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Abstract. The piezoelectric patches paired with impedance-based signal diagnosis is one of the 
critical Structural Health Monitoring (SHM) techniques used for hydration monitoring concrete 
hydration. This investigation discusses the three different configuration PZT patches, 
instrumented on concrete cubes for assessing the hydration rate for concrete: (a) embedded in 
the concrete around the rebar, (b) affixed at the end of an aluminium foil embedded inside 
concrete. The hydration process was monitored considering statistical indices; root mean square 
deviation data (RMSD) were derived from sensor readings till 28 days of curing. Long-term 
(up to 28 days) hydration of concrete was assessed using the PZT sensors in these two 
configurations. Further, this study attempts to optimize the piezo-induced signal indices based 
on both sensor configuration. The magnitude of RMSD corresponding to the various frequency 
ranges obtained from PZT, and frequency based coupled parameters are derived to understand 
the hydration mechanism of the concrete. 

Key words: PZT patches, Electro-mechanical impedance, Concrete, Hydration, Statistical 
indices, Frequency extracted parameters. 

1 INTRODUCTION 
Concrete is the backbone of the construction industry and is the most widely used building 

material due to its low cost, easy availability, and durability. Its unique properties make it an 
ideal choice for various applications in civil engineering. However, the behaviour of concrete 
is complex and depends on several factors such as the type of aggregates used, the water-cement 
ratio, curing conditions, and other environmental factors. The strength, durability, and 
performance of concrete are crucial parameters that need to be considered during the design 
and construction phase [1-3]. The microstructure of concrete, which is primarily determined by 
the hydration of cement paste, plays a significant role in determining its properties. Therefore, 
a thorough understanding of the physical and chemical processes involved in the hydration of 
cement paste is essential to enhance the performance and durability of concrete structures. 
Traditional methods for measuring the rate of hydration of concrete involve time-consuming 
and expensive laboratory tests, which may not accurately reflect real-world conditions [4,5].  
Various Non-destructive evaluation (NDE) techniques have become an integral part of 
monitoring the hydration process in concrete structures [6]. These techniques, such as ultrasonic 
pulse velocity, rebound hammer, and acoustic emission, indirectly measure properties related 
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to the strength of concrete [7]. Although these conventional techniques are widely used, they are 
limited to specific situations. As a result, there is a need for alternative NDE techniques that 
can overcome these limitations and provide accurate measurements of concrete strength during 
the hydration process. 

In recent years, piezoelectric (PZT) sensors have emerged as a promising alternative for 
monitoring the civil engineering structures [8-10]. In the electro mechanical impedance (EMI) 
approach, piezoelectric patches are attached to a structure, and are used to send and receive 
ultrasonic waves through the structure. The waves interact with the structure and the 
piezoelectric patches, and the resulting changes in the electrical impedance of the patches can 
be measured and analyzed to detect any structural defects or damage. Bhalla and Soh [11] 
proposed a 2D approach to determine the effective impedance of the structure. 

( ) ( )

2 2 2
,31 31

33
, ,

4 2 2
1 1

E E
a effT

a eff s eff

l d dY Y Z

Z Z

jwY G Bj T
h


  +

  
= + = − +  

− −   

                                        (1) 

PZT sensors are capable of detecting changes in the electrical properties of concrete that 
occur as a result of the hydration reaction, providing real-time feedback on the curing process 
[12]. Therefore, accurate monitoring of the hydration process is essential for ensuring the quality 
of concrete structures [13]. These sensors can detect changes in the mechanical properties of 
concrete during the hydration process and provide real-time information on the rate of hydration 
[14]. However, there are several challenges associated with using PZT sensors for monitoring 
the hydration process of concrete, such as the high sensitivity of the sensors to environmental 
factors and the need for an optimized data processing strategy [15]. Therefore, this study 
proposes an optimized strategy for estimating the rate of hydration of concrete using PZT 
sensors. The proposed strategy includes the use of multi attachment PZT sensors to overcome 
the environmental effects, a customized signal processing algorithm to enhance the signal-to-
noise ratio of the sensor data, and a data fusion technique to integrate the information from 
multiple sensors. The effectiveness of the proposed strategy was demonstrated through 
experimental tests on concrete samples.  

