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This paper provides both an analytical and a finite element model aiming at better predicting possible perforation of reinforced concrete slabs submitted to impacts. Both models account for free water saturation ratio and high triaxial stress induced into concrete by the impact. Finite element simulations are performed with Abaqus explicit code using a revised constitutive model for concrete; this coupled damage plasticity model (PRM) accounts for strain rate effects and the influence of saturation ratio on the triaxial behavior. Complementary original analytical predictions of ballistic limit and residual velocities are provided for both hard and soft impacts. These predictions depend on a recent deviatoric stress-based formulation of compressive strength of concrete. Numerical and analytical results are consistent with bending and punching experimental tests.

understand the response of concrete structures under extreme loads such as explosion or impacts and also to propose new design methods. Some of these experimental campaigns consisted in missile impact tests on reinforced concrete (RC) slabs. Among others, one can quote Meppen tests [START_REF] Meschkat | Experimental investigations to determine the kinetic ultimate bearing capacity of reinforced concrete slabs subject to deformable missiles[END_REF], [START_REF] Nachtsheim | Interpretation of results of Meppen slab tests -Comparison with parametric investigations[END_REF], Vulcain tests [START_REF] Pontiroli | Soft projectile impacts analysis on thin reinforced concrete slabs: Tests, modelling and simulations[END_REF][START_REF] Baroth | About empirical models predicting the missile perforation of concrete barriers[END_REF][START_REF] Baroth | Prediction of the perforation of targets impacted by deformable projectiles[END_REF], or the Iris benchmark (Improving Robustness Assessment Methodologies for Structures Impacted by Missiles) [START_REF] Nea | Improving robustness assessment methodologies for structures impacted by missiles[END_REF] and more recently Xu et al works [START_REF] Xu | Numerical Analyses of Local Damage of Concrete Slabs by Normal Impact of Deformable Solid Projectiles[END_REF]. Some papers published after Iris benchmark provided finite element simulations of all these tests [START_REF] Martin | Finite element analysis on the Meppen-II-4 Slab Test[END_REF][START_REF] Martin | Finite element analysis on the VTT-IRSN flexural failure test[END_REF][START_REF] Orbovic | Influence of transverse reinforcement on perforation resistance of reinforced concrete slabs under hard missile impact[END_REF][START_REF] Orbovic | Iris 2012 OECD/NEA/CSNI benchmark: Numerical simulations of structural impact[END_REF][START_REF] Chung | Numerical simulations of missile impacts on reinforced concrete plates: Iris-2010/2012 benchmark project[END_REF][START_REF] Lee | Structural behavior of SC panel subjected to impact loading using finite element analysis[END_REF]. They highlighted different features influencing simulation results such as material models (concrete and steel), strain rate effects, concrete fracture energy or erosion value. Little available data on concrete material properties is a cause of discrepancies between numerical and experimental results [START_REF] Moore | International Benchmark, Improving robustness assessment methodologies for structures impacted by missiles, workshop proceedings[END_REF]. To have a better the knowledge of the concrete behavior, unconfined compression tests and triaxial compression tests at confining pressures up to 100 MPa have then been conducted on the IRIS high performance concrete (HPC) by Chung et al. [START_REF] Chung | Numerical simulations of missile impacts on reinforced concrete plates: Iris-2010/2012 benchmark project[END_REF] and Vu et al. [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF].

The effect of free water on concrete mechanical behavior has been studied under high or moderate strain rates [START_REF] Rossi | The dynamic behaviour of concrete: influence of free water[END_REF][START_REF] Zhou | Influence of free water content on the compressive mechanical behaviour of cement mortar under high strain rate[END_REF][START_REF] Wu | Influence of strain rate and water content on mechanical behavior of dam concrete[END_REF][START_REF] Sun | Effect of pore liquid viscosity on the dynamic compressive properties of concrete[END_REF]. However, the effect of free water on the mechanical behavior of concrete under high stress level is still an investigate topic, essentially due to a lack of experimental data. In particular, numerical investigations recently investigated the influence of free water content using advanced constitutive models for concrete, in case of thick concrete targets under ogival-nosed projectile impact [START_REF] Forquin | A numerical study on the influence of free water content on the ballistic performances of plain concrete targets[END_REF][START_REF] Zhao | Effect of free water content on the penetration of concrete[END_REF]. These works emphasize that the water-saturation ratio is shown to be a major parameter that needs to be taken into account for predicting the ballistic performance of concrete targets.

