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ABSTRACT 

 

Reliable prediction of the inelastic behaviour of laminated composite materials requires that the computational 

model be able to capture the interaction of several failure/damage mechanisms including matrix cracking, fibre 

breakage, splitting and delamination. The accurate prediction of the onset and propagation of certain discrete 

damage modes (e.g. splitting and delamination), is critical in predicting the progressive damage response of the 

laminate up to its ultimate failure.  

 

 

In this study, an efficient combination of the continuum and discrete damage mechanics based approaches is used to 

capture the interacting effect of delamination and intra-laminar damage modes in notched composite laminates 

subjected to tensile loading [1]. Delamination is the only mode of damage captured by a discrete approach while all 

intra-laminar forms of damage are modelled using the nonlocal continuum damage approach. Through judicious 

placement of the discrete delamination interface and synchronizing the onsets of delamination and matrix cracking, 

the computational effort is markedly reduced. A unique methodology is proposed to calibrate the fracture energy of 

intra-laminar matrix cracking in a laminate (in-situ), a quantity which may not be directly measured from standard 

experiments.  

 

In this paper a series of open-hole specimens that have been tested under tensile loading at the University of Bristol 

[2] will be modeled using the proposed approach. The specimens are made of IM7/8552 carbon fibre/epoxy 

laminates with a quasi-isotropic lay-up, with variation in hole diameter, ply and laminate thickness while keeping 

the ratios of the hole diameter to specimen width and length constant. It was observed that both strength and failure 

mechanisms of the open-hole laminates varied with lay-up configurations. We will demonstrate that the proposed 

approach captures the dominant failure mechanisms as well as the overall behaviour, including the size and layup 

effect on the notched strength of the laminate.  

 

1  INTRODUCTION  

 

In a continuum approach, damage is considered to occur as a result of multiple damage modes with no individual 

mode dominating the damage zone. In such cases, there is no single isolated crack that dominates the zone of 

damage and one may consider the effect of multiple micro-cracks smeared into a locally homogeneous continuum 
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field. An example of this approach is the sub-laminate based material model that was first developed at UBC known 

as CODAM [3]. More recently, the second generation of this model (CODAM2) has been introduced [4] with a 

nonlocal regularization scheme to address both the mesh size and orientation dependencies. A built-in form of this 

material model is available in the commercial finite element software package, LS-DYNA, as MAT219. A practical 

methodology for calibrating these models has also been developed [5].  

 

The effect of damage propagation on the overall response of the laminate in this material model is described at the 

level of a Representative Volume Element (RVE). The height of the RVE indicates the characteristic height that 

damage would grow into if the material is physically tested under conditions that lead to a stable and self-similar 

damage growth. 

 

In this material model, the in-plane secant stiffness of the damaged laminate is written as the summation of the 

effective contributions of the layers in the laminate. A physically-based and yet simple approach is adopted to 

derive the damaged stiffness matrix. The two intra-laminar damage modes, the fibre and matrix damage, are tracked 

through the two damage parameters,  
1

  and 
2

 , respectively.  The damage parameters are explicitly defined in 

terms of the maximum equivalent strains experienced by the material. The equivalent strain function (
1

e q
 ) that 

governs the fibre stiffness reduction parameter is written in terms of the longitudinal normal strains, while the 

equivalent strain function (
2

e q
 ) that governs the matrix stiffness reduction parameter is written in an interactive 

form in terms of the transverse strain and shear strain components. The details of the material model are outlined in 

[4,5].  

 

The material constants required as input for this model are the initiation and saturation values of the equivalent 

strains that drive each mode of damage. This material model has been originally developed to represent the effective 

behaviour of a sublaminate where the initiation and saturation strain values are deduced from the experimentally 

characterized strain-softening curves and the fracture energy of the sublaminate rather than those of the individual 

plies [6]. This approach is applicable when the extent of delamination is relatively minor and the material building 

block can be considered to be a sublaminate with an effective stress-strain behaviour representing the smeared 

effect of intra-laminar damage modes.  

 

For cases where failure is dominated by formation of discrete macro-cracks that lead to a relatively large damage 

zone, continuum damage models fail to correctly describe the propagation of damage through the structure. For 

instance delamination, which may be accompanied by intra-laminar splitting (longitudinal matrix cracks) in the 

proximity of notches or discontinuities, plays an important role in blunting the stress concentration at the notch tip 

and thus altering the load path within the structure.  

