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The electrical conductivity of simulated cement paste matrix with water-to-cement ratio of 0.50 and 2.0 % 

amorphous nanosilica, synthesized from rice hull ash, has been related to the effect of hydration stages on the ions 

dissociated in the capillary pore solution of the cement paste mesostructure. The increase in ions, as the hydration 

proceeded, has also been implied by the increasing trend of the conductivity spectra obtained from the complex 

impedance spectroscopy in the frequency region from 100 kHz to 20 MHz. To consider the effect of capillary pores, 

a comparable set of cement paste with similar macrostructure has been established using a modified method of 

simple grinding and pelletizing techniques. From the results of the Kramers-Kronig validation test, the impedance 

data have been found to exhibit causal, linear, and stable behavior in the high frequency region from 6 to 20 MHz.  

1. Introduction  

In recent years, research on pore structure of concrete has been gaining interest because of its implication on the durability against 

chemical attacks in extreme environment.1-4 The mesostructure pores serve as the ion transport paths for chloride and sulfate ingress that 

can reduce the service life of concrete.4 However, several techniques such as the incorporation of admixtures are being introduced for 

pore refinement and hydration acceleration.5 

In an agricultural country, recycling rice hull ash (RHA) as one of the byproducts of agro-industrial processes into a useful construction 

material has been one of the promising innovations in establishing a more resilient and sustainable infrastructure.6-8 Recently, the 

intervention of nanotechnology has played a huge role in advancing the construction materials to improve the mechanical properties of 

concrete.9,10 Synthesized from RHA, amorphous nanosilica (nano-SiO2) has promoted the compressive strength and chloride resistance of 

concrete because of the high reactive surface area of nano-SiO2.11 

From complex impedance spectroscopy, the frequency-dependence of the electrical conductivity of cement paste has been associated 

with the physical phenomena such as hydration kinetics and ion diffusion.4,12 The conduction mechanism is highly dependent on the 

moisture, ions, and pore and solid phases from capillary sites.4,13 With these multiple considerations, several studies have proposed 

techniques in experimenting a control factor to explain significantly the conduction mechanism in concrete.14 

The conduction mechanisms of concrete, mortar, and cement paste largely differ with each other because of the differences in their major 

components. Among the three, the cement paste can have small specimen size because of the high degree of homogeneity of the phases.15 

In the mesostructure of cement paste, the electrical conductivity is primarily caused by the capillary pore solution with ions dissociated in 

the dissolution of calcium hydrate and alkali salts in water.4 The conductivity of pores and solid phase is relatively negligible in terms of 

the magnitude of the ions as hydration products.16 In the initial hydration stage, an increase in the conductivity is primarily caused by the 
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ions dissociated after the water is reacted with the cement.17 However, a decrease in conductivity is caused by the development of the 

larger pore networks to facilitate the development of hydrated compounds such as ettringite.18 

In the low-frequency region, the dynamic behavior of ions in the pore solution of the cement paste matrix can be explained using the 

power-law behavior relating the frequency and the conductivity. In this case, the hopping mechanism of charges can then be associated 

with the disordered system of the cement paste matrix.19 In this study, the effect of amorphous nano-SiO2 on the electrical conductivity of 

simulated cement paste matrix samples, with similarly comparable macrostructure, was analyzed using the conductivity spectra in the 

frequency region from 100 kHz to 20 MHz in explaining the ion dynamics in the capillary sites. 

2. Materials and Methods 

 

2.1. Sample preparation 

The cement paste was a mixture of 2.0 % amorphous nano-SiO2 by weight of type I cement powder at 0.50 water-to-cement ratio. The 

white nanosilica powder was synthesized from rice hull ash and its amorphous structure was characterized by another study using the 

same material.20 In order to consider the conductive ions from the hydration only, distilled water with no ion content was used in 

preparing the fresh paste mixture.  

In a polyvinyl chloride mold with 0.5-inch diameter, the fresh paste mixture was casted and allowed to harden for 24 hours under room 

temperature, humidity and pressure. The hardened mixtures were demolded and cured in a container filled with water under the same 

ambient condition for 7, 14, 21, and 28 days.  

For each curing period, the hardened cement paste samples were powdered with a maximum diameter of 100 μm. Three 0.25-g and 1-mm 

thick discs were then pelletized for a one-minute press loading of 200 MPa. Similar procedures were performed for control mixture 

without nano-SiO2. 

 

2.2. Complex impedance spectroscopy 

From 100 kHz to 20 MHz, the complex impedances were measured by the Keysight Impedance Analyzer E4990A. The contribution of 

pellet-electrode interface was neglected by applying non-contacting technique. Prior to any measurement, the short and open calibrations 

were performed to set the initial conditions of the instrument. The corresponding conductivity (σ), which is the real component of the 

inverse of impedance, was computed using Equation 1. 
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where, t and A are the thickness and area of the samples, respectively. The Z′ and Z′′ were the measured real and imaginary components 

of the impedance, respectively. 

