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ABSTRACT The upcoming need of concrete structures desiggathst impulsive loading such
impact requires analytical treatments comparabléhtose existing for structures under static
loading in spite of a poor state of knowledge ofariat behaviour in this range of loading.
This paper first presents basic relations and ermairformulae used by civil engineers for
the design of concrete structures under impactpeBmental analyses of concrete behaviour
under high triaxial stress and high strain rateoshthat empirical formulae have to be used
with caution. Some recent numerical developmentsls@shown.

RESUME La demande de sécurité accrue pour les structueasbéton vis-a-vis des
chargements impulsifs tels les chocs requiert deeld@per des méthodes de conception
comparables a celles qui existent pour les striegigous chargements statiques malgré une
connaissance imparfaite du comportement du maté&aumis a ce type de chargement. Ce
papier présente dans un premier temps les relatidasbase et les formules empiriques
utilisées aujourd’hui pour la conception des stiues en béton sous impact. L'analyse
expérimentale du comportement du béton sous fargelment triaxial ou sous fortes vitesses
de solicitations montre qu’il convient d'utilisereg formules avec précaution. Quelques
exemples de travaux récents de modélisation sontrés.
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1. Introduction

The importance of impacts and impulsive loads, sashthose occurring in
accidental conditions (i): rock fall on a concrskeelter, vehicles or ships in collision
with buildings, bridges or offshore infrastructuresircraft impact on nuclear
containments (Figure 1), or those occurring inamst or military conditions (ii):
missile impact, blast wave due to an explosion,, &can increasing preoccupation
in the design of reinforced concrete (RC) strucgtutmpacts cover a wide range of
loadings; two limiting cases — hard and soft impaewill be discussed in the next
section. These two limiting cases allow derivinplified design formulae.

B

Impact

- Containment wall

Reactor

K Foundation

Figure 1. Aircraft impact on a containment building

Nowadays, most of existing methods for the desigooacrete structures under
impact are based upon empirical formulae and fak £xperiments. Such design
methods are uneconomical and, since recent acsidemerrorist events, there exists
a demand for thorough analytical treatments, adechout for concrete structures
under static loading, guaranteeing safety. Impawetsimpulsive loadings are mostly
extreme loading cases with a very low probabilitypocurrence during the lifetime
of a structure. Material behaviour has to be takémaccount up to failure.

This paper will first give a definition of types afpacts and will give an
overview of associated design approaches. The empirical formulae used for the
design of shelter concrete structures under hamhdnwill be given and main
features of concrete constitutive behaviour wheonstied to high stress states or
high strain rates will be discussed. It will be whathat these empirical formulae do
sometimes take insufficiently into account the ctampnon linear behaviour of
concrete.
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In the design of concrete structures submittedntangpact, the question of the
modelling scale arises. For instance in the casearofaircraft impact on a
containment building (Figure 1), it is possiblestady the perforation of the concrete
shelter at the scale of the wall thickness (harpaich due to the engine) or at the
scale of the aircraft (soft impact), it is also gib& to study the vibrations induced
by the impact by modelling the whole building. Ti@per will conclude on recent
advances in the modelling of containment builditys means of a multi-scale
approach coupling a discrete element and a fiftieent method.

2. Definitions
2.1.Hard and soft I mpact

The definition of hard and soft impacts was givenEibl (1987) and CEB
(1988). The studied impact results from the cdlisbf two bodies, one with an
initial speed hitting another being at rest. Theidt object is usually a building
structure that has to be designed against impédus. @roblem may be reduced to a
two colliding masses, rand m, a contact spring with a stiffnesg kn between the
two masses to simulate the force which is raisedheycounter deforming bodies
after contact, and another spring with a stiffiesahich represents the deformation
and activated resisting force of the structuregéneral both springs have nonlinear
force-deformation relationships (Figure 2).

Figure 2. Simple mechanical model of an impact by meanstafoamass system

The two-mass system is governed by the followirfgdintial equations:

maka () + ka[x1(t) = x2(t)] =0
[1]
moX2(t) —ka[x1(t) = x2 ()] + k2x2(t) =0
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In case where %>x,, i.e. the deformation of the projectile is muclkeaer than the
deformation of the impacted structure, then witt)FKx;(t), both equations [1] are
decoupled to give:

mqXq(t) +k1xq (1) =0

(2]
moX o (t) +Koxa(t) = K(t)

The first equation of [2] is now an independentan to determine F(t), while
the second gives the deformation of the structurdeu an independently acting
force F(t).

This case, considering that the resisting struatemeains undeformed, so that the
kinetic energy of the striking body is completekarsferred into deformation
(x(t)=x1(t) and V(t)=x,) of the striking body, is calledoft impact (Figure 3).
Different examples will be given further for theiegtion of the contact force F(t).

Figure 3. Soft impact

The limiting counterpart @(t)<<x,(t)) is called hard impact (Figure 4) and
occurs when the striking body is rigid and the Kmeenergy of the striker is
completely (the residual velocity V(t)=0) or palifathe residual velocity V(80)
absorbed by deformation of the struck structure.

V(t)

¢ V(0) ¢

Figure 4.Hard impact
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Keechlin and Potapov (2009) proposed a very integesand convincing
classification of soft/hard impacts based on maltgmioperties and kinetic energy of
the striker.

2.2. Terminology of impact effects on a concrete slab

Kennedy (1976) has given the terminology genenadlyd when describing local
missile impact effects. He suggested that sevem@hena are associated with
missile impact effects on concrete targets, as sHoviFigure 5: (a) penetration, (b)
cone cracking and plugging, (c) spalling - ejectiointarget material from the
proximal face of the target - , (d) radial crackagsociated to (i) proximal face and
(ii) distal face, (e) scabbing - ejection of fragmee from the distal face of the
target -, (f) perforation, (g) overall structurabponses and failures.

() (1)

Figure 5. Missile impact effects on concrete target (fronet.al. 2005).

3. Reference impact tests

The methods outlined in the following sections éssessing the results of soft
and hard impacts on concrete structures are basetumerous experimental and
analytical studies essentially carried out by mwlonuclear safety agencies,
subcontractors or nuclear energy companies.
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The effect of an impact on a structure has beedieslusince the mid-17th
century. These studies have mainly concerned myiliggoplications, i.e. the hard
impact (bullets, missiles...). Recently, the safepguirements of nuclear power
plants have led to significant increase of knoweddpout the local effects of a
structure subjected to an impact, including thee aafssoft impact. Laboratory tests
on a small scale prototype and full scale testsewssrformed to study concrete
behaviour and the response of structures subjdotestich solicitations. Based on
these experimental results, several empirical ftamihave been developed to
predict local effects of impact. The main seriegests conducted in the 1970s and
1980s are described below. Koechlin and Potapo@9phave classified these tests
by means of their soft/hard impact criterion.

