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ABSTRACT 

 
Simulation of missile impact on resistant structures by means of numerical analysis software is a relevant 

issue for the assessment of aircraft impact consequences on nuclear facilities. Since substantial amounts 

of kerosene may be involved, an adequate consideration of liquid filling is required in order to obtain 

realistic representations of loading scenarios. Activities regarding validation of the applied analysis 

methods by simulation of selected impact tests with different dimensions are summarized. Deformable 

projectiles with and without liquid filling are considered. Load-time-functions calculated with the 

commercial codes LS-DYNA and ANSYS AUTODYN as well as results of the simplified Riera method 

are compared with test results. It is found that with increase of the projectiles’ dimensions the relevance 

of the reproduction of structural details decreases while accurate consideration of the mass distribution 

becomes more important. Therefore, numerical models of aircraft structures with simple reproduction of 

structural details are suitable for the assessment of impact loading conditions. Regarding liquid filling, 

different modelling approaches have been examined. The Smoothed Particle Hydrodynamics (SPH) 

method ensures realistic crushing of liquid filled missiles including release of fluid. In aircraft crash 

analyses liquid is frequently considered by non-structural mass applied to structural parts. It is shown that 

this method may give non-conservative results. This is exemplarily demonstrated for the Sandia full-scale 

F4-Phantom crash test as well as a postulated crash scenario of a civilian aircraft. 

 

The work has been performed within the framework of the Reactor Safety Research Program of the 

German Federal Ministry of Economic Affairs and Energy BMWi. 

 

INTRODUCTION 

 

For the assessment of building structures of nuclear facilities regarding anticipated aircraft crash the 

question of modelling the mechanical loading emerges. If the projectile is deformable relative to the target 

the assumptions of a perfect plastic shock are a suitable approach and a load-time-function can be 

determined by simplified methods, e.g. the Riera (1968) method. In this case the projectile is called a soft 

missile. Traditionally load-time-functions are applied to specified loaded areas of a building structure. 

Alternatively, the crushing of aircraft structures on a rigid target can be simulated explicitly in order to 

derive a load-time-function. Rigid parts, also called hard missiles, have to be considered separately in 

these approaches, e.g. by means of empirical formula. Finally, impact assessments are nowadays more 

and more carried out as explicit contact problem (see e. g. Arros and Doumbalski (2007)) between aircraft 

structure including deformable and rigid parts impacting a building structure. 

 

In this paper some remarks regarding modelling using complex analysis software such as LS-DYNA 

(LSTC (2013)) and ANSYS AUTODYN (Ansys Inc (2014)) of soft missile impacts are summarized. A 

validation of numerical models on the basis of impact tests is carried out. Further, the findings concerning 

required level of detail and fuel modelling are illustrated by a study based on a civil aircraft structure.  
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RIERA METHOD AND CRUSHING FORCE 
 

Within the so called Riera (1968) method the impact force is given by Equation (1) as the sum of crushing 

force Pc needed to destroy the missile at position x and a mass flow term with quadratic dependency of 

current velocity v and a mass per unit length distribution μ. At time t the position x corresponds to the 

length of the destroyed part measured from the nose of the projectile. 

 𝐹(𝑡) = 𝑃𝑐(𝑥(𝑡), 𝑣(𝑡)) + 𝜇(𝑥(𝑡)) ∙ 𝑣2(𝑡) (1) 

The process is assumed to be restricted to a small zone while the undestroyed part with residual mass Mres 

is supposed to be rigid and decelerated by the crushing force according to Equation (2). 

 𝑀𝑟𝑒𝑠(𝑥(𝑡)) ∙ 𝑣̇(𝑡) = −𝑃𝑐(𝑥(𝑡), 𝑣(𝑡)) (2) 

Concerning crushing force an assumption is required in aircraft crash analyses. For hollow pipes such as 

those used in the experiments discussed in this paper the crushing forces can be calculated directly. For a 

buckling tube (see e. g. Figure 1) of average radius R, wall thickness t and yield stress σy Neilson (1981) 

provides Equation (3) for the calculation of crushing force. This form is used to derive crushing forces in 

the tests Meppen I/8 (see Figure 2 and Figure 3) as well as for VTT tests FP8 (see Figure 6) and FP11 

(see Figure 7). Strain rate effects can be considered with Cowper-Symonds parameters D and p. For this 

purpose, according to Jones (1989) the current strain rate may be estimated by [
𝑣(𝑡)

4∙𝑅∙𝐷
]

1 𝑝⁄
. For the studies 

presented in this paper the values D=37 s
-1 

and p=3.33 are used in all cases. 

