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ABSTRACT 

 

For the evaluation of existing nuclear power plants or new designs the load case passenger aircraft 

impact is state of the art. On a smaller scale, like the design of safety walls or auxiliary buildings, debris 

load cases are more relevant. Especially the overall dimension of an aircraft prevents the impact on 

smaller safety relevant parts of nuclear power plants. 

 

For the smaller scale the impact of engines is beside missiles the standard load case. Other debris 

parts of aircrafts are difficult to describe regarding mass and geometry. Further the engine represents 

regarding mass and stiffness the most critical scenario. 

 

 
Figure 1. Engine CFM56 of a Boeing 737 after an aircraft accident in 2020. 

 

Empirical formulas are used since the 1960ies for assessing civil structures with respect to the 

impact of missiles respectively engines. The formulas are defined and calibrated on basis of impact 

tests. Siefert (2015) showed that the formula results correlate well with numerical analysis using 

detailed Finite Element (FE) models of engines. Regarding a first design the application of empirical 

formulars is very helpful and practical as they can give a first insight with a low effort. Nevertheless, 

the application of empirical formulas is somehow limited to the designs of the initial impact test setups. 

 

Contrary thereto, FE models can be applied for new building designs varying in dimensions and 

materials. The disadvantage of detailed FE models is the required effort for generating and validating 

all details. Further, the real design must be simplified as considering all design details would lead to a 

high number of nodes and elements causing very long simulation times. Nevertheless, the application 

of FE models enables a more detailed analysis of the setups. 

 

A standard load case is the impact of engines for smaller passenger aircrafts like the IAV 2500 

of the Airbus A320 or the CFM 56 of the B737. In this paper the impact of an IAV 2500 engine (A320) 

will be compared with Trent 1000 engine of a Boeing B787 and a Trent XWB of an Airbus A350. Main 

reason is the significant weight increase from 2.4 up to 7.5 t. The different engines will be compared to 

each other via the Ft-function computed by an impact on a rigid wall for varying velocities. Finally, 

first results are presented for the impact on safety wall design with a thickness of 1 m. 
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ENGINE MODELS SETUP 

 

The following tables gives an overview about the aircrafts with highest production numbers and the 

mainly used engine models. In addition, the dimensions and the mass of the engines is presented. The 

table is separated into three class of aircrafts: small, medium, and big size. This classification is no more 

related to the flight distances. In 2021, the last A380 and B747 were delivered to the airlines. Nowadays, 

long distance flights are also covered by medium size aircrafts like the A350 or the Boeing 777. 

 

Table 1: Overview typical aircraft types and applied engines models. 

 

Distance Aircraft Type MTOW [t] Engine Type L [m] D [m] M [t] 

Short 
Airbus A320-200 78 IAE V2500 3.2 1.7 2.4 

Boeing 737-400 68 CFM56 2.5 1.7 2.2 

Mid 

Boeing 787-10 254 Rolls Royce Trent 1000 4.1 2.8 5.9 

Airbus A350-900 283 Rolls Royce Trent XWB 4.5 3.0 7.5 

Airbus A340-600 368 Rolls Royce Trent 500 4.7 2.5 5.0 

Boeing 777-9 352 General Electric GE9X 5.7 3.4 9.6 

Long 
Airbus A380-800 590 Rolls Royce Trent 972 4.5 2.9 6.4 

Boeing 747-8I 448 General Electric GE-2B67 50 2,8 6.1 

 

Another change is that newer aircrafts like the Airbus A350 or the Boeing 787 only have two 

engines instead of four as for the Airbus A380 or the Boeing 747. But this goes along with an increased 

size and power of the engines. The goal of the presented study is to investigate engine impact load 

cases, which are ore state of the art and setups of relevant new aircraft types. Accordingly, the following 

engine types are modelled and analysed in detail: 

 

• IAE V2500 (standard for the Airbus A320) with a mass of 2.4 t 

• Rolls Royce Trent 1000 (standard for the Boeing 787) with a mass of 5.9 t 

• Rolls Royce Trent XWB (standard for the Airbus 350) with a mass of 7.5 t 

 

The general setup of the turbines is very similar, but the dimensions are due to the required 

performance different. Each turbine consists of the following parts: 

 

• Frontal fan 

• Low pressure compressor 

• High pressure compressor 

• High pressure turbine 

• Combustion chamber 

• Low pressure turbine 

 

The generation of the FE model is based on published CAD data. Accordingly, the study can 

only give a first insight for the differences. For detailed analyses the model setups should be validated 

against detailed OEM information like mass and stiffness distribution. Only the main components are 

considered in the modelling. Attachment parts, bolts or electrical or fuel cables are not considered. The 

additional mass of these parts is lumped via a non-structural mass approach in the model. The following 

figures show a front and a side view of all three models. The scaling of all figures is the same, giving 

an impression about the different dimensions in diameter and length. 
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Figure 2. Model Setup Engine IAE V2500 – Frontal and lateral view 

