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Abstract 

A combined finite/discrete element model has been developed to study the damage mechanism of laminated 
composites. Interaction and coupling between in-plane cracks and interlaminar delamination has also been 
considered. An algorithm is provided for including tangential/frictional sliding within the penalty contact algorithm. 
The Hashin criterion has been adopted for modeling the composite anisotropic behaviour. The ability of the method 
for simulation of damage is assessed by comparing standard test cases available in the literature. 

1. Introduction 

Composites are used in a wide variety of applications, such as vehicles, sport equipments, aerospace industry, etc. 
Composite materials were developed because no single, homogeneous structural material could be found that had all 
desired attributes for a given application. They are attractive to design engineering because of their high strength-to
weight ratio, superior corrosion resistance, high fatigue strength etc. 

One of the problems that must be investigated in the performance of composite materials, particularly in impact 
loading conditions, is "cracking " phenomenon. Experimental observations have shown that matrix cracks and 
delamination resulting from impact seem to appear concurrently, indicating the existence of a strong interaction 
between matrix cracking and delamination during impact. Figure (1) illustrates these failure modes and the coupling 
between them for a bending beam with an initial notch. 

Recent developments of the discrete element method have opened a new approach to modeling this behaviour based 
on discontinuum mechanics. In constrant, most computational simulations have employed continuum based finite 
elements to evaluate the initiation and propagation of cracks in composites. In past, a simple criterion based on the 
comparison of normal stress to a maximum value was used. Later, more complex models were developed for 
different types of laminates. In early simulations, continuum elasticity was frequently used to formulate the 
governing equations [1]. The main disadvantage of those schemes was in their restriction to linear geometry of 
laminates (2,3]. The next step to a more rational model was achieved by development of contact interaction 
algorithm. Liu et al. (4] used a contact analysis for modeling the interface behaviour of laminate composite. 
Recently, Mohammadi et al. employed a contact algorithm and a Culomb friction law to study the progressive 
damage of composites (5]. 

Fracture mechanics concepts have been widely adopted in the development of crack propagation algorithms to 
model the extension of delamination (6,7]. Several criteria have been proposed to include the effect of individual or 
mixed modes of fracture. In some of recent researches, interface elements were lIsed for simulation of progressive 
delamination. For example, Mi. et al. used these elements in conjunction with softening relationships between the 
stresses and the relative displacements [7]. 

In the present work, a combined finite/discrete element methodology is employed for modeling and controlling of 
cracking process. In the following, after reviewing the modeling procedure, the main formulations for failure 
analysis, finite element analysis and contact interaction will be discussed. Then remeshing procedure will be 
described which is used at the present work. Finally, the performance of the model will be assessed by some of the 
numerical results. 

2. Modeling Procedure 

At the present work, a combined finite/discrete method is employed for simulation of composites. Discrete elements 
are used for the segments with delamination possibility and the rest ofthe structure is discretized by a standard finite 
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Fig.1 : Failure modes in a typical composite specimen 

element mesh. For this purpose, similar plies are modeled by one discrete element and a finite element mesh is 
employed for modeling individual discrete elements. Interaction between finite and discrete elements are considered 
by a proper interface transition law, which prevents debonding under all stress conditions. The interlamiar behaviour 
of discrete elements is governed by bonding laws including contact and friction interactions for the post 
delamination phase. A combined mesh helps us to prevent unnecessary contact detection and interaction 
calculations. 

In order to achieve an efficient simulation, an explicit dynamic analysis has been adopted. The model consists of 
three steps: a standard finite element analysis, a contact analysis and a failure analysis. The FE analysis is performed 
for calculating the stress and deformation of the composite laminates. The contact analysis adopts a penalty method 
for dealing with interface conditions of matrix cracks and delamination during impact loading. Finally, the failure 
analysis is proposed for predicting the occurrence of matrix cracking and for modeling delamination initiation and 
propagation. 

