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Abstract 

The impact of soft bodies such as birds on aircraft structures is a significant threat that leads 

to serious structural damage and economic loss to the aircraft industry. The leading edges 

are the foreparts of the aircraft and are always under the possibility of a bird strike. Leading 

edges are typically fabricated with GLARE laminate, tailored with alternatively arranged 

aluminium alloy and glass fibre epoxy layers. The approach followed in designing the 

leading edge is to design it to have a higher energy absorption capacity, thereby transferring 

less force to the supporting structure. Moreover, the deformation of the leading edge also 

to be reduced to protect its internal components. The present research aims to improve the 

bird impact resistance of fibre metal laminates used to fabricate the leading edges. This 

research is conducted in two parts; the first part is the optimization of the aluminium alloy 

parameters of the leading edge skin subjected to bird impact. The second part is the analysis 

of the strength and damage characteristics of different GLARE laminates under soft body 

impact. For this research, different bird modelling approaches are analysed to establish a 

soft body model consistent with theoretical and experimental predictions of actual bird 

strike events. The SPH soft body model with Mie-Grüneisen equation of state parameters 

exhibited a good correlation with an experimental test based on deformation patterns and 

pressure distribution characteristics. Then, the soft body impact simulation on the 

aluminium alloy (AA 2024-T3) wing leading edge is validated with a bird impact 

experimental test. Soft body impact simulations showed that the material parameters which 

influence the energy absorbing characterises of aluminium alloys are static yield limit, 

elastic modulus, strain hardening modulus and hardening exponent. The selected material 

parameters are optimized and validated with soft body impact analysis on the wing leading 

edge using Taguchi's L16 design of experiments with grey relational analysis. Quasi-static 

tension test simulations demonstrate that the mechanical properties of the optimized 

aluminium alloy are increased 20.84% yield strength, 20% tensile strength, and 25% 

deformation energy compared to AA 2024-T3. The tension test simulations on different 

GLARE laminates tailored with optimized aluminium alloy showed an average 

improvement of 20.87% aluminium alloy yield strength and 20.22% matrix failure strength 

compared to GLARE laminates tailored with AA 2024-T3. Observations of the soft body 

impact analysis concluded that the GLARE laminate with the glass/epoxy layers arranged 

between thinner aluminium alloy layers is most suitable for designing the leading edges. 
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𝜹𝒊 Relative displacements at contact point for the epoxy layer 

𝜺𝒇  Plastic strain at damage initiation of the aluminium alloy 

𝜺𝒑  Effective plastic strain of the aluminium alloy 

 𝜺𝒆̇ Effective plastic strain rate of the aluminium alloy  
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𝜺𝟎̇  Reference plastic strain rate of the aluminium alloy 

𝝃𝒊(𝒌) Grey relational coefficient 

ν Poisson’s ratio of aluminium alloy 

𝝂𝟏𝟐 Poisson’s ratio of composite material for the fibre-matrix direction 

ρ Particle density of the soft body material 

𝝆𝒂𝒊𝒓      Density of air 

𝝆𝒇          Full density of the soft body material (without porosity) 

𝝆𝟎 Reference density  

𝝆𝟏  Density of the soft body material before shock 

𝝆𝟐  Density of the soft body material after shock 

𝝈ഥ Flow stress of aluminium alloy 

 𝝈𝒚𝟎  Ultimate stress of aluminium alloy 

𝝈ෝ𝒊𝒋 Effective stress tensor components 

𝝈ෝ𝟏𝟏  Component stress of the composite along the fibre direction 

𝝈ෝ𝟐𝟐 Component stress of the composite transverse to the fibre direction 

𝝈ෝ𝟏𝟐 Shear stress of the composite along the ply plane 

τ Skin thickness of flat panel / curved panel of leading edge  
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Chapter 1 

Introduction 

Aircraft always fly with the risk of impacting foreign objects like hailstone, birds, 

runway debris, and tire fragments. The impact of soft bodies such as birds is a significant 

threat to aircraft structures, leading to severe structural damage and economic loss to the 

aircraft industry. The US department of agriculture and Federal Aviation Administration 

(FAA) jointly compiles a database of all reported wildlife strikes on US aircraft and foreign 

aircrafts experiencing strikes in the USA. According to a joint report of the Federal 

Aviation Administration and the US department of agriculture during the period 1990-2020 

(FAA 2021), the number of reported wildlife impacts on the US civil aircraft increased 

from 1816 in 1990 to 11,473 in 2020. The estimated cost per annum of all wildlife impacts 

is 110,034 hours of aircraft downtime and $ 392 million in economic losses.  This report 

showed that about 97% of all wildlife impacts are due to bird strikes, and 10,911 bird impact 

events have been recorded in 2020 alone. When analysing each bird strike event separately, 

the economic loss has been more than 1 million dollars in each case. Time out service takes 

15 hours to 5 months based on the service requirements (FAA 2021). The estimated annual 

damage due to the bird strike cost the aviation industry over the US $1.2 billion each year 

(Allan 2006). Bird strike incidents occur especially critical during take-off and landing 

phases. It is observed from the statistical data that 70 % of the bird impacts occur during 

the take-off and landing of aircraft. Impact with a large bird at very high speeds can destroy 

an aircraft, and this issue is one reason for limiting maximum aeroplane speeds to 250 knots 

(464 km/h) at altitudes below 10,000 feet (3048 m) (Eschenfelder 2005). The front facing 

components wings, empennages,  engines, nose/radome, fuselages, and windshields 

commonly experience significant damage from bird strikes. Thus, resistance to a bird strike 

is the primary design factor, and an aircraft must satisfy the standard regulations defined 

by different aviation authorities like FAA and EASA ,before its first service (Liu et al. 

2019).  
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Soft body impact is a non-linear transient phenomenon; it is challenging to monitor 

experimentally, especially damage initiation and propagation in the fibre metal laminates. 

Significant challenges for bird strike simulation on fibre metal laminates are bird 

modelling, bird-target interface modelling, and fibre metal laminate failure modelling. 

Finite element simulations of these impact events help reduce the time and cost to optimize 

the design before a full-scale certification test. Many researchers use finite element 

packages such as Pam-Crash, LS-DYNA, Radioss, MSC-Dytran, and ABAQUS/Explicit 

to simulate bird strikes (Johnson and Holzapfel (2003); McCarthy et al. (2004); Airoldi and 

Cacchione (2006); Chuan (2006); Jenq et al. (2007); Mao et al.(2008); Lavoie et al. (2009); 

Smojver et al. (2011); Smojver and Ivancevic (2011); Nishikawa et al. (2011)). The 

capacity of the packages to predict bird strikes has been well documented in the literature. 

The ability of ABAQUS/Explicit to excellently handle severely nonlinear behaviour  

formulates it highly attractive for the simulation of high-speed events. ABAQUS/Explicit 

is selected for this study because it also has the option to define parametric studies via 

python scripts. The software also provides efficient damage models for metallic and 

composite materials. 

 

Fig 1.1 Aircraft leading edge struck by bird 

(Picture taken from http://www.birdstrike.it/en/index.php?Archive_2011) 

The primary aircraft components need different material properties for the optimum 

and reliable design based on its particular loading requirements. The leading edges of wing 

and empennage structures are the foreparts of the aircraft and are always under the 

possibility of a bird strike. Fig 1.1 shows image of the aircraft leading edge being struck by 
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a bird. Leading edges are typically fabricated with Glass Aluminium Reinforced Epoxy 

(GLARE) laminate, tailored with alternatively arranged Aluminium Alloy (AA) and glass 

fibre epoxy layers. The load transferred to the supporting structures during bird impact is 

critical for the safe flight of the aircraft. Hence, the approach followed in the design of the 

leading edge for bird impacts is to design it to have a higher energy absorption capacity, 

thereby transferring less forces to the support structure (such as the spar). Moreover, 

deformation of the leading edge due to bird impact must be reduced to protect internal wing 

components. 

The skin of the leading edge is the most critical part of the wing structure as it has 

a higher chance of getting affected by the impact. Therefore, the skin material must have 

the property to absorb a significant portion of the incident impact energy, thereby 

transferring a lesser load to the supporting structures. The mechanical properties like 

strength, toughness, fatigue crack initiation resistance, crack growth rate resistance and 

corrosion resistance are all important for materials considered for leading edge skins. The 

aluminium–copper (2xxx series) alloys are the primary alloys utilized to fabricate aircraft 

leading edges where the key design principle is damage tolerance. The 2xxx series alloys 

including magnesium have advanced strength due to the precipitation of Al2Cu and 

Al2CuMg phases. It has higher damage tolerance and better fatigue crack growth resistance 

than other AA series alloys. 2024 -T3 is a good variant of the Al-Cu-Mg alloy commonly 

used as a skin material for aircraft-leading edges. AA 2024 has moderate yield strength, 

damage tolerance and tensile toughness in the T3-aged condition. The moderate yield 

strength and tensile toughness limit the application of this alloy in high-stress areas which 

anticipate high-speed bird strikes. Therefore, one objective of this research is to develop a 

2xxx series aluminium alloy, which outperforms its 2024 counterpart when processed into 

the leading-edge skins of wings and empennage structures. The intensive research of 

microstructural effects on the mechanical properties of these alloys continually 

manufactured new alloys. To develop a new alloy or improve the properties of the present 

alloy used for a particular aircraft part, it needs to define the property requirements based 

on the different loading conditions (Dursun and Soutis 2014).  

The ultimate load experienced by the wing leading edge is considered to be due to 

bird strike. Therefore, the design requirements of wing leading edges are as per safety 

regulations against bird impact loading. The properties required to meet the design 

requirements can be obtained by optimizing the alloy compositions and processing 
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conditions (Pantelakis and Alexopoulos 2006). Aircraft designers also aim to reduce the 

number of parts while increasing the energy absorption capacity of the material (Starke and 

Staley 1999) Therefore, an aircraft structural designer must work together with a material 

producer to tailor the mechanical properties of the metallic alloys as per the specific 

requirements. The chemical composition and mechanical properties of AA 2024-T3 are 

given in Table 1.1 and Table 1.2 respectively 

Table 1.1 chemical composition of AA 2024-T3 (Leseur 1999) 

Cu 

(wt.%) 

Mg 

(wt.%) 

Mn 

(wt.%) 

Zr 

(wt.%) 

Fe 

(wt.%) 

Si 

(wt.%) 

Ti 

(wt.%) 

Al 

3.87 1.3 0.6 0.1 0.02 0.03 0.002 balance 

 

Table 1.2 Mechanical properties of AA 2024-T3 (LeSuer 1999) 

Yield strength (MPa) Ultimate tensile strength       Elongation (%) 

Minimum Maximum Minimum Maximum Minimum Maximum 

327 330 474 477 16 18.2 

 

For certain load requirements, the researchers investigated ways to improve the material 

properties through various processing conditions. In the current scenario, the developments 

in modelling and analysis have transferred from macro to microsystems so as to simulate 

and analyse the smallest feasible features of real-time problems. The detailed literature 

review concluded that developing new materials to meet the specific needs of aircraft 

components is the primary focus of airframe manufacturers and material producers. 

Defining the desired properties is necessary to create custom alloys for aircraft components 

that meet their specific loading conditions. In order to achieve this, first, it is required to 

convert these required mechanical properties into microstructural targets. These 

microstructural objectives then translated into compositional/process definitions. The 

current challenge is to develop an AA 2024-T3 alloy variant with improved structural 

properties for leading-edge applications to prevent bird strikes. The design studies showed 

that optimising the flow stress parameters efficiently enhances the mechanical properties 

of the aluminium alloys. Optimized material parameters can be achieved through alloying 
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and thermomechanical processing conditions. The schematic representation of the three 

different levels of modelling involved in the design of aerospace alloys is shown in Fig 1.2. 

 

Loading on aircraft structures 

 

 Required mechanical properties 

       

   Target microstructures 

 

         Alloy and process definition 

Fig 1.2 Depiction of the three different levels included in the design of aerospace 

alloys 

The present study optimises the material parameters of AA 2xxx used in the wing 

leading edges with an aim to improve its mechanical properties against soft body impact. 

The identification of the effect of several target material parameters can be helpful for 

tailoring a leading edge based on Fibre Metal Laminate (FML) concept. From the detailed 

literature review of the bird strike studies and considering the future research possibilities, 

it can be concluded that the response of fibre metal laminates to bird impact involves many 

parameters like type of metal, metal thickness, fibre properties, matrix properties, stacking 

sequence, fibre orientation, etc. Therefore, optimizing any of these parameters using some 

Design of Experiment (DoE) methods can help improve the performance of the FML for 

specific loading requirements such as bird impact.  

The current research is carried out to improve the bird impact resistance of GLARE 

laminates used for the leading edges of aircrafts. This work is conducted in two parts; the 

first part is the optimization of the aluminium alloy parameters of the wing leading edge 

Finite element models 

Micro-mechanical models 

Metallurgical models 
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skin subjected to bird impact. The second part is the analysis of the impact response and 

damage behaviours of different GLARE laminates under soft body impact loading. 

1.1 Certification requirements 

  Bird impact is a severe and destructive event and it must be taken into account when 

designing flight-critical aircraft components. Therefore, crashworthiness or airworthiness 

regulations such as the FAA and EASA define bird strike regulations for large civil aircraft 

in accordance with FAR 25 or CS 25.  Jetliners typically cruise at about 35,000 feet 

(10000m) at speeds over 500 miles per hour (224 m/s). The commercial aircraft operate at 

speeds above 240 knots and above. The bird impact damage at such a high velocity means 

that more significant damage occurs to the part which is struck. Such impacts are sometimes 

catastrophic, resulting in emergency landings, and the loss of aircraft in the worst cases. 

Hence, the mass of the bird and the velocity defined in the certification clauses for 

qualifying the part for airworthiness are defined on the statistical data on the bird strike 

accidents, the mass of the birds flying at higher altitudes, the altitudes corresponding to the 

strikes, and the extent of damages induced. The certification clauses demand that the 

aircraft be capable to successfully land after a standard bird impacted on the leading edges 

at a certain velocity of concern, which is defined based on the cruise velocity of the aircraft. 

The quality of the bird in certification requirements varies by the site.  

 Bird strike rules are described in CS-25 and FAR 25, these two certification 

requirements are almost similar, except that CS-25 uses a 4-pound bird in its section 631.  

The certification requirements for leading edges of the wing and empennage structures for 

the airplane under consideration in this research are FAR 25.571 and 25.631, respectively. 

 The certification requirements for the leading edges of the wing for the aircraft are 

standing on regulations FAR 25.571 under FAA (FAA 2017). FAR Part Section 25.571 

(Damage – tolerance and fatigue evaluation of structure) mentioned that 

 “The airplane must be able to successfully complete a flight in case any structural damage 

takes place as a result of impact with a 4-pound bird when the velocity of the airplane 

relative to the bird along the flight path of the airplane is equal to VC at sea level or 0.85 

VC at 8000 ft, whichever is more critical”. 
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The FAA Federal Aviation Regulations (FARS, 14 CFR) Section 25.631 (Bird strike 

damage) states that  

‘‘The empennage structure must be designed to assure capability of continued safe flight 

and landing of the airplane after impact with an 8-pound bird when the velocity of the 

airplane (relative to the bird along the airplane’s flight path) is equal to cruise velocity 

(VC) at sea level”.  

 The damaged structure must capable to bear the static loads (ultimate loads) which are 

fairly anticipated to happen on the flight. Dynamic effects on these static loads do not 

require to take into consideration. If significant changes in structural stiffness or geometry, 

or both, follow from structural failure or partial failure, the effect on damage tolerance must 

be further investigated. (FAA 2017). 

1.2 Motivation of the study 

The damage to aircraft structures due to bird impacts have attracted the attention of 

researchers for many years. Therefore, the development of materials with better bird impact 

resistance is recognized as a relevant field of investigation. Generally, bird is considered as 

soft bodies in impact kind researches. Soft bodies are highly deformable during impact, and 

it thus complex to simulate an impact event with a soft body that closely matches the 

behaviour of the actual bird impact event. The soft body models are usually validated by 

comparing the pressure distribution characteristics, obtained by simulating the impact of 

the soft body on a rigid target, with equivalent values from the experiment test. Many 

researchers (Airoldi and Cacchione 2006; Johnson and Holzapfel 2003; Jenq et al. 2007; 

Mao et al. 2008; Lavoie et al. 2009; Smojver and Ivancevic 2011; McCarthy et al. 2004; 

Chuan 2006) have modelled soft body and validated it for the impact. However, the 

numerical values of different studies vary based on the selected material models and 

modelling approaches. The available soft body models have not exhibited much correlation 

with the experiment test in the Hugoniot (initial peak) and stagnation (steady-state) pressure 

values, which is required for validation. Therefore, the present research studies different 

soft body material models (Mie-Grüneisen equation of state material model, Mie-

Grüneisen equation of state for multi material models, user-defined equation of state) and 

then analyses different bird modelling approaches (Lagrangian (LAG), Arbitrary 

Lagrangian-Eulerian (ALE), Smooth Particles Hydrodynamics (SPH)) to establish a soft 
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body model that converges with theoretical and experimental predictions of actual bird 

impact events. 

 Many researchers have studied the response and failure of the leading edge of the 

wing under soft body impact (McCarthy et al. 2004; Kermandis et al. 2005; Georgiadis et 

al. 2008; Guida et al. 2009; Reglero et al. 2011; Stanley et al. 2011; Pahang and 

Abolbashari 2016; Yu et al. 2020). However, there is no sufficient research report on the 

design of the materials for wing leading edges based on material parametric studies 

considering the impact event. The skin of the leading edge is the most critical part of the 

wing structure as it has a higher chance of getting affected by the impact. Therefore, the 

skin material must have the property to absorb a significant portion of the incident impact 

energy, thereby transferring lesser load to the supporting structures. Moreover, the 

deformation of the leading edge due to bird impact must also be reduced to protect internal 

components of the wing. The present study optimizes the material parameters of AA 2xxx  

used in the wing leading edges with an aim to improve its mechanical properties against 

soft body impact. The identification of the effect of various target material parameters can 

be helpful for tailoring a leading-edge with fibre metal laminates. 

The studies to improve the properties of GLARE laminate have been reported in 

account of  its greater impact and fatigue properties compared to other substitutes of equal 

areal density (Fatt et al. 1970). Research on the effects of high and low-velocity rigid body 

impact on fibre metal laminates is enormous. However, little research has been reported on 

the impact of soft bodies on fibre metal laminates. More than that, investigations have not 

been reported on the impact response and damage behaviour of different GLARE laminates 

for the soft body impact. The current research intends to analyse the influence of metal 

thickness and stacking sequences on soft body impact response and damage behaviour of 

GLARE laminates. 

1.3 Objectives of the research 

 The broad objective of the research is to improve the mechanical properties of the fibre 

metal laminate considered for the wing leading edges of aircraft structures to effectively 

resist damage from bird impacts.  

The specific objectives of the study are: 
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1. Analyse the different bird modelling approaches to develop a soft body model 

considering the reported theoretical and experimental results of actual bird impact 

events.  

2. Simulate the soft body impact on aluminium alloy (AA 2024-T3) wing leading 

edge. Then, validate the simulation with the results of soft body impact experiment 

test conducted on the aluminium alloy (AA 2024-T3) wing leading edge specimen. 

3. Carry out soft body impact simulations on leading edges (Horizontal Tail (HT), 

Vertical Tail (VT), wing) by varying selected material parameters. Then, identify 

the important material parameters that influence the energy absorption properties of 

the material by analysing the centre displacement and reaction force of the leading 

edges. 

4.  Carry out multi-objective optimization with selected material parameters of the 

2xxx series aluminium alloy using Taguchi's L16 design of experiments with grey 

relational analysis. Analyse the results to find the optimum combination of material 

parameters for simultaneous reduction of reaction force and centre displacement of 

the wing leading edge. 

5.  Analyse the performance improvement of the optimized aluminium alloy with a 

series of quasi-static tension test simulations. Compare the mechanical properties 

(yield strength, ultimate tensile strength and deformation energy) of the optimized 

aluminium alloy with simulation and reported experimental test on conventional 

aluminium alloy, AA 2024-T3.  

6. Conduct a failure analysis on the optimized aluminium alloy specimen to determine 

its damage initiation and evolution parameters.   

7. Carry out a series of tension test simulations on different GLARE laminates to 

compare the mechanical property enhancement of the GLARE laminates tailored 

with optimized AA over GLARE laminates tailored with AA 2024-T3.  

8. Perform soft body impact simulations on different GLARE laminates to evaluate 

their impact response and damage behaviours.   

1.4 Scope of the research 

The research aims to improve the mechanical properties of the GLARE laminates used 

for wing leading edges against soft body impact. As the experiments tests are highly 

expensive, finite element simulations are considered as a strong tool for this evaluation. To 
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select a soft body model suitable for a parametric study, analyse different modelling 

methods (LAG, ALE and SPH) for soft body models using the finite element software 

ABAQUS/Explicit. Create aluminium alloy (AA 2024-T3) leading edge models (HT, VT 

and wing) using the finite element software Altair ®Hyper mesh®. Validate the soft body 

impact simulation on an aluminium alloy (AA 2024-T3) wing leading edge with an 

experimental test carried out at Gas Turbine Research Establishment (GTRE), Bangalore. 

After the validation, prepare a parametric study test matrix by varying material parameters: 

elastic modulus, static yield limit, strain hardening modulus, strain hardening exponent and 

Poisson’s ratio. Develop Python scripting algorithms based on the parametric study test 

matrix to automate repetitive tasks. Then, perform soft body impact simulations on the 

leading edges by varying the considered material parameters. Compare the parametric 

study test results based on the reaction force (RF) and the central node displacement (U) 

of the leading edges with varied material combinations. Explore Taguchi’s Design of 

experiments (DoE) combined with grey relational analysis available in statistical software 

Minitab®. Carry out a multi-objective optimization analysis on the selected material 

parameter combinations for the simultaneous reduction of reaction force and centre 

displacement. According to standard E8/E8M-11, create tension specimen models of 

aluminium alloys of different thicknesses. Then, carry out quasi-static tension test 

simulations on these specimens (optimized aluminium alloy and AA 2024-T3) of varying 

thickness (0.2 to 0.6 mm) using the finite element software ABAQUS/Explicit. Analyse the 

performance improvement of the optimized aluminium alloy by comparing the mechanical 

properties, i.e., yield strength, ultimate tensile strength, and tensile toughness with 

aluminium alloy (AA 2024-T3). Carry out the failure analysis on the 2 mm thick optimized 

aluminium alloy specimen and find out the ductile damage variables (stress triaxiality, 

strain rate, failure strain and fracture energy) from the results. Conduct tension test 

simulations on GLARE laminates tailored with optimized aluminium alloy layers and S2 

glass/LY 566 epoxy layers. The performance of the GLARE laminates is compared based 

on the stress point at the onset of damage (aluminium yield, matrix failure, fibre failure) to 

verify their superiority over GLARE laminates tailored with AA 2024-T3. Then, perform 

soft-body impact simulations on GLARE laminates with different metal thickness and 

stacking sequences (GLARE 5-2/1-0.2, GLARE 3-3/2-0.2, GLARE 5-2/1-0.4, GLARE, 5-

2/1-0.6). Compare results regarding reaction forces, deflection, damage dissipation energy, 

matrix failure, fibre failure and delamination. 
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1.5 Conceptual frame work and methodology 

 The approach followed to perform this research according to the conceptual framework 

is shown in Fig 1.3. A detailed literature survey helped to study suitable approaches to 

implement in the current research and to identify the current status of the research about 

soft body impact on various aircraft structures. And it also helped to identify the research 

gap and the problem formulation of the work.  

 The finite element software ABAQUS/Explicit provides efficient methods for bird strike 

simulation, such as contact interface modelling, bird modelling, fibre metal laminate 

modelling, and more. This software also has the option to define parametric studies via 

python scripts. It provides efficient damage models for metallic and composite materials. 

Since ABAQUS is identified as an efficient tool for bird strike simulation, a study is carried 

out to get familiarized with the pre-processing and post-processing module of the software. 

The first phase of the research is to identify the certification requirements mentioned 

by various aviation administrations (FAA and EASA) on different aircraft components. 

The technical reports compiled by Federal Aviation Administration (FAA) has assessed the 

bird impact damage and its consequences to the aircraft industry. As per certification 

requirements, the mass of the bird, impact velocity and impact angle, etc., are selected for 

soft body impact on the aircraft component under consideration. This study used the 

formula introduced by Royal Aircraft Establishment (RAE) to calculate the thickness of 

the leading edge for the class of aircraft under consideration. 
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Fig 1.3 Conceptual framework 

The following research phase is to establish a soft body model that exhibits actual the 

bird impact behaviour characteristics. For this, different soft body material models, 

geometric models, finite element methods, bird interface modelling methods, and 

experimental tests are studied from published articles, books, research thesis, analysis user 

manuals, and technical notes. This study has observed that researchers (Airoldi and 

Cacchione 2006; Johnson and Holzapfel 2003; Jenq et al. 2007; Mao et al. 2008; Lavoie et 

al. 2009; Smojver and Ivancevic 2011; McCarthy et al. 2004; Chuan 2006) have used 

different geometric models, material models, and finite element approaches for developing 

the soft body model. They used different geometric models, i.e., cylinder, ellipsoid, sphere, 

hemispherical cylinder and even an actual mallard bird model, to model the soft body. It is 

understood that a hemispherical cylinder with a length to diameter ratio of two is 

universally accepted to model a soft body and selected for the current research. The material 

models used to define the soft body are different in the studies done by different authors. 

The researchers consider that soft body motion is similar to elastoplastic or hydrodynamic 

fluid flow. They used different equation of state material models to define the soft body, 

whose material behaviour is nearly equal to that of water. The soft body models are usually 
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validated by the comparison of pressure profile obtained by impacting the soft body on a 

rigid target, with equivalent values from the experimental test. The literature survey 

observed that the numerical values obtained in different studies have vast differences based 

on the selected material models and modelling approaches. The available soft body models 

have not exhibited much correlation with the experiment test in the Hugoniot (initial peak) 

and stagnation (steady-state) pressure values. Therefore, the present research has studied 

different soft body material models (Mie-Grüneisen equation of state, Mie-Grüneisen 

equation of state for multi-material models, user-defined equation of state). Then analysed 

different bird modelling approaches (Lagrangian (LAG), Arbitrary Lagrangian-Eulerian 

(ALE), Smooth Particles Hydrodynamics (SPH)) to establish a soft body model that 

converges with theoretical and experimental predictions of actual bird impact events. The 

results are compared based on the set-up time, run time, deformation pattern and pressure 

distribution characteristics.  

The finite element models of leading-edge skin profiles (Wing, HT and VT) are created 

in finite element software Altair® Hyper Mesh®. Next, the simulation of soft body impact 

on the aluminium alloy wing leading edge is carried out in finite element software 

ABAQUS/Explicit. The bird strike test on the wing leading edge specimen has been 

conducted under actual bird strike conditions. The design and fabrication of the aluminium 

alloy (AA 2024-T3) wing leading edge has been carried out at NAL, Bangalore. The 

experimental test has been conducted at GTRE, Bangalore, with impacting a 4-pound 

(1.814 kg) bird substitute material (gelatine) with velocity 112 m/s on 2 mm aluminium 

alloy (AA 2024 -T3) wing leading edge. The soft body impact simulation is validated by 

comparing the deformation characteristics of leading edge with the bird impact experiment 

test. 

Once confidence in the soft body model and the wing leading edge model are obtained, 

impact analyses are carried out on leading edges of wing and empennage structures by 

varying the aluminium alloy material parameters. For this, a detailed survey is done with 

different aluminium alloy material producers to study the different series of aluminium 

alloys and their properties, the range of values that can change with processing and alloying 

without compensating its mechanical properties like strength to weight ratio. The 

investigation found that the 2xxx series of aluminium alloys are typically used in leading 

edge skins as it has high failure strain than other alloys (Pantelakis and Alexopoulos 2006). 

