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Abstract 

Composite damage modelling and analysis capabilities of Abaqus and LS-Dyna are investigated. A comparison 
of the modelling methodologies to capture the onset of damage and delamination in the constitutive models 
used in these codes is presented. A quasi-isotropic carbon fibre reinforced polymer laminate is modelled under 
a low-energy impact scenario to examine its dynamic response. Hashin, Puck and Cuntze’s criteria are 
implemented for assessing intra-laminar damage in Abaqus in the linear elastic regime without damage 
evolution, with Virtual Crack Closure Technique being used for inter-laminar failure.  In LS-Dyna, the Chang-
Chang criteria are used for the intra-lamina failure with damage evolution, whereas delamination is captured 
using cohesive zone model and Tiebreak contact algorithm. The implementations carried out by both finite 
element software result in a modelling work well set to analyse and predict the impact response at the initial 
stages of delamination and damage within the plies. Results obtained using Abaqus demonstrate that the 
delamination has a higher influence over the failure mechanism of unidirectional plies, as the fracture plane is 
considered in the failure criteria. On the other hand, LS-Dyna shows a good correlation between the contact 
force produced from the impact when compared to the force recorded from the experiment. The composite 
damage criteria used in both finite element codes overall predict stiffer results when compared with the 
experimental data, however remain in close agreement with each other. 

Keywords: ABAQUS, LS-DYNA, CFRP composite, Intra-laminar failure, Delamination  

1. Introduction 

Carbon fibre reinforced polymers (CFRP) are known for their unique combination of material 

properties that include high specific stiffness, strength, toughness and improved fatigue performance 

in the absence of plastic deformation. Due to their remarkable properties, they are finding widespread 

use in the aerospace industry. CFRP is made up of individual plies that are stacked up with different 

fibre orientation. This results in three different structural entities, ply, laminate, and the component 

made from CFRP. The structural response of composite materials can vary between static and 

dynamic loading conditions. It is associated with intra- and inter-laminar failures. Intra-laminar failure 

includes both tensile and compressive fibre and matrix damage, whereas inter-laminar failure is 

primarily associated with delamination of the plies and/or sub-laminates [1-7].  

The successful integration of composites in aerospace structures has been brought by improvements 

in recent computational methods, primarily finite elements (FE) analysis. However, there are 

difficulties associated with accurately modelling and predicting some of the failure modes, including 

delamination. Furthermore, there exist several different composite material damage criteria in the 

literature that have been implemented in commercial FE codes. They include a number of strategies 

to model interlaminar bonding, such as Virtual Crack Closure Techniques (VCCT), cohesive zone 

model and surface-based contact interactions [1-2, 5-6].  

 

This study focuses on investigating some of the analysis capabilities within ABAQUS (Abaqus) and 

LS-DYNA (LS-Dyna), two commercially available FE software, for composite damage modelling 
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methodologies and their comparisons. Modelling in Abaqus (Dassault Systems) includes the use of 

three most applied failure criteria referenced in World-Wide Failure Exercise (WWFE) [8], whereas 

modelling in LS-Dyna (LSTC) focuses on its enhanced composite damage material model. These 

implementations aim to complement different modelling tools for the analysis of complex failure 

mechanisms that occur during low-velocity impacts. In addition, delamination initiation is modelled 

using different techniques offered by Abaqus and LS-Dyna. 

2. Experimental Set-up 

2.1 Materials and laminate 

The CFRP material selected for conducting the tests is AS4/3501-6 UD (Hexcel) unidirectional 
prepreg. It is stacked to form a quasi-isotropic laminate with a lay-up of [0/45/-45/90]SE and a 
thickness of 1.12 mm. Each lamina has a square shape of 58.1 × 58.1 mm2. Figure 1 shows the 
dimensions of the specimen and the impactor.  

 
Figure 1 - The dimensions of the specimen, impactor head, and supporting fixture during testing 

2.2 Test methods  

Calibration data for further modelling work is collected by means of a quasi-static indentation test. 

The target force is 83 N (weight of the indenter) that induces an elastic response by the laminate 

specimens. The fixture for the specimen has a circular test area with a diameter of 38.1 mm. 

Collecting and analysing deformation data is made possible through using Digital Image Correlation 

(DIC). Two Photron SA-X2 high-speed cameras are used for recording the data, as shown in Fig. 2. 

DIC provides two-dimensional fields of strain and displacement at the bottom surface ply of the 

laminate specimen. 

The impact tests are conducted in compliance with the ASTM D5628-10 standard [9]. An impact 

mass (comprising impactor and carriage) is set at a height corresponding to the impact energy of 

5 J. The impactor has a hemispherical head with a diameter of 12.7 mm, made of steel  

(42CrMo4-QT). The total mass of the impactor and carriage is 2.87 kg. 

 

 
 

 

 

 

 

 

Figure 2. DIC cameras arranged for monitoring the specimen during impact testing 



3 

Raza, Rodera, Carpenter, Pärnänen, Jokinen, Kanerva, & Bayandor 
 

 

3. Modelling Methodology 

3.1 Target modelling in Abaqus 

The FE modelling for simulating the indentation test is based on a transversally elastic constitutive 
model with the elastic constants at the ply level. The simulation is run by using the default methods 
of Abaqus/Standard.  

According to the capabilities offered by Abaqus/Explicit and user subroutine VUMAT, different failure 
criteria are implemented (Hashin, Puck and Cuntze’s). The process for assessing the onset of impact 
considers two failure paths, ply level failure and delamination occurring between the plies. VCCT is 
used by means of contact interactions. The analysis is then carried out in the linear-elastic regime 
with activation (value ≥ 1) of the yielding functions of the criteria as well as the delamination up to its 
initiation point. Transversally elastic constitutive models are hence implemented in this analysis. 
Special interest is given to the analysis of the failure at the ply level in the presence of delamination.  

 

3.1.1 Intra-laminar failure  

The criteria used in Abaqus are strength-based failure methods, which define activation functions for 

each of the failure models involved, including fibre, matrix and loading directions. No dissipation of 

energy occurs by these criteria. Instead, the functions account for the activation of the yielding 

functions (> 1) describing the failure ‘density’ based on the effective (undamaged) stress field. These 

predictions are set to reproduce the impact test up to the point where delamination starts to grow at 

a pre-existing crack in the 7th interface of the laminate.  