 𝑃𝑐 = √4 ∙
𝑡

𝑅
∙ 2𝜋 ∙ 𝑅 ∙ 𝑡 ∙ 𝜎𝑦 ∙ (1 + [

𝑣(𝑡)

4∙𝑅∙𝐷
]

1 𝑝⁄

) (3) 

Huang et al. (2002) present Equation (4) as a formula useful to determine the crushing force of a tube 

which is split against a die with a semi-angle α.  

 𝑃𝑐 =
sin 𝛼+𝜇 cos 𝛼

sin 𝛼−𝜇∙(1−cos 𝛼)
[

2∙𝑡∙𝑅2∙(2∙sin
𝜋

2𝑛
−sin

𝜋

𝑛
)

𝑟+𝑅∙(1−cos
𝜋

2𝑛
)

+ 𝑡2] ∙ 𝑛 ∙ 𝜎𝑦 ∙ (1 + [
𝑣(𝑡)

4∙𝑅∙𝐷
]

1 𝑝⁄

) (4) 

The crushing force depends on number of cracks n, friction coefficient μ, curl radius r of each slice and 

angle α. Equation (4) is used for the splitting segment in VTT test FP16 (see Figure 5 and Figure 8). 

 

STUDIES ON SELECTED SOFT MISSILE IMPACT TESTS 
 

Meppen Test I/8 

During the 1970s and 80s large scale impact tests were carried out at a test site of the German armed 

forces in Meppen. Phase I of these tests includes measurement of load-time-functions of soft missile 

impact (see Rüdiger et al. (1985)). In this paper a missile made of RSt 37-2 steel with mass M=978 kg 

and impact velocity of v0=242.7 m/s is analysed. A yield stress of 306 MPa is assumed. Figure 1 shows a 

design drawing of the missile and final deformation found in a typical LS-DYNA simulation as well as in 

the test. In Figure 2 measured and simulated load-time-functions are compared with results of the Riera 

method. The jump in wall thickness from t=7 mm to t=10 mm is clearly visible in the forces. The ratio of 

crushing force to impact force is about 46 % at this point in time. Due to buckling of the missile and also 

due to experimental and numerical issues strong oscillations appear in simulated and measured forces. A 

comparison of momentum transfer to the target points out that the Riera method provides some kind of 
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averaged force level. Since the Riera method is based on a perfect plastic shock the momentum transfer is 

equal to the initial momentum. Due to some elastic energy and rebound of the missile the momentum 

transfer is somewhat larger in the simulation. In this particular case the integrated measured forces result 

in a somewhat lower momentum, which could be attributed to fragments or properties of the target. 

 

  

Figure 1: Design and final deformation of missile in LS-DYNA simulation and test in Meppen test I/8. 

  
Figure 2: Load-time-function and impulse transfer in Meppen test I/8 (M=978 kg, v0=242.7 m/s). 

Scaling issue  

Concerning transferability of results of scaled impact to real dimensions a scaling study has been 

performed. On the basis of Meppen Test I/8 exemplarily the effect of length scaling with 𝑙scaled = 𝛽 ∙ 𝑙 is 

discussed. Related scaling factors are β for time, β
-1

 for frequency and strain rate, β
2
 for force and β

3
 for 

volume, mass and impulse. In particular a small scale model with 𝛽 = 0.25 and a large scale model with 

𝛽 = 4 are considered. These scales correspond to total masses of 15.25 kg and 62.59 t, respectively. 

Results scaled back to the reference case are presented in Figure 3. LS-DYNA simulations and Riera 

method both yield that lower forces appear for the larger scale while higher forces are found for the 

smaller scale. The ratio of crushing force to peak load is smaller for the larger scale (38 %). and higher for 

the smaller scale (56.7 %). These differences can be explained by the dynamic increase factor in Equation 

(3), which does not scale with β
2 

due to the dependency of strain rate on length scale (see Jones (1989)). 

