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ABSTRACT 
 

Following the events of 11 September 2001, public attention has been drawn to the potential malicious 

impact of large commercial aircrafts onto critical infrastructure, such as nuclear safety-related facilities. 

Since then, many nuclear regulators worldwide require the design of new nuclear facilities to demonstrate 

Aircraft Impact Analysis (AIA) capacity against large commercial aircraft with high velocity. In some 

countries, similar requirements have also been applied to existing nuclear facilities. AIA of nuclear 

structures is based essentially on deterministic analysis of a limited number of impact scenarios. In most 

cases, the impact load is represented as a load-time function (LTF) applied to the target structure. In the 

past, this method was considered satisfactory for impact caused by small military aircraft. However, the 

approach requires a number of assumptions and simplifications, which may not be valid for the case of 

large commercial aircraft. Recently, coupled modelling approaches have emerged, whereby the effect of 

missile-target interaction is considered by explicit modelling of the aircraft and the target. Experience 

shows that the missile-target interaction method generally predicts higher damage levels on the target 

structure. In addition, attempts have been made to overcome the overwhelming uncertainty in AIA by 

expressing the structural capacity through probabilistic methods such as fragility curves. This paper 

reviews the current regulatory requirements on AIA and summarises various AIA methods currently 

being adopted in the nuclear industry. The benefits and limitations of each method are highlighted and 

recommendations are provided. 

 

INTRODUCTION 
 

Aircraft crash has been considered in the design of nuclear facilities since the late 1960’s. Initially, its 

definition was based under the assumptions for accidental crash of military or commercial aircraft. After 

the events from September 11, 2001, the malicious impact of large commercial aircraft is becoming 

widely used. The necessity to include the accidental aircraft crash within the design basis of the nuclear 

facility is usually based on probabilistic estimation of the hazard. Probability of 1.10
-7

 or 1.10
-6

 has been 

used in various countries as screening value. The inclusion of malicious impact of large commercial 

aircraft usually depends on the regulatory requirements in each specific country. The parameters of the 

malicious impact scenario as aircraft type and impact velocity are also country-specific and generally 

significant difference in the demand is observed between different countries. The structural resistance 

assessment is usually deterministic, despite attempts in some of the latest regulatory documents (IAEA, 

2013) to introduce procedures for margin assessment through fragility curves. The aircraft impact load is 

usually represented by a load-time function derived by Riera’s method (Riera, 1968), or by finite element 

analysis of a deformable aircraft crashing on a rigid wall. More recently, the use of direct crash simulation 

(missile-target interaction method) emerged as a practical tool for modelling the aircraft impact load and 

for analysis of the aircraft impact resistance of nuclear structures. Currently, most regulators have 

determined that the impact of large commercial aircraft is a beyond-design-basis event which reflects on 

the acceptance criteria adopted. Structural damage is accepted as long as Safe Shut-Down (SD), Decay 
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Heat Removal (DHR) and Containment (C) functions are assured, despite that the last function is not 

mandatory for the most severe scenarios (NEI, 2011 and IAEA, 2014). 

 

REGULATORY BACKGROUND 

 

Together with earthquake hazard, aircraft impact demand is one of the principal load cases which often 

dictates the design of the structural system of nuclear safety-related facilities. The aircraft impact often 

governs the cross section and reinforcement design of the external envelope of any new build safety 

related nuclear structure.. However, compared to seismic loading and all other external natural and man-

made hazards, aircraft impact is covered less extensively in regulation codes and standards. In addition, 

relevant standards are not fully available in the public domain due to security considerations. The most 

detailed guidelines for aircraft impact analysis which are publically available are: 

• NEI 07-13. Rev.8P. Methodology for Performing Aircraft Impact Assessments for New Plant 

Designs, Nuclear Energy Institute, NEI (2013) – public version 

• Draft Safety report DD1087. R3D1 “Safety Aspects of NPP Structures against Human Induced 

External Events: Assessment of Structures”, IAEA Safety Report Series. IAEA (2014). 

• Draft Safety report DD1086. Rev.:R1. Margin Assessment of NPP Against Human Induced 

External Events, IAEA Safety report Series. IAEA (2013) 

• Security of a Nuclear Facility. Guide YVL A.11. 15, STUK (2013) – appendix B and 

supplementary guidelines. Appendix C which defines the design basis aircraft impact threat is 

security protected information and is not public. 