When assessing the propensity of dielectric materials to absorb and release some energy, the 
dissipation factor, which is used to calculate the phase angle in electric signals, is utilised. 
Therefore, any structural irregularities or bond deterioration modify the phase angle, which in 
turn affects the ability to store and sense charges. The results of the current study suggest that 
phase angle measurement may help to increase the statistical reliability and correctness of EMI-
based results, therefore frequency-based changes should be taken into account for phase angle 
spectrum. This inspires the author to use the frequency indices PA and PARF obtained from 
the phase angle spectrum. According to earlier studies, phase angle spectra should be used to 
guide the choice of electrodes for electrical impedance measurements. It is advised to measure 
the phase angle repeatedly during the time-course investigations [16,17]. 

This paper presents a detailed investigations of sensor-based indices to represent the 
hydration behaviour for plain cement concrete. Two different configurations of PZT patches 
(both embedded, direct contact and other is metal wire based, indirect mode) were instrumented 
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on concrete cubes, and the hydration process was monitored using statistical indices such as 
root mean square deviation data (RMSD) derived from sensor readings until 28 days of curing. 
The results of this investigation demonstrate the effectiveness of using PZT sensors in assessing 
the long-term hydration of concrete, with optimized piezo-induced signal indices based on 
sensor configuration and pattern. The authors also attempt to quantify the damage through 
extracted indices from phase angle spectrum i.e. first local phase angle peak (PARF), local 
phase angle peak value (PA), and the corresponding width of half-prominence (HPW). The 
findings of this study have significant implications for the field of concrete industry, as they 
offer a more accurate and reliable method for monitoring the hydration process of concrete. 
Overall, our findings suggest that PZT sensors, when used in conjunction with an optimized 
measurement strategy, have the potential to revolutionize the way in which the rate of hydration 
of concrete is monitored and controlled. This could lead to significant improvements in the 
quality and durability of concrete structures, ultimately benefiting the construction industry and 
society as a whole. 

2 EXPERIMENTAL SETUP 
2.1 Materials and Sample preparation 
In this investigations, standard concrete cubes of size 150mm x 150mm x 150mm were cast 

using M30 concrete mix as per IS 10262: 2009. Two different configurations of Piezoelectric 
patches were used for monitoring the hydration of concrete. The concrete cubes were cast using 
a mix of Portland cement, water, coarse and fine aggregates in the ratio of 1:0.44:2.74:1.34 by 
weight. Three no’s of cube samples were cleaned and oil was polished at the inner potion of the 
mould which enable easy removal during demoulding. The mix was prepared using a 
mechanical mixer and poured into standard cube moulds. The moulds were vibrated for 
compaction and allowed to cure for 24 hours in a moist environment. After 24 hours, the cubes 
were demoulded and allowed to cure in a water tank for 28 days.  

2.2 PZT Patch Configuration 
Two different configurations of PZT patches were used for monitoring the hydration of 

concrete. The first configuration involved concrete vibration sensor where the PZT patch 
embedded in the concrete around the rebar. The second configuration involved affixing the PZT 
patch at the end of an aluminium foil of size 508 ×10×1 mm3 embedded inside the concrete. 
Then the non-bonded piezo configurations were connected to LCR meter with a frequency 
range of 30kHz-300kHz for data acquisition and analysis. The signal diagnosis system 
consisted of a data acquisition unit (DAQ) and a signal conditioning unit (SCU) connected to a 
computer for data storage and analysis. Figure 1 shows the proposed Schematic diagram for 
experimental setup hydration monitoring.

2.3 Hydration Monitoring 
The hydration process was monitored using the PZT sensors for up to 28 days of curing. The 

signal data was acquired at regular intervals using the impedance-based signal diagnosis 
system. The root mean square deviation data (RMSD) was derived from the sensor readings to 
assess the hydration rate of the concrete. The magnitude of RMSD corresponding to the various 
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IUHTXHQF\� UDQJHV� REWDLQHG� IURP�3=7�� DQG� WKH� FRQILJXUDWLRQV�ZHUH� FRPELQHG�XVLQJ� VXLWDEOH�
ZHLJKWDJHV�GHULYHG� IURP�JHQHWLF�DOJRULWKP�RSWLPL]DWLRQ� WHFKQLTXH� WR�REWDLQ�D�FKDUDFWHULVWLF�
FXUYH�IRU�K\GUDWLRQ�RI�WKH�FRQFUHWH.�7KH�RSWLPL]HG�SLH]R�LQGXFHG�VLJQDO�LQGLFHV�EDVHG�RQ�VHQVRU�
FRQILJXUDWLRQ�DQG�LWV�SDWWHUQ�ZHUH�FRPSDUHG�ZLWK�WKH�VWDQGDUG VWUHQJWK�JDLQ�RI�JHQHULF�FHPHQW�
PRUWDUV�RYHU�WLPH�WR�YDOLGDWH�WKH�UHVXOWV.

