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� The comprehensive study of using PZT based EMI method to monitor the properties of cement mortar.
� Experiments were conducted on mortar with various w/c ratio on different cements.
� RMSD is the most efficient index to reflect the stiffness growth of cement mortar.
� The EMI-RMSD index might be independent from the various w/c ratio of cement mortar.
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The use of piezoelectric materials based Electromechanical Impedance (EMI) technique for monitoring
the hydration of cementitious materials has caught much attention recently. However, very few
literatures have explored the feasibility of using this method on monitoring the stiffness development
and compressive strength gain at the very early age properties (4th–8th h) of cementitious materials.
This research serves as a comprehensive study to verify the reliability of using lead zirconate titanate
(PZT) based EMI method in monitoring the compressive strength gain and elastic modulus of mortar
at both very early age (4th–8th h) and early age (1st, 3rd, and 7th day). Extensive experiments and data
analysis have been done on ten different mixes with various water-to-cement ratio and Type I & III
cement. The EMI signatures are measured for each sample at the period of interest, and
post-processed with three statistic model including the root mean square deviation (RMSD), correlation
coefficient deviation (CCD), and mean absolute percentage deviation (MAPD) as indices. To examine the
correlation and linearity between the compressive strength/elastic modulus obtained via conventional
cubic testing using ASTM C109 and the EMI indices, a linear least square regression analysis is performed.
As the authors postulated, all the mixes display a good linear correlation of R2. Among all three statistical
indices, RMSD index is proved as the most accurate statistical index on strength gain monitoring of
cementitious materials. The results indicated the feasibility of using piezoelectric-based EMI method
for monitoring the cementitious material’s strength gain at very early age, regardless the concrete mix
design.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

It is critical to develop accurate and reliable nondestructive
testing (NDT) methods for in-situ monitoring the strength gain of
cementitious materials at very early and early age, due to fast-
paced construction schedule, particularly airport or highway over-
lay paving projects. Nevertheless, the conventional destructive
testing methods such as compressive test and flexural test are very
time consuming, moreover, the curing condition of the tested sam-
ples and in-situ condition are quite different. An NDT method
which can directly correlate with the mechanical properties of
cementitious materials regardless the curing condition, mix design,
size effect is needed for in-situ application.
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Piezoelectric materials based electromechanical impedance
(EMI) technique have shown promised in addressing this chal-
lenge, as it has been used for both properties monitoring and dam-
age detection of the concrete structure. Due to the direct and
inverse piezoelectric effect, piezoelectric materials can act as sen-
sor, actuator and transducer [1–3]. Among them, the piezoceramic
material- PZT (lead zirconate titanate), has been heavily used as a
sensor due to its outstanding piezoelectric proprieties such as high
charge constant and sensitivity, fast response, long-term stability
and low-cost [4].

Soh and Bhalla [5] made the first attempt to use EMI method on
detecting the strength of concrete. Their proposed an empirical
fuzzy probabilistic damage model to quantify the damage condi-
tion of concrete. Shin et al. [6] extended the EMI sensing technique
from damage detection of concrete to material properties monitor-
ing. They tracked the concrete strength gain at the age between 3
and 28 days. It was found that the EMI signature shifts from left to
right as the time increases due to the hydration process change the
mechanical properties of concrete. Tawie et al [7] has demon-
strated the EMI technique for concrete strength monitoring on high
water-to-cement ratios concrete and has discovered that the EMI
result shown an exponential increment in the frequency shift at
the age from 3rd to 28th day from their curve fitting result. Wang
et al [8] designed the asphalt lacquer coated PZT sensor for the
concrete strength monitoring. The testing age is from the first
day till 28 days after the concrete cast. They concluded that the
post statistic treatment of real admittance can better reflect the
compression gain of concrete than the imaginary admittance. Lu
et al [9] proposed a PZT based sensor called ‘‘Smart Probe” to
improve the efficiency of monitoring the concrete properties. The
Smart Probe was made by aluminum beam with the PZT bonded
on the surface, and partially embedded into concrete for measure-
ment. The experimental results exhibited that the resonance peak
at the frequency range from 5 k to 30 kHz of sensor can efficiently
monitor the strength gain of mortar. Gafari et al [1] evaluated the
compressive strength gain of cement paste with different supple-
mentary cementitious materials (SCMs) including fly ash and silica
fume. The results presented the feasibility of utilizing EMI-RMSD
index on monitoring strength gain progress for the cementitious
materials incorporated with SCMs at the age from 1 day to 28 days.
Negi et al [10] discussed the efficiency of embedded orientation of
PZT sensor in concrete. They concluded that the inclined orienta-
tion (45�) is the least efficient compared with the horizontal and
vertical placed (0� and 90�).
Table 1
Literature of applying EMI method for hydration monitoring of cementitious material.

