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Abstract: Bird impact damage in complex aircraft structure has been investigated using explicit 
transient dynamic analysis by Abaqus/Explicit in order to fully employ its large library of 
elements, material models and the ability of implementing user defined materials. The numerical 
procedure has been applied on the very detailed large airplane secondary structure consisting of 
sandwich, composite and metallic structural items that have been modeled with 3D, shell and 
continuum shell elements, coupled with appropriate kinematic constraints. Bird has been modeled 
using Coupled Euler Lagrangian approach, in order to avoid the numerical difficulties connected 
with the mesh. The impact has been applied in the area that is the most probably subjected to the 
impact damage during the exploitation. The application point and velocity vector have been 
varied and the comparisons between total, kinetic, internal and damage energies have been 
performed. Various failure modes, such as CFRP face layer rupture, failure of composite matrix, 
damage initiation / evolution in the Nomex core and elastoplastic failure of a metallic structure 
have been investigated. Besides, general contact has been applied as to efficiently capture the 
contact between impactor and structure, as well as large deformations of the different structural 
components. Visualization of failure modes has been performed and damaged area compared to 
the available references. Compared to the classic Lagrangian modeling of the bird, the analysis 
has proven to be more stable, and the results, such as and damage areas, physically more 
realistic. 
Keywords: Airplane structures, Composites, Bird strike, Impact damage, Coupled Eulerian 
Lagrangian analysis, Contact, High lift devices, Abaqus/Explicit. 

List of used symbols: 
Cd - elasticity matrix including damage 
E1, E2 – Young’s moduli in the fiber and transverse direction, respectively 
df, dm, ds  - fiber, matrix and shear damage parameters, respectively 
G12  - shear modulus 

eqδ - equivalent displacement 

0
eqδ  -  equivalent displacement at which Hashin’s failure criterion has been reached 

f
eqδ  - equivalent displacement at which the material is completely degraded 
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plε  - equivalent plastic strain 
plε  - equivalent plastic strain rate 
pl

0ε  - initial value of equivalent plastic strain  

pl
fε  - equivalent plastic strain at failure 

plε∆  - equivalent plastic strain increment 

plσ  - plateau stress 

12ν , 21ν  - Poisson’s coefficients 

ω  - damage parameter 

1. Introduction 

Numerical bird strike simulations enable insight into complex structural behavior of impacted 
structures without the need for time consuming and costly gas-gun experiments. The accuracy of 
numerically as well as experimentally predicted responses greatly depends on physically correct 
modeling of bird replacement models. Bird strikes are, due to the fact that the strengths of 
impacting bodies are much lower compared to the impacted structures, placed in the group of soft 
body impacts. During the impact, the bird is subjected to stresses that greatly exceed the material's 
strength leading to a fluid-like behavior of the bird. Large deformation of material during soft 
body impacts presents a source of possible difficulties in finite element analyses. 
Conventional or Lagrangian formulation for bird behavior description, although being 
computationally efficient, has many drawbacks. The most important is that distortion of finite 
elements leads to drastically reduced stable time increments of explicit time integration schemes 
or even to premature analysis termination due to numerical errors caused by excessively distorted 
elements. Despite these problems this approach has been used in many papers, for example in 
(Airoldi, 2006), (Lavoie, 2007), (Rueda, 2002) and (Smojver, 2010). 
The work in this paper is based on the work presented in (Smojver, 2010), which followed the 
Lagrangian bird modeling approach. Numerical difficulties associated with excessive element 
distortion have been bypassed by using viscous hourglass control and distortion control. To 
improve the damage prediction procedure, this work uses the Coupled Eulerian Lagrangian (CEL) 
capability of Abaqus/Explicit in order to physically more accurately simulate the fluid-like bird 
behavior and to improve analysis stability. The great advantage of CEL analyses is that all 
problems associated with bird mesh distortion are eliminated as the Eulerian description allows 
finite elements to be fixed in space and the material to flow through these elements. This fact 
enables application in numerical simulation of problems involving extreme material deformation 
as it takes place during soft body impacts. On the other hand the impacted structures are 
discretized by traditional Lagrange finite element formulation. The impacting forces are 
transferred to the Lagrangian structure through Eulerian-Lagrangian contact which is based on the 
penalty contact algorithm. 
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Most of the bird strike incidents occur during takeoff and landing phase of the flight, in which the 
flaps and slats are fully deflected and subjected to impacts. This paper deals with the problem of 
numerical damage prediction caused by the bird strikes in a typical large airliner inboard flap 
structure. The numerical bird strike simulating procedure has been applied on a very detailed 
model consisting of composite laminates, sandwich structures and metallic structural items. 
Abaqus/Explicit has been chosen to perform nonlinear transient numerical analyses through the 
use of its large library of elements and material models. This paper presents results of numerical 
impact analyses at typical landing conditions with two different bird weights.  
The substructure generation concept presented in (Smojver, 2010) has been further developed in 
order to enable CEL analyses on reduced flap finite element models, as impact damage is localized 
to the area in the vicinity of the impact.  