 

Kramers-Kronig validation test 

The Kramers-Kronig (KK) relations evaluate the impedance spectra for stability, causality, and linearity.21,22 The stability refers to the 

unchanging magnitude of an impedance point after the reapplication of electric field. The causality pertains to the sole effect of electric 

field on the impedance data. The linearity checks the non-linear KK behavior caused by the perturbation peaks.23 For these criteria, the 

KK relations assume a combination of parallel connections of resistive and capacitive elements.24 From one component of the measured 

impedance, the other component can be computed using the Equations 2 and 3. 
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where, ω and x are the angular frequency and arbitrary point, respectively.  

The difference between the actual and KK-validated impedance data can be expressed using residual (Δ) for each frequency point using 

Equations 4 and 5.  

4. 
Z

ZZ cm −=  

5.    22
)('')('  ZZZ +=  

where, Zm, Zc, and |Z| were the measured, computed, and total impedance, respectively. 

 

2.3. Universal power law behavior 

The frequency-dependence of conductivity of disordered systems such as the cement paste was modeled using a power-law behavior.25 

The conductivity spectra can then be fitted using Equation 6. 

6. 0)(  += SA  

where, A, S, and σ0 are the frequency-independent amplitude, physical constant, and conductivity at direct current, respectively. 

3. Results and Discussion 

In the 105-107 Hz spectra shown in Figure 1, the conductivity of cement paste pellet with and without amorphous nano-SiO2 generally 

showed plateau and the dispersive behaviors in the low and high frequency regions, respectively.19,26 As the frequency increased, the 

conductivity also increased exhibiting a power-law behavior. This implied that the conduction of cement paste samples followed a 

hopping transport mechanism.27 

 

Figure 1. Frequency-dependence of electrical conductivity of cement paste with and without amorphous nano-SiO2 at varying curing period. 

Moreover, the DC conductivities of all samples were found to be negligible compared to AC conductivities.19 The conductivity was 

independent of frequency as it reached a constant value in the plateau region of low frequency. Similar results have also been obtained 

from this simplified power-law behavior from other studies on polymer-cement composites.19,25 In the sample preparation, air bubbles 

and large voids did not significantly contribute to the DC conductivity because of the similar macrostructure of the pellet. Hence, only the 

capillary voids and pore solution ions have significantly affected these conductivity measurements. 



  

 

 

 

    

The parameter S ranged from 0.65 to 0.72 for cement paste samples with nano-SiO2. This indicated that the hopping mechanism of ions 

behaved in a translational manner, rather than localized states with S greater than 1.0.27 

  
a                                                                                                b 

  
c                                                                                                d 

Figure 2. Residuals of impedance on cement paste sample without amorphous nano-SiO2 at (a) 7, (b) 14, (c) 21, and (d) 28 curing days. 

 
a                                                                                                b 

 
c                                                                                                d 

Figure 3. Residuals of impedance on cement paste sample with 2.0 % amorphous nano-SiO2 at (a) 7, (b) 14, (c) 21, and (d) 28 curing days. 

Referring to Figures 2 and 3, the causality, linearity, and stability of impedance measurements were observed in the high frequency 

regions. Although some residuals up to 3.0 % were observed in the low frequency region below 6 MHz, most of the impedance points 

resulted in at most 1.0 % residual, indicating a set of representative impedance measurements of the electrical properties of cement paste 

pellet. 



  

 

 

 

    

At 28-day curing period, the conductivity dramatically increased as implied by the relative differences in the dispersive region. For all 

frequencies, the conductivity of cement paste with nano-SiO2 was higher than that of control sample. This may be caused by higher 

number of ions because of the hydration by curing or the pozzolanic reaction by nano-SiO2.14,17 

In the pore solution, the ion concentration increases because the volume of the water only is reduced due to drying.14 The number of ions 

increases because of the charge carriers as products of the hydration induced by nano-SiO2.17 Among the pore solution ions, the OH- ions 

significantly contribute to the measured conductivity of the cement paste sample.28 Therefore, the conductivity spectra of cement paste 

samples can be postulated from the contribution of ions and other phases in the cement paste mesostructure since the resistivity of air 

bubbles and large voids were disregarded by the modified method of simple grinding and pelletizing techniques. The addition of 

amorphous nano-SiO2 to the cement paste has caused further pozzolanic activity that improved mechanical properties in the mesoscale 

analysis of cement paste as one of the concrete phases. Similarly, the trend of the conductivity has showed an agreement between the pore 

solution ions and the hydration stages of cement paste. 

Conclusion 
The electrical conductivity of cement paste pellet with amorphous nano-SiO2 has been related to the pore solution ions by establishing a 

set of comparative samples that highlighted the contribution of the mesostructure including the solid phase and ions in the capillary sites. 

Moreover, the curing period and addition of nano-SiO2 on the conductivity of cement paste demonstrated the effects of hydration and 

pozzolanic activity on the microstructure of the compounds. Lastly, the impedance measurements followed the causality, linearity, and 

stability of KK relations. 
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