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ABSTRACT 
 

The double cantilever beam (DCB) is widely used for fracture toughness testing and it has become popular 

for opening-mode (mode I) delamination testing of laminated composites. Delamination is a crack that 

forms between the adjacent plies of a composite laminate at the brittle polymer resin. This study was 

conducted to emphasize the need for a better understanding of the DCB specimen of different fabric 

reinforced systems (carbon fibers) with a thermoplastic matrix (EP, PEI), by using the extended finite 

element method (X-FEM). It is well known that in fabric reinforced composites fracture mechanisms 

include microcracking in front of the crack tip, fiber bridging and multiple cracking, and both contribute 

considerably to the high interlaminar fracture toughness measured. That means, the interlaminar fracture 

toughness of a composite is not controlled by a single material parameter, but is a result of a complex 

interaction of resin, fiber and interface properties. 
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1. INTRODUCTION 
 

A unidirectional continuous fiber reinforcement in high performance composite materials leads to 

high specific strength and stiffness in fiber direction but very low properties transverse to it. 

Usually laminates made of plies with different fiber orientation or of plies with woven fabric fiber 

reinforcement are used in structures to overcome this problem in three dimensions. A critical 

failure mode of these laminates is the interlaminar fracture or the delamination [1-4]. Delamination 

can occur during the manufacturing process due to contaminated reinforcing fibers, insufficient 

wetting of fibers, machining and mechanical loading such as impact loading. Delamination can 

also occur due to the lack of reinforcement in the thickness direction and, also, since interlaminar 

stresses exist in the boundary layer of laminates under transverse loading [5,6,7]. Components 

made of epoxy-based materials have provided out- standing mechanical, thermal, and electrical 

properties [8]. The laminated fiber-reinforced composite materials such as carbon fiber epoxy 

composites are widely applied in  packaging, coating, electronics, automotive, and aerospace 

industries [9,10]. They have high strength-to-weight and stiffness-to-weight ratios. These 

composites have unique advantages over monolithic materials, such as high strength, high 

stiffness, long fatigue life, low density, corrosion resistance, wear resistance, and environmental 

stability [11]. Mechanical properties of epoxy polymeric composites can be enhanced through the 

improvement of the interlaminar properties by toughening resin matrix [12,13], and fiber 

reinforcement [14, 15]. In unidirectional carbon and glass fibre with epoxy matrices, typical values 

of interlaminar fracture toughness GIc are in the range 200-400 J/m
2
. Modification of the epoxy 

matrix with rubber particles leads to improvement in GIc up to approximately 800-1000 J/m
2
. For 

composites reinforce by woven glass fibres typical values of the fracture toughness are ≈1000 J/m
2
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[16]. A lot of investigations have been published so far dealing with the measurement of the 

critical energy to cause delamination and to characterize the materials by means of this property. 

However, most of these studies were carried out using unidirectional reinforced laminate 

specimens and were focused on the test procedure, geometry and data reduction methods. In order 

to predict delamination onset or growth for two-dimensional problems, these calculated G 

components are compared to interlaminar fracture toughness properties measured over a range 

from pure mode I loading to pure mode II loading [17, 18]. Simulating the propagation of cracks 

by using finite element method is quite challenging because the topology of the domain changes 

continuously. For this reason, the extended finite element method (XFEM) is being used to model 

cracks because the mesh can be created independent from the crack geometry. Actually, XFEM 

lies in applying the appropriate enrichment function locally in the domain of interest using the 

partition of unity. This method was first proposed by Belytschko et al. [19], where they applied the 

partition of unity methods to the problem of using finite elements with discontinuous basis 

functions. Further on, Moes, et. al. [20], used XFEM to create a technique for simulating crack 

propagation in two dimensions without remeshing the domain, while the extension to three 

dimensions was begun by Sukumar et al. [21], where they used the two dimensional enrichment 

functions for planar cracks, and then extended in [22-26]. XFEM has demonstrated more accurate 

and stable solutions while the conventional finite element results were rough or highly oscillatory 

[27, 28].  In this study we trying to analyzing stress distribution for the local region ahead the crack 

tip for a very thin resin layer  by using extended finite element method (Abaqus). This thickness 

which is  almost 0.0004mm, was "received" by the experimental procedure [29, 30], which 

indicates a very thin resin-rich layer between neighboring plies. 
 