Hashin, Puck and Cuntze’s criteria are used for the analysis of the intra-laminar failure [8]. These 

criteria allow for predicting the failure mechanisms caused by two main modes: Fibre Failure (FF) 

and Inter-fibre Failure (IFF). They have been continuously developed since 1980 when Hashin 

established his first approach [10]. The criteria by Puck [11] and Cuntze [12] are more recent, where 

effort is dedicated to improving the IFF mode. IFF is important for the current study because it 

typically appears as part of bending events [11]. The formulation related to this failure mode based 

on each criterion is given in the appendix. For fibre failure mode, the three criteria present the same 

functions, except for the tensile direction. Hashin’s criterion is based on the modifications of the 

Mohr/Coulomb theory through the quadratic functions, as defined in Eqs. (A.1) and (A.2), for the IFF 

mode.  

Puck’s criterion, described in Eqs. (A.3) to (A.7b), improves the IFF mode by calculating it as a 

function of so-called ‘action plane stresses’ (𝜎𝑛, 𝜏𝑛𝑡 , 𝜏𝑛𝑙). The common action plane defines the angle 

of the fracture, shown in Eqs. (A.3) and (A.4). Unlike Hashin’s criterion, Puck’s is not defined with a 

fixed angle. The fracture angle is calculated by means of an iterative process related to the IFF 

functions between -90˚ and 90˚ that maximizes the IFF mode [11]. 

Cuntze’s criterion and its functions, given by Eqs. (A.8) to (A.17), are focused on defining only one 

global failure model associated with one basic ‘strength’ [12]. For that, a similar division of the failure 

functions has been created using the FF and IFF modes, where each failure mode represents a 

portion of the load-carrying capacity of the material. This capacity and division are quantifying the 

‘risk’ of fracture in each direction, as highlighted in Eqs. (A.8) and (A.9), and the risk in the global 

failure, calculated from Eq. (A.15) [12].  

 

3.1.2 Inter-laminar failure 

VCCT is an efficient method for delamination analysis. The theoretical background of the model is 

based on the work made by Rybicki and Kanninen [13]. The method has been implemented in 

several software codes, including Abaqus. VCCT is a fracture mechanics method and requires a pre-

existing crack. VCCT evaluates the energy release rate (𝐺) for each fracture mode at the 

delamination edge (crack-tip) by using nodal displacements and forces. The criticality of the 

delamination onset is defined with the mixed-mode fracture criterion. The mixed-mode fracture 

criterion [14] is employed in the current work as: 

𝑓 = (𝐺I 72⁄ )0.75 + (𝐺II 779⁄ )0.69                                                                   (1)  
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Fracture mode III is assumed to be negligible. A high value for GIIIC (10,000 J/m2) is used in analysis 

to remove the effects of fracture mode III. VCCT is modelled between the bottom two plies, 7th and 

8th. A pre-crack is defined for the interface plane. 

 

3.1.3 Material properties and parameters 

The density and elastic constants for the ply are shown in Table 1. The ply strengths are provided in 

Table 2 and the fracture toughness values are shown in Table 3. Specific parameters of the strength-

based failure criteria related to CFRP can be found in Table 4. The properties related to the fibre 

direction are also given due to the stress effort variable of Cuntze’s criterion.    

 

Table 1 - AS4/3501-6 UD laminate ply elastic constants [15] 

 
  

 
Table 2 - AS4/3501-6 UD laminate strengths [16] 

 
Table 3 - Fracture toughness values [17] used in the study 

 
 
 

 
Table 4 - Criteria parameters as applied in the study [12] 

 
 
 
 
 
 

1.1.1 FE model of the test specimen and fixture  

The models for the indentation and impact tests are constructed in such a way that they are capable 
of reproducing simulations of indentation (static, implicit) and impact (dynamic, explicit) tests. The size 
of the FE laminate model is 58.1 × 58.1 mm2 with a thickness of 1.12 mm as shown in Fig. 3. The 
laminate mesh is defined with three-dimensional (3-D) hexahedral continuum solid elements with 
eight nodes and reduced integration (C3D8R).  

The mesh at the edge of the plate is defined with a size of 3 mm to obtain a uniform shape at the 
areas outside of the impact zone. The impact zone (i.e. test area) is constructed with element sizes 
varying from 1 mm (the outer circle) to 0.3 mm (the inner circle). The central zone of the model 
presents a refined regular mesh size of 0.3 mm x 0.3 mm, which underlines the size of the intended 
pre-crack for VCCT. Only one pre-existing crack flaw (in-plane) is modelled between the 7th and 8th 
plies near the bottom of the laminate. The mesh is designed according to the pre-defined crack at the 
interface. Transversally isotropic elastic material model is used for the specimen.  

The impactor and indenter are modelled as a rigid body using 3-D rigid elements (R3D4) with the 
mass centre and the radius of the actual instrumented impactor used in the experiment. The contact 
during the impact occurs between the impactor and the first ply of the laminate. The impact is 
governed by normal and tangential constraints established with a friction coefficient of 0.3 (steel-
composite) in the tangential direction.  

𝐸1 

(GPa) 

𝐸2  = 𝐸3 

(GPa) 
𝜈12 =  𝜈12 

(-) 
𝜈23 
(-) 

𝐺12 = 𝐺13 

(GPa) 

𝐺23 

(GPa) 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 

(Kg/mm3) 

142 9.2 0.25 0.29 6.1 3.6 1580 

𝐻𝑎𝑠ℎ𝑖𝑛′𝑠 𝑋𝑡 𝑋𝑐 𝑌𝑡 𝑌𝑐 𝑆12 𝑆13 𝑆23 

𝑃𝑢𝑐𝑘′𝑠 − − 𝑅⊥
+𝐴 2𝑅⊥∥
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−  ) 𝑅⊥∥

𝐴  − − 

𝐶𝑢𝑛𝑡𝑧𝑒′𝑠 𝑅̅∥
𝑡 𝑅̅∥

𝑐 𝑅̅⊥
𝑡  𝑅̅⊥

𝑐  𝑅̅⊥∥
  − − 

(𝑀𝑃𝑎) 2172 1558 54 186 87 94 124 

𝐺Ic 
(J/𝑚2) 

𝐺IIc 

(J/𝑚2) 
𝑝𝑜𝑤𝑒𝑟_𝐼 

(−) 
𝑝𝑜𝑤𝑒𝑟_𝐼𝐼 

(−) 

72 779 0.75 0.69 

𝑃𝑢𝑐𝑘′𝑠 
 

𝑝⊥∥
− = 0.25 

𝑝⊥∥
+ = 0.3 

𝑝⊥𝜓
−

𝑅⊥𝜓
𝐴 =

𝑝⊥⊥
−

𝑅⊥⊥
𝐴 =

𝑝⊥∥
−

𝑅⊥∥
𝐴  

𝐶𝑢𝑛𝑡𝑧𝑒′𝑠 

0.05 < 𝑏⊥∥ < 0.15 

1.0 < 𝑏⊥
𝜏 < 1.6 

0 < 𝑏∥⊥
𝜏 < 0.4 
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The motion of the impactor and the boundary conditions are applied at reference points. All the 
degrees of freedom (DoF) are fixed, except the out-of-plane direction. For the modelled specimen, 
the displacements are fixed at the area outside of the test region and at both sides of the laminate to 
simulate the pressure applied by the fixture.  

