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Bottom Line Up Front

Areas of substantial progress
§ We have developed a new stability criterion for UXO in soils.
§ We have demonstrated numerical modeling of trajectory and rotation for 

oblique impacts.
§ Lab is nearly set up for tests with obliquity in water and soils.
§ We are ready for a critical milestone test to evaluate the prediction of DOB for 

the most common howitzer-launched UXO and vertical penetration.

Areas where progress has been slower than expected
§ Lab experiments have been delayed by a breech failure (now repaired).
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Technical Objective

§Expand upon past success in 
predicting UXO initial DOB to 
scenarios with obliquity and 
water overlay.

§Deliver new results in a 
format useful to facility 
managers.
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Technical Approach and Status
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Results to Date

§ Range Upgrade
§ High Strain Rate (HSR) Tests on Soils
§ Ballistic Tests

§ Effect of Density, W.C., saturation, etc.
§ Nose shape effects
§ Layering effects
§ Instability effects

§ Centrifuge Tests (planned)
§ FEM Simulations

§ Clay (verified)
§ Instability (verified)
§ Water (verification in progress)
§ Oblique impact (verification in progress)

§ Developed Penetration Models
§ Improved GeoPoncelet model

§ Instability correction factors
§ Stratification correction factors
§ Refined drag coefficients

§ Generalized GeoPoncelet model
§ Integrated with localized interaction model 

(LIM) using experimental data
§ Disseminated results through 11 

Journal articles and 5 conference 
papers

Improved DOB prediction
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Ballistic Range & PDV Setup
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Ballistic Range Upgrade

Impact obliquities up to 45° are possible
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Ballistic Tests: Density Effect in Sand

Density is the primary factor affecting DoB
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Ballistic Tests: Saturation Effect in Sand

Saturation has a secondary effect on DoB
Saturation high-velocity resistance, low velocity resistance, DoB
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Ballistic Tests: Nose Shape Effect in Sand

Sharpness heavily influences impact behavior
Has a secondary effect on DoB in dense sands

False nose generation mitigates the effect of nose shape for blunt projectiles
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Ballistic Tests: Layering Effect in Sand

v0 ≈ 200 m/s

The influence of an underlying layer begins before the interface is reached
The extent depends on the thickness of the top layer and the density margin between both layers
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Ballistic Tests: Instability Effect in Sand

Instability greatly affects 
DoB
§ Long, nose-heavy projectiles are 

more stable while short, tail-heavy 
projectiles  are less stable

§ Cones penetrated straighter and 
deeper than M107

§ DoB is influenced by density

§ Tumbling is marked by sharp rise in 
deceleration

Cones
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Ballistic Tests: Water Content Effect in Clay

DoB is very sensitive to moisture content (∝ shear strength)
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Ballistic Tests: Instability Effect in Clay

Softer soils = more rapid expansion
This affects the overturning coefficient
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Ballistic Tests: Instability Effect in Clay

Side

Front

~10 mm

Test with Early
AoA

M107 in clayey sands are unstable
Increasing w.c. (lower strength) = Instability

Early onset 
AoA causes 
tail swipe, 
followed by 
projectile 
inversion

Final position of 
M107 replica 
projectile is inverted

Note cavity 
rebounds 
inwards 
after 
projectile 
embedment
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Ballistic Tests: Publications
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HSR Tests on Soils

New Method for Quantifying High Strain Rate Effects in Soils
High-rate loading frame data can be better understood by correcting for the 
inertia of the machine.
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HSR Effects in Sand

Strength of sands elevated at HSR, more significant in 
dense sands under high confinement
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HSR Effects in Clay

In cohesive soils rate effects are significant



21

Centrifuge Tests (Planned)

§Tests to be conducted at 
NYU facility in Abu Dabi in 
Fall 2025.

§Goal: show that 
geoPoncelet approach 
works at larger scale that 
might be affected by 
higher geostatic stresses.
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FEM Simulations

Abaqus/Explicit Analysis

§ Coupled Eulerian-
Lagrangian approach

§ User-defined constitutive 
models for clay and sand, 
considering: 
§ Strain rate effects
§ Strain softening effects

§ Comparisons with data 
now give us confidence in 
the accuracy of these 
simulations.
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FEM Simulations: Instability in Clay
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FEM Simulations: Penetration in Clay
(11% WC Clayey Sand)
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FEM Simulations: Penetration in Clay
(13% WC Clayey Sand)
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FEM Simulations: Penetration in Clay
(15% WC Clayey Sand)



