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Because that materials under cyclic loading for a period will present the phenomenon of 
crack, fatigue or structure failure. This paper aims at the framework of detective process 
on the experimental fatigue damage growth rate of  CFRP laminates and at 
development of the corresponding damage growth model. In order not to further damage 
the structure, a C-Scan examination were carried on the specimens which experience an 
assigned cycles with the specific load conditions and obtained their related surface 
scanning images. The purposes of this research are to develop a programmed code with 
an ability to quantify the fatigue damage of the specimens which undergo any specific 
stress conditions and to establish data base of the damage growth rate of the compound 
affected by fatigue stress. With the help of this programmed code, it transferred the 
scanned images into digital images and used the programmed code to evaluate the 
damaged level of compound material. The obtained results were used to develop the 
damage growth rate model of the compound. The comparison between the results of this 
study and other researches had been done, and the detective process on the quantification 
of the fatigue damage growth rate and the expectation of the remnant fatigue life of the 
compound were also completed. 
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1. Introduction 

To characterize the fatigue properties of composite materials and to predict their fatigue 
life are complicated tasks because of the heterogeneity, complexity of the failure modes, 
multi-failure mechanisms, and damage-related stress redistribution [1]. These 
complicated properties are due to the factors such as matrix material, fiber material, 
interfacial structure, volume fractions, fiber orientation, moisture content, porosity, 
applied stress and strain rate, etc. Consequently, the most current models proposed to 
characterize the fatigue properties and to predict the fatigue life of composites are 
empirical. 
For the purpose of safety, an employed structure must be inspected if there is how much 
damage inside the structure caused by fatigue during its service lifetime. The studies of 
fatigue damage or their accumulation of composite materials are based on the sizes of 
cracks, delaminations and fiber breaks of the composites under cyclic loadings, 
practically. For example, in the paper [2] and [3], Reifsnider and Stinchcomb [3] 
proposed a critical element concept to deduce a non-linear fatigue life prediction 
methodology for layered composites and to determine the fatigue response (strength) of 
the composites by way of the microcracks and failure mechanisms. Herakovich et al. [4] 
developed a three-dimensional finite element analysis model to reveal the transverse 
cracking problem in cross-ply laminates. Sun et al. [5] utilized Monte Carlo technique to 
develop a model for predicting the damage development under specific load and 
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temperature. Dzenis [6-7] adopted a lamination theory and a stochastic mesomechanics 
approach to develop a novel general model of damage evolution and failure of laminates 
under cyclic loading. These studies reveal that failure analyses of materials and structures 
are very important in the fields of experimental mechanics and optical inspection. 
However, it is regrettable that there is little straightforward evidence to describe the 
mechanism and history of crack growth. Because that the bulk of fatigue elements can 
still be in service, the non-destructive evaluation method utilized to inspect the fracture 
level of a structure is necessary. Since, ultrasound detecting method can examine the 
defects existing within material. Using ultrasound detecting flaw method to study the 
history of crack growth is a good ideal. By careful analysis of the image and information 
obtained from the ultrasound detection, we are able to figure out the damage inside the 
composite material. With the verification of experiments aided by the image processing 
techniques, this will contribute to building a fatigue damage model and secure the life 
prediction and designing safety of composite material. Digital image correlation method 
(DIC) is a good non-destructive evaluation method utilized to quantify the fatigue 
damage level of a structure. The employment of DIC in building an estimate model on 
the overall fatigue damage growth of composite materials will enable us to have 
understanding of their fatigue damage history. Thus, a larger, faster and safer application 
of composite materials can be expected.  
The study mainly aims to apply the digital image processing techniques to building an 
integrated fatigue damage growth model for composite materials. Another aim of this 
study is trying to design an empirical prediction system to detect the fatigue damage of 
carbon-fiber composite materials by the combination of digital image processing 
techniques with C-Scan analysis. We build an effective carbon-fiber composite materials 
fatigue damage prediction model by using the estimate system as well as the damage 
level after the different assigned fatigue cyclic loading conditions mentioned above. 
 
