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ABSTRACT This paper deals with empirical formulae predigtithe perforation of reinforced
concrete barriers. These formulae are usually \atkd for hard impacts only. Consequently,
on the one hand, a simple method is proposed ie céssoft impacts. For various tests,
experimental and model predictions of perforatidow a good agreement. On the other
hand, recent tests at the material scale show thatlkehaviour of concrete under high
confinement does not depend on the unconfined assipe strength of concrete after 28
days, f,g Therefore analytical models based g fieed to be considered with caution.

RESUME Cet article se focalise sur les modéles analysode prévision de la perforation de
voiles en béton armé sous impact. Ces modéles rieemogénéral valables que pour des
projectiles rigides. D’'une part, une méthode simgideprévision de la perforation est alors
proposée dans le cas d’'impacts mous. Les formulesmdécoulent permettent de prévoir la
perforation de dalles impactées dans le cadre deiplrs campagnes de tests. D’autre part,
de récents tests a I'échelle du matériau montrem kg comportement du béton sous fort
confinement ne dépend pas de la résistance en essipn simple a 28 jours,,d Par
conséquent, les modeles analytiques pour lesqeddétbn est complétement caractérisé par
foog doivent étre utilisés avec précaution.
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1. Introduction

Different approaches exist to assess the possibiéorption of a barrier
submitted to a missile impact: experimental, nuoarand particularly empirical
methods are used depending on materials and sffoé both target and striker.
(Eibl 1987) has defined soft and hard impactsetal. (2005) and Buzaueét al
(2007) have presented and assessed the existingieahformulae used for the
perforation prediction of reinforced concrete (R&)gets in case of hard impacts,
i.e. rigid projectiles compared to the concrete targdtbarki et al.(2008) have
carried out a similar study for steel targets.

Empirical formulae used for the design of reinfat@®ncrete barriers submitted
to missile impacts consist of ballistic limits ihet case of hard impacts. Only one
empirical formula found suits for soft impacts (CEB988), i.e. rigid targets
compared to the projectiles, under some conditi@mnerally, the prediction of
perforation in case of soft impacts is based uperassumption that the deformation
of the projectile is independent on the structurdponse of the target. This
assumption allows evaluating the contact forcetdube projectile (Riera 1968).

In a first section, this article presents empiri@mulae for the perforation
prediction of reinforced concrete targets underaaotp, the range of variables over
which the formulae were identified is given. In @cend section, the balance of
energy in case of soft impacts is examined. Itvedlounder some assumptions, the
prediction of the ballistic limit (or limit velogi). In a third section, the relevance of
the various presented models is evaluated on tlés lud tests of soft impacts
performed at Meppen in the 70’s (Jorasl.,1979), (Nachtsheiret al., 1982) and
recently performed (Iris 2010), (Pontireli al.,2011). The fourth section presents
recent results showing that the unconfined comjpwesstrength of concrete
cylinders after 28 days of ageirfgyg, should not be considered as the only material
parameter characterizing the perforation resistafi@mncrete barriers submitted to
impacts. Therefore, empirical formulae generallgdidor the design of impacted
concrete structures must be used with caution.

2. Perforation prediction of reinforced concrete bariers

Only one analytical approach has been found irrafitee dealing with the
prediction of concrete barriers under soft impa@&B 1988). This method is
derived from load-time measurements of a 20 000nkgary aircraft impacting a
reinforced concrete wall; it predicts perforatiomem the average dynamic load,
applied by the missile, reaches the dynamic pumggckirength of the slab. From this
study, the ballistic limit of cylindrical deformablprojectiles, of mas#! (kg),
diameterd (m), impacting RC structures is deduced:



Research Project Vulcain 3

(I’ d]c x;cubgll6 1
Vogs = EOW,/T (314d + 7857) (1]

Wherery (%) is the percentage of reinforcemehtim) is the distance between
the impact face and the rebar medh=( thickness of the targetfecupe is the
characteristic compressive strength of concreteesulfter 28 days of ageing
(fe cupe~ 1.25f.,).

