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ABSTRACT 

 
Reinforced concrete (RC) protective walls, in particular those of nuclear or industrial installations, must be 

protected against unintentional or intentional impact scenarios such as aircraft crashes. In the worst-case 

scenario of an aircraft crash, local and global damage is caused to the structure. For a better understanding 

of the damage mechanisms, experimental tests as well as analytical and numerical models can be 

investigated. Based thereon the damage can be quantified and design guidelines developed. 

The load-bearing capacity of RC slabs can be estimated by various methods and models. On the 

one hand, there are empirical and semi-empirical models which allow a fast calculation with few input 

parameters. On the other hand, validated Finite Element (FE) simulation models allow further 

investigation of damage mechanisms as well as detailed evaluation of stresses and strains in concrete and 

reinforcement. 

 This paper investigates the efficiency of existing analytical and empirical approaches as well as 

numerical simulation methods in predicting the load-bearing capacity of reinforced concrete structures 

under hard impact loads. Moreover, a novel simplified mechanical analytical method is proposed. The 

mechanical principles are based on a nonlinear two degree of freedom (TDOF) system by Schlüter 

(1987), which was extended for applications on hard impact scenarios. FE-simulations and experimental 

test results of recent and ongoing research projects are presented and have been used for validation 

purposes.  

 

INTRODUCTION 

 

The impacting missiles or projectiles can be classified as hard, semi-hard or soft, depending on the 

deformability of the missile relative to the target deformability. If the projectile is deformable relative to 

the target (soft missile) the assumptions of a plastic shock are a suitable approach and a load-time function 

can be determined using simplified methods, e. g. by Riera (1968). In the event of a hard impact, the contact 

actions and target reactions are strongly coupled and hence the calculation of capacity and damage effects 

is very sophisticated.  

 Therefore, if hard and non-deformable parts of a plane or engine (e. g. engine shaft) are 

investigated, the interaction between the RC structure and the impacting projectile should be considered. 

The rigid parts can be considered separately in these approaches e. g. by means of empirical formulas. 
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EMPIRICAL FORMULAS 

 

Empirical formulas enable rapid estimation of damage parameters such as the perforation thickness or 

penetration depth. There are several formulas proposed by different institutes. Important input parameters 

are the mass of the projectile 𝑀𝑃, the impact velocity 𝑣𝑝, the projectile diameter 𝐷 and the compressive 

strength 𝑓𝑐 as well as the density of the concrete 𝜌𝑐. Only few formulas consider the reinforcement content 

𝑟 of the target slab. 

Using the empirical formulas below (see equations (1) – (8)), the perforation thickness, i. e. the 

thickness of the target structure at which the projectile just perforates the RC slab, is determined.  

 

Table 1: Empirical formulas 

 

CEA-EDF 

(1974) 
𝑡𝑝 = 0,82 ∙  

𝑀𝑃
1
2 ∙  𝑣𝑝

3
4 ∙ 𝐷

𝜌𝑐
1
8 ∙ 𝑓𝑐

3
8 ∙ 𝐷

3
2

 (1) 

CEA-EDF 

(Fullard) 

 
𝑡𝑝 = 

(

 
 𝑣𝑝

1
2

1,3 ∙ 𝜌𝑐
1
6 ∙ 𝑓𝑐

1
2  ∙  (

𝐷
𝑀𝑃
)

2
3
∙ (𝑟 + 0,3)

1
2
)

 
 

3
4

 (2) 

CEA-EDF 

(Li et al.) 𝑡𝑝 = 

(

 
 𝑣𝑝

1
2

1,3 ∙ 𝜌𝑐
1
6 ∙ 𝑓𝑐

1
2  ∙  (

𝐷
𝑀𝑃
)

2
3
∙ (𝑟 + 0,3)

1
2 ∙ [1,2 − 0,6 ∙ (

𝑐𝑟
𝑡𝑑
)]
)

 
 

3
4

 (3) 

Chang 𝑡𝑝 = (
61

𝑣𝑝
)

1
4

∙ (
𝑀𝑃 ∙ 𝑣𝑝

2

𝐷 ∙ 𝑓𝑐
)

1
2

 (4) 

CRIEPI 𝑡𝑝 = 0,9 ∙ (
61

𝑣𝑝
)

1
4

∙ (
𝑀𝑃 ∙ 𝑣𝑝

2

𝐷 ∙ 𝑓𝑐
)

