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Piezoelectric cement is a 0-3 type cement-based piezoelectric composite comprising 50% lead zirconate
titanate (PZT) particles. Piezoelectric cement sensors, which are based on the electromechanical impe-
dance (EMI) technique, are applied for the structural health monitoring (SHM) of cementitious materials.
The compressive strength (f,) of three cement mortar types with water-to-cement ratios of 0.4, 0.5, and
0.6 were monitored for 56 days using an embedded piezoelectric cement sensor (PEC sensor). The PZT
sensor was used as a counterpart in the experiments. The results indicate that the strength monitoring
capability of the PEC sensor is similar to that of the PZT sensor. However, the monitoring capability of
the PEC sensor is superior to that of the PZT sensor because the electrical impedance change of the
PEC sensor is more evident. The PEC sensor is easy to find an effective monitoring frequency at which
the conductance decreases with the age of the cementitious materials because it has the advantage of
a broader frequency bandwidth that provides higher recognizing ability than the PZT. For the PEC sensor,
a conductance root mean square deviation Gy in a high frequency region, such as that higher than
800 kHz, can promote the reliability of mortar strength monitoring. Based on the Gy value calculated
at the effective monitoring frequency, the relation between f. and Gy in the mortar presents a logarithmic
behavior. The PEC sensor is suitable for monitoring the change in material properties, especially for

cementitious materials.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two decades, many nondestructive testing (NDT)
methods for structural health monitoring (SHM) have been devel-
oped in the civil engineering domain; these methods are based on
the characteristics of waves, electrical, optical, acoustical, mag-
netic, and the mechanical properties of the tested materials [1,2].
For instance, the strength and damage evaluations of cement-
based composites and structures have been conducted using ultra-
sonic pulse velocity (UPV) methods [3-6], optical fiber [7,8], carbon
nanofiber [9], acoustic emission (AE) [10,11], vibration frequency
[12,13], X-ray computed tomography (CT) [14,15], and shape
memory alloy (SMA) wires for magnetic sensing [16]|. Moreover,
piezoelectric sensors fabricated using piezoelectric ceramics,
piezoelectric polymers, and piezoelectric composites are used as
sensors and actuators for SHM. Among them, lead zirconate tita-
nate (PZT) sensors comprising PZT ceramic or smart aggregates
(SAs) [17] have been widely applied to the evaluation of concrete
structures; they analyze the characteristics of resistance [18,19],
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voltage [20,21], frequency [13], dielectric constant [22], and impe-
dance [23,24] to assess and detect the strength and damage condi-
tions of these structures. Reliable NDT techniques developed for
real-time health monitoring of civil engineering structures are
being used currently.

Piezoelectric sensors based on electromechanical impedance
(EMI) technique are one of the most effective methods for SHM.
In these sensors, the piezoelectric sensor simultaneously acts as a
sensor and actuator [23,25]. Many studies [26-38] have conducted
the damage detection of structures by using a PZT sensor with the
EMI technique because of easy signal interpretation. For instance,
Tawie and Lee [26] investigated the bond development at the
steel-concrete interface according to the impedance change. Xu
et al. [28] identified structural damage by using PZT sensors
embedded and affixed on the host structures and determined the
root mean square deviation (RMSD) of impedance as an indicator
of damage. Divsholi and Yang [29] provided a method to assess
the local and overall damage to a reinforced concrete (RC) beam
based on the EMI technique for a single PZT sensor and the wave
propagation technique for multiple PZT sensors. Talakokula et al.
[30] used PZT sensors to detect the level of carbonation-induced
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rebar corrosion in RC by computing the conductance RMSD. PZT
sensors based on the EMI technique were used for corrosion detec-
tion in RC structures in previous studies [31,32]. Khante and
Gedam [34] measured the conductance and susceptance of a beam
by using embedded smart aggregate sensors for damage detection.
Dixit and Bhalla [36] employed PZT patches to monitor the accu-
mulated damage in a plain cement concrete subjected to fatigue
and impact-type loads.

For conducting SHM by using PZT sensors, except for damage
detection, strength monitoring is crucial in civil engineering. The
direct compression test is a traditional method used to evaluate
the compressive strength of concrete and mortar, and the test is
conducted on cylinders or cube specimens. In the past decade, non-
destructive active monitoring by using piezoelectric PZT sensors
for cementitious materials has been conducted through wave
propagation (WP)-based [39-43] and EMI-based monitoring
[26,44-51] with strength indicators [43,51]. PZT sensors can be
either embedded in or surface bonded onto cementitious material
specimens in both monitoring techniques. A PZT patch exhibits the
potential capability of strength and hydration monitoring.
Although the performance of the EMI technique in terms of
repeatability of signatures and performance consistency was
slightly inferior to the performance of the WP technique when
PZT patches were employed on the surface of a specimen for mor-
tar strength monitoring [42], the EMI technique, in general, has
been proven to be useful for strength monitoring of cementitious
materials [49].