Reference Materials Dimension/Configuration of PZT

2008, Shin et al [6] Concrete 10 � 10 � 0.2 mm/surface bonde
2010, Tawie et al [7] Concrete 10 � 10 � 0.5 mm/surface bonde
2010, Tawie et al [11] Concrete 10 � 10 � 0.3 mm/embedded-bo
2010, Annamdas et al

[16]
Concrete 10 � 10 � 0.2 mm/embedded-ep

2011, Wang et al [8] Concrete 8 � 8 � 0.3 mm/embedded-Asph
2013, Kim et al [17] High strength

concrete
20 � 20 � 0.5 mm/surface bonde

2013, Kong et al [12,18] Concrete 15 � 15 � 0.3 mm/embedded-sa
2013, Providakis et al [19] Concrete 10 � 10 � 0.2 mm/partially emb
2014, Wang et al [20] Concrete 8 � 8 � 0.3 mm/embedded-Asph
2017, Narayanan et al

[21]
Mortar 20 � 20 � 1 mm/embedded -the

2017, Lu et al [9] Concrete 10 � 10 � 0.3 mm/partially emb
plate

2018, Gafari et al [1] Cement paste (SCMs) 10 � 10 � 0.2 mm/surface bonde
2018, Negi et al [10] RC 10 � 10 � 0.3 mm/embedded-bo
2018, Visalakshi et al [22] Concrete 10 � 10 � 0.3 mm/embedded-bo
Up to now, using PZT based EMI method on concrete strength
monitoring from 1 day to 28 days has been well studied. Neverthe-
less, there’s very limited research conducted on understanding the
EMI methods for in-situ monitoring of the very early age properties
of cementitious materials. Tawie et al [11] bonded the PZT sensor
on the steel bar in the reinforced concrete (RC) to monitor the
bonding properties between concrete and rebar at the age from
1 h to 168 h after casting. The frequency shift (%) of the conduc-
tance spectrum was accessed as the index to quantify the bonding
condition. The results revealed that the frequency shift index will
affect by the vary of w/c ratio and curing temperature. Kong et al
[12] fabricated a sandwich structural PZT transducer (called smart
aggregate) to characterize the concrete hydration at very early age
(0–20 h). The signal response from the sinusoid wave with the con-
stant frequency of 90 kHz and 100 kHz can successfully differenti-
ate the three stage of concrete hydration. Providakis et al.[13]
proposed the reusable Teflon-based PZT transducer to monitor
the early-age concrete hydration process. The sensor was bonded
on the top of concrete sample and connect with the low-cost
system-on-chip impedance spectrometer –AD5933, which have
the potential for wireless sensing. Depend on their experiment out-
come, the modified RMSD index decreased with the time elapsed
after 9 and 12 h after concrete casting. Narayanan et al.[14]
embedded the multi-layer protection PZT sensor into the cement
mortar to track the impedance change of materials. Using EMI sig-
nature, they have analyzed several early age properties including
setting time, Young’s modulus and isothermal calorimetry mea-
surement. It has concluded that the magnitude changes in the
impedance of PZT and shift of frequency can be reflected as the
changes of the stiffness of the cement mortar. Visalakshi et al.
[15] also bonded the PZT sensor on the rebar and embedded into
concrete to monitor the concrete hydration. They proposed a
hydration index (h) which comprise of stiffness concept extracted
from the admittance signature to monitor the hydration of con-
crete. The hydration parameter increased with the sample aged,
which means it can capture the evolution of hydration of concrete.
Table 1 summarizes the studies of hydration related monitoring of
cementitious materials via EMI technique so far.