2.1 Finite Element Analysis 

A finite element formulation based on the weak form of the boundary value problem has been adopted. Let n 
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 Ui, r Ul and a part with prescribed traction force fi surf, r cri. In addition it is 
assumed that a part rcmay be in contact with another body. By denoting with 

V: ={&u: &u,=O on rud (1) 

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

wtn'(&u , u) +M(ou , u) =Wext(&u ) +Wcon(&u ) (2) 
where 

wint(&u , u) 1 &s( u) : O'(u) dv, (3) 

M(&u, u) 1 &u. pO dv, (4) 

wext(&u) = 1 &u . (body dv + L. &u • (surfda, (5) 

Wcon(&u) = 1 &g(u) . (con 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 (J is the Cauchy stress tensor, I:: is the strain tensor, U is the 
displacement vector, while g represents the contact gap vector. 

2.2 Failure Analysis 

A set of failure criteria was proposed for predicting damaged caused by different types of failure mechanisms [4]. 
The distinction between various modes of failure is very important since different failure mechanisms result in 
totally different types of damage growth and lead to different failure loads. The Hashin failure criterion, which can 
predict the fiber failure mode and the matrix mode of failure, is used to predict the lamina failure [8]. According to 
this criterion, failure can be defined by: 

Tensile fiber mode (all > 0) call )2 + (a ll )2 (7) 

Xr S 


Compressive fiber mode (all < 0) I all I=xc (8) 

(0'22)2 +(0'12)2 =1Tensile matrix mode (0'22 > 0) (9)
SYT 

( 0'22 ) 2 +[( Yc ) 2 _ 1) 0'22 +(an) 2 =1Compressive matrix mode (0'22 < 0) (10)
S2ST 2ST Yc 

where 

Xc' X T == longitudinal compressive and tensile strengths, respectively 

' YT = transverse compressive and tensile strengths, respectively Yc 

S T ' S longitudinal and transverse shear strengths, respectively 

and all, 0'22' and all are the two longitudinal and tangential stresses, respectively. 

Whenever the combined state of stresses satisfies the criterion, initial failure occurrs. The corresponding failure 
criterion indicates the initial mode of failure. Once the initial mode is predicted, another criterion should be 
introduced to simulate the growth of the local damage as the loading continues. 

A softening material model according to [Figure (2)] is adopted where the tensile strength J;, the "cracking strain" 

s~ and the "maximum strain" &u are defined as material properties. In the finite element simulations, the strain can 
exceed su, but the equivalent stress will then be set to zero; that is the crack opening is complete. The region Bt d::< I::u 
represents the softening behaviour ofthe element. 
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Fig. 2: Bilinear softening model 

In relation to figure (2), the critical fracture energy Ge• is defined as the integral of the area under the softening 
branch of the stress-strain curve: 

(11) 



• • 

where Ie is the localization bandwidth. In general, Ie is contained within one element and, as a close approximation it 
may be defined based on the area A, or the volume ofthe fractured element, Y, 

I =A05 for 2D (12)c 

I =y1/3 for 3D c 

The softening modulus is then defined as 

E = //lc (13)p 
2Gc 

The Hashin criterion cannot predict the crack direction correctly. A simple method is based on the assumption that 
the material cracks are only formed along or perpendicular to the fiber direction. Figure (3) illustrates this simple 
assumption for two dimensional problems. 
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Fig. 3 : Crack direction in composites 

2.3 Contact Analysis 

An algorithm is provided for including tangential stiffness and frictional sliding within the penalty contact algorithm 
for explicit analysis. The tangential force is defined as 

(14) 

where gt is the tangential component of the relative motion (gap) and at is the elastic tangential stiffuess or penalty 
coefficient. The tangential gap is defined as 

t+l'!.tgt = tgt +C+l'!.t~c- t~c) tl (15) 
where the local coordinate system, I;, so that ~ E [0,1], is used. 
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and I;c is the local coordinates of the point c, defined by the normal projection ofthe contact point s onto the segment 
i.e: 

