
Fracture Mechanics of Concrete and Concrete Structures -
Assessment, Durability, Monitoring and Retrofitting of Concrete Structures- B. H. Oh, et al. (eds)

ⓒ 2010 Korea Concrete Institute, Seoul, ISBN 978-89-5708-181-5

 

Monitoring hydration characteristics of cement paste by EMI method 

R. Tawie, H.K. Lee, J. Min & C.B. Yun 
Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea 

 
 
ABSTRACT: A monitoring system, which employs a piezoelectric ceramic as an active sensing transducer, is pro-
posed for monitoring hydration characteristics of cement paste based on the electromechanical impedance (EMI) 
method. An impedance analyzer was used to obtain the electrical response of the sensor and the EMI measurements 
were performed by an online technique. The obtained data were analyzed using root mean square deviation (RMSD), 
a common statistical algorithm used for comparative processing of EMI spectra. The results show that the developed 
monitoring system is able to effectively detect physical changes of cement paste during the initial hydration. 

1 INTRODUCTION 

Many studies have been reported on understanding 
the hydration process of cement-based materials 
(e.g. Hansen et al. 1973, McCarter & Afshar 1985, 
Struble et al. 1998).  In recent years, attention has 
been directed towards monitoring of hydration of 
cement from fresh state to hardened state by auto-
mated or online techniques (De Schutter et al. 2006, 
Rajesh et al. 2007, Poursaee & Weiss 2010). In a 
conventional approach, the setting time of cement 
paste can be manually determined from the penetra-
tion test in accordance with ASTM C191.    

This work focuses on the relatively new non-
destructive approach known as electromechanical 
impedance (EMI) method using piezoelectric active 
transducers. So far only one work (Divsholi & Yang 
2009) has been reported on monitoring initial hydra-
tion of concrete based on the EMI method. The 
prime objective of this research is to develop a more 
effective and efficient monitoring system that could 
be used for field application.  

2 ELECTROMECHANICAL IMPEDANCE 
METHOD 

The EMI sensing technique has been demonstrated 
successfully for monitoring damages in structures 
(e.g. Park et al. 2001, Soh et al., 2000, Naidu & 
Bhalla 2002, Park et al. 2006). The basis of the EMI 
method is basically to monitor variation in mechani-
cal impedance of a structural element via electrical 
impedance of a piezoelectric sensor bonded to or 
embedded in the host structure. The piezoelectric 
behavior is governed by the following relations 
(Ikeda 1990): 
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3
E  are the electrical displacement 

and field, respectively, acting along axis ‘3’, 
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S  are the axial stress and strain, respectively, in the 
direction of axis ‘1’, 
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d  is the piezoelec-
tric strain coefficient and E

Y  is the complex 
Young’s modulus of elasticity of the piezoelectric 
material at constant electric field.    

3 EMI MEASUREMENT 

Figure 1 shows the schematic diagram of the moni-
toring system. It consists of a developed reusable 
sensor with bonded PZT plate, an impedance ana-
lyzer (Agilent 4294A) and a laptop equipped with 
data acquisition software.  

The EMI measurement is conducted by measuring 
the electrical impedance of the bonded PZT at fre-
quency range nearing its resonance. In this study, the 
measurement was taken at 15-min intervals for the 24 
hours of curing of the cement paste specimen. To en-
sure repeatability of the reusable sensor, three batches 
of the same mix proportion were prepared.   

4 RESULTS AND DISCUSSION 

Figure 2 shows samples of the measured real parts of 
PZT impedance at selected monitoring time. It can 
be seen in Figure 2 that the resonance peak reduces 
and shifts to the right as time passes by.  



 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 1. Schematic diagram of the monitoring system. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 2. Samples of Re(Z) spectra at 1, 6, 12 and 24 hours. 

 
The changes in the Re(Z) spectra were analyzed us-

ing root mean square deviation (RMSD) as follows: 
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where 0Re( )

i
Z  is the baseline value of the ith fre-

quency point at initial curing and 1Re( )
i

Z  is the value 
of the ith frequency point of the subsequent monitoring 
time. N is the upper limit of the frequency range.  

In general, the RMSD value increases as the change 
in the Re(Z) spectra becomes larger. The change in the 
RMSD value can be used to monitor the characteristics 
of the cement paste during hydration process.   

5  CONCLUSION 

This study presents an EMI piezoelectric based 
method to investigate the hydration of cement paste. 

The results show that the physical changes of ce-
ment paste during hydration can be monitored by 
comparative processing of the change in the Re(Z) 
spectra. The reusable sensor, which can be easily de-
tached from the specimen, is efficient for repetitive 
monitoring and hence would be practical for field 
application.    
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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 
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