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Fundamental study on damage-detection method using electrical-impedance variations and 
phase-transition for deteriorated concrete covered with fiber-reinforced polymer sheets 

Kenji TADA 

In recent years, the aging of housing and civil infrastructures, which were constructed in large numbers 
during the period of rapid economic growth, has become more noticeable. On the other hand, human 
resource problems are becoming more severe due to the declining population and the deterioration of 
construction finances. In addition, the occurrence of huge earthquakes is expected to have a significant 
impact on structures. Various strengthening methods such as covering the surface with fiber-reinforced 
polymer sheets have been employed to ensure the redundancy and earthquake resistance of structures. 
To detect the internal deterioration of concrete structures, non-destructive testing methods that examine 
the internal response to physical stimuli such as electromagnetic waves, ultrasonic waves, and impact 
elastic waves are used. However, it is hard to examine the degree of internal deterioration of concrete 
structures covered with FRP sheets because it is impossible to effectively transmit physical stimuli to the 
interior and to obtain information on the response to internal stimuli. 
Previous researches on the detection for debonding of FRP sheets were conducted, however, researches 
on the detection of internal deterioration of concrete structures covered with FRP sheets are very few. 
The purpose of this study was to develop a suitable method to detect internal degradation of concrete 
covered with carbon or aramid FRP (CFRP / AFRP). The study assumed the concrete structure including 
CFRP and AFRP covering the surface as a single dielectric. The study examined the electrical impedance 
frequency of the FRP-covered concrete to clarify the internal damages. This paper consists of seven 
chapters. Contents of each chapter are shown below:  

Chapter 1,” Introduction”: The current situation of civil infrastructures in Japan is described described 
to emphasize the research significance of this study. This chapter explained the strengthening method 
using various the fiber-sheet materials, and addressed the necessity of the non-destructive testing (NDT) 
for the strengthened concrete. In addition, the chapter showed the difficulty in previous NDT technique 
for the internal damages of concrete covered with FRP sheets. Based on the research background, the 
purpose of this study was clarified, and the outline of the thesis was explained. 

Chapter 2,” Previous studies”: describes reviewed the investigations conducted on the deformation of 
structures reinforced by the fiber sheet bonding method and reviewed the studies on the detection of 
defects in the FRP sheet construction as well. 
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Chapter 3,” Principle of Detection and Setting of Application Conditions”: A cubic concrete 
specimen with artificial cracks on the surface was prepared, and the specimen was subjected to AC 
voltage ranging from 1 kHz to 8 MHz. The impedance and phase angle were measured at the positions 
just above, left and right of the artificial crack, respectively. The fundamental experiment showed that the 
impedance decreased uniformly with increasing frequency of the applied voltage and reached the 
maximum value around 3MHz to 4MHz. In addition, it was observed that the phase angle also changed 
from negative to positive, regardless of the presence of cracks. 

Chapter 4,” Detection of Surface Cracks”: The chapter aimed at developing a non-destructive test for 
the detection of invisible cracks in the concrete covered with fiber reinforcement polymer (FRP) sheets 
using electrical impedance variation and phase transition. The study prepared some FRP-covered concrete 
specimens with an artificial crack. Based on the observations in the former chapter, the study examined 
the frequency characteristics of impedance and phase under AC voltage with frequency ranging from 1 
kHz to 8 MHz. These frequency characteristics were examined using an impedance analyzer, which was 
controlled by a computer. The impedance and phase were measured using a probe with two electrode 
terminals. The test results confirmed that the capacitive phase property of cracked concrete altered to 
exhibit inductive characteristics at approximately 3 to 4 MHz. It was revealed that invisible cracks of the 
FRP covered concrete are detected by measuring a frequency at the impedance local maximum value and 
the phase transition property. 

