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Abstract: Flaw detection is one of the most important problems that pipeline industries are concerned. 
Conventional ultrasonic method needs coupling medium, and is not more suitable for in-line inspection 
systems. Electromagnetic acoustic transducers can be used as a good alternative technique in the 
applications of in-line inspection. However, it is relatively new technique and effectively needs more 
research. The response resolution is directly related on amplitude of ultrasonic waves. This paper 
presents signal amplitude model in inspection of steel plate in terms of magnetic current, static 
magnetic field and thickness of plate using response surface methodology. The established equation 
shows that the magnetic current was found to be main influencing factor on the signal amplitude. The 
variance analysis for the polynomial model reveals that the interaction terms and the square terms for 
static magnetic field except the interaction with magnetic current were statistically insignificant. 
However, it could be seen that the second-order effect of static magnetic field is significant. After 
magnetic current, thickness of plate is the most influencing factor on signal amplitude while the impact 
of static magnetic field is negligible. 
 
Keywords: electromagnetic acoustic transducers, response surface methodology, flaw detection, and 
inspection 
__________________________________________________________________________________ 
 
 
1. Introduction 
 
Many industries such as gas and petroleum, and aerospace, electric power industries are concerned 
with pipeline flaw detection problems. In the conventional piezoelectric based ultrasonic methods, 
minimizing the scattering of the waves needs coupling medium that is mostly oil or water. This 
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limitation restricts UT’s application for point-to-point inspection, and it is difficult and expensive to 
use for in-line inspection [1]. In the electromagnetic acoustic transducers (EMATs), Ultrasonic waves 
are produced and propagated insight of the wall thickness unlike UT techniques [2]. In the last decade, 
it has been established many researches in the field of EMAT based techniques. It is found that 
ultrasonic guided waves have had successes in flaw detection, but it is still needs further study and 
validation before it can be accepted in pipeline industries. The main advantage of using guided 
ultrasonic waves is that they can interrogate the entire specimen, including inaccessible portions [3]. 
The operational efficiency of an EMAT system is dependent on the design of the EMAT and its 
supporting electronics, the proximity to the sample surface and the specific properties of the material 
being examined. The signal an EMAT generates is not as strong as those obtained by other means and 
hence, extra care must be employed in the signal processing and power conditioning circuits when 
using this approach. However, it is necessary to determine which process conditions will meet 
specifications related to signal amplitude. Response surface method (RSM) is a practical, economical 
and relatively easy for use. The aim of the present study is, therefore, to develop signal amplitude 
model for steel plates in terms of magnetic current, static magnetic field and thickness of plate. By 
using response surface methodology and 4 levels design of experiment, polynomial model have been 
developed with %95 confidence level. 
 
 
2. Design of Experiment 
 
Experimental design is a critically important engineering tool for improving of process. Designed 
experiments can often be applied in the product design processes. This will produce information 
concerning which factors are most influential one, and through use of this information the design can 
be improved. 
The global form of the observed response is, 
 
 { ai

njijiijy ,...,2,1
,...,2,1

=
=++= ετµ , (1)

 

where ijy is the (ij)the observation, µ  is a parameter common to all factors called the overall mean, iτ , 

is a parameter associated with the factor level called the (i)the factor effect, and ijε is a random error 
component. 
In design of experiment techniques, it is interested to test the equality of the a  factor level means. 
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That is, if the null hypothesis is true, then each observation is made up of the overall mean µ  plus a 
realization of the random error ijε . The fundamental analysis of variance equation in test procedure for 
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Also, it can be written symbolically as, 
 

EFactorT SSSSSS += , (4)
 
where, TSS is the total sum of squares, FactorSS  is called the sum of squares due to the Factor, and 

ESS is called the sum of squares due to error. 
 
If FactorSS  is large, it is due to differences among the means at the different factor levels. Thus, by 
comparing the magnitude of FactorSS  to ESS it can be seen that how much variability is due to changing 
factor levels and how much is due to errors. This comparison leads to a statistical test based on F 
distribution for the equality of the factor means using the test static 
 

E

Factor

MS
MS

F =0  (5)

 
Where, FactorMS  and EMS are the Mean Square Error and Mean Square for Factor levels, respectively. 
They can be extract by dividing of FactorSS  and ESS  to there number of degrees of freedom. 
If )1(,1,0 −− naaFF αf , we may conclude that the factor-level means are different. 
 
 
3. Response Surface Model 
 
RSM is a collection of mathematical and statistical techniques that are useful for the modeling and 
analysis of problems in which a response of interest is influenced by several variables and the 
objective is to optimize this response [4]. 
 
If all of the variables are assumed to be measurable, the response surface can be expressed as  
 

),...,,( 21 kxxxfY =  (6)
 
The goal is to optimize the response variable 'Y'. It is assumed that the independent variables are 
continuous and controllable by the experimenter with negligible error. In an EMAT System the 
proposed relationship between the signal amplitude and process independent variables can be 
represented by the following: 
 

ε.... pmn TIBCA = , (7)
 
where A is the signal amplitude in mm, B, I, T are the static magnetic field (mT), magnetic current (A) 
and thickness of plate (mm), respectively. C, n, m, and p are constants and ε  are a random error. 
Equation (7) can be written as a linear form in order to facilitate the determination of constants and 
parameters. 
 
