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Abstract 

Mode I delamination is the most common failure mode in laminated composite 

materials. Determination  of  the  crack  growth  in  this mode has  a  vital  role  in  the  

damage  tolerance  analyses and structural  health monitoring of the structures which suffer 

from this type of damage. The main objective of this paper is to determine position of the 

crack tip during propagation of mode I delamination in the glass/epoxy composite 

specimens. To this aim, experimental investigation by mechanical and Acoustic Emission 

(AE) data and Cohesive Zone Modeling (CZM) technique are utilized. The crack tip 

position is identified using three methods. In the first method, position of the crack tip is 

identified using visual observation of the crack tip during the test. The second method 

utilizes cumulative energy of the AE signals to predict the crack growth. Finite Element 

analysis based on a CZM theory is used as the third method to investigate delamination 

growth. Because of poor performance of CZM technique, modified CZM based on the R-

curve results of the interlaminar fracture toughness is proposed to predict the delamination 

propagation. The results indicate that AE method and modified CZM technique have a 

good performance to detect initiation stage and also to determine the crack length in the 

laminated composite structures. 
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1. Introduction  

The structural applications of polymer-matrix composite materials reinforced with 

fibers are expanded owing to the mechanical properties of these materials. On the other 

hand, the incidence of internal defects may considerably alter the stiffness and reduce the 

strength and lifetime of the composites [1-2].  

Delamination is one of the most common damages that can arise in layered composite 

materials [3-7]. It can be caused by manufacturing faults or subsequent operational effects 

such as impact loads, fatigue, etc. Better understanding of delamination behavior in 

laminated composite materials will cause increasing usage of these materials. Delamination 

is difficult to distinguish during inspection and the literature revealed that there has been an 

increased interest in non-destructive testing (NDT) and Finite Element Methods (FEM) for 

this damage [8-12].  

Acoustic emission (AE) is a capable non-destructive technique to investigate the 

delamination damage in laminated composite structures [13-15]. AE signals are high 

frequency sound waves and are the results of the strain energy released within a material 

following fracture [16]. AE is a real-time and in situ non-destructive testing method for 

health monitoring of the composite structures. Each AE signal originated from the active 

damage mechanisms has valuable information about the damages and can be considered as 

the acoustic signature of them [17-18]. Many researchers have already used AE to 

investigate damages occurred during propagation of delamination [19-21]. They used AE to 



monitor microscopic events such as matrix cracking, fiber breakage, etc., during the 

delamination. In addition, AE was used to predict the delamination growth in laminated 

composite materials [22-23]. The results showed that AE method is capable of predicting 

delamination growth during the tests. Other researchers [24-25] used AE to evaluate 

interlaminar fracture toughness of the composites and they reported acceptable results. 

Some studies have also been conducted to numerically investigate the delamination 

damage in laminated composites [12, 26-28]. The techniques utilized for the numerical 

simulation can be divided into two groups. The first group is based on the fracture 

mechanics, whereas the second group analyzes the problem according to damage 

mechanics principals [27]. Cohesive Zone Modeling (CZM) is in the second group and 

often is used for simulation of initiation and propagation of delamination in laminated 

composites. Some researchers [26-27] simulated delamination using CZM techniques and 

they found that by adjusting the cohesive element parameters accurate results can be 

achieved.  

The objective of this paper is to investigate the initiation stage of delamination and to 

determine position of the crack tip during propagation in the glass/epoxy laminated 

composites using AE method and CZM technique. In this work the modified CZM is 

represented to simulate the experimentally studied specimens more accurately. This is a 

novel model which uses the R-curve results of the interlaminar fracture toughness to 

simulate delamination growth behavior. The results of AE technique and the modified 

CZM can be used to develop an effective design tool to predict both crack initiation and 

growth to verify that subcritical cracks will not grow to critical lengths between periodic 

inspections. 