PZT ceramics and smart aggregates [17] are commonly applied
as sensors for real-time SHM in civil infrastructures. However, the
PZT sensor is more effective for metals than for concrete [27]. For
concrete SHM, Li et al. [52] suggested that the unavoidable mis-
match of acoustic impedance and material density between PZT
sensors and cementitious materials (host structure) degrades the
signal sensitivity and usually causes false alarms during monitor-
ing. Thus, cement-based piezoelectric composites have been devel-
oped for SHM [22,52,53]. This development is especially useful for
concrete structures and overcomes the matching problem of
acoustic impedance and volume compatibility observed for con-
crete structures since 2002.

Cement-based piezoelectric composites with bar-like PZT inclu-
sions (1-3 type) and with plate-like PZT inclusions (2-2 type) have
higher piezoelectric properties than those with randomly oriented
PZT particles (0-3 type). Moreover, some 1-3-type and 2-2-type
cement-based piezoelectric composites that are used as sensors
and actuators have been applied for traffic monitoring and con-
crete damage detection [54-56]. Xu et al. [55] mentioned that
piezoelectric composite sensors are more sensitive to the impe-
dance influence of the coupled structure, although PZT ceramic
sensors have more resonant peaks and larger peak values. They
concluded that 2-2-type and 1-3-type cement/polymer based
piezoelectric composites with the EMI technique can detect the
damage of concrete structures.

Many studies [52,57-65] have been conducted to enhance the
piezoelectric properties of 0-3-type cement-based piezoelectric
composites (termed as piezoelectric cement) comprising piezo-
electric particles and a cement matrix because of lower piezoelec-
tricity. Moreover, for piezoelectric cement with 50% PZT, the values
of the piezoelectric strain factor ds3 were achieved to be >100 pC/N
by using the temperature treatment technique [62-65]. Piezoelec-
tric cement with higher piezoelectric properties, such as d33 > 70
pPC/N, can be commercially used as sensors and actuators to detect
and monitor concrete structures. Piezoelectric cement sensors
through frequencies, mechanical-electric responses, and AE tech-
nologies have been proposed for the use of concrete SHM [66-
71]. However, piezoelectric cement sensors based on the EMI tech-
nique are still seldom reported for the use of concrete SHM. For the

EMI technique, Pan et al. [72] preliminarily employed a piezoelec-
tric cement sensor (0-3 type with 50% PZT) based on the EMI tech-
nique to monitor the strength development and to detect damage
in concrete. They indicated that the piezoelectric cement sensor
can be applied for concrete SHM, and that the electric impedance
sensitivity of the piezoelectric cement sensor is higher than that
of the PZT sensor when the piezoelectric cement sensor has a ds3
value of 101 pC/N.

In this study, piezoelectric cement as a sensor embedded in
cement mortar was used to evaluate the strength development of
the mortar from 1 to 56 days by using the EMI technique. The
piezoelectric cement sensor (PEC sensor) comprised PZT ceramic
particles and cement in equal volumes, that is, 50% volume of each,
and was polarized to induce piezoelectricity. A PZT sensor fabri-
cated using 100% PZT ceramic was used as the counterpart in the
experiments. The PEC and PZT sensors were subjected to the same
poling process. Three cement mortar types with water-to-cement
ratios (w/c) of 0.4, 0.5, and 0.6 were used. Moreover, two sen-
sors—PEC and PZT—were used with the EMI technique and embed-
ded in mortar to assess the compressive strength of the mortar
specimens.

2. Experiments
2.1. Manufacturing of piezoelectric specimens

For PZT/cement composites, the composite with 40-50 vol% PZT
was found to have an acoustic impedance matching that of con-
crete [52]. To diminish the mismatch in acoustic impedance and
deformation between the PZT sensor and cementitious materials,
piezoelectric cement, which is a two-phase PZT/cement composite
with PZT particles and type I Portland cement in equal proportions
in terms of volume, was used. The acoustic impedance p, of the
piezoelectric cement was approximately 9-10 x 10° kg-m2s7!,
which is close to the p, value of concrete (9 x 10° kg-m~2s71).
The cement matrix in this study was fresh cement, and it had a
fineness value of 349 m?/kg and specific gravity of 3.15. Nonpolar-
ized PZT ceramic, which was a flat disk originally, was pulverized
to 75-150-pm particles with a specific gravity of 7.9, dz3 value of
470 pC/N, relative dielectric constant ¢, of 2100, dielectric loss D
of 1.5%, and thickness electromechanical coupling coefficient K;
of 0.72; this was provided by Eleceram Technology Co. Ltd.,
Taiwan.

To fabricate the piezoelectric cement specimen (PEC specimen),
PZT particles and cement were mixed uniformly by using a solar-
planetary mill for 5 min without adding water. Then, the mixture
(composite) was placed in a cylindrical steel mold with a diameter
of 15 mm and pressed by applying 80 MPa compression. Thus, a
disk-like specimen was formed. The specimens were cured at
90 °C and a relative humidity of 100% for 24 h to produce suitable
strength. After curing, the specimens were polished to a thickness
of 2 mm. Both sides of the specimens were coated with silver paste
(SYP-4570, Ag PRO Technology Corp.) to form the electrodes. A PZT
ceramic specimen in the shape of a flat disk with 12-mm diameter
and 1.8-mm thickness was provided by a commercial company,
and the properties of the specimen are the same as the PZT parti-
cles in piezoelectric cement.

