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Investigations on ricochet off complex targets –

woven layered composite 
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Outline

� Introduction

– ISL

– Motivation

� Experiments 

– Helmets with high speed DIC measurement

– Oblique impact on aramid plates with multi-anode X-ray

� Simulation

– Target definition 

– Projectile

– Results

� Summary

– Outlook

– Future work
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French-German Research Institute of Saint-Louis (ISL)

� Founded in the year 1958 by Federal 

Republic of Germany and the French 

Republic 

� Bi-national Research Institute for 

Defence Technologies and Security

� Located in Alsace at the tri-border 

region of France, Germany and 

Switzerland

� Research 

– Energetic and advanced protective 

materials

– Flight techniques for projectiles

– Laser and electromagnetic 

technologies

– Protection technologies, security, 

situational awareness 

A joint initiative of:
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� Definition ricochet in general: Rebound of a 

surface[1]

� Ricochet as threat and protection

Ricochet

[1] M. Jauhari, “Bullet Ricochet from Metal Plates,” J. of Criminal law and criminology, pp. 60(3):387-94, 1970

M43 609 m/s 70◦ on aramid
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� Definition ricochet in general: Rebound of a 

surface[1]

� Ricochet as threat and protection

⇒ Ricochet as safety mechanism for helmets 

against projectiles

⇒ Helmet optimization (shape, surface coating, 

material) 

⇒ Without increasing mass and volume of helmets

Ricochet

[1] M. Jauhari, “Bullet Ricochet from Metal Plates,” J. of Criminal law and criminology, pp. 60(3):387-94, 1970
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Body armour

� Helmets

� Composite material e.g. aramid

Year of production 2015

� Vests

� Composite and ceramics

VPAM protection class  4

Year of production 2005

9x19 mm

FMJ Lead core, 8g

300<V<420m/s

.338 Lapua Magnum

Swiss P Armour Piercing FMJHC 16.8g

V~600m/s (@500m)

7.62x39 mm

FMJ FeC, 8g

600<V<620m/s (@100m)

guns.comtelegraph.co.uk

Police man with handgun M. Kalashnikov with rifle Australian sniper
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Ricochet off helmets

� Perpendicular impact 0◦ NATO

� Oblique impact[2]

Impact angle 0◦< θ < 90◦ NATO

� Impact velocity vi is constant

� Determination of impact position

• Fibre direction 

• Matrix material

• Layer – overlapping layer edge

• Add-on (holes, glued rails etc.)

• Inside (padding)

� Repeatability

• Change of target

• Test accuracy

[2] M. Latreche, “Using material combinations to reduce the effective 

risk of penetration  from high velocity rounds in helmets.” PASS, 

Washington DC, USA 2018
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Ricochet off helmets

[2] M. Latreche, “Using material combinations to reduce the effective 

risk of penetration  from high velocity rounds in helmets.” PASS, 

Washington DC, USA 2018
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Ricochet off helmets

� Perpendicular impact 0◦ NATO

� Oblique impact

Impact angle 1◦≤ θ ≤ 89◦ NATO

� Impact velocity vi is constant

parallelogram of forces[e.g. 3] 

� Ricochet

� Determination of impact angle

• Changing radii 

• Different in x und y axis

• Impact angle dependent on 

position

• Projectile nutation
[3] Z. Rosenberg and E. Dekel, “Terminal Ballistics.” Springer, 2012
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Ricochet off helmets

[3] Z. Rosenberg and E. Dekel, “Terminal Ballistics.” Springer, 2012
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Ricochet off helmets

� Perpendicular impact 0◦ NATO

� Oblique impact

Impact angle 1◦≤ θ ≤ 89◦ NATO

� Impact velocity vi is constant

parallelogram of forces[e.g. 3]

� Ricochet

Critical ricochet angle θc

� Increase ricochet probability

• Surface coating 

• Design

• Structure/surface resistance 

• Increase survivability
[3] Z. Rosenberg and E. Dekel, “Terminal Ballistics.” Springer, 2012