2.Experimental Details 
The fatigue tests of unidirectional specimens made of UD-12K/Carbon/FAW125 epoxy 
composites are conducted at room temperature under different stress levels, stress 
frequencies, and stress ratios. The angle of the unidirectional composite specimens is  
and was made by 8 layers of prepregs. The geometry of the specimen and its dimensions 
are shown in Fig. 2.1. The end tabs are glass/epoxy material with 2.0 mm thickness. The 
average material properties of carbon composite are listed in Table 2.1. All the fatigue 
tests were conducted at a Shimadzu servo-hydraulic testing machine controlled by a 
Shimadzu winservo system. The tests were under the conditions of load control with a 
sinusoidal waveform. The stress ratio here is defined as the ratio of the minimum stress to 
the maximum stress in a sinusoidal load waveform. In considering the effect of stress 
frequency, the stress frequencies tested are 3Hz, 5Hz, and 10Hz, when the stress ratio is 
fixed as 0. In considering the effect of stress ratio, the stress frequencies were 8Hz, and 
the stress ratios were 0.1, 0.3, and 0.5. At each stress frequency or stress ratio, the stress 
levels are 0.6 times of the strength of the composites. In considering the effect of stress 
level, the stress frequencies were fixed as 8Hz, and the stress ratios were fixed as 0.3, and 
stress level were 0.5 and 0.6 times of the strength of the composites. The specimens were 
inspected by C-Scan after signed loading cycles with specific load conditions and then 
the other signed loading cycles with the same specific load conditions were applied to 
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these specimens, sequentially. And the result images obtained from the tests of C-Scan 
were translated to digital data by DIC method to evaluate the fatigue damage level. 
 
3. Fatigue Damage Model 
It was proved that fatigue frequency (f) and stress ratio (R) could change fatigue life [9-
12]. It should be interesting to apply this aspect in fatigue damage model. For this 
purpose, a damage model considering the effects of R and f was developed to describe the 
phenomenon of the evolution of damage area on FRP coupon during cyclic loading 
history. And the preceding mentioned fatigue tests data were utilized to evaluate the 
model parameters. In order to describe this crack growth, we define  as a 
quantitative index of the fatigue damage, which is linearly dependent on the existent 
damage area in the coupon. These digital damage data of the specimens were obtained by 
the C-Scan images and DIC method. From the viewpoint of fracture mechanics, under a 
specific loading condition, the quantity of  would affect the growth rate of , 
and then it is supposed that the growth rate of the  is proportional to the damage 
index . Then the governing equation is 
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where  and  are undecided constants. To solve this equation and introduce 
when n approaches infinite. Moreover,  may be affected by the fatigue 

stress level, stress ratio and stress frequency. Hence, there is a correction factor should be 
introduced into equation in terms of these factors as the form of 
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where  c  is an integral constant and the stress level  is defined as the maximum loading 
stress and 

S
uσ  is the static tensile strength of the material. Let acRfSA u 1),,( =σ . 

Then Equation (2) could be expressed as the following form 
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The function ),,(2 RfSA uσ and ),,( RfSA uσ can be obtained by the evaluated 
fatigue damage level from digital data of DIC method. 
 
4. Results and Discussion 
Figures 4.1-4.3 are the C-San images of a composite specimen after specific fatigue 
cycles under the conditions of 3Hz, 5Hz, 10Hz stress frequency, respective. The other 
loading conditions are 0 stress ratio, and 0.6 times of the strength of the composites. 
From the images 4.1(a) – 4.1(f), the colors change from yellow to green in the images 
reveals that the locations and areas of damage level, and the total areas of these defects 
increase with the colors change of yellow to green when the loading cycles increase. 
Different colors in the images reveal different fatigue damage. Red area reveals light 
damage and green area means that there are more defects inside the zone. The character 
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of the different damage level appears different color in the C-Scan image can be utilized 
to be the damage index of the specimen under fatigue loading. By estimating the rate of 
each color, the damage level is obtained. In order to evaluate the damage level by way of 
the color ratio, a programmed code was developed in this study. By Figures 4.1-4.3 and 
the code, a series of plots of damage index of the specimens’ vs. fatigue life were 
completed. The results are shown in Figures 4.4-4.6. from these figures and other results 
of different corresponding tests with specific loading conditions, the parameters of 
equation (3) were decided. The results are shown in Figures 4.7-4.15. By regressive 
method, the parameters, A, A2 and a are obtained and shown as equation (4) - equation 
(6). 
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5. Conclusion 
This study has shown that C-Scan inspection and DIC method can be combined to detect 
and to quantify the damage of an element under cyclic loading. A non-destructive 
evaluation model utilized to inspect the fatigue damage level of a specimen is developed. 
This model estimates the fatigue damage level by C-Scan and DIC method, and these 
damage data can be utilized to decide the parameters of Equation (3), which can be used 
to predict damage level of the specimen with specific loading conditions. Especially, this 
model displays a straightforward method to describe the mechanism and history of 
fatigue damage growth of a composite material. A damage index was defined by the 
color ratio of a C-Scan image. The sigmoid curves of the damage index vs. fatigue life 
are shown in the results. And the mathematic functions of the curves with specific fatigue 
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load conditions are obtained in this study. 
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Table 2.1. Mechanical property of carbon/epoxy composites 

E11 (GPa) X (MPa) fV  ε1f

145.08 1899.62 0.63 1.36% 
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Fig. 2.1. The geometry and dimension of the specimen. 