It is heat treatable, and copper is its main alloying element. Its optimal strength qualities 
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are obtained not simply from composition alone but from the procedure by which it is heat 

treated. The elastic and flow stress parameters of aluminium alloy selected for the study are 

elastic modulus, Poisson's ratio, strain hardening modulus, static yield limit, and strain 

hardening exponent. Based on the study, a parametric study test matrix is written with the 

selected material parameters. Python scripting algorithms are generated to automate 

repetitive tasks in parametric studies for reducing the required pre-and post-processing 

time. The soft body impact simulations are conducted on the leading edges with many 

permutations and combinations of material parameters. Then, the reaction force of the 

leading edges and wing centre deformation are compared from the parametric study test 

results. The significant material parameters which affect the energy absorption 

characteristics of the wing leading edge are selected from the comparison of parametric 

study results. The range of material parameter values that can control the material 

properties based on the requirements is also selected from this analysis.  

It is essential to reduce the reaction force and displacement of the leading edge together 

to improve the energy absorption capabilities of the leading edges. It helps support the spars 

and wing components from damage. Therefore, multi-objective optimization studies are 

required by changing selected control parameters. Taguchi’s design of experiments 

combined with grey relational analysis is a powerful tool for multi-objective optimization. 

It is used to study several variables with a small number of experiments. Explored the 

statistical software Minitab® for creating a design matrix based on Taguchi’s design of 

experiments and to learn grey relational analysis. Then, carried out sixteen soft body impact 

simulations on leading edges as per Taguchi’s L16 Design of Experiments. The grey 

relational analysis is done for multi-objective optimization of material parameters based on 

selected control variables (RF and U). Analysis of variance also carried out to find the 

material parameters that have the greatest influence on the selected variables. Then, the 

selected parameters are optimized and validated with bird impact analysis on wing leading 

edges. 

The mechanical improvement of the structures with optimized aluminium alloy is 

validated with a series of quasi-static tension test simulation and its comparison with 

experimental and simulation tests on conventional aluminium alloy, AA 2024-T3. 

Specimen geometry used for the tension test is as per the standards E8/E8M-11 and with 

different thicknesses of 0.2-0.6 mm. The stress-strain response of the optimized aluminium 

alloy is compared with a stress-strain response of AA 2024-T3 with the same geometry and 
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testing conditions. The optimized aluminium alloy exhibited the significant improvement 

in the mechanical properties i.e., yield strength, ultimate tensile strength, and tensile 

toughness compared to AA 2024-T3. The effect of metal thickness on these mechanical 

properties also evaluated from the simulation results. The damage initiation and evolution 

parameters of the optimized aluminium alloy is found out from the failure analysis. An 

impact analysis also carried out on the aluminium alloy plates to study the behaviour of 

optimized aluminium alloy during bird impact. 

The performance improvement of the different GLARE laminates tailored with 

optimized aluminium alloy is evaluated by tension test simulations. The finite element 

software ABAQUS is used to generate numerical simulations to discover the nonlinear 

tensile response behaviour of GLARE laminates. The finite element model of the GLARE 

laminates which is tailored with aluminium alloy (AA 2024-T3) and glass/epoxy prepreg 

layers is created. This GLARE laminate is validated with the experimental test from 

literature. Three finite element models with different metal thickness, stacking sequences 

and fibre orientations are correspondingly generated and compared with conventional 

GLARE laminates to estimate the damage and strength properties of the GLARE with 

optimized aluminium alloy. The performance of GLARE laminates is compared based on 

damage variables (i.e., yielding of aluminium, matrix tension failure, fibre tension failure, 

and delamination). 

In the next stage of the research, soft body impact simulations are carried out on 

GLARE laminates with different metal thickness and stacking sequences (GLARE 5-2/1-

0.2, GLARE 3-3/2-0.2, GLARE 5-2/1-0.4, GLARE, 5-2/1-0.6) to evaluate their impact 

response and damage behaviour. The results are analysed regarding reaction forces, 

deflection, damage dissipation energy, matrix failure, fibre failure, and delamination. 
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Chapter 2 

Review of literature 

2.1 Introduction 

The impact behaviour of fibre metal laminates is a relatively fast-growing field, 

with research papers mushrooming over the past three decades. However, little research 

has been done on the effect of soft bodies on fibre metal laminates. The survey roughly 

covers the related studies of bird impact on aircraft structures for the period from 1977 to 

2021. These studies aim to reveal gradual changes in cognitive and research parameters in 

the research community during this developmental period. Of more than 60 papers found 

to cover soft body impact research, 36 research papers have been shortlisted and discussed 

here due to their content and relevance to current research.   

2.2 Brief literature review 

The earliest study of bird impact effects on aircraft structures was done by Wilbeck 

(1977). He tested various bird substitute materials, namely neoprene, RTV (room 

temperature vulcanized) rubber, porous RTV, gelatine, porous gelatine, chicken and beef, 

with normal and inclined impacts at different impacts velocities. It is explained that when 

the soft body hit the target an initial shock phase created followed with a steady flow phase. 

From this research, we get a detailed understanding of bird strike behaviour, bird substitute 

materials, impact force and its duration, pressure distribution characteristics, and more.  

Ehrstroem and Warner (2000) explained that defining the required properties is 

necessary to create customized alloys for aircraft components that meet their specific 

loading conditions. Their research showed that flow stress parameters significantly 

influence the mechanical properties of materials. Their research also found that different 

treatments resulted in different yield stress values in several castings. Their study suggested 
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that the microstructural goals might be included in finite element simulation codes in the 

future, bypassing the global material parameters. Then, the behaviour of the structure and 

the material characteristics are directly correlated 

 Johnson and Holzapfel (2003) discussed the application of the finite element 

method in simulating the effect of soft bodies on composite shell structures. They 

implemented the composite layer damage mechanics model, and the intralayer 

delamination model. They have detailed different types of failure modes used to model 

impact on composite structures. The selection of failure criteria depends on the factors like 

mass, velocity and geometry of the soft body projectile, geometry of the target, type of 

fibre/ matrix used, and stacking sequence of fibres. They discussed different material 

modelling methods used in the numerical simulation of soft-body impact on composites.  

These damage models were then applied to composite materials to numerically simulate 

soft body impact on a glass fibre/epoxy cylindrical shell. They conducted an impact test on 

three different composite shell leading edge profiles with bovine hide gelatine (260 bloom) 

of diameter 30 mm, length 40 mm, mass 30-34 gm and three different velocities (132.5 

m/s,142 m/s and 198 m/s). Then analysed the disintegration of the impactor, delamination, 

and fibre cracking of the target at different velocities.  

Ubels et al. (2003) conducted an impact test with a 4-pound synthetic bird at 

velocities ranging from 80 to 100 m/s on three leading edge structures with an energy-

absorbing tensor skin concept. The force diagrams showed that leading edge forces during 

impact do not cross the design limit of 200 kN. 

McCarthy et al. (2004) described the material modelling method followed for 

predicting impact characteristics of GLARE using Pam-Crash/Shock. The model can 

capture the complex strain rate-dependent behaviour exhibited by these materials. The 

material model chosen to define the aluminium layer is the isotropic elastic-plastic thin 

shell model. A plastic algorithm defines the flow stress parameters of aluminium alloys. 

The damage model used to define the composite material is the Continuum Damage 

Mechanics (CDM) model. Their work demonstrates the importance of test data for high-

strength glass composites for fibre-metal laminates at high strain rate conditions. 

McCarthy et al. (2004) used the material modelling approach defined in their 

previous article to predict the bird strike properties of the GLARE laminate leading edge. 

The SPH (Smoothed Particle Hydrodynamics) method is used to simulate bird strikes. 

There is a good correlation between the finite element simulation and the experimental 
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results. Fastener failure was incorporated into the above model to accurately predict bird 

strike behaviour. 

Kermandis et al. (2005) explored the concept of energy absorption by tensor skin 

concept in the design of soft body impact resistant leading edges. The tensor skin concept 

helps protect the leading edge from getting damaged to a great extent compared to normal 

leading-edge skin. The leading-edge skin based on the tensor skin concept was fabricated 

from tensor skin panels. When the soft body hits the leading edge, the folded layers unfold. 

Plies transfer the bird impact load to the ribs. The unfolding of the tensor skin successfully 

helped prevent penetration of the bird. 

Wu and Yang (2005) studied the nonlinear stress-strain and fracture behaviour of 

fibre metal laminates under uniaxial loading. The material model of the fibre metal 

laminates is defined with modified classical lamination theory, which incorporates the flow 

stress behaviour of the aluminium alloy. A numerical simulation-based approach was used 

to predict the tensile response and deformation behaviour of GLARE laminates. The 

validated finite element model can be used to optimize the structure of the laminates. 

Optimization study includes fibre type, metal type, thickness, volume fraction, orientation, 

and properties of fibre metal laminates. The numerical model predictions are in good 

agreement with the experimental results. 

Airoldi and Cacchione (2006) evaluated the accuracy of soft body finite element 

models by comparing pressure distribution characteristics with experimental tests. They 

performed a bird impact analysis on the finite element software Pam-Crash. The 

Lagrangian method was used to model the soft body impact analysis. They investigate the 

accuracy of models with various mesh sizes and present numerical results with refined 

mesh sizes. They recommended a range of modelling parameters for a numerical impact 

analysis of the aircraft structure. 

Bethelo et al. (2006) developed a new light weight fibre metal laminate for aircraft 

components. The developed fibre metal laminate exhibited better damage tolerance than 

aluminium alloy and composite materials individually. 

Chuan (2006) conducted a detailed study on the simulation of bird strike behaviour 

on aluminium panels and aircraft windshields. The reliability of the simplified Lagrangian 

soft body model is validated by comparing the pressure distribution characteristics with 

experimental result values of a real bird of equal mass normally impacting at a velocity of 

116 m/s onto a flat rigid surface. The numerical results obtained showed good agreement 

in terms of pressure distribution and bird trajectories. Numerical Hugoniot and stagnation 
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pressures were 33% and 20% higher, respectively. The modelling of the bird strike using 

the LAG and SPH was then investigated by modelling impact on elastic aluminium sheets. 

Numerical results obtained from various formulations show close agreement, implying 

their suitability as alternatives in bird strike simulations. The effect of aircraft curvature 

windscreen on the impact response and the effective stress at the impact centre were also 

investigated. 

Hou et al. (2006) tested a group of carbon fibre reinforced epoxy resin composite 

structures using a soft body impactor made of four parts water and one part bovine hide 

gelatine and ranked them according to their impact resistance. This research provides 

excellent information for selecting the optimal fibre and resin combination for better impact 

resistance. 

Jenq et al. (2007) evaluated the soft body impact response on rigid plates using 

three different formulation approaches defined in LS-DYNA, i.e., the Lagrangian, Eulerian 

and the Arbitrary Lagrangian Eulerian approaches. The material properties of the soft body 

were modelled to be similar to the properties of real bird characteristics. Based on the 

experimentally measured pressure distribution curves, the ALE method was found to be 

more accurate than LAG and EUL. 

Georgiadis et al. (2008) developed an effective simulation method for the bird strike 

certification of the movable trailing edge (MTE) of the Boeing 787 Dreamliner. The 

explicit finite element code Pam-Crash is used for the simulation. Movable trailing edge 

was made of carbon fibre epoxy composite. The bird was modelled using SPH techniques. 

The modelling procedure followed in the analysis was validated by comparing with existing 

test data. They also conducted experimental tests with different speed ranges with a gel 

pack impactor on the stationary composite structure. They concluded that the composite 

structure had no appreciable damage at the lower velocities of the projectile, but the 

impactor material disintegrated. At moderate speeds, range impacts can cause fibre 

delamination and cracking. At high speed, the impactor penetrates through the composite 

structures. 

Mao et al. (2008) investigated the penetration damage of a sandwich panel by a 

solid, round-shaped impactor with numerical analysis. The main objective is to understand 

the impact damage mechanism and load distribution of sandwich structures made by 

bonding CFRP panels to honeycomb, Nomex or foam cores. It was assumed that the 

impactor and support ring use an elastoplastic model of isotopically hardened constitutive 
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material. This research facilitates the design of a sandwich-based impact-resistant structure 

for low velocity impact applications. 

Guida et al. (2009) carried out a bird impact analysis of FML leading edge of a 

transport aircraft. Fibre metal laminate samples were fabricated and tested to analyse their 

energy absorption properties. Three different fibre metal laminate models were designed 

using advanced finite element software. The soft body models were modelled with the 

Lagrangian approach to simulate impacts with large deformations correctly. The numerical 

simulations agreed with the experimental results, which demonstrated the ability of finite 

element tools in bird impact analysis. 

Lavioe et al. (2009) conducted bird impact tests on rigid slabs using gelatine as a 

bird substitute material. They recommend using gelatine as reference material in further 

bird testing certification procedures. Experimental tests using gelatine as a bird substitute 

material validated the soft body numerical model. It facilitates numerical analysis 

compared to expensive experimental tests. 

Salehi et al. (2010) analysed the effect of bird strikes on different types of aircraft 

bubble windows with different geometries and materials through numerical and 

experimental techniques. Bird impacted on a two-layer bubble window with a Polyvinyl 

Butyral (PVB) Interlayer. Numerical studies were carried out on sandwich and multi-

walled stretched acrylic bubble windows. After evaluating different bird modelling 

techniques for the first case, the ALE method was chosen for the bird models in all cases. 

Different bubble windows were designed and constructed using stretch and cast acrylic, 

and their performance was evaluated. 

Wang and Yue (2010) proposed a nonlinear viscoelastic model, Zhu-Wang-Tang 

(ZWT), using the theory of multiple integral nonlinear constitutive relations to solve the 

bird-aircraft windshield impact problem. The finite element models of the windshield, 

frame and curved frame were without rivet holes using finite element software ANSYS. 

Bird strike simulation was done using LS-DYNA. The plastic kinematic model was 

selected as the bird material model, and surface to surface tied contact was used between 

the gasket and windshield. The Von-Mises stress of the windshield structure at different 

speeds were studied, and the position of the maximum stress value of each part of the 

windshield structure changes. However, the order in which each component reaches the 

maximum stress value remains unchanged, windshield, spacer, frame, or arc frame. The 

spacer dissipates energy during the strike. 
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Smojver and Ivancevic (2011) performed a numerical analysis of soft body impact 

damage in aircraft structures with finite element software ABAQUS/Explicit. The 

Lagrangian method was used to model the soft body. They carried out a bird impact 

simulation on inboard flap of a typical large transport aircraft. Then conducted parametric 

analysis with different bird sizes, velocity and impact locations. They developed a sub 

modelling approach to reduce the computational time. The results showed that the bird 

impact damage depends on bird velocity, deflection, and impact location.  The leading and 

trailing edges of the flaps are designed as a sandwich. The failure and damage modelling 

of the composite part of the flap structure is achieved through the built-in progressive 

failure and damage model of ABAQUS/Explicit. The impact site is at the junction of the 

skin and ribs. The flap structure withstood the impact, although the affected ribs and some 

lower skin and stringers elements met the specified failure criteria. According to their 

research, fibre breakage in tension is a crucial failure mode for most CFRP facing elements. 

Guida et al. (2011) conducted a bird strike test with an 8-pound dead chicken on a 

leading edge made of aluminium alloy (AA 2024-T3), honeycomb core and GLARE 

laminate covers. Research revealed the accuracy of bird strike simulations and this study 

also demonstrated the high-strength impact resistance of GLARE laminate combined with 

sandwich composite. 

Reglero et al. (2011) investigated the bird strike performance of leading edges with 

aluminium foams as a filler material. Bird impact tests were performed on two types of 

structures, i.e., filled and emptied leading edges. The overall deformation and total loads in 

the tests were compared. The results showed that the leading edge structure with foam is 

13% lighter than the original structure, the overall deformation performance is improved 

by a factor of 4, and the emitter loading is improved by a factor of 2. 

Stanley et al. (2011) conducted bird-strike tests on the aluminium leading edge of 

a light transport aircraft. They have carried out a structural parametric optimization study 

on the wing leading edges with ribs and baffle plates subjected to bird impact. The 

parametric study showed that there is optimal rib spacing is required for controlling the 

deformation and the tearing of the skin. During the bird impact test on leading edges, the 

baffle plate was subjected to pull through tensile forces due to buckling of the skin. 

Therefore, the connection of the skin to the baffle is important, and its pull-through strength 

needs to be evaluated. Rivet selection was made based on the pull-through test on Monel 

and aluminium rivets of 3.2 mm and 4 mm in diameter. Alternative designs for a 4-pound 

bird strike were tested, and numerical simulations of these tests were performed. The 
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leading edge, segment assembly with the aluminium skin, aluminium baffle and CFRP rib 

configuration resisted the bird impact at the velocities of 112 – 118 m/s without penetration 

of the bird, and the final design was arrived based on the test results. The correlation of 

deformation modes between experimental and numerical solutions validated the finite 

element model. 

Majzoobi et al. (2011) used the quasi-static tensile test results to calibrate the stress 

triaxiality fracture constant. This study explains the method for calculating the fracture 

constants for a new alloy. 

Borvik et al. (2011) used the Johnson-Cook damage model to express the effects of the 

stress triaxiality, the strain rate, and the temperature on the strain to fracture, respectively, 

in three brackets. Damage constants with respect to different influencing parameters are 

generally calibrated individually. 

Tho and Smith (2011) studied a bird strike simulation method based on multi-

material ALE and SPH approaches in LS-DYNA. The parameters of the soft body model 

were calibrated to correlate hydrodynamic pressure with standard problems. Validated bird 

models were used to simulate bird strikes on BA609 Tiltrotor structures, which are rotor 

spinners, cockpit nose, wing leading edge and tail, for the most critical load test conditions. 

Hashin and Chang-Chang failure criteria were used to model fibres and matrices, 

respectively. 

Liu et al. (2014) performed numerical simulations of bird strikes against 

honeycomb-based sandwich panels. These panels were made of honeycomb and 2024-T3 

aluminium skin. The displacement of the panel's rear skin during soft body impact loading 

was recorded using strain gauges, and the strain was measured using a laser sensor. The 

finite element software was used to simulate the soft impact of the sandwich panel. The 

numerical simulation results were in good agreement with the experimental test results, and 

the finite element model was verified. 

Vilamosa et al. (2015) describe how the flow stress properties of the material can 

be altered by heat treatment. This research also explained the temperature sensitivity of the 

elastic modulus. The experimentally found flow stress versus plastic strain curves up to 

large strains for all combinations of strain rate and temperature were used to identify the 

parameters controlling the evolution of the work-hardening variable. 

Pahange and Abolbashari (2016) conducted a structural optimization study with 

varying wing components, i.e., spar, rib, and skin. They summarized that the skin thickness 
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is the most critical design attribute for energy absorption characteristics of the wing leading 

edges. 

Ijaz et al. (2017) proposed a modified Johnson-Cook model that includes the effect 

of grain size on the material model. This study explained that the heat treatment processes 

increase the mechanical properties by re-crystallizing the atomic structure and modifying 

the grain size. This study also described that the mechanical properties required to meet 

particular loading requirements could obtain by optimizing the material parameters of the 

particular alloy. 

Orlando et al. (2017) carried out a bird strike analysis to demonstrate the CFRP flap 

capability in compliance with the crashworthiness regulations against soft body impact. 

They performed bird strike analysis on full-scale aircraft components using a 4-pound 

smooth particle hydrodynamic bird model at 100 m/s. The finite element model of the soft 

body was validated with an experiment test by striking a bird model on the rigid target with 

a velocity of 100 m/s. These bird models were then impinged into a composite plate to find 

their pressure distribution properties. Numerical analysis of the flap structure was 

performed using the material properties of the validated soft body impactor and composite 

plate target. It was observed that finite element simulations were able to analyse bird strike 

characteristics prior to full certification testing. 

Khadyko et al. (2019) introduced a nanostructure model (NaMo), which forecasts 

the size distribution of hardening particles, the yield strength, the solute content, and the 

work hardening, then used to model the microstructure evolution of materials. The data 

from the quasi static tension tests were utilized to validate the predictions of NaMo and to 

analyse the relationships between the stress-strain behaviour, heat treatment, and 

microstructure of the various materials. 

Di Caprio et al. (2019) studied the ability of the leading edge of the vertical tail to 

resist bird strikes. Taking into account mass savings and performance improvements, they 

analysed the structural properties of different material systems. They used unidirectional 

fibre-reinforced materials for the outer and inner face of the leading edge skins and other 

materials for the core. 

  Hou and Liu (2019) carried out a soft body impact simulation on a rotary engine 

fan assembly fixed hollow blade. The soft body model was established with smooth 

particles hydrodynamic formulation in the finite element software Pam-Crash and validated 

with an experiment test. Then, this bird model was impacted on the hollow blades of the 

rotary engine fan assembly to analyse its dynamic response against bird impact under 
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different operating loads. The results showed that bird impact velocity, impactor mass, 

impact position of the soft body and rotating speed of the fan are the relevant parameters 

that influence the deformation of the fan blade. 

Yu et al. (2020) proposed a wing leading edge that satisfies the requirements of 

crashworthiness regulations. This bird strike resistance design was called Locally 

Strengthened Variable Thickness Skin (LSVTS). An experimentally validated finite 

element model was used to demonstrate the effectiveness of the wing leading edge design 

for soft body impacts. Numerical simulation results demonstrate that the new leading edge 

design can protect the wing skin from bird intrusion while maintaining the strength-to-

weight ratio. 

Sinha (2021) presented a semi-closed-form physics-based rotodynamic analysis 

that estimates transient soft body shock loads at the root of the blade and at the support 

bearings of the rotating fan shaft. In the numerical analysis, the soft body and the fan blade 

were considered cylindrical impactor and target, respectively. The high impulsive force 

created by the soft body impact was transferred to the entire engine support structure 

through the aerofoil, fan disk, rotor shaft, and rolling element bearings. The numerical 

results showed that the dynamic magnification factor for the transient vibratory reaction of 

the fan rotor struck by a soft body could be as high as three times that of the normal steady-

state response of an equivalent unbalance. 

Li et al. (2021) carried out a bird impact analysis on the fan blades to analyse impact 

damage and the influence of fan rotor unbalancing on the jet engine. The finite element 

model of the soft body was established by the smooth particle hydrodynamics method and 

verified by experiments. The key intake parameters were calculated from finite element 

simulations of validated soft bodies impacting the fan blades under the considered soft body 

intake conditions. This study revealed that it is important to incorporate bird impact 

resistance requirements in the modelling of turbine engine designs. 

2.3 Problem identified from literature review 

An extensive literature survey assessed the progress of soft body impact analysis on 

aircraft structures over the past 45 years. From the literature, it is concluded that there is no 

homogeneity or uniformity in soft body modelling approaches based on material modelling, 

geometric modelling and discretization methods. Depends on the different finite element 

software and available modelling methods, researchers use different approaches for 
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selecting material models, discretization methods, contact formulation, impactor geometry, 

and size. This fact makes each piece of literature about this subject have its value. 

Researchers around the world use different bird modelling techniques to simulate bird 

strikes. The advantages of finite element soft wares i.e., ABAQUS/Explicit, Msc-Dytran, 

Pam-Crash, LS-DYNA etc., for predicting bird strike damage are well documented in the 

literature. The use of the suitable bird model and its validation with an experimental test is 

essential for relying on the results of bird strike simulation. The accuracy of the bird model 

with the experimental study, ease of bird modelling approaches, numerical instability issues 

in the approaches followed, time consumption etc., are some of the criteria for the selection 

of a bird modelling technique. The major challenge of finite element modelling is that the 

soft body flows in a fluid-like manner and spreads over the target with high deformations 

during impact. The soft body models are usually validated by comparing the pressure 

distribution characteristics obtained by impacting the soft body on a rigid target with 

equivalent values from the experiment test. The numerical values of different studies vary 

based on the selected material models and modelling approaches. The available soft body 

models have not exhibited much correlation with the experiment test in the Hugoniot (initial 

peak) and stagnation (steady-state) pressure values. All researchers depend on Wilbeck’s 

45-year-old test data for validation, which has many limitations. The curves generated from 

the experimental test conducted by Wilbeck were measured from the centre pressure 

transducer with a sampling frequency of 300 kHz. These piezoelectric quartz pressure 

sensors used by Wilbeck were not designed for transient shock loads as they do not have 

adequate acceleration compensation and noise will appear in the results. The distance 

between the gun and target was also not mentioned. Lavoie et al. (2009) reminded us that 

the experimental pressure data by Wilbeck should only be seen as a reference for the 

general behaviour rather than as a tool of evaluation. Some research laboratories have 

conducted experimental tests later, but it is not available to the public. Hence, it is 

recommended to conduct a physical test by considering the factors developed by worldwide 

researchers, and it should be available to the researchers for future soft body impact analysis 

validations. The literature helped to learn different soft body projectile models in the finite 

element software ABAQUS/Explicit. A comparison study among these bird modelling 

approaches is very much required to select a suitable bird model for the parametric study. 

The detailed literature review concluded that developing new materials to meet the 

specific needs of aircraft components is the primary focus of airframe manufacturers and 

material producers. The study concluded that defining the desired properties is necessary 
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to create custom alloys for aircraft components that meet their specific loading conditions. 

In order to achieve this, first, it is required to convert these specifications into 

microstructural objectives. These microstructural targets are then converted into 

compositional/process definitions. Therefore, one current challenge is to develop materials 

with improved structural performance for applications in leading edges against bird impact. 

The design studies showed that enhancing or optimising the flow stress parameters 

efficiently increases the material's capacity to absorb energy. The interdependence of 

material parameters makes it difficult to obtain a material with optimal properties suitable 

for a particular loading requirement. Therefore, finding factors through some Design of 

Experiments (DoE) methods may help to develop ideal materials for specific loading 

requirements such as bird strikes. A parametric study facilitates the identification of 

material parameters that control reaction forces and leading-edge deformation during bird 

impact. This understanding helps to tailor aluminium alloy with improved energy-

absorbing characteristics and better resistance to bird impact damage. 

 Failure modelling of targets is also essential for accurate prediction of bird strike 

simulations. The literature helped to find suitable aluminium alloy and composite material 

models as well as various experimental tests performed by the researchers to validate the 

results. It is also understood that the research on the effects of high and low velocity rigid 

body impact on fibre metal laminates is enormous. But little research has been reported on 

the impact of soft bodies on fibre metal laminates. Comparison studies on different FML 

configurations is essential to select the FML configuration suitable to resist soft body 

impact. 

The detailed literature review of the bird strike studies and future research 

possibilities concluded that the response of FML to bird impact involves many parameters 

such as a type of metal, fibre, matrix, stacking sequence, metal volume fraction, impactor 

geometry, target shape etc. This huge interdependence makes it difficult to obtain optimal 

FML. It is important to analyse the effect of metal thickness, and stacking sequence on the 

impact response and damage behaviour of GLARE laminates during soft body impact 

loading. Hence, failures due to soft bodies impacting aircraft structures require more 

observation, and the development of better impact-resistant materials to gain acceptance. 
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Chapter 3  

Soft body modelling and validation 

3.1 Introduction 

Soft body impact can be defined as an impact in which the stress generated during 

impact significantly exceeds the strength of the material (Wilbek 1977). During impact, the 

soft body normally has the tendency to move as a fluid at high velocity. A soft body impact 

is an event characterized by the generation of a considerable impact force within a short 

period of time. Soft body impact modelling is a complex problem as it is an interaction of 

various complex numerical problems such as soft body modelling, contact definition, 

damage initiation and evolution models, removal of failed elements, etc. The high velocity 

impact results in highly nonlinear behaviour in terms of material and geometry. This aspect 

is more complicated because the soft body itself behaves more like a fluid that undergoes 

large deformations, eventually resulting in breakage into smaller particles. Hence, the exact 

determination of the impact forces becomes difficult at these high velocities. When a highly 

deformable soft body is impacted on a deformable target the loads couple due to the 

response of the target (Wilbeck 1977). Hence, to validate the behaviour of the soft body 

researchers neglected the target response to the impact pressures by considering target to 

be rigid. 