 
Figure 3 - FE model of the specimen and the in-plane mesh 

1.2 Target modelling in LS-Dyna 

The constitutive model for simulating the indentation in LS-Dyna is the same as those used in Abaqus: 
an orthotropic elastic material model with ply and stiffness properties from Tables 1 and 2. The impact 
test in LS-Dyna is modelled using an enhanced composite damage material model with incorporated 
damage evolution [18, 22]. Delamination is modelled using two different methods, cohesive zone 
model with decohesion elements and Tiebreak contact algorithm with contact interaction. The 
performance of both methods is separately determined using the full model. Special attention is paid 
to the analysis of the ply failure when delamination exists within the laminate. 

 

1.2.1 Intra-laminar failure  

In LS-Dyna, MAT54 material model is used to model the orthotopic unidirectional laminate. The stress-
strain behaviour of the material in the elastic region is assessed by [20]: 

       𝜀1 =  
1

𝐸1
(𝜎1 −  𝑣12𝜎2)             𝜀2 =  

1

𝐸2
(𝜎2 −  𝑣21𝜎1)         2𝜀12 =  

1

𝐺12
𝜏12 + 𝛼𝜏12

3    (2) 

where direction-1 indicates the fibre axial direction, direction-2 indicates the matrix transverse 
direction, and direction-12 indicates the shear direction. Here, 𝛼 is an input parameter accounting for 
the nonlinear shear stress term, which must be calibrated whenever shear is present. 

Chang-Chang composite damage model [18], as shown in Eqs. (A.18) to (A.21), is used within MAT54 
beyond the elastic region. It is an updated form of Hashin’s comprehensive composite damage model 
[19]. The model assumes that unidirectional CFRP behaves transversely isotropic in the fibre 
direction. It includes a mode mixity term, also known as the shear stress weighing factor, 𝛽, which 

allows interaction between shear and normal failure modes. Setting 𝛽 to 0 initiates Hashin failure 
criteria, whereas setting it to 1 executes maximum stress failure criteria [20]. This damage model 
analytically computes the stresses and damage progression of the fibre and matrix separately to 
determine the condition of an individual ply.  

The Chang-Chang composite damage criteria within MAT54 material model in LS-Dyna assumes a 
linear elastic orthotropic ply level response until failure, without pre- or post-peak softening. It contains 
a set of non-physical input parameters which determines the element failure and can be divided into 
three categories: erosion, crashfront softening factors and parameters describing the material 
behaviour after failure initiation [21]. For solid elements, an element is deleted when its single 
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integration point has met the failure criteria. Elements with shared nodes with deleted element become 
crashfront elements which can have their strengths reduced by varying the non-physical SOFT input 
parameters. Failed ply can still carry a significant amount of stress and energy, and only once it 
reaches failure using one of the non-physical input parameters or an effective failure strain, the 
stresses are reduced to zero and the element is deleted [22]. For this study, the built-in default YCFAC 
strength reduction factor for compressive fibre strength after matrix failure is used to degrade the fibre 
strengths of the plies if compressive matrix failure would take place [22]. This parameter simulates 
damage caused to the fibres from failed matrix [20]. Additionally, the built-in default SOFT material 
strength reduction parameter is used to reduce the strengths of the elements ahead of the crashfront 
[22]. It is used to degrade the strengths of the surrounding elements to simulate the damage 
propagation from the crashfront [20]. None of the failure input parameters are used nor any effective 
failure strain is defined in order to keep elements from deletion.    

 

3.2.2 Inter-laminar failure 

3.2.2.1 Cohesive zone modelling 

Cohesive zone model (CZM) [22,23] is based on the fracture model originally proposed by Dugdale 
[30] and Barenblatt [31,39]. An alternative to the VCCT, it is one of the most widely used approaches 
to investigate interface bonding failure. It assumes a cohesive damage zone that develops near the 
crack tip and uses strain energy release rates, 𝐺, during the formation of fracture to predict 
delamination [38]. Hence, CZM is governed by the properties of the material, crack initiation condition 
and a crack evolution function, where it relates the surface loads in normal and shear direction, 𝜎, to 
the displacement. Crack initiation takes place when the model reaches maximum interface strength, 

𝜎0, that is the maximum load on stress-displacement relation [24,38]. 

There exist many linear and non-linear constitutive failure damage formulations for defining the 
cohesive law. The law used in this study is governed by a bilinear stress-displacement relation as well 
as mixed-mode to represent the interactions of mode I, mode II and mode III separation. Figure 4 
shows the bilinear stress-displacement relation used in this study [25,38]. The area under the stress-
displacement relation is equal to the energy release rate, 𝐺, or the fracture toughness 𝐺𝑐, that is the 
critical value of 𝐺 for delamination growth [26,39]. In LS-Dyna, energy release rates are assigned for 
both mode I and mode II. Mode III is assumed to be nearly identical to mode II separation. This allows 
the cohesive model to utilize mixed mode capability which combines the energy release rate. This is 
used in conjunction with a damage formulation (progressive softening) where mixed-mode 
displacement for total failure is computed using either Power law or Benzeggagh-Kenane (B-K) law 
[27]. The interface bond softening happens when the separation and sliding between the plies 

exceeds the softening strain, 𝛿0. Once the failure strain, 𝛿𝐹, is reached, the interface bond fails and 
delamination occurs [38]. The formulation for Power and B-K law implemented in LS-Dyna can be 
found in [22]. 

 
Figure 4 - Bilinear stress-displacement [22,38]. 

 

The slope of the bilinear stress-displacement before damage initiation, K, is known as the interface 
stiffness or penalty stiffness as it is referred to in LS-Dyna. Turon et al. [24] formulated that the 
effective elastic properties of the composite laminate are not affected by the cohesive surface 
properties whenever 𝐸3 ≪ 𝐾𝑡, that is: 

  𝐾 =  
𝛼𝐸3

𝑡
                   (3) 
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where 𝐸3 is the through-thickness Young’s modulus of the material, which for a transversely isotropic 

material is 𝐸3 =  𝐸2 and 𝑡 is the sub-laminate thickness. 𝛼 is a parameter that is recommended to be 
much larger than 1. Values of 𝛼 are recommended to be greater than 50 [24].  