 

   
 

Figure 3. Model Setup Engine Rolls Royce Trent 1000 – Frontal and lateral view 

 

  
 

Figure 4. Model Setup Engine Rolls Royce Trent XWB – Frontal and lateral view 

 

The modelling is carried out with the 3DEXPEREINCE (2023) platform and the analysis with 

the ABAQUS (2023) Explicit solver approach. Depending on the input data the different components 

are modelled via shell or solid elements. Due to the engine dimensions and the level of the details the 

number of elements is different for the three setups: 

 

• IAE V2500: 150,000 nodes and 320,000 elements 

• Rolls Royce Trent 1000: 940,000 nodes and 2,220,000 elements. 

• Rolls Royce Trent XWB: 530,000 nodes and 1,860,000 elements. 

 

The different model parts are connected via Tie or General contact formulation. Beside steel 

mainly aluminium and titanium alloys are used, Okura (2015). With respect to the impact scenario the 

material definition includes nonlinear and strain rate dependent behaviour. Finally, failure after 
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exceeding defined strain limits is included in the model setup. This is realized by applying the 

constitutive law of Johnson-Cook for metal plasticity, Johnson (1983), see Equation 1 below. 

 

 𝜎̅ = [𝐴 + 𝐵(𝜀𝑝𝑙)
𝑛
] [1 + 𝐶𝑙𝑛 (

𝜀̇𝑝𝑙

𝜀̇0
)] (1 − Θ̂𝑚) (1) 

 

The start of the failure is considered via the DAMAGE INITIATION in ABAQUS. Thereby it is 

important to consider the different load cases like tension, compression, and shear via the right 

definition of the parameters d1 up to d4 considering the triaxiality stress state, see Equation 2. 

 

 𝜀𝐷̅
𝑝𝑙
= [𝑑1 + 𝑑2𝑒𝑥𝑝(−𝑑3𝜂)] [1 + 𝑑4𝑙𝑛 (

𝜀̇𝑝𝑙

𝜀̇0
)] (1 + 𝑑5Θ̂) (2) 

 

The behaviour up to failure is defined via the DAMAGE EVOLUTION option, using a plastic 

displacement limit combined with an exponential softening law. All free material parameters are 

defined or calibrated using published test data, Lusea (2000), Kary (2003) and Sjöberg (2014). 

 

 

COMPARISON OF MODEL SETUPS 

 

The goal of this study is to compare the impact force of different aircraft engines to each other. On the 

one site the engine IAV 2500 represents state of the art for debris load case. On the other site the engines 

Trent 1000 and Trent XWB are standing for the newest aircraft types for long distances. Equation 3, 

introduced by Riera (1968), describes the analytical definition of the impact force F(t) of an aircraft onto 

a rigid surface. 

 

 𝐹(𝑡) = 𝑃𝑏[𝑥(𝑡)] + 𝜇[𝑥(𝑡)]𝑣(𝑡)
2  (3) 

 

In this equation the impact force consists of two parts, Pb the load necessary to crush or deform 

the fuselage and μ(x) the mass flow of the aircraft per unit length. Especially, for higher impact velocities 

the mass flow dominates the impact force as it is multiplied with the velocity value squared. Therefore, 

a first comparison of the different engine types is carried out via the mass flow. 

 

 
 

Figure 5. Comparison of mass flow μ [t/m] for different engine types. 

 

As expected by the difference of the overall mass, the engines typey Trent 1000 and Trent 

XWB show a significant higher mass flow in the areas of the compressor and the turbine. The maximum 

value of around 3.5 t/m is also shown by the publication of Belal (2022), who investigated the local 
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damage of a dry storage facility structure. For all three engines the typical mass concentration around 

fan, compressor at the front and the turbine at the end can be observed. For a more detailed assessment 

of the values, they are compared with mass flow of a Phantom F4, which is a standard load case defined 

on the safety report of the IAEA (2018). The mass flow values of the Phantom F4 are used from the 

publications of the Sandia test, Riesemann (1989). 

 

 
 

Figure 6. Comparison of mass flow μ [t/m] for engine type Trent 1000 with military jet Phantom F4 

 

Figure 6 shows that maximum values of the engine are higher than values for the Phantom 

F4. Accordingly, the mass flow contribution for the impact force is higher than for military jet. This 

emphasizes that the computation of the Ft-function is necessary to assess the relevance of this engine 

types as a debris load case for the local damage behaviour. Nevertheless, the overall moment relevant 

for global structural behaviour is for the engines with masse of around 7 t much smaller than for a 

military jet with a mass of 20 t. 

