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OVERVIEW



BACKGROUND AND APPROACH
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LIFE-CYCLE MUNITIONS - THREATS

•Fragments 

•SCJ 

•Bullets

•Cook-off

•Sympathetic reaction
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TNO APPROACH

MUNITION VULNERABILITY TOOLBOX

THREAT – DONOR - ACCEPTOR
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Calculations in  

Excel Sheets



EXAMPLE: PROBABILITY OF A SR
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Psdt

The probability of n detonations

Psdt

Pk1,Pk2

Pk3

Fragment



SCENARIO - PROBABILITY

E.g. missile hit: fragments travelling towards munition storage

Probability: need for thousands of calculations

Simple equation i.s.o. Hydro-code calculations
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Psdt

Need for good estimate of 

Vcrit-frag with Shock model



SHOCK INITIATION MODELLING
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JACOBS-ROSLUND SHOCK MODEL: 

VCRITICAL FOR COVERED EXPLOSIVES

Important parameters Required:

Fragment diameter d

Thickness of casing t

Sensitivity of Explosive A

Positive 

Data for many explosives

Negative 

Only steel fragment and casing

No other layer e.g. Asphalt

or PU liners 
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GREEN SHOCK MODEL

Uses pop-plot data of explosive; characteristic data P1 

and S (run distance to detonation) and critical diameter of 

explosive

Method: what pressure Pe will lead to a detonation due to 

shock wave having a diameter >= Dcrit, detonation at 

depth X,  in the explosive 

Also model when Diameter impactor  < Dcrit, explosive

Positive

Relative large database for different explosives

Negative

Results do not always connect (range 

Dfrag<Dcrit,expl with Dfrag> Dcrit,expl)

Not for spheres or oblique impact
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OLD JAMES, HASKINS AND COOK BASED ON EC

Uses shock Hugoniots and Ec for sensitivity of explosive, 

diameter and velocity fragment

(T= shock duration, up particle velocity P the pressure

Pressure and particle velocity up depend on fragment 

velocity and shock hugoniots of materials

Method: solve Vcrit for Efrag=Ec

Positive

Model can be used for all kind of cover materials

Also for spheres or oblique impact

One value of Ec

Negative

Not always correct value (high velocities)

Does not work if Dfrag<2*Dcasing (thickness)
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NEW SHOCK MODEL: COMBINATION OF JH&C AND 

PEQV IDEA OF GREEN→ EFLUX

Solving impedance matching equations for    

projectile→ barrier→ explosive

Solving equation → Vcritical, projectile
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 = dtuPE xp,

Vimpactor

Energy Fluence:

With: P= pressure in the explosive, Up Part. Velocity 

of explosive and t the time of the shock duration

For explosive Eimpactor ≥ Ecrit,exp → Detonation

Barrier/casing

explosive

Etotal = { Eexpanding π [ (Deqv/2)2 – Rc
2 ] + EH&C π Rc

2} /    

{ π (Deqv/2)2 }

Ec = Etotal



VALIDATION AND COMPARISON
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VALIDATION WITH DATA FROM LITERATURE 

(EXAMPLE: COMPOSITION B)

Value Ec influenced by type of study:

Vulnerability or 

Lethality  
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EXPERIMENTAL VS. JR VS. H&C VS. SCHOLTES
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WHY JACOBS-ROSLUND NOT ALWAYS GOOD OPTION?

Comp B: Steel proj, steel casing

Comp B: steel proj, Aluminium casing

And what if:

Comp B: Alum proj. and Alum casing?
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ENERGY FLUENCE EC
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ESTIMATION OF VALUE OF EC : COMPARISON 

WITH OTHER MODELS
• Haskins and Cook use Critical Energy criteria Ec (shock mechanics)

• Green/Lundstrom uses critical diameter Dc of explosives and 

Run-distance to detonation criteria: 

• With P1 and S the characteristic parameters of an explosive
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SDT

Hugoniot calculations Vatmin 0,1 km/s

Us=Co+sUp Co S r Vatmax 0,3 km/s

staal 4,58 1,49 7,89 angle2 -0,914745498 degree vorm of vlak (1,0) 1 dcrit,exp 4,32 Uit green shock methode gebruik van methode price [1]

staal 4,58 1,49 7,8900001 angle2 -2,74237358 degree

Comp B 3,03 1,73 1,715 angle3 -0,932038396 degree cook/haskins/James

PBX9404 2,46 2,5300001 1,83 angle3 -2,794144708 degree "Projectile impact initiation in expl. Charges" 9th det sym.