θc
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Ricochet off helmets

� Perpendicular impact 0◦ NATO

� Oblique impact

Impact angle 1◦≤ θ ≤ 89◦ NATO

� Impact velocity vi is constant

parallelogram of forces[e.g. 3]

� Ricochet

Critical ricochet angle θc

� Increase ricochet probability

• Surface coating 

• Design

• Structure/surface resistance 

• Increase survivability
[3] Z. Rosenberg and E. Dekel, “Terminal Ballistics.” Springer, 2012

θc
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Ricochet off helmets

[3] Z. Rosenberg and E. Dekel, “Terminal Ballistics.” Springer, 2012
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Body armour

� Helmets

� Composite material e.g. aramid

Year of production 2015

� Vests

� Composite and ceramics

VPAM protection class  4

Year of production 2005

9x19 mm

FMJ Lead core, 8g

300<V<420m/s

.338 Lapua Magnum

Swiss P Armour Piercing FMJHC 16.8g

V~600m/s (@500m)

7.62x39 mm

FMJ FeC, 8g

600<V<620m/s (@100m)

guns.comtelegraph.co.uk

Police man with handgun M. Kalashnikov with rifle Australian sniper

In
tr

o
d

u
ct

io
n

E
xp

e
ri

m
e

n
t

S
im

u
la

ti
o

n
S

u
m

m
a

ry



LS-DYNA Nordic 18th -19th October 2018French German Research Institute of Saint-Louis 15www.isl.eu

©
 I

SL
 2

0
1

8
 –

A
ll 

ri
g

h
ts

 r
e

se
rv

e
d

 t
o

  
IS

L 
a

cc
o

rd
in

g
 t

o
  

IS
O

 1
6

0
1

6

M43 mild steel core on aramid plates

� Woven fibre plates as helmet substitutes

� 23 plies for average helmet thickness

� Each ply has 0.37 mm thickness (8.5 mm 

in sample thickness)

� Perpendicular impact on plate θ=0○ NATO

[4] van Hoof, Modelling impact induced delamination, University of Waterloo, 1999.
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� Perforation of M43 off plates at θ=0○

NATO plate inclination

– Impact velocity v=603 m/s

– Residual velocity vres≈580 m/s
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M43 mild steel core on aramid plates

� Woven fibre plates as helmet substitutes

� 23 plies for average helmet thickness

� Each ply has 0.37 mm thickness (8.5 mm 

in sample thickness)

� Perpendicular impact on plate θ=0○ NATO

� Oblique impact on plate θ=60○ NATO

� Critical ricochet angle θ
c
>60○ NATO

� Perforation of M43 off plates at θ=60○

NATO plate inclination

– Impact velocity v=602 m/s

– Inclination β=40○

[4] van Hoof, Modelling impact induced delamination, University of Waterloo, 1999.
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M43 mild steel core on aramid plates

� Woven fibre plates as helmet substitutes

� 23 plies for average helmet thickness

� Each ply has 0.37 mm thickness (8.5 mm 

in sample thickness)

� Perpendicular impact on plate θ=0○ NATO

� Oblique impact on plate θ=60○ NATO

� Critical ricochet angle θ
c
>60○ NATO

� Back face deformation BFD is geometry 

dependent[4]

[4] van Hoof, Modelling impact induced delamination, University of Waterloo, 1999.
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� Ricochet of M43 off plates at θ=70○

NATO plate inclination

– Impact velocity v=609 m/s
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M43 mild steel core on aramid plates

Perforation with vi=625 m/s and θ=60○(NATO)[5]

1. No X-ray result 

2. Strike face 

3. Back face

Figure 2 Figure 3
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�For all test cases 

the M43 jacket was 

fully intact

[5] Seidl M., “Ricochet off helmets”, PASS, Washington DC, 1-5 October 2018
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M43 mild steel core on aramid plates

