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Abstract 

A combined finite/discrete element method is developed to model delamination behaviour in laminated composites. 
A penalty based algorithm is employed to evaluate the interlaminar stress state. The failure surface for delamination is 
defined by a Chang-Springer criterion, and the interlaminar crack propagation is achieved by a standard discrete element 
contact/release algorithm. The ability of the method for simulation of this behaviour is assessed by solving standard test 
cases available from the literature. © 1998 Elsevier Science B.V. All rights reserved' 
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1. Introduction 

Although the major proportion of today's aircraft structures is still produced from lightweight 
aluminum alloys, comparison of the proportions of materials used in the design of aircraft structures 
during the last two decades would indicate an increasing trend towards usage of polymeric based 

~ composite materials. It is widely accepted that there exists a significant future prospect for a substan
tial increase in the contribution of advanced composite materials to the design of new. aircraft. One 
of the major problems that affects the design and perfonnance of composite materials for structural 
applications is their vulnerability to transverse impact which may cause substantial internal damage 
of the component due to matrix cracking, fiber failure and delamination. By examining the numerous 
contributions to this area of research [1-4], it is evident that impact loading of composites represents 
a highly complex phenomenon composed of several interacting processes. There is, however, agree
ment that the most dominant causes of damage are matrix cracking coupled with complex mode 
delamination mechanisms. 

Recent developments of discrete element methods have opened a new approach to modelling 
this behaviour based on discontinuum mechanics. In contrast, most computational simulations to 
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date have employed continuum based finite elements to evaluate the initiation and propagation of 

. delamination. Similar to other material strength theories, delamination initiation could be basically 

treated within the theory of plasticity. It is, in fact, a material model for the thin adhesive layer, 

although it is usually referred to as an out-of-plane property of composite layers. 

In early simulations, a simple criterion based on the comparison of normal stress to a maximum 
cohesion value was used. Later, more complex models were developed for different types of lam
inates. In the early eighties, continuum elasticity was frequently used to formulate the governing 
equations for laminate composites [5-7]. The main disadvantage of these schemes was in their re
striction to linear geometry of laminates, and many of them were only formulated for dealing with 
free edge delaminations [8, 9]. 

The next step to a more rational model was achieved by development of contact interaction al
gorithms. Liu et al. [10] used a contact analysis for modelling the interface behaviour of laminate 
composites containing multiple delaminations. In a similar scheme, Stavroulakis et al. [11] employed 
a contact algorithm and a Coulomb friction law to study the material inclusion problem in com
posites. In most of these studies, the Chang-Springer delamination failure criterion was used. This 
model was proposed by Chang and Springer [12] in their work on wooden bends and then was 
successfully employed in composite applications. Fracture mechanics concepts have been widely 
adopted in the development of crack propagation algorithms to model the extension of delamina
tion. Several criteria have been proposed to include the effects of individual or mixed modes of 
fracture [3]. 

It should be noted that in a real situation, delamination failure is always accompanied by inplane 
failures, including matrix and fiber fractures. Therefore a comprehensive study of the behaviour of 
composites subjected to low or high velocity impacts, requires a powerful scheme which should 
be capable of modelling progressive in and out of plane fracturing. The traditional elasticity and 
fracture mechanics methods are applicable in situations dealing with a low-fractured area. However 
in a highly fractured region, discontinuum based mechanics has been found to be more appropriate. 
The treatment of these classes of problems is naturally related to discrete element concepts, in which 
distinctly separate material regions are considered which may be interacting with other discrete 
elements through a contact type interaction [13]. 

In this study, a combined finite/discrete element algorithm is developed to solve delamination 
interaction between different layers of composites. In the following, after a general review on 
the discrete element method, contact interaction formulations will be discussed in detail. Then 
the delamination initiation criterion, which is employed, will be described and certain numeri
cal issues will be addressed. A brief review of crack propagation phenomena will be introduced 
which includes a discussion on softening behaviour and energy release rate, and some reasons 
for avoiding fracture mechanics based methods. The ability of the model to correctly 
simulate this behaviour will be assessed by solving standard test cases available in the 
literature. 