2. ANALYTICAL THEORIES 
 

2.1 SIMPLE BEAM THEORY 
 

The simple beam theory expression for the compliance of a perfectly built-in DCB specimen 

results in the following equation for GIc: 
 

 
 

where P and δ are the load and displacement values, respectively calculated from the P-δ curve 

at the point of deviation from linearity, determined by drawing a straight line from the origin 

but ignoring any initial deviations due to take-up of play in the loading system [31]. 

Furthermore, B is the specimen width and α the initial crack length. 
 

2.2 CORRECTED BEAM THEORY 
 

The above expression will underestimate the compliance as the beam is not perfectly built-in 

[32]. Thus, a correcting factor ∆ is introduced assuming that the real crack is slightly longer 

(α+∆) than the one measured experimentally. ∆ may be found experimentally as the deviation 

from the origin by plotting the cube root of the compliance as a function of crack length.  
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while the compliance C is given by, 

 
 

where E is the Young's modulus. A constant value for ∆ is assumed during the whole crack 

propagation procedure. 
 

2.3 EXPERIMENTAL COMPLIANCE METHOD 
 

This is the most accurate method, and could be characterized as an alternative method which is 

to plot compliance versus crack length. It is the most popular theory one in literature [33, 34], 

where the compliance values are obtained directly from the measured load and displacement 

values (C=δ/P versus a
n
). Actually, is a two parameter approach according to, 

 
where n is the slope of the plot. 
 

2.4 THE AREA METHOD 
 

In this method, the crack extension is related directly to  the area enclosed between loading and 

unloading curves. To be more specific, the energy release rate is calculated from the energy 

consumed by the crack extension divided by the area of the new crack surface [35, 36]. Thus,  

 
 

where ∆Α is the area enclosed by the loading-unloading path. 
 

2.5 MODIFIED MODEL PROPOSED BY BISHOPP AND DRUCKER 
 

Thin composite specimens, very often used for DCB tests, result in large deflections and 

rotations due to their low flexural rigidity. The correction to linear beam theory for these 

factors, introduced by Bishopp and Drucker [37], has recently been developed further by Devitt 

et al. [38] and applied to a series of glass/epoxy composites of three different thicknesses. Good 

agreement between predicted and experimental values for the three different thicknesses was 

observed when a constant average value of EI was used for each laminate. 
 

2.6 MODIFIED MODEL PROPOSED BY FREEMAN 
 

A finite displacement analysis for the DCB test method was first introduced by Freeman [39]. 

Williams [40] has developed this model further, to include the effects of end blocks. This 

formulation is valid for any type of anisotropic elastic behaviour of the beam, since it is based 

on slender beam analysis and ignores transverse stresses. According to Freeman, the final 

expression for GIc, ignoring the end block effects, is: 
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where P is the applied load, B the width of the DCB specimen and φο, the end slope of the 

cantilever. The analysis was successfully applied to experimental results. 
 

2.7 THE PROPOSED APPROACH 
 

All the above theories are based on certain assumptions, such as: (1) homogeneity and isotropy; 

(2) certain geometric conditions are respected; (3) St. Venant's principle applies; and (4) plane 

sections remain plane after loading. However, these assumptions are hardly ever fullfilled in 

practice.  In that case, it is proposed the following approach [41]. According to the geometry 

(figure 1), 
 

 

 
 

Figure 1. Double Cantilever Beam (Dcb) Geometry. 

 

 
 

And 
 

 
 

 

where δ is the displacement, P the load, α the crack length, E the bending modulus, B the 

specimen's width, h the thickness and C the compliance. From equation (2), we calculate the 

crack length, 

 
 

while from the definition of GIc it follows that: 
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By introducing expression (3) into (4) we finally find: 

 
where A=Bh is the cross-sectional area of the bending beam. Thus, according to equation (5) 

the parameters for evaluation of GIc are P, A, C, E, and B which are all completely defined by 

the experimental procedure applied and the specimen's geometry.  
 