Figure 1. 6FKHPDWLF�GLDJUDP�IRU�H[SHULPHQWDO�VHWXS

3 RESULTS 
3.1 Statistical investigation of EMI signals
7KH�SUHVHQW� VWXG\� DLPHG� WR� KLJKOLJKW� WKH� QHHG� IRU� VWDWLVWLFDO� LQYHVWLJDWLRQ� LQ� LPSHGDQFH�

EDVHG�K\GUDWLRQ�PRQLWRULQJ.�7KLV�UHVHDUFK�DOVR�HPSKDVL]HV�WKH�QHHG�IRU�D�PRUH�ULJRURXV�DQG�
V\VWHPDWLF�DSSURDFK� WR� LPSHGDQFH�EDVHG�K\GUDWLRQ�PRQLWRULQJ� WKDW� LQFRUSRUDWHV� DSSURSULDWH�
VWDWLVWLFDO� WHFKQLTXHV� DQG� FRQVLGHUV� LQGLYLGXDO� GLIIHUHQFHV� LQ� K\GUDWLRQ� UHVSRQVH.� 7KH� URRW�
PHDQ�VTXDUH�GHYLDWLRQ��506'��ZDV�XVHG�DV�D�SUHOLPLQDU\�PHWKRG�WR�XQGHUVWDQG�WKH�LQFUHDVH�
LQ� VWUHQJWK� GXULQJ� K\GUDWLRQ� WUHQGV� LQ� WKH� VWUXFWXUH.� 506'� LV D� FRPPRQO\� XVHG�PHWULF� WR�
PHDVXUH� WKH�GHYLDWLRQ�EHWZHHQ� WKH� FRRUGLQDWHV� RI� WKH�RULJLQDO� DQG�PRGLILHG� VWUXFWXUHV.�7KH�
FDOFXODWHG� 506'� YDOXHV� LQGLFDWHG� WKDW� WKH� H[WHQW� RI� FRPSUHVVLYH� VWUHQJWK� LQFUHDVHG� ZLWK�
LQFUHDVLQJ�GD\V�RI�K\GUDWLRQ.�)LJXUHV�2�DQG���H[KLELW�WKH�FRQGXFWDQFH�EHKDYLRXU�RI�PHWDO�IRLO�
DQG� HPEHGGHG� FRQILJXUDWLRQV� RYHU� YDULRXV� FXULQJ� SHULRGV.� 7KH� DQDO\VLV� RI� K\GUDWLRQ�
SURJUHVVLRQ� DQG� VWUDLQ� GHYHORSPHQW� LV� LQIHUUHG� E\� REVHUYLQJ� GHYLDWLRQV� LQ� FRQGXFWDQFH�
VLJQDWXUHV.� 7KH� FRQGXFWDQFH� SHDNV� RI� ERWK� FRQILJXUDWLRQV� VKLIW� WRZDUGV� WKH� ULJKW� ZLWK� DQ�
LQFUHDVH� LQ� IUHTXHQF\� DQG� DWWDLQ� KLJKHU� YDOXHV� DW� 28� GD\V.� ,Q� )LJXUHV� 4� DQG� 5�� WKH� 506'�
EHKDYLRU�RI�PHWDO� IRLO�DQG�HPEHGGHG�FRQILJXUDWLRQ�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�LV�GLVSOD\HG.�
7KH� WUHQG�RI� LQFUHDVLQJ�506'�YDOXHV�ZLWK�FXULQJ�GD\V� LV� LQGLFDWLYH�RI� WKH�GHYHORSPHQW�RI�
FRPSUHVVLYH�VWUHQJWK.�1RWDEO\��D�ORZHU�506'�YDOXH�LV�REVHUYHG�DW�28�GD\V��VXJJHVWLQJ�WKDW�WKH�
FRQFUHWH�JDLQV�UDSLG�VWUHQJWK�XS�WR�7�GD\V��DIWHU�ZKLFK�LW�JDLQV�VWUHQJWK�DW�D�VORZHU�UDWH.�7KHVH�
UHVXOWV�LPSO\�WKDW�506'�FDQ�VHUYH�DV�D�XVHIXO�LQLWLDO�LQGLFDWRU�IRU�FRPSUHKHQGLQJ�WKH�VWUHQJWK�
JDLQ�RI�FRQFUHWH�VSHFLPHQV.�2YHUDOO��WKH�ILQGLQJV�IURP�WKLV�VWXG\�GHPRQVWUDWH�WKH�SRWHQWLDO�RI�
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FRQGXFWDQFH� DQG� 506'� DQDO\VHV� LQ� SURYLGLQJ� LQVLJKWV� LQWR� WKH� VWUHQJWK� GHYHORSPHQW� RI�
FRQFUHWH�RYHU�WLPH.�7KHVH�PHWKRGV�FDQ�DLG�LQ�RSWLPL]LQJ�WKH�FXULQJ�SURFHVV�DQG�GHWHUPLQLQJ�
WKH�RSWLPDO�WLPH�IRU�WHVWLQJ�FRQFUHWH�VWUHQJWK.

