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Abstract. A combined finite/discrete el
ement method is developed to model de
lamination behaviour in laminated com
posites. The failure surface for delamina
tion is defined by a Chang-Springer cri
terion, and the interlaminar crack propa
gation is achieved by a standard discrete 
element contact/release algorithm. The 
performance of the method is assessed by 
solving test cases available from the liter
ature. 

INTRODUCTION 

Although the major proportion of today's 
aircraft structures is still produced from 
lightweight aluminum alloys, there is an 
increasing trend towards usage of compos
ite materials. One of the major problems 
that effects the design and performance 
of composite materials for structural ap
plications is their vulnerability to trans
verse impact which may cause substan
tial internal damage of the component due 
to matrix cracking, fiber failure and de
lamination. There is, however, agreement 
that the most dominant causes of damage 
are matrix cracking coupled with complex 
mode delamination mechanisms [1,2, 3]. 

In early simulations of delamination, 
a simple criterion based on the compar
ison of normal stress to a maximum co
hesion value was used. Later, more com
plex models were developed for different 
types of laminates. More rational mod
els were achieved by development of con
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tact algorithms for modelling the interface 
behaviour oflaminate composites contain
ing multiple delaminations [4] in which 
the Chang-Springer model were widely 
adopted as the delamination initiation cri
terion [5]. 

It should be noted that in a real 
situation, delamination failure is always 
accompanied by inplane failures, includ
ing matrix and fiber fractures. The tra
ditional elasticity and fracture mechan
ics methods are applicable in situations 
dealing with a low-fractured area. How
ever in a highly fractured region, discon
tinuum 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 seperate material regions 
are considered which may be interacting 
with other discrete elements through a 
contact type interaction [6]. 

In this study, a combined finite/ 
discrete element algorithm is developed 
to solve delamination interaction between 
different layers of composites. In the fol
lowing, after a general review on the dis
crete element method, delamination in
teraction will be described in more de
tail, and a softening model will be intro
duced to simulate the crack propagation 
phenomena. The ability of the model to 
correctly simulate this behaviour will be 
assessed by solving two tests available in 
the literature. 
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Figure 1: Composite beam subjected to impact loading, finite element and discrete 
element modelling. 

DISCRETE ELEMENT 
MODELLING OF 
COMPOSITES 

In this section a brief review of the dis
crete element method is presented, which 
will provide some particular aspects of the 
modelling of composites. 

A typical composite beam subjected 
to an impact loading is shown in Figure 
1a. The possible delaminated area is mod
elled using a discrete element mesh (Fig
ure 1c) and the rest of the beam is mod
elled by a standard finite element mesh 
(Figure 1b). A combined mesh enables us 
to prevent unnecessary contact detection 
and interaction calculations which com
prise 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 dis
crete 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 mate
rial or geometric nonlinearities. The inter
laminar behaviour of discrete elements is 
governed by bonding laws, including con
tact and friction interactions for the post 
delamination phase. Interactions between 
finite elements and discrete elements are 
modelled by transition interfaces which 
prevent debonding under all stress condi
tions. 

All interfaces, firstly, are monitored 
against the delamination criterion. Once 
two layers are delaminated, the corre
sponding interface will still be capable of 
further contact and friction interaction. 

3 	 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 
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a) Bonded layers at time t 	 c) Projection on a reference system b) Debonded layers at time d+dt 

Figure 2: Normal and tangential gaps. 

dynamic equilibrium equation. 

3.1 Contact forces 

According to the spatial version of the 
classical weak form of the boundary value 
problem, the component form of the vir
tual work of the contact forces associated 
to the contact node is given by [7, 8]: 

(1) 

where k = n,t and i = x,y, and ui is the 
the i-component of displacement vector at 
node s, g = (gnl gt) is the relative motion 
(gap) vector, and fC is the contact force 
vector over the contact area AC 1 

(2) 

(3) 

where Q is the penalty term matrix, 
which may vary between single contact 
nodes. The corresponding recovered resid
ual force is then evaluated as: 

(4) 

The possible normal and tangential 
gaps for each contacting couple are eval
uated by monitoring the coordinates of 

contacting couple nodes in each time step 
(Figure 2). 

The calculated contact force has to 
be distributed to the target and the con
tactor nodes. 

3.2 Friction law 

The simple Coulomb friction law is em
ployed to calculate friction forces. Accord
ing to this assumption, there is no relative 
motion until the maximum allowable tan
gential friction force is reached, 

~Ut =0 if Iftl < J.L fn (5)
~Ut -# 0 if Iftl == J.L fn 

where ~Ut is the relative tangential dis
placement of the two surfaces and J.L is the 
friction coefficient. 

4 	 DELAMINATION 
INITIATION 

Among the several criteria that are used 
in prediction of the initiation of delamina
tion in composite structures [4,5], reason
able results can be achieved by employ
ing the Chang-Springer criterion. Two di
mensional representation of this criterion 
in local axes is defined by [5]: 

(yy2 )+('Xy2) = d2 { d < 1 no failure 
y2 8 2 'd ;::: 1 failure 

(6) 
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where Y and S are the unidirectional nor
mal and tangential strengths of the bond
ing material, respectively. 

CRACK 
PROPAGATION 

Within a standard central difference ex
plicit scheme in dynamic analysis of com
posites, in each time step, a possible con
figuration is predicted from the dynamic 
equilibrium equations, which are formed 
by considering the internal forces calcu
lated from contact/delamination interac
tions in the previous timestep. Therefore 
the current configuration offers a possible 
crack propagation layout which has to be 
modified by the new interactions in cur
rent timestep. 