27

Oblique impact of M-107 (in progress) 
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Water Impact Phenomena
No fins With fins
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Water Impact Simulation
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Penetration Model Development 

Normal
Impact

Stable

Unstable

• Density
• Saturation & w.c.
• Nose Shape

• Trajectory
• Stability Criteria
• Water-soil Interface

GeoPoncelet
with Empirical 

Corrections

6DoF
Framework

Oblique
Impact

Experiments

FEM Simulations

• Range Modifications
• Interface Interactions

• Interface Interactions

Water
Penetration

Experiments

FEM Simulations

• Range Modifications
• Air-water Interface interaction

LIM 
Framework

UnUXO IMPACT

MR19-1277
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GeoPoncelet (GP) Model

Where:
v : projectile velocity
m : projectile mass
ρ : soil density
A : projectile area
qt : CPT stress at a depth z
∆z : penetration depth increment
C1 : crushing drag coefficient
C2 : rearrangement drag 
coefficient
qtr : crushing transition stress
ζn : bearing stress nose shape 
factor
ζr : bearing stress rate factor
μ : Rate strengthening coefficient

𝒗𝒊"𝟏 = 𝒗𝒊 −
𝒒𝒊
𝒎𝒗𝒊

∆𝒛,	

Geo Poncelet Accounts for
• Incremental implementation to 

account for depth dependent 
parameters

• Variable projectile X-sectional 
area during impact

• Use of in-situ cone tip stresses
• Piece-wise drag implementation

𝜁! = 1 + 𝜇 log
⁄𝑣 𝐷

⁄𝑣 𝐷 "#$

𝑞% = -
𝐶&𝜌%𝑣%' + 𝜁(ζ!,%𝑞*,%	, 𝑞% ≥ 𝑞*!
𝐶'𝜌%𝑣%' + 𝜁(ζ!,%𝑞*,%	, 𝑞% < 𝑞*!
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GeoPoncelet Model Demonstration: Sand

v0 ≈ 200 m/s

The model can describe penetration data with high fidelity 

v0 ≈ 200 m/s
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GeoPoncelet Model Demonstration: Clay

v0 ≈ 200 m/s

The model can describe penetration data with high fidelity 

Note: No crushing in 
clays. Only C2 is 
sufficient.
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GeoPoncelet Model for Layered Sand

v0 ≈ 200 m/s

DoB in layered sands predicted from calibration in uniform sands
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Model Instability Correction Factors for 
Relative Density

L/D ≈ 4.5

L/D ≈ 4.5
𝜼 =

𝑫𝒐𝑩𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
𝑫𝒐𝑩𝑮𝒆𝒐𝑷𝒐𝒏𝒄𝒆𝒍𝒆𝒕

Empirical correction factor η corrects for decreased DoB
η is influenced by both density and L/D
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Model Instability Correction Factors for 
Projectile Shape (L/D)

𝜼 =
𝑫𝒐𝑩𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅
𝑫𝒐𝑩𝑮𝒆𝒐𝑷𝒐𝒏𝒄𝒆𝒍𝒆𝒕

Dr = 60%

Length-to-diameter (L/D) ratio identified is key stability parameter

Dr = 60%
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Abaqus Correctly Computes Poncelet 
Parameters: Drag

Excellent Match between experimental & numerical results 
High-speed, drag-dominated penetration
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Abaqus Correctly Computes Poncelet 
Parameters: Bearing

Excellent Match between experimental & numerical results 
Low-speed, strength-dominated penetration
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Moment of Momentum 
Equation

(Rotational Motion)

Where:
Fd: Drag Force
Fl : Lift Force 
Cd: Drag Coefficient
Cl : Lift Coefficient

Where:
J: Projectile gyration tensor
Ω: Projectile angular velocity
M: Torque on Projectile
Cm: Torque Coefficient

𝑚
d𝑽
d𝑡

= 𝑭𝒅 + 𝑭𝒍

𝑭𝒅 =
1
2
𝐶&𝜌'𝐴𝑽(

𝑭𝒍 =
1
2
𝐶)𝜌'𝐴𝑽(

𝑱 6
d𝛀
d𝑡

= 𝑴

𝑴 =
1
2
𝐶*𝜌'𝐿𝐴𝑽(

Equation of Motion
(Translational Motion)

6DoF UnUXO Model (Water)

