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ABSTRACT 

The assessment of nuclear containments for missile induced accidental impact has been an important issue 

earlier and more recently during the last decade due to malevolent acts. Efforts have been made in the nuclear 

industry to estimate the load time history for soft and hard missile impact and identify the resulting bending and 

punching shear failure modes of concrete targets along with over all damage of the target due to spalling, scabbing 

and reinforcement yielding. This should finally lead to the realistic evaluation of the localized penetration and 

perforation of the target for evolving a rationale design basis for assuring the safety of the reactor structures and 

components.  Due to the complexity of the composite structure of reinforced / pre-stressed concrete targets and a 

number of simplifying assumptions for obtaining the load time history due to hard and soft missiles impact, the 

assessment has been at times inconsistent. With due recognition of the above mentioned parameters, standard 

benchmark evaluations are necessary.    

The paper presents the Nuclear Energy Agency impact benchmark simulation results of reinforced concrete 

targets for (A) Meppen II-4 test with predominantly bending failure, (B) VTT Bending rupture test and (C) VTT 

Punching rupture test obtained by Bhabha Atomic Research Centre (BARC), Trombay under IRIS-2010 project. In 

all the three simulations, the basic emphasis has been to simulate the bending and punching failure modes of 

concrete targets through mechanics based identifiable and measurable parameters of slab overall deformation 

pattern, strains and stresses in concrete and rebar elements. In addition it has also been possible to obtain the realistic 

behaviour of the soft and hard missiles through multi-body transient dynamics simulation of the missile and the 

concrete targets. This simulation approach results in the estimation of accurate energy transfer to the targets and is 

an important factor for judging the target behaviour, which is the prime goal of this study. 

 

INTRODUCTION 

The Meppen test with known results was useful to evolve the modelling approach and blind predictions 

were made for the two VTT tests.  In all three simulations full 3-D finite element models of concrete target and 

missile were used to simulate the scabbing, spalling, concrete cracking and crushing and rebar inelastic behaviour.  

The Meppen test showed the inclined missile after the crushing damage. In all experiments there is some uncertainty 

with regard to normal impact if the missile is soft and it results into an oblique impact.  The strain-rate effects have 

been considered in the analysis using the Dynamic Increase Factors from the available literatures. 

In two simulations (Meppen and VTT-Bending) the self-contact for the missile has been assumed to 

simulate its crushing behaviour.  In addition, the surface to surface contact has been assumed in all the three 

simulations between missile front surface and the concrete targets. The soft missile behaviour is shown to be 

consistent with the experimental results for the two bending rupture cases.  However, for Meppen test local crushing 

in missile at nose is more dominant and for VTT bending rupture the local and global crushing at some intervals 

along the missile length is visible. The predicted responses at the specified sensor locations were in good agreement 

with the measured values. The Mappen test with known results and bending failure mode due to deformable soft 

missile impact was successfully simulated in agreement with the test results. For VTT bending rupture test, the 

response was found to be consistent with the declared test results. In both cases the final missile damage is also 

obtained in a consistent manner. In case of the VTT punching shear rupture the failure mode was obtained 

accurately, which gets established immediately after impact. 

 

FINITE ELEMENT MODEL 

 In all three simulations full 3-D finite element models have been used to simulate the scabbing, spalling, concrete 

cracking and crushing and rebar inelastic behaviour as mentioned below with more details. Nonlinear explicit finite 

element in-house code of ULCA family has been used as all the three impact problems are of short duration transient 

with high strain rate. This code has been benchmarked earlier for static and dynamic nonlinear problems related to 

nuclear containment structures. The finite element model of missile and target for VTT Bending rupture test and 

VTT Punching rupture test are as shown in Fig1. 
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Target: The concrete material has been assumed as homogeneous and isotropic. The concrete has been modelled 

with tri-linear 8 noded brick 3D elements. The rebars have been modelled with linear 2 noded truss elements. The 

rebars are embedded in concrete with no slip condition between rebar and concrete. The constitutive law of rebars 

element is bilinear elastic-plastic model and for concrete it is based on damage plasticity model. Concrete fracture 

energy Gf value of concrete has been evaluated based on an assumed aggregate size of 20 mm using CEB-FIP model 

code-1990 correlation and nominal tensile strength. No erosion is used as the basic objective was to identify and 

confirm the bending and punching shear failure modes and compare the sensor response with the present numerical 

computational results with a simplified approach, which can be used for impact evaluation of concrete targets. After 

successful demonstration of the failure mode normally the erosion can be included. However, all the judgements 

were based on mechanics based identified parameters as mentioned before. 

