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ABSTRACT 

Iqbal, K. I. M., Electrical Characterization of Conductive Concrete Containing Graphite Powder. 

Master of Science (MS), August, 2021, 118 pp., 13 tables, 67 figures, 150 references. 

Electrically conductive concrete has various potential non-structural functions such as 

self-sensing, de-icing, and electromagnetic shielding. Since conductive concrete is a composite 

containing moisture and discrete conductive additives, its electrical properties are very complex. 

Understanding these properties is the fundamental requirement for developing its non-structural 

applications. In this research, graphite powder is used as a conductive additive with varying 

percentages (0% to 30%) by cement paste volume. Both AC impedance analysis and DC 

measurement are performed in both wet and dry conditions.  The results show that the resistivity 

measured by DC are not consistent because of polarization before/during the measurement. On 

the other hand, the AC measurements yield consistent results. The resistivity of concrete is lower 

in wet conditions than in dry conditions. The AC impedance spectroscopy shows that conductive 

concrete behaves like a circuit made of resistor and capacitor, and the capacitance causes 

polarization. Various impedance circuits were tested, and the best equivalent circuits for the 

conductive concrete in dry and wet conditions were proposed based on the simulation results. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

1.1 Background 

Cement-based concrete is a widely used material in many civil engineering structures for 

many years. It has been used for different structures such as bridges, highways, buildings, dams, 

piers, etc. The main function of concrete is to provide enough mechanical abilities to resist forces 

and transfer the incoming load into a suitable base or ground. Mechanical properties desirable 

from these materials as structural elements include strength, stiffness, ductility, toughness, 

capacity for vibration damping, fatigue resistance, creep resistance, and scratch resistance 

(Chung 2003c).  

In addition to these structural properties, it is desirable to have some non-structural 

functions simultaneously from these materials. These non-structural properties can be achieved if 

added some additives that can serve both structural functions and some non-structural functions 

together (Chung 2003c). The materials that served both as structural and non-structural 

properties simultaneously in a structure are known as multifunctional materials (Chou et al. 

2010; Chung 2003c; Ye et al. 2005).  

The potential functions of multifunctional concrete include strain sensing, damage sensing, 

temperature sensing, vibration damping, heating control, electromagnetic shielding ability/ 

electromagnetic waves reflection and absorption, electrochemical chloride extraction/ corrosion 

resistance, self-monitoring of freeze-thaw damage, deicing on roads, electrical contacts for 
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cathodic protection, and thermal insulation capacity (Chen and Chung 1993; Baeza et al. 2010; 

Chen and Chung 1994; Chen and Chung 1996; Chung 2002c; Chung 2003b; Chung 2004; Pérez 

et al. 2010; Pu-Woei and Chung 1996; Wen and Chung 2005; Wen and Chung 2006; Wu and 

Chung 2005; Ye et al. 2005; Zornoza et al. 2010; Baeza et al. 2013; DEL MORAL et al. 2013; 

Bertolini et al. 2004; Christopher and Sherif 2004; Hou and Chung 1997).  

Most of these functions can be enabled when cement-based materials have a certain level 

of electrical conductivity (Chen and Chung 1995; Chung 2002c; Baeza et al. 2013). The 

electrical conductivity of cement-based materials has been widely studied because of its 

numerous applications (Cebeci et al. 2009; Kalaitzidou et al. 2007; Qiu et al. 2007; Sandler et al. 

2003; Baeza et al. 2013). Concrete is known to be a nonconductive in dry condition and 

thermally insulating material. The electrical conductivity of concrete can be enhanced when 

proper amounts of conductive admixtures were added.  

Researchers have studied various additives to improve conductivity of concrete. The most 

widely used conductive additives include carbon fibers, steel fibers, carbon black, graphite 

powder, graphene nano-platelets, carbon micro-fiber, nano carbon black, carbon nanotube, 

carbon nanofibers, etc. (Chen and Chung 1993; Chen and Chung 1995; Wen and Chung 2005; 

Baeza et al. 2013; Tyson et al. 2011; Kim et al. 2011; Le et al. 2014; Oskouyi et al. 2014). 

Among these widely used materials, Graphite powder is economically feasible and provides 

good conductivity in cement concrete.  

In this study, flake-type graphite powder (F-516) is used as a conductive additive to 

investigate the electrical properties of conductive cement paste. The materials will be more 

conductive when the admixture touches each other to form a continuous conduction path. The 

volume fraction above which there is a continuous conduction path is known as the percolation 
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threshold (Chung 2003c). This study will also focus on determining the percolation threshold for 

graphite powder by volume of cement paste.  

The electrical behavior of conductive concrete is very complex. It is challenging to 

characterize using static resistance measurement since the environmental factors, especially the 

moisture condition, play a vital role in cementitious concrete. In the presence of a moist 

condition, the static resistance measurement using direct current (DC) causes electrical 

polarization, causing variations in measured resistance (Demircilioğlu et al. 2019).  

The alternating current (AC) impedance spectroscopy technique is very useful for 

characterizing complex electrical systems (Gu et al. 1993b; Wen and Chung 2007). It minimizes 

polarization by alternating current (Wen and Chung 2007) and characterizes the electrical 

properties with capacitance, inductance, and resistance.  

This study will focus on characterizing the electrical properties of conductive cement 

paste using both DC measurement and AC impedance Spectroscopy. Additionally, an equivalent 

electrical circuit will be constructed to understand the electrochemical behavior of composite 

materials.  

1.2 Objective 

The objective of the research is to investigate the electrical properties of graphite added 

conductive concrete and characterize it’s conduction mechanism. Electrical characterization of 

these multifunctional conductive concrete will be done using the AC impedance spectroscopy. 

The specific objectives of the research are: 

1. To characterize the electrical properties of conductive concrete using both DC 

measurement and AC Impedance Spectroscopy under two extreme moisture conditions 

(fully saturated and completely dry). 
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2. To investigate the variation of electrical properties with different level of moisture 

conditions. 

3. To determine the percolation threshold for the graphite powder added conductive cement 

paste.  

4. To construct equivalent circuits for both dry and wet conductive concrete.  

1.3 Methodology 

The research started with a comprehensive literature study related to the electronics, 

conductive additives, and different applications of conductive concrete. In the second phase of 

the research, an extensive experimental work was conducted. At first, the cement paste 

specimens containing the conductive additive (graphite powder) were prepared. After that 

electrical properties of conductive cement paste were investigated using both DC measurement 

and AC impedance spectroscopy under the wet and dry condition to assess the moisture effect on 

the electrical property. Since the differences between two-probe method and four-probe method 

were almost negligible in the preliminary study, two-probe method was used in this study. 

Finally, equivalent circuits for both wet and dry specimens were constructed using the 

measurement results. 

1.4 Thesis Outlines 

The thesis is divided into seven Chapters. Chapter 1 summarizes the idea of 

multifunctional concrete, research objectives, and methodology to achieve those objectives. In 

Chapter 2, a comprehensive literature review including the transition from cementitious materials 

to smart structures, electrical conduction mechanism, and use of conductive admixture in 

different research was provided. Chapter 3 introduced experimental program conducted in the 

research including specimen preparation, testing methods, and equipment.   
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The findings of the research were described in three following chapters. Chapter 4 

discussed electrical properties measurement methods using both DC measurement and AC 

Impedance Spectroscopy. In Chapter 5 the electrical properties of conductive concrete containing 

graphite powder were experimentally evaluated. The percolation threshold in using graphite 

powder were discussed and the effects of moisture were investigated using AC Impedance 

Spectroscopy. In Chapter 6, electrical equivalent circuit for both dry and wet specimens were 

proposed and validated by comparing with the experimental data and the simulation results.  

The main findings of the research, a brief discussion, and recommendations for future 

work were summarized in Chapter 7.    
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CHAPTER II 

 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

Concrete is the most widely used construction material, and its primary function is to 

impart robust mechanical properties to the structure. Although it is poor electrically conductive, 

adding conductive additives enhances its electrical property, enabling concrete to use other 

nonstructural functions simultaneously. These materials are multifunctional and can depict 

structural and nonstructural functions (Ye et al. 2005; Chou et al. 2010; Chung 2003c). 

Multifunctional concrete reduces the need for some conventional tools such as elastomers for 

vibration damping, embedded or attached sensors for strain sensing, metal wire mesh for 

electromagnetic shielding, and foams for thermal insulation, and eventually reducing overall cost 

(Chung 2003c; Nevers et al. 2011).  In this chapter, a brief explanation of recent advances in 

concrete technology and the transition of traditional concrete to smart concrete materials and its 

mechanism to evaluate different functions will be discussed.  