Authors estimated this prediction with about 20 Eédision, if following ranges
of variables are satisfied, denotigy the aggregate size: 0.07 K< 0.9 m ;
0.66 <d/T<1.3; 25 <, cupe< 63 MPa ; 0.05 Ag/T< 0.07 ; 0.22 €4< 1.26 %.

Concerning hard impacts, among various formulaeliptiag perforation — see
the state of the art (lét al, 2005) — Buzaue@t al. (2007) have selected 8 formulae
estimating the ballistic limit of cylindrical rigigirojectiles, of masM diameterd,
impacting RC structures of thicknessThey propose to assess these formulae using
a database of 151 tests. According to this analyfsésfollowing formula [2] is well
satisfied if its validity domain ia priori respected (Berriaud 1978)

dez 2/3
werared ) 2

Formula [2] is supposed valid (with 10 % precisidoi) the following range of
variables : 0.5 </e< 1.5 ;20 v < 250 m/s ; 30 f_,< 45 MPa ; 150 #, < 250

kg/m®; 0.5 <rg<0.8% ;0,5<Mm Ip,e <1,5;30<M<300kg;10<d<30cm,;
10 < e <60cm, whereM, is the reinforcement density, is the mass density.

Formula [2] was used for the design of the contaiminwall of French nuclear
reactors. It was improved in order to extend itdidity range, in particular
concerning concrete strength, the reinforcemei @atd the projectile nose shape
(Berriaudet al.,1983):

de2 4/3 ; 1/2 M y 2
VE =189t Y 7 (CZE‘J N2 0,35(6J +065 3]
o M a0

with gy = 36 MPa,M,o = 200 kg/ni, N = 1 andN = 1.18 for noses respectively
flat, hemispheric then conic with angle

N = 3,24-6,011020+6,5810*a? - 3,3410°%a%-6,4510 %% [4]

The validity domain of [3] is priori: 0.25< d/e <3.3; 20< V < 250m/s;
15< f_,g< 80MPa ; 0 < M, < 300kg/m’.
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Buzaudet al (2007) concluded that formula [3] is the mostcise among 8
formulae when they are applied to 151 tests inalgdiome of them out of their
validity domain. We point out the high sensitivity the ballistic limit regarding
variations of the nose shape. The only materiahpater characterizing concrete
strength in [1]-[4] isf.s the unconfined compressive strength after 28 ddys
ageing. According to design codes, the calculatibooncrete structures is usually
based orf.,s, based on empirical relations, the majority ofeotbharacteristics can
be deduced from,g (tensile strengtlfi, Young's modulug, etc.). Lots of concrete
3D constitutive models also ufgs to scale the concrete 3D strength criterion. The
section 4 examines the pertinence of using thigusparameter for characterizing
concrete resistance to perforation.

Moreover, most formulae predicting perforation a suited in case of soft
impacts. In such cases, only numerical approacfiege(or discrete element
methods) or non explicit analytical formulae seewailable. The aim of the
following section is to propose and to valid an lepanalytical formulation, to
estimate ballistic limits. The difficulty is them ttake into account the projectile
deformation during the crash.

3. Prediction of concrete target perforation undersoft impact

An explicit formulation is proposed. Then it is dipd to results from various
soft impact tests performed at Meppen in the 70&éset al., 1979), (Nachtsheim
et al. 1982) and recently performed (lris, 2010), (Patitiet al, 2011).

3.1. Analytical formulation of ballistic limits

3.1.1.Energetic formulation of the impact

Let us consider the enerdy, dissipated by the crushing of the projectile, s t
mechanical work done by the constant crushing fégthrough the crushed length
of the projectile writes\, = F, u. That is equivalent to average the crushing force
exerted by the projectile on the target during ¢heesh. The idea of averaging this
force was also found in (CEB 1988).