2. Numerical model 

2.1 Inboard flap FE model 
Modern secondary flight and control surfaces are designed to minimize weight by means of 
extensive application of composite materials and sandwich structures. Most of the flap geometry is 
suitable for shell finite element (S4R and S3R) discretisation.  To the contrary, flap leading and 
trailing sandwich structures are inappropriate for two-dimensional discretisation and are therefore 
modeled by three-dimensional elements. The thin face layers of sandwich structures are meshed 
with continuum shell elements (SC8R). These elements enable capturing three dimensional 
geometry, and consequently improving accuracy in contact problems, although maintaining 
formulation similar to conventional shell elements. This permits usage of standard failure criteria 
for composite materials used for leading edge face layers. Shell thickness of such elements is 
determined from the element nodal geometry. The sandwich core is modeled by solid C3D8 
elements. As both continuum shell and solid elements have only translational degrees of freedom, 
coupling at the interface of face layer and core elements is achieved by sharing the same interface 
nodes, thereby eliminating the need for kinematic constraints. To correctly transfer rotational 
degrees of freedom at the interface of three dimensional and conventional shell elements, an 
appropriate coupling constraint needs to be provided at the interface of different element types. 
This kinematic coupling constraint has been achieved by the tie surface based constraints which 
are imposed to the nodes at the joint line of continuum shell and conventional shell elements. The 
total number of elements for the whole model is 109585, of which 69696 are conventional shell, 
16020 continuum shell, and 23665 solid elements. Front spar reinforcements are modeled with 
204 beam elements. The interior finite element mesh, with skins removed, is shown on Figure 1 
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Figure 1. Details of the flap interior structure finite element mesh. 

 
 
Flap skins are made of CFRP with variable number of unidirectional layers resulting in gradually 
variable skin thickness. The upper and lower skins are additionally strengthened with 10 CFRP 
stringers, of which 6 are positioned along the upper skin and 4 are positioned on the lower flap 
skin. Leading and trailing edges of the flap are made as sandwich structures. The thin face layers 
of the leading edge sandwich are also made of CFRP, while Al2024 alloy was used for the flap 
trailing edge sandwich face layers. Nomex honeycomb core is used in both sandwich structures. 
The flap interior structure consists of spars and ribs made of various aluminum alloys. Front and 
rear spar as well as ribs, which comprise structural items used to connect the flap to the wing 
structure and hydraulic actuators, are made of Al 7075 alloy with better mechanical properties, 
while the remaining ribs and auxiliary spar are made of Al 2024 alloy. 