 

AIRCRAFT IMPACT SCENARIOS 
 

An aircraft impact scenario is the combination of a threat and impact location on the target building. In 

some countries such as UK, Finland, Switzerland and USA, the threats are defined by the Regulator and 

the details are considered to be security restricted information. Other Regulators prescribe threats in 

general terms and leave the Designer to define and justify the threat scenario. The definition of an aircraft 

impact scenario is probably the most subjective part in the aircraft impact analysis procedure and the 

defined aircraft impact load is associated with tremendous uncertainty.  

 

Depending on the selected aircraft type and initial impact conditions, the load intensity could vary in 

factor of several times, as illustrated on by Fig.1, Kostov et al. (2013), where the difference in the peak 

force obtained for the same aircraft is six times.  

 

       
Figure 1. LHED 30 generated LTF for B747 (left) and LTF for B747 with different confidence level, 

Kostov et al. (2013) 
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Some of the main factors in defining aircraft impact scenarios are aircraft type, initial impact conditions 

(payload, fuel mass, impact angle and impact velocity) and impact location.  

 

Aircraft Type 
 

The selection of representative aircraft has strong influence on the final impact loading. In general, the 

IAEA (2014) defines three aircraft classes: 

• Class A: aircraft with MTOW under 100t (A320, B737, etc.) 

• Class B: aircraft with MTOW between 100t and 200t (B757, B767, A300, etc.) 

• Class C: aircraft with MTOW between 200t and 400t (B777, A340, B747, etc.) 

 

However, within a same class, there could be a significant difference in the Maximum Take-off Weight 

(MTOW) and hence in the load intensity and damage potential. Difference in the damage potential could 

be observed also between the modifications of the same model, even for sub-models with the same 

MTOW due to structural and mass distribution differences, eg. Airbus 340-500 and A340-600.  

 

Initial Impact Conditions 
 

The initial impact conditions also have significant influence on the aircraft impact load. As shown on 

Figure 1, the aircraft impact load, measured as peak impact force, can vary several times even for the 

same aircraft depending on initial conditions: aircraft mass, impact angle and impact velocity. Some 

Regulators prescribe the impact initial conditions directly as part of the threat scenario, but in some cases 

the Designer is requested to propose and justify these parameters. If not prescribed, these parameters can 

be defined as follows: 

• Impact velocity: can be derived by expert judgement based on aerodynamic restrictions of the 

aircraft or data from detailed simulation using flight simulators.  

• Aircraft mass: can be derived based on MTOW or on best estimate mass based on flight statistics, 

depending on Regulator requirements. 

• Impact angle: can be derived by expert judgement based on aerodynamic restrictions of the 

aircraft or data from detailed simulation using flight simulators. 

 

Impact Location 
 

The impact locations are usually defined and justified by the Designer. The most widely used procedure is 

use of expert judgement taking consideration of the plant layout, aerodynamic characteristics of the 

aircraft and the structural typology of the target structure. Impact locations are selected in a way that 

allows design/assessment of any specific structural zone of the target building and considerations of the 

location of the safety-related mechanical equipment inside the building. An example of definition of 

impact locations based on engineering judgement is given on Fig. 2 (Kostov et al., 2014). As for the 

impact velocity and impact angle, the impact locations can be derived based on relative probability for 

occurrence based on the statistics from experimental attacks in flight simulators. Such detailed studies 

have been completed recently for several nuclear power plants in Europe using wide groups of pilots with 

different levels of experience.  
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Figure 2. Definition of impact locations based on expert judgement, Kostov et al. (2014) 

 

AIRCRAFT IMPACT LOAD 
 

Riera Load Time Function  
 

The approach for definition of the aircraft impact load on structures has been developed in late 1960’s 

from Prof. Jorge Riera and since then it is widely used in the nuclear industry and known as Riera method 

or Riera load-time function. The approach requires that the aircraft is modelled as a stick with mass 

distribution µ(x) and crushing strength Re(x), where x denotes the distance along the fuselage from the 

nose up to the current section that undergoes crushing. The force acting on the target, according to the 

Riera formula (Riera, 1968), can be calculated using Eq. (1): 

 

 )()]([)](Re[)( 2
tVtxtxtF µ+=  (1) 

 

The force calculated by Eq. (1) is applied as pressure-time history on an impact stamp, which is based on 

the aircraft projection on the target. The advantage of the Riera method is its simplicity, which allows the 

calculation of large number of impact load functions under different initial conditions, as shown on Fig.1, 

in relatively short time. However, the Riera method has some limitations associated with more complex 

scenarios, such as inclined impacts on non-rectangular structures. 