The crack propagates when the energy release rates reach their critical values 𝐺𝑐, that is their fracture 
toughness [24]. The distance from the crack tip to the point where the maximum stress (cohesive 
traction) is achieved is referred to as the length of the cohesive zone, 𝑙𝑐𝑧. Several different models 
have been proposed to estimate the cohesive zone length [28-35]. All of these proposed models have 
the form: 

                                                         𝑙𝑐𝑧 = 𝑀𝐸
𝐺𝑐

(𝜎0)2                          (4) 

where 𝐸 is the Young’s modulus of the laminate and 𝑀 is a parameter that depends on the different 
cohesive zone length models. This study uses the Rice [32] and Falk et al. [33] recommended 
parameter defining .the cohesive zone length. In terms of LS-Dyna parameters, the cohesive zone 
lengths can be defined for both mode I and mode II as: 

       𝑙𝑐𝑧,𝐼 = 𝑀𝐸
𝐺𝐼𝑐

(𝑇)2  and   𝑙𝑐𝑧,𝐼𝐼 = 𝑀𝐸
𝐺𝐼𝐼𝑐

(𝑆)2                             (5) 

where T and S are the normal and shear peak load input values. For mixed-mode, the cohesive zone 
length must satisfy the condition: 

                                                         𝑙𝑒 ≤
𝑙𝑐𝑧,𝐼

𝑁𝑒
  and  𝑙𝑒 ≤

𝑙𝑐𝑧,𝐼𝐼

𝑁𝑒
                                     (6) 

where 𝑁𝑒 is the number of elements in the cohesive zone and 𝑙𝑒 is the mesh size used in the direction 
of crack propagation [24, 35]. If the cohesive zone is not discretized by enough elements, then the 
distribution of load ahead of the crack is not represented correctly in FEM. Therefore, Turon et al. [24] 
suggest using a minimum of 3 elements in the cohesive zone to predict the propagation of 
delamination. However, such fine mesh requirements can make structural analysis computationally 
expensive and therefore not feasible for some studies [35]. It can be seen from Eq. (6) that the 
cohesive zone length is inversely proportional to the square of the interface peak loads. The length of 
the cohesive zone can therefore be theoretically lengthened to ensure that they span enough 
elements of the given size. Using this methodology, we can obtain the required normal and shear 
peak loads that would allow us to use an appropriate cohesive zone length without making the mesh 
overly fine [24,35]: 

𝑇0 =  √
9𝜋𝐸𝐺𝐼𝑐

32𝑁𝑒𝑙𝑒
     and   𝑆0 =  √

9𝜋𝐸𝐺𝐼𝐼𝑐

32𝑁𝑒𝑙𝑒
                  (7) 

and the normal and shear peak loads to be used in the model can be selected based on the criteria: 

                                               𝑇̅ = 𝑀𝑖𝑛{𝑇0, 𝑇}   and   𝑆̅ = 𝑀𝑖𝑛{𝑆0, 𝑆}                                      (8) 

3.2.2.2 Tiebreak contact 

An alternative to the cohesive zone model technique is the Tiebreak contact algorithm in LS-Dyna 
that uses a segment-based approach to model cohesive interaction between the plies or laminates. 
By implementing the Dycoss Discrete Crack Method [36] within the Tiebreak algorithm, a bilinear 
stress-displacement relation can be used similar to the cohesive law explained in section 3.2.1. This 
contact algorithm essentially models a theoretical interlaminar bonding based on the normal and 
shear peak stress. This allows the delamination to propagate from the initiation zone based on mixed-
mode, which combines the crack opening damage (mode I) and in-plane shear damage (mode II). 
This is used in conjunction with a damage formulation where mixed-mode displacement for total failure 
is computed using either Power Law or Benzeggagh-Kenane’s [27]. An advantage of this method is 
that it does not require any additional layer of elements to be modelled or defined at the interface as 
it uses a segment-based approach, where the faces of the ply elements are bonded. Figure 5 shows 
a comparison between the cohesive zone model and Tiebreak contact.  

 

 

 

 

 

 

     Figure 5 - Cohesive elements and Tiebreak contact comparison [37] 
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3.2.3 Quasi-static and dynamic model 

The FE models for both indentation and impact tests are set up similarly to Abaqus where similar 
mesh and boundary conditions are applied. Figure 6 shows the boundary condition that is applied to 
the laminate for both tests. The impactor is modelled as a rigid body using 3-D solid elements that are 
assigned rigid properties. For the indentation test, a more uniform mesh is used for the impact zone. 
Displacements are fixed on the area outside of the impact zone at both sides of the laminate with the 
aim of simulating the supports pressure. The plies are modelled using fully integrated quadratic eight 
nodes solid element with nodal rotations. In total eight plies are modelled representing the stacking 
sequence of [0/45/-45/90]SE. Figure 7 shows the ply layup of the FE model. 

         
Figure 6 - Boundary conditions of the model 

 
Figure 7 – Laminate layup 

 

A surface to surface tied contact is used to model the interlaminar bonding in the indentation test as 
well as the impact test with the exception being between 7th and 8th plies, where delamination is 
modelled using cohesive zone model and Tiebreak contact. This approach is adopted because the 
primary focus of this study is to model damage onset, which initiates in the bottom plies in low energy 
deformation scenarios.  

 

4. Results 

4.1 Indentation test  

For the case of the static test simulation (indentation), the results obtained from DIC are compared 

with the FE results from the two constitutive models employed in this work (Abaqus and LS-Dyna). 