Imp vel, km/s 2,6086 km/s angle 30 degree nato c2= 6,51298579 km/s

Imp vel, km/s 2,2591 km/s normal/loodrecht c3= 6,54847178 km/s

Barriere dikte 16 mm Us2= 6,26304382 km/s T= (haskins& cook)2,55466838 micro-sec

c(explosief) 6,54847 km/s c2 2̂-(Us2-Up2) 2̂ 16,0663238 km2/s2 flat nose 1

check angel 2,259 2,60860619 diameter fragment 27,9 mm Rc= 1,55016897 mm 3,71016897 165° cone 1

Eflatrod 24297,4 KJ/m2 tau 0,02922497 microseconden vormfactor 2,7 150° cone 1,5

pressures in GPa Eroundrod 8099,12 KJ/m2 Eflux 1,00000007 MJ/m2 135° cone 1,9

Quadratic solutions for up tan(alfa) 0,63999 Ec= 1 MJ/m2 120° cone 2,7

a= -1E-07 a= 8,78915015 a= -1,6629502 alfa 32,6188 Ec-Eflux -6,9182E-08 bol 3

b= -125,4 b= -94,449514 b= -31,079637

c= 141,63 c= 141,634649 c= 57,2455173 dcritisch~25,2 mm

Up match Pmatch Up match Pmatch Up match Pmatch di(mm) Wfmax (gr) dfmax(cm) dfmax(mm) Hc di=1 dc=4,32 Ec=1,00Hc di=1,5 dc=4,32 Ec=1,01Hc di=2 dc=4,32 Ec=1,02vi (green)

1,1295596 55,8176585 1,80163025 18,9924201 1,68922009 20,8158 10 17 1,31605128 13,1605128 0

1st match up & P 2nd match up & P 3rd match up & P 10 24 1,56370193 15,6370193 0
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EXAMPLE PBXN-103; GREEN AND JR  VERSUS    

NEW MODEL
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EXPERIMENTS: VCRIT AS FUNCTION OF PROJECTILE 

DIAMETER OR BARRIER THICKNESS

From experiments estimation of critical Energy (fluence) Ec
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NEW METHOD FOR EC: REACTION ZONE LENGTH 

Shock Hugoniot of material: Us=ax+bxUp

Dj=detonation velocity

r = Specific heat ratio

ρ0 = density of explosive

 = length of reaction zone→ to be determined

30 September 201921 | Munition Vulnerability Simulation Toolbox

1) H.S. Yadav, S.N. Asthana, and A. Subhananda Rao, 

Critical Shock Energy and Shock and Detonation Parameters of an Explosive

Defence Science Journal, Vol. 59, No. 4, July 2009, pp. 436-440

1)



REACTION ZONE MEASUREMENT USING SHOCK 

INDUCED POLARIZATION 1)
Works good up to pressures of 25 GPa in Plexiglas, but maybe other materials can be used 
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1)R. R. IJsselstein, Reaction zone measurements in high explosive detonation waves by means of shock-induced polarization”, Combustion 

and Flame, 66 (1986) 27-35



EC FROM GAP TEST RESULTS (STANAG 4488)
Two papers looked at relation of Ec and 21 and 50 mm GAP-test results

Simulation: Pressure at central axis should follow the “calibration curve” as function of gap length h
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*)  1) Ries Verbeek, Richard H. B. Bouma. “Evaluation of the Energy Fluence in the Small Scale Gap Test”, PEP 2011, 36

2) Sebastian Wurster, “Evaluation of the James Initiation Criterion in the 21 mm and 50 mm PMMA Gap Test”, PEP 2017, 42
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CALCULATION OF ENERGY FLUENCE AS FUNCTION 

OF GAP LENGTH h

Example: in 21 mm gap test a P of 6.25 Gpa → Ec=4 MJ/m2
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𝐸 = න𝑃𝑚𝑎𝑥 ⋅ 𝑢𝑝,𝑥 ⋅ 𝑑𝑡



NEW MODEL: INFLUENCE OF ADDITIONAL LAYER 

Advantage of new model: possibility of additional layer! .e.q PU or asphalt

Fragment impact on warhead casing 14mm

18 mm steel fragment V~ 1800 m/s

1) 14 mm steel casing 

2) 10 mm casing with 4 mm PU

3) 4mm PU in front of 10 mm Steel
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Experiments: slow burning reaction



FUTURE: 

VULNERABILITY TOOLBOX / USER INTERFACE
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MANY CALCULATIONS IN SPREADSHEETS →

SOURCE FOR ERRORS 
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USER INTERFACE 

Input: 

Scenario

Type of munition (incl. sections, materials, sizes 

and distances, errors)

Model used for SDT calculation (single 

fragment) . Conf. stack, O-O-O calculation etc.

Calculations: drivers/codes for SDT calculation, 

conf. stack calculation, storage calculation etc.

Output: Single fragment output, Storage situation 

output, Multiple fragment output……
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CONCLUSIONS

Improved shock model works very well; follows experimental curves 

New model has several advantages

Simple and fast calculations using Ec and shock hugoniots of materials

Multi layer target; any material

Also spherical impactor or oblique impact

Can be used in Statistical toolbox for probability calculations

Several options to estimate Ec for “unknown” explosives

Tool will be implemented in platform vulnerability codes (TARVAC and RESISTS)
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Results will contribute to reduction of risks in general and of 

munitions storage and more balanced ship/vehicle design.
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