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ABSTRACT

The present paper describes the implementation of an improved damage mechanics based 
material model combined with an equation of state to simúlate the progressive failure in composite 
aerostructures subjected to bird strike loading. A series ofbird strike impacts on flat panels fabricated 
from low cosí woven glass composite materials are used to valídate the material model for practical 
composite component applications. The panels are modelled with shell elements only. The proposed 
material model can capture the strain rate enhancement to strength and strain in shear observed in 
composite materials.

A hydrodynamic model for the bird, based on 90% water and 10% air, is derived to represent 
the behaviour of the bird for all impact scenarios considered. The bird is heterogeneous in nature. 
However, a uniform material behaviour is assumed with a geometry based on a 2:1 length to diameter 
ratio with a cylindrical body and spherical end caps using Lagragian mesh. Appropriate contact 
definitions are used between the bird and the composite panel. The simulations results are compared 
to experimental results and conclusions drawn.
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INTRODUCTION

The rapid increase in the use of advanced composite materials in the design of aircraft, 
helicopters, boats, cars, etc. requires a detailed understanding of the behaviour of the composite 
component or structure to a wide range of potential extemal loadings, some of which may be severe. 
In particular in the aerospace industry, impact damage in laminated composite materials continúes to 
be a major cause of concern. Typically impact damage can be generated from low velocity tool drop or 
runway debris, to high velocity impacts from birds or ballistic damage from missiles or shell 
fragments. The bird strike impact problem is an increasing concern to the composite aerospace 
designer because a growing number of aerospace componente are being manufacturad from composite 
materials. Non-linear finite elements codes such as ABAQUS® and LSDYNA® are often used to 
model such an event as they can accurately represent the bird material behaviour, contact between the 
bird and the structure and the constitutive behaviour of composites by means of user-defined material 
models. Numerical simulations are usually accompanied by a parallel testing programme to valídate 
the numerical simulations for some of these impact scenarios. The fabrication, test and certification of 
composite componente and structures can be very expensive. However, advanced simulations will 
never elimínate the need for these expensive impact tests. In practise, they will require more detailed 
experimental tests to valídate the advanced algorithms used within the Finite Element (FE) 
formulation. The major advantage of FE modelling is that they can study the effects of new and 
different structural and material concepts, without an extensive fabrication and testing programme.

In the current paper an improved damage mechanics based material model combined with an 
equation of state to simúlate the progressive failure in composite aerostructures subjected to bird strike 
loading is presented. The proposed material model can capture the strain rate enhancement to strength 
and strain in shear observed in composite materials. A series of bird strike impacts on rigid and 
flexible fíat panels fabricated from low cost woven glass composite materials are used to valídate the 
proposed material model.
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D o n a d o n  et  al.  - A  n u m eri c al  m o d el  f or bir d  stri k e  si m ul ati o n s  i n c o m p o sit e  a er o str u ct ur e s

H Y D R O D Y N A MI C  M O D E L  F O R  T H E  BI R D

E xt e nsi v e  d at a b as es  of  bir d  m o d elli n g  str at e gi es ar e c urr e ntl y a v ail a bl e i n t h e o p e n  lit er at ur a. A  

s u m m ar y of  t h es e str at e gi es ar e  pr es e nt e d  i n t h e G A R T E U R  A G 2 3  fi n al r e p ort [ 1]. B as e d  o n  t h es e 

pr e vi o us  w or ks  a  h y dr o d y n a mi c  m o d el  b as e d  o n  a  r ul e of  mi xt ur es  usi n g  9 0 %  b y  v ol u m e  of  w at er  

wit h  r e m ai n d er of  air  h as  b e e n  pr o p os e d  t o d es cri b e  t h e bir d  b e h a vi o ur.  T h e  m o d el  d e v el o p m e nt  is 

b as e d  o n  t h e f oli o wi n g ass u m pti o ns:

T h e  c o m p o n e nt e  of  t h e str ess t e ns or ar e  s plit i nt o d e vi at ori c  a n d  h y dr ost ati c  str ess es

