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Abstract — Numerical simulations of reinforced concrete stuues subjected to high velocity
impacts and explosions remain a difficult task jod&hese difficulties are related to numerical
aspects, but also due to the ability of the maten@del to simulate the accurately behaviour oéeyv
complex and heterogeneous material like concretaev concrete model, named PRM model, has
been developed at CEA-Gramat (Pontiroli, Rouquanli&ars [1], [2], [3]) to predict the concrete
response under a large range of dynamic loadings.
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1. Introduction

Works presented in this paper have been performele framework of the French VULCAIN
PGCU 2007 research project (founded by the Freratiohal Research Agency). This project aims at
defining a theoretical and probabilistic methodglag order to assess the structural safety of
industrial structures that might be submitted smsient loadings such as blasts or impacts gewuerate
by various projectiles. A complementary objectigetd improve diagnosis, prevention or protection
actions. This scientific program gathers well-kncayd complementary scientific institutes, firms and
universities in France.

2. Impactstests

CEA-Gramat has carried out impact tests on reigfbrmoncrete slabs with deformable projectiles
to get experimental data to validate numericaldagveloped in VULCAIN project.

A steel cylindrical projectile with sections of fdifent thickness has been launched on the targat by
gas gun with 90 mm calibre (Fig. 1). Front partpodjectile is composed of a thin steel S235 tube
@®=80 mm, L=500 mm). This tube has a thickness ofd om the front 250 mm long section and a
thickness of 2 mm on the remaining 250 mm long seation. Rear part of projectile is composed of a
massive steel 35NCD16 cylinder designed to mountaeceleration recorder system inside the
projectile to measure the axial acceleration dutimagtests.

Fig. 1: Gs launcher and deformable projectile abdkg)

Reinforced concrete slabs 2 m long, 1.2 m large7aonoh thick have been used as targets to simulate
soft projectile impact. The projectile velocitydeanged in order to get different damage levelagjoi
from simple bending to full perforation.



A standard concrete mixture named R30A7, definedersé years ago by CEA-Gramat and
Laboratory 3SR at Grenoble, is used with an amaodirit.0 vol. % steel reinforcemen®€ 6 mm
S235 steel rebar with 80x80 mm2 square grid). Témtet! R30A7 concrete displays a 28-day
compressive strength of 30 MPa and a slump of 7Itrshould be noted that a very high-quality
cement is used. This high quality gives better nateeproducibility and leads to a particularlyMo
cement volume. Aggregate compounds, with a maxireioe of 8 mm, containing 99% of quartzite,
are derived from natural deposits (rolled aggrexyd8% quartzite).

Target is held tight by a metallic support whictsigopposed to be perfectly rigid. Video cameras and
displacement sensors located on the rear faceedidiv complete the measurements.

Nine tests have been performed with different impastocities going from 70 to 135 m/s. In this
paper we present two experimental results obtdimedelocities of 107.5 m/s (test n°1) and 70.2 m/s
(test n°2).

In the first test we have obtained perforationh#f teinforced concrete slab with a projectile neaid
velocity of about 46.6 m/s. A series of plies averfed on the steel tube during the projectile crash
process and the first cylinder part with a thinllaickness of 1 mm is completely buckled (Fig. 2).
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Fig. 2: Deformation of the missile after perforatigest n°1, ¥ = 107.5 m/s)

Fig. 3 shows the damage obtained on the front @adsides of the reinforced concrete target. We can
observe on the one hand the formation of a pluggome with an important scabbing effect on the
rear face, and on the other hand the failure odrsdsteel rebars.

Front faceiiea. . : :
Fig. 3: Damage of the reinforced concrete slabr &t n°1 (\y = 107.5 m/s)

In the second test presented here, perforatiombiabeen completed and a rebound of the projectile
has been observed. A series of plies are formeth®rsteel tube during the projectile crash process
and the first cylinder part with a thin wall thickss of 1 mm is buckled on a length of 150 mm long

(Fig. 4).



Fig. 4: Deformation of the missile after perforati(st n°2,\y=70.2 m/s)

Fig. 5 shows the damage obtained on the front eadsides of the reinforced concrete target. We can
observe scabbing effects and the formation of ggihg cone, but the failure of steel reinforcemesnt
not reached. Hence, in test 2, the kinetic eneffgthe projectile isn't sufficient to perforate the
reinforced concrete slab.

Front face ; Rear fact PEF
Fig. 5: Damage on reinforced concrete slab afsrme2, \f, = 70.2 m/s

3. Damage and plastic model for concrete: PRM Model

These tests have been simulated using the firgét@ezit method and a specific concrete material
model. A damage model has been developed at CEA&@rto simulate the behaviour of concrete
under severe loading [1], [2], [3]. This model udés two scalar damage variables that give
respectively the loss of stiffness under tensileding and the loss of stiffness under compressive

loading (see Fig. 6). The damage evolution lawsangrolled by an equivalent tensile strain.
A

Tension

Fig. 6: Stress strain curve for a tensile - comgiuesloading



Strain rate effects are introduced to model theemse of the maximum tensile and compressive
strengths observed under moderate and high satgrigading. Experimental data have been obtained
on R30A7 concrete using the Hopkinson bar faciiitylaboratory LPMM of Metz and using an
impulsive electromagnetic pressure generator d¢@&1) at CEA-Gramat (see Fig. 7).
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Fig. 7 : Experimental Strain rate effects obtainadhe R30A7 concrete [4]

The Hillerborg regularization concept [5] has baeplied to limit mesh dependency during strain and
damage localization phenomena. A frictional stiesslso added to simulate hysteresis loops during
unloading and reloading paths. These frictionasstes introduce internal damping forces which are
frequency independent but are related to damagergders and then to tensile cracking phenomena.

