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ABSTRACT 

Electromagnetic acoustic resonance (EMAR) provides accurate and stable evaluation. Its capability has been 
demonstrated through online monitoring using a large-scale corrosion test loop operating at high temperature. 
This study uses EMAR to evaluate the thickness of pipes in a nuclear power plant during its shutdown through 
signal processing based on superposition of nth compression. Sections of piping evaluated with EMAR include 
those in long-term service, where thinning may produce scale-like surfaces, and those having complicated 
geometry. Moreover, we compare measurement results obtained with EMAR and with ultrasonic testing (UT). 
The accuracy of EMAR depends on the pipe geometry, such as the pipe diameter and whether the pipe is 
straight or an elbow, the presence of welding, and complicated wall thinning. We consider the causes of the 
difference in thickness values between EMAR measurements and UT. Finally, we discuss how to implement 
EMAR in pipe inspection. 
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1. Introduction 
 

The management of pipe wall thinning is a key issue for nuclear power plants. Currently, an 
ultrasonic thickness gauge is used to inspect pipe wall thickness. Although the gauge provides 
accurate evaluation of thickness, it is sensitive to scale-like surfaces and complicated geometry, and 
requires highly skilled workers to operate. Electromagnetic acoustic resonance (EMAR), which has 
been developed for online monitoring, has excellent accuracy and stability of evaluation [1][2]. 
Experimentation has confirmed that the measurement error of EMAR is lower than that of 
conventional inspection techniques [3]. Furthermore, results obtained through field tests using a 
large-scale corrosion test loop at high temperature show that EMAR provides measurements with high 
accuracy and reproducibility [4]. In this study, we combine EMAR with superposition of nth 
compression (SNC) for data processing to measure the thickness of pipes in a nuclear power plant 
during its shutdown. Moreover, we compare the results obtained with EMAR with those obtained in 
an ultrasonic test (UT), and study their deviations in view of pipe geometry (e.g., pipe diameter and 
straight pipe versus elbow pipe), the presence of welding, and wall thinning. We consider the causes 
of the difference between EMAR measurements and UT. Finally, we discuss how to implement 
EMAR in pipe inspection. 
 
2. Method 
 

An electromagnetic acoustic transducer (EMAT) consists of permanent magnets and transmitter 
and receiver coils. The time-varying current in the coil induces an eddy current, the static magnetic 
field of the magnet generates an Ampere force, and a shear wave propagates through the target [5]. 
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EMAR is based on the through-thickness resonances of bulk waves [6]. Resonance is then observed 
when the wavelength () satisfies the resonance condition n  = 2 d, where d is the thickness and n is 
an integer. The resonance frequency of nth order is given by fn = n v / 2 d, where v is the sound velocity. 
If the frequency axis of the original spectrum is compressed to the nth-order resonance frequency, the 
nth peak moves to the fundamental resonance frequency. Summing up the spectra of the nth 
compression, the largest peak should appear around the fundamental resonance frequency f1, given by  
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where x(f) is the spectrum intensity of SNC, and argmax (argument of the maximum) is the frequency 
at which the SNC spectrum intensity is maximum. The peak value of the fundamental resonance 
frequency is the average value of resonance peaks that are included in the calculation frequency range. 
This value will be called the SNC peak value. 

Finally, the thickness d is evaluated as  
 

d = v/2f1. (2)

        
3. Experiment 
 
3.1.  Measurement condition 
 

The EMAT probe used in this study consists of two Sm-Co-based permanent magnets, an 
exciting coil and a pickup coil. The transducer transmits shear waves normal to the target surface. 
Each of the rectangular-shaped magnets has a width of 10 mm, length of 20 mm, and height of 20 mm, 
and its surface inductive flux is 459 mT. The diameter and number of turns of the coils are 10 mm and 
40 for the exciting coil, and 20 mm and 80 for the pickup coil. Figure 1 shows the measurement 
component for EMAR. We use a high-power pulser/receiver (RITEC, RPR-4000), a wide-range 
decade filter (NF Corporation, FV-628B) for the detection frequency, a high-impedance preamplifier 
(RITEC, PASJ-0.1-20) for amplifying the detection signal, and a PC for data collection. The 
transducer is driven by burst signals with an applied voltage of 1000 Vp-p at 2 MHz and a period of 
100 s. The driving frequency is swept from 1.5 to 3.5 MHz at intervals of 10 kHz. The signal 
amplitude of each frequency, which is the 200-s period after the end of the exciting signal, is 
computed with super-heterodyne processing at intervals of 1 kHz. The sampling rate is 50 MS/s. 

