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ABSTRACT: The current work presents a simple model to estimate the constant amplitude fatigue crack growth life of 
6082 T6 Al-alloy under the influence of load ratios. The model produced by GEP is constructed from the set of 
experimental results conducted in the laboratory. The model result has been compared with the experimental findings. 
It is found that the GEP model slightly underestimates the fatigue life with percentage deviation of -2.04 from 
experimental results. 
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I. INTRODUCTION 
 
All most all engineering structures and components contain cracks or crack like flaws. During the service period, these 
cracks grow under cyclic loading which eventually leads to catastrophic failure causing loss of human life. Therefore, 
fatigue crack growth study must be considered in design and in the analysis of failure. Fatigue crack growth rate (da/dN) 
not only depends on stress intensity factor range (∆K), but also strongly dependent on load ratio (R) which is the ratio 
of minimum load to maximum load. It is well known that an increase in load ratio results in an increase in fatigue crack 
growth rate at a given cyclic stress intensity factor range. Earlier several investigators [1-5] have analyzed the influence 
of load ratio on fatigue crack growth rate. However, prediction of constant amplitude fatigue crack growth life under 
the effect of load ratio has been rarely studied. Further, to determine fatigue life one has to integrate growth rate 
equation (in the form of differential equation), which is quite complex as it involves several parameters. Recently, soft-
computing techniques have been used in those complex situations. In the present study, genetic programming approach 
has been used to predict the constant amplitude fatigue life of 6082 T6 Al-alloy under the influence of load ratio using 
experimental data. It has been observed that the proposed model predicts the fatigue life with reasonable accuracy. 
 
Paper is organized as follows. Section II describes automatic text detection using morphological operations, connected 
component analysis and set of selection or rejection criteria. The flow diagram represents the step of the algorithm. 
After detection of text, how text region is filled using an Inpainting technique that is given in Section III. Section IV 
presents experimental results showing results of images tested. Finally, Section V presents conclusion. 
 

II. MATERIALS AND METHODS 
 

The material used in the present investigation is 6082 T6 Al alloy whose chemical composition and the mechanical 
properties are given in Tables 1 and 2 respectively. Single-edge notched tension (SENT) specimens have been 
machined in the longitudinal transverse direction from a 6.5 mm plate whose geometry is shown in Fig 1. The notch 
preparation has been made by electrical-discharge machining. Both the sides of the specimen have been mirror polished 
in order to facilitate the observation of crack growth. 
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Table 1 – Chemical compositions of 6082-T6 Al-alloy (wt%) 
 

Fe Cu Mn Mg Cr  Ti Zn Si Other 
0.5 0.1 0.4-1 0.6-1.2 0.25  0.1 0.2 0.7-1.3 0.05 

 
Table 2 – Mechanical properties of 6082-T6 Al-alloy 

 
Tensile 
strength 
MPa 

Yield 
strength 
MPa 

Young’s  
modulus 
GPa 

Brinell 
Hardness 
(HB)  

Elongation 
εr (%) 

300 245 70 90 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 – Single Edge Notch Tension (SENT) Specimen geometry 

 
The crack growth tests have been performed in air at room temperature on a servo-hydraulic test machine having a load 
capacity of 100 kN with a frequency of 5 Hz. Pre-cracking has been introduced under mode-I loading with a sinusoidal 
waveform to an a/w (i.e. crack length to width ratio) ratio of 0.3 and then subjected to constant load test maintaining 
different load ratios (R) of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 respectively. The crack growth has been monitored with the 
help of a COD gauge mounted on the face of the machined notch. The following equations have been used to determine 
stress intensity factor K [6]. 

wB
aFgK ).(f    (1)                             

where, 432 )/(39.30)/(72.21)/(55.10)/(231.012.1)(f wawawawag      (2) 
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Usually, the crack length and number of cycles (a ~ N) data obtained from the fatigue tests contain much scatter. Hence, 
several techniques [7-10] have been proposed to determine the fatigue crack growth rate (da/dN) from raw laboratory 
data. In the present work, author’s earlier proposed the exponential equation method [11] has been applied to determine 
the fatigue crack growth rate at different load ratios. The raw a ~ N data have been fitted by using following 
exponential equation. 