2.2 Material and failure models 

Modeling of failure and damage in the composite part of flap structure has been achieved by 
Abaqus built-in progressive failure and damage model. This model uses Hashin's failure initiation 
criterion and accounts for the following failure modes: fiber rupture in tension, fiber buckling and 
kinking in compression, matrix cracking under transverse tension and shearing, matrix crushing 
under transverse compression and shearing. Mechanical properties of unidirectional CFRP layers 
are taken from (Springer, 2003). Degradation of CFRP material stiffness is modeled using damage 
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parameters, which modify the initial undamaged elasticity matrix. Fiber (df), matrix (dm) and shear 
(ds) damage parameters reflect the current state of damage, having values ranging from 0 for an 
undamaged state, to 1 for a completely degraded material. The damaged elasticity matrix has the 
form 
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where 2112)1)(1(1 ννmf ddD −−−= . 1E , 2E , 12G , 12ν , and 21ν  are unidirectional ply material 
properties.  
 
 

 
Figure 2. Equivalent stress-displacement diagram (left-hand image) and damage 

variable as a function of equivalent displacement (right-hand image) 
 
 
To avoid mesh dependency during material softening, Abaqus uses a constitutive law expressed as 
a stress - equivalent displacement relation. Linear elastic behavior prior to damage initiation is 
represented by the positive slope (OA) of the stress-displacement curve in Figure 2, left-hand 
image. When Hashin’s damage initiation criterion is reached, damage parameters modify the 
stiffness matrix thereby simulating degradation of mechanical properties. This part of stress –
equivalent displacement curve is represented by the negative slope curve (AC) on Figure 2, left-
hand image. Unloading and reloading from a partially damaged state occurs along a linear path 
toward the origin represented by the BO (or OB for reloading) path. The area of the triangle OAC 
is equal to the energy dissipated due to damage. After damage initiation, damage parameter of a 
particular failure mode evolves as 
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where 0
eqδ  is the initial equivalent displacement at which Hashin's damage initiation criterion was 

reached and f
eqδ  is the displacement at which the material is completely damaged in this failure 

mode. Equation (2) is graphically presented on Figure 2, right-hand image. An element is removed 
from the mesh when all material points reach the critical degradation value. The use of the 
composite damage model in these particular impact problems has been validated in (Smojver, 
2009). 
Mechanical properties of Aluminum alloys have been taken from (MIL-HDBK-5, 1998). Failure 
of metallic structural items has been modeled by shear failure criterion. The shear failure criterion 
is suitable for high strain rate dynamic problems and is based on the accumulated equivalent 
plastic strain, which is calculated as 

∫+=
t

plplplpl dt
0

0 :
3
2 εεεε   ,   (3) 

where 
pl

0ε  is the initial value of equivalent plastic strain and 
plε  is the equivalent plastic strain 

rate. An element is assumed to fail when the damage parameter calculated as 
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f

plpl

ε
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exceeds the value 1. In Equation (4) 
pl
fε  is the strain at failure, plε∆  is the plastic strain 

increment and the summation is performed over all increments in the analysis. 
 
 

 
Figure 3. Compressive stress-strain curve of Nomex honeycomb core  (Meo, 2003). 

 
 
Characteristic behavior of Nomex honeycomb cores under compressive loads is shown on Figure 
3. The first region corresponds to a linearly elastic region which is present at low strains (typically 
0.5-5%). The next step is progressive core crushing at a nearly constant stress level called the 
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plateau stress ( plσ ). At a strain value of about 85% a region of increasing stresses caused by 
mutual pressing of cell walls. To simulate core crushing the above explained shear failure criterion 
was adopted to remove core finite elements from the mesh when a equivalent plastic strain of 5% 
is reached. The Yield stress value is assumed to be 7.76MPa as stated in (Meo, 2003). 

