migration, and/or exposure. The latter two processes are of particular concern near the
shoreline, posing a public risk. Some previous field and laboratory studies expanded knowl-
edge on munitions/munition-like object behavior in the underwater environment [7–10].
Near instantaneous measurements have been used to quantify boundary layer processes
that lead to burial and migration at high spatial and temporal scales under field con-
ditions [7]. Laboratory experiments have been used to improve understanding of the
transport, fate, and phenomenology of munitions on hard-bottom substrates [8] and mu-
nitions behavior including incipient motion, scour burial processes, and obtaining power
law relationships between munitions critical object mobility and the diameter to bottom
roughness [10]. Other studies occurred on the behavior of munitions/munition-like objects
in the nearshore [11–13] shoaling zone under nonlinear progressive waves [14], and the
swash zone under dam-break forcing [15–18]. These studies provided descriptive and prob-
abilistic insights into the behavior of munitions under different forcing conditions. Several
studies attempted to develop empirical relationships for migration and burial [13,19–21].
Migration predictions are more difficult due to additional hydrodynamic processes such as
wave breaking and pressure gradients with correlation coefficients between forcing and
response of below 0.4 [13].

Morphodynamics can lead to munitions burial or exposure. For instance, munitions
appeared after storm events either transported from offshore regions, exhumed via sedi-
ment erosion, or brought onshore as dredged material [22–24]. Recent studies show that
more dense munitions experienced little or no migration [13,15,16,18]. However, the bulk
density parameter space in these prior studies was limited, necessitating more detailed
migration studies [13].

Predicting munitions migration is difficult due to complex, interrelated processes of
hydrodynamics, morphodynamics, grain-scale processes, and munitions characteristics [25].
Aspects of the complex interactions and force balance on a submerged object have been
described mathematically [10,12,26,27], but are generally related to the initiation of motion
rather than migration distance. Lacking proper deterministic relationships, empirical and
other models have been used for improving munitions migration prediction. However,
due to the highly stochastic nature of munitions behavior, comprehensive experimental
data are needed for creating data-driven predictions [28] and for validation of coupled
probabilistic or computational models [26,29–31]. The Underwater Munitions Expert
System (UnMES; [31]), a Bayesian expert system, requires a broad data set for training
and testing. Limited validation of UnMES has been completed based on available data,
but predictive skill was moderate with existing migration distance data especially closer
to the shoreline [32,33]. The Munitions Response Library (MRL) is a robust community
standard repository that aggregates information related to munitions behavior and uses
UnMES in a predictive approach [25,34] currently focusing outside the shoaling zone. More
robust data from the shoaling zone landward are needed to train UnMES and enhance the
MRL. Ultimately, the data-driven framework and repository will form an integral part of
the munitions mobility and burial reference manual that aims to translate the science of
munitions phenomenology into real-world munitions response site management [25].

This paper presents a comprehensive study on a range of munitions with bulk densities
from 2000 kg/m3 to 5720 kg/m3, spanning simultaneously the swash, surf, and offshore
zones. Surrogate munitions and canonical objects were deployed in a large-scale wave
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flume on a mobile bed under different forcing conditions. The overarching objective is
to quantify munitions migration in the different cross-shore regions in relation to bulk
hydrodynamics and morphodynamics.

2. Experimental Setup and Operational Methods
2.1. Wave Flume and Conditions

The experiment was conducted in a large-scale wave flume (Figure 1) with a berm and
dune beach profile typical of sandy beaches. An array of sensors was used to quantify flow
conditions and morphodynamics. Munitions with bulk densities spanning 2000 kg/m3 to
5720 kg/m3 were placed at different cross-shore locations (stations) on the beach profile
from offshore to the swash zone.
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The large-scale wave flume is 120 m long, 5 m deep, and 5 m wide, managed by the
Environmental Hydraulics Laboratory, Institut National de la Recherche Scientifique (INRS),
Quebec, Canada (Figure 2). The piston-type wave paddle with active absorption has a
maximum stroke length of 4 m and 4 m/s maximum velocity. Wave flume water depth and
wave period ranges of 2.5–3.5 m and 3–10 s, respectively, are possible [35]. The wave flume
has a water transfer system connected to a reservoir with a capacity of 3500 m3. Sediment
with a median grain size (d50) of 0.28 mm was available in the wave flume and from a
nearby quarry.

The experiment consisted of six hydrographs (cases) with different rates of increasing
intensities (Table 1) based on the maximum capabilities of the wave flume. Each case
(except Case05) comprised five trials of irregular waves with varying trial durations, still
water depths, peak wave periods (Tp), and significant wave heights (Hs). The trials in each
case were such that the hydrodynamic conditions were ramped up from the first to the last
trial. The minimum and maximum values of Hs, Tp, and still water depths were 0.21–1.4 m,
2.5–12 s, and 2.1–3.3 m, respectively. Three hundred irregular waves were forced in each
trial using a TMA spectrum [36]. The beach profile was recreated in the wave flume for
each case before the deployment of sensors and munitions.
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Table 1. Hydrodynamics characteristics for the different Cases.

Case Number Number of
Trials Still Water Depth (m) Significant Wave

Height Hs (m) WavePeriodTp (s) Duration (hr)

01 5 2.1 0.72 7.11 0.59
02 5 2.87 1.1 6 0.50
03 5 3.3 1.4 6 0.50

04 5 2.23–2.87
Increment: 0.15–0.17

0.21–1.1
Increment: 0.22–0.23

2.54–5.99
Increment: 0.84–0.86

0.21–0.50
Increment: 0.07–0.08

05 10 2.24–2.87
Increment: 0.6

0.21–1.1
Increment: 0.09–0.1

2.54–5.99
Increment: 0.38–0.39

0.21–0.50
Increment: 0.03–0.04

06 5 2.23–2.87
Increment: 0.15–0.17 0.6 8–12

Increment: 1
0.67–1.00

Increment: 0.08–0.09

Case01 to Case03 had increasing still water depths and wave heights, and a wave onset
of dHs

/
dt = ∞; where dt is the time increment between the Hs values of two successive trials,

meaning the largest waves were forced from the first trial on. Case04 and Case05 maximized
wave height as still water depths increased with each trial. However, Case04 had a faster
wave onset, dHs

/
dt = 15 with 5 trials to reach the maximum Hs, while Case05 had a slower

wave onset with dHs
/

dt = 7 over 10 trials. Case06 focused on maximizing the wave period

while maintaining a still water depth increase similar to Case04 but with a dHs
/

dt = ∞.

