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Abstract: The response of complex composite parts for primary aeronautical structures, 

such as rotorcraft rotors,  is influenced by the evolution of different damage modes. The 

numerical analysis of such phenomena has been undertaken within a joint project of 

Politecnico di Milano and Leonardo Helicopter. The approach consists of a ply-wise bi-

phasic FE model of the laminate that makes possible a representation of both 

delamination and intralaminar matrix damage within the elements representing an 

idealized matrix phase. Accordingly, the coupling between intralaminar cracks and 

delamination can be introduced in the matrix constitutive law, without requiring meshes 

refined at the sub-ply level. The theoretical aspects of the approach are summarized and 

attention is focused on a series of application cases, to illustrate the effectiveness of the 

technique. In particular the interaction between transverse matrix-cracking and 

delamination are analysed, considering tensile coupons of glass-reinforced fabric and the 

response of curved laminates with a cross-ply lay-up is studied. The results indicates the 

potential of the approach for the prediction of the loads required to nucleate and 

propagate damages in real-world structural elements with complex geometry and lay-

ups.  

 

Keywords: Bi-phasic approach, Transverse damage, Delamination, Interaction, 

Fracture 

 

 

INTRODUCTION  
 

Fiber/resin composite material attracts designers due to the need of reducing the structural weight and 

improve performance. As all the fibres in composite laminates are in one plane, at least in the elements 

manufactured by the well-assessed lamination technique, the material naturally behaves differently 

considering the properties in the planes where fibres lay and in the directions perpendicular to such 

plane. Indeed, lamination of long fibre reinforced plies means that the most appealing structural 

properties are also in the same plane [1]. Based on this condition, the mechanical properties of the in-

plane direction are significantly higher than through the thickness direction. This feature strengthens the 

composite against planar stresses and makes it weaker for out-of-plane stresses. As a matter of fact, 

impact and out-of-plane stresses (known as interlaminar stress) are the leading cause of failure in 

composite components. 

 

Besides all the advantages of using advanced composite material to produce lightweight and strong 

structures, some aspects still limit the designer from using the maximum potential of this material. One 
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of the most critical parameters in composite material is the detection of defects and damages. Undetected 

defects and damages directly affect the residual strength of composite specimens [2]. Therefore, the 

high-accuracy analysis method is necessary to study the complex failure processes involving intra- and 

inter-laminar damage in composite laminates.  

 

The damage simulation can be a combination of different scales and approaches based on the damage 

modes. Delamination is basically stimulated by approaches based on LEFM, like  Virtual Crack Closure 

Technique (VCCT) or Cohesive Zone Models (CZM). VCCT is a well-known approach for computing 

the energy release rate and predicting the propagation of the crack; however, the crack needs to be pre-

existed, and its location must be defined in advance. The CZM has the possibility to predict the initiation 

and propagation of the crack even in the case that the location of the crack is not known. These 

approaches are more convenient in modeling discrete damages like delamination or debonding. Interface 

damages are often modelled by individual cracks by embedding cohesive elements in the interface under 

study [3-6]. Most of the study on delamination is based on the DCB test [7, 8] and the methods adopted 

can be extended to adhesive interface between composite adherents, as in Mall et al. [9]. Bi-linear and 

exponential cohesive failure are the most common method in cohesive modelling, but more complex 

laws can be adopted, as in Airoldi and Davila [10], where a trilinear cohesive law is adopted to simulate 

fibre bridging in unidirectional S2/Cyron SP250 glass-reinforced DCB specimens. 

 

For the interlaminar damage, the most common approach is Continuum Damage Mechanics (CDM). 

This approach can model initiation and propagation of the transverse matrix cracking and the consequent 

degradation of stiffness in case of damage. The method can be applied at the scale of the ply or even at 

the sub-ply level [11, 12]. Many studies have been performed to represent inelastic mechanisms in 

orthotropic composites by exploiting the effect of several scalar damage variables, to simulate the 

degradation of the transverse and in-plane shear moduli and the Poisson's ratios [13-23]. These activities 

continue the work performed by Laws and Dvorak [24-26] and Hashin [27]. 

 

The study of individual transverse matrix cracks has been carried out in different approaches, which 

typically involves a statistical distribution of properties. Bailey et al. [28-32] studied the progressive 

development of transverse cracks between already existing cracks. Manders et al. [33] and Fukunaga et 

al. [34] used the Weibull distribution of strength in the ply under study. In comparison, Wang and 

Crossman [35] use the distribution of flaw sizes and locations to predict laminate damage behaviour. 

Laws and Dvorak [36] used the energy-based criteria that a transverse crack occurs when the opening 

energy meets its defined value.  

