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ABSTRACT 

 

Impedance-based technique has been of great interest in nondestructive testing (NDT) or structural health 

monitoring (SHM) since the mechanical impedance is sensitive to structural damage. However, impedance 

signals are also susceptive to time-varying environmental variations, particularly a frequency shift, which may 

lead to false alarm. This study proposes a wireless impedance-based pipe corrosion monitoring technique under 

temperature variations. For wireless impedance measurement, a modulated laser beam is radiated to a 

photodiode that converts the laser beam into an electric signal. Then the electric signal is applied to a MFC 

transducer attached on a target structure for excitation. The corresponding impedance signal is measured, re-

converted into a laser beam, and radiated back to another photodiode located in a data interrogator (NI PXI 

system) for signal processing. For compensating the effect of the temperature variation on impedance signals, a 

temperature compensation technique based on an outlier analysis using generalized extreme value (GEV) 

statistics is developed to improve damage detectability under varying temperature and minimize false alarm. 

Validation of the proposed technique is carried out on a lab-sized carbon steel elbow pipe structure under a 

temperature varying environment considering corrosion damage. It has been demonstrated that the proposed 

technique can be effectively used in automated continuous SHM of the pipe structures under temperature 

variations. 
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INTRODUCTION  

 

The world has been heavily dependent on a vast network of pipeline systems for transporting and distributing 

natural resources such as oil and natural gas across thousands of miles. As the structural condition of the 

pipeline network is becoming deteriorated, several pipeline accidents that have taken place over the past years 

have caused severe losses in terms of both life and property (Papadakis 1999, Azevedo 2007). Corrosion has 

been particularly regarded as a key damage factor for pipeline facilities due to the fluid flowing inside the pipe 

and their locations under corrosive environments (Lawson 2005). To prevent catastrophic accidents induced by 

structural deterioration, the pipeline-related industries have tightened their safety measures and also 

implemented structural health monitoring (SHM) techniques for their operational pipeline facilities as a 

supplement of conventional safety measures. 

 

Among various SHM approaches, an electromechanical impedance (EMI) technique has been applied as one of 

the promising methods for detecting the presence of damage (Chaudhry et al. 1994, Ayres et al. 1998, Zou et al. 

2000, Park et al., 2003, Bhalla et al. 2004, Grisso et al. 2008). Since brittle piezoelectric materials cannot be 

well attached to the curved surfaces, macro-fiber composite (MFC) transducers have been widely applied for 

EMI measurement in pipe structures due to their non-intrusive nature and flexibility (Sodano et al. 2004, Thien 

et al. 2007, Hamzeloo et al. 2012). The EMI techniques are generally advantageous for various cases of SHM 

since (a) they are sensitive to various sizes of structural damage, and (b) relatively simple hardware 

configuration is required compared to those of other SHM techniques (Giurgiutiu et al. 2002).  

However, applications of conventional EMI techniques for corrosion damage detection of pipeline facilities are 

limited for several reasons. Likewise with many commercial sensors, piezoelectric transducers require electrical 

wiring for excitation of a host structure and for transmission of the measured EMI signals. It has been reported 

that sensor wiring can be expensive and labor-intensive (Celebi 2002), and signal attenuation during long-
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distance transmission can impose additional challenges for wire-based sensing (Lee et al. 2010). Also, 

conventional EMI-related research work has mainly developed for nondestructive testing (NDT) rather than 

SHM and applied them for detection of an artificial notch, which is hardly observed in real pipeline structures. 

This kind of unrealistic damage scenario cannot be considered for field applications, where continuous 

monitoring and quantification of realistic damage (i.e. corrosion) progression are of main interests for field 

engineers. And impedance signals are susceptive to time-varying environmental variations, particularly a 

frequency shift, which may lead to false alarm. In order to compensate the effect of the temperature variation on 

impedance signals, a temperature compensation technique should be applied (Park et al. 1998, Park et al. 1999, 

Overly et al. 2009, Koo et al. 2009). 

 

The objective of this study is to apply a wireless laser based EMI measurement technique (Park et al. 2010) that 

can be used for continuous monitoring of the progression of corrosion damage in pipe structures. Laser sources 

and optoelectronic devices are used for generating and sensing of EMI responses at MFC transducers. Multiple 

MFC transducers are attached to a curved specimen to generate and measure the best-suited EMI responses for 

damage detection. Then, an outlier analysis using generalized extreme value (GEV) statistic is applied to the 

measured EMI signals for compensation of temperature effects which can induce false alarm. The proposed 

technique was experimentally verified in a corrosion damage case under a varying temperature environment. 

