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INTRODUCTION 

 
Ongoing shear punching test series is carried out by using as a target a two way simply supported 

concrete plate with a span of 2 m and a thickness of 25 cm. The amount of the shear reinforcement is 
varied. The mass of the used stainless steel missile is 50 kg and the impact velocity about 166 m/s.  

Bending and shear punching capacity of an impact loaded reinforced concrete wall is studied by 
applying different kinds of numerical methods and models. Also, the effect of the temporal shape of the 
loading function is studied. Numerical solutions are compared with the experimental results obtained in 
impact tests conducted at VTT.  

 
TEST SETUP 

 

 
Figure 1. Test frame. 

 
The impact test setup is described in Vepsä et al (2011). Basically the frame system consists of 

the following parts: front and back frame (shown in cyan colour in Figure 1), back pipes (green colour), 
upper and lower measurement beams (red colour) and bolts (dark blue colour). This frame system is fixed 
to the base rock with steel pipes. The impact test arrangement is aimed at having ideal boundary, loading 
and measurement conditions. The slab is often assumed to be simply supported and the deflection 
measurements are assumed to be isolated in such way that they are not affected by the impact wall but 
include solely the deflection of the slab. However, in absolute sense this is never the case in reality. The 
whole frame structure to which both the impacted slab and the deflection sensors are attached is modelled 
with the FE method in order to assess its effect on the displacements of both the slab and the sensors.  
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Reinforced concrete slab 

 
The dimensions of the simply supported slab used in the stainless steel missile impact tests are: 

the span l = 2 m, the thickness h = 0.25 m and the effective thickness he = 0.225 m (assuming concrete 
cover of 20 mm and rebar diameter of 10 mm). In both slabs the bending reinforcement consists of bars 
with a diameter of 10 mm and a spacing of 90 mm. The shear reinforcement is made with 6 mm closed 
stirrups. The amount of shear reinforcement is varied. In slab X1 the amount of shear reinforcement is 
17.45 cm2/m2. In slab X2 the shear reinforcement is reduced to 11.66 cm2/m2. The properties of 
reinforcement are: the modulus of elasticity = 210 GPa

s
E , the yield stress = 500 MPa

y
 , the ultimate 

stress = 600 MPa
u

 , reached at a strain value of = 0.1.
u
  

The material properties of the concrete slab X1 used in computations are: the modulus of 
elasticity of concrete is = 23.425 GPa

c
E , the Poisson ratio is = 0.2 , the compressive cubic strength of 

concrete is = 40.6 MPa
c

f  and the tensile strength of concrete is = 3.03 MPa
t

f . 
The material properties of the concrete slab used in the analyses of test X2 are: the modulus of 

elasticity of concrete is = 26.341 GPa
c

E , the Poisson ratio is = 0.2 , the compressive cubic strength of 

concrete is = 44.1 MPa
c

f  and the tensile strength of concrete is = 2.98 MPa
t

f .  
An experimentally observed frequency of bending vibration of the damaged slab is about 

= 43 1/sf . 
 

 
Figure 2. Test wall and locations of displacement sensors in Test X1. 

 
Stainless steel missile 

 
Missile fuselage (Figure 3) is made of stainless steel pipe with a diameter of d = 0.253 m and a 

wall thickness of 3 mm. The mass of a steel pipe with a length of 1.7 m assuming a density of 7850 kg/m3 
is about 31.82 kg. By adding a front cap and some steel parts at the rear end of the missile the total mass 
increases to the desired 50 kg. The total length of the missile is 1811 mm (pipe 1700 mm, front cap 86 
mm and steel plate at the rear end 25 mm). The impact velocity in the analyzed tests is 166 m/s.  
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Figure 3. Missile used in impact tests X1 and X2. 

 
CALCULATION METHODS AND MODELS FOR REINFORCED CONCRETE PLATE 

 
TDOF model 

 

The simplest model used is a two-degree of freedom (TDOF) elasto-plastic oscillator, which is, 
however, capable of predicting the bending behavior of plate structures subjected to impact load but also 
suitable for predicting the possible local failure of the plate. In TDOF calculations Rayleigh damping with 
a damping ratio of 0.07 at frequency 40 Hz was assumed. Spring 1 and mass 1 are connected to the global 
bending deformation. Spring 2 and mass 2 are used in describing the local shear behaviour at the impact 
area. An elastic-plastic constitutive law is used for rebars. Nonlinear material behaviour of concrete is 
modelled as elastic plastic with tensile cracking. 