Chapter 5,” Detection of Internal Damage”: The chapter reported a fundamental experiment for 
detecting internal damages of concrete covered with carbon fiber reinforced polymer (CFRP) sheets. The 
changes in the frequency characteristics of electrical impedance and phase angle were examined. To 
simulate the internal damages to concrete, a freeze-thaw test was conducted using CFRP covered 
concretes. The impedance and phase angle were measured by applying AC voltage ranging from 1 MHz 
to 8 MHz. The impedance and phase angle were measured using a probe with two electrode terminals 
placed between the specimens. The experimental result revealed that the impedance maxima of the 
concrete covered with CFRP sheets decreased and the phase displacement frequency increased due to the 
freezing and thawing action. 

Chapter 6, ” Verification using the equivalent circuit model”: The chapter described an equivalent 
circuit model for the experimental system based on the results obtained in Chapters 4 and 5. To confirm 
the validity of the model, the study compared the numerical analysis and experimental results. The 
comparative result showed that the tendency of the impedance maxima in the calculation was almost 
equivalent to the measured values. 

Chapter 7, ” Conclusions”: The chapter summarized the findings and knowledge obtained from the 



Summary of the Doctoral Dissertation 

vi 

fundamental study. In addition, the chapter addressed further researches for practical use of the 
nondestructive test. 
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(3.24 [MHz])

7.84 [M ]
(3.38 [MHz])

-1.22 [M ]
(+0.14 [MHz])

TP-F200-2 
A-A’ 6.74 [M ]

(3.31 [MHz])
6.25 [M ]

(3.38 [MHz])
-0.49 [M ]

(+0.07 [MHz])

B-B’ 9.21 [M ]
(3.03 [MHz])

8.40 [M ]
(3.07 [MHz])

-0.81 [M ]
(+0.04 [MHz])

TP-F200-3 
A-A’ 13.65 [M ]

(2.58 [MHz])
12.49 [M ]

(2.65 [MHz])
-1.16 [M ]

(+0.07 [MHz])

B-B’ 9.47 [M ]
(3.07 [MHz])

8.03 [M ]
(3.24 [MHz])

-1.44 [M ]
(+0.17 [MHz])
-0.85 [M ] 

(+0.07 [MHz]) 



5

- 61 - 

5-6 300

TP-F300-1 
A-A’ 8.07 [M ]

(2.63 [MHz])
7.86 [M ]

(2.58 [MHz])
-0.21 [M ]

(-0.05 [MHz])

B-B’ 7.45 [M ]
(3.12 [MHz])

6.86 [M ]
(2.93 [MHz])

-0.59 [M ]
(-0.19 [MHz])

TP-F300-2 
A-A’ 8.87 [M ]

(2.65 [MHz])
7.92 [M ]

(2.91 [MHz])
-0.95 [M ]

(+0.26 [MHz])

B-B’ 6.80 [M ]
(3.45 [MHz])

6.40 [M ]
(3.48 [MHz])

-0.40 [M ]
(+0.03 [MHz])

TP-F300-3 
A-A’ 10.85 [M ]

(2.82 [MHz])
8.17 [M ]

(3.10 [MHz])
-2.68 [M ]

(+0.28 [MHz])

B-B’ 5.03 [M ]
(3.85 [MHz])

5.12 [M ]
(3.67 [MHz])

-0.18 [M ]
(-0.18 [MHz])

-0.84 [M ] 
(+0.03 [MHz]) 

100
-1.83 M +0.20 M -0.58 M

-0.07 MHz +0.30 MHz +0.09 MHz

200 -1.44 M +0.05 M -0.85 M -0.07 MHz
+0.17 MHz +0.07 MHz

300 -2.68 M -0.18 M
-0.84 M

-0.19 MHz +0.28 MHz +0.03 MHz

4 CFRP
100
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(2) 2 CFRP
2 CFRP 6 100 TP-F100-4, 5 200
TP-F200-4, 5 300 TP-F300-4, 5 1 MHz

8 MHz
CFRP 5-11

CFRP 4
3 5-7 100 200 300

A 5-12

a) 100

b) 200

c) 300

5-11 2
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5-7 2 CFRP

TP-F100-4 (2.15 [MHz]) (2.58 [MHz])
-

(+0.43 [MHz])