The first step in bird impact simulation to develop an authentic bird material model 

to accurately predict the bird impact behaviour on various structures. Even though, the bird 

possesses a non-homogeneous and anisotropic internal structure, the bird tends to show 

hydrodynamic characteristics at higher velocities.  Hence, the bird is assumed to be a soft 

body with minimal non- homogenous and anisotropic effects. The soft body impact is thus 

similar to a fluid impact. The soft body or bird has represented as projectile and the part of 

the aircraft that is subjected to impact has taken as target. Soft bodies exhibit highly 
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nonlinear behaviour during impact and it is difficult to model soft body which closely 

matches the behaviour of real impact event. The soft body models are usually validated by 

the comparison of pressure profile obtained by impacting the soft body on a rigid target, 

with equivalent values from experiment test (Wilbeck 1977).  Wilbeck have conducted 

experiment test with impacting different soft body replacement material i.e., porous 

gelatine, Room Temperature Vulcanized (RTV) rubber, Porous RTV rubber, dead chicken, 

beef. etc. on rigid target with different velocities and impact angles. The Wilbeck 

experiment tests concluded that a bird (chickens) can best be defined as a low strength 

material with the equation of state of water, with an average density of 950 kg/m3 and 10% 

porosity. Later the researchers find that the porosity effects are highly negligible when 

considering soft body impact in simulation. A material with equation of state of water with 

density of 950 kg/m3 is suitable to define a soft body.  The researchers typically select the 

experiment test by Wilbeck when a porous gelatine normally impacting at a velocity of 117 

m/s on rigid target for validation. And in this condition, the normalised Hugoniot and 

steady-state pressure imparted on the target was recorded as 5.7 and 1.02 respectively. The 

literature illustrated in Table 3.1 explained that the pressure distribution values obtained in 

different numerical simulations have vast difference based on the selected material models 

and modelling approaches. The available bird models have not exhibited much correlation 

in the initial peak pressure and steady-state pressure values in validation with experiment 

test.  
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Table 3.1. The soft body model validation data collected from different literature 
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Johnson and 
Holzapfel 

(2003) 
116 1.8 7.2 1.4 

polynomial 
EOS 

Hem. 

Cyl. 
SPH 

Pam-
Shock 

McCarthy et 

al. (2004) 
200 1.8 16 2.2 

Murnaghan 

EOS 

Hem. 
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DYN

A 
Airoldi and 

Cacchione 

(2006) 

200 0.6 6 1.4 
Hydrodynami
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Chuan (2006) 116 1.82 17.4 1.01 
Polynomial 

EOS 

Hem. 

Cyl. 

SPH 

LAG 

LS-

DYNA 

Jenq et al. 

(2007) 
116 1.8 6.5 1.4 

Polynomial 

EOS 

Hem. 

Cyl. 

 

LAG 

EUL 

ALE 

LS-

DYNA 

Mao et al. 

(2008) 
225 1.82 2.61 0.34 

Polynomial 

EOS 

Hem. 

Cyl. 
LAG 

LS-

DYNA 

Lavoie et al. 

(2009) 
116 1 14 0.9 

Polynomial 

EOS 

Hem. 

Cyl. 

 

SPH 

LAG 

EUL 

LS-

DYNA 

Smojver et 

al. (2011) 
116 1.8 12.6 1.8 

Mie-Gru. 

EOS 

Hem. 

Cyl. 
EUL 

ABA. 

/Exp. 

Smojver and 

Ivancevic 

(2011) 

100 1.8 9 1.58 
Mie-Gru. 

EOS 
cube CEL 

ABA. 

/Exp. 

Nishikawa et 

al. (2011) 
100 1.54 16 2.13 

Mie-Gru. 

EOS 
cube LAG 

ABA. 

/Exp. 

 

Note: Hem. Cyl. – Hemispherical ended cylinder, Cyl. - Cylinder, ABA. /Exp -

ABAQUS/Explicit, Mie-Gru. EOS- Mie-Grunesian equation of state. 
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The main objective of the present chapter is to propose a finite element soft body 

model which exhibit more correlation with experiment test data. The specific objectives of 

the chapter are to (1) study the different bird material models i.e., Mie-Grunesian equation 

of state, Mie-Grunesian equation of state for a multi-material model and user-defined 

equation of state (2) analyse and compare three soft body models (Lagrangian (LAG), 

Arbitrary Lagrangian-Eulerian (ALE) and Smooth Particle Hydrodynamics (SPH)) based 

on the set-up time, run time, deformation pattern and pressure distribution characteristics. 

 This chapter discusses the theoretical background of bird strikes, different material 

models, geometric modelling, different finite element modelling approaches, and a 

comparison of different soft body impact modelling approaches and their experimental 

validation. 

3.2 Theoretical back ground 

Hydrodynamic impact theory is best suited to study the soft body impact. Even though 

the soft body is non-homogeneous and anisotropic, at higher velocities, this non-uniformity 

and non-homogeneity are considered negligible and the soft body can easily be represented 

as a fluid flow impacting on the target. When a highly deformable soft body is impacted on 

a deformable target the loads couple due to the response of the target. Therefore, to validate 

the behaviour of the soft body researchers neglected the target response to the impact 

pressures by considering target to be rigid.  

Soft body impact behaviour on rigid targets is classified into four phases viz. (a) the 

initial shock stage, (b) shock decay stage, (c) steady flow stage and (d) the pressure 

termination stage as shown in Fig 3.1. Initially, during the impact with velocity 𝒖𝟎, the 

front face of the soft body projectile is immediately brought to rest, and hence as a result, 

shock wave (called Hugoniot shock) is established when the body impacts the target. The 

initial peak pressure created at this time is called the Hugoniot pressure, 𝑷𝑯. Cassenti 

(1977) has been developed the governing equation for Hugoniot pressure, which is 

explained in equation (3.4). At shock decay stage, pressure decreases at the impact point 

due to the interaction between shock wave and release wave. At this time soft body begins 

to flow steadily after many interactions between shock wave and release wave. The end 

phase of the bird strike is distinguished by the decay of the impact forces and pressure 

exerted on the target. The contact pressure gradually decreases as the release waves meet 
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with shock waves. The soft body flows entirely radial at the point where steady flow is 

obtained, successively a steady stagnation point is reached.  

 

  

(a) Initial Shock b) Shock decay           c) Steady flow d) Termination 

 

Fig 3.1 The different phases of soft body during impact  

(Wilbeck 1977) 

The study on the impact forces and the impact duration of the soft body impact 

described in the following equations. The time duration of complete impact is (𝑻𝟎 ) is 

𝑻𝟎 =
𝑳𝟎

𝒖𝟎
          (3.1) 

Where, (𝑳𝟎)  length of the soft body projectile and (𝒖𝟎) is the impact velocity.  

The pressure behind the shock can be inferred according to the conservation law. The 

equations for conservation of mass and balance of linear momentum can be written as 

equation (3.2) and equation (3.3). This is based on the assumption the flow is one-

dimensional.   

𝝆𝟏 𝒖𝒔 = (𝒖𝒔 − 𝒖𝒑)          (3.2) 

𝑷𝟏  + 𝝆𝟏 𝒖𝒔 
𝟐 = 𝑷𝟐  (𝒖𝒔 − 𝒖𝒑)       (3.3) 

where, 𝝆𝟏 and  𝝆𝟐  are the density of soft body material, 𝑷𝟏 and 𝑷𝟐  are the pressure before 

and after the shock front and 𝒖𝒔  and 𝒖𝒑 are the shock propagation velocity and particle 

velocity, respectively. The Hugoniot pressure 𝑷𝑯 (Cassenti 1977) is defined in equation 

(3.4) below 



 

34 
 

𝑷𝑯 = 𝑷𝟐 − 𝑷𝟏 = 𝝆𝟏𝒖𝒔𝒖𝒑        (3.4) 

When the steady state is obtained, the flow pressure 𝒑𝒔 can be calculated using the 

Bernoulli relationship (Wilbeck 1977). Bernoulli’s equation can be written as 

∫
𝒅𝑷

𝝆
+ ∫ 𝒖𝒅𝒖 = 𝑲          (3.5) 

 

 

Fig 3.2 Contact pressure variation during soft body impact  

(Wilbeck 1977) 

The variables  𝑷, 𝝆  and 𝒖 stand for pressure, density and particle velocity of soft 

body material and 𝑲 is a constant. The pressure at any point along the impact surface can 

obtained from the equation (3.5) by integrating from initial time t0 to t. For the normal 

impact of a uniform cylindrical projectile on a rigid target specifies that the central point of 

the target is the stagnation pressure, 𝑷𝒔 and the velocity at the central point is zero. 

Therefore, at the centre of the target plate, the equation (3.5) takes the form 

∫
𝒅𝑷

𝝆

(𝒑𝒔ା𝒑𝟎)

𝒑𝟎
=

𝒖𝟎
𝟐

𝟐
         (3.6) 
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where,  𝒑𝟎 and 𝒖𝟎 are the pressure and velocity of the uniform projectile before impact. To 

find pressure at any point along the impact surface from equation (3.6), the velocity at that 

point and the equation of state of the projectile material, ρ = ρ(P), must be known. 

Assuming that the fluid behaves as an incompressible material, stagnation pressure 𝒑𝒔 

,becomes, 

𝑷𝒔 =
𝟏

𝟐
𝝆𝒖𝟎

𝟐          (3.7) 

For most materials, the density has a tendency to increase as the applied pressure increases. 

Therefore, 

𝒑𝒔 ≥
𝟏

𝟐
𝝆𝒖𝟎

𝟐          (3.8) 

From linear Hugoniot equation, the shock velocity, 𝒖𝒔 in water and the particle 

velocity, 𝒖𝒑, is related as follows: 

𝒖𝒔 = 𝒄𝟎 + 𝒔𝒖𝒑          (3.9) 

Where, 𝒄𝟎  is the speed of sound in the material and s is a material constant. 

3.2.1 Wilbeck experiment 

Wilbeck (1977) studied the impact behaviour of low strength projectiles to develop a 

hydrodynamic bird model and synthetic substitute material that shows the approximate 

characteristics of the bird. They conducted tests with various materials such as neoprene, 

Room Temperature Vulcanized (RTV) rubber, Porous RTV, gelatine, porous gelatine, 

chicken, and beef with normal and oblique impact for different impact velocities. Wilbeck 

also studied the response of gelatine mixtures with and without porosity to find a suitable 

replacement material for the bird strike test. These tests were characterized by shock and 

steady state pressures that occurred during the time of impact.  

The Wilbeck experiment utilized Hopkinson bar with strain gages to measure impulse 

directed to the rigid plate during the soft body impact. The soft body was kept in a sabot 

built of high-density polyethylene. This heavy sabot was required to hold out the high 

acceleration forces produced by the exploding gas. As the sabot went down the gun barrel, 

the high-pressure gases at the rear of the sabot were emitted in the blast chamber. The high-

pressure gas must be fully released to generate a constant velocity in the soft body before 
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impact. When the sabot and soft body touched the end of the blast tank, the sabot was 

confined by the sabot stopper. The stopper was so fabricated to permit the soft body to 

maintain its movement without the loss of velocity. A flat plate with pressure transducers 

was utilized to calculate pressure distribution characteristics at various points on the plate 

surface. The behaviour of the target material to the high-velocity impact pressures can be 

neglected by considering the target to be rigid. This fact makes the problem simpler and 

permits the researcher to focus on the behaviour of the soft body. For normal impacts, this 

implies that the impulse conveyed to the target must be equal to the initial momentum of 

the soft body, assuming the target is rigid. Soft body impact pressure is recorded with 

piezoelectric transducers quickly mounted on rigid steel plates. As the soft body is impacted 

on the surface with constant velocity the kinetic energy loss due to change in velocity is 

assumed to be zero. Fig 3.3 shows the pressure distribution characteristics recorded when 

the bird substitute material hits a rigid target at a typical velocity of 117 m/s. Experimental 

studies were carried out on birds ranging in body weight from 60 g to 4 kg and with 

velocities ranging from 50 to 300 m/s. The Hugoniot pressures measured at different 

velocities and masses are shown in Fig 3.4.  

 

Fig 3.3 Pressure distribution characteristics of the soft body replacement material 

(porous gelatine) impacting normally on the rigid target with a velocity of 117 m/s 

(Wilbeck 1977) 
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Fig 3.4 Hugoniot pressure recorded when porous gelatine impacted on rigid target, 

measured from different velocities and masses  

(Wilbeck 1977) 

3.3 Material modelling of the soft body 

The material models used to define the soft body are different in the studies done by 

different authors. The researchers consider that soft body motion is similar to elastoplastic 

or hydrodynamic fluid flow. While modelling, the elastic-plastic behaviour of the material 

is ignored and reduced to equation of state by describing the hydrodynamic pressure-

volume behaviour at high pressures (Johnson and Holzapfel 2003). Wilbeck finalized that 

a soft body can be accurately modelled by a mixture of 85-90% volume of water and 10-

15% of air, which means material porosity is taken into account due to trapped air in the 

lungs and bones. Air content reduces density, bulk modulus and speed of sound. Porosity 

in the material results in a reduction in impact velocity and impact pressure. The decrease 

in density results in a decrease in stagnant pressure during steady flow. The resulting 

reduction in stagnation pressure is relatively small due to the counter-effect of 

compressibility.  

Wilbeck proposed two independent equations of state to describe the behaviour of the 

soft body during the shock phase and the steady-state phase. An equation of state is a 
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thermodynamic relationship between the density (𝜌) or volume (V), internal energy (E) or 

temperature (T), and pressure (P).  

The pressure (P) can be expressed as 

𝑷 = 𝑷(𝑽, 𝑬) = 𝑷(𝑽, 𝑻)        (3.10) 

Wilbeck has derived an independent equation of state models to define the shock 

phase and the steady-state of the soft body model, based on the one-dimensional 

hydrodynamic theory. As per this study, a porous material is basically a mixture in which 

one of the constituents is air. The amount of porosity of the material (z), is described as the 

volume fraction of the air in the mixture. 𝜌𝑎𝑖𝑟 represents the density of the air. The full 

density (without porosity) of the soft body material is represented as 𝜌𝑓 and average density 

of the soft body material with porosity is characterised as 𝜌 and can be defined by the 

expression 

𝝆 = 𝒛𝝆𝒂𝒊𝒓 + (𝟏 − 𝒛)𝝆𝒇        (3.11)  

The equation of state for shock compression of the porous material is given by 

𝝆𝟏

𝝆𝟐
= (𝟏 − 𝒛) ൬

𝑷𝟐

𝑨𝒇
+  𝟏൰

ି𝟏
𝑩𝒇

ൗ

+ 𝒛(𝟏 − 𝒒)      (3.12) 

where, 𝑨௙ =
𝝆𝟏𝑪𝟎𝒘𝒂𝒕𝒆𝒓

𝟐

(𝟒𝒔𝒘𝒂𝒕𝒆𝒓ି𝟏)
 ,𝑩𝒇 = (𝟒𝒔𝒘𝒂𝒕𝒆𝒓 − 𝟏) and  

𝒒 = ቌ
𝟐𝑷ഥ𝒔𝒂𝒊𝒓ା

𝝆𝟏𝑪𝟎,𝒂𝒊𝒓
𝟐

𝑷𝟏

𝟐𝑷ഥ𝒔𝒂𝒊𝒓
𝟐 ቍ −

ඨቆ𝟐𝑷ഥ𝒔𝒂𝒊𝒓ା 
𝝆𝟏𝑪𝟎,𝒂𝒊𝒓

𝟐

𝑷𝟏
ቇ

𝟐

ି𝟒𝑷ഥ𝟐𝒔𝒂𝒊𝒓
𝟐

𝟐𝑷ഥ𝒔𝒂𝒊𝒓
𝟐                      (3.13) 

where, 𝒄𝟎 is the velocity of sound (velocity of propagation of an infinitesimal disturbance) 

in the material, s is a constant and 𝑷ഥ =
𝑷𝟐

𝑷𝟏
=

𝝆𝟏𝑪𝟎,𝒂𝒊𝒓
𝟐

𝑷𝟏

𝒒

(𝟏ି 𝒔𝒂𝒊𝒓𝒒)𝟐
 

The equation of state for isentropic compression phase is given by 

𝝆𝟏

𝝆𝟐
= (𝟏 − 𝒛) ൬

𝑷𝟐

𝑨𝒇
+  𝟏൰

ି𝟏
𝑩𝒇

ൗ

+ 𝒛 ቀ
𝑷𝟐

𝑷𝟏
+  𝟏ቁ

ି𝟏ൗγ
           (3.14) 

where, ᵞ is the ratio of specific heats. 

Steady-state stagnation pressure of one-dimensional compressible flow is related to the 

velocity with Bernoulli equation is given by  
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∫
𝒅𝑷

𝝆

𝑷𝟐

𝑷𝟏
=

𝒖𝒑
𝟐

𝟐
          (3.15) 

For a linear Hugoniot, shock velocity, 𝒖𝒔 in water and the particle velocity, 𝒖𝒑, is related 

as follows: 

𝒖𝒔 = 𝒄𝟎 + 𝒔𝒖𝒑         (3.16) 

where, 𝒄𝟎 is the velocity of sound (velocity of propagation of an infinitesimal disturbance) 

in the material and s is the slope of the 𝒖𝒔−𝒖𝒑 curve. 

3.3.1 Material models 

The material models available in ABAQUS/Explicit which is suitable to define soft body 

impact behaviour are described below 

Mie–Grüneisen equation of state 

The hydrodynamic behaviour of soft body can effectively represent with Mie-

Grüneisen equation of state (EOS) material model, which define volumetric strength and 

pressure to density ratio of the material. Soft body can be modelled as incompressible or 

compressible fluid flow using Mie–Grüneisen equation of state. 

The equation of state of the Mie– Grüneisen material introduced by Cochran and Chan 

𝒑(𝝆, 𝒆) = 𝒑𝒓𝒆𝒇(𝝆) + 𝜞𝝆(𝒆 − 𝒆𝒓𝒆𝒇(𝝆))                 (3.17) 

Where, 𝒑𝒓𝒆𝒇 and 𝒆𝒓𝒆𝒇 are pressure and energy of the reference state. The reference state is 

always represented by P-V curve (Wu et al. 2014). Here Hugoniot curve is considered for 

reference state as a function of the density, 𝝆 and the specific internal energy, 𝑬𝒎 and the 

equation (3.17) becomes 

𝑷 − 𝑷𝑯 =𝜞𝝆(𝑬𝒎 − 𝑬𝑯)        (3.18) 

Where, 𝑷𝑯 and 𝑬𝑯 are the Hugoniot pressure and specific internal energy at shock which 

are functions of density only, and Γ is the Grüneisen coefficient which is defined as 

𝜞 = 𝜞𝟎 × 𝝆𝟎/𝝆         (3.19) 

Where, 𝜞𝟎 is a material constant and 𝝆𝟎 is the reference density. 
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The Hugoniot energy, 𝑬𝑯 is related to the Hugoniot pressure by  

𝑬𝑯 = 𝑷𝑯𝜼/𝟐𝝆𝟎         (3.20) 

where, 𝜼 = 𝟏 −
𝝆𝟎

𝝆
 is the nominal volumetric compressive strain. 𝛒𝟎 and 𝝆  represent the 

density in initial and stressed condition respectively. Combining equation (3.17), equation 

(3.18) and equation (3.19), while eliminating Γ and 𝑬𝑯 from the above equations, the 

equation changes to: 

𝑷 = 𝑷𝑯(𝟏 − 𝜞𝟎𝜼/𝟐) + 𝜞𝟎𝝆𝟎𝑬𝒎       (3.21) 

From linear Hugoniot, a common fit to the Hugoniot data is given by  

𝑷𝑯=𝝆𝟎𝒄𝟎
𝟐𝜼/(𝟏 − 𝒔𝜼)𝟐             (3.22) 

Combing equation (3.20) and equation (3.21) linear 𝒖𝒔−𝒖𝒑 Hugoniot form is written as  

𝑷 =
𝝆𝟎𝒄𝟎

𝟐𝜼

(𝟏ି𝒔𝜼)𝟐
ቀ𝟏 −

𝜞𝟎𝜼

𝟐
ቁ +  𝜞𝟎𝝆𝟎𝑬𝒎               (3.23) 

where 𝛒𝟎 𝒄𝟎
𝟐 is equivalent to the elastic bulk modulus at small nominal strains. The above 

expressions derived by considering the soft body as simple hydrodynamic and 

incompressible material with zero shear strength (Chizari et al. 2009). 

Table 3.2. Mie-Grüneisen equation of state material parameters of soft body 

(Smojver and Ivancevic 2011; Wilbeck 1977). 

Density  

(𝝆) 

Speed of sound 

(𝒄𝟎) 

Material Constant 

(𝒔) 

Grüneisen coefficient 

(𝜞𝟎) 

950 kg/ m3 1482.9 m/s 2 0 

 

User defined equation of state 

The user-defined equation of state gives the opportunity to create the volumetric 

response behaviour of the soft body replacement material along with user subroutine 

VUEOS. It can define pressure as a function of density and specific internal energy through 

user-defined equation of state. The finite element software resolves the energy equation 
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along with EOS utilizing the iterative method. The VUEOS subroutine can include the 

material properties as specified in Table 3.3. 

Table 3.3 User defined equation of state material parameters of soft body 

 (Wang et al. 2009; Smojver and Ivancevic 2011) 

Density 

(𝛒𝟎) 

 

Speed of 

sound  

(𝒄𝟎) 

Material Constant 

(𝒔) 

Specific 

internal 

energy 

(Em) 

Volume 

correction 

coefficient 

(a) 

Grüneisen 

coefficient 

(𝜞𝟎) 𝑺𝟏 𝑺𝟐 𝑺𝟑 

 

950 

kg/m3 

1482.9 

m/s 

1.92 -0.096 

 

0 0 0 0.35 

                                                  

 Mie-Grüneisen equation of state -multi material model 

The Mie-Grüneisen equation of state can efficiently model most materials but the linear 

(𝒖𝒔−𝒖𝒑) correlation (equation 3.16) is not effective for the highly compressed states 

(Steinberg 1987). Hence, when the porosity increases this equation of state becomes 

invalid. The modified Mie-Grüneisen mixture model can expeditiously manipulate 

compressible states in multi-phase flow. Water- air mixture can effectively model as a 

compressible fluid flow with the Mie–Grüneisen equation of state (Wu et al. 2014). The 

soft body can be modelled as compressible fluid with material parameters for water and air 

and it is illustrated in Table 3.4 and Table 3.5. The Mie-Grüneisen equation of state for 

compression of water is described in equation (3.24) (Miller and Puckett 1996; Wu et al. 

2014) 

 In compression state 𝝁 > 𝟎 and 𝝁 =𝛈 − 𝟏 

𝑷 =
𝝆𝟎𝒄𝟎

𝟐𝝁ቂ𝟏ାቀ𝟏ି
𝜞𝟎
𝟐

ቁ𝝁ି
𝒂

𝟐
𝝁𝟐ቃ

൤𝟏ି(𝑺𝟏ି𝟏)𝝁ି𝑺𝟐
𝝁𝟐

(𝟏శ𝝁)
ି𝑺𝟑

𝝁𝟑

(𝟏శ𝝁)𝟐൨
𝟐 + (𝜞𝟎 + 𝒂𝝁)𝑬𝒎    (3.24) 

Here 𝑺𝟏, 𝑺𝟐, 𝑺𝟑 are constants and a is the first-order volume correction coefficient 

For expanded material (air) Mie-Grüneisen equation of state can be expressed as (Miller 

and Puckett 1996; Shyue 2001) 

𝑷 = 𝝆𝟎𝒄𝟎
𝟐𝝁 + (𝜞𝟎 + 𝒂𝝁) 𝑬𝒎       (3.25) 
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Where, 𝛒𝟎 is the initial density and 𝑬𝒎  is the specific internal energy. Hence, air is a 

gaseous material and not able to withstand either shear stresses or negative pressures, no 

strength or failure relations are needed for air. 

 

Table 3.4 Mie-Grüneisen equation of state material parameters of water  

(Wang et al. 2009) 

Density 

(𝛒𝟎) 

 

Speed of 

sound 

(𝒄𝟎) 

Material Constant (𝒔)  Specific 

internal 

energy 

(𝑬𝒎) 

Volume 

correction 

coefficient(a) 

Grüneisen 

coefficient 

(𝚪𝟎) 

𝑺𝟏 𝑺𝟐 𝑺𝟑 

 

1000 

kg/m3 

1482.9 

m/s 

1.92 -0.096 

 

0 0 0 0.35 

 

Table 3.5 Mie-Grüneisen equation of state material parameters of air 

 (Wang et al. 2009) 

Density (𝛒) 

 

Speed of sound 

(𝒄𝟎) 

Material Constant 

(𝒔) 

Grüneisen coefficient 

(𝚪𝟎) 

1.25 kg/ m3 340.9 m/s 1.4 0 

 

The three equation of state material models i.e., Mie-Grüneisen equation of state, Mie-

Grüneisen equation of state for multi-material model and user-defined equation of state 

have studied detailly to select a material model to apply in the soft body used for further 

studies. The current research mainly based on material parametric analysis so the number 

of simulations to be conducted is high. The computational time and set up time are major 

factors to be considered other than accuracy. The material modelling with a user defined 

equation of state requires high computational time. While studying the impact problem with 

the multi-material bird model, it has been understood that the effect of porosity is very 

much negligible and the porosity effect are not required to be considered. From the 

comparison study results, it has been concluded that the Mie-Grüneisen equation of state 

material model with parameters mentioned in Table 3.2 can effectively use to model the 

soft body material behaviour. 
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3.4 Geometric modelling of the soft body    

The artificial replacements for birds with simplified geometries such as cylinders, 

cylinders with hemispherical ends, ellipsoids, or spheres are considered to analyse bird 

impact behaviour. Meguid et al. (2008) studied the effect of geometry on soft body impact 

with three models and different aspect ratios. This study showed that the initial contact area 

between the soft body and the target has a considerable effect on the initial impact pressure 

during the first phase of impact. They also concluded that the aspect ratio does not affect 

the peak impact pressure. From the literature (Airoldi and Cacchione 2006; McCarthy et 

al. 2004; Meguid et al.2008), soft body projectile geometry has been idealized as a cylinder 

with hemispherical ends due to the fact that this geometry showed the best correlation with 

real birds in experimental tests.  

The cylinder with hemispherical ends and with length to diameter ratio of 2 is selected 

as geometric model of the soft body. The cylinder has length and diameter of 114 mm each 

with end caps having a 57 mm radius and a square plate of length a 500 mm is considered 

as the rigid target, as shown in Fig 3.5. 

 

 

Fig 3.5 Model of soft body projectile and rigid target (All dimensions in mm) 

3.5 Finite element procedure 

 The soft body model is created as per the dimensions shown in Fig 3.5 and material 

properties are applied as given in Table 3.2. The target plate was modelled as per the 

dimensions, shown in Fig. 3.5. Then, the material properties of steel: density (ρ) =7800 
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kg/m3, elastic modulus (E) =207,000 MPa and Poisson’s ratio (ν) =0.33 is given to the 

target.  The 500 x 500 mm target plate meshed with 1155 shell elements. These elements 

are applied with the rigid body constraint command available in ABAQUS/Explicit. A 

reference point is created on the centre node of the rigid plate, and then 

displacement/rotation of the point is fixed to zero as shown in Fig. 3.6. Then, an initial 

velocity of 117 m/s was given to the soft body. The contact algorithm obtains the interaction 

between the soft body and the rigid body target. ABAQUS/Explicit has two built-in 

algorithms for defining contact and interaction behaviour: the contact pair algorithm and 

the general contact algorithm in ABAQUS analysis user’s manual (2007). This study used 

a general contact algorithm to define forces and pressures on rigid targets. General contact 

algorithms use complex contact conditions, and the contact between the soft body and the 

rigid target is considered to be less frictional. Since friction does not play a significant role 

in high-speed impact, it is assumed to be frictionless, thus avoiding convergence problems.  