 

When there is a need to model delamination that stems from transverse matrix cracks in the neighbouring plies of 

the delaminated interface [7], proper estimation of the onset of matrix cracking becomes important. It is generally 

acknowledged that formation of transverse matrix cracks in a ply is dependent on the constraining effects of its 

neighbouring plies in a laminate and that thicker transverse plies are more prone to matrix cracking and 

delamination [8,9]. Based on these observations, some researchers differentiate between the behaviour of a 

unidirectional lamina and that of a lamina embedded within a laminate [10-12].  

 

In this work, the original CODAM2 material model, which was previously used to describe the macroscopic 

(smeared) damage behaviour of a laminate, is enhanced and used in a mesoscopic form to capture the progressive 
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intra-laminar damage behaviour in individual plies of the laminate interspersed with cohesive elements. In the 

mesoscopic version of CODAM2, Hashin’s failure criteria [13-15] are used to identify the onset of intra-laminar 

matrix and fibre damage modes. The constraining effect of the immediate neighbouring plies as well as the ply 

thickness effect on matrix cracking is also considered through an approximate analytical model based on 

combination of fracture theory and shear lag theory introduced by Zhang et al.  [16,17]. The enhanced CODAM2 

material model formulation is implemented as a user-defined material model (UMAT) in the commercial finite 

element software package, LS-DYNA [18].  

 

From the numerical point of view, the explicit modelling of delamination as a macro-crack that separates the plies 

allows for accurate redistribution of stresses. Moreover, it enables the transverse matrix cracks and splits in the 

separated plies to grow independently of the remainder of the laminate. Therefore, in combination with the 

continuum approach to capture the intra-laminar damage, a mixed-mode cohesive-based contact formulation 

available in LS-DYNA [18] is used to model the delamination between all dissimilar plies. Through a 3D stress 

analysis and synchronization of the onsets of delamination and matrix cracks, we are able to obtain a reasonably 

detailed response of the material in terms of intra-laminar and inter-laminar damage modes in a computationally 

efficient way.  

 

In a previous study [1], this methodology was used for predicting the progressive damage in over-height compact 

tension (OCT) test geometries involving quasi-isotropic laminates of IM7/8552 carbon fibre/epoxy (CFRP) with 

two different stacking sequences: (i) a dispersed layup of thin layers ([90/45/0/-45]4s) [6], and (ii) a lumped (ply-

scaled) layup of thick layers ([454/904/-454/04]s)  [19]. The predictions showed that the current methodology can 

correctly capture the distinct nature of damage modes in the above mentioned laminate layups. While the damaged 

zone in dispersed laminate includes minor delamination and is dominated by fibre breakage, the blocked-ply 

laminate shows individual isolated macro-cracks and splits with large delamination zones. The global response of 

the laminates in terms of force vs pin-opening displacement (POD) was also found to be in agreement with the 

experiments.  

 

In this paper a series of open-hole specimens that have been tested under tensile loading at the University of Bristol 

[2] will be modeled using the proposed approach. The specimens are made of IM7/8552 CFRP laminates with a 

quasi-isotropic lay-up and various hole diameters, ply and laminate thicknesses while keeping the hole diameter to 

specimen width and length ratios constant).  

2 METHOFOLOGY 

 

In layups and loading geometries that are marked by formation of large splits followed by discrete macro-

delamination between the plies, fibre breakage will be delayed and the laminate stiffness reduction is mostly 

governed by the initiation of splits and delamination. Given the sensitivity of these types of response to initiation of 

damage (mainly matrix cracking and the ensuing delamination), it is important to have damage criteria that consider 

the effect of ply thickness and constraining effect of the neighbouring plies on the initiation of matrix cracking. The 

interactive effect of transverse normal and shear stress components on matrix cracking combined with the inherent 

non-linear shear stress-strain response of unidirectional composites necessitates the use of stress-based criteria to 

signal matrix damage. To this end, the CODAM2 material model formulation was enhanced and applied at the 

mesoscopic level of individual plies [1]. In what follows some of the key features of the model will be reviewed.  