I n or d er  t o assi g n  a  fl ui d li k e b e h a vi o ur  f or t h e bir d  t h e d e vi at ori c  str ess es ar e  ass u m e d  t o b e  

e q u al  t o z er o

E q u ati o ns  of  st at e ar e d efi n e d f or e a c h c o nstit u e nt s e p ar at el y a n d a r ul e of  mi xt ur e  is 

pr o p os e d  t o d eri v e  a n  e q u ati o n  of  st at e f or t h e bir d

T h e  h y dr ost ati c  str ess es ar e  d efi n e d  i n t er ms of  t h e e q u ati o n  of  st at e ( E O S) f or t h e bir d

T e m p er at ur a  eff e cts ar e  n ot  t a k e n i nt o a c c o u nt i n t h e d eri v ati o n  of  t h e e q u ati o n  of  st at e f or 

t h e bir d

T h e  c o m pr essi bilit y  eff e cts o n  t h e w at er  c a n b e  d es cri b e d  b y  a n e q u ati o n of  st at e gi v e n  i n t h e 

f oll o wi n g f or m,

P( μ)  =  P o  + c 2 p 0 ( μ - 1) ( 1)

w h er e  μ = p a ∕ p . p o  is t h e i niti al or  r ef er e n c e d e nsit y  d efi n e d  at  r ef er e n c e pr ess ur e  P u  a n d  p  is t h e 

c urr e nt  d e nsit y  f or a  gi v e n  pr ess ur e  l e v el P . c  is t h e s o u n d s p e e d i n t h e w at er.  B y  ass u mi n g  t h e air  as  
a n  i d e al g as  u n d er  is o e ntr o pi c fl o w t h e i n cr e as e i n pr ess ur e  d u e  t o i n cr e asi n g d e nsit y  c a n  b e  r el at e d b y

P( μ) = P o ( μ)2  ( 2)

w h er e  μ = p  / p a n d  k = 1. 4  . I n t h e e q u ati o ns  a b o v e  o p  is t h e i niti al or  r ef er e n c e d e nsit y  of  e a c h  

c o m p o n e nt  d efi n e d  at  r ef er e n c e pr ess ur e  P o  a n d  p  is t h e c urr e nt  d e nsit y  f or a  gi v e n  pr ess ur e  l e v el P  
T h e  bir d  is ass u m e d  t o b e  c o m p os e d  b y  w at er  a n d  air.  T h us,  t h e t ot al v ol u m e  of  t h e bir d  is gi v e n  b y

w h er e  m w at er a n d p w at er ar e t h e m ass  a n d  d e nsit y  of  t h e w at er  a n d m air a n d p air  ar e t h e m ass  a n d  

d e nsit y  of  air,  r es p e cti v el y. D efi ni n g  fw al er  a n d fair as m ass  fr a cti o ns of  w at er  a n d  air, r es p e cti v el y, 

o n e  c a n  s h o w t h at t h e e q ui v al e nt  d e nsit y  a n d  d e nsit y  r ati o f or t h e mi xt ur e  c a n  b e  r es p e cti v el y writt e n  

as  f oll o w,

( 5)

As  t h e mi xt ur e  is t h er m o d y n a mi c all y u n d er  e q uili bri u m  a n d  its c o m p o n e nts  ar e  s u bj e ct e d t o t h e s a m e 

pr ess ur e  l e v el, a  c o m pr essi bilit y  c ur v e  as  t h e o n e  s h o w n i n Fi g ur e  1 c a n  b e  o bt ai n e d.

( 4)
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Fi g ur a  1.  E q u ati o n  of  St at e  f or bir d  m at eri al  i n r el ati o n t o t h e E O S  of  w at er

It c a n  b e  s e e n fr o m Fi g ur e  1 t h at a  s m all p er c e nt a g e  air  ( 1 0 %) dr a m ati c all y  aff e cts  t h e c o m pr essi bilit y  

at  l o w pr ess ur es,  a n d  h e n e e  m ust  b e  i n cl u d e d i n t h e m o d el.  T h e  str ess-str ai n  r el ati o ns hi p f or t h e bir d  is

gi v e n  b y

( 6)

w h er e  S ° e v a n d S H y d  ar e t h e d e vi at ori c a n d h y dr ost ati c  c o m p o n e nts of  t h e str ess t e ns or. T h e  

h y dr ost ati c  str ess es ar e  d efi n e d  i n t er ms of  pr ess ur e  p  a n d  v ol u m etri c  str ai n. T h e  v ol u m etri c  str ai n f or 

t h e bir d  c a n  b e  writt e n  i n t er ms of  t h e d e nsit y  r ati o f or t h e mi xt ur e  as  f oll o ws,

s wi =- =  1-/ 7  P)