The displacement field is shown in Fig. 8, while the strain field is depicted in Fig. 9, both at the bottom 

ply (8th ply) of the laminate. DIC outputs a displacement field based on a stepped distribution with its 

maximum value at the central region of the bottom ply. The results are in close agreement with the 

experimental finding. The displacement field follows the general trend where maximum displacement 

is found near the test area. The displacement in the ply radiates outwards as expected and seen 

from the experimental measurements. The magnitude of the displacement decreases as we move 

further away from the central impact region. FE results indicate values in the negative z-direction, 

which represents the direction in which the load is applied. Using both Abaqus and LS-Dyna, the 

maximum displacement is found to be at the centre of the impact region, where it reaches a value of 

0.25 mm, consistent with the DIC results.  
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Figure 8. Displacement fields – DIC data compared to FE simulations 

 
Figure 9 - Strain fields – DIC data compared to FE simulations 

The DIC based strain field is compared for the three in-plane directions at the bottom ply of the 

laminate, namely, longitudinal, transverse and shear axes. FE results show a similar trend for all 

three in-plane directions. For Longitudinal strain, 𝜀𝑥𝑥, maximum strain is found to be at the centre 

where it reaches 0.0035 m/m (for both constitutive models). The minimum is seen at the outermost 

region of the impact area where values range from 0.0001 to -0.001 m/m. For the transverse shear 

strain, 𝜀𝑦𝑦, the maximum strain value in the transverse direction is found to be at the centre of the 

impact region where the value rises to 0.0095, whereas the minimum value is around the outer region 

where it reaches -0.001. These are values in close proximity to the experimental maximum and 

minimum values. Shear strain, 𝜀𝑥𝑦, results are found to be close to the experimental results, however, 

it can be seen that they vary slightly between the two constitutive models, with Abaqus results being 

slightly stiffer. Nonetheless, the results are in the acceptable range where maximum strain of around 

0.0016 occurs at the outer regions of the impact area and minimum strain of around - 0.0014 at the 

centre region. 
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Figures 10(a) and 10(b) show the overall deflection in the XZ and YZ planes. The results obtained 

using the constitutive model of Abaqus and LS-Dyna match well with experimental data in fibre 

direction (0˚ ply). It can be seen that FE results obtained for the XZ direction are close to the 

experimental data in terms of both the values and curve shape, however for the YZ direction, only in 

terms of the curve shapes. This could be due to the fact that the DIC data for the YZ direction have 

a smaller regression error (𝑅2 = 0.97) than in the XZ direction. This deviation might be a 

consequence of non-central impacting or asymmetry of the laminate. 

(a)                                                                                       (b) 

Figure 10 – Comparison for the XZ (a) and YZ (b) deflection for the laminate 

 

Overall, both constitutive models capture the deflection well in YZ and XZ directions. Table 5 

provides the maximum displacements found using the experiment as well as the constitutive models. 

The maximum displacements from the experiment are approximately 0.26 mm in both XZ and YZ 

directions. Comparing the FE results, the constitutive models offer equivalent performance with less 

than 9% error. Their results are consistent with the fact that depending on the mesh size FE models 

tend to provide stiffer responses.   

Table 5 – Maximum displacement comparison 

 

4.2 Abaqus impact model 

For the explicit analysis in Abaqus, the initiation of delamination is modelled at the 7th interface. Figure 
11 shows the schematic where the pre-crack is located. 

 
Figure 11 – Scheme of pre-crack 

 
XZ Percent Error YZ Percent Error 

Experiment 0.2615 mm - 0.2611 mm - 

Abaqus Model 0.2391 mm 8.57 % 0.2391 mm 8.43 % 

LS-Dyna Model 0.2450 mm 6.31 % 0.2450 mm 6.17 % 
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Figure 12, the activation functions (IFF mode) of the three failure criteria through the thickness and 

with the pre-crack at the 7th ply interface. The tensile (membrane) response acts at the bottom part 

and compression at the top of the laminate due to bending. Figure 13 shows the von Mises stress 

field. Figure 14 and 15 shows in details the von Mises stress and the failure status (inter- and intra-

laminar) of the bottom part of the ply 7th, respectively. Results are shown at the point when 

delamination starts to evolve, indicated with the IFF mode values at the ply. In terms of the stresses 

and failure values, the simulated prediction is highlighted by the 48 elements that are used for 

reporting the performances, shown in Tables 6, 7, 8, 9 and 10. The simulation is conducted for the 

model without the pre-crack at the 7th interface as well. 

 
 

 
Figure 12 - Stress and activation functions status through the cross-section of the laminate 

 

 

 
Figure 13 - von Mises stress through the thickness at delamination initiation at the 7th ply interface 
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Figure 14 - von Mises stress and VCCT results at the delamination initiation at the 7th ply interface 

 

 
Figure 15 - Comparison of the failure prediction at the delamination initiation at the 7th ply interface 

 

Hashin’s criterion, shown in Table 7, presents the highest value for the compressive mode, making it 
the most conservative with respect to the two other criteria. This is due to the definition of the fracture 
plane at a ‘pre-fixed’ angle (𝟎˚ wrt. thickness direction), on which transverse stresses act. The 
simulations without pre-crack shows a slight increase in the probability of tensile failure, as well as an 
abrupt decrease in the compressive failure due to the stress field reduction (−𝟔𝟔. 𝟏%). 

 

Table 6 - Averaged values of the von Mises stress of the highlighted elements at the 7th ply interface 

48 Elements at 7th interface Pre-existing crack model Tie constraint model 

𝝈𝑽𝑴,𝒎𝒂𝒙 (MPa) 546.453 ± 236.27 185.390 ± 79.341 
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Table 7 - Averaged values of the IFF mode (Hashin’s criterion) of the marked elements 

Hashin’s failure modes 

48 Elements at 7th interface Pre-existing crack model Tie constraint model 

𝑰𝑭𝑭+ (−) 0.172 ± 0.078 0.191 ± 0.215 

𝑰𝑭𝑭− (−) 3.313 ± 1.064 0.217 ± 0.141 

 

Table 8 - Averaged values of the IFF mode (Puck’s criterion) of the marked elements 

 

 

 

 

 

Table 9 - Averaged values of the IFF mode (Cuntze’s criterion) of the marked elements 

Cuntze’s failure modes 

48 Elements at 7th interface Pre-existing crack model Tie constraint model 

𝑰𝑭𝑭+(−) 0.167 ± 0.049 0.254 ± 0.275 

𝑰𝑭𝑭−(−) 0.987 ± 0.003 0.999 ± 0.001 

𝑰𝑭𝑭𝒔𝒉𝒆𝒂𝒓(−) 2.409 ± 0.737 0.562 ± 0.896 

𝑬𝑭𝑭 (−)  0.194 ± 0.117 0.507 ± 0.32 

 

In the highlighted elements, shown in Fig. 14, Puck’s criterion on average results in a fracture plane 
at 55.52˚ (wrt. thickness direction). The results with the pre-crack for the compressive mode are found 
to be lower than Hashin’s criterion with pre-crack. Whereas, the results with the pre-crack for the 
tensile mode are found to be higher than Hashin’s criterion with pre-crack. However, without the pre-
crack, the IFF values are found to be higher. This solution represents a clear difference in comparison 
to Hashin’s criterion.  