 
Figure 4. TDOF model used in bending and punching studies of impacted concrete slabs. 

 
Solution for simply supported square plate and moment curvature relation for test plate are utilized 

in deriving force displacement relationship for spring 1. Reduced, cracked state stiffness is used after 
reaching maximum deflection. Shear strength of spring 2 consists of concrete, stirrup and bending 
reinforcement contributions as in CEB model, Saarenheimo (2009). 
 
ABAQUS shell element model 
 

Two finite element codes, Abaqus/Explicit, Abaqus Theory Manual (2012) and a special purpose 
finite element program, are used in calculating the responses of the present test plates.  

Abaqus code and its use are described in earlier reports, e.g. in Saarenheimo et al. (2013). 
Nonlinear behaviour of concrete is modelled with a so called concrete damaged plasticity material model. 
In the Abaqus shell element model one quarter of plate is divided into a mesh of 20 by 20 elements. Four-
noded shell elements with reduced integration are used. Bending reinforcement is modelled as layers and 
shear reinforcement is not taken into consideration. The impact load is applied on plate middle surface by 
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assuming a load spreading angle of 45o. In Abaqus calculations damping is due to nonlinear material 
properties.  
 

ABAQUS 3D solid element model 

 

One quarter of the test slab and missile is modelled in more detail using 3D solid elements for the 
slab and four-noded shell elements for the stainless steel missile. Reinforcement is modelled with beam 
elements. This model contains over half a million degrees of freedom. 

 
Figure 5. 3D solid element model. 

 
Kirchhoff plate element model 

 
For the sake of comparison, alternative numerical results are computed also with a different finite 

element program. The used Bogner-Fox-Schmit (BFS) plate element is based on third order polynomial 
deflection interpolation and it has 16 degrees of freedom. Due to nonlinearities, numerical Gaussian 
integration is used in obtaining the internal load vectors of elements. The BFS element is based on the 
Kirchhoff plate theory. A resultant formulation is adopted in which the material nonlinearities of concrete 
and reinforcement are formulated in terms of the stress resultants and curvatures. At each integration 
point in the element the principal curvatures are calculated from the deflection and then the principal 
moments (or their increments) are calculated based on the curvatures and the moment curvature relation 
for the reinforced concrete cross section at hand. In reverse motion, cracked state stiffness is assumed. In 
this formulation, integration through the plate thickness is avoided making the method simple and 
effective. The central difference (CD) time integration method is used in integrating the equations of 
motion. The curvatures and moments are calculated and updated after every time step in the step by step 
analysis. A 10 by 10 element mesh is used with BFS element model and the load is applied on plate 
middle surface as described above. A damping ratio of 0.05 at 40 Hz was used in these calculations based 
on test results of a one-way plate. However, this value seems to be somewhat excessive in the present 
case. 

In Figure 6 is shown the bending moment curvature relationship for the plate cross section of tests 
X1 and X2. The curve is computed by dividing the concrete cross section into 50 layers and 
reinforcement contribution is added to the equilibrium equations. In the case shown in Figure 6, tensile 
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stress of concrete goes linearly to zero at 0 =10 cr  , where cr  is the cracking strain value. Curve 
labelled simple is obtained by calculating the cracking point and the point where steel begins to yield and 
assuming that this happens before concrete compressive strength is reached at the top of cross section. In 
finite element analyses an average simplified relationship (FE) is used. It is used also in deriving the force 
displacement relation for spring 1 of TDOF model. 

 

  
 

Figure 6. Moment curvature relationship and neutral axis position for plates X1 and X2. 
 
CALCULATION METHODS AND MODELS FOR MISSILE IMPACT LOAD 

 
The impact load can be introduced in the calculation using different kinds of methods: by using a 

loading function in terms of force/pressure as a function of time or by including the model of the entire 
missile in the finite element calculation and considering the contact impact at the missile plate interface.  