2.2 Cementitious Materials: From structural to smart applications 

Cement is used as a binder in concrete (containing coarse and fine aggregates), cement 

mortar (containing fine aggregates), or cement paste (containing no aggregate) (Han et al. 2014; 

Han et al. 2011b; Mehta and Monteiro 2006; Chung 2003c). Concrete is a multi-component 

material in nature. These components are non-conductive includes cement, water, aggregates, 
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chemical additives, and mineral additives (Han et al. 2017). Several additives and admixtures 

have been incorporated in concrete for meeting the requirements of practical applicability, 

especially for hardening, workability, compressive strength, durability purposes. In recent 

decades, researchers have been focused on making concrete capable of performing additional 

functions by adding conductive fibers. This is known as multifunctional cement-based composite 

and makes concrete smart infrastructure materials (Han et al. 2017). Such functionalities are 

obtained by adding conductive additives that make the concrete a multiphase material, resulting 

in functional cement matrixes. In the Figure 2.1, the transition from insulator to conductor of 

cementitious materials is shown.  The distributed filler in the composite form a continuous 

conductive network that mostly depends on the degree of dispersion of the additives, the volume 

fractions of fibers, length of fibers, contact electrical resistivity of the interface between the 

admixture and the cement matrix (Chung 2003c). These continuous functionalized networks 

allow concrete to perform intrinsically smart properties, including strain and damage sensing and 

reducing the necessity of extrinsic sensors.  

  

Figure 2.1: The transition of concrete to multifunctional composites (Han et al. 2015). 
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2.3 Percolation Threshold and Piezoresistivity 

Piezoresistivity of a material refers to the ability to change its electrical resistivity when 

subjected to an external load (Zhu and Chung 2007; Cao et al. 2016). The Gage factor parameter 

quantifies the piezoresistive material ability, also known as "strain co-efficient" or "strain 

sensitivity." Stefanescu (2011) defined this parameter by the quotient between the variation of 

the electrical resistance of a metallic filament and its deformation upon tension/compression 

along the central axis. 

GF = 
𝑅\𝑅


                    (1) 

The cement-based material's resistivity is comparatively higher than any other materials, 

and it is well known for its insulator behavior. When conductive fillers are added with concrete, 

it is turned into electrically conductive. The resistivity of conductive composite varies with filler 

concentration, and the phenomenon is shown in Figure 2.2. The curve is composed of three 

different sections: the insulation zone (A), the percolation zone (B), the conductive zone (C) 

(Huang et al. 2008; Al-Saleh and Sundararaj 2009). With the increase of filler concentration, a 

continuous conductive path is formed in the matrix; hence, electrical resistivity is decreased. The 

volume fraction above which the admixtures units touch to form a continuous conduction path is 

known as the percolation threshold (Chung 2003c). It is determined by varying the volume 

fractions of conductive fillers and observing the variation of electrical resistivity. At the 

percolation threshold, the electrical conductivity is increased by several orders of magnitude.  

This characteristic is explained by the percolation theory (Stauffer and Aharony 1994). It 

is evident from Figure 2.2 that at a low concentration of fillers, the resistivity is higher. With the 

increment of filler concentration to the percolation threshold range, the electrical resistivity 
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decreases. When the fiber concentration is higher than the percolation threshold, the conductivity 

won't change, but the sensitivity will decrease (Han et al. 2015).   

 

Figure 2.2: Electrical resistivity variation with the increase of filler concentration in cement-

composite (Han et al. 2015) 

 

The percolation threshold decreases with the increase of fiber size/aspect ratio and 

decreases the admixture's unit size (Chung 2003c). Wang et al. (2002) observed that in the case 

of short carbon fibers in cement, the percolation threshold decreases with fiber length. Several 
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studies indicated that the piezoresistivity is also dependent on the bond strength of the interface 

of the matrix, the curing age of the matrix, and the treatment of the fiber contents.   

Fu and Chung (1995)observed the contact resistivity between the carbon fiber and cement 

paste at 28 days of curing using the four-probe method. They found that contact electrical 

resistivity decrease with increasing bond strength shown in Figure. 04. This study indicated that 

resistivity was increasing during the fiber full out, which supports the notion of increasing 

resistivity during tensile loading. It was also noticed that interfaces between functional additives 

and concrete matrix affect the electrical contact between them and affect the conductive path and 

result in a change in conductivity of the composites.  

 

Figure 2.3: Variation of contact electrical 

resistivity with bond strength at 28 days of 

curing (Fu and Chung 1995). 

 

Figure 2.4: Fractional Change in Resistance 

(R/Ro) vs. compressive strain (a) 28 days of 

curing (b) 7 days of curing (Fu and Chung 

1997) 

  

 Fu and Chung (1997) studied the effect of curing age on the piezoresistive behavior of 

carbon fiber reinforced mortar. The study revealed that during loading at seven days, the 
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electrical resistivity increased with the increase of compressive load. For loading at 14- and 28-

days curing, resistivity decreased (as shown in Figure. 2.4). They attributed this due to the curing 

effect and the strong bond between the fiber and cement at day seven, and before fiber full-out, 

weakening of this bond is necessary. In the case of 14- or 28-days curing, the bond is weak, and 

for this reason, the piezoresistive behavior is quite the opposite. 

 Fu et al. (1998) enhanced the strain sensing ability by ozone treatment of the fibers and 

matrix. The electrical resistivity was observed to be repeated in nature and didn't vary with 

cycling loading (as shown in Figure 2.5). 

 

(a) 

 

(b) 

Figure 2.5: Self-sensing comparison of concrete with (a) as received carbon fiber and (b) ozone-

treated carbon fiber (Fu et al. 1998). 

 

Low resistivity is desired for piezoresistive analysis, which a higher filler concentration 

can attain. There is a drawback for higher filler concentration which (Han et al. 2015) stated that 
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high concentration would increase the cost, and very often, the strength of the composite will 

decrease. The most suitable way to resolve this discrepancy is to choose a filler concentration 

near the percolation threshold. For this reason, the percolation threshold is a significant 

parameter for piezoresistive analysis. 

(Wen and Chung 2001a) studied the strain sensing behavior of coated carbon fiber 

cement on a plain cement specimen. The specimen substrate was 35 mm thick, whereas the 

coating was 5 mm thick. Rectangular specimens of 160×40×40 mm were tested under 3-point 

bending, and DC electrical resistivity was measured using the 4-probe method. The result 

indicated that carbon-fiber-reinforced cement coating could be used for the self-sensing purpose.  

 

Figure 2.6: Percolation threshold variation 

with the length of fiber (Wang et al. 2002) 

 

Figure 2.7: Electrical Conductivity vs. 

Volume fractions of Fiber Content (Wang et 

al. 2002)  
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(a) 

 

(b) 

Figure 2.8: Fractional Change in Resistance and Deflection of the specimen under cyclic flexural 

loading (a) compression side (b) tension side (Wen and Chung 2001a). 

 

2.4 Imparting conductive additives in concrete and its Application 

The first notion of self-sensing concrete using piezoresistive analysis was introduced in 1993 by 

Chen and Chung (Chen and Chung 1993). They added 0.2-0.4% vol. of short carbon fiber to 

observe the electrical conductivity of concrete. They found that electrical resistivity in concrete 

decreases when a compressive load is applied, and it varies linearly with the applied load. Later 

several pieces of research have been focused on studying the sensing properties of concrete. It 

has been found that with the application of longitudinal compressive stress, the electrical 

resistivity in that direction is reduced. In the case of tensile load, the resistivity is increased. 

Additionally, both effects are reversible in the material's elastic range, enabling the strain sensing 

of the conductive composite. In case of damage sensing that is related to the plastic range of the 

material, the electrical resistivity is increased on that range and is irreversible (Vilaplana et al. 

2013).    
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(a) 

 

(b) 

Figure 2.9: Resistance behavior with different deflection levels on concrete specimen (a) 

Compression surface. (b) Tension surface (Wang and Chung 2006). 

 

 Wang et al. (2002) studied the electrical conductivity characterizations using different 

volume fractions and lengths of carbon fiber content in the cement composite under three 

different loading levels. SEM images presented in this research showed that carbon fiber content 

below the percolation threshold doesn't form a continuous path. In contrast, at or above the 

percolation threshold, a continuous conduction network was formed.   

