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ABSTRACT 

 
The load case aircraft impact – civil and military – is still of actual interest for the design and re-

evaluation of new and existing nuclear power plant structures. For these investigations, reliable 
calculation methods are needed, which are suitable for simulating the specific non-linear effects caused 
by this action. Impacting missiles are conveniently classified into rigid and deformable, depending on 
their deformability in comparison with that of the target. Upon impact, military and commercial aircrafts 
can generally be considered as deformable missiles, with the exception of the dense turbine engines.  This 
paper is limited to this type of action. 

Large-scale impact tests with deformable missiles have been performed in the past, in order to get 
results with respect to the behaviour of reinforced concrete structures under soft impact load. As part of 
the research program IMPACT, which is organized by the Technical Research Center VTT and funded by 
several institutions including ENSI, reduced scale impact tests of reinforced concrete slabs are being 
carried out in Espoo (Finland). Within this program, combined bending and punching tests have been 
included since 2012 in addition to the predominant bending and punching tests performed earlier. The 
objective of these tests is to investigate the influence of different combinations of longitudinal and 
transverse reinforcement on the structural behaviour while the ultimate load capacity of the slab in 
bending and shear is not exceeded but almost reached. The test results are utilized for validation of the 
computer codes, which are used for numerical simulation of the aircraft impact load case. 

The combined bending and punching tests performed until now are described in this paper 
including detailed comparisons between experimental and computed data. Conclusions gained so far for 
aircraft impact design are described. 

 
INTRODUCTION 

 
Large-scale impact tests with deformable missiles performed in the past, e. g. Meppen tests, cf. 

Borgerhoff et al. (2011b), have been used to validate and improve the possibilities of computer software 
for computations of extreme impacts on reinforced concrete targets. In the frame of the program 
IMPACT, impact tests with reduced scale targets are carried out at the Technical Research Center VTT in 
Espoo (Finland), cf. Vepsä et al. (2011). The tested walls were 2.087 m square slabs and they were simply 
supported at each side with the span width of 2.0 m. The slabs were fixed by a steel frame, which was 
supported by four steel backpipes. 

Within the first two phases of this program, the object of the tests with deformable (soft) missiles 
was to study the global, bending behaviour of the wall. The object of the tests with hard missiles was to 
study the local, punching behaviour of the wall. In the actual third phase of the program (IMPACT III), 
since 2012 combined bending and punching tests are included. The objective of these tests is to 
investigate the influence of different combinations of longitudinal and transverse reinforcement on the 
structural behaviour while almost reaching the ultimate load capacity of the slab in bending and shear. 

Within the test series of combined bending and punching tests, the two tests X1 and X2 have been 
performed until now. Both tests are described in this paper including detailed comparisons between 
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experimental and computed data. A third test X3 is planned by take into consideration the experience 
gained from the two earlier tests. 
 
CALCULATION AND NUMERICAL RESULTS 

 
Impact Characteristics 

 
The test specimens of the combined bending and punching tests X1 and X2 were 2.087 m x 

2.087 m x 0.25 m reinforced concrete slabs, which have been subjected to impacts by steel pipe missiles 
of 50 kg weight traveling  approximately 165 m/s upon impact. The missiles had an original length of 
1811 mm, a diameter of 256 mm and a wall thickness of 3 mm. As a result of the test, they were 
compressed to residual lengths of about 77 and 80 cm resp., see Figure 1. 

 

      
 

Figure 1. Crumpling of missiles in tests X1 (formerly C1) and X2. 
 
Two different loading functions have been assumed for the numerical analyses of the tests. As 

basis for the approach of load function 1, the comparable force plate test FP5 has been used, see Figure 2. 
The alternative load function 2 has been derived by the approach by Riera (1968) whereas the crushing 
resistance was determined as dynamic buckling resistance of a thin-walled circular tube according to 
Jones (2003). 

 
Numerical Analyses 

 
The program used for the non-linear dynamic Finite Element (FE) analyses is SOFiSTiK; cf. 

SOFiSTiK AG (2010). The analysis of non-linear effects in SOFiSTiK is done by iterations using a 
modified Newton method; i.e. an implicit integration scheme is used. The calculation code SOFiSTiK is 
well-suited for the analysis of r/c targets subjected to extreme impact loads, cf. Chauvel et al. (2005), 
Zinn et al. (2007), and Borgerhoff et al. (2011a and 2011b). 

