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ABSTRACT 
 

Due to widespread use of composite materials in advanced industries, studying their mechanical behaviour is one of 
the fast growing research areas. Due to high degree of heterogeneity common in composites, the theory underlying 
their mechanical behavior is still a challenging topic in the literature. Experimental measurement of their mechanical 
properties is also challenging. Factors such as variable composition, variable shapes and sizes of reinforcement, 
non-uniform dispersion, and partial decohesion of reinforcements, as well as presence of voids affect their fracture 
behaviour. In the present study, extended finite element method (XFEM) is used to study the fracture behaviour of 
Polyester/TiO2 micro-composites. Using a representative volume element (RVE) which contains sufficient number of 
particle reinforcements, the effect of particles size, volume fraction, and shape on the mechanical behaviour of the 
composite was investigated. As in previous experiment, the fracture toughness was found to increase with higher 
volume fraction up to a certain percent volume fraction at which the agglomeration reinforcement particles occur. 
Similarly, reinforcement particles of smaller sizes and standard shapes were found to result in higher fracture 
toughness. Based on the present study, the effective fracture toughness of the composite material is found to strongly 
depend on the volume fraction, shape and size of the reinforcement particles. 

Keywords:  XFEM; Composites; Fracture toughness; Crack propagation. 

1. INTRODUCTION 

 

Composite materials are widely used for different 

industrial applications. This is due to their high 

strength-to-weight ratio and stiffness. The novel 

physical and mechanical properties attainable with 

reinforcements are the motivation behind the use of 

composite materials for very advanced structural 

components (such as airplane engines, car body parts, 

electronics components, military equipment, etc). 

However, it has been found that the frequent damage of 

composite materials when subjected to external loads 

has limited their use (Heslehurst, 2014). As defects 

(such as cracks, pores, etc) are common in composite 

materials, their frequent failure has been commonly 

attributed to their heterogeneous nature (Heslehurst, 

2014). Consequently, fracture mechanics is an essential 

discipline of literature on composites and limited 

research work is available in this regards.  

The experimental investigation of crack propagation in 

composites has been one of the most challenging tasks 

for researchers. This is due to the anisotropic and 

heterogeneous nature of the materials as the crack 

growth is dependent on many factors such that it 

cannot be described by simple fracture mechanics 

equations. For this reason, few research works are 

available. For instance, Corten (1962) and Irwin (1968) 

made earlier discussion of the theory of fracture 

behavior of composites. Daniel (1970) also studied the 

dynamics of crack growth in filamentary composites. 

Blugan et al. (2005) observed that the fracture 

toughness of Silicon Nitride–Titanium Nitride 

Composites increases linearly with volume fraction of 

TiN due to the residual stresses induced by the 

heterogeneity of the materials. Lewandowski et al. 
(1989) investigated the effects of matrix 

microstructure, interface character and degree of 

clustering on the fracture behavior of aluminum metal-

matrix composites. They found that the clustered 

regions serves as preferential sites for crack initiation.  

Additionally, Bonhomme et al. (2009) studied the 

mode I and mode II interlaminar fracture surfaces of a 

unidirectional AS4/8552 carbon/epoxy laminate. Based 

on their experimental observations, they suggested that 

the driving mechanism for the fracture of the material 

is the microcracking of the matrix in a direction that is 

perpendicular to the principal stress. Due to 
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complication associated with fracture of composite 

materials, researchers resort to use numerical 

modelling tools for the prediction of the fracture 

behaviour of composites.  

Over the years, the modeling of discontinuities (such as 

cracks, voids, inclusions, etc) in materials has been a 

difficult task for researchers. The conventional Finite 

Element Method (FEM) is not well suited for modeling 

of such discontinuities due to the numerous numerical 

difficulties that are encountered during the 

computations (Cao, Yang, Packer, & Burdekin, 1998). 

For example, a mesh of high density is required near 

the crack geometry in order to get accurate results with 

the conventional FEM. Furthermore, re-meshing is 

necessary at each time step due to propagation of the 

crack. Therefore, new numerical schemes are required 

in order to make the modeling of crack growth in 

materials not only accurate but feasible. One of such 

schemes is the Extended Finite Element Method 

(XFEM) which is discussed in the next sections. 

The extended finite element method (XFEM) was 

developed first by Belytschko and Black (Belytschko 

& Black, 1999) in order to address the challenges 

associated with the modeling of crack growth in 

materials. They added special enrichment functions to 

the conventional finite element formulation based on 

the concept of partition of unity in order to represent a 

mesh-independent crack within a domain. The 

enrichment functions are utilized in defining the 

discontinuities by enriching the degree of freedoms in 

elements affected by cracks. Usually, two enrichment 

(displacement) functions are used. The Heaviside step 

function is used to represent the discontinuity in 

elements that are affected by the crack. While, the 

asymptotic crack tip (displacement) function is used to 

represent the discontinuity in elements that are affected 

by the crack tip. Therefore, with these two enrichment 

functions, the cracked region is updated without re-

meshing or modification to the selected geometry 

(Cao,  Yang, Packer, & Burdekin, 1998). XFEM is 

generally applied to problems associated with 

discontinuities, singularities, localized deformations or 

complex geometries (such as crack propagation, 

dislocation motion, grain boundary decohesion, phase 

transformations, etc) (Ted Belytschko, Gracie, & 

Ventura, 2009). 

In the present study, XFEM is used to model the 

fracture behavior of Polyester/TiO2 composites and 

investigate the effect of reinforcement dispersion, size 

and particles shape on the fracture behavior of the 

material. The results obtained include stress fields, 

effective fracture toughness and crack geometry 

existing after application of the critical or failure load 

on the representative material. The paper is divided 

into sections as follows. After introduction, a brief 

literature review is given. The methodology of fracture 

modeling using XFEM is discussed next. Details 

regarding material properties, governing equations, 

boundary conditions, e.t.c. are discussed first before 

the presentation of results. The model was validated 

and a comprehensive discussion of results is made. 

 

2. METHODOLOGY 

2.1. XFEM Formulation 

The extended finite element method (XFEM) is a new 

methodology which handles the modeling of crack 

propagation in materials more efficiently. It was 

originally derived (Belytschko & Black, 1999) based on 

the partitioning the shape functions of conventional 

finite element formulation into sub-units. Thus, a priori 

known solution such as that due to discontinuities or 

singularities is added to the conventional finite element 

(FE) approximation at the nodes which are directly 

affected. This makes the computational task less 

intensive and the results more accurate since the 

representation of the discontinuities or singularities is 

independent of the mesh. 

As discusses previously, the modification to the FE 

formulation is introduced in the form of enrichment 

functions. For crack modeling, two enrichment 

functions are used. The heaviside (jump) function 

enrich the degree of freedoms of elements that are 

completely cut by the cracks. The asymptotic near-tip 

function enrich the degree of freedom of elements that 

affected by the crack tip. Thus, the use of the two 

enrichment functions makes it possible to use standard 

finite elements to solve a discontinuous analysis with 

light, structured, and time-independent mesh. 

Therefore, the XFEM is among the meshless methods 

of representing cracks. 
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Figure 1: Conventional FE Mesh at cracked region (Zen, 2013) 

 

For the purpose of demonstration, consider a simple 2-

D representation of a cracked domain with 

conventional finite elements as shown in Figure 1. The 

finite element approximation for the displacement field 

u(x,y) is given by (Zen, 2013):  

  

𝑢(𝑥, 𝑦) = ∑ 𝑁𝑗(𝑥, 𝑦)𝑢𝑗
10
𝑗=1     …                            (1) 

 

 

Where: 𝑁𝑗(𝑥, 𝑦) = 𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑟 𝑏𝑎𝑠𝑖𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 , 𝑗 

𝑢𝑗 = 𝑛𝑜𝑑𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑡 𝑛𝑜𝑑𝑒, 𝑗 

Now supposing we define: 

𝑎 = 𝑚𝑖𝑑 − 𝑝𝑜𝑖𝑛𝑡 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑢9 𝑎𝑛𝑑 𝑢10 

𝑏 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑢9 𝑎𝑛𝑑 𝑢10 

 

Then, we have: 

 

𝑎 =
𝑢9+𝑢10

2
                     …                           (2) 

 

𝑏 =
𝑢10−𝑢9

2
                    …                           (3) 

 

Thus, the modified approximation for the displacement 

field u(x,y) is (Zen, 2013): 

 

𝑢(𝑥, 𝑦) = ∑ 𝑁𝑗(𝑥, 𝑦)𝑢𝑗
8
𝑗=1 + 𝑎(𝑁9 + 𝑁10) + 𝑏(𝑁9 +

𝑁10)𝐻(𝑥, 𝑦)               …                               (4) 

 

Where, 

𝐻(𝑥, 𝑦) = {
 1 ,             𝑦 > 0

−1 ,             𝑦 < 0  
→ ℎ𝑒𝑎𝑣𝑖𝑠𝑖𝑑𝑒 𝑜𝑟 𝑗𝑢𝑚𝑝 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑑𝑒𝑓𝑖𝑛𝑒𝑑 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠𝑙𝑦) 

 

Thus, it can be seen that, the Heaviside step function is 

used to represent the discontinuity (away from the 

crack tip) where the crack opens. 

 

 

Figure 2: XFEM mesh at cracked region (Zen, 2013) 

 

As shown in Figure 2, an equivalent approximation for 

the displacement field can be given as follows (Zen, 

2013): 

 

𝑢(𝑥, 𝑦) = ∑ 𝑁𝑗(𝑥, 𝑦)𝑢𝑗
8
𝑗=1 + 𝑁11𝑢11 + 𝑏𝑁11𝐻(𝑥, 𝑦) …     (5) 

 

Where, 𝑎 = 𝑢11 =
𝑢9+𝑢10

2
 

 

Generally, the equation can further be given as: 

 

𝑢(𝑥, 𝑦) = ∑ 𝑁𝑗(𝑥, 𝑦)(𝑢𝑗 + 𝑏𝑗𝐻(𝑥, 𝑦))𝑗            …         (6) 

 

Now, in order to represent the discontinuity at the 

crack tip, another enrichment function is required for 

all elements around the crack tip. By letting all 

elements to belong to a set (𝝃), then all elements that 

are cut by the crack but not the crack tip belong to a 

subset (𝝃m). 

While, elements cut by crack tip can be denoted by a 

subset (𝝃n). Therefore, by introducing another 

enrichment function for elements at the crack tip, we 

have the following general expression for the XFEM 

formulation (Zen, 2013): 

 

𝑢(𝑥, 𝑦) = ∑ {𝑁𝑗(𝑥, 𝑦)𝑢𝑗 + 𝑏𝑗𝐻(𝑥, 𝑦) + ∑ 𝐹𝑘(𝑥, 𝑦)4
𝑘 𝑏𝑗

𝑘}𝑛
𝑗=1  . (7) 

 

Where,  

𝑏𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑒𝑛𝑟𝑖𝑐ℎ𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 𝑤𝑖𝑡ℎ ℎ𝑒𝑎𝑣𝑖𝑠𝑖𝑑𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 
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𝑏𝑗
𝑘 = 𝑠𝑒𝑡 𝑜𝑓 𝑒𝑛𝑟𝑖𝑐ℎ𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 𝑤𝑖𝑡ℎ 𝑎𝑠𝑦𝑚𝑡𝑜𝑡𝑖𝑐 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

𝐹𝑘(𝑥, 𝑦) =

√𝑟 𝑠𝑖𝑛𝜃

√𝑟 𝑐𝑜𝑠
𝜃

2

√𝑟 𝑠𝑖𝑛
𝜃

2
 𝑠𝑖𝑛𝜃

√𝑟 𝑐𝑜𝑠
𝜃

2
 𝑠𝑖𝑛𝜃

 

𝐹𝑘(𝑥, 𝑦) is asymptotic (crack-tip) enrichment function 

defined according to linear elastic fracture mechanics 

(LEFM) theory  

𝑟
= 𝑟𝑎𝑑𝑖𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑟𝑎𝑐𝑘𝑡𝑖𝑝 & 𝑎𝑛𝑦 𝑝𝑜𝑖𝑛𝑡 𝑛𝑒𝑎𝑟 𝑐𝑟𝑎𝑐𝑘 

𝜃 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡 𝑓𝑟𝑜𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑥𝑖𝑠 

 

The level set method (Adalsteinsson & Sethian, 1995), 

is a numerical method of solving moving boundary 

problems. It was originally used for tracking the 

movement of interfacial (closed) boundaries. With the 

XFEM, the level set method is used to track the 

movement of the crack face during propagation. The 

crack face is the moving boundary which is assigned a 

value of zero level set function. Since crack is an open 

boundary, little modification is done to the level set 

method in order to make the computation effective. 

The level set of a given function is the set of all points 

at which the function attains a specified value. In 

XFEM of commercial finite element package-Abaqus, 

two functions ϕ and ψ are used to completely describe 

a crack which cuts through the elements. Φ denotes the 

distance of the node from the crack face; it is positive 

on ones side of the crack and negative on the other. Ψ 

denotes the distance of the node from the crack-tip or 

crack front (taking the crack-tip as origin). Therefore, it 

is negative towards the crack-side and positive on the 

uncracked region. The two level-set functions are 

described in Figure 3. For example, Φ =0.25 and Ψ = -

1.5 at point 1, while Φ = -0.25 and Ψ = -1.0 at point 3 

as demonstrated in the figure. 

 

Figure 3: Level-set functions for tracking crack growth in Abaqus 

(Krishnan, 2014) 

2.2. Idealization and Modelling Assumptions 

In the present study, a 150 μm x 300 μm representative 

volume element (RVE) section of a composite material 

is selected based on the standard particulate size of 

micro-composite materials. The geometry is selected in 

such a way that sufficient number of inclusions can be 

embedded in the Representative Volume Element 

(RVE). As defined in the literature (Subawi, 2008), 

micro-composite materials have particulate size that 

ranges from 6-10 μm. Consequently, a uniform particle 

size of 10 μm is selected for the current work. In order 

to compare our results with experiments, Polyester and 

TiO2 are used as the matrix and reinforcement 

respectively. For the model to be more realistic, 

inclusions of various sizes (i.e. 10 and 15 μm), shapes 

(i.e. circular, square and triangular) and orientation (i.e. 

0 and 45°) are used. For simplicity, the assumption that 

perfect bonding occurs between the matrix and the 

inclusions (or reinforcements) is used. According to 

calculations based on LEFM theory, the transition 

crack length for the material used in the current 

analysis is 27.5 μm. Therefore, for the current fracture 

analysis the initial crack length is assumed to be 30 

μm. 

2.3. Material Properties 

The materials of the matrix (Polyester) and 

reinforcement (TiO2) are assumed to be linear elastic 

and isotropic. Inhomogeneity is assumed, where 

properties varies at different sections of the geometry. 

Plain strain assumption is adopted where the thickness 

of the RVE is assumed to be far greater than its planar 

dimensions. Table 1 summarizes the material 

properties used for the analysis. 
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Table 1: Material Properties 

Name Value Source 

Matrix material-Polyester 

Young’s 

modulus 

4 GPa (Shukla, Parameswaran, Du, & 

Victor, 2006) 

Poisson ratio 0.4 (Evora & Shukla, 2003) 

Ultimate tensile 

strength 

48 MPa (Evora & Shukla, 2003) 

Fracture 

toughness 

0.5 MPa m-

(1/2) 

(Shukla et al., 2006) 

Fracture energy 52.5 N/m (Shukla et al., 2006) 

Reinforcement material-Titanium Oxide 

Young’s 

modulus 

230 GPa (Kolorjet chemicals PVC Limited, 

n.d.) 

Poisson ratio 0.27 (Kolorjet chemicals PVC Limited, 

n.d.) 

Ultimate tensile 

strength 

680 MPa (Kolorjet chemicals PVC Limited, 

n.d.) 

Fracture 

toughness 

2.4 MPa m-

(1/2) 

(Kolorjet chemicals PVC Limited, 

n.d.) 

Fracture energy 23.2178 

N/m 

(Kolorjet chemicals PVC Limited, 

n.d.) 

 

2.4. Loading and Boundary Conditions 

For convenience, a gross stress is uniformly applied 

over the top boundary of the RVE as shown in Figure 

4. The gross stress is varied until a critical value is 

reached where the results is highly unstable indicating 

that complete fracture of the cracked domain is 

reached. Roller supports are used at the bottom 

boundary. Symmetry boundary condition is applied at 

the left boundary. Symmetry boundary condition is not 

applied at the right boundary, because the constraint 

imposed on the left boundary is sufficient to make the 

boundary conditions be approximately same as that of 

periodic. 

 
Figure 4: Applied loads and boundary conditions 

2.5. Finite Element Mesh 

As mentioned earlier, one of the greatest advantages of 

using XFEM over FEM is that the crack growth is 

independent of mesh. Previous researchers (Zen, 2013) 

have shown that, the XFEM-based models can give 

accurate results with a less densed mesh (when 

compared with FEM mesh) around the crack region. 

Since the accuracy of the XFEM depends on mesh size, 

a mesh of relatively higher density is required around 

the cracked region. A 4-node bilinear plane strain 

quadrilateral element (with quadratic interpolation 

function) was used for the analysis. It was ensured that 

meshes of adequate densities were used. The meshing 

was found to be difficult and time-consuming due to 

the necessity to use quadrilateral elements and the 

presence of inclusions. A sample of the convergence 

test that was carried out is given in Figure 5. 

 

 
Figure 5: Convergence test 
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3. RESULTS AND DISCUSSIONS 

A static crack growth analysis was carried out using a 

set of RVEs for micro-composite material composing 

of Polyester matrix and Titanium Oxide 

reinforcements. The motivation for the current work 

came from a previous experiments (Cha, Kim, & Kim, 

1998; Shengb, 1996; Liu, Huang, Lovato, & Stout, 

1997), where it was mentioned that the addition of 

reinforcements (inclusions) at both micro and nano-

level have effect on the fracture toughness of the 

material. As polymer resins are commonly used in 

manufacturing advanced structural components (such 

as aeroplane, automobile, electronic parts, etc), the 

XFEM model is used to investigate the effect of 

inclusions in Polyester/TiO2 micro-composite using 

commercial finite element package, ABAQUS. As the 

continuum mechanics equations do not apply to nano-

composites, only micro-composites are considered in 

the present study. After validation of the model with 

available experimental data, the effect of inclusions on 

the fracture toughness of the material was determined. 

The results suggest that, the size, volume fraction and 

shape of the inclusions all have effect on the fracture 

toughness of the material. Furthermore, the results 

show the effect of crack orientation on the fracture 

behavior. Similar to the XFEM results, previous 

experiment (Shukla et al., 2006; Evora & Shukla, 

2003) asserted that size and dispersion of TiO2 

inclusions have effect on the fracture toughness of the 

material. However, only a numerical model can be 

used to obtain a thorough understanding of the 

influence of inclusions on the fracture behavior.  

 

3.1. Validation of Numerical Model 

Static crack growth analysis was carried out when the 

domain contains only polyester. Even though the 

analysis was carried out statically, the applied gross 

stress was ramped over time. This improves the 

numerical convergence of the equations and makes the 

simulation results more realistic. Figure 6 shows the 

variation of gross stress with crack displacement. It can 

be seen that, the variation is almost linear and 

conforms to typical load-displacement curves for 

cracks. It is important to notice that the gross stress is 

required to reach a threshold magnitude (about 13 

MPa) before crack propagates. The value of the gross 

stress at failure was found to be 34 MPa. Using the 

gross stress, the stress intensity factor (SIF) was 

computed using LEFM theory in order to validate the 

XFEM-based model. The result shows that, the stress 

intensity factor at complete failure is 0.35411 MPa m
-

1/2
 which compares well to what was entered, i.e. 

fracture toughness of the material (0.5 MPa m
-1/2

). The 

discrepancy between the inputted fracture toughness 

and the stress intensity factor is due to numerical 

approximations. All attempt to make a mesh of higher 

density failed due to the extreme distortion of the 

quadrilateral elements. Another reason for the 

deviation may be due to the small value of the fracture 

toughness, because the model gave very accurate 

results when applied to aluminum (with 6.32 % relative 

error). 

Figure 7 shows the stresses developed in the x and y-

directions around the crack. Similar to analytical and 

experimental LEFM results, the stress in the y-

direction is very high at the crack tip (due to the 

singularity associated with the region) and reduces to a 

smaller value at points that are far away from the 

crack-tip. As shown in Figure 8(a), the highest stress 
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magnitude at the crack-tip is found to be 48.78 MPa 

which is approximately the same as the ultimate tensile 

strength of the material. This shows that the XFEM-

based model has adequately captured the LEFM 

theory. Furthermore, the stress in the x-direction 

(shown in Figure 8(b)) is found to be far less than that 

in the y-direction. This is due to uniaxial loading 

applied to the domain, and it conforms to LEFM 

theory. 

 

 
Figure 6: Gross stress variation with crack displacement 

 
Figure 7: Stress field around crack, (a) stress in x-direction (Pa), (b) 

stress in y-direction (Pa). 

 
Figure 8: Stress distribution along path in the direction of crack growth 

3.2. Effect of Inclusion Size 

Figure 9(a) shows the Von Mises stress developed 

when 10 μm inclusions are arranged according to a 

given orientation. Fractured elements or regions are 

demonstrated in Figure 9(b). Figure 10(a) shows the 

stress developed when 15 μm inclusions are used for 

the same orientation. By comparing the results with 

that of Figure 9(a), it can be seen that the increase in 

the inclusion size has resulted in more resistance to 

crack growth. Also, the critical gross stress for 15 μm 

composite (340 MPa) is found to be higher than that of 

10 μm composite (which is 200 MPa). Therefore, it can 

be concluded that the fracture toughness of composites 

can be improved by increasing the reinforcing particle 

size or volume fraction as shown in Figure 11. But the 

material designer has to ensure that other properties 

which are dependent on inclusion (such as tensile 

strength) size are not affected. Similar results was also 

predicted by Ye et al. (Ye, Shi, & Cheng, 2012) based 

on fatigue analysis of a composite material. 

Experimentally, Eora et al. (2003) also found that the 

fracture toughness of Polyester/TiO2 composite 
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materials linearly increase with percentage increase in 

volume fraction of the reinforcement particles up to 

about 1 vol% due excellent particles dispersion and 

negligible agglomeration. But after 1 vol%, the fracture 

toughness of the material start to decrease up to around 

4 vol%, where it was found that there is no more 

improvement in the fracture toughness of the material. 

They mentioned that, this is due to poor dispersion and 

increased agglomeration of the reinforcement particles. 

 

 
 
Figure 9: (a) Von-Mises stress field in the cracked domain (Pa), Zoomed 

around cracked region (on left), (b) StatusXFEM-showing traction-free 

elements and otherwise 

 

 
 
Figure 10: Von-Mises stress field in the cracked domain (Pa), Zoomed 

around cracked region (on left) 

 
 

Figure 11: effect of inclusion size on the fracture toughness; 1: 10 μm 

composite, 2: 15 μm composite 

 

3.3. Effect of Inclusion Shapes 

Figure 12, 13 and 14 show an interesting result which 

shows that the shape or asperities of the reinforcement 

particles have an effect on the fracture toughness of 

composite materials. From the Figure 12, it can be seen 

that the critical gross stress is about 700 MPa for the 

RVE with circular inclusions. However, Figure 13 

shows that RVE with same reinforcement volume 

fraction but with square-shaped inclusions have a 

critical gross stress of about 300 MPa. Similarly, 

Figure 14 shows that the critical gross stress reduced to 

200 MPa for the same volume fraction and triangular-

shaped inclusions. Thus, effective fracture toughness of 

composite materials are affected by the asperity or 

shape of the reinforcement particles of the composites 

as shown in Figure 15. This is expected as the sharp 

edges or corners of the reinforcement particles induced 

higher stresses due to stress concentration at the 

interface as previously observed (Chawla, Sidhu & 

Ganesh, 2006). This suggests that particles with 

approximately circular shapes result in improved 

fracture toughness due to reduction in the number of 
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stress concentration regions within the aggregate 

material. 

 

 
Figure 12: Von-Mises stress field in the cracked domain (Pa), Zoomed 

around cracked region (on left) 

 

 
Figure 12: Von-Mises stress field in the cracked domain (Pa), Zoomed 

around cracked region (on left) 

 

 
 
Figure 13: Von-Mises stress field in the cracked domain (Pa), Zoomed 

around cracked region (on left) 

 

 
 

Figure 14: effect of reinforcement particles shape on the fracture 
toughness 

 

3.3. Effect of Crack Orientation 

Figure 15(a) shows the Von Mises stresses developed 

when the analysis is repeated with a crack that is 

oriented 45° from the horizontal axis. Interestingly, it 

can be observed that the crack grows in the horizontal 

direction even though it is slanted. This is due to the 

direction of the applied load. Similarly, no 

considerable increase in critical gross stress (relative to 

that having horizontal crack) has been found. But the 

fracture toughness has decreased due to the reduction 

in effective crack length for Mode-I growth. The only 

difference is that, the crack growth is not resisted 

(hence not blocked) by any of the inclusions, thus 

resulting in the complete damage of the material. 

Figure 15(b) shows the fractured elements within the 

matrix. Therefore, it can be said that crack orientation 

has no significant effect on the fracture toughness of 

the material. 
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Figure 15: (a) Von-Mises stress field in the cracked domain (Pa), Zoomed around cracked region (on left)-Case-H, (b) StatusXFEM-showing 

traction-free elements and otherwise-Case-H

 

4. CONCLUSION 

The fracture behaviour of composite materials has been 

commonly attributed to a number of factors such as 

composition, particles size, dispersion, shapes of 

inclusions, cohesive strength, voids, material 

properties, e.t.c. (Evora & Shukla, 2003; Ye et al., 

2012). Unfortunately, the effect of these factors on the 

fracture behavior is extremely difficult to investigate 

with experiments. In the present study, the effect of 

size (or volume fraction), and the shapes of 

reinforcement particles in a Polyester/TiO2 composite 

material was studied using XFEM. The results show 

that the effective fracture toughness of the material 

depends not only on the composition, but also the sizes 

and shapes of the reinforcement particles. The 

following are the main conclusions in the current work: 

i) Reinforcement of smaller sizes or larger volume 

fraction results in higher fracture toughness as long as 

the degree of dispersion (and other factors) is not 

disrupted; 

ii) Inclusion shapes should be as smooth as possible. 

The inter-bonding of the matrix with sharped-corner 

reinforcement particles was found to decrease the 

fracture toughness of the material; 

iii) Crack orientation was found to have negligible 

effect on the fracture toughness. 

For more accurate results, some of the assumptions 

used in developing current model need to be discarded 

in future. The model need to be coupled with cohesive 

zone models at the matrix-reinforcement interface 

based on the type of interaction between the 

reinforcement and matrix. Also, future models should 

use anisotropic materials, as most composites are not 

isotropic in nature. The effect of dispersion of the 

inclusion/reinforcement particles should also be 

studied. This improvement of the model will lead to 

interesting outcomes which will help in designing of 

composite materials. 
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