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Abstract 

The mechanical response and the fracture phenomena in a composite system not only depend on the elastic and fracture properti
constituents but also on additional parameters such as fiber alignmen
alignment is one such parameter that governs the design of the composite according to the purpose required. In the present wo
approach combined with a cohesive zone mode
different failure phenomena in a matrix- fiber system. The influence of various properties of fiber, matrix, and the fiber
mechanical response of the composite system is studied. An exponential coupled cohesive zone law is considered for modeling fiber
interface. Smeared representation of crack and interface are considered in the analysis. The results are validated with numer
present in the literature. 
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1. Introduction 

Unlike homogeneous materials, composites offer 
superior qualities such as enhanced stiffness and strength for 
lightweight materials. Understanding fracture in anisotropic 
material such as composite is much more complex when 
compared to the brittle/ductile fracture in isotropic materials 
such as steel and aluminum. To predict the failure, the 
independent failure mechanisms like fiber/matrix failure, 
fiber-matric debonding, and delamination between the 
laminae needs to be examined [1], [2]. The fiber
interface and the interface between the laminae play a 
pivotal role in determining the overall strength and 
toughness of the composite system. Therefore, accurate 
modeling of damage/fracture at the interface is required.

Finite element analysis has been adopted to understand 
the failure phenomena in composites [3]. Cohesive zone 
model is adopted to model various modes of failure in 
laminated composites in [4]. Numerical methods such as 
continuum damage models [5], XFEM [
[7], gradient damage models [8] can model composite 
fracture/failure. To model fracture and/or damage, a new 
approach GraFEA which is a graph-based finite element 
approach is proposed and implemented in [
crack models like phase field method (PFM) have 
popular to model complex behavior. In PFM, variational 
principles are used to minimize the global energy 
[10].The effect of fracture properties in nanocomposites is 
studied using PFM in [11]. Various failure modes at meso 
structural level in a composite are analyzed in [
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The mechanical response and the fracture phenomena in a composite system not only depend on the elastic and fracture properti
constituents but also on additional parameters such as fiber alignment, fiber volume fraction, interface properties and laminate layup. Fiber 
alignment is one such parameter that governs the design of the composite according to the purpose required. In the present wo
approach combined with a cohesive zone model is proposed and implemented in finite element framework. The proposed model can capture 

fiber system. The influence of various properties of fiber, matrix, and the fiber
of the composite system is studied. An exponential coupled cohesive zone law is considered for modeling fiber

interface. Smeared representation of crack and interface are considered in the analysis. The results are validated with numer
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Anisotropic surface energy [
structural tensors [14] in the total energy of the system to 
model the crack propagation using phase field approach. 
Definite phase-fields related to individual damage 
mechanism have been proposed in [
gradient-enhanced damage model is adopted to model 
intralaminar and translaminar brittle fracture. 
PFM+Anisotropy model is adopted to study delamination 
under different modes undergoing finite s
interaction of interface with crack is modeled using 
combined phase field approach and cohesive zone model in 
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The main focus of the present work is to understand the 
effect of fiber orientation of a fiber reinforced composite 
system. The crack propagation in a laminated fiber 
reinforced composite stacked with spatially varying 
unidirectional and woven fibers is studied for different 
configurations. The interaction between the anisotropic 
crack and the interface is studied by varying the relative 
stiffness of the interface to that of the bulk.

2. Methodology 

Consider solid heterogeneous body 
different fiber reinforced composites 
Ω1∪ Ω2 = Ω as shown in Figure 1. Let 
crack and the interface between the two composites 
respectively. 
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energy [13] is introduced based on 
] in the total energy of the system to 

model the crack propagation using phase field approach. 
fields related to individual damage 

mechanism have been proposed in [15] and [16]. In [17], 
enhanced damage model is adopted to model 

intralaminar and translaminar brittle fracture. 
PFM+Anisotropy model is adopted to study delamination 
under different modes undergoing finite strain in [2]. The 
interaction of interface with crack is modeled using 
combined phase field approach and cohesive zone model in 

] and anisotropic composites [19]. 
The main focus of the present work is to understand the 

effect of fiber orientation of a fiber reinforced composite 
system. The crack propagation in a laminated fiber 
reinforced composite stacked with spatially varying 

woven fibers is studied for different 
configurations. The interaction between the anisotropic 
crack and the interface is studied by varying the relative 
stiffness of the interface to that of the bulk. 