 

     
(a) 0-3-0.6-0-1000        (b) 0-3-0.6-0-5000 

     
(c) 0-3-0.6-0-10000       (d) 0-3-0.6-0-50000 

     
(e) 0-3-0.6-0-100000      (f) 0-3-0.6-0-500000 

Fig.4.1 These images were obtained by C-Scan. The serial number, 0-3-0.6-0-xxxx, 
means that the sequence tests for a  carbon specimen under the stress frequency 3Hz, 
the stress level 0.6 times of the strength of the composite, the stress ratio 0, and after 
xxxx loading cycles. 

o0

 

     
(a) 0-5-0.6-0-1000        (b) 0-5-0.6-0-5000 

     
(c) 0-5-0.6-0-10000       (d) 0-5-0.6-0-50000 

     
(e) 0-5-0.6-0-100000      (f) 0-5-0.6-0-500000 

Fig.4.2 These images were obtained by C-Scan. The serial number, 0-3-0.6-0-xxxx, 
means that the sequence tests for a  carbon specimen under the stress frequency 5Hz, 
the stress level 0.6 times of the strength of the composite, the stress ratio 0, and after 
xxxx loading cycles 
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(a) 0-10-0.6-0-1000       (b) 0-10-0.6-0-5000 
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(c) 0-10-0.6-0-10000      (d) 0-10-0.6-0-50000 

     
(e) 0-10-0.6-0-100000     (f) 0-10-0.6-0-500000 

Fig.4.3 These images were obtained by C-Scan. The serial number, 0-3-0.6-0-xxxx, 
means that the sequence tests for a  carbon specimen under the stress frequency 10Hz, 
the stress level 0.6 times of the strength of the composite, the stress ratio 0, and after 
xxxx loading cycles 

o0

 

 
Fig.4.4 The relationship of damage index vs. loading cycles of the CFRP coupons with 
the loading conditions of R = 0.3, (S/σu) = 0.6, f =3, 5 and 10Hz. 

 
Fig.4.5 The relationship of damage index vs. loading cycles of the CFRP coupons with 
the loading conditions of f = 8Hz, (S/σu) = 0.6, R = 0.1, 0.3 and 0.5. 
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Fig.4.6 The relationship of damage index vs. loading cycles of the CFRP coupons with 
the loading conditions of f = 8Hz, R = 0, (S/σu) = 0.5 and 0.6. 
 

 
Fig.4.7 The relationship of a vs. f of the CFRP coupons with the loading conditions of R 
= 0.3, (S/σu) = 0.6, f = 3, 5 and 10Hz. 

 
Fig.4.8 The relationship of a vs. R of the CFRP coupons with the loading conditions of f 
= 8Hz, (S/σu) = 0.6, R = 0.1, 0.3 and 0.5. 
 

 
Fig.4.9 The relationship of a vs. stress level of the CFRP coupons with the loading 
conditions of f = 8Hz, R = 0, (S/σu) = 0.5 and 0.6. 
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Fig.4.10 The relationship of A vs. f of the CFRP coupons with the loading conditions of 
R = 0.3, (S/σu) = 0.6, f = 3, 5 and 10Hz. 

 
Fig.4.11 The relationship of A vs. R of the CFRP coupons with the loading conditions of f 
= 8Hz, (S/σu) = 0.6, R=0.1, 0.3 and 0.5. 

 
Fig.4.12 The relationship of A vs. stress level of the CFRP coupons with the loading 
conditions of f = 8Hz, R = 0, (S/σu) = 0.5 and 0.6. 
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Fig.4.13 The relationship of A2 vs. f of the CFRP coupons with the loading conditions of 
R = 0.3, (S/σu) = 0.6, f = 3, 5 and 10Hz. 

 
Fig.4.14 The relationship of A2 vs. R of the CFRP coupons with the loading conditions of 
f =8Hz, (S/σu) = 0.6, R = 0.1, 0.3 and 0.5. 

 
Fig.4.15 The relationship of A2 vs. stress level of the CFRP coupons with the loading 
conditions of f=8Hz, R = 0, (S/σu) = 0.5 and 0.6. 
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