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ABSTRACT 

The paper deals with the application of a methodology for the quantification of the 
release of radioactivity due to the impact of a large aircraft on a nuclear waste interim storage 
facility. The interim storage facility under consideration will be devoted to host low activity 
conditioned solid radioactive waste. Although the probability of a large aircraft impact on the 
facility has been estimated much less than 10-5 events per year, and for this reason the event is 
not included among the facility design bases, nevertheless a ‘what if ‘ type analysis  was 
requested by the Italian Authorising Bodies. The ‘what if’ analysis was based on the most 
conservative assumptions (i.e. all waste packages in the storage were supposed to be firstly 
impacted and then subject to fire) and resulted on radioactive releases well below the limit; 
subsequently further studies were developed to investigate what could have been the more 
realistic consequences of a large aircraft impact on the store. To this purpose a review of 
different hypothetical impact scenarios has been conducted in order to identify the accident 
scenario that could lead to the greatest damage of the structure and waste packages, resulting 
in maximum but realistic release of radioactivity. Various possible types of impacts have been 
considered taking into account the orographic characteristics of the site, the presence of other 
buildings in the neighbourhood of the facility, the geometrical and structural characteristics of 
the building, the disposition of the waste packages inside the facility and the structural and 
geometrical characteristics of the large aircraft, here assumed being a Boeing 767 - type. Five 
scenarios of impact have been identified with different trajectories of impact and different 
velocities of the aircraft. A finite element model of the aircraft and of the waste packages 
content has been developed by means of the computer code LSTC Ls-DYNA. Five 
preliminary simulations of impact have been performed without taking into account the 
presence of the building structure in order to conservatively identify the most dangerous 
scenario in terms of number of involved waste packages and consequent release of 
radioactivity.  
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1 INTRODUCTION 

A non-negligible amount of radioactive wastes has been produced so far by nuclear 
activities and even larger quantities will be produced in the future by decommissioning of the 
nuclear installations. The waste, once treated and opportunely conditioned, is in many cases 
stored at its site of origin inside interim storage facilities, before being transferred to final 
disposal sites. Interim storage facilities design must guarantee isolation of the radionuclides 
from the biosphere. For this reason safety assessment analysis should take into account 
accidental scenarios that could cause the release of radioactivity to the environment. The 
impact of an aircraft on an interim storage facility is one of the severe accidents that can have 
a radiological impact on the population.  

In this work a real case study concerning the safety assessment of an interim storage 
facility currently under construction is considered. The nonlinear explicit finite element code 
LSTC LS–Dyna 970 has been used to simulate the impact of a large aircraft with the structure 
of the building and with the nuclear waste packages therein. The analysis here described 
consists in the assessment of the possible impact scenarios and the identification of the most 
dangerous one in terms of the maximum total radioactivity released from the waste packages 
stored in the facility. This preliminary analysis has been conducted without taking into 
account the presence of the building structure. 

The continuation of the study, here not reported for sake of brevity, concerns the 
detailed simulation of the structural damage of the building and mechanical damage of the 
waste packages in the worst case, i.e. the most dangerous case of impact, and the evaluation 
of the dose to the population on the basis of DOE, IAEA and NUREG standard procedures. 

2 METHODOLOGY 

The overall methodology here adopted for the evaluation of the activity released in case 
of a large aircraft crash into an interim storage facility and of the dose to the population 
consists in the following steps: 1) identification of the accidental scenarios 2) identification of 
the most dangerous scenario in terms of number and activity content of the waste packages 
involved 3) evaluation of the structural damage of the building and mechanical damage of the 
waste packages in the case of the most dangerous scenarios 4) determination of the total 
radioactivity released from the facility and of the dose to the population.  

The present paper concerns only the results of step 1 and 2. 