2.3 Coupled Eulerian Lagrangian (CEL) bird model 

The finite element mesh in CEL analyses usually represents a stationary cube through which the 
Eulerian material moves and impacts on the Lagrangian structure. Abaqus provides EC3D8R 
elements to model Eulerian problems, which may be completely or partially filled by bird material 
while the rest of the Eulerian grid is filled with void material. The material is tracked as it flows 
through the mesh by means of Eulerian volume fractions (EVF) which represent the ratios by 
which each Eulerian element is filled with material. If the volume fraction is one, the element is 
completely filled with material, contrary to the completely void elements that take volume 
fractions equal to zero. The Eulerian material boundary doesn't have to match element geometry at 
any time in the analysis and has to be recomputed in each time increment as the material flows 
through the mesh. Abaqus/CAE provides the volume fraction tool which enables user friendly 
initial calculation of volume fractions thereby enabling "filling" of Eulerian elements with bird 
material. The volume fraction tool also creates a node set containing nodes in the area of the bird 
reference part allowing assignment of initial conditions to the bird material. Dimensions of the 
grid containing Eulerian elements must be sufficiently large to prevent loss of bird material after 
the impact. The loss of material leads to a loss of kinetic energy and can sometimes lead to 
numerical difficulties which decrease the level of confidence in the obtained results. 
Typical assumptions used in finite element bird strike simulations have been employed in this 
paper as well. The bird geometry has been replaced with a cylinder having hemispherical ends and 
a length to radius ratio equal to two, as this geometry best resembles pressure time histories of real 
birds during impact tests, as stated in e.g. (Airoldi, 2006). Bird material has been replaced with an 
equal mass of water, as birds mostly consist of water and air trapped in the bones and lungs. To 
take the trapped air into account the density has been reduced to 938 kg/m3, as suggested in 
(Johnson, 2003). The Us-Up Equation of state material model has been used to model the bird, 
while the properties for the Mie-Grueneisen EOS for water have been taken from (Chizari, 2009). 
Validation of the used bird material model in an impact on a rigid plate showed good agreement 
with theoretical and experimental Hugoniot and stagnation pressure time history curves, as 
demonstrated in (Smojver, 2010).  

2.4 Comparison of Lagrangian and CEL bird models  

The CEL bird model presented in this work has been validated by comparison with experimental 
results presented in (Welsh, 1986). The results presented in this reference evaluate the eligibility 
of substitute gelatin birds as bird replacements in gas gun experiments, as impact tests including 
real birds are hard to replicate due to the heterogeneity of real birds. Impactors including both real 
and artificial birds, having weights of 4 lb (1.81 kg), were fired against Aluminum Al 6061 T6  
plates at speeds of approximately 150 m/s. The dimensions of the target plate are 550 x 550 x 6.35 
mm. The impacted plate is bolted to a steel support plate with the 0.4064 m diameter opening. The 
Aluminum plate is discretisized by 520 S4R shell elements, as shown in Figure 4. The steel 
support frame has been replaced by boundary conditions as the nodes outside the 0.4064 m 
diameter opening had restrained displacements in the thickness direction. Additionally six nodes 
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had all six degrees of freedom restricted as to take into account the effect of the bolts. The 
mechanical properties of Al 6061 T6 were taken from (MIL-HDBK-5, 1998) while the strain rate 
effects were ignored. Dimensions of the Eulerian part are 1.4 x 1.4 x 0.5 m to ensure that the bird 
material doesn't protrude outside the Eulerian finite element grid consisting of 980000 elements. 
 
 

 
Figure 4. Target plate FE model (left-hand image) and CEL model (right-hand 

image). 

 
Figure 5. Comparison of plate deflections [mm]. 