The organization of this paper is as follows. First, the EMI measurement technique for corrosion monitoring 

using MFC transducers will be explained. And the method for extracting damage-induced features from the 

measured EMI signals is described to compensate the temperature effects. Then, the principles of wireless 

impedance measurement system will be described. Experimental verification will conclude this paper by using a 

simulated real pipe specimen with corrosion damage cases under temperature variations. 

 

ELECTROMECHANICAL IMPEDANCE BASED DAMAGE DETECTION 

 

Piezoelectric materials produce an electrical charge when they are mechanically stressed, and conversely a 

mechanical strain is produced when an electrical field is applied to the materials. Because of this nature, 

piezoelectric materials are commonly in use for various actuation and sensing applications. In this study, we use 

MFC transducers, which is one type of piezoelectric transducers, because conventional monolithic piezoelectric 

transducers are brittle and unconformable to curved surfaces. 

 

A MFC transducer consists of three main components as shown in figure 1: 1) polyamide films with interdigited 

electrodes, 2) adhesive and structural epoxy matrix and 3) a sheet of aligned piezoceramic fibers (Kovalovs et al. 

2007, Wilkie et al. 2000). Polyamide films are located on top and bottom of the transducer. Its embedded 

interdigitated electrodes convey an electrical field to activate a longitudinal piezoelectric effect along the length 

of piezoceramic fibers. Interdigitated electrodes are able to generate higher     coefficient rather than     

coefficient of monolithic lead zirconite titanate (PZT) because they supply electric field axially. The polyamide 

film and the piezoceramic fiber are bonded by an adhesive and a structural epoxy matrix. The epoxy matrix also 

prevents piezoceramic fiber from cracking. Compared to monolithic PZT, the damage tolerance and flexibility 

of the MFC transducer are greatly improved by piezoceramic fibers (Williams et al. 2002). 

 

 
Figure 1. MFC transducer components 

 

For impedance-based damage monitoring, the MFC transducer is mounted on a host structure as shown in figure 

2. An input voltage is applied to the MFC and then the resulting output current is measured. The electrical 

impedance is defined as the ratio of the input voltage to the output current, and the mechanical impedance of the 

MFC itself and the host structure are coupled together in the electrical impedance measured by the MFC 

transducer as followed (Liang et al. 1994): 
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where    is the zero-load capacitance of the MFC and    
  is the electromechanical coupling coefficient of the 

MFC transducer.  ,    and    are the electrical impedance of the MFC transducer, the mechanical impedance 

of the host structure, and the mechanical impedance of the MFC transducer, respectively. Assuming that the 

MFC impedance is invariant, any change in the measured the electrical impedance by the MFC transducer can 

be traced back to the change of the host structure’s mechanical properties, allowing monitoring of structural 

damages within the host structure using the measured electrical impedance (Wang et al. 2005). 
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Figure 2. Coupling between a MFC transducer and a host structure through electromechanical impedance 

 

The change of the impedance signal can be quantified by several measures (Sun et al. 1995, Bhalla et al. 2003). 

Among various kinds of setting a damage index (DI) value, the maximum cross-correlation coefficient (CC) is 

one of the most frequently used indices for calculating the DI value defined as 
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where    and    are the response signals obtained from the intact and damage state, respectively;   ̅ is the mean 

of   ;     is the standard deviation of   ; N is the total number of data points in    and   ;  ̃ is the time shifting. 

This index has been used to detect structural damage in several applications. However, no certain assertion is 

made in equation (2) that only damage causes the change of the damage index. In fact, other variations such as 

temperature variation can also produce changes in the index. Temperature is known often to cause horizontal 

shifting of an impedance signal and this variation can mask the impedance changes caused by structural damage 

(Park et al. 1999). 

Figure 3 shows impedance signal changes induced by corrosion damage and temperature variations. This figure 

shows the impedance changes due to the temperature variations that could lead to erroneous diagnostic results 

about the integrity of the structure. Therefore, temperature compensation technique is required in the impedance 

based structural damage monitoring applications. 

 
Figure 3. EMI responses at different temperature and damage conditions 



To tackle this problem that can be produced by temperature variations, a temperature compensation technique 

based on an outlier analysis using GEV statistics was developed (Park et al. 2006, Oh et al 2009, An et al. 

2010, Lim et al. 2011). Figure 4 shows the overview of the proposed temperature compensation algorithm. 