2. Aspects of discrete element modelling of composite laminates 

In this section a brief review of the discrete element method is presented, which will provide 
some particular aspects of the modelling of composites. The traditional approach to the simulation 
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Fig. l. (a) Composite beam subjected to impact loading, (b) finite element and discrete element meshes and (c) discrete 
element modelling: transition and delamination laws. 

of stress distributions in arbitrary shaped components under possible nonlinear geometric and ma
terial conditions is by finite element techniques. However, the traditional finite element method 
(FEM) is rooted in the concepts of continuum mechanics and is not suited to general fracture 
propagation problems since it necessitates that discontinuities be propagated\ along the predefined el
ement boundaries. In contrast, the discrete element method (DEM) is specifically designed to solve 
problems that exhibit strong discontinuities in material and geometric behaviour. Thus, a far more 
natural and general approach is offered by a combination of discrete element and finite element 
methods. 

A typical composite beam subjected to an impact loading is shown in Fig. l(a). The possible 
delaminated area is modelled using a discrete element mesh (Fig. 1 (c)) and the rest of the beam 
is modelled by a standard finite element mesh (Fig. 1 (b)). It is also possible to model the whole 
beam with discrete elements. In this case, the possibility of delamination is investigated throughout 
the beam. A combined mesh enables us to prevent unnecessary contact detection and interaction 
calculations which comprise a major part of the analysis time. It is worth noting that even by 
modelling the whole structure with discrete elements, we are still using a combined finite/discrete 
element approach, owing to the fact that finite elements are used for modelling the deformable 
behaviour of individual discrete elements. 

Each ply or a group of similar plies is modelled by one discrete element. Each discrete element 
will be discretized by a finite element mesh and might have nonlinear material properties or geometric 
nonlinearities (large deformations). The interlaminar behaviour of discrete elements is governed by 
bonding laws, including contact and friction interactions for the post delamination phase. 

Interactions between finite elements (not those which are used for DEM discretization) and discrete 
elements are modelled by transition interfaces. A transition interface is defined as a normal interface 
with very high bonding strengths which prevent debonding under all stress conditions. 

All interfaces, firstly, are monitored against the delamination criterion. Once two layers are de
laminated, the corresponding interface will still be capable of further contact and friction interaction. 
However, there will be no re-bonding after delamination. 
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3. Explicit dynamic analysis 

3.1. Governing equations 

The standard variational (weak) form of the dynamic initial/boundary value problem is taken as 
the point of departure. Let Q represent the body of interest and r denote its boundary. In a standard 
fashion the boundary is assumed to consist of a part with prescribed displacement U;, ru" and a part 
with prescribed traction force /;surf, ra,. In addition it is assumed that a part rc may be in contact 
with another body. By denoting with 

"y:= {bu: bUi = 0 on ru,} (1) 

the space of admissible variations, the variational form of the dynamic initial/boundary value problem 
can be expressed as 

1frint(bu,u) + j/(bu,u) = jf~ext(bu) + ~con(bu), (2) 

where 

irint(bu,u) = 10 be(u):t1(u)dv, (3) 

A(bu, u) = 10 bu . pii dv, (4) 

~ext(bu) [bu. fbodYdv + [ bu· rUrf da, (5)in iT;, 

jf~con (bu) = I bg(u) .ron da (6) 

denote, respectively, the virtual work of internal forces, the inertial forces contribution, the virtual 
work of external forces and the virtual work of contact forces. Here t1 is the Cauchy stress tensor, e 
is the strain tensor, u is the displacement vector, while g represents the contact gap vector. Observe 
that in the present formulation the contact terms correspond to a penalty formulation of contact 
interaction. 

3.2. FE discretisation and time integration 

The standard finite element discretisation of the variational form (2) results in the discrete set of 
algebraic time dependent equations which may be expressed, in matrix form, as 

Mii(t) +lnt(u,t)=rxt(t) +rOn(t), (7) 

where t is the time, fint(U, t) the internal force vector, fext( t) the external force vector, ron(t) the 
contact force vector while M denotes the mass matrix. 

The velocity v = Ii and acceleration ii = vare approximated by using the central difference method 
with variable time steps. Letting a variable with subscript n denote the numerical solution at time 
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vn+l/2 (8)
LI tn 

Un Un-l 
Vn-l/2 = , (9)

Lltn_ l 

Vn = ~(Vn- 1/2 + Vn+ 1/2), (10) 

Vn+1/2 - Vn-l/2 
Vn = (11 ) 

Lltn 

Lltn ~(Lltn_[ + Lltn ). (12 ) 

Further, the mass matrix is assumed to be diagonal, so as to avoid solving simultaneous equations. 
Making use of the above approximations, we obtain for the ith degree of freedom, 

. _ +.r .1« lex!) (f,con)
Vi.n+I/2 - Vi.n-l/2 LJtnmi .I i n + i n cr,int)n ), (13) 

where mj is the ith diagonal tenn of M. Time incrementation is then readily perfonned by evaluating 
displacement, velocity and acceleration using Eqs. (8), (10) and (11), respectively. 