Prior to polarization, the PEC specimen was subjected to the
pretreatment and post-treatment at 140 °C for 40 min [64]. The
temperature treatment technique involves double heating on the
specimen before and after the manufacturing of electrodes. How-
ever, the PZT specimen did not undergo the double-heating process
in this study because the heating temperature has less influence on
the ds3 value of PZT ceramic [62]. Both the PEC and PZT specimens
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were polarized by applying 1.5 kV/mm at 150 °C for 40 min to
induce piezoelectricity.

2.2. Properties of piezoelectric specimens

After completion of polarization, the piezoelectric properties of
the piezoelectric specimens were measured at 23 °C and a relative
humidity of 50% for 100 days. Fig. 1 displays the ds3 values of the
PZT and PEC specimens, where each experimental value is an aver-
age of nine positions of the specimens and the solid lines are the
average of three specimens. The dsz3 values of the PZT specimens
were not sensitive to their age, and the average value was approx-
imately 422 pC/N. However, the ds3 values of the PEC specimens
depended on specimen age and approached a constant value
(d33 =99 pC/N) after 70 days. Previous studies [58,73,74] indicated
that the ds3 values developed with the age and gradually reached
constant are always observed from 10 to 60 days after the polariza-
tion, depending on PZT content and size, specimen forming tech-
nique, poling time and applying voltages. The mechanisms of
age-dependent d3; for 0-3 type PZT/cement composites are still
under investigated. Pore structures and the main hydrated prod-
ucts (CH and CSH) in cement matrix are influence factors on the
development of d33 with age. As the age increases, less pores were
found in the specimen, resulting in higher intensity of stress trans-
mission which enhances dss. In essence, the ds3 value of the PZT
specimens is higher than of the PEC specimens.

Fig. 2 and Fig. 3 display the impedance Z of the PZT and PEC
specimens from the first day to the 90th day after polarization.
The electrical impedance decreased with the increase in the scan
frequency for both the PZT and PEC specimens, except at the reso-
nant frequency. Moreover, the impedance value of the PZT speci-
men in Fig. 2 had no age dependence; that is, the impedance on
the 90th day was almost the same as that on the first day. How-
ever, the electrical impedance of the PEC specimen in Fig. 3
declined rapidly during the first 7 days and then gradually
approached asymptotic stability after 60 days, that is, the impe-
dance of the PEC specimen underwent less change after 60 days.
The PEC specimen after 60 days is the timing to fabricate PEC sen-
sor. Noted that the electrical impedance decreased with the age of
the PEC specimen that was not equivalent to the reduction in the
resistance (R) of the PEC specimen. The experimental data indi-
cated that the resistance, which is the real component of the elec-
trical impedance, of the PEC continued to increase with age.
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Fig. 3. Impedance spectra of the PEC specimen for 90 days.

2.3. Mortar specimens and sensor packaging

Cement mortar comprised type I Portland cement and the ASTM
C778 standard sand with the mass proportion of cement to sand of
1:2.75 in all the mortar mixes. The mortar specimen was a 50-mm
cube. The compressive strength of three cement mortar types with
different w/c ratios of 0.4, 0.5, and 0.6 was evaluated at the speci-
men ages of 1, 3, 7, 14, 21, 28, and 56 days by conducting the direct
compressive test.

The piezoelectric sensors were fabricated using the PZT and PEC
specimens as sensing elements and asphalt as the packaging mate-
rial. The asphalt coating (packaging material) entirely covered the
sensing element (circular disk) and copper foil tape (as conductive
wires) to ensure sufficient insulation ability of the sensor, as shown
in Fig. 4. Then, heat-shrinkable tubing (thermal casing) was
wrapped on the sensor, except for the sensing element part, to
ensure the insulation protection of conductive wires. To evaluate
the strength development in mortar, a piezoelectric sensor was
embedded in the center of each mortar specimen that underwent
wet curing, as shown in Fig. 5. Moreover, the impedance spectra
corresponding to the age of the specimen under direct compressive
testing were obtained for 56 days.
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Fig. 4. Compositions of the piezoelectric sensor.
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Fig. 5. Mortar specimens with embedded piezoelectric sensors cured in water.

2.4. EMI measurement

The piezoelectric PEC and PZT sensors serve as piezo-impedance
sensors embedded in cement mortar (the host structure). The EMI
technique is based on dynamic equilibrium of dynamic sensor

properties and structural stiffness. The electrical admittance Y
(the reciprocal of impedance) of the piezoelectric material is gov-
erned by the following equation [75]:

- , P 2d3YE
Y=G+iB=4wi: 833—(1_U)

2d2,YF ( Zaor
h

(1 — U) Zs.eff+Za‘eff) T:| (])

where G represents conductance, B represents susceptance, i is the
imaginary unit, and w is the circular frequency of the electric field
applied for actuation. Moreover, | and h are the half-length and
thickness values of the piezoelectric material (sensor), respectively.