The authors of the present study were the first who experimentally highlighted the effect of free water on the maximum deviatoric stress that concrete material can withstand [START_REF] Vu | Experimental analysis of concrete behavior under high confinement: Effect of the saturation ratio[END_REF][START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF]. They also measured the interstitial pore pressure during a triaxial test and showed that it may reach about the same value as the confining pressure [START_REF] Accary | Design and evaluation of a deformable sensor for interstitial pore pressure measurement in concrete under very high stress level[END_REF]. Consequently, the prediction of the perforation resistance of concrete structures under impacts requires accounting for the influence of free water content on concrete behavior, especially when these structures are massive, their drying process being then very slow. Thus, Vu et al. [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF] conducted triaxial compression tests on IRIS HPC samples with various saturation ratios. Vu et al. also carried out tests under very high confining pressure (600 MPa) in order to highlight the important effect of the saturation ratio at high mean stress. Only the PRM FE model [START_REF] Pontiroli | Predicting concrete behaviour from quasi-static loading to hypervelocity impact. An overview of the PRM Model[END_REF] based on the effective stress concept [START_REF] Mariotti | A numerical approach for partially saturated geomaterials under shock[END_REF] was proposed to model wet concrete response under very high stress level. Thanks to these tests performed on IRIS HPC [START_REF] Chung | Numerical simulations of missile impacts on reinforced concrete plates: Iris-2010/2012 benchmark project[END_REF] [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF], the coupled damage plasticity model PRM proposed by Pontiroli et al. [START_REF] Pontiroli | Predicting concrete behaviour from quasi-static loading to hypervelocity impact. An overview of the PRM Model[END_REF] had been slightly revised [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF]. This last version accounts for strain rate, Lode angle and tensile damage [START_REF] Erzar | Ultra-high performance fibre-reinforced concrete under impact: experimental analysis of the mechanical response in extreme conditions and modelling using the Pontiroli, Rouquand and Mazars model[END_REF].

In the present paper, the revised PRM model is used to simulate Iris impact tests; numerical and experimental results are compared. Following this study and using recent works [START_REF] Baroth | Prediction of the perforation of targets impacted by deformable projectiles[END_REF], [START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF], analytical predictions for the ballistic limit and residual velocities are derived. Section 2 recalls briefly the analytical formulation proposed by Baroth et al. [START_REF] Baroth | Prediction of the perforation of targets impacted by deformable projectiles[END_REF] and the revised PRM constitutive model for concrete. Section 3 presents Iris tests (hard and soft impacts) and in section 4 failure patterns and penetration resistance of concrete slabs are predicted thanks to a transient dynamic finite element analysis. The revised PRM model allows better predicting experimental results than the original model. Finally, section 5 provides and compares experimental results to analytical predictions of ballistic limits and residual velocities for various saturation ratios. It also gives complementary numerical results for soft impacts. Main notations of the paper are gathered in Table 1. Perforation limit m 2. Perforation capacity of concrete slabs under soft impacts This section summarizes the analytical formulation to predict perforation of RC slabs [START_REF] Baroth | Prediction of the perforation of targets impacted by deformable projectiles[END_REF] and the main features of the revised PRM constitutive model [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF].