Mesh convergence analysis is carried out on the soft body models to verify the accuracy of 

the model with the experimental test results. Based on this, the soft body is meshed with 

60625 solid elements and converted into a set of particles. Thus, the total number of 

elements for soft body and target are 61780. 

 

Fig 3.6 Loading and boundary conditions of soft body and rigid target 

3.6 Soft body projectile modelling approaches 

Three different finite element approaches, such as Lagrangian (LAG), Arbitrary 

Lagrangian-Eulerian (ALE), and Smooth Particle Hydrodynamics (SPH) formulations, 
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have been used to model the soft body impact (projectile) behaviour. A comparative study 

of three different available analytical methods helps find the suitable methods for soft body 

modelling. This study helps the researchers to choose the suitable method that suits the 

right purpose with the constraints of resources, time and the need for accuracy. 

3.6.1 Lagrangian (LAG) approach 

The Lagrangian approach is a finite element modelling method used in solid mechanics. 

It divides a domain into small geometries called elements, and the state of the solid can be 

analysed through the simulation using mathematical relations. The various formulations of 

finite element modelling differ in the reference coordinates used to define the motion and 

governing equations. Lagrangian methods use material coordinates as a reference. The 

nodes of the Lagrangian mesh are connected with particles in the material under 

consideration. The nodes of each mesh pursue a single particle in motion. Boundary nodes 

always exist in material boundaries. Therefore, the application of boundary conditions is 

simplified. Both the material interfaces and the free surfaces move with the mesh. The mesh 

is embedded in the structure; the material properties can be easily tracked at any point in 

the structure. This method is mainly used to describe the behaviour of solid materials under 

load. Although the soft body material behaves like a fluid during impact, it can be 

successfully modelled using Lagrangian finite element methods (Airoldi and Cacchione 

2006; Iannucci 2000; Stoll and Brockman 1997). The main disadvantage of the Lagrangian 

method is getting inaccurate results, and the requirement for remeshing due to excessive 

mesh deformations. If mesh distortion is too large, excessively distorted elements will 

decrease explicit integration algorithms stable time increment to an unacceptable level or 

even lead to numerical problems and premature analysis termination—severe mesh 

tangling results in negative volumes in the numerical solver due to the elements folding 

over themselves. Artificial oscillations in the contact forces on the target due to the 

discretised nature of the simulated contact (Stoll and Brockman 1997). Adaptive 

remeshing/rezoning, and "small-strain" simplification are the different methods used to 

prevent such numerical instabilities. But these methods also have inherent disadvantages 

like removing mass and strain energy from the structure and increasing solution time etc. 



 

46 
 

3.6.2 Arbitrary Lagrangian-Eulerian (ALE) approach 

The ALE formulation presented by stocker (1999) combines the Lagrangian and 

Eulerian formulations, which are successfully used to model fluid-structure interaction 

problems. Considering the soft body behaviour of the fluid during impact, the ALE method 

is a powerful tool to describe the soft-body impact behaviour (Tho and Smith 2011). In this 

approach, the user sets the reference arbitrarily to use the advantages of Lagrangian and 

Eulerian formulations while also reducing the disadvantages. In the Eulerian approach, the 

mesh and the associated nodes are normally fixed in space, and the material moves through 

the mesh. Element deformation is not possible since the mesh is fixed. The main application 

of Euler method is fluid modelling. It is hard to keep track of material interfaces and 

material history. Based on the ALE method, the arrangement of the grid is independent of 

fluid motion. The mesh can be moved to follow boundary motion, resolving complex flow 

properties and preventing mesh tangling. The computational mesh nodes may be moved 

with the continuum in a usual Lagrangian manner or held fixed in a Eulerian manner. The 

background void grid can move and stretch if needed, rather than being fixed in space. In 

the ALE method, the bird material flows relative to the Euler mesh, thus avoiding 

significant mesh deformation. The impacting loads are transferred to the Lagrangian mesh 

of the impacted structure through an ALE coupling algorithm. The disadvantage of this 

method is that it can only handle a single material in an element (Nizampatnam and Horn 

2008).  

3.6.3 Smoothed Particles Hydrodynamic (SPH) approach 

The SPH formulation is a meshless Lagrangian technique introduced by Lucy (1977). 

The basis of SPH is interpolation theory and smoothing kernel functions. In this 

formulation, the state of a system is defined by a set of particles that attains individual 

material properties and flows according to the governing conservation equations. The 

equations conservation of mass, momentum, and energy of continuum mechanics are 

converted from partial differential equations into integral equations using a smoothing 

kernel function. (Monaghan 1992). The smoothing kernel function gives the kernel rank of 

the considered field variable at the spatial location. Beyond a radius proportional to the 

smoothing length (h), these normalization kernels must disappear or become negligible. In 

the limit, the smoothing kernel must be close to the delta function as h → 0. The kernel 

function provides the class of influence of a point in the continuum. Smooth length finds 
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the number of neighbouring particles contained within the sphere of influence. Integration 

by parts grants the spatial derivatives of the unknown field variables to be reintegrated by 

the (known) derivatives of the smoothing kernel. The resulting integral equations are 

reintegrated by sums over discrete points in space that may be considered the centroids of 

the “smoothed particles” for numerical evaluation. Each particle has an included mass, 

velocity, and stress state developed according to discrete conservation equations.  

At first, this method was used by Lucy (1977). Gingold and Monaghan (1992) used the 

SPH method for the numerical analysis of astrophysical phenomena. This method also used 

to resolve other physical problems in continuum mechanics, bird impact problems 

(McCarthy et al. 2004; Tho and Smith 2011), hypervelocity space debris impact problems 

(Groenenboom 1997; Kamoulakos and Groenenboom 1998), and ductile and brittle 

damage in solids (Gouskov 2018). Owing to the absence of a grid, this formulation permits 

finding a solution for many problems that are hardly reproducible in other classical methods 

to avoid the problem of large mesh deformations or tangling. The problem of irregular mesh 

geometries can be solved with meshless SPH methods. 

3.7 Finite element modelling and analysis of the soft body 

The behaviour of the soft body impact on a rigid target is simulated as described by 

the experimental study conducted by Wilbeck (1977) and is used for the validation of the 

bird model used for further studies. The impact simulation is carried out by impacting the 

soft body model on a rigid target with an impact velocity of 117 m/s. The impact velocity 

(𝒖𝒐) have been selected as 117 m/s based on FAA standard requirements for the class of 

aircraft under consideration.  Three different finite element approaches have generally used 

to model the soft body impact behaviour. Three alternative soft body modelling approaches 

are provided in FE software ABAQUS/Explicit; i.e., LAG, ALE and SPH. With the defined 

material and geometric parameters, a comparison study has been conducted between the 

finite element modelling approaches for the accurate formulation of the soft body projectile. 

These three finite element models are validated with the comparison of the pressure profile 

generated at the rigid target when the soft body impacted normally at a velocity of 117 m/s 

with experimental test data. The normalized time is calculated with equation (3.26)  

  𝒕𝒏 =
𝒕

𝑻𝟎
          (3.26)  
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Where, t is step time and  𝑻𝟎  is the time desired for complete impact is calculated with 

equation (3.1) is 1.94 ms. 

The normalized pressure is calculated from equation (3.27) 

 𝑷𝒏 =
𝒑

𝑷𝒔
           (3.27) 

 Where, 𝒑 and 𝑷𝒔  are the pressure and stagnation pressure of the soft body model. The 

stagnation pressure is calculated with equation (3.7) is 6.5 M Pa. 

3.8 Results and discussion 

3.8.1 Modelling and analysis with Lagrangian approach 

Lagrangian soft body projectile is meshed with three-dimensional solid elements as 

shown in Fig 3.7. The element straining or distortion is the main problems encountered in 

Lagrangian bird impact analysis. The soft body and rigid target material parameters and 

impact conditions are selected to be the same as those of experiment test conditions 

presented by Wilbeck (1977). These impact conditions are selected based on FAA standard 

requirements for the class of aircraft under consideration. An initial velocity of 117 m/s 

was assigned to the soft body while keeping it a little away from the rigid plate to notice its 

initial impact behaviour.  

The mesh convergence analysis is conducted to verify the accuracy of the elements in 

this specific case where the soft body model impacted the rigid target with a velocity of 

117 m/s. The finite element models are meshed by systematically reducing the size of the 

elements. The soft body models are discretized with 7829, 10321,20429 and 60625 solid 

elements. These soft body models are numerically analysed to verify the accuracy of the 

model with the experiment test. It is observed that the simulated peak pressure came close 

to a particular value reported by Wilbeck when the total number of elements of the soft 

body is selected to be 60625.  

The rigid plate is meshed with 1155 shell elements and is provided with the rigid body 

constraint command available in the ABAQUS/Explicit. The boundary of the rigid plate is 

fully fixed with zero degrees of freedom, as shown in Fig 3.7. The soft body moving with 

an initial velocity of 117 m/s impacted on a target is analysed numerically with finite 

element software ABAQUS/Explicit. The impact simulation is carried out by impacting the 
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Lagrangian soft body model on the rigid target as shown in Fig 3.7. The CPU time taken 

to complete the simulation was 360 sec. After the complete impact of the soft body on the 

rigid target, compared the pressure distribution characteristics predicted numerically with 

the experimental test data reported by Wilbeck under the same bird impact conditions 

 

 

 

 

 

  

  

Fig 3.7 Lagrangian soft body impacting on the rigid target 

 

 

Fig 3.8 Comparison of the pressure profile of Lagrangian soft body model with 

Wilbeck experiment  



 

50 
 

The comparison of the average pressure distribution at the rigid target of the 

Lagrangian simulation analysis and the Wilbeck (1977) experiment test is shown in Fig 

3.8. The Fig 3.9 shows the deformation pattern of the Lagrangian model at different times. 

The soft body model showed the same deformation pattern observed from the experimental 

studies. But it is observed from the results that some of the elements are heavily strained. 

The initial peak pressure is reported at about tn=0.05 and its value is recorded as 49.27 

MPa. When comparing the generated pressure distribution curves in Fig 3.8, at the steady 

flow stage there are some shoot ups and downs are reported at different times. These 

pressure fluctuations occurred at times 0.485 ms and 1.94 ms This error in results has 

occurred due to element straining of the finite element body. This can be controlled by the 

removal of strained elements, but the removal of elements causes mass erosion. The finite 

element model can re-mesh to contradict the problem but it increases solution time. 

Therefore, the Lagrangian bird model is not much preferred to model a soft body except 

certain conditions where high accuracy does not matter and consider the reduced 

computational time and set up time.  

 

 

Fig 3.9 Deformation pattern of the Lagrangian soft body at times (a) t=0 ms (b) t=0.5 

ms (c) t=1 ms (d) t=1.5 ms (e) t=1.94 ms 
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3.8.2 Modelling and analysis with Arbitrary Lagrangian-Eulerian 
(ALE) approach 

In ALE modelling the soft body is enclosed in a Eulerian air domain (stationary cube) 

where the soft body moves freely without distorting the mesh and interacts with the rigid 

target as shown in Fig 3.10. The Eulerian domain filled with air is meshed with very fine 

size EC3D8R volume elements. The computational time required for the analysis is very 

high and large computer memory is required store the result data. In the ALE approach, the 

forces and pressures expended at the time of impact are transferred to the rigid target using 

general contact algorithms. 

   

Fig 3.10 Arbitrary Lagrangian-Eulerian soft body impacting on the rigid target 

From the comparison of pressure distribution curves in Fig 3.11, it is observed that 

the initial peak pressure curve correlates well with the Wilbeck experiment with an 

increased Hugoniot pressure. The Hugoniot pressure is noted as 45.37 MPa. It is also 

observed that the stagnation pressure condition agrees well with the Wilbeck experiment. 

However, at a normalized time between 0.5 to 1 the contact pressure condition shows leaps 

and bounds at the stagnated condition. It can be improved by approximating the elements 

at the end tips of the projectile to fine mesh or using smooth particle hydrodynamic analysis. 

Fig 3.12 shows the deformation pattern of the ALE soft body. It has been observed that the 

material flows without any distortion through the Eulerian domain. 
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Fig 3.11 Comparison of the pressure profile of ALE soft body model with Wilbeck 

experiment 

 

 

Fig 3.12 Deformation pattern of the ALE soft body at times (a) t=0 ms (b) t=0.5 ms 

(c) t=1 ms (d) t=1.5 ms (e) t=1.94 ms 

Hugoniot pressure 
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3.8.3 Modelling and analysis with Smooth Particles Hydrodynamic 
(SPH) approach 

The Smooth Particles Hydrodynamic method (SPH) is considered as the most efficient 

and accurate method for modelling of the soft body. The numerical convergence test 

verified the accuracy of the elements in this specific case where the soft body model 

impacted the rigid target with a velocity of 117 m/s. For the numerical convergence 

analysis, the soft body models are discretized with 7829, 10321, 20429 and 60625 solid 

elements. Then the solid elements are converted into a group of particles that possessed 

individual material properties. These soft body models are numerically analysed to verify 

the accuracy of the model with the experiment test. It is observed that the simulated peak 

pressure came close to a particular value reported by Wilbeck when the total number of 

elements of the soft body is selected to be 60625. Also, the difference between the predicted 

peak pressure value and theoretical peak pressure value was less than 1 %. Therefore, the 

soft body model discretized with 60625 solid elements and then converted into a set of 

particles. The soft body interaction with the rigid target is governed by the general contact 

algorithm with the penalty approach. The rigid plate is meshed with 1155 shell elements 

and is provided with the rigid body constraint command available in the ABAQUS 

/Explicit. The soft body moving with an initial velocity of 117 m/s impacted on a target is 

analysed numerically with finite element software ABAQUS /Explicit. The splashing 

behaviour of the SPH soft body is reduced by scaling down the linear and quadratic bulk 

viscosity factors. The impact simulation is carried out by impacting the SPH bird model on 

the rigid target. The CPU time taken to complete the simulation was 7200 sec.  

Fig 3.13 Smooth Particles Hydrodynamic (SPH) soft body impacting on the rigid 

target 

After the complete impact of the soft body on the rigid target, the pressure distribution 

characteristics are predicted numerically to compare with the experimental test data 
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reported by Wilbeck under the same bird impact conditions. The Fig 3.13 shows the 

deformation pattern of the SPH soft body during impact on a rigid target. The results from 

the analysis of SPH formulation are shown in the normalized pressure versus normalized 

time using a solid curve in Fig 3.14. A dotted curve represents the actual bird strike test 

results reported by Wilbeck in Fig 3.14. The shape of the pressure distribution 

characteristics in Fig 3.14 on the soft body model agreed well with experimental test data 

from Wilbeck at the same impact conditions. The results proved that the projectile pulse 

predicted by the finite element simulation has a short duration peak pressure at Hugoniot 

shock. The Hugoniot shock took place at about tn=0.05, and the values are 44.07 MPa and 

37.05 MPa in the simulation and Wilbeck experiment, respectively. After the Hugoniot 

pressure, the simulated curve closely matches with the Wilbeck experiment result curve. 

But in simulation, some leaps and bounds are noticed in the curves at normalized times 0.4, 

0.5 and 0.7. This is considered to be due to the cluttering of some particles in one location 

on the rigid target. With equations (3.4) and (3.7), the theoretical predicted Hugoniot 

pressure and stagnation pressure are calculated to be 44.57 MPa and 6.5 MPa, respectively. 

The Hugoniot and stagnation pressure determined from the SPH simulation is observed to 

be 44.07 MPa and 6.63 MPa (with error ± 4%), respectively. It is concluded that the present 

SPH simulation using ABAQUS/Explicit is considered to be quantitatively similar with 

experiment test and able to accurately predict the dynamic contact pressure of a 4 -pound 

(1.814 kg) real bird normally striking on a rigid target (Table 3.6). The deformation 

behavior at different time steps during transient dynamic contact of the smooth particles 

hydrodynamic soft body with a rigid plate (Fig 3.16) observed qualitatively similar with 

experiment test (Fig 3.17) conducted by Lavoie et al. (2009). The outer boundary of the 

soft body in simulation is not clearly defined as shown in experiment test. Notice that, 

cluttering of some particles in the outer boundary is shown in Fig 3.16. This is a 

disadvantage of smooth particles hydrodynamics method. The finite element model of the 

soft body has been validated and strongly recommended to be used for further bird impact 

studies on aircraft leading edge structures. 
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Fig 3.14 Comparison of the pressure profile of SPH soft body model with Wilbeck 

experiment 

 

 

 

Fig 3.15 Deformation pattern of the SPH soft body at times (a) t=0 ms (b) t=0.5 ms 

(c) t=1 ms (d) t=1.5 ms (e) t=1.94 ms 



 

56 
 

Table 3.6 Comparison of pressure distribution data of SPH simulation with 

experiment and theoretical results 

Method Hugoniot pressure Stagnation pressure 

Simulation 44.07 MPa 6.63 MPa (with error ± 4%) 

Experiment 37.05 MPa 6.3 MPa 

Theoretical 44.57 MPa 6.5 MPa 

 

 

(a) t=0 ms             (b) t=0.66 ms   (c) t=1.32 ms         (d) t=1.98 ms 

Fig 3.16 The deformation pattern of the smooth particles hydrodynamic soft body  

 

(a) t=0 ms   (b) t=0.66 ms          (c) t=1.32 ms    (d) t=1.98 ms 

Fig 3.17 The deformation pattern soft body replacement material impacted on rigid 

target 

[Reprinted from International Journal of Impact Engineering, Vol. 36 (10–11), M. 

A. Lavoie, A. Gakwaya, M. N. Ensan,D. G. Zimcik, and D. Nandlall, “Bird’s 

substitute tests results and evaluation of available numerical methods,” pp. 1276–

1287, © 2009, with permission from Elsevier.] 

 



 

57 
 

Table 3.7 Relative features of three soft body modelling approaches 

Approaches Advantages Disadvantages 

LAG 

 Low FEM formulation time 

and run time 

 Low memory requirement 

 Projectile boundary clearly 

defined 

 High element distortion 

 Low accuracy 

 Element erosion reduce mass 

from simulation 

ALE 

 Actual fluid like behaviour 

which correlate well with 

experiment 

 Low element distortion 

 High accuracy 

 Very high computational time 

 Large memory requirement 

SPH 

 No mesh distortion, 

 Constant time step 

 Very high accuracy 

 Solution time low 

 Numerically stable 

 Well represented splashing 

behaviour 

 Difficult in contact 

formulations and have no clear 

outer boundary, 

 Instability in tensile behaviour 

due to cluttering many particles 

in one location 

 

Table 3.8 Comparision of three finite element modelling approaches 

Method Set up time 

(min) 

Run time 

(min) 

Normalised Hugoniot 

pressure 

Normalized 

Stagnation pressure 

SPH 100 120 6.78 1.16 

ALE 180 540 6.98 1.02 

LAG 90 30 7.58 1.64 

 

This chapter studied three equation of state material models and then analysed three 

different soft body modelling approaches using finite element code ABAQUS/Explicit. The 

comparison study of the three equation of state material models i.e., Mie-Grüneisen 

equation of state, Mie-Grüneisen equation of state for multi-material model and user-
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defined equation of state have been done. It is found that the Mie-Grüneisen equation of 

state material model with the given parameters can effectively use to model the soft body 

material behaviour. The three finite element approaches viz, Lagrangian, Arbitrary 

Lagrangian-Eulerian and Smooth particles hydrodynamics are analysed and compared 

based on the set-up time, run time, deformation pattern and pressure distribution 

characteristics. The relative features of the three modelling approaches are explained in 

Table 3.7. The concluded remarks from the finite element modelling and analysis of the 

soft body impact event with the three approaches explained in this chapter are listed in 

Table 3.8. It is understood that each method has its own advantages and none of these 

methods are free of disadvantages. However, it is concluded that the SPH method with 

given equation of state parameters provides the best correlation with the experimental test 

based on pressure distribution characteristics and deformation pattern. The Hugoniot and 

stagnation pressure determined from the SPH simulation was observed to be approximately 

44.07 MPa and 6.63 MPa (with error ± 4%), respectively. Thus, finite element model of 

the soft body is validated and strongly recommended to be used for further bird impact 

studies on aircraft leading edge structures. 
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Chapter 4 

Numerical simulation of soft body impact on aluminium 

alloy wing leading edge  

4.1 Introduction 

 

The leading edge of an airplane is the front nose-shaped structure of the wing, 

vertical or horizontal stabilizer. An aircraft wing is a hollow structure internally reinforced 

with ribs which are positioned in a perpendicular plane to the wing axis. It generates a lift 

force and enables the airplane to fly. The leading edge is the front part of the wing and it is 

particularly designed to redirect the incoming air flux to the bottom of the wing structure. 

It must be capable to protect the internal wing components from bird strike, hailstone 

impact, etc. The leading edges are required to protect the fuel tank, the control devices and 

the torsion box from any damage whose performance is required for safe flight. Therefore, 

any new design of leading edges must satisfy bird strike regulations mentioned by the 

respective aviation authorities.  

The present study is carried out to find the critical material parameters which 

influence the energy absorbing characteristics of the aluminium alloy used in wing leading 

edges. The numerical simulation of the soft body impact on wing leading edge utilized the 

validated soft body projectile model described in chapter 3.  The non-penetration of the 

target has been the criteria to grade impact resistance and energy absorption. For the proper 

analysis of the results of material parametric study the soft body did not penetrate to the 

leading edges. Hence, the thickness of the skin was calculated based on the Royal Aircraft 

Establishment (RAE) (McNaughtan 1972) empirical formulae for penetration velocity. 

This formula for leading edge skin made in aluminium alloy is given in equation 4.1. 
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𝑽𝒑 = 𝟗𝟖𝝉𝑾
ష𝟏

𝟑 𝒄𝒐𝒔
ష𝟐

𝟑 𝜶𝒆𝒙𝒑 [𝟏𝟐𝟑𝟒(𝒓𝟐 + 𝟑𝟎𝒓 + 𝟏𝟎𝟎𝟎)ି𝟏]    (4.1) 

• Vp = Penetration velocity in m/s 

• τ = Flat panel / curved panel / leading edge skin thickness in mm 

• W = Bird weight in kg 

• 𝜶 = Sweep angle / impact angle in degrees 

• r = Leading edge nose radius in mm 

The skin thickness is selected of 2 mm based on RAE formula for 1.814 kg bird impacting 

normally on a leading edge with nose radius 21mm.  

4.2 Failure modelling of aluminium alloy 

 There are lot of material models that can be used to define material behaviour metallic 

materials. A benchmark study is done by Dede and Altan (2015) on different metallic 

failure models. The reason for this comparison is to investigate the behaviour of elasto- 

visco-plastic and elasto-plastic constitutive models on the metallic material. From the view 

of comparison between different material failure models and available information in the 

literature, the material behaviour of aluminium alloy is defined with the Johnson-Cook 

material model (Johnson and Cook 1983). It is a particular type of Mises plasticity model 

with analytical forms of the hardening law and rate dependence which is suitable for high 

strain rate deformation of many materials. It is usually used in adiabatic transient dynamic 

simulations and can be used in conjunction with the Johnson-Cook dynamic failure model 

in ABAQUS/Explicit. This also can be used in conjunction with the progressive damage 

and failure model to specify different damage initiation criteria. The damage evolution laws 

that take into account the progressive degradation of the material stiffness and the removal 

of elements from the mesh. Johnson-Cook constitutive model combines the material 

responses that are strain hardening, strain rate effects, and thermal softening.  It defines the 

equivalent von Mises stress (𝝈ഥ) as a function of equivalent plastic strain, equivalent plastic 

strain rate, and temperature (Iqbal et al. 2015; Johnson and Cook 1983). 

𝝈ഥ = ൫𝑨 + 𝑩𝜺𝒑
𝒏൯ ቆ𝟏 + 𝑪𝒍𝒏 ቀ

𝜺𝒆̇

𝜺𝟎̇
ቁቇ ൬𝟏 − ቀ𝑻

∗

ቁ
𝒎

൰             (4.2) 
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  Where A is the static yield limit at the reference temperature, B is the strain 

hardening modulus, n is the strain hardening exponent, C is the dimensionless strain rate 

hardening coefficient, and m is the coefficient of temperature softening of the material can 

be attained from different tensile tests. 𝜺𝒑 is the effective plastic strain, 𝜺𝒆̇ is the effective 

plastic strain rate, 𝜺𝟎̇ is the reference plastic strain rate, and  𝑻
∗

 is the homologos temperature 

which is represented as  

൞

𝟎               𝒇𝒐𝒓   𝑻𝒕 < 𝑻𝒓 

𝑻
∗

=
𝑻𝒕ି𝑻𝒓

𝑻𝒎ି𝑻𝒓
 𝒇𝒐𝒓 𝑻𝒓 ≤ 𝑻𝒕 ≤ 𝑻𝒎

𝟏               𝒇𝒐𝒓   𝑻𝒕 > 𝑻𝒎 

         (4.3) 

Where,  𝑻𝒎 is the melting temperature, 𝑻𝒓 is the reference temperature, and 𝑻𝒕 is the test 

temperature. From the literature (Seidt and Gilat 2013), it has been observed that the rate 

effects (C, 𝜺𝒆̇) did not indicate a considerable effect in the ultimate strength and yield 

strength of the material. 

Johnson-Cook failure model for plastic deformation based on the plastic rate and 

the temperature. Failure criteria defined with three terms combined in a multiplicative 

manner to include the effects of stress triaxiality, strain rate, and local heating respectively 

(Ijaz et al.2017; Iqbal et al. 2015; Johnson and Cook 1985). 

This failure criteria shown as 

𝑫 = ∑
𝒅𝜺𝒆̇

𝜺𝒇
                            (4.4) 

Where, 𝜺𝒇 is the plastic strain at damage initiation. 

𝜺𝒇 = ቂ𝒅𝟏 + 𝒅𝟐𝒆𝒙𝒑 (𝒅𝟑
𝝈𝒎

𝝈ഥ
)ቃ ቈ𝟏 + 𝒅𝟒 𝒍𝒏 ቀ

𝜺𝒆̇

𝜺𝟎̇
ቁ ቂ𝟏 + 𝒅𝟓𝑻

∗

ቃ቉     (4.5) 

Hillerborg (1983) suggested a fracture energy approach to represent damage 

evolution. If Gf is the failure energy needed to initiation and propagation of a crack then Gf   

is described as 

𝑮𝒇 = ∫ 𝝈𝒚𝒅ഥ𝒖
𝒖ഥ𝒇

𝟎
         (4.6) 

       

Where 𝝈𝒚 is the yield strength of the material and 𝒖ഥ𝒇 is the equivalent plastic 

displacement at fracture  
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𝒖ഥ𝒇 =
𝟐𝑮𝒇

𝝈𝒇
          (4.7) 

The ductile materials once, the damage initiated for the given loading conditions, 

the linear or exponential laws can be selected for the damage evolution. The equivalent 

plastic displacement at fracture ( 𝒖ഥ𝒇) and the fracture energy (Gf) are related to the damage 

variable (D) with following relations (Ijaz et al.2017; Zakir et al. 2012) 

𝑫 =
𝒖ഥ

𝒖ഥ𝒇
                  (4.8) 

𝑫 = 𝟏 − 𝒆𝒙𝒑 ൬
𝝈ഥ

𝑮𝒇
𝒅 𝒖ഥ൰        

The strength parameters used for representing aluminium alloy (AA 2024-T3) are shown 

in Table 4.1. The Johnson-Cook and ductile damage parameters of aluminium alloy (AA 

2024-T3) are given in Table 4.2 and Table 4.3, respectively. 

