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Abstract. A finite element model is developed in this paper to simulate the perforation of 

aluminium foam sandwich panels subjected to high velocity impact using the commercial finite 

element analysis software LS-DYNA. The aluminum foam core is governed by the material model  

of crushable foam materials, while both aluminium alloy face sheets are modeled with the 

simplified Johnson-Cook material model. A non-linear cohesive contact model is employed to 

simulate failure between adjacent layers, and an erosion contact model is used to define contact 

between bullets and panels. All components in the model are meshed with 3D solid element SOLID 

164. The developed finite element model is used to simulate the dynamic response of an aluminium 

foam sandwich panel subjected to projectile impact at velocity ranging from 76 m/s to 187m/s. The 

relationship between initial velocity and exit velocity of the projectile obtained from numerical 

modelling agrees well with that obtained from experimental study, demonstrating the effectiveness 

of the developed finite element model  in  simulating perforation of sandwich panels subjected to 

high velocity impact.  

Introduction 

Sandwich panels filled with aluminium foam core have been increasingly attracting research 

interests due to the superior characteristics including light weight, impact resistance, and enhanced 

energy absorption. These properties make them to have a wide application in aeronautical structures, 

such as aircraft wing structures [1] and engine fan propeller blades [2], and in other engineering 

structures where light weight is required (e.g., structural components in trucks and trains [3] in 

transportation industry and structural components in space industry [3]).  

   During the past decade, many experimental studies have been reported on the impact behaviour of 

aluminium foamed sandwich panels [4-10]. They studies include the investigations on impact 

resistance, energy absorption of each component, failure mechanism and ballistic limit for the 

aluminium foamed sandwich panels.  On the other hand, finite element method is a robust and 

versatile numerical tool for analysing and modelling engineering structures, especially for modeling 

complicated structures under complex loadings. It has been used to model the impact performance 

of aluminium foamed sandwich panels successfully and demonstrated to be a very effective method 

for investigating impact response of aluminium foamed sandwich panels. However, very limited 

studies have been conducted on numerical modelling of perforation of aluminium foamed 

sandwiches under high velocity impact loading. Zou et al. [11] and Rajaneesh et al. [12] modelled 

the impact behaviour of aluminium foamed sandwiches subjected to low velocity impact. Radford 

et al. [9] and Hanssen et al. [13] simulated structural behaviour of aluminium foamed sandwiches 
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subjected to high velocity impact from different projectiles, but the study on perforation in the 

aluminium foam sandwiches has not yet been reported in the literature. 

In this paper, a finite element model is developed to model the perforation process of sandwich 

panels with aluminium foam core and aluminium face sheets when subjected to high velocity 

ballistic impact ranging from 70 m/s to 190 m/s by way of the commercial software Ansys- LS/ 

DYNA.  

Geometric Models of the Bullet and Sandwich Panels  

Consider a square sandwich panel consisting of an aluminium foam core and two layers of 

aluminium face sheets at both the bottom and the top surface. The impact response of the panel to a 

high velocity impact from a rigid steel hemisphere projectile on the central area is numerically 

simulated herein and compared with those from Hou et al. [4]. As the sandwich panel was fixed 

using a panel with a circular hole of 100 mm diameter and the impact was applied on the centre area 

of the circular area, only the circular panel is modelled.  The foam core is 25 mm in thickness, the 

two face sheets are 0.6 mm in thickness. The bullet is 25.5 mm in total height with a hemisphere 

head of 7.5 mm in diameter. The geometric models of the circular sandwich panel and the bullet are 

shown in Fig. 1.   

  

Fig. 1. Geometric models Fig. 2. The finite element model 

Finite Element Model 

In the finite element analysis with the commercial finite element analysis software LS-DYNA on 

the impact response of the sandwich panels, the rigid steel bullet and all the three components of the 

sandwich panel, i.e., two skins and one foam core are meshed using 3D solid element Solid 164. 

The mesh density for the bullet is 4 elements in both the radius direction and longitudinal direction 

as shown in Fig. 2.   

As the central area of the sandwich panel deforms much more severe than other areas, fine 

meshes as shown in Fig. 2 are used to model the central area. Convergence test is conducted to 

study the appropriate mesh density for the central circular area.  Four mesh densities of 10, 16, 26 

and 30 elements in the 10-mm radius direction are used to model the panel subjected to impact of 

the bullet launched at impact velocity of 186.34 m/s. At the mesh density of 30 elements, the 

residual velocity is found converged to the test result of 146 m/s as shown in Fig. 3, which is quite 

close to 143.89 m/s from the testing [4]. As the result obtained using mesh density of 26 elements is 

quite close to that obtained using mesh density of 30 elements, a mesh density of 26 elements in the 

10 mm radius direction is selected in the following calculation. Outside the central area (in the rest 

40-mm length), the mesh density of 24 elements is used in the radius direction. In the height 

direction, the mesh densities are 3 elements in the top and bottom 0.9-mm-thick skins and 50 elem 

ents in the 25-mm-thick foam core to keep the aspect ratio below 3. Due to the symmetry and also 

to reduce the computation time, only a half of the geometric model (shown in Fig. 2) was modelled. 
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Fig. 3. Convergence testing Fig. 4.  Behaviour of Crushable foam[16] 

     

 The steel bullet (material parameters is given in Table 1) is treated as rigid body. The aluminium 

face sheet layers are modelled using the simplified Johnson–Cook material model [9]. This model is 

strain-sensitively plastic and is used for problems where the strain rates vary over a large range. 