Wit hi n  t h e n o nli n e ar  fi nit e el e m e nt c o nt e xt a n d  b as e d  o n  t h e u p d at e d  L a gr a n g e a n  f or m ul ati o n, t h e 

v ol u m etri c  str ai n f or t h e bir d  c a n  b e  writt e n  i n t er ms of  t h e d ef or m ati o n  gr a di e nt  as  f oll o ws,

β ",=l- Λ  ( 8)

w h er e  J  = d et  ( F) a n d  F  =  V 0 x( x. y, -) is t h e d ef or m ati o n  gr a di e nt.  T h e  pr o p os e d  h y dr o d y n a mi c  

m o d el  n as o e e ni m p'i e m e nt e d' mt o  A H At √ U S∕ E x pli cit  fi nit e el e m e nt  c o d e.

C O M P O SI T E  F AI L U R E  M O D E L

T h e  f or m ul ati o n pr o p os e d  t o m o d el  pr o gr essi v e  f ail ur e i n c o m p osit es  is b as e d  o n  t h e s m e ar e d cr a c ki n g  

a p pr o a c h [ 2, 3]. T h e  s m e ar e d cr a c ki n g  f or m ul ati o n r el at es t h e s p e cifi c or  v ol u m etri c  e n er g y,  w hi c h  is 

d efi n e d  b y  t h e ar e a u n d e m e at h  t h e str ess-str ai n c ur v e, wit h  t h e str ai n e n er g y r el e as e r at e of  t h e 

m at eri al.  T h e  m et h o d  ass u m es a  str ai n s o ñ e ni n g c o nstit uti v e l a w f or m o d eli n g  t h e gr a d u al  stifi n ess 

r e d u cti o n d u e  t o t h e mi cr o- cr a c ki n g  pr o c ess  wit hi n  t h e c o h esi v e  or  pr o c ess  z o n e of  t h e m at eri al.  I n 

or d er  t o a v oi d  p at h ol o gi c al  pr o bl e m  ass o ci at e d  wit h  str ai n l o c ali z ati o n a n d  m es h  d e p e n d e n c e  d uri n g  

s o ñ e ni n g, t h e s o ñ e ni n g p orti o n  of  a  str ess-str ai n c ur v e  is a dj ust e d  a c c or di n g  t o t h e el e m e nt  t o p ol o g y 

a n d  cr a c ki n g  dir e cti o n  f or e a c h  f ail ur e m o d e  usi n g  a n  a d v a n c e d  o bj e cti vit y  al g orit h m  [ 2, 3].



D o n a d o n  et  al.  - A  n u m eri c al  m o d el  f or bir d  stri k e  si m ul ati o n s  i n c o m p o sit e  a er o str u ct ur e s

F ail u r e  c rit e ri a

T h e  f ail ur e crit eri a  us e d  t o d et e ct  d a m a g e  i niti ati o n f or all  i n- pl a n e f ail ur e m o d es  ar e  all  b as e d  o n  t h e 

m á xi m u m  str ess crit eri a  a n d  t h e y ar e  gi v e n  i n t h e g e n er al  f or m as  f oll o ws,

=  ( 9)

w h er e  F {f( σ ij) is t h e f ail ur e í n d e x ass o ci at e d wit h  t h e f ail ur e m o d e  k,  w h er e  k  =  t f or f ail ur e i n 

t e nsi ó n, k  =  c f or f ail ur e i n c o m pr essi o n  a n d k-s  f or f ail ur e i n s h e ar. σ ij ar e  t h e str ess es a cti n g  o n  

e a c h  l a y er at  t h e l o c al m at eri al  c o or dí n at e  s yst e m, w h er e  t h e s u bs cri pts i =  j =  1  a n d i =  j =  2  r ef er t o 

t h e fi br e a n d m atri x  dir e cti o ns,  r es p e cti v el y a n d i ≠  j r ef er t o i n pl a n e s h e ar dir e cti o n. S- j is t h e 

m at eri al  str e n gt h  ass o ci at e d  wit h  t h e f ail ur e m o d e  k i n t h e l o c al dir e cti o n  d efi n e d  b y  t h e s u bs cri pts ij