 

Although transverse matrix damage is not catastrophic, it triggers other damage modes like delamination 

[37-42]. Furthermore, matrix cracks with sharp edges can be like stress raisers that cause failure in 

adjacent plies [43]. Several studies tried to demonstrate the correct interaction behaviour of 

damagesAccurate simulations needs microscale modeling with at least ten elements in the thickness 

direction of each ply [21, 40, 44]. To decrease the computational and modelling effort, the scale must 

be changed to mesoscale so to study the damage behaviour as a ply scale. For this reason, the material’s 

properties need to be calibrated appropriately [45]. Iarve [46] used XFEM in the mesoscale to simulate 

damage interaction. In some studies, the cohesive elements are implemented both transversally and 

longitudinally between elements to represent the transverse and delamination, relying on the model 

capability to capture interactions even with meso-scale meshes [42, 45, 47]. Abisset et al. [22] use a 

non-local finite element procedure where the interlaminar parameter depends on the intralaminar 

damage of adjacent layers. Mohammadi et al. [48] used a similar approach by substituting the elements 

with high-order shell elements to capture the 3D stress state of integration points through the thickness.  

 

A particular numerical approach for modelling different types of damages is the bi-phasic approach 

proposed by Airoldi et al. [49, 52], which is based on the division of the matrix and fibre phase of the 

composite with the possibility of direct interaction between damage modes. In this study, the application 

of such an approach to capture transverse cracking interaction with delamination in cross-ply specimens 

and angular elements, as it will be described in the following sections.   
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BI-PHASIC NUMERICAL APPROACH  WITH COHESIVE ZONE MODELS 

 
Fundamental aspects of the modelling technique 

The approach followed in this work moves from the results obtained in [49, 52] and is based on a bi-

phasic decomposition of the properties in a long fibre reinforced composite ply, which is carried out to 

distinguish the stiffness contribution originated by the continuity of the reinforcement from the ones that 

are mainly influenced by the properties of the resin and the characteristic of resin-fibre interaction. Such 

a decomposition, represented in Figure 1-A, produces two idealized material phases, which can be 

characterized by different constitutive laws: a fibre phase carrying only stress in the reinforcement 

direction and an effective medium representing the matrix-dominated response of the laminate.  In the 

elastic range, the bi-phasic constitutive law is represented in Eqn. 1.   
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 (1) 

Where 𝐸𝑓−𝑒𝑓𝑓 is an effective modulus that describe the contribution of the reinforcement continuity and 

𝑉𝑓 the volumetric fraction of the fibers. Methods for the identification of 𝐸𝑓−𝑒𝑓𝑓 have been presented 

in [50], for a decomposition of the in-plane stiffness properties, and in [49] for a full three-dimensional 

decomposition. Such methods are aimed to obtain both a realistic representation of the stiffness provided 

by the fibres in the reinforcement directions and a physically admissible material representing the 

effective medium of the matrix phase. 

 

In the application of the approach proposed in [49, 52], these idealized phases are used to characterized 

two types of elements. The composite laminates is seen as a lay-up of membrane elements with the 

properties of the fibre phase, oriented in the proper direction and lumped at the mean plane of the 

physical plies, embedded in a matrix phase represented by solid elements, which connect the fibre phase 

elements. The resulting technique is represented in Figure 1-B. 

 

 
Figure 1: Bi-phasic decomposition (A) and hybrid modelling technique applied to a laminate (B). 

 

The technique should not be considered a micromechanical approach, since the idealized phases are not 

directly related to physical materials and, moreover, their constitutive laws are formulated in terms of 

the same average strain state in whole composites, as expressed in Eqn. 1.   

A fundamental aspect of this unconventional technique is that the idealized matrix phase can be 

characterized to represent, within a single constitutive law, both the damages occurring in the resin and 

at the resin-fibre interface within the plies, that is intralaminar damage, which evolves in transverse 

matrix cracking,  and the interlaminar damage developing at the interfaces between two adjacent plies, 

which evolve into delamination. To accomplish such objective, cohesive zone models (CZM) are 

A: 

B: 
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embedded in the solid element representing the idealized matrix phase, which connect the membrane 

elements representing the fibre phase lumped at the mid-plane of the plies. This approach makes possible 

simulating transverse cracking and delamination within the same element without requiring zero-

thickness interface elements (cohesive elements). Such elements are nowadays available in most non-

linear Finite Element codes, but are required to be extremely stiff before crack propagation, thus leading 

to computational disadvantages.  

 

In previous works, the bi-phasic decomposition and the hybrid modelling schemes were separately 

assessed,  such as in [50,51] and the two aspects of the approach were merged in [49, 52] to exploit the 

full potential of the technique, thus allowing to outline a series of important advantages with respect to 

more conventional meso-scale modelling approaches based on solid element, representing the plies, 

connected by cohesive elements. Beyond the advantages regarding computational costs (see [49, 51], 

two points are particularly important for the activities presented in this work:  

o individual matrix cracking with a mesh at the meso-scale level can be represented, as shown in 

[49], since the modelling technique attenuates significantly the confinement effect of adjacent 

plies with different fibre orientations, discussed in [45]; 

o the approach offers a unique point of view to model both interlaminar and intralaminar matrix 

damage in the same constitutive law, and to better control their interactions [49, 52];  

 

Such aspects were exploited in the activities presented in this paper to model transverse matrix cracking 

and delamination developing, and interacting, in cross-ply laminates.  