Consider solid heterogeneous body Ω consists of two 
different fiber reinforced composites Ω1 and Ω2 such that 

Ω as shown in Figure 1. Let Γ and ΓIrepresent the 
crack and the interface between the two composites 
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Figure 1: Schematic representation of (a) sharp crack Γ and sharp interface ΓI, (b) regularized crack Γ and regularized interface 
Γα, and (c)sharp and diffusive crack/interface topology. 

 
E = Ψe(ε

e;φ)dΩ + GcdΓ + ΨI([uj) dΓI (1) 
E =  Ψe(ε

e; φ) dΩ +Gcγφ(φ, ∇φ, A) dΩ + ΨI(j) γα(α, 
∇α) dΩ 

(2) 

where φ(x) represent the crack phase field variable, α(x) 
represent the interface phase field variable and are expressed 
as φ(x) = e−|x|/lφand α(x) = e−|x|/lα respectively. The diffused 
width of crack and interface are denoted by lφand lα, Gcis the 
fracture toughness, j(x) is the jump in the displacements 
across the diffused interface, γφ(φ), γα(α) represent the crack 
density and interface density functions per unit volume. 

Energy functions 

The energy density function Ψe in Eq. (2) is defined as 

Ψe (εe; φ) = g(φ)Ψo (εe, a) (3) 
 

g(φ) represents the degradation function. In the present 
work, a quadratic form g(φ) = (1 − φ)2 is adopted for the 
analysis. 

Ψo (εe, a) = Ψiso (εe) + Ψani (εe, a) (4) 

Ψiso represents the matrix contribution and Ψani represents 
the fiber contribution. 

Ψiso (εe) = (λ/2).(trεe )2 +µ (εe: εe) (5) 
Ψani(εe,a)=µ(εe:a)2 (6) 

λ and µ are the lam´e’s constants and µfis a stress like 
material parameter related to fibers. The regularized crack 
functional for an anisotropic material can be written as 

γ (φ, ∇φ, A) = (1/2lφ)φ2 + l2∇φ · A∇φ 
A = I + βa, a = f ⊗f, f = [cosθ, sinθ, 0]T 

(7) 

A represents the anisotropic structural tensor, I is the 
second order identity tensor, f is the unit vector 
corresponding to the fiber orientation θ with respect to the 
global X axis and β denotes the anisotropy parameter. 

Cohesive zone model 

The constitutive relation at the interface is given by a 
cohesive zone law which relates the interface traction with 
its corresponding separation [20], [21]. The interface is 
characterized by the existence of a potential function 
ΨIwhich describes the coupled traction-separation. For the 
present work, exponential coupled traction separation law is 
adopted, see Figure 2[22].  

 

  
(a) (b) 

Figure 2: Exponential cohesive zone law depicting 
(a)Normal traction separation and (b)Tangential traction 

separation. 

The potential function is given as:  

 
(8) 

The traction vector can be obtained as: 

 
(9) 

Governing Equations 
Variation of Eq. (2) with respect to displacement u and 

phase field φ results in the following equations 

 
(10) 

 
(11) 

The interface energy density function can be written as 

 
(12) 

The crack driving force H can be obtained from the ratio 
Ψo/Gc, which is defined for each individual damage mode 
corresponding to matrix(isotropic) and fiber(anisotropic) as: 

 
(13) 

Giso and Gani denote the critical energy release rate 
corresponding to matrix and fiber respectively. 
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3. Numerical simulation  

The proposed formulation is demonstrated through two 
examples, (a) Open hole tension test and (b) crack-interface 
interaction in a composite laminate. Four noded 
quadrilateral elements are used for the analysis. Plane strain 
conditions are assumed. 

3.1. Open hole tension test 

 
Figure 3: Geometry and boundary conditions of the 

OHT specimen. 

Inthisexample,arectangularspecimenwithacentralcircularhol

eisconsideredasshowninFigure3.The material properties are 
taken as: Longitudinal Young’s modulus E1 = 26.5 GPa, 
Transverse Young’smodulus E2=2.6GPa,Shear modulus 
G12=1.3GPa,Poisson’sratioν12=0.35,the 
criticalenergyreleaserateofmatrixandfiber aregivenasGiso= 
0.622N/mm,Gani= 
106.3N/mm.lφ=lα=0.012mm.Theobjectivesofthisexamplear
etounderstandtheinfluenceof(a)fiberorientationθand(b)anis
otropyparameterβonthemechanicalresponseandthecrackpro
pagation of the unidirectional fiberreinforced composite 
system.For the firststudy, fibers of three different 
orientations namely, (i)θ = 15◦, (ii)θ = 30◦and (iii)θ = 45◦ 
are considered for a fixed value of anisotropy parameter β 
= 25.For the second study, fiber orientation is fixed to be θ 
= 45◦ and the anisotropy parameter is varied as (i)β = 0, 
(ii)β = 25 and (iii)β = 50. 

 

 
Figure 4: (a)Evolution of anisotropic crack phase field for (i)θ = 15◦, (ii)θ = 30◦, (iii)θ = 45◦ and (b)Load displacement curves 

for fiber orientations θ = 15◦, θ = 30◦, θ = 45◦ for β = 25. 

 
Figure 5: (a)Evolution of anisotropic crack phase field for (i)β = 0, (ii)β = 25, (iii)β = 50 and (b)Load displacement curves for 

fiber orientations β = 0, β = 25, β = 50 for θ = 45◦. 
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The crack propagation and load displacement curves for 
the two studies are plotted in Figure 4 and Figure 5 
respectively. The crack propagation in Figure 4 is along the 
fiber orientation for all the angles and the failure load 
increases with increase in fiber orientation. From Figure 5, it 
is observed that for β = 0, which is an isotropic case, the 
crack is perpendiclar to the loading direction. As β value 
increases, the crack angle is more towards the fiber 
orientation. With increase in β value, the failure load 
increases. 

3.2. Crack-interface interaction in a laminate 

A spatially varied composite laminate made up of different 
fibreorientations and is considered to understand the 
interaction of crack with interface under Mode I loading. 
The geometry and boundary conditions are depicted in 
Figure 6. The interface can be distinguished as stiff or soft 
interface based on the relative values of critical energy 
release rate of the interface to that of the bulk. If the 
interface stiffness is high, it is stiff interface and viceversa. 
The material properties are taken as follows: 

 

The analysis is done for two values of m which are (i)m= 
0.8 and (ii)m= 1.2. 

The crack propagation for two cases for stiff and soft 
interfaces are plotted in Figure 7. It is observed that the 
crack propagation is similar for both the values of m for stiff 
and soft interfaces. For a stiff interface model, the crack 
follows the fiber orientation in all the composite layup 
without deflecting along the interface and for a soft interface 
model, the crack after reaching the interface, deflects along 
the interface and then penetrates into the next composite 
layup. From the load displacement curves plotted in Figure 
8, it is observed that the failure load is high for stiff interface 
and also for higher values of m. 

 
Figure 6: Geometry and boundary conditions 
 

 

 
Figure 7: Evolution of anisotropic crack phase field for (a)Stiff interface (i) m=0.8, (ii) m=1.25 and (b)Soft interface (iii) 

m=0.8, (iv) m=1.25. 
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Figure 8: Load-displacement curves for (a)Stiff interface m=0.8, m=1.25, (b)Soft interface m=0.8, m=1.25, (c)Stiff interface 

and Soft interface for m=0.8. 
 

1. Conclusion  

For a composite reinforced with unidirectional fibers, as 
the fiber orientation increases, the failure load of the 
specimen increases. The predicted crack path predicted by 
the proposed model is along the fiber orientation for β = 25, 
50. β = 0 depicts the isotropic case, therefore the crack path 
is perpendicular to the loading direction. As the value of 
anisotropy parameter β increases, the failure load increases 
and converges. When the crack interacts with the interface 
between two composites, the crack either deflects along the 
interface or penetrates through the interface based on the 
relative fracture toughness of the interface to that of the 
bulk. 
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