CEA-EDF perforation tests

Gueraud et al. (1977), Fiquet et al. (1977), Geldstt al. (1977), Berriaud et al.
(1978) reported tests performed for the predictbithe ballistic limit of RC slabs,
i.e. the perforation condition.

EDF soft impact tests

Dulac et al. (1981) performed tests for the analgéithe non linear response of
concrete slabs submitted to soft impacts.

Meppen tests

These tests were performed in the “Wehrtechnisdeadistelle fir Waffen und
Munition” German army research center close tocibyeof Meppen. They consist in
a series of 21 tests of RC slabs under the imgdugbly deformable projectiles. A
main objective of these tests was the improvementhe validation of methods
applied to the treatment of aircraft impact loathe3e tests have been intensively
used by different authors for the validation of muimal methods for the prediction
of damage in concrete slabs submitted to soft itgpathe tests and some of their
use are described in Jonas et al. (1979), Nachtshed Stangenberg (1981), Jonas
et al. (1982), Nachtsheim and Stangenberg (198Rjiger and Riech (1983).

Kojima tests (1991)

This paper describes a series of missile impats ®sRC slabs. A total of 12
tests were performed varying the targets and raissinditions. The following
conclusions were obtained in the tests: (1) theetegf damage from a soft-nosed
missile is less than that of a hard-nosed misgR¢;steel lining is effective in
preventing scabbing; (3) the impact resistance @dwible RC slab is inferior to that
of a single RC slab in case of a hard-nosed mjsaild almost equal in case of a
soft-nosed missile; and (4) the existing formulae dvaluating critical thicknesses
against perforation and scabbing give slab thickeesn the conservative side.
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Ohno et al. tests (1992)

Five types of projectiles with different magnitude$ axial strength were
employed for the impact tests in order to evalub&etransition between soft and
hard impacts. The aim was the study of the consismeof empirical perforation
formulae when used with soft missiles.

Sugano et al. tests (1993)

Different campaigns of tests were performed inafmration with the Sandia
National Laboratories.

- reduced scale tests: 48 deformable and 25 riggdil@s of different sizes;

- full scale tests: 1 deformable missile and 4 iotp@af aircraft engines;

- a large scale crash test in which a F4-Phantolitaryi jet with a weight of 19
tons impacted a rigid RC wall at a velocity of &fd/h (Figure 6).

Figure 6. Full-scale aircraft impact test (Sugano et al. 1993

These tests allowed concluding that reduced seate give similar results to full
scale tests and that aircraft engines, as welhaduselage, can be considered as
deformable.

Turbine missile impacts

Turbine missile impact tests were performed andyaed by Romander and
Slitter (1984) and Walter and Wolde-Tinsae (1984biider to assess the empirical
formulae for hard impacts.
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4. Soft impact

In case of an aircraft impact, Riera (1968) considethat the striker (a tube
representing the fuselage) could be considered ta® &ody system (Figure 3): a
crushed tube in contact with the structure and withvelocity and a tube with a
velocity V(t) and a mass m that represents th&istrimass. The contact force is due
to the momentum variation:

F(t) = _d(mV) :md_v +Vd_m
dt dt dt
The first term is assumed to be equal to the gitesttic buckling force due to
the crushed tube along the length x(H(x&)).

Consideringu(x(t)) the mass per unit length of the tube, theose term can be
written:

dm _
o~ HO) V()

With x(t) = }V(T)d'[
0

Thus, the contact force results of a term due @steplastic buckling Fand a
term due to inertia:

F(t) = R(x() + ux(®) VA1) [3]

The elastoplastic buckling forcg Fhay be obtained by analytical formulae or by
finite element calculations. It's value is generationsidered as constant, i.e.
independent of x(t).

If the target (the struck structure) of massdsmot at rest and has a velocity V
in the axis of the striker, the contact force beesm

F(H) = RX®) +Rx®) (VZ(1)-VE) - m% [4]

Arros et al. (2006) analyzed a Boeing 747-400 imhp@a@ nuclear building using
LS-DYNA software representing the loading by themimethod and by modelling
the crash of a plane to the structure (Figure Fig duthors concluded that modelling
the crash with aircraft model impacting the targiticture results in more high
frequency content in the building response tharwshby Riera force time history
method (Figure 8). The results obtained with ther&iapproximation are correct,
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the area under the two curves match within 2%,they are very sensitive to the
assumptions associated with loading area.

Figure 7. Model of the fictitious nuclear building and of tfié7-400 airliner (Arros
et al., 2006)
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Figure 8. The target Riera force history (thicker, smoothewe) and the reaction
history at rigid target from LS-DYNA run (Arros at, 2006)

The force given by [3] was compared to experimergallts and some authors
proposed to modify Eq. [3] (Sugano et al. (1993)bas et al. (1995)). Sugano et al.
analysed results of tests performed at Sandia madtimboratories and fixed the
Riera formula [3] by introducing a coefficient of “effective mass on impact”
[5]. Best results were obtained with = 0.9. The Riera formula [3] is then
conservative.

F(t) = R(X(®) + ap(x®)V(t) [5]
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5. Hard impact

The methods outlined in this section for assesiiegresults of hard impact on
concrete structures are based on numerous expdainstidies presented in section
3. Li et al. (2005) reviewed existing empirical farlae and Buzaud et al. (2007)
assessed the relative performances of classicahane recent empirical formulae.

5.1. Penetration depth prediction

Petry formula (Kennedy, 1976) gives the penetratlepth x of a rigid missile
into a semi-infinite concrete slab, it was devetbpe1910 in USA:

xp =12K pApIoglo(1+ [6]

2
215000

With x, (m) penetration depth; V impact velocity, fissile section pressure
(psi), K, concrete penetrability coefficient, it depends mplee strength of concrete
and on the degree of reinforcement.

The Petry formula was modified by different authororder to better take into
account the concrete strength. See Li et al. (2605nore detalils.