Here, a polynomial model was developed with experimental data to study the nature of relationship 
between three parameters and desired response. In this study it has been used about 30 experimental 
data to conduct an analysis of variance. This data is the same that was available in reference number 
[5]. 
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4. Development of a Model 
 
EMAT is a complex device consisting of the electromagnet or the permanent magnet being source of 
the constant magnetic field, the generating coil supplied by an RF current and the detecting coil 
connected with an RF amplifier. The EMAT system that is used for this study to generate 0S -mode 
Lamb waves has been come in Fig. 1. 
 

 
Fig. 1. Driving mechanism by the EMAT to produce Lamb waves. [5]. 

 
 
Lamb waves are guided ultrasonic waves capable of propagating relatively long distances in plates and 
laminated structures. Lamb wave is selected for this study because of its great sensitivity for thickness 
of plate and defect sizes. 
 
The experimental design was carried out for 0.6, 1.0, 2.0 and 6.0 mm thick steel plates. The sensor coil 
that was used had a 3mm interval between leadlines. The sequential model sum of squares is used to 
select the highest order polynomial where additional terms are significant and the model is not aliased. 
Table 1 shows that quadratic model is the best choice for this experimental design. 
 
 
5. ANOVA analysis 
 
The analysis of variance (ANOVA) was used to check the adequacy of the quadratic model. However, 
some errors typically results in this model from measurement error, the effects of variables not 
included in the experiment, variation due to chance causes in the process, and so on [7]. Table 1 shows 
the ANOVA table for response surface quadratic model for signal amplitude. The Model F-value of 
45.24 implies the model is significant. 
 
Values of "Prob > F" less than 0.0500 in Table 2 indicate that the model terms are significant. This is 
desirable as it indicate that the terms in the model have significant effect on the response. 
 

Table 1: Sequential Model Sum of Squares [Type I]. 
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Table 2. ANOVA for Response Surface Cubic Model (Partial sum of squares-Type III). 
 

 
 
 

Table 3. Resulting ANOVA Table (partial sum of Squares) for reduced quadratic model 
(response: Signal amplitude). 

 

 
 
In this case AB, 2A , 2B , 2C  are significant model terms. Values greater than 0.1000 indicate the model 
terms are not significant. By selecting the backward elimination procedure to reduce the terms that are 
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not significant, the resulting ANOVA table for reduced quadratic model for surface roughness is 
shown in Table 3. Results from Table 3 indicate that the model is still significant. 
 
As you can see in Table 4, R-Squared value is high, close to 1, which is desirable. The predicted is in 
reasonable agreement with the adjusted R-Squared. The adjusted R-Squared value is particularly 
useful when comparing models with different number of terms. This comparison is however done in 
the background when model reduction is taking place. Adequate precision compares the range of the 
predicted values at design points to the average prediction error. Ratios greater than 4 indicate 
adequate model discrimination. In this particular case the value is well above 4. 
 
 

Table 4. Model summary Static. 
 

 
 
 
The BOX COX plot has been used to determine the most appropriate power transform to apply to 
response data. LOG transform has been selected, based on the best lambda value, which is found at the 
minimum point of the curve generated by the natural log of the sum of squares of residuals. A constant 
k=0.063 has been added to responses to be sure that they are greater than zero. Figure (2) shows the 
Box-Cox plot for Power Transforms. 
 
 
 
 

 
 

Fig. 2. The Box-Cox plot to determine the most appropriate Power Transform. 
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Fig3. Normal probability diagram of the residuals. 
 
 
Multiple linear regression models for amplitude can be obtained by applying a logarithmic 
transformation that converts non-linear form into following linear mathematical form 
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The regression analysis technique using least squares estimation was applied to compute the 
coefficients of the model for Amplitude (A). The following model for a determined are given, 
respectively 
 

222 04.029.61.4
0.015B-17.061.328.073.974.147.1880.50)063.0ln(

2

BIITI
BTITIBTBIA

+−−

++−−++−=+  (9)

 
Normal probability plot of the residuals for signal amplitude are shown in figures 3. A check on the 
plot in this figure reveals that the residuals generally fall on the straight line implying that the errors 
are distributed normally. 
 
 
6. Conclusions 
 
The following conclusions may be drawn from developed model by the use of RSM for EMATs 
process conditions. Polynomial model for signal amplitude has been developed using response surface 
methodology in inspection of steel plate. The established equations clearly show that magnetic current 
has greater effect on signal amplitude followed by the thickness of the plate. However, static magnetic 
field has not important effect. The variance analysis for the quadratic model shows that the interaction 
terms and the square terms inspect of the square term of magnetic current are statistically insignificant. 
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Two type of force is concerned in an Electromagnetic mechanism of EMAT that is named Lorentz 
force and magnetostrictve force. Lorenz force can be originated from static magnetic field and 
dynamic magnetic field. Lorenz force due to dynamic magnetic field is independent of the static 
magnetic field. The Lorenz force due to static magnetic field is dependent on the static magnetic field. 
When Magnetic current is increased, the Lorentz force cause of both sources is increased. This is more 
effective to increase the signal amplitude in compare of using greater static magnetic field. 
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