Table 4.1 Strength parameters of the aluminium alloy (AA 2024-T3) 

 (Johnson and Cook 1983) 

Strength 

parameters 
Not. Value Strength parameters Not. Value 

Density ρ 
2770 

Kg/m3 
Hardening exponent n 0.34 

Poisson’s ratio ν 0.33 
Thermal softening 

exponent 
m 1 

Modulus of 

elasticity 
E 73.1 GPa Strain rate coefficient C 0.018 

Static yield limit A 265 MPa Reference temperature T r 293 K 

Stain hardening 

modulus  
B 426 MPa Melting temperature T m 775 K 

 

Table 4.2 The Johnson-Cook damage parameters of aluminium alloy (AA 2024-T3) 

(Johnson and Cook 1985) 

Damage initiation 

𝒅𝟏 𝒅𝟐 𝒅𝟑 𝒅𝟒 𝒅𝟓 

0.13 0.13 -1.5 0.0011 0 
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The ductile damage model incorporated in ABAQUS/Explicit is used to define 

damage initiation criteria (Seidt and Gilat 2013). This failure model for plastic deformation 

includes the product of failure strain, stress triaxiality and strain rate. 

Table 4.3 The ductile damage parameters of aluminium alloy (AA 2024-T3) 

(Johnson and Cook 1985) 

Damage initiation 

Fracture strain Stress triaxiality Strain rate 

0.13 -1.5 0.0011/s 
 

This study has compared the efficiency of Johnson-Cook damage model and ductile 

damage model and found that ductile damage model is easier to implement to study the 

damage and failure of aluminium alloys. 

4.3 Soft body impact simulation on wing leading edge 

The numerical simulation of soft body impact on aluminium alloy (AA 2024-T3) 

wing leading edge is validated with an experimental test under same impact conditions. As 

per FAR regulation, a soft body model with a mass 1.814 kg striking at velocity 112 m/s 

has been considered for the testing of 2 mm thick aluminium alloy leading edge (Kavitha 

and Stanley 2011). The velocity of the bird impact for testing is estimated as per FAR 

regulations based on leading edge thickness, and other parameters under consideration. 

Non-penetration of the leading edge skin by the soft body is considered as the criterion of 

resistance.  

For simulation, the aluminium wing leading edge is modelled and meshed with 

4800 S4R shell elements using finite element software Altair ® Hyper mesh®. Then, this 

leading edge model is imported to ABAQUS/Explicit for soft body impact simulation. The 

contact definition between the soft body and wing leading edge is selected as general 

contact with the pure master-slave approach. The soft body is considered as a slave surface 

as the bird surface is smaller than leading edge surfaces. The damping coefficient of 0.02 

is used for contact damping. The time required for full impact is calculated by dividing the 

total length of the soft body by the initial impact velocity. The calculated time for complete 

impact for the velocity 112 m/s was 2.035 seconds.  
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Fig 4.1 Finite element model of soft body impact on wing leading edge which explain 

mesh pattern, loading and boundary conditions 

 

 

Fig 4.2 The deformation pattern of the soft body and wing leading edge after 

complete impact 

As per FAR requirements, the damaged structure must capable to bear the static 

loads (ultimate loads) which are fairly anticipated to occur on the flight. Dynamic effects 

on these static loads need not be considered. Therefore, the boundary is rigidly supported 
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both in the experiment test and in the analysis. Such geometric constraints reduce the 

number of degrees of freedom which can significantly reduce the computational time for 

analysis. The finite element model explaining loading and boundary conditions explained 

in Fig 4.1.  

The validated SPH soft body model is made to impact in a normal direction on to 

the wing leading edge model with a velocity of 112 m/s.  The deformation pattern soft body 

and wing leading edge after impact is shown in Fig 4.2. The displacement contour plots of 

the wing leading edge at different times of soft body impact are shown in Fig 4.3. The 

centre tip deformation of the leading edge over this time duration was recorded 109.2 mm 

in numerical simulation. 

 

 

a) t=0 ms   b) t=0.0983 ms   c) t=0.491 ms 

 

  

d) t=1.47 ms    e) t=1.82 ms   f) t=2.035 ms 

 

Fig 4.3 Displacement contour plot of wing leading edge at different times of soft 

body impact 
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4.4 Experimental validation of soft body impact on wing 
leading edge 

The experimental test has been conducted under real bird strike conditions by 

impacting a 4-pound (1.814 kg) gelatine pack with a velocity of 112 m/s on an aluminium 

alloy (AA 2024-T3) wing leading edge specimen. The wing leading edge skin has been 

fabricated at National Aerospace Laboratories, Bangalore and an experiment test has been 

conducted at Gas Turbine Research Establishment, Bangalore (Kavitha and Stanley 2011). 

Fig 4.4 shows the profile of the leading-edge specimen fabricated at National Aerospace 

Laboratories. Fig 4.5 shows the profile of the leading edge when subjected to impact with 

4-pound (1.814 kg) gelatine with a velocity of 112 m/s. 

 

  

Fig 4.4 The profile of aluminium alloy (AA 2024-T3) wing leading edge before soft 

body impact experimental test 

[Reprinted from Journal of Aerospace Engineering, Vol. 35 (4), Kavitha mol, S., 

Stanley C. Salem and Sadiq, A.  “Crashworthiness enhancement of aluminium alloy 

used for leading edges of wing and empennage structures,” pp. 04022079, © 2022, 

with permission from American Society of Civil Engineers] 
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Fig 4.5 The profile of aluminium alloy (AA 2024-T3) wing leading edge after soft 

body impact experimental test 

[Reprinted from Journal of Aerospace Engineering, Vol. 35 (4), Kavitha mol, S., 

Stanley C. Salem and Sadiq, A.  “Crashworthiness enhancement of aluminium alloy 

used for leading edges of wing and empennage structures,” pp. 04022079, © 2022, 

with permission from American Society of Civil Engineers.] 

 

 

Fig 4.6 The profile of aluminium alloy (AA 2024-T3) wing leading edge before soft 

body impact simulation  
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Fig 4.7 The profile of aluminium alloy (AA 2024-T3) wing leading edge after soft 

body impact simulation  

 

No failure is observed, when the leading edge specimen is impacted with a 4-pound 

(1.814 kg) gelatine pack at a velocity of 112 m/s. The permanent plastic deformation of the 

wing leading edge specimen in experiment (Fig 4.5) is observed as seen in the simulation 

(Fig 4.7). When impacted at velocity 112 m/s, the soft body broke up into particles and has 

not experienced any stability problem. The deformed profile of the leading edge after 

complete impact showed good agreement in experimental test and simulation, as shown in 

Fig 4.5 and Fig 4.7, respectively. Thus, the finite element model of the soft body impact 

on the wing leading edge is validated. The smooth particles hydrodynamic soft body model 

is demonstrated to be very effective for modelling soft body impact on wing leading edges. 

The experiment test validated the soft body impact behaviour of the aluminium alloy wing 

leading edge predicted by finite element analysis. In the next chapter, a material parametric 

study is carried out by varying the target parameters, with the validated soft body model 

and wing leading edge model to find the most influenced parameters and range of values 

that can control the energy absorbing characterisitcs of aluminum alloy. 
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Chapter 5 

Soft body impact simulations on leading edges for 

material parametric analysis 

5.1 Introduction 

 The leading edges of wing and empennage structures are the foreparts of the aircraft 

and are always under the possibility of a bird strike. The foreign object impact leads to 

serious damages to the front-facing components such as the wing, horizontal stabilizer, and 

vertical stabilizer and affects its components, viz. control rods, control surfaces like the 

elevator, and rudder respectively. Consequently, besides to the aerodynamic functions, a 

leading edge should safeguard the supporting spars and control surfaces from such impact 

damages. Therefore, careful design is vital that minimize centre displacement and 

maximize the energy absorption that must ensure the protection of internal sensitive 

components during an impact. An impact event can be structurally analysed built on two 

aspects. One is the behaviour of the material/structure at the time of impact and the other 

is their residual properties. The behaviour of a structure in the impact and its post impact 

performance reliant on both the impactor and the target characteristics. The leading edge 

parameters which affect the impact characteristics include the boundary conditions, the 

structural configuration, the materials, and its properties. The leading edge structural 

parameters that generally affect are the rib spacing, skin thickness, leading edge skin 

material/configuration, position of the baffle, the baffle properties, rib properties, boundary 

condition between the skin and spar, etc. (Stanley et al. 2011).  

The leading edge skin is the most critical part of the wing structure as it has a higher 

probability of affecting the impact first. Therefore, the skin material must have the property 

to absorb a significant portion of the incident impact energy, thereby transferring lesser 

load to the supporting structures. Moreover, deformation of the leading edge also must be 
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reduced to safeguard the internal wing components. Optimization of the material 

parameters of the skin help improve the mechanical properties of the leading edges against 

soft body impact.  Finite element simulations of these impact events help reduce the time 

and cost to optimize the design before a full-scale certification test. 

The 2xxx series aluminium alloys are considered as candidate material for leading edge 

skin as it has high failure strain compared to other aluminium alloys. The parametric study 

on material parameters is required to identify the important parameters which influences 

the energy absorption capability and load transferability during bird strike. The elastic and 

flow stress parameters show great importance in the mechanical property optimization of 

aluminium alloy used in wing leading edges. Therefore, its study and optimization help to 

adjust the strength and toughness of the material with various process conditions. In this 

aspect, a parametric study can help in identifying the material parameters which influence 

the impact behaviour of the leading edges. Parametric analysis can be performed using 

different target material parameters and understanding its influence can be useful to tailor 

the type of metal to improve its mechanical properties. The parametric study has been 

carried out on leading edges of wing and empennage structures.  

To develop a new alloy or to improve the properties of the present alloy used for a 

particular aircraft component, it needs to define the property requirements based on the 

different loading conditions (Dursun and Soutis 2014). The critical loading condition of the 

wing leading edge is considered due to bird strike and its design requirements as per 

regulations against bird strike loading conditions.  The properties required to meet the 

design requirements can be obtained by optimizing the alloy compositions and processing 

conditions (Pantelakis and Alexopoulos 2006). Hence, an aircraft structural designer must 

work together with a material producer to tailor the mechanical properties of the metallic 

alloys as per the specific requirements. The improvement of finite element packages and 

optimization software introduces a new era in the design of alloys based on the 

requirements and the ways to find the optimized property balance. The aircraft designers 

also aim to decrease the number of parts while improving the energy absorption capabilities 

of the material (Starke and Staley 1999).   

This chapter aims to find the influence material parameters on energy absorbing 

characteristics of aircraft wing leading edges. A material combination parametric study is 

undertaken to understand the role of the target parameters (material parameters of skin 

only) which influences the bird impact. The significant material parameters which 
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influence the bird impact behaviour of leading edges is selected from the elastic and flow 

stress parameters which define the material. The range of which each parameter values are 

varied depending on the properties of the fibre metal laminate which can develop for a 

leading edge. Based on the literature review and detailed survey with material producers, a 

range of material parameters are selected that can vary without compensating the 

mechanical property requirements of the particular aircraft component. 

5.2 Material parametric analysis 

The material parametric analysis is carried out on the leading edges of wing and 

empennage structures. The model of the selected leading edges i.e., HT VT and wing are 

shown in Fig 5.1. 

Table 5.1 Parametric study test matrix 

Variable Parameter Constant parameter 

Elastic modulus (40 GPa, 50 GPa,60 

GPa, 70 GPa, 80 GPa) 

Strain hardening modulus (426 MPa), 

Hardening exponent (0.34), Static yield limit 

(265 M Pa), Poisson’s  ratio (0.33). 

Strain hardening modulus (300 MPa, 350 

MPa, 426 MPa, 457 MPa, 460 MPa, 480 

MPa, 500 MPa) 
 

Hardening exponent (0.34), Static yield limit 

(265 MPa), Poisson’s  ratio (0.33), Elastic 

modulus (70 GPa). 

Hardening exponent 

(0.34,0.45,0.5,0.6) 
 

Static yield limit (265 MPa), Poisson’s  ratio 

(0.33), Elastic modulus (70 GPa), Strain 

hardening modulus (426 MPa). 

Static yield limit (180 MPa, 265 MPa, 

313 MPa, 338 MPa, 359 MPa) 

Poisson’s  ratio (0.33), Elastic modulus (70 

GPa), Strain hardening modulus (426 MPa), 

Hardening exponent (0.34). 

Poisson’s  ratio (0.2, 0.22, 0.24, 0.26, 

0.28, 0.3. 0.33) 
 

Elastic modulus (70 GPa), Strain hardening 

modulus (457 MPa), Hardening exponent 

(0.34), Static yield limit (265 MPa). 

 

The models of the leading edges are created and meshed in finite element software Altair 
® Hyper Mesh ®. The S4R shell elements are used to mesh the leading edge models. The 

parameters and the values selected for the study is detailed in the Table 5.1. The values are 

selected in a wide range to specifically analyse the interdependence of parameters. Python 
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scripting algorithms is explored to effectively carry out the parametric studies which helped 

for analysis with varying parameters in a single run command. These algorithms are 

generated to automize the repeated tasks in a parametric study and to reduce the required 

pre and post processing time. The scripting algorithms are written as per the parametric 

study test matrix in Table 5.1. The scripting algorithm also helped  a great extent is 

reducing the time required for analysis. Then soft body impact simulations are carried out 

on the leading edges (HT, VT and wing) by impacting the soft body model with a velocity 

of 116 m/s. 190 cross-correlation analysis studies between the parameters carried out to 

understand the interdependence on the other parameters. 

5.3 Results and discussion 

 The results are analyzed based on the average reaction force at constrained nodes and 

wing centre nose tip deformation recorded after the soft body impacted on the leading edges 

with a velocity of 116 m/s. Fig 5.2 shows the reaction force and time curve of the leading 

edges of the wing, HT and VT, respectively. Fig 5.1, Fig 5.2, and Fig 5.3 displayed the 

reaction force contour plots of the leading edges of wing, HT and VT, respectively. From 

this contour plots, it could understood that at intial impact the reaction force occurred in all 

the constrained nodes. When the time increased the reaction force concentrated at the end 

nodes and after full impact it has been completely localized at the end nodes. 

 

Fig 5.1 Undeformed mesh overlaid plot of  Wing, VT and HT which explains the 

location of constrianed nodes 
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Fig 5.2 The reaction force versus time plot of wing, VT and HT 

 

 

a)  t = 0 ms  b) t = 0.49 ms                                      c)  t = 0.98 ms 

   

d)  t = 1.27 ms  e)  t = 1.66 ms                        f)  t = 1.96 ms 

Fig 5.3 The reaction force contour plot of wing leading edge profile at different times  
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a)  t = 0 ms   b) t = 0.49 ms                                      c) t = 0.98 ms 

    

d)  t = 1.27 ms   e) t = 1.66 ms                                      f) t = 1.96 ms 

Fig 5.4 The reaction force contour plot of HT profile at different times. 

   

a)  t = 0 ms    b) t = 0.49 ms                           c) t = 0.98 ms 

   

d)  t = 1.27 ms   e) t = 1.66 ms                                      f) t = 1.96 ms 

Fig 5.5 The reaction force contour plot of VT profile at different times  
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The parametric study results at different material combinations and profiles are 

described below. 

5.3.1 Elastic modulus 

The effect of the reaction force and centre tip deformation is  investigated for different 

leading edge profiles, i.e., HT, VT and wing. The fluctuations of the average reaction force 

at support (RF) and centre node deflection (U) are investigated with distinct readings of 

strain hardening modulus, hardening exponent and static yield limit. The various studies of 

the reaction force and centre node deflection with elastic modulus are shown in Fig 5.6 and 

Fig 5.7, respectively. The deviation of the selected variables (reaction force and center 

displacement) with the variation of its elastic modulus are consequent with change in strain 

hardening modulus, hardening exponent and static yield limit. The variables showed good 

influence when static yield limit and strain hardening modulus are changed. In the case of 

HT and VT profile, at standard bird impacting velocity (116 m/s), when the elastic modulus 

increased, the reaction force has also been increased. But at the same time, centre node 

deflection has gradually decreased. In the wing leading edge with an increase of elastic 

modulus, the reaction force also increased up to a point after that it got decreased. A cross-

correlation study is carried out on leading edge wing profile with other material parameters, 

i.e., varying the elastic modulus value (40 GPa, 50 GPa,60 GPa, 70 GPa, 80 GPa) with 

constant values of  strain hardening modulus (426 MPa), hardening exponent (0.34), static 

yield limit (265 MPa), Poisson’s ratio (0.33) in one correlation. In the next correlation, one 

parameter changed with keeping all other parameter values constant, i.e., strain hardening 

modulus is changed from 426 MPa to 457 MPa while keeping all other parameter values 

constant. The results summarized that the elastic modulus value of 70 GPa provided a 

variation in selected variables than other values. 
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Fig 5.6 Variation of the reaction force with elastic modulus for different leading edge 

profiles and material parameters 

 

Fig 5.7 Variation of the and centre deflection with elastic modulus for different 

leading edge profiles and material parameters 
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5.3.2 Static yield limit  

 

The results shown in Fig 5.8 and Fig 5.9 indicate that the static yield limit is an 

influencing parameter upon selected variables (RF and U) when subjected to soft body 

impact.In all the three profiles ,the reaction force has increased when the static yield limit 

increased. The two responses (RF and U) showed an inverse relationship, while one 

response decreased the other response increased and vice versa. From cross-correlation 

study with other variables, it is concluded that the selected variables can reduce in variation 

with other parameters through an optimization study. 

 

 

Fig 5.8 Variation of the reaction force with static yield limit for different leading 

edge profiles and material parameters 
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Fig 5.9 Variation of the centre deflection with static yield limit for different leading 

edge profiles and material parameters 

5.3.3 Strain hardening modulus  

 

Fig 5.10 Variation of the reaction force with strain hardening modulus for different 

leading edge profiles and material parameters 



 

79 
 

 

Fig 5.11 Variation of the centre deflection with strain hardening modulus for 

different leading edge profiles and material parameters 

The effect of selected variables (RF and U) has been investigated on the variation of 

strain hardening modulus with different leading edges and material parameters, and the 

results are shown in Fig 5.10 and Fig 5.11. The reaction force and centre displacement 

showed almost constant values up to 426 MPa. The reaction force has increased while the 

centre displacement has gradually decreased between the values of 426 MPa and 480 

MPa. A variation in selected variables is  reported around the strain hardening modulus  

value of  457 MPa on the variation of other material parameters. 

5.3.4 Hardening exponent 

From the results shown in Fig 5.12 and Fig 5.13, it is clear that hardening exponent does 

not have much influence on selected variables on the variation of other material parameters. 

When the hardening exponent increased, the reaction force has also increased while the 

centre deformation decreased. The same result has been reported in all leading edge 

profiles.    
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Fig 5.12 Variation of the reaction force with hardening exponent for different 

leading edge profiles and material parameters 

 

Fig 5.13 Variation of the centre deflection with hardening exponent for different 

leading edge profiles and material parameters 
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5.3.5 Poisson’s ratio 

The variation of Poisson’s ratio didn’t provide much influence on the selected variables, 

and the same pattern has shown in different leading edges as shown in Fig 5.14 and Fig 

5.15. 

 

Fig 5.14 Variation of the reaction force with Poisson’s ratio for different leading 

edge profiles and material parameters 

 

Fig 5.15 Variation of the centre deflection with Poisson’s ratio for different leading 

edge profiles and material parameters 
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This chapter analysed the reaction force at support (RF) and centre node deflection 

(U) on the leading edges (HT, VT and wing) during soft body impact . The HT and VT 

profiles showed higher reaction forces than the wing leading edge profile. The highest and 

lowest centre displacement is reported on the VT and HT profiles, respectively. It has been 

found out that the elastic modulus, static yield limit, strain hardening modulus, and 

hardening exponent are the most influential parameters on the selected variables. The range 

of values for the multi-objective optimisation of the selected variables (RF and U) are also 

selcted from the parametric study results. The optimization of these material parameters for 

simultaneous reduction of reaction force and centre displacement are explained in the next 

chapter. 
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Chapter 6 

Optimization of the material parameters of the 

aluminium alloy 

6.1 Introduction 

The parametric study done in the previous chapter helped in identifying the material 

parameters which influence the impact behaviour of the leading edges. Parametric analysis 

has been performed using different target material parameters and understanding its 

influence can be useful to tailor the aluminium alloy to improve its mechanical properties. 

From this study, it is understood that target deformation characteristics are mainly 

influenced by the material parameters viz., elastic modulus, static yield limit, strain 

hardening modulus, and hardening exponent. In leading edges, careful design is vital that 

minimize centre displacement and maximize the energy absorption that must ensure the 

protection of internal sensitive components during an impact. Consequently, besides to the 

aerodynamic functions, a leading edge should safeguard the supporting spars and control 

surfaces from such impact damages. Therefore, a simultaneous reduction of reaction force 

and centre displacement is required to improve the energy absorbing characteristics of the 

material against soft body impact. Taguchi’s design of experiments (DoE) with grey 

relational analysis is considered as an effective tool to do a multi objective optimisation. 

The statistical software Minitab® is used for this analysis 

6.2 Optimization procedure 

From the parametric study, it is understood that target deformation characteristics are 

primarily controlled by the parameters such as elastic modulus, static yield limit, strain 

hardening modulus, and hardening exponent. A series of tests is designed as per Taguchi’s 

Design of Experiments (DoE) to optimize the above selected control parameters against 
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bird impact. The parameters studied are analysed for reaction force and the centre node 

deflection observed after complete impact. The contour plots of reaction force and 

displacement are shown in Fig 6.1 and Fig 6.2. From the contour plots, it is clear that the 

reaction force varies with time of impact. When impact starts the maximum reaction force 

concentrates at the centre of the leading edge and with an increase in the time it starts to 

propagate from the centre to the edges and finally it will concentrate on the end nodes. 

Therefore, it is understood that after complete impact maximum reaction force observed at 

the end nodes. Here the soft body is impacting at the centre of the target and the maximum 

displacement occurs at the wing centre. 

    

(a) t=0.0983 ms  (b) t=0.491 ms (c) t=1.47 ms      (d) t=1.96 ms 

Fig 6.1 Reaction force contour plot of wing leading edge at different times 

    

(a) t=0.0983 ms  (b) t=0.491 ms (c) t=1.47 ms          (d) t=1.96 ms 

Fig 6.2 Centre displacement contour plot of wing leading edge at different times 

Optimization of selected significant material parameters is done with simultaneous 

reduction of reaction force and centre displacement against bird impact. Taguchi’s Design 

of Experiments (DoE) combined with grey relational analysis is a strong tool for multi-

objective optimization and its procedure is explained below.   
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6.2.1 Design of Experiments 

 Taguchi’s Design of Experiments (DoE) is used for the simultaneous study of several 

variables with a minimal number of experiments. The present study has three control 

parameters viz. elastic modulus, static yield limit, and strain hardening modulus that vary 

in four levels, and one parameter, the hardening exponent, varies in two levels as shown 

in Table 6.1. While considering the control parameters and their levels, the number of 

analyses required for the optimization study is very high. It is highly complicated and time 

consuming. Therefore, analysis is planned as per Taguchi L16 orthogonal array design as 

shown in Table 6.2. The results of each analysis, reaction force (RF) and centre 

displacement (U) occurred in the wing leading edge after complete impact is detailed in 

Table 6.2. 

Table 6.1 Control parameters and their levels 

Control parameters  Level 1 Level 2 Level 3 Level 4 

Elastic modulus (GPa) E 71 72 73 74 

Static yield limit (MPa) A 265 313 338 359 

Strain hardening modulus (MPa) B 426 457 460 480 

Hardening exponent n 0.34 0.45   
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Table 6.2 Results for the reaction force and centre displacement of sixteen 

different soft body impact experiments. 

 Material parameters Results 

Exp. 
No. 

Elastic 
modulus 

(GPa) 

Static 
yield limit 

(MPa) 

Strain 
hardening 
modulus 
(MPa) 

Hardening 
exponent 

Reaction 
force  

(N) 

Centre 
displacement 

(mm) 

1 71 265 426 0.34 3110 109.031 

2 71 313 457 0.34 3502 105.788 

3 71 338 460 0.45 3477 106.36 

4 71 359 480 0.45 3532 105.008 

5 72 265 457 0.45 2819 110.825 

6 72 313 426 0.45 3241 107.935 

7 72 338 480 0.34 3602 104.027 

8 72 359 460 0.34 3662 103.115 

9 73 265 460 0.34 3255 108.315 

10 73 313 480 0.34 3615 105.136 

11 73 338 426 0.45 3494 106.23 

12 73 359 457 0.45 3592 104.794 

13 74 265 480 0.45 2922 110.379 

14 74 313 460 0.45 3346 107.38 

15 74 338 457 0.34 3656 103.89 

16 74 359 426 0.34 3706 103.073 

 

6.2.2 Grey relational analysis 

As the Taguchi method cannot use for multi-objective optimization, grey relational 

analysis is used to reduce multi-responses into a single response called single relational 

grade. The procedure is as follows: 
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1. The data first be normalized which is derived from the original value to make an array 

in the range between zero and one (Haq et al. 2007). It is desirable to minimize the 

responses, viz. the reaction force and displacement, then smaller the better characteristics 

are used for normalization by the following equation (6.1) 

𝒙𝒊
∗(𝒌) =

𝒎𝒂𝒙 𝒙𝒊(𝒌)ି𝒙𝒊(𝒌)

𝒎𝒂𝒙 𝒙𝒊(𝒌)ି𝒎𝒊𝒏𝒙𝒊(𝒌)
        (6.1) 

Where 𝒙𝒊
∗(𝒌) are the normalised data, 𝒙𝒊(𝒌) are the result values, max  𝒙𝒊(𝒌) and min 

𝒙𝒊(𝒌) are the highest and lowest values of 𝒙𝒊(𝒌) for the kth response, i= 1–16 is the number 

of simulation experiments, and k = 1, 2 is the number of results or responses. The 

normalized data of reaction force and displacement are shown in Table 6.3.  

2. Calculate Grey relational coefficient using the equation (6.2) (Haq et al. 2007).  

𝝃𝒊(𝒌) =
𝜟𝒎𝒊𝒏ା𝝃𝜟𝒎𝒂𝒙

𝜟𝒐𝒊(𝒌)ା𝝃𝜟𝒎𝒂𝒙
         (6.2) 

Where, 𝚫𝒐𝒊 is the deviation sequence of the reference sequence 𝒙𝒐(𝒌) and the 

comparability sequence 𝒙𝒊(𝒌), 

𝜟𝒐𝒊 = ‖𝒙𝒐(𝒌) − 𝒙𝒊(𝒌)‖        (6.3) 

𝜟𝒎𝒊𝒏 and 𝜟𝒎𝒂𝒙 are the smallest and largest values of the absolute differences 𝚫𝒐𝒊  of all 

comparing sequences. 𝝃 is the distinguishing coefficient and in the range between zero and 

one. The value of  𝝃  is chosen as 0.5. 

3. Grey relational grade (GRG) stands for the mean of grey relational coefficients 

corresponding to each result and is the overall representative of all the quality 

characteristics and is calculated by equation (6.4) (Haq et al. 2007). 

𝜸𝒊 =
𝟏

𝒎𝒕
∑ 𝝃𝒊(𝒌)𝒎

𝒌ୀ𝟏                     (6.4) 

 Where, 𝜸𝒊 is the GRG for the ith simulation experiment and 𝒎𝒕 is the total number of 

response characteristics. The normalized values of reaction force and displacement, its grey 

relational coefficients, grey relational grade are calculated, which is presented in Table 6.3 
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Table 6.3 Grey relational grade table 

Ex. 

No. 