Ricochet with vi=611 m/s and θ=65○(NATO )[5]

1. X-ray result 

2. Strike face 

3. Back face

Figure 2 Figure 3

Figure 1

t0=0 μs
t0=100 μs
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Result for M43 impacting on aramid 

plates at v= 610 +/- 10 m/s 

1. 70○(NATO) -> Ricochet

2. 65○(NATO) -> Ricochet

3. 60○(NATO) -> Perforation

3 repetition:

� 60○ < Θc < 65○

[5] Seidl M., “Ricochet off helmets”, PASS, Washington DC, 1-5 October 2018
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Multi-Anode X-ray

t=  0 µs t= 50 µs

t=250 µs

t=150 µs

t=200 µs

t=100 µs
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[5] Seidl M., “Ricochet off helmets”, PASS, Washington DC, 1-5 October 2018
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Perforation with vi=609m/s and θ=65○(NATO)

X-ray image processing

Result for M43 impacting on aramid 

plates at v= 610 +/- 10 m/s 

1. 70○(NATO) -> Ricochet

2. 65○(NATO) -> Ricochet Perforation

3. 60○(NATO) -> Perforation

5 repetition:

� 65○ < Θc < 70○

� Differences

– Outdoor proving ground to 

ballistic laboratory

– New plate order

– Gun position (7m to 4.6m)
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t=  0 µs t= 50 µs

t=250 µs

t=150 µs

t=200 µs

t=100 µs

[5] Seidl M., “Ricochet off helmets”, PASS, Washington DC, 1-5 October 2018
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� LS-DYNA explicit (R8.1 smp double)

� Hexahedral solid elements

� Target plate -> 2 parts

� Projectile -> 3 parts 

Numerical simulations 

[4] van Hoof, Modelling impact induced delamination, University of Waterloo, 1999.

[6] Hazzard, Finite Element Modelling of impact on Composites made with Dyneema, PASS, Washington DC, USA 2018
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� LS-DYNA explicit (R8.1 smp double)

� Hexahedral solid elements (ELFORM 1)

� Target represents 23 plies 

– Bias meshing

– 2 element rows/ply

– Ply thickness 0.37 mm (x23 = 8.5 mm)

– 0.05 mm gap between plies for contact 

– Symmetric surface tied contact 

Numerical simulations Target

[4] van Hoof, Modelling impact induced delamination, University of Waterloo, 1999.

[5] Hazzard, Finite Element Modelling of impact on Composites made with Dyneema, PASS, Washington DC, USA 2018
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� LS-DYNA explicit (R8.1 smp double)

� Hexahedral solid elements (ELFORM 1)

� Material composite damage MAT_22[4,5]

– Elastic properties

– Strength properties

Numerical simulations Target

[4] van Hoof J., Modelling impact induced delamination, University of Waterloo, 1999.

[5] Aare, M. et al. “Evaluation of head response to ballistic helmet impacts using FEM”, J. Imp. Eng. 34(1), 596-608, 2007 
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Density [g/cm3] Young’s Moduli [GPa] Shear Moduli [GPa] Poisson’s ratio []

ρ EA, EB EC GBA GCA, GBC νBA νCA, νBA

1.23 18.5 6.0 0.77 5.43 0.25 0.33

Tensile [MPa] Compressive [MPa] Shear [MPa]

XT, YT SN YC SYZ, SZX SC

555.0 34.5 1200.0 543.0 9.0
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� LS-DYNA explicit (R8.1 smp double)

� Hexahedral solid elements (ELFORM 1)

� Material composite damage MAT_22[4,5]

– “Doubling SYZ, SZX and halving GCA, GBC … giving reasonably accurate prediction[4]”

– Elastic properties

– Strength properties

Numerical simulations Target

[4] van Hoof J., Modelling impact induced delamination, University of Waterloo, 1999.