2.2. Wave Flume Layout

The steps in the wave flume setup were: (1) marking the beach profile elevations on the
wave flume sidewalls, (2) adding sediment using a bucket loader, (3) spreading and com-
pacting the sediment to match the marked profile elevations, (4) installing galvanized pipes
and scaffold frames at the different cross-shore stations for sensor installation, (5) routing
sensor cables into the control trailer, (6) placing munitions at the different cross-shore stations,
(7) conducting the case according to the prescribed hydrodynamic conditions, (8) periodic
wave flume draining for profiling and munitions surveying, and (9) resetting the beach
profile for the next case. The beach profile (Figure 2) spans approximately 60 m and includes
an additional roughly 50 m flat section of 0.5 m depth of sand for a smoother transition from
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the concrete flume bottom to the mobile bed of the actual profile. There are 18 cross-shore
stations spaced 5 m apart and spanning from the dune face to the offshore zone (Figure 2).
The at-rest position of the piston wavemaker sets the origin for cross-shore coordinate (x),
increasing onshore. The vertical elevation, z, is positive up from the concrete bottom of the
wave flume, and the alongshore coordinate, y, increases to the left for an observer looking
onshore (right-handed coordinate system). The beach slope is gentler at about 1:20 from the
flat section to x = 72 m and steeper at about 1:5 between x = 77 and x = 87 m of the scaled
profile. Overall, the foreshore profile is relatively steep at about 1:14 (Figure 2).

Only sensors used in this paper are described. A total of 25 sensors comprising
2 Nortek Vectors (V), 3 Nortek Vectrino II Acoustic Doppler Profiling Velocimeters (VECT),
8 Valeport model 802 Electromagnetic Current Meters (EMCM), and 12 MassaSonic PulseS-
tar M-300 Ultrasonic Distance Meters (UDM) were deployed. The V measures the three
velocity components (u, v, and w) at a single elevation 0.15 m below the transducer. Vectors
recording at 64 Hz were placed at stations 10 and 11 in the surf zone (Figure 2) at 0.25 m
above the bed. The VECT measures the three velocity components (u, v, and w) over a
30 mm profile at 1 mm increments with the first bin beginning 0.04 m below the transducer.
The VECTs recording at 100 Hz were placed at station 1 at 0.2 m above the bed and at
stations 12 and 13 in the surf zone at 0.06 m above the bed. The EMCM measures the
horizontal velocity (u, v) at a single elevation above the bed. The eight EMCMs recording
at 16 Hz were placed at stations 2, 4, 6, 8 14, 15, 16, and 17 (Figure 2). EMCMS were
placed at 0.1 m (offshore) and 0.06 m (surf and swash zone) above the bed. The UDM
records the vertical distance from its position to the free surface or the bed. The UDMs were
located at 12 of the 18 stations (Figure 2). Some data were missing because a few EMCMs
or UDMs malfunctioned. All sensors were connected to recording laptop computers or
computer-controlled data loggers. Computers were on a local network receiving clock
updates every second via a Garmin GPS antenna and Tac32 and Dimension4 v5.3 software.

Pre- and post-trial elevations and munition locations were collected using a Leica
global navigation satellite system (GNSS) real-time kinematic global positioning system
(RTK GPS), a Trimble S5 total station, and a D710U sonar device from EchoLogger. The GPS
and total station were used to take point measurements of the munition locations and beach
profile (expected errors O(0.05 m)). The sonar was used for elevation measurements of the
wet portions of the profile. GPS and total station data were merged with sonar elevations
to create a beach profile. The northing, Easting, and elevation formats were then converted
into the wave flume coordinates.

2.3. Surrogate Munitions, Canonical Objects, and Instrumentations

Munitions span a range of shapes, sizes, and bulk densities. Numerous studies employed
basic cylindrical shapes and varying-sized conical frusta of various bulk densities as munition
surrogates [7,8,10,14,21,28]. An overview of the various munitions-related studies and the
physical characteristics of the objects used (diameter, length, and bulk density, ρm) can be
found in [28]. Here, munitions ranging from 40 mm to 155 mm diameter (D) were deployed.
Canonical objects (spheres and cylinders) were also used for simplicity in modifying bulk
density. Recent prior studies developed replicas with similar shapes, sizes, geometrical
characteristics, and bulk densities as real munitions within an acceptable absolute error of
<20% [11,13]. In this study, canonical objects were fabricated using iron shavings mixed with
leveling cement (spheres) or Quikrete concrete mix (cylinders; within aluminum tubes) to
obtain desired densities. The target densities of the spheres were 2500 kg/m3, 3000 kg/m3,
3500 kg/m3, and 4000 kg/m3, while the target densities of cylinders were 2000 kg/m3,
2500 kg/m3, 3000 kg/m3, and 3500 kg/m3. The percent errors between the fabricated
canonical objects and the target densities were within 7%. A total of 152 surrogate munitions
and canonical objects were used (Figure 3). Three 81 mm projectiles with bulk densities
of 2500 kg/m3, 3000 kg/m3, and 4180 kg/m3 housed an x-IO inertia motion unit (IMU).
The IMUs measure near-instantaneous motion including acceleration, angular velocity, and
orientation. These 81 mm surrogates were deployed in the surf zone.
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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 several trials. IMUs were set to sleep/wake mode, extending
battery life by entering sleep after 60 s of inactivity. The trigger for wake-up was set to
“high sensitivity” with a sample rate of 256 Hz. The principal measurements of the IMU are
roll, angular velocity, and yaw. The roll measurements were converted into translational
distance and by extension, the munition trajectories within the wave flume coordinates
using a cumulative sum technique [13,37].

The total number of unique munitions bulk density used in the experiment was 13,
although the total bulk density variations across all objects was 25 (Figure 3). To the authors’
knowledge, this study comprises the largest collection and range of bulk density munitions
deployed in a single study for quantifying munitions migration in the nearshore. Figure 3
highlights the munitions and canonical objects deployed in the study and the density
range using color coding where green, red, magenta, and yellow were near 2000 kg/m3,
2500 kg/m3, 3000 kg/m3, and 3500 kg/m3, respectively. Gray/silver-colored objects retain
their typical bulk density as identified by the SERDP standardized repository or military
manuals [11]. When appropriate, these color codings are retained in the presentation of the
results for direct correspondence.