)(
ij

ijij NNmeaa                                                                               (3) 
where,  ai and aj = crack length in ith step and jth step in ‘mm’ respectively, 
             Ni and Nj = No. of cycles in ith step and jth step respectively, 
             mij= specific growth rate in the interval i-j, 
             i = No. of experimental steps, 
    and   j = i+1                                                                              
 The specific growth rate ‘mij’, which is an important parameter of the exponential equation, has been calculated by 
taking the logarithm of equation (3) as follows: 

 ij

i

j

ij

ln

NN
a
a

m






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



                                                                  (4) 

The specific growth rate calculated from the above equation still contains scatter which has been subsequently refined 
by curve fitting with calculated a values (i.e. crack lengths from initial to final with an increment of 0.005mm). The 
smoothened values of the number of cycles have been calculated in the excel sheet from the refined ‘mij’ values as per 
the following equation. 

i
ij

i

j

j

ln
N

m
a
a

N 




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



    (5) 

The crack growth rates (da/dN) have been calculated directly from the above calculated values of ‘N’ as follows: 
 
 ij

ij

NN
aa

N
a





d
d    (6)   

Figs. 2 and 3 depict the superimposed a ~ N and log (da/dN) – log (∆K) curves under different load ratios. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 2 – Smoothened values of a – N curves for different load ratios 
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Fig. 3 – Smoothened values of log (da/dN) – log (∆K) curves for different load ratios 
 

III. GENETIC PROGRAMMING APPROACH 
 

Genetic programming (GP), proposed by Koza [12] is a generalization of genetic algorithms (GAs) [13]. GP creates 
computer programs to solve the specific problem by executing the following steps:  

 An initial population (generation 0) of random compositions of the functions and terminals of the problem is 
generated. 

 The following sub-steps are performed iteratively till the termination criterion is satisfied: 
(i) Each program in the population is executed by assigning some fitness measures like measure like Mean 

Square Error, Mean Relative Error and so on, that can measure the capability of the model to solve the 
problem with respect to the experimental data. 

(ii) A new population of computer programs is created by applying the following operations described below.  
 

 Reproduction: It copies an existing program to the new population. 
 Crossover: It creates new offspring program(s) for the new population by recombining randomly chosen 

parts of two existing programs. 
 Mutation: It produces one new offspring program for the new population by mutating a randomly chosen 

part one existing program. 
 The program that is identified by the method of result designation (e.g., the best-so-far individual) is 

designated as the result of GP system for the run. This result may be a solution (or approximate solution) to 
the problem [14, 15]. 

 
IV. GENE EXPRESSION PROGRAMMING APPROACH 

 
Gene expression programming (GEP) is a new algorithm proposed by Ferreira [16] which is based on genetic algorithm 
(GA) and genetic programming (GP). It develops a computer program encoded in linear chromosomes of fixed length 
which performs the symbolic regression using the most of the genetic operators of GA and fundamentally aims to find 
a mathematical function principal using a set of data presented [17, 18]. Once the problem is encoded and the fitness 
function is specified, an initial population of viable individuals (chromosomes) is randomly created. Then, the 
algorithm converts each chromosome into an expression tree (ET) corresponding to a mathematical expression using 
function set, terminal set, fitness function, control parameters and stop condition. 
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Fig. 4 – Flowchart of gene expression programming [19] 
 
After that the predicted target is compared with the actual one based on the fitness score for each individual. If it 
satisfies the required fitness measure, then the algorithm stops. If the condition does not fulfil, then some of the 
chromosomes are selected using roulette wheel sampling and mutated to obtain the new generations. This process is 
continued until the desired fitness measure is achieved and then the chromosomes are decoded for the best solution of 
the problem [19, 20] as shown in Fig. 4. 

 
IV. APPLICATION OF GEP FOR CRACK GROWTH RATE DETERMINATION 

 
In the present study, three main parameters i.e. stress intensity factor range (ΔK), maximum stress intensity factor (Kmax) 
and load ratio (R) that affect the fatigue crack growth rate of 6082 T6 Al-alloy have been selected for input variables, 
while crack growth rate (da/dN) has been selected as one output variable. The experimental data base contains six sets 
of data for different load ratios such as R = 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. Each set consists of crack growth rate (da/dN) 
data along with their corresponding crack driving parameters i.e. stress intensity factor range (ΔK) and maximum stress 
intensity factor (Kmax), responsible for crack growth which includes 1200 (300 × 4) data points. Out of those, five sets 
i.e. R = 0.1, 0.2, 0.3, 0.5, and 0.6 have been used as training sets and the data corresponding to R = 0.4 has been left for 
testing the generalization capacity of the proposed model.  
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Given the number of input and output parameters in the training set, the process is characterized as a non-linear 
stochastic regression analysis. During the training phase the genetic programming tool established several relations (by 
regression analysis) in the form of computer programs between the input and output variables i.e. output = f(input), or 
da/dN = f(R, Kmax, ΔK).  
Parameters of the GEP models are presented in Table 3. Using an iterative process the parameters of the established 
relations were adjusted in order to minimize the error between targeted output and selected program outputs. The same 
model (the selected evolved program) can be stored and potentially be used to predict other output values for a new 
applied input data set (i.e. R = 0.4).  