1
Let us denoter =5 M (Vo ) the total kinetic energy at impact, whafgis the

ballistic limit of the soft projectile. Let us supge that this energy writes

T=W +Z +W, +3, [5]

The ballistic limit of the projectile, once it hagen deformed, is denotéti< V,,
such that the kinetic energy of the projectile mees 2, ZEMVZ. The motion of
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the target is characterized by the mechanical watk=M au; and the kinetic
energy s, = %M V2. If the motion of the target is supposed insiguifit, a simple

estimation of the ballistic limi/ can be deduced from [5]:

V= 1/Voz + 2'\F/|pu 6]

3.1.2.Estimation of the crushing force of the projectile

The crushing force for hollow missiles is estimatadthe following formula,
based on Rankine's equation (Bigratral, 1980).

2 :z;f{ﬂgh ? } Yy

df,

whereE is the Young's modulus (Pay, is the Poisson ratiaj is the projectile
diameter (m),f, is its limit strength (Pak is the thickness of the target (m).

In order to take into account the increase of thength with the strain rate, the
dynamic limit strengthf? is usually estimated, instead igf. Nevertheless, that is
questionable in this work. Indeed, this effect wéis rate is maximal at the impact
but decreases during the crash; therefore takitm account this effect and the
proposed formulation should lead to overestimatesiing strengths and then
ballistic limits. Moreover, the estimation df} does not seem precise. Applying the

Johnson-Cook law (Johnsoet al., 1985) to a common steelf{ =235 MPa),

Pontiroliet al, (2011) predict a dynamic limit strengtty greater than 480 MPa,

whereas a method from (Jones 1989), used in (Metoak, 2011), leads to a value
in the order of 460 MPa. The relevance of taking account the strain rate effect in
this work will be discussed in the following.

3.2. Application to soft impacts

Selected formulae predicting the perforation arplied to various tests, taking
into account the crushing and the effect of thaistrate. These estimations are
compared to test results. For all tests, projectiee hollow metallic cylinders (soft
steel, Poisson ratio = 0.3, mass density, = 7850 kg/m, Young'sE = 210 GPa).

3.2.1.MEPPEN tests

Projectiles are steel cylinders £ 60 cm,f, = 235 MPa), whose lowest thickness
is 7 mm over a length of 2.5 m and 10 mm over gtleof 3 m. These parts can be
crushed on a 6.5 x 6°mslab of thickness 70 cm. The concrete slab isatterized
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by a compressive stren f. of 37.1 MPa and a dens p. of 2260 kg/m (Jonaset

al., 1979). Others characteristics of these testsnatabie 1.

-5/
I1-2 / no . -9/
Reference / damage ) perforation .
perforation limit perforation
MassM 1016 kg 974 kg 970 kg
Tests Impact velocityV 172.2m/s| 234.8 m/s| 235.8 m/s
P <V, #\y >V,
1] 231m/s 232m/s 232m/s
Soft nostrain [6] 7 mm 170m/s 173m/s 172m/s
impact | rate effect| [6] 7+10 mm | 246m/s 250m/s 250m/s
models | strain rate [6] 7 mm 214m/s 217m/s 217m/s
effect [6] 7+10 mm | 326m/s 333m/s 334ml/s
_Hard Models[2-3] 121 m/s 122 m/s 121 m/s
impact

Table 1.Data concerning Meppen tests (Jonas et al., 1978@asured initial
velocities and estimated ballistic limits (m/s) fghand soft impacts)

Table 1 presents velocities (m/s) measured anthassd for Meppen tests. For
each test, the level of damage, the measured invesmtity and estimated ballistic
limits are given. These limits are estimated reg@ythoth hard and soft impacts.

In case of hard impact, formulae [2-3] approximatballistic limit of 121 m/s,
with a relative difference less than 1 %. Therefondy the simplest formula [2] is
used in the following. Table 1 shows that formula€3] are not suited in case of
these soft impacts, an initial velocity of 172 fiaésng not enough to perforate.

In case of soft impact, table 1 provides five eations. First, the formula [1]
from [CEB 1988] is applied, its validity domain hgi verified. For the 3 tests,
232 m/s is a particularly good estimation of théigtéec limit. However, [CEB 1988]
does not precise if Meppen tests results have bsed to calibrate their approach.
Then soft impacts are studied considering that toesed upper values of the
dissipated energy during the crushing of the ptdgea@re respectively given by
W1 = 2.5F, andW,, =W, + 3F,, whereF, , F, are the crushing forces given by
[7], regarding respectively the 7 mm thick and th@ mm thick parts of the
projectile. These two parts are studied in tableich presents estimated ballistic
limits, using formula [6] based on [Z[These velocities are also estimated taking into
account the effect of strain rate (in italics), ngsithe dynamic limit strengtfy’
instead off, in [7].