 



Hashin’s failure criteria [13,14] in which the failure surface is expressed in terms of an effective stress reaching a 

critical state is used for initiation of intra-laminar matrix and fibre damage modes. Moreover, the effect of ply thickness 

and constraint from the stiffness of neighbouring plies on transverse matrix cracking are taken into account using the 

analytical expressions from the shear-lag theory [16,17]. 

 

Damage parameters in the current material model, written in terms of the fibre and matrix equivalent strain 

components, 
1

e q
  and 

2

e q
  are summarized in Table 1. Note that in the equivalent strain equation for matrix damage,

1 2

e
 is the elastic part of the in-plane shear strain in cases where the in-plane shear behaviour is non-linear. It is well-

known that the in-plane shear response in most unidirectional laminates is nonlinear and inelastic. Therefore, a 

nonlinear in-plane shear stress vs strain constitutive behaviour has been implemented in the enhanced formulation 

of CODAM2 material model. Since progression of damage is driven by the reduction in elastic stiffness of the 

material, only the elastic component of the total shear strain (
1 2

e
 ) is taken into account in the equivalent strain 

formulation used for tracking matrix crack propagation. 

 

Using the nonlocal averaging feature available in LS-DYNA, the averaged equivalent strains, e q


 ( 1, 2 )  , at each 

point is obtained by a weighted average of the local equivalent strains, e q


 ( 1, 2 )  , of the neighbour points that are 

located within a circular region of radius, r, centered at that point. The nonlocal equivalent strains are then used to 

calculate the damage parameters from the onset of damage (initiation strain), when the damage parameter is zero, 

all the way to saturation of damage when the damage parameter reaches unity. 

  

The initiation values of the equivalent strain components are determined at the instant when the failure criterion for 

each damage mode is satisfied. In other words, when the Hashin’s criterion for fibre damage and matrix damage are 

satisfied (i.e. F1 = 1 and F2 = 1, respectively, where F1 and F2 are non-dimensional functions of appropriate 

stresses), the initiation of damage in the strain space will be set accordingly (see Table 1).  

 

Damage mode Equivalent strains  
Equivalent strains at initiation of 

damage 

Fibre damage 1 1 1

e q
   

1
1 1 @ 1

i e q

F
 


  

Matrix damage 2 2

2 2 2 1 2
( ) ( )

eq e
     

2
2 2 @ 1

i eq

F
 


  

Table 1. The equivalent strains of intra-laminar damage modes and their initiation values 

 

 

The saturation values for the equivalent strain corresponding to the matrix damage mode will be calculated based on 

the corresponding intra-laminar matrix fracture energy and the transverse and shear stress components at the onset 

of damage. For this purpose, an equivalent stress corresponding to the equivalent matrix strain is defined as follows: 

              
2 2 2 2 1 2 1 2

2
2 2

2 2 1 2

( )

( ) ( )

e

eq

e

   


 






  (1) 

The value of this equivalent stress at the initiation of matrix damage mode, 
2

2
@ 1

e q

F

T 


 , will be used to estimate the 

saturation strain for matrix damage such that: 

                 
2

2

2
f

s
g

T
   (2) 
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where 
2

f
g  is the intra-laminar matrix fracture energy density. The value of 

2

f
g  is related to the intra-laminar matrix 

fracture energy, 
2

f
G , through a characteristic length, 

c
h , such that 

2 2
/

f f

c
g G h . In this material model with the use 

of nonlocal averaging technique, the characteristic length 
c

h is proportional to the radius of nonlocal averaging, r . 

Based on numerical case studies the relationship between r and 
c

h is found to satisfy the following inequality:  

0.65r < 
c

h  < 1.3r. The value of r is chosen to be large enough to account for all the elements within the 

experimentally measured height of the damaged-zone. The saturation value for the fibre equivalent strain is also 

calculated as follows: 

 

1

1

2
f

s
g

X
   

(3) 

where X is the longitudinal (fibre direction) strength property and 
1

f
g  is the intra-laminar fibre fracture energy density. 

The estimation of  
1

f
g  in nonlocal-averaging approach follows a similar approach to that used for the matrix damage 

mode. 