Based on the penetration depth, for instance ckedlwith [6], Amirikian
(1950) suggested that the perforation thicknessdetlze scabbing thicknessdould
be obtained from:

e=2x% and h=22x% [7]

Thus Eq. [6] and [7] give, in terms of missile w&ty, the perforation velocity y
(ballistic limit) or the scabbing limit.

The Ballistic Research Laboratory developed in 184limprovement of Petry
formula. A modified expression was given by Chetapial. (1972):

Xp _1.3307° (M) 02,133 i8]
d e \d®

With d (m): diameter of the projectile; M (kg): nsa®f the projectile;
fc (Pa): unconfined compressive strength of concrete.

Based on the above penetration depth, the pedoratand scabbing himits are
given by Chelapati et al. (1972) as:

e=13x% and h=2x
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Forrestal et al. (1994) proposed a model for theetration depth into a concrete
target. This model is applicable for a wide ranfgenetration depth. It is based
upon a cavity expansion theory (Forrestal et @96). Based on the model of
Forrestal et al. and taking into account some eéxygrtal observations, Li and Chen
(2003) have proposed a semi-analytical formulatbrpenetration depth which is
dimensionally homogeneous and defines the noseedhator analytically:

Xp [+ (kn/ k Xp
T_\/(l(lf(usl)\l)))%l =k

Where | is the impact function introduced by Haldad Hamieh (1984) and N is
the nose geometry function:

2
| = ; M and N-= 1* ﬂ [9]
7285951 d3f, N*  pd3

N’ is the nose shape factor, the sharper the nasdowrer this coefficient. The
definition and the calculation of ‘Nare given in Li and Chen (2003). k is the
penetration capacity coefficient.

n

with Y =

> foraconicnoseof lengthl
N =)1+4¥

1—i with Y =
8w?2

d
% forahemisphegalnoseof radiusR

k= (O.707+ LIJ) k = 0.707 corresponds to a flat nose missile.

5.2.Perforation prediction

From a series of drop-weight and air gun testsoperéd by CEA and EDF and
for targets with symmetrical bending reinforcememgshes close to the faces of a
slab, Berriaud et al. (1978) proposed a perfordtioit formula:

o M 05\ 075
—=082 012 03p75 15
d p %125 03759
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With V, (m/s): ballistic limit; d (m): diameter of the gectile; M (kg): mass of
the projectile; e (m): thickness of the concretdl;wa(kg/nt): density of concrete;
f. (Pa): unconfined compressive strength of concrete.

From the previous equation, the CEA-EDF ballisitiaitl or perforation velocity
V, (m/s) is then:

d62 2/3
V, = 1.3p1’6f3’2(V] [10]

M, is the reinforcement density. The range of vadaldver which formula [10]
has been identified is: 20 ¥ 200 m/s; 30 < f< 45 MPa; 0.3 < e/d < 4 and
120 < M, < 300 kg/m.

Fullard et al. (1991) modified the CEA-EDF formyleQ] to take into account
the reinforcement quantity:

d 2\2/3
€
V, = 1.3p1/6fc1/2[vl (r+0.3%? [11]

Where r is the percentage of reinforcement desdtityethe percentage each way
in each face (% EWEF, Figure 9).

each rebar area = a[ <S>
e o o o o o A
e r=—
[ ] [ ] [ ] [ ] [ ] [ J \

Figure 9. Calculation of the percentage of reinforcement§CE88)

The range of variables over which formula [11] hsen identified is:
45 < V,< 300 m/s; 15 <f< 37 MPa; 0 <r<0.75; 0.33 < e/d <5.

The CEA-EDF formula [10] was improved in order tdend its validity range,
in particular concerning concrete strength, thefeecement ratio and the projectile
nose (Berriaud et al. 1993):

42 4/3 M y ¢ -1/2
V2 =19f.p¥3 ——| N2/ 039 —2 | +065| - 12
p chP ( M J M f [12]

ap o
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With V,, d, M, e,p, 5, M, defined as previously; M= 200 kg/m reference steel
reinforcement density,§= 36 MPa reference compressive strength of cogcyet
function of the number of steel layers<£ 0.7 for 2 steel layers and= 0.1 for 4
steel layers); N a function of the nose geometry(1 for a flat nose, N = 1.18 for a
hemispherical nose).

The range of variables over which formula [12] hlasen identified is:
15 < V,< 300 m/s; 15 <f< 80 MPa; 0.3 < e/d < 4; 0 <Jv 300 kg/rﬁ.

Buzaud et al. (2007) compared empirical formula8]-[12] to a common
database of 151 perforation tests. These authomslumed that the EDF-CEA
formula [12] presents a significant advantage nrm&of precision but its range of
application does not concern new Ultra High Pertomoe Concrete. He also noticed
that none of the tested formulae include the etfdéshear reinforcement.

6. Constitutive behaviour of concrete under high triaxal stress state

When subjected to an impact, concrete is genesaliynitted to both a multiaxial
state of stress characterized by a high mean sireskigh strain rates. According to
the empirical formulae [8]-[12] presented in sewtl the only material parameter
governing the impact resistance of concrete strastus the uniaxial unconfined
compressive strength of concrete This is a general remark, according to design
codes the calculation of concrete structures igdbas the unconfined compressive
strength of concrete after 28 days of ageigg, Based on empirical relations, the
majority of other characteristics can be deducemnfif.,g (tensile strength g,
Young's modulus E, etc...). Lots of concrete 3D dtutste models also use,f to
scale the concrete 3D strength criterion in theidi@r cross section (Kang and
Willam, 1999; Liu and Foster, 2000; Grassl ands#ika 2006; Papanikolaou and
Kappos, 2007).

This section concerns the concrete behaviour uaggeme loading situations
(ballistic impacts, penetration). During such loway$i, concrete material is subjected
to high-intensity triaxial stress states. Gran &rglwv (1996) have performed impact
tests on concrete targets having an unconfined mssjye strength of 43 MPa. The
projectile was a 50mm diameter steel sharp pewetiagighting 2.3 kg and was
launched at 315 m/s. These authors have measutied stresses at various depths
and radii. They have shown that the maximum rastiglss was about 400 MPa and,
according to analytical calculations, the meansstwas of the order of 1 GPa. In
order to analyze the behaviour of concrete undehn svel of stresses, triaxial tests
on plain concretes have been performed, usingge leapacity triaxial press. Stress
levels over passing one GigaPascal have been k¢CGabet et al. 2006, Gabet et
al. 2008, Vu et al. 2009, Dupray et al. 2009, Pairet al. 2010, Dupray et al. 2010,
Malecot et al. 2010).
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The purpose of this section is to present the éxatal results of this program
which show that g is a very poor indicator of the high-pressure ra@ital
response of concrete. Contrary to what is obsemesimple compression, when
placed under high confinement, concrete behavesdigranular stacking. There is
not any effect of the level of the cement matrbestith whereas the saturation ratio
exerts a major influence.

