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Abstract

Experiments and simulations of penetration and perforation of high performance concrete targets by
steel projectiles have been carried out. A Doppler radar monitored the projectile pre-impact velocity history
and a high-speed camera captured the projectile residual velocity. A continuum mechanical approach and
the finite-element method were used for the simulations. The targets were modelled with the K&C concrete
model. For perforation the computational results show acceptable agreement with the experimental results,
but not for penetration. The article is concluded with suggestions on how to better model concrete material
for the current application.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The macroscopic dynamical behaviour of concrete materials is complex. Its inelastic behaviour
is related to fracture, buckling and crushing of the cement paste and aggregate micro-structure.
Research in the field of concrete material subjected to high loading rates seems to have started
with the experimental investigation presented by Abrams [1]. Since then many studies have been
see front matter r 2004 Elsevier Ltd. All rights reserved.
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devoted to this area and much of the found knowledge on modelling three-dimensional stressing
of concrete is compiled in the European construction code compiled by Comité euro-international
du béton et Fédération internationale de la précontrainte (CEB-FIP) (cf. [2]). Important
contributors to the content in this code are Kupfer [3], William and Warnke [4] and Ottosen [5] on
the shape of the loading surface, Hillerborg [6] on the softening behaviour and Reinhardt [7] on
the effects of loading rates. This code is however only valid for constant strain rates in the range
from 0 to 102 s�1 in compression and 3� 102 s�1 in tension. In projectile penetration simulations
strain rates of order 104 s�1 occur. Fundamental work on the constitutive modelling of concrete
subjected to high rate of loading can be found in Nilsson [8] and Nilsson and Oldenburg [9], while
more recent work is found in for example Winnicki et al. [10]. A comprehensive textbook on the
general modelling of concrete is Chen [11].
At the Swedish Defence Research Agency (FOI) the task was undertaken to find a concrete

model of general application to be used in the various applications relevant to FOI’s field of
activity, i.e. problems involving blast loading and impact loading. To study specific, limited
problems such as projectile penetration there are analytically solvable models based on cavity
expansion theories or hydrodynamic theories such as the models by Forrestal and Tzou [12] and
Walker and Anderson [13]. A comprehensive review on such models is found in Teland [14]. Also,
more complex models that have been shown to yield good results for some applications are found
in Holmquist et al. [15], Rabczuk and Eibl [16] and Eibl and Schmidt-Hurtienne [17]. Among the
models applicable to general dynamic loading and available in commercial finite-element codes
are the RHT model by Riedel [18], the Winfrith model [19], the cap model by Schwer and Murray
[20] and the K&C concrete model (cf. [21]). The K&C concrete model was chosen, based on its
commercial availability and the access to modify the source code, to be tested in various
applications. The K&C concrete model, an enhanced version of the pseudo-tensor model
developed at Lawrence Livermore National Laboratory, is available in LS-DYNA [19].
Unfortunately, it was not possible to combine this model with an ALE-formulation or a mesh-
free method at the time of the study. The K&C model was originally developed to analyse
structural elements subjected to blast loading, but was in this study slightly modified and
validated against experimental results on projectile penetration and perforation of plain and
reinforced high performance concrete (cf. [22]). The term penetration designates here the case
where the projectile comes to rest in the target, while the term perforation means that the
projectile breaches through the target and exits with a residual velocity.
2. Methods

2.1. Experiments

Nine 6.3 kg armour piercing steel projectiles with ogival nose radius of 127mm, total length of
225mm and diameter of 75mm were fired at nine concrete targets. Target designations and
specifications are given in Table 1. The projectiles impacted the targets perpendicularly at
approximately 620m/s and zero angle of attack (see Fig. 1). All targets had cylindrical geometry
and targets 3:1–3:3 were reinforced with three layers of 24mm re-bars, Swedish quality Ks500 ST,
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Table 1

Target specifications

Number Dimensions (m) Reinforcement (mm)