6DoF model accounts for global 
drag, lift, and torque, in water



40

Equation of Motion Moment of Momentum 
Equation

𝑚
d𝑽
d𝑡

= 𝑭

𝑭 = : 𝝈𝒏 + 𝝈𝝉 d𝐴

𝑱 6
d𝛀
d𝑡

= 𝑴

𝑴 =:𝑟 𝝈𝒏 + 𝝈𝝉 d𝐴

LIM UnUXO Model (Soil)

In soils, the localized interaction model (LIM) 
computes resultant stresses by integration of 
stresses on differential areas.
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Test ID Projectile
Nose Apex Angle  (α)

Impact   Velocity 
V0 (m/s) 

Poncelet 
Parameters

C R (MPa)
PDV50 30o Cone 201.4 1.4 3.0

PDV49 60o Cone 202.7 2.1 1.7

PDV53 90o Cone 203.1 2.1 1.5

PDV54 120o Cone 203.5 2.0 1.6

PDV51 Blunt 199.6 2.0 1.5

Initial implementation is in 1D to be 
followed by 3D to predict a more 
comprehensive trajectory

LIM Model Applied to Rectilinear 
Project Ballistic Data (1D motion)
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LIM captures experimental data with good fidelity for a variety of cone angles

LIM Performance (1D)
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Next Steps (for next 12 months)

§ Laboratory experiments for calibration of trajectory instability models.
§ Water
§ Transparent soils
§ Sands and clays

§ Comprehensive set FEM simulations for calibration of instability models and 
behavior at interfaces.

§ Development of UnUxO-Impact model to incorporate both GeoPoncelet and LIM 
model features.

§ Centrifuge experiments to investigate scaling.
§ Interim progress report: August 2025.
§ Milestone 1 demonstration field test: Summer 2026
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Technology Transfer

§ We are working with US Army 
ERDC-GSL, Vicksburg MS and U.S. 
Army Engineering and Support 
Center, Huntsville to carry out a field 
test demonstration and present 
results in a form amenable to 
implementation by site managers.

§ 11 Journal publications to date

§ 5 Presentations at conferences

§ Web tool for stochastic assessment 
of site variability + user guide
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Issues

§ Laboratory work is behind schedule due to need for breech repair.
§ DoD funding has been late forcing NYU to issue risk accounts twice so far.  

This has also affected staffing.
§ Model development relies on field verification (Milestone 1).  SERDP 

directed us to apply to ESTCP Demonstration of Munitions Response 
Technologies for Underwater Environments at Live Sites per ESTCP FY 
2026 Solicitation (Released Jan 7, 2025), which we did. If approved, the 
schedule will be 12 months later than we had anticipated in the original 
contract schedule.  For this reason, we may need a no cost extension.
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Thank You

iskander@nyu.edu 
sbless@nyu.edu
omidvar@manhattan.edu
pcchu@nps.edu  

Exhumed 
false nose 
in front of 
blunt 
projectile

mailto:iskander@nyu.edu
mailto:sbless@nyu.edu
mailto:omidvar@manhattan.edu
mailto:pcchu@nps.edu
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BACKUP MATERIAL
These charts are required, but will only 
be briefed if questions arise.
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Drag, Lift, and Torque Coefficients as functions of Reynolds Number (Re) and AoA (α)

UnUXO High Speed Model: Water Impact

𝑅, =
𝑉𝐷
𝑣 → Reynolds	Number

𝑅,∗ = 1.8×10. → Critical	Reynolds	Number

𝜃 = sign 𝜋 − 2𝛼 𝜋'.' − 𝜋 − 𝜋 − 2𝛼 '.'
&

'.''

𝜃& = 𝜋
2𝛼
𝜋

&.0

	 𝜃' = 2𝜋
2𝛼
𝜋 − 1

1..

𝐶2 = 0.02 + 0.35𝑒3' 43 56 '
! 𝑅,
𝑅,∗

1.'

+ 0.008Ωsin 𝜃𝑭𝒅 =
1
2𝐶2𝜌8𝐴𝑉

'
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0.35 sin 𝜃&

𝑅,
𝑅,∗

1.'