Two methods are used for calculating the loading function analytically. In both methods the 
missile material is assumed rigid visco-plastic. In the Riera method the crushing force is calculated with a 
folding visco-plastic mechanism in an average sense (denoted fvp). In the more accurate, true, folding 
model (denoted fold) the actual formation of folds is followed. Stretching and bending energies of the 
cylindrical shell are taken into account in computing the crushing force and rotationally symmetric 
deformation mode is assumed. Strain hardening and strain rate sensitivity are also taken into account.  

Figure 7 shows a part of deformed cross section of thin walled cylindrical missile. Alexander 
assumed a rigid plastic folding mechanism consisting of straight parts and circular yield lines in analyzing 
static crushing of circular cylindrical tubes, Wierzbicki (1992). Also the stretching of the cylindrical wall 
must be considered. The model by Alexander was modified by Wierzbicki et al. assuming the deformed 
shape of tube to consist of circular arcs. The previous models were generalized to contain both straight 
and circular segments in Huang (2003), straight/circular model. In this study the latter model is 
generalized for dynamic impact analyses with thin walled circular cylindrical missiles by taking into 
account strain hardening and strain-rate sensitivity. 

The impact force is calculated by Riera’s method from 
 

2( ) cF t P mv         (1) 
 

where 
c

P  is the crushing load obtained by the folding model. The second term on the right hand side is 
due to mass flow of missile material against target plate, where m is the mass per unit length of missile 
and v  is the instantaneous velocity of missile. 
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In the present case of stainless steel missile it is essential to use a viscoplastic material model 
with material parameter values suitable for the material at hand. A one dimensional model of Cowper and 
Symonds, Jones (1989) is adopted in which the dynamic stress is obtained from  

 

1
q

y
D


 

  
   

   

       (2) 

 
where   and y  are the static and the dynamic yield strength of material, D  and q  are material 
parameters. In the folding model strain hardening is taken into account as well. 

In calculations of the crushing force both bending and stretching deformations of shell are 
evaluated in step by step analysis in a similar way as in axisymmetric shell finite element models. Due to 
nonlinearities numerical integration both in the meridian and thickness directions must be used. A nine-
point Simpson integration rule is used in the thickness direction and a three-point Gaussian integration is 
used in the shell meridian direction. Both the straight and the curved segments are divided into ten parts ( 
like axisymmetric shell elements). 

 

  
a)                                                                                b) 
Figure 7. Folding model. a) Folding mechanism consisting of circular arcs and straight elements. b) 
Deformation at the end of folding cycle (wall center line) taking shell wall thickness into account. 

 
For stainless steel missile material = 210 GPaE  and 3= 7850 kg/m . The visco-plastic 

parameters D=1522 1/s and q=5.13 are used in calculations. An average value of 480 MPa is adopted for 
the yield stress in calculating the crushing force in both folding methods to obtain comparable results. In 
the true folding model actual strain hardening can be taken into account. 

Figure 8 shows load functions for the missile with an impact velocity of 166 m/s obtained by 
different methods. The finite element (FE) model is an accurate representation of the missile. Over 14000 
shell elements were used in modelling one quarter of the missile in 3D with Abaqus/Explicit code. Figure 
9 shows deformed shapes of missiles at the end of impact photographed after the test, X1 (left) and X2 
(right), obtained with the true folding model and simulated with the FE model (right). In the applications 
the effect of the fluctuating impact force of the true folding model on the plate response is considered. 
The deformed shapes correspond quite well to each other and are in agreement with the experimental 
deformed shape of the missile. The fluctuating force curves are the contact force histories which are 
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difficult to record in tests. In fact, the experimental force histories are recorded behind the force plates at 
the measuring transducers in separate force plate tests (not presented here). 

 

 
 

Figure 8. Loading functions for the missile with an impact velocity of 166 m/s. 
 

  
   

Figure 9. Missile after the test X1, analytically obtained shape of X1, final shape of the FE model and test 
missile X2. 

