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ABSTRACT 
 
 In this paper, a capacitor sensor was developed with intention to detect and evaluate corrosion activity in 
reinforced concrete slab sample. The performance of capacitor sensor was evaluated to determine the 
workability of the sensor in detecting impedance pattern when embedded in concrete structure. The diameter of 
impedance pattern can give the polarization resistance which is useful to calculate corrosion rate for future 
development. This was done by detecting the impedance Nyquist plot of concretesample. The capacitor sensor 
was tied to the reinforcement bar and the sample was immersed in 3.5% NaCl solution for seven days. The result 
shows that the capacitor sensor is fully functional in detecting impedance pattern. Hence, demonstrates potential 
capability of the sensor in measuring corrosion activity in concrete. 
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Introduction 
 
 Monitoring corrosion activities in reinforced concrete structure can be carried out by using embedded 
sensors which is either built in the structure from the beginning or inserted later (Bungeyet al., 2006; Davis, 
2000; Luca et al., 2004; Song and Sraswathy, 2007). Recently, researchers have embarked on continuous 
monitoring by embedding sensors in concrete. The use of fiber optic sensor for instance, yielded a good result 
for corrosion measurements, but the material itself is too brittle and difficult to work with (Ismail et al., 2009). 
Silver/silver chloride (Ag/AgCl) sensor and saturated calomel electrode (SCE) sensor are considered unsuitable 
for site purposes (Muralidharanet al., 2008). The galvanic sensor provide useful result in measuring corrosion 
rate, however, galvanic current cannot be detected when the resistance of the concrete is too high (Yoo, 2003).  
Exploring the potential of capacitor, a new sensor has been developed in this study. The development of the 
sensor is still in initial phase. Hence, this paper focuses on investigating the capability of this new capacitor 
sensor in detecting impedance pattern (Nyquist plot) in concrete structure under wet and dry condition. The 
findings may give greater opportunities to further develop the sensor into a fully working sensor capable of not 
just detecting the corrosion activity but measuring and evaluating the corrosion dynamic and severity on site.  
 
Materials and Method 
 
Capacitor sensor: 
 
 A capacitor sensor was designed in circular shapeas depicted in Figure 1. It has a diameter and thickness of 
11 mm and 1.6 mm respectively. The atomic percentages of sensor main compositional materials are copper; 
60.23%, nickel; 18.42%, aurum; 12.15% and others 9.2%. The sensor was fabricated on a Flame Retardant 4 
(FR-4) Printed Circuit Board (PCB) followed by nickel and gold coats on both front and back surfaces. Fig. 1 
shows the design of embedded capacitor sensor, where, E= electrical source, a = radius plate A = 0.25 cm and b 
= radius plate B = 0.5 cm. Fig.2 (a) and (b) shows the microstructure image of capacitor sensor and EDX spectra 
at a particular energy (keV) using Field Emission Scanning Electron Microscopy (FESEM). 
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Performance of Capacitor Sensor in Concrete Environments by Impedance Method: 
 
 The Nyquist plot was observed to evaluate the pattern to the conditions of reinforced concrete sample under 
wet and dry condition. For dry condition, the concrete specimen was dried and wetted in a room (T = 250C, 50% 
RH) for 2 days, 4 days and 7 days. Another batch of samples was immersed in NaCl solution for wet condition. 
The measurements for both conditions were carried out at 2nd, 4th and 7th days. An impedance method 
measurement was utilized to study the pattern of semicircle Nyquist plots as measured by the capacitor sensor. 
The measurement was then compared with the theoretical models. Fig.3 shows the example of theoretical model 
of impedance plane plot, also called the Nyquist plot. The perfect semicircle pattern reflects that the 
electrochemical system is at equivalent circuit. Based on the figure, the graph of imaginary impedance against 
real impedance was plotted as a function of frequencies of the alternate current (AC) source.Thus, the purpose 
of this test is to observe the impedance plane plot measured by the capacitor sensor so as to clarify that the 
circuit in the system is in the state of equilibrium regardless of the wet and dry condition. The test was 
conducted by finding the suitable frequencies range and then measuring the impedance of samples in dry and 
wet conditions. 

 
 
Fig. 1: Outer plate (Plate A) and inner plate (Plate B) are separated by an insulating medium (dielectric) in 

sensor system. 
 

 

 
Fig. 2: FESEM of capacitor sensor (a) microstructure image (b) EDX spectra. 
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Fig. 3: Nyquist plotfor the equivalent circuit using SRI-CMIII (Andrade and Alonso, 1995). 
 