Due to the consideration of strain rate dependent hardening the LS-DYNA simulations are capable to 

reproduce these effects. It may be concluded that the relevance of mass flow is by trend higher for larger 

projectile structures. Details of stiffness are less important with an increased scale. It should also be 
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mentioned that aircraft structures are typically made of aluminium which is less strain rate sensitive. 

These findings should help to simplify material modelling issues for aircraft structures in practical crash 

analyses. 

  
Figure 3: Load-time-functions in scaling effect study based on Meppen test I/8. 

Force Plate Tests at Technical Research Centre of Finland (VTT)  

In the framework of a joint international research project called IMPACT, the Technical Research Centre 

of Finland VTT carries out impact tests of intermediate scale. An overview about test setup, test series, 

selected results and the project itself is given e.g. by Heckötter and Vepsä (2015). The test program 

includes force plate tests dealing with measurement of load-time-functions for soft missiles such as those 

shown in Figure 4. Several tests have been carried out with thin-walled cylindrical steel (EN 1.4432) 

pipes. A yield stress for steel of 280 MPa is assumed. A water tank may be integrated into the missiles, 

which are hereinafter called “wet” missiles, while missiles without water tank are called “dry” missiles. In 

principle the impact velocities are somewhat lower than typical velocities in anticipated aircraft crash 

scenarios. According to Equation (1) this fact may automatically increase the relative contribution of 

crushing forces to load-time-functions. Details of the force plate and its supporting system are shown in 

Figure 5. The numerical LS-DYNA model of the frame is based on CAD files kindly provided by VTT.  

  
Figure 4: Design drawings of dry missile (left) and wet missile (right) in VTT tests. 

 
 

Figure 5: Force plate system at VTT (left) and LS-DYNA model of wet missile impact test FP16 (right). 
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Experimental noise of load cell signals can be eliminated by isolating the load cells with hard plastic 

sheets. However, especially the inertia of the force plate with dimensions of 730 x 700 x 70 mm and total 

mass of 280 kg will affect the force signals. This effect is visible in all cases presented in this paper 

(compare Figure 6 to Figure 8). Numerical contact forces acting on the force plate are by trend lower than 

simulated and measured force plate signals. Figure 6 shows a comparison of results obtained for the low 

velocity (v0=102.3 m/s) dry missile test FP8. The contribution of crushing force to peak load is 68.5 %. 

This implies that adequate calculation of crushing forces is essential to predict reliable values for impact 

forces, duration of impact as well as residual missile length.  

  
Figure 6: Load-time-function and impulse transfer in VTT test FP8 (M=50.3 kg, v0=102.3 m/s). 

In the dry test FP11 the velocity (v0=160.1 m/s) is higher than in FP8, which corresponds to an increased 

mass flow term in Equation (1). For this reason a smaller ratio of 48 % for crushing force to peak load 

appears. In this test a certain drift is visible in the measured momentum transfer. Such effects appeared in 

number of tests, especially in tests with higher impact velocity. Explanations could be a response of the 

frame system or additional impulse due to stream of pressurized air needed for acceleration.  

  
Figure 7: Load-time-function and impulse transfer in VTT test FP11 (M=50.3 kg, v0=160.1 m/s). 

Results of the wet test FP16 are given in Figure 8. Since the water flow increases the mass flow term 

during the first 6 ms of impact and also changes the failure mechanism of the missile the ratio of crushing 

force to maximum peak load is about 29.5 % in this case. Even though missile mass and velocity are 

comparable with FP8, due to the water mass flow higher forces appear in FP16. The momentum transfer 

of contact forces is slightly lower due to loss of mass in radial direction outside the actual contact zone 

between missile and force plate. The Riera method cannot directly consider such an effect. To simulate 

this effect it is necessary to employ SPH for representation of water. 
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Figure 8: Load-time-function and impulse transfer in VTT test FP16 (M=51.5 kg, v0=108.1 m/s). 

Phantom F4 Full Scale Impact Test at Sandia National Laboratories (SNL) 

The famous SNL Phantom crash described by Sugano et al. (1993) is simulated with AUTODYN using a 

most simple aircraft geometry proposed by Brachmann (2006). Figure 9 compares model and high speed 

camera frames at two points in time. Including the sled and rockets the total mass of the aircraft is 19.0 t 

while the impact velocity is 215 m/s. A reinforced concrete block with a mass of about 470 t resting with 

low friction on air bearings serves as target structure. 