Diameter Length

1:1 1.4 0.8 —

1:2 1.4 0.8 —

1:3 1.4 0.8 —

2:1 1.4 0.4 —

2:2 1.4 0.4 —

2:3 1.4 0.4 —

3:1 1.4 0.4 Re-bars f25; stirrups f10
3:2 1.4 0.4 Re-bars f25; stirrups f10
3:3 1.4 0.4 Re-bars f25; stirrups f10

Fig. 1. Plan and elevation view of the experimental set-up.
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in a 120� 120mm2 grid and 10mm stirrups (see Fig. 2). Registrations were made of the projectile
velocity history using a Doppler radar and the projectile residual velocity using a high-speed
camera (see Fig. 1 for the experimental set-up). The final depth of penetration was measured using
a measuring rod.
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�10s120

Fig. 2. Reinforcement in targets 3:1–3:3 (dimensions in millimetres).
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2.2. Numerical analysis

Material description of the motion was used for both the projectile and the target. An erosion
algorithm with a maximum shear strain criterion was used to delete elements before they got too
distorted and replacing them with mass points to conserve mass. The computations were
performed using the explicit finite-element code LS-DYNA version 950c (cf. [19]). In Fig. 3 the
mesh used for the projectile and targets 2:1–2:3 is shown.
The K&C concrete model is an isotropic hypoelastic-plastic model with strain rate scaled elastic

domain, a volume preserving flow rule and non-linear anisotropic strain hardening and softening
(cf. [21]). The deviatoric and hydrostatic parts of the response are uncoupled and the hydrostatic
behaviour is governed by a tabulated equation of state. The yield criterion for the deviatoric part
is defined as

f ¼
ffiffiffiffiffiffiffiffi
3J2

p
� sy; (1)

where J2 is the second invariant of the deviatoric part of the stress tensor s0 according to

J2 ¼
1
2
s0 : s0 (2)

and sy is the yield strength according to

sy ¼ arscy: (3)

Here a is a strain rate scale function and r depends on the third invariant of the deviatoric stress
tensor. The compressive meridian scy is a line in stress space for which the angle v, defined
according to

cosð3vÞ ¼
3
ffiffiffi
3
p

J3

2J
3=2
2

(4)
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Fig. 3. Element mesh used for targets 2:1–2:3.
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equals p=3: Here J3 is the third invariant of the deviatoric stress tensor defined as

J3 ¼ detðs0Þ: (5)

If v ¼ 2p=3 the stress point lies on the tensile meridian. For hydrostatic pressures below one-third
of the compressive strength the meridians are piecewise linear functions connecting the points
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Table 2

Results on concrete material characterization

rc Ec
c scc sct Gc

f

2770 kg=m3 58GPa 153MPa 8MPa 162N/m

Table 3

Yield function parameter values

a0 ðMPaÞ a1 a2 ðMPa�1Þ

Initial 22.789 1.033 1.460

Failure 50.643 0.465 0.657

Residual — 0.465 0.657

Table 4

Plastic strain modification parameter values

b1 b2 b3 kd Lc

1.0 1.0 0.023 1.0 5mm

Table 5

Tabulated damage function

�p 0.0 0:02E� 3 2:8E� 3 41:0E� 3

d 0.0 1.0 0.15 0.0

Table 6

Tabulated hydrostatic behaviour

V=V0 1 0.9930 0.9715 0.9503 0.9391 0.9300 0.8655

p ðMPaÞ 0 200 240 390 565 737 2000

Table 7

Results on reinforcement material characterization

sry Er Hr �rm

586MPa 207GPa 1.1GPa 0.092

M. Unosson, L. Nilsson / International Journal of Impact Engineering 32 (2006) 1068–1085 1073
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corresponding to triaxial extension, biaxial extension, uniaxial extension and uniaxial compres-
sion. For hydrostatic pressure exceeding one-third of the compressive strength, the initial, failure
and residual compressive meridians are given by

sci ¼ ai
0 þ

p

ai
1 þ ai2p

; ð6Þ

scf ¼ af
0 þ

p

af
1 þ af2p

; ð7Þ

scr ¼
p

ar1 þ ar
2p
; ð8Þ

where p is the hydrostatic pressure, positive in compression. The current compressive meridian is
interpolated as

scy ¼

sci ; �pp0;

dðscf � sci ; Þ þ sci ; 0p�pp�pf ;

dðscf � scrÞ þ scr ; �pfp�pp�pr ;

scr ; �pfp�p;

