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1. Introduction 
The usual methodologies applied in present industrial practice in order to assess the vibrating 
motion induced by an airplane crash in the reinforced concrete structure of a nuclear power plant 
are often based on the following hypotheses: a) the crash induces a global motion that can be 
computed using methods developed for seismic motions and b) the impact can be represented by 
a load applied to an impact surface more or less constant in time around the initial impact point.  
The purpose of this paper is to present alternative modeling methodologies of this kind of 
impact, in order to provide more accurate results and reduce some of the conservatisms of the 
usual approaches derived from Riera method. 
This involves in particular hypotheses regarding the vibrating motion transmission in the 
structure, which is assumed to progress as a shockwave in the structure, and regarding the impact 
surface, that is assumed to be variable in time. 
First, we will describe how, from an impact load curve (Riera signal) , we build a generic aircraft 
model in order to get a realistic model of the projectile, which projected on a rigid wall would 
induce impact loads sensibly similar to those of the input impact load curve. 
Then we will describe how we propose to model the structural response, including mainly the 
shock signal attenuation, in order to evaluate the induced vibrating motion. 
In order to open up prospects, we will lastly present the way input energy spectra could be used 
in order to describe the crash induced vibrating motion for high frequency qualification purposes. 

2. Generic airplane methodology 
a. Transcription of input signal into geometric characteristics 

We will start here from the assumption that the aircraft impact is described as an impact load 
curve (Riera signal). The Riera signal is given assuming that the airplane is crashing 
perpendicularly onto a rigid wall.  
The generic airplane methodology purpose is to rebuild an equivalent aircraft considering a very 
simple geometrical description, which would lead to an impact load curve similar to the Riera 
input one if crashed on a rigid wall, and which can then be used in order to model the aircraft 
crash on the plant structure. 
In order to validate the conformance to the original input Riera signal, the equivalent model is 
crashed onto a rigid wall using a transient calculation with FEM code (LS-Dyna). 
The issue is to be able to determine a first description for the plane structure in term of geometry 
and mass distribution, which can then be optimized by iterations. 



Considering the equations provided by Riera in Ref. [1] we can write: 
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Where we consider that the crushing force is very small regarding the inertial force and by 
considering that the velocity of each point of the aircraft remains quite constant along time i.e. 
v(t) = Vimpact, we can simplify at first sight the previous formulae and estimate roughly the mass 
distribution as: 

 
( ) ( )xF

Vx

x
impact

impact

.
1=

∂
∂µ

 (2) 

Note that this methodology requires assuming an impact velocity that is known. If this velocity is 
not well known, an estimation can be made following the type of airplane that is considered. 
Then, assuming the value of the mean diameter considering a large panel of commercial airplane, 
it is possible to evaluate the mean thickness of the airplane fuselage teq: 
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This first estimation provides the capability of determining a first crushing force distribution as 
proposed in [2]: 
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Thanks to equations (2) and (4), we are now able to carry out the calculation of Riera impact 
load curve. 
In order to do so, a first iterative set of calculations is carried out following the Riera’s 
methodology in order to calibrate the parameters that are used for the modeling. 
The target load curve is plotted hereunder. In order to carry out this example without impairing 
any confidentiality aspects the values of the impact forces have been divided by the peak value 
of the signal. Thus the maximal value is 1 and no existing curve is especially pointed out. 

 
Figure 1 : Example load curve 

 
The confirmation of these hypotheses is obtained when the difference between the momentum 
(5) corresponding to the load curve calculated with the generic values and the one of the input 
load curve is less than 5%. 
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The conformance between the target curve and the calculated one has also to be appreciated 
regarding 3 particular windows: the first one is the first plateau, the second one is the 



surrounding area around the peak value (between the increasing and decreasing slopes) and the 
third one is the last plateau. In the first two windows it is important that the curves are in good 
adequacy, in the third one the conformance is harder to obtain and the research of the 
conformance between the momentums should prevail. 
 
The convergence is reached very fast. The governing parameter is the impact velocity that is 
assumed. The variation of the mass distribution has obviously a strong impact on the calculated 
curve, the crushing force is less impacting the calculated curve. 
 
An inappropriate value of impact velocity can be detected when the calculated curve reaches 
zero faster or slower than the target curve. 
 

b. Fitting the signal in Riera’s assumptions 
Once the mass repartition and the crushing force are fitting, the geometrical 
shapes have to be determined to match the signal in Riera’s assumptions. 
For this purpose a model is built considering an assembly of parts with very 
simplified shapes: 

  
Figure 2 and 3 :Wings’ spar, fuselage and non strutural mass of fuel of the aricraft 
 
The sizes and places of these parts have to be evaluated according the load curve. 
The time of the beginning of the rise before the peak and the corresponding x(t) in 
the calculation of the Riera curve will provide the place where the fuel shape and 
the associated wings’ spar shapes have to be placed. An example is exposed in 
Figure 4. 