D a m a g e  e v ol uti o n  l a ws

D a m a g e  e v ol uti o n  l a w f orfi br e f ail ur e a n d  m atri x  cr a c ki n g

T h e  g e n er al  e x pr essi o n  pr o p os e d  f or t h e d a m a g e  e v ol uti o n  l a ws i n t h e fi br e a n d  m atri x  dir e cti o ns  is 

gi v e n  as  f oll o ws,

wit h

( 1 0)

( 1 1)

( 1 2)

w h er e  i ass u m es  v al u é  e q u als  t o o n e  f or fi br e f ail ur e a n d  t w o f or m atri x  cr a c ki n g.  T h e  v al ú es  f or b ot h  

f u n cti o ns 2  ∈ [ 0,l]. a n d Gf i ar e t h e i ntr al a mi n ar fr a ct ur e t o u g h n ess es i n t e nsi ó n a n d

c o m pr essi o n,  r es p e cti v el y. ε ,tfi a n d ε' si ar e m á xi m u m  str ai ns pri or  t o c at astr o p hi c  f ail ur e i n t e nsi ó n 

a n d c o m pr essi o n, r es p e cti v el y. I n or d er t o a c c o u nt f or d a m a g e irr e v ersi bilit y eff e cts  

= m a x ∣^ p, 7 "(∕) ∣ , ⅛] w h er e ⅛ a *( 0  ls 0 ι e m á xi m u m  a c hi e v e d str ai n i n t h e str ai n v ers us  ti m e 

hist or y.  T h e  s u p ers cri pt k r ef ers t o t h e fi br e f ail ur e m o d e,  t h at is, k  =  t f or f ail ur e i n t e nsi ó n a n d k  =  c  

f or f ail ur e i n c o m pr essi o n.  T h e  c h ar a ct eristi c l e n gt h /*  is us e d  f or m a p pi n g  t h e m at eri al  pr o c ess  ( or 

mi cr o cr a c ki n g)  z o n e  i nt o t h e fi nit e el e m e nt  m es h.  F or  fi br e f ail ur e m o d es  Γ  is c o m p ut e d  i n t er ms of  

t h e is o p ar a m etri c c o or di n at es ( ξ∣ , ηm ) f or e a c h i nt e gr ati o n p oi nt m  a c c or di n g t o t h e f oll o wi n g 

e x pr essi o n,

( 1 3)
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w h er e  θ m  = θ fi br e b ei n g  θ fl br e t h e fí br e ori e nt ati o n  a n gl e  f or e a c h  i nt e gr ati o n p oi nt  f or fí br e f ail ur e a n d  

6 ζ,  =  θ fi br e + 9 0 ° f or f ail ur e i n t h e m atri x  dir e cti o n.  F or  f o ur n o d es  s h ell el e m e nts n c =  4,  N l( ξm , ηm ) ar e  

bi-li n e ar  i nt er p ol ati o n f u n cti o ns a n d (ft is d efi n e d  as  cr a c k  b a n d  dis c o nti n uit y  f u n cti o n. D et ails  a b o ut  

t h e d eri v ati o n  of  t h e e x pr essi o n  f or t h e c h ar a ct eristi c l e n gt h f or ort h otr o pi c  s m e ar e d cr a c ki n g  m o d es  

c a n  b e  f o u n d i n R ef  [ 3].

D a m a g e  e v ol uti o n  l a w f or i n- pl a n e s h e ar  f ail ur e

T h e  d a m a g e  e v ol uti o n  f or i n- pl a n e s h e ar f ail ur e is gi v e n  b y

( 1 4)

wit h

( 1 5)

w h er e θ is t h e i n el asti c str ai n at  f ail ur e a n d G s is t h e i n- pl a n e s h e ar i ntr al a mi n ar fr a ct ur e t o u g h n ess. 