Analytical perforation prediction in case of soft impacts

In case of hard impact, various empirical formulae were proposed to predict the ballistic limit or the penetration depth into concrete and RC targets. Among them, Berriaud et al. [START_REF] Erzar | Ultra-high performance fibre-reinforced concrete under impact: experimental analysis of the mechanical response in extreme conditions and modelling using the Pontiroli, Rouquand and Mazars model[END_REF] proposed a perforation limit formula, whose range of validity has been extended later [START_REF] Berriaud | Impact on concrete: Synthesis of French Studies[END_REF], taking into account the missile nose shape influence. The effects of the projectile nose shape on the extent of local damage were also investigated experimentally in case of soft impact [START_REF] Ohno | Local damage of reinforced concrete slabs by impact of deformable projectiles[END_REF]. In such case, recent experimental and numerical studies improve the understanding of failure mechanisms in reinforced concrete targets, e.g. [START_REF] Guo | Study mass loss at microscopic scale for a projectile penetration into concrete[END_REF][START_REF] Ardila-Giraldo | Failure mechanisms of small-scale reinforced concrete beams impacted by soft missiles[END_REF]. But to the best of authors' knowledge, no analytical formula was proposed except for the prediction of the ballistic limit by Baroth et al. [5]. This formula is based on the distinction between hard and soft impacts proposed by Koechlin & Potapov [33]; the formula allows determining the crushed length u of the deformable missile:
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where Mp, V0 are the projectile mass (kg) and the initial projectile velocity (m/s) respectively, σT is the compressive strength of the target (MPa), p ρ the mass density (kg/m 3 ), P F , P A are the crushing force (N) and the crushed projectile cross-section (m 2 ) respectively.

If the possible crushed length u of the missile is greater than the characteristic crushed length (u >  u ), the dissipated energy during crushing is too high, compared to projectile initial kinetic energy to allow perforation. Or else, if the possible crushed length is not long enough (u <  u ), the dissipated energy during crushing is not high enough to stop the projectile; there is perforation.

Berriaud's model [START_REF] Erzar | Ultra-high performance fibre-reinforced concrete under impact: experimental analysis of the mechanical response in extreme conditions and modelling using the Pontiroli, Rouquand and Mazars model[END_REF] or derived ones are based upon the uniaxial compressive strength after 28 days. Baroth et al. [START_REF] Baroth | About empirical models predicting the missile perforation of concrete barriers[END_REF] and Zingg et al. [START_REF] Zingg | Influence of cement matrix porosity on the triaxial behaviour of concrete[END_REF] have shown that latter parameter is a poor indicator of concrete compressive strength under high confinement. For that reason, the present paper proposes for hard impact an approach based upon the deviatoric strength of concrete that depends on its composition and its saturation ratio [START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF].

Revised PRM constitutive model

The PRM coupled model has been developed in order to deal with computational problems of structures subjected to impact or blast loading [START_REF] Zingg | Influence of cement matrix porosity on the triaxial behaviour of concrete[END_REF]. It is based on a coupling between a damage model and the KST plasticity model initially developed for soils [START_REF] Krieg | A simple constitutive description for soils and crushable foams[END_REF] and modified in [START_REF] Swenson | A finite element model for the analysis of tailored pulse stimulation of boreholes[END_REF]. It includes the calculation of the effective stress defined for a wet concrete to take into account the influence of free water content on the response of concrete [START_REF] Mariotti | A numerical approach for partially saturated geomaterials under shock[END_REF]. The damage model is based on two damage variables, in compression and tension respectively, in order to simulate the unilateral feature of concrete behavior. In the revised model used in this paper [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF], a poro-mechanical approach is used to take into account the effect of free water. The studied porous medium is assumed to be composed of a solid phase (skeleton) and a fluid phase occupying the voids [START_REF] Coussy | Mechanics of Porous Continua[END_REF]. The classical concept of effective stress is introduced to distinguish the stress in the solid phase with the pore water pressure.

tot = M + bp…(2.2)
with tot the total stress, M the stress transmitted through the matrix at macroscopic scale, p the pore water pressure, and b the Biot coefficient which depends on the nature of the porosity. As the material reaches the consolidation point (closure of all the pores not filled with water), the volumetric behavior remains nonlinear because voids filled with water continue to be compacted due to the water compressibility (see [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF]). But even if the consequences of the improvements have been shown at the material scale, the assessment of their effects on the numerical prediction of the global response of a concrete slab submitted to impact loading was not carried out.

Presentation of Iris tests

Impact tests were carried out by the Finnish VTT laboratory. Two types of cylindrical projectiles (length L and diameter d) were launched on rectangular RC slabs of thickness eT mass densityT. Projectiles and slabs have been designed to simulate hard and soft projectile impacts.

