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a b s t r a c t

This paper proposes a simple formulation for the impact analysis of a deformable projectile on reinforced
concrete targets. This approach assumes the presence of soft strikers and rigid targets. Based on an
energy balance, it aims to predict a perforation limit for different targets under soft impacts. The pro-
cedure employed is validated by means of tests performed on a rigid target (pendulum test) and rein-
forced concrete slabs. The article discusses various estimations of the crushing force of projectiles, as
derived from experimental results and numerical approaches. The efficiency of simplified approaches is
highlighted from an engineering point of view. The limit between soft and hard impacts is also analyzed
according to a recent criterion. Moreover, the paper proposes validating the approach using experimental
tests with both perforating and non-perforating impact tests on nine slabs.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The study of the mechanical response to loads generated by
impacts is key to the analysis of structural vulnerability. Depending
on the striker's strength, the phenomenon involved and therefore
the target response may differ. Most of the existing empirical
formulae used to predict perforation are proposed for the case of
hard impacts on either reinforced concrete (RC) barriers [1,2] or
metal targets, e.g. Ref. [3]. Few approaches are available to assess
the possible perforation of a barrier subjected to a soft impact. In
the case of an aircraft impact, Riera [4] considered the projectile as
a two-body system: a crushed pipe with no velocity in contact with
the structure, and a tube. The resulting contact force however still
needs to be applied to a numerical model of the barrier in order to
predict the perforation. CEB and Baroth et al. [5,6] proposed
analytical formulae of ballistic velocities in the case of a soft missile
impact on reinforced concrete targets. Baroth et al. [6] based their
study on a collection of experimental data, as presented in Ref. [7].
Their findings highlight that the application ranges of most perfo-
ration formulae [1] must be considered with caution since such
ranges often depend on the compressive strength of concrete after
28 days (fc28), whereas various experimental results [8e10]
.

demonstrate that concrete under high confinement becomes
insensitive to fc28.

The present work develops a simple analytical formulation of
perforation models in the case of soft impacts. This formulation,
based on an energy balance, yields a model aimed at predicting a
perforation limit for different targets under soft impacts. This paper
also discusses various estimations of the crushing force of pro-
jectiles, through reliance on experimental results and different
numerical approaches. The limit between soft and hard impacts is
also analyzed using the criterion developed by Koechlin [11].

Section 2 recalls and develops the formulation proposed in
Ref. [6] and moreover specifies the crushing force calculations.
This set of formulation and calculations are then applied to the
experimental results of a pendulum test (Section 3). From the
initial formulation, simple formulae are also deduced in order to
predict the ballistic velocity limit and perforation limit in the
case of a soft impact on reinforced concrete targets (Section 4).
Lastly, Section 5 proposes a validation of the approach through
an experimental campaign on both perforating and non-
perforating impact tests [7].

2. Prediction of perforation in the case of soft impact

The first subsection (2.1) recalls and develops the premise
proposed in Ref. [6]. It is complemented by potential calculations of
the crushing force generated by the deformable projectile
(subsection 2).

mailto:jbaroth@ujf-grenoble.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijimpeng.2015.01.002&domain=pdf
www.sciencedirect.com/science/journal/0734743X
http://www.elsevier.com/locate/ijimpeng
http://dx.doi.org/10.1016/j.ijimpeng.2015.01.002
http://dx.doi.org/10.1016/j.ijimpeng.2015.01.002
http://dx.doi.org/10.1016/j.ijimpeng.2015.01.002


J. Baroth et al. / International Journal of Impact Engineering 80 (2015) 36e44 37
2.1. The energy balance of a soft impact process

Let's consider a target of mass, MT, under the impact of a pro-
jectile of mass MP, total length L and diameter d. The projectile is
assumed to be rigid over a length LH. Let's begin by decomposing
the impact process into three stages (see Fig. 1), with a distinction
made between soft and hard impacts [12].
2.1.1. Stages of the impact process
During Stage 0, i.e. before the impact has occurred, the initial

projectile velocity and kinetic energy are respectively denoted V0

and EP0.
Stage 1 corresponds to the soft part of the impact (crushed

length u < L�LH). The energy dissipated during the crushing phase,
which lasts Dt, is defined as the mechanical work WP done by the
time-dependent crushing force Fp(t) through the crushed length uP
of the projectile. The motion of the impacted target is characterized
by: displacement uT, velocity _uT , acceleration €uT , and mechanical
work WT. At the end of Stage 1, i.e. after the crushing, the velocity
and kinetic energy of the projectile are respectively denoted V1