6.1.Experimental set-up

6.1.1.Triaxial cell

The tests have been conducted with a high-cap#étyial 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 (Gabet et al. 2006, Gabat 2008).

In this paper, compressive stresses and contrastiains are assumed to be
positive; oy is the principal axial stress, p the pressuredashe confining cellgy,
the mean stress and g the principal stress differéeviatoric stress).

On :J"Tm and g =x-p [13]

All tests have been conducted in following the s&imel of loading path. The
triaxial compression test begins with a hydrostigst. Once the desired confinement
has been reached, the specimen is then loadedyaxtgile holding the confining
pressure constant. Note that for most of the tdssmaximum deviatoric stress
reached value has not been imposed. It is a rektile test.

6.1.2.Concrete samples;,fand Sr

In order to study the effect of,§, from the composition of a reference ordinary
concrete (Fs=29MPa), two other concretes have been produced fwi equal to
21 MPa and 57 MPa, respectively. These three ctawrédave different
water/cement ratio (W/C), but their aggregatesetkek are almost identical (see
composition on Table 1).

Besides, to evaluate the effect of the saturatiatio rSr, tests have been
conducted on dried, wet and saturated sampleghé€29 concrete. After some 4
months of conservation in water, the “dried” spemis are placed in a drying oven,
at a temperature T of 50°C and relative humidity BHB%, for a period lasting
between 3 and 6 months. The saturation ratio ofdned” concrete tested in this
study is approximately 11%. The “saturated” speainare conserved in water
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between 6 and 10 months, after which they are vedp 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 atmosplefT value near 18°C and 40%
RH) during the instrumentation procedure (Vu e2809a).

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 (Vu et al. 2009b).

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/C ratio 0.39 | 0.64| 0.80
Density (kg/) 2322 | 2278| 2257
Average slump measured using the Abrams cone (cm) 76.9 | 14
Unconfined compression strength after 28 dgyg¥1Pa) 57 |29 21

Table 1. Compositions and mechanical properties of concr&2%, C29, C57;
*Calculated values.

6.2. Test results

Figure 10 shows the results for the unconfined adesgion tests carried out on
the four types of concrete samples. As it was ebgok@n increase in the Young's
modulus E and ultimate stress of the concretam be observed with a decrease in
Water/Cement ratio of the concrete mixture. Figl@ also reveals that the
saturation ratio of the sample has a very slighitémce in unconfined compression
compare to the water/cement ratio.

Figure 11 shows the hydrostatic part of triaxiatdéeconducted at a confining
pressure of 650MPa. This figure reveals that bey&®@ 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 12 which focuses on the hydrimstghaviour of the same
samples beyond a confining pressure of 400 MPa.
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Figure 13. Stress deviator g vs. strain componeftande, for deviatoric part of
triaxial tests conducted at a confining pressuré5if MPa on four types of concrete
samples: C57.$=57MPa and Sr=11%); C29-11% §,=29MPa and Sr=11% (grey
diamond); C21$s=21MPa and Sr=11%); C29-85% §,s=29MPa and Sr=85% (*).

Figure 13 shows the deviatoric part of triaxialtdéesonducted at a confining
pressure of 650 MPa. The results indicate thatd#éngatoric behaviour curves of
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dried concretes (C21, C29 or C57) practically cyeriThe 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 presence of free water insén@ple seems to affect the
volumetric stiffness only under high confinementr 2 mean stress greater than
around 200 MPa, the volumetric behavior of the waicrete becomes stiffer than
that of dried concrete (Figure 11). A relative éifince of about 25% between the
volumetric strains of dried and saturated sampl@sraean stress of 650MPa can for
example be noted. For these stress levels, thenattic strains become significant
in comparison with the initial air volume of thengale. The initially wet samples
thus trend toward a degree of humidity close tarssibn. The pore pressure
developing within the material rises and exertgyaificant impact on the measured
stress.

The presence of free water in the sample also esdadot the strength capacity
(Figure 13). The resistance capacity of the dresdes is clearly higher. As such,
no peak deviatoric stress is reached in the testducted on dried concrete at these
high confinements. These results may be explainedhb cohesion loss of the
cementitious matrix, which provides the concretthwiehaviour of the non-cohesive
granular material type. The increase in dried cetecshear strength with confining
pressure is thus explained by the friction exisbegveen stacking grains. Limitation
of the same strength observed for saturated cendeetprobably due to pore
pressure, which develops similarly to what is foumdndrained soils.
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Figure 14. Limit states of concretes C21 (Sr=11%), C29 (Sr=17%%, 85% or
100%) and C57 (Sr=11%): Deviatoric stress,gifs. the mean stresg/f.os.
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Figure 14 summarizes the strain limit state of cetes C21, C29 and C57,
within the ©E/fe280/fc29) deviatoric plane for all tests performed. It ¢enobserved
that beyond a mean stress of aroungdgbthe loading capacity of dried concrete
strongly increases in a quasi-linear manner widlpeet to the mean stress whereas
the ones of wet or saturated concretes almost reaasistant. Figure 14 also shows,
on the one hand, that at low mean stress leveb\bé&lf,,g) all the concretes are
following the same curve whatever Sr g f/alues are. On the other hand, beyond
this critical mean stress (over.&f, one can observe that the limit states are very
scattered depending on Sr grfvalues. This last point shows thgkfis poorly link
to the loading capacity of concrete under high icamhent.
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Figure 15. Relative limit states of concretes C21 (Sr=11%)9 C3r=70%, 85% or

100%) and C57 (Sr=11%): Relative deviator,g4aw, vs. the confining pressure p,
where gg.119 IS the deviatoric stress associated with the listitte of reference
concrete C29 for Sr=11%.