¢l is a complex dielectric constant at a constant stress, ds; is the
piezoelectric strain factor, Y is the complex Young’s modulus under

a constant electric field, v is the Poisson’s ratio of piezoelectric
material, and T is the complex tangent ratio. Here, Z, . and Z off
are the mechanical impedance of the piezoelectric material and
the substrate (the host structure), respectively. In Eq. (1), as the
impedance of the host structure Z ¢ changes, the electrical admit-

tance Y also varies. That is, any change in the mechanical properties
of the host structure causes changes in the mechanical impedance
that induces changes in the electrical impedance of the piezoelec-
tric sensor [23,25]. This provides the basis for the sensing method-
ology for inferring the mechanical impedance of the surrounding
structure. In monitoring, the magnitude of the admittance value is
not the main concern, but the change of admittance. Therefore,
when the sensor is embedded in the mortar in different orienta-
tions, the directivity of sensor has little effect on the strength mon-
itoring results. Moreover, Park et al. [24] indicated that the
imaginary component of the electrical admittance (or susceptance
B) is more sensitive to temperature variation than the real compo-
nent (conductance). This implies that conductance G is more prefer-
able for SHM. This well-known EMI technique using PZT patches
and smart aggregates has been applied for monitoring the strength
development of cementitious materials [44-51].

Here, a PEC sensor embedded in cement mortar was used to
evaluate the mortar strength by using the EMI technique. The elec-
tric impedance spectra of the sensor were acquired using an impe-
dance analyzer (Wayne Kerr 6520A) in the scan range of 20-
2000 kHz with 1600 points, as shown in Fig. 6. Each impedance
value that was obtained at an interval of 1.25 kHz. A specific fre-
quency range was selected as the effective monitoring frequency.
In this range, the conductance decreased with increasing age. Con-
ductance changes in this frequency range was used to calculate the
RMSD. The conductance RMSD is as indicator, and it correlated
with the specimen strength development.

3. Results and discussion
3.1. Impedance of piezoelectric sensor

After the polarization of the PZT and PEC specimens, the electric
impedance on the 90th day (piezoelectric specimen), 91st day
(specimen adhered with copper foil tape), 92nd day (specimen
after the asphalt coating), and 93rd day (the sensor embedded in
the mortar) was compared, as shown in Figs. 7 and 8. The impe-
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Impedance analyzer

Fig. 6. Electrical impedance measurement of cement mortar.
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Fig. 8. Impedance spectra of the PEC specimen before and after packaging.

dance spectra of the PZT specimen before and after packaging are
shown in Fig. 7. An apparent resonant frequency was observed
near 200 kHz (the first resonant peak) prior to the packaging of
the PZT specimen. After the copper foil tape was affixed to the elec-
trodes using silver paste (SYP-70A), the impedance at the resonant
peak of the specimen considerably decreased from approximately
40 kQ to 10 kQ. The resonant peak continued to decline after the
asphalt coating. Then, the resonant peak for the PZT sensor embed-
ded in the mortar was found to be the lowest. The packaging of the
PZT specimen caused a decline of the conductance in the resonant
peaks because the surrounding materials (copper foil tape, asphalt,
and mortar) affected the electrical impedance of the PZT sensor, as
verified using Eq. (1). Similar investigations on the conductance of
the PZT patch attached on the surface of the concrete specimens
[45] and embedded inside the mortar specimens [76] were also
reported. The first resonant peak of the PZT sensor was still visual-
ized after the PZT sensor was embedded in the mortar specimens,
although the resonant peaks exhibited a large decline. Compared
with the PZT specimen (without the packaging materials), the
impedance decrease of the embedded PZT sensor was very small
in the scan frequency range of 20 Hz — 1000 kHz, except for the
impedance near the resonant peaks.

It is necessary to pack the PEC specimen after 60 days of polar-
ization due to the age-dependent impedance (Fig. 3). In this study,
PEC packaging was conducted after 90 days. Fig. 8 displays the

impedance spectra of the PEC specimen before and after packaging.
The primary resonant peaks (near 150 kHz) decreased when the
PEC specimen was covered with asphalt, similar to the finding
for the PZT sensor. However, the impedance value declined appar-
ently in the entire scan frequency and in the absence of a resonant
peak when the PEC sensor was embedded in mortar (cementitious
material). This distinct impedance change indicates that the PEC
sensor is more suitable for cementitious material SHM than the
PZT sensor because of its impedance sensitivity in mortar.