1
2

 (5) 

NDRC/ 

Degen 
𝑡𝑝 = 𝛼𝑝 ∙ 𝐷 ∙ (2,2 ∙

𝑥𝑐
𝛼𝑐 ∙ 𝐷

− 0,3 ∙ (
𝑥𝑐
𝛼𝑐 ∙ 𝐷

)
2

) (6) 

AFCEN-

RCC 𝑡𝑝 = (
𝑀𝑃
𝜌𝑐 ∙ 𝐷

∙ (
1

1,89
∙ (
𝜌 ∙ 𝑣𝑝

2

106 ∙ 𝑓𝑐
))

3
4

)

1
2

 (7) 

AFCEN-

RCC 

extended 
𝑡𝑝 =

(

 
 𝑣𝑝

2

1,9 ∙ 𝑓𝑐 ∙ 𝜌𝑐
1
3 ∙ (0,35 ∙ (

𝑟
200)

𝛾
+ 0,65)

2

∙ (
𝑓𝑐

36 ∙ 106
)
−
1
2

)

 
 

3
8

∙ √
𝑀𝑃
𝐷

 (8) 

 

LIMITS OF APPLICATION 

 

A major part of the formulas is based on experimental investigations. Therefore, the application range must 

be observed. Table 2 gives an overview of the application limits of the presented formulas. 
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Table 2: Limits of application of the formulas 

 

 

CEA-EDF 

(1974) 

 

𝑣 < 200 𝑚/𝑠 
23 𝑀𝑃𝑎 < 𝑓𝑐 < 46 𝑀𝑃𝑎 

20 𝑘𝑔 < 𝑀𝑃 < 300 𝑘𝑔 

𝐷 ≤ 0,3 𝑚 

0,35 < 𝐷/𝑡𝑑 < 4,17 

 

CEA-

EDF 

(Fullard) 

 

45 𝑚/𝑠 < 𝑣 < 300 𝑚/𝑠 
15 𝑀𝑃𝑎 < 𝑓𝑐 < 37 𝑀𝑃𝑎5 

0,33 < 𝐷/𝑡𝑑 < 5 

0 < 𝑟 < 0,75 % 𝑒𝑎𝑐ℎ 𝑤𝑎𝑦 𝑒𝑎𝑐ℎ 𝑓𝑎𝑐𝑒 

Chang 

16 𝑚/𝑠 < 𝑣 < 311,8 𝑚/𝑠 
22,8 𝑀𝑃𝑎 < 𝑓𝑐 < 45,5 𝑀𝑃𝑎 

0,0508 𝑚 < 𝐷 < 0,3048 𝑚 

0,11 𝑘𝑔 < 𝑀𝑃 < 342,9 𝑘𝑔 

CEA-

EDF (Li 

et al.) 

11 𝑚/𝑠 < 𝑣 < 300 𝑚/𝑠 
𝑓𝑐 < 37 𝑀𝑃𝑎 

0,33 < 𝐷/𝑡𝑑 < 5 

0 < 𝑟 < 0,75 % 𝑒𝑎𝑐ℎ 𝑤𝑎𝑦 𝑒𝑎𝑐ℎ 𝑓𝑎𝑐𝑒 

0,12 < 𝑐𝑟/𝑡𝑑 < 0,49 

150 𝑘𝑔/𝑚³ < 𝑀𝑃/(𝑈/2)² ∙ 𝑡𝑑 < 10
4 𝑘𝑔/𝑚³ 

CRIEPI 

16 𝑚/𝑠 < 𝑣 < 311,8 𝑚/𝑠 
22,8 𝑀𝑃𝑎 < 𝑓𝑐 < 45,5 𝑀𝑃𝑎 

0,0508 𝑚 < 𝐷 < 0,3048 𝑚 

0,11 𝑘𝑔 < 𝑀𝑃 < 342,9 𝑘𝑔 

AFCEN-

RCC 

𝑣 > 20 𝑚/𝑠 
25 𝑀𝑃𝑎 < 𝑓𝑐 < 45 𝑀𝑃𝑎 

0,5 < 𝐷/𝑡𝑑 < 3,3 

0,5 < 𝑀𝑃/(𝜌 ∙ 𝑡𝑑
2) < 5 

100 𝑘𝑔/𝑚³ < 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡
< 250 𝑘𝑔/𝑚³ 

NDRC/ 

Degen 

25 𝑚/𝑠 < 𝑣 < 311,8 𝑚/𝑠 
28,4 𝑀𝑃𝑎 < 𝑓𝑐 < 43,1 𝑀𝑃𝑎 

0,1 𝑚 < 𝐷 < 0,31 𝑚 

0,15 𝑚 < 𝑡𝑑 < 0,61 𝑚 

AFCEN-

RCC 

extended 

𝑣 < 250 𝑚/𝑠 
15 𝑀𝑃𝑎 < 𝑓𝑐 < 80 𝑀𝑃𝑎 

0,25 < 𝐷/𝑡𝑑 < 3,3 

𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 

 