As shown in Table 1, none of the existing research have directly
used the EMI signature to study the compressive strength gain and
development of elastic modulus for the cementitious materials at
the very early age (4–8 h). More importantly, the effect of different
mix design on the reliability of EMI methods have not been inves-
tigated in existing literature.
Sample (Testing) age

d 3,5,7,14,28 days
d 3,7,14,28 days
nded on steel bar 1,3,6,9,12,24,72,168 h
oxy wrapped 2,5,8,15,26,31 days

alt Lacquer coated 1,2,3,4,7,14,21,28 days
d 3,5,7,14,21,28 days

ndwich with two marble blocks 0–20 h
edded- Teflon-based enclosure 3,6,9,12,15,18,21,24 h �28 days
alt Lacquer coated 1,2,3,4,7,14,21,28 days
rmosetting epoxy coated 1,8,16 h,

2,5,12,16,20,22,25,28 days
edded-surfaced bonded on the aluminum 1,2,3,7,14,28 days

d 1,3,7,14,28 days
nded on cement block 3,7,14,21,25,28 days
nded on steel bar 1–12 h, 1–28 days
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To this end, the aim of this study is to investigate the feasibility
of using EMI method for monitoring the compressive strength gain
process of cementitious materials from very early age (4th–8th h)
to the early age (1st to 7th day) with various mxi design. The
EMI signatures are recorded using surface bonded PZT sensor with
compressive test conducted simultaneously. The mechanical com-
pressive test results are further correlated with EMI signatures
which post-processed via different statistic techniques such as root
mean square deviation (RMSD), correlation coefficient deviation
(CCD), and mean absolute percentage deviation (MAPD).

A linear least square regression (R2) is utilized to determine the
correlation coefficients between each index of the EMI signatures
and the mechanical compression testing results. Also, the influ-
ences of various mixtures with different proportions such as
water-to-cement ratio and different type of cement are systemat-
ically investigated. Lastly, the feasibility of PZT- based EMI tech-
nique for monitoring the concrete at the very early age is
established.
2. Experimental program

2.1. Materials

Type I (ordinary) and type III (high early strength) Portland
cements are both used as the binder of 50 mm cubic specimen.
The W/C ratio range varied from 0.38 to 0.46 with the increment
of 0.02. Mortar is prepared by adding fine graded Ottawa test sand
according to the ASTM C150 and ASTM C778 standards. The
cement-to-sand ratio of various mix designs are kept at 1:3. All
10 sets of the mix in this study are tested at the very early age
(4th–8th after blended water with cement) and the early age (1,
3, 7 days). In order to minimize the variables, the EMI test and
mechanical test are performed at the exact same time during each
age. The samples are stored in standard moisture curing room at
the temperature of 23 ± 2 �C until the test age.
2.2. Testing

2.2.1. EMI test
In the EMI test, the host sample of each mix is surface mounted

by a 10 � 10 � 0.2 mm3 PZT patch with a fast-set epoxy (5 minus
set, cured in 1 h) as the binding agent. Each PZT patch is connected
to two wires using cold silver soldering to prevent burning of the
sensor. These two wires are attached to an impedance analyzer
which is linked to a computer equipped with a data acquisition
software (Fig. 1). The EMI test started at 4th hour as baseline and
the signals are taken from 5th–8th h with a 1-hour interval. Same
procedures are also conducted at 1st, 3rd, and 7th day.
Fig. 1. EMI test setup.
2.2.2. EMI signal
An EMI signature is dependent on a direct and inverse piezo-

electric effect of a piezoelectric material. During an EMI test, the
impedance analyzer discharges a sinusoidal AC voltage (500 mV)
to excite a bonded PZT patch with a high-frequency range between
100 kHz and 500 kHz with the reasonable resolution of 10 kHz. The
analyzer then records the response of the PZT’s electromechanical
dynamic impedance. The mechanical impedance of the host struc-
ture (Zs) and that of PZT sensor (Za) can induce an electrical impe-
dance of PZT which is the reciprocal of admittance (Y). The
admittance response is governed by the PZT’s theoretical admit-
tance model shown below model [23]:

Y ¼ Gþ Bj ¼ 4x
l2

h
eT33 �

2d2
31Y

E

1� vð Þ þ
2d2

31Y
E

1� vð Þ
Za

Za þ Zs

� �
tan kl
kl

" #
ð1Þ

where the admittance is a function of conductance (G), susceptance
(B) with its imaginary unit (j), PZT sensor dimension (w, l, and h –
width, length, and height), electrical permittivity
(eT33 ¼ eT33ð1� djÞ), piezoelectric coefficient (d31), dynamic young’s

Modulus (YE ¼ YEð1þ gjÞ), Poisson’s ratio (v), and wavenumber
(k). Except for Y , G, Za, and Zs, all variables are a material property.

2.2.3. Statistical methods for signal processing
For each sample, the conductance signature is further quanti-

fied by referencing the baseline signature via the three different
statistical models including root mean square deviation (RMSD),
correlation coefficient deviation (CCD), and mean absolute per-
centage deviation (MAPD). The equation is shown below:

RMSD ð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 Gi � Gblð Þ2PN
i¼1 Gblð Þ2

vuut ð2Þ

CCD %ð Þ ¼ 100� 1
NrGi

rGbl

XN
i¼1

½ðGi � GiÞ � ðGbl � GblÞ�
( )

ð3Þ

MAPDð%Þ ¼ 1
N

XN
i¼1

j Gi � Gblð Þ
Gbl

j ð4Þ

where Gi is the spectra of different curing age, Gbl is the baseline
spectra obtained at the 4th hour of curing, N signify the number
of data points in the EMI spectra, r and G stand for the standard
deviation and the mean, respectively.

2.2.4. Setting time measurement
Setting time for each mix are evaluated by an automatic VICAT

needle device. The test is based on standard ASTM C807 and ASTM
C191. Based on the standard, the needle drops in the mortar sam-
ple every 10 min until the penetration reach 25 mm. The first set-
ting is determined as the elapsed time required to achieve a
penetration of 25 mm. The purpose of measuring setting time is
to determine whether the mortar specimen is stiffening enough
to demold and to surface bond the PZT sensor on the sample.

2.2.5. Compressive test
While the EMI test runs, conventional compressive tests are

conducted on three identical specimens of each mix according to
the ASTM C109. The samples are demolded after the initial setting
time with dexterity for very early age testing. The test is performed
by positioning the sample in a uniaxial load frame. At each curing
age of interest, the peak stresses of the three specimens are
recorded and averaged. EMI test and compressive test are con-
ducted simultaneously at the curing age of 5th, 6th, 7th, and
8th h and 1st, 3rd, and 7th day. The EMI test at the 4th h determi-
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nes the baseline for the EMI signature of the subsequent test. In
this method, every change in the signature of a sample will be ref-
erenced to the baseline signature using the three statistical indices.
This is also a way of quantifying the signature change as the sam-
ple aged. At each curing age of interest, the signature change from
the EMI technique is compared to the data of the compressive test
via regression correlation analysis.
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Fig. 2. Initial setting time of type I and type III mortar with various w/c.

(a) Type I cement mortar, w/c=0.46 

Fig. 3. Conductance signature of repre

(a) Type I cement mortar, w/c=0.46 

Fig. 4. Susceptance signature of repre
3. Experimental result and discussion

3.1. Setting time of different samples

This study comprises a comprehensive investigation of cemen-
titious materials with the various water-to-cement ratio (w/c) and
different type of cement. Fig. 2 shows the initial setting time of all
samples. It can be seen that setting time increase with the w/c
increases. Mortar with type III cement set faster than type I sam-
ples. The maximum initial setting time of mortar (i.e. w/c = 0.46)
with type I and type III cement is 255 min and 220 min, respec-
tively. The samples have adequate stiffness to demold after 5 h
(300 min) to execute the testing.