[5] Aare, M. et al. “Evaluation of head response to ballistic helmet impacts using FEM”, J. Imp. Eng. 34(1), 596-608, 2007 
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Density [g/cm3] Young’s Moduli [GPa] Shear Moduli [GPa] Poisson’s ratio []

ρ EA, EB EC GBA GCA, GBC νBA νCA, νBA

1.23 18.5 6.0 0.77 2.715 0.25 0.33

Tensile [MPa] Compressive [MPa] Shear [MPa]

XT, YT SN YC SYZ, SZX SC

555.0 34.5 1200.0 1086.0 9.0
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� LS-DYNA explicit (R8.1 smp double precision)

� Hexahedral solid elements (ELFORM 1)

� Material composite damage MAT_22[4,5]

– “non-modified” elastic and strength properties

� Failure[6] defined by failure strain (Add_Erosion)

– Value according to prior conducted tensile tests on cut plate samples

– Modified according to literature[4,5]

� Constrains

Numerical simulations Target

[4] van Hoof J., Modelling impact induced delamination, University of Waterloo, 1999.

[5] Aare, M. et al. “Evaluation of head response to ballistic helmet impacts using FEM”, J. Imp. Eng. 34(1), 596-608, 2007

[6] J. O. Hallquist, “LS-Dyna Theory Manual.” Livermore, US: LSTC, 2015
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� LS-DYNA explicit (R8.1 smp double precision); here times shown for 2 cores

� Perforation with vi=620m/s and θ=60○(NATO) with screenshot at t=100 µs 

Numerical simulations Target

[4] van Hoof, Modelling impact induced delamination, University of Waterloo, 1999.

[7] Hazzard, Finite Element Modelling of impact on Composites made with Dyneema, PASS, Washington DC, USA 2018
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1. No 

constrains[7]

2. Constrains in 

normal direction

3. Fully SPC 

constrained

21h 1 minute 24h 33 minutes 14h 1 minute
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� M43 mild steel core

� Core scaled down for contact

Numerical simulations M43

[8] L. Carbajal et al., „Asault Riffle Bullet-Experimental Characerization and Compter (FE) Modelling, DuPoint repot DE 19880-0701

telegraph.co.uk

Mass in [g] Core Lead Jacket Projectile

Model 3.53 1.81 2.35 7.69

Literature[8] 3.58 2.20 2.15 7.93

Specifications 3.6 8.0 ±0.1

Measured (4x) 7.85 ±0.1
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� M43 mild steel core with 620 m/s

� Core scaled down for contact

� Lead mass decreased because of mesh design

� Jacket was scaled up for contact

Numerical simulations M43

[8] L. Carbajal et al., „Asault Riffle Bullet-Experimental Characerization and Compter (FE) Modelling, DuPoint repot DE 19880-0701

telegraph.co.uk

Mass in [g] Core Lead Jacket Projectile

Model 3.53 1.81 2.35 7.69

Literature[8] 3.58 2.20 2.15 7.93

Specifications 3.6 8.0 ±0.1

Measured (4x) 7.85 ±0.1
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� M43 mild steel core with 620 m/s

� Johnson Cook material MAT_15[9]

– Elastic constants[9]

– Hardening[8]

�� = � + �	̅�
�

1 + � · �� 	�∗ 1 − �∗�

Numerical simulations M43

[8] L. Carbajal et al., „Asault Riffle Bullet-Experimental Characerization and Compter (FE) Modelling, DuPoint repot DE 19880-0701

[9] Adams B., „Simulation of ballistiv impacts on armored civil vehicles“, MT 06.03 University Eindhoven

[10] M. Seidl, T. Wolf and R. Nuesing, "Numerical ricochet investigation of spin-stabilized projectile on plane armor steel targets," in LS-DYNA 

User Conf., Salzburg, Austria, Mai 2017.

telegraph.co.uk

Elastic constants and 

density[6,7]