 
Figure 6. Comparison of deformed plate shapes [mm]. 
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To demonstrate the advantages of the Eulerian bird modeling approach this experiment has also 
been numerically modeled using the Lagrangian bird model presented in (Smojver, 2010). The 
results of the analyses are shown on Figures 5 and 6. The measured deflection at the center of the 
impacted plate in the gas gun experiment at the impact speed of 145.7 m/s is 41.3 mm. The 
deflections calculated numerically were 40.7 mm for the Lagrangian and 38.54 mm for the CEL 
bird model. Although the result for the Lagrangian bird model was closer to the value obtained by 
gas gun tests, the distribution of plate deflections and the deformed plate shape after impact are 
more realistic, as shown on Figures 5 and 6. The improved similarity of impacted plate shape is a 
direct result of the physically enhanced modeling of fluid-like bird behavior by the CEL bird 
model. The stability of the analysis is also improved as the CEL bird model doesn't suffer from 
significant mesh distortion. The main disadvantage of the CEL model, compared to the 
Lagrangian bird model, is the highly prolonged computational time due to the need for a very fine 
mesh of Eulerian elements to accurately simulate the contact with the Lagrangian mesh.  

3. Substructure approach 

The substructure approach presented in (Smojver, 2010) has been further developed in order to 
include modeling of CEL analysis. As nonlinear transient analyses on large and complex models 
demand enormous computation time, despite the usage of most modern computers, bird impact 
damage prediction analyses could be accurately performed on smaller parts of aeronautical 
structures. This assumption is based on the fact that impact induced damage is localized to the area 
in the vicinity of the impact location. For the purpose of model reduction, a C# routine has been 
developed which removes parts of the finite element mesh which are further away from the impact 
location. The cutting distance is user defined and measured from the assumed impact location 
what enables the creation of arbitrary model sizes.  
The C# routine allows optional choice between the Lagrangian and the CEL bird model. If the 
Coupled Eulerian Lagrangian approach is selected, a Python script has been developed which 
creates an input file for the Eulerian part instance. Definition of the bird is done by an automated 
procedure which enables creation of arbitrary sized Eulerian parts having adjustable dimensions, 
mesh sizes and properties for the EOS material. The bird geometry is defined by entering height 
and radius of the cylinder with hemispherical tip, which contains the Eulerian bird material. Using 
these input variables the python script launches Abaqus/CAE and creates the Eulerian part 
together with the bird reference geometry. The next step is the creation of the assembly which is 
built based on the location of the impacted node and defined flight conditions of the airplane. The 
Eulerian part is translated so that the impacted node is positioned at the centre of the grid of 
Eulerian elements while the bird geometry is translated and rotated to take into account the flight 
conditions during impact. An additional translational variable is defined to prevent initial 
overclosure between the Larangian mesh and Eulerian bird material. After repositioning of the 
Eulerian mesh and bird geometry the volume fraction tool is launched to create the volume 
fractions needed to define the material boundary. Based on these actions, an input file is written 
which is then combined by the C# routine with the substructure input file to create the final input 
file for the analysis. 
This procedure enables a user friendly generation of input files, hence eliminating the usage of the 
Abaqus pre-processor and the time demanding procedure of manual creation of smaller CEL 
models. Figure 7 depicts the substructure model used for impact analyses in this particular case, 
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where the complete model has been reduced to 48979 elements. The grid of Eulerian elements 
consists of 753571 elements. 
 
 

 
Figure 7. CEL model for the impact on the substructure (left-hand image) and finite 

element mesh of the substructure (right-hand image). 
 
 

4. Analysis 

The CEL bird strike damage prediction capability has been demonstrated in a simulation of a 
typical bird strike event on an inboard flap. The point of impact and bird velocity vector have been 
chosen according to the landing flight variables of a large transport aircraft. The aircraft angle of 
attack (10°) and flight path glide slope of 5° have been summed to the maximum flap deflection 
angle (40°) resulting in a velocity vector deflected 55° with regard to the horizontal plane of the 
flap model. The flight velocity of the aircraft during the impact has been assumed to be 100 m/s, 
while the bird velocity has been neglected. 
The impacting forces and pressures exerted during the impact are transferred to the flap model by 
use of contact algorithms. Abaqus provides an extension of the general contact option to include 
interactions between Lagrangian structures and Eulerian material. The contact is created between 
Lagrangian mesh surfaces and Eulerian meterial surfaces, which are automatically computed and 
tracked during the analysis. A very fine mesh of Eulerian grid is necessary to efficiently capture 
the contact between those two surfaces. Abaqus, like most of the commercial FE codes, uses 
penalty contact algorithms to introduce coupling between Eulerian and Lagrangian instances, as 
this approach uses the simplest computational level and gives great robustness as described in 
(Benson, 2004). 
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Figure 8. CEL model of 1.81 kg bird. 