 

SIMULATION OF SOFT MISSILE IMPACT 

 

The CEB-model (Comité Euro-International du Béton) according to Schlüter (1987) and CEB (1988) is 

considered a useful and simplified solution for estimating the load-bearing capacity of reinforced concrete 

plates subjected to soft missile impact. This analytical model describes all relevant mechanisms in a 

physically adequate manner and allows a fast evaluation of the system response under missile impact. The 

reinforced concrete plate is represented as a two-degree of freedom (TDOF) system with the following 

equations of motion (see equations (9) and (10), figure 1). 

 

 𝑀1 ∙ 𝑤1̈ + 𝑐1 ∙ 𝑤1̇ + 𝑅1(𝑤1) − 𝑅2(𝑢) − 𝑐2 ∙ �̇� = 0 (9) 

 

 𝑀2 ∙ 𝑤2̈ + 𝑐2 ∙ �̇� + 𝑐3 ∙ 𝑤2̇ + 𝑅2(𝑢) − 𝐹(𝑡) = 0 (10) 
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Figure 1. CEB model and the three components of local resistance 𝑅2 (Distler 2021). 

 

Nonlinear springs and dampers couple two masses. 𝑀1 and 𝑅1(𝑤1) represent the deformation 

characteristics of a circular plate in bending while 𝑀2 and 𝑅2(𝑢) represent the local behaviour of the 

punching cone in the area of impact relative to the rest of the plate (𝑢 =  𝑤2 −𝑤1). Damping is also 

included in this model to represent the amount of energy dissipation from internal damage of the concrete 

and the dowel action of the bending reinforcement. Initially, the assumed punching cone 𝑀2 is 

monolithically connected to the remaining concrete slab. The resistance 𝑅1 is idealized as an elastoplastic 

spring describing bending of the plate. When the concrete tensile strength is exceeded, depending on the 

reinforcement content, separation of punching cone and slab occurs. The resistance 𝑅2(𝑢) consists of three 

components, which can be idealized as three parallel connected springs, describing the contribution of the 

concrete, the stirrups and the bending reinforcement. Figure 1 clarifies the three components of the local 

resistance 𝑅2(𝑢). 
 

SIMULATION OF HARD MISSILE IMPACT 

 

If only non-deformable parts of a plane or engine are investigated, called hard missiles, the interaction 

between the target and the impacting projectile as well as the process of penetration of the projectile need 

to be considered (see figure 2). As the original CEB model according to Schlüter (1987) only works with 

soft missiles, the approaches should be modified. 

 

 
 

Figure 2. Model for missile impact (left); FE model of selected impact test (right) (Distler 2021).  

 

Load Interaction 

 

To determine the target response to a hard missile impact, it is desirable to know the impact force-time-

history or at least the duration of impact. Using the approach of Jonas and Rüdiger (1974), the time-history 
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of the impact force can be approximated by equation (12). This approach results from the integration of the 

equation of motion which is given in equation (11). 

 

𝑀𝑃 ∙ 𝑎 = −𝐹𝑖 = −𝑐 ∙ 𝑥 ∙ 𝑣          (11) 

 

𝐹(𝑡𝑖) =
2∙𝑀𝑃∙𝑣𝑝

2

𝑥𝑐
∙ tanh (

𝑣𝑝∙𝑡𝑖

𝑥𝑐
) ∙ [1 − tanh (

𝑣𝑝∙𝑡𝑖

𝑥𝑐
)
2
] (12) 

 

Where 𝑀𝑃 is the mass of the projectile, 𝑣𝑝 is the impact velocity and 𝑐 is a factor to be determined 

experimentally. A prerequisite for a useful load-approach function according to Jonas and Rüdiger (1974) 

is an accurate determination of the penetration depth 𝑥𝑐 of the projectile into the target structure using the 

empirical formulas presented in table 1 or experimental data. The formula is derived for SI units and must 

be converted consistently if necessary.  