 

Figure 2.10 SEM photomicrographs illustrating the connection of carbon fibers in cement 

composites (A) Vf = 1.16%, (B) Vf = 2.21% (Wang et al. 2002) 
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 Li et al. (2006) experimentally investigated the conductivity of concrete with carbon 

black nanoparticles as conductive fillers in cement composites. A percolation threshold was 

found in the composite with 12 to 20 wt—% of carbon black in cement composite from the 

investigation.   

 

Figure 2.11: Resistivity as a function of the CB volumetric content (Li et al. 2006) 

 

 Han et al. (2009a) investigated the use of Nickel powder in the cement-based composite 

as a piezoresistive sensor. They studied the electrical resistivity using the four probe electrodes 

method. The results indicated that under uniaxial compression, resistivity decreases to 62.6144% 

in the elastic region. Another study by Han et al. (2009b) observed that nickel particles form a 

conductive network in the cement matrix. They concluded that the decrease in resistivity is due 

to the quantum tunneling effect. 

 Li et al. (2007) studied the pressure-sensitive properties and microstructure of reinforced 

cement composite containing carbon nanotube. The carbon nanotube is treated (SPCNT) using 

H2SO4 and HNO3, and then the electrical resistivity and pressure sensitivity are measured and 

compared with the untreated carbon nanotube (PCNT) reinforced composite. It has been 
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observed that in both cases, electrical resistivity is significantly decreased under cyclic 

compressive loading. The SEM image reveals that treated CNT has more substantial effects on 

improving the sensitivity. In the case of untreated CNT, a meshwork was formed, which created 

a forceful effect to reduce the electrical resistivity. It also indicates that the pressure-sensitive is 

much intensive for treated CNT than untreated CNT composites. 

 

 

Figure 2.12: SEM photo of Nickel particle in 

Cement composite (Han et al. 2009a) 

 

Figure 2.13: Relationship between change in 

tunneling distance and the fractional change 

in electrical resistivity of NPCC (Han et al. 

2009b) 

 

 Fan et al. (2011) investigated the electrical conductivity using carbon fiber (1% wt of 

cement) and graphite powders (0-50% wt. of cement) simultaneously. In this research, the 

percolation threshold for the graphite powder was found to be 20% wt. of cement, and the 

piezoresistive effect was apparent at this content. 

 Teomete and Kocyigit (2013) investigated the tensile strain sensing using steel fiber in 

the reinforced cement matrix. The splitting tensile test was performed to investigate the tensile 
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capability. Total six different specimen containing 0,0.2,0.5,0.8,1.0 and 1.5 vol.% of 6mm steel 

fiber were used. The electrical resistivity was measured using the four-probe electrode method 

using embedded copper meshes. The strain sensing demonstrated a good correlation between the 

electrical resistivity. A large gage factor of 5195 was observed for this composition. 

 

Figure 2.14: The SEM image of treated CNT 

in composite (Li et al. 2007) 

 

Figure 2.15: The SEM image of untreated 

CNT in composite (Li et al. 2007) 

 

Figure 2.16: Volume resistivity of Carbon 

nanotube-reinforced composite (Li et al. 

2007) 

 

Figure 2.17: The fractional change in 

resistivity vs. time under cyclic compressive 

loading (0–15 KN) (Li et al. 2007) 
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Figure 2.18: SEM image showing the 

distribution of carbon fibers and graphite 

particles (Fan et al. 2011) 

 

Figure 2.19: Electrical resistivity change with 

the graphite content (Fan et al. 2011) 

 

 

Figure 2.20: The specimen under splitting 

tensile test (Teomete and Kocyigit 2013) 

 

Figure 2.21: Results of resistance vs. 

deformation from the tensile strain stress for 

the specimen with 1.5 vol.% (Teomete and 

Kocyigit 2013) 
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CHAPTER III 
 
 

MATERIALS AND EXPERIMENTAL METHODS 

 

 

3.1 Raw Materials 

The cement paste specimens were prepared with Type-1 Portland cement with tap water.  

The water/cement ratio used in this study was 0.45. The conductive additives used for this study 

were natural flake type (F-516) graphite powder (<212 m) produced by Asbury Carbons Inc. 

The physical properties of graphite powder used in this research are shown in Table-3.1. The 

conductive additive contents used for the study were 0%, 5%, 10%, 15%, 20%, 25% and 30% by 

volume of cement paste. 

Table 3.1: Physical Properties of Natural Flake type Graphite Powder (Asbury Carbons Inc.). 

Asbury ID 

Percent 

Carbon 

Typical 

Size (m) 

Specific 

Gravity 

Surface 

Area 

(m2/g) 

Typical 

Resistivity (-

cm) 

Note 

F-516 95.45 

50-60 

(<212) 

2.26 5 0.03-0.05 

Flake 

Type 

 

3.2 Specimen Preparation 

For mixing the cement paste Hobart Planetary motion mixer is used. A total of 21 

specimens in seven different batches were cast. The summary of the Specimen used in the 

experimental program is shown in Table 3.2. To prepare the samples, cement and graphite are 
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mixed with a stirring rod for 2 minutes and then placed in the Hobart Mixer (dry mixing). Water 

was added gradually, and the mixing was continued for 5 minutes. Then cement pastes were 

placed at the cubic mold (5.08 cm × 5.08 cm × 5.08 cm). After keeping the specimens at mold 

for 24 hours, all of them are demolded and placed in a water bath for 28 days curing at laboratory 

room temperature with 20  2C and RH 95  5%.   

3.3 Electrical Property Measurements and Data Processing 

Prior to the electrical measurement, each Specimen was removed from the water bath 

after 28 days of curing, and the surface was dried with paper towels to make SSD conditions so 

that there remains no chance for surface conduction. In general, the electrical properties are 

measured using either two-point sensing or four-point sensing methods. Both methods were 

initially investigated in this research, and the resistivity difference between these two methods 

was observed as very negligible. Hence, throughout the investigation, the two-point sensing 

method was used to measure electrical resistivity since it is easier to implement in small concrete 

blocks. Highly conductive silver paste (Tedpella Inc.) was used on two opposite sides of each 

cube to maintain full contact between the Specimen and electrodes. Copper tapes were used as 

the electrode at two opposite surfaces of cube specimens. The properties of conductive silver 

paste and copper tape are shown in Table 3.3.  

For the wet (SSD) condition measurements, the specimens were kept water bath for 24 

hours to make it fully saturated. For measurements in dry condition, the specimens were kept in 

Oven at 110C for 48 hours. For keeping the Specimen either in SSD or in Dry conditions during 

the testing, the specimens were wrapped with plastic foil on the whole surface of each sample 

(keeping copper tape tip out of the wrap) so that moisture doesn't go out from SSD specimens or 
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enter into Dry specimens. A complete process of the experimental program is shown in Figure 

3.1. 

Table 3.2: Summary of the Specimen used in the experimental program. 

Name 

Size/ 

Dimension 

(cm * cm * 

cm) 

Cross-sectional 

Area (Electrode 

surface area) 

(cm2) 

Materials/ 

ingredients 

Water / 

Cement 

ratio 

% of Graphite 

content, by 

volume of 

Mix 

GP_0 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 0 

GP_5 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 5 

GP_10 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 10 

GP_15 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 15 

GP_20 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 20 

GP_25 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 25 

GP_30 

5.08 × 5.08 

× 5.08 

5.08 × 5.08 

Cement + 

GF 

0.45 30 
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Figure 3.1. Specimen Preparation for Experimental Program: (a) Specimen after applying the 

conductive silver paste on two opposite sides (b) Attaching copper tape as electrodes (c) 

Specimen underwater to make it fully saturated (d) Specimen at Oven to make it fully dry (e) 

Specimen wrapped with plastic foils to control the moisture.  

 

In order to investigate the effect of degree of saturation (DOS) on the electrical properties 

of conductive cement paste, firstly, the Specimen was made fully saturated. Then the weight of 

the Specimen was taken as Mw. At that SSD conditions, the resistivity was measured using 

different devices. The moisture from the Specimen was removed using a progressive drying 

process, including air dry, oven heating. When the Specimen become fully dry, weight was taken 

and recorded as Md. The moisture content in different levels of drying conditions of the 

Specimen was calculated using the following Equation 1. and the degree of saturation was 

calculated using Equation 2. 