3.2. Conductance and the age

Twelve specimens were prepared for each mortar type. A piezo-
electric sensor comprising six PZT and six PEC sensors was embed-
ded in each specimen to measure the conductance values for
56 days. Fig. 9 displays the conductance spectra of the PZT-1 sensor
in the mortar specimen with a w/c ratio of 0.5 from day O to day 56,
where day O represents the final setting time of the mortar. The
first peak of the conductance spectra is in the range of about 50-
150 kHz. Within this range, the conductance spectra oscillate
extraordinarily and no regular trends in conductance change with
the age were observed, leading to find an effective monitoring fre-
quency range difficultly. The conductance near the second reso-
nant peak (zone A, 334-364 kHz) and the third resonant peak
(zone B, 496-561 kHz) exhibited a declining trend with the
increase in specimen age. These two frequency zones are the effec-
tive monitoring frequencies of the PZT-1 sensor that are suitable
for the strength monitoring of mortar because the conductance
decreases with increase in the age, thus reflecting that some phys-
ical meanings that correlate with the mortar strength and speci-
men age. Table 1 lists the effective monitoring frequencies of the
six embedded PZT sensors for each mortar. The effective frequen-
cies of all three mortar types were at the second resonant peak
but were not always observed at the third peak.

The conductance spectra of the embedded PEC sensors in the
mortar specimen were also acquired for 56 days. For example,
the conductance spectra of the PEC-1 sensor at a w/c ratio of 0.5
is shown in Fig. 10. No resonant peaks were observed. Moreover,
the conductance curves of the PEC-1 sensor exhibited less fluctua-
tion in the entire scan frequency compared with the PZT-1 sensor
in Fig. 9. The conductance curves displayed in Fig. 10 are smooth.
Thus, the conductance changes can be more effectively distin-
guished with the increase in age. In other words, the regularity
between the conductance and specimen age can be easily recog-
nized in the conductance curves measured using PEC sensors.
The conductance variations increased as the frequency increased.

70
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Fig. 9. Conductance spectra of the PZT-1 sensor in the mortar for 56 days.
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Table 1
Effective monitoring frequency of embedded PZT sensors in mortar.

Mortar Effective monitoring frequency (kHz)
PZT-1 PZT-2 PZT-3 PZT-4 PZT-5 PZT-6
w/c =04 2nd peak 330-368 347-385 311-382 325-375 279-371 334-342
3rd peak 520-557 534-561 —* 501-557 496-576 519-556
w/c=0.5 2nd peak 334-364 268-334 275-350 332-388 260-345 315-370
3rd peak 496-561 517-588 505-554 — 484-571 —*
w/c = 0.6 2nd peak 309-364 283-358 297-364 274-361 274-388 325-343
3rd peak 510-590 - —* —* 511-559 514-543

" Note: Conductance has no sequent order pertaining to the ages.
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Fig. 10. Conductance spectra of the PEC-1 sensor in the mortar for 56 days.

Moreover, the effective monitoring frequency of the PEC-1 sensor
in the mortar specimen with a w/c ratio of 0.5 was 72-2000 kHz.
Within effective monitoring frequencies, the conductance
decreased (or the resistance increased) with the increase in mortar
specimen age, thus reflecting a connection between mortar
strength and specimen age. Table 2 lists the effective monitoring
frequency of six embedded PEC sensors in each mortar. A compar-
ison of Table 1 and Table 2 reveals that the bandwidth of the effec-
tive monitoring frequency of the PEC sensor is broader than the
bandwidth of the PZT sensor. The reason for the broader band-
width is that the mechanical properties and acoustic impedance
of the PEC sensor, fabricated by PEC which is a piezoelectric com-
posite, are much close to those of cement mortar. Thus, compared
with the PZT sensor, the PEC sensor is more sensitive to conduc-
tance variations as the mortar conductance changes. This superior
monitoring characteristic makes the PEC sensor more applicable to
cementitious material SHM.

3.3. Conductance and compressive strength

For PZT sensors, two methods can be used to assess the strength
development and mechanical properties of cementitious materials:
using frequency peak and using conductance at the resonant peak

Table 2
Effective monitoring frequency of embedded PEC sensors in mortar.

[26,42,44-51,55,76,77]. Here, the conductance at the resonant peak
of the embedded PZT was selected to correlate with the mortar
strength. Fig. 11 displays the conductance of the embedded PZT-
1 sensor at two resonant peaks (348 kHz at the second peak and
541 kHz at the third peak in Fig. 9) in a mortar specimen with a
w/c ratio of 0.5. The two conductance curves display the trend of
decrease in conductance with the increase in the mortar age. This
result is observed because more hydration of the mortar induces
more cement solids, which increase the electric resistance of mor-
tar. In other words, an increase in the compressive strength with
age causes a conductance decrease. The conductance-age curves
of other PZT sensors, with conductance values at 28 resonant peaks
within the effective monitoring frequency presented in Table 1,
have similar conductance decreases with the ages. The conduc-
tance at the resonant peak is correlated with the strength develop-
ment if the PZT sensor is applied. Obviously, the conductance
selected at the second resonant peak by the PZT measurement is
valid and reliable for mortar strength monitoring because the
effective monitoring frequency always occurs near the second res-
onant peak, as listed in Table 1.