 

2. Experimental Procedures 

2.1 Materials and specimens preparation 

The experimental work was carried out on the epoxy resin reinforced by the E-glass 

unidirectional and woven fibers with the density of 1.17 g/cm
3
,
 
390 g/m

2
 and 300 g/m

2
, 

respectively. The laminates were prepared by hand lay-up. The starter crack was formed by 

inserting a Teflon film with a thickness of 20 μm at mid-plane during molding as an initial 

crack for delamination. The laminated composite test specimens consist of a rectangular 

shape and uniform thickness consists of 14 plies. Characteristics of the specimens used for 

this study are illustrated in Fig. 1. For ease of working, the unidirectional specimen [0°] is 

named U and the woven specimen [0°-90°] is named W. 

 

Fig. 1 Specimens geometry and dimensions 

 

2.2  Test procedure  

The tests are conducted according to ASTM D5528 standard [29]. The DCB test 

apparatus shown in Fig. 2 were used to apply load on the specimens. Delamination tests 



were carried out at a temperature of 24°C and at a constant displacement rate of 3 mm/min. 

The load and displacement were continuously measured and the crack length was recorded 

using a digital video camera (SONY HDR-XR150) with 25X optical zoom and 300X 

digital zoom. In order to investigate repeatability of the results, three samples were tested 

for each condition. 

  

Fig. 2 Experimental setup for specimens loading and the AE apparatus 

2.3 Testing machine 

A properly calibrated tensile test machine (HIWA) in the range from 0.5 to 500 

mm/min was used in a displacement control mode with a constant displacement. All the 

specimens were loaded with constant 3 mm/min crosshead rate. 

2.4 AE device 

AE events were recorded by using Acoustic Emission software AEWin and a data 

acquisition system Physical Acoustics Corporation (PAC) PCI-2 with a maximum 

sampling rate of 40 MHz. PICO which is a broadband, resonant-type, single-crystal 

piezoelectric transducer from PAC, was used as the AE sensor. The sensor has a resonance 

frequency of 513.28 kHz and an optimum operating range of 100–750 kHz. In order to 

provide good acoustic coupling between the specimen and the sensor, the surface of the 



sensor was covered with grease. The signal was detected by the sensor and enhanced by a 

2/4/6-AST preamplifier. The gain selector of the preamplifier was set to 37 dB. The test 

sampling rate was 1 MHz with 16 bits of resolution between 10 and 100 dB.  

3. Cohesive Zone Modeling 

CZM is a technique in the framework of continuum damage mechanics that can predict 

initiation and propagation of delamination in the laminated composites [27]. CZM 

associates the tractions to the displacements at an interface where a crack may arise. The 

behavior of cohesive element is expressed by a traction–displacement curve. Previous 

research [30] illustrated that among the various constitutive curves employed for traction-

displacement curve (such as exponential, trapezoidal, bi-linear, etc.) of the cohesive 

element, a bi-linear curve (See Fig. 3) has the best operation. The bi-linear curve has the 

following features [28]: 

a) An initial elastic region with the high stiffness (K) until the stress reaches to the 

interface strength (σmax). 

b) A following softening region until stress reaches to zero. 

c) The area beneath the curve is equal to the interlaminar fracture toughness (GIC).  

According to the above descriptions, when the stress of the cohesive element reaches 

to the interface strength, crack initiates and when the area beneath the bi-linear curve is 

equal to GIC, the cohesive element failed and delamination propagates. 



 

Fig. 3 Bi-linear constitutive equation of cohesive element 

 

4. Results and discussion 

The results of investigated glass/epoxy DCB specimens are reported in bellow 

sections. 

4.1 Visual observation 

Figure 4 illustrates the load-displacement and crack growth-displacement curves for 

specimens U and W. As it can be seen from Fig. 4.a, Propagation of delamination in 

specimen U has a run-arrest behavior.  At the arresting stage, the fiber bridging behind the 

crack tip resists against delamination growth, therefore, the crack growth rate is slow. At 

the running stage, the bridged fibers are broken and the crack propagates instantaneously. 

According to Fig. 4.b, the crack growth behavior in specimen W is stable state compared 

with specimen U. This is because of lower occurrence of the fiber-bridging phenomenon in 

specimen W compared with specimen U. 



 
 

(a) (b) 

Fig. 4 Load-displacement and crack length-displacement diagrams for specimen a) U and b) W. 

