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ABSTRACT 

 
This paper describes work conducted by the Canadian Nuclear Safety Commission (CNSC) on 

analysis of reinforced concrete slabs under missile impact. Non-linear dynamic behavior of reinforced 
concrete slabs under impact loading by “hard” missile was analyzed using commercial Finite Element 
(FE) code LS-DYNA. FE predictions based on Winfrith concrete material model were compared for slabs 
with and without transverse reinforcement. Identical material properties and geometry for both missile 
and slab were used, so the only variable was transverse reinforcement. No pre-stress was applied to target 
in this study.  

Concrete reinforcement was modeled using beam FE coupled with 3-D concrete FE at coincident 
nodes. Two different types of transverse reinforcement were examined (stirrups and T-headed bars) using 
simplified models. Wide range of impact missile velocities (60 – 120 m/s) resulting in response from 
missile rebound to target perforation was simulated. FE predictions show that transverse reinforcement 
localizes damage induced by missile. However, this reinforcement does not increase the perforation 
resistance of the concrete target. Moreover, transverse reinforcement using stirrups could lead even to 
reduced perforation resistance. FE predictions also show that T-headed bars perform better than stirrups 
providing approximately the same perforation resistance and smaller damaged area comparing with target 
with longitudinal reinforcement only.  

FE predictions obtained are “blind” results. However, they are in general agreement with tests 
designed by CNSC and performed one year later at VTT Technical Research Centre (Finland). These tests 
are presented in a separate SMiRT-22 paper (Orbovic and Blahoianu (2013)).  

 
INTRODUCTION 
 

Modern Canadian and International design codes and regulatory documents for Nuclear Power 
Plants require assessment against impact of externally or internally generated missiles on concrete 
containment. This requirement stimulated a large amount of analytical and experimental work conducted 
in different countries. Due to complexity of the problem, the research was conducted mostly for concrete 
slabs impacted by missiles. The most noticeable works were conducted in Germany (so called Meppen 
Impact Tests, Nachtsheim and Stangenberg (1981)) and in IRIS_2010 and IRIS_2012 Workshops 
(OECD/NEA Workshops IRIS_2010 and IRIS_2012).  

Transverse reinforcement is widely used for improving overall strength of concrete structures. 
However, the effect of this reinforcement for the localized missile impact is still not addressed yet. 
Moreover, experts disagree even on the prediction of the overall increase or decrease in perforation 
strength with the introducing of the transverse reinforcement. Very limited number of tests with and 
without transverse reinforcement and pre-stressing were first described in paper Orbovic and Blahoianu 
(2011) for the impact velocity below the critical (perforation) velocity. The latest test results are presented 
in the separate SMiRT-22 paper (Orbovic and Blahoianu (2013)). The current paper describes the results 
of FEA conducted by the CNSC to clarify the effect of the transverse reinforcement and to compare FE 
predictions with existing test results. This analysis employs an adequate FE model developed earlier 
(Sagals et al. (2011)) that is capable of predicting the main characteristics of post-impact state of a 
concrete slab, such as perforation velocity, size and shape of damaged area, crack patterns, etc.  
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FE MODEL 
 

FE model developed earlier for the missile impact of the reinforced concrete slab (Sagals et al. 
(2011)) was modified to include a transverse reinforcement. The reference geometry and values of 
material properties used were also taken from this paper. However, new concrete material properties and 
models based on additional information obtained from IRIS_2010 and IRIS_2012 projects (OECD/NEA 
Workshops IRIS_2010 and IRIS_2012) were also examined. All simulations were conducted using 
commercial code LS-DYNA. Fig. 1 shows the details of FE model together with boundary conditions 
(BC). Due to symmetry, only one-quarter of the entire system was modelled with symmetry BC. The 
comparison between the two models conducted for two typical cases (rebound and perforation) shows 
adequacy of one-quarter model. The adequacy of the selected mesh density was also validated by 
comparison between coarse and refined meshes ((14 and 58 solid FE through slab thickness respectively), 
see Sagals et al. (2011).  
 

 

             
 

       
 
 

Figure 1. FE model of slab impact 
 
Two simplified models were developed for transverse reinforcement, see Figure 2(a) and 2(b): 

• Simplified FE model of transverse reinforcement in case of stirrups was developed similar to 
longitudinal reinforcement by using 2-noded beam FE with coupling between concrete & re-bars 
nodes for all translational degrees of freedom (spherical joint). Stirrups hooks were not modeled. 

• Simplified FE model of transverse reinforcement in case of T-headed bars was developed using 
shell FE for T-heads and smeared concrete-steel properties for columns of target material 
between T-heads. To avoid small FE, T-heads size and locations were adjusted to coincide with 
slab mesh. Additionally, T-bar heads were not created at the rear slab face since it was assumed 
that rear T-bar heads are not interacting with longitudinal reinforcement during impact. 

concrete slab slab frame with re-bars (transverse 
reinforcement is not shown) 
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missile filling  
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  (a) transverse stirrups    (b) T-headed bars 

Figure 2. Modeling of transverse reinforcement 
 
MODELING RESULTS 
 
The effect of transverse reinforcement was analyzed for a range of impact velocities [60 – 120 m/s]. This 
range includes both missile rebound and perforation of the target. Two different diameters of transverse 
reinforcement 8 and 12 mm were examined for each impact velocity. Similar to earlier work (Sagals et al. 
(2011)), Winfrith concrete model was selected with included strain-rate effect and FE erosion criteria 
defined as maximum principal strain εmax>5% and minimum principal strain εmin<-5%. 
The following post-impact parameters were compared: 