Obviously, [6] provides relevant estimations of &wand upper values of the
ballistic limit, taking into account that all thedt deformable (7 mm thick) part has
been crushed but not all the other deformable (19 tmick) part. Taking into
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account the strain rate leads to higher estimationghe same order, which seem
logical but rather surestimated.

3.2.2.IRIS tests
Projectiles are metallic cylindersl € 25.4 cm/f, = 340 MPaM = 49,99 kg),

whose lowest thickness is 3 mm over a length of These parts can be crushed on
15 cm thick slabs. Two tests are conducted witloaies equal to 110.15 and
111.56 m/s[Moore et al, 2010]. The crushing ford€,for this part is around

540 kN. Taking into account the effect of straiterathis force is found around
630 kN [Mooreet al, 2010].

Tests / impact hard soft soft soft impact
damage | velocities impact impact impact [6] with strain
(tests) [2-3] [1] [6] effect
1-2 ho | 110.1-111.6 85 152 170 180
perforation m/s m/s m/s m/s m/s

Table 2.Measured and estimated velocities, in case oftdsss (no perforation)

Table 2 presents velocities (m/s) measured anchasgd for Iris tests. The level
of damage and measured impact velocity and estiimaadlistic limits are given.
These limits are deduced in case of hard and mpidcts.

In case of hard impact, formulae [2-3] approximtte ballistic limit, with a
relative difference less than 1 %. Therefore ohly simplest formula [2] is used.
Table 2 shows that formulae [2-3] are not suitecc@se of these soft impacts:
111 m/s are not enough to perforate, therefore 853ma bad estimation.

In case of soft impact, table 2 provides threenegtibns. First, the formula [1]
from [CEB 1988] is applied, its validity domain bgi verified. For the test 11-4,
152 m/s is not a bad estimation of the ballistigitisince 111 m/s are not enough to
perforate. Then soft impacts are studied considetiat the dissipated energy during
the crushing of the projectile is given Wy, = 1 F, whereF, is the crushing force
given by [7]. Table 2 presents estimated balliktiits, using formula [6] based on
[2], taking into account the effect of strain rate {&alics) or not.

Obviously, [1, 6] provide better estimations of thellistic limit than [2-3].
Taking into account the strain rate leads to adnigstimation, in the same order.

3.2.3.VULCAIN tests

Projectiles are metallic cylindersl € 9,98 cm/f, = 235 MPa), whose lowest

thickness is 1 mm over a length of 25 cm and ofn2 awer a length of 30 cm. These
parts can potentially be crushed on 2.1 x 2%stabs of thickness (6 and 7 cm).
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Characteristics of tests are gathered in tablesd34a(Pontiroli 2011). Tests 2 and 8
are presented in the last paper (Ponteohl, 2011).

Parameters Values unit
peandp, 2278 and 7850 kg/n
rq (=6 and 7cm) land 1.2 %
fe 28.6 MPa

Table 3.Common data to all tests (Pontiroli 2011)

1 2 3 4 5 6 7 8 9
Reference #22 #24 #30 #31 #35 #27 #43 #3P #34
M (kg) 6.166 | 5.2073] 5.091¢ 5.0728 5.0594 4.9853 5.0p09 653.0 5.0596
e (m) 0.07 0.07 0.07] 0.06 0.0y 0.g7 0.07 0.p7 0{07
V (m/s) 135.5 107.5 92 89 7 98 80 70{2 p8

Table 4. Specific data concerning each of nine Vulcain téBtstiroli, 2011)

Figure 1 presents ratios between measured veatiémpact and estimated
ballistic limits. Moreover, figure 1 shows level§ @amage for the 9 slabs tested
(Pontiroli 2010). In case of perforation (testsol4), ratios must be less than 1.
Instead, there is no perforation (ratio greatemthiq Test 6 is a particular case
where all the concrete is perforated, but the ptdgeis just stopped by steel rods.
Therefore the estimated ratio should be equal & on

In case of hard impacts, formulae [2] and [3] asedi Figure 1 highlights
insufficiency of classical formulae to distinguiglrforation and no perforation. One
notices for these tests that estimations [2] ah@{8 quite different.