 
CALCULATION RESULTS FOR TESTS X1 AND X2 

 
Deflection behavior of test slabs X1 and X2 
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Wall deflections were recorded during the test X1 by five displacement sensors. Measured 
deflections are presented in Figure 10a with the corresponding calculation results obtained by the shell 
element model. Locations of the displacement sensors are presented in Figure 2. Measured and calculated 
central deflection during test X2 is presented in Figure 10b. In the test setup the deflection sensors are 
attached to a horizontal beam. During the test this beam is vibrating somewhat. The movement of the 
displacement sensor due to the bending behavior of the beam is taken into consideration in these results. 
The calculated deflection results obtained by the shell element model for Tests X1 and X2 are quite 
similar. By comparing the deflection results of these two tests recorded at the wall centre (D1) it can be 
concluded that the displacement sensor was loosen during the test X1. The vertical distances from the slab 
centre to the displacement sensors D6 and D7 are 180 mm and 360 mm, respectively. The calculated 
bending vibration frequencies correspond to recorded behavior. 

  
a)                                                                       b) 

 
Figure 10. Displacements as functions of time at selected measurement locations in Test X1 (figure a) and 

Test X2 (figure b).  
 

Calculations were carried out by using the above considered three different methods and by 
applying two different types of loading functions shown in Figure 8. Calculated displacements are 
compared with the experimental recordings in Figure 11 a and b. Curves FEKR are obtained by Kirchhoff 
plate model. 

The horizontal distance from the slab centre to the displacement sensor D5 is 400 mm. It may be 
concluded that the shape of the loading function does not considerably affect the results. Maximum 
displacement at the center of the wall and maximum displacement at the displacement sensor location D5 
are predicted with reasonable accuracy by the used methods.  

 

  
a) Deflection at D1      b) Deflection at D5 

Figure 11. Displacements as functions of time in Test X1. 
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Shear punching behavior  

 
Vertical (left) and horizontal (right) cross-sections sawn through the centre-lines of the slab X1 

are shown in Figure 12. The figures show that no clear punching (shear) failure occurred but an incipient 
shear cone formation can be seen. Shear strain distributions calculated using the solid element model are 
presented in Figure 13. The maximum strains occur at the same location where the incipient shear cone 
formation can be observed. Strain and stress distribution in reinforcement is shown in Figure 14. The 
highest and very local strains in shear reinforcement are about 1 %. Since these strains are very localised, 
they cannot necessarily be recorded during the test. 

The corresponding stress and strain distribution for Test X2 is presented in Figure 15. Since the 
amount of the shear reinforcement is lower than in slab X1, also the strains in stirrups at the shear cone 
area are higher. 

 

  
Figure 12. Vertical (left) and horizontal (right) cross-sections sawn through the centre-lines of the 

X1 slab. 

  
Figure 13. Shear strain distributions in vertical (left) and horizontal (right) cross-sections of the slab X1. 
 

   
Figure 14. Strain and stress distribution in reinforcement in Test X1 at t=12 ms. 
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Figure 15. Strain and stress distribution in reinforcement in Test X2 at t=12 ms. 

 

CONCLUSION 

 
The force time function due to a deformable missile impact was calculated with the Riera method 

and by using a FE model. Also a more accurate folding model in which the actual formation of folds is 
taken into consideration was used. Two finite element codes, Abaqus and a special purpose finite element 
program, are used in calculating the responses of the present test plates. Additionally a TDOF model is 
used for structural response studies. Displacements calculated with three different methods applying two 
different loading functions were compared with the experimental recordings. The shape of the loading 
function did not significantly affect the results in the considered cases. Maximum deflections obtained by 
Abaqus and TDOF model were somewhat underestimated. Bending vibration behavior of the slab could 
not be properly calculated with the solid model. A 3D solid FE model is needed in studying local shear 
punching behavior of test plate in detail.  

It should be noted that these results are sensitive to the material property assumptions. Also, the 
applied damping value affects the bending vibration behaviour. Damping values for nonlinear analyses on 
reinforced concrete structures are not easily found in the literature. Further experimental research is 
needed to obtain relevant data on damping for numerical analyses in the considered impact cases.  
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