Normalized values Grey relational coefficients Grade 

RF U RF U  

1 0.328 0.769 0.6038 0.3941 0.4990 

2 0.770 0.350 0.3937 0.5881 0.4909 

3 0.742 0.424 0.4026 0.5411 0.4719 

4 0.804 0.250 0.3835 0.6670 0.5252 

5 0.000 1.000 1.0000 0.3333 0.6667 

6 0.476 0.627 0.5124 0.4436 0.4780 

7 0.883 0.123 0.3616 0.8025 0.5820 

8 0.950 0.005 0.3447 0.9893 0.6670 

9 0.492 0.676 0.5043 0.4251 0.4647 

10 0.897 0.266 0.3578 0.6526 0.5052 

11 0.761 0.407 0.3965 0.5511 0.4738 

12 0.871 0.222 0.3646 0.6925 0.5285 

13 0.116 0.942 0.8115 0.3466 0.5791 

14 0.594 0.556 0.4570 0.4737 0.4653 

15 0.944 0.105 0.3463 0.8259 0.5861 

16 1.000 0.000 0.3333 1.0000 0.6667 

 

The effects of each material parameters at different levels are represented 

graphically as shown in Fig 6.3 and mean grey relational grade shown in Table 6.4. The 

best material parametric combination is selected as higher the mean relational grade is the 

better from the Table 6.4. 
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Table 6.4 Main effects on mean grey relational grade 

Parameter Grey relational grade Max-

min 
 Level 1 Level 2 Level 3 Level 4 

Elastic modulus 0.4967 0.5984 0.4931 0.5743 0.1054 

Static yield limit 0.5524 0.4849 0.5285 0.5969 0.1120 

Strain hardening 

modulus 

0.5294 0.5681 0.5172 0.5479 0.0508 

Hardening exponent 0.5577 0.5236 - - 0.0341 

 

 

 

 

Fig 6.3 Grey relational grade graph 
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Thus, the optimal combination of material parameters for minimising the reaction 

force and maximum displacement simultaneously is E2A4B2n1, i.e., elastic modulus is 72 

GPa, static yield limit is 359 MPa, strain hardening modulus is 457 MPa and hardening 

exponent is 0.34. The difference of maximum and minimum values of mean grey relational 

grade are 0.1054 for elastic modulus, 0.1120 for static yield limit,0.0508 for strain 

hardening modulus and 0.0341 for hardening exponent (Table 6.4). This result showed that 

the yield stress and elastic modulus are the most influencing parameters on results (RF and 

U) compared to other parameters. The sequence of importance of material parameters on 

multi-responses are static yield limit >elastic modulus > strain hardening modulus > 

hardening exponent.  

6.2.3 Analysis of variance 

When the optimum combination of parameters is selected, next is to carry out 

analysis of variance (ANOVA). It is a statistical technique for predicting the significant 

parameters that affects the multi-responses at 95% confidence level (Datta and Pal 2007). 

From ANOVA, it is understood that elastic modulus and static yield limit are the significant 

material parameters affecting multi responses because its p-values are 0.039 and 0.037, 

respectively which is less than 0.05 at 95% confidence level. But the parameters strain 

hardening modulus and hardening exponent do not show much significance on responses. 

6.2.4 Confirmation test 

 Once the optimum combination of parameters was selected, a confirmation test is 

carried out to validate the improvement of grey relational grade (GRG). The predicted GRG 

at the optimal level (𝜸𝒆) of the selected parameters can be calculated using the following 

equation (Kumar and Sahoo 2013). 

𝜸𝒆 = 𝜸𝒎 + ∑ (𝜸𝒊 − 𝜸𝒎)𝒒
𝒊ୀ𝟏          (6.5) 

Where 𝜸𝒎 is the total mean grey relational grade, q is the number of parameters and 𝜸𝒊 is 

the mean grey relational grade at the optimal level of each parameter. 

 

 

 

 



 

91 
 

  Table 6.5. Confirmation experiment 

 Optimum factors 

Prediction Experiment 

Level E2A4B2n1 E2A4B2n1 

Reaction force  3664 

centre displacement  103.101 

Grey relational grade 0.699 0.669 

 

The predicted grey relational grade is calculated using equation (6.5) is 0.669. The grey 

relational grade obtained from the simulation done by optimum combination of parameters 

E2A4B2n1 is also 0.669 is shown in Table 6.5. 

 

6.3 Analysis of performance improvement for the optimized 
aluminium alloy 

The mechanical property improvement of the optimized aluminium alloy is 

validated by a sequence of quasi-static tension test simulations carried out on specimens of 

optimized AA and AA 2024-T3. A fracture analysis is conducted to find the damage 

initiation and evolution parameters of the optimized aluminium alloy.  

6.3.1 Quasi-static tension test 

The mechanical property improvement of the optimized aluminium alloy is validated 

by a sequence of quasi-static tension tests have carried out on specimens of optimized 

aluminium alloy and AA 2024-T3. The material behaviour of the aluminum layer is 

incorporated through the Johnson-Cook material model (Johnson and Cook 1983). 

Johnson-Cook constitutive model combines strain hardening, temperature effects, and 

strain rate. The elastic stress is described with the parameters modulus of elasticity (E) and 

Poisson’s ratio (ν) and flow stress was defined by the parameters shown in equation (6.6) 

(Johnson and Cook 1983). 

In Johnson-Cook model equivalent the von Mises or flow stress 𝝈ഥ  is defined in the 

form. 
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𝝈ഥ = ൫𝑨 + 𝑩𝜺𝒑
𝒏൯ ቆ𝟏 + 𝑪𝒍𝒏 ቀ

𝜺𝒆̇

𝜺𝟎̇
ቁቇ ൬𝟏 − ቀ𝑻

∗

ቁ
𝒎

൰             (6.6) 

  Where A is the static yield limit at the reference temperature, B is the strain 

hardening modulus, n is the strain hardening exponent, C is the dimensionless strain rate 

hardening coefficient, and m is the coefficient of temperature softening of the material can 

be attained from different tensile tests. 𝜺𝒑 is the effective plastic strain, 𝜺𝒆̇ is the effective 

plastic strain rate, 𝜺𝟎̇ is the reference plastic strain rate, and  𝑻
∗

 is the homologos 

temperature. The parameter values of elastic modulus, static yield limit, strain hardening 

modulus and strain hardening exponent are selected from the optimization study and given 

in Table 6.7. The material parameters of AA 2024-T3 are selected from the literature 

(Johnson and Cook 1983) as mentioned in Table 4.1.  

Table 6.7. The material parameters of optimized aluminium alloy 

ρ  

(Kg/m3) 

E 

(GPa) 

ν A 

(MPa) 

B 

(MPa) 

n m C Tr 

(K) 

Tm 

(K) 

2770 72 0.33 359 457 0.34 1 0.018 293  775  

 

The tension test specimens are modelled according to E8/E8M-11 standards (Fig 

6.4) and varying thicknesses from 0.2 mm to 0.6 mm. The test specimens are meshed with 

8 node brick elements (C3D8R) with reduced integration and enhanced hourglass control. 

A mesh sensitivity analysis is conducted to validate the reliability of the results. The 

numerical convergence test is carried out to verify the accuracy of the elements in this 

specific case where the tension test specimen loaded quasi-statically with a controlled 

displacement rate of 1 mm/min. The tension test simulation model is discretized with 

C3D8R solid elements of different dimensions. These models are numerically analysed to 

verify the accuracy of the models with the experiment test. It is observed that the stress-

strain curve came close to a particular value reported in the experiment test (Sharma et al. 

2017) when total number of elements are selected to be 6174. The size of the elements of 

the test specimen in the gauge area and the excess area was 0.2×0.2×0.2 mm3 and 

0.4×0.4×0.4 mm3, respectively, as shown in Fig 6.5. One end of the specimen is pinned 

with symmetric boundary conditions, and another end is provided with a controlled 

displacement rate of 1 mm/min, as shown in Fig 6.5. A time function with time step 0.01s 

is defined for the displacement (δ) to attain the stress-strain response. The finite element 
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model of the tension test simulation is validated by comparing the stress-strain curve 

obtained in the simulation and experiment test, as shown in Fig 6.6 and Fig 6.7, 

respectively. 

 

Fig 6.4 The geometry of tension test specimen as per E8/E8M-11 standards 

 

 

Fig 6.5 The tension test simulation model with mesh pattern, boundary and loading 

conditions 

The stress-strain response of the optimized aluminium alloy and AA 2024-T3 

obtained from the simulation test is shown in Fig 6.6. The mechanical properties calculated 

from stress-strain curves are detailed in Table 6.8. The stress-strain response of the 

improved aluminium alloy is compared with a simulation test on AA 2024-T3 and an 

experiment test conducted by Sharma et al. (2017) with the same geometry and testing 

conditions. The experiment test had done on a computer-controlled universal testing 

machine with a 25 kN load cell and deformation rate 1 mm /min. with the quasi-static 

loading condition. As shown in Table 6.8 and Fig 6.6, compared with the AA 2024-T3 

specimens, the ultimate strength, yield strength, and deformation energy of the optimized 

aluminium alloy specimen have improved simultaneously. The mechanical properties of 
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the test specimens with different thicknesses are analysed. It is observed that the geometry 

of the specimen depends on these property variations. When the thickness increased, the 

properties, i.e., yield strength, tensile strength, and deformation energy got decreased. From 

this study, it could reasonably infer that the mechanical properties are inter-related to the 

material parameters and geometry of the specimen. From the stress-strain curve, it is clear 

that the strength of the optimized aluminium alloy has increased without sacrificing 

ductility. The optimized AA exhibited mechanical property improvement up to an average 

of 20.84% yield strength, 20% tensile strength, and 25% deformation energy compared to 

AA 2024-T3. The results showed that the optimized aluminium alloy exhibits high yield 

strength, ultimate tensile strength and tensile toughness compared to AA 2024-T3. This 

will helps improve the damage tolerance and strength to weight ratio of the structures. This 

enhancement in material properties ultimately helps to protect support structures and 

internal wing components.  

Table 6.8 Mechanical properties comparison of optimized AA and  

AA 2024-T3 

 Optimized aluminium alloy Standard AA 2024-T3 

0.2  

mm 

0.3  

mm 

0.4 

mm 

0.5  

mm 

0.6  

mm 

0.2  

mm 

0.3  

mm 

0.4 

mm 

0.5  

mm 

0.6 

mm 

Yield 
strength 

(MPa) 

449.6 448.2 447.9 447.1 447.4 355.3 354.9 354.8 354.2 354.3 

Tensile 
strength 

(MPa) 

582.1 578 577.7 577.4 577.9 468.6 467.4 467.2 467.3 466 

Deformation 
energy 

(J/mm3) 

65.76 64.99 63.6 63.31 62.13 49 48.22 47.93 47.94 46.94 
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Fig 6.6 Stress-strain curve comparison of optimized AA and AA 2024-T3 

 

Fig 6.7 Stress-strain curve of aluminium alloy (AA 2024-T3) experiment test (A2-0.2 

mm, A4- 0.4 mm, A6-0.6 mm)  

[Reprinted from Composites Part B: Engineering, Vol. 125, Ankush P. Sharma, 

Sanan H. Khan, Venkitanarayanan Parameswaran, “Experimental and numerical 

investigation on the uni-axial tensile response and failure of fiber metal laminates,” 

pp. 259-274, © 2017, with permission from Elsevier.] 



 

96 
 

Table 6.9 Isotropic hardening details of optimized aluminium alloy 

Flow stress 
(MPa) 

270 449 480 500 516 531 543 554 565 576 578 

Plastic 
strain (%) 

0 0.8 2 3.1 4.4 5.6 6.8 8.2 9.6 11.1 11.9 

 

 

Fig 6.8 Stress-strain parameters of optimized aluminium alloy at ultimate stress 

point 

6.3.2 Failure analysis of optimized aluminium alloy 

Failure analysis is performed to find the damage initiation and evolution parameters 

of the optimized aluminium alloy. The isotropic hardening data for the optimized 

aluminium alloy and AA 2024-T3 are fetched from the tensile test results and is given in 

Table 6.9. The isotropic hardening data for AA 2024-T3 are in good agreement with 

experimental test results (Sharma et al. 2017) under the same specimen and loading 

conditions (Table 6.10). Flow stress and plastic strain define the plastic behaviour of the 

material. The test specimen of 2 mm thickness is loaded at a controlled displacement rate 
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up to the breaking point, and a sudden failure occurred after the ultimate stress point. The 

profile of the test specimens before and after impact is shown in Fig 6.9. The stress-strain 

curve of optimized aluminium alloy (Fig 6.10) showed significant improvement in energy 

absorption compared to AA 2024-T3. The optimized aluminium alloy and AA 2024-T3 

showed ultimate stress values of 584.7 MPa and 469.4 MPa at corresponding strain values 

of 0.1256 and 0.1154, respectively. After failure, the stress of the optimized aluminium 

alloy reached 370.6 MPa, and the stress of AA 2024-T3 reached 170.8 MPa. 

Table 6.10 The stress-strain data of AA 2024-T3 (experiment test and simulation), 

optimized aluminium alloy(simulation) (2 mm test specimen) 

AA 2024-T3  

(Experiment) (Sharma et al. 
2017) 

AA 2024-T3  

(Simulation) 

Optimized 
aluminium alloy 

Flow stress 
(MPa) 

Plastic strain 
(%) 

Flow stress 
(MPa) 

Plastic strain 
(%) 

Flow 
stress 
(MPa) 

Plastic 
strain 
(%) 

294 0  277 0  274 0 

335 1.1 335 1.07 450 0.8 

362 2.2 360 2.2 480 2.01 

381 3.2 381 3.6 501 3.23 

399 4.4 399 4.5 517 4.44 

415 5.5 413 5.7 531 5.67 

430 6.7 436 6.9 543 6.92 

443 7.8 446 8.1 554 8.23 

459 9.2 456 9.3 565 9.62 

469 10.1 464 10.7 576 11.1 

480 11.2 478 11.4 581 12.1 

 

The plastic deformation failure model includes the product of failure strain, stress 

triaxiality, and strain rate. The damage initiation and evolution parameters of the optimized 

aluminium alloy are found out from the fracture analysis. Damage initiation parameters, 
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failure strain and stress triaxiality, are recorded directly from the ABAQUS output check 

card. 

After damage initiation, an accurate representation of the stress-strain curve is very 

difficult in ductile materials. The ductile damage initiation failure model is the product of 

failure strain, stress triaxiality and strain rate (Seidt and Gilat 2013). The fracture energy is 

defined with the equation (6.7) suggested by Hillerborg (1985). 

𝑮𝒇=∫ 𝝈𝒇𝒅𝒖ഥ 
𝒖ഥ𝒇

𝟎
         (6.7) 

Where, 𝝈𝒇 is the ultimate stress and 𝒖ഥ𝒇  is the plastic displacement at failure. The 

fracture energy of the optimized aluminum alloy is found out as 49.26 KJ/m2. Fig 6.7 shows 

the specimen at ultimate stress condition and at the breaking stress condition. The damage 

variables of the optimized aluminium alloy are shown in Table 6.11.  

  

Fig 6.9. Test specimen models of 2mm thickness (a) AA 2024-T3 at ultimate stress 

point (b) AA 2024-T3 at breaking stress point (c) optimized aluminium alloy at 

ultimate stress point (d) optimized aluminium at breaking stress point 
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Fig 6.10 Stress-strain curve comparison of optimized AA and AA 2024-T3 (2 mm 

thickness specimen) till failure 

Table 6.11 Damage parameters of the optimized aluminium alloy  

Damage initiation Damage evolution 

Fracture strain Stress triaxiality Strain rate (/s) Fracture energy (kJ/m2) 

0.1685 -1.307 0.0012 49.26 

 

6.3.3 Impact analysis on optimized aluminium alloy  

The response of the optimized aluminium alloy plate against soft body impact is 

investigated using the finite element software ABAQUS/Explicit. The geometric model of 

the soft body is modelled, as shown in Fig 6.11. The previously validated soft body model 

is used as the projectile. The aluminium alloy square plate of 200 mm is created in the 

ABAQUS part module. This model is meshed   with C3D8R solid continuum elements, as 

shown in Fig 6.11. The impact velocity of 117 m/s is selected as per the certification 

requirements. The interaction between the soft body and the aluminium alloy plate is 

established as a general contact in a pure master-slave approach. This response helps to 

read the accurate results as the behaviour of the soft body is highly nonlinear. The edges of 

the aluminium plate are constrained with all degrees of freedom, as shown in Fig 6.12. The 

soft body is imparted on the 200 mm aluminium plate with an impact velocity of 117 m/s.  
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Fig 6.11 Model of soft body projectile and aluminium plate (All dimensions in mm) 

 

Fig 6.12 Loading and boundary conditions of soft body and aluminium plate 

The trajectory of the reaction force versus displacement can be divided into three 

parts. At first, during impact with a velocity of 117 m/s, the front face of the soft body 

projectile is immediately brought to rest. As a result, a shock wave (called Hugoniot shock) 

is formed after the body strikes the target (Fig 6.13). There is a minor change in the reaction 

force values with displacement. At this point, the relationship between reaction force and 

displacement is linear. This response can be ascribed due to the prime contact between the 
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soft body and the plate. The particles at the end of the soft body meet with a high-pressure 

gradient because of the initial shock pressure.  

 

Fig 6.13 Reaction force versus displacement curve of optimized aluminium alloy  

Owing to this high-pressure gradient soft body flows over the plate, and particles accelerate 

outwards to form a release wave. The release wave propagates towards the impact centre, 

which interacts with the shock wave. Then the reaction force value gradually increases with 

the displacement due to the film reaction of the aluminium alloy plate. At the shock decay 

stage, pressure decreases at the impact point due to the interaction between the shock wave 

and release wave. In the steady flow stage, the soft body starts to flow steadily after multiple 

interactions between the shock and release waves. The latter phase of impact is 

characterized by the decay of the impact forces and pressure exerted on the target. Pressure 

gradually decreases as the release waves interact with shock waves. The soft body flows 

completely radially at the point where steady flow is obtained, reaching a steady stagnation 

point. Once the reaction force value reaches a peak value, it gradually reduces as the 

projectile propagates through the area. Fig 6.14 and Fig 6.15 show the deformation pattern 

of the soft body and aluminium plate at different times. 
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(a) t=0 ms  (b) t=0.5ms   (c) t=1 ms  (d) t=1.5 ms  (e) t=1.94ms. 

Fig 6.14 Deformation pattern of the SPH soft body at different times when 

impacting on aluminium plate  

 

(a) t=0 ms  (b) t=0.5 ms   (c) t=1 ms      (d) t=1.5 ms       (e) t=1.94ms. 

Fig 6.15 Deformation pattern of the aluminium plate at different times when 

impacted with a SPH soft body  

This chapter concluded that the performance improvement of the optimized 

aluminium alloy helps protect the support structure and wing components. The optimized 

aluminium alloy showed higher energy absorption capacity and better resistance to a bird 

strike. The aluminium alloy skin must absorb most of the impact energy and transmit less 

load to the support components while reducing wing centre displacement to protect the 

inner wing components. Therefore, this optimized aluminium alloy can be used as an 

alternative material to fabricate the GLARE laminates for wing leading edges instead of 

AA 2024-T3 in conventional GLARE laminates. 
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Chapter 7 

Analysis of performance improvement for fibre metal 

laminates 

7.1 Introduction 

Wing leading edges are fabricated using Glass Aluminium Reinforced Epoxy (GLARE) 

laminate which includes alternatively arranged aluminium alloy and glass fibre epoxy 

layers. These laminates exhibit excellent fatigue and impact resistance. The GLARE 

laminates also express strain rate dependency, and this property allows high energy 

absorption when experiencing a high-velocity impact (Volt 1996). The properties of 

different GLARE laminates are explained in the literature (Sinmazcelik et al. 2011; Sadighi 

et al. 2012; Botelho et al. 2006; Gunnink et al. 2002; Alderliesten et al. 2003). Of the 

available GLARE grades, GLARE 3 and GLARE 5 are specifically manufactured for 

impact resistance. In a coding system, a GLARE laminate is defined as GLARE 5-2/1-0.2 

means that: GLARE 5- a glass-based laminate with [0/90/90/0] orientation of glass fibres, 

2/1- one glass/ epoxy layer is bonded between two number of aluminium layers and 0.2- 

thickness of the aluminium alloy sheets. The studies to improve the properties of GLARE 

have been broadened due to its enriched impact and fatigue properties compared to other 

substitutes of equal areal density (Fatt et al. 2003).  

The performance improvement of the fibre metal laminates tailored with optimized 

aluminium alloy is validated with the comparison of conventional GLARE laminates. 

Three GLARE laminates are tailored with glass fibre epoxy layers and optimized 

aluminium alloy layers. The improvement in mechanical properties of the GLARE 

laminates tailored with optimized aluminium alloy is verified by comparing their 

performance with GLARE laminates tailored with AA 2024-T3. 
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7.2 Fibre metal laminate modelling 

The finite element software ABAQUS is used to generate numerical simulations to 

discover the nonlinear tensile response behaviour of GLARE laminates.  The GLARE 

laminates are tailored with aluminium alloy layers and glass/epoxy prepreg layers. 

Glass/epoxy exhibits limited ductility before fracture, but the average strain to failure of 

the aluminium alloy is 13%. Owing to these different material properties, different material 

models are essential to represent their respective behaviour. 

 

7.2.1 Composite material layer modelling 

Intra laminar failure model 

Hashin proposed (Hashin and Rotem 1973) and later modified (Hashin 1980) a 

failure criterion which is available in ABAQUS is used to predict the damage modes in the 

composite part of the tension test specimen. The four failure modes are given in equations 

(7.1) to (7.4) 

Fibre tension (𝝈ෝ𝟏𝟏 ≥  𝟎)    

𝑭𝒇
𝒕 = ቀ

𝝈ෝ𝟏𝟏

𝑿𝒕
ቁ

𝟐

+ 𝜶 ቀ
𝝈ෝ𝟏𝟐

𝑺𝑳
ቁ

𝟐

        (7.1) 

Fibre compression(𝝈ෝ𝟏𝟏  ≤ 𝟎)  

𝑭𝒇
𝒄 = ቀ

𝝈ෝ𝟏𝟏

𝑿𝒄
ቁ

𝟐

          (7.2) 

matrix tension (𝝈ෝ𝟐𝟐  ≥ 𝟎)  

𝑭𝒎
𝒕 = ቀ

𝝈ෝ𝟐𝟐

𝒀𝒕
ቁ

𝟐

+ቀ
𝝈ෝ𝟏𝟐

𝑺𝑳
ቁ

𝟐

         (7.3) 

Matrix compression (𝝈ෝ𝟐𝟐  ≤ 𝟎)  

𝑭𝒎
𝒄 = ቀ

𝝈ෝ𝟐𝟐

𝟐𝑺𝑻
ቁ

𝟐

+൤ቀ
𝒀𝒄

𝟐𝑺𝑻
ቁ

𝟐

− 𝟏൨ ቀ
𝝈ෝ𝟐𝟐

𝒀𝒄
ቁ + ቀ

𝝈ෝ𝟏𝟐

𝑺𝑳
ቁ

𝟐

      (7.4) 
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Effective stress tensor components are 𝝈ෝ𝒊𝒋 (i,j = 1,2), the tensile or compressive 

strength of  fibre metal laminates in longitudinal and transverse directions denoted by 𝑿𝒕(𝑿𝒄 

) and 𝒀𝒕(𝒀𝒄) respectively. 𝑺𝒋  (j = L) indicates in-plane shear strength and 𝑺𝒋  ( j = T) 

indicates out-of-plane shear strength. When  𝑭𝒊
𝒋 (i=f, m and j=c, t) meets unity it represents 

the failure has taken place in the equivalent mode (Hashin 1980). 

When the damage norms have been fulfilled, the degradation of the material is 

represented using damage attributes 𝒅𝒎, 𝒅𝒇 and  𝒅𝒔  which defines the present condition of 

matrix damage, fibre damage and shear damage respectively. These parameters constantly 

modify from zero (undamaged state) to one (completely degraded material). The material 

behaviour is linearly elastic before failure initiates. When the relation between stress and 

strain is {σ}=[C]{ε}, in which [C] represents elasticity matrix. When failure initiated [C] 

replaced to damaged elasticity matrix [𝑪𝒅] is shown in equation (7.5) (Lapczyk and 

Hurtado 2007) 

(𝑪𝒅)=
𝟏

𝑫
ቌ

൫𝟏 − 𝒅𝒇൯𝑬𝟏 ൫𝟏 − 𝒅𝒇൯(𝟏 − 𝒅𝒎)𝝂𝟐𝟏𝑬𝟏 𝟎

൫𝟏 − 𝒅𝒇൯(𝟏 − 𝒅𝒎)𝝂𝟏𝟐𝑬𝟐 (𝟏 − 𝒅𝒎)𝑬𝟐 𝟎

𝟎 𝟎 (𝟏 − 𝒅𝒔)𝑮𝟏𝟐𝑫

ቍ (7.5) 

Where D= 1-൫𝟏 − 𝒅𝒇൯ (𝟏 − 𝒅𝒎)𝝂𝟏𝟐𝝂𝟐𝟏, 𝑬𝟏 and 𝑬𝟐 are the logtitudinal and transverse 

modulus, 𝝂𝟏𝟐 is the Poisson’s ratio and 𝑮𝟏𝟐 is the modulus of rigidity. 

Table 7.1 The mechanical properties of S2 glass/epoxy  

(Seo et al. 2010; Koohbor et al. 2014; Scalici et al. 2015) 

𝑬𝟏 𝑬𝟐 𝝂𝟏𝟐 𝑮𝟏𝟐 𝑮𝟐𝟑 𝑿𝒕 𝑿𝒄 𝒀𝒕  

30.5 GPa 4.03 GPa 0.29 2.08 GPa 1.44 GPa 700 MPa 350 MPa 39 MPa 

 

𝒀𝒄 𝑮𝟏𝒕 𝑮𝟏𝒄 𝑮𝟐𝒕 𝑮𝟐𝒄 𝑺𝟏𝟐 

128 MPa 92 N/mm 79 N/mm 0.22 N/mm 0.61 N/mm 50 MPa 

 

Inter-laminar failure model 

The quadric traction behaviour between the cohesive surfaces is considered to 

capture the delamination between the laminate plies. This approach uses classical bilinear 

traction separation law between the surfaces. A traction displacement correlation is applied 
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between the common node of the interface. when the delamination initiates, the common 

node distorts and fails. The traction induced between the surfaces is described with a linear 

relationship in equation (7.6). 

𝒕ො=൝

𝒕𝒏

𝒕𝒔

𝒕𝒕

ൡ=൥

𝑲𝒏𝒏 𝟎 𝟎
𝟎 𝑲𝒔𝒔 𝟎
𝟎 𝟎 𝑲𝒕𝒕

൩ ൝

𝜹𝒏

𝜹𝒔

𝜹𝒕

ൡ        (7.6) 

Where, 𝒕𝒊 are the traction vectors, 𝒌𝒊𝒊 are the coefficients of stiffness and 𝜹𝒊 are relative 

displacements at contact point. The damage initiation is defined with the quadric nominal 

stress criterion for cohesive surfaces 

         ቄ
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𝒕𝒔
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𝟐

+ ቄ
𝒕𝒕

𝒕𝒕
𝟎ቅ

𝟐

= 𝟏       (7.7) 

where 𝒕𝒏
𝟎  , 𝒕𝒔

𝟎, 𝒕𝒕
𝟎 are the strength attributes at interface and 〈. 〉 is the Macaulay bracket. 

Benzeggagh-Kenane criterion (Benzeggagh and Kenane 1999) is used to define linear 

damage evolution. The  𝑮𝑰𝒄, 𝑮𝑰𝑰𝒄 and  𝑮𝑰𝑰𝑰𝒄 are the failure energy at different modes. 

Delamination modelling have been explained in literature (Davila et al. 2001; Campilho et 

al. 2013) detailly. 

