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Credit: Jonathan Pow (81mm on a UK beach) 

Fig. 2 Large waves typical of  storm eventsFig. 1 Weathered inert 81 mm munitions on a UK 
beach

Fig. 3  Variable density munitions

The smallest munition (20 
mm) has the highest bulk 
density

Delrin coverings on the 40 
mm mimic biofouling, 
encrustation and 
corrosion effects

The effects cause a 
reduction in bulk densities
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Munitions’ behavior

Fig. 4 Mantoloking beach, NJ, USA
Source: https://www.mantoloking.org Fig. 5 Cross-shore profile of  a section of  the beach

 Storm Condition: Hurricane Sandy 
(Oct 29 – 30, 2012)
 Peak significant wave height (Hs) – 2.74 m
 Peak wave period (Tp) – 12.49 sec

X Beach
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Between normalized burial to depth ratio (B/D) and the dimensionless 
numbers

Quantifying the munitions net migration and burial

Keulegan-Carpenter number (KC) and Shields number (𝜃𝜃) for 

describing the mobility and burial of  the munitions

Munitions (Unexploded Ordnances – UXOs) are explosives that may be 
located in the natural environment through disposal

Sea disposal of  munitions was an internationally accepted widespread 
practice from the late 1800s to the 1970s

Storm events may increase munition’s frequency of  appearance on 
beaches (Fig 1)

The exposure, burial, and mobility of  munitions in the swash and inner 
surf  regions remain poorly understood (Fig 2)

Munitions undergo changes after decades spent underwater due to 
biofouling, encrustation, and corrosion

The changes alter the bulk density, shape, and roughness that in turn 
influence migration and burial of  munitions (Fig 3).  

What is the fundamental role of  bulk density for munitions 
behavior in the surf  and swash zones?

What is the relative importance of  corrosion, perforation, 
and/or biofouling on munitions behavior?

What wave conditions cause variable density munitions to 
become exposed and/or mobilized?

How does the nearshore morphology respond to storm 
conditions of  differing intensity? 

 Sediment d50:  0.36 – 0.40 mm
 Beach slope: 

≈ 1/20 (20 to 60 m offshore)
≈ 1/5 (100 – 110 m offshore)

Dynamic Similitude

Froude Scaling 

(Van Rijn et al., 2011) 

𝑛𝑛𝑇𝑇 = 𝑛𝑛𝐿𝐿 0.5 = 𝑛𝑛𝐻𝐻 0.5 = 𝑛𝑛ℎ 0.5

Where;

𝑛𝑛𝑇𝑇 = Time scale

𝑛𝑛𝐿𝐿 = Length scale

𝑛𝑛𝐻𝐻 = wave height scale

𝑛𝑛ℎ = beach depth scale

Fig. 7 Possible sediment d50 values versus a) significant wave height, b) flume profile depth based on the scaling analysis

Dimensionless numbers

Prototype

Model
(d50 values 
0.21 – 0.25)

Froude (Fr)

0.10

Dean (𝜴𝜴) Iribarren (𝜉𝜉) Shields (𝜣𝜣) Reynolds (Re)

1.55 0.38 4.28 1.1 6.38e6

0.10 2.6 – 3.2 0.38 1.97 – 2.45 0.75 – 0.82 (1.14 – 1.81)e6

Flow type
Fr < 0.5

normal alluvial conditions

Rouse (Rou)

Prototype 
vs model? 

Beach type

𝜴𝜴 ≥ 𝟓𝟓 − Dissipative

𝜴𝜴 ≤ 𝟏𝟏 − Reflective 

𝟏𝟏 ≤ 𝜴𝜴 ≤ 𝟓𝟓 – Intermediate

Breaker type

𝜉𝜉 < 0.5 - Spilling

0.5 < 𝜉𝜉 < 3.3 - Plunging

𝜉𝜉 > 3.3 - Surging

Sediment transport mode

Rou > 2.5 - Bedload

1.2 < 𝑅𝑅𝑅𝑅𝑅𝑅 < 2.5 – 50% Suspended

0.8 < 𝑅𝑅𝑅𝑅𝑅𝑅 < 1.2 - 100% Suspended

Rou< 0.8 - Washload

Incipient motion

Typical range:

0.01 – 1 

Turbulence

Re < 2000 – Laminar

Re > 3500 - Turbulent

Similar regime


Others

 Real time kinematic (RTK) GPS system  - to survey munitions 
position and record beach morphology changes

 Acoustic Doppler Velocimeters - to record the near bed flow 
velocity

 Inertial Motion Unit (IMU) – contains accelerometer, gyroscope and 
magnetometer (155-mm, 81-mm and RKT)

 Near prototype wave flume
 Flume Dimensions – (120 x 5 x 5)m
 Wavemaker – piston type mechanism

Fig 6. Wave flume (Institut National de la 
Recherche Scientifique, Quebec, Canada)  

Model Characteristics/capacity
 Water depths ≈ 2.5 – 3.5 m
 Wave periods ≈ 2 – 10 sec
 Scaled sediment d50 range: 0.21 – 0.25 (Fig 7)

Similar regime


Similar regime


Partial similitude


Similar regime


Sufficiently high


Berm and Sand bar formulation dynamics
Quantification of  the hydrodynamics and morphological changes 

under storm events with varying propagation times 

Druck PTX1830 
Pressure sensor

(water depths)

BlickFELD 3D 
LiDAR

(morphological 
changes)

Electromagnetic 
Current Meter

(water currents)

TEROS 10 
Moisture Sensor

(moisture in 
sediment)
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The Xbeach simulation provides descriptive information on the possible 

hydromorphological behavior of  the model under different scaling 

conditions. 

Fig. 8 Preliminary Xbeach simulations of  the model using scale parameters for an extreme event
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Sediment d50 values vs Significant wave heights (Hs)
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Sediment d50 values vs Beach profile depths

Suitable range of  d50 
values based on the 
Hs values

Suitable range of  d50 
values based on the 
profile depth in the 
model

T = 5:00 mins
Initial
T = 0:00 mins

https://www.mantoloking.org/
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