3. Example Hydrodynamic and Morphodynamic Observations

Time series of water depth (h) and u (Figure 4) across the stations (Table 1) were time-
synchronized. The data pre-processing involved resampling all datasets to 100 Hz, using a
moving average filter to remove noise, and clipping out the relevant parts of the datasets
that were within the duration of the actual forcing. Intermittent portions of the velocity
time series where the beach profile was momentarily dry based on the depth information
from the UDMs were removed. The velocity data were further quality-controlled by setting
absolute velocity thresholds of 3 m/s and removing spikes with values larger than the
threshold. Example time series data of the first 100 s of the h and u extracted from the
largest forcing conditions (Case03 Trial01) are shown in Figure 4.
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Figure 4. Time series excerpts of water depth (h) and cross-shore velocity (u) for the first 100 s of the
largest forcing conditions (Case03, Trial 01) in the offshore (a,b), surf (c,d), and swash (e,f) zones.

The time series show a progressive decrease in h as waves propagate from the offshore
to the swash zone (Figure 4). Breaking processes and bore capture led to fewer waves
observed near the beach face compared to offshore (Figure 4). There is a transition to
more skewed/asymmetric waves with a decrease in water depth (Figure 4b,d,f). Swash
data are more sawtooth-shaped, as expected [38]. 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 shape relative to expectations for the actual depth. It is
believed these alterations are insignificant for the study of migration given the deployment
of munitions across the profile.

Variations in bulk hydrodynamics Hrms and Urms from the UDMs and velocity meters
for all cases and trials are presented in Figure 5 (where rms is the root mean square). The
Hrms was calculated assuming a Rayleigh distribution as a direct relationship with Hs as
Hrms =

Hs√
2 , and Hs is estimated from the UDM data using the relationship Hs = 4 ∗ σh,

where σh is the standard deviation of the free surface oscillation. Hrms values tend to show a
gradual progression with slight shoaling followed by breaking. Case04 and Case05 showed
the widest variations in Hrms due to the progressive increase in Hs from 0.21 m to 1.1 m in
both Cases. Breaking typically occurred near x = 77 m with variations depending on forcing
conditions. Waves then dissipated across the remainder of the profile into the swash zone.

The Urms were computed by obtaining the root mean square of the velocity time
series. The Urms values (Figure 5g–l) followed similar patterns with the Hrms observations.
Velocities for Case01, Case02, and Case03 were nearly constant at around 0.4 m/s across
the flat section; indicative of the wave field having adjusted to the local water depth. The
similarity also suggests that for these trials, the wave height variability did not cause large
variability in Urms, likely due to a corresponding increase in still water depth. Case04 and
Case05 did show a consistent increase in Urms with respect to trial number as the wave
height and period increased with the increasing still water depth. Case06 had the longest
wave periods and fixed wave heights. Little variability in Urms was observed in the flat
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section, and magnitudes were smaller than for the first three Cases. For all Cases, Urms
were greatest following breaking and into the swash zone. These observations imply that
erosion/accretion processes and near-bed forcing were more prominent in the inner surf
and swash zones. Thus, migration processes may also be more prominent in these regions.
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Figure 5. Cross-shore distribution of Hrms (a–f) and Urms (g–l) for all Cases.

Temporal variability in beach profiles for Case03, as an example, shows the locations
of erosion and accretion and variability in local beach slopes (Figure 6). The berm between
x = 82 m and x = 90 m eroded offshore, causing accretion and sand bar formation between
x = 76 m and x = 82 m (Figure 6). The sand bar shifted offshore as the trial sequence
progressed and this motion was observed for many of the Cases.

The morphodynamics for all cases were analyzed by subtracting the beach profile
measurements after each trial from the pre-trial measurements (Figure 7). Positive and
negative values imply accretion and erosion, respectively. Across all Cases, minimal
bed level changes (within the range of ± 0.1 m) were observed in the offshore zone to
roughly x = 70 m. The small changes are likely due to sensor accuracy, weak sediment
transport gradients, and variations in three-dimensional ripple formation and migration
captured using a single cross-shore profile. From x = 70 m to x = 100 m, more substantial
erosion/accretion to a magnitude of 0.4 m was observed (Figure 7). The region from
x = 75 m to x = 90 m, where wave breaking was concentrated and with the steepest slope
(1:5), experienced the most noticeable bed level changes. The bed level changes and
morphodynamics observed across the cases vary from least to most severe as Case01,
Case04, Case06, Case02, Case03, and Case05. Case01 had the smallest still water depth,
and Hs, values of 2.1 m and 0.72 m, respectively (Table 1). Bed level changes were less
than ±0.2 m even in the region between x = 70 m and x = 90 m, indicating little variability in
the berm. Case04 had conditions of still water depth and Hs of 2.23–2.87 m and 0.21–1.1 m,
respectively. Berm erosion and sand bar formation occurred between x = 80 m to x = 90 m
and x = 75 m to x = 80 m, respectively. Case06 had a still water depth range of 2.23–2.87 m
similar to Case04, but with a constant Hs of 0.6 m and longer wave periods. Unlike Case04,
greater accretion occurred offshore of the erosion point between x = 75 m and x = 80 m
and onshore between the x = 90 m and x = 100 m region coinciding with the dune toe.
Case02 had a still water depth of 2.87 m and Hs =1.1 m values, leading to weaker accretion
and greater erosion from x = 75 m to x = 80 m and x = 80 m to x = 90 m, respectively,
than in Case06. Case03 had the largest still water depth and wave height combinations
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(3.3 m and Hs = 1.4 m), resulting in extensive accretion and sand bar formation from
x = 75 m to x = 80 m and corresponding erosion of the berm and dune toe. Case05 had
the most substantial morphodynamics. The forcing combinations were similar to Case04
(Table 1), but the forcing ran over the course of 10 trials. The longer duration led to a greater
magnitude of erosion and accretion relative to Case04.
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Figure 6. Beach profile measurements for Case03.
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4. Results
4.1. Munitions Migration–Combined

Migration distances were subdivided into two categories: “no motion” for cross-shore
migration magnitudes less than or equal to 0.5 m, and “motion” for cross-shore migration
magnitudes exceeding 0.5 m. This threshold value was chosen based on roughly the longest
dimension of the munitions that often experienced motion (mortars and rockets) and a
desire to exceed expected measurement errors by an order of magnitude. Of the total 152
munitions deployed, 40 munitions (26%) were deployed initially in the offshore zone. The
munitions deployed in the surf zone and swash zones varied from 42 to 55% and 19 to 32%,
respectively. Munitions were surveyed before the first trial and generally after every other
trial when the wave flume was drained. Generally, full surveys were achieved after Trials02,
04, and 05 in cases containing 5 trials, and in Case05 containing 10 trials, full surveys
were achieved after Trials02, 04, 06, 08, and 10. Only partial surveys spanning the swash
and shallow parts of the surf zone were achieved after the other trials. Some munitions
could not be located due to extensive burial or being located underwater before wave
flume draining. Munitions that were landward of the maximum runup and experiencing
no hydrodynamic forcing were excluded from the data set. A total of 2228 migration
measurements were obtained encompassing all cases and trials.