Projectiles

The first type of projectile, for hard impact, is filled with concrete and the second type, for soft impact, is hollow. Their characteristics are gathered in Table 2. Projectiles considered for soft impacts are metallic cylinders, whose lowest thickness is 3 mm over a length of 1 m. Two tests were conducted with initial velocities equal to 110 and 112 m/s [START_REF] Moore | International Benchmark, Improving robustness assessment methodologies for structures impacted by missiles, workshop proceedings[END_REF]. The crushing force for this part is around 540 kN. Taking into account the effect of strain rate, this force is found around 630 kN [START_REF] Moore | International Benchmark, Improving robustness assessment methodologies for structures impacted by missiles, workshop proceedings[END_REF].

Projectiles used for hard impacts are filled with light concrete cast one month before the test.

Their outer diameter is 168 mm. Three tests, denoted a, b, c, were conducted with initial velocities around 135 m/s. The rear part of the projectile consists of an aluminum bar that allows measuring the residual velocity of the perforating projectile by a system of cameras installed behind the slab. Square RC slabs with 2.1 m side length are used. Thicknesses of slabs are 15 and 25 cm for soft and hard impacts respectively. Displacement sensors are located on the front face of the slab to measure displacements at various points (see Fig. 1). Each test was carried out at least twice to assess the test reproducibility that was verified in terms of fracture patterns, slab displacements, rebar deformations, projectile residual velocities. The slabs for hard impacts (25 cm thick) are reinforced by two A500HW steel reinforcement layers with a 10 mm diameter (Fig. 2). The distance between 2 rebars is 90 mm, their length is 1.025 m and the concrete cover thickness is 30 mm. These slabs have no transverse reinforcement to facilitate the projectile perforation. 

Concrete properties

The Iris concrete is representative of that selected for a nuclear reactor building (67 MPa unconfined compressive strength and 4.5 MPa tensile strength, see composition in Table 3). Triaxial compression tests were performed on Iris fully saturated concrete samples with triaxial confining pressures up to 100 MPa [START_REF] Nea | Improving robustness assessment methodologies for structures impacted by missiles[END_REF]. In addition, Vu et al. [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF] performed tests at very high confining pressure and various saturation conditions (500 MPa -60%; 600 MPa -10%). Figure 3 displays test results given by Vu et al. [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF]; it shows the stress-strain curve of 3 samples with various saturation ratios Sr = 10, 60 and 100% under triaxial compression at high confinement (500 and 600 MPa). Under high confinement, the compressive strengths reach values varying between 250 and more than 800 MPa for Sr = 100 and 10% respectively. Vu et al. [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF][START_REF] Vu | Experimental analysis of concrete behavior under high confinement: Effect of the saturation ratio[END_REF] explain that the strength loss of wet concrete is due to the interstitial water pressure effect. Under moderate confinement, the material is not compacted enough to close the voids and to provoke an interstitial water pressure effect. Consequently, no influence of free water on the concrete behavior is observed, as modelled by [START_REF] Benniou | Discrete element modeling of concrete under high stress level: influence of saturation ratio[END_REF]. The influence of free water appears only under dynamic loading with significant strain-rate effect [START_REF] Cadoni | Strain-rate effect on the tensile behaviour of concrete at different relative humidity levels[END_REF][START_REF] Erzar | Experiments and mesoscopic modelling of dynamic testing of concrete[END_REF]. 4. Finite element modeling of the perforation test 4.1. Finite element discretization Given the double symmetry of the system, only a quarter of the slab is modelled. The projectile shown in Fig. 4 is a 168 mm diameter steel tube filled with lightweight concrete. Its length is 64 cm. Since the thin hollow metallic cylinder has no influence, 3D finite elements (C3D8R) are used to mesh the projectile; the weight of one quarter of the projectile is 11.75 kg.

The concrete finite element mesh is homogeneous with a 12.5 mm element size. This mesh refinement has been chosen, knowing that PRM model uses Hillerborg et al. regularization technique [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF] and that the non-mesh dependency of PRM model has been shown in [START_REF] Mazars | Concrete under various loadings, way to model in a same framework: damage, fracture and compaction[END_REF]. We also remind that this macroscopic constitutive behavior for concrete accounts for strain-rate in tension. In compression, strain-rate effect due to inertia is accounted in the 3D FE modeling.