Regarding the load interaction of the projectile and the RC slab, the impact process should be 

considered in two different phases. At first, the projectile penetrates the RC structure and creates an almost 

cylindrical penetration form as long as the concrete spring 𝑅𝑐
𝑢 is active. Therefore, the penetration depth 𝑥𝑖 

due to the projectile decreases the total slab thickness 𝑑 at each time step 𝑡𝑖 (see figure 3). In order to 

consider this adjustment for hard missile impacts, the load-bearing capacity of the concrete 𝑅𝑐
𝑢 is modified 

from the original CEB model in equation (13). 

 

𝑅𝑐
𝑢 = [(𝑎 +

𝑑−𝑥𝑖

tan(𝛼)
)
2
− 𝑎2] 𝜋 ∙ 𝑓𝑐𝑡 (13) 

 

 
 

Figure 3. Phases of penetration process. 

 

 In equation (13) 𝑎 is the projectile radius and 𝑓𝑐𝑡 represents the tensile strength of concrete. The 

effective height of the plate ℎ𝑒𝑓𝑓 is also reduced resulting in a decrease in fracture deformation of 𝑢1 (see 

equations (14) and (15)). 

 

ℎ𝑒𝑓𝑓 = 0,5 ∙ (𝑑 − 𝑥𝑖)       (14) 

 

𝑢1 = ℎ𝑒𝑓𝑓 ∙
2

3
∙
𝑓𝑐𝑡

𝐸𝑐
       (15) 

 

Adjustment of the mass of the punching cone 

 

In the CEB model, the mass of the punching cone 𝑀2 is calculated on the assumption of a linear cone shape.  

Experimental investigations concerning the punching cone in Just et al. (2016) and NEA (2012) have shown 

a dependence between the shape of the punching cone and the function of projectile speed as well as plate 

thickness 𝑑. To improve the calculation of 𝑀2, the shape of the cone will be estimated with an exponential 

shape function based on an input parameter 𝛽 shown in equation (16) and visualized in figure 4.  

 

𝑠𝑓(𝑑𝑖) = 𝑑 ∙ (𝑐 ∙ 𝑒
(
1

𝛽
)∙(

𝑥𝑖
𝑑
)
− 𝑏)      (16) 
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Figure 4. Shear fracture zone. 

 

 In equation (16), 𝑑 is the slab thickness and 𝑟𝑎 is the assumed punching cone radius. The parameter 

𝑐 and 𝑏 are fixed values that are defined by the boundary values of the function, 𝑠𝑓(𝑥𝑖) = 0,5 ∙ 𝐷 and 

𝑠𝑓(𝑑) = 𝑟𝑎.     
 The application of the exponential shear fracture zone is illustrated with the VTT tests A1 and IRIS 

P1 for determining the mass 𝑀2 according to equation (16) in figure 5. 

  

 

 
 

Figure 5. Cross-section of the RC structure as well as the assumed punching cone shape. 

 

 

Adjustment of the effective mass 

 

The calculation of the effective mass 𝑀𝑒𝑓𝑓 of the RC slab has significant influence on the global response 

of the system. Depending on the boundary conditions of the target structure a mass factor µ must be adjusted 

(see equation 17)). 

 

𝑀𝑒𝑓𝑓 = µ ∙ 𝑀𝑡𝑜𝑡𝑎𝑙      (17) 

 

 If there is experimental data concerning the displacements of the RC plate in longitudinal or 

transversal direction, a shape function 𝜑(𝑥, 𝑦) of the deformation of the slab can be approximated (see 

figure 6). Integration of the shape function in both x and y directions yields the equivalent mass 𝑀𝑒𝑞 

according to equation (18). The ratio of equivalent mass 𝑀𝑒𝑞 and total mass 𝑀𝑡𝑜𝑡𝑎𝑙 is described as mass 

factor µ (see equation (19)). 

 

𝑀𝑒𝑞 = 𝜌𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 ∙ 𝑑∬ (𝜙(𝑥, 𝑦))
2
 𝑑𝑦 𝑑𝑥

𝐿

0
    (18) 
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µ =
𝑀𝑒𝑞

𝑀𝑡𝑜𝑡𝑎𝑙
       (19) 

 

 A simplified approach is presented by Biggs (1964). For different boundary conditions, mass 

factors are suggested depending on the damage level. Table 3 shows the experimental results and the 

suggestion by Biggs (1964) for simply supported two-way slabs. 