 

 
Figure 2: Role of the solid element representing the matrix phase and representation of discrete 

interlaminar and intralaminar fractures.  

 

Two issues posed by the technique are represented by the need of applying a decomposition algorithm  

and by the difficulties involved in the hybrid meshing, though the latter are comparable to the ones 

related to the development of solid meshes connected by layers of cohesive elements. A more critical 

issue is represented by the fact that matrix elements actually represent the matrix phases of two adjacent 

plies, as shown in Figure 1-B. Since the matrix phase is generally an orthotropic material that has to be 

oriented according to the ply orientation, the structure of its constitutive law was conceived to address 

such a problem by applying simple assumptions on the composition of in-plane and out of plane stress 

states in the two semi-phases referred to the adjacent plies that have to be represented (see [49]). For the 

sake of brevity the details of such a structure will be omitted. The role of the solid element representing 

the matrix phase is illustrated in Figure 2, where 𝜃𝑈 and  𝜃𝐿 are the angle of orientation, in the plane x-

y, of the upper ply and of the lower ply whose mid-planes are connected by the matrix elements. The 

constitutive law of the matrix phase, including the CZM’s that will be described in the following sub-

section, was implemented in a Fortran Vumat.f subroutine, to be used within the Simulia/Abaqus 

Explicit code in quasi-static non-linear analyses.  
 

 

Application of cohesive zone models to the idealized matrix phase 

The constitutive law of the idealized matrix phase includes the application of CZM’s to represent both 

delamination and matrix cracking in the solid elements. The CZM’s, which are typically expressed as 

traction-separation laws at the interfaces and implemented in zero-thickness cohesive elements, are re-

written in terms of stress-strain law to be included in 8-noded hexahedral solid elements with a reduced 

integration scheme, usually adopted in explicit FE analyses and characterized by a single integration 
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point at the centre of the element, as indicated in Figure 2. Cohesive elements model the process of 

fracture by using the discontinuities at the interface that they represent. Such discontinuities are defined  

by two vectors 𝛿𝐴 and 𝛿𝐵, which are projected onto the directions of possible crack development to 

define the crack opening according to the different modes conventionally adopted in fracture mechanics: 

𝛿𝐼, 𝛿𝐼𝐼 and 𝛿𝐼𝐼𝐼. The CZM’s embedded in the matrix elements according to the approach presented, the 

fracture process is smeared in the volume of the element and the energy required to develop a crack is 

expressed considering the finite displacements ( ΔA and ΔB ) of the element faces, which are exemplified 

in Fig. 2 both for an interlaminar crack and an intralaminar crack in the matrix element. Assuming small 

displacements, the quantities, ΔI, ΔII,  and  ΔIII, which are used to describe a fracture within the element, 

can be related to the strain components at the central integration point of the element according to Eqn. 

2, where the first set of equations is related to an interlaminar crack, while the second is referred to an 

intralaminar crack.   

 

 {

∆𝐼 = ∆𝑧
𝐴 − ∆𝑧

𝐵= 𝜀𝑧𝑧𝑙𝑒𝑙

∆𝐼𝐼= ∆𝑥
𝐴 − ∆𝑥

𝐵= 𝛾𝑥𝑧𝑙𝑒𝑙

∆𝐼𝐼𝐼= ∆𝑦
𝐴 − ∆𝑦

𝐵= 𝛾𝑦𝑧𝑙𝑒𝑙

   ;     {
∆𝐼 = ∆2

𝐴 − ∆2
𝐵= 𝜀22𝑙𝑒𝑙

∆𝐼𝐼= ∆1
𝐴 − ∆1

𝐵= 𝛾12𝑙𝑒𝑙

    (2)  

In Eqn. 2,  𝑙𝑒𝑙 is the dimension of the element in the direction perpendicular to the crack, which plays 

the role of regularization parameter and is represented by the element thickness, for the interlaminar 

cracks, and by a typical element length in the plane of the plies, for the intralaminar cracks. The CZM 

for both the types of cracks is developed by defining a set of equivalent stress (𝜎𝐼 , 𝜎𝐼𝐼) and corresponding 

equivalent strains (𝜀𝐼 , 𝜀𝐼𝐼), which are related to the opening modes described in Eqn. (2). Damage 

variables are used to obtain the triangular response  shown in Figure 3, which is typically adopted in 

CZM (see for instance [3,6, 53]). In this work, such a response is adopted both for stress-strain curves 

representing the interlaminar and the intralaminar response of the matrix idealized phase.  