(<V0) and EP1. In Stage 2, the impact becomes hard (if the velocity is
high enough). During perforation, the failure energy of the target EF
is dissipated. The projectile velocity and kinetic energy are now
respectively denoted V2 and EP2. The velocity of the target VT rea-
ches its maximum value.
2.1.2. Energy balance during the perforation process
During Stage 1, the initial kinetic energy EP0 of the projectile is

reduced to the kinetic energy EP1 after crushing of the deformable
part of the projectile. The energy balance during the crushing
process can be summarized by noting:

EP0 � EP1 ¼ WP þWT (2.1)

where EP0 and EP1 depend on the initial velocity V0 and velocity V1,
in assuming the weight loss is insignificant during crushing, thus
neglecting damage in the target throughout the phase:

Epi ¼ MpV2
i

.
2; i ¼ 1;2… (2.2)

The energy dissipated during the crushing phase, which lasts Dt,
is defined by the mechanical workWP done by the time-dependent
crushing force Fp(t) through the crushed length u of the projectile.
Fig. 1. Stages of the impact of a deform
Considering that the projectile can be modeled as a one-
dimensional nonlinear spring, this mechanical work is written as:

WP ¼
ZDt
0

FpðtÞ _uPðt
�
dt (2.3)

where _uPðtÞ is the velocity of the projectile.
The mechanical work WT relative to the motion of the target,

whose mass is assumed constant, is expressed as follows:

WT ¼ MT

ZDt
0

€uT ðtÞ _uT ðtÞdt (2.4)

where €uT ðtÞ is the acceleration and _uT ðtÞ the velocity of the
impacted target.

At Stage 2, the initial kinetic energy EP1 of the projectile is
reduced to the kinetic energy EP2 after perforation of the target by
the crushed projectile:

EP0 � EP2 ¼ WP þWT þ EF (2.5)

EF is the failure energy of the target, i.e. the energy dissipated
during the perforation process. In the case of impact on a metal
target, EF can be found, for instance, in Ref. [3]. In the case of impact
on a concrete target, EF can be defined, according to the energy
balance, such that

EF ¼
MP

�
V2
0 � V2

2

�
2

�WP �WT � ET (2.6)

One difficulty encountered when using this approach is to es-
timate both the crushing force FP of the projectile and the workWP

of this force over the crushed length. The following section will
develop this point further. Afterwards, a pendulum test will be
studied, with emphasis on estimating the crushing work of the
projectile WP and the crushing forceFP.
2.2. Crushing force for a deformable projectile

The well-known Riera Model may be used to estimate the force
FP(t) [4], bearing in mind that this model is not explicit, nor does it
take into account the strain velocity effect and cylindrical projectile
able projectile on a rigid target.
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buckling. The crushing force for hollow metal tubes is also esti-
mated by the following formula, based on Rankine's Equation [13]:

Fp ¼ 2peP

0
@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�
1� n2

�q
ePE

þ 2
dfy

1
A

�1

(2.7)

where E is the Young's modulus (Pa), y the Poisson's ratio, d the
projectile diameter (m), fy the projectile limit strength (Pa) (which
can be replaced by the dynamic limit strength fyd), and ep the
projectile thickness (m).

Since this approach does not take buckling into account, the
following discussionwill consider failure by both plasticization and
buckling. When the circumferential slenderness of the projectile is
very high, the buckling of the cylindrical shell under an axial load
must be investigated; this instability is well known [14,15]. The
crushing strength Fp thus depends on the critical elastic buckling
stress scr, such that:

Fp ¼ cscr ¼ c
EeP

rP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� y2

p (2.8)

where E and y are respectively the Young's modulus and Poisson's
ratio, rp the mean radius of the cylinder, c the buckling reduction
factor for elastic-plastic effects in a buckling strength assessment
deduced from large experimental tests. The coefficient c is inten-
ded to take into account shell imperfections. These imperfections
can indeed lead to axisymmetric buckling with a succession of
rings. The estimation of c has been detailed in Ref. [15] for general
purposes. In this work, let's define respectively:

l0 ¼ 0:2 and lP ¼
ffiffiffiffiffiffiffiffiffiffiffi
a

=0:4
p

(2.9)

as the squash and plastic limit relative slenderness values, where a

is the elastic imperfection reduction factor in bucking. Above the
squash limit relative slenderness value l0, resistance reductions
Table 1
Main physical quantities, their units and the coefficients used.