3.2. Spectrum analysis

The EMI signals of all 10 mixes are measured at each age of
interest. Each sample are measured for three times to ensure
repeatability. The impedance signal extracts from the analyzer
including the real part and the imaginary part. Among two parts,
the reciprocal of the real part, in term of conductance, is the most
used data to be analyzed due to the explicit changes with the
change of the sample conditions, i.e. age, humidity, component of
sample [8]. Fig. 3 shows the representative plot of conductance
versus frequency of w/c = 0.46 samples with type I and type III
cement, respectively. As can be seen that the conductance spec-
trum shifts from left to right with the age increase. The shift trend
of type I mortar is more obvious than that of type III mortar. A
rightward shift can also be observed from the result. The reason
contributed to the shift of spectrum is the development of the
(b) Type III cement mortar, w/c=0.46 

sentative sample at different age.

(b) Type III cement mortar, w/c=0.46 

sentative sample at different age.
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Fig. 5. The linear correlation fitting between compressive strength with EMI-RMSD index of W/C = 0.46 sample.
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stiffness due to the hydration of cement-based material along with
age. During the hydration process, the water will either be con-
sumed for the formation of the hydration products such as alite
(C3S), belites (C2S), and aluminate (C3A) etc. or evaporated. The
stiffness of the sample will increase at this period. The rightward
shift of spectrum is reflecting the growth of stiffness.
Table 2
Regression result of compressive test versus EMI-RMSD index.

Mixes: R2 (Compression vs.
RMSD index)

R2 (Elastic modulus vs.
RMSD index)

Type I, W/C = 0.46 0.991 0.991
Type I, W/C = 0.44 0.997 0.980
Type I, W/C = 0.42 0.989 0.989
Type I, W/C = 0.40 0.980 0.990
Type I, W/C = 0.38 0.988 0.993
Type III, W/C = 0.46 0.980 0.975
Type III, W/C = 0.44 0.958 0.940
Type III, W/C = 0.42 0.986 0.936
Type III, W/C = 0.40 0.940 0.947
Type III, W/C = 0.38 0.968 0.906

(a) Type I cement mortar, W/C=0.46 
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Fig. 6. The linear correlation fitting between elastic modu
Fig. 4 displays the susceptance signature of a representative
sample (w/c = 0.46) at different ages. Susceptance is the inverse
of the imaginary part of impedance (reactance). We can observe
the slope of susceptance spectrum tends to decrease along with
the sample aged, and the spectrum are also shift from left to right.
The susceptance slope is sensitive to the temperature, and it would
change around 1% per 1 �C [24]. Thus, it can be ascribed to the tem-
perature change during the hydration process of cementitious
materials [25].

3.3. Statistical methods for signal processing

The post-process statistic matrixes are employed as the quanti-
tative indices to estimate the compressive strength of cementitious
materials. RMSD [1,7–10,16,19,22,26–38] is the most used index
which provides the superior assessment of concrete strength. To
obtain the satisfactory repeatability of the testing, a suitable
frequency range selection is very important [39]. Previous study
[23] suggested that the frequency range lies between 100 k and
400 kHz would show a better correlation. Thus, the data in this
study are processed at the frequency range from 100 k to
400 kHz. Fig. 5 displays the correlation result between RMSD index
of the representative sample (W/C = 0.46) with corresponding
(b) Type III cement mortar, W/C=0.46 
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Fig. 7. Mechanical properties verse RMSD index of representative sample (Type I, w/c = 0.46) at all ages.
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compressive strength at each age. It has been found that the R2

value is greater than 0.94 for all samples as shown in Table 2.
Moreover, the R2 values of compression for type I samples are
higher than 0.98, especially, the value of the samples with w/c of
0.46, 0.44, and 0.42 are greater than 0.99. The elastic modulus is
0.8

0.85

0.9

0.95

1
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R
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Fig. 8. The correlation value (R2) of three proposed indices for all mixes.
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Fig. 9. The correlation between compressive strength and EMI-RMSD of type I
cement mortar with different water-to-cement ratio.
also be recorded and correlated with the RMSD index as Fig. 6 pre-
sented. Based on the Hooke’s law, compressive strength is linear
with elastic modulus, thus, it’s not hard to understand that if com-
pressive strength of the samples has high correlation with RMSD
index, elastic modulus would perform the same. As Fig. 6 reveals,
the R2 values for the elastic modulus are above 0.97. This signifies
that the EMI-RMSD can be used to assess the mechanical proper-
ties of cementitious materials with high accuracy.