In case of soft impacts, three formulae are used.

First, formula [1] derived from CEB approach prasédgood estimations of
perforation, excepted for tests 6 and 7. For thests, there is no perforation and
estimated ratios are respectively less than 1 asidequal to 1. Secondly, formula
[6] is used, considering respectively [2] and [Bhe crushing force is estimated,
taking into account only the first deformable (1 riiritk) part of the projectile, as it
is verified in tests (Pontiroli 2010). Results aegher satisfactory, particularly if
formula [6] is based on [3]. For tests 3 and 4miala [6] underestimates ballistic
limits, as estimated ratios are just equal to ¢dmey should have been lower, as there
is clearly perforation. For test 6, formula [6] pides a precise estimation of the
ballistic limit, as the estimated ratio is just ger than one. For these tests,
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estimations do not take into account the effetiin rate. In this case, formula [6]
would have been unable to predict which slab ifopated.

This section has presented a formula complemerttatire only one available
[CEB 1988]. Both have been able to predict perforafor various test results of
soft impacts. The purpose of the next section jIrésent experimental results which
show limits of formulae used in case of impactsemhstresses in the target reach
high values.

\x[1] soft 0[2] hard @ [6] ([2] soft) < [3] hard ¢ [6] (3] soft) \

1,6 Estimated ballistic limits /

measured impact velocites ® *
144 . L 4 ® ®
estimations: ™Y P
1,2 4 [ X
no perforation F X 4 X
1’07Illllllllillll'lll IllIIIII,IIIIXIIIIIIIIIGI
0g  Perforation X « ° X 4
’ X o o © o ©
0,6 (o Q
’ X o} o}
o) o) tests:
0,4 - perforation
aEn n L | EEEEEER llllllll L]
0,2 - ﬂ H no perforatlon
00 I:I L1 [ ]
0 1 2 3 7 8 g Tests

Erreur ! Source du renvoi introuvabMelocities measured and estimated (hard and
soft impacts), m/s

4. Constitutive behaviour of concrete under high tiaxial stress state

Gran and Frew (1997) have performed hard impads tes concrete targets
having an unconfined compressive strength of 43 .MPa projectile was a 50 mm
diameter steel sharp penetrator weighting 2.3 kbveers launched at 315 m/s. These
authors have measured radial stresses at variqgutssdend radii. They have shown
that the maximum radial stress was about 400 MRh acocording to analytical
calculations, the mean stress was of the order ®pd. A priori, in case of soft
impacts, mean stress should also reach high values.

In order to analyze the behaviour of concrete urstezsses of the order of
1 Gpa, triaxial tests on plain concretes have lpszformed, using a large capacity
triaxial press. Stress levels over passing oneRzigeal have been reached (Gaet
al., 2006, Gabett al., 2008, Vuet al., 2009, Duprayet al., 2009, Poinarckt al.,
2010, Dupraet al., 2010, Malécott al., 2010). In the following, complementary
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results aim to highlight that.,g is a very poor indicator of the high-pressure
mechanical response of concrete.

4.1.Experimental set-up

4.1.1.Triaxial cell

The tests have been conducted with a high-cap#iétyial press that allows
loading a cylindrical concrete specimen 7 cm imuéger and 14 cm long. This press
is able to generate a maximum confining pressu@ &3 GPa and an axial stress of
2.3 GPa. A displacement sensor located in the psassed to control the axial jack
displacement, while a load sensor and pressur@spleced inside the confinement
cell display the stress state of the sample. Thdiiog pressure and axial jack
displacement are servo-controlled, which offers plssibility of creating several
possible loading paths (Galedtal.,2006, Gabegt al.,2008).