Symbol Parameter Unit

Mp Projectile mass kg
d
L

Projectile diameter
Projectile length

m
m

LH Length of the rigid projectile part
L1 Length of 1-mm thick part of the projectile m
L2 Length of 2-mm thick part of the projectile m
u, u1, u2 Crushed lengths m
u* Characteristic crushed length m
FP Projectile crushing force N
FP1, FP2 Projectile crushing forces (parts 1 and 2) N
AP,
AP1, AP2

Crushed projectile cross-sections (parts 1 and 2) m2

eP1, eP2 Projectile thicknesses m
rP1, rP2 Projectile mean radius (parts 1 and 2) m
V0;V*

0 Projectile velocity before impact, ballistic value m/s
V1;V*

1 Crushed projectile velocity at impact, ballistic value m/s
V2 Projectile velocity after impact m/s
VT Final velocity of the target m/s
uP,uT Displacements of the projectile and target m
_uP ; _uT Velocities of the projectile and target m/s
€uP ; €uT Accelerations of the projectile and target m/s2

rp Projectile mass density kg/m3

Epi, i¼1,2,3 Projectile kinetic energies relative to V0, V1, V2 J
WP Mechanical work (projectile) J
y Poisson's ratio of steel e

E Young's modulus of steel Pa
scr Critical elastic buckling stress Pa
sx,Rc Critical meridian buckling stress Pa
(due to either instability or change in geometry) occur. Let's define
the relative slenderness:

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fy
.
sxRc

r
(2.10)

withsxRc, i.e. the critical meridian buckling stress. In the case of long
cylinders, the reduction factor a and stress sxRc are respectively
defined as follows:

a ¼ 0:62

1þ 1:91
� ffiffiffiffi

rP
p
Q
ffiffiffiffi
eP

p
�1:44;

sxRc ¼
	
1þ 0:2

Cxb

�
1� 2LeP

rP
ffiffiffiffiffiffiffiffiffi
rPeP

p
�


EeP

rP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
�
1� y2

�q
(2.11)

where Cxb is a coefficient related to boundary conditions (between
1 and 6) and Q the value of fabrication quality (between 16 and 40
for normal and excellent qualities). If the relative slenderness l lies
between l0 and lP , then the coefficient c (see (2.8)) is written as:

c ¼ 1� b
l� l0

lP � l
(2.12)

where b is the plastic range factor in buckling interaction, equal to
0.6 in this work [15] (Table 1).
3. Ballistic pendulum test

3.1. Experimental set-up

A steel cylindrical projectile with cross-sections of various
thicknesses is launched onto a target using a 90-mm caliber gas gun
(Fig. 2). The front part of the projectile is composed of a thin S235
steel tube (Table 2), which has a thickness of eP1 ¼ 1 mm over the
Symbol Parameter Unit

c Buckling reduction factor of Fp e

a Meridian elastic imperfection ratio e

l0 Squash limit relative slenderness e

lP Plastic limit relative slenderness e

l Relative slenderness of the shell e

sT Compressive strength of the target Pa
Cxb Coefficient in the buckling assessment e

fy Yield strength Pa
fyd Yield strength accounting for the strain velocity effect Pa
Q Parameter for the effect of boundary conditions e

ET Kinetic energy of the target J
fu Ultimate strength of the target material Pa
εu Ultimate strain of the target material e

EF Failure (perforation) energy of the target J
Ma Reinforcement density e

RC target
u Relative length of the shell e

b Plastic range factor in buckling interaction e

fc28 Compressive strength of concrete (28 days, uniaxial) Pa
WT Mechanical work (target) J
EF Failure energy (target) J
MT Target mass kg
rT Target mass density kg/m3

eT Target thickness m
e*T Perforation limit m



Fig. 2. Gas launcher, deformable projectile and ballistic pendulum device (just before impact) [7].

Table 2
Characteristics of all projectiles.

Symbol Parameter Value Unit Symbol Parameter Value Unit

fy Yield strength 235 MPa d External diameter 80 mm
L Length 500 mm eP1 Thickness (part 1) 1 mm
rP Mass density 7850 kg/m3 eP2 Thickness (part 2) 2 mm
y Poission's ratio 0.3 e rP1 Mean radius

(part 1)
39.5 mm

E Young's
modulus

210 GPa rP2 Mean radius
(part 2)

39 mm
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first (L1) front part and a thickness of eP2 ¼ 2 mm over the
remaining (L2) part (Fig. 3). The third and rear part of the projectile
is composed of a massive 35NCD16 steel cylinder incorporating an
acceleration recording system designed to measure axial acceler-
ations during the tests.