Table 7.2 Material properties of epoxy layer  

(Scalici et al. 2015) 

𝑲 𝒕𝒏
𝟎  𝒕𝒔

𝟎 𝒕𝒕
𝟎 𝑮𝑰𝒄 𝑮𝑰𝑰𝒄 𝑮𝑰𝑰𝑰𝒄 ᵝ 

 
10଺ 

N/mmଷ 
39 

MPa 
50 

MPa 
50 

MPa 
0.22 

N/mm 
0.36 

N/mm 
0.36 

N/mm 
1.42 

 

7.2.2 Metallic layer modelling 

The material behaviour of the metallic layer is defined with Johnson Cook failure 

model as explained in section 6.2. The damage behaviour is defined with ductile damage 

model. The strength parameters of the optimized aluminium alloy are given in Table 6.7.  

The damage initiation and evolution parameters had obtained from the fracture analysis 

carried out on optimized aluminium alloy specimen and are detailed in Table 6.11.  
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7.3 Tension test analysis on fibre metal laminates 

The tension test analysis is carried out to study the performance improvement of the 

GLARE laminates tailored with optimized aluminium alloy than conventional GLARE 

laminates. The improvement of the properties is investigated by analysing on damage 

(aluminium yielding, matrix failure, fibre failure and delamination) and strength properties 

(yield strength, tensile strength and deformation energy). The GLARE 5 and GLARE 3 are 

the laminates considered for this study mainly designed for impact resistance. Three 

GLARE laminates with different configurations also analysed to study the effect of 

thickness, metal stacking sequences and fibre orientations.  

7.3.1 Finite element modelling procedure 

The finite element model of the GLARE laminate specimen is validated with an 

experimental test done by Vlot and Gunnink (2001). For this purpose, tension test 

simulation is carried out on a GLARE 5-2/1 with [0/90/90/0] fibre-oriented glass epoxy 

prepreg layers stacked between layers of AA 2024-T3. The GLARE laminate specimen 

model is built in the pre-processing module of ABAQUS/CAE according to ASTM D-

3039. The straight rectangular tension test specimen of length 305 mm and a width of 25.5 

mm is modelled. The dimensions, boundary conditions, and loading directions are 

explained in Fig 7.1. Each layer of the GLARE laminate specimen is modelled separately, 

and the appropriate local orientation is applied. These metal and composite layers are then 

assembled into specific configurations. The tension test models are numerically analysed 

to verify the accuracy of the finite element model with the experimental test. It is observed 

that the stress-strain curve obtained in simulation have good agreement with experiment 

test (Vlot and Gunnink 2001) when the size of the elements is selected to be 0.2×0.2×0.2 

mm3, as shown in Fig 7.1. Each composite layer has meshed with 4576 continuum shell 

elements (SC8R), and the aluminium layer meshed with 4576 solid brick elements 

(C3D8R). Stiffness and enhanced hourglass controls are applied to continuum shell 

elements and solid continuum elements. Two elements are placed through the thickness of 

each layer to make the results are mesh independent. The coefficient of friction between 

the metal plies and composite plies is chosen as 0.3, while among composite plies, the value 

of 0.5 is selected based on a previous study (Shi et al. 2014). One end of the specimen is 
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constrained with all degrees of freedom, and the other gripped end is provided with a 

displacement of 1 mm/min. 

 

Fig 7.1 The tension test simulation model of GLARE 5-2/1 specimen with mesh 

pattern, boundary and loading conditions  

After the validation of the GLARE laminate model, three GLARE laminates has 

been modelled with different stacking sequences and metal thicknesses while keeping the 

overall thickness the same. Then tension test simulations are carried out to compare the 

improvement of strength and damage properties of GLARE laminates tailored with 

optimized aluminium alloy compared to GLARE laminates tailored with AA 2024-T3. The 

details of GLARE laminates considered in this study are shown in Table 7.3. 

Table 7.3 Details of GLARE laminates considered for tension test simulation  

code Lay-up sequence Aluminium 

thickness (mm) 

Total thickness 

(mm) 

GLARE 5-2/1-0.2 A2/0/90/90/0/A2 0.2+0.2 1.7 

GLARE 3-3/2-0.2 A2/0/90/A2/90/0/A2 0.2+0.2+0.2 1.7 

GLARE 5-2/1-0.4 A4/0/90/90/0/A4 0.4+0.4 1.7 

7.4 Results and discussion 

7.4.1 Finite element model validation 

To verify the finite element modelling approach used, the FE model is validated 

with the experimental results available in the literature (Vlot and Gunnink 2001). For 

validation, tension test simulations are carried out on a GLARE 5-2/1 with [0/90/90/0] 
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fibre-orientated glass epoxy prepreg layers stacked between layers of AA 2024-T3. The 

tensile specimen model was validated by comparing the stress-strain response of GLARE- 

5-2/1 obtained from experimental tests (Vlot and Gunnink 2001) and numerical 

simulations, as shown in Fig. 7.2. The stress-strain curve exhibited a linear behaviour up 

to the yield point. Until now, aluminium and composite layers are loaded by their elastic 

modulus. Stress-strain curves predicted from FEA are consistent with experimental tests 

under longitudinal tensile loading, validating the finite element modelling approach. It is 

seen that, in general, the model fits the experimental data fairly well, with some deviation 

at high stress. The ultimate strength of the GLARE laminate in finite element simulation is 

719 MPa, While GLARE laminate specimens used for experimental testing were observed 

to be 696 MPa on average. However, in simulations and experimental tests, the failure 

strain of GLARE laminates is approximately 4%. This is typically the failure strain 

observed for the unidirectional S2 glass prepregs. 

 

Fig. 7.2 FEM prediction of stress–strain curve for GLARE 5-2/1 compared to 

experimental results from Ref. (Vlot and Gunnink 2001) 

While analysing the simulation results, the stress-strain curve exhibited a linear 

behaviour up to the yield point. Until this point, both aluminium and composite layers are 

loaded by their elastic modulus. When the stress reaches 296 MPa, the aluminium layer 

begins to yield, as shown in Fig 7.3 (b) and Fig 7.3 (b1). As a result, the load-carrying 
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capacity of aluminium decreased. But when the load increasing the stress increasing. This 

stress increase is due to the support by the composite layer to the fibre metal laminate. After 

yielding, the stress-strain curve exhibited nonlinear hardening behaviour until the ultimate 

stress is reached. As shown in Fig 7.3 (c), a side view of the specimen can be seen at the 

stress level of 339.5 MPa, where the matrix tension failure begins. The Fig. 7.3 (d) shows 

an edge view of the specimen visible at a stress level of 719 MPa, where fibre tensile failure 

begins, the ultimate stress level. The ultimate stress occurred at maximum in-plane strain 

of 4 %. After fibre failure, sudden stress drops to 700 MPa at a maximum in-plane strain 

of 4.5 %, as shown in Fig 7.3 (d). 

 

Fig 7.3 The edge view and stress-strain contours of the GLARE-5-2/1 laminate 

tailored with AA 2024-T3 

7.4.2 Performance improvement study of the GLARE laminate with 
optimized aluminium alloy 

A tension test simulation is carried out on the same finite element model of GLARE 

5-2/1 with optimized aluminium alloy. The improvement of the mechanical properties 

during tension loading are analysed. The edge view and stress levels at different points are 

shown in Fig 7.4. Aluminium yields only when the stress level reached 384 MPa, as shown 

in Fig 7.4 (b) and Fig 7.4 (b1). The stress point at which aluminium yields showed 

exhibited a significant improvement over that of the conventional GLARE laminates as in 
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Fig 7.3 (b) and Fig 7.3 (b1). Matrix tension failure initiation is also observed in the 

increased stress level of 438.7 MPa, as displayed in Fig 7.4 (c) and Fig 7.4 (c1). However, 

fibre tension failure initiated at approximately the same stress-strain conditions in both 

GLARE laminates. After the matrix failure the composite layers become the main load 

carrying element. This is why the fibre tension failure initiated at same stress points in both 

GLARE laminates. Maximum in-plane strain increased slightly at ultimate stress and stress 

drop levels. In the side view of the test specimen displayed in Fig 7.3 (d) and Fig 7.3 (e), 

the aluminium layers are visible in green colour, while in Fig 7.4 (d) and Fig 7.4 (e), the 

aluminium layers are visible in yellow colour. These stress profiles showed that the 

aluminium layer with optimized aluminium alloy achieves more energy absorption capacity 

than the AA 2024-T3 layer. Delamination is observed in all layers, but complete 

delamination has not occurred in both cases. The quadric traction for cohesive surfaces is 

more in between metallic to composite layers than composite to composite layers. 

 

Fig 7.4 The edge view and stress-strain contours of the GLARE-5-2/1 laminate with 

optimized aluminium alloy 

7.4.3 Comparison study of different GLARE laminates  

In order to estimate the damage and strength properties of the GLARE laminates 

tailored with optimized aluminium alloy, three finite element models with different metal 

thickness and metal stacking sequences are correspondingly generated and compared with 

GLARE laminates tailored with AA 2024-T3. The performance of the GLARE laminates 

is compared based on damage variables, i.e., yielding of aluminium, matrix tension failure, 
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fibre tension failure and delamination. The performance of the GLARE laminates also 

compared based strength attributes, i.e., yield strength and deformation energy. The results 

of tension test simulations on these GLARE laminate configurations as mentioned in Table 

7.3 is described below 

Response of GLARE 5-2/1-0.2 laminate 

The stress-strain response of the 5-2/1-0.2 laminate is shown in Fig 7.5. When the 

tension loading increased in the first stage, a more or less similar slope is noticed in both 

GLARE laminates. After this, a change in slope is observed at 397 MPa and 316 MPa for 

GLARE laminate with optimized AA and AA 2024-T3, respectively. This change is 

accepted to be due to the yielding of aluminium alloy. A significant increase in the yield 

strength can be observed in the GLARE laminate tailored with optimized aluminium alloy. 

As the loading increased, the composite failure is initiated, and the matrix failure is the first 

incident to notice, as shown in Fig 7.6 (b). The Fig 7.6 (b1) shows a finite element analysis 

image of the corresponding stress level and the evolved Hashin damage variable indicating 

matrix tension failure. Fibre tension failure occurs at nearly the same ultimate stress level 

in both GLARE laminates. Finite element analysis does not show a fully developed 

delamination (CSQUADSCRT) variable at interface layers, i.e., metallic to composite 

layers or composite to composite layers. Quadric traction behaviour between the cohesive 

surfaces is observed to be more between aluminium alloy to composite layer than between 

the other composite to composite layers, as shown in Fig 7.6 (d), (e) and (f). In the 

aluminium alloy yielding event, a 20.4 % increase in yield strength is noted, while in matrix 

failure occasion, 21.6% growth in strength is observed in GLARE laminate tailored with 

optimized aluminium alloy when comparing both GLARE laminates. 

 

Fig 7.5 Stress-strain comparison curve of GLARE 5-2/1-0.2 laminate 
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Fig 7.6 Failure events of GLARE 5-2/1-0.2 laminate (a) AA yielding (b) Matrix 

failure (c) Fibre failure (d) (e) and (f) delamination at different layers 

Response of GLARE 3-3/2-0.2 laminate 

The stress-strain plot for GLARE 3-3/2-0.2 laminates is shown in Fig 7.7. The 

stress-strain curve of both GLARE laminates exhibited a similar initial slope up to a point. 

However, after a point, the slope changes due to metal yielding. Fig 7.8 shows different 

failure events for GLARE 3-3/2-0.2. The matrix tension damage initiation was the next  
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Fig 7.7 Stress-strain comparison curve of GLARE 3-3/2-0.2 laminate 

 

 

Fig 7.8 Failure events of GLARE 3-3/2-0.2 laminate (a) AA yielding (b) Matrix 

failure (c) Fibre failure (d), (e) and (f) delamination at different layers 
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event, as shown in Fig 7.8 (b), followed by fibre tension failure, as shown in Fig 7.8 (c). 

Compared to conventional GLARE laminate, the matrix tension failure in new GLARE 

laminate occurred at a higher stress magnitude. As the matrix was not the principal load 

conveying element in the GLARE laminate, its damage is not indicated by an apparent shift 

in the stress-strain plot. The fibre tension failure is initiated when the ultimate strength of 

GLARE laminate has arrived. Quadric traction behaviour between the cohesive surfaces is 

observed to be more between Al to composite layer, as shown in Fig 7.8 (d), and this value 

is noticed to be lower than GLARE 5-2/1-0.2 laminate. The delamination variable for 

cohesive surfaces between composite layers, as shown in Fig 7.8 (e), is higher than for 

GLARE 5-2/1-0.2 laminate. In the yielding aluminium event, a 21.7 % increase in yield 

strength is noticed, while in matrix failure occasion, 18.4 % growth in strength has been 

observed in new GLARE laminates when comparing both GLARE laminates. 

Response of GLARE 5-2/1-0.4 laminate 

The stress-strain plot of GLARE 5-2/1-0.4 laminates is shown in Fig 7.9. Like the 

other two laminates, the point at which the aluminium layer yields exhibited a significant 

improvement from stress level 318 MPa to 400 MPa, followed by matrix failure at stress 

magnitude of 353 MPa to 445 MPa. Fibre failure initiated at almost the same ultimate stress 

values. GLARE 5-2/1-0.4 laminate displayed a different strain behaviour than the other two 

laminates. This laminate showed the maximum strain (5.4%) for the same displacement 

rate. Quadric traction behaviour between the cohesive surfaces is observed to be more 

between composite-to-composite layers than between aluminium to composite layers, as 

seen in Fig 7.10 (d), (e) and (f). The CSQUADSCRT variable displayed higher values 

between all interface layers than the other two laminates. But when subjected to impact, 

comparatively less delamination is observed in GLARE laminates having all composite 

layers arranged together. This is considered to be due to fibre bridging. In the yielding 

aluminium event, a 20.5 % increase in yield strength is noticed, while in the matrix failure 

incident 20.67 % rise in strength has observed when comparing both GLARE laminates. It 

has also been noted that the GLARE 5-2/1-0.4 shows a 49.6% improvement in tensile 

toughness or energy absorption capability till failure than the other two laminates for the 

same displacement rate. Table 7.4 summarises the comparison of the failure events of the 

three different GLARE laminates, which are tailored with optimized AA and with AA 

2024-T3. 
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Fig 7.9 Stress-strain comparison curve GLARE 5-2/1-0.4 laminate 

 

 

Fig 7.10 Failure events of GLARE 5-2/1-0.2 laminate (a) AA yielding (b) Matrix 

failure (c) Fibre failure (d), (e) and (f) delamination at different layers. 
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Table 7.4 Summary of the comparison of GLARE laminates 

 GLARE 5-2/1-0.2 
laminate 

GLARE 3-3/2-0.2 
laminate 

GLARE 5-2/1-0.4 
laminate 

 Optimized 

AA 

AA 
2024-

T3 

Optimized 

AA 

AA 
2024-

T3 

Optimized 

AA 

AA 
2024-

T3 

Stress at 
aluminium 

yields (MPa) 

397 316 400 319 402 318 

Stress at matrix 
failure (MPa) 

443 347 442 364 446 353 

Stress at fibre 
failure (MPa) 

728 726 734 733 736 735 

Strain at 
ultimate stress 

0.028 0.0278 0.0301 0.0284 0.0543 0.0541 

 

This chapter aimed to investigate the effect of optimized aluminium alloy material 

parameters on the properties of GLARE laminates. The tension test simulations verified the 

improvement of the energy absorption characteristics of the GLARE laminates tailored 

with the optimized aluminium alloy. GLARE laminates with different metal stacking 

sequences and metal thicknesses are tailored with optimized AA and conventional AA 

2024-T3. A series of tension test simulations are conducted to examine the strength and 

damage behaviours of the GLARE laminates. After full loading, the GLARE laminates 

tailored with AA 2024-T3, i.e., GLARE 5-2/1-0.2 laminate, GLARE 3-3/2-0.2 laminate 

and GLARE 5-2/1-0.4 laminate, showed percentage elongations of 2.78 %, 2.84 % and 

5.41%, respectively. Whereas, the GLARE laminates tailored with optimized AA, i.e., 

GLARE 5-2/1-0.2 laminate, GLARE 3-3/2-0.2 laminate and GLARE 5-2/1-0.4 laminate, 

showed elongations of 2.8 %, 3.01 % and 5.43 %, respectively. The GLARE laminate with 

a thicker metal layer showed a higher percentage of elongation. This response is considered 

to be due to higher metal yielding. The aluminium layer started yielding at stress levels that 

are 20.4 %, 21.7 % and 20.5 % higher in GLARE 5-2/1-0.2, GLARE 3-3/2-0.2 and GLARE 

5-2/1-0.4, respectively while comparing the relative stress points noticed in GLARE 

laminates tailored with AA 2024-T3. The matrix tension failure event is originated at stress 

points that are 21.6%,18.4% and 20.67% higher in GLARE 5-2/1-0.2, GLARE 3-3/2-0.2 

and GLARE 5-2/1-0.4 laminates when comparing the relative stress levels noticed in 
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conventional GLARE laminates. All GLARE laminates have nearly the same ultimate 

strength under fibre failure conditions, regardless of metal thickness, and stacking 

sequences. It has been observed that the GLARE 5-2/1-0.4 laminate with optimized AA 

showed a 49.6% improvement in tensile toughness or deformation energy than the other 

two laminates for the same displacement. Delamination started in all interface layers of 

GLARE laminates, but complete delamination is not seen between any layers in any 

laminates.  

Fibre tension failure eventually occurred at the ultimate stress level, and the stress 

decreases after fibre breakage.  It is essential to understand the behaviour of composite 

structures under soft body impact loading. The GLARE laminate with thicker metallic layer 

(GLARE 5-2/1-0.4 laminate) showed a different stress-strain curve compared to other two 

laminates. One more laminate (GLARE 5-2/1-0.6), which have more thickness in metal 

layer is selected to study the effect of metal thickness during soft body impact simulation, 

In the next chapter, soft body impact simulations have carried out on four different fibre 

metal laminates whose total metal layer thickness are same. Then observed the influence 

of metal thickness and stacking sequences on soft body impact response and damage 

behaviour of GLARE laminates. 
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Chapter 8 

Soft body impact analysis on GLARE laminates 

8.1 Introduction 

This chapter investigate the strength and damage behaviour of different GLARE 

laminates subjected to soft body impact. The GLARE laminates have different metal 

thicknesses, fibre orientations, and stacking sequences, while total thickness remains same. 

The GLARE 5 and GLARE 3 are the laminates considered for this study which are designed 

for impact resistance. These configurations offer excellent energy absorption (Asundi and 

Choi 1997).), good out-of-plane impact resistance (Sadighi et al. 2012), and low 

manufacturing costs compared to the other GLARE laminates. Since soft body impact is a 

non-linear transient phenomenon. It is challenging to monitor experimentally, especially 

damage initiation and propagation in the laminates.  Such internal cracks can grow severely 

as the structure becomes less solid and less stable. Hence, the damage due to soft-body 

impact on aircraft structure requires more observation and understanding to develop better 

impact-resistant materials. However, the researchers have not done a comparative study 

within the different GLARE laminates to study the interlayer failure and delamination in 

the laminates. Here, an attempt is made to investigate the damage resistance of GLARE 

laminates due to soft body impact. This study helps the design engineers to tailor the 

laminate configuration according to this particular loading requirements. 

This study considered four GLARE laminates each have equal overall thickness as 

given in Table 8.1. The analysis compared the damage and strength behaviours between 

the four GLARE laminates. The GLARE laminates with aluminium alloy layers resist 

damage by dissipating energy due delamination at the metal/composite interface, frictional 

dissipation, metal plasticity, shear failure of the metal layers, fibre failure, matrix failure, 

etc. Damage energy studies is conducted to investigate the amount of energy dissipated for 
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various failure modes such as delamination, matrix cracking, fibre failure, etc. As the fibre 

metal laminate is designing for the wing leading edges, the reaction force at support and 

centre node deflection is also studied. 

8.2 Finite element model validation procedure 

Due to insufficient research reports on the effect of soft bodies on GLARE laminates, 

the GLARE laminate model is validated by the rigid body impact experimental test on the 

GLARE laminate by Khan et al. (2020). Rigid body and laminate layers are created in the 

ABAQUS part module. The finite element model of a GLARE 5-2/1 laminate and rigid 

body is shown in Fig 8.1. The GLARE considered has a configuration of GLARE 2/1-0.6 

with a total thickness of 3.55 mm. The rigid body is modelled as shown in Fig 8.1. The 

mass (16.7 g) and inertia are applied to the reference point, and the location of the reference 

point is at centre of gravity of the rigid body, as shown in Fig 8.1. The GLARE laminates 

are modelled to be deformable, and local material orientations are applied to each layer. 

The material parameters of AA 2024-T3 are selected from the literature (Johnson and Cook 

1983). The material parameters of AA 2024-T3 are given in the Table 4.1. The material 

parameters of S2 glass and epoxy layers are given in Table 7.1 and Table 7.2, respectively. 

It is to be observed that as the GLARE laminates are symmetric. Therefore, the 

delamination nucleating between the interfaces shall be symmetric (Khan et al. 2020). 

Therefore, the quadric portion of the finite element model is adequate to analyse the impact 

response and damage behaviour of the laminate. Composite layers are discretised with 

SC8R continuum shell elements, and metal layers have discretised with C3D8R solid 

elements. The SC8R continuum shell element has the ability to numerically simulate 

systems that are globally three-dimensional but locally planar (Nguyen et al. 2005). The 

impact region of these layers is meshed with refined elements of size 0.2x0.2x0.2 mm3, 

while the non-impact region has meshed with coarse size elements of size 

0.5x0.5x0.5.mm3. Two elements are applied in the thickness of each laminate layer to make 

the results to be mesh independent (Fan et al. 2011; Sadighi et al. 2012; Zhu and Chai 

2012). The laminate boundary is then fixed with zero degrees of freedom with the encastre 

boundary condition offered by the finite element software ABAQUS/Explicit. The rigid 

body is assigned an initial velocity by placing it slightly away from the GLARE laminate 

to observe its first impact indentation. Hard contact is assigned to the impactor and top 

layer of the laminate to avoid penetration of the impactor to the target. The interaction 
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between the layers is achieved through general contact constraints with friction-based 

cohesive behaviour. Hard contact with pressure overclosure and a coefficient of friction of 

0.3 is used between the rigid body and top surface of fibre metal laminates, while a 

coefficient of friction of 0.7 is applied between the composite plies in different orientations 

(Shi and Soutis 2014). The rigid body is impacted on the GLARE 5-2/1 laminate with layers 

of S2 glass/epoxy prepreg with [0/90/90/0] orientation stacked between layers of 

aluminium alloy (AA 2024-T3), with different impact energies. 

 

Fig 8.1 Finite element model of GLARE 5-2/1-0.2 laminate with rigid body 

8.3 Comparison of soft body impact on GLARE laminates  

With the validated soft body and GLARE laminate models, soft body impact analysis 

is performed on four GLARE laminates to compare their damage behaviours. GLARE 

laminates are modelled with different layup sequences and metal thicknesses while keeping 

the overall thickness the same. The details of GLARE laminates under consideration are 

listed in Table 8.1. The GLARE 5 and GLARE 3 are the laminates considered for this study 

which are particularly designed for impact resistance. The selected GLARE laminates are 

impacted with the validated soft body model at a velocity of 117 m/s.  
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Table 8.1 Details of GLARE laminates considered for impact analysis 

Configuration Lay-up sequence 
Aluminium 

thickness (mm) 

Total thickness 

(mm) 

GLARE 5-2/1-0.2 A2/0/90/90/0/A2 0.2+0.2 1.7 

GLARE 3-3/2-0.2 A2/0/90/A2/90/0/A2 0.2+0.2+0.2 1.7 

GLARE 5-2/1-0.6 A6/0/90/90/0/A6 0.6+0.6 1.7 

GLARE 5-2/1-0.4 A4/0/90/90/0/A4 0.4+0.4 1.7 

 

8.4 Results and discussions 

8.4.1 Finite element model validation 

The GLARE laminate model is validated by comparing maximum centre node 

deformation on the rear face of the laminate obtained from both experiment tests [Khan et 

al. 2020] and numerical simulations, which are presented in Table 8.2. The failure of 

GLARE laminates is estimated by the failure of a centre node of the outer layer of the 

laminate. No such failures are detected in experimental tests and simulations. The 

deformation values are very close to the experiment test values, as shown in Table 8.2. The 

delamination propagation between the layers of the GLARE laminate at the 30 J impact 

energy level is shown in Fig 8.2. The delamination variable CSQUADSCRT evolved at the 

initial impact stage in both 30 J and 60 J impact energy levels. The interfacial delamination 

is also compared with the experimental tests by khan et al. (2020). 

The fibre metal laminates show different failure modes like matrix tension failure, 

fibre tension failure, matrix compression failure and matrix tension failure. etc. The major 

failure modes i.e., matrix tension failure (HSNMTCRT), fibre tension failure 

(HSNFTCRT), matrix compression failure (HSNMCCRT) and fibre compression failure 

(HSNFCCRT) are fully evolved during times of 1.5 ms,3 ms,1 ms,1.5 ms, respectively. 

The cross-sectioned images of GLARE 5- 2/1-0.6 laminates failure modes are shown in 

Fig 8.3 (a, b, c and d). As seen in the Fig 8.3 (a), fibre compression damage is not intense  
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Table 8.2 Centre node displacement at rear face of the laminate at different 

impact energies 

 

 

Impact energy 

GLARE 5-2/1-0.6 

Maximum deformation in mm 

Experiment test  

(Khan et al. 2020) 

Numerical analysis 

30 J 4.82 4.87 

60 J 7.56 7.82 

 

 

 

Fig 8.2 Delamination propagation between the laminate layers at 30 J impact 

and does not propagate. Fibre tensile failure is more substantial than fibre compression 

failure, but only at the impact location. The matrix compression failure is propagating 

across the fibre direction. Matrix tension is considered the most severe failure, and it 

propagates in the fibre direction till support. The shear damage is fully evolved at 7 ms of 

the impact duration and is enclosed to the impact region only. Comparing failure modes 

and delamination for the two impact energy levels shows good agreement between  
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Fig 8.3 Failure modes in composite layers at 30 J impact (a) fibre compression 

failure (b) matrix compression failure (c) matrix tension failure (d) fibre tension 

failure. 
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simulation and experimental testing. The finite element model of GLARE laminates is 

therefore validated and selected for soft body impact analysis studies of different GLARE 

laminates. 

8.4.2 Comparison of soft body impact analysis on GLARE laminates 

The focus of the comparison of soft body impact analysis on GLARE laminates is 

to select a GLARE laminate specification for a leading edge with better energy absorption, 

which transmits smaller reaction forces to reinforce structures like spars. At the same time, 

the deformation of the centre of the wing must also be lowered to protect its internal 

components. The failures and delamination of the different GLARE laminates also must be 

considered for the selection of the laminate for the design of leading edges.  

To analyse the effect of soft body impact on different GLARE laminates, the 

previously validated soft body model is impacted on the GLARE laminates with a velocity 

of 117 m/s. In soft body impact events, the main sources of energy dissipation are 

aluminium yielding, matrix damage, fibre damage, and delamination. These damage events 

ultimately reduce the additional load-carrying capacity of the laminate, so it is essential to 

analyse the growth of damage mechanisms to understand their onset and evolution under 

specific loading conditions.  The study carefully analyses the damage behaviour of each 

impact event by examining dissipated energy, reaction forces at supports, centre 

displacement, matrix failure, fibre failure, delamination, and more. 

Energy dissipation analysis 

When the soft body impacts the target, it transfers all its energy to the target, and 

the target stretches with the soft body. An amount of energy transferred to the GLARE 

laminate is dissipated with different energy dissipation phenomena during the event i.e., 

damage dissipation energy, frictional dissipation energy, and plastic dissipation energy. 