 

2.1 Effect of ply thickness and confinement on matrix crack initiation 

 

It is well known that the transverse matrix crack density and the corresponding stiffness reduction of a cracked ply 

can be influenced by the thickness of that ply and the stiffness of the adjacent constraining plies. Experimental 

studies show higher transverse tensile and shear strengths for a 90 ply that is constrained by plies with different 

fibre orientations in a laminate, when compared to the strength of a unidirectional 90 laminate (see for example 

[8,9]). There have been many studies to determine the in-plane stiffness reduction and the in-situ strengths of 

cracked plies using experimental and analytical methods. Among these methods, a simple method that has been 

applied is based on the shear lag theory [16,17].  

 

The total strain energy associated with matrix cracking in the cracked, constrained layer can be related to the rate of 

stiffness loss under the in-situ constraint condition.  Knowing the in-plane stiffness of the cracked lamina for a 

given crack density, the energy release rate can be derived as a function of the applied stresses and the rate of 

stiffness reduction under the in-situ constraint condition. 

 

Therefore, the in-situ tensile strength ( i s

T
Y ) and shear strength ( i s

L
S ) of the layer are determined as a limit of the 

energy release rate approaching the critical fracture energy at the instant when the crack density is zero. The 

criterion for failure of the matrix in tension can then be expressed in terms of the ply stresses and in-situ strengths 

by replacing the strength properties in Hashin’s failure criterion (for tensile matrix cracking) with the in-situ 

strength properties, i s

T
Y  and i s

L
S , obtained from the shear lag theory [1]. 

 

 

 



2.2 INTER-LAMINAR DAMAGE  

 

As mentioned before in our combined continuum and discrete damage approach, the inter-laminar damage mode 

(i.e. delamination) is modelled using a discrete approach. The potential delamination interfaces between the plies in 

LS-DYNA can be modelled using a cohesive-based tie-break contact known as 

*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE_TIEBREAK which follows a bilinear 

traction-separation law with quadratic mixed-mode delamination criterion. The separation between nodal points of 

the elements from two neighbouring plies is triggered by a damage parameter when it reaches a value of one. The 

damage starts when the total relative mixed mode displacement 
m

  between the nodes of elements from two 

neighbouring plies exceeds the mixed-mode damage initiation displacement, 0

m
 . This critical displacement is a 

function of the maximum inter-laminar normal stress,
m a x

N
 , and shear stress, 

m a x

S
 . The mixed-mode traction-

separation law is controlled by a damage parameter defined in terms of the mixed-mode displacement, 
m

 , written 

in terms of separation in the normal and tangential directions (modes I and II). The saturation of this damage 

parameter is defined based on a mixed-mode power law used as a damage growth criterion. The details of this 

formulation are provided in the user manual of LS-DYNA [18]. 

 

The accurate prediction of the singular state of inter-laminar stresses in finite element methods requires an 

extremely fine mesh which is quite often impractical. In order to capture the onset of delamination using a coarse 

finite element mesh, we scale down the inter-ply strength values based on the value of the operative inter-laminar 

stresses at the instant when matrix damage in the neighbouring ply (plies) is deemed to have occurred. The details 

of this process is presented in [1] and is not repeated here. 

3 MATERIALS AND EXPERIMENTS 

 

The experimental details are presented fully by Green et al. in [2]. Key details are recounted here for comparison to 

the numerical results generated. The material used was based on unidirectional IM7/8552 CFRP prepreg system 

supplied by Hexcel. The nominal ply thickness is 0.125mm.  This is the same material considered in the World 

Wide Failure Exercise and for which the standard material properties can be found in Kaddour et al. [20]. 

 

The specimen design consists of a gauge section of constant cross-sectional area, with width W, thickness t and 

length L, and a centrally located hole of diameter D. At either end of the gauge section is a gripping region. The 

specimen gauge length has constant ratios of W/D=5 and L/D=20 for all specimen sizes. A quasi-isotropic laminate 

with stacking sequence [45m/90m/45m/0m]ns was used, with 0 being in the direction of the applied loading. The 

product of m and n is equal to the laminate thickness (i.e. m, n = 1 for a 1 mm thick laminate; m = 2, n = 1 or m = 1, 

n = 2 for a 2 mm thick laminate; etc.). Increasing m increases the number of plies of the same orientation blocked 

together, i.e. it increases the effective ply thickness which is referred to as ply-level scaling. Increasing n keeps a 

constant ply thickness, but increases the laminate thickness by increasing the number of sublaminates present. This 

is referred to as sublaminate-level scaling.  