[1] Amount of moisture, W1 = 
𝑀1−𝑀𝑑

𝑀𝑑
 × 100 

[2] Degree of saturation (DOS) = 
𝑊1

𝑊𝑤
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Where W1 is the moisture content corresponding to the specimen weight M1, when it is 

dried either in the air or in the Oven (not fully dry); Md is the weight of fully dry Specimen 

(Specimen was made fully dry keeping it in the Oven for 48 hrs at 110C). And, Ww is the 

moisture content of a fully saturated (SSD) specimen. 

A Keithley 2400 (C-22) Source Measure Unit (Multimeter-1) was used for the DC 

resistance measurement using the two-point sensing method. True RMS Digital Multimeter DM-

441B (Multimeter-2) is also used to measure DC Resistance. In order to confirm the charging 

effect of conductive concrete, the static measurements using DC were made by two distinguished 

methods: 1) continuous monitoring and 2) discontinuous measurement. In the continuous 

monitoring, the static resistance of the specimens was measured for 5 minutes with continuously 

connected probes. By connecting the probes continuously, the charging of concrete may occur. 

In the discontinuous measurement, the probes were connected a couple of seconds to read the 

resistances and immediately removed after the reading to minimize the charging. The 

discontinuous measurements were repeated multiple times with t10 minutes time intervals for 2 

hours.  

Table 3.3: Properties of Electrodes materials 

Silver paste Particle size: 

0.4-1.0μm 

Specific 

Gravity 2.15 

g/cc 

Sheet Resistance: 

0.04 - 0.066 ohms/sq/mil 

(25.4 μm) 

Ted Pella, 

INC. 

Copper 

tapes 

W: 6.3mm 

L: 16.46m 

T: 2.6 mils 

(0.066 mm) 

8.94 

kg/cm3 

Sheet Resistance: 

0.005 ohm 

Ted Pella, 

INC. 
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A Metrohom AUTOLAB PGSTAT302N is used for impedance analysis of cement paste 

containing graphite. The frequency range used for the measurement was 1 MHz to 1 Hz. In a 

preliminary test, from high (1 MHz) to low frequency (1 Hz) and from Low (1 Hz) to high 

frequency (1 MHz) swaps were compared to observe the effect of direction of frequency 

swapping. Since the results from the increasing frequency swap and the decreasing frequency 

swap were identical, the study used the decreasing frequency swap from high (1 MHz) to low 

frequency (1 Hz) for the rest of the measurements. The amplitude of voltage was 500 mV, and 

20 data points were recorded per decade of the frequency range. Several researchers have used a 

similar AC measurement setup to understand cement-based materials' microstructure (Cabeza et 

al., 2006, Zhu et al., 2017). For data acquisition, a commercial tool, NOVA 2.1 software, is used. 

The test set up for measuring the resistance/impedance using two different DC equipment and 

one AC impedance spectroscopy is shown in Figure 3.2. 

From the measured resistance (R, ), volume resistivity (, -cm) was calculated using 

the following Equation 3. 

[3]  = 
𝑅 × 𝐴

𝐿
  

From the measured Impedance (), volume resistivity (Z, -cm) was calculated using 

the following Equation 4. 

[4] Z = 
(𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒) × 𝐴

𝐿
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Figure 3.2: Test Set up for measuring static (DC) resistance through (a) True RMS Digital 

Multimeter DM-441B (Multimeter-2) (b) Keithley 2400 (C-22) Source Meter (Multimeter-1), 

and for AC Impedance measurement through (c) Metrohom AUTOLAB PGSTAT302N 

 

Where A is the cross-sectional area of the Specimen (cm2), L is the Specimen's length 

(cm). Throughout the test process, the cross-sectional areas are assumed to be constant. The 

electrical conductivity can be obtained by inverting the volume resistivity. 
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CHAPTER IV 
 
 

INVESTIGATION ON ELECTRICAL PROPERTIES MEASUREMENT METHODS 

 

 

4.1 Introduction 

The electrical behavior of conductive concrete is very complex. Therefore, understanding 

the electrical properties of conductive concrete is necessary. Many researchers have used 

DC/static electrical measurements to understand electrical properties using different additives 

(Al-Bayati et al. 2020; Dehghanpour and Yilmaz 2020a; Dong et al. 2021; Dong et al. 2019; Sun 

et al. 2021). DC measurements, especially when it is measured through continuous measurement, 

cause polarization in cement-based concrete (Cao and Chung 2004; COPPOLA et al. 2013; Han 

et al. 2011a; Wen and Chung 2001b). It is challenging to characterize electrical properties using 

DC/static resistance measurement since electrical polarization causes an increase in the measured 

resistance. Instead, many researchers used DC methods for various non-structural applications of 

conductive concrete (Cholker and Tantray 2019; Ding et al. 2019a; Ding et al. 2019b; Dong et al. 

2020a; Dong et al. 2020b; Kwon et al. 2019; Nguyen et al. 2019; Sun et al. 2017; Chung 2003a; 

Cao et al. 2001; Wen and Chung 2000; Yao et al. 2003; Reza et al. 2003; Bontea et al. 2000; 

Chen et al. 2005; Chung 2002b; Chung 2002a). Therefore, thorough investigations on DC 

measurements are necessary. 

On the contrary, The AC impedance spectroscopy techniques are very useful for 

characterizing complex electrical systems (Gu et al. 1993b; Wen and Chung 2007). It minimizes 

polarization by repeatedly varying the input voltage (Wen and Chung 2007) and 
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characterizes the electrical properties with capacitance, inductance, and resistance. As per the 

author’s literature studies, AC impedance measurements was studied significantly less than DC 

methods for electrical characterization and various non-structural applications (Ding et al. 2019b; 

Segura et al. 2019; Papanikolaou et al. 2020; Fulham-Lebrasseur et al. 2020; Zhu et al. 2019; El-

Dieb et al. 2018; Sassani et al. 2017; Yoo et al. 2017; Li et al. 2016; Reza et al. 2003; Peled et al. 

2001; Fu et al. 1997; Berrocal et al. 2018a; Faneca et al. 2018; Suryanto et al. 2018; Danoglidis 

et al. 2019; Li and Li 2019; McCarter 1995; MacPhee et al. 1996; Banthia et al. 1992; Hou and 

Lynch 2009; McCarter et al. 2013). Rather, most of the research using Electrochemical 

Impedance Spectroscopy (EIS) was conducted to understand the microstructure of conductive 

concrete, chloride diffusion, and durability analysis while it is subjected to corrosion (Dong et al. 

2014a; Mercado-Mendoza et al. 2014a; Zhang and Kong 2014; Kamali and Ghahremaninezhad 

2015; Dong et al. 2016b; Dong et al. 2016a; Dong et al. 2018; He et al. 2018a; Chi et al. 2019; 

Melara et al. 2020; Stefanoni et al. 2020; Cai et al. 2021; McCarter et al. 1988; Gu et al. 1993d; 

McCarter 1996; Gu et al. 1993c; Cruz et al. 2013; Ravikumar and Neithalath 2013, Tang et al. 

2014). In this study, the electrical properties of conductive cement paste will be thoroughly 

investigated using both static/DC measurements methods and AC impedance spectroscopy.   

This section aims to investigate on the electrical properties measurement methods of 

graphite added conductive cement paste using both static/DC measurements and AC Impedance 

Spectroscopy. In this research, DC measurements were conducted in two different methods: 1) 

Continuously connecting probes over time and 2) Connecting and Disconnecting the probes on 

the specimen. Two different resistance measurement devices (Multimeter-1 and Multimeter-2) 

were used to compare the consistency of the DC results. Moreover, the effect of different DC 

voltages on the resistivity of conductive cement paste was also investigated. The moisture level 
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was appropriately controlled throughout the experimental work, whether the specimen is either 

in wet (saturated surface dry, SSD) or in dry (48 hours oven dry) conditions. 

 

4.2 Static/DC Resistivity Measurement 

The fundamental of DC measurement is that electricity is being provided to the 

specimens through a one-directional flow of electron/current. Neither electricity nor voltage 

changes over time; instead remains fixed with respect to time. Due to this characteristic of 

electric current, it is known as static or Direct Current (DC).  Because of the one-directional 

flow, one side of the Specimen receives exclusively positive electron or negative electron while 

the other side is in opposite charging mode.  

Since most of the previous studies used DC methods to apply conductive concrete in 

different non-structural applications, thorough investigations on the static/DC measurement 

method are necessary. In this section, the static/DC measurement results obtained from the 

continuous monitoring and discontinuous measurement are discussed in detail. 