Data are presented in tabular form and as histograms (Table 2, Figure 8) with the color-
coding separating munitions by specific gravity (SG) and matching the munitions colors
provided in Figure 3. Negative and positive migration values imply offshore and onshore
migration, respectively. The “motion” and “no motion” migration observations were 349,
and 1879, respectively, implying that 84% of the deployed munitions did not migrate
beyond 0.5 m of their initial location. The percentages of the “no motion” munitions
(Figure 8a) with SG ranges of 2 ≤ SG < 2.5, 2.5 ≤ SG < 3, 3 ≤ SG < 3.5, 3.5 ≤ SG < 4,
4 ≤ SG < 4.5, and 4.5 ≤ SG < 5.8 were 8% (152), 17% (317), 19% (357), 21% (391), 27% (517),
and 8% (145), respectively (Table 2). Munitions in the SG range of 2.5 ≤ SG < 3 (17%) were
two times more likely to migrate ≤ 0.5 m compared to munitions with SG < 2.5 (8%) given
similar forcing conditions. Migration percentages for the same SG values for “motion”
munitions were 16% (57), 31% (108), 17% (61), 14% (47), 19% (65), and 3% (11). These
percentages spread across the SG ranges, implying that SG may be less important for net
migration provided the forcing is sufficient to exceed initiation of motion. Overall, 58% (202
of 349) of the net migration events were offshore directed. Wave non-linearity, the existence
of an undertow, and local bed slope are factors that may relate to offshore migration.

Table 2. “No motion” and “motion” values and percentages based on the SG ranges.

SG Ranges 2 ≤ SG < 2.5 2.5 ≤ SG < 3 3 ≤ SG < 3.5 3.5 ≤ SG < 4 4 ≤ SG < 4.5 4.5 ≤ SG < 5.8 Total

No motion 8% (152) 17% (317) 19% (357) 21% (391) 27% (517) 8% (145) 1879

Motion 16% (57) 31% (108) 17% (61) 14% (47) 19% (65) 3% (11) 349

A net offshore or onshore migration distance magnitude exceeding 5 m was considered
major and comprised 100 of 349 (29%) munitions. Of those 100 munitions, 67% (67) had
SG of <3, implying that although SG values may be less important for “motion” migration
provided the forcing is sufficient to exceed initiation of motion, the SG may become a
dominant factor for long-distance migration. Migration distances showed no obvious
trends with respect to the Shields number θ = τb

(ρs−ρw)gd50
(Figure 9), where bed shear

stress τb = 1
2 ρw f u2, f = friction factor, and ρs and ρw are sediment and fluid densities of

2650 kg/m3 and 1000 kg/m3, respectively, and commensurate with past studies showing
a weak correlation between dimensionless parameters and migration distance [12,13,28].
However, small SG munitions (green symbols) clustered for θ < 5 and corresponding
greatest migration distances implying that the munitions with smaller SG may require
weaker overall forcing for migration.
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4.2. Munitions Migration in the Offshore Zone

The offshore zone is defined as the region from x = 0 m to x = 47 m. It is characterized by
flat bathymetry, continuous submergence of munitions, non-breaking waves, and minimal
changes in the overall morphology. A total of 812 munition data points were obtained
comprising 94% (764 of 812) and 6% (48 of 812) “no motion” and “motion” migrations,
respectively (Table 3). There was a higher percentage (705 of 764; 92%) of the “no motion”
munitions with SG ≥ 2.5. The corresponding “motion” (48; 6%) (Table 3a) implies that 60%
(29) had SG < 2.5, while 83% (40) had SG < 3. In total, 31 of the 48 “motion” migrations
had net onshore migration implying that more munitions (65%) migrated onshore in the
offshore zone. Only 6 of 48 (13%) of the “motion” munitions traveled more than the
5 m cutoff for what is considered a major migration, and their SG values were all in the
SG 2 ≤ SG < 2.5 range. These observations suggest that in the offshore zone over flatter
bathymetry, the munitions bulk density and wave skewness are important for net migration.

Table 3. “No motion” and “motion” values and percentages based on the SG ranges and
cases (offshore).

(a) SG Ranges 2 ≤ SG < 2.5 2.5 ≤ SG < 3 3 ≤ SG < 3.5 3.5 ≤ SG < 4 4 ≤ SG < 4.5 4.5 ≤ SG < 5.8 Total

No motion 8% (59) 18% (141) 19% (146) 20% (151) 30% (231) 5% (36) 764
Motion 60% (29) 23% (11) 15% (7) 2% (1) 0% 0% 48

(b) Cases Case01 Case02 Case03 Case04 Case05 Case06 Total

No motion 95% (112) 89% (131) 88% (99) 96% (139) 96% (178) 97% (105) 764
Motion 2% (2) 11% (16) 12% (13) 4% (6) 4% (8) 3% (3) 48

Total 114 147 112 145 186 108 812

The percentages in each case were calculated as a function of the total number of
migration datapoints in the case (Table 3b). Case05 had the largest number of data points
(186) because it contained more trials (10 trials) than the other cases (5 trials). Unsurprisingly,
Case03, with the largest forcing combinations (Table 1), produced the largest percentage
value for “motion” migration (12%) of all the cases (Table 3b). Case04 and Case05, produced
nearly identical migration behavior for both “no motion” and “motion” migrations both at
(96%, 4%), respectively (Table 3b). The histograms of the migrations in the offshore zone
were separated into the cases (Figure 10). The “no motion” migrations across all of the cases
follow a nearly normal distribution or are skewed towards onshore migration. The “motion”
migrations across all cases skewed more towards the onshore (Figure 10). Expectedly, the SG
values of the “motion” migrations were mostly in the 2 ≤ SG < 2.5 and 2.5 ≤ SG < 3 ranges,
regardless of the case. Few “motion” munitions in the 3 ≤ SG < 3.5 range (e.g., Figure 10,
Case01, Case02, and Case03) migrated beyond 5 m, further emphasizing the importance of
bulk density on munitions long-distance migration. As discussed in Section 3, the offshore
zone experienced relatively weaker near-bed forcing due to the water depth (Figure 7).