The ballistic pendulum test [7] consists of launching a deform-
able steel projectile (Tables 2 and 3) onto a massive rigid body
(Table 3) hung to the ceiling with two 2-m long steel cables (Fig. 2).
A non-deformable target, which is relatively heavy in comparison
with the projectile mass, has been used to facilitate the crushing of
the soft projectile on this rigid target. During the projectile crushing
phase, the load is transferred to the rigid mass, which in turn is
accelerated. LVDTand acceleration sensors have been positioned on
the rear face of the steel block to measure displacement and
velocity.

In this experiment, a projectile of length L has been launched
with an initial striking velocity V0. The projectile is a metal cylinder,
whose thinner thickness is 1 mm over a 25-cm length and 2 mm
over a 30-cm length. Fig. 3 shows the residual shape of the pro-
jectile at the end of the test. A series of regular plies are observed to
have formed on the steel tube. The projectile residual lengths were
also measured (Table 3).

Eq. (2.8) enables estimating the crushing strengths: Fp1 over the
1-mm thick part of the projectile for lengthu1; and Fp2 over the 2-
mm thick part of the projectile for length u2 (Table 3). The me-
chanical work WP done by the presumed constant crushing forces
Fp1 and Fp2 can be approximated through the crushed lengths u1
Fig. 3. Projectile dimensions and
and u2 of the projectile, in assuming that Fp1 and Fp2 remain
constant.

WP ¼ Fp1u1 þ Fp2u2 (3.1)
3.2. Analytical estimation of the pendulum displacement

The energy balance (2.1) can be simplified by assuming a pro-
jectile velocity after crushing equal to the velocity of the target, as
well as a zero failure energy EF of the target. Energy balances need
to be expressed. The first variation in kinetic energy (Eq. (2.2.)),
EP0�EP1, is equal to the mechanical work WP due to crushing of the
projectile (Eq. (3.1.)). The next variation in kinetic energy EP1�EP2 is
equal to the mechanical work WT due to motion of the target (and
the presumed embedded crushed projectile). The following energy
balance can then be deduced:

1
2
MPV

2
0 �

1
2
ðMTþMPÞV2

T ¼Fp1u1þFp2u2þuTðMTþMPÞ€uT (3.2)

Table 4 lists minimum andmaximumvalues of the initial kinetic
energy EP0 of the projectile and the kinetic energy ET of the
pendulum. The work resulting from the pendulum motion lasts
5± 0.3ms, before the velocity _uT of the pendulum remains constant
and equal to VT.

Fig. 5 demonstrates that the evolution inmotion is mainly linear.
A mean acceleration €uT of 640 m/s2 is therefore deduced.

The calculated lower and upper bounds of uT, in taking experi-
mental uncertainties and buckling into account, are found to lie
between 4.5 and 9 cm (Table 4), whereas the measured distance uT
is greater than 5 cm (due to a lack of precision in the displacement
sensor). The experimental measurement, slightly over 5 cm, is
included within this interval. Crushing strengths Fp1 and Fp2 are
respectively estimated using Bignon & Riera [13] and EC3 ap-
proaches (Table 5).

In accounting for estimation accuracy (Table 4), Eurocode 3 [15]
provides a relevant pendulum test forecast, although Bignon &
Riera [13] propose a slightly underestimated displacement. The
method that takes buckling into account thus seems to be more
accurate than Bignon's formula (Eq. (2.7)). From Table 4,
post-test deformation [7].



Fig. 5. Projectile after impact.

Table 3
Ballistic test: Specific characteristics of both the projectile and target, and test
results.

Symbol Parameter Value Unit Symbol Parameter Value Unit

MP Projectile mass 5.027 kg MT Target mass 153 kg
V0 Velocity before

impact
89.2þ/1 m/s

Fp1 Crushing strength
(part 1)

47.5 kN u1 Crushed
length

21 ± 0.5 cm

Fp2 Crushing strength
(part 2)

99.6 kN u2 Crushed
length

3 ± 0.5 cm

Table 4
Estimation of the impact characteristics and pendulum displacement (min and max
values and variations around mean values).