4.2.1 Continuous Monitoring 

In this measurement method, electrical probes were connected with the specimens and 

continuously associated for 5 minutes. The data was gathered at 15-second intervals, and thus the 

measurement continued for whole periods. The data was collected three times for almost every 

Specimen. Figure 4.1, Figure 4.2 and Figure 4.3 are showing static resistivity results obtained 

from continuous monitoring.  

In Figure 4.1, Static/DC resistivity of conductive cement paste containing 10% (by 

volume of cement paste) graphite is shown. The electrical resistivity is increasing over time. At 

the initial stage, the rate of increase is much higher. With continuously connecting the probe, 
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electrons are causing a charging effect inside the specimens, and this charging is increasing over 

time. Specimen either in dry or in wet conditions showing the same phenomena (as shown in 

Figure 4.1 (a), (b), (c), (d)). Resistivity measured with two distinguished devices (Multimeter-1 

and Multimeter-2) gives a similar trend but provides a different rate of resistivity. Whatever 

measurement machine it is (either Multimeter-1 or Multimeter-2), or whatever the specimens' 

moisture conditions are (Dry or Wet), the continuous resistivity increases are observed. This 

characteristic indicates that there is the presence of some capacitance/polarization effect inside 

the graphite added cement cube.  Due to the presence of the capacitance effect, the polarization 

of opposite electrons is occurring inside the materials, and with time, the polarization is 

ameliorating, which causes the increase in resistivity.  

 

Figure 4.1: Static Resistivity measurement of Specimen GP_10 (10%-graphite) through 

continuous monitoring for 5 minutes (300 Sec). (a) Using Multimeter-1 at 1V in dry conditions 
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(b) using Multimeter-2 in dry conditions (c) using Multimeter-1 at 1V in wet conditions (d) using 

Multimeter-2 in wet conditions. 

 

In Figure 4.2, Static/DC resistivity of conductive cement paste containing 15% (by 

volume of cement paste) graphite is shown. The Specimen with 15% graphite powder showed a 

constant Static Resistivity value in dry conditions, as shown in Figure 4.2 (a), (b). Two different 

DC devices also show similar trends and offer almost the same values while specimens are in dry 

conditions. There is no charging effect/capacitance is observed. On the other hand, at wet 

conditions (as shown in Figure 4.2 (c) and (d)), the resistivity is increasing rapidly at the initial 

stage and continues to increase at a slower rate over time. There is no moisture in dry conditions, 

while in wet conditions, moisture is present, and specimens show dissimilar phenomena than dry 

results. Conduction through moisture provides some capacitance effects inside the specimens, 

which increases the Specimen's static resistivity over time.   

In Figure 4.3, Static/DC resistivity of conductive cement paste containing 20% (by 

volume of cement paste) graphite is shown. The graphite content for these specimens is higher 

than that of the previous two sets of specimens. However, these specimens also show similar 

trends observed for specimens with 15% (by volume of cement paste) graphite. There is no 

charging effect at dry conditions, and at wet conditions, a little charging effect is observed.  
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Figure 4.2: Static Resistivity measurement of Specimen GP_15 (15%-graphite) with continuous 

monitoring for 5 minutes (300 Sec). (a) using Multimeter-1 at 1V in dry conditions (b) using 

Multimeter-2 in dry conditions (c) using Multimeter-1 at 1V in wet conditions (d) using 

Multimeter-2 in wet conditions. 

 

Therefore, it can be said that conductive cement paste with a low concentration of fillers 

has some capacitance/charging effect inside the Specimen, which enables charge storage and 

cause an increase in static/DC resistivity in case of continuous monitoring. For low concentration 

graphite in cement paste, the resistivity increase is faster in the initial stage and slowed down as 

the monitoring continues. Similar phenomena were observed by (Han et al., 2011a) and  

(COPPOLA et al., 2013) with CNT added cement paste,  by (Nguyen et al., 2019) as they added 

steel fiber, CF and CNT in cement concrete, by (Sun et al., 2017) as they added Graphene Nano-
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platelet in cement concrete. Moreover, different resistivity was observed with each distinguished 

trial. It was challenging to obtain repetitive patterns in the resistivity graphs for the same 

Specimen with a lower graphite concentration. 

Specimens with higher graphite concentration and at dry conditions show constant 

resistivity and repetitive patterns in the resistivity graph in different trials. However, in wet 

samples, a slight difference in resistivity was observed in distinguished trials due to some 

capacitance effect. For some specimens, repetitive patterns in the resistivity graph are observed. 

 

 

Figure 4.3: Static Resistivity measurement of Specimen GP_20 (20%-graphite) through 

continuous monitoring for 5 minutes (300 Sec). (a) using Multimeter-1 at 1V in dry conditions 

(b) using Multimeter-2 in dry conditions (c) using Multimeter-1 at 1V in wet conditions (d) using 

Multimeter-2 in wet conditions. 
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4.2.2 Discontinuous Measurements 

In this measurement method, electrical probes were connected with the specimens, and it 

was connected with the Specimen for few seconds to read the resistance value. The data was 

gathered at 10-minutes intervals, and the measurement continued for a 2-hrs duration.  

Figure 4.4 and Figure 4.5 depicts the variation of DC resistivity over time obtained from 

the discontinuous measurements. The resistivity values obtained using this method were 

relatively consistent over time for most of the tests except for some cases. Specimens with 

having different concentrated graphite show consistent results in discontinuous monitoring than 

continuous DC monitoring. Although wet specimens showed slight fluctuation of resistivity 

values, it was very consistent in dry specimens. These consistent results are due to the 

disconnecting of the probes from the specimens that minimizes the charging effects.     

 

Figure 4.4: Static Resistivity measurement of Dry Specimen GP_10 (10%-graphite) ((a) and (d)), 

GP_15 (15%-graphite) ((b) and (e)), GP_20 (20%-graphite) ((c) and (f)) with discontinuous 

monitoring for 2 hrs. at 10 minutes interval. (a), (b), (c) is measured using Multimeter-1 at 1V 

and (d), (e), (f) is measured using Multimeter-2. 
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Figure 4.5: Static Resistivity measurement of Wet Specimen GP_10 (10%-graphite) ((a) and (d)), 

GP_15 (15%-graphite) ((b) and (e)), GP_20 (20%-graphite) ((c) and (f)) with discontinuous 

monitoring for 2 hrs. at 10 minutes interval. (a), (b), (c) is measured using Multimeter-1 at 1V 

and (d), (e), (f) is measured using Multimeter-2. 

 

4.2.3 Effect of Voltage on Static/DC Resistivity 

In this study, two different devices were used to measure electrical resistivity. Among 

these two devices, the applied voltage for the measurement can be controlled by Multimeter-1, 

while another device, "Multimeter-2" does not have manual control of the applied voltage. 

Figure 4.1, where the graphite concentration is 10% by volume of cement paste shows that two 

devices in the same moisture conditions give different resistivity values for the same Specimen. 

The reason can be attributed to the uncontrolled voltage sources of the Multimeter-2. It becomes 

necessary to explore how the electrical resistivity varies with different voltages. In this section, 

the effect of DC voltage on electrical resistivity is investigated using both continuous and 

discontinuous static measurements.  
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Figure 4.6 and Figure 4.7 show the effect of voltage on static resistivity measurement of 

conductive cement paste. From the following figures, it can be noticed that at lower 

concentration of graphite powder (10% by volume of cement paste), either in the continuous 

monitoring (as shown in Figure 4.6) or the discontinuous measurement (as shown in Figure 4.7), 

the electrical resistivity of conductive cement paste decreases with voltage increase. This 

phenomenon is evident whether the Specimen is either in wet or in dry conditions. A similar 

trend was observed previously by (Dehghanpour and Yilmaz, 2020b) on conductive concrete 

containing carbon fibers that electrical resistivity decreases with the increase of voltage, and by 

(Wu et al., 2013), who investigated conductive concrete containing steel and graphite content. 

The Specimen with 15% and 20% graphite content by volume of cement paste shows little 

change with the rise in voltage at dry conditions. However, in wet conditions, it is demonstrated 

that electrical resistivity decreases with the increase of voltage.     
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Figure 4.6: Effect of voltage on continuous static resistivity measurement of conductive cement 

paste specimen GP_10 (10%-graphite) ((a) and (b)), GP_15 (15%-graphite) ((c) and (d)), GP_20 

(20%-graphite) ((e) and (f)). (a), (c), (e) is measured when specimens were at Dry Conditions. 

(b), (d), (f) is measured when specimens were at Wet Conditions 

 

Figure 4.7: Effect of voltage on discontinuous static resistivity measurement of conductive 

cement paste specimen GP_10 (1) (a) and GP_10 (2) (b) (10%-graphite) at Dry Conditions. 