The global response (𝑬𝑭𝑭) of Cuntze’s criterion offers a higher predicted failure value for the case 
without a pre-existing crack (see Table 9). The local response of this criterion (𝑰𝑭𝑭), unlike Puck’s, is 
defined with ‘fixed’ fracture angles based on experimental results [12]. The IFF1 value is generated 
by a fracture plane parallel to the fibres (𝟎˚ wrt. thickness direction) and it reports a slightly higher 
value in the simulation without a pre-crack. The IFF3 mode is defined by a fracture plane of 53˚ [11], 
which results in a higher value than in the case with a pre-crack. The IFF2 (shear) mode is also 
represented by a fracture plane parallel to the fibres (𝟎˚ wrt. thickness direction), resulting in the 
highest simulation values with a pre-crack (i.e. higher stress field). However, the failure value reduces 
drastically for the simulation without a pre-crack (i.e. lower stress field). Therefore, a similar response 
to that of the Puck’s is obtained: an increase in the IFF failure prediction without a pre-crack. 

The difference between the results of Hashin’s criterion versus Puck’s and Cuntze’s criteria, for the 
IFF mode, is essentially due to the definition of the fracture angle. Hashin’s criterion results in a higher 
IFF value in the simulation with an embedded pre-crack (i.e. higher stress field). However, when the 
stress field reduces, as in the simulation without a pre-crack, the IFF value decreases. This behaviour 
does not occur in the other two criteria. Although, the two criteria result in an increase in the IFF mode 
as a consequence of the rise in the failure throughout the UD-plies, rather than the interface, where 
no delamination takes place (no pre-crack, no VCCT). 

 

Table 10 - Averaged values of FF mode (Hashin, Puck and Cuntze) in marked elements at the 7th 
ply interface 

48 Elements at 7th interface Pre-existing crack model Tie constraint model 

𝑭𝑭+(−) 0.4085-0.4113 0.0931-0.0253 

𝑭𝑭−(−) 0 0 

 

 

Puck’s failure modes 

48 Elements at 7th interface Pre-existing crack model Tie constraint model 

𝑰𝑭𝑭+(−) (𝜽𝒇𝒓𝒂𝒄 = 𝟓𝟓. 𝟔𝟐𝟐˚) 0.606 ± 0.124 1.088 ± 0.109 

𝑰𝑭𝑭− (−) (𝜽𝒇𝒓𝒂𝒄 = 𝟓𝟓. 𝟔𝟐𝟐˚) 0.538 ± 0.129 0.963 ± 0.108 
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As seen in Table 10, for the common responses, including the fibre failure modes 
(tension/compression) measured by the three criteria, higher values are obtained at the element level 
when a pre-crack exists. This is due to the partial lack of load-carrying capacity in the plies in the 
presence of the pre-existing crack. For the simulations without a pre-crack, FF modes result in values 
nearing zero. This result does not occur for the global response (EFF) of Cuntze’s criterion, as 
mentioned earlier. For the case of Hashin, the FF tensile mode, defined in Eq. (A.17), results in the 
same values for pre-crack simulations as those without pre-crack. 

4.3 LS-Dyna impact model 

Chang-Chang composite damage model is applied to the plies, and delamination is modelled 

between the 7th and 8th plies to determine the damage onset. Element deletion is not used for this 

study to obtain an elastic response. A layer of cohesive elements is modelled between bottom plies 

with a thickness of 0.01 mm. Unlike VCCT, CZM does not require the existence of an initial crack in 

the structure and therefore is able to represent the complete interlaminar bonding layer. Figure 16(a) 

shows the delamination initiation. Cohesive elements reaching failure due to the applied load over 

time are deleted from the cohesive layer thereby representing the crack initiation, highlighting 

delamination and damage onset. Figure 16(b) shows the subsequent delamination as it propagates.  

  (a)                                                                              (b) 

Figure 16 – (a) Initial delamination at 0.446 ms (b) delamination propagation 

 

Figure 17 portrays the fibre and matrix damage at initial delamination for the bottom side of the 7th 
ply. Damage onset takes place at the centre region as expected where the impactor strikes the 

laminate. Fibre is shown to be damaged in tension in the +45° direction along the fibre orientation. 
Damage initiates near the centre for the fibre in compression. It can be seen that the 7th ply fibres do 
not seem to fail from a 5 J impact since no element reaches the failure value of 1. Matrix on the other 
hand is seen to be both damaged as well as failed in tension near the centre region where the impact 
primarily takes place. This is expected since matrix is more prone to damage and failure than fibre in 
general, when the ply is deflected downwards due to an impact load. The matrix further seems to be 
damaged and failed in compression. The regions where the matrix fails are close to where the 
delamination initiates.  

Figure 18 shows the damage onset through the thickness of the laminate. It can be seen that the fibre 
damage in tensions starts at the bottom two plies and then propagates upwards. Fibre in compression 
on the other hand is seen to have failed in some regions in the upper plies as expected. Matrix in 
tension follows a similar trend where the failure initiates at the bottom plies and propagates upwards. 
Matrix in compression follows the trend of the fibre in the sense that it fails in the upper plies and gets 
damaged in the bottom plies.  

Figure 19 depicts the comparison of von Mises stresses within the 7th ply between the CZM and 
Tiebreak constitutive model at initial delamination. It can be seen that the stresses are about the same 
magnitude and their distribution is almost identical. The cohesive zone model predicts slightly higher 
stresses in the laminate near the centre region as compared to the Tiebreak model, however, the 
difference is minimal. The maximum stresses are found to be at similar locations where they reach a 
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value of about 1.27 GPa. Near the centre region of the impact, the stresses in both models are found 
to be in the range of 350 – 650 MPa.  

 
Figure 17 – Damage at the onset of delamination 

 

 
Figure 18 – Damage onset through the thickness of the laminate 

 

Figure 20 shows the force-time history of the CZM and Tiebreak constitutive models in LS-Dyna 
compared with the experimental data. Initial delamination takes place at 0.446 ms, which is indicated 
by a dashed vertical line. Both models follow the trend of force-time history well. Large drops in load 
are seen around 0.43-0.45 ms when initial delamination occurs in both constitutive models. 
Consequent drops in the load indicate delamination propagation that is seen once the initial crack is 
formed. The reason for this can be conjectured as follows: since the delamination is not modelled in 
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all plies and element failure is turned off, the laminate undergoes an elastic response, which in turn 
results in increased load-bearing capacity of the structure.  