, 	 𝛼 ≤
𝜋
2

0.1 sin 𝜃' − 0.015Ω
𝑅,
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1
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Based on 1/12-scale Mk84 bomb 
tests at impact velocities of 305 
m/s. New functions are being 
developed for M107 and Cones.
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Two UnUXO High Speed Soil Penetration Models
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Poncelet ModelLocalized Interaction Model (LIM)

Sediment Resistant Stress on Projectile’s 
Physical Surface

Sediment Resistant Stress on Projectile’s 
Projected Surface
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Inertial Drag Coefficient – Velocity Dependent 
and for All the Five Cases 
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Using modified velocity, drag can 
be computed for any nose shape  
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23-3855: Depth of Burial of 
UXO in Estuary Environments
Performers: M. Iskander (NYU), S. Bless (NYU), M. Omidvar (MU), 
P. Chu (NPS)

Technology Focus
•  Detection of UxO in FUDS

Research Objectives
•  Develop a refined penetration model in soils and water that accounts for site specific 

conditions, including obliquity, AoA, and soil conditions

Project Progress and Results
• Model is now able to account for soil properties, instability, and projectile nose shape

Technology Transition
• We are working with US Army ERDC-GSL, Vicksburg MS and U.S. Army 

Engineering and Support Center, Huntsville to carry out a field test demonstration 
and present results in a form amenable to implementation by site managers.
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Plain Language Summary

§ The first step in remediation of hazards from buried Unexploded 
Ordnance (UxO) requires estimates of initial depth of burial (DoB). This 
is true for both terrestrial and underwater environments. A validated 
method for predicting DoB for UxO that may be deeply embedded does 
not exist.

§ The research seeks to develop a method for accurate prediction of the 
DoB of UxOs based on  laboratory tests and validated FEM 
simulations.  The method employs site-specific field measurements of 
actual soil conditions and accounts for stochastic site variability.

§ This work will contribute to a more efficient and cost-effective 
remediation of sites contaminated with UxO, thus facilitating their 
transfer to civilian use.
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Impact to DoD Mission 

§ Extensive data has been collected on projectile 

trajectory and instability in soils.

§ The GeoPoncelet model is now able to account 

for projectile instability using an empirical 
stability criteria

§ Projectile instability can reduce the DoB by up to 
60, thus the new model yields far more realistic 
DoBs. 

§ This work will facilitate more effective and cost-
efficient cleanup of FUDS.

(a) Projectile trajectory from 
lab-scale ballistic test in 
clayey-sand. (b) Projectile 
trajectory and cavity from 
simulated ballistic experiment 
in clayey-sand 
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Action Items

§None.
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Status of Funds for Federal Performers
• Report on the status of funds for each MIPR received by a directly funded Federal 

performer. Provide information on each fiscal year for which there has not been 100% 
expenditure of funds. If you or your co-performer do not understand how to fill this out, 
contact your Program Manger in advance of the IPR. 

FY20XX Funds

Directly Funded Federal 
Performer(s) Funds Received Funds 

Obligated*
Percent Funding 

Obligated

Federal Performer A
 - Direct Cite MIPR

Federal Performer A
 - Reimbursable  MIPR

Federal Performer B
 - Direct Cite MIPR

Federal Performer B
 - Reimbursable  MIPR

* Funds put on contracts and/or purchase orders that have been issued, and funds 
associated with internal labor or travel expenses that have been incurred.



57

Publications: Journals
2025

§ Mercurio S, Iskander M, Omidvar M, and Bless S (2025) “Calibration of the GeoPoncelet penetration model for 
conical rod projectiles in cohesive soils, In press, J. Geotechnical & Geoenvironmental Engineering, ASCE.

§ Dinotte J, Iskander M, Ads A, Bless S, Omidvar M (2025) “Use of hydraulic systems for high-rate compression 
testing,” https://doi.org/10.1007/s40799-025-00802-8, Experimental Techniques, Springer

§ Dinotte J, Omidvar M, Bless S, Iskander M (2025) “CPT-informed model for rapid penetration into sand,” In 
press, Canadian Geotechnical Journal, dx.doi.org/10.1139/cgj-2024-0581

§ Morkos B, White R, Omidvar M, and Iskander M (2025). “Calibration of empirical penetration models using large 
deformation explicit finite element simulations of rapid penetration in clay.” 
https://doi.org/10.1016/j.dt.2025.03.021, Defense Technology, Elsevier.

§ Morkos B, Iskander M, Omidvar M, and Bless S (2025) “From Battlefield to Building Site: Probabilistic Analysis 
of UXO Penetration Depth for Infrastructure Resilience.” Applied Sciences, 15(6), 3259; 
https://doi.org/10.3390/app15063259, MDPI.