-5 (2.13 [MHz]) (2.96 [MHz])
-

(+0.83 [MHz])

100 -
(+0.63 [MHz])

TP-F200-4 (1.99 [MHz]) (3.26 [MHz])
-

(+1.27 [MHz])

-5 (2.15 [MHz]) (3.33 [MHz])
-

(+1.18 [MHz])

200 -
(+1.23 [MHz])

TP-F300-4 (2.06 [MHz]) (3.53 [MHz])
-

(+1.47 [MHz])

-5 (2.04 [MHz])
13.51 

(3.31 [MHz])
-

(+0.64 [MHz])

300 -
(+1.06 [MHz])

a TP-F100-4 b TP-F200-4 c TP-F300-4

5-12 2

4 CFRP 2 MHz 4 MHz

5-7 100 200 300

0.0

5.0

10.0

15.0

20.0

25.0

30.0

1 2 3 4 5 6 7 8

100

0.0

5.0

10.0

15.0

20.0

25.0

30.0

1 2 3 4 5 6 7 8

200

0.0

5.0

10.0

15.0

20.0

25.0

30.0

1 2 3 4 5 6 7 8

[MHz]

300
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-5.09 M -11.90 M -10.15 M

4 CFRP

2 CFRP

200

CFRP
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5.5

(1) 4 CFRP
4 4 CFRP
9 100 TP-F100-1, 2, 3 200 TP-F200-1, 2, 3

300 TP-F300-1, 2, 3 1 MHz 8 MHz
5-13 5-15

a TP-F100-1 A b TP-F100-2 A c TP-F100-3 A

5-13 100 4 CFRP

a TP-F200-1 A b TP-F200-2 A c TP-F200-3 A

5-14 200 4 CFRP

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

100

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

100

-180
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-45

0
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135

180

1 2 3 4 5 6 7 8

100

-180
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135

180
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200

-180

-135

-90

-45

0
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90

135

180

1 2 3 4 5 6 7 8

200

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

200
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a TP-F300-1 A b TP-F300-2 A c TP-F300-3 A

5-15 300 4 CFRP

2 MHz 4 MHz

5-8 5-10
3

100
0 MHz +0.28 MHz +0.12 MHz

200 +0.03 MHz +0.16 MHz
+0.10 MHz 300 +0.04 MHz +0.32 MHz

+0.13 MHz
CFRP

4

5-8 100

TP-F100-1 A-A’ 3.86 [MHz] 4.01 [MHz] +0.15 [MHz]
B-B’ 3.86 [MHz] 3.86 [MHz] 0 [MHz]

TP-F100-2 A-A’ 3.09 [MHz] 3.11 [MHz] +0.02 [MHz]
B-B’ 3.18 [MHz] 3.28 [MHz] +0.10 [MHz]

TP-F100-3 A-A’ 3.37 [MHz] 3.65 [MHz] +0.28 [MHz]
B-B’ 3.51 [MHz] 3.65 [MHz] +0.14 [MHz]

+0.12 [MHz]

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

300

-180
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-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

300
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300
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5-9 200

TP-F200-1 
A-A’ 3.18 [MHz] 3.21 [MHz] +0.03 [MHz]
B-B’ 3.44 [MHz] 3.58 [MHz] +0.14 [MHz]

TP-F200-2 
A-A’ 3.60 [MHz] 3.67 [MHz] +0.07 [MHz]
B-B’ 3.25 [MHz] 3.32 [MHz] +0.07 [MHz]

TP-F200-3 
A-A’ 2.82 [MHz] 2.94 [MHz] +0.12 [MHz]
B-B’ 3.30 [MHz] 3.46 [MHz] +0.16 [MHz]

+0.10 [MHz] 

5-10 300

TP-F300-1 
A-A’ 3.21 [MHz] 3.25 [MHz] +0.04 [MHz]
B-B’ 3.44 [MHz] 3.51 [MHz] +0.07 [MHz]

TP-F300-2 
A-A’ 3.16 [MHz] 3.35 [MHz] +0.19 [MHz]
B-B’ 3.70 [MHz] 3.81 [MHz] +0.11 [MHz]