The adopted procedure for the identification of the accidental scenarios takes into 
account: the location of the interim storage facility, the characteristics of the impacting object 
and of the impact event. The categories of the impacting aircrafts can be selected on the basis 
of the kind of airports located near the interim storage facility under consideration. In the 
hypothesis of an extreme incidental scenario, a large aircraft impact has here been considered. 
On the basis of the aerodynamic and technical characteristics of the selected aircraft, the 
orographic characteristics of the site, the presence of other buildings in the neighbourhood of 
the facility, the geometrical and structural characteristics of the building, some incidental 
scenarios have been considered. The most dangerous scenarios have been identified by means 
of a preliminary analysis made by the non-linear explicit finite element code LSTC Ls-DYNA 
970 without taking into account the presence of the building structure, focusing on the 
mechanical damage of the waste packages that can be responsible of a release of 
radionuclides to the biosphere in case of a perforation event. By so doing the amount of 
radioactivity released has been conservatively estimated. Once identified the most dangerous 
scenario of impact among those considered in the preliminary analyisis, the structural damage 
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and the mechanical damage of the waste packages have been evaluated in detail by means of a 
more realistic simulation of the perforation event and the total radioactivity released from the 
facility and the dose to the population have been estimated. 

3 CASE STUDY 

3.1 Interim Storage Facility 

The facility under consideration is a civil building made of reinforced concrete, 8-12 m 
high with an area of 132 m x 44 m with a covered area of 5400 m2 and an overall volume of 
about 46000 m3, with main walls thickness of 0.3 m and roof thickness of 0.25 m, surrounded 
by soil banks (which act as additional shield and physical protection) and buildings in the 
neighbourhood [1]. The building is divided into two main wings with a central area for 
reception and shipment of waste; each wing is further divided in two closed (fire resistant) 
compartments, as shown in Figure 1.   

 

Figure 1: Plan and lateral views of the facility loading plan. 
Different colours correspond to different kind of wastes 

 
The facility is designed as to reduce to the minimum the probability of fire incidents and 

the conditioned wastes are stored in metal and in concrete containers fire resistant. The waste 
packages are disposed according to a loading plan that takes advantage from the fact that the 
external packages shields the inner ones. 

3.2 Site Specific Data  

The interim storage facility is situated in a region with lakes and hills and close to the 
Alps. Considering a radius of about 25 km from the building there are some airports whose air 
traffic is made up of small aircraft (courtesy, gliders, helicopters) and the International 

Deposit D Deposit B Deposit A Deposit C Reception/ 
Shipment 

Area 
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Aeroporto of Malpensa whose traffic consists of aircraft commercial line for freight and 
passengers.  

3.3 Radioactive Waste 

The Interim Storage Facility is supposed to host conditioned low level waste, LLW. 
According to the Italian classification G.T. 26 [2] the waste under consideration is classified 
of 2nd category. The building will be dedicated to the storage of the waste already existing as 
well as to the storage of the waste that will be produced by future decommissioning of nuclear 
research installations. The waste is conditioned into bitumen and concrete matrices according 
to the G.T. 26 [2] and to the UNI 11193 standards [3]. Containers are cylindrical and 
prismatic with geometric characteristics and requirements corresponding to the UNI 11196 
legislation [4]. Cylindrical containers will be placed into metallic pellets, six per item, and 
immobilized into cement matrix. The containers are classified into four categories according 
to their waste content and activity. Masses and activities of the containers are known. In the 
present study the loading plan of the building has been considered completed up to its 
nominal capacity plus 20%. With this assumption the activity here considered is the 
maximum activity which may be present in the deposit. 

3.4 Aircraft 

On the basis of the airport located near the interim storage facility and with the aim of 
considering the impact that can give rise to the maximum release of radioactivity, the impact 
of a large aircraft Boeing 767- type has been studied. 

The specific model of the Boeing here considered is the 767-400ER, with empty weight 
of 149730 kg, maximum weight of 204610 kg and tank capacity of 91370 l [5]. 

4  APPLICATION OF THE METHODOLOGY TO THE CASE STUDY 

In order to identify the scenario of impact that can result in major damage to the 
structure and to the packages content the following aspects has been analysed: 

- approaching speed and flight attitude of the impacting aircraft in relation to the 
geographic location of the site 

- trajectories of impact in relation to the orography and altitude of the surrounding area 
- dangerousness of the trajectories of impact in relation to the layout of the packages 

inside the facility. 

4.1 Approaching speed and flight attitude of the impacting aircraft 

Two kinds of impact have been taken into account: impact on the walls and impact on 
the roof. 

Bearing in mind that the higher energy transfer occurs when the aircraft trajectory is 
perpendicular to the surface of impact, the cases in which the angles of descent of the aircraft 
are closer to 0 degrees, for the impact to the wall, and to 90 degrees, for the impact to the 
roof, have been considered as more conservative. 