Figure 15 shows the relative limit state of conese€21, C57, C29-70%, C29-
85% and C29-100% to that of the reference condZ2@-11% in the (p,q4e-119)
plane. @29.110 1S the limit deviator obtained for the referenamaete 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, litit 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 onz decreases rapidly as mean stress rises. Beyoriticalc
confining pressure, the limit state curve actuagomes independent @i

Conversely, at a low level confining pressuresifaund that the limit states of
the dried, wet and saturated samples all lie véwgecto one another (Figure 15).
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This result should come as no surprise since 4t stiess levels, concrete behaviour
is governed by a still cohesive character. Thegmes of water in the sample does
not exert therefore a very significant effect oa limit state. 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 650MPa, wteetkair unconfined compressive
strength is almost the same. Again, this phenomésndikely explained by a pore
pressure effect similar to that observed for arraingéd granular material.

6.3.Conclusion

The context of this study has focused on identifyiloncrete behaviour under
severe triaxial loadings. In order to reproducentstress levels with well-controlled
loading paths, static tests were carried out orcreada samples through the use of a
very high-capacity triaxial press. The test respitssented in this article relate more
specifically to the effect of the uniaxial compiiess strength, s on concrete
behaviour under high confinement. Based on an argirreference concrete
(f2=29MPa), two other concretes with,sf equal to 21 MPa and 57 MPa
respectively were produced. Besides, to evalugetiect of the saturation ratio, Sr,
tests have been conducted on both dried, wet atudasad samples, for the C29
concrete.

As expected, the concrete behaviour is stronglyeddent on the unconfined
compression strength at low confinement levels e&eiit is only slightly dependent
on its saturation ratio. On the contrary, undethhignfinement, once the cement
matrix has been strongly damaged, the volumetribabieur and deviatoric
behaviour of the concrete both become insensitivé,t. Hence, concrete which
have unconfined compression strength equal to 21btPa/MPa have limit-states
curve that tend to be identical beyond a criticadam stress. Conversely, the
saturation ratio of concrete takes on major impar¢aunder such confinements. The
hydrostatic behaviour of very wet or saturated cetecclearly becomes stiffer than
that of dried concrete. Moreover, the limit shetaersgth value is directly correlated
with the concrete saturation ratio. The more thecoete is dried, the more its shear
strength is important. For a confining pressure65® MPa, the shear strength of
dried concrete is thus divided by a factor of 4 mwithe concrete is saturated,
dropping from 900 MPa to just 230 MPa.

In summary, the test results provided in this &tishow that under high
confinement, the concrete behaves like a non-cebegianular stacking, on which
the cement matrix strength of the fresh concretdonger exerts any influence. It
becomes insensitive with,§ whereas the saturation ratio exerts a major infteg
particularly on both the concrete strength capaeityl the volumetric stiffness.
According to this new result, the range of applaraiof penetration formulae [10]-
[12] presented in the previous section must be éedwith caution.
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From an application standpoint, on the one harekehresults highlight the very
small advantages to be gained by increasing thesgeooncentration in concretes
for the purpose of raising their strength capatityesist to extreme loadings. One
the other hand it seems necessary to evaluateoaiadté into account the saturation
ratio to evaluate precisely the vulnerability undempact of massive concrete
infrastructures.

In the future, it will be necessary to evaluateeffect of the concrete porosity on
the validity of these results. More specificallyp the above conclusions remain
valid for very low porosity and/or high performanmencretes ?

7. Constitutive behaviour of concrete under high stran states

When subjected to a dynamic loading such an imgacicrete is submitted to
strain rates depending on the kind of loading &edacation into the structure (from
rest far from the impact location to high straitegaclose to the impact). Figure 16
gives some very crude estimates of strain rateshabecur during various types of
loading. A reliable prediction of the structurakpense of concrete under impact
requires the knowledge of the strain rate dependesfcconcrete constitutive
behaviour. Since most investigations are based uplooratory tests of concrete
samples under compression or tension at constaih sate and since test results
strongly depend on the concrete mix design or ttesgnce of free water in the
material, the state of knowledge is still incomelahd research is still in progress.

Blasts

Earthquake and induced shocks

Quasi- Vehicule Plane Hard impacts
Creep static impacts crash (missiles, rock falls)
T e e s
10® 107 10° 10° 10* 10° 10% 10" 10° 10' 10* 10°  Strainrate

(s

Figure 16.Typical strain rates for various types of loadiBgs€hoff and Perry,
1991).

7.1.Experimental background

Various experimental devices have been used toex@ wide range of strain
rates, as described in (Bischoff and Perry, 19®opalaratnam et al. 1996).
Compression and direct tension tests have beeorpetl, from static loading up to
strain rates of 16s* with a hydraulic testing machine, whose displaagneentrol
capabilities or stiffness are limiting. Charpy imp#ests were commonly used, and
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significant results are found in the literature, top1@ s*. But difficulties remain
with the measurement of the data at higher ratéth flvop weight impact tests, rates
of 10' s* may be reached, but the energy transmitted tepleeimen is limited by
the size of the device: weights around 50-100 kglanpped from heights of 2—6 m.
Higher strain rates in tension and compressiortoupore than 19s* are obtained
with a Split Hopkinson Pressure Bar (SHPB) TestcWhihas now become very
popular with the introduction of data processinipwing a good precision. Even
higher strain ratesé(>10° s*) may be reached with the use of explosive charges.

ronge of stalic loading
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The strain rate effect has been studied on diffecbaracteristics of concrete:
Youngs modulus, Poissé ratio, energy-absorption capacity and axial st
maximum strength are rate-sensitive quantities,dbua much lower intensity than
the compressive and tensile strengths (Bischoff Redy, 1995). Finally, a large
part of the results is compiled in Figure 17, inre of the ratio dynamic strength
over static strength. Two distinct types of behawican be observed: The first one
shows a linear dependence of the ratio with é9g{The second one is a sharp rise in
the rate dependence. The limit between the tweoisral £ =3 10" s* in compression
and arounct =10° s'in tension.