 

Table 3. Mass factor µ according to Biggs (1964) and experimental data. 
 

Test µ (exp.) µ (Biggs) Restraints 

VTT A1 0,23 0,17 (plastic) 

0,31 (elastic) 

Rectangular supported at all edges 

VTT P1 0,26 

M284 0,30 

M171 0,30 

 

 
 

Figure 6. Evaluation of shape function (Distler 2021). 

 

STUDIES ON SELECTED IMPACT TESTS 

 

Table 4 shows the test data of the selected impact tests conducted by the Technical Research Centre VTT 

(see Heckötter and Sievers (2016) and Heckötter and Vepsä (2015)) of Finland.  

 

Table 4. Test data of impact tests. 

 

Test 𝑴𝑷  

[kg] 

𝒗𝒑  

[m/s] 

𝑫  

[m] 

Dimensions 

[m] 

𝒇𝒄 
[N/mm²] 

Reinforcement 

[%] 

VTT A1 47,5 101 0,1683 
2,10 x 2,10 x 0,25 

60 0,35 

VTT P1 47,5 102,2 0,1683 40,6 0,35 

 

For VTT A1 and VTT P1 the perforation thickness is determined in figure 7 using the presented empirical 

formulas. While the CEA and RCC formulas are in good agreement with the experimental data, the NDRC, 

CRIEPI and Chang formula slightly overestimate the load-bearing capacity of the RC slab for these tests.   
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Figure 7. Evaluation of perforation thickness. 

 

Experimental data as well as numerical results of the tests VTT A1 and VTT P1 are used for verification 

purposes of the simplified mechanical analytical model. First, based on the measured penetration depth, the 

load-time function for the selected impact tests VTT A1 and VTT P1 is calculated according to Jonas and 

Rüdiger (1974).  

 In test VTT P1, the hard missile perforates the RC slab. The calculation of the adjusted CEB model 

results in the damage mode ‘perforation’, as both the upper and lower bending reinforcement have reached 

their ultimate strain (see figure 8). The analytical calculation overestimates the damage to the RC slab. The 

frequency is in good agreement with the experimental as well as numerical data as figure 8 shows.  

 In test VTT A1, the ultimate load capacity of the target slab was not exceeded as the local spring 

𝑅2 seems to be intact in the analytical model (see figure 9). The displacement-time history visualized in 

figure 9 shows that the global damage is slightly overestimated. The overall target response of the adjusted 

CEB model is in good agreement with the experimental and numerical data.  

 The FE simulations shown in figures 8 and 9 reproduce the experimental damage mode. The 

frequency is too high. 

 

 

         
 

Figure 8. Calculated and measured deformation and load-time function of VTT P1. 
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Figure 9. Calculated and measured deformation and load-time function of VTT A1. 

 

CONCLUSION 

 

In this paper, the efficiency of existing analytical and empirical as well as numerical simulation methods in 

predicting the load-bearing capacity of RC structures under impact loads is investigated. The presented 

empirical formulas allow a valid estimation of parameters such as the perforation thickness or the 

penetration depth. The considered VTT tests, especially the extended RCC as well as the CEA-EDF 

formulas enable a conservative estimation of the perforation thickness. 

 In addition, the paper presents adjustments for the CEB model for application on hard missile 

impact. Test data of the Technical Research Centre VTT in Finland and of the British Atomic Energy 

Agency UKAEA is used to determine the validity of the adjustments.  

For verification purposes of the adjusted analytical model, the results of the experimental tests VTT 

A1 and VTT P1 as well as validated FE simulation models are used. The comparison between the analytical 

model, FE simulations and measured data shows good agreements. It was found that the adjusted CEB 

model for hard impacts can describe the essential behaviour of reinforced concrete slabs. An advantage of 

the analytical model is the fast applicability so that parameter studies can be carried out easily and quickly 

and that they complement complex procedures. It should be noted that particular input parameters such as 

the punching angle and damping are assumed. In addition to that, the load approach by Jonas and Rüdiger 

(1974) requires a sufficiently precise determination of the penetration depth. In order to increase the 

reliability of the analytically calculated results, the adjusted CEB model should be tested on a larger 

experimental base. 
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