 

  
Figure 19 – Stress comparison between CZM & Tiebreak model at the 7th ply at initial delamination 

 
Figure 20 – Force-time comparison of CZM & Tiebreak models in LS-Dyna with experiment 

5. Discussions and Conclusion 

For the indentation test, the maximum and minimum strain magnitudes of the FE results are within 
the range of the readings obtained using DIC. Overall, the results from the constitutive models 
implemented in Abaqus and LS-Dyna compare well with each other and with the experiment as both 
show a maximum displacement of about 0.25 mm at the centre. As a consequence, it can be assumed 
that the elastic models are capable of simulating the experimental behaviour of the laminate 
accurately. 

The VCCT simulations carried out using Abaqus result in a stiffer response around the pre-designed 
inclusion for the cases without a pre-crack. This is due to the way that VCCT contacts are defined: 
with infinite stiffness. The global response of the laminate therefore is influenced, making the laminate 
stiffer. Through the implementation of the failure criteria in terms of effective stresses, Abaqus can 
analyse the influence of a pre-crack in damage evolution cases. The damage footprint can increase 
in UD-plies where VCCT is not implemented. The user defined subroutine capabilities within Abaqus 
allow failure criteria that are not otherwise part of its default library to be developed. The 
implementation of the subroutines for Cuntze and Puck's criteria allowed the characterization of the 
global response of the laminate and the determination of the fracture angle. VCCT used in conjunction 
with the subroutines allowed to investigate the influence of delamination.   
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The models simulated using LS-Dyna are able to predict the damage onset, as well as delamination 
well. Their stiffer response as compared to the experimental results of force-time history could be 
because the elements are not deleted, and hence are able to carry a significant amount of stress and 
energy. Initial delamination is captured well using cohesive elements, showing their capabilities to 
both accurately predict as well as visualize the spread of delamination effectively. Comparing CZM 
with Tiebreak, it can be seen that von Mises stresses in both methods are about the same magnitude 
and their distributions are almost identical. Comparing the force-time history curves of the two with 
the experimental results, it is observed that both curves follow the overall trend well and predict the 
force magnitude with good correlation. Furthermore, delamination initiation occurs at the same instant 
for both models, highlighting that each method is capable of predicting delamination occurrence 
competitively. Tiebreak model is found to be more computationally expeditious than CZM.  

Comparing the results between Abaqus and LS-Dyna, it is observed that the constitutive models are 
able to simulate damage distribution and delamination initiation in similar regimes. As it can be noticed 
from the force-time history curves, the delamination phenomena without degradation in the UD-plies 
(Abaqus) occurs much earlier than the models with damage evolution (LS Dyna). This is due to the 
higher load-bearing capacity of the UD-plies at linear-elastic regime, making the response stiffer at 
the interface. Additionally, the pre-crack modelled using VCCT makes delamination perform faster as 
a consequence to the zero strength in that zone. The experimental response of the laminate up to the 
delamination initiation point can further be predicted well using LS-Dyna’s constitutive model. As 
design tools, both LS-Dyna, with its composite damage and delamination features, and Abaqus, with 
its user defined elastic model capabilities, allow for a better understanding of the intricate dynamic 
performance of structures subject to low velocity impact by accurately capturing the onset of damage 
and mechanisms of its progressive failure. 
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Appendix 

 
The formulation of Hashin’s failure criterion for the inter-fibre modes is as follows: 

 

𝐻𝑎𝑠ℎ𝑖𝑛′𝑠 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 
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Puck’s failure criterion for the inter-fibre modes: 
𝑃𝑢𝑐𝑘′𝑠 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 

𝐼𝐹𝐹+(𝜃) =  √[(
1

𝑅⊥
+𝐴 −

𝑝⊥𝜓
+

𝑅⊥𝜓
𝐴 ) 𝜎𝑛(𝜃)]

2

+ (
𝜏𝑛𝑡(𝜃)

𝑅⊥⊥
𝐴 )

2

+ (
𝜏𝑛𝑙(𝜃)

𝑅⊥∥
𝐴 )

2

+ 
𝑝⊥𝜓

+

𝑅⊥𝜓
𝐴 𝜎𝑛(𝜃)    𝑓𝑜𝑟   𝜎𝑛(𝜃) ≥ 0 (3) 

𝐼𝐹𝐹−(𝜃) =  √[(
𝑝⊥𝜓

−

𝑅⊥𝜓
𝐴 ) 𝜎𝑛(𝜃)]

2

+ (
𝜏𝑛𝑡(𝜃)

𝑅⊥⊥
𝐴 )

2

+ (
𝜏𝑛𝑙(𝜃)

𝑅⊥∥
𝐴 )

2

+ 
𝑝⊥𝜓

−

𝑅⊥𝜓
𝐴 𝜎𝑛(𝜃)      𝑓𝑜𝑟   𝜎𝑛(𝜃) < 0 (4) 

   
where, 

𝜎𝑛(𝜃) =  𝜎22 cos2 𝜃 +  𝜎33𝑠𝑖𝑛2𝜃 + 2𝜎23𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃                                                      (5𝑎) 

 𝜏𝑛𝑡(𝜃) = (𝜎33 − 𝜎22)𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 +  𝜎23(𝑐𝑜𝑠2𝜃 − 𝑠𝑖𝑛2𝜃)                                                 (5𝑏) 

𝜏𝑛𝑙(𝜃) =  𝜎31 sin 𝜃 +  𝜎21𝑐𝑜𝑠𝜃                                                                           (5𝑐) 
with, 

𝑝⊥𝜓
+

𝑅⊥𝜓
𝐴 =  

𝑝⊥⊥
+

𝑅⊥⊥
𝐴 cos2 𝜓 +

𝑝⊥∥
+

𝑅⊥∥
𝐴 sin2 𝜓                                                                          (6𝑎) 

    
𝑝⊥𝜓

−

𝑅⊥𝜓
𝐴 =  

𝑝⊥⊥
−

𝑅⊥⊥
𝐴 cos2 𝜓 +

𝑝⊥∥
−

𝑅⊥∥
𝐴 sin2 𝜓                                                                          (6𝑏) 

where, 

cos2 𝜓 =  
𝜏𝑛𝑡

2

𝜏𝑛𝑡
2 +𝜏𝑛𝑙

2                                                                                            (7𝑎)  

                                                                        sin2 𝜓 =  
𝜏𝑛𝑙

2

𝜏𝑛𝑡
2 +𝜏𝑛𝑙

2                                                                                             (7𝑏) 

Cuntze’s failure criterion for the inter-fibre modes:  

Cuntze’s criterion models the five different failure modes by a simple probabilistic series as spring models. The 
criterion describes the lamina’s damage as a series of failure systems, which fail whenever any of the modes fail. 
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Therefore, the interaction between FF and IFF modes are defined using stress effort, which sums up the 
contribution of each mode. 