4. Contact interaction 
. 

Once the possibility of contact between discrete elements is detected (by a contact detection 
algorithm), contact forces have to be evaluated to define the subsequent motion of the discrete 
elements from the dynamic equilibrium equation. In a penalty method, penetration of the contactor 
object is used to establish the contact forces between contacting objects at any given time. 

Attention is now focused on a single boundary node in contact to fonnulate the residual con
tribution of contact constraint, rC. The component fonn of the virtual work of the contact forces 
associated to the contact node is then given by [14] 

Ie agk " s[rlf/'cone bu) = R bgk (14 ) Jk.., uUi 
Our 

where k = n, t and i =x, y, and uf is the ith component of displacement vector at node s, g = (gn, gt) 
is the relative motion (gap) vector, and IC is the contact force vector over the contact area AC

, 

Ie = AC(lc, (Ie (15)ag= 
[ 

0 
(J.n 

~rl[::l' 
where a is the penalty tenn matrix, which can vary for nonnal and tangential gaps and even between 
single contact nodes. The corresponding recovered residual force is then evaluated as 

Icagkr
I 

S (16 ) 
.Ik au;;'

I 

The partial derivative part of Eq. (16) define the direction and distribution of nonnal and tangential 
bonding forces. 
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Fig. 2. Normal and tangential gaps. (a) Bonded layers at time t, (b) debonded layers at time t+dt and (c) projection on 
a reference system. 

The possible normal and tangential gaps for eacb contacting couple are evaluated by monitoring 
the coordinates of contacting couple nodes in each time step. Then by projecting the coordinates 
in the current and previous timesteps to a reference configuration, the possible gaps are calculated 
(Fig. 2). 

Special precautions should be taken to satisfy momentum conditiohs and to consider different 
geometry shapes of contact and target bodies (concave and convex DE boundaries). The calculated 
contact force has to be distributed to the target and the contactor nodes. 

4.1. Friction law 

The simple classical Coulomb friction law is employed to calculate friction forces. According to 
this assumption, there is no relative motion until the maximum allowable tangential friction force is 
reached. This behaviour, can be easily formulated as 

Llul=O if lill<llin, 
(17) 

Llut 1'= ° if 1ft I= Ilin, 

where Llut is the relative tangential displacement of the two surfaces and Il is the friction 
coefficient. 

5. Delamination initiation 

There exist several criteria that are used in prediction of the initiation of delamination in composite 
structures [10, 15]. Reasonable results can be achieved by employing maximum normal stress or 
strain criteria, whereas for obtaining more rational results, some other more sophisticated interactive 
criterion should be adopted. It is widely accepted that the Chang-Springer criterion can be properly 
used for predicting the initiation of delamination. Two dimensional representation of this criterion 
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in local axes is defined by [12] 

2 d < 1, no failure, 
(18)(1;)+ ( 1;)= ,d { d3:l, failure, 

where Y and S are the unidirectional normal and tangential strengths of the bonding material, 
~ respectively. 

Once the initial failure is predicted, another criterion should be introduced to simulate the growth 
of the local damage as the loading continues. 

6. Crack propagation 

There is no immediate need for a crack propagation algorithm between discrete elements in a 
discontinuum mechanics scheme. Having employed a standard central difference explicit scheme in 
dynamic analysis of composites, in each time step, a possible configuration is predicted from the 
dynamic equilibrium equations, which are formed by considering the internal forces calculated from 
contact/delamination interactions in the previous timestep. Therefore the current configuration offers 
a possible crack propagation Jayout which has to be modified by the new interactions in current 
timestep. 

Once the delamination initiation criterion is satisfied, an interIaminar crack is formed. Forming a 
crack is followed by releasing energy and redistributing the forces which caused the initiation of the 
crack. If this procedure happens immediately after occurrence of a crack, it will lead to inaccurate 
solutions, and more importantly, to results that strongly depend on the size of the finite elements 
used in the analysis. \ 

There are two methods for considering load transfer in cracked regions: fracture mechanics, and 
strain softening. 

6.1. Fracture mechanics 

In this method, a complex mixed mode fracture, including modes I, II, and III may be simul
taneously activated. A simple criterion that governs delamination growth could be presented by 
a linear interpolation of the energy release rates G1C, Gnc, GlUC which has proved sufficiently 
accurate in recent finite element based simulation of delamination due to low-velocity impact 
[16, 17]. 