Yield stress and strain 

hardening[6]

Strain rate 

hardening

G[GPa] ν ρ[g/cm3] A[MPa] B[MPa] n ε ̇0[s-1] C

Core 79.6 0.3 7.85 234.4 413.8 0.25 1 0.0033

Lead 5.6 0.43 11.34 10.3 41.3 0.21 1 0.0033

Jacket 40 0.43 8.96 448.2 303.4 0.15 1 0.0033
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� M43 mild steel core with 620 m/s

� Johnson Cook material MAT_15

– Elastic constants[9]

– Hardening[8]

�� = � + �	̅�
�

1 + � · �� 	�∗ 1 − �∗�

� Johnson Cook fracture strain 	�[6]

	� = �� + ���
���

∗
1 + �� · �� 	�∗ 1 + � �

∗

� Mie-Grueneisen EOS[8]

� Erosion contact between parts and with target[10]

Numerical simulations M43

telegraph.co.uk
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[8] L. Carbajal et al., „Asault Riffle Bullet-Experimental Characerization and Compter (FE) Modelling, DuPoint repot DE 19880-0701

[9] Adams B., „Simulation of ballistiv impacts on armored civil vehicles“, MT 06.03 University Eindhoven

[10] M. Seidl, T. Wolf and R. Nuesing, "Numerical ricochet investigation of spin-stabilized projectile on plane armor steel targets," in LS-DYNA 

User Conf., Salzburg, Austria, Mai 2017.
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� M43 mild steel core at  θ=○(NATO)

� Validation on MARS®190 (RHA) 8 mm thick plates[10] 

� Experimental evaluation of core material parameters

Numerical simulations M43
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[10] M. Seidl, T. Wolf and R. Nuesing, "Numerical ricochet investigation of spin-stabilized projectile on plane armor steel targets," in LS-DYNA 

User Conf., Salzburg, Austria, Mai 2017.

vi [m/s] 552 580 638

L [mm] experiment 10.2 9.8 8.6

L [mm] numerical 9 8 7 0

2

4

6

8

10

12

540 560 580 600 620 640 660

L 
in

 [
m

m
]

vi in [m/s]

Experiment

Simulation
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� M43 mild steel core θ=○(NATO)

� Validation on MARS®190 (RHA) 8 mm thick plates[10] 

� Experimental evaluation of core material parameters

� Projectile material parameter show a larger deformation in simulation

� Producer different

� Expected material dispersion etc.

Numerical simulations M43
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[8] L. Carbajal et al., „Asault Riffle Bullet-Experimental Characerization and Compter (FE) Modelling, DuPoint repot DE 19880-0701

[9] Adams B., „Simulation of ballistiv impacts on armored civil vehicles“, MT 06.03 University Eindhoven

[10] M. Seidl, T. Wolf and R. Nuesing, "Numerical ricochet investigation of spin-stabilized projectile on plane armor steel targets," in LS-DYNA 

User Conf., Salzburg, Austria, Mai 2017.
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� M43 mild steel core with 620 m/s

� Johnson Cook material and failure[6]

� Erosion contact between parts and with target

Numerical simulations M43
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� M43 mild steel core with vi=620m/s and θ=60○(NATO) with screenshot at t=100 µs 

Numerical simulations outlook
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Fibre direction 90○ Fibre direction 45○

� Influence of fibre direction on projectile behavior under oblique impact
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Outlook
Summary

� 9 mm lead core

– Ricochet off helmets

– DIC measurment

� 7.62x39 mm 

– Oblique impact on aramid plates

– X-ray measuremnt 

� Numerical model 

– Composite layer target 

– Full modelled projectile

Future Work

� Ricochet phenomenon of different 

threats against complex targets
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Police man with handgun

telegraph.co.uk
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Thank you for your attention!

Any questions?

“It is very difficult to predict – especially the future.”

- Niels Bohr 1885-1962 -