 

4.2.4 Summary of Static/DC Measurements  

Although each measurement in the discontinuous measurement shows relatively 

consistent resistivity values over time, the magnitudes of static resistivity data vary with the 

devices and different trials. It is more evident when specimens contain lower concentrations of 

conductive fillers. It can be presumed that polarization of charges (charging effects) causes the 
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inconsistent resistivity of conductive concrete. Notably, at continuous resistivity measurements, 

charging effects play a vital role and cause an increase in resistivity. Also, the voltage of the 

current source plays a significant role, and resistivity is affected by its variation. Therefore, the 

static resistivity measurements using DC are not fully capable of characterizing the electrical 

properties of conductive concrete, especially when the filler concentration is lower than forming 

a continuous conductive path.   

 

4.3 AC Impedance Measurement 

4.3.1 Impedance Spectroscopy Preliminary 

In contrast to Direct current, which is the one-directional flow of current/electron in 

nature, Alternating current changes its current/electron's flow direction. AC is known as two-

directional flow, and both electricity and voltage change over time. Because of the two-

directional flow, at one time, one side of the Specimen receives a positive electron and later gets 

a negative electron. Therefore, the chances of polarization of electrons/charges are none. A 

typical Alternating Current graph is shown in Figure 4.8 (a).     

Impedance means frequency-dependent resistance to the current flow of an electrical 

circuit element (Resistor, capacitor, inductor, etc.). Impedance data is represented either by 

vector quantity (|Z ()|- impedance and - phase angle) or complex quantity (Z’ () and Z” ()).  

impedance of cement paste. 

The impedance response, Z () (in ohms, ), in terms of complex quantity for a cement-

based specimen, can be written as (McCarter and Brousseau 1990): 

 Z () = Z’ () + j Z” ()…………………………………. (2) 
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Where, Z’ () is the real or resistive part (known as real Resistance); Z” () is the 

imaginary or reactive part (known as Reactance); j = √−1;  is the angular frequency ( = 2 f, 

where f is the applied frequency (Hz) of AC Current); 

The vector quantity is computed as: 

|Z ()| = √𝑍′2 + 𝑍" 2 ; Phase angle,  = tan-1 ( 
𝑍"

𝑍′
 ) 

If  = 0 phase, indicate the real impedance/Resistor; Z = Z’ (Ohms). If  = - 90 phase, 

indicate purely capacitive behavior; Z = -Z” = -j/C (Farads). If  = 90 phase, indicate purely 

inductance behavior; Z = Z” = jL (Henrys).  

 

Figure 4.8: (a) Alternating Current (AC) voltage variation with time. (b) A conductive concrete 

specimen experiencing AC current. (c) A typical Bode plot is showing impedance variation with 

different AC-frequencies of cement paste. (d) A Typical Nyquist plot shows the variation of real 

and imaginary impedance. 
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Two distinguished plots present impedance data. (i) Nyquist Plot (is drawn by imaginary 

impedance (Z") vs. the real impedance (Z')); (ii) Bode Plot (is drawn by the |Z ()| vs. the 

frequency and also Phase angle  vs. the frequency). A typical impedance response of a concrete 

specimen placed between two electrodes is shown in Figure 4.8 (c) and (d) while experiencing a 

wide frequency range of AC.  

4.3.2 Impedance Analysis of Conductive Cement Paste 

In this section, AC current is applied to conductive cement paste containing graphite. 

Impedance test on each sample has been done several times with 4 hours intervals. The 

impedance responses of specimen L having 10% graphite by volume of cement paste are shown 

in Figure 4.9.   

The bode plot of dry Specimen shows that at frequency ranges up to 10,000 Hz, the 

impedance remains almost constant and ranges beyond 10,000 Hz, showing decreased 

impedance. The bode plot of wet Specimen shows a continuous decrease in impedance with the 

increase of AC-frequencies. These results indicate that graphite added cement paste has both 

capacitance and resistance characteristics. This statement is more acceptable if we see the phase 

angle variation with frequency of the Specimen from Figure 4.9 (c) and (d). In dry Specimen, the 

phase angle is close to zero at frequency ranges up to 1000 Hz and started increasing after that. 

The capacitance behavior is more evident at higher frequency ranges for dry specimens. For the 

wet Specimen, there is always a presence of phase angle indicating a continuous capacitance 

behavior in wet conditions.     
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Figure 4.9: Impedance responses of Specimen with having 10% graphite by volume of cement 

paste. Bode plot of Specimen (a) at Dry Conditions and (b) at Wet Conditions. Phase angle 

variation with AC frequency of Specimen (c) at Dry Conditions and (d) at Wet Conditions. 

Nyquist plot of Specimen (e) at Dry Conditions and (f) at Wet Conditions. 

 

On the Nyquist plot for the dry Specimen (shown in Figure 4.9 (e)), the semi-circle 

represents the bulk conductivity of the specimens. The tail part that describes bulk cement and 
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electrode interfaces' properties is not visible for the dry Specimen since the lowest AC frequency 

range was 1Hz. If the frequency range is lowered to 0.1 Hz or 0.01 Hz, then the tail part will be 

observed for the dry Specimen. On the Nyquist plot for wet specimens (shown in Figure 4.9 (f)), 

the semi-circle shows the bulk conductivity of the wet specimens, and the tail part represents the 

properties of the electrode interfaces. In the case of wet specimens, these two effects are 

distinguishable on Nyquist Plot. 

4.3.3 Repeatability in Measurements and Homogeneity of Mixture observation through 

Impedance Analysis 

For each Specimen of a batch in three different distinguish trials, consistent and 

repeatable results are obtained from the impedance measurements as shown in Figure 4.9. This 

repeatability is observed whether the Specimen is either in dry conditions or in wet conditions. 

Although L1, L2 and L3 are prepared from identical mixing batches of cement and graphite 

powder, there is still a chance that the graphite powder does not mix homogeneously. And hence 

the different impedance and resistivity values can be observed for other specimens from a single 

mixing batch. The error range for the same Specimen in three separate trials is shown in the 

following Tables. The impedance tables (Table 4.1 and Table 4.3) are prepared using impedance 

values corresponding to 1-Hz AC Frequency. On the other hand, the phase angle tables (Table 

4.2 and Table 4.4) are prepared using phase angle values corresponding to 1-MHz AC 

Frequency.  Table 4.1 and Table 4.2 are for dry Specimen, while Table 4.3 and Table 4.4 are for 

Wet Specimen.  
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Table 4.1: Error range for Specimen with Different AC Measurements Trials and Observing the 

Homogeneity of the mixture (Dry-Impedance) 

 

 

 

 

 

 

 

 

 

Specimen 

Impedance 

at 1-Hz (in 

diff trials) 

Average 

of trials 

Standard 

Deviation 

% of 

error in 

trials 

Average of 

Mix 

Standard 

Deviation 

% of error 

among 

specimens 

GP_10 (1) 

465217.5 

475241 10918 

-2.11 

1039068.2 1190550.5 

-54.26 

473630.2 -0.33 

486875.6 2.44 

GP_10 (2) 

2397259.5 

2406792 8339 

-0.39 

131.62 

2410378.9 0.14 

2412739 0.24 

GP_10 (3) 

232935.2 

235171 3432 

-0.95 

-77.36 

233454.8 -0.72 

239123 1.68 



43 

 

Table 4.2: Error range for Specimen with Different AC Measurements Trials and Observing the 

Homogeneity of the mixture (Dry-Phase Angle) 

Specimen 

Phase at 1-

MHz (in 

diff trials) 

Average 

of trials 

Standard 

Deviation 

% of error 

in trials 

Average 

of Mix 

Standard 

Deviation 

% of error 

among 

specimens 

GP_10 (1) 

63.79 

63.75 0.16 

0.06 

60.08 8.36 

6.11 

63.57 -0.28 

63.89 0.219 

GP_10 (2) 

66.03 

65.98 0.20 

0.08 

9.81 

66.15 0.26 

65.75 -0.34 

GP_10 (3) 

51.11 

50.51 0.53 

1.17 

-15.92 

50.07 -0.86 

50.35 -0.31 

 

From all the Tables, it is evident that each Specimen in different AC measurement trials 

shows very close values, and the error range among separate trials for most of the Specimen is 

less than 2%.  From Figure 11, it is obvious that GP_10 (1), GP_10 (2), and GP_10 (3) show 

different impedance values, especially in dry conditions. This is due to the lack of a 

homogeneous mixture of graphite powder in cement paste. Table 4 and Table 5 (for dry 

Specimen) shows % of error among Specimen is relatively high, supporting non-homogeneous 

mixture assumptions. In this article, only the results of specimen with having 10% graphite by 

volume of cement paste are shown due to the limitations of pages. However, a similar repetitive 
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pattern is observed for specimens GP_0, GP_5, GP_15, GP_20, GP_25, GP_30 (graphs are 

shown in Appendix A). 