Table 3 – Parameters of GEP model  
 

Parameter definition GEP model 
P1: Function set ‘-’, ‘*’, ‘power’ 
P2: Chromosomes 30 
P3: Head size 6 
P4: Number of genes 2 
P5: Linking function Multiplication 
P6: Mutation rate 0.042 
P7: Inversion rate 0.1 
P8: One-point recombination rate 0.3 
P9: Two-point recombination rate 0.3 
P10: Gene recombination rate 0.1 
P11: Gene transposition rate 0.1 

 
V. RESULT AND DISCUSSION 

 
In the present study, GEP model was applied on the training data sets for modeling fatigue crack growth rates for load 
ratio R = 0.4 which has not been included in training set. The data containing in the training file have been used for 
learning by applying the fitness function. Subsequently, the new inputs of the test data set (i.e. R = 0.4) have been fed 
to the trained GEP model to predict the corresponding predicted outputs. The overall performances of both sets have 
been evaluated by the correlation coefficient (R) and mean squared error (MSE) given by:   

       
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
 1
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Where,   erimentaldN
da

exp and  predicteddN
da are the experimental and predicted crack growth rates, 

  erimentaldN
da exp

 and   predicteddN
da  are their corresponding mean values and ‘n’ is the number of observations.  

The GEP estimates are compared to the experimental data for training and testing sets. The statistical performance of 
the model has been presented in Table 4.  
 
 
\ 
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Table 4 – Statistical results of GP for training and testing 
 

 Set MSE Corr. Coff. (R) 
Train 1.7637 0.9956 
Test 2.2587 0.9889 

 
The training results proved that the proposed GEP models have learned well the nonlinear relationship between the 
input and output variables with high correlation (R = 0.9956) and relatively low error (MSE = 1.7637) values. 
Comparing the GEP predictions with the experimental data for the test stage (Fig. 5) demonstrates a high generalization 
capacity of the proposed model (R = 0.9889) and relatively low error (MSE = 2.2587) values.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 5 – Modelling ability of genetic programming for the test set 
 

All these findings show a successful performance of the GEP model for estimating fatigue crack growth rates in 
training and testing stages. The testing results of da/dN vs. ∆K in linear as well as in log scale have been presented in 
Figs. 6 and 7 respectively for 6082 T6 Al-alloy.  
 

 
 
 

 
 

 
 
 
 
 
 

 
 
 
 
 

         Fig. 6 – Comparison of predicted and experimental da/dN – ∆K curves 
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Fig. 7 – Comparison of predicted and experimental da/dN – ∆K curves in log scale 
 

The numbers of cycles have been calculated from predicted and experimental results in the excel sheet (Fig. 8) as per 
the following equation: 

i
ii

i N
dN

da
aaN  


1

1
          (9) 

From the a – N plot it has been observed that the fatigue life (at R = 0.4) of 6082 T6 Al-alloy from GEP model is 77133 
cycles with an error of – 2.04% in comparison to its experimental value which is 78742 cycles. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 – Comparison of predicted and experimental a – N curves 
 

VI. CONCLUSION 
 

The present study reports an efficient approach for the prediction of constant amplitude fatigue crack growth life of 
6082 T6 Al-alloy under the influence of load ratio using GEP. Fatigue crack growth test results are used to build and 
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validate the model. From the model result it is found that the proposed GEP model predicts the fatigue life with -2.04% 
deviations from the experimental results. The proposed model is so simple that it can be used by any one not familiar 
with GEP. The model also gives a practical way for the prediction of fatigue life of 6082 T6 Al-alloy under load ratio 
effect to obtain reasonable results and encourages the use of GEP in other aspects of mechanical engineering fields. 
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