 

Missile: Actual missile has been modelled in all the three simulations of the test. The von Mises criterion is used 

within the plasticity frame work. The loading function has not been used, as the objective was to generate the load 

time history in a realistic manner. Missile has been modelled as deformable for soft impact simulation in case of 

Meppen II 4 Test and VTT Bending rupture test and the behaviour of missile has been simplified as bilinear elastic 

plastic material. The missile has been assumed as rigid in the VTT Punching test since it is fully filled with the 

concrete hence it is reasonable to assume no deformation of the projectile and the case is closer to the hard missile 

impact. Bilinear four nodded and three nodded Shell elements, with the reduced integration have been used for 

missile. The strain rate effects have been considered. The strengths have been increased by Dynamic Increase Factor 

(DIF) taken from the available literature [1, 2]. 

 
Boundary Condition: Simply supported boundary conditions have been assumed at the slab-edges as specified in 

the data file, along a 2m side square in numerical simulations of VTT Bending rupture test and VTT Punching 

rupture. The supporting frame has not been modelled. 

 

 
(a) 3D view of missile-VTT Bending rupture test 

 

 
(b) 3D view of missile-VTT Punching rupture test 

 
(c) 3D view of target- VTT Bending rupture test 

 
(d) 3D view of target- VTT Punching rupture test 

 

Fig1: 3-D View of Missile and Target 
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Contact modelling: 

In two simulations (Meppen and VTT-Bending test the self-contact for the missile has been assumed to simulate its 

crushing behaviour.  In addition, the surface to surface contact has been assumed in all the three simulations 

between missile top surface and the concrete target. 

 

Time step, impact duration and calculation duration for each simulation are as shown below in Table1. 

 

Table 1: Time step and Impact Duration of Missiles 

 
Case Time step  

(ms) 

Duration of impact- tshock 

(ms) 

 Meppen II-4 Test 0.0002 30 

VTT Bending rupture test 0.00025 9 

VTT Punching rupture test 0.0002 1.5 

 

A. VTT Bending Test 

 

The velocity missile in this case is 110m/s. And the missile has been assumed as a deformable. The material 

properties of the target concrete and the missile are as shown in Table 1 and Table 2. The missile deformation 

response is described in terms of shock duration (tshock), peak load, impulse and deformed lengths LT & HT assessed 

at tshock /2 as shown in table 4. 

 

Table 1: Material properties of Missile (VTT-

bending) 

 

Elastic limit σe 325 MPa 

Plastic limit σp 350 MPa 

Upper resistance σmax 500 MPa 

Young modulus (E) 210000 MPa 

Poisson ratio 0.3 

Mass 51 kg 

Density 7850 kg/m
3
 

 

Table 2: Material properties of target concrete (VTT-

bending) 

Young modulus 2.69x10
10

 MPa 

Poisson ratio 0.2 

Concrete resistance in compression 

(fc) on cubic samples (150 x 150)mm 
55.2 MPa 

Concrete resistance in traction (ft) on 

cubic samples (150 x 150) mm 
3.71 MPa 

 

Table 4-Missile response (VTT-bending) 

 

Missile damage Calculated 

Shock duration noted " tshock " 9 ms 

Load peak 21 MN 

Impulse 0.5 kN.s 

Deformation length LT at tshock /2 1.7m 

Deformation length HT at tshock /2 0.035m 

Deformation length LT at tshock 1.59m 

Deformation length HT at tshock 0.051m 

Momentum of the missile 5.61 kN.m 

 

Note: LT= total length of non-crushed parts of missile and HT= total length of crushed parts of missile 

 

The displacement time history, velocity time history at the rear end of the missile is as shown in Fig2 and Fig3. The 

load time history and impulse time history are as shown in Fig4 and Fig5 and the deformed missile shape is shown 

in Fig 6-8. 
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Fig2: Displacement time history of the rear of the 

missile during impact 

 
Fig3: Velocity time history of the rear of the missile 

during impact 

 

 
Fig4: Load time history between the missile and the 

target 

 

 
Fig5: Impulse time history received by the target 

 
 

 
Fig6: 3D picture of the missile at mid shock (at tshock /2) 