~ c =(x.-xt).tli (16) 
where xs,Xt are the global coordinates ofthe points 1,s, 

Simple Coulomb Friction 

The simple classical Culomb 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 behavior, can be 
formulated as 

if 1ft 1< J.l fn (17) 

if Ift I fl fn 

where fiut is the relative tangential displacement of two surfaces and fl is the friction coefficient. Once fiut;tO, the 
tangential gap can be writen as 

(18) 

where gtc, g,P are the elastic and plastic tangential gaps. Using the flow rule, gt is given as 

(19) 

Where a).. is the constant coefficient of flow rule. For simple coulomb friction the yield function or slip condition is 
defined as 

(20) 

The stress update algorithm can be achieved by implementing the and following the standard plasticity procedures 
flow rule [as described in box (1)] 

Box.l - Stress update algorithm with coulomb friction slip 

Compute tangential displacement 

Evaluate trial tangential stress 

Compute yield function for fttria1 

"t+at fttria1
(l)trial 11- fl fn 

fn =constant 


IF (l)trial::; 0 (Elastic phase) 

1+at fttrial 


ag,P= 0 


ELSE (Perform correction for frictional slip) 



3. Remeshing Procedure 

Material fracture may result in the creation of new discrete bodies, which are in contact and friction interaction with 
neighboring bodies. A special remeshing algorithm is adopted to maintain compatibility conditions in newly 
fractured regions. 
The failure indicator and the crack direction for each individual element are evaluated within the material model 
routines. A weighted averaging scheme is then used to evaluate both the failure indicator and crack direction ofeach 
node. The next step is to geometrically simulate the crack and perform the necessary split, separation and the 
remeshing processes. Figure (5) represents the two dimensional remeshing algorithm which comprises four steps 

Creating two nodes from 
one original node 

-New node 

Crack Finer mesh t 
around crack 

Initial Mesh Remeshing 

Fig. 5: Remeshing algorithm 

splitting the element, separating the failed nodes, creating new remeshing nodes, and dividing uncracked elements to 
enforce compatibility at new nodes. Adopting this local remeshing algorithm will provide a relatively finer mesh in 
the fractured region and prevents the distortion of the elements in this region. Also in the crack adjacent, meshes 
became smaller, which improves the finite element approximation ofthe analysis [see figure (5)]. After remeshing, 
it is not required to reanalysis the whole model in each step. The stress state is transformed from parent to new 
elements. They are first extrapolated from the old element gauss points to the element nodes, and then they will be 
interpolated to the new element gauss points. Special attention has to be made to avoid violation of equilibrium 
equations at new gauss points. 

4. Numerical Results 

4.1 Impact Iuduced Delamination in a Composite Plate 

A composite plate, clamped in its two opposite sides and free in the other two, impacted with a cylindrical nose steel 
impactor along its central line. The plate is 10 cm long and [OJ90i06] composite layup with a total thickness of2.3 
mm [figure (6)]. Material properties of the plate and impactor object are defined in table (1). Because of the 
symmetry, only half ofthe problem has been modeled and only the delamination of the plate is considered. A full 
fracture analysis of the plate with matrix cracking was performed in ref. [11] by using 33180 LST and 23773 
cohesive triangle elements. The deformation and delamination patterns of the plate are shown in figures (7) and (8) 
at times O.1ms, 0.6 ms, respectively. Displacement history of central point of the plate has been shown in figure 9. 

The present simulation is performed with discrete elements, showing a great reduction in computational efforts, 
comparing to the modeling procedure undertaken by Geubelle et al. [11]. 



m == 1.147 kg/m 
r==1.5 mm 
v 15.5 m/s 

Fig 6: Geometry ofcomposite impact problem 

Table (1)- Material Properties of Composite Plate 

Exx= 156 GPa Eyy= 9.09 GPa 
I 

i vxy=0.228 vyz==OA 

Grc=147 J/m~ Gnc=526 J/m~ 

I p= 1540 kg/m~ 
I 

I 
I 

Fig.7: Delamination pattern at time 0.1 ms 

Fig.8: Delamination pattern at time 0.6 ms 



Time-Displacement Diagram 
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Fig.9: Displacement history of central point of the plate 

