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ABSTRACT 
A numerical method based on contact algorithms is developed for 3D delamination modelling in 
composites subjected to impact loading. Composite plies are modelled with discrete/finite elements 
and the interlaminar behaviour of plies is considered using combination of a bilinear strain-softening 
model and the Penalty method. A numerical example is investigated to assess the ability of the method. 
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1. INTRODUCTION 

Nowadays composite materials are widely used in manufacturing aircrafts, helicopters, cars, satellite 
systems, etc. especially because of their lightness, high strength-to-weight ratio, good damping 
characteristics, and high fatigue strength. Therefore, having aircrafts larger than the Boeing 747 and 
faster than the Concorde are not only possible but also a reality. 
 

Recent studies show that “delamination” is one of the most dominant causes of damage in composites 
subjected to impact loading. Delamination highly increases the buckling risk and the local transverse 
impacts by adjacent plies increase stress concentration in the cracks corners. Therefore, the important 
role of the phenomenon in reduction of load bearing capacity and performance of a structure 
necessitates an accurate analysis of initiation and propagation of interlaminar cracks and behaviour of 
the structure after cracking. 
 

The aim of this study is to develop a reliable numerical method for 3D delamination modelling based 
on the principles of plasticity, contact mechanics and fracture mechanics. A contact based 
methodology is employed for modelling and controlling of plies bonding/debonding. The interlaminar 
behaviour in post delamination phase, such as slipping and crack faces interactions, is also considered 
by contact mechanics mechanisms. Employing an algorithm based on 3D contact mechanics in 
delamination analysis of composites is a novel technique and a more accurate and reliable analysis of 
this complex behaviour is expected to be obtained. In addition to 3D contact models, a 3D anisotropic 
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bonding model with strain softening behaviour has also been developed and implemented to 
investigate interlaminar crack propagation. 

 

2. ASPECT OF MODELLING OF COMPOSITE LAMINATES 

In this study, modelling of a composite shell subjected to impact loading is performed by the use of 
finite/discrete element method. The possible delaminated region is modelled using discrete element 
mesh and the rest of the shell is modelled with coarser solid elements to reduce the analysis time (Fig. 
1(a)). Each discrete element is discretized by a finite element mesh of equal or different sizes; finer 
mesh for the plies closer to the impact region and coarser mesh for the furthest ones. The interlaminar 
behaviour of plies such as debonding, impenetrability, friction and sliding determines connection 
conditions of the adjacent discrete elements (Fig. 1(b)). Discrete elements system and finite element 
mesh of the rest of the shell are connected together by transition interfaces which are defined as 
normal interfaces with very high bonding strengths which prevent debonding under all stress 
conditions. Non-linear material properties (using Hoffman anisotropic yield criterion) and geometric 
nonlinearities (large deformation) are also considered in the finite element formulation [3]. 
 

3. BOUNDARY VALUE PROBLEM AND FINITE ELEMENT FORMULATION 

The dynamic boundary value formulation for a system consisting of the body of   with the boundary 
  can be expressed as 

 
con.ext.int.inertia jjjj   (1)

where the terms denote the virtual work of inertial forces, internal forces, external forces and contact 
forces respectively, 

  
   dδ Tinertia uρu j  (2)

   dδ Tint. σεj  (3)

  


fix.trac.

dδdδdδ TTText. rutubuj  (4)

  
con.

dδ cTcon. σgj  (5)

  
in which, trac. , con.  and fix.  are the region of traction forces, contact and fixed regions, respectively. 

ρ  is the matrix of mass density, b, t and r are the vectors of body forces, traction forces and reactions, 

respectively. σ  and ε  are the Cauchy stress and the strain tensors, u is the displacement vector, cσ  is 
the contact (interfacial) stress vector and finally, g denotes the contact gap vector. 

Figure 1: Composite specimen subjected to impact loading: (a) discrete/finite 
element mesh, (b) interfacial regions.



 

Eqn. (1) can be rewritten in matrix form as 

 
 con.ext.int. fffuM   (6)

where M denotes the mass matrix and int.f , ext.f , con.f  denote the internal, external and contact force 
vectors, respectively. 
 

The explicit central difference method is employed due to the large amount of data and to prevent 
time-consuming iterations [4]. 
 

4. CONSTITUTIVE INTERFACIAL RELATIONSHIP 

A bilinear strain-softening model [1, 2] together with The penalty method to impose impenetrability 
and frictional contact are employed in bonding interfaces. A contact gap vector can be described as 

 
 T , TNg gg   (7)

where Ng  is the normal distance between contactor node S and contact segment 21MM  in 2D or 

4321 MMMM  in 3D. Tg  is a tangential vector whose size is equal to the distance between the 

projection of the contact node in the current configuration and the initial configuration (Fig. 2). The 
components of the gap vector determine the state of two adjacent plies as shown in Table 1. 
 