  

  

Figure 9: Simplified Phantom-F4 AUTODYN model in comparison with HS-frames from SNL. 

Basically, the geometry of the model is composed of cylindrical and prismatic shell bodies. Nine sections 

are considered along the axis. Engines are represented by solid elements while SPH represents 4.8 tons of 

water infill in the tanks. Alternatively, non-structural mass applied to tank structures considers the fluid. 

 

Figure 10 (left part) compares the mass per unit length distributions projected to the longitudinal axis of 

the simulation models and the test data. Forces can be derived experimentally either from the acceleration 

of the target block or directly by evaluation of displacement time history of the rear part of the aircraft. 

The simulation results are determined from the accelerations of the target body. Given the simplicity of 

the simulation models the results of the SPH model agree reasonably well with the test data (see Figure 

10, right part). This can be attributed to the relatively small crushing forces. For the Riera analysis 

crushing force assumptions given by Sugano et al. (1993) were used, which are also visible in Figure 10. 

Further, the minor relevance of crushing forces is pointed out in a sensitivity study regarding yield stress 

of material. Impact force results of calculation with half the yield stress and correspondingly lower 

stiffness exhibit relatively small differences as indicated in Figure 11 (left part). The mass flow clearly 

dominates the load-time-function. 
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Figure 10: Mass distribution and impact forces in SNL Phantom crash (M=19.0 t, v0=215 m/s).  

Another sensitivity study is dealing with the discretization method of fluid. In practice the mass of fluid is 

frequently considered by adding non-structural mass to surrounding tank shell structures. Results of this 

method (shell-model) are compared with results of the model using SPH in Figure 11 (right part). During 

the impact of the tank structure between about 30 ms – 45 ms significantly lower impact forces are found 

for the shell model. Siefert and Henkel (2013) carried out a quite similar study with a much more 

complex aircraft model. The conclusion of this reference is that SPH is not beneficial enough to justify 

the additional computational costs, even though also in their study lower impact forces were calculated 

during the tank impact. Additional calculations show that the absolute differences between SPH- and 

shell-model results are dependent on assumptions concerning the tank structures. Further, the failure 

mechanisms of the aircraft structures are very different. Given the findings mentioned and the comparison 

with test results, the SPH method is assumed to provide a much more realistic representation of loading. 

Pure shell-models may yield non-conservative results.  

  
Figure 11: Study on the influence of aircraft stiffness and fluid modelling in SNL Phantom crash. 

STUDIES ON IMPACT OF A GENERIC CIVIL AIRCRAFT STRUCTURE 

 

The findings described on the basis of the SNL Phantom crash are further illustrated in a study dealing 

with a generic civil aircraft structure oriented on fundamental geometric parameters publically available 

from AIRBUS (2014). The objective of this study is to point out effects rather than performing a most 

realistic aircraft impact assessment. The total mass of this model is about 70 tons including about 9 tons 

of kerosene. An impact with v0
 
= 215 m/s on a rigid wall is analysed using LS-DYNA. The model shown 

in Figure 12 contains basically outer skin including wings and horizontal tail as well as vertical tails, 
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internal floor structures, landing gears, fuel tanks and engines. Fuel is considered either by non-structural 

mass applied to the tank structures (shell model) or directly by the SPH method. 

 
 

Figure 12: Simple aircraft model for LS-DYNA and details of simplified engine model. 

Figure 13 shows mass per unit length distribution projected to the longitudinal axis and anticipated 

crushing forces as well as the corresponding load-time-functions according to the Riera method. 

Assumptions regarding crushing forces are based on those given by Riera (1968) for a Boeing 707-320 

Aircraft which were slightly adjusted to dimensions of the actual aircraft structure. Additionally, a four 

times larger crushing force is analysed to investigate influence of uncertainties. It is apparent that the 

influence of crushing force on impact forces is very low. For a smaller crushing force larger peak forces 

appear in the wing section and for the main landing gear impact, which is due to a smaller deceleration 

giving rise to higher mass flow contribution.  

  
Figure 13: Mass distribution and assumed crushing forces (left) and resulting Riera curves (right).  