In the following, compressive stresses and coritladtrains are assumed to be
positive; oy is the principal axial stresp,the pressure inside the confining cel,=
(ox + 2p)/3 the mean stress amgF oy - p the principal stress difference (deviatoric
stress). All tests have been conducted in followlimg same kind of loading path.
The triaxial compression test begins with a hydiisttest. Once the desired
confinement has been reached, the specimen idahdad axially while holding the
confining pressure constant. Note that for mogheftests the maximum deviatoric
stress reached value has not been imposed. tesuét of the test.

4.1.2.Concrete samplesggand Sr

In order to study the effect df,s, from the composition of a reference ordinary
concrete fi,s= 29 MPa), two other concretes have been produdidfys equal to
21 MPa and 57 MPa, respectively. These three ctawrédave different
water/cement ratioW/C), but their aggregates skeletons are almost icln{see
composition on table 5).

Concrete composition and mechanical properties C&29 | C21
0.5/8 "D" gravel (kg/m) 1000| 1008 991
1,800 pm "D" sand (kg/t 832 | 838 | 824
CEM 152.5 N PM ES CP2 cement (Vicat) (kgJm 349 | 263 | 226
Water (kg/nf) 136 | 169 | 181
Sikafluid Superplasticizer (kg/n 45 |0 0
WI/Cratio 0.39 | 0.64| 0.80
Density (kg/m) 2322 | 2278| 2257
Average slump measured using the Abrams cone (cm) 76.9 | 14
Unconfined compression strength after 28 dgygMPa) 57 29 21

Table 5.Compositions and mechanical properties of concr€@s, C29, C57.
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Besides, to evaluate the effect of the saturatiatio rSr, tests have been
conducted on dried, wet and saturated samplesh&®I1C29 concrete. After some
4 months of conservation in water, the “dried” spems are placed in a drying
oven, at a temperature of 50°C and relative humiditRH of 8 %, for a period
lasting between 3 and 6 months. The saturatioo odtihe “dried” concrete tested in
this study is approximately 11 %. The “saturateggé@mens are conserved in water
between 6 and 10 months, after which they are veap the multilayer membrane,
just prior to the triaxial test. Lastly, the “wetpecimens are conserved in water and
then a few days in the ambient laboratory atmospl(eer value near 18°C and 40 %
RH) during the instrumentation procedure (&tal.,2009a).

Strain measurements are performed by use of an L\{Dfear Variable
Differential Transformer) axial sensor, along wathe axial and two circumferential
gauges. Given the porous nature of concrete, tigls level of confinement has
necessitated developing a multilayer protective brame around the sample; this
element is composed of 8 mm of latex and 2 mm oprene (Vwet al.,2009b).

4.2.Test results

Figure 2 shows the results for the unconfined aesgion tests carried out on
the four types of concrete samples. As it was ebgok@n increase in the Young's
modulusk and ultimate stress of the concrétg can be observed with a decrease in
Water/Cement ratio of the concrete mixture. Figuso reveals that the saturation
ratio of the sample has a very slight influenceneonfined compression compare to
the water/cement ratio.

Figure 3 shows the hydrostatic part of triaxialt4esonducted at a confining
pressure of 650 MPa. This figure reveals that bey®®0 MPa of confinement, the
volumetric behaviour curves of dried concretes (C229 or C57) run parallel,
which suggests that the difference in incrementdiimetric strains of these three
concretes is significant only at low confinementels. These phenomena are more
obvious on Figure 4 which focuses on the hydrastaghaviour of the same samples
beyond a confining pressure of 400 MPa.