 

The dimensions of the baseline specimen are scaled by a factor of 2 each time up to a maximum of 4. The minimum 

hole diameter used is 3.175mm. The failure load 
x

F  was taken as being the first significant (greater than 5%) load 

drop on the load-displacement curve, which corresponded to either fibre failure or extensive delamination 
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throughout the gauge section. The failure strength 
x

  was obtained by dividing the failure load by the un-notched 

cross-sectional area of the specimen. 

4 NUMERICAL SIMULATIONS 

 

To reduce the model size, only the gauge length was modelled. Due to symmetry of the lay-ups, only half the 

thickness of the laminates were modelled and plane symmetric boundary conditions were applied at the mid-plane 

of the laminates. Based on the proposed method, each individual ply is modelled with one under-integrated thick 

shell element in the thickness direction. For each layer of elements, 2 integration points through the thickness are 

considered. Moreover, the CODAM2 material model was assigned to each layer of elements with its specific ply 

orientation. Both blocked-ply and dispersed-ply layups were modelled using this approach. A tiebreak contact with 

cohesive-based damage formulation was defined between plies to simulate delamination within the laminate.  

 

The mesh size for a region close to the hole is about 0.25mm starting from the hole boundary and increasing 

gradually towards the free boundaries of the specimen. The mesh size along the length of the specimen increases to 

as large as 1.5mm at the two ends of the specimen where the load is applied. A pair of prescribed displacement 

controlled loading with constant rates of 317.5mm/s, 635mm/s and 1270mm/s was applied on the two ends of the 

specimens with 3.175mm, 6.35mm and 12.7mm hole size. A stiffness based  hourglass control (Type 4 in LS-

DYNA) was used with stiffness coefficient of 0.6 to prevent zero energy mode shapes.  

 

The predicted and experimental results for strength of the ply-level specimens with D=3.175mm and D=6.35mm are 

shown in Figure 1a overlaid with the average experimental values for the two hole sizes. The load values are 

divided by the un-notched cross-sectional area of the specimen to visualize the size effect. It is seen that the size 

effect with respect to the ply thickness is captured well with the proposed numerical model. Without the size effect 

the maximum load would have linearly scaled with the thickness resulting in a constant maximum far-field stress.  

 

The predicted stress values and the corresponding experimental values for thin-ply (0.125mm) and thick ply 

(0.5mm) laminates with total thickness of 4mm are plotted in Figure 1b as a function of the hole diameter. For thin-

ply laminates, the fibre breakage is the dominant damage mechanism for all specimen scales. The increase in hole 

size leads to a decrease in strength due to an increase in the in-plane dimensions. This is consistent with the 

classical hole size effect as expected based on fracture mechanics. Among these models, one can mention the 

Whitney-Nuismer hole size model [21]. For thick plies, however, the failure is dominated by delamination in all the 

specimen scales. The hole-size effect, however, shows the opposite trend to what is observed in thin plies. An 

increase in the in-plane dimensions leads to an increase in the strength. In [22], this behaviour is attributed to the 

fact that in larger coupons the ligament is larger and the propagation of delamination across the whole width of 

specimen requires more energy. 

 

As an example, the predicted load-displacement curves for 4mm thick specimens with D=6.35mm made of single 

and quadruple ply thickness are shown in Figure 2b. It is seen that for single ply laminates (tp=0.125mm) the 

behaviour is almost linear until an abrupt failure occurs. The failure corresponds to fibre breakage in the 0
o
 plies as 

shown in Figure 2c for a post-peak time step as indicated by red square marker in Figure 2b. Similar damage 

patterns are also predicted for D=3.175mm and D=12.7mm hole size specimens with 0.125mm thick plies which are 

not shown here. 

 



For thick ply laminates (tp=0.5mm), however, the stiffness of the laminate gradually decreases before the load drop 

which corresponds to the failure point (see Figure 2b). The failure is the result of the propagation of delamination 

and its migration from one interface to the other. In thick ply laminates, the failure is dominated by delamination. 