This energy dissipation reduces the stiffness of the GLARE laminates, but it supports the 

laminates against sudden failure. Knowing the energy dissipation levels helps design 

engineers classify different GLARE laminates according to their requirements. Since each 

laminate layer is connected, it is complicated to scrutinise this energy dissipation through 

experimental testing. The finite element simulation helps to reveal the energy dissipation 

mechanisms which is helpful in gaining a deep understanding of the impact behaviour of 

the GLARE laminates. 
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Fig. 8.4 Damage dissipation energy histories of different GLARE laminates 

The energy dissipation due to damage in GLARE laminates is mainly due to metal 

layer cracking, fibre failure and matrix failure. In analysing the soft body impact results for 

the four GLARE laminates, it is understood that none of these laminates exhibited fully 

evolved metal layer or fibre failures. In all GLARE laminates, delamination is the main 

damage energy dissipation phenomenon, followed by matrix failure. The Fig 8.4 shows the 

damage dissipation energy histories of GLARE laminates during soft-body impact. 

Maximum damage energy dissipation of GLARE 3-3/2-0.2 laminate, GLARE 5-2/1-0.2 

laminate, GLARE 5-2/1-0.4 laminate and GLARE 5-2/1-0.6 laminate is 18.085 J,10.325 

J,9.615 J and 7.605 respectively. The GLARE laminate tailored with a metallic layer inside 

(GLARE 3-3/2-0.2) showed a different dissipation energy pattern, while the other three 

laminates exhibited the same pattern. The GLARE 3-3/2-0.2 laminate showed the highest 

damage energy dissipation due to the higher volume fraction of the matrix, in the placement 

of the metal layer in between the composite layers. GLARE laminate with a thicker metallic 

layer (GLARE 5-2/1-0.6) showed the lowest damage energy dissipation, as the volume 

fraction of the matrix is lower than other laminates. 

Reaction force versus time 

The reaction force of all GLARE laminates is extracted from constrained nodes at 

support, and the results are plotted in Fig 8.5. The results show that GLARE 3/2-0.2, in 

which an aluminium alloy layer separates two adjacent glass/epoxy layers with different 
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fibre orientations, exhibits the highest reaction force, which is oscillatory at peak levels. 

This response may be due to the elastic recovery of the metal layers between the composite 

layers.  GLARE 5-2/1-0.6 with glass/epoxy layers aligned together showed a lower reaction 

force than other GLARE laminates. All GLARE 5 configurations show the same reaction 

force pattern, while GLARE 3 shows a different pattern with higher oscillations. It is found 

that the placement of the thicker metal layer on top of the laminate minimizes the reaction 

force. When the thickness of the metal layer decreases, the reaction force at the support 

increases. 

 

Fig 8.5 Reaction force variation of GLARE laminates at different times of soft body 

impact 

Deflection versus time  

The deflection of the centre node of the laminate is recorded from the displacement 

field variable of the output of ABAQUS/Explicit. The Fig 8.6 shows the displacement plot 

of the GLARE laminates observed during soft body impact at a velocity of 117 m/s. This 

lower displacement shows applicability when comparing the four laminates. However, the 

displacement and reaction forces at high-speed soft body impact are more severe, making 

comparisons to GLARE laminates difficult. The Fig 8.6 shows that the centre displacement 

increases in all cases, reach a maximum value, and then decreases. After full impact, 

GLARE 5-2/1-0.6 has the highest centre displacement. GLARE 5-2/1-0.2 and GLARE 3-

3/3-0 showed the lowest and almost the same displacement. When comparing the reaction 

force and deflection, it is understood that the configuration, which exhibits the highest 
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reaction force showed the lowest displacement and vice versa. GLARE laminates with 

thicker metal layers exhibit higher centre displacement. This response may be due to higher 

metal plasticity.  

The displacement contour plots of the soft body and the GLARE laminate after full 

impact are shown in Figs 8.7 (a,b,c and d). In GLARE 3 3/2-0.2 laminate, the deformation 

of the top layer propagates to the supports. It can see that in Fig 8.7 (d) the corners of this 

laminate are deflected back and separated from the bottom layers. It can also observe from 

Figs 8.7 (a), (b) and (c) that the deformation increases when the thickness of the metallic 

layer increases. The area of deformation propagation of GLARE 5-2/1-0.4 and GLARE 5-

2/1-0.6 laminate is higher than GLARE 5-2/1-0.2 laminate. Soft bodies spread more in 

laminates with the lower metal thickness (GLARE 5-2/1-0.2 and GLARE 3 3/2-0.2), as 

shown in Figs 8.7 (a) and (d). It can be inferred that thinner metal layers exhibit greater 

elastic recovery than thicker metal layers in soft body collisions. 

Fig 8.6 Displacement variation of GLARE laminates at different times of soft body 

impact 
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Fig 8.7 Deformation propagation of the soft body and (a) GLARE 5 2/1-0.2 (b) 

GLARE 5 2/1-0.4 (c) 5 2/1-0.6 (d) GLARE 3 3/2-0.2 laminates after complete impact. 
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Failure modes 

  GLARE laminates exhibit different failures during impact, such as metal 

failure, matrix failure, fibre failure, and delamination, which are discussed in this section. 

The Hashin failure criteria define composite failure modes as four failure indices i.e., fibre 

tensile failure (HSNFTCRT), matrix tensile failure (HSNMTCRT), fibre compression 

failure (HSNFCCRT), and matrix compression failure (HSNMCCRT). The failure index 

varies from zero to one. In GLARE 5-2/1-0.2, the failure indices of HSNFTCRT, 

HSNFCCRT and HSNMCCRT varied from zero to 0.058,0.191 and 0.343 respectively. 

The matrix failure initiated at 0.098 ms,when the matrix tension stress exceeds its failure 

strength. In GLARE 3-3/2-0.2 laminate, the failure indices of HSNFTCRT and 

HSNFCCRT varied from zero to 0.967 and 0.383 respectively. The matrix failure initiated 

due to tension stress at 0.098 ms and compression stress at 0.98 ms. In this laminate, fibre 

failure is about to initiate as the fibre tension failure index is about to reach one. In GLARE 

5-2/1-0.4 laminate, the failure indices of HSNFTCRT, HSNFCCRT and HSNMCCRT 

varied from zero to 0.161,0.207 and 0.372 respectively. In GLARE 5-2/1-0.6 laminate, the 

failure indices of HSNFTCRT, HSNFCCRT and HSNMCCRT varied from zero to 

0.2386,0.185 and 0.343 respectively. A fully evolved damage variable for matrix tension 

failure (HSNMTCRT) is observed in all four GLARE laminates at the initial time of impact 

time of 0.098ms. GLARE 5-2/1-0.2 laminates showed all failure index values i.e., fibre 

tensile failure, matrix tensile failure, fibre compression failure, and matrix compression 

failure, lower than the other three GLARE laminates considered.  

The output of the delamination pattern is obtained through the CSQUADSCRT 

variable available in the output check card of ABAQUS/Explicit.  During the initial impact 

time, the interfacial delamination variable evolved in all the considered GLARE laminates. 

In the GLARE 5-2/1-0.2 laminate, after full impact, delamination is observed between the 

centre and corners at top aluminium alloy layer and the glass/epoxy (A/0) interface. 

However, complete delamination is observed between the (0/90) and (90/0) composite 

interfaces. The onset of delamination is seen between the composite and the bottom metal 

layer (0/A) interface, at the centre only, which didn't propagate also, as shown in Fig 8.8.   

GLARE 5 2/1-0.4 laminate, complete delamination is seen between the (0/90) and (90/0) 

composite interfaces. At the bottom layer of the laminate, the corners of the aluminium 

layers are delaminated from composite layers, as shown in Fig 8.9. Severe delamination is 

detected between (A/0) interface of GLARE 5 2/1-0.6 laminates, However, complete 
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delamination is observed between the (0/90) and (90/0) composite interfaces, as shown in 

Fig 8.10. GLARE 3 laminates showed different delamination propagation than GLARE 5 

laminates. Between the top aluminium alloy/composite interface, there is severe 

delamination at the centre and corners of the laminate. Complete delamination is observed 

between the 0/90 composite interface.  The other four interfaces showed the same 

delamination pattern, and the separation of layers is observed only at the corners, as shown 

in Fig 8.11.  In this laminate, the interlayer openings and their extent are severe at the 

corners. 

 

Fig 8.8 Delamination of GLARE 5-2/1-0.2 laminate layers after complete impact 

 

Fig 8.9 Delamination of GLARE 5-2/1-0.4 laminate layers after complete impact 

 

Fig 8.10 Delamination of GLARE 5-2/1-0.6 laminate layers after complete impact 
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Fig 8.11 Delamination of GLARE 3-3/2-0.2 laminate layers after complete impact 

In this chapter, four GLARE laminates subjected to high velocity soft body impact 

are analysed to predict their impact responses and damage behaviours. Four GLARE 

laminate specimens are selected with different metal thickness and stacking sequences, 

while keeping the total metal layer thickness as constant. The results concluded that the 

GLARE laminate with thicker metal layer exhibited the lowest reaction force but the 

highest deflection. This highest deflection is considered to be due to increased metal 

plasticity. The distribution of the metallic layer inside the layup reasons for oscillations at 

peak force. This response is considered to be due to the elastic recovery of the metallic 

layer between the composite layers. When comparing the result values of reaction force 

and centre deflection, it is understood that the GLARE laminate configuration which 

exhibits the highest reaction force showed the lowest displacement and vice versa. GLARE 

5-2/1-0.2 laminates showed all failure index values i.e., fibre tensile failure, matrix tensile 

failure, fibre compression failure, and matrix compression failure, lower than the other 

three GLARE laminates considered. It is found that the distribution of metal layer inside 

the layup lowers the impact resistance of GLARE 3-3/2-0.2. In this laminate, fibre failure 

is about to initiate as the fibre tension failure index is about to reach one.  Moreover, the 

interlayer openings and their extent are severe at the corners. The results concluded that 

glass/epoxy layers aligned between relatively thin layers of aluminium alloys are best 

suited for designing leading edges. 
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Chapter 9 

Summary and conclusions 

9.1  Summary 

The research is carried out to improve the properties of GLARE laminates used for 

wing leading edges to enhance their soft body impact resistance. An extensive literature 

survey assessed the progress of soft body impact analysis on aircraft structures over the 

past 45 years. The literature review concluded that researchers follow no homogeneity or 

uniformity in soft body modelling approaches. Based on the different finite element 

software and available modelling methods, researchers used different approaches for 

selecting material models, discretisation methods, contact formulation, impactor geometry 

and size. This fact underlines that each piece of literature about this research area has its 

value. This study analyses three different soft-body modelling methods using the finite 

element code ABAQUS/Explicit. The three finite element approaches viz, Lagrangian, 

Arbitrary Lagrangian-Eulerian and Smooth Particles Hydrodynamics are compared based 

on the set-up time, run time, deformation pattern and pressure distribution characteristics. 

It is understood that each method has its advantages, and none of these methods is free of 

disadvantages. However, it is concluded that the SPH method with the given equation of 

state material parameters provides the best correlation with the experimental test based on 

pressure distribution characteristics and deformation patterns. The Hugoniot and stagnation 

pressure determined from the SPH simulation is about 44.07 MPa and 6.63 MPa (with error 

± 4%), respectively. The leading edges are modelled and meshed with finite element 

software Altair® Hyper Mesh®. Bird impact simulation on the wing leading edge is carried 

out with ABAQUS/ Explicit and validated with an soft body impact experimental test at 

GTRE, Bangalore. The permanent plastic deformation of the wing leading edge specimen 

without penetration of the impactor is observed both in experiment and simulation. After 
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the validation, a parametric study test matrix is prepared by varying material parameters of 

the leading edges: elastic modulus, static yield limit, strain hardening modulus, hardening 

exponent and Poisson's ratio. Python scripting algorithms are developed based on the 

parametric study test matrix to automate repetitive tasks. Then, performed soft-body impact 

simulations on the leading edges by varying the considered material parameters. The 

parametric study test results are compared based on the reaction force (RF) and central 

displacement (U) with varied material combinations. The results summarised that the 

elastic modulus, static yield limit, strain hardening modulus, and hardening exponent are 

the most influential parameters on the selected control variables (RF and U). Then, the 

selected material parameters are optimized and validated with soft body impact analysis on 

the wing leading edge based on Taguchi's L16 factorial design of experiments combined 

with grey relational analysis. The optimal combination of material parameters for 

minimising the reaction force and centre displacement simultaneously are found out as 

elastic modulus of 72 GPa, static yield limit of 359 MPa, strain hardening modulus of 457 

MPa, and hardening exponent of 0.34.  From ANOVA, it is understood that elastic modulus 

and static yield limit are the significant material parameters affecting multi responses 

because its P-values are 0.039 and 0.037 respectively which is less than 0.05 at a 95% 

confidence level. But P-values parameters strain hardening modulus and hardening 

exponent are above 0.05 and do not show much significance on responses.  According to 

standard E8/E8M-11, created tension specimen models of different thicknesses from 0.2 to 

0.6 mm. Then, carried out quasi-static tension test simulations, these specimens (optimized 

aluminium alloy and AA 2024-T3) using the finite element software ABAQUS/Explicit. 

Analysed the performance improvement of the optimized aluminium alloy by comparing 

the mechanical properties, i.e., yield strength, ultimate tensile strength, and tensile 

toughness with aluminium alloy (AA 2024-T3). The optimized aluminium alloy exhibited 

mechanical property improvement up to an average of 20.84% yield strength, 20% tensile 

strength, and 25% deformation energy (tensile toughness) compared to AA 2024-T3.  

When the thickness of the specimen increased all the above properties got decreased. The 

failure analysis is carried out on the optimized aluminium alloy specimen and found out 

the ductile damage variables stress triaxiality, strain rate, failure strain and fracture energy 

from the results. The ductile damage initiation and evolution parameters for the optimized 

aluminium alloy is calculated from the failure analysis are the fracture strain of 0.1685, 

stress triaxiality of -1.307, the strain rate of 0.0012/s, and fracture energy of 49.26 kJ/m2. 

Conducted tension test simulations on different fibre metal laminates tailored with 
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optimized aluminium alloy and glass/epoxy layers (GLARE 5-2/1-0.2, GLARE 3-3/2-0.2, 

GLARE 5-2/1-0.4). The performance of the GLARE laminates is compared with the stress 

point at the onset of damage (yielding of aluminium, matrix failure, fibre failure) to verify 

their superiority over GLARE laminates tailored with AA 2024-T3. The aluminium 

yielding and matrix tension failure occurred at a higher stress magnitude in the GLARE 

laminates tailored with optimized aluminium alloy compared to GLARE laminates tailored 

with AA 2024-T3. However, fibre tension failure initiated at approximately the same stress-

strain conditions in both laminates. After the matrix failure, the composite layers become 

the main load-carrying element. Thus, the fibre tension failure initiated at the same stress 

points for all GLARE laminates in both conditions. The GLARE laminates with a thicker 

metal layer exhibited increased percentage strain for the same displacement rate as other 

GLARE laminates. This response is considered to be due to increased metal plasticity. The 

maximised energy absorption for the same displacement rate is good for the bird impact 

resistance of aircraft structures. The above property improvement helps to decelerate the 

soft body (bird) in a controlled motion and absorb the impact energy. But the GLARE 

laminate intends to be used in the fabrication of leading edges where the reduction of 

displacement is a major factor in protecting its internal components. Therefore, to analyse 

other factors that control the damage behaviour, performed soft body impact simulations 

on specimens with different GLARE laminates (GLARE 5-2/1-0.2, GLARE 3-3/2-0.2, 

GLARE 5-2/1-0.4, GLARE, 5-2/1-0.6). The influence of metal thickness and stacking 

sequences of GLARE laminates on soft body impact response are analysed based on 

reaction forces, centre deflection, damage dissipation energy, matrix failure, fibre failure, 

and delamination. The results concluded that the thicker metal layer exhibited the lowest 

reaction force but the highest displacement. This response is considered to be due to 

increased metal plasticity. The distribution of the metallic layer inside the layup reasons for 

oscillations at peak force. This response is considered to be due to the elastic recovery of 

the metallic layer between the composite layers. When comparing the result values of 

reaction force and centre deflection, it is understood that the GLARE laminate 

configuration which exhibits the highest reaction force showed the lowest displacement 

and vice versa. GLARE 5-2/1-0.2 laminates showed all failure index values i.e., fibre 

tensile failure, matrix tensile failure, fibre compression failure, and matrix compression 

failure, lower than the other three GLARE laminates considered. It is found that the 

distribution of metal layer inside the layup lowers the impact resistance of GLARE 3-3/2-

0.2. In this laminate, fibre failure is about to initiate as the fibre tension failure index is 
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about to reach one.  Moreover, the interlayer openings and their extent are severe at the 

corners. The results of soft body impact analysis concluded that glass/epoxy layers aligned 

between relatively thin layers of aluminium alloys are best suited for designing leading 

edges. 

9.2 Conclusions 

The conclusions arrived from the research are summarized below: 

1 A comparative study of different soft body modelling methods concluded that the 

smooth particle hydrodynamics method using the selected Mie-Grüneisen equation 

of state parameters provided the best correlation with experimental tests based on 

pressure distribution characteristics and deformation behaviours. 

2  A parametric study of the leading edge (HT, VT, and wing) concluded that the 

static yield limit, elastic modulus, strain hardening modulus, and strain hardening 

exponent influence the selected control variables (reaction force and centre 

displacement). The HT and VT profiles exhibit higher reaction forces than the wing 

leading edge profiles. The VT and HT profiles reported the highest and lowest 

centre displacements, respectively. 

3 The multi-objective optimisation with Taguchi’s Design of Experiments combined 

with grey relational analysis found out the order of the importance of material 

parameters to multiple responses is static yield limit > elastic modulus > strain 

hardening modulus > hardening exponent. The analysis of variance showed that the 

static yield limit and elastic modulus are the most influencing material parameters 

affecting the selected variables. 

4  The optimal combination of material parameters for the simultaneous reduction of 

reaction force and the centre displacement obtained from the grey relational analysis 

is the elastic modulus of 72 GPa, static yield limit of 359 MPa, strain hardening 

modulus of 457 MPa, and hardening exponent of 0.34.  

5 The optimized aluminium alloy showed property improvement up to an average of 

20.84% in yield strength, 20% in tensile strength and 25% in deformation energy 

compared to standard AA 2024-T3. 

6 The ductile damage initiation and evolution parameters of the optimized aluminium 

alloy calculated from failure analysis are failure strain of 0.1685, stress triaxiality 

of -1.307, strain rate of 0.0012 / s and fracture energy of 49.26 kJ/m2. 
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7 The conclusions drawn from the simulation results of tensile tests of different fibre 

metal laminate configurations are summarised as follows:  

a) The aluminium layer starts yielding at stress levels which are higher by 

20.4%, 21.7% and 20.5% in GLARE 5-2/1-0.2, GLARE 3-3/2-0.2 and 

GLARE 5-2/1-0.4 laminates, respectively while comparing the relative 

stress points noticed in conventionally used GLARE laminates tailored 

with AA 2024-T3.  

b) The matrix tension failure event originated at stress points that are higher 

by 21.6%, 18.4% and 20.67% in GLARE 5-2/1-0.2, GLARE 3-3/2-0.2 

and GLARE 5-2/1-0.4 laminates,respectively when comparing the 

relative stress levels noticed in the conventional GLARE laminates.  

c) All GLARE laminates have nearly the same ultimate strength under fibre 

failure conditions, regardless of metal thickness, stacking sequences, and 

fibre orientation. 

d) It has been observed that GLARE 5-2/1-0.4 laminate with optimized AA 

has 49.6% improvement in tensile toughness (or deformation energy) over 

the other two laminates (GLARE 5-2/1-0.2, GLARE 3-3/2-0.2) at the 

same displacement rate.  

e) Delamination started in all interface layers of the GLARE laminates, but 

complete delamination has not been observed in any layers in any of the 

laminates.  

8 The conclusions drawn from the soft impact analysis of different GLARE laminates 

are summarised below. 

a) The maximum energy dissipation due to different failure modes of GLARE 

3-3/2-0.2, GLARE 5-2/1-0.2, GLARE 5-2/1-0.4 and GLARE 5-2/1-0.6 are 

18.085 J, 10.325 J, 9.615 J, and 7.605 J, respectively.  

b) The GLARE laminates, in which two adjacent glass/epoxy layers separate 

the aluminium alloy layers (GLARE 3-3/2-0.2), exhibited a higher reaction 

force at support. The placing of metal layers between the composite layers 

increases the vibrations at support due to the elastic recovery of the metal 

layer during impact. GLARE 5-2/1-0.6, the glass/epoxy layers aligned 

together between metal layers, showed the lowest reaction force than other 

GLARE laminates. 
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c) When the thickness of the metallic layer increases, the displacement also 

increases. This response is considered to be due to the increased metal 

plasticity. The GLARE laminate with the thinner metal layers (GLARE 5-2/1-

0.2) showed the lowest displacement. 

d) All GLARE laminates exhibited matrix tension failure at initial impact time 

itself. GLARE 3-3/2-0.2 laminate exhibited matrix tension and compression 

failure. 

e) At the time of initial impact itself, delamination initiated in all laminates. In 

all GLARE 5 laminates, complete delamination is observed at the (0/90) and 

(90/0) composite interfaces. But in the GLARE 3 laminate, complete 

delamination is only observed at the (0/90) composite interface. All four 

interfaces below that showed the same delamination pattern which is severe at 

corners. In this laminate, the interlayer openings and their extent are severe at 

the corners. 

The main design objective is to improve the mechanical properties of fibre metal 

laminates used for the leading edge of the wing to resist soft body impacts. The analysis is 

carried out in two parts: The first part of the study concluded that the aluminium alloys 

with optimized material parameters have significantly improved mechanical properties 

over conventional aluminium alloys (AA 2024-T3). The second part argued that 

glass/epoxy layers aligned between relatively thin layers of aluminium alloys are best 

suited for designing leading edges. The outcomes of the present study shall help the design 

engineers make an accurate decision on the choice of fibre metal laminate against soft body 

impact loading conditions. 

9.3 Limitations of the research and scope for the future work 

As the aerospace industry is a fast-growing field, the studies on the development of 

better resistance materials for aircraft have high demand. The aircrafts always fly with the 

risk of impacting foreign bodies such as birds.  However, little research has been done on 

the effect of soft bodies on materials used in aircraft structures. 

 All researchers depend on Wilbeck’s 45-year-old experiment test data for 

validation, which has many limitations. Some research laboratories have conducted 

experimental tests later, but it is not available to the public. Hence, it is recommended to 
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conduct a physical test by considering the factors developed by worldwide researchers, and 

it should be available to the researchers for future soft body impact analysis validations.  

For composites, this study has utilized built-in Hashin two-dimensional failure 

criteria offered by ABAQUS to model the damage initiation in composites. The built-in 

failure criterion can be applied with continuum shell elements only. The study analysed 

only some of the available damage behaviours obtained from Hashin two-dimensional 

failure criteria. For observing through the thickness stress variations in impact a three-

dimensional failure model with solid continuum elements is essential. Hence, a material 

model that consider the effect of out of plane loading conditions by using 3-D stress state 

is required. This material model is essential to accurately capture the damage behaviour of 

the composites when subjected to out of plane loads occurring in impact. The ABAQUS/ 

Explicit provides the facility of VUMAT subroutine through which the user can incorporate 

material models. It proposes to conduct soft body impact analysis on the fibre metal 

laminates using three-dimensional failure model with solid continuum elements. VUMAT 

subroutine also provides the options to read failure and delamination of each layer of the 

FML separately from the ABAQUS output check card. 

Owing to computational limitations, the analysis has been conducted only in 

standard test specimens. It proposes to develop a full-scale leading-edge model with 

proposed GLARE laminate. Then, perform soft impact simulation to study its energy 

absorption characteristics 
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Appendix-I 

Python scripting algorithm 

Generated python code for elastic modulus variation 

A 1.1  Python Code 

• ##################################################################
# 

• # parametric study of impact with an elastic modulus with constant   #  

• # strain hardening modulus, hardening exponent, static yield limit and Poisson’s 

ratio #  

• # parameters used in the parametric study:                          # 

• #  strain hardening modulus: strain hardening modulus of wing                       #  

• # static yield limit: static yield limit of wing 

• #  elastic modulus: elastic modulus of wing                    # 

• #  hardening exponent: hardening exponent of wing                                      # 

• # Poisson’s  ratio: Poisson’s  ratio of wing                                 # 

• ##################################################################

### 

• # create the study 
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• wing = parStudy(par=(‘elastic modulus', ‘strain hardening modulus, ‘hardening 

exponent', ' static yield limit, ‘Poisons ratio’),  directory=ON, verbose=ON) 

• # DEFINE THE NAMES OF THE INPUT DECKS 

• Input Files=('wing') 

• # define the parameters 

• wing.define(DISCRETE, par='elastic modulus', 

domain=(40000,50000,60000,70000,80000) 

• wing.define(DISCRETE, par=' strain hardening modulus', domain=(426)) 

• wing.define(DISCRETE, par='hardening exponent', domain=(0.34)) 

• wing.define(DISCRETE, par=' static yield limit', domain=(265)) 

• wing.define(DISCRETE, par='Poisson’s  ratio', domain=(0.33)) 

• # sample each parameter 

• wing.sample(NUMBER, par='elastic modulus', number=5) 

• wing.sample(NUMBER, par=' strain hardening modulus', number=1) 

• wing.sample(INTERVAL, par='hardening exponent', interval=1) 

• wing.sample(INTERVAL, par=' static yield limit', interval=1) 

• wing.sample(INTERVAL, par='Poisson’s  ratio', interval=1) 

• # combine the samples into design points 

• wing.combine(MESH) 

• # generate analysis job data 

• wing.generate(template='wing_discr')  

• # execute all runs sequentially 

• wing.execute(ALL) 



 

143 
 

• # parametric study output at end of step 1 

• wing.output(step=1, file=ODB) 

• # gather reation force results at node 3045 

• wing.gather(results='o N3045_RF', variable='RF', node=3045) 

• # screen report of RF2 rf results at node 3045 

• wing.report(PRINT,par=('elastic modulus'), 

•     results=('o N3045_RF.2'), truncation=OFF) 

• # for QA purposes 

• wing.report(FILE, par=(), 

•       file='wing_discr.psr', 

•       results=('N3045_RF.2')) 

• wing.report(FILE, par=(), 

•       file='wing_discr.psr', 

•       results=('o N3045_RF.2')) 
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Appendix-II 

Practical applications 

The present research discloses a method for designing aluminium alloy for a particular 

application and loading requirements to reduce research cost and time. The optimized 2xxx 

series aluminium alloy outperforms its 2024 alloy counterpart when used in leading edges 

of the wing and empennage structures skin materials —optimizing its material parameters 

against bird impact. The minimum weight and strength to weight ratio are the primary 

considerations in the material selection of aircraft wing leading edges. So, it is essential to 

improve the energy absorption ability of the material by reducing the materials involved in 

energy absorption. The design requirements of the leading edges are based on the critical 

loading condition, which is considered to be due to bird strikes. The study explains how to 

increase bird strike resistance to reduce the impact force, thereby increasing the energy 

absorption capability of the material. The main composition of the 2xxx series alloy is 

aluminium-copper and magnesium. The optimized material parameters can be attained 

through alloy compositions and controlled thermomechanical processing.  The elastic stress 

parameter values can optimize through alloying in the fabrication. Other flow stress 

parameters can be optimized and controlled through thermomechanical processing. The 

addition of alloying elements is controlled so that the solid solubility limit for these contents 

in aluminium is not exceeded. The hardening adversely affects the energy absorbing 

capability of the material. So, in fabrication, careful attention must be provided to avoid 

any excess solute that puts up a second phase content of the material. Improvement in 

tensile strength properties and tensile toughness (deformation energy) improves the energy 

absorption, thereby reducing impact force. 
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