 
3.2.  Outline of measurements  

 
In this study, we use EMAR to measure pipes of the secondary cooling system of Tsuruga 

Nuclear Power Plant Unit 2 (Japan Atomic Power Company). The power plant is a pressurized-water 
reactor that started commercial operations in February 1987. Measurements are done during the 
reactor outage for periodic inspection. We extract eight test sections from the plant as targets for 
EMAR measurements: four straight pipes and four elbows. The purpose of including both elbows and 
straight sections of piping is to assess the effect of pipe geometry on measurements. In addition, the 
tested sections include those in long-term service to evaluate effects of advanced thinning. There are a 
total of 195 measurement points.  

The straight pipes are made of STPT38 (carbon steel for high temperature) and have outer 
diameters of 48.6, 114.3 and 165.2 mm and nominal wall thicknesses of 5.0, 8.6 and 7.1 mm. Figure 2 
shows a straight pipe of target section for EMAR. The elbows are made of STPT38 and SB410 
(carbon steel for pressure vessels and a boiler) and have outer diameters of 89.1 and 558.8 mm and 
nominal wall thicknesses of 5.5 and 10.0 mm. Figure 3 shows an elbow pipe of a target section for 
EMAR. When the EMAT is inclined by the weld padding, the EMAR is measured about 15 mm from 
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the ends of the welds. Therefore, the measuring points of the EMAR in the vicinity of welds are about 
10 mm from the points of the UT. Figure 4 shows the setting of the EMAT probe near the weld. The 
white circles on the pipe are the UT measurement positions. If there is a welding line, the starting 
position can be measured at a distance of about 20 mm around the downstream side from the welding 
line [7]. The measurement position of the EMAR is near this position. 

UT is performed by a qualified person before the EMAR measurements. We compare the results 
obtained with EMAR with those obtained in UT. 

 
3.3.  Normalize SNC peak value  

 
Figure 5 shows the SNC signal of the calibration specimen, which is a STPT38 carbon steel plate 

with thickness of 5.01 mm. We use the peak value of the fundamental resonance frequency of the 
calibration specimen to normalize the value of the SNC peaks. This value is hereafter called the 
normalized SNC peak value. 

 
4.  Results and Discussion 
 

Figure 6 compares the thicknesses obtained in the UT and through EMAR with SNC. Closed and 
open circles indicate the results at base pipes and welded pipes, respectively. The results did not 
depend on pipe diameters or whether the pipe was straight or an elbow, and effect of the thickness was 
lower. However, there are differences between the EMAR and UT results near the welding. Figure 7 
shows the relationship between the normalized SNC peak values and the difference between the 
EMAR and UT results. The result shows that when the normalized SNC peak values are more than 
0.15, 0.1, and 0.05, the root mean squares (RMSs) of the differences are 0.18, 0.21, and 0.36, 
respectively. When the normalized SNC peak value is more than 0.15, the thicknesses obtained with 
EMAR and UT agree well and are highly reliable. However, if the normalized SNC peak value is less 
than 0.05, the difference between the UT and EMAR results becomes large and reaches 3 mm. There 
are discrepancies between EMAR and UT measurements when the probes are close to the welding. As 
mentioned previously, because of the configuration of the reducer and size of the EMAT, the 
transducer was put 10 mm away from the measurement points of the UT thickness gauge in the 
vicinity of welds. The differences in measurement results indicate the difference in measurement 
position and the influence of the weld. Because the heat near the weld changes the sonic velocity at 
the entrance, it is possible that UT and EMAR measured the change in sonic velocity. 

When the normalized SNC peak value was attenuated to less than 0.05, the results of UT and 
EMAR differed at several measurement points. When pipe wall thinning from flow-accelerated 
corrosion (FAC) occurs, an inner surface appears with a scale-like shape. We created a specimen with 
a scale-like shape on its back surface to evaluate the effect on measured thickness and the normalized 
SNC peak value. Figure 8 shows the schematic of the specimen. The material is SS400 (carbon steel) 
with a width of 100 mm, length of 100 mm, and thickness of 9.9 mm. To machine the specimen with 
2-mm pitches and a 0.4-mm depth, we used a ball mill with a diameter of 3 mm because it is a typical 
FAC shape. Figure 9 shows the resultant SNC signal. The SNC peak value is attenuated slightly, but 
its shape has a sharp peak. The thinning depth, which was calculated from the fundamental resonance 
frequency, was 0.3 mm. The scale-like thinning shape does not significantly affect the measurement of 
thickness using EMAR with SNC. 

We made another test piece, one with an inclined bottom, as shown in Figure 10. The specimen is 
100 × 120 mm in size with a maximum thickness of 12 mm and inclination of 5°. Figure 11 shows the 
resultant SNC signal. The SNC peak value is significantly attenuated, and its shape is obscure. 
Because the ultrasound is scattered by the slope of the bottom, the SNC signal is attenuated. In 
addition, the SNC signal shows information on the inclination thickness. Several SNC peaks due to 
the thickness variation of the inclination emerge around the fundamental resonance frequency. The 
bottom incline significantly influences the measurement of thickness using EMAR with SNC. 

We also prepared a test specimen in which two carbon steel plates were welded. The specimen 
represents as-welding in which the weld overlaying is not removed. Figure 12 shows the SNC signal 
of the weld overlaying, and Figure 13 shows the SNC signals near the weld. These signals are 
attenuated, but both of the SNC peaks are sharp and clear. On the weld overlaying, the SNC 
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measurement obtains a thickness of 9.71 mm from results shown in Fig. 12 and Eq. (2), but the 
thickness obtained by the micrometer is 10.1 mm. The SNC thickness is smaller than the real value. 
The shape of the weld overlaying seems to influence the SNC measurement. Conversely, the side of 
the weld is evaluated to be 8.42 mm using Eq. (2) and the EMAR results shown in Fig. 13, and it 
agrees well with the true value (8.45 mm). 

 
5.  Conclusion 

 
This study used EMAR combined with SNC signal processing to measure the thickness of pipes 

in a nuclear power plant. Moreover, EMAR and UT measurements were compared.  
The results show that when the normalized SNC peak value is greater than 0.15, the difference 

between UT and EMAR measurements is very small. In addition, the signal-to-noise ratio of EMAR 
is large. At such a location, EMAR obtains the same thickness as the UT.  

Conversely, at some measurement points near the weld, the SNC signals are reduced, and there 
are differences between thicknesses measured with EMAR and UT. 

We created three test specimens that each had a feature representing a possible cause of the 
discrepancies, and considered thickness dispersion and signal attenuation as possible causes. We used 
the three test pieces to simulate a scale-like wall thinning, an inclined bottom, and a weld. 

The scale-like shape of wall thinning does not significantly affect the measurement of thickness 
using EMAR with SNC. The thickness on the weld is found to be thinner than the maximum thickness 
of the weld overlaying under the influence of padding welding. The slope of the bottom appears to be 
a major cause of signal attenuation.  

A sloped bottom is expected to cause thickness dispersion and signal attenuation when evaluating 
the thickness of pipes in a nuclear power plant. The normalized SNC peak value can be used as a 
parameter to represent the decrease in reliability of the measurement due to a sloped backside. 

 
 

 

Fig. 1 Experimental apparatus and measurement operation. 
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Fig. 2 Straight pipe of target section 

 
 

 

Fig. 3 Elbow pipe of target section. 

 

 

 

Fig. 4 Setting of EMAT probe near the weld. 
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Fig. 5. SNC signal of the calibration specimen. 

 
 
 

 
Fig. 6. Comparison of evaluated thickness between EMAR and UT thickness gauge. 

 

 

 
Fig. 7. Relationship between the SNC peak values and the difference in thicknesses obtained with EMAR 

and UT. 
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Fig. 8. Schematic of the specimen simulating scale-like shape. 
 
 
 

 

Fig. 9. SNC signal of the simulated scale-like shape. 

 
 
 
 
 

 
 

Fig. 10. Cross section of the test piece with an inclined bottom. 
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Fig. 11. SNC signal of the test piece with an inclined bottom. 

 
 

 

Fig. 12. SNC signal of the center of weld overlaying. 

 
 

 

Fig. 13. SNC signal near the weld. 
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