Table 4.3: Error range for Specimen with Different AC Measurements Trials and Observing the 

Homogeneity of the mixture (Wet-Impedance) 

 

 

 

 

 

 

 

 

Specimen 

Impedance 

at 1-Hz (in 

diff trials) 

Average 

of trials 

Standard 

Deviation 

% of 

error in 

trials 

Average 

of Mix 

Standard 

Deviation 

% of error 

among 

specimens 

GP_10 (1) 

3160.57 

3180.37 18.48 

-0.62 

4476.86 1710.87 

-28.95 

3183.39 0.09 

3197.16 0.52 

GP_10 (2) 

3837.41 

3834.2 63.54 

0.08 

-14.35 

3896.07 1.61 

3769.11 -1.69 

GP_10 (3) 

6393.78 

6416.01 20.1 

-0.34 

43.31 

6432.91 0.26 

6421.34 0.08 
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Table 4.4: Error range for Specimen with Different AC Measurements Trials and Observing the 

Homogeneity of the mixture (Wet-Phase Angle) 

Specimen 

Phase at 

1-MHz (in 

diff trials) 

Average 

of trials 

Standard 

Deviation 

% of error 

in trials 

Average 

of Mix 

Standard 

Deviation 

% of error 

among 

specimens 

GP_10 (1) 

22.30 

21.24 1.07 

4.98 

23.14 3.05 

-8.21 

20.16 -5.08 

21.26 0.098 

GP_10 (2) 

21.27 

21.51 1.79 

-1.116 

-7.02 

19.85 -7.72 

23.41 8.84 

GP_10 (3) 

26.69 

26.66 0.08 

0.102 

15.23 

26.73 0.24 

26.57 -0.34 

 

4.3.4 Summary of AC Impedance Measurements 

From the above analysis and discussions, it can be concluded that AC impedance analysis 

provides with better electrical characterization scope for conductive cement paste. Both bode plot 

and Nyquist plot obtained from impedance spectra depicted the fairly consistent trend in different 

measurements trials.  It can be used as an essential tool for getting repetitive resistivity values and 

investigating the homogeneity of a mixture of conductive fillers in a concrete mix.   
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4.4 Conclusion 

In this chapter, a thorough investigation on the electrical properties’ measurement 

methods of conductive cement paste containing graphite powder were experimentally 

investigated, focusing on both static/DC and AC impedance spectroscopy measurement methods. 

Due to the charging effect in DC measurement, the measured resistivity values were not 

consistent in the case of continuous monitoring. The discontinuous static/DC measurement 

shows relatively consistent resistivity values over time. However, the magnitudes of static 

resistivity data vary with the devices and different trials. It is more evident when specimens 

contain lower concentrations of conductive fillers. In case of higher graphite content, both 

methods provide consistent resistivity values.  

It can be presumed that polarization of charges (charging effects) causes the inconsistent 

static resistivity of conductive concrete. Notably, at continuous resistivity measurements, 

charging effects play a vital role and cause an increase in resistivity. Also, the voltage of the 

current source plays a significant role, and resistivity is affected by its variation. The resistivity is 

observed to be decrease with the increase in DC voltage. Therefore, the static resistivity 

measurements using DC are not fully capable of characterizing the electrical properties of 

conductive concrete, especially when the filler concentration is lower than forming a continuous 

conductive path.  

On the other hand, the Bode plots and Nyquist plots obtained by AC impedance 

spectroscopy showed consistent results when the moisture condition is identical. These results 

indicate that the electrical properties of the conductive concrete cannot be represented by a single 

resistivity value and need to be measured by AC impedance spectroscopy.  
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Moreover, the AC impedance analysis provides with better electrical characterization 

scope for conductive cement paste. It can be used as an essential tool for getting repetitive 

resistivity values and investigating the homogeneity of a mixture of conductive fillers in a 

concrete mix.   
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 CHAPTER V 

 

 

ELECTRICAL CHARACTERIZATION AND DEGREES OF SATURATION EFFECTS 

 

  

5.1 Introduction 

Researchers have used different conductive fillers to make regular concrete as 

conductive. These fillers include carbon fibers, steel fibers, Carbon black, graphite powder, 

graphene Nano-platelets, carbon micro-fiber, Nano Carbon black, Carbon Nanotube, Carbon 

Nanofibers, etc. (Chen and Chung 1993; Chen and Chung 1995; Wen and Chung 2005; Baeza et 

al. 2013; Tyson et al. 2011;, Kim et al. 2011; Le et al. 2014; Oskouyi et al. 2014). Among these 

widely used materials, Graphite powder is more economical and provides better conductivity in 

cement concrete. In this study, flake-type graphite powder (F-516) will be used as conductive 

additives in the cement-based composite. It is a thumb rule for almost every additive that it will 

make the composite more conductive when the additives touch each other inside the specimen 

and form a continuous conduction network. The volume fraction above which there is a 

continuous conduction path among the fiber content is known as the percolation threshold 

(Chung 2003c). Most of the previous researches have determined the percolation threshold for 

different additives at wet conditions (Al-Bayati et al. 2020; Dehghanpour and Yilmaz 2020b; 

Dong et al. 2021; Dong et al. 2019; Cholker and Tantray 2019; Ding et al. 2019a; Ding et al. 

2019b; Dong et al. 2020a; Sun et al. 2021; Sun et al. 2017). Hence, this study will determine the 

percolation threshold for graphite powder by the cement paste volume for specimen at both dry 

and wet conditions. 
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One of the most critical factors that significantly influence the conductivity of concrete is 

the presence of moisture inside specimens. It is widely known that the moisture in concrete 

increases the conductivity of concrete (Demircilioğlu et al. 2019). Therefore, controlling 

moisture conditions is an essential part of understanding the electrical properties of concrete. 

Most researchers measured the electrical resistivity right after finishing the curing period of 

concrete or at the surface saturated dry (SSD) conditions (Al-Bayati et al. 2020; Dehghanpour 

and Yilmaz 2020a; Dong et al. 2021; Dong et al. 2019; Sun et al. 2021; Cholker and Tantray 

2019; Ding et al. 2019a; Ding et al. 2019b; Dong et al. 2020a; Dong et al. 2020b; Kwon et al. 

2019; Papanikolaou et al. 2020; Zhu et al. 2019; El-Dieb et al. 2018; Sassani et al. 2017; Yoo et 

al. 2017; Dong et al. 2014a,; Dong et al. 2016a; Dong et al. 2018; Demircilioğlu et al. 2019).  

Some researchers investigated the electrical properties at different dry conditions such as 1, 2, 3, 

15, 16, 18, 30, 56 air dry (Segura et al. 2019; Nguyen et al. 2019; Fulham-Lebrasseur et al. 2020; 

Zhang et al. 2019; Sun et al. 2017), oven-dry for 24 hr. at 70C or lesser temperature (Nguyen et 

al. 2019; Zhang et al. 2019; Li et al. 2016).  

However, to make the concrete specimen fully dry and observe its electrical properties at 

that conditions, generally, it needs to be put inside the oven/ or some other places at a higher 

temperature than the boiling point of water. In this research, specimens were made fully dry by 

keeping them inside the oven for 48 hrs. at 110C. Additionally, during the electrical properties’ 

measurement, the moisture was controlled through the plastic wrapping of the whole specimen 

both in SSD conditions and in dry conditions.  

Different moisture levels inside the concrete provide different conduction properties (del 

Moral et al. 2021; Demircilioğlu et al. 2019; Zhang et al. 2019). Hence, the electrical properties 

variation with different degrees of saturation level is worthy of investigating.  
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This section aims to characterize the electrical property of graphite added conductive 

cement paste using AC Impedance Spectroscopy. In this regard, the study will experimentally 

investigate the effect of graphite content in cement composite. It will also determine the 

percolation threshold of graphite powder for both dry and wet specimens. Moreover, the effect of 

moisture, and the effect of degree of saturation (DOS) on the resistivity of conductive cement 

paste will be investigated thoroughly using both DC and AC impedance spectroscopy. It should 

be noted that the moisture level was appropriately controlled throughout the experimental work, 

whether the specimen is either in wet (saturated surface dry, SSD) or in dry (48 hours oven dry) 

conditions.  