Fig. 12 shows the conductance of the specimen at a w/c ratio of
0.5 that was measured using the PEC-1 sensor at 500 kHz and
1800 kHz, where 500 kHz and 1800 kHz were picked arbitrary
within the effective frequency range (Fig. 10). The conductance
curves display a decreasing trend as the compressive strength of
the mortar specimen increases. This correlation between the con-
ductance and strength was found for all conductance values at
the specific frequency within the effective monitoring frequency
range (72-2000 kHz) in Fig. 10. This decreasing trend of conduc-
tance with the increase in strength is also true for the conductance
selected at any frequency within the effective monitoring fre-
quency in Table 2. This means that the conductance corresponding
to a frequency within the effective monitoring frequency range has
the capability of mortar strength monitoring if the PEC sensor is
used. Compared with the PZT sensor, the PEC sensor has the advan-
tage of a broader effective frequency for mortar strength monitor-
ing. Thus, the PEC sensor is a conducive replacement to the PZT,
especially for cementitious material SHM.

3.4. Conductance RMSD and compressive strength

Many parameters, such as RMSD, mean absolute percentage
derivation (MAPD), and correlation coefficient derivation (CCD),

Mortar Effective monitoring frequency (kHz)

PEC-1 PEC-2 PEC-3 PEC-4 PEC-5 PEC-6
w/c=04 594-2000 383-2000 57-2000 84-2000 853-2000 —*
w/c = 0.5 72-2000 783-2000 434-2000 330-2000 392-2000 423-2000
wjc = 0.6 801-2000 167-2000 251-2000 49-2000 1163-2000 134-2000

" Note: Conductance in some discrete frequency ranges has sequent order pertaining to the ages.
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Fig. 11. Conductance of the PZT-1 sensor at the resonance peak correlated with
compressive strength.
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Fig. 12. Conductance of the PEC-1 sensor at a specific frequency within the effective
frequency correlated with compressive strength.

have been employed to correlate the strength development of
cementitious materials with the electrical conductance of PZT sen-
sors [26,46,50,51]. RMSD was suggested to be the most accurate
parameter among all parameters for monitoring the properties of
cementitious materials at an early age [51]. Wang and Zhu [46]
suggested that the RMSD of real admittance (conductance) pro-
vides a more accurate reflection the variations in concrete com-
pressive strength than the RMSD of imaginary admittance
(susceptance) if the PZT patch was embedded in a concrete cube
for 28 days. Here, the RMSD index of conductance was used to
evaluate the compressive strength of cement mortar.

Fig. 13 displays the actual correlation between the compressive
strength and the conductance RMSD of the PZT-1 sensor that was
placed in the mortar specimen with a w/c ratio of 0.5 at different
ages, where the baseline spectra at the final setting time (day 0)
of the mortar were chosen to calculate the RMSD at different ages
of the mortar specimen. The conductance values that were
obtained at an interval of 1.25 kHz were selected within the effec-
tive monitoring frequency of the second and third peaks (Fig. 9).
The regression curves of the conductance RMSD and the age in
Fig. 13 satisfy a two-parameter logarithmic behavior expressed
as follows.

Gr=a; +ayInt (2)

where G is the RMSD value of conductance, t represents the age
(unit: day), and a; and a, are the material parameters. This relation

40 0.25
-]
wic=0.5 compressive strength
. 4 0.20
a
- o

s 30 )
-g) | < 0.15 3
g conductance RMSD s
= PZT-1 sensor %
o wr 334--364 kHz (2" peak) qo10 ¢
2 ™ s
a | conductance RMSD g
g PZT-1 sensor . 4005 2
£ 496--561 kHz (3™ peak) o

10 | (& ]
o
(8]

| < 0.00
0 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60

Age (day)

Fig. 13. The development trends between the compressive strength at a w/c ratio of
0.5 and conductance RMSD of the PZT-1 sensor near the resonant peaks.

is also suitable for the other PZT sensors embedded in mortar if the
conductance RMSD was calculated within the effective monitoring
frequency range. Moreover, the regression curve pertaining to the
experimental compressive strength f, of the mortar specimens at
different ages (in Fig. 13) also presents a logarithmic function as
that presented in Eq. (2) and has the following form:

fe=a3+a4lnt 3)

where a3 and a4 are the material parameters. This logarithmic rela-
tion is similar to an exponent function proposed by Wang and Zhu
[46] for a concrete specimen at the age of 1-28 days and can be
given as follows:

y = explby +by/(x+ bs)] 4)

where y is the compressive strength of the concrete specimen, x is
the age of the specimen, and by, by, and bs are the material param-
eters. Fig. 13 reveals that the compressive strength f. has a strong
high correlation with Gy at different ages.

However, this high correlation for all mortars monitored using
the PZT sensors was obtained only for the conductance RMSD cal-
culated from the effective monitoring frequency near the second
peak because some RMSDs calculated from the conductance near
the third peak (Table 1) did not always exhibit regularity with
increase in the age of the specimen. Due to some uncertain risks
of finding the effective monitoring frequency near the third peak
and to ensure the reliability of mortar compressive strength esti-
mation, the conductance near the second peak was suitable to cal-
culate the RMSD value if the PZT sensor was used.

