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ABSTRACT: Carbon fiber reinforced polymer (CFRP) laminated concrete structures are used widely in a 
range of engineering fields because of their many advantages. However they always carry the risk of struc-
tural collapse initiated from the debonding conditions that might occur between the CFRP and concrete sur-
face. This study employed an electro-mechanical impedance-based wireless structural health monitoring 
(SHM) technique by applying PZT ceramic patches to identify the debonding conditions of a CFRP laminated 
reinforced concrete beam. In the experimental study, the CFRP-reinforced concrete specimens were fabri-
cated and the impedance signals were measured from the wireless impedance sensor node according to the 
different debonding conditions between the concrete and CFRP. Cross correlation (CC)-based data analysis 
was conducted to quantify the changes in impedance measured at the PZT patches due to the debonding con-
ditions. The results confirmed that an impedance-based wireless SHM technique can be used effectively for 
monitoring the debonding of CFRP laminated concrete structures. 

1 INTRODUCTION 

In the 21st century, many larger, higher and more 
advanced building and bridge structures are being 
constructed with more complex systems. In addition, 
retrofitting and/or strengthening facilities are being 
added to existing critical civil infrastructure to deal 
with the effects of aging . Therefore, the construc-
tion, reinforcement and maintenance of the civil in-
frastructures are becoming increasingly important. 
In many types of reinforcements and maintenance 
methods, the use of the CFRP (Carbon Fiber rein-
forced polymer) reinforcement displayed in Figure 1 
has increased steadily since 1992. A CFRP plate is 
made by mixing carbon fibers toward a certain direc-
tion. CFRP reinforcing is a reinforcement and mainte-
nance method that involves attaching a CFRP plate to 
epoxy resin to recover and improve the physical per-
formance of existing RC structures. CFRP has an ulti-
mate strength more than five times that of steel and is 
less than 60% of the weight of aluminum. Therefore, 
the increase in load is small when it is used. In addi-
tion, it can provide effective waterproofing to damaged 
concrete and help prevent the corrosion of steel on ac-
count of its good chemical and water resistance. This 
method can also be applied to shorten the construction 
period and give higher reliability than the steel plate re-
inforcing method. However, this method is deficient in 

strength and reliability on the bonded area. The health 
of CFRP-reinforced RC structures is often controlled 

 

 
Figure 1. Carbon fiber reinforced polymer (CFRP). 
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by the condition of the attachment between the CFRP 
sheets and concrete. A FRP-attached concrete struc-

ture has high probability of attachment destruction 
before bending and shear failure. Therefore, predict-

ing the destruction of FRP attachment is very impor-
tant (Kim et al. 2008). This experimental study 

monitored the CFRP debonding condition using the 
impedance-based damage detection technique, 

which employs PZT (Lead-Zirconate-Titanate) sen-
sors. Nowadays, SHM (structural health monitoring) 

is becoming increasingly important because natural 
disasters, environmental effects, such as temperature 

changes, impact loading and other deteriorating con-
ditions, affect the strength and the serviceability of 

civil infrastructures. In particular, there is in increas-
ing interest in monitoring the health of critical civil 

infrastructure. Even minor incipient damage to criti-
cal members in civil infrastructure can lead to failure 

that could cause a catastrophic accident. There have 
been many collapse accidents in civil infrastructure 

over the past two decades. It was found that these 
accidents were initiated from local failure of the 

critical members. A range of SHM and/or NDE 
(nondestructive evaluation) techniques such as ac-

celeration-based modal testing, x-ray inspection and 
ultrasonic inspection have been used to prevent fail-

ure of the critical members in advance. However, 
these conventional SHM/NDE systems require com-

plex algorithms or bulky and expensive equipment, 
which is not attractive for real applications. Recently, 

the electromechanical impedance-based damage detec-
tion technique was found to be a very powerful and 

innovative tool for detecting local damage in a vari-
ety of structures (Giurgiutiu et al. 1999, Park et al. 