 

 
Figure 3: Typical bi-linear response adopted in CZM. 

 

However, the definition of the equivalent stress and strain is different for intralaminar and interlaminar 

CZM model, as presented in Table 1. In both cases, the CZM makes possible controlling both the stress 

required for the onset of the crack  (𝜎𝐼0, 𝜎𝐼𝐼0 in Figure 3) and the energy required to completely degrade 

the matrix element, which is linked to the toughness of the fracture process through the relations in Eqn. 

3. It is worth noting that the interlaminar process is defined in global axes, while the intralaminar process 

is described in material axis of each one of the semi-phases representing the matrix of adjacent plies and 

that both transverse  cracks in the direction perpendicular to fibres (mode I) and shear cracks parallel to 

fibres (mode II) are described. 

 

Table 1: Equivalent stress and strains for interlaminar and intralaminar CZM’s. 

 CZM for delamination 
CZM for transverse 

cracking 

Equivalent strain 

𝜀𝐼 = {
0         𝑖𝑓 𝜀𝑧𝑧 ≤ 0
𝜀𝑧𝑧      𝑖𝑓 𝜀𝑧𝑧 > 0

 

𝜀𝐼𝐼 = √𝛾𝑥𝑧
2 + 𝛾𝑦𝑧

2  

𝜀𝐼 = {
0         𝑖𝑓 𝜀22 ≤ 0
𝜀22      𝑖𝑓 𝜀22 > 0

 

𝜀𝐼𝐼 = |𝛾12| 

Equivalent stress 

𝜎𝐼 = {
0         𝑖𝑓 𝜎𝑧𝑧 ≤ 0
𝜎𝑧𝑧      𝑖𝑓 𝜎𝑧𝑧 > 0

 

𝜎𝐼𝐼 = √𝜏𝑥𝑧
2 + 𝜏𝑦𝑧

2  

𝜎𝐼 = {
0         𝑖𝑓 𝜎22 ≤ 0
𝜎22      𝑖𝑓 𝜎22 > 0

 

𝜎𝐼𝐼 = |𝜏12| 
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 {
𝐺𝐼𝑐 = ∫ 𝜎𝐼𝑑Δ𝐼

∞

0
= 𝑙𝑒𝑙 ∫ 𝜎𝐼(𝜀𝐼)𝑑𝜀𝐼

∞

0

𝐺𝐼𝐼𝑐 = ∫ 𝜎𝐼𝐼𝑑Δ𝐼𝐼
∞

0
= 𝑙𝑒𝑙 ∫ 𝜎𝐼𝐼(𝜀𝐼𝐼)𝑑𝜀𝐼𝐼

∞

0

             (3) 

 

According to the law described, three damage variables are included in the constitutive model attributed 

to the element of the idealized matrix phase: an out-of-plane matrix damage, 𝑑𝑚𝑜, for delamination, and 

two damage variables to represent the transverse (or shear) cracking in the upper and lower semi-phases, 

𝑑𝑚𝑐
𝑈  and 𝑑𝑚𝑐

𝐿 . 
 
 

TRANSVERSE CRACKING AND DELAMINATION IN GLASS FIBER REINFORCED 

SPECIMENS  
 

Experiments  

Transverse matrix cracking is a significant benchmark for the investigation of interactions between 

interlaminar and intralaminar cracks since the mechanism of stress transmission from the cracked plies 

to the adjacent ones necessarily involves the development of interlaminar shear stress that can promote 

delaminations. Although several experimental activities have been conducted in the past ([25, 38-40, 

44] to describe the phenomenon, it was decided to carry out specific tests on a S2-glass reinforced epoxy 

matrix, currently used in rotorcraft applications.  

 

The results presented are referred to three tests performed on 250 mm long and 25 mm wide [0/903/0] 

specimens, with a nominal cured ply thickness of 0.225 are hereby reported. Specimens were tested by 

using an MTS 858 systems. In a series of preliminary tests, the number of transverse cracks were 

evaluated both by using cellulose acetate replica and by back-illumination technique. However, the use 

of cellulose acetate replica was found to be more inaccurate and the necessary stops required during the 

tests influenced the acquisition of the force vs. displacement curves due to relaxation phenomena. 

Accordingly, the results hereby provided were obtained by analysing the images coming from the back-

illumination technique, in test performed at a cross-head speed of 0.1 mm/min by using the set-up shown 

in Figure 4-A.  

 

 
Figure 4: Set-up of tests on [0/903/0] glass-reinforced specimens (A),force vs. displacement curves 

(B), and density of transverse cracks acquired through back-illumination technique (C) 

 

The load vs. displacement curves and the crack density vs. load curves are reported in Figure 4-B,C. 