When the PEC sensor was embedded in the mortar, the experi-
mental compressive strengths and two conductance RMSD curves
were determined for the specimens with w/c ratios of 0.4, 0.5,
and 0.6 (Figs. 14-16). In this case, the RMSD values were calculated
corresponding to their effective monitoring frequency in Table 2.
All regression curves of the conductance RMSD measured using
the PEC sensor also followed a logarithmic behavior in Eq. (2) when
the coefficient of determination r* was >0.97. The development
trends between the compressive strength and the conductance
RMSD with the ages were very similar to each other. After inspect-
ing the conductance signatures of all PEC sensors within the effec-
tive monitoring frequency (Table 2), all PEC sensors were found to
display a similar logarithmic relation related to f. and Gy at differ-
ent ages, as expressed in Egs. (2) and (3). For conducting strength
monitoring by using a PEC sensor, the conductance value can be
selected at any frequency intervals within the effective frequency
range to calculate the RMSD. This result is different from PZT mea-
surement, which only provides a reliable frequency range near the
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Fig. 14. The development trends between the compressive strength at a w/c ratio of
0.4 and the conductance RMSD of the PEC-4 sensor within the effective frequency.

40
compressive strength 107
w/c=0.5
E <06
- o
g W P
= 1%5 g
s I 7]
=]
c conductance RMSD s
g H04 &
- PEC-1 sensor (800--2000 kHz) ©
» 20 Q
c
3 Jo3 s
] i o
2 conductance RMSD 3
o
s PEC-1 sensor (72--700 kHz) 1°%2 §
E 10f o
o
© o041
-0.0
0 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60

Age (day)

Fig. 15. The development trends between the compressive strength at a w/c ratio of
0.5 and conductance RMSD of the PEC-1 sensor within the effective frequency.
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Fig. 16. The development trends between the compressive strength at a w/c ratio of
0.6 and conductance RMSD of the PEC-3 sensor within the effective frequency.

second peak. Moreover, the RMSD ranges presented in Figs. 14-16
exhibit bigger than the ranges measured using the PZT sensor
(Fig. 13). For instance, at w/c = 0.5 the Gg range in Fig. 15 (PEC sen-
sor) is 0.75, greater than that 0.25 in Fig. 13 (PZT sensor). This
implies that the PEC sensor has higher the sensitivity for strength
monitoring of cementitious materials than the PZT sensor.

3.5. Determination of compressive strength

To assess the compressive strength of mortar by using an
embedded piezoelectric sensor and the EMI technique, the correla-
tions between the compressive strengths of the mortar specimen
and conductance RMSD values using the PZT and PEC sensor were
considered and are plotted in Figs. 17 and 18, respectively, for dif-
ferent w/c ratios. The regression curves related to the compressive
strength and conductance RMSD for both piezoelectric sensors
exhibit nonlinear relation and satisfy the following equation:

fe=a+cIn(Gr —c3) (5)

where f. is the compressive strength and c;, ¢;, and c; are the mate-
rial parameters. The relation between compressive strength and
EMI-based-conductance RMSD is a three-parameter logarithmic
function for PZT sensors in Fig. 17 with r? > 0.94 and for PEC sensors
in Fig. 18 with r? > 0.97. This logarithmic relationship presented in
Eq. (5) is valid for the compressive strength of the mortar specimens
monitored through PZT and PEC measurements.

A similar study on the concrete strength monitored by the PZT
sensor for 28 days revealed an exponential relation between the
strength and RMSD values [46]. In this case, the RMSD value was
calculated from the conductance in the range of 150-350 kHz near
resonant peak. The RMSD calculations in the selected frequency
range [46] did not full consider whether the decrease in the con-
ductance is related to the increase in concrete age. Thus, the curves
between the compressive strength and the conductance RMSD
exhibited an upward trend as the conductance RMSD increased
(that is, the concrete compressive strength tended toward infinity
as the RMSD values increased). In Figs. 17 and 18, the conductance
RMSD values were calculated by considering the conductance
within the effective monitoring frequency. The results revealed
that a logarithmic relation is obtained between f, and Gg, that is,
the compressive strength tended toward finite values if the con-
ductance RMSD continued to increase. The construction of the
f.—Gg curve with a logarithmic relation in Eq. (5) seems more rea-
sonable for mortar. Moreover, Su et al. [51] investigated early age
(4 h to seventh day) strength of the mortar specimens by using
PZT patches mounted on the surface of the specimens and found
a linear correlation between the strength at an early age and RMSD
indices, where the conductance RMSD were processed at the fre-
quency range from 100 k to 400 kHz. This approximate correlation
is somehow obtained in Fig. 17 and Fig. 18 at the first three points
(first, third, and seventh day) of the f.—Gg curves. The electrical
conductance obtained in the effective monitoring frequency range

50

wlc=0.4

30

20 |-

Compressive Strength (MPa)

10

PZT sensors
effective frequency near 2"d peak

0 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Conductance RMSD, G,

Fig. 17. Relation of conductance RMSD of the PZT sensor and compressive strength.
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Fig. 18. Relation of conductance RMSD of the PEC sensor and compressive strength.

is necessary to evaluate the compressive strength of cementitious
materials if piezoelectric sensors are used for monitoring of
cementitious materials based on the EMI technique.