T h e  c h ar a ct eristi c l e n gt h /*  f or i n- pl a n e s h e ar f ail ur e is ass u m e d  t o b e  t h e s a m e as  t h e o n e  us e d  f or 

fí br e f ail ur e m o d es.

N o n-li n e a r  r at e  d e p e n d e nt  i n- pl a n e s h e a r m o d el

T h e  o bs er v e d  b e h a vi o ur  of  gl ass  a n d  c ar b ó n  fi br es l a mi n at es g e n er all y  s h o ws m ar k e d  r at e d e p e n d e n c e  

i n m atri x  d o mi n at e d  s h e ar f ail ur e m o d es  a n d  f or t his r e as o n a  r at e d e p e n d e nt  c o nstit uti v e  m o d el  h as  

b e e n  us e d  t o m o d el  t h e i n- pl a n e s h e ar b e h a vi o ur.  T h e  c o nstit uti v e m o d el  f or m ul ati o n is b as e d  o n  

pr e vi o us  w or k  c arri e d  o ut  b y  D o n a d o n  a n d  c o- a ut h ors  [ 4], a n d  it a c c o u nts f or s h e ar n o n-li n e atiti es,  

irr e v ersi bl e str ai ns a n d  d a m a g e  wit hi n  t h e R e pr es e nt ati v e  V ol u m e  El e m e nt  ( R V E) of  t h e m at eri al.  T h e  

str ess-str ai n  b e h a vi o ur  f or i n- pl a n e s h e ar f ail ur e is d efi n e d  as  f oll o ws,

r1 2  - cι G n γn
( 1 6)

wit h

( 1 7)

w h er e  G ≈ 1 0 2 is t h e i niti al s h e ar m o d ul us  a n d c 1 a n d c 2 ar e m at eri al  c o nst a nts  o bt ai n e d  fr o m i n- pl a n e 

s h e ar t ests, a  is t h e str ai n  r at e e n h a n c e m e nt  gi v e n  b y  t h e f oll o wi n g l a w,

h k.  
a =l  +  e c > ( 1 8)

w h er e  c 3 is a  m at eri al  c o nst a nt  o bt ai n e d  fr o m d y n a mi c  i n- pl a n e s h e ar t ests. B y  d e c o m p osi n g  t h e t ot al 

s h e ar-str ai n i nt o i n el asti c ∕i2 a n d χ 1e 2 el asti c  c o m p o n e nt e,  t h e i n el asti c s h e ar str ai n c a n  b e  writt e n  i n 

t er ms of  t h e el asti c  a n d  t ot al str ai n c o m p o n e nt e  as  f oll o ws,

( 1 9)
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Stress degradation procedure

The resultant degraded stresses at ply level are given by

where

(21)

NUMERICAL SIMULATIONS

Single element validation

Simulations at element level were carried out to valídate the proposed hydrodynamic model for the 
bird. The single element model consists of an element subjected to a puré hydrostatic stress state. 
Figure 2 compares the numerical response in terms of pressure versus volumetric strain for a single 
finite element subjected to hydrostatic pressure only with the proposed analytical EOS for the bird.

Figura 2. Single element validation

Bird strike onto rigid targets

According to Ref [1] the bird model should have a length to breadth ratio of 2 and should consist of a 
cylindrical type structure with rounded ends. Figure 3 illustrates the recommended 1.82 kg (41bs) bird 
geometry.

(20)
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Fi g ur a  3.  Bir d  M o d el  G e o m etr y  ( all di m e nsi o ns  ar e  i n c m)

Fi g ur e  4  s h o ws t h e d ef or m ati o n  of  t h e bir d  m es h  w h e n  i m p a cti n g t h e ri gi d t ar g et at  2 2 5  m/s.  T h e  

fi g ur es cl e arl y  ¿Il ústr at e t h e L a gr a n gi a n  bir d  fl o wi n g o v er  t h e ri gi d s urf a c e. Als o,  t h e p e a k  H u g o ni ot  

pr ess ur es  o c c ur  at  a p pr o xi m at el y  1 0 0  as e e  a n d  6 0  as e e  i nt o t h e i m p a ct e v e nts  at  1 1 6  m/s  a n d  2 2 5  m/s,  