First, multiple impedance signals are recorded under various temperature conditions. After that each signal is 

normalized as followed: 
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where    and  ̃  are the  th measured baseline and normalized impedance signals, respectively.   is the total 

number of the baseline data collected. For the subsequent damage diagnosis, the damage index      is 

calculated using the previous equation. Next, the statistical distribution of the damage indices obtained from the 

baseline data is estimated. Because the values of the damage indices obtained from potential damage conditions 

often constitute the tails of a distribution, GEV statistics is used to focus the modeling effort on the tail of the 

distribution. Once the statistical model of the baseline data is established, a threshold value corresponding to a 

user specified confidence is readily computed for the outlier analysis. When a test signal becomes available, the 

maximum cross correlations between the test data and all baseline data are computed and the actual damage 

index is computed between the test data and the baseline data that has the largest similarity with the test data. In 

this way, the change of false positive indication of damage is reduced. Finally, the damage index value is 

compared with the threshold value. If the former is larger than the latter, the test data is considered to have been 

obtained from a damage condition of the structure. 

 

 
Figure 4. Overall concept for temperature compensation process 

 

WIRELESS IMPEDANCE MEASUREMENT SYSTEM 

 

Figure 5 shows an overall schematic of a wireless impedance measurement system composed of a data 

interrogator and an impedance measurement node. At the data interrogator, an arbitrary waveform signal such as 

a broadband chirp signal (10-50kHz) is generated and converted into a laser through a laser diode 

(HL6322G;Thorlab), and the laser beam is wirelessly transmitted to a photodiode (FDS100;Thorlab) in the 

impedance measurement node. Then, the photodiode re-converts the laser into an electric signal and excite a 

MFC transducer attached to a host structure. The output current of the same MFC transducer is measured. The 

corresponding signals are re-converted into the laser beam and radiated back to the other photodiode 

(PDA100A-EC;Thorlab) located in the data interrogator in a similar way as the wireless excitation. The power 

necessary for conversion between an electric signal and a laser at the impedance measurement node is 

augmented by an additional power supply (Park et al. 2010). 



 
Figure 5. An overall schematic of the wireless impedance measurement system (Solid line: wired electric 

connection, Dashed line: wireless laser) 

 

The feasibility of the proposed wireless impedance measurement system has been experimentally investigated 

first. The system is composed of three major components, a data interrogator, a MFC excitation node and a 

MFC sensing node with a self-sensing circuit. For the data interrogator, a NI PXI system, which integrates a 12 

bit arbitrary waveform generator (AWG), a 16 bit high-speed signal digitizer (DIG), and a LABVIEW® control 

program, is used to generate and acquire the electric signal. In the MFC sensing node, in order to get the 

response signal from the same MFC under excitation VMFC , a self-sensing circuit is included using a reference 

capacitor CR. VOUT across the reference capacitor is sent back and collected at the data interrogator. Finally, the 

impedance was computed by following equation. 
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The experimental tests were conducted on a carbon steel elbow pipe (SS41) with 125mm of outer diameter and 

4.4mm of wall thickness. A MFC transducer with dimensions of 28 14 0.02 mm
3
 was attached on the elbow 

pipe. In the data interrogator, a 3.2 0.14 V chirp signal ranging from 10 to 50 kHz was generated using the 

AWG in the NI PXI system. A modulated laser of 24 3.8 mW was generated using a laser diode and is focused 

on a photodiode in the MFC sensing node. The MFC transducer was excited with an electric signal converted by 

the photodiode. Then, the output response of the MFC transducer based on the self-sensing circuit was 

converted into a laser beam, and collected by the other photodiode and the digitizer (DIG) in the NI PXI system. 

Finally, the impedance was computed. In figure 6, the impedance signals measured by the proposed wireless and 

conventional wired systems are compared in the frequency range of 30-40 kHz. The dotted line denotes the 

impedance obtained by a conventional wired system where the AWG is directly applied to the MFC transducer. 

On the other hand, the solid line is the impedance measured by the proposed wireless system. The two signals 

are normalized so that their peak values are equal to one. The comparison shows a very good agreement. 

 

 
Figure 6. Comparison of the impedance signals measured by the proposed wireless and conventional wired 

systems in the frequency range of 30-40 kHz 

 

EXPERIMENTAL SETUP/RESULTS FOR CORROSION MONITORING  



 

 
Figure 7. Experimental setup and test specimen for the corrosion test 

 

Figure 7 shows the overall configuration of the experimental setup and the specimen of the corrosion test. The 

specimen is a carbon steel elbow pipe (SS41) with 125mm of outer diameter and 4.4mm of wall thickness. MFC 

transducers (Smart Material Co. Ltd) of 28x14x0.02 mm
3
 were installed as shown in Figure 7 to measure the 

impedance signals through the wireless impedance measurement system. The type of MFC transducers was in-

plane elongation and contraction with high d33 coefficient. Three MFC transducers were attached on the pipe 

surface. MFC 1 and 2 were symmetrically located along axial direction and MFC 3 was on the middle along the 

circumferential direction. Among these MFC transducers, MFC 1 was used for impedance based corrosion 

monitoring in this study. 