Symbol Parameter Unit Min Max Variation
(%)

MT Pendulum mass kg 152.5 153.5 ±0.3%
V0 Initial projectile velocity m/s 88.2 90.2 ±1.1%
Cxb Boundary conditions parameter e 1 6 ±71%
Q Fabrication quality parameter e 16 40 ±43%
EP0 Initial projectile kinetic energy J 19,554 20,451 ±2.2%
WP Mechanical work (Eq. (3.1)) J 11,992 13,938 ±7.5%
ET (Pendulum þ projectile)

kinetic energy
J 782 837 ±3.4%

€uT (Pendulum þ projectile)
acceleration

m/s2 590 690 ±7.8%

VT Final (pendulum þ projectile)
velocity

m/s 3.15 3.25 ±1.6%

uT (Pendulum þ projectile)
displacement

cm 4.3 8.7 ±34%
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parameters for the effect of projectile fabrication quality and
boundary conditions are particularly scattered. To ensure method
robustness, the influence of these parameters is evaluated using
EC3. Table 6 indicates that this influence appears to be quite
insignificant.
Table 5
Estimation of pendulum displacement (average values, cm) for two estimations of
crushing strength.

Approach Fp1 (kN) Fp2 (kN) Estimation Experiment
3.3. Numerical application

A simulation of the ballistic pendulum test was conducted using
the Abaqus/Explicit finite element code (version 6.10) in order to
compare numerical and experimental results, as well as validate
the crushing force approximation. The projectile is discretized by 4-
node shell elements with reduced integration, the steel block by 3D
volume elements with reduced integration, and the cables by bar
elements. The behavior of the material along the front part of the
projectile (S235) has been modeled by the Johnson-Cook Law [16]
in taking strain velocity effects into account:

s ¼
h
Aþ B

�
εpl

�ni"
1þ C Ln

 
_
εpl

_ε0

!#
(3.3)

with: A ¼ 480 MPa, B ¼ 300 MPa, C ¼ 0.12, n ¼ 0.36.
Fig. 4. Ballistic pendulum test simulation.
The massive rear part of the projectile and steel block is
assumed to be perfectly elastic; the guide ring has beenmodeled by
aluminum with a thickness adapted to match the actual mass
(Fig. 4). The weight of each component is verified (to match
experimental results), and the projectile velocity is initialized to
V0 ¼ 89.2 m/s.

Like in the test, a series of plies forms on the steel tube during
the projectile crushing process (Fig. 5) over the thinner part of the
projectile (1-mm thick). Only 6 plies are formed instead of the 13
observed experimentally. Fig. 6 shows a comparison of changes in
the projectile velocity obtained both experimentally (by integrating
the acceleration signal) and numerically (from average velocity at
the nodes located on the rear part of the projectile).

Fig. 6 displays a comparison of the change in target velocity
between experimental findings (by deriving the displacement
signal) and numerical results (from the kinetic energy of the steel
block). Fig. 7 shows the evolution in mechanical work done by
crushing forces Fp1 and Fp2 vs. the crushed length u of the projectile.
After about 5 ms, the crushing phase is complete and the crushed
length equals about 31 cm; the work can be deduced from Eq. (2.3).
Both the measured and numerical works are close. Their evolution
is rather linear, until a decrease explained by the end of pendulum
motion. Riera and Bignon [13] and Eurocode approaches are also
shown. Although Riera overestimates the final work, analytical and
explicit approaches, such as Bignon and Eurocode, are closer to the
final measured work. A simplified approach therefore seems
reasonable from an engineering point of view.
4. Prediction of perforation in the case of a soft impact on
reinforced concrete barriers

In this section, the motion of the target is assumed to be insig-
nificant (i.e. VT ¼ 0). The energy balance (1) can then be simplified.

EP0 ¼ WP þ EF þ EP2 (4.1)

Let's write once again this energy balance using Eq. (2.2).
EC3 47.5 99.6 6.5 ± 2 cm >5 cm
Bignon & Riera 53 112 4.8 ± 2 cm

Table 6
Estimation of mean pendulum displacement for various parameters for the effect of
fabrication quality (Q) and boundary conditions (Cxb).