Based on experimental observations [2], the stiffness degradation begins with matrix cracking in the outer 45
o
 layer 

along the hole edges and then it propagates across the plies and interfaces until the delamination of the -45/0 

interface crosses the whole width of the specimen which corresponds to the first load drop. The simulation results of 

thick-ply specimens, shown in Figure 2a, are in good qualitative agreement with the experimental observations and 

the predicted evolution of internal ply cracking and associated interface delamination. On the load-displacement 

curve, there is a gradual decrease in the slope which is related to the progression of transverse matrix cracks and 

delamination. 

Using the proposed modelling approach, we have been able to capture the dominant failure mechanisms as well as 

the overall behaviour of the laminate in a computationally efficient manner. As shown in Figure 1, the predicted 

size effects associated with variation of ply thickness (represented by the ply-scale parameter m) and in-plane size 

of the specimen (represented by the hole diameter, D) are found to be in general agreement with the experimentally-

obtained results.  

 

  
(a)                                                                                     (b) 

Figure 1. Comparison of the predicted and measured strengths of scaled quasi-isotropic, open-hole tensile specimens with 

[45m/90m/-45m/0m]ns layups showing: (a) the effect of ply thickness (varying m and n=1) for two hole diameters of 

D=3.175mm and 6.35mm; and (b) the effect of specimen size for a 4-mm thick laminate with ply-scaled (m=4, n=1) and 

sub-laminate scaled (m=1, n=4) layups 
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(a) (b) (c) 

Figure 2. (b) Predicted load-displacement curves for 4mm thick specimens with D=6.35mm hole size made of single and 

quadruple ply thickness, (a) splits in the 0
0
 ply and delamination at 0

0
/-45 interface as the dominant failure mechanisms of 

thick ply laminate shown for a post peak time step, (c) fibre damage in the 0
0
 ply as the dominant failure mechanism of thin 

ply laminate shown for a representative post peak time step 

 

5 SUMMARY AND CONCLUSIONS 

 

In this paper, an efficient combined continuum damage and discrete modelling approach is proposed to predict the 

interacting effect of the intra-laminar and inter-laminar damage modes on the behaviour of laminate layups or 

geometries where delamination is a dominant damage mechanism. Use of mesoscopic CODAM2 material model in 

conjunction with the nonlocal averaging technique enables the prediction of major splits within the plies without the 

need to pre-insert discrete elements thus reducing the computational effort considerably. This methodology can be 

used as a virtual testing procedure to understand and capture the behaviour of different laminate layups and the 

sensitivity of their behaviour to the damage related parameters including the initiation and saturation of intra-

laminar damage modes and their interaction with delamination. 

 

Here, the calibrated enhanced CODAM2 material model for IM7/8552 carbon fibre/epoxy material system [1] in 

combination with cohesive interfaces between the plies is used for prediction of damage progression in an open hole 

tensile test geometry.  The experiments were conducted by Green et al. in [2] on OHT specimens made of quasi-

isotropic laminates with various size and laminate thicknesses. 

 

In conclusion, the predictions have been shown to capture the transition from the fibre-dominated failure mode to 

the delamination-dominated mode as the thickness of plies increases. Therefore, the introduction of the ply 
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thickness effect for transverse matrix cracking prediction and the coupling between intra-laminar and inter-laminar 

behaviour are essential requirements for capturing such transition. The dependence of initiation of matrix damage 

on the ply thickness will allow the prediction of such mechanism in thicker plies to occur sooner. The inter-laminar 

coupling enables triggering of delamination which is the characteristic failure mode in the case of thick ply 

laminates.  

 

The predictions have also correctly captured the in-plane size effect for both thin and thick-ply laminates. The in-

plane size effect for the thin ply laminates is consistent with the classical hole size effect as expected based on 

classical fracture mechanics. However, for thick plies the failure is mostly dominated by matrix cracking and 

delamination. Therefore, the size of the ligament plays an important role in the strength of thick-ply laminates. The 

size of ligament in larger coupons is greater and the propagation of delamination across the whole width of 

specimen requires more energy. Therefore, the strength of the laminate increases with increasing in-plane size of the 

laminate. 
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