Figure 5 shows the deviatoric part of triaxial $esbnducted at a confining
pressure of 650 MPa. The results indicate thatd#éngatoric behaviour curves of
dried concretes (C21, C29 or C57) practically cyerlThe strength gap between
these concretes is not anymore visible. The incnémhebehaviour of concretes
becomes then independent from their unconfined cesspve strength beyond a
given confining pressure. On the contrary, the gmes of free water in the sample
seems to affect the volumetric stiffness only undigh confinement. For a mean
stress greater than around 200 MPa, the volumb#iavior of the wet concrete
becomes stiffer than that of dried concrete (Fid)reA relative difference of about
25 % between the volumetric strains of dried aridrated samples at a mean stress
of 650 MPa can for example be noted. For thessstavels, the volumetric strains
become significant compared to the initial air vokiof the sample. The initially wet
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samples thus trend toward a degree of humidityecltws saturation. The pore

pressure developing within the material rises atedts a significant influence on the
measured stress. The presence of free water isahgple also reduces a lot the
strength capacity (Figure 5). The resistance capatithe dried samples is clearly
higher. As such, no peak deviatoric stress is mdh the tests conducted on dried
concrete at these high confinements. These rasalysbe explained by the cohesion
loss of the cementitious matrix, which provides tomcrete with behaviour of the

non-cohesive granular material type. The increasdried concrete shear strength
with confining pressure is thus explained by thetifsn existing between stacking

grains. Limitation of the same strength observadstdurated concrete is probably
due to pore pressure, which develops similarly hatvis found in undrained soils.

80 T

o q‘ ‘ f_ 7 57 MPa; Sr=11%
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i
50 ¢ ;
5 i 29 MPa; 11%
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21 MPa; 11% C\%\w MPh; 85%
20 ,
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Figure 2. Axial stresss, vs. strain componentg ande, for unconfined compression
tests carried out on 4 types of 8 months aged etesamples : C57,557 MPa
and Sr=11 % ¢); C29-11% §,:=29 MPa and Sr=11 % (grey diamond); C21
foog=21 MPa and Sr=11 %);C29-85% §,:=29 MPa and Sr=85 % (+).
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Figure 3. Mean stress, vs. volumetric strair, for the hydrostatic part of triaxial

tests (confining pressure of 650 MPa) on four typésoncrete samples: C57
fooe=57 MPa and Sr=11%¢); C29-11% §,&=29 MPa and Sr=11% (grey diamond);
C21 £,5=21 MPa and Sr=11%¢); C29-85% §,:=29 MPa and Sr=85 % (*).
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Figure 4. Mean stressoy, vs. volumetric strain variation above 400 MPa
Ag,= &, - &uoompafor the hydrostatic part of triaxial tests condedtat a confining
pressure of 650 MPa on four types of concrete seasaC57 £,=57 MPa and
Sr=11% §); C29-11% f,=29 MPa and Sr=11% (grey diamond); C21
foe=21 MPa and Sr=11%¢); C29-85% §,:=29 MPa and Sr=85% (*).
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Figure 6 summarizes the strain limit state of cetes C21, C29 and C57, within
the En/feos Q/f29) deviatoric plane for all tests performed. It dza observed that
beyond a mean stress of arouriggbthe loading capacity of dried concrete strongly
increases in a quasi-linear manner with respetttéamean stress whereas the ones
of wet or saturated concretes almost remain conskégure 6 also shows, on the
one hand, that at low mean stress level (belfyg)3ll the concretes are following
the same curve whatev®r or f.,g values are. On the other hand, beyond this ckitica
mean stress (overfbg), one can observe that the limit states are veaftered
depending orSr or f,g values. This last point shows thgds is poorly link to the
loading capacity of concrete under high confinement

1200

f = 57MPa;
28
Sr=11% A
o
1000 el
-
.
<, £r 20MPa;
800 Sl 11%
(3] 1MPa;
= b 11%
= R
S 600 it ‘é
o i}

400

20MPa; 85%
e o

200

£ (%)

Figure 5. Stress deviator g vs. strain componesitsind ¢y for deviatoric part of
triaxial tests conducted at a confining pressure680 MPa on four types of
concrete samples: C5%§&57MPa and Sr=11% «); C29-11% §,:=29 MPa and
Sr=11% (grey diamond); C21 =21 MPa and Sr=11% {); C29-85%
feo6=29 MPa and Sr=85% (*).