Fabrication quality Boundary conditions

Min (Q ¼ 16) Max (Q ¼ 40) Min (Cxb ¼ 1) Max (Cxb ¼ 6)

Average parameters Cxb ¼ 3 Q ¼ 25
Average pendulum

displacement
6.4 ± 2 cm 6.5 ± 2 cm 6.3 ± 2 cm 6.5 ± 2 cm



Fig. 6. Comparison of numerical vs. experimental velocities.
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MpV2
0

.
2 ¼ Wp þ EF þMpV2

2

.
2 (4.2)

From this energy balance, simple formulae are deduced to
predict the ballistic limit (subsection 1), the characteristic crushed
length of the projectile (subsection 2), and the perforation limit of
reinforced concrete barriers (subsection 3).
4.1. Ballistic limit prediction in the case of a soft impact on RC
targets

In the case of a soft impact on a concrete target, a limit case can
be defined for which the target is perforated with no residual ve-
locity for the projectile (V2 ¼ EP2 ¼ 0). In such a case, the initial
velocity V0 is equal to the ballistic limit V*

0 of the target for the given
projectile. Let's assume that the failure (perforation) energy EF of
the target equals the residual kinetic energy once the projectile has
been crushed. Eq. (4.2) then becomes:

Mp
�
V*
0

�2.
2 ¼ Wp þMp

�
V*
1

�2.
2 (4.3)

where V*
1 is the ballistic limit of the crushed projectile. According to

the definition of Stage 2 of the perforation process (Fig. 1), a sudden
perforation occurs and a hard impact can be considered. For such
impacts, the ballistic limits have been widely published [1].

A general, but simple, expression of the ballistic limit V*
0 can

then be deduced from Eq. (4.3):
Fig. 7. Mechanical work WP done by crushing forces vs. crushed length, using Bignon
and Eurocode formulae, plus the Riera method; comparison with experimental and
numerical results.
V*
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
V*
1

�2 þ 2Wp

MP

s
(4.4)

The well-known Riera model [4] or more simplified approaches
[13,15] can be applied at this point to estimate the force Fp(t) [4] and
energy Wp using Eq. (2.3) or Eq. (3.1).

Baroth et al. [6] proposed a ballistic limit close to that in Eq. (4.4)
for the purpose of evaluating the ballistic velocity of a deformable
cylindrical projectile, in assuming that work Wp can be written:
Wp ¼ Fpu*, where u* is the characteristic crushed length beyond
which the impact becomes hard. This step is equivalent to aver-
aging the crushing force exerted by the projectile on the target
during the crash. The notion of averaging this force is also found in
Refs. [5]; however, the characteristic crushed length of the pro-
jectile u* still has to be estimated.

4.2. Estimation of a characteristic crushed length of the projectile u*

To predict the occurrence of a hard impact (Stage 1, Fig. 1), a
condition between hard and soft impacts has been proposed and
illustrated on aircraft crashes by Koechlin [11]. Given V*

1 as the
ballistic limit of the target for the crushed projectile, this condition
is expressed as:

sP

sT
þ
rP

�
V*
1

�
u*
��2

sT
¼ 1 (4.5)

where sT is the compressive strength of the target (MPa), sp the
compressive strength of the projectile (MPa), and rp the mass
density (kg/m3). The strength sp can be written as: sP¼FP/Ap, where
FP and AP are respectively the crushing force and cross-section of
the crushed projectile.

Using this criterion along with Eqs. (4.4) and (4.5), the charac-
teristic crushed length u* is:

u* ¼ Max

 
0;

Mp

2Fp

 �
V*
0

�2 � sT � Fp
�
Ap

rp

!!
(4.6)

If u*<u, the dissipated energy during crushing is too high to
allow perforation. Otherwise, if u*>u, the dissipated energy during
crushing is not high enough to stop the projectile.

4.3. Perforation limit of RC barriers

The perforation limit e*T , i.e. theminimum thickness of the target
that allows resisting perforation, can also be deduced from Eq. (4.4),
since the ballistic limit is typically correlated with the target
thickness. For example, let's consider the well-known empirical



Table 7
Validity ranges for parameters used in Eq. (4.7) (min and max values).

Symbol Parameter Min Max Unit

d Diameter 10 30 cm
fc28 Uniaxial compressive strength

of concrete after 28 days
30 45 MPa

Ma Reinforcement density 150 250 kg/m3

MP Projectile mass 30 300 kg
V1 Projectile velocity - ballistic limit 20 250 m/s
e*T Thickness of the target 10 60 cm
rd Reinforcement ratio 0.5 0.8 %
d=e*T Projectile/target dimension ratio 0.5 1.5 e

MP=rT ðe*T Þ
2 Projectile/target mass ratio 0.5 1.5 e

Table 8
Data common to all nine reinforced concrete slabs [7].