Loads and displacement are normalized with respect to the maximum values reached in the tests. It can 

be observed that the experiments present a very good repeatability. Transverse cracks appear at about 

20% of the maximum load and induce an apparent knee in the force vs. displacement loads. The crack 

density increases linearly until a value of 0.8 crack per millimetre at one third of maximum load. The 

rate of crack growths starts decreasing and damage state tends to reach a saturation at about 1.2 crack 

per millimetre. 

 

For the calibration of the material model, a series of tests were also performed on 250 mm long and 25 

mm wide [0]5 and [90]10 specimens made of the same S2-glass reinforced material. Such tests were used 

A 

B C 
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for the characterization of the elastic properties of the materials and for the evaluation of the tensile 

strength in the direction normal to the fibre reinforced, 𝑌𝑇, which represent a basis for the calibration of 

a model capable to capture the transverse matrix cracking evolution. In the five tests performed on [90]10 

𝑌𝑇 was identified with a coefficient of variance of about 8%.  

 

 

Numerical model and calibration  

Two types of the numerical model of a 1-element wide strip were developed by applying the hybrid-

biphasic modelling technique that was previously presented. In the first one, represented in detail shown 

in Figure 5-A, the three central plies oriented at 90° are grouped in a single block. Hence, the model 

includes three membrane layers and four matrix elements, including a top and a bottom layers 

representing the matrix of the external 0-oriented plies. In the second, exemplified in Figure 5-B, each 

ply is separately modelled. This leads to five membrane elements and six solid elements.  

 

 
Figure 5: hybrid biphasic model with a 903 block plies treated as a single ply (A) and as three separate 

plies (B), and linear FE model to assess the thermal residual stress state (C). 

 

A representation of the transverse matrix cracking evolution in a finite element model requires three 

fundamental ingredients, as it can be concluded from the analytical and numerical literature on the 

subject (see for instance [24-26, 33-34, 36, 39-40, 44-45]): 

- the need of taking into account the role of thermal residual stress induced in the curing process 

of the composite; 

- the consideration of the stress increment required to develop a crack due to the confinement 

effect of the adjacent plies with different fibre orientation, which oppose to the opening of the 

crack (in-situ effect); 

- the statistical distribution of strength properties, which is the origin of the progressive increase 

of the density of cracks as the load increases. 

 

The first aspect was considered by performing thermal stress analysis, simulating the cooling from 

120°C to 20°C. Such step was carried out both for the strips modelled by using the hybrid-biphasic 

technique and, for confirmation, on a linear model representing the whole specimens with a ply-wise 

mesh consisting of conventional hexahedral elements. The Coefficient of Thermal Expansion, taken 

from [55], was set to 4.5 m/m-°C in the fibre direction and 48.1 m/m-°C in the transversal direction 

of the fibres.  

 

The analyses confirmed the development of a significant tensile stress state in the 2-axis direction of all 

the plies, as shown in Figure 5-C. In particular, for the group of the three central 90°-oriented ply, the 

𝜎22 stress reached more than 60% of the average 𝑌𝑇 value measured with the [90]10 laminate with 

homogeneous lay-up. Analogous results were obtained on the one-element wide stripes.  

 

For the in-situ effect, two theoretical models were applied ([36, 45]). The first one is considered valid 

for thin plies and introduces a link between the critical energy release rate associated with the fracture 

process in the direction transversal to the fibre, 𝐺𝐼𝑐, and thickness of the group of plies transversely 

oriented and the stress required to develop a crack 𝑌𝑇−𝑖𝑛 𝑠𝑖𝑡𝑢, according to the formulation presented in 

Eqn. 4.  

 

A 

B 

C 
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 𝑌𝑇−𝑖𝑛 𝑠𝑖𝑡𝑢 = √
8𝐺𝐼𝑐

𝜋𝑡Λ22
0      ;       Λ22

0 = 2(
1

𝐸22
−

𝜈21
2

𝐸11
) (4) 

According to this formulation very significant can be expected. For instance considering a GIC of 0.5, 

the 𝑌𝑇−𝑖𝑛 𝑠𝑖𝑡𝑢  is almost three time 𝑌𝑇. The second approach was assessed for thick plies, and it consists 

of a fixed factor that amplifies the value obtained with homogeneous lay-up, as expressed in Eqn. 5 

 

 𝑌𝑇−𝑖𝑛 𝑠𝑖𝑡𝑢 = 1.12√2𝑌𝑇   (5) 

The formulation in Eq. 6 was applied considering different levels of 𝐺𝐼𝑐, which were chosen on the basis 

of the results provided in [10] for the interlaminar toughness of a very similar material. Finally, the 

statistic distribution of properties was included in the model, by applying both Gauss distributions, and 

Weibull distribution, following the approach presented in [45] and in [33]. Distribution were obtained 

by using the values of 𝑌𝑇−𝑖𝑛 𝑠𝑖𝑡𝑢 as an average value and applying different standard deviation or 

different parameters for Weibull distributions.  