Fig. 7 exhibits mechanical properties verse RMSD index of a rep-
resentative sample (Type I, w/c = 0.46) at all ages. The RMSD index
tends to increase with the elapse of curing time. Both Fig. 7(a) and
(b) display that EMI data have perfectly aligned with that of
compressive strength and elastic modulus results, respectively,
especially at the very early age. The marginal deviation of 72 h data
between compressive testing and EMI method in Fig. 7(a) can be
attributed to the inconsistent shape of the compressive testing
samples. It can be seen that the RMSD curve fits with elastic
modulus data very well in Fig. 7 (b). To sum up, the EMI-RMSD
index can accurately reflect the strength growth and stiffness
development of cementitious materials.
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Fig. 10. The correlation between compressive strength and EMI-RMSD of type III
cement mortar with different water-to-cement ratio.
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The other statistical models including correlation coefficient
deviation (CCD) [1,7,20], and mean absolute percentage deviation
(MAPD) [7–9,34] are also proposed as a valid index on strength
gain monitoring of concrete. In this research, MAPD and CCD index
is also being utilized to compare the veracity. From Fig. 8, we can
notice that the RMSD has the higher R2 than that of the others.
The MAPD index is also shown acceptable accuracy with the R2

for all mixes are higher than 0.95. The CCD index is relatively lower
compare with others. As can be seen in the figure that the R2 value
is lower than 0.85 for CCD index of type III-0.40 sample.

For the statistical comparison, the data of type I mortar and type
III mortar are further lumped as Figs. 9 and 10 show, respectively.
The R2 of lumped type I data is 0.944, and it’s 0.954 for type III data,
both exhibit the satisfying correlation, which indicated that the
EMI-RMSD indexmight be independent from the w/c. The 90% con-
fidence band and 90% prediction band are further calculated and
plot on the figures. Most of the data point of two figure are in
the 90% prediction band.

To validate whether the various mix design would affect the
correlation, the data from every different mix design is put
together for the regression analysis. As can be seen in the Fig. 11,
the R2 drops to 0.92, and the prediction band is broader than Figs. 9
and 10. This can be attributed to the slight differences of each sen-
sor and the bonding process. Although the sensor being used in this
study are fabricated and bonding followed the same standard oper-
ation procedure, the slightly variation is unavoidable.
4. Conclusion

This research presents a comprehensive study on a very early
age (4th–8th h) and early age (1st, 3rd, and 7th day) strength mon-
itoring of cementitious materials using PZT based EMI technique.
Ten sets of mortar sample with five different w/c and two types
of cement are tested for both EMI test and compressive test (ASTM
C109). The impedance spectrum is analyzed and discussed. The
statistics models including RMSD, MAPD, and CCD are also utilized
to post-process the EMI signature. To verify the reliability of the
index, the regression analysis has been employed. Three different
indices exhibited reasonable correlation with compressive
strength gain and elastic modulus of mortar samples.

Among the statistical indices, RMSD is found to be the most
accurate one, which the R2 value of the type I mortar with w/c of
0.46, 0.44, and 0.42 are greater than 0.99. The MAPD index dis-
played the R2 above 0.95 for all mixes is also considered a satisfied
index.

Some literature suggested that the relationship between con-
crete properties and the indices should be exponentially correlated
[40]. However, the extensive experimental result obtained from
this study indicated that the relationship of early age (including
very early age) strength and EMI indices of mortar is linearly cor-
related, as shown in most previous studies. The data points are
all located within the 90% prediction band.

In conclusion, the feasibility of using piezoelectric sensor
coupled with EMI method on monitoring the very early age
strength of cementitious materials have been systematically
studied via abundant experimental outcome. We have proved that
this method is reliable for concrete strength monitoring regardless
the type of cements and water/cement ratios. Nevertheless, several
issue should be studied in the future to ensure the field implemen-
tations. For instance, the effect of ambient environments such as
temperature and humidity on the test results should be studied.
The cementitious mixes with different size of aggregate, supple-
mentary cementitious materials (SCMs) etc. still need to be further
studied. Once the issues mentioned above are addressed, the
revolutionary non-destructive method for determine the quality
of concrete will be established for in-situ application.
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