TP-F300-3 
A-A’ 3.07 [MHz] 3.39 [MHz] +0.32 [MHz]
B-B’ 4.10 [MHz] 4.15 [MHz] +0.05 [MHz]

+0.13 [MHz] 
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(2) 2 CFRP
2 CFRP 6 1 MHz

8 MHz
5-16 5-18
4 CFRP

2 MHz 4 MHz
5-11 100 200 300

+0.49 MHz +1.10 MHz +1.23 MHz
4 CFRP

5-16 TP-F100-4 2 CFRP

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

100
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5-17 TP-F200-4 2 CFRP

5-18 TP-F300-4 2 CFRP

-180

-135

-90

-45

0

45
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135

180

1 2 3 4 5 6 7 8

200

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

300
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5-11

TP-F100-4 2.43 [MHz] 2.75 [MHz] +0.32 [MHz]
-5 2.43 [MHz] 3.09 [MHz] +0.66 [MHz]

100 +0.49 [MHz] 

TP-F200-4 2.24 [MHz] 3.37 [MHz] +1.13 [MHz]
-5 2.45 [MHz] 3.51 [MHz] +1.06 [MHz]

200 +1.10 [MHz] 

TP-F300-4 2.24 [MHz] 3.60 [MHz] +1.36 [MHz]
-5 2.26 [MHz] 3.35 [MHz] +1.09 [MHz]

300 +1.23 [MHz] 
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5.6 

1MHz 8MHz
CFRP

5-7
5-11

2
CFRP

5-3

6 10
1

2 CFRP 5-19 5-20

5-19

-20.0

-15.0

-10.0

-5.0

+0.0

+5.0

+10.0

[
100 200 300

: 4 CFRP : 4 CFRP
: 2 CFRP : 2 CFRP
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5-20

0 100 200 300 4 CFRP
18 3 2 3 2 CFRP 6

2 1 3
4 2 CFRP

5-12 5-13
0.05

2 t

5-12 4 CFRP t

100 3.76×10-1  3.13×10-1

200 2.65×10-1  2.69×10-1

300 1.22×10-1  2.70×10-1

0.05 0.05 

-0.5

+0.0

+0.5

+1.0

+1.5

+2.0

+2.5

[
100 200 300

: 4 CFRP : 4 CFRP
: 2 CFRP : 2 CFRP
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5-13 2 CFRP t

100 3.07×10-3  1.13×10-3

200 4.14×10-6  4.65×10-9

300 2.09×10-5  6.05×10-9

0.05 0.05 

5-12 4 CFRP

5-13
2 CFRP
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5.7 

CFRP
CFRP

CFRP
1 V 1 MHz

8 MHz

(1) CFRP
0.58 M 11.9 0M 7.5% 55.9%

(2) 0.1 MHz 1.2 3MHz 3.1% 54.7%

(3) CFRP

(4) (1) (3) 1 MHz 8 MHz
CFRP

(5) CFRP

2

FRP
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6.1 

CFRP



6

- 76 -

6.2

C
C

CS CFRP RS

CI RI

6-1, 6-2
6-3

6-1

CFRP

L L C

L C

R

C R
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6-2

6-3



6

- 78 - 

6.3 

6-3 (1)
(2) (3) (4)

= + +
1 + +

(1) 

= 1 2 (2) 
= 1 2 (3) 

= ( + ) (4) 

2
Z (1)

    (5) 

    (6) 

2 2

1
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6.4

(1) CS LF Z
1) CS=0.055

pF RS=0.3 M LF=31 mH CF=0.3 pF LI =10 mH RI =1.1 M CI =0.05 pF CS
LF 6-4 CS LF 34
mH CS CS 0.03 pF

(a) Z

(b)
6-4 CS LF Z

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1 2 3 4 5 6 7 8

C

AB
A CB

C S LF

-180

-90

0

90

180

1 2 3 4 5 6 7 8

B

A

C
C S L F

A CB
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(2) CI LF Z
1) CS

=0.0056 pF RS=0.3 M LF =170 mH CF=0.05 pF LI =1.2 mH RI =20 M CI =0.5 pF
CI LF 6-5 CI LF

167 mH CI CI 0.016 pF

(a) Z

(b)
6-5 CI LF Z

0.0

5.0

10.0

15.0

20.0

25.0

30.0

1 2 3 4 5 6 7 8

[MHz]