To fully understand the rate effect, it is impottda be able to answer the
following question: is it a material-intrinsic effie or rather a structural effect, the
state of stress and strain not being homogeneotleispecimen ? To do so, it is
necessary to look at some results concerning theeirce of different parameters on
this ratio: ratio water/cement = W/C, boundary dtods and presence of free water
(Bischoff and Perry, 1995; Gopalaratnam et al. 19R6ssi et al. 1994). It first
appears that W/C and boundary conditions are secprnmhrameters, as they have
only a slight influence (nevertheless, it seems i strain dependence is higher for
concretes with lower strengths). Moreover, theoralynamic strength over static
strength seems to be rather more rate-sensititension than in compression. On
the other hand, it now seems clear that the steineffect at least whein<10' s* is
explained by the presence of free water in concriéte higher strain rates, the
situation is much less clear: in tension, somegisi were proposed by Hild et al.
(2003) and in compression, Donzé et al. (1999)Hactz et al. (2004a) have shown
numerically that most of the rate dependency oleseiv SHPB compressive tests is
due to inertia phenomena: in this range of strairg, the increase of load-carrying
capacity of concrete under compression comes fimmtriansition from a state of
uniaxial strain to a state of uniaxial stress, asged with bulking; it is a structure
effect. These two different conclusions are nowussed.

7.2.Recommendations of CEB

The CEB (Comité Euro-international du Béton, 1988)ommends to take into
account rate effects on tensile strength accortirie following equations:

for € < &g

1
& 10168
—d = ( j for € <£< 3057 [14]

\1/3
e[ £ J for ¢ > 305!

stat
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Whereaoy is the dynamic tensile strength &t o is the static tensile strength at
€ = 310°s™, ¢is the strain rate in the range of 3°1® 300 &, o is the
compressive static strength aog) = 10 MPa is a reference value, 18g€ 7.1 -

2.33,5=1/(10+60/0),

Similar equations exist for compression. The streate effects of various
concrete materials were identified from test ressiftown Figure 17.

According to Hentz et al. (2004a), the strain matension is due to the influence
of flaws and a macroscopic modelling of concret, with no explicit modelling of
these flaws, must account for an expression sirasdeq. [14].

The real material strain rate effect in compress®mmuch less important than
observed in tension and the apparent strain raigtséty observed on Figure 17 is
due to inertia effects. Thus, combining the ineefiect inherent to a 3D analysis in
transient dynamics with CEB recommendations (Eg4])[lmay lead to an
overestimation of material strength.

In order to assess these assumptions, Hentz €0fl4a) have modelled Split
Hopkinson Pressure Bar (SHPB) tests performed ortamsepecimens by means of
the Discrete Element Model (DEM) presented in #st section of this paper, some
results are presented.

7.3.Rate effect in tension

7.3.1.Probabilistic-deterministic transition involved the fragmentation process of
brittle materials

According to the authors of the present paper, Eildl. (2003) have given the
best explanation of rate effects observed in britthaterials (rocks, concrete,
ceramics, glass...).

Brittle materials are characterized by importaatflsensitivity. In 1939 Weibull
applied the “weakest link theory” to the interptata of the variability of fracture
stress of nominally identical brittle specimense #famous probabilistic Weibull
model has derived from this analysis. Under quiies loading, the use of a
probabilistic model for the prediction of brittleaterial failure is now common, the
fragmentation regime corresponds to a single fragaten (one critical flaw is
activated up to failure). Dynamic loadings prodinggh stress waves leading to the
fragmentation of brittle materials. Therefore, degiag on the local strain or stress
rate, different fragmentation regimes are obser@ regime corresponds to single
fragmentation for which a probabilistic approaciméeded. Conversely, the multiple
fragmentation regime may be described by a detéstiirapproach as proved by
Hild et al. 2003. These authors assumed a randasnildition of defects and a
damage kinetics. They show that under impact, @sstwave propagates; some
defects are activated and propagate whereas sohegsotan not be activated
because of the propagation of previously activaiefécts. There is “obscuration” of
some defects (Figure 18). Thus, the weakest liekbrh does not hold any more, a
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multiple fragmentation regime occurs; it may be adé®ed by a deterministic
approach since it much less depends on the pradtabdistribution of defects.
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Figure 18.Fragmentation and obscuration phenomena (Hild. &013).

Explanation of Figure 18: The direction of the mgropic maximum principal
stress is assumed to be constant (i.e., propottioadings), which allows one to use
0 = (01, 0, O3) instead of the stress tensor as an equivaldotdastress. The crack
nucleation can be represented on a space-time .gidph space location of the
defects is represented in a simple abscissa (thstéaa three-, two- or one-
dimensional representation) of an x-y graph whieeytaxis represents the time (or
stress) to failure of a given defect. The firstcéranucleation occurs at time; T
(corresponding to a streg$T,)) at the space locationMind produces an “obscured
zone” Z,(T-Ty) increasing with time 4, is a characteristic parameter of the crack
propagation velocity). At time ;I{corresponding to a stres$T,) > o(T,)) a second
crack nucleates in a non-affected zone and proditse®vn obscured zone. The
third and fourth defects do not nucleate becausg #ine obscured by the first and
both first and second cracks, respectively.

This “obscuration phenomenon” depends on the lgadite and, according to
that theory, explains the observed strain rate miggrecy of brittle materials under
stress states leading to extensions. The authaord goedict the transition between
the probabilistic and the deterministic fragmewtatprocess as well as the loading
rate effect (Figure 19).
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Figure 19.Ultimate strength vs. stress rate for a SiC-10@mé (from Hild et al.
2003).

7.3.2.Discrete element modelling of tensile tests at Isighin rates

Tensile SHPB tests were carried out by Klepaczkd Brara (2001) to explore
higher strain rates (20's ¢ <130 §") than was available in the literature (Figure
20).Tested concrete has the following quasi-stehi@racteristics: Young’s modulus
E = 35 GPa, density = 2350 kgrii, compressive strength, = 42 MPa and tensile
strengtho; = 4 MPa. Constraints listed above led to the foltlg parameters:
specimen diameter is equal to 40 mm, its lengfl?& mm.

Projectile Inputbar
40mm
120mm /
— | = — —— | | r
W Specimen
Gauges

Figure 20.Setup for SHPB experiment in tension.

Hentz et al. (2004a) have simulated two tests atdifferent rates of loading (36
and 70 3). Two series of calculations were carried outdach test: (i) with no rate
dependency in the tensile strength between theeaféselements, (i) with a rate
dependency similar to Eq. [14], identified with tiest results.
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The authors were not able to reproduce the testsnvi rate dependency in the
tensile strength (i). But, for both tests and blydducing a rate dependency in the
tensile strength (i), they could predict the dfetvelocity of fragments as well as
the locations of fractures and the number of fragmebserved in the two tests.
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w8

0 s o L
39206 41708 44120 46531 48043 51355 53767 56179 58561 6.1003 63414 65826 6823870650

Speed (m/s) Speed (m/s)

Figure 21.Discrete element modelling of SHPB tensile testsn(id et al. 2004a).