4.3. Munitions Migration in the Surf Zone

The surf zone typically extended shoreward from x = 47 m to the surf/swash boundary
between x = 77 m and x = 97 m, depending on the water depth and wave characteristics.
This region was characterized by relatively steep slopes (1:20–1:5) with increasing steepness
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 data points. A total of 1212 surf zone observations from Case01 to Case06
were made comprising (241; 20%) and (971; 80%) data points for the “motion” and “no
motion” net migrations, respectively (Table 4a). The 80% (971 of 1212) “no motion” net
migrations observed in the surf zone were comparatively smaller than that of the offshore
zone observations (94%). About 73% (713 of 971) of the munitions with “no motion” had
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SG ≥ 3, implying that similar to the offshore zone, the “no motion” munitions tended to
have higher density.
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Figure 10. Migration distances for munitions in the offshore zone separated into cases. The top and
bottom rows are the “no motion” and “motion” data for each case, respectively.

Table 4. “No motion and “motion” values and percentages based on the (a) SG ranges and
(b) cases (surf).

(a) SG Ranges 2 ≤ SG < 2.5 2.5 ≤ SG < 3 3 ≤ SG < 3.5 3.5 ≤ SG < 4 4 ≤ SG < 4.5 4.5 ≤ SG < 5.8 Total

No motion 10% (93) 17% (165) 21% (200) 23% (222) 25% (246) 4% (45) 971
Motion 12% (28) 39% (93) 17% (40) 14% (34) 18% (43) 1% (3) 241

(b) Cases Case01 Case02 Case03 Case04 Case05 Case06 Total

No motion 88% (144) 71% (174) 70% (106) 86% (171) 86% (221) 79% (155) 971
Motion 12% (19) 29% (72) 30% (46) 14% (27) 14% (35) 21% (42) 241

Total 163 246 152 198 256 197 1212

About 50% (120 of 241) of the “motion” munitions had SG < 3, as compared to the
offshore zone, which had a value of 83%. About 34% (83 of 241) of the “motion” net
migrations were greater than the 5 m cutoff for what was considered a major migration.
Thirteen percent (11 of 83) and 49% (51 of 83) of the major migration observations were in
the 2 ≤ SG < 2.5 and 2.5 ≤ SG < 3 ranges, jointly accounting for 60% of the munitions with
net migrations greater than 5 m. The greatest net migration distances during the experiment
were recorded in the surf zone with a maximum net migration distance of 40 m offshore
(Figure 11, Case04). Net migration in the surf zone was predominantly offshore-directed
65% (157 of 241). This trend is in contrast with the offshore zone where net munitions
migration was largely onshore-directed and may suggest the importance of gravity (slope)
on munitions migration. However, the trend observed in the offshore zone persists in the
surf zone, where Case03 had the relatively largest percentage of “motion” migration at 30%
and the same migration pattern of (86%, 14%) for “no motion” and “motion” was observed
for Case04 and Case05 (Table 4b).
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Figure 11. Migration distances for munitions in the surf zone separated into cases. The top and
bottom rows are the “no motion” and “motion” data for each case, respectively.

The case-based migrations in the surf zone (Figure 11) had the “no motion” net
migration following a nearly normal distribution and the “motion” net migrations left-
skewed in favor of offshore migration. The “motion” exceptions are Case02, Case04, and
Case06 with distributions more normal. The SGs of the “no motion” net migrations span the
entire SG range from 2 to 5.8. A similar observation is made in the “motion” net migration,
suggesting that hydrodynamics plays a more dominant role than munitions bulk density
on migration in the surf zone, provided conditions are sufficient for migration to occur.

4.4. Munitions Migration in the Swash Zone

The swash zone extends from the farthest runup edge on the beach face to the
surf/swash boundary. The boundary varied with trial from x = 77 m to x = 87 m due
to the changing forcing conditions. The swash zone spans the shortest cross-shore distance
of all three zones. The number of munitions initially deployed in the swash zone varied
from 30 to 50 (19–32%) depending on the surf/swash boundary location. In addition to the
exclusion of munitions that experienced no hydrodynamic forcing from the dataset, some
munitions with significant offshore migration distances initially deployed in the swash
zone ended up in the surf zone in subsequent trials. Such datasets were subsequently
considered as part of the surf zone categorization.

There were 204 total observations in the swash zone which comprised 144 (71%) and
60 (29%) observations for “motion” and “no motion”, respectively (Table 5a). Ninety-three
percent (56 of 60) of the “motion” munitions had SG ≥ 3, suggesting that hydrodynamics
and morphodynamics may play a more dominant role than density on munitions mi-
gration in the swash zone for energetic conditions. The maximum net onshore and net
offshore migration distances were 12 m and 17 m, respectively (Figure 12, Case06). The
percentages of the munitions migrations in either direction were similar with 47% (28 of 60)
migrating offshore and 53% (32 of 60) migrating onshore. These swash zone observations
for the “motion” munitions suggest a nearly equal probability of munitions migration in
either direction, but the offshore-directed migrations are likely to migrate farther distances
(Figure 12, Case06). The spread of the migration percentages and no observable trends be-
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tween net migration distance and the SG for the “motion” munitions suggest that SG plays
a lesser role in the “motion” munitions migration when forcing conditions are sufficient to
cause migration.

Table 5. “No motion and “motion” values and percentages based on the SG ranges (swash).

(a) SG Ranges 2 ≤ SG < 2.5 2.5 ≤ SG < 3 3 ≤ SG < 3.5 3.5 ≤ SG < 4 4 ≤ SG < 4.5 4.5 ≤ SG < 5.8 Total

No motion 0% (0) 7.5% (11) 7.5% (11) 13% (18) 28% (40) 44% (64) 144
Motion 0% (0) 7% (4) 23% (14) 20% (12) 37% (22) 13% (8) 60

(b) Cases Case01 Case02 Case03 Case04 Case05 Case06 Total

No motion 100% (2) 79% (46) 0% (0) 70% (23) 68% (60) 59% (13) 144
Motion 0% (0) 21% (12) 100% (1) 30% (10) 32% (28) 41% (9) 60

Total 2 58 1 33 88 22 204
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Figure 12. Migration distances for munitions in the swash zone separated into cases. The top and
bottom rows are the “no motion” and “motion” data for each case, respectively.