𝐶𝑢𝑛𝑡𝑧𝑒′𝑠 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 

𝐹𝐹1:  𝐹∥
𝜎 =  

𝐼1

𝑅̅∥
𝑡                                                                                      (8) 

𝐹𝐹2:  𝐹∥
𝜏 =  

−𝐼1

𝑅̅∥
𝑐                                                                                      (9) 

𝐼𝐹𝐹1:  𝐹⊥
𝜎 =  

𝐼2 + √4

2𝑅̅⊥
𝑡                                                                                (10) 

𝐼𝐹𝐹2:  𝐹⊥∥
 =  

𝐼3
3/2

 

𝑅̅⊥∥
3 +  𝑏⊥∥

𝐼2𝐼3 − 𝐼5

𝑅̅⊥∥
3                                                               (11) 

                                                      𝐼𝐹𝐹3:  𝐹⊥
𝜏 = (𝑏⊥

𝜏 − 1)
𝐼2

𝑅̅⊥
𝑐 +

𝑏⊥
𝜏 𝐼4+ 𝑏∥⊥

𝜏 𝐼3

𝑅̅⊥
𝑐2                                                              (12) 

where the invariant components are, 
𝐼1 = 𝜎11                                                                                     (13𝑎) 

𝐼2 =  𝜎22 + 𝜎33                                                                              (13𝑏) 

𝐼3 =  𝜎31
2 + 𝜎21

2                                                                               (13𝑐) 

𝐼4 =  (𝜎22 − 𝜎33)2 + 4𝜎23
2

 
                                                                   (13𝑑) 

𝐼5 =  (𝜎22 − 𝜎33)(𝜎32
2 − 𝜎21

2 ) − 4𝜎23𝜎31𝜎21                                               (13𝑒) 

 

with the function (fitting) parameters of, 

𝑏⊥∥ =

1 − (
𝜎21

⊥∥

𝑅̅⊥∥
 )

2

2𝜎22𝜎21
⊥∥2

𝑅̅⊥∥
3

                                                                                 (14𝑎) 

𝑏⊥
𝜏 =

1 + 
(𝜎22 + 𝜎33)

𝑅̅⊥
𝑐

(𝜎22 + 𝜎33)
𝑅̅⊥

𝑐 +
(𝜎22 − 𝜎33)2

𝑅̅⊥
𝑐2

                                                                (14𝑏) 

𝑏∥⊥
𝜏 = 1 − (𝑏⊥

𝜏 − 1)
𝜎21

⊥∥

𝑅̅⊥∥
 − 𝑏⊥

𝜏 (
𝜎21

⊥∥

𝑅̅⊥∥
 )

2

                                                             (14𝑐) 

The stress effort variable includes: 

𝐸𝑓𝑓𝑚 =  (𝐸𝑓𝑓∥𝜎)𝑚 +  (𝐸𝑓𝑓∥𝜏)𝑚 + (𝐸𝑓𝑓⊥𝜎)𝑚 + (𝐸𝑓𝑓⊥𝜏)𝑚 + (𝐸𝑓𝑓⊥∥)𝑚                     (15) 

where variable m is the interaction exponent obtained by curve fitting (for CFRP recommended range is 
2.5<m<3.5). 
 
The three criteria use the same failure modes for the fibre direction (tension/compression): 

                                                                               𝐹𝐹1 =
𝜎11

𝑋𝑡
                                                                                            (16𝑎) 

                                                                               𝐹𝐹2 =
−𝜎11

𝑋𝑐
                                                                                          (16𝑏) 

The tensile fibre mode of the Hashin’s criterion is different and as follows: 

 

𝐹𝐹1 = (
𝜎11

𝑋𝑡

)
2

+  
𝜎12

2 + 𝜎13
2

𝑆12
2                                                                           (17) 

𝐶ℎ𝑎𝑛𝑔 − 𝐶ℎ𝑎𝑛𝑔 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛  

 

The Chang-Chang failure mode is described by the following equations:  



21 

Raza, Rodera, Carpenter, Pärnänen, Jokinen, Kanerva, & Bayandor 
 

 

 
 

Tensile fibre mode: 

         𝑒𝑓
2 =  (

𝜎𝑎𝑎

𝑋𝑡
)

2

+ 𝛽 (
𝜎𝑎𝑏

𝑆𝑐
)

2

− 1                   𝑒𝑓
2 ≥ 0 → 𝑓𝑎𝑖𝑙𝑒𝑑                           (18) 

              𝑒𝑓
2 < 0 → 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 

 

Compressive fibre mode: 

                   𝑒𝑐
2 =  (

𝜎𝑎𝑎

𝑋𝑐
)

2

− 1                    𝑒𝑐
2 ≥ 0 → 𝑓𝑎𝑖𝑙𝑒𝑑                           (19) 

                                      𝑒𝑐
2 < 0 → 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 

 

where a represents the fibre direction, b and c denote the matrix and through-thickness direction. Xt and Xc are 

the fibre longitudinal tensile and compressive strengths, respectively, and 𝑒𝑓 as well as 𝑒𝑐 are the fibre failure 

parameter. 𝜎𝑎𝑎 represents the longitudinal stress and 𝜎𝑎𝑏 the shear stress of each layer. Sc denotes the matrix 
shear strength [23].   

 

Tensile matrix mode: 

                       𝑒𝑚
2 =  (

𝜎𝑏𝑏

𝑌𝑡
)

2

+ (
𝜎𝑎𝑏

𝑆𝑐
)

2

− 1                         𝑒𝑚
2 ≥ 0 → 𝑓𝑎𝑖𝑙𝑒𝑑                         (20)

          

                         𝑒𝑚
2 < 0 → 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 

Compressive matrix mode: 

                                  𝑒𝑑
2 =  (

𝜎𝑏𝑏

2𝑆𝑐
)

2

+ [(
𝑌𝑐

2𝑆𝑐
)

2

− 1]
𝜎𝑏𝑏

𝑌𝑐
+ (

𝜎𝑎𝑏

𝑆𝑐
)

2

− 1         𝑒𝑑
2 ≥ 0 → 𝑓𝑎𝑖𝑙𝑒𝑑                          (21)

       

                                          𝑒𝑑
2 < 0 → 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 

 

where Yt and Yc are the transverse tensile and compressive strength of the matrix. 𝑒𝑚 and 𝑒𝑑 are the matrix 
failure parameter that determines matrix cracking [20].      

 