8>>>><
>>>>:

(9)
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Fig. 5. Doppler radar registration for target 1:2.
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where

d ¼ gð�pÞ j d 2 ½0; 1� (10)

is a tabulated, piecewise linear damage function to be fitted to experimental results. The plastic
strain �p�; computed from the non-associated flow rule, is modified according to

�p ¼

Z �p�

0

hd�p� þ b3f dkdð�
p
� : �

p
� � �

p
�y : �

p
�yÞ; (11)

where

h ¼

a 1þ
p

ast

� �� ��b1

; pX0;

a 1þ
p

ast

� �� ��b2

; po0

8>>>><
>>>>:

(12)
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and

f d ¼

1�
J2

0:1p

����
����; 0p

J2

p

����
����p0:1;

0;
J2

p

����
����40:1:

8>>><
>>>:

(13)

Here b1; b2; b3; kd are scalar valued parameters to be fitted to experimental results, �p�y is the plastic
strain at initial yielding and st is the strength in uniaxial tension.
However, the description of the softening behaviour was modified to better handle different

finite-element sizes according to

�ps ¼

R �p�
0 hd�p� þ b3f dkdð�p� : �

p
� � �

p
�y : �

p
�yÞ; 0p�pp�pf ;R �p�

0 shd�p� þ ðb3f dkdð�p� : �
p
� � �

p
�y : �

p
�yÞÞ

s; �pfo�p;

8<
: (14)
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where

s ¼
V1=3

e

Lc
: (15)

Here V e is the finite-element volume and Lc is a reference length representing an element size for
which the damage description is optimized. The function r is defined as

r ¼
2ð1� k2

Þ cos vþ ð2k � 1Þð4ð1� k2
Þ cos2 vþ 5k2

� 4kÞ1=2

4ð1� k2
Þ cos2 vþ ð1� 2kÞ2

; (16)

where k is the ratio between the tensile meridian and compressive meridian. Finally, the tabulated
equation of state governing the compressive hydrostatic behaviour is complemented with a tensile
hydrostatic pressure cut-off according to

pmin ¼
�st; 0p�pp�pf ;

�dst; 0p�pfo�p:

(
(17)
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Fig. 8. Doppler radar registration for target 2:2.
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The reinforcement was modelled with an elastic–plastic model with isotropic hardening. For the
steel projectile an elastic model was used based on experimental observations that the plastic
deformation of the projectile was negligible.
3. Material characterization

Characterization of the concrete material included the mass density rc and compressive
fracture strength scc of 150� 150� 150mm3 cubes in uniaxial stress. The modulus of
elasticity Ec and the tensile strength sct was obtained via split testing of f100� 200mm2

cylinders. The fracture energy release Gc
f was determined from three-point bending of notched

100� 100� 800mm2 beams, (cf. Table 2). In Tables 3–5 the fitted model parameter values are
given. The hydrostatic behaviour was obtained through uniaxial compression of a confined
cylindrical specimen and the result was compiled on tabulated form with values given in Table 6.
Additional data on material behaviour, such as strain rate effects, was taken from standard
literature, mainly from [2].
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Fig. 9. Doppler radar registration for target 2:3.
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Data from previously performed uniaxial tensile testing on the reinforcement (Swedish
standard quality Ks500ST) was used. This testing gave data on the yield stress sry; modulus of
elasticity Er; hardening modulus Hr and nominal strain at maximum load �rm (cf. Table 7).
Additional material data was taken from standard literature.
4. Results