Table 1: PLIES STATES IN RELATION TO GAP CONDITIONS 

Fracture Mode Gap Condition Plies State 

Pure Mode I 

0Ng  Penetration 

NuN gg 0  Opening without debonding 

NuN gg   Opening of debonded plies 

Pure Mode II 
TuTT gg  g  Shearing without cracking 

TuTT gg  g  Friction and sliding of two debonded plies 

 
Thus, combining the bilinear strain-softening model with The penalty method leads to constitutive 
interfacial relationship in pure modes I and II (Fig. 3), where Tg  is the magnitude of vector Tg , t  

and s  are the threshold tensile and shear strength of the binder between plies while tg  and sg  are 

the related displacements. Nug  and Tug  are the maximum normal and tangential displacements, which 

Figure 2: Normal and tangential gaps in 2D and 3D problems: (a) initial 
configuration (bounded plies) in 2D, (b) current configuration in 2D, (c) 
initial configuration (bounded plies), (d) current configuration in 3D. 



the binder can bear without debonding. Fracture energy release rate for modes I and II are defined as 

the area under the normal and tangential stress-displacement curves respectively, that is 
 

 
Nutc gG 2

1
I       ,     Tusc gG 2

1
II   (8), (9)

So, Nug  and Tug  are known since IcG  and IIcG  are assumed to be constant material properties and t  

and s  can be obtained by experiments. N  and T  are the Penalty parameters and f  is the 

maximum friction stress between plies, 
 

Nf    (10)

where   is the Coulomb coefficient of dry friction and   denotes the Macaulay function, that is 
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Fig. 3 shows the stress-displacement relationship in pure modes I and II. In practice however, initiation 
of delamination in any mode will affect on the other modes of fracture. Here, a coupled delamination 
damage model introduced by [2] has been employed in this study to include these effects. The model is 
based on the extent of damage, defined by: 
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in which the use of the Macaulay function for the normal displacement is due to the fact that only 
tensile displacement (opening) affects on delamination. According to this model, delamination will 
initiate as soon as   exceeds zero. Combination of this model and the Penalty method leads to the 
constitutive relationship between interfacial stresses and their related displacements, that is 

 
  gDσσ cTc  TN    ,    )(,)(,)(Diag cccc gggD TTN DDD  (13), (14)

Defining three parameters )(NS , )(TS  and *
Tug  as 

Figure 3: Normal and tangential contact stress—gap vector magnitude diagram. 



Model size m00444.00508.00762.0   

Ply region  nnnnn 90,0,90,0,90  

DE region m035.0050.0   
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Figure 4: FE/DE mesh of one quarter of the composite specimen 

 

results in 
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5. NUMERICAL STUDIES 

A composite plate specimen subjected to a triangular load applied from 0 to 5 sec  with a peak force 
of 5kN is investigated. This modelling is a numerical simulation of the experiments undertaken by [5]. 
Because of symmetry, only one quarter of the plate is modelled (Fig. 4). Also, only the central region 
of this model is meshed by discrete elements. To ensure the mesh independency of the results, the 
analysis is performed with both a coarse and a finer mesh. The deformed shape of the plate at 

sec00018.0t  is illustrated in Fig. 5(a). Fig. 5(b) depicts the comparison of the displacement history 
of the centre of the plate (both top and bottom points across the thickness) for both coarse and fine 
mesh. Also, Fig. 6 illustrates the delamination patterns of the top and bottom plies interfaces of the fine 
mesh at sec00012.0t  and .sec00018.0t  
 

It should be noted that these results were achieved without considering a material fracture analysis and 
only delamination was activated. In practice, however, the illustrated large deformation will certainly 
involve extensive material fracture and failure. 
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6. CONCLUSIONS 

A contact based method has been successfully developed for 3D delamination modelling of 
composites. The initiation and propagation of delamination has been considered by using a bilinear 
strain-softening model, which has been found to be properly accurate. The Penalty method has been 
employed to impose impenetrability and post-debonding behaviours of plies. A numerical example has 
been successfully analysed with this approach. This method could easily be combined with an in-plane 
fracturing algorithm to perform a full fracturing analysis of composites subjected to impact loading. 

 
 
 
 

(a) (b) 

Figure 5: (a) Deformed shape of the plate at sec00018.0t . (b) Displacement history of the central point. 

(a) (b) 

Figure 6: Delamination patterns at the top and bottom plies interfaces of the finer mesh: at (a) 00012.0t  and 
(b) sec00018.0t . 
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