However, since this method requires a reanalysis of the whole model in each step, it is not 
suitable for an explicit dynamic analysis of multiple crack problems adopted in this study, and a 
local softening model based on fracture energy release is employed. 

6.2. Strain softening 

The main concept, borrowed from fracture mechanics, is the assumption that the fracture energy 
release Gf , is a material property rather than a local stress-strain curve. The implementation of the 
Gf = Const. concept, leads to the important conclusion that the local strain-softening law depends 
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Fig, 3, Fracture energy softening model. 

on a fracturing zone with characterization length, Ie> depending on the finite element mesh, As a 
result, the fracture energy concept leads to a nonlocal format of the equivalent softening relation 
which is fundamentally different from the local constitutive formats of strain-softening plasticity and 
continuous damage mechanics [18J. 

One model that provides a simple approach to localisation zone detection is the Rankine softening 
plasticity model and in this work a bilinear local softening model is adopted [19]. 

The fracture energy release is defined as the integral of the area under the softening branch of 
the stress-strain curve 

Gf = [~It (Eu - Et )] Ie (19) 

where It is the tensile strength and Eu and Et are the tensile fracture and ultimate strains, respectively, 
and Ie is the localisation bandwidth. In general, Ie is contained within one element and in 2-D is 
defined based on the area of the fractured element, A [20]: 

Ie = VA. (20) 

The softening modulus is then defined as 

E p = f? Ie (21 )2Gf ' 

The position of the stress point on the softening branch, or the value of the fracture indicator 
(Fig. 3), could be used as a measure, being compared to a predefined maximum value, to indicate 
fully damaged material regions. 

7. Numerical results 

In this section, three test cases are considered. Firstly, a three layer beam is modelled and the 
results for different levels of strengths of adhesion are discussed. In the second test case, a composite 
bend specimen is simulated to demonstrate the capability of the method for modelling arbitrary 
(polygonal and/or curved) interlaminar boundaries. Finally, a composite beam subjected to impact 
loading is modelled and its local delamination buckling modes are numerically calculated. These 
results are compared with continuum based numerical analyses by other researchers. 
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Fig. 4. Defonned shape of the layered beam with different adhesive strengths. L = 4.'0 m, H,otal = OAO m, E == IAe? N/m2, 
v=0.2, p=2400kg/m3

, t~~1.0m/s2 (a) No adhesion. (b) Low strength adhesion (uadb=le5N!m2 
). (c) Fully bonded. 

(d) Single layer beam. 

7.1. Simply supported three layer beam 

This simple example was performed to demonstrate the ability of the method for modelling of a 
composite laminated beam with various interlaminar strengths. A three layer beam was analysed in 
three different conditions: no adhesion between the layers, low strength adhesion and high strength 
adhesion. The beam was subjected to a constant high velocity impact loading. The deformation at 
the end of loading for all three cases are shown in Fig. 4. 

According to Fig. 4(c), it is found that no relative movement is allowed between the layers, and 
the three layer model behaves as a single layer with the total thickness. The results of analysis of 
the latter case are presented in Fig. 4(d). Fig. 5 presents the time history responses of midpoint 
deflection of the beam for various bonding conditions. It is evident that the fully bonded constraint 
can be efficiently modelled by this method. 

7.2. Composite bend test 

Two composite bends with different angles and laminate layouts are considered. Each laminate 
is composed of N Fiberite T300/1034-C graphite epoxy unidirectional tape. The material properties 
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Fig. 5. Midpoint deflection of a beam subjected to a constant concentrated loading. 

Table I 
Material properties for nOO!1034-C graphite epoxy 

Ply longitudinal modulus Exx = 146800 Mpa 
Ply transverse modulus = 11400Mpa 
In plane shear modulus Gu 6184 Mpa 
Out of plane shear modulus Gyz 4380 Mpa 
Poisson's ratio v xy = Vyz = 0.3 
Ply longitudinal tensile strength X, 1730Mpa 
Ply longitudinal compressive strength Xc = I380Mpa 
Ply shear strength S 133.7 Mpa 
Ply transverse tensile strength Yr =66.5 Mpa 
Ply transverse compressive strength Yc=26.8 Mpa 
Density p 1.55 mg/m3 

used in the calculations are listed in Table 1. Geometric descriptions of the bend are depicted in 
Fig. 6. The assumed aspect ratios are L/H = 4, R/H = 4, and W/H = 1. 