 

The second part of Equation 3, the crushing force Pb, is not analysed by the model setups of 

the engines. Due to solid setup of the main parts like compressor and turbine, almost no deformation or 

crushing can be expected. Accordingly, it is expected that the crushing force Pb cannot be evaluated, 

and a more detailed evaluation will be carried out via the computed Ft-function. 

 

COMPUTATION OF FT-FUNCTION 

 

The computation of the Ft-function is carried out via an impact analysis against a rigid surface. Impact 

velocities of aircrafts or debris parts is not defined in any internal standard. The latest guide regarding 

the load case aircraft impact, the Safety report 87 of the IAEA (2018), refers that the velocity depends 

on the member states. Based on the research Project Risk Protec CI, Henkel and Kostov (2014), a 

maximum impact velocity of 160 m/s is chosen. As minimum velocity 100 m/s is chosen, representing 

the landing speed of aircrafts. Finally, the impacts with 120 and 140 m/s are analysed to assess the 

influence on the peak force. For all engines an impact duration of 35 ms maximum is analysed. Figure 

7 shows the deformation of engine Trent XWB for an impact velocity of 140 m/s from a lateral view 

and the final state is presented in Figure 8 by an isometric view. 
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Figure 7. Impact of engine Trent XWB with 140 m/s – lateral view for 0, 10, 20 and 35 ms 

 

 
 

Figure 8. Final state of engine Trent XWB after an impact on a rigid surface with 140 m/s 

 

It can be observed that the front fan and the outer hull are collapsing, till the engine is finally 

stopped. The core part of the engine shows almost no collapsing behaviour as the design is very solid. 

This gives also a first impression about the general impact behaviour. The mass and stiffness of an 

engine is not equally distributed over the overall fan diameter. It is concentrated around the centre shaft 

with a maximum size of the compressor and the turbine diameter. Accordingly, an uncoupled analysis 

procedure distributing a defined Ft-function equally over complete fan diameter is underestimating the 

real crash scenario. 

 

The evaluation of the Ft-function is carried out via the reaction force of the rigid wall’s 

reference node. The results of the analysis show numerical artefacts which are caused by the impact of 

a stiff structure onto a rigid wall. Therefore, a butterworth filter with a cut-off frequency of 500 Hz is 

applied to eliminate these numerical artefacts. Figure 9 shows the Ft-function for all engines for an 

impact with a velocity of 100 ms. As expected, the distribution of the load peaks correlates with the 

mass flow distribution, see figure 5.  

 

 
 

Figure 9. Ft-function for all three engines with an impact velocity of 100 m/s 
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With a maximum peak force about 55 MN the value of the Trent XWB engine is almost twice 

as high as the value of the IAV 2500 engine with about 25 MN. For all analysis the momentum was 

compared to analytical value and only minor differences are determined. The reason is a slight rebound 

effect of the engine. Figure 10 shows the result for an impact velocity of 160 m/s. Due to the speed 

increase the maximum peak loads increase to 55 MN for the IAV 2500, 90 MN for the Trent 1000 and 

110 MN for the Trent XWB engine. The peak load values correlate with the results of the previous 

studies of Siefert (2015) and Belal (2022). 

 

 
 

Figure 10. Ft-function for all three engines with an impact velocity of 160 m/s 

 

The peak force of 110 MN of the impact of engine Trent XWB is very similar to the maximum 

value for the impact of Phantom F4 with 215 m/s, Von Riesemann (1989). Just comparing the peak 

force and the Ft-function respectively the momentum, the impact of Phantom F4 is more relevant for 

the analysis of the global behaviour, i.e. the computation of the deformation. On the other side the 

impact area must be considered for the local damage behaviour. Based on the Sandia test the relevant 

impact area of the Phantom F4 is defined with a diameter of 3 m, which is considered in standard 

analysis procedures. As described earlier the impact force of the engines is mainly applied via the shaft, 

the compressor, and the turbine, which are the solid parts. The diameter of these parts is for the Trent 

XWB engine only 1 m. Accordingly, the impact of the Trent XWB could be more relevant for the local 

damage behaviour. 

 

SIMULATION IMPACT ON REINFORCED CONCRETE WALL 

 

Finally, the impact of the engines on a reinforced concrete wall is analysed. The setup of the wall is 

similar to the design of the Sugano test, see Muto (1989) and Sugano (1993). The dimensions of the 

concrete wall are 7.0 x 7.0 x 1.0 m³ and two layers of bending reinforcement of 28 mm and spacing of 

200*200 mm, each way and each face, are embedded. Further, a shear reinforcement of 16 mm with a 

spacing of 200 x 200 mm is included. The meshing of the concrete wall is carried out via 12 hexahedron 

elements over the thickness. The reinforcement is modelled by beam elements. For the interaction 

between concrete and steel, the EMBEDDED ELEMENT Option of ABAQUS is used. The fixation in 

the four corners is modelled by steel plates, where the nodes are merged to the concrete. The plates at 

the back and the front side are connected via rigid beam elements, covering the real screw connection. 