§ Omidvar M, Dinotte J, Giacomo L, Bless S, Iskander M (2025) “Prediction of High-Speed Penetration in Layered 
Sand using Cone Penetration Tests,” J. Geotechnical & Geoenvironmental Engineering, Vol. 151, No.1, 
https://doi.org/10.1061/JGGEFK.GTENG-12760
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Publications: Journals Cont.
2024

§ Mercurio S, Grace D, Bless S, Iskander M, and Omidvar M (2024) “Frequency-shifted photonic doppler 
velocimetry (PDV) for measuring deceleration of projectiles in soils,” Acta Geotechnica, 
https://doi.org/10.1007/s11440-024-02252-9, Springer Nature. 

§ Mercurio S, Bless S, Omidvar M, and Iskander M (2024) “Deceleration of projectiles in sand,” Acta 
Geotechnica, https://doi.org/10.1007/s11440-024-02408-7, Springer Nature 

§ Giacomo L, Grace D, Omidvar M, Bless S Iskander M (2024) “Vertical projectile launcher for study of rapid 
penetration into soil targets,” https://doi.org/10.1007/s40799-024-00732-x, Experimental Techniques, Springer 
Nature.

§ Omidvar M, Dinotte J, Giacomo L, Bless S, Iskander M (2024) “Dynamics of sand response to rapid penetration 
by rigid projectiles,” Granular Matter, https://doi.org/10.1007/s10035-024-01440-4, Springer Nature.

§ Omidvar M, Dinotte J, Giacomo L, Bless S, and Iskander (2024) “Photon doppler velocimetry for resolving 
vertical penetration into sand targets,” https://doi.org/10.1016/j.ijimpeng.2023.104827, J. of Impact Engineering, 
Vol. 185, 104827, Elsevier
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Publications: Conference Papers
2025

§ Dinotte J, Giacomo L, Mercurio S, Omidvar M, Bless S Iskander M, (2025) “High-Speed Ordnance Penetration into Stratified Sandy 
Soils,” In: V. Eliasson et al. (eds.), Dynamic Behavior of Materials, Volume 1, SEM24 Conference Proceedings of the Society for 
Experimental Mechanics Series, https://doi.org/10.1007/978- 3-031-85829-1_8, Springer Nature Selected as the best paper in the 
Dynamic Behavior of Materials track of the 2024 Society for Experimental Mechanics Annual Meeting. 

2024

§ Giacomo L, Dinotte J, Omidvar M, Bless S Iskander M, (2024) “An Investigation of Projectile Instability during Ballistic Penetration into 
Sandy Soils,” Accepted, SEM24: Society of Experimental Mechanics Annual Conference.

§ Dinotte J, Giacomo L, Bless S, Iskander M, Omidvar M (2024) “Nose shape effects from projectile impact and deep penetration in dry 
sand”. In: Eliasson, V., Allison, P., Jannotti, P. (eds) Dynamic Behavior of Materials, Volume 1. SEM 2023. Conference Proceedings of 
the Society for Experimental Mechanics Series, pp 49–59, Springer, https://doi.org/10.1007/978-3-031-50646-8_7 

§ Mercurio S, Bless S, Ads A, Omidvar M, And Iskander M (2024) “Rate dependence of penetration resistance in a cohesive soil.” In: 
Eliasson, V., Allison, P., Jannotti, P. (eds) Dynamic Behavior of Materials, Volume 1. SEM 2023. Conference Proceedings of the 
Society for Experimental Mechanics Series. Springer, pp 23–31,. https://doi.org/10.1007/978-3-031-50646-8_4 

§ Morkos B, White R, Omidvar M, Iskander* M and Bless S (2024).  “Numerical Simulation of High-Speed Penetration of Munitions in 
Clay.” GSP No. 352, GeoCongress 2024 Geotechnical Data Analysis and Computation, pp. 82-91, 
https://doi.org/10.1061/9780784485347.009, ASCE
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§See publication list
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Acronym List
• AoA – Angle of Attack
• CPT – Cone Penetration Test
• ERDC-GSL – USACE Engineer Research & Development Center, Geotechnical & Structures Laboratory, 
• DoB – Depth of Burial
• DoF – Degrees of Freedom
• ERDC – (U.S. Army) Engineer Research and Development Center (Vicksberg, MS)
• FUDS – Formerly used defense sites
• NPS – Naval Postgraduate School
• UnMES – Underwater Munition Expert System
• USACE – US Army Corps of Engineers
• USDA-NRCS – US Department of Agriculture National Resources Conservation Service
• UxO – Unexploded Ordnance