3. MATERIAL AND METHOD 
 

3.1 JOINT CONFIGURATION AND MATERIAL 
 

The DCB specimen is often used to determine the mode I interlaminar fracture toughness, GIc, 

and it is widely used on unidirectional reinforced laminates. In this finite element study the 

specimen is composed of two uniform thickness sub laminates with 0 degree composite material 

plies (CF/Ep). In figure 1 a schematic overviews of a DCB specimen is shown, while the 

analyzed materials are shown in table 1 [42, 43, 44]. 

 

 
Table 1. Double Cantilever Beam (DCB) geometry. 

 

3.2 EFFECT OF THE FIBER REINFORCEMENT AND MATRIX 
 

The strengthening ingredient material in a composite is the fiber, which mainly carries  the load 

through the composite laminate. The fiber maintains the rigidity of the composite while  impeding 

crack or damage propagation and can be arranged in many different types of reinforcement. 

Depending on the type of reinforcement, the fibres can be oriented randomly, all in one direction 

(unidirectional or UD), or in a number of different directions [45].  Carbon fibres are one of the 

most advanced and promising engineering materials, and  are most commonly used as 

reinforcements in advanced polymer-matrix composites [46] due to its many unique properties. In 
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figure 2, it can be seen the effect of different fiber reinforcements in a brittle epoxy and a tough 

polyetherimide matrix. The CF(UD) reinforcements results in comparison to a fabric CF 

reinforcement in much lower values for GIc, due to inhomogeneity and waviness of the fabric 

reinforcement which causes a more complex failure  and rougher fracture surface profile [47].  

Thus the surface per unit crack length becomes larger in fabric reinforced composites. The 

fiber/matrix bonding can be responsible for different interlaminar fracture toughnesses measured. 

On the other hand, the tougher the matrix material is, the higher are the values of the interlaminar 

fracture toughness (figure 3). For the neat polymers, the fracture energy values roughly vary 

between GIc =0.1kJ/m
2
 for EP and 2.5 kJ/m

2
 for PEI [48]. This means, that the ratio of interlaminar 

composite toughness to neat resin toughness is high in the case of an EP-matrix, but very low in 

cases of PEI matrices [47]. 
 

 
 

Figure 2. Fiber reinforcement, GIc. 

 

 
Figure 3. Matrix reinforcement, GIc 
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4. MATERIAL AND METHODS 
 

Finite element analysis were carried out by using Abaqus. The analysis were based on two 

dimensional finite element models, by using extended finite element method (XFEM), which 

simplify the solution of problems such as, (a) the propagation of cracks, the evolution of 

dislocations, (c) the modeling of grain boundaries and the (d) evolution of phase boundaries. 

Figure 1 shows the DCB specimen configuration and loading analyzed in this study. The specimen 

dimensions and materials were selected to represent those typical of currently used test specimens. 

The CPS4, a 4-node bilinear plane stress quadrilateral was used for two dimensional modeling of 

the specimen. The size of elements in the specimen  was 0.042 mm using maximum principal 

stress of  58 MPa (Maxps Damage) and displacement at failure at 5mm (Damage evolution). It 

should be noted that the response after peak load in not as sensitive to mesh refinement. 

Parametric analysis was performed with a loading displacement (δ=3 and 5 mm) which was 

applied at the upper and lower corner of the specimen (Figure 1). In order to ensure a smooth 

propagation, a very small increment values were considered. As, for boundary conditions the left 

edges of the specimen were restricted as shown in figure 1 (point C), while the initial crack (point 

AB=30mm) as well as the thickness of the resin in all cases was kept constant (0.0004mm). 
 