The concrete plate consists finally of 129,488 C3D8R finite elements. The rebars are modeled using 2-node beam elements with a circular cross-section (see Table 4). The 10 mm rebars Fig. 4. Mesh of a quarter of projectile and slab [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF]. are meshed with 3608 beam elements. The reinforced concrete slab is surrounded by a U shape metal frame that is modelled using 11632 C3D8R elements of the same size as the concrete elements. The thickness of this frame is 25 mm. It is supported by steel cylinders that block the displacement but allow a possible rotation. 

Simulation results

In this section, simulation results obtained either with the original coupled PRM model or with the revised coupled PRM model are compared. Figure 5 shows the projectile and the deformed slab at time 30 ms (end of the impact test, Fig. 5a). Table 5 provides numerical predictions of residual velocities at low saturation ratios, which cannot be compared with experimental results and will serve as reference for the analytical prediction described in the next paragraph. The effect of the model revision on the fracture pattern can be observed on Fig. 6 and Fig. 7.

The original PRM leads to a larger plasticity zone (See Fig. 7), whereas the revised PRM model allows activating the damage in the impact zone more extensively (Fig. 6). This failure pattern is closer from the experimental one that can be seen on Fig. 8 and leads to a higher residual velocity (Fig. 5). 5. Analytical prediction of the perforation (soft and hard impacts) In this section, analytical predictions of ballistic and residual velocities are discussed. The analytical estimation depends on the ultimate compressive strength of the target T σ , which itself depends on the saturation ratio, as illustrated in Fig. 3. In the following, the strength of concrete is estimated according to Malecot et al. [START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF], who propose to consider the maximum deviatoric stress.

5.1. Prediction of the maximum deviatoric stress for Iris concrete Malecot et al. [START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF] defined an empirical evolution of the maximum deviatoric stress qmax in concrete depending on its composition and its porosity (See Appendix). This formula has been developed from several concrete compositions with some of them are close to those of Iris concrete. Table 6 displays predictions of the maximum deviatoric stress qmax versus the saturation ratio Sr according to this formula for Iris concrete.

Table 6

Maximum deviatoric stress qmax (Sr) (MPa), for different saturation ratios for two concretes using empirical formula defined in [START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF] fck (MPa)

Sr ≈ 99% Sr ≈ 80% Sr ≈ 40% Sr ≈ 0% Iris [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF] 67 300 406 738 1217 [START_REF] Pontiroli | Predicting concrete behaviour from quasi-static loading to hypervelocity impact. An overview of the PRM Model[END_REF] 28.7 214 329 692 1217 5.2. Ballistic and residual velocities in case of hard impacts (punching tests) For these tests, the cylindrical part of projectiles is filled by concrete and thus considered as rigid. Berriaud's formula [START_REF] Vu | Experimental analysis of concrete behavior under high confinement: Effect of the saturation ratio[END_REF] can then be used to predict the ballistic limit. ... (5.1) 13 14 where k c f is the uniaxial compressive strength of concrete after 28 days (MPa), Ma the reinforcement density (kg/m 3 ), MP the projectile mass (kg), T e the thickness of the target (m), N the nose shape factor and Ma0, σ0 constants.

Nevertheless, the latter formula is based on the uniaxial compressive strength of the target that is a poor indicator of concrete impact strength. This parameter does not account for the effect of water saturation or high confinement conditions [START_REF] Pontiroli | Predicting concrete behaviour from quasi-static loading to hypervelocity impact. An overview of the PRM Model[END_REF]. In Eq (5.1) fck is thus replaced by qmax (Sr) and the factor

2 / -1 0 1.89         σ f f ck ck in Eq (5.1) is replaced by   2 / 1 max q* q a 
with a and q* to be identified from [START_REF] Pontiroli | Predicting concrete behaviour from quasi-static loading to hypervelocity impact. An overview of the PRM Model[END_REF] and Iris tests results (see Table 6).

... (5.2) 24

25

The resulting analytical residual velocity is then obtained considering the kinetic energy balance, accounting for mass loss, whose influence can be significant [START_REF] Guo | Study mass loss at microscopic scale for a projectile penetration into concrete[END_REF] 
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where Mc is the ejected concrete mass, estimated from the formula given in [START_REF] Hugues | hard missile impact on reinforced concrete[END_REF], which gives a reasonable order of magnitude:
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where T  is the mass weight of the concrete, r is the radius of the hole created in the slab, rc = (d+3,5eT)/2, and x equal or less than eT.