The steel plates at the back side are fixed. In figure 11 an isometric view of the model is presented. 
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Figure 11. Isometric view of concrete plate model with a thickness of 1 m 

 

ABAQUS Explicit provides the Concrete Damage Plasticity material model, Lubliner (1989), 

which enables the modelling of concrete. It is designed for monotonic and dynamic loading scenarios. 

The material definition is separated in tension and compression. For each of these material performances 

the plasticity and damage behaviour must be described. The properties are defined for a compressive 

strength of 70 MPa given by the test data of the IRIS 2010 benchmark (Vepsä 2012). Further, erosion 

is considered with specific strain limit values for compression and tension. For the reinforcement a BSt 

500-550 material with respect to the yield and ultimate strength is considered. As for the materials of 

the engines, here the Johnson-Cook plasticity approach, Johnson (1983), is implemented. The material 

parameters are defined by the test data of Brandes (1985) 

 

In this paper first results for the defined wall setup and boundary conditions are presented. In 

future design variations regarding reinforcement, material and wall dimensions will be investigated. As 

impact velocity 160 m/s is chosen for a frontal impact of the engines. The impact velocity of 160 m/s 

for a frontal crash represent a very conservative crash scenario for a debris load case. Figure 12 shows 

the final state of the impact for all three engines for section cut in mid plane in a lateral view. 

 

 
 

Figure 12. Final simulation state with 160 m/s: IAV 2500, Trent 1000, Trent XWB 

 

As expected, the Trent XWB shows the greatest local damage of the concrete wall. At the 

front side the core the turbine penetrates the concrete. Also, at the backside scabbing of the concrete 

wall can be observed. Nevertheless, the engines do not perforate the wall. The final damage state of the 

concrete wall is presented in figure 13. The overall deformation of the wall is around 80 cm. 
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Figure 13. Local damage of the concrete wall (front, back) after the impact of the Trent XWB 

 

Compared thereto the local damage due to the impact of the Trent 1000 is much smaller. Only 

a slight penetration can be observed on the front side of the concrete wall. On the back side several 

elements are deleted due to the occurring deformation, i.e. scabbing of the wall can be determined. The 

overall deformation of the wall is about 40 cm at the back side. The impact of the IAV 2500 shows 

rather small effects on the wall design. The overall deformation is around 10 cm at the back side. Only 

some elements are deleted at the front side of the wall. 

 

CONCLUSION 

 

In the presented study three engine models (IAV 2500, Trent 1000, Trent XWB) with varying masses 

of 2.5, 5.9 and 7.5 t are investigated. Thereby the engines Trent 1000 and Trent XWB represent newer 

aircrafts designs, like Airbus A350 and Boeing 787, where long distance flights are executed by setups 

with only two high performance engines. The models are based on published geometry data and 

simplified to enable practical simulation times. The goal of the study is to evaluate the differences 

regarding the impact loads which are relevant for debris load cases for the design of safety walls or 

auxiliary buildings. 

 

After the model setup the Ft-function is computed for the velocities of 100, 120, 140 and 160 

m/s by an impact on a rigid wall. The evaluation of the Ft-function is carried out via the reference node 

of the rigid wall. Numerical artefacts are eliminated via butterworth filter with a cut-off frequency of 

500 Hz. The peak load values for the impact velocity 160 m/s are for the Trent XWB engine with around 

110 MN almost twice as high as for the IAV 2500 with 55 MN. Further this peak value is similar to the 

value of the Phantom F4 Ft function for an impact velocity of 215 m/s. Regarding the global behaviour 

of wall design the engine impact is due to the lower momentum not relevant. For the local damage 

behaviour this could be relevant, as the engine shaft, the compressors and the turbines are very solid. 

Accordingly, a main part of the impact force is concentrated on a small area. 

 

Finally, first results for the impact with 160 m/s on a concrete wall with a thickness of 1m are 

presented. For the impact of the IAV 2500 the damage is rather small and the deformation at the back 

side is around 10 cm. For the impact of the Trent 1000 a slight penetration is observed at the front side 

and scabbing at the back side. Finally, the impact of the Trent XWB shows a greater penetration at the 

front side and scabbing at the back side. Nevertheless, the engine does not perforate the concrete wall. 

This analysis shows that engines of newer aircrafts like the Airbus A350 or the Boeing 787 with masses 

of 5 t and more are relevant debris load cases. Further investigations should be carried out. Also, the 

impact scenario should be defined more precisely as a frontal crash with a velocity of 160 m/s is a very 

conservative debris load case. 
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