5. FINITE ELEMENT AND ANALYTICAL RESULTS 
 

5.1 FINITE ELEMENT RESULTS 
 

The stress distributions ahead of the crack tip are analyzed for DCB specimen using carbon/epoxy 

(CF/EP UD), carbon epoxy fabric (CF/EP) and carbon / polyethermide (CF/PEI). We started by 

investigating the P-δ curves, obtained from the numerical model (figure 4 and 5). Once the 

maximum force is attained, a stable crack propagation accompanied by a decrease in the force, 

which is in a very good agreement with the experimental results (figure 6a). Moreover, the load 

decreased at slow rate after a maximum, sometimes with localized stick-slip instabilities [49] 

occurs. In that case, the critical strain energy release rate could be determined by using parameters 

such as force, displacement and initial crack length. During the analysis, it was found that the 

force-displacement curve is dependent on the choice of maximum principal stress. For instance, 

changing the maximum principal stress (Maxps) values of 50MPa to 10MPa in the case of CF/PEI, 

the maximum reaction force would be decreased by 11.47%. That means, the crack length for a 

given displacement will be decreased. 
 

However, for the same loading displacement, the maximum reaction force was found in the case of 

the CF/Epoxy (UD). The crack was increased by 2.95mm and 4.95mm for loading displacement 3 

and 5mm, respectively (figure 7). On the other hand, the minimum crack growth was found in the 

case of CF/PEI (1.07 and 1.70mm). This is true, because PEI increase the viscosity of the resin 

mixture, which reduces the rate of phase separation [50, 51]. Furthermore, has more resistance 

towards deformation by an applied force, thus posses high stiffness [52]. Now, if the crack reaches 

the tougher region, it slows down until the rate of release of elastic stored energy is sufficient to 

propagate the crack through the tougher region. The release rate of stored energy is then more 

than that required for stable growth. The crack then accelerates and unstable fracture occurs. 

Generally, Mode I interlaminar fracture toughness for the satin woven fabric composites greatly 

depended on both the interfacial properties and weave structure (figure 6b). At last, but not least, 

for the case of the CF/PEI, the load instantly dropped at several points during the delamination 

propagation in the load displacement curves, followed by a further increase of the load (figure 6b, 

detail squared region). This behaviour was referred to as “stick-slip” crack propagation [53], 
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accompanying a series of unstable crack propagation and arrest. Again, the finite element results 

are in good agreement with the experimental results [54]. 

 
 

Figure 4. Reaction force displacement relationship (δ=3mm). 

 

 
 

Figure 5. Reaction force displacement relationship (δ=5mm). 
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Figure 6. (a) Useful comparisons between FEA vs Experimental results for (a) CF/Epoxy (UD) and (b) 

CF/Epoxy (Fabric) for δ=5mm. 

 

A closer look at the crack length results indicates that CF/PEI exhibits lower values (for all cases), 

even when in this material is applied the maximum loading displacement compared to the 

minimum loading displacement (figure 7). 

 

 
                                                      Figure 7. Maximum crack length. 
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Further on, figures 8-9 and 10-11 shown the σx and σy distributions along the interface, where the 

maximum values are found at the crack tip. The most dominant stress for the opening mode is σy. 

It can be seen from figures 8 and 9, that σy remains tensile from the crack tip and no compressive. 

The CF/PEI (UD) curve shows an elevation at the crack tip. It is clear that the differences in the σy 

distributions related to the differences in the elastic properties as well as in the thickness of the 

specimens. The higher value of young modulus  (E2), produced higher stresses. The two fabric 

materials, have an E2 that is about almost seven and six times more than the CF/EP (UD). In that 

case, the σy distributions appears to be influenced by the adherends stiffness in the thickness 

direction and does not seem to be influenced by the adherend stiffness in the longitudinal direction 

[55]. Furthermore, the ductile matrices to deform plastically is restricted due to the preferential 

occurance of unstable crack propagation in the woven fabric laminates (figures 12 and 13). As for 

the critical strain energy release, depends from matrix toughness and the crack initiation region 

which is usually associated with a slow stable crack growth [56].   
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Figure 8. Stress distribution (σx) at the interface of substrate and resin (δ=3mm). 
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Figure 9. Stress distribution (σx) at the interface of substrate and resin (δ=5mm). 
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Figure 10. Stress distribution (σy) at the interface of substrate and resin (δ=3mm). 
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Figure 11. Stress distribution (σy) at the interface of substrate and resin (δ=5mm). 
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Figure 12. Stress distribution (σy) at the interface after the 30mm  (δ=3mm). 
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Figure 13. Stress distribution (σy) at the interface after the 30mm  (δ=5mm). 