Figure 7 shows the relative limit state of concse®21, C57, C29-70%, C29-
85 % and C29-100 % to that of the reference coadZ@9-11% in thep|q/tt29.11%)
plane.qc29.11% 1S the limit deviator obtained for the referenomarete C29-11% at
an identical confining pressure. This presentaitioierms of deviator relative to that
of the reference concrete provides a better pdarejf the both the effect of the
simple compressive strength at low confinementtancdeffect of the saturation ratio
at high confinement. For low mean stress levels, litmit state of the concrete is
heavily dependent on the cement matrix strengths Tésult was obviously the
expected one. In contrast, the same figure alsavshbat this dependence of
concrete limit state ofy,g decreases rapidly as mean stress rises. Beyoriticalc
confining pressure, the limit state curve actualgomes independent ffs.
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Conversely, at a low level confining pressuresifaund that the limit states of
the dried, wet and saturated samples all lie virsecto one another (Figure 7). This
result should come as no surprise since at suelsstevels, concrete behaviour is
governed by a still cohesive character. The presehevater in the sample does not
exert therefore a very significant effect on thaitistate. For higher confinement
levels, the effect of water becomes predominant Htrease in peak deviatoric
stress with respect to mean stress remains veryfdowhe saturated samples. The
shear strength of the dried concrete is then emguéltimes the one of the saturated
concrete for a confining pressure of 650 MPa, whetbeir unconfined compressive
strength is almost the same. Again, this phenomésndikely explained by a pore
pressure effect similar to that observed for arraingéd granular material.

35

--0--fc28=29MPa Sr=70%
30 | --@--fc28=29MPa Sr=85%
----fc28=29MPa Sr=100%
--0+- fc28=21MPa Sr=119 =

--®- fc28=57MPa Sr=119 /

—8— fc28=29MPa Sr=11Y

25 1

20 1

qffe2s

30 35

Onffeas

Figure 6. Limit states of concretes C21 (Sr=11%), C29 (Sr=11p8%, 85% or
100%) and C57 (Sr=11%): Deviatoric stress.gyf/s. the mean stresg/f..s
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- ©-C29-100%
\ --0-- C29-85%
O C29-700
is €29-70% |.

—{—C21-11%
—&—C57-11%

0/0c2e-11%

p [Mpa]

Figure 7. Relative limit states of concretes C21 (Sr=11%)9C2r=70 %, 85 % or
100 %) and C57 (Sr=11 %): Relative deviator g/g,Vs. the confining pressure p,
where gg.110 IS the deviatoric stress associated with the listdte of reference
concrete C29 for Sr=11 %.

5. Conclusions

This paper has discussed the relevance of andlyticalels predicting the
perforation of reinforced concrete targets.

In case of soft impacts, these formulae have tdex@loped. In this aim, a first
empirical formula is derived from a past report FCE988] and another simple
method are proposed. For most tests, experimenthlnaimerical predictions of
perforation have shown a good agreement. Ongoinggsamnsist to apply this last
method to impacts on steel or composite targdts, ttinks — that is not possible
using the first approach —. As ballistic limits gn@posed, it is also easy to deduce
capacities of perforatiome. the maximal thickness to be perforated for givapact
velocity.

In case of whatever hard or soft impacts, therestlts provided in the second
part of this article show that under high confinaeimehe concrete behaves like a
non-cohesive granular stacking, on which the cemeatfrix strength of the fresh
concrete no longer exerts any influence. It becoimssnsitive withf.,g whereas the
saturation ratio exerts a major influence, partéidyl on both the concrete strength
capacity and the volumetric stiffness. Accordingthés new result, the range of
application of perforation formulae [1]-[4] presedtin the previous section must be
considered with caution.
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From an application standpoint, on the one harekeHast results highlight the
very small advantages to be gained by increasieg cment concentration in
concretes for the purpose of raising their strergapacity to resist to extreme
loadings. On the other hand, it seems necessaryainate and to take into account
the saturation ratio to evaluate precisely the endhility under impact of massive
concrete infrastructures. In the future, it will becessary to evaluate the effect of
the concrete porosity on the validity of these ltissiMore specifically, do the above
conclusions remain valid for very low porosity asdtigh performance concretes?
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