Considering the geographical position of the interim storage facility and the orography 
of the neighbourhood, if an impact on the walls of the facility took place, the aircraft must 
necessarily be in landing. The angles of descent of a passenger airplane during landing are 
normally between 3 and 5 degrees and not greater than 10 degrees in conditions of controlled 
flight [6][7]. Typical speeds during the landing phase are smaller than 100 m/s. In the 
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following is assumed conservatively, and on the basis of previous studies and data from the 
literature [8], an approaching speed of at least 110 m/s and a maximum speed, extremely 
conservative of 150 m/s [9]. As regards the impact on the roof, on the basis of literature data, 
it has been assumed an angle of impact of not more than 35 degrees and conservatively a 
speed of 150 m/s [10]. 

Both the flight attitudes here considered can be reached only under certain flight 
conditions possible but highly unlikely, due to the considerable difficulty in maintaining the 
flight controlled in such attitudes. 

4.2 Trajectories of impact 

Analysing the topography of the location of the deposit and referring to the altimetry of 
the area it can be observed that the deposit is surrounded by natural and artificial barriers that 
limit the possible impact scenarios. The study of the land altimetry within 5 km from the 
deposit has shown the existence of ridges that interfere with trajectories with descent angle of 
3 degrees. To determine the angle of descent it is necessary to considerate interferences 
between the aircraft trajectory and the buildings near the facility. Moreover, embankments 
surrounding the deposit prevent the impact on the walls along certain directions in the landing 
attitude. By comparing the height of the buildings near the facility with the possible directions 
of descent it is possible to say that for the present case the minimum angle of impact cannot 
be less than 8 degrees.  While the impact on the roof with an angle of descent of 35 degrees it 
is possible for an aircraft coming from all directions. 

4.3 Identification of accidental scenarios 

To determine the hazardous nature of the trajectories of impact in relation to the layout 
of the packages inside the facility and the consequent release of radioactivity, the deposit is 
divided into 8 areas and the activity contained in each area at full load has been estimated. 
The results enable to establish the most critical areas, in terms of activity contained and of the 
corresponding effective doses, assuming that all the activity contained in the packages 
involved in the incident is released to the environment.  

On the basis of the previous consideration the five possible most critical impact 
scenarios have been considered. As reported in Table 1 the cases are: two impacts against 
different walls with the same angle of descent and two different approaching speeds and one 
case of impact against the roof with the maximum approaching speed (directions of approach 
are not reported for security reasons).  

 
Table 1: Scenarios of impact 

 

Scenario Kind of impact Direction of 
approach 

Angle of 
descent Impact velocity 

#1 Wall (*) 8° 110 m/s 
#2 Wall (*) 8° 150 m/s 
#3 Wall (**) 8° 110 m/s 
#4 Wall (**) 8° 150 m/s 
#5 Roof (***) 35° 150 m/s 
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4.4 Preliminary simulations 

In order to assess the most dangerous impact, i.e. the scenario that causes the maximum 
damage in terms of activity released and corresponding effective dose to the population, 5 
preliminary simulations have been carried out. These preliminary simulations consider the 
impact of the aircraft straight against the packages of radioactive waste without taking into 
account the presence of the building structure. To this aim the LSTC Ls-DYNA finite element 
simulation code has been adopted. 

4.5 Numerical model of the aircraft and packages 

The numerical model of aircraft has been obtained by adapting a numerical model 
previously developed [11], with reference to the technical specifications of the Boeing 767-
400ER [5] and the data available in the literature regarding size, characteristics of the 
structure and distribution of weights [6][7]. The previous numerical method has also been 
updated exploiting the innovations introduced by more recent versions of the calculation code 
LSTC Ls-DYNA [12][13]. 

The developed model of the aircraft consists of 106 parts and 19,736 elements of length 
of 400 mm. Flat elements and beams are used to model the structure of the aircraft. 
Concentrated masses and solid elements have been defined to model payload, fuel, engines 
and trucks and get a model as much as possible near to the reality of the inertial 
characteristics of the aircraft.  

The choice of materials for modelling the various parts of the aircraft was carried out 
taking into account the materials with which the parts are made and the type of elements used 
in modelling. The parameters used to characterize the mechanical behaviour of materials were 
obtained from literature data. The aircraft was subjected to the action of gravitational 
acceleration to better assess the dynamics in the final stages of the impact. Figure 2 shows a 
plan view and a lateral view of the numerical model of the Boeing 767-400ER. 