Once the delamination initiation cri
terion is satisfied, an interlaminar crack 
is formed, which is followed by releasing 
energy and redistributing the forces. To 
avoid mesh dependency and inaccuracy of 
the results [7], a local bilinear Rankine 
softening plasticity model is adopted. 

o FI'IlCIWe Indicator 1 

Gf : FI'IlCIWe Energy 

Figure 3: Rankine softening model. 

The main concept is the assump
tion that the fracture energy release G J, 
is a material property rather than a lo
cal stress-strain curve, and is defined as 
the integral of the area under the soften
ing branch of the stress-strain curve 

where It is the tensile strength and Eu and 
Et are the tensile fracture and ultimate 
strains respectively, and Ie is the localisa
tion bandwidth, which is contained within 
one element and can be defined based on 
the area of the fractured element [9). 

The softening modulus is then defined as 

(8) 

The position of the stress point on 
the softening branch, or the value of the 
fracture indicator (figure 3), could be used 
as a measure to indicate the rate of mate
rial damage in the region. 

6 	 NUMERICAL 
RESULTS 

In this section, two test cases are consid
ered. Firstly, a composite bend specimen 
is simulated to demonstrate the capabil
ity of the method for modelling arbitrary 
interlaminar boundaries. In the second 
test case, a composite beam subjected to 
impact loading is modelled and it's local 
delamination buckling modes are numer
ically calculated. These results are com
pared with available results from the lit
erature. 

6.1 Composite bend test 

Two composite bends with different an
gles and laminate layouts are considered. 
Geometric descriptions of the bend are de
picted in Figure 4 and the material prop
erties are listed in Table 1 (5). The as
sumed aspect ratios are L/H = 4, R/H 
4, and W/H = 1. 

The effects of bend angle 0', ply ori
entation, and loading direction on delam
ination strength of the bend are investi
gated in this study. 

(7) 

The results of calculations by Chang 
and Springer [5], are listed in Table 2. 
These strengths were calculated the first 
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Figure 6: Specimen geometry and impact 
loading of a composite beam. 

Figure 4: Geometric description of a com
posite bend. 

Exx = 146800Mpa Gxx = 6184Mpa 
Eyy = 11400Mpa GyZ =4380Mpa 

vxy = Vyz =0.3 p = 1.55~ 
X t = 1730Mpa ,Xc == 1380Mpa 
Yt == 66.5Mpa ,Yc == 26.8Mpa 

S = 133.7Mpa 

Table 1: Material properties for T300 
/1034-C graphite epoxy 

time that a delamination or in-plane fail
ure occured. They concluded that for 
outward loadings, the failure was always 
caused by delamination, whereas for in
ward loadings, inplane fractures were the 
major causes of failure. 

Eight and nine layer finite/discrete 
element models were implemented to 
model 90 and 120 degree bends with uni
form [On1 and [On/gOn/OnJ ply layouts, re
spectively. For outward loading, delam
ination commenced from the loaded edge 
of the bend and extended across the thick
ness and toward the clamped edge of the 
bend (Figures Sa,e). Analysis of results 
shows that for outward loadings the fail
ure of the bend is always caused by de
lamination. No delamination, even in free 
edges is observed for inward loadings. 

II R/H\f---=In_a_=_9~=-u-t+--=In_a_=_1--~-u-t-ll!1 
1 40(Ia 

) 17(DV) 
2 -
4 -

23(D) 
37(D) 

38(I) 15(D) 
- 24(D) 
- 37(D) 

"I=Inplane failure 

bD=Delamination 


Table 2: Results of F/(W H) [L/ H = 41 

Buckling analysis of a com
6.2 posite beam 

An implicit approach combined with a 
fracture mechanics algorithm was used by 
Grady et al [1OJ, to perform a dynamic de
lamination buckling analysis in a compos
ite laminate with an initial interlayer crack 
subjected to impact loading. The speci
men geometry and impact loading are de
fined in Figure 6. The material properties 
of this clamped unidirectional [OnJ lami
nate are assumed to be the same as Table 
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(a) Outward loading. (b) Inward loading. 

(c) Delamination layout. (d) No free edge delamination 

(e) Outward loading. (f) Inward loading 

(g) Delamination layout. (h) No free edge delamination. 

Figure 5: Deformed shapes and delamination layouts of bends. a-d)90-degree bend, 
e-h)120-degree bend. 
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Figure 7: Time history responses of two nodes on opposite sides of the middle of initial 
crack. 

1. They predicted that a first mode of de
lamination buckling is likely to occur ap
proximately 190 f.l,S after the impact event 
begins. 

Four layers of discrete elements were 
used through the thickness to model this 
problem. The lowest layer is predicted 
to behave as a local delamination buck
ling. The critical timestep which ensures 
the stability of the scheme is restricted to 
O.Olf.l,sec. 

The results of linear uncracked anal
ysis and a full delamination analysis for 
the midpoint vertical displacements, are 
compared in Figure 8. It is easily con
cluded 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. 

Figure 7 shows the time history re
sults of vertical displacement and veloci
ties of two adjacent nodes at the middle of 
the initial crack. According to Figure 7a, 
delamination in the middle of the crack 
starts at about t == 150f.l,s and increases 
rapidly after t = 175f.l,s, therefore the pos

sible local buckling is predicted to occur 
between t = 175f.l,s to t == 200f.l,s. The 
same results may be concluded from the 
comparison of velocities in Figure 7b. 

7 CONCLUSIONS 

A combined finite / discrete element 
method has been successfully developed 
for modelling delamination behaviour of 
composites. The strength reduction, oc
curing after initiation of a crack has been 
considered by using a softening model. 
Two tests, including a composite bend 
and a more complex buckling analysis 
were used to assess the performance of 
the method. This method could easily be 
combined with an inplane fracturing algo
rithm to perform a full fracturing analysis 
of composites subjected to impact loads. 
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Figure 8: Midpoint Displacement 
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