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1 - INTRODUCTION -

The safety analysis of nuclear power plant requires to 
study what might result in case of a missile impacting a reinforced concre
te wall for instance in case of an aircraft crash on to the reactor contain
ment structure. The patterns of destruction are complex and so research was 
limited to two simple models that would enable approximate calculations to 
be performed. 

a) A flexible missile crashes on to the structure (e.g. the fuselage). The 
general behaviour of the structure is the interesting factor to observe, 
rather than the details of a stress analysis in the area of impact. 

b) A "rigid missile hits a concrete wall (e.g. engines). Here we studied the 
local effects and ascertained whether or not the missile had perforated 
the wall. 

Both these problems were approached by CEA/DEMT. The first 
was rather easy to handle. The stresses calculated could be picked up again 
on prestressed cables, or remain confined £lj to the elastic range for steels. 
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The second problem, on the contrary, was more complex. 
There are [2j [3j of course correlated data obtained from military missiles 
(high velocity and small diameter compared with the thickness of the concre
te) , giving in general the depth of penetration into an infinite concrete 
medium, but from there on, the extrapolation of such data to cover aircraft 
engines is hazardous (low velocity, diameter close to the thickness of the 
concrete). Moreover, the use in such cases of the various formulae published 
by ACE - NDCR - BRL - Pi TRY gives extremely different results. 

2 - SYMBOLS -

In the different formulae used below 

M is the mass of the missile (kg) 
2 

S its contact area (m ) 
d its diameter (m) 
N a missile shape factor 
V the striking velocity of missile (m/s) "" 
<j— the ultimate compressive strength of the concrete (Pa) 
H the thickness of a non perforated concrete target (m) 
e the perforation thickness i.e. the maximum thickness of a target 

which a missile with a given striking velocity will perforate (m) 
X the penetration depth of a missile into a relatively thin target (m) 
Xo» t h e penetration depth of a missile into an infinitely thick target (m) 
e = 2.718 n 

3 - TESTS PERFORMED IN FRANCE -

The test facilities and the first results were described 
in BERLIN in September 1975 [2J. They include : 
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a) Tests performed on behalf of Electricité de France (E.D.F.) and of the 
Experimental Center of Research on Building and Public Works CCE.B.T.P.) 
at SAINT-REMV'-LES-CHEVREUSE, when missiles were dropped from a height 
of 47 m on different concrete slabs. The means implemented were rather 
simple and these first tests were preliminary exploration. 

b) Then tests for BDF carried out by the Central Direction of Public Works 
made use of a 305 naval gun firing missiles weighting 192 to 300 kg on 
concrete slabs measuring 5 m x 5 m. 

c) Tests performed at CESTA (Aquitaine scientific and technical research 
center) of the French Atomic Energy Commission (CEM with a 30Q mm air 
gun on 1.46 x 1.46 m slabs. If the missile is fitted with a wooden sabot, 
it can be of a diameter of 100 to 300 mm, giving a total weight of 15 to 
300 kg. In each of these tests, we tried to get an impact velocity close 
to the one just sufficient to perforate the slab. Indeed, we have velocities 
slightly above and slightly below this critical velocity. 

4 - RESULTS OBTAINED AT THE PRESENT TIME -

The test program has not yet been completed but important 
results have already been obtained. The characteristics and results of 90 
shots had been presented at the 4 t h SHIRT in SAN FRANCISCO in August 1977 [4]. 
The results of these tests can be summarized'in a homogeneous perforation 
f ormu? a . 

, 2\4/3 

To stat& precisely the validity range is very important in 
the case of an empirical formula . Here we have 

2 0 C V < 200 m/s 
0.3<f < 4 
30 < g- < 45 MPa 
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Cylindrical flat nose 

120 < reinforcement ratio ^ 300 kg/m 

This formula may be compared with others in the table below 
where it is presented in an other way : it is named CEA-EDF and it gives 
the minimum reinforced concrete thickness required so that there is per
foration with a given missile. 

- 3/8 - 1/8 /„x 1/2 . 
e-0,82 (J- P £ V 3 / 4 * w 
In this table, the other formulae are given with numerical 

values related to the international unit system and their validity ranges 
are indicated when they are known. 

The Figure 1 shows the application of these different 
formulae to the case of a military aircraft engine impinging on a nuclear plant 
containment. A missile of 1.6 t and 1 m. dia. is considered striking a 
reinforced concrete wall, which compressive strength is 40 MPa.The thickness 
of the perfored concrete was plotted as a function of the impact velocity, 
after being computed by means of the different formulae. 

It can be seen that the ACE and NDRC formulae are useful only 
for velocities higher than 150 m/sec and values of e/d higher than 3, therefore 
out of the range taken into account. It also can be seen that in the velocity 
range examined in this case the ratio of the results obtained by means of the 
extreme proposed formulae (i.e. NDRC-BETH and PETRY) is 10 : 1. 