The “no motion” munitions accounted for about 70% (144 of 204) of the swash zone ob-
servations. The increase in percentages with increasing SG indicates that denser munitions
tend to experience “no motion” likely under weaker swash zone forcing. Approximately
92% of the “no motion” munitions had SG ≥ 3, with the least dense munitions (2 ≤ SG < 2.5)
in the swash zone always migrating beyond 0.5 m. The SG ≥ 3 munitions accounting for
92% of the “no motion” observations suggest that the threshold SG for motion/no-motion
in the swash zone may be within the range of 2 to 3.

The “motion” and “no motion” observations in the swash zone appear contrasting.
On one hand, munitions bulk density suggests that denser munitions tend to experience
“no motion.” On the other hand, SG seems to have minimal importance in the “motion”
munitions, as there were no observable trends between net migration distance and the SG.
The discrepancy between SG and migration in the “motion” and “no motion” datasets
implies that SG is a key factor in the final determination of a munition experiencing
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“motion” or “no motion”, but the forcing is a more dominant driver of migration than the
bulk density in munitions that experience significant net migration.

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 5b). A
similar pattern of (70%, 30%) and (68%, 32%) for “no motion” and “motion” migrations
were observed in Case04 and Case05, respectively (Table 5b).

The offshore migration of the berm between x = 80 m and x = 90 m for most cases
(Figure 7) explains the inability to locate some of the munitions initially placed in the swash
zone of the SG value. Hence, only a few or no data points were observed for some of the
cases (Figure 12). The few datapoints observed in Case01 were due to the swash extents
being farther away from the shoreline, and hence many deployed munitions in the zone
did not experience hydrodynamic forcing. Conversely, the strong forcing combination in
Case03 which led to offshore migrations of most munitions initially deployed in the swash
explains why (Figure 12, Case03) is nearly blank.

As with the surf zone, the SG distributions of both the “no motion” and “motion” net
migrations spanned the entire SG range from 2 to 5.8, suggesting the relative importance of
hydrodynamics over munitions bulk density.

4.5. IMU-Derived Munition Migration (Initiation of Motion)

The IMU data provided near-instantaneous observations of the munition migration in
the surf zone. The interpretations of the observations with respect to the hydrodynamics
and the beach slope in the vicinity of the munitions give insights into the complex inter-
actions between munitions in the nearshore and the forcing conditions. The initiation of
motion times of munitions at the same x = 82 m location relative to the start times of the
wavemaker (t = 0 s) for cases with available data are presented in Table 6. The munition
types are described in the following order: color—munition type, e.g., R81 implies Red
81 mm projectile (see Figure 3).

Table 6. Duration of time before initiation of motion due to the wave forcing relative to t = 0 s, the
wave maker start time.

Experiment No Munition Type, SG, and Initiation of Motion Time (s)

Case02 Trial01 R81 (SG = 2.5) = 22.5 M81 (SG = 3.0) = 24.9 S81 (SG = 4.18) = 37.6
Case04 Trial01 R81 (SG = 2.5) = 87.4 No data S81 (SG = 4.18) = 90.6
Case05 Trial01 M81 (SG = 3.0) = 12.1 Y81 (SG = 3.5) = 133.9 S81 (SG = 4.18) = 183.4
Case06 Trial01 R81 (SG = 2.5) = 45.6 No data S81 (SG = 4.18) = 55.7

The wide-ranging time from forcing to “initiation of motion” (Table 6) was expected
because the hydrodynamics of each case varied (Table 1). Across the cases shown, the
less-dense instrumented R81 munition (SG = 2.5) consistently had shorter “initiation of
motion” times than the instrumented S81 munition (SG = 4.18). This limited observation
suggests that bulk density impacts the initiation of motion as less dense munitions of
similar shapes and sizes are mobilized before the denser munitions originating from the
same cross-shore position and under the same forcing. Conversely, overall hydrodynamics
likely dominate over bulk density for munitions migration in the surf zone (Section 4.3) for
long-distance migration.

The IMU data of a R81 munition (SG = 2.5) during Case02 Trial01 (h = 2.87, Hs = 1.1 m,
Tp = 6 s) are presented to show the variability in the migration time history (Figure 13) where
relative time (RTt) is referenced to a local time when the munition started to move. The
overall duration of motion was about 31 min (1870 s). The munition trajectory was divided
based on observations of change in migration behavior. Sections are numbered and color-
coded (Figure 13) and examples include the change from offshore migration to roughly
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stationary or roughly stationary to offshore migration. The beach profile (Figure 13b)
and corresponding water level variation within 120 s of change in migration behavior
(Figure 13c–j) are also shown. Free surface oscillations (η) were taken from the sensor
closest to the midpoint of the migration range of the particular section. From relative time
RTt = 0 s to RTt = 53 s, the munition migrated 5.61 m offshore (S1; blue) at a mean velocity of
0.11 m/s. Sections S2 (orange), S4 (purple), S6 (cyan), and S8 (black) have relatively similar
properties where the munition experienced a series of small onshore/offshore motions,
likely mimicking the flow oscillations. Net migrations were S2 (0.91 m), S4 (0.56 m), S6
(0.86 m), and S8 (2.08 m) over durations of 57 s, 87 s, 153 s, and 496 s, respectively. The
corresponding cross-shore mean migration velocities range from 0.004 m/s to 0.016 m/s
offshore. In S3 (yellow), a rapid offshore migration (2.19 m) was followed by a gradual
onshore migration (2.01 m) and another rapid offshore migration (1.56 m) over ~325 s
(RTt = 110 s to RTt = 435 s), resulting in net migration of 1.75 m offshore.
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Figure 13. (a,b) The migration time history of an R81 (SG = 2.5) instrumented surrogate munition in
the surf zone. Offshore migration is from right to left. The color changes depict the sectioning of the
munition migration trajectory. The corresponding colored circles indicate the start of each migration
section. (b) The beach profile for reference. (c–j) Free surface oscillations (η) 60 s before and after the
onset of the S1 to S8 centered around a local RTt = 0 s. The colors correspond with the colors used for
S1 to S8 in Figure 13a.

Conversely, S5 (green) from RTt = 522 s to RTt = 697 s initially started with on-
shore/offshore oscillations similar to S4 that led to a short net migration distance, then
gradually migrated offshore before rapidly migrating back onshore in the last few seconds.
The resulting mean migration velocity was 0.02 m/s. Section S7 (red) from RTt = 850 s to
RTt = 1280 s experienced 17.20 m of offshore migration and a corresponding mean migra-
tion velocity of 0.04 m/s. These data show that munition migration varies considerably
across the profile and with time of forcing.