 

 

Introduction of inter-intralaminar coupling and results 

The model of the stripe developed at the ply level (see detail in Figure 5-B) was found more appropriate 

to capture the progression of crack density. A sensitivity study was carried out by varying the level of 

interlaminar toughness 𝐺𝐼𝑐 to be used in Eqn. 6 and the parameters of the statistical distribution of 

properties. However, the results indicated that the tendency to saturation exhibited by the experiments 

could not be completely captured. As studied in [38-40], the modelling of such a response require the 

representation of the damage developed at the interfaces between the 0°-oriented and the 90°-oriented 

plies. Such interlaminar damage is triggered by the shear stress involved in the load transferring from 

the cracked 90°-oriented ply to the adjacent 0°-oriented ply, but the peak values of this interlaminar 

shear cannot be captured unless very fine meshes, with several element through the thickness of a ply, 

are adopted.  

 

The modelling technique proposed in this work offers the opportunity of coupling interlaminar and 

intralaminar damage, thus allowing to mimic the presence of a transverse crack on the development of 

delamination without a detailed representation of the stress state below the meso-scale level. In the 

activity presented in this work, the coupling was obtained by reducing the strength and the toughness 

attributed to CZM of delamination in mode II as a function of the maximum between intralaminar 

damages, 𝑑𝑚𝑐
𝑈  and 𝑑𝑚𝑐

𝐿 , developed in the matrix semi-phases. As indicated in Eqn. 6, the coupling is 

modulated through a coefficient h, which can be varied between 0 and 1.  

 

 {
𝜎′𝐼𝐼0 = 𝜎′𝐼𝐼0(1 − ℎ ∙ 𝑚𝑎𝑥(𝑑𝑚𝑐

𝑈 , 𝑑𝑚𝑐
𝐿 ))

𝐺′𝐼𝐼𝑐 = 𝐺′𝐼𝐼𝑐(1 − ℎ ∙ 𝑚𝑎𝑥(𝑑𝑚𝑐
𝑈 , 𝑑𝑚𝑐

𝐿 ))
             (6) 

 
Figure 6 – Numerical-experimental correlation of crack density with and without inter-intralaminar 

coupling (A), contour of interlaminar and intralaminar damage at the onset of delamination (B) and 

with diffused delamination damage (C) 

A B 

C 
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The results reported in Figure 6-A shows that, without any coupling, the crack density tends to growth 

with a slope significantly higher than in the experiments, while the application of coupling coefficient 

h=1 make possible a correct representation of the crack density progression. The contour of intralaminar 

and interlaminar damage in Figure 6-B is referred to the beginning of delamination onset, in the 

presence of a moderate crack density of transverse cracks, while the damage states at an higher load 

level is presented in Figure 6-C. All the presented analyses include a thermal step where a variation of 

temperature is applied to introduce the thermal residual stress in the analyses.  

 

 
Figure 7: Numerical-experimental correlation of force vs. displacement (A) and crack density 

evolution (B) curves 

 

The introduction of coupling made possible achieving an appreciable numerical experimental-

correlation both at the level of crack density and for the forces vs. displacement results. Very good 

results can be achieved both by using a Gauss distribution and Weibull distribution, as shown in Figure 

7.  The main parameters of the CZM’s for delamination (del) and transverse matrix cracking (TMC) 

adopted are presented in Table 2. It can be observed that a considerable in situ effect has to be 

considered and that a coefficient h of about 0.7 is required to correctly capture the tendency to saturation.   

 

Table 2: Model parameters for best correlation  

Distribution 
𝜎𝐼𝐼0 − 𝑑𝑒𝑙

𝑌𝑇
 

𝐺𝐼𝐼 − 𝑑𝑒𝑙 
(𝐾𝐽/𝑚𝑚2) 

𝜎𝐼0 − 𝑇𝑀𝐶

𝑌𝑇
 

𝐺𝐼 − 𝑇𝑀𝐶 

(𝐾𝐽/𝑚𝑚2) 
h Coupling 

Normal 1.75 1.8 2.625  0.325 0.5 0.68 

Weibull 1.75 1.8 3.000  0.200 0.5 0.68 

 

 

INFLUENCE OF IN-PLANE DAMAGE ON DELAMINATION OF CURVED 

LAMINATES  
 

Experimental activity 

In a composite structure, sharply curved sections such as L- and C- shaped parts are among the most 

critical part in structural elements. Therefore, considering curved laminates, two lamination sequences 

of [0]48 (Zero specimen) and [02/902]6s (Cross-ply specimen) were chosen for an experimental and 

numerical investigation on the pure delamination and the interaction between in-plane and out-of-plane 

stresses and damage modes. Three specimens of each lamination were produced by using CFRP 

unidirectional pre-preg with a vacuum bag technique. 