 

               

 
Figure 4 :Load curve and corresponding places of the structural elements at the corresponding x(t) 

 
 
After having built the model, a crash calculation is carried out. For the model 
validation, we consider a rigid wall and an impact following the normal to the 
rigid wall. Thus we are respecting Riera’s assumptions that were used to compute 
the input load curve. This is illustrated in Figure 5. 

 
Figure 5 :Impact configuration. Rigid wall and plastic and damageable aircraft 
 
We consider very simple elasto-plastic constitutive equations, with an eroding 
criterion for the aircraft structure exposed as follows: 
 
Young 
modulus 

Density Yield 
stress 

Poisson 
ratio 

Tangent 
modulus 

Failure plastic 
strain (eroding 

x(0,4) x(0,65) 



criterion) 
70 000 MPa 2700 

kg/m3 
373 
MPa 

0.3 700 
MPa 

0.048 

Table 1 :Aircraft constitutive equation’s characteristics 
 
At the beginning a mesh size of 1m is chosen for the airplane. 
 
The impact velocity is set at the Vimpact converged value calculated previously. 
 
The impact angle is set normal to rigid wall surface. 

 
Another iterative approach is followed, close to the one exposed in Figure 2. In 
this case the convergence criterion of the momentum of the load curve is set at 
10%. This criterion is coarser than the previous one because of the difficulty to 
match the signals due to the methodological gap between Riera’s approach and 
this calculation. 
 
When the convergence is reached in term of momentum between target and 
calculated curve, a check of the mesh size influence is carried out. In our case 1m 
was enough, refining the mesh to 50cm did not provide a significant evolution of 
the momentum. 
 
An example of obtained curve is exposed in Figure 6. The noisy shape is mainly 
due to the erosion of the elements for which the failure plastic strain have been 
reached and that are deleted from the finite element calculation. 

 

 
Figure 6 :Converged signal 

 
c. Optimization of the impact response spectra by mean of generic airplane 

A calculation has been carried out in order to provide an illustration of the benefit 
that can be obtained by means of this methodology. 
A model of a reinforced concrete containment building with a stick model of the 
inner structures has been built. It is illustrated in Figure 7. 
 



 
Figure 7 :Example of reinforced concrete structure with an aircraft crash 

 
The properties of the model are summarized here after: 

Containment 
Top of the dome 67 m 
Height of the cylinder part 46 m 
Radius of the containment 22 m 
Level N0 40 m 
Level N-1 20 m 
Level N-2 0 m 
Thickness 1,3 m 

 
Concrete characteristics 
Density 2325 kg/m3 
E Young 33040 Mpa 
Nu 0,2   

 
A set of comparative calculations have been carried out in order to appreciate the 
gain that may obtained through a crash calculation with a generic aircraft. 
 

Name Containment 
behaviour 

Stick 
model 

behaviour 

Modeling of 
the impact 

force 

Specificity 

S(O) Linear Linear Force applied 
on a constant 

disc 

- 

S(O+A) Linear Linear Force applied 
on a disc then 
on a rectangle 
corresponding 
to the wings 

shape 

- 

Crash_Elast Linear Linear Crash - 
Crash_EC2_Secu Non-linear Linear Crash Non linear constitutive 

equation of reinforced 
concrete based on 

Stick model 
Level 1 6,1 m 
Level 2 12,2 m 
Level 3 18,3 m 
Level 4 27,4 m 



Eurocode 2 / Robust 
reinforcement 

Crash_EC2_Limit Non-Linear Linear Crash As same as EC2_Secu 
with less reinforcement 

Soft_ground Linear Linear Force on a 
disc 

Soil properties equaling 
a third of the S(O) soil 

properties 
Table 2 :Models used for the comparative analyses 

 
An example at level 4 of the inner structure floor response spectra in the same 
direction than the impact force is plotted hereunder. 

 
Figure 8 :Comparison between Floor Response Spectra in the impact direction 
 
Name Comment 
S(O) Reference 

S(O+A) No significant differences 
Crash_Elast - Decreased of 41% the PSA values of the S(O), 

- New peaks at 15 Hz, 
- Lower zero period acceleration than S(O) 

Crash_EC2_Secu - Decreased of 25% the PSA values of the S(O), 
- New peaks at 15 Hz, 

- Lower zero period acceleration than S(O) 
Crash_EC2_Limit - Decreased of 25% the PSA values of the S(O), 

- New peaks at 15 Hz whose values are higher than 
EC2_Secu, 

Lower zero period acceleration than S(O) 
Soft_ground Provides higher value in low frequencies than S(O) 

Table 3 :Results of the comparative analyses 
 

3. Shock signal attenuation 
a. Description of the comparative models 

The models are the same than those exposed previously in §2.c. 
 

b. Attenuation due to wave distance from the impact point 
An attention has been paid on how the acceleration are evolving when they go 
away from the impact point. 
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Two cases among the 6 exposed previously are summarized in the 4 curves 
hereafter. 
In these curves, a comparison is made between the pseudo-acceleration of single 
degree of freedom response spectra, at increasing distance and at specific 
frequencies. The purpose is to be able to quantifiy the consequence of the travel 
of the shock wave in the structure on the acceleration depending on the frequency. 
The questions are : 

- Is there an attenuation that is proportional to the distance? 
- Is the attenuation the same for every frequency? 