Figure 2. &RQGXFWDQFH�SORW�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�IRU�PHWDO�IRLO�EDVHG�FRQILJXUDWLRQ�

Figure 3. &RQGXFWDQFH�SORW�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�IRU�HPEHGGHG�FRQILJXUDWLRQ�

Figure 4. 506'�SORW�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�IRU�PHWDO�IRLO�FRQILJXUDWLRQ

&RQGXFWDQFH�SORW�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�IRU�PHWDO�IRLO�EDVHG�FRQILJXUDWLRQ�

&RQGXFWDQFH�SORW�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�IRU�HPEHGGHG�FRQILJXUDWLRQ�
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Figure 5. 506'�SORW�GXULQJ�ORQJ�WHUP�K\GUDWLRQ�IRU�HPEHGGHG�FRQILJXUDWLRQ

3.1 Frequency depended indices for hydration monitoring
7KH�IUHTXHQF\�VZHSW�(0,�PHDVXUHPHQW�FRQVLVWV�RI�WKH�UHDO�SDUW��5H�<���DQG�LPDJLQDU\�SDUW�
�,P�<���UDQJLQJ�IURP��0�WR��00�N+]��ZKHUH�<�UHSUHVHQWV�WKH�HOHFWULF�DGPLWWDQFH��UHFLSURFDO�RI�
LPSHGDQFH��=�.�:LWK�SULRU� LQIRUPDWLRQ�RI� � WKH�DOWHUQDWLYH� FXUUHQW� �𝐼�̅� DQG�DSSOLHG�VLQXVRLGDO�
YROWDJH��𝑉̅���WKH�H[SUHVVLRQ�=��FDQ�EH�ZULWWHQ�DV�

𝑍 =
𝐼̅

𝑉
�2�

ZKHUH�𝐼 = 𝐼0 𝑒(𝑗𝜔𝑡+𝜑)DQG�𝑉 = 𝑉0𝑒𝑗𝜔𝑡 .�,0 DQG�90�DUH�WKH�LQVWDQWDQHRXV�SHDN�YDOXH�RI�FXUUHQW
DQG�YROWDJH.�
7KH�LPSHGDQFH�YDOXHV�ZHUH�GLIIHUHQW�IRU�GLIIHUHQW�VWDJHV�RI�ORDGLQJ.��)RU�(0,�VLJQDWXUHV�WKH�
SKDVH�DQJOH��ĭ��FDQ�EH�FDOFXODWHG�DV�

tanΦ =
Imaginary(Z)