In the numerical simulations the influence of crushing force is analysed in a parametric study with 

modification of yield stress. Figure 14 shows final deformations of a shell model after 300 ms. A 

pronounced influence of yield stress variation on residual undestroyed length occurs. Based on 

observations of real scenarios a full destruction of the aircraft is expected for this impact velocity. 

Therefore, the results for lower stiffness are assumed to be more realistic. Figure 15 shows the influence 

of simulation method for fuel on the crushing process. Due to the SPH particles crushing mechanisms of 

the wing sections seem to be quite different compared to the shell model. A major advantage of SPH 

seems to be that the volume which is covered by kerosene in real aircraft crash scenarios is actually filled 

with material. This is not the case in the shell model, where kerosene mass is more concentrated due to its 

localisation on the wall of the tanks. Further, questions of possible deposition of fluid can be investigated 

by the SPH method, especially the question of fluid mass which may pass a barrier made of reinforced 

concrete and thus giving rise to thermal loading in the interior due to ignition. Evidently, deviations 

regarding the connection of wings and fuselage and its failure during the crushing process may have an 
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effect on the load-time-function. In the SNL Phantom crash test the wing span is much lower. Probably 

due to this fact such an effect is not visible in the related parametric study (compare Figure 11, left part).  

  
Figure 14: Final deformation after 300 ms for different shell models. 

  
Figure 15: Deformation after 100 ms for shell model and SPH model (low stiffness in each case). 

Due to the mass flow of fuel the wing sections give rise to major peaks in the load-time-functions and 

related crushing mechanisms seem to deviate among SPH and shell model simulations. Consequently, 

regarding impact forces some substantial deviations occur for these models during the impact of wings 

(compare Figure 16). An effect of yield stress variation on impact forces of shell models during the 

impact of wings is apparent (see Figure 16, right part). Such an effect is less pronounced for yield stress 

variations in SPH models. The SPH results and also the Riera results are in between the results of the 

shell models. As mentioned before, the crushing mechanisms of the wing section seem to affect the load-

time-function. From this study it is concluded that the separation of wings and fuselage is simulated quite 

different between shell models and SPH models and that the simulation uncertainties concerning impact 

of wings and fuel are larger for this type of aircraft structure compared to a Phantom-F4. It is expected 

that differences of this kind are even more pronounced for larger civil aircraft types which may carry a 

much higher amount of kerosene and may be equipped with more fuel tanks. 

  
Figure 16: Effects of stiffness in shell models and fuel representation method in impact force. 

It should be mentioned that substantial impact force peaks are related to impact of engines and landing 

gears. Regarding main landing gear Riera method and simulations yield similar results, this means this 

peak is mainly due to mass flow. Concerning nose landing gear and especially engines the applicability of 

the Riera method is questionable. The forces needed to crush engines seem to be relatively large. In 

particular the engine shaft is supposed to be a hard missile. Further, it should be mentioned that a perfect 

Low stiffness (shell model) High stiffness (shell model) 

Shell model SPH model Release of  
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kinematic connection of wings and engines was assumed. This does not enable anticipated separation of 

engines and wings. Additional investigations on the behaviour of engines with refined models are in 

progress.  

 

SUMMARY AND CONCLUSION 

 

General considerations regarding numerical simulation and application of the Riera method on missile 

impact were presented. Selected impact tests and a larger civil aircraft structure have been analysed.  

 

It was found that the contribution of crushing forces to load-time-functions in aircraft impact scenarios is 

much lower than in scaled impact tests. Therefore, precise information of spatial mass distribution of the 

aircraft is mandatory for aircraft crash analyses. Relatively simple assumptions regarding material laws 

and stiffness are sufficient for impact of fuselage and wings. Hence, results of the Riera method agree 

reasonably well with numerical results concerning these components. However, application of the Riera 

method to the impact of engines and gear structures is not recommendable. Further, the failure of the 

connections between fuselage and wings and between wings and engines must be carefully addressed. 

 

Liquid infill of tank structures should be simulated by a suitable particle method such as SPH. 

Consideration of fluid mass by adding non-structural mass to surrounding shell structures may give rise to 

less realistic simulation results, especially concerning failure mechanisms of the aircraft and loaded area. 

Further, questions dealing with spatial deposition of liquid, especially concerning penetration of fuel 

through reinforced concrete structures, can be addressed by the SPH method. 
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