Parameter Value Units Parameter Value Units

rT 2278 kg/m3 rd (eT ¼ 6 cm) 1 %
fc28 28.6 MPa rd (eT ¼ 7 cm) 1.2 %
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formula [17], which yields the ballistic limit in the case of hard
impact from a cylindrical projectile of diameter d:

V*
1 ¼ 1:3r1=6T f 0:5c28

 
d
�
e*T
�2

MP

!2=3

(4.7)

where all parameters are assumed to be valid (to within 10% ac-
curacy) for the following range of variables (Table 7):

The perforation limit e*T , taking into account Eqs. (4.4) and (4.7),
is deduced as follows.

e*T ¼ 0:82

ffiffiffiffiffiffiffi
MT

d

r 0
BB@
�
V*
0

�2 � 2WP
MT

r
1=3
T fc28

1
CCA

3=8

if

Ep0 ¼ 1
2
MPV

2
0 >Wp; but e*T � 0

(4.8)

The following sectionwill present the experimental tests on soft
impacts, whose results allow estimating the limit perforations of
concrete targets.
5. Soft impact on a concrete slab

5.1. Experimental set-up

Nine cylindrical projectiles, whose common characteristics have
already been presented (see Fig. 3), are launched on targets by a gas
gun (Fig. 2). These targets are 2 m � 1.2 m rectangular reinforced
concrete slabs with a thickness eTof 7 or 6 cm and amass density rT.
These slabs have been designed to simulate soft projectile impacts.
The projectile velocity has in fact been changed in order to obtain
various damage levels, ranging from slight bending to projectile
perforation (Fig. 8).
Fig. 8. Reinforced concrete slabs bo
The target is tightly clamped by a metal support, assumed to be
perfectly rigid. The nine tests were performedwith different impact
velocities, extending from 70 to 135 m/s (Table 9). Only the mass
slightly changes from one projectile to another (Table 9). Test
characteristics have been compiled in Tables 8 and 9. Most of the
following data can be found in Refs. [6,7].
5.2. Comparison of perforation model forecasts with experimental
results

Fig. 9 compares the slab thickness (70 or 60 mm) with the
perforation limits estimated for each test. These limits have been
estimated from Eq. (4.8), in considering three values of mechanical
work WP:

(i) WP¼0 corresponds to the case of a hard impact assumption
(white dots);

(ii) WP¼L1u1 corresponds to the case of a soft impact assump-
tion, for which only the thinnest part of the projectile is
entirely crushed (diamonds);

(iii) WP¼Fp1u1þFp2u2 corresponds to the case of a soft impact, for
which the experimental crushed values (Table 6) of both
deformable parts u1 and u2 of the projectile are used (Eq.
(3.1)) (black dots).

Let's remark that the perforation forecast is satisfactory only if
crushing has been taken into account (i.e. assumptions (ii) and (iii)).
It should be specified that while a perforation has been accurately
predicted in test 6, the experiment indicates that only concrete is
crushed as the projectile is effectively stopped by the steel rods.

Fig. 10 presents the evolution in perforation limit e*T vs. crushed
length u for various tests (1e9). This evolution has been deduced
from Eq. (4.8), in which mechanical work can be expressed as:

WPðuÞ ¼ Fp1u1 þ Fp2u2; with u ¼ u1 if u2½0;0:25m� and u

¼ 0:25þ u2 if u>0:25m:

(5.1)

In the special case of Vulcain tests [7], two parts of the projectile
can actually be potentially crushed, the first one over a 25-cm
length (ep ¼ 1 mm) and the second over a 25-cm length
(ep ¼ 2 mm).
th before and after impact [7].



Table 9
Specific data concerning each of the nine Vulcain tests [7].