The estimation of the residual velocity is concluded applying Eqs. (5.2)-(5.4), with values of parameters that can be found in Tables 2,3, 4 and 7, for saturated concrete (Sr =100 %). 5) for a saturation ratio close to 100 %. One can see in Fig. 9 that this analytical residual velocity appears in the average of experimental velocities. For non-saturated targets, no experiment has been carried out. Only the FE and analytical predictions can be compared. In this case, to account for the saturation ratio influence, the analytical ballistic velocity is written as:
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the saturation ratio influence factor defined such that  , -0.0235, 0.821, -6.85).
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Case of soft impacts (bending tests)

In case of soft impact, the ballistic limit S C V has been proposed in [START_REF] Baroth | Prediction of the perforation of targets impacted by deformable projectiles[END_REF]. It takes into account the crushed length u of the projectile (m), its crushing force (N) of the finest part of the projectile, denoted FP, and the hard impact ballistic limit C V (m/s), such that

2 2 P p C S C M u F V V   ... (5.7)
Perforation occurs when u ≥ u*, defined as the characteristic crushed length (Eq. 2.1). This length has been defined in [START_REF] Baroth | Prediction of the perforation of targets impacted by deformable projectiles[END_REF] depending on the uniaxial compressive strength fck. Accounting for the maximal deviatoric stress qmax, this length is define as:
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where Mp, V0 are the projectile mass (kg) and the initial projectile velocity (m/s) respectively, p ρ the mass density (kg/m 3 ), P F , P A are the crushing force (N) of the finest part of the projectile and the crushed projectile cross-section (m 2 ) respectively.

Two estimations of the crushing strength, with and without strain-rate effect, are reported in Table 8, in order to estimate the crushed length. Ballistic limits defined in Eqs. 5.5 and 5.7 are also provided. The estimated crushed length is clearly closer to experimental measures if the strain effect is taken into account. 

Conclusion

This study has proposed numerical and analytical studies of impact tests (punching and bending) on RC slabs, conducted by OECD/NEA IAGE working group (Iris 2010 and 2012 benchmark projects). Both hard and soft impact analyses have been performed. Analytical estimations of ballistic and residual velocities have been proposed. The originality of these estimations is to account for a realistic triaxial compression strength. For hard impact, the residual velocity prediction is based on a kinetic energy balance and an analytical formula inspired by Berriaud's regression formula which gives the ballistic limit. The material strength of concrete used in this analytical formula is not the unconfined compressive strength but the maximum deviatoric strength that depends on the water saturation ratio. In case of soft impact, this strength is also used to predict the ballistic limit and the crushed lengths of the deformable projectiles. Predicted analytical crushed lengths are closer to experimental ones if the strain rate effect is taken into account.

The hard impact test has also been modeled with the finite element code Abaqus explicit using the revised PRM constitutive model for concrete, accounting for strain rate effects and the saturation ratio. The comparison of FE and experimental results clearly show a better prediction of failure patterns. The FE model allows correctly predicting the residual velocity of the projectile for saturated concrete slabs, but also provides estimations of concrete slab response for different saturation ratio values. Numerical and analytical estimations are consistent thanks to a saturation ratio influence factor accounted in the analytical formula.
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Table 1: Main physical quantities, their units and the coefficients used. Malecot et al. [START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF] proposed the following formula to represent the evolution of the maximum deviatoric stress in a concrete depending on its composition and its porosity. For a given saturation ratio Sr The plasticity model assumes that inelastic volumetric and shear strains are obtained independently. The volumetric strain v is assumed to depend on just the mean stress m, while the strain deviator tensor is obtained by means of a perfectly plastic damage model.
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The effect of the deviatoric stress q on the volumetric behavior of concrete has therefore not been taken into account in the original PRM coupled model. This original model assumes that the compaction curve, i.e. the volumetric strain v vs. mean stress m curve, is obtained from material data independently of the loading path. [START_REF] Vu | Influence of the Saturation Ratio on Concrete Behavior under Triaxial Compressive Loading[END_REF] show that the inelastic volumetric strain depends on both q and m, which suggests the necessity of including the influence of q in the material compaction curve (whereby v is a function of (m, q)).