The reinforced concrete target is modelled with non-linear, layered shell elements regarding the 
reinforcement at both sides. Shear deformations of shell/plate elements are approximately included in 
SOFiSTiK. The elements shear forces are limited by the ultimate shear resistance specified with respect to 
the punching resistance of the concerning r/c structure. The damping was introduced by Rayleigh 
parameters adjusted to 1 % of critical damping for the relevant frequency range (30 - 80 Hz). Strain-rate 
effects have not been taken into account. However, it is thought that an increase of concrete and steel 
strength values of up to some 10 % would be justified for the impact tests, but the influence should be 
small with regard to the overall uncertainties of the computations. 
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Figure 2. Loading functions for tests X1 and X2 compared to force plate test FP5. 
 
The FE model of the combined bending and punching tests is shown in Figure 3. The total system 

of r/c plate, supporting steel frame and back pipes has been considered in a coupled model. The used 
mesh size for the FE model of the slab is 50 x 50 mm. 

 

 
 

Figure 3. Finite Element model of the combined bending and punching tests. 
 
The concrete and reinforcing steel material properties from tests X1 and X2 are compiled in 

Table 1. The material properties do not vary significantly. The crosswise reinforcement is equal. The most 
notable difference is that the transverse reinforcement of test X2 is only two thirds that of test X1. The 
analysis results presented hereinafter refer only to the data of test X1. No special analysis has been 
performed for test X2 due to the expectation that the test results would not differ much with the exception 
of the behaviour in the punching shear area. 
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Table 1: Material properties and reinforcement. 
 

Test X1 X2 

Concrete 

Compressive strength fc [MPa] 40.6 44.1 

Splitting tensile strength fct [MPa] 3.03 2.98 

Young’s modulus Ec [MPa] 23425 26341 

Reinforcing steel 

Yield strength ReH [MPa] 540.3 536.7 

Tensile strength Rm [MPa] 623.3 629.0 

Total elongation under 
maximum load Agt [%] 

14.4 11.2 

Longitudinal reinforcement 
(e.w.e.f.) 

∅ 10, s = 90 mm 
as = 8.73 cm²/m 

∅ 10, s = 90 mm 
as = 8.73 cm²/m 

Transverse reinforcement 
(closed stirrups ∅ 6 mm) [cm²/m²] 

17.45 11.64 

 
Comparison of Numerical and Test Results 

 
Figure 4 shows the total reaction force time histories from the four backpipes. It is evident from 

the measurements that test slab X2 is stiffer than X1, which is due to the higher concrete quality. The 
computed and measured results show a satisfactory correlation of period and amplitude of the maximum 
values even in decay of the force oscillations. 
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Figure 4. Sum of support forces of the four backpipes. 
 
The measured displacements presented in Figure 5 and Figure 6 verify the larger stiffness of test 

slab X2. The spread of the numerical results show a good correlation with the measured results of test X1 
when ignoring the malfunction of the measurement devices after exceeding the maximum. 
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Figure 5. Displacements of the slab centre. 
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Figure 6. Displacements 400 mm (X1) and 405 mm (X2) to the side of the slab centre. 
 
The measured concrete strains at the front surface indicate that the recorded values are not highly 

precise, see Figure 7. In this respect, the correlation with the calculated results is acceptable. 
 

0 0.02 0.04 0.06 0.08 0.1
Time [s]

-2

0

2

S
tr

ai
n 

[o
/o

o]

X1 Measured

X2 Measured

Load fct. 1

Load fct. 2

      
 

Figure 7. Concrete strains of gauge no. 4 at the front surface. 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division V 

The steel strains of the back reinforcement measured directly in the impacted area give rise to 
doubts with respect to their reliability, see Figure 8. The increase after leaving the linear-elastic behaviour 
during the impact phase seems to be too steep, and the subsequent decrease apparently is not realistic. 
Better results are achieved at the border of the area of the punching cone. This is also valid in comparison 
with the strains calculated for test X1, see Figure 9. In test X2, the reinforcement does not exceed the 
yield strength significantly. 
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Figure 8. Vertical reinforcement strains in the slab centre. 
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Figure 9. Vertical reinforcement strains 315 mm (X1) and 270 mm (X2) below the slab centre. 
 