5.2 Investigating the Effect of Graphite Content 

In this study, graphite powder is used as conductive additives with varying volume 

content in cement paste. The volume fraction varied from 0% (control specimen), 5%, 10%, 

15%, 20%, 25% and 30%. The graphite powder's volume was measured with respect to the 

volume of cement paste. Since the initial investigation on this research depicted that moisture 

plays a significant role in the electrical resistivity of conductive cement paste, the effect of 

graphite was investigated for the Specimen both at dry and wet conditions. For each graphite 

content and also for the control mixture (0% GP), three specimens were prepared, and each 

Specimen was tested at three different trials. Among these nine representatives and repetitive 

data, only one data for each mixture is shown in the following Figures to understand the graphite 

effects better. 
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5.2.1 Graphite effects on dry Specimens 

In Figure 5.1, 5.2 and 5.3, the effect of graphite content on dry cement-paste specimens is 

shown.  It is evident from Figure 5.1 that the control specimen (0% graphite) is showing higher 

impedance/resistivity values throughout the AC frequency ranges compare to all other 

specimens. The value is much higher (more than 1011 -cm) at lower AC frequency ranges. 

Figure 5.1 also shows that adding graphite powder in cement paste significantly affects the 

electrical properties. The increase in graphite content reduces the electrical resistivity when the 

Specimen is in dry conditions.   

Both control specimen and 5% graphite specimen shows a decrease in impedance value 

with the increase in AC frequency. The fundamental of AC Impedance Spectroscopy implies that 

both capacitance and inductance have a relationship with AC frequency. In general, capacitance 

has an inverse relationship with AC frequency, and it reduces when the Frequency increases. In 

contrast, inductance has a proportional relationship with AC frequency, and it increases when the 

Frequency also increases. Since these specimens' impedance reduces with AC frequency, they 

certainly have a capacitance effect inside them at dry conditions. 

Specimen with 10% graphite content shows a constant impedance value up to 100000 Hz 

AC frequency, and beyond that, it decreases. Specimen with 15% or more graphite content, the 

impedance is almost constant throughout the Frequency ranges, indicating negligible or no 

capacitance effect. Thus, by increasing the graphite content, the capacitance effect can be 

eliminated especially, when the Specimen is in dry conditions. This statement is validated by 

Figure 5.2, which depicts the phase angle variation with different Frequency ranges for 

distinguished conductive specimens at dry conditions.  
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Figure 5.1: Impedance variation with AC frequencies of All Specimens at Dry Conditions 

 

Figure 5.2: Phase angle variation with AC frequencies of All Specimens at Dry Conditions  
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In the control specimen and 5% graphite specimen, the phase angle is much higher, and it 

ranges from 70 to 85 (as shown in Figure 5.2). Moreover, it remains at this range (70 to 85) 

throughout the frequency swaps, indicating higher capacitance characteristics of the Specimen. 

However, the Specimen with 10% graphite or more shows relatively lower phase angle values. 

With the increase in graphite content in cement paste, the phase angle is significantly reduced. 

For some specimens, at Frequency ranges up to 100000 Hz, the phase angle value has reached 

almost zero.  

The Nyquist plot shown in Figure 5.3 depicts the variation of real and imaginary 

impedance for Specimens (having different graphite content) at dry conditions. For the control 

specimen, both real and imaginary impedance values are observed as much higher than all other 

specimen types. Moreover, on the Nyquist plot, only half of the semi-circle is visible, 

representing the bulk resistivity of cement paste. Almost a similar Nyquist plot is observed for 

Specimen with 5% graphite content. For these two specimen sets, if the AC frequency ranges are 

reduced to 0.1 Hz or 0.01 Hz, the whole semi-circle might be observed, and the electrode-

interface portion would be noticeable.  

In the case of Specimen with 10% graphite content, an apparent semi-circle is observed, 

indicating a proper combination of capacitance and resistance characteristics inside the 

Specimen. Both real and imaginary impedance value is observed as much lower compared to the 

control specimen. Specimen with 15% or more graphite content has the lowest real and 

imaginary impedance values, indicating that both of these values are reduced significantly with a 

higher amount of graphite. Additionally, Nyquist plots for these specimens are consist of a part 

of the semi-circle, not the whole. It is evident from the plot that if the AC frequency ranges are 

increases to 10 MHz or more, then the full semi-circle will be observed. 
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Figure 5.3: Nyquist plot showing Real and Imaginary impedance variation of All Specimens at 

Dry Conditions. 

 

Moreover, the Specimen with 20% or more graphite content shows almost a fixed 

resistance value, and only the capacitance is changing with Frequency at a significantly slower 

rate. The observed maximum capacitance value is very lower and can be neglected. This 

characteristic indicates that Specimen with higher graphite content has an almost negligible 

capacitance effect inside it.   
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5.2.2 Graphite effects on wet Specimens 

In Figures 5.4, 5.5 and 5.6, the effect of graphite content on wet cement-paste specimens 

is shown. It is evident from these figures is that adding graphite powder has a significant impact 

on wet cement paste's electrical properties. Adding more graphite powder in cement paste 

reduces the impedance (as shown in Figure 5.4) of the wet Specimen. The main contrast of wet 

specimens with dry specimens is that the impedance value decreases with the AC frequency 

increases for every mixture type. This characteristic indicates the wet Specimen always contains 

some capacitance inside it, whatever the graphite content is. Our study with dry Specimens 

shows that having higher concentrated graphite powder in cement paste eliminates the 

capacitance effect.  

 

Figure 5.4: Impedance variation with AC frequencies of All Specimens at Dry Conditions 

 

The phenomenon observed for the wet Specimen is due to the presence of moisture inside 

it that causing a constant capacitance effect. It is more apparent from the phase angle variation 



56 

 

with graphite content graph (Figure 5.5) for the wet Specimen. When the AC frequency is above 

10 Hz, there is a phase angle for every specimen type and varies from 5 to 30. For some 

specimen types (control specimen, 5%, and 10% graphite contents specimens), the phase angle is 

higher at low AC frequency. It reduces with Frequency increases up to a specific limit and then 

increases again. For Specimen with having 15% or more graphite content, the phase angle 

increases with AC frequency.  

 

Figure 5.5: Phase angle variation with AC frequencies of All Specimens at Dry Conditions. 

  

Nyquist plots shown in Figure 5.6 depict that at wet conditions, the number of semi-

circles representing the variation of real and imaginary impedance is more compared to 

specimens at dry conditions. For every Specimen, the semi-circle is visible, indicating a mixture 

of capacitance and resistance at wet conditions, even though it has a higher amount of graphite. 

Both control specimen and Specimen with less than 15% graphite content show the electrode-

interface behavior at the measured AC frequency ranges from 1 Hz to 1 MHz. On the contrary, 
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in the higher graphite content specimens, the electrode-interface behavior is not visible from the 

Nyquist Plot.  For wet specimens, the higher number of semi-circles suggests that the conduction 

mechanism of wet Specimen is different from dry specimens. It contains more complex circuit 

elements inside it than the dry specimens have. 

 

Figure 5.6: Nyquist plot showing Real and Imaginary impedance variation of All Specimens at 

Dry Conditions. 

 

5.2.3 Summary of the Effect of Graphite content  

This section investigates the effect of graphite content for wet and dry specimens with 

different amounts of graphite powder in cement paste. It has been found that the effect of 

graphite powder is noticeable for specimens in both conditions. In dry specimens, both the 

impedance and the capacitance effect inside the cement paste are reducing with the addition of 

graphite powder. The Nyquist plot tends to show a fixed resistance value for higher concentrated 

graphite content while changing a slight capacitance value. In the case of the wet specimens, the 
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impedance observed was significantly lower than the dry specimens, and it decreases with the 

increase of graphite content in cement paste. However, the impedance reduction rate for dry 

specimens is much higher than for wet specimens. Moreover, there is always present the 

capacitance behavior inside the conductive cement paste in wet conditions even for higher 

concentrated graphite additives. The reason could be attributed to the presence of moisture inside 

it that playing a vital role in these characteristics.    

 

5.3 Determining the Percolation Threshold of Graphite Powder  

The minimum amount of conductive additives/fillers requires to form a continuous 

conductive network inside the Specimen is known as the percolation threshold. Beyond this 

threshