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Abstract—In this paper delamination phenomenon in       

Carbon-Epoxy laminated composite material is investigated 
numerically. Arcan apparatus and specimen is modeled in ABAQUS 
finite element software for different loading conditions and crack 
geometries. The influence of variation of crack geometry on 
interlaminar fracture stress intensity factor and energy release rate for 
various mixed mode ratios and pure mode I and II was studied. Also, 
correction factors for this specimen for different crack length ratios 
were calculated. The finite element results indicate that for loading 
angles close to pure mode-II loading, a high ratio of mode-II to 
mode-I fracture is dominant and there is an opposite trend for loading 
angles close to pure mode-I loading. It confirms that by varying the 
loading angle of Arcan specimen pure mode-I, pure mode-II and a 
wide range of mixed-mode loading conditions can be created and 
tested. Also, numerical results confirm that the increase of the mode-
II loading contribution leads to an increase of fracture resistance in 
the CF/PEI composite (i.e., a reduction in the total strain energy 
release rate) and the increase of the crack length leads to a reduction 
of interlaminar fracture resistance in the CF/PEI composite (i.e., an 
increase in the total interlaminar strain energy release rate). 

 
Keywords—Fracture Mechanics, Mixed Mode, Arcan Specimen, 

Finite Element.  

I. INTRODUCTION 
N recent years  the application of composite materials in 
automotive, aerospace and marine industries have increased 

so much. The ability of these materials to be designed to suit a 
particular purpose makes them desirable for many usages. 
Manufacturing processes and available materials for a specific 
needs vary in a wide range. [1]  

Preventing failure of composite material systems has been 
an important issue in engineering design. The two types of 
physical failures that occur in laminated composite structures 
and interact in complex manner are interalaminar and 
interlaminar failures. Interalaminar failure is manifest in 
micro-mechanical components of the lamina such as fiber 
breakage, matrix cracking, and debonding of the fiber- matrix 
interface. Interlaminar failure such as delamination refers to 
debonding of adjacent lamina. The possibility that 
interalaminar and interlaminar failure occur in structural 
components is considered a design limit, and establishes 
restrictions on the usage of full potential of composites. [2] 

Due to the lack of through-the-thickness reinforcement, 
structures made from laminated composite materials and 
adhesively bonded joints are highly susceptible to failure 
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caused by interfacial crack initiation and growth. The 
delamination phenomenon in a laminated composite structure 
may reduce the structural stiffness and strength, redistribute 
the load in a way that the structural failure is delayed, or may 
lead to structural collapse. Therefore, delamination is not 
necessarily the ultimate structural failure, but rather it is the 
part of the failure process which may ultimately lead to loss of 
structural integrity [3].  
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Fig. 1 Most applicable configurations for delamination testing 

 (a) double cantilever beam (DCB) for mode I, (b) end-notch flexure 
(ENF) and (c) end load split (ELS) for mode II, (d) mixed mode 

bending (MMB) for mixed mode I&II testing 
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For a given Interlaminar defect, Crack propagation may be 

accomplished in opening mode (mode-I), shearing mode 
(mode-II), and tearing mode (mode-III). [4] There are many 
configuration presented for testing the delamination in mode I, 
mode II and mixed mode condition in literatures. Double 
cantilever beam (DCB) method in 1989 by Williams for mode 
I of fracture, End-Notch Flexure (ENF) method by Carlson in 
1986 for mode II of fracture and Mixed Mode Bending 
(MMB) method by Crews and Reeder for first time in 1988 for 
mixed mode fracture are used to estimate fracture toughness of 
different materials (Fig. 1). MMB method is modified and use 
for calculating the critical interlaminar fracture toughness of 
AS4/PEEK by Reeder in 1990. [5]-[9] 

A new apparatus is presented by Szekrenyes with 
combining DCB and ENF configurations. The new specimen 
could be loaded via three point bending machine. The 
prominences of this specimen are addressed in this paper [10] 
and [11]. 

Priel tested the fracture modes of I and II and mixed mode 
I&II via three points bending apparatus and compared the 
results such as critical loads and initiation angle with the 
related criterion. Results show good agreement with some of 
these analytical results. [12] 

Experimental observation indicates that delamination is 
usually initiated by high interlaminar stresses at or near 
geometric discontinuities, material discontinuities, material 
defects, and interalaminar failures, among other stress raisers. 
Geometric discontinuities include biomaterial systems; 
material defects include voids; and interalaminar failures 
include transverse matrix cracks. If free to do so, each ply of a 
laminate would deform independently of the other plies due to 
varying fiber orientation and anisotropy of the laminated 
composite material. Large stresses at the stress raisers 

boundaries are necessary to preserve compatible deformations, 
which are primarily responsible for the nucleation of 
delamination.  

Much of numerical investigations presented in literatures 
lead to excellent results. These methods are more preferable 
because of their low cost and time consuming. 

Finite element models which use 3D SHELL elements 
demonstrated good accordance with experimental results. 
Initiation and propagation of delamination studied numerically 
with using cohesive elements and different constitutive laws 
lead to excellent results. [13]-[15]. 
In an experiment done via Brazilian Disk, critical interlaminar 
fracture toughness for Carbon-Epoxy composite fiber with 
direction of -45/+45 is calculated. [16] 

In another study, the Brazilian disk was used to calculate 
the critical fracture toughness of carbon-epoxy composite in 
different loading condition and mixed mode ratios and was 
demonstrated that fracture toughness of mode II is more 
sensitive to loading speed rather than mode I fracture 
toughness. [17] 

Arcan specimen for the first time in 1978 was presented for 
providing plane stress condition in fracture test of mode-I, 
mode-II and mixed mode condition. This apparatus latter was 
used for developing COD criterion. The influence of finite 
geometry and type of material is studied by HalBack 
numerically and experimentally for two types of Aluminum 
specimens. The fracture behavior and transformation between 
mode I and mode II is also investigated in this paper. [18]-[26] 
In latter experiments conducted with Ayatollahi and Hong, 
mode II of fracture is studied separately by this configuration. 

In this research correction factors of Arcan specimens are 
calculated via the Arcan apparatus modeling in ABAQUS 
finite element software and critical interlaminar fracture stress 

 
(a) 

 
 
 
 

(b) 

Fig 2 (a) Arcan apparatus, (b) Arcan specimen 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:2, No:5, 2008

687

 

intensity factor of Carbon-Epoxy cross-ply composite was 
calculated and also the influence of crack length ratio on stress 
intensity factors for different loading angles and energy 
released rate was investigated. 

II. THEORETICAL BACKGROUNDS  
The main problem of predicting the failure of composite 

materials is to characterize the resistance to delamination in 
terms of interlaminar fracture toughness especially under 
mixed-mode loading conditions. Linear elastic fracture 
mechanics has been found a useful tool for investigating of 
interlaminar cracks in composite materials. It is assumed that 
the specimens are made of orthotropic linear elastic material 
with deformability defined by the generalized Hook’s law: 
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Where the terms of the nonzero entries  of the orthotropic 
compliance matrix are defined in terms of the following 
engineering elastic constants: 
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For a thin plate with its major dimension and principal 
material axes in the xy-plane, the relation between strain and 
stress is approximated plane stress: 

0=== xzyzz ττσ                            (3) 

If the stresses according to above equation are substituted into 
(1), in can be simplified to yield: 
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Where xyyx τσσ ,,  and xyyx γεε ,,  are in-plane stresses and 

strains. For thick plates, conditions of plane strain are 
commonly assumed by taking: 

0=== xzyzz γγε                                 (5) 

This assumption in combination with Hooke’s generalized law 
leads to 

33
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Consequently,  is not an independent quantity and may be 
removed from Hooke’s generalized law 
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Where the terms of the constants ijb  are defined in terms of 

the following nonzero entries ija  of the orthotropic 

compliance matrix: 
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For the case in which the xy-system coincides with the 
principal material axes: 
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For many composite crack growth is self-similar because of 
delamination and this leads to partition G value into mode-I 
and mode-II. The energy release rates for orthotropic material 
with the crack line parallel to the principal orthotropic 
direction which coincides with the fiber orientation can be 
calculated from the following relationships: 
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Where EI and EII are effective module, and KI and KII are 
mode-I and mode-II stress intensity factors, respectively. If the 
crack plane coincides with the direction of minimum crack 
resistance in interlaminar problems, the direction of crack 
propagation is collinear with the original crack and the 
computed values of GI, GII and GT=GI + GII are physically 
meaningful. It is assumed that the specimens are orthotropic 
linear elastic material and effective module EI and EII are 
defined as 

0261645362616 ====== bbaaaa
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For plane strain condition and 
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for plane stress condition. [27] 
The purpose of fracture toughness testing is to determine 

the value of the critical stress intensity factor. This material 
property is used to characterize the resistance to fracture in the 
design of structural members. The stress intensity factors 
ahead of crack tip for a modified version of Arcan specimen 
were calculated by using the following equations: 
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where PC in critical load at fracture, α is loading angle, w is 
specimen length, t is the specimen thickness and a is crack 
length. In turn KI and KII are obtained using geometrical 
factors  )(1 waf  and )(2 waf , respectively. 

III. FINITE ELEMENT MODELING 

A. Virtual Crack Closure Method 
The J-integral is widely accepted as a fracture mechanics 

parameter for both linear and nonlinear material response. It is 
related to the energy release associated with crack growth and 
is a measure of the intensity of deformation at notch or crack 
tip, especially for nonlinear materials. If the material response 
is linear, it can be related to the stress intensity factors. 
Because of the importance of the J-integral in the assessment 
of flaws, its accurate numerical evaluation is vital to the 
practical application of fracture mechanics in design 
calculations. ABAQUS provides a procedure for such 
evaluations of the J-integral, based on the virtual crack 
extension/domain integral methods. The method is particularly 
attractive because it is simple to use, adds little to the cost of 
the analysis, and provides excellent accuracy, even with rather 
coarse meshes. 

In the context of quasi-static analysis the J-integral is 
defined in two dimensions as 

∫Γ→Γ Γ= qdHnLimj ..0                        (17) 

Where  is contour beginning on the bottom crack surface and 
ending on the top surface, as shown in Fig. 3, the limit 

0→Γ  indicates that  shrinks onto the crack tip; q is a unit 
vector in the virtual crack extension direction; and n is the 
outward normal to  H is given by 

x
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For elastic material behavior W is the elastic strain energy; for 
elastic-plastic or elastic-viscoplastic material behavior W is 
defined as the elastic strain energy plus the plastic dissipation, 
thus representing the strain energy in an “equivalent elastic 
material.” this implies that the J-integral calculation is suitable 
only for monotonic loading of elastic-plastic materials. 

B. Stress Intensity Factors 
The stress intensity factors KI, KII and KIII  plays an 

important role in linear elastic fracture mechanics. They 
characterize the influence of the of the load or deformation on 
the magnitude of crack tip stress and strain fields and measure 
the propensity of crack propagation or the crack driving 
forces. Furthermore, the stress intensity can be related to the 
energy release rate (the J-integral) for a linear elastic material 
through  

KBKJ T ..
8
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π
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where [ ]T
IIIIII KKKK =  and B is called the pre-

logarithmic energy factor matrix. 
 In order to calculate stress intensity factors, interaction 

integral method is commonly used. In general, the J-integral 
for a given problem can be written as  
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where I, II, III correspond to 1, 2, 3 when indicating the 
components of B. We define the J-integral for an auxiliary, 
pure mode I, crack- tip field with stress intensity factor kI, as  
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Fig. 3 Contour for calculating J-integral 
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Superposing the auxiliary field onto the actual field yields 
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Since the terms not involving KI or kI in  are equal, the 
interaction integral can be defined as  
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If the calculations are repeated for mode II and mode III, a 
linear system of equation results: 
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If the kα are assigned unit values, the solution of the above 
equation to  

int.4 JBK π=                                                                     (25)  

where TIIIIII JJJJ ],,[ intintintint = .the calculation of this 
integral is discussed next. 

Based on the definition of the J-integral, the interaction 
integrals α

intJ  can be expressed as  
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The subscript aux represent three auxiliary pure Mode I, 
Mode II, and Mode III crack-tip fields for IIIIII ,,=α , 
respectively.  Γ  is a contour that lies in the normal plane at 
position s along the crack front, beginning on the bottom crack 
surface and ending on the top surface (Fig 3). The limit 

0→Γ  indicates that  shrinks onto the crack tip. 
To evaluate these integrals, ABAQUS defines the domain 

in terms of rings of element surrounding the crack tip. 
Different “contours” (domains) are created. The first contour 
consists of those elements directly connected to crack tip 
nodes. The next contour consists of the ring of elements share 
nodes with the elements in the first contour as well as the 
elements in the first contour. Each subsequent contour is 
defined by adding the next ring of element that share nodes 
with the elements in the previous contour. 

The numerical analysis were performed with ABAQUS 
finite element software under a constant load of 1000 N. the 
entire apparatus was modeled using eight node collapsed 
quadrilateral elements and the mesh was refined around crack 
tip, so that the smallest element size found in the crack tip 
elements was approximately o.25 mm. al linear elastic finite 
element analysis was performed under a plain strain condition 

using r1  stress field singularity. To obtain a r1  
singularity term of the crack tip stress field, the elements 
around the crack tip were focused on the crack tip and the 
mid-side nodes were moved to a quarter point of each element 
side. [28]-[30] 
 

 
(a) 

 
 

 
 

 
 

 
 
 
 

(b) 

Fig 4 (a) finite element mesh pattern, (b) fin mesh around the crack tip 
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IV. RESULTS AND DISCUSSION 

A. Mixed-Mode Interlaminar Fracture Specimen 
Calibration 

In order to determine fracture toughness from (15) and (16) 
the correction factor of  )(1 waf  and )(2 waf  must be 
calculated through finite element modeling of specimen. 

The geometrical factor or non-dimensional stress intensity 
factor for Carbon-Epoxy composite is shown in Fig. 5, in 
which (a/w) ratio varies between 0.1 and 0.7 with 0.1 intervals 
and also a fifth order polynomial was fitted to the results. Here 
a/w is the crack length ratio, where a is the crack length and w 
is the specimen length and a was chosen to be 15mm and w 
was 30mm respectively. 
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Fig 5 Non-dimensional stress intensity factors vs. crack length of 

Carbon-Epoxy composite 
 
The relationship between non-dimensional stress intensity 

factors and Loading angle is demonstrated in Fig. 6, this figure 
shows which mode is dominant in fracture process. It can be 
seen that for loading angles less than 45˚, mode-I is dominant 
and after that mode-II is dominant and when mode-II stress 
intensity factor increases mode-I stress intensity factor 
decreases. 

Change of strain energy versus change of loading angle is 
demonstrated in Fig. 7, increase of loading angle from 0 to 90 
leads to a vast reduction of strain energy and this causes a 
great increase of fracture resistance of structure, Also decrease 
of crack length ratio leads to a same effect on fracture 
resistance. 

Figs. 8 and 9 shows the effect of increase of loading angle 
and crack length ratio on stress intensity factors of mode-I and 
mode-II. Increase of loading angle increases the stress 
intensity factors of mode-II and decreases mode-II stress 
intensity factor, also, increase of crack length according to the 
following relationships, increases the normal stress acting at 

crack tip and also stress intensity factors. [31] 
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Fig. 6 Non-dimensional stress intensity factors vs. loading angle 

 

 
 
 
 

 
Fig 8 Mode-I stress intensity factor vs. loading angle for different 

crack length ratio 
 
 

Fig. 7 Strain energy release rate vs. change of loading angle 
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B. Effect of Mixed-Mode Ratio on Interlaminar Fracture 
The strain energy release rates were calculated using (10) 

and the relationship between strain energy release rate and 
mixed-mode ratio is showed in Fig. 11. For loading angles 
near pure mode-I or less than 1, GI is very larger than GII and 
in opposite for loading angles greater then 75, GII is dominant. 
Also can be seed that a wide range of mixed-mode ratio is 
available through Arcan specimen. 

In Fig. 10 the strain energy released rate for pure mode-I 
and pure mode-II and also total release energy is 
demonstrated. These quantities are calculated through (10) to 
(14) for a constant load. This diagram also confirms the results 
of previous diagrams. For  mode-II fracture becomes 
dominant. The total strain energy release rate under mixed-
mode loading condition decreases with the loading angle. 
Therefore, the increase of the mode-II loading contribution 
leads to a reduction in the total strain energy release rate. 

 
Fig. 9 Mode-II stress intensity factor vs. loading angle for 

different crack length ratio 

 
Fig. 10 Strain energy release rate of mode-I (GI), mode-II (GII) 

and total strain energy (GT) vs. loading angle 

 
Fig. 11 The ratio of mode-I to mode-II, GI/GII, in logarithmic 

scale vs. loading angle 

 
Fig. 12 Mixed-mode ratio, Log (GII/GI) vs. loading angles for 

different crack length ratios 

 
Fig 13 Mixed-mode ratio vs. crack length ratio for different 

loading angles 
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Variations of mixed-mode ratio due to changes of the crack 
length ratio for different loading angles and variation of it due 
to change of loading angle for different crack length ratio is 
demonstrated in Figs. 12 and 13. Loading angles of 0 and 90 is 
not involved in the figures because in this loading angle the 
ratio of GII/GI became infinity or zero. First in Fig. 12 can be 
seen that increase of loading angle results in increase of 
energy release rate and thus increase of mixed mode ratio. The 
effect of changes of crack length can be observed in Fig. 13. 
In this figure increase of crack length except in one case in 
other cases causes a light reduction in mixed mode ratio, this 
means that increasing of crack length leads to increase of 
influence of mode-I in fracture process by increasing the 
energy released rate of GI in other words, growth of crack 
length reduce the mode-I material resistance more than mode-
II resistance and body tendency to mode-I fracture increases.   

V. CONCLUSION 
In this paper the mixed-mode interlaminar fracture behavior 

of Carbon-Epoxy composite specimens was investigated based 
on numerical analyses. The behavior of Carbon-Epoxy 
laminated composite is studied numerically by modeling of 
Arcan specimen in ABAQUS finite element software. The 
modeling was fulfilled in the way that loading can be carry out 
in different loading angles and also analyses is repeated for 
wide range of crack length ratio between 0.1 to 0.9. The finite 
element results indicate that for loading angles close to pure 
mode-II loading, a high ratio of mode-II to mode-I fracture is 
dominant and there is an opposite trend for loading angles 
close to pure mode-I loading. It confirms that by varying the 
loading angle of Arcan specimen pure mode-I, pure mode-II 
and a wide range of mixed-mode loading conditions can be 
created and tested. Also, numerical results confirm that the 
increase of the mode-II loading contribution leads to an 
increase of fracture resistance in the CF/PEI composite (i.e., a 
reduction in the total strain energy release rate) and the 
increase of the crack length leads to a reduction of 
interlaminar fracture resistance in the CF/PEI composite (i.e., 
an increase in the total interlaminar strain energy release rate). 
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