• Residual (exit) missile velocity 
• Critical (perforation) velocity 
• Concrete slab damage (cracking, scabbing and/or perforation areas) for the front and rear faces 
 

Figures 3 – 6 show 3-D view of final state of the target for different stirrups diameter and missile velocity. 
Fig. 7 shows effect of transverse reinforcement upon the final (exit) missile velocity with and without 
transverse reinforcement. FE predictions show clearly that introduction of transverse reinforcement 
resulted in significant reduction of damaged area of the slab for the impact missile velocity range 60 – 
120 m/s. However, the ultimate strength (perforation velocity) is lower. Figure 8 shows 3-D view of the 
final state of the target for T-headed transverse reinforcement and missile velocity 100 m/s. Similar to the 
case with longitudinal reinforcement only (Figure 4) missile rebound with similar rebound velocity was 
predicted. However, the predicted target damage was much less and localized in the impact area.  
 Modified Winfrith concrete model without strain-rate and FE erosion criteria defined as max. 
principal strain εmax>50% and min. principal strain εmin<-50% was also used to examine the effect of 
transverse reinforcement. This model also provided similar FE predictions since, as indicated in earlier 
work (Sagals et al. (2012)), deleting strain-rate effect for concrete with simultaneous increasing the 
erosion threshold results in similar slab strength and damage. 
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Figure 3. 3-D view of final state of the target with and without transverse reinforcement and initial missile 

velocity 60 m/s 
 
 

 
Figure 4. 3-D view of final state of the target with and without transverse reinforcement and initial missile 

velocity 100 m/s 
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Figure 5. 3-D view of final state of the target with and without transverse reinforcement and initial missile 

velocity 120 m/s 
 

 
Figure 6. 3-D view of final state of the target with different transverse reinforcement diameters and initial 

missile velocity 100 m/s 
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Figure 7. Effect of transverse reinforcement (stirrups) upon final (exit) missile velocity 

 

                                         
Figure 8. 3-D view of final state of the target with T-headed transverse reinforcement 
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It is worth noting that FE predictions obtained in this work are “blind” results. However, they are 
in general agreement with tests designed by CNSC and performed one year later at VTT Technical 
Research Centre (Finland). These tests are presented in a separate SMiRT-22 paper (Orbovic and 
Blahoianu (2013)).  

Table 1 shows the results of this comparison. Similar to test results, FEA predicted less 
perforation strength for transverse stirrups and approximately the same perforation strength for transverse 
T-headed bars comparing with longitudinal reinforcement only. Contrary to tests, missile rebound with 
small rebound velocity was predicted for the last two cases. However, the corresponding Figures 4 and 8 
show clearly that all concrete was completely destroyed in impact area creating through-out hole. The 
missile was forced to rebound only by the rear layer of longitudinal reinforcement. Authors see the main 
reason of this effect as a result of a large increase of reinforcement strength due to strain-rate effect. Since 
the exact strain-rate properties of reinforcement are unknown, the commonly used Cowper-Symonds 
strain-rate law with limiting fracture strain εmax=17.9% was selected as follows: 

 
σy

dynamic = σy
static·(1+ε/C)1/p, 
 

where C=40 sec-1 and p=5 are typical values for mild steel (Abramowicz and Jones (1984)). 
 Probably, selecting more realistic reinforcement properties based on test results will lead to better 
agreement with test results. Certainly, more work, both tests and FEA, is needed for better understanding 
of role of transverse reinforcement in this kind of loading. 
 

Table 1 Comparison of tests and FE predictions for different transverse reinforcements.  
The initial missile velocity was 100 m/s in all cases. 

 
Test 

# 
Test description  

(Orbovic and Blahoianu (2013)) 
Test results FE Prediction 

1 Longitudinal reinforcement only Slab perforation 
Residual missile velocity 

12 m/s 

No slab perforation 
(missile rebound with 

residual velocity 6.8 m/s 
2 Transverse reinforcement in 

form of stirrups with hooks at 
both ends 

Slab perforation 
Residual missile velocity 

17 m/s 

Slab perforation 
Residual missile velocity 

28 m/s 
3 Transverse reinforcement in 

form of T-headed bars 
The missile made a through 

wall hole and was 
eventually stuck in the wall. 

No slab perforation 
(missile rebound with 

residual velocity 5.3 m/s 
 
CONCLUSIONS 

 
FE model developed earlier and capable of modelling of missile impact involving deep 

penetration and perforation of concrete slab was modified to include two types of transverse 
reinforcement: stirrups and T-headed bars. This model is based on commercial code LS-DYNA.  

FE ‘blind” predictions show that transverse reinforcement localizes damage induced by the 
missile. However, this reinforcement does not increase the perforation resistance of the concrete target in 
the impact velocity range examined (60 - 120 m/s) Moreover, transverse reinforcement using stirrups 
even leads to reduced predicted perforation resistance. FE predictions also show that transverse T-headed 
bars perform better than stirrups providing approximately the same perforation resistance and smaller 
damaged area comparing with target with longitudinal reinforcement only.  

FE predictions obtained are in general agreement with tests designed by CNSC and performed 
one year later at VTT Technical Research Centre (Finland).  
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More work, both tests and FEA, is needed for better understanding of role of transverse 
reinforcement in this kind of loading. 
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