 

Load application of the specimens was performed by an MTS 810 static tests system. The opening 

tension loading of specimens was applied by displacement control. The test set-up is reported in Figure 

8-A. The specimen was tightly fixed by fixtures designed to grip a length of legs sufficient to avoid the 

specimen slipping during the test. Next, the specimen was connected to leave an adequate free span of 

80 mm along the legs. This distance was measured from the end of the curvature to the fixture. For the 

connection of the fixture to MTS, a Y-shape fork transferred the loads from the MTS to the specimen 

by means of a 10 mm thick pin. The fixture was fixed in all directions except for the freedom of rotation 

A B 
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in the axis alongside the pin. This freedom of rotation allowed a correct transfer of forces to the center 

of the curved laminate. 

 

 
Figure 8- Set-up of experiments on angular specimens (A), failure mode in Zero specimens (B, C), and 

failure mode in Cross-ply specimens (D, E) 

 
All of the Zero specimens had the same pattern of failure. After loading, one long delamination crack 

appeared at the one-third of the thickness direction from the inner, Figure 8-B,C. It was accompanied 

by multiple small delamination damages distributed all over the thickness direction. However, these 

cracks developed only in the curved area and did not go through the legs. All the cracks happened 

contemporarily. The Zero specimens experienced a catastrophic failure with losing all their load-

carrying capability. The final shape of the Zero.S#3 specimen at the moment of failure during the test is 

shown in Figure 8-B,C.  

 

Unlike Zero specimens, Cross-ply specimens did not lose all their strength at the first failure, so the test 

continued performing a second loading cycle. In the plots and results presented here, the first cycle of 

loading is defined by annotation “1st” and the second cycle of loading is indicated as “2nd”. Each loading 

cycle continued until a clear drop of force in the force-displacement curve; then, the specimen is 

unloaded to capture the distortion of the specimen and start the next cycle. The damage at the moment 

of the first and second failure of Specimen CP.S#1 and CP.S#2 is shown in Figure 8-D,E. In all the 

specimens, one long crack appeared in the interface of [0/90] with at least one crack jump across the 

[90]2 to the upper or lower [0/90] interface. The crack jump involved a transverse matrix crack inside 

the [90]2 layer.  

 

 

Numerical model of Zero specimen: 

The numerical model is following the bi-phasic approach. Each layer of composite is modeled by one 

element in the thickness direction to increase the accuracy of the modeling, Figure 9-A. Since the curved 

area is the stress concentration zone, the mesh in the curved area is denser than at the end of the legs.  

 

 
Figure 9 – Detail of the mesh developed according to hybrid-biphasic modelling technique (A) and 

numerical-experimental correlation for Zero specimen (B) 

 

 

 

 

B C 

D E 

A 

B A 
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The correlation of numerical and experimental results of force versus displacement is plotted in Figure 

9-B. The red curve shows the numerical results obtained by this modeling approach. Thanks to the 

realistic loading application, the non-linear behavior at the beginning of loading is also captured 

accurately. The correct detection of failure load indicates the proper assignment of interlaminar strength 

and toughness to the material. The numerical and experimental correlation of the load versus 

displacement curve indicates the correct assessment of the stiffness by the Bi-phasic approach. 

 
The numerical model successfully captured the position of the main crack. One of the significant features 

of this modeling is the creation of multiple delaminations at once. Besides the main crack, which 

propagates through the leg, the other cracks are arrested in the curved area: experimental failure mode 

is correctly represented. As presented in Figure 10, the two sides of the specimen do not have the same 

pattern of damage, which means that oscillations in the solutions provided by the explicit time 

integration scheme introduce asymmetry despite the symmetry of initial boundary conditions. In the 

physical specimens, the asymmetrical behavior of crack generation and propagation can be attributed to 

the statistical distribution of property, the presence of defects, small asymmetry in load conditions 

captured by the asymmetry of the solution induced in numerical modeling. The specimen has view-cut 

to have a better vision on the inside of the numerical model. It is visible that the crack is not following 

the same interface for propagation through the width (direction 2), and they are limited in depth. 

 

 
Figure 10 – Correlation of failure mode in Zero specimen: numerical results (A), damage scenario on 

both side of specimen #3 (B, C) 

 

Introduction of intra-interlaminar coupling and modelling of Cross-ply specimen: 

The same model of Zero specimen is used for the Cross-ply specimen by modifying the lay-up sequence. 

