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Context – Unexploded Ordnance

Holger Weinandt, CC BY-SA 3.0 DE <https://creativecommons.org/licenses/by-sa/3.0/de/deed.en>, via Wikimedia Commons Norfolk Police, from https://www.bbc.co.uk/news/uk-england-norfolk-64604115
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Predictive Methodologies

• Kingery & Bulmash (1984) – Free 
Air

• Lampson (1946) – Ground shock 
from large scale (3.6kg to 1800kg) 
testing

• Drake & Little (1983) / ConWep
(TM5-855-1, 1986) - Ground shock 
predictions currently in use

• Modifications proposed by Drake et al. 
(1989), Laine & Larsen (2007) and 
others

Reproduced from Farrimond et al. (2023)
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Predictive Methodologies
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Test Setup
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Test Setup



8Ross Waddoups, Sam Clarke, Richard Curry, Andy Tyas, Tommy Lodge, Joshua Mullins, Joseph Cordell

Test Setup
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Test Setup

• 9 shots
• 2 charge 

masses
• Varied Stand-Off 

Distance (SOD)
• Constant scaled 

Depth of Burial 
(DOB) –
Z=0.434m/kg1/3
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Soil Conditions

• Uniform sand

• Bulk density –
1.65g/cm3 ±0.01g/cm3

• Moisture content 
– 5% ±0.2%
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Testing Summary

Shot ID SOD (mm) Charge Size (g)

A, B, C 50 10

D 100 10

E, F 250 10

G 350 10

H 500 10

I 171 50

Increasing 
SOD

Same scaled SOD 
as D) 100mm / 10g



13Ross Waddoups, Sam Clarke, Richard Curry, Andy Tyas, Tommy Lodge, Joshua Mullins, Joseph Cordell

Digital Image Correlation (DIC)

• Capture area of 
380mm x 160mm 

• 640 x 280 pixels

• ~3500 data points 
per frame per test

• 100k FPS
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Midpoint transient deflection
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Midpoint velocity
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Deflection vs time
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Peak Deflection
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Peak Velocity

X Coordinate (mm)
-150     -100       -50         0           50       100       150       200      

80

70

60

50

40

30

20

10

0

Pe
ak

 V
el

o
ci

ty
 (

m
/s

)



22Ross Waddoups, Sam Clarke, Richard Curry, Andy Tyas, Tommy Lodge, Joshua Mullins, Joseph Cordell

Residual deflection
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Soil wave speed
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Prediction accuracy - displacement
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Prediction accuracy –
velocity / acceleration

Velocity Acceleration
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Conclusions

• New DIC technique developed for the quantification of ground 
shock loading

• Large datasets attainable from relatively few tests

• Data shows predictions are mostly conservative by current 
standard practice (Drake & Little (1983) curves / ConWep)

• Numerical modelling is ongoing, with promising signs of 
agreement with experimental results
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