7.4.Rate effect in compression

A SHPB compression tests allows the knowledge ¢ farce and velocity on
each face of the specimen. The authors prescrimeddlocities and calculated the
forces (Figure 22). From these data they couldutatie “apparent” axial stress (with
the assumption of a specimen in equilibrium) anpp&ent” strain rate with Eq.
[15] as proceeded with data coming from testis he specimen length).

Projectile  Input bar Specimen  Qutput bar
\ \ ‘ \ Input foree Output force
[=—I] =~ M = | =
Gauge 2 Gauge 1

Input wlocil.\" altput veloeity

Figure 22.Setup for SHPB experiment and boundary conditipnssgribed
velocities and measured forces).

Voutput(t) - Vinput (t)
lg

Foutput(t) + I:input (t)
2S5

S

&(t) =
[15]

os(t) =

After having identified the rate dependency in temsHentz et al. (2004a) have
simulated three SHPB tests in compression perforate250, 500 and 700'sand
for the same material by Gary (Zhao and Gary, 1986)explained before, they
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performed the calculations (i) with no rate eff@xt(ii) with the strain rate identified
for the simulation of SHPB tensile tests.
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Figure 23.Comparison of experimental and numerical stressfstiurves at 350,
500 and 700 5with note rate effect taken into account.

The authors observed that the rate dependencyifiddrin tension has a slight
influence when introduced in the simulation of ®ldPB compression tests. They
could reproduce quite correctly the stress/strames obtained for the three rates of
loading. Because the apparent rate effect observele stress/strain curves was
reproduced with no rate effect in the model, thegatuded that the observed strain
rate effect observed in compression was due téianeifects.

7.5.Conclusion

It can be concluded of this numerical study thatacroscopic model of brittle
material that does not account for micro defecisgd@ne by Hild et al. (2003), will
not be able to capture the rate dependency indensdt is then necessary to
introduce in the macroscopic model a rate dependiane the tensile strength.

Conversely, it does not seem necessary to introducate dependency in the
compression strength as recommended by CEB siecméitia effects are inherent
to a 3D analysis in transient dynamics.

8. A coupled discrete element — finite element modebf the analysis of aircraft
impacts on nuclear buildings

This last section deals with the modelling of imisaan reinforced concrete large
structures as shown in Figure 1. Its aim is to jotddcal damage in the vicinity of
the impact as well as the global response of thectstre at reasonable cost. The
Discrete Element Method (DEM) seems patrticularlgnamient for the modelling of
fractures (Cundall et al. 1979, Hentz et al. 2004th)e chosen Discrete Elements
(DE) are rigid spheres of different sizes. The tdigation of the DEM material
parameters from macroscopic data will be preseintétk first part.
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The modelling of large structures by means of DEMynead to prohibitive
calculation durations because a refined model daiired in the vicinity of the
impact. In the same time, the structure can be Heatleith a coarse finite element
(FE) mesh far away from the impact area, becausentiterial behaves elastically.
Thus a coupled discrete-finite element approacpriposed: the impact zone is
modelled by means of DE and FE are used for theofdéke structure. The proposed
approach will be described.

The coupling algorithm has been first developeddople DEM with 3D Finite
Elements (Frangin et al. 2006, Rousseau et al.)2@&ause the shell elements are
more widely used to model large thin structures,prgpose an adaptation of the
coupling procedure to connect Discrete Element madéh shell-type Finite
Elements. Finally, this coupled approach is apptedaalculate the response of a
concrete slab impacted by a metallic tubular strike

8.1.Discrete element model

The fundamentals of the used Discrete Element rde#lve fully described in
(Hentz et al. 2004b). The elements are rigid sghefdalifferent sizes. Two types of
interactions are defined. The initial interactidietween two elements are of a bond-
type even if the two elements are not necessarilgontact. During the simulation,
additional interactions of contact type can be dddateractions between two
spheres are defined by means of normal &d tangential K stiffnesses
characterizing the elastic behaviour of concreldicto-macro” relations [16] give
the local stiffnesses Kand K from the Young's modulus and Poisson's. All dgtalil
about parameters identification are given in (Reasst al. 2008).

K =E SIn'( l+a
"7 DE BLv)+ya-av)
K = l-av [16]
s n 1+v

A modified Mohr-Coulomb criterion including bothrigle failure and sliding
(Eq. [17]) associated with softening is used to etdde non-linear behaviour of the
material. Local parameters, such as local tendilength T, cohesion Co and
softening facto need to be identified from global parameters saglompressive
and tensile strength, ando; and fracture energyGA classical friction constitutive
behaviour is used between elements in contact (&i2u).

{fl(Fn'Fs) = Fs_tan(cbi)Fn_Sintco [17]

fZ(Fn! Fs) = SintT_ R
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Figure 24. DE interaction laws

Figure 25 ,shows the flowchart of the identificatiorocedure allowing to obtain
local parameters (local tensile strength T, softgrparamete¢ and cohesion Co)
using uniaxial and quasi-static tensile and congivestests (Hentz et al., 2004b).
This procedure was applied in order to identifyaloparameters for a concrete
sample extensively studied (Gabet et al. 2006, Vale2009) and presented in
section 6. Results of tensile and compressive éstshown on Figure 26.

|Macroscopic behaviour: G , G; , G ‘

| Fitting of the interaction radius |

‘ Tensile Tests —— T, £ |
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v

| Local parameters : T,Co,C |

Figure 25.The identification procedure
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Figure 26.Identification of the model: Tension (left) and qomassion (right)

8.2.Coupled model

The coupling procedure between continuum and disatemains is presented.
Discrete element method is convenient for modelirsgontinuities and fracture but
it may lead to prohibitive costs of calculation farge structures. To optimize the
numerical model, we choose to couple discrete altsria the vicinity of the impact
with elastic finite elements in the rest of theusture.

Many methods have been already developed for mediied problems Xiao et
al. (2004), Ben Dhia et al. (2005) proposed to aderidging domain where the
Hamiltonian is a linear combination of discrete dimite ones. We have chosen to
use the bridging domain method to couple DE andrieels. Eq. [18] shows that
DE and FE Hamiltonians are weighted by a paranmetehose value is 1 in the FE
domain and 0 in the DE domain.