4.2 Buckling Simulation of a Delaminated Composite Panel 

A composite panel with an initial interlaminar crack is considered here to inspect its behavior under compressive 
loading as depicted in figure (10). The panel consists of [020] layers. An initial interlaminar crack exists between the 
OJ016 layers. The material properties are listed in Table (2). Normal and flictional contact interaction laws have been 
considered for delaminated layers, while mixed mode criteria have been adopted for the calculation of delamination 
propagation. The loading incrementally continues until the local and global buckling occur in 04 and 016 layers, 
respectively. Figures (11), (12) and (13) show deformation configuration of the panel after local and global 
buckling. As shown in figures (14) and (IS), local buckling commenced at load 1410 (lbf/in) and global buckling 
occurred at load 7130 (lbf/in). The same problem was modeled by Progini et al. [11]. The local and global loads 
where reported to be 1312 (lbf/in) and 7821 (lbf/in), respectively, showing a very good agreement with the present 
results. 
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Fig.1 0: composite panel with an initial interlaminar crack 

Table(2)- Material Properties of Composite Panel 
I 

I Exx= 20200 ksi Evv=141O ksi i 
Ezz=141O ksi I Gxy=810 ksi 
Gyz=546 ksi vxy=0.29 I 
vxz=0.29 vvz=O.29 i 

Xr=220 ksi Xc=231 ksi 
Yr=6.46 ksi Yc=36.7 ksi 

i S = 15.5 ksi G1c=0.5 Ibf/in 
Guc=0.5 Ibf/in 
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Fig.ll: Local buckling 
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Fig.12: Commencing of global buckling 

Fig.13: Final global buckling 

Fig.14: Load-Disp. Diagram: point(1) 
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Fig.iS: Load- Disp. Diagram:point(2) 
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4.3 Delamination and Fracture Analysis of Composite Bend 

A fracture analysis has been perfonned on a 120-degree [On/ 90nl 011] composite bend subjected to downward 
concentrated loading on its top end. Each laminate is composed of Fiberite T300/1034-C graphite epoxy 
unidirectional tape. The material properties used in the calculations are listed in Table (3). 
Figure 16 depicts the fracture patterns of the bend at two different stage of the loading. An eight-layer discrete 

element model was implemented for modeling the bend. Apart fonn early local fractures in the vicinity of the 
applied loading, progressive fracturing commenced near to the clamped edge of the bend and concentrated in the 
weak mid-layer of the bend [Figure (l6-a)]. Fracturing then spread across the thickness of the bend up to final 
collapse (16-b). 

; I 

(a) Early fractures (b) Threshold ofcollapse 

Figure 16: Defonnamed shape and fracture patterns Of l20-degree bend subjected to inward loading 



Table(3)- Material properties for T300/1 034- graphite epoxy 

Exx= 146800 MPa Eyy = 11400 MPa 
Gxv=6184 MPa ! Gyz=4380 MPa 
vxy=0.3vvz=O.3 
Xc=1380 MPa Xr=1730 MPa 

YT=66.5MPa Yc=26.8 MPa i 

p= 1.55 mg/m"I S = 133.7 MPa 

S. Conclusion 

A combined FElDE element method has been successfully developed for simulation of composites. The algorithm 
comprises various contact detection and contact interaction schemes to construct a reliable tool for the modeling of 
complex post failure phenomena. In addition to considering the potential pre-delamination contacts, it also takes into 
account the contact and friction interactions for post debonding or fracture behaviour of composites. Numerical 
simulations have shown acceptable results, which can not be achieved by other continuum based methods. These 
methods are not capable of simulating fragmentation phenomenon or even progressive multi fracturing. 
Implementing interface elements requires matching nodes on adjacent surfaces, which is not appropriate in a multi 
crack analysis. Also considering interaction between matrix cracking and delamination can not be easily 
implemented with other classical methods. Being numerically expensive and requiring complex programming, are 
among the disadvantages of the proposed scheme. However, it provides a numerical tool for simulations that other 
techniques are unable to perform. 
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