4.2 Crack growth prediction using AE method 

In this section, crack tip position in the specimens during the test is identified using AE 

method. Figure 5 shows load and cumulative energy vs. displacement curves for specimen 

U. By comparing Figures 5 and 4.a, crack growth and cumulative energy have a same 

general trend and they have a linear relationship with displacement. Thus, according to Eq. 

(1) crack growth can be related to the cumulative AE energy by a linear equation as follow: 
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Where A1, A2, A3, A4, A and B are the coefficient of the equations that are related to 

the material properties and loading conditions. a  is the crack growth and CE is the 

cumulative energy of the AE signals. Fig. 6 shows the linear relation between the crack 

growth and AE cumulative energy for specimens U and W. 



 

 Fig. 5 Load-displacement and cumulative energy-displacement diagrams for specimen U 

 

 

Fig. 6 Relation between crack growth and cumulative energy for specimen a) U and b) W. 



Figure 7 shows the predicted crack growth vs. visual crack growth curves for 

specimens U and W. As it can be seen, this method could predict crack growth very well.  

 

 Fig. 7 predicted crack growth vs. visual crack growth curves for specimens a) U and b) W. 

Table 1 shows average differences of the results that obtained by the AE method 

compared with the visual method for specimens U and W. 

Table 1 Average differences of the AE results for prediction of crack growth respects to visual results.  

Specimens Average error (%) 

U 3.3% 

W 2.9% 

 



4.3 Crack growth prediction using CZM 

In this section, delamination growth is predicted using FEM simulation based on CZM 

technique. The material properties of the specimens are listed in Table 2. 

Table 2 The material properties of the specimens. 

Parameters 

Specimens G23 

(MPa) 

G13 

(MPa) 

G12 

(MPa) 23 13 12 
E3 

(MPa) 

E2 

(MPa) 

E1 

(MPa) 

3200 3700 5600 0.48 0.33 0.26 7200 10600 28000 U 

3700 3700 5600 0.41 0.41 0.26 7200 17800 17800 W 

 

For composite section of the model, 2D, plane strain, continuum (solid) elements with 

4 node and reduced integration formulation (CPE4R elements) are used. For the cohesive 

section, 2D cohesive elements with 4node (COH2D4) are used. 

CZM results are very sensitive to the element size and in order to obtain accurate 

results very fine mesh must be utilized [26-28, 31-33]. Previous studies [26-28] indicated 

that for accurate simulation, at least two elements must be inserted in the cohesive zone 

length ahead the crack tip. 

In order to determine the cohesive zone length ahead the crack tip, simulation is 

performed by very small elements (0.125). For identifying the cohesive zone length, at the 

point of first element failure, distribution of normal stress near the crack tip is plotted. The 

distance from the crack tip to the point at which the stress reaches to the maximum value is 

considered as the cohesive zone length (interface strength). Figure 8 shows the cohesive 

zone length in specimen U. The cohesive length obtained from simulation is 0.88 mm. This 



value is accordance with the value obtained from theoretical formula (0.85 mm) and is in 

agreement with the results of previous study [27]. 

 

Fig. 8 The cohesive zone length in specimen U. 

In order to investigate mesh refinement effects, several simulations are performed with 

cohesive element length from 0.125 mm to 1 mm. Figure 9 shows the corresponding load- 

displacement curves. The results indicate that when the element length is smaller than 0.5 

mm, the predicted results converge to the experimental results. By increasing the element 

size from 0.5 mm to 1 mm, the obtained results diverge. Using the cohesive zone length 

obtained from Fig. 8 (0.88 mm), for mesh size smaller than 0.5 mm, more than two 

elements are placed in the cohesive zone, while less than two elements are placed in the 

cohesive zone for mesh size greater than 0.5 mm and is not sufficient for accurate 

simulation. 



 

Fig. 9 Load- displacement curves for different element size. 

The effects of interface strength are investigated by several simulations with interface 

strengths from 2 MPa to 75 MPa and fixed element size (0.25 mm). Figure 10 shows the 

corresponding load-displacement curves. As it is obvious, when the interface strength is 75 

MPa, due to shrinkage of the cohesive zone, less than two elements are placed in the 

cohesive zone, thus the results diverge. By reducing the interfacial strength, cohesive zone 

expands, consequently, by using larger elements accurate results could be achieved. On the 

other hand, drastic reduction of the interface strength (2 and 5 MPa) may change the stress 

distributions at the crack tip and will increase errors of the results.  