Results and Discussion 
 
Impedance Response of Specimen at Different Frequencies Range: 
 
 The reinforced concrete sample with embedded sensor was used to determine the suitable range of 
frequencies to measure corrosion activity. The samples were prepared totally wet by leaving the samples in 
water tank and only recovered after 28 days of curing. The tests were divided into three sets of a particular range 
of frequencies which are 10Hz to 10 mHz, 10Hz to 1 mHz, and 10Hz to 0.1 mHz. Fig.4 shows the impedance 
pattern measured by capacitor sensor using the corrosion meter. The observation exhibits that there are 
semicircle plane plots for all three ranges of frequencies. However the semicircle plane plots ranged differently 
to each other because they were respectively influenced by the amount of measuring point. It was found that for 
range of 10Hz to 10 mHz in Fig.4 (a), there are 13 nodes of measurement, which almost completes a semicircle 
plane plot. As forthe second range (10Hz to 1 mHz), the semicircle was only noticeable around 10Hz to 56.2 
mHz (refer to Fig.4 (b)). While for third range of 10Hz to 0.1 mHz as shown in Fig.4 (c), the semicircle plane 
plot was found around 10Hz to 0.316 mHz. By considering the total time for data collection, it can be concluded 
that the frequencies range for the third set (10Hz to 0.1 mHz) is inappropriate because the time taken to finish 
the measurement (at one position of sensor) was about 8 hours. Given the time constraint, this range is deemed 
not suitable. Furthermore, the finding for second set (10Hz to 1 mHz) shows that there are 17 nodes of 
frequencies. However, the nodes of measurement from 56.1 mHz to 0.1 mHz were not located around the 
semicircle plane plot. Meanwhile, the semicircle plane plot had a smaller diameter compared to the first set 
(10Hz to 10 mHz). Although a higher number of nodes in the Nyquist plot would be better, the low frequency 
problems due to the low corrosion rate influences the measurement reading (PRCM, 2007). Therefore, with 
regard to the findings, the perfect frequencies range for the sensor is set around 10Hz to 10 mHz. 
 
Impedance Response of Specimen in Wet and Dry Conditions: 
 
 The Nyquist plot for dry conditions is shown in Fig.5.The Nyquist plots for 2 days and 4 days of drying 
duration as shown in Fig.5(a) and (b) are quite similar to the wet condition in Fig.6 (a) and (b). The samples 
intended for dry condition is believed not fully dried within 4 days of exposure to room temperature. However, 
after 7 days, the sample has achieved total dry condition and consequently no semicircle plot produced as shown 
in Fig.6 (c). This reflectsthe nonworking condition of the sensor due to incomplete equivalent circuit of Nyquist 
plot. For wet condition in Fig.6 (c), the semicircle plane plot was found in the system as expected, indicates the 
potential of corrosion due to the presence of water. Theoretically, in wet conditions, the ions/electrons are free to 
move and therefore the applied current can effectively works in order to measure the impedance. This pattern is 
related to the theoretical model of semicircle Nyquist plot as depicted in Fig.3 
 
Conclusion: 
 
 The embedded capacitor sensor is functional in detecting Nyquist plot pattern according to the findings. The 
findings do not indicate the capability of the sensor in measuring the corrosion rate, yet this preliminary study is 
important to assure that the capacitor sensor can yield Nyquist plot whereby the diameter of Nyquist plot can 
give the polarization resistance. This beneficial measurement can be used to calculate corrosion rate provided 
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that the sensor is fully developed into corrosion monitoring tool. To conclude, the capacitor sensor functions 
properly in wet sample as shown by Nyquist plot. However, the equivalent circuit is not achievable in dry 
concrete. The overall finding shows that the capacitor sensor has great potential to be fully developed as a 
corrosion monitoring tool. The sensor is capable of detecting changes in the immediate vicinity of the steel for 
corrosion monitoring purposes. 
 

 
  
Fig. 4: Nyquist plots of capacitor sensor (a)10Hz to 10 mHz (b) 10Hz to 1 mHz (c) 10Hz to 0.1 mHz. 
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Fig. 5: Nyquist plots in different durations for dry conditions (a) 2 days (b) 4 days (c) 7 days. 
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Fig. 6: Nyquist plots in different durations for wet conditions (a) 2 days (b) 4 days (c) 7 days. 
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