New tests have been performed in France since the 4 SKIRT. 
They concern the two following points : 

- The concrete ageing : Previous tests were made with 28 days old concrete. 
The ultimate compressive strength generally increases during the plant life : 
values up to 60 or 65 MPa are possible in french nuclear power plants. 



VARIOUS FORMULAE 
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PBTRY 
(modifiée) 

PENETRATION 

" K I l o g ( 1 + 2bW> 

X » X 
- 4 fc£- - 2) 

î + e ~° n 

PERFORATION 

e » 2 X 

VALIDITY RANGE 

H > 3 X, 

X ^ < H < . 3 X ^ 

V ? 

BRL 

i 
ACE 

1.03 10 - 3 MV 1.33 

l 1 - e \ / o = " 
e • 1.3 X 

X _ = 3 .53 10 -4 MV 1.5 

,1.785 + 0.5d e - 1.32 d + 1.24 X 

V ? 

150 < V < 900 m/s 

- I - » 

3 < - i - < > e 

NDRC 

BETH 

—5 MV 
G » 3 .83 10 N V 

1.8 

0.8 V5=" 
e » 1.32 d + 1.24 X. 

G £ * 2d 
or 

e = 1.23 d + 1.07 X 

G ^ 1 — > G - - J = - 1 

150 < V < 900 m/s 

C.E.A.-E.D.F. 

e - 3 .19 - f - - 0.718 H p ) ' 

e - 0 . 8 2 < r - 3 / 8 p _ 1 / 8 V T v 3 / 4 

V ? 

3< -5- < « 

20 < V < 200 m/s 
'lindric 

flat nose 

3 < -J- < 18 

°'3^"T" < 4 

Cylindrical _ «6 > y A* *6 * - 30.10 Pa < o- < 45 .10° Pa 
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REINFORCED CONCRETE PERFORETED THICKNESS 

MISSILE 
M=1.6 T 

d= im 

CONCRETE o = 4 0 M Pa 

5Qm/s lOOni/s 15Qm/s 200™ 
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Two series of tests are din progress : First, shots on 28 
days slabs with g- varying from 45 to 70 MPa. Secondly four shots on 
28 days, 90 days, one year and five years old slabs, we do not have yet 
complete results for the second series but the first one shows that the 
formula is not valid for concrete withjy- higher than 45 MPa. For instance 
in our tests a missile of 0.2 m diameter and 72 kg perforates a 0.26 m 
thick slab if it has a velocity close tc 100 m/s when the concrete ultimate 
compressive strength is 45 MPa. This is in a good agreement with the formula. 
But if £p increases the perforation velocity decreases si ighly down to 
90 m/s when g- is equal to 70 MPa. 

- The nose shape : Shots with different nose shapes are in progress. For 
example a missile in similitude with a quarter of turbine wheel was shot. 
In this case, the perforation velocity is higher than for a cylindrical 
missile with same nose area. 

5 - CALCULATION -

Comparisons are macle between test results and calculations. 
A bi-dimensional finite element programm PLEXUS is used. We have chosen a 
concrete model of which it is possible to determine experimentally the numeri
cal values. This model involves three kinds of damage : shear, bulk and 
yield : 

*!**• 2 ttg, 3 
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- Shear characteristics will be deduced from tests with specimens under 
pressure, plotting the Figure 2 curve where (j"\f 0~ 2 and 0—_ are main 
stresses and c. the deformation in the main direction. There is one 
curve for each value of g-- = (j", = constant. For the model these results 
are linearized as shown on the Figure 2. 

- Bulk behaviour will be obtained by hydrostatic tests : Plotting the rela
tive variation of the volume ÛV/V versus pressure P as on the Figure 3. , 

- Tensile damage : When the tension reaches the ultimate tensile strength 
there is a crack and it becomes null. 

A first calculation with this model and numerical values 
from littérature is in good agreement with test results ir the case of a 
concrete slab without reinforcement. The projectile is a 51 kg mast with a 
0.3 m diameter and an impact velocity of 114 m/s. Caculation gives a residual 
velocity after perforation of 40 m/s which can be compared to 4£ m/s obtained 
during the test. This calculation shows that the scabbing at the rear face 
absorbes and energy equal to one quarter of the initial missile cinetic 
energy and the tests gave the same ratio. 

The Figure 4 shows the mesh deformation at a time of 1.5 
millisecond after the impact when the mirsile has already its residual velocity. 

He are continuing our test programs with research of concrete 
characteristics under different pressures and different deformation velocities. 
Then we will introduce reinforcement in calculation and compare results with 
tests. 

6 - CONCLUSION -

A reliable formula is now available to calculate the thickness 
of a reinforced concrete wall so that there is no perforation. It must be 
reminded that this formula can be applied only within its validity range, in 
the near future, we hope to solve two important problems t the effects of the 
missile nose shape and of the concrète ageing. 
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