 

 
Figure 9 :Attenuation of accelerations for S(O) model 

 

 
Figure 10 :Attenuation of accelerations for Crash_EC2_Secu model 

These results show that the signal is decreasing exponentially to the distance from the impact 
point. 
The effect of the non linear behavior of the model is providing a higher benefit to this reduction 
of the level of pseudo-acceleration of the floor response spectra induced by the shock. 
It seems that the effect is not constant regarding the frequencies. The higher we go in frequency 
and the more the attenuation is getting constant. On lower frequency it seems to be more 
variable. 
These numerical results will need to be benchmarked regarding a larger amount of calculation 
with more varying parameters. They will also need to be benchmarked regarding experimental 
tests. 
 

4. Proposal of using input spectra energy for high frequency qualification purpose 
 
This proposition is linked to the fact that the response spectra that come from an impact reach 
very high level of accelerations at high frequencies. Considering these high levels of acceleration 
without taking into account the associated very small level of displacement that is associated 



may consist in a very pessimistic consideration for the qualification of equipments submitted to 
such values. 
Indeed one should keep in mind the link between pseudo acceleration, pseudo-velocity and 
displacement: 
 PSA(ωi) = ω PSV(ωi) = ω² PSD(ωi)  (6) 
Some practices that are in place consists in considering that above some frequency because of 
the associated very small displacement, the acceleration are not to be considered anymore. 
We try hereafter to show a perspective of more physical approach to this very pragmatic point of 
view by means of input energy spectra. 
We can consider for a single degree of freedom oscillator who is constituted of a material whose 
damping is ξm and whose density equals ρm that the amount of input spectral energy is: 
 
 E(ωi,ξm,ρm) = ½ . ρm PSV²(ωi,ξm)  (7) 

 
For example starting from the calculation presented in §2.c we can plot the following spectra for 
ρm = 7900 kg/m3 and ξm = 5% (considering an equipment constituted of steel). 

  
 

Figure 11 :Example of input energy spectra (left hand side= FRS in PSA, right hand side = FRS in PSIE) 
 

The example illustrated in Figure 11 put the stress on the fact that, at high frequencies, the input 
energy of very small level of acceleration and the input energy with high level of acceleration are 
getting very close. This approach may be used in order to justify the fact that we will not 
consider some very high values of accelerations at high frequencies because of the very small 
amount of energy that is transmitted to the equipment because of their very small displacement. 
This is not taking into account some very specific phenomena that may occur at high frequency 
like relay chatter. 
The values of PSIE applied to the critical section of the anchorages of an equipment may be 
compared to the resilience K of the section to obtain a criteria to assess the absence of local 
failure. If we assume tlocal_anchorage as the characteristic dimension (in meter) of the critical 
structural elements of an anchorage or the part of the structure submitted to the shaking motion. 
We can consider: 
 KtPSIE anchoragelocal <× _   (8) 

 



 
5. Conclusion 

This short paper presents some ways to reduce the conservatism in the calculation of 
spectra induced by an aircraft crash. The use of generic aircraft crash methodology 
provides a decrease of 25 to 40% of the accelerations in the examples that have been 
presented. It has to be noted that the gain is not linear regarding the distance and the 
frequency domain. It is decreasing very fast in nearly 30m in the exposed examples after 
the decrease is quite linear but the impact is varying from a frequency to another. It is 
more homothetic in frequencies higher than 40 Hz. For situations where the behavior of 
equipment toward this very high level of acceleration is questioned, we have proposed a 
criterion based on input energy. This offers the capability to justify with a simple but 
robust mechanical background that, except in very specific case, the level of acceleration 
has not to be a concern. Indeed, its associated level of energy is very small and 
comparable or even lower to what it can withstand at lower level of frequency. This 
methodology is in consistency with the approach exposed in [3] with a criteria in pseudo-
displacement. 
 

6. Perspectives 
The attenuation phenomena will have to be investigated further. Research and 
Development program of the Chair of Nuclear Civil Engineering at ESTP Paris is starting 
on this topic and will develop in the next years. This will be an opportunity to envisage 
the benchmarks exposed in this paper. Investigation will also continue in the domain of 
Input Energy Spectra. This topic will involve testings. 
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