C F

300

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8

C F

300
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6.5 

CFRP

(1) CFRP

(2) CFRP

I. CFRP

II.
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1) pp.129-143 2012.  
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7.1 

FRP

FRP FRP
FRP

CFRP AFRP
CFRP AFRP

3 200 mm
1 kHz 8 MHz 2

3 MHz 4 MHz

1 MHz 8 MHz

4
FRP

200 mm FRP
1 MHz 8 MHz

2
3 MHz 4 MHz

0.22 M 0.43 M 13.6% 19.3%

0.14 MHz 0.22 MHz 3.9% 5.8%
1 MHz 8 MHz
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CFRP
30 mm

5
CFRP

CFRP
1 MHz 8 MHz

2
CFRP 0.58 M 11.90 M 7.5%
55.9% 0.1 MHz 1.23 MHz 3.1% 54.7%

1 MHz 8 MHz
CFRP

6 4 5
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7.2 

FRP 1 MHz 8 MHz

2

1V 100V 500V



- 86 - 

1)
FRP

Vol.32 pp.49-57 2021.3. 
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2) CFRP
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3) Kenji TADA Yuji TAKEDA Hiroaki HASEGAWA and Isamu YOSHITAKE Crack-
Detection in Concrete Covered with Fiber-Reinforced Polymer (FRP) through Electrical Impedance 
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.1 d=50mm (1kHz 8MHz)

a) b)
1-1 1

a) b)
1-2 2

a) b)
1-3 2

B

0.1

1.0

10.0

100.0

1.E+03 1.E+04 1.E+05 1.E+06
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0.001 0.1 10.01

A CB
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-90
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A CB
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A CB
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.2 d=30mm

a) b)
2-1 1

a) b)
2-2 2

a) b)
2-3 3
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.3 d=50mm

a) b)
3-1 1

a) b)
3-2 2

a) b)
3-3 3
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.4 d=100mm

a) b)
4-1 1

a) b)
4-2 2

a) b)
4-3 3
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.5 CFRP ( 0.167mm)d=50mm

a) b)
5-1 1

a) b)
5-2 2

a) b)
5-3 3
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.6 CFRP ( 0.333mm)d=50mm

a) b)
6-1 1

a) b)
6-2 2

a) b)
6-3 3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1 2 3 4 5 6 7 8
[MHz]

C

A

B

A CB

-180

-90

0

90

180

1 2 3 4 5 6 7 8

[MHz]

A
C

B

A CB

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1 2 3 4 5 6 7 8
[MHz]

C

A

B

A CB

-180

-90

0

90

180

1 2 3 4 5 6 7 8

[MHz]

A
C

B

A CB

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1 2 3 4 5 6 7 8
[MHz]

C

A

B

A CB

-180

-90

0

90

180

1 2 3 4 5 6 7 8

[MHz]

A
C

B

A CB



- 94 -

.7 AFRP ( 0.286mm)d=50mm

a) b)
7-1 1

a) b)
7-2 2

a) b)
7-3 3
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.8 4 CFRP TP-F100-1 100 A-A’

a) b)
8-1 a( )

a) b)
8-2 b( )

a) b)
8-3 c( )

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

1 2 3 4 5 6 7 8
[MHz]

100

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8
[MHz]

100

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

1 2 3 4 5 6 7 8
[MHz]

100

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8
[MHz]

100

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

1 2 3 4 5 6 7 8
[MHz]

100

-180

-135

-90

-45

0

45

90

135

180

1 2 3 4 5 6 7 8
[MHz]

100



- 96 -

.9 4 CFRP TP-F100-1 100 B-B’
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