To improve this PRM model, the curve depicting the volumetric behavior of concrete is not assumed to be bijective; instead, it is assumed bounded by both the hydrostatic and oedometric curves (Fig. 11.1). According to test results, it is indeed assumed that maximum compaction is obtained under an oedometric loading path. Under uniaxial strain conditions, concrete compaction is maximized because dilatancy is being prevented, whereas the hydrostatic loading path yields a lower compaction. The compaction curve oedometric test and the hydrostatic curve are then used as input data due to their ease of access by experimental measurement.

The variation in mean stress m between the bounded curves is then given by: dm =  dv …(11.8)

with: (dq/dm)O = oedometric load path direction obtained from an oedometric test.

 =  () Min                                             1 ;
In formulae (11.10) and (11.11), the volumetric strain v depends on both the mean stress m and deviatoric shear stress q. A hydrostatic loading path contains no shear stress and its behavior follows the hydrostatic curve; however, for a current triaxial loading path with shear stress, the level of compaction is increased. 

Influence of the water saturation ratio on volumetric behavior

Two types of approaches are available to characterize the behavior of a porous medium at its homogenized scale from microscopic-level properties. The "mixing law" approach takes into account, at the microscopic level, the interaction between the two phases (liquid + solid) by means of simple rheological models for each phase, whether associated in series or in parallel.

Secondly, the poro-mechanical approach assumes that the mechanics concepts in a continuum mechanics are still valid at the macroscopic scale when the phases (liquid + solid) overlap.

In the original PRM coupled model, the concept of effective stress is applied to take into account the presence of water in confined concrete when using the first approach. The drawback with such an approach is that the material behavior becomes elastic after reaching the consolidation point (once all open pores are closed), which is not observed experimentally. In the revised model, the poro-mechanical approach allows taking the effect of free water into account.

The studied porous medium is assumed to be composed of both a solid phase (skeleton) and a fluid phase occupying the voids [START_REF] Coussy | Mechanics of Porous Continua[END_REF]. The concept of effective stress is introduced to separate fluid pressure in the total pressure calculation tot, depending on the pore pressure p, based on the Mie-Grüneisen equation of state, i.e.:

        M Vps V Vps V Vps V E s C p 0 0 0 2 2 0 0 2 1 1                        …(11.10)
where C0 is the speed of sound in water (C0 = 1,500 m/s), 0 the density (0 = 1,000 kg/m 3 for water), s and 0 two Mie-Grüneisen coefficients (s = 1.75 and 0 = 0.28 for water), and EM the internal energy per unit mass, with this energy being considered negligible for water temperature and ambient pressure. where K0 is the modulus of the drained material, V the volumetric strain at the homogenized scale, and KS the compressibility modulus of the skeleton. From Equation (11.4), in the particular case where K0 << Ks, b is then close to 1, a result that simplifies Equation (2.2) and becomes tot = M + p (i.e. Terzaghi's formula). In contrast,
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  where (see Fig. 11.1): H = dm/dV obtained from a hydrostatic test; O = (dm/dV)O obtained from an oedometric test; dq / dm = load path direction at the current Gauss point;
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 111 Fig. 11.1 Hydrostatic and oedometric constitutive behaviors and resulting triaxial behavior of concrete: mean stress vs. volumetric strain.

  The total pressure tot also depends on the stress M transmitted by the matrix at a macroscopic scale, and b the Biot coefficient which depends on the nature of the porosity.M and b can be obtained by applying the following formulae:

  

Table 1

 1 Main physical quantities and parameters used.

	Symbol	Parameter	Unit Symbol	Parameter	Unit
	Mp			Projectile mass	kg	f	ck	concrete (28 days, uniaxial) Compressive strength of	Pa
	MC			Concrete mass (ejection cone) kg	σ T	Compressive strength (target)	Pa
	u				Crushed length	m	x , m	Principal and mean stresses	Pa
							q		Deviatoric stress	Pa
	u*			Characteristic crushed	m	qmax	Maximum deviatoric stress	Pa
					length			
	FP			Projectile crushing force	N	q1		Critical shear stress of dry	Pa
									concrete
	AP			Crushed projectile cross-	m²	 c p0	Ultimate consolidation	Pa
					section				stress
	eP			Projectile thickness	m	tot	Total stress	Pa
	rP1			Projectile mean radius	m	b		Biot coefficient	-
	V 0	V ,	C	Projectile velocity before	m/s	p		Pore pressure	Pa
					impact, ballistic limit			
	V	res		Residual velocity	m/s	v		Volumetric strain	-
	S C V		Ballist limit for soft impact	m/s	λ		Entrained air coefficient	Pa
	u P ,u T	Displacements of the	m	κ		Capillary porosity	Pa