Test 1 2 3 4 5 6 7 8 9

MP (kg) 6.166 5.2073 5.0916 5.0728 5.0594 4.9853 5.0509 5.0653 5.0596
eT (m) 0.07 0.07 0.07 0.06 0.07 0.07 0.07 0.07 0.07
V0 (m/s) 135.5 107 92 89 73 93 80 70 68
u1 (cm) 17 24 17 11.5 24 24.5 24 13 14
u2 (cm) 0 5 0 0 0 0 0 5 5
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Fig. 10 also shows the absence of perforation if the perforation
limit exceeds slab thickness. If e*T decreases to this thickness, then a
significant probability of perforation exists. An example of inter-
section between thickness and e*T for test 2 is also displayed: it
provides the characteristic crushed length u* ¼ u*1 þ u*2 ¼ 37 cm
(Fig. 10) for this test. The experimental value of u1þu2 ¼ 29 cm
(Table 6) is less than u*, and indeed in test 2 the slab has been
perforated. The energy dissipated during crushing is not sufficient
to stop the projectile. As a contrast, the change in e*T for perforation
test 7 has also been included, yielding the characteristic crushed
length u* ¼ u*1 þ u*2 ¼ 23 cm (Fig. 10) for this same test. The
experimental value of u1þu2 ¼ 24 cm (Table 6) is greater than u*,
with the dissipated energy being too strong to enable perforation:
the projectile is in fact stopped.
Fig. 9. Measured and estimated perforation capacities (soft impacts, mm).

Fig. 10. Perforation limits for 9 Vulcain tests [6,7] according to different crushed
lengths e Example of characteristic length u* for perforation test 2 (ep ¼ 70 mm,
u* ¼ 37 cm).
The characteristic crushed length u* can be also estimated from
Eq. (4.6) in the case of Vulcain tests [6,7]:

u*¼Max

 
0;0;25þ Mp

2Fp2

 
V2
0 �

Fp1
2Mp

�sT�Fp1

�
Ap1 �Fp2

�
Ap2

rp

!!

(5.2)

where MP is the projectile mass, V0 the initial velocity, and Fp1 ; Fp2

the crushing forces of deformable projectile parts.
It can be a complicated process to estimate the compressive

strength of the target sT since the impact generates confinement in
concrete structures, thus making this strength apparently difficult
to measure. Recent studies however on the same concrete used in
these tests (R30A7) have allowed estimating the triaxial strength of
a concrete specimen under high confinement [8,10,18]. Given that
testing has been conducted about 1 month after slab construction,
i.e. in the case of the saturated R30A7 specimen, the shear strength
of concrete is limited to approx. 200 MPa, regardless of the level of
confinement.

Table 10 presents the measured crushed lengths u (cm) (row 1)
and characteristic crushed lengths u* (cm) (rows 2e4) for 9 Vulcain
tests [7], featuring different values of the compressive strength of
concrete. This table shows that when using the normalized uniaxial
compressive strength of concrete after 28 days, fc28, as the char-
acteristic compressive strength in the impact structure, sT is not
satisfactory for accurately predicting the crushed length. In the
event of an impact, a confinement pressure generated by inertia
forces indeed increases the compressive strength of concrete. A
higher value, found experimentally around 200 MPa, allows
determining the correct order of magnitude. It can be verified that
the characteristic values of u* are then close to those listed in Fig.10,
which are also close to the experimental results.

6. Conclusion

This study has proposed a simple formulation for the impact
analysis of a deformable projectile on reinforced concrete targets.
The approach has been illustrated by recent experimental tests
conducted on a steel pendulum and reinforced concrete slabs.

Based on the pendulum test, various estimations of the crushing
force of projectiles have been proposed. For this case, simplified
approaches [13,15] provide estimations on the order of experi-
mental test findings and refined finite element simulations. From a
simple energy balance perspective, it becomes possible to predict
Table 10
Measured crushed lengths u (cm) (row 1) and characteristic crushed lengths u* (cm)
(rows 2e4) for 9 Vulcain tests [7], with different values of the compressive strength
of concrete.

sT/Tests 1 2 3 4 5 6 7 8 9

[Fig. 10] >50 37 29 27 17 28 23 16 15
fc28z29 MPa 131 96 87 85 79 86 81 78 77
200 MPa 59 36 28 27 20 28 23 19 18
210 MPa 54 33 25 23 17 25 20 16 15
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the perforation limits for various targets under soft impacts. Using a
condition between hard and soft impacts [11], a characteristic
crushed length has been defined. This theoretical value was then
compared to a number of measured crushed lengths. Such a com-
parison yielded a value of the characteristic compressive strength
in the concrete target of close to 200 MPa, which is the experi-
mental strength measured on a concrete specimen under high
triaxial loading [8e10]. The validation of this approach on a very
large scale, such as the simulation of an aircraft crash on a nuclear
containment structure [18], still needs to be completed.

In the future, this approach should be applied to other experi-
mental tests (Meppen [19], Iris [20,21]). Steel structures should also
be studied in using the perforation energy formulation given in Ref.
[3].
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