 

Fig. 10 Load- displacement curves for different values of interface strength. 

Figure 11 shows the results of several simulations which are carried out to evaluate 

effects of the interface stiffness. In these simulations, interface stiffness is changed from 

10
5
 to 10

7
 N/mm

3
 and the element length is 0.25 mm. As can be seen, for interface stiffness 

between 10
5
 to 10

7
 N/mm

3
, results of the simulation converge to the experimental results. 

 

 Fig. 11 Load- displacement curves for different values of interface stiffness. 

 



According to the obtained results, the parameters represented in Table 3 are used to 

simulate delamination in the DCB specimens. Figure 12 shows distribution of S22 stress in 

the specimen U. 

Table 3 The parameters of cohesive elements for simulation of delamination in the specimens. 

Parameters 

( / )
IC

G kJ m
2

 
( / )K N mm

3
 max ( )MPa  

Cohesive element length 

(mm) WS US 

0.29 0.24 1e7 45 0.125 

 

 

 

Fig. 12 Distribution of S22 stress in specimen U. 

Figure 13 and 14 shows the load-displacement and crack growth- displacement curves 

obtained from simulation and Experimental results, for specimens U and W.  



  

(a) (b) 

Fig. 13 a) Load-displacement and b) crack growth-displacement, curves obtained from CZM and 

Experimental results for specimen U. 

 

  

(a) (b) 

Fig. 14 a) Load-displacement and b) crack growth-displacement curves obtained from CZM and 

Experimental results for specimen W. 

 

As it can be seen, CZM could predict the initiation of delamination correctly. But, 

differences between the predicted curves and experimental curves increases gradually. The 

causes of these differences are occurrence of fiber bridging event in specimen U and crack 

plane changing in specimen W (See Fig. 15), that CZM does not consider these events. In 

other words, interlaminar fracture toughness of the specimens is not constant during the test 

and varies during propagation of the delamination, while the CZM assumes that GIC is 



constant during the test. Figure 16 shows the R-curve of the interlaminar fracture toughness 

(GR) for different crack growth values of specimen U.  

 

Fig. 15 a) Fiber bridging in specimen U and b) Crack plane changing in specimen W. 

 

Fig. 16 The R-curve of the interlaminar fracture toughness of specimen U. 



 By substituting of the GR values instead of one value as the GIC to the model by use of 

the developed subroutines, simulation of the DCB specimens are repeated. Figures 17 and 

18 show the corresponding results. As can be seen, the FEM results obtained from modified 

CZM have a good accuracy and it can predict the initiation and propagation of the 

delamination very well. 

  

(a) (b) 

Fig. 17 a) Load-displacement and b) crack growth-displacement, curves obtained from modified CZM and 

Experimental for specimen U. 

 

 

  

(a) (b) 

Fig. 18 a) Load-displacement and b) crack growth-displacement, curves obtained from modified CZM and 

Experimental for specimen W. 

 



Table 4 shows average differences of the results that obtained by the CZM and 

modified CZM methods compared with the visual method for determining the delamination 

length during the tests. 

Table 4 Average differences of CZM and Modified CZM results for prediction of crack growth 

compared with the visual observations. 

Specimens 

Average error   (%) 

CZM Modified CZM 

U 43% 8% 

W 130% 13% 

 

The results show that AE technique and the modified CZM are appropriate tools for 

prediction of the delamination crack growth in laminated composite materials. 

5. Conclusion 

This paper concentrates on investigation of the delamination in laminated composite 

materials. Two novel procedures based on AE method and CZM technique are proposed for 

localization of the crack tip in mode I delamination. The results show that AE method has a 

good applicability to predict the propagation of the delamination. In addition, the modified 

CZM could predict initiation and propagation of delamination accurately and can solve the 

weakness of CZM technique which can only predict the initiation of delamination 

accurately. Therefore, it can be concluded that the AE method and modified CZM 

technique are powerful tools for prediction of the initiation and growth of the delamination, 

and the introduced methods could be used to establish an automated procedure to evaluate 

the integrity of the composite structures in the future.  
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