2000, 2003, Tseng et al. 2000, Zagrai and Giurgiutiu 
2001, Park et al. 2005, 2006, 2007).  In this study, 
a PZT sensor was used to detect electromechanical 

impedance-based damage. PZT sensors acting in a 
‘direct’ manner produce an electrical charge when 

stressed mechanically. On the other hand, mechani-
cal strain is produced when an electrical field is ap-

plied. The direct piezoelectric effect is often used in 
sensors, such as a piezoelectric accelerometer. With 

the converse effect, piezoelectric materials apply lo-
calized strain and affect the dynamic response of the 

structural elements directly when either embedded 
or surface bonded to a structure. PZT sensors are 

used widely in structural dynamics applications be-
cause they are lightweight, robust, inexpensive and 

can be purchased in a variety of forms ranging from 
thin rectangular patches to complex shapes for use in 

MEMS fabrication. The applications of piezoelectric 
materials in structural dynamics are too numerous to 

mention and are detailed in literature. (Niezrecki et 

al. 2001, Chopra 2002). The main goal of this study 
was to evaluate the impedance-based SHM tech-

nique for CFRP debonding monitoring throughout a 
series of experimental studies. Firstly, a CFRP rein-

forced concrete specimen was fabricated and two 
PZT sensors were attached to the surface of the 

CFRP. Different conditions of CFRP attachment with 
perfect bonding, and 2cm, 4cm and 6cm debonding 

conditions were examined in sequence and wireless 
impedance measurements are taken according to 

each step using the impedance sensor node. 

2 THEORETICAL BACKGROUNDS 

2.1 Electromechanical Impedance-based SHM 
Techniques 

The E/M impedance-based SHM techniques employ 
small piezoelectric sensors attached to simultane-
ously excite the structure with a high-frequency, and 
monitor the changes in the E/M impedance signa-
ture. In addition, the self-sensing properties allow 
one piece of piezoelectric material to sense the input 
voltage and output current. When the PZT patch is 
surface-bonded to a host structure, Liang et al. 
(1994) reported that the electrical admittance (in-
verse of the electrical impedance), Y(ω), of a PZT 
patch is associated with the mechanical impedance 
of the host structure, Zs(ω), and that of a PZT patch, 
Za(ω) through Equation (1): 
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where w, l and h are the width, length and thickness 
of a PZT patch, respectively, and ε

_
T 
33= ε

T 
33(1-δј) is 

the complex electric permittivity of a PZT patch at 
constant stress, respectively. δ denotes the dielectric 
loss factor of a PZT patch, Y

_

E 
= Y

 E( 1 + η ј ) is the 
Yong’s modulus of a PZT patch at a constant elec-
tric field, η denotes the mechanical loss factor of the 
PZT patch, d31is the piezoelectric constant of a PZT 
patch, Zs(ω) and Za(ω) are the electrical impedance 
of a PZT patch and host structure, respectively, κ = 
ω(ρ/Y

_
E )1/2  is the wave number and ρ is the mass 

density of a PZT patch. It should be noted that the 
measured admittance function, Y(ω), is a complex 
number that consists of a real and imaginary part, 
and can be readjusted, as shown in equation (2).  
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



where G is the conductance (real part), B is the sus-
ceptance (imaginary part), C is the zero-load capaci-

tance of the PZT, k31 is the electromechanical cou-
pling coefficient of the PZT. Bhalla et al.(2002) 

reported that the real part of the measured admit-
tance can be changed more sensitively depending on 

the extent of structural damage than the imaginary 
parts, whereas Park et al. (2009) showed that the 

imaginary parts can be used more effectively for 
piezoelectric sensor self-diagnosis. 

2.2 Statistical damage metric: RMSD and 
correlation coefficient 

Assessments of the integrity of the mechanical struc-
ture can be made by observing some of the changes 
in the E/M impedance of the PZT. While impedance 
changes provide a qualitative assessment of the ex-
tent of damage, a quantitative measure of damage is 
made traditionally using a scalar damage metric, 
which is referred to as root mean square deviation 
(RMSD) as follows: 
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where Zi0 is the impedance of the PZT measured in 

the healthy condition (baseline), Zi1 is the impedance 
of the concurrent condition, and n is the number of 

frequency points. In a RMSD chart, a larger numeri-
cal value of the metric means a larger difference be-

tween the baseline reading and subsequent reading 
indicating the presence of damage in a structure. 