 

 
Fig7: 3D picture of the missile at the end of shock (at 

tshock) 

 

 
Fig8: Missile after rebound at 50ms-VTT Bending Test 

 

Target results (VTT-bending) 

The target response was evaluated at a few typical sensor locations identified in Fig 9-11 in terms of displacement / 

strain time histories as presented Fig 12-21. In all the cases the response was in satisfactory agreement with the test 

data. 
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Fig9: Slab displacement: location of 

sensors 

 
Fig10: Concrete Strain: location of 

sensors (Front face of slab) 

 

 
Fig11: Reinforcement strain: 

location of sensors 

 

 
Fig12: Displacement time histories at the rear of the slab : 

w1 

 
Fig13: Displacement time histories at the rear of the 

slab : w2 

 
Fig14: Displacement time histories at the rear of the slab : 

w3 

 
Fig15: Displacement time histories at the rear of the 

slab : w4 

 
Fig16: Displacement time histories at slab rear: w5 

 
Fig17: Strain time histories at slab front 1 
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Fig18: Strain time histories on the front of the slab : 2 

 

 
Fig19: Strain time histories on the front of the slab : 

3 

 
Fig20: Strain time histories of the bending reinforcement : 

D3 

 
Fig21: Strain time histories of the bending 

reinforcement : D4 

 

B. VTT Punching rupture test 
 

The concrete properties for VTT punching rupture test are included in Table 5. The velocity missile in this case is 

135m/s and the missile has been assumed as rigid. In this case the erosion or “element purge” option was not used so 

the results are valid only before the missile rebound takes place. The residual velocity just before the rebound is ~ 15 

m/sec and the displacements are small at the sensor locations (~3-6 mm range) if the punching area is ignored. The 

through thickness transverse shear strain distribution along the vertical span establishes the shear punching failure 

mode as noted below in Error! Reference source not found. and Error! Reference source not found.. 

 

Table 5: Material properties of target concrete (VTT-punching) 

  

Target Concrete  

Young modulus 29429 MPa 

Poisson ratio 0.2 

Concrete resistance in compression (fc) on 

cubic samples (150X150)mm 

74.6 MPa 

Concrete resistance in traction (ft) on 

cubic samples (150X150)mm 

4.04 MPa 
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Fig22: Displacement time history of the rear of the 

missile during impact 

 
Fig23: Velocity time history of the rear of the missile 

during impact 

 
Fig24: Load time history between the missile and the 

target 

 
Fig25: Impulse time history received by the target 

 

Target results VTT Punching: 

 The target response was evaluated at a few typical sensor locations identified in Fig 26-27 in terms of 

displacement / strain time histories as presented in Fig 28-31. Due to simplified assumptions and the objective to 

identify the slab failure mode in absence of element purge option, the missile rebound results into inconsistent time 

histories in later part of the response. However, as noticed in the deformation of target in Fig 32 and through 

thickness transverse shear strain in Fig 33, the punching shear failure mode is clearly identified. 

 

 
Fig26: Slab displacement: location of sensors 

 
Fig27: Reinforcement strain : location of sensors 
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Fig 28: Displacement time histories at the rear of the 

slab : w2 

 

 
Fig289: Displacement time histories at the rear of the 

slab : w3 

 

 
Fig30 Displacement time histories at the rear of the slab 

: w4 

 
Fig31: Displacement time histories at the rear of the slab 

: w5 

 
Fig32: Displacement plot of concrete slab VTT 

Punching rupture test 

 
Fig33:Through thickness Shear Strain (e13) Contour on 

vertical span for Punching Failure Mode of VTT Test at 

2.0 m-sec 

 

CONCLUSION 

The Mappen test with known results and failure mode of bending failure due to deformable soft missile was 

successfully simulated in agreement with the test results. For VTT bending rupture test the response was found to be 

consistent with the declared test results. In both cases the final missile damage is also obtained in a consistent 

manner however the global/local crushing phenomena need more investigation.  

In case of the VTT punching shear rupture the failure mode was obtained accurately, which gets established 

immediately after impact. Further refinement is necessary with erosion or “element purge” option for more accurate 

evaluation. However, the simplified approach followed predicts accurate failure mode and reasonable response of 
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the concrete target. The present multi-body transient dynamic analysis successfully represents the missile 

deformation for soft missiles. 
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