Local hydrodynamics and bed slopes provide context for some of the tendencies
of the behavior. The initiation of motion (S1) may have been triggered by a wave crest
just before the start of a wave group, suggesting that the initial motion may not occur
under the largest waves in the group. Transitions to S2, S5, S7, and S8 occurred inside
wave groups with S2 and S8 initiated near wave crests, while S5 and S7 were initiated
near wave troughs (Figure 13d,g,i,j). S3, S4, and S6 were initiated towards the end of a
wave group with S3 near a trough, while S4 and S6 were near wave crests (Figure 13e,f,h).
The different hydrodynamic conditions under which the sections were triggered suggest
that changes in the behavior of munitions migration and trajectories are not tied solely
to peak hydrodynamic conditions. Note that the discrepancies in the positions of the
symbol on the waveforms in the subplots are due to the relative distances between the
UDM sensors and the munitions locations. The rapid migration observed in S1 was likely
aided by the local steep slope (1:8.5) between x = 76 m and x = 82 m. The observations
in S2, S3, S4, and S5 from RTt = 53 s to RTt = 697 s coincide with a gentler beach slope
(1:30) that had some portions characterized by local troughs or small negative slopes. Due
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to the gentle slope, local hydrodynamics might have been more dominant in the three
sections, but the gentle slope could have aided the observed onshore migration under
skewed waves. In S7 (RTt = 850 s to RTt = 1280 s), the beach slope was steeper (1:17) from
x = 53 m to x = 62 m, and the corresponding response on the munition migration was a
burst of offshore migration over a relatively short time where the munition traveled 12 m
offshore in 390 s (~890 to ~1280 s). From RTt = 1280 s to RTt = 1776 s, the munition entered
the flat slope region from x = 53 m to the offshore. The migration speed and distance
reduced, suggesting a dominant influence of the slope on the net migration. In the region,
repeated onshore/offshore vacillation suggests that the munition may have been trapped
in a local depression or developed a local scour hole, allowing for only restricted horizontal
motions. The free surface oscillation observations (Figure 13c–j) may suggest more of
a cumulative effect of the larger wave groups than the individual waves that led to the
S1–S8 observations.

Deployed sensors were fixed in space, whereas the munition migration is Lagrangian.
Thus, hydrodynamic statistics (Table 7) were calculated for the duration of the identified
sections using the sensor located nearest the mean munition location. The local skewness
(Sk) and asymmetry (As) were quantified from η [39] and expressed as

Sk =

〈
η3〉
⟨η2⟩3/2 (1)

AS =

〈
H(η)3

〉
⟨η2⟩3/2 , (2)

where H is the imaginary part of the Hilbert transform and < > denotes time averaging.

Table 7. Computed hydrodynamic parameters during each section of the migration.

Sections UDM No UDM Location (m) Hs Sk AS

S1 8 77 0.81 0.53 −0.03
S2 8 77 0.92 0.75 −0.60
S3 7 72 0.86 0.75 −0.51
S4 7 72 0.83 0.50 −0.41
S5 7 72 0.90 0.68 −0.29
S6 6 67 0.86 0.58 −0.48
S7 5 57 0.87 0.52 0.05
S8 3 47 0.83 0.79 0.06

An increase in wave non-linearity is denoted by wave skewness becoming more
positive and asymmetry becoming more negative. Durations of nearly stationary motion
(S2, S4, S6, and S8) have Sk ranging from 0.5 to 0.79, indicating that there is still moderate to
strong onshore skewness; possibly balanced by profile slope. Corresponding asymmetries
range from −0.6 to 0.06, indicating moderate asymmetry. The positive asymmetry in AS
may be due to the waveform adjusting as it came off the wave paddle. Offshore migration
sections S1, S5, and S7 had Sk from 0.52 to 0.68 and AS from −0.29 to 0.05. The onshore
migration section, S3, had the second largest Sk of 0.75 and AS of −0.51. These data suggest
that wave skewness and asymmetry alone are insufficient to identify munition migration
and/or migration direction.

The impact of bulk density on migration distance and duration was explored by
comparing the three 81 mm munitions with SG = 2.5 (R81), SG = 3 (M81), and SG = 4.18 (S81)
(Case02 Trial01, Figure 14). Marked differences were observed between the munitions:
1) The least dense R81 (SG = 2.5) had more observations (79) and the largest magnitudes
of migration observations. The mean and standard deviation (std) values of the absolute
motion distances were 0.53 m and 0.79 m, and 13 of the 14 absolute motion distances
greater than 1 m across all three munitions were for R81 observations. 2) The most dense
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S81 (SG = 4.18) had the fewest observations of motion (5) and the distance magnitudes
(mean = 0.45, std = 0.29) were the smallest. 3) The moderate density M81 (SG = 3.0)
experienced moderate motion events (7) and the mean and std values of the absolute motion
distances were 0.47 m and 0.76 m. The mean values of the gross motions were R81 = 2.69 m,
M81 = 0.92 m, and S81 = 1.03 m, as compared to the mean values of the net motions of
R81 = 0.53 m, M81 = 0.47 m, and S81 = 0.45 m. These findings indicate the munitions are
likely to oscillate onshore and offshore superimposed on a mean transport direction.
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Figure 14. Migration distance as a function of observation of a 81 mm projectile with SG = 2.5 (R81),
SG = 3.0 (M81), and SG = 4.18 (S81), (a) net migration, (b) gross migration, and (c) duration of the
migration expressed in (a). Color coding is relative to Figure 3.

Offshore motions for the instrumented 81 mm munitions dominated regardless of SG
with 100%, 100%, and 70% (55 of 79) of the R81, M81, and S18 events, respectively, being
offshore-directed (Figure 14a). The corresponding durations of motion (Figure 14c) also
show that the R81 was the most active, followed by the M81 and the S81. The most dense
munition (S81) experienced the smallest “motion” durations with mean and std values
of 3.6 s and 1.4 s, respectively (Figure 14c). The offshore dominance matches surf zone
observations for the larger dataset (Figure 11) and further indicates the importance of beach
slope on munitions migration.