r es p e cti v el y. H e n e e  t h e p er c e nt a g e  of  w at er  a n d  air  wit hi n  t h e bir d  E O S  ar e  criti c al  i n d et er mi ni n g  t h e 

p e a k  H u g o ni ot  pr ess ur es.  H u g o ni ot  pr ess ur es  c al c ul at e d  usi n g  t h e pr o p os e d  h y dr o d y n a mi c  m o d el  ar e  

s h o w n t o o c c ur  wit hi n  t h e s c att er  of  e x p eri m e nt all y  m e as ur e d  v al ú es  r e p ort e d i n R efs  [ 5, 6].

Fi g ur a  4.  Ri gi d  w all  bir d  stri k e at  2 2 5  m/s

Fi g ur a  5.  Pr ess ur e  vs.  ti m e hist or y  f or c e ntr e-li n e  el e m e nt  of  bir d:  1 1 6  m/s  (l eft), 2 2 5  m/s  (ri g ht)

T h e  n u m eri c all y  c al c ul at e d  pr ess ur e-ti m e  pl ots  f or a  1 k g  i m p a ct at 1 1 6  m/s  a n d  2 2 5 m∕s  ar e  s h o w n i n 

Fi g ur e  5.  T h e  H u g o ni ot  a n d  t h e st a g n ati o n  pr ess ur es  f or b ot h  c as es,  ar e  wit hi n  t h e e x p eri m e nt al  s c att er 

gi v e n  i n B ar b er  et al [ 5]. C o m p aris o ns  b et w e e n  n u m eri c al  pr e di cti o ns  f or t h e H u g o ni ot  a n d t h e 

st a g n ati o n pr ess ur es  o bt ai n e d  usi n g  t h e pr o p os e d  m o d el  a n d  a  pr e vi o us  m o d el  pr o p os e d  b y  I a n n u c ci 

[ 4] ar e  als o  s h o w n i n Fi g ur e  5.  T h e  h y dr o d y n a mi c  m o d el  pr o p os e d  h er e  cl e arl y  gi v es  b ett er  c orr el ati o n  

wit h  e x p eri m e nt al  c o m p ar e d  wit h  t h e m o d el  pr es e nt e d  i n R ef  [ 4] f or b ot h  i m p a ct c as es.
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Bird strike onto composite plates

Two 6 ply (3mm thick) fíat panels made of glass fibre embedded into an epoxy resin system with a 
lay-up 0/90/0/90/0/90 and dimensions 750mmx500mm taken from Ref [4] were analysed. Both panels 
are bolted via a clamping píate to distance of 50mm from the free panel edges. Normal incident impact 
of a lkg bird projected using 6-inch gas gun. In the first case the bird strike impact occurred at 147 
m/s. No bird penetration, but extensive (between 40% - 50% of edges) bearing damage at support 
locations with damage symmetrical in nature was observed. Comparisons between predicted and 
experimental damaged zones are shown in Figure 6. The failed elements have been removed from the 
mesh. The second case analysed consisted of a bird strike impact at 245 m/s. For this case the bird 
penetrates the panel with extensive damage in the impact zone. The fracture surface had extensive 
fibre/filament pullout. Bearing damage substantially reduced, however, perforation outline not 
symmetrical. Comparisons between predicted and experimental damaged zones are shown in Figure 7. 
The predicted damaged zone is indicated by the failed elements which have been removed from the 
mesh.

Figura 6. Comparison between numerical and predicted damage extensión for bird impact at 147 m/s

Figura 7. Comparison between numerical and predicted damage extensión for bird impact at 245 m/s

CONCLUSIONS

In the present study the overall agreement between the experimentally observed and numerically 
calculated damage is found to be very good, considering the wide variability present in bird 
shape/properties and the extrapolation of dynamic properties. Very good correlation between 
numerical predictions and experimental results for rigid wall bird strike was obtained using the 
proposed hydrodynamic model. The use of a hybrid modeling approach combining stress based failure 
criteria, damage mechanics and fracture mechanics approaches appears to yield reliable predictions for 
the behaviour of woven glass composites. The shell model implementation could be coupled to solid 
elements to realistic predict the delamination extent.
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