Temperature variations due to the surrounding 
changes would be nonexistent because they would 

result in a significant change in impedance, particu-
larly a frequency shift in the impedance, which may 

lead to erroneous diagnostic results of a real struc-
ture. However, it is a difficult and inevitable prob-

lem that needs to be overcome by engineers. Re-
cently, several studies reported the effects of 

temperature variations on the impedance measure-
ment (Bhalla et al. 2002, Koo et al. 2009). Bhalla et 

al. (2002) examined the influence of the structure-
actuator interactions and temperature on the imped-

ance signatures. Koo et al. (2009) proposed the ef-

fective frequency shift (EFS), ω , based on the 

maximum cross correlation coefficient between the 

reference impedance data, x(ω), and the concurrent 
impedance data, y(ω) as follows: 
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where x and y are the mean values of the impedance 
signals of x(ω) and y(ω), respectively, and σx and σY 

are the standard deviations for each. Since the cross-
correlation metric accounts for the vertical and hori-
zontal shifts of the impedance signatures normally 
associated with the changes in temperature, the pro-
posed EFS-based damage metric presents the tem-
perature compensation effects on the impedance 
measurements. 

2.3 Wireless sensor nodes for impedance-based 
structural health monitoring 

In this study, the impedance data was collected using 
a wireless impedance sensor node developed re-
cently by KAIST and the Korea Electronics Tech-
nology Institute (KETI) (Min et al. 2009). This wire-
less sensor node consists of three functional 
subsystems: (1) sensing interface, (2) computational 
core, and (3) wireless transceiver. The sensing inter-
face includes an interface to which a piezoelectric 
sensor and/or a temperature sensor (NTC-10KD-5J 
type) can be connected and an impedance chip 
(AD5933) to excite the piezoelectric sensor and 
measure the impedance signals. The computational 
core consists of a microcontroller (ATmega128L) 
for computational tasks and a flash memory with 
software programs for system operation and data 
processing. The wireless transceiver is an integral 
component of the wireless system, which is com-
posed of a RF module (CC2420) and antenna to 
communicate processing information with other 
wireless sensor nodes and/or transferring the proc-
essed data to the server. For a continuous SHM us-
ing a wireless sensor node, it is important to con-
struct signal processing algorithms to identify the 
damage in microcontroller (ATmega128L). The pre-
described algorithms for calculating the statistical 
damage metric (RMSD and cross-correlation coeffi-
cient) are embedded on the sensor node. Therefore, 
the user instantly receives both the processed and 
raw data. In addition, the server sends an alarm to 
the administrator if the damage metric is out of the 
pre-decided safe range. The strongest point of the 
sensor node is that it can compensate for the effect 
of temperature on the E/M impedance data and cal-
culate the damage metric on the microcontroller. 
Figures 2 and 3 show a prototype of the wireless im-
pedance sensor node and its block diagram, respec-
tively. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



3 EXPERIMENTAL STUDIES 

3.1 Experimental setup  

A series of experimental studies was carried out to 
examine the capability of the impedance-based SHM 
technique for CFRP debonding monitoring. As shown 
in Figure 4, a reinforced concrete specimen, 40 cm 
long, 10 cm wide and 10 cm thick, was prepared and 
a CFRP, 30 cm long, 5 cm wide and 3 mm thick, was 
attached to the bottom of the reinforced concrete 
specimen. Two PZT patch-type sensors (PZTs #1 and 
#2), 3.6cm x 3.6cm x 0.05cm, were bonded to the surface 
of the CFRP with super glue. PZT #1 and #2 were 
10cm and 20cm away from the right-end of CFRP, 
respectively. The PZT patches are used as both ac-
tuators and sensors simultaneously. A PZT patch 
simultaneously performs both roles of a transmitter, 
which sends the signal, and receiver, which receives 
the signal, at the same time. The measured imped-
ance signals are sent to a RF receiver connected to 
a laptop computer through the wireless impedance 

 
 

 
Figure 4. Experimental setun. 

 
Figure 2. Wireless impedance sensor node (Min et al 2009). 