 
 

5. Results 

To demonstrate the bird strike damage prediction capability of CEL analyses presented in this 
paper, two impact scenarios have been chosen. The first impact case involves an impact of a 4 lb 
(1.81 kg) bird, since flap structures of large transport aircraft have to withstand an impact of this 
bird weight at normal operating speeds, as defined in FAR 25.571. The analysis has been 
performed on the complete flap finite element model. Figure 8 shows the location of the Eulerian 
grid and the initial position of bird material with regard to the flap model. The Eulerian part used 
in this analysis contains 600000 elements enclosing a volume having dimensions 1x 1 x 0.6m. The 
composite skin in the area of the impact has 20 CFRP layers with the total thickness of 2.5 mm. 

 
Figure 9. Deformation of 1.81 kg bird during the impact (EVF= 0.5) 
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The impact event is shown on Figure 9. As illustrated, the kinetic energy of a 1.81 bird kg at the 
impacting speed of 100 m/s is sufficient to cause severe damage on the flap. The bird penetrates 
the lower flap skin and impacts on the upper skin. The dominant failure modes of the composite 
flap skins are tensile fiber and matrix failure, as illustrated on Figure 10. One of the certification 
requirements defined in FAR 25.571 states that the safety of the aircraft must not be threatened by 
the damage caused by bird strikes. Although the impact in this case resulted in complete failure of 
the lower skin and serious damage of the upper skin, the main load carrying structural items were 
not affected by the impact. The next step in the investigation of compliance with certification 
requirements would be to simulate the effect of aerodynamic loads on the impacted flap structure, 
which is the subject of ongoing research.  
The second impact scenario involves a 0.45 kg bird, as collisions with smaller birds, like crows, 
are much more frequent. This analysis has been performed on the substructure model shown on 
Figure 7. The impact event is shown on Figure 11. The impacted lower skin in this case is able to 
withstand the bird strike, although some elements have been removed from the mesh. These 
elements have reached the critical degradation values for the damage evolution model as described 
in chapter 2.2 for all section points of the element and are therefore excluded from the analysis. 
Figure 12 shows the distribution of Hashin's failure criteria values of lower skin and stringers. 
Despite the fact that that only two elements have failed completely, the relatively large area 
affected by the matrix cracks is susceptible for delamination growing and has therefore to be 
repaired accordingly. 

 
Figure 10. Contour plots of Hashin's failure criterions of lower flap skin (cross-

sectional view) at an impact of a 1.81 kg bird 
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Figure 11. Impact of a 0.45 kg bird on the substructure model (EVF=0.5). 

 
Figure 12. Contour plots of Hashin's failure criterions of lower flap skin and 

stringers (upper skin removed) at an impact of a 0.45 kg bird. 
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6. Conclusions 

This work presents the improvements of the bird strike damage prediction procedure presented in 
(Smojver, 2010). The main improvement is done in the modeling of the physical behavior of the 
bird during the impact by replacing the Lagrangian bird model with the CEL bird model. The CEL 
bird model also improves the stability of the transient dynamic explicit analysis, as numerical 
problems associated with mesh distortion are not present. The physically improved modeling of 
the fluid-like bird behavior also results in more realistic behavior of the impacted structure. The 
main drawback of CEL analyses is the increase of computational time which for the analyses 
presented in this work, depending on the number of Eulerian elements, exceeds 24 hours on a 
workstation with two processors with 4 cores each. The comparable Lagrangian analyses on the 
complete flap model took about 8 hours of computational time. 
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