 

Other parameters such as the specimen width and the effect of adherend transverse thickness 

appears to had a small effect on the DCB critical strain energy release rate GIc. 
 

5.2 ANALYTICAL RESULTS 
 

It is well known that in mode I tests, three basic regions appeared in the load-displacement curves, 

these corresponding to linear elastic, non-linear elastic and non-linear inelastic behaviour. By 

using the finite element method, it was observed that non-linear elastic behaviour was found after 

the 30mm length  (fig. 12 and 13), and this could be as a result of low flexural rigidity, as well as 

fibre bridging mechanism. During crack propagation some of the fibers were pulled out, these 

caused the extensive fiber bridging between the crack faces. This feature increased the resistance 

to delamination, and consequently, a higher load value was required for the crack advance. 

Therefore, further work is required to clarify these results. it should be mentioned that compliance 

callibration method is the only data reduction technique, which considers the effect of fiber-

bridging, but it is sensitive to the accuracy of the displacement measurement.  
 

Another parameter which is important to examine is the crosshead speed. Papanicolaou et al. [41], 

shows that independently of the displacement rate applied, the linear elastic region is followed by 

a large non-linear elastic region and this in turn by an inelastic response. The low flexural rigidity 

of the specimens is mainly due to their low thickness (2h = 3.3-4.6mm). Thus large displacements 

and rotations occur, leading to a non-linear elastic response. 
 

Furthermore, results that comes from the above theories (analytical), are summarized  in tables 2 

and 3. In all cases, the modified model proposed by Freeman gives the highest values, while the 

end slope of the cantilever (φo) ranges between 5.20-8.96
o
. In all cases, crack initiation took 

place well within the non-linear part (fig. 12 and 13).  
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Table 2. Analytical results (J/m
2
) for different theories (δ=3mm). 

 

 
 

Table 3. Analytical results (J/m
2
) for different theories (δ=5mm). 

 
 

It seems that both beam and corrected beam theory underestimates GIc values. Generally, GIc 

increases as δ increases, but most of the energy supplied to the specimen is therefore consumed 

in the development of secondary cracks in front of the crack tip, this further splitting resulting 

in higher GIc values (fig. 14). As already mentioned, in the above theories-methods the fracture 

toughness values depend on the specific data-reduction method applied. But in our case, the 

corrected beam theory and the area method is impossible. 

 

 
Figure 14: Primary and Secondary Cracks 

 

 

6. CONCLUSIONS 
 

A finite element formulation for double cantilever beam is presented and analyzed the distribution 

of the stresses ahead of the crack tip using the extended finite element code (XFEM) in ABAQUS. 

XFEM is a partition of unity based method which is able to incorporate functions, typically non-

polynomials into the standard finite element approximating space. The method relies on an 

enhancement of the approximating space with enrichment functions. Based on the results, it can 

be concluded that the correct crack path is imperative for determining the true failure strength of 

the material. The strength will be affected by three parameters such as the length of the initial 

crack, the mesh refinement and the domain for interaction integral. As it can be seen from the 

above figures, the  maximum stresses are found to increase as the crack grows more than 30mm. 

It is also expected, that (a) the tougher the composite laminate is, the greater becomes the effect 
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of different kinds of precracks on the crack initiation, and the greater is the difference in crack 

initiation and propagation values for GIc, and (b) fabric reinforced composite laminates result in 

higher interlaminar fracture toughnesses than unidirectional reinforced materials, because of a 

more complex fracture behavior. As already mentioned, the load instantly dropped at several 

points during the delamination propagation in the load displacement curves, followed by a further 

increase of the load (CF/Ep. and CF/PEI fabrics). 
 

Furthermore, it is important to combine analytical-experimental approach in order to investigate 

the fiber bridging effect in unidirectional mode I double cantilever beam specimens with 

midplane delaminations.  The bridging law was composed by the product of two terms: the fiber 

force and the number of bridging fibers per unit area of crack face. The functions of these two 

parameters were determined based on experiments. The bridging fibers enhance the resistance to 

delamination and usually the energy release rate increases with the crack length (Resistance-curve 

effect).  
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