A pronounced formation of a punching cone becomes apparent from the displacement distribution 

over the mid-section of the test slab X1 at the time of maximum displacements, see Photos of the cut 
surfaces of a quarter of the test slab X1 sawn-up after the test are shown in Figure 11. In the horizontal 
cross section, a steeper angle of the punching cone than in the vertical cross section is observed. The 
deviating behaviour can be explained by the different distances of the stirrup arms in vertical (90 mm) 
and horizontal direction (180 mm). This result corresponds to the finding that a higher utilization of the 
punching capacity induces a steeper punching cone angle, cf. Borgerhoff et al. (2011b). 

Based on the results of test X1, the transverse reinforcement of test X2 has been reduced to two 
thirds of that of test X1 with the aim of reducing the punching capacity and achieving a more pronounced 
punching cone. In addition to the measurements presented before, photos of a quarter of the test slab X2 
sawn-up after the test are shown in Figure 12. 
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Figure 10. Displacements over the mid-section of test slab X1 at time step 0.0104 s. 
 

      
 

Figure 11. Horizontal (left) and vertical (right) cross section of the sawn test slab X1. 
 

      
 

Figure 12. Horizontal (left) and vertical (right) cross section of the sawn test slab X2. 
 
Contrary to the expectations, the crack formation is less pronounced than in test X1 presumably 

due to the better concrete quality of test X2. Generally, the concrete contribution to the punching 
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resistance in both tests is so large that the activation of the stirrups in the intersection face of the punching 
cone is only low. Due to this fact, the stirrup strains scarcely exceeded the yield point as documented in 
the time diagrams in Figure 13. 

 

   
 

Figure 13. Stirrup strains measured in test X1 (left) and X2 (right). 
 

FURTHER COMBINED BENDING AND PUNCHING TESTS 
 
In Table 2, the punching resistances of the tests X1 and X2 according to German codes 

DIN 25449 and draft of KTA 2203 as well as SRD (1988) are compared with the maximum loads from 
the calculated load-time functions. According to DIN 25449, the percentage of concrete in the total 
punching resistance is more than 70 %, and the calculated maximum loads just reach for the calculated 
maximum punching resistance. 

In order to get closer to the region of ultimate load bearing behaviour in further tests, either the 
concrete strength has to be reduced or the maximum load has to be increased. Since the capacity of the 
test facility of VTT is limited to an impact velocity of 165 m/s in combination with a missile weight of 
50 kg, which was the prescribed test scenario, the load can only be amplified by increasing the rigidity of 
the missile. This aim can be reached by using a missile with a thicker pipe wall. 

 
Table 2: Data of tests X1 and X2 and associated punching resistances. 

 

KTA 2203 SRD

Vrdsy Vrdsy FP

kg m/s m cm²/m cm²/m
²

% MN % MN % MN MN MN MN mm

X1 50,1 165,9 0,25 8,73 17,45 100 0,757 70 0,324 30 1,081 0,666 1,158 1,17 26

X2 50,1 164,5 0,25 8,73 11,64 67 0,778 78 0,218 22 0,996 0,441 1,198 1,16 20

Stirrups
DIN 25449

Vrdc stirrups

Test 
No.

Mass Velocity

Target Slab
Maximum 

load 
(calculated)

Maximum 
displacementThickness

Lower 
reinforce-

ment

 
 

CONCLUSION 
 
The non-linear dynamic analyses of extreme impact tests of reinforced concrete slabs with 

combined bending and punching deformation behaviour carried out within the IMPACT III project 
demonstrate that scenarios like aircraft impact on r/c structures can realistically be solved by numerical 
simulation. Also in the combined bending and punching tests performed so far, the layered shell element 
of the program SOFiSTiK has demonstrated that it is suitable for a reliable numerical simulation of this 
problem, provided that the slabs have a minimum of transverse reinforcement, which is sufficient to 
assure that the ultimate limit state with respect to punching is not exceeded. 

yield strain 

yield strain 
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As a result of the combined bending and punching tests performed so far, moreover it became 
obvious that the influence of concrete contribution to the punching resistance can be decisive for the 
behaviour under impact loads. Further tests shall get closer to the region of ultimate load bearing 
behaviour. This aim can be reached by reduction of the concrete strength or using a less deformable 
missile. 
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