Thermal effects and damage are not considered in this model. The material parameters for Al 5005 

H34 sheets are listed in Table 2. The aluminium foam core is modelled using crushable foam 

material model as shown in Fig. 4. This material model was developed to model crushable foam 

with optional damping and tension cut-off [14]. Unloading is elastic and tension is regarded as 

elastic-perfectly-plastic at the tension cut-off value. Aluminium foam may be sensitive to strain rate 

[15-18], but strain rate sensitivity seemed rather limited for impact with impact velocity less than 40 

m/s) [19]. Deshpande and Fleck even observed no much change in the dynamic stress versus strain 

curves when compared to the corresponding quasistatic curves over a wide strain rate range (10
-3

—

5000 s
-1

) [20]. Crushable foam model 63, in which strain rate effects are excluded, thus was 

employed in this modelling. The parameters of the aluminium foam from reference [3] are adopted 

and they are shown in Table 3. Since erosion has not been accounted for in the two constitutive 

models, the maximum principal and shear strain failure criteria are employed along with the 

material models to model erosion during impact. 

 Table 1 Parameters of rigid bullet [4] 

Density Young’s modulus Poisson’s ratio 

7830 kg/m3 210 GPa 0.33 

 

Table 2 Parameters of aluminium (Al 5005H34) [4 , 21] 

Density Young’s 

modulous 

Poisson’s 

ratio 

Static 

yield limit 

Strain 

hardening 

modulous 

Strain 

hardening 

exponent 

Strain rate 

coefficient 

2700 kg/m
3
 65.04 GPa 0.33 369 MPa 684 MPa 0.73 0.0083 

 

Table 3 Parameters of aluminium foam [4] 

Density Young’s modulous Poisson’s ratio Tensile stress cut-off 

486 kg/m
3
 50 MPa 0.3 0.01 MPa 

     Two kinds of contact are used in this model. One is the erosion contact between the bullet and 

components of the sandwich panel via setting the option CONTACT_ERODING_SURFACE_ 

TO_SURFACE in LS-DYNA to model the contact eroding between the projectile surface and plate 

surface to allow the contact to work correctly as layers of the parts erode during penetration. 
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Tiebreak contact, namely CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK 

option, is chosen to define the contact between aluminium alloy sheets and aluminium foam, 

especially debonding. 

Validation and Analysis 

The perforation and damage of the sandwich panel subjected to impact at velocity of 181.82 m/s is 

modelled using the developed finite element model and the results of impact process is shown in 

Fig. 5.  The damage mainly happens in the central area, while no obvious damage is found in the 

surrounding area. Aluminium skin on the top plastically deforms and sticks to the wall of perforated 

hole in the foam core. The bottom skin debonds to the aluminium foam surrounding the impacted 

area.  

 
Fig. 5 Impact process of the panel at an impact velocity of 181.82 m/s 

The damages of the panel in the front face sheet, in the bottom sheet and in the cross section 

obtained from the finite element modelling are shown in Fig. 6 and compared with those obtained 

from the experimental study [4]. By comparing the testing damage and the numerical damage in Fig. 

6, it is found the damage behaviour, especially the perforation of the panel from numerical 

modelling agrees very well with the testing damage behaviour. The agreement of the numerical 

results with the test results demonstrates the efficiency and accuracy of the developed finite element 

model.  

  

  

 
 

a)  Testing[4] b) Modelling 

Fig. 6 Comparison of panel damage after impact 
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     To further validate the finite element model, the computed residual velocity of the bullet after 
impact is also compared with that obtained from the test. As shown in Fig. 7 at an impact velocity 
of approximately 78 m/s, no penetration occurs from both the modelling and the testing. The 
modelled result agrees very well with that obtained from the test when the impact velocity over 150 
m/s.  However at an impact velocity around 100 m/s penetration appeared in the testing but not in 
the modelling. In the testing, the ballistic limit ranges from 77 m/s to 96 m/s [4], but the panel was 
barely perforated by the bullet at impact velocity of 120 m/s.  Obviously, the numerical result from 
the finite element model does not agree very well with that obtained from test at the impact velocity 
around the ballistic limit, which is the transition phase for penetration between penetration and no 
penetration.  But overall, this model can generally reflect the trend of the curve in which penetration 
occurs.  

 
 

Fig. 7 Comparison of residual velocities Fig. 8 Global energy-time curve 

     Fig. 8 shows the change of global kinetic energy, internal energy and total energy with time 
during the impact process. The initial kinetic energy, also the initial total energy decreased 
significantly at the early stage of impact process before 0.15 millisecond. After this the energy 
keeps nearly constant. The loss of total energy would possibly be accounted for by the dissipation 
of hourglass energy and also by the increase of internal energy. 

Conclusion 

This paper presents a model simulating the impact response of sandwich panels with aluminium 
foam core and aluminium alloy face sheets subjected to high velocity impact from a hard 
hemisphere projectile. The crushable foam material model and the simplified Johnson Cook 
material model are used to model the aluminium foam and aluminium alloy skins respectively. Two 
kinds of contact, namely the erosion contact and tiebreak contact are employed to define the mutual 
contact of components in sandwiches and the contact between the bullet and components of the 
sandwich panel.  The modelling result was compared with the testing counterparts, including the 
damage behaviour and the residual velocities. The damage of the aluminium foam sandwich panel 
from numerical model agrees well with that from experiments. The curve of initial velocities versus 
residual velocities obtained from the numerical modelling generally represents the trend from the 
test. Therefore the developed finite element model is demonstrated to be effective for the simulation 
of the high velocity impact response of sandwich panels with aluminium foam core and aluminium 
alloy sheet faces.  
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