Table 2

 2 Projectiles description: cylinders filled with concrete and hollow cylinders[START_REF] Nea | Improving robustness assessment methodologies for structures impacted by missiles[END_REF][START_REF] Moore | International Benchmark, Improving robustness assessment methodologies for structures impacted by missiles, workshop proceedings[END_REF] 

	Symbols	Parameters	Punching test (hard impact)	Bending test (soft impact)
	L, d	Missile size (m)	0.64 (L) × 0.1683 (d)	2.11 (L) × 0.254 (d)
	eP, lP	Thickness (over the length)	-	3 mm (1 m)
		Concrete inside	yes	no
	Mp	Missile mass (kg)	47.38	49.99
	fy, E, 	Characteristics of steel: Yield limit, Young's modulus, Poisson's ratio	235 MPa, 200 GPa, 0.3 (steel EN1.4432)
	V0	Initial velocity (m/s) (Tests a ; b ; c)	135.85; 134.86; 136.46 110.15; 111.56
	3.2 Reinforced concrete slabs		

Table 3

 3 Concrete composition and properties.
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Table 4

 4 Characteristics of rebars and of half slabs.

	Geometry of slab / Type of test	Punching	Bending	Unit
	Slab dimensions (two directions)	1.05		m
	Thickness of the slab (eT)	25	15	cm
	Reinforcement density (Ma)	54.6	105	kg/m 3
	Rebar diameter	10		mm
	Rebar number (two directions)	12		
	Concrete coating	20		mm

Table 5

 5 Experimental and numerical residual velocities for different saturation ratios.

		Exp	Sr ≈ 99% (num)	Sr ≈ 80% (num)	Sr ≈ 40% (num)	Sr ≈ 0% (num)
	Residual velocity (m/s)	33.8	35.18	16.73	12.21	11

Table 7

 7 Parameters used to apply Eqs. 5.2-5.4 to estimate the residual density (Eq. 5.3) for Sr=100%

	Symbol	Parameter	Value	Unit
	N	Nose shape factor	1.18	-
		0	Reference compressive strength	36.6	MPa
	Ma0	Reference reinforcement density	200	kg/m 3
	Ma	Reinforcement density		
	a	Fitting parameter	7389	-
	q*	Fitting deviatoric stress	139.2	

MPa

This formula allows comparing this analytical residual velocity with experimental and FE estimations (see Table

Table 8

 8 Comparison between experimental and analytical predicted characteristics for Iris soft impacts

	Characteristics	Experiments		Predictions	
		Soft impact	Soft	impacts	Hard impact
	Crushing force (kN)	unknown	[14] 540 kN	rate effet [14] 630 kN with strain	-
	Velocities	(initial velocities)	(estimated	ballistic	limits)
	(m/s)	V0 = 110.1-111.6 m/s	S C V = 126.8 -	S C V = 140.2 -	C V = 86 m/s
			127.4 m/s	140.8 m/s	
	Crushed length	96 -98 cm	80 -82 cm	97 -99 cm	-
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 11 2: Set of fitting parameters for the criterion[START_REF] Malecot | Influence of free water on concrete triaxial behavior: The effect of porosity[END_REF].[START_REF] Orbovic | Influence of transverse reinforcement on perforation resistance of reinforced concrete slabs under hard missile impact[END_REF]. Figurecaptions
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	c	p	air	cap
	sat			
				…(11.7)

when K0  KS (case of dry concrete), b tends to 0. Thanks to homogenization of the drained porous medium, the ratio K0/KS can be estimated as follows:

where  is the porosity of the porous medium at the current state.

With this new hypothesis, whenever the material reaches the consolidation point (i.e. void