Figs. 17 and 18 show that both the PEC and PZT sensors have
similar ability to monitor the compressive strength of mortar.
The correlation between conductance RMSD and compressive
strength of mortar follows a logarithmic relation, as presented in
Eq. (5). In particular, a comparison of Figs. 9 and 10 reveals that
the effective monitoring frequency can be selected more conve-
niently when the PEC sensor is used for mortar (cementitious
material) monitoring. Moreover, a comparison of Fig. 13 and
Fig. 14 — 16 suggests that the Ggsensitivity to assess the compres-
sive strength of mortar is higher when the PEC sensor is used. If a
PEC sensor is embedded in mortar to evaluate the compressive
strength, conductance signatures used to calculate Gy are sug-
gested to be in the higher frequency range, such as 800-
2000 kHz (Table 2). This is based on the observation that a higher
frequency range of PEC sensor is easy to fall in the range of effec-
tive monitoring frequency, causing more reliable strength
determination.

In addition, Figs. 17 and 18 also show that the relationship
between the compressive strength and the conductance RMSD is
highly dependent on the w/c, because cement mortars (cementi-
tious material) with the same composition but different w/c usu-
ally have different compressive strength. The w/c in the mortar
can affect the amount and size of pores, the material properties
of the cement solids and the solid microstructure of the mortar,
and these factors are considered to affect the compressive strength.
Similar to the compressive strength, these factors in cement mor-
tar also affect the conductance. Even cement mortars with the
same compressive strength may have different conductance and
vice versa. For instance, given a conductance RMSD of 0.15 from
PZT sensor (Fig. 17), the predicted compressive strength could vary
from 20 MPa to about 40 MPa (100% difference). Similarly, given a
conductance RMSD of 0.3 measured from PEC sensor (Fig. 18), the
predicted compressive strength value could change from 20 MPa to
30 MPa (50% of difference). Obviously, it is difficult to predict com-
pressive strength using only a single measurement parameter
(such as electric conductance or frequency), just as other NDT
methods may encounter similar difficulties in SHM. Therefore, it
is necessary to establish a specific database corresponding to its
NDT technology and the measured object, especially for commer-
cial use. Here, when considering the w/c effect, it is suggested to
use the power law to modify the relationship between the com-
pressive strength and conductance RMSD in Eq. (5), that is, the

modified equation has the form of f.=[c; + c2In(Gr —c3)]:
p(w/c), where the factor p(w/c) affected by the w/c can be deter-
mined from experiments and regression analysis. Once the
p(w/c) is known, the compressive strength of cement mortar can
be estimated from the Gi. The more influence factors considered,
the more accurate the prediction of compressive strength.

4. Conclusions

The PEC sensor fabricated by mixing 50% PZT particles in
cement matrix had an acoustic impedance close to that of concrete
prepared for SHM. A PEC sensor with a ds3 value of 99 pC/N was
embedded in a mortar specimen to evaluate the compressive
strength for 56 days. The PEC sensor based on the EMI technique
was investigated and compared with a PZT sensor. The experi-
ments revealed that, compared with the PZT sensor, a more sensi-
tive distinction was observed in the electrical impedance of the
PEC sensor before and after the sensor was embedded in mortar.
This implies that the PEC sensor is superior to the PZT sensor for
strength monitoring for cementitious materials. The PEC sensor is
beneficial for evaluating the change in the material properties in
SHM with higher accuracy. According to the trend of conductance
decrease with specimen age, the conductance in the effective mon-
itoring frequency was selected to calculate the RMSD correlated
with the strength. For mortar strength monitoring by using the
PZT sensor, the effective monitoring frequency was usually present
near the second resonant peak with a narrow frequency bandwidth
of less than 100 kHz. For most embedded PEC sensors, the effective
monitoring frequency located at the higher frequency region can
be selected, that is, 800-2000 kHz in this study, to ensure reliable
strength estimation of the mortar. This causes the effective moni-
toring frequency of PEC sensor more easily to be obtained than that
of the PZT sensor during cementitious material SHM. Based on the
conductance RMSD in the effective monitoring frequency, the rela-
tion between the mortar compressive strength and the conduc-
tance RMSD was concluded to have a three-parameter
logarithmic function shown in Eq. (5). The logarithmic relation of
f. and Gy was valid from day 1 to day 56 for the cement mortar
monitored using the PZT and PEC sensors. The PEC sensor can be
used as a replacement of the PZT sensor, especially for the SHM
of cementitious materials.
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