Under high pressure regime in porous material vargble volumic strain can be observed like
compaction, as well as confined shear yieldingsé¢hmechanisms can drive a significant part of the
material response. In order to take into accourthake phenomena, the plastic Krieg model has been
coupled to the PRM damage model [2]. We havenivaidd this plasticity part of the PRM model to
simulate impact tests carried out at CEA-Gramathése experiments the damage drives the concrete
response and confinement pressure isn't suffic@eptay a significant part in the concrete behawiou

The PRM model is available as a user subroutineM¥U) in the ABAQUS explicit finite element
code. It is compatible with almost all the finitement library (1D truss elements, beam elemeis, 2
plane strain and plane stress elements, 2D axisymeraéements, 3D solid elements).

4. Numerical ssmulations

Numerical simulations of this problem are not ebsgause there are strong interactions between
the target behaviour and the projectile crash m®cAccurate predictions require a proper modelling
of both the target and the missile response. Ieroi evaluate the capabilities of the explicititén
element code Abaqus including the PRM model, 3-bhenical simulations of CEA-Gramat impact
tests have been conducted. The objective is torrdiete the capabilities and the limits of such
simulations.

A 3-D finite element model with solid brick elemsritas been used for the target (60 000 eight
nodes solid elements) and the reinforcement isi@splmodelled using 2 nodes beam elements with
a circular cross section (3 342 elements). Reigfoent elements are embedded in the concrete finite
element mesh. Two symmetry planes are used andaogiyarter of the plate and of the projectile is
modelled. Concrete nodes are not coincident with thinforcement nodes but a displacement
constraint is applied on these nodes in order noulsite a perfect adherence between steel and



concrete. The projectile is composed of a thinldtde which is efficiently modelled using 3-D shel
elements (1 568 elements). The behaviour of thalliteparts of the structure, the steel reinforcetne
and the metallic projectile tube are simulated gisive Johnson Cook dynamic failure model [6].

Fig. 8 shows the projectile/target interaction & and 10 ms during test n°1l. We can observe
scabbing phenomena, the formation of a concretggpig cone and the failure of the reinforcement
during the projectile penetration phase. Compuadidre mechanisms appear in very good agreement
with the experimental observations. On Fig. 9, phejectile velocity obtained during the test
(calculated by integration of the accelerometenaligis compared to the numerical velocity. The
simulated velocity profile matches accurately tRpegimental data, especially the residual veloatty
the end of the perforation process. On this figume pbserve also the projectile shape at the efttakof
numerical simulation (to compare with Fig. 2).
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Fig. 9 : Test 1: Evolution of the projectile veltycand projectile shape (test n°1l; ¥ 107.5 m/s).

On Fig. 10, we compare the numerical and the medsunojectile velocities obtained in test n°2. The

numerical simulation is able to reproduce the ri@sdeceleration and the rebound at the end of the
impact process. On this figure, we observe alsopttugectile shape at the end of the numerical

simulation (to compare with Fig. 4).

Fig. 11 shows the computed deformed shape of tm &nd rear faces of the target at the end of the
numerical simulation (at 200 ms). The contourstptbton the reinforced concrete target give the
maximum values reached by the principal tensilairsét The blue contours correspond to concrete
surface damaged by the yielding process of retduserical results show that the reinforcement
doesn't fail (like in the experiment) but formatiohplugging cone is initiated on the rear facehef
reinforced concrete plate (like in the experimesee Fig. 5).

Fig. 12 shows the displacement histories of the paimits DV2 and DV4 located on the rear face of
the reinforced concrete plate. A good agreemertbiserved between experiment and simulation
concerning maximum displacements, although dampéaginder-predicted in the computation.

Frictional effects between the reinforced concstdib and the supports may explain such phenomena.



Velocity (m/s)

[ec]
o

(2}
o
I

IN
o

N
o
I

o

N}
<]

T T T
. |— Experiment
— Simulation | |

Time (ms)

Fig.

10 : Test 2: Evolution of the projectile vellyand projectile shape (test n°2; ¥ 70.2 m/s)
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Fig. 11: Test 2: View of the maximum principal tdéastrains reached on the reinforced concrete
target during the impact (test n°2; ¥ 70.2 m/s)
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Fig. 12 : Measured and computed displacementsiatspdV2 and DV4 (test n°2, )& 70.2 m/s)

5. Conclusions

Configurations of soft projectile impact on thiralsé presented in this paper demonstrate the
efficiency of the proposed explicit finite elemgmbcedure to capture the real behaviour of reirfrc
concrete structure and projectile (displacemeras)atjed areas, crack pattern, plugging and scabbing
on reinforced concrete slab - velocity and residiiape of the projectile).

Results show the capabilities of the PRM modelepraoduce accurately on the one hand the
bending response of the reinforced concrete stabpa the other hand the concrete failure mode due



to the projectile perforation. This model can adageously help to predict the vulnerability of
reinforced concrete structures to impact problems.
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