4.1. Experiments

In Figs. 4–13 the registrations by the Doppler radar during the penetration phase is presented in
the form of signal intensity plots with a curve fitted to the maximum. The results presented in
Fig. 13 are arithmetic mean values per target type of all the fitted curves shown in Figs. 4–12.
The distortion of the Doppler radar signal after approximately 0.5ms is probably due
to fragmentation and ejection of target material, why data after this point has no or
little significance. Results on depth of penetration and projectile residual velocity is presented
in Table 8.
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4.2. Numerical analysis

A compilation of the computational result corresponding to Table 8 is shown in Table 9. In Fig.
14 the projectile residual velocity for targets 2:1–2:3 is plotted as a function of the shear strain-
based erosion criterion for targets 2:1–2:3. Maximum shear strain (eroding strain) values between
0.8 and 1.0, depending on the target type analysed, were used in the computations. As can be seen
in Fig. 14 the erosion influenced the result a lot. For perforation the results were in acceptable
agreement with the experiments, but for targets 1:1–1:3 the projectile did not stop inside the target
in the simulations as was observed in the experiments.
5. Discussion

Experiments and simulations of penetration and perforation of concrete targets by steel
projectiles have been performed.
The experiments were successful and the Doppler-radar registrations were of high quality.

Using the results from the Doppler-radar registrations it was not only possible to track the
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velocity history of the projectile in free flight, but also the deceleration of the projectile as it
penetrated the target. Such velocity histories may be used, apart from direct validation of
computational results, to set up an inverse problem or to optimize model parameters.
For perforation the computational results show acceptable agreement with the experimental

results on the projectile residual velocity. However, for penetration the computational results are
not satisfactory. The result was shown to be greatly influenced by the erosion criterion. The need
for an erosion criteria can be eliminated by using spatial description of the motion of the target or
a mesh-free method instead. Convergence problems related to material softening were also
experienced. This could be handled using non-local theory where an integration of weighted, local
strains is performed over a neighbourhood to the material point. A tied node-to-node contact was
used to couple the reinforcement to the concrete and both re-bars and stirrups were modelled as
truss elements. This simple description excludes confinement due to bending resistance of the
reinforcement and there is no frictional sliding between reinforcement and concrete. In a more
advanced model the re-bars would be modelled with beam elements, or even with solid elements,
and connected to the concrete with a contact allowing sliding and friction at the contact interface.
As can be seen in Table 9 the residual velocity of the projectile is higher for the reinforced targets
3:1–3:3 than for the corresponding plain concrete targets 2:1–2:3. This could indicate a problem
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Table 9

Computational results on depth of penetration and projectile residual velocity

Targets Impact (m/s) Penetration (m) Perforation (m/s)

1:1–1:3 616a — 200

2:1–2:3 617 — 320

3:1–3:3 616a — 330

aValues based on an early evaluation of the Doppler radar registrations.
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Fig. 14. Influence of the erosion parameter on the perforation velocity.

Table 8

Experimental results on depth of penetration and projectile residual velocity

Target Impact (m/s) Penetration (m) Perforation (m/s)

1:1 623 0.45 —

1:2 618 0.54 —

1:3 622 0.51 —

2:1 613 — 276

2:2 616 — 303

2:3 621 — 293

3:1 622 — No registration

3:2 620 — No registration

3:3 624 — 260

M. Unosson, L. Nilsson / International Journal of Impact Engineering 32 (2006) 1068–1085 1083
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with the introduced scaling of the material softening since the spatial discretization of targets
3:1–3:3 was adapted to the reinforcement and thus changed compared to targets 2:1–2:3.
Hourglass effects were observed in the impact zone in a similar study by the author with the
current model, why it is recommended to allow for selectively reduced volume integration when
implementing future models.
With these suggested improvements of the model the agreement between the experimental and

computational results may be ameliorated.
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