5. Discussion

Net munitions migration in response to varying hydrodynamics provided aggregated
quantification for a wide range of forcing combinations. The 84% “no motion” and 16%
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“motion” migration observations across the beach profile were sub-divided as offshore
(94% “no motion”; 6% “motion”), surf zone (80 “no motion”; 20% “motion”), and swash
zone (71% “no motion”; 29% “motion”). Previous field studies on munitions mobility in
wave-driven and tidal-current-dominated deeper water areas show that most munitions
buried and/or remained in place after emplacement [7,9,12], commensurate with the
present study indicating a dominance of no motion. However, when objects migrated, the
probability of migration increased towards the shoreline. In the cases where forcing was
sufficient for migration, there was a nearly equal chance of onshore or offshore migration
in the swash zone, migration in the surf zone tended to be offshore-directed (65%, 157 of
241), while migration was onshore-dominant (65%, 31 of 48) in the offshore zone. The net
migration distance varied with the shortest distances observed in the offshore zone and
the largest in the surf zone. Similar migration trajectories were found in other studies of
munitions migration where objects in the outer surf zone tended to migrate onshore [12]
and those in the swash zone migrated onshore and offshore and were influenced by local
slopes [13]. However, those in the surf zone showed no preferential direction in the
study [13]. The flatter bathymetry and increased depth in the offshore zone may indicate
that the wave orbital motion was insufficient to cause the migration of dense munitions.
The skewed/asymmetric shape of waves in the intermediate water of the offshore zone
coupled with the flat bathymetry may explain why more of the less dense munitions
migrated onshore [40]. Wave-induced sediment transport, increased wave non-linearity,
undertow, and steeper profile slopes in the surf and swash zones may also enhance or
hinder munitions migration. The relatively long offshore migration distances in the surf
zone may be attributed to the energetic wave shoaling and breaking conditions coupled
with steeper slopes.

Swash zone flows are composed of two quasi-unidirectional components: uprush
and backwash. Uprush flows originate from bore collapse and may provide enough force
to cause onshore motion (against gravity). The munition or object elevation sometimes
exceeds the berm elevation and becomes “trapped” in the depression between the berm
and the dune. Forcing in this depression was generally not sufficient to cause further
migration. In contrast, the munition or object may have migrated a short distance landward
during uprush, but the backwash was sufficient (coupled with downslope gravity) to
cause offshore migration. The importance of local beach slope to munitions migration was
also identified in prior laboratory studies [13] and theoretical force balances [26,27]. The
migration of munitions initially located on or close to the berm (x = 80 m and x = 90 m) in
the swash into the surf zone coincided with the offshore migration of the berm observed
in nearly all the cases. The SG of the munitions spanned a wide range, underpinning
the dominant role of hydrodynamics and morphodynamics over munitions bulk density
in the swash and surf zones. On the other hand, bulk density seemed to dominate over
hydrodynamics and morphodynamics (weaker near-bed forcing and flat bathymetry) in
the offshore zone.

Across the profile spanning the offshore, surf, and swash zones, munitions bulk
density is important for long-distance net migration. In the offshore zone, munitions SG
seemed to dominate over hydrodynamics, leading to 94% of munitions not migrating. In
the surf zone, 73% of the “no motion” migrations had SG ≥ 3, implying that there may be
an SG threshold separating when munitions in the nearshore migrate or mostly remain in
place. The SG threshold for motion/no-motion is likely near SG = 2.5, close to the specific
gravity of dry sand and matches field observations (SG < 2: “motion” and SG > 3: “no
motion”; [12]) and prior discussions regarding the importance of SG for migration [7,41].
Additionally, the munition relative density Sm = ρm

ρs
, can be used to differentiate between

full mobility (Sm< 1), partial burial (Sm ≈ 1), and full burial (Sm > 1) [42]. Similar-shaped
S81 (SG = 4.18, Sm = 1.58) and R81 (SG = 2.5, Sm = 0.94) deployed in the surf zone (Table 6)
align with these proposed ranges. At the start of Trial01 of Case02, the S81 (Sm = 1.58)
initially migrated a short distance of about 3 m offshore within the first 250 s of forcing, and
afterward became stationary buried in place. Conversely, a net offshore migration of 33.7 m
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was observed for the R81 (Sm = 0.94) over the forcing duration of Case02 Trial01, with the
munition remaining proud. The wide variability in the migration data (Figure 8) spanning
the entire range of θ values from 0 to 20 reflects the difficulty associated with representing
the stochastic behavior of migration with a deterministic model or dimensionless parameter.
Thus, it is believed that a probabilistic model [32] for munitions migration will have better
predictive success. For instance, the coupled Delft 3D-UnMES model site demonstration
off the coast of a barrier island with an 81 mm mortar of SG 3 produced no migration,
0–5 m migration, and 5 m–50 m migration probabilities of 0.67–0.75, 0.94–0.99, and 0,
respectively [32].

6. Conclusions

The migration of surrogate munitions and canonical objects was quantified in a large-
scale wave flume over a mobile bed. The hydrodynamics consisted of six wave onsets of
varying wave heights, periods, still water levels, and durations. The cross-shore profile was
subdivided into the swash, surf, and offshore zones, where 152 surrogate munitions and
canonical objects were deployed. Overall, 2228 migration measurements were recorded.
Three instrumented munitions also provided near-instantaneous migration trajectories.
Across all zones, 16% and 84% of the migration observations were classified as “motion”
(net distance > 0.5 m) and “no motion” (net distance < 0.5 m), respectively. Similarly, the
“motion” and “no motion” migration observations in the zones were offshore (6%; 94%),
surf (20%; 80%), and swash (29%; 71%). The probability of munitions migration increased
with proximity to the shoreline. There was a nearly equal chance of onshore or offshore
migration in the swash zone. Migration in the surf zone tended to be offshore-directed
(65%), while migration was onshore-dominant (65%) in the offshore zone.

Bulk density was the more dominant parameter for identifying migration in the off-
shore zone than the variations in hydrodynamics, and while the hydrodynamics and local
slope were more important for munitions motion in the swash and surf zones, providing
the forcing was sufficient to initiate motion. Bulk density was also found to impact the
initiation of motion as inferred from instrumented munitions. Relating overall migration
(Lagrangian) to fixed hydrodynamic measurements (Eulerian) was ineffective. Parame-
ters such as the Shields number, wave skewness, and wave asymmetry estimated from
the closest measurement location were insufficient to predict deterministically migration
due to the observed wide scatter typical of the highly stochastic phenomena. Thus, it is
anticipated that deterministic models of migration will struggle to achieve skill given the
disparate nature of munitions response even under similar forcing, bulk density, and initial
placement characteristics.
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