 

 

 Figure 2: Plan and lateral view of the numerical model of the Boeing 767-400ER 

Packages were modelled as deformable bodies and discretized using eight-node solid 
elements. Preliminary calculations indicated that, due to the length of the facility, the impulse 
of the impact would not propagate from one wing of the building to the other, therefore only 
the part of the facility involved in the impact has here been considered, indicated in the 
following as deposits C and D (both belonging to the same wing), as shown in Figure 3. 

18.6 m 

51.5 m 

60.4 m 15.8 
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Number and characteristics of packages contained in the deposits refer to the loading plane at 
maximum capacity.  

The amount of damaged packages has been evaluated taking into account the following 
assumption: all the packages which absorb in the impact an amount of energy equal to the 
corresponding potential energy which causes their rupture have been considered completely 
damaged and the radioactivity content totally released. The potential energy which causes the 
loose of integrity was deduced from the packages classification UNI 1193 [3] and the 
requirements for resistance to fall according to IAEA [14].  

 
 

Figure 3: Axonometric view of the area of deposits C and D.  
Different colours correspond to different kind of wastes 

4.6 Results of preliminary simulations 

Figure 4 shows the results of the simulations of the five scenarios of impact of Table 1: 
the aircraft impacts straight against the packages of radioactive waste contained in Deposits C 
and D without taking into account the presence of the building structure. 

The simulations were conducted for a time interval of 0.8 s because after this time 
interval the residual kinetic energy present in the airplane can be considered negligible.  

As for scenarios # 3 and # 4 it must be considered that all simulations of impact have 
been performed without taking into account the presence of the building structure. That is 
why the aircraft fuselage passes almost intact through the middle corridor, while only the 
wings break and cause damage to the packages. This particular trajectory of impact is the 
result of the analysis described in paragraph 4.2 and depends on the presence of other 
buildings in the neighbourhood.  

The number of damaged packages  in each scenario and the corresponding total 
activities content have been computed and reported in Table 3. 

According to the sum of the total activity involved in the impact reported in the last 
column of Table 3 and assuming the entire activity content potentially releasable into the 
environment, the worst scenario is the scenario # 2. This result can be explained considering 
that the area impacted in scenario #2 is an area where the packages with higher content in 
activity are stored. 

 

Deposit D 

Deposit C 
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Scenario #1 

 

 
Scenario #2 

 
Scenario #3 

 
Scenario #4 

 
 
      

 

 

  
                                      Scenario #5 

 
Figure 4: Dynamics of the impact and involved packages for the five scenarios 
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 Table 3: Preliminary analysis: number of packages damaged in the five impact 
scenarios and maximum possible release 

5 CONCLUSIONS 

The present work deals with the application of a methodology for the identification of 
the most severe scenario in terms of radioactivity potentially releasable due to the impact of a 
large aircraft on a real case of a nuclear waste interim storage facility under construction. The 
analysis here described consists in the assessment of the possible impact scenarios and the 
determination of the most dangerous one in terms of the maximum total radioactivity 
contained in the waste package involved. 

The continuation of the study concerns the detailed simulation of the structural damage 
of the building  and  the mechanical damage of the waste packages in the most dangerous case 
of impact and the evaluation of the radioactivity releases and subsequent dose to the 
population. 

 

Number of 
damaged 
packages 

Activity 
Co-60  
total 
(Bq) 

Activity  
Cs-137  

total 
(Bq) 

Activity  
Sr-90  
total  
(Bq) 

Activity  
α   

total  
(Bq) 

Activity  
total  
(Bq) 

Scenario Total      
1 – Wall 

8 °, 110 m/s 521 1,44E+11 8,39E+12 6,99E+12 1,24E+10   1,55E+13 
2 -  Wall   

8°, 150 m/s 747 2,03E+11 1,19E+13 9,89E+12 2,05E+10 2,20E+13 
3 -  Wall   

8 °, 110 m/s 574 1,15E+11 6,72E+12 5,60E+12 2,14E+10 1,25E+13 
4 -  Wall   

8°, 150 m/s 688 1,57E+11 9,15E+12 7,63E+12 2,29E+10 1,70E+13 
5 - Roof  

35°, 150 m/s 1000 1,73E+11 1,02E+13 8,46E+12 2,43E+10 1,88E+13 
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