Since the delamination appears in the interfaces, the interlaminar damage model is activated in the 

matrix elements of [0/90] plies but is inhibited in the [90/90] and [0/0] matrix elements, that are at the 

interfaces of plies with identical orientation. Intralminar damage is activated in all the elements. The 

analysis for the Cross-ply specimen starts by performing a thermal stress analysis, simulating the cooling 

from 180°C to 20°C in the same way as mentioned in the previous section for the cross-ply tensile 

specimen. As shown in Figure 11, the amount of residual thermal stress is significantly high in 90˚ 

oriented layers of cross-ply specimen, almost reaching half of the YT of this material at the end of 

manufacturing. This high value of transverse stress indicates the possibility of a premature failure caused 

by transverse damage which eventually evolve in a delamination. To study this effect, the direct 

interaction between inter-intralaminar damage is implemented in the constitutive law. 

 

  
Figure 11- State of residual thermal stress in Cross-ply specimen at the end of manufacturing 

 

A 

B 
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A possible interpretation of the link between the scalar damage state in the bi-phasic approach and the 

evolution of a crack is shown in Figure 12. In this interpretation which follows the assumption of Laws 

and Dvorak [25,26], about the nucleation of transverse cracking in the core of the 90° oriented layers, 

the scale of transverse damage is related to the extension and to the opening of the transverse damaged 

area. In this sense, the damage is a scalar value that will be increased as the initial crack opening and 

extension is increased until a complete separation in the thickness. In the real material, the effect of the 

S33 stress incline the crack, and when the boundary of the layer is reached, a pure delamination is 

triggered; in the mesoscale model such a mechanism cannot be represented, but once the scalar damage 

reaches a certain threshold, the interlaminar properties can be modified so that delamination can be 

triggered at the interface.  

 

 
Figure 12 – Interpretation of the onset of delamination in Cross-ply specimens: experimental evidence, 

micro-scale idealization, and meso-scale representation  

 
Accordingly, a direct interaction between intralaminar damage and ILTS value is established as shown 

in Figure 13-B. The load versus displacement curve of numerical results obtained by introducing such 

interaction between intralaminar damage and delamination are compared to the experimental results in 

Figure 13-A. The first load drop is captured accurately by numerical results; However, the second drop 

meets CP.S#1 and CP.S#2. This difference comes from the location of the first interface crack. In 

CP.S#1 and CP.S#2, the first crack appeared approximately one-third of the specimen's thickness from 

the inner radius, but in CP.S#3, the crack occurred in the middle of thickness. Therefore the numerical 

results correlate better with CP.S#1 and CP.S#2 than CP.S#3. 

 

 
Figure 13 – Numerical-experimental correlation for Cross-ply specimen by adopting damage coupling: 

force vs. displacement curves (A) and interaction law between transverse damage and ILTS (B)  

 

Figure 14 presents the numerical model of crack propagation of the Cross-ply specimen, considering 

the model where both the role of residual stress and the interaction between the incipient transverse 

B 
A 
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damage and the out-of-plane strength were introduced. The first interface crack that caused the first load 

drop appeared in the same displacement as in experimental tests. The delamination was sudden and 

propagated to the middle of the legs. By tracking the damage path from the middle to the legs, in the 

experiments CP.S#2 and CP.S#1, the crack migrated from the interface from the lower [0/90] (with 

respect to the inner radius) to the upper interface. This behaviour is also visible in numerical results. The 

main crack jumps that caused the crack migration, without crack branching, are precisely captured at 

the end of the bend, Figure 14-C. The state of the transverse crack at the moment of the first and second 

failure is shown in Figure 14-B,D. it can be observed that only at the location where crack jumps occur 

(white circles), the transverse damage reaches the unit value throughout the complete thickness of the 

90° layers. Damage also reaches the unit value along the delamination path, which can also be 

interpreted considering the irregular path along the delamination. The minor transverse damages that 

cause the zig-zag pattern in the interface damage are shown by dtransverse damage= 0.6. 

 

 
Figure 14 – Numerical delamination damage at first crack (A) and corresponding intralaminar damage 

(B), numerical-experimental correlation of delamination damage after second crack (C), and 

corresponding numerical intralaminar damage (D) 

 

 

CONCLUSIONS 

 
This activity aims to develop a high-fidelity numerical approach capable of modeling different damage 

modes and their interactions without requiring modelling at the sub-ply level. The bi-phasic approach 

proved an appealing method for developing efficient computational models to predict damage evolution 

without any prior estimation of the critical zones and to introduce simple interaction laws between inter-

intralaminar mesoscale models without requiring a detailed representation of the stress fields at the 

micro-scale.  

 

Two different interaction methods between inter-intralaminar were studied based on two case studies; 

tensile transverse crack test and opening of the curved specimen. In the first model, the interaction 

between transverse damage and mode II of out-of-plane damage correctly captured the rate of transverse 

damage density versus loading. In the second case study on the opening of the curved specimen, the 

interaction developed between transverse damage and ILTS value correctly captured the reduction of 

ILTS in the Cross-ply specimen, which led to an immature failure state compared to the Zero specimen. 

Furthermore, the activity results have shown the importance of modeling the residual stress state to 

develop a reliable prediction of damage evolution in real-world components.  
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