 

FEA Based Load-Time Function  
 

In the last ten years the use of finite element analysis to calculate impact loads on structures has gained 

popularity. The approach requires the development of an aircraft finite element model, which is then 

impacted analytically on a rigid target as an initial velocity problem. The load curve is derived by 

appropriate filtering of the reaction force of the rigid wall and then it is applied as pressure-time history 

on the target structure as described above. Derivations of load-time functions based on FEA require more 

effort than use of the Reira load function. This approach is requested, for example by the US and Finish 

Regulators, NRC (2011) and STUK (2013), for validation of the aircraft FE model used for aircraft 

impact assessments based on missile-target interaction analysis. FEA-based load-time functions may also 

be used separately for decoupled analyses of the structural response. The advantage compared to the 

missile-target interaction analyses is that the decoupled analysis approach is much lighter in terms of 

computational power needed and computational time. This can be problematic if a large number of impact 

scenarios are to be investigated under tight time constraints. The advantage compared to the classical 

Riera approach is that load functions for more complex impact scenarios can be derived on rectangular or 

curved surfaces. Load functions derived for flat and cylindrical surfaces with different radius is presented 
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in Fig. 3, Iliev (2013). The main effect, which is observed in load functions derived for cylindrical 

surfaces with radius typically find in nuclear structures, is the total reduction of the peaks corresponding 

to the impacts of the engines.  

 

 

  
Figure 3. Aircraft impact load time function based on FEA, Iliev et al. (2013) 

 

Missile-Target Interaction Method 
 

Current state-of-the-art in aircraft impact analysis of nuclear facilities is based on the missile-target 

interaction method, which is also the most advanced approach to represent the aircraft impact load. The 

aircraft FE model is impacted on the target building and the missile target interaction is solved as an 

initial velocity problem. This approach requires more modelling effort and computational power than a 

decoupled approach. The use of missile-target interaction method is accepted by most regulators as far as 

the aircraft model is justified to provide at least the same load as the load prescribed from the regulator 

(NRC, 2011, NEI 2011 and STUK 2013). The use of missile-target interaction is definitely required 

(STUK, 2013), if the assessment includes partial destruction of the structure in consideration. The main 

advantage of using coupled analysis is the direct assessment of the interaction between the target structure 

and the impacting aircraft, which in case of complex target geometries and inclined impacts may lead to 

significantly different response compared to that obtained by decoupled analyses. Also in certain cases 

such as sequential rupture of several impact barriers this is the only possible method. 

 
Figure 4. Missile target interaction analysis, Kostov et al. (2014) 
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PERFORMANCE LEVELS 
 

The impact of large commercial aircraft is usually defined as a beyond-design-basis event, NRC (2011), 

NEI (2011), IAEA (2014) and STUK (2013). However, the European Utilities Requirements, the recent 

IAEA safety report, IAEA (2014) and STUK (2013) define the aircraft impact through multiple threats 

scenarios and define multilevel performance objectives. Broadly speaking, these threat scenarios and 

performance objectives could be grouped in two performance levels: Design Basis Event (DBE) and 

Beyond Design Basis Events (BDBE) also termed Design Extend Conditions (DEC). In the recent IAEA 

safety report, IAEA (2014), the latter is subdivided into two performance levels DEC-1 and DEC-2. 

 

Design Basis Event 
 

Before 2001 impact of military jet or small passenger airplane was used in some countries as design basis 

of nuclear facilities and this was the governing external impact load considered in design. A number of 

nuclear facilities in Europe have been designed against accidental impact by a Phantom F4 jet.  

 

However, some national regulators such as Finland require the consideration of the aircraft impact of 

Class 2 aircraft postulated accident, STUK (2013), limiting the highest allowable annual radiological dose 

to 5mSv. Failure criteria as for postulated accident apply. The aircraft impact methodology proposed in 

the IAEA safety report, IAEA (2014), requires that under DBE the nuclear facility is able to provide the 

following main safety functions based on conservative assessment: 

• Containment / Confinement (C): required. 

• Safe Shut Down (SD): required, minimum 2 success paths. 

• Decay Heat Removal (DHR): required, minimum 2 success paths. 

 

Beyond Design Event 
 

The American regulations, FR (2009), NRC (2011) and the recommended methodology for aircraft 

impact assessment, NEI (2011), defines the impact of large passenger aircraft as a beyond design event, 

which shall be assessed based on best estimate approach for definition of both demand and capacity. The 

main requirement is that an intentional impact of commercial airplane shall not lead to severe accident 

conditions, which leads to the following acceptance criteria:  

• Reactor core remains cooled or the containment remains intact, and  

• Spent fuel pool remains cooled and spent fuel poll integrity is maintained.  

 

According to the requirements in NEI (2011), the containment structure is considered to be acceptable if 

the containment is maintained intact from both local and global impact analyses. According to the Finish 

regulator, the crash of a large commercial airplane is assumed to be intentional and is processed as a 

design extension condition. The highest equivalent allowable annual dose is 20 mSv, STUK (2013). 

Justification of the safety based on realistic analysis methods and initial assumptions (best estimate) is 

accepted. It is required to assess the cliff edge phenomena using sensitivity analysis, STUK (2013). 

 

The IAEA methodology, IAEA (2014), proposes two beyond design performance levels: DEC-1 and 

DEC-2. Assessment of the structural safety is based again on best estimate approaches. The following 

safety functions are required, IAEA (2014): 

• Containment / Confinement (C): required only for DEC-1. 

• Safe Shut Down (SD): required, 2 success paths for DEC-1 and 1 path for DEC-2. 

• Decay Heat Removal (DHR): required, 2 success paths for DEC-1 and 1 path for DEC-2 
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STRUCTURAL ANALYSIS, DESIGN AND ASSESSMENT 
 

The selection of appropriate analysis method and the design and assessment criteria depends mainly on 

the required performance level.  

 

Design Basis Event 
 

DBE is considered as an extreme load in the design of a nuclear facility, i.e. standard load combinations 

are used, code based material parameters and standard conservatisms typically used in structural design. 

Elastic or simplified nonlinear analysis may be used to derive the forces needed for design of cross 

section dimensions and reinforcement quantity. Decoupled analysis with load-time function and implicit 

integration is generally sufficient in most cases. The structure can be designed towards the response 

parameters and failure limit values defined in IAEA (2014): 

• Compressive strain in the concrete: 0.35% 

• Tensile strain in the reinforcement: 1% 

 

Design Extended Conditions - 1  
 

DEC-1 should be analysed based on best estimate definition of demand and capacity. Nonlinear dynamic 

analysis should be used in order to obtain realistic results of the structural response. For this performance 

level the Designer may still choose between decoupled or coupled analysis. In order to obtain stable 

numerical solution an explicit integration will be necessary in most cases and mathematical modelling of 

material erosion (element removal) for the concrete section may be required in order to accurately 

represent the structural response at these levels of damages. Regarding DEC-1, the IAEA guideline, 

IAEA (2014), defines partially based on NEI-07-13, NEI (2011), the following limit response parameters 

and limit values: 

• Compressive strain in the concrete: 0.5% 

• Tensile strain in the reinforcement: 5% 

• Tensile strain in the liner: 6.7% 

• Tensile strain in tendons: 2% / 3% (respectively grouted / un-grouted tendons) 

• Slab support rotations: 4deg. 

 

As DEC-1 requires that the containment/confinement safety function is preserved after the aircraft impact 

reassessment of the containment pressure capacity with consideration of the impact induced damages may 

be necessary. 

 

Design Extended Conditions - 2  
 

In the assessment for DEC-2 the main goal is to prove that the postulated threat scenario will not lead to 

uncontrolled release of radioactive substances. Proof of containment/confinement function is not required 

for DEC-2, IAEA (2014). This means that significant damage of the impacted structure is expected and 

allowed. Therefore the IAEA safety report, IAEA (2014) does not provide strain limitations for this 

damage state. Instead strain limits, IAEA (2014) limits the slab support rotations to 6° assuming that 

brittle shear failure is avoided by sufficient transverse reinforcement and the hinge formation on the 

support perimeter is assured with sufficient anchorage of the flexural reinforcement. However, this 

rotation limit is applicable only if the impacted structure is also a boundary of the 

containment/confinement function. Full perforation of the external walls, as shown on Fig. 5, could be 

accepted if further analyses of the mechanical impact on the internal structures, systems and components 
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and the response of the safety systems to the shock and post-crash fire loads prove that at least one safety 

paths of equipment will be available to provide SD and DHR functions.  

 

 
Figure 5. Perforation of a protective barrier due to an aircraft impact, RiskProtec CI,  

Henkel & Kostov (2014) 

 

Aircraft Impact Margin Assessment  
 

Most Regulators require aircraft impact assessment based on a single deterministic scenario in terms of 

load intensity, for example NRC (2011) and STUK (2013), which provide also the impact load function 

of the threat scenario. However, STUK (2013) requires that Designer assures through sensitivity analysis 

that cliff-edge effects are not expected and to provide an assessment of the structural design margin. A 

recent IAEA safety report on margin assessment for human induced loads, IAEA (2013), recommends the 

use of fragility curves to assess the structural margin for aircraft impact loads. The report recommends the 

fragility curves to be derived based on the impact velocity as a reference parameter. However, using the 

impact velocity as reference parameter has many limitations, which are discussed in details in Andonov et 

al (2015). The study presented in Andonov et al (2015) recommends the use of Momentum over Area 

(MoA) as reference parameter providing most stable correlation between load and damage intensity. 

Fragility curves derived based on peak impact force and momentum over area are given in Fig. 6. 

 

  
Figure 6. Fragility curves for aircraft impacts of Boeing 737, Boeing 767 and Boeing 747 in a generic 

PCCV – based on peak impact force (left) and momentum over area (right), Andonov et al. (2015) 

 

STRENGTHENING AGAINST AIRCRAFT IMPACT 
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Currently there are over 400 nuclear power reactors in operation worldwide. Many of these reactors are 

enclosed in reactor buildings that have not been designed for aircraft impact or have been designed for 

much lighter threat scenarios then these used today. Strengthening of existing nuclear facilities for 

enhanced aircraft impact resistance is a technologically challenging and costly procedure. The level of 

strengthening required and the complexity will depend on the initial vulnerability of the nuclear facility 

under consideration. A concept for an aircraft impact resistant megastructure enveloping an existing BWR 

reactor building is described in Riedel et al. (2011) and Noldgen et al. (2011).  

 

Another example of a concept for partial sheltering (Fig. 7) based on load reduction rather than on 

structural capacity incensement was developed during the RiskProtec CI project, Henkel & Kostov 

(2014), and also presented in Andonov et al. (2015). The concept is based on the use of light steel frame 

structure supported on the auxiliary building and surrounding the PCCV structure, which partially destroy 

the aircraft prior reaching the containment structure. The effectiveness of the proposed conceptual 

protective structure is assessed for a very conservative threat scenario of fully loaded large passenger 

aircraft impacting with extremely high velocity on a generic PCCV. The results showed reduction of the 

peak impact force about two times from 800MN to 400MN, reduction of the momentum from 64MN*s to 

26MN*s, an increase of impact area of about two times and hence four time reduction of impact pressure. 

 

 
 

  
Figure 7. Improvement of the aircraft impact resistance of existing PCCV by reduction of the aircraft 

impact load through sacrificial structure, Andonov et al. (2015) 

 

CONCLUSION 
 

Although aircraft impact assessment often dictates the design of the structural system of nuclear safety-

related facilities, there have been very few standards and guidelines on this topic until very recently.  

Recent documents such as IAEA (2014), NRC (2011), NEI (2011) and STUK (2013) have attempted to 

fill this gap, especially in relation to definition of performance levels.  In addition, significant advances 

were made in the last decade in the impact load derivation techniques such as FEA-based LTF and 

missile-target interaction. However, there is still significant subjectivity and uncertainty in the definition 

of an aircraft impact scenario, including aircraft type, initial impact conditions (payload, fuel mass, 

impact angle and impact velocity) and impact location.  
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It is worth noting that a complete aircraft assessment also requires assessment of the effects of the impact-

induced vibrations and post-crash fire conditions, which are not covered in the paper. 
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