 
Figure 3. Block diagram of sensor node. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
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explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 

sensor node. The impedance signals were measured 

5 times over the frequency range of 1 kHz ~ 3 kHz 
and averaged to reduce the S/N ratio of the imped-

ance data. This frequency range was chosen because 
it contains a good dynamic interaction between the 

PZT and structure with multiple resonant peaks. To 
examine the effects of CFRP debonding, different 

conditions of the CFRP bonding with perfect bond-
ing, and 2cm, 4cm and 6cm debonding conditions 

were investigated in sequence and the impedance 
measurements were performed in real-time accord-

ing to each step, as shown in Figures 5 and 6. 

3.2 Experimental result 

The real-time impedance signals were measured at 
both PZTs #1 and #2 according to the different 
debonding conditions with 2cm, 4cm and 6cm debond-
ing between the CFRP and concrete surface. Figures 
7 and 8 show the impedance data obtained from 
PZTs #1 and #2, respectively. In the right of Figures 
7 and 8, the frequency range of 2.35 kHz ~ 2.45 kHz 
was zoomed in to examine the impedance changes 
more clearly. In that figure, the change in the reso-
nant frequency of the measured impedance signal 
increased with increasing CFRP debonding area.  

 
Moreover, a comparison of Figure 7 with Figure 8 
showed that PZT #1, which was located closer to the 
debonding spot, responded more sensitively to the 
debonding conditions than PZT #2, which was lo-
cated further from the debonding spot, by showing 
larger shifts in the resonant frequency of the meas-
ured impedance data according to the increase in 
debonding. A cross correlation coefficients (CC)-
based damage metric of Equation (4) was calculated 
to quantify the changes in the measured impedance 
data according to each debonding condition. Table 1 
shows that as the CFRP debonding area increases 
from 0 cm to 2 cm, 4 cm and 6 cm, the CC-based 
damage metric increases as follows: 0, 0.15, 0.18 
and 0.23 at PZT#1, respectively, and 0, 0.03, 0.05 
and 0.07 at PZT#2, respectively. In addition, the rate 
of increase in the CC values is dependent on the lo-
cation of the PZT sensors. When the max CC value 
of PZT#1’s was 0.23 in the case of 6cm debonding, 
the max CC value of PZT#2 attached 10cm further 
away than PZT#1 was only 0.07. Figure 9 clearly 
shows the increase in max CC value and the change 
in the rates between PZT#1 and PZT#2. Overall, the 
impedance-based SHM technique using PZT sensors 
can be used effectively for wireless debonding moni-
toring of CFRP laminated concrete structures. 
 

 
Figure 6. Test specimen with CFRP debonding condition. 

 
Figure 5. Test specimen: A CFRP laminated concrete. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
Table 1. Damage index: 1-CC (Cross Correlation Coefficient). 

1-CC 
(Cross Correlation Coefficient) 

PZT 
 
Condition PZT#1 PZT#2 

Perfect bonding 0 0 

2cm debonding 0.15 0.03 

4cm debon ding 0.18 0.05 

6cm debonding 0.23 0.07 

4 CONCLUSION 

This study presented a new methodology for diag-
nosing the debonding condition of CFRP laminated 
concrete structures using PZT sensors. From the ex-
perimental study, the change in the impedance signal  

 
increased with increasing debonding. In addition, the 
PZT sensor located closer to the damaged area re-
sponded more sensitively to the debonding condi-
tions than the PZT sensor located further away. 
Moreover, the changes in the impedance signatures 
according to the debonding conditions and the loca-
tion of PZT sensor were evaluated using the CC 
(cross correlation) method as a statistical signal 
processing method. These results demonstrated that 
the impedance-based structural health monitoring 
(SHM) method can be used effectively to diagnose 
the debonding condition of CFRP laminated con-
crete structures. 

ACKNOWLEDGMENT 

This study was supported by the R&D(06 the core  
of construction B05) that was assigned by Korea In-
stitute of Construction & Transportation Technology 

 
Figure 7. Changes in the impedance signatures measured at PZT#1. 

 
Figure 9. 1-CC (Cross Correlation Coefficient) bar chart. 

 
Figure 8. Changes in the impedance signatures measured at PZT#2. 
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& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  

 

J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
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s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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