The DE displacements, dare linked in the bridging domain with FE
displacements,y19]. The solution is obtained by minimizing thariltonian with
introduction of the kinematic constraints by meahdéagrange multipliers. Details
of the method are explained in (Frangin et al. 2008usseau et al. 2009).

H=0ao Hg+ (1 'G) Hpe [18]

d=ku [19]

For shells, the same coupling method is appliece ploblem is to find the
appropriate kinematic constraints between shellesodisplacements and discrete
elements displacements. Figure 27 shows an exashpmjection of the DE along
the shell normal directions. Tow of four discretengents cannot be easily located:
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one of them is out of all the two shell element&rglas another one belongs to both
shells.

% Fictives Nodes

Figure 27. Difficulties in locating DE with respect to sheleenents and definition
of fictitious nodes

To solve this problem, an average normal vectealsulated for all shell nodes.
So, the main idea of this new approach is to deficttious nodes and build a
fictitious 3D finite element (Figure 27). With thedictitious nodes, the previously
described method can be applied. Each fictitiouenis defined using the average
normal n and the real thickness h [20].

The kinematic constraints are formulated using ldsgments of the fictitious
nodes. Finally, the displacements u and rotatébasreal shell nodes are calculated
using the standard interpolation equation for sH&l0] (Reissner, 1974).

. h. ~ . S
Xfict = Xreal i’En and Uit =Ureq+260Nn [20]

8.3.Impact on a concrete structure

The tests performed at Meppen (Jonas et al. 19@&htsheim et al. 1982) in the
70's are the only one available in the literatuepresentative of soft impacts
characteristic of aircraft impacts. 21 shots weeefgrmed on reinforced concrete
slabs, the test n°5 was simulated and presentedvb&he RC slab of 6.5 m by 6 m
and 70 cm thickness is impacted by a tube-like ifaig§ m length, 60 cm diameter)
at 235 m/s. The reinforcement bars (longitudinal &mansversal) are modelled by
means of aligned single “steel” discrete element®sg diameters correspond to
those of the real reinforcement. The local behavadisteel is considered as elastic,
perfectly plastic.

The DE model of the slab contains about 193.00@¢oete” and 63.000 “steel”
elements (Figure 28). In the present simulation ghgjectile is represented by a
Riera-type force applied through a flexible disthet centre of the slab.
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Figure 28. DE model of the MEPPEN slab: concrete and loadimg (left),
reinforcement (right).

— |

Figure 29. Damage obtained in the RC slab after the test: lation (left), test
(right)

Figure 29 allows a visualization of calculated axgerimental damage patterns
in the slab. Qualitatively, the results of the nucw simulation are satisfying: one
can observe formation of a the typical conical ghapdamage corresponding to a
particular perforation mode in the form of a cohislaear plug delimited by oblique
cracks, as observed on the real slab under so&tdmp

To quantify the efficiency of this method in terro$ calculation times, an
“industrial” application is now studied. It congish a reinforced concrete protection
shell loaded by a force representing an aircrafpaich. This example is not
representative of a real case. The DE zone isddcat the top of the building and
the load is assumed to be vertical (Figure 30).[dhding applied to the DE zone is
the same as previously.

The comparison of calculation times given in Tableonfirms, as expected, the
modelling of the non linear constitutive behavigiexpensive (case 1 vs. case 2 and
case 2 vs. case 3). Note that the modelling ofwthele building by DEM is very
expensive justifying the proposed approach. Theethralculations give slightly
identical results in terms of damage of the top stedelled by DEM.
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Figure 30.Shell FE model coupled with a DE zone at the top

Case 1 Only the DE concrete slab 9 days
Case 2 DE concrete slab + linear shell FE 9 days
Case 3 DE concrete slab + non linear shell [FE 38 da
Case 4 Full structure modelled by DE estimatedsatdays

Table 2. Comparison of calculation times

8.4.Conclusion

The proposed approach based on a robust identificgirocedure and an
efficient coupling method opens the way to simuliege reinforced concrete
structures under impact.
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9. General conclusion

Even if the experimental study and numerical ansigkthe response of concrete
structures is quite complex and is still an opdbjextt of research, it is important to
summarise the main questions discussed in thisrpape

a) Impact loads on concrete structures may leadtimus rates of loading and
levels of damage into the target. Two extreme casegenerally distinguished: the
softimpact, for which the target is considered addrigith reference to the striker,
and thehard impact, for which the striker is considered agrigith reference to the
target.

b) Numerous experimental studies were performeithén70’s and 80’s, mainly
by the national nuclear safety agencies, for chariaing the effect of hard impacts
(e.g. aircraft engine) or soft impacts (e.qg. afitdigselage) on concrete barriers.

c) From the previous test results, empirical fomeulere proposed for the
design of reinforced concrete barriers submittethaod impacts but their range of
validity may be limited and these empirical forneildo not concern new Ultra High
Performance Concrete.

A simplified model was proposed for the evaluatidthe contact force due to pipe-
like impact (e.g. aircraft fuselage). This sim@di model was improved by means of
experimental results discussed earlier.

d) The constitutive modelling of concrete when sittad to an impact has to
reproduce two main features: the behaviour of aetecunder high triaxial stress
state (including tension) and the behaviour of cetecunder high loading rates.

e) Triaxial compression tests performed on ordineoycrete show that the
unconfined compressive strength is a poor indicatdhe high-pressure mechanical
response of concrete. Thus, the validity of emairfzenetration formulae has to be
considered with caution. These triaxial tests hal® shown that the water
saturation ratio is an important parameter govertfie triaxial compressive strength
of concrete.

f) The modelling of high strain rate compressiontension tests performed on
concrete specimens by means of Split HopkinsonsBresBars (SHPB) shows that
the apparent rate effect in compression is duaddia phenomena in a 3D transient
state of stresses. Thus, it is incorrect to affiectthe compressive strength a
dependency with the strain rate identified with ®HRests. Conversely, the
phenomena are different in tension, concrete bebaws a brittle material sensitive
to micro-defects that are activated or not, dependn the spatial propagation of the
loading. Because this loading rate effect depemdsniwro-defects, a macroscopic
modelling of concrete considered as a homogeneawsacked material must
include a loading rate effect.

g) The modelling of impacts on large reinforced aete structures is still a

challenge in terms of complexity and computatiawts. A coupled DE/FE method
was presented; it allows predicting severe damage as perforation in the vicinity
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of the impact as well as predicting the global oesg of the reinforced concrete
structure.
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