The effects of bend angle a, ply orientation, and loading direction are investigated in this study. 
The predicted delaminations are shown in Figs. 7-10. In the first set of analyses, an eight layer 
finite/discrete element model was implemented to model a 90° bend with a uniform [On] ply layout 
subjected to outward loading on the edge of the bend. Delamination commenced from the loaded 
edge of the bend and extended across the thickness and toward the clamped edge of the bend. 

The results of calculations by Chang and Springer [12], are listed in Table 2. These strengths 
were calculated the first time that a delamination or in-plane failure occurred. They concluded that 
for outward loadings, the failure was always caused by delamination, the same results as the current 
calculations, whereas for inward loadings (Fig. 8), inplane fractures were the major causes of failure. 
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Fig. 6. Geometric description of a composite bend. 
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(a) (b) 

Fig. 7. (a) Defonned shape and (b) delamination layouts of a 90° bend subjected to outward loading. 

(a) (b) 

8. Defonned shape and delamination layouts of 90° bend subjected to inward loading. (a) Defonned shape of bend 
and (b) no free edge delamination. 

The second set of analyses were perfonned to study the delamination behaviour of a 1200 bend 
with a [On/90n/Onl ply layout. Nine finite/discrete element layers were used to model this composite 
bend. The results of defonnation and delamination patterns for in and outward loadings are presented 
in Figs. 9 and 10. Analysis of results shows that for outward loadings the failure of the bend is 
always caused by delamination. 
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(a) 	 (b) 

Fig. 9. Deformed shapes of 120° bend. (a) Outward loading and (b) inward loading. 

(a) 	 (b) 

Fig. 10. Delamination layouts of 120° bend. (a) Outward loading and (b) inward loading. 

Table 2 

Results of F/WH [L/H 4] 


R/H IX 90 IY.= 120 

Inward Outward Inward Outward 

1 
2 
4 

40(11 ) 17(D2 ) 
23(D) 
37(D) 

38(1) 15(D) 
24(D) 
37(D) 

7.3. Dynamic buckling analysis of a composite beam 

An implicit approach combined with a fracture mechanics crack propagation algorithm was used 
by Grady et al. [21], to perform a dynamic delamination buckling analysis in a composite laminate 
with an initial interlayer crack subjected to impact loading. The specimen geometry and impact 
loading are defined in Fig. 11. The material properties of this clamped beam like unidirectional [On] 
graphite epoxy laminate are assumed to be the same as Table 1. Grady et al. [21], predicted that a 
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Fig. 12. Midpoint displacement. 
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(a) Vertical velocities. 

Fig. 13. Time history responses of two nodes on opposite sides of initial crack: (a) middle of initial crack and (b) tip of 
initial crack. 
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first mode of delamination buckling is likely to occur approximately 190 IlS after the impact event 
begins. 

A very fine finite element mesh with plane stress triangles (3700 nodes and 3800 elements) was 
used to model this problem. Four layers of discrete elements are used through the thickness. The 
lowest layer is predicted to experience a local delamination buckling. The critical timestep which 
ensures the stability of the scheme is restricted to O.Ollls (IE-08s). As a result, 50000 timesteps are 
required for a full dynamic analysis, which takes more than 20 h on a DEC Alpha 3000 machine. 

The results of linear uncracked analysis without considering delamination, and a full delamination 
analysis for the midpoint vertical displacements, are compared in Fig. 12. It is easily concluded that 
the global behaviours of the beam in both cases are similar, and that the local delamination buckling 
does not largely effect the global response of the beam. 

Fig. 13 shows the time history results of vertical displacement and velocity of two adjacent nodes 
at the middle and at the tip of the initial crack. According to Fig. l3( a), delamination in the middle 
of the crack starts at about t = 150 ~lS and increases rapidly after t = 175 IlS, therefore the possible 
local buckling is predicted to occur between t = 175 ~lS to t = 200 IlS. The small gap between the two 
curves in this figure indicates that the crack is extended by a small amount at the end of loading. 
The same results may be concluded from the comparison of velocities in Fig. 13. 

8. Conclusions 

A combined finite/discrete element method has been successfully develop~d for modelling delami
nation behaviour of composites. The strength reduction, occurring after initiation of a crack has been 
considered by using a softening model, which has been found to be sufficiently accurate, and there is 
no immediate need for a fracture mechanics algorithm. Several tests, from a simple beam bending to 
a more complex buckling analysis were used to assess the performance of the method. This method 
could easily be combined with an inplane fracturing algorithm to perform a full fracturing analysis 
of composites subjected to impact loads. 
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