Real(Z)
��������������������������������������������������������������������

)RU�FRPSXWDWLRQV�RI�WKH�HQWLUH�SKDVH�DQJOH�VSHFWUXP��WKH�SKDVH�DQJOH�WDNHV�LQWR�DFFRXQW�ERWK�
FRQGXFWDQFH�� WKH� LQYHUVH�RI�UHDO� �=���DQG�VXVFHSWDQFH�� WKH� LQYHUVH�RI� LPDJLQDU\��=���RI�(0,�
VSHFWUD� �UHIHU� WR� )LJ.� 6�.� 7KH� ILUVW� SKDVH� DQJOH� UHVRQDQFH� SHDN� LV� XVHG� WR� REWDLQ� DGGLWLRQDO�
LQGLFHV��VXFK�DV�WKH�SKDVH�DQJOH�SHDN�YDOXH��3$���ILUVW�SKDVH�DQJOH�SHDN��3$5)���DQG�KDOI�ZLGWK�
RI� SURPLQHQFH� �+3:��� EHFDXVH� WKH� ILUVW� PRGH� IRU� YLEUDWLRQ�EDVHG� VWUXFWXUDO� LQVSHFWLRQ�
FRUUHVSRQGV�WR�WKH�IUHTXHQF\�DW�ZKLFK�GDPDJH�RFFXUV�DQG�UHIOHFWV�WKH�UHOHYDQW�LQIRUPDWLRQ�RI�
VWUXFWXUDO�FKDQJH.

�D� �E�

Figure. 6 3KDVH�DQJOH�VSHFWUXP�RI�SLH]R�FRXSOHG�VLJQDWXUH�REWDLQHG�GXULQJ�K\GUDWLRQ
�D� (PEHGGHG��E��0HWDO�ZLUH

1934



)LJ.�7 �D���F���VKRZV�WKH�YDULDWLRQ�RI�3$5)�LQGH[��3$�DQG�+3:�IRU�HPEHGGHG DQG�PHWDO�ZLUH�
EDVHG�3=7�SDWFK�UHVSHFWLYHO\.�$V�K\GUDWLRQ�DGYDQFHV��WKH�YDULDQFH�RI�3$�DQG�3$5)�ULVHV�LQ�
FRPSDULVRQ�WR�WKH�EDVHOLQH��VHH�)LJ.��E��.�3HDNV�LQ�WKH�SKDVH�DQJOH�VSHFWUXP��LQFOXGLQJ�3$�DQG�
3$5)��ZLOO�GLPLQLVK�DV�ORQJ�DV�LQWHUQDO�ORVVHV�SHUVLVW.�7KH�VDGGOH�SRLQW�RI�WUDQVLWLRQ�RI�WKH�SHDN�
DQG�YDOOH\�RI� WKH�SKDVH�DQJOH�VSHFWUD� IRU� WKH�SURPLQHQFH�SHDN��RQ� WKH�RWKHU�KDQG�� LV�KLJKO\�
FUXFLDO� IRU� DQ\� VWUXFWXUDO� FKDQJH��PDNLQJ� WKH�+3:�PRUH� DSSURSULDWH� WR� QRWLI\� WKH� VWUHQJWK�
LQFUHDVH�E\�JURZLQJ�LQ�YDOXH��VHH�)LJ.�7�F��.��

Figure. 7 ([WUDFWLRQ�RI�SKDVH�DQJOH�LQGLFHV�IRU�VXUIDFH�ERQGHG�3=7�SDWFK�IRU�ORDGLQJ�HIIHFW

�D� 3$5)�LQGH[

�E� 3$�LQGH[

�F� +3:�LQGH[

4 Conclusions
)URP� WKH� SUHVHQW� VWXG\�� WKH� XVH� RI� 3=7� VHQVRUV� SDLUHG� ZLWK� LPSHGDQFH�EDVHG� VLJQDO�

GLDJQRVLV�LV�D�FUXFLDO�6+0�WHFKQLTXH�IRU�PRQLWRULQJ�FRQFUHWH�K\GUDWLRQ.�7KLV�VWXG\�LQYHVWLJDWHG�
WZR�GLIIHUHQW�QRQ�ERQGHG�FRQILJXUDWLRQV�RI�3=7�SDWFKHV� LQVWUXPHQWHG�RQ�FRQFUHWH� FXEHV� WR�
DVVHVV�WKH�K\GUDWLRQ�UDWH�RI�FRQFUHWH.�7KH�3=7�VHQVRUV�HPEHGGHG�LQ�WKH�FRQFUHWH�DURXQG�WKH�

�D� �E�

�F�
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rebar were found to be more effective in monitoring the hydration of concrete than the PZT 
sensors affixed at the end of an aluminum foil embedded inside the concrete. This could be due 
to the fact that the PZT sensors embedded in the concrete around the rebar are closer to the 
hydration front and hence are more sensitive to changes in the electrical properties of the 
concrete. The evaluation of sensor based metrices (both statistical and frequency based) found 
satisfactory for hydration monitoring and strength of cement concrete. 
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