 

Temperature effects on the impedance signal of the MFC transducer were investigated. The baseline data sets 

were collected from the intact condition of the specimen at 0℃, 10℃, 20℃, 30℃, 40℃, and 50℃ in 30% 

humidity. By using the temperature chamber, temperature and humidity were controlled and maintained 

constantly. The temperature of test specimen’s surface was measured by a thermocouple. 

Figure 8 shows the response signals from temperature training data at 10℃, 30℃, and 50℃. As shown in the 

figure, impedance signals were shifted to the left side when temperature was getting higher. Thus, the 

impedance changes due to the temperature variations could lead to erroneous diagnostic results. 

 

 

Figure 8. EMI responses from temperature training data at 10℃, 30℃, and 50℃ 



For corrosion test, 5M sulfuric acid solution of 30mL was used. The impedance signals were measured to 

monitor the corroded pipe until the thickness of the specimen decreased by 0.2mm. The specimen was corroded 

for 12 hours each step and the impedance signals were measured after wiping residual solution and sediment. To 

monitor the thickness change of the specimen, an ultrasonic thickness gauge (SC20; Picosonic) was used. The 

thickness was decreased about 0.05 mm per each step and the final thickness was about 4.20 mm. The 

impedance signals changed as the thickness decreased as shown in Figure 9. The variation tendencies of 

impedance signal for temperature test and corrosion test were similar. To distinguish between temperature 

variation and corrosion effect, the temperature compensation algorithm previously described was applied. 

 

 

Figure 9. EMI responses from corrosion test data at 22℃ 

 

Table 1 shows the list of impedance signals obtained under varying temperature. The first 6 data sets (#1-6, 

training data) obtained from the intact condition were used to build the statistical model, and the additional 2 

data sets obtained from the intact condition were used for false alarm tests. The last data sets obtained after 

corrosion test constituted the test data with corrosion damage. Note that 10 impedance signals were collected for 

each data set. Figure 10 shows the damage diagnosis under varying temperature and corrosion test. The 

threshold value of 0.130 was computed by fitting an extreme value distribution to the damage indices obtained 

from the training data with 97% confidence interval. We confirmed that damage indices are increased as 

corrosion progresses. This demonstrates that pipe corrosion is successfully monitored under an operational 

temperature condition without false-positive alarms. 

 

Table 1. Data sets obtained from varying temperature for corrosion test 

Data # State Temp.(℃) Data # State Temp.(℃) 

1 
Intact 

(training) 
0 7 

Intact 

(test) 
13 

2 
Intact 

(training) 
10 8 

Intact 

(test) 
24 

3 
Intact 

(training) 
20 9 

Corroded 

(thick. : 4.35mm) 
22 

4 
Intact 

(training) 
30 10 

Corroded 

(thick. : 4.30mm) 
22 

5 
Intact 

(training) 
40 11 

Corroded 

(thick. : 4.25mm) 
22 

6 
Intact 

(training) 
50 12 

Corroded 

(thick. : 4.20mm) 
22 

 



 
Figure 10. Damage diagnosis using temperature compensation under temperature variations 

 

CONCLUSIONS 

 

This study presents the feasibility of a wireless impedance-based structure monitoring technique to diagnose the 

integrity of the structures under temperature variations. For wireless impedance measurement, a modulated laser 

beam is radiated to the photodiode connected to a MFC transducer on a target structure. Then, the photodiode 

converts the laser beam into an electric signal, and it is applied to the MFC transducer for excitation. The 

corresponding impedance signals are measured, re-converted into laser beam, and radiated back to the other 

photodiode located in the data interrogator for signal processing. The temperature variations result in significant 

changes in the measured impedance signals. In order to minimize erroneous diagnostic results, a temperature 

compensation technique using an outlier analysis based on GEV statistics is developed to improve damage 

detectability and minimize false alarms caused by environmental variations. In this study, the proposed 

technique was applied to lab-sized carbon steel elbow pipe structures with a temperature variation from 0 to 

50℃. It has been demonstrated that the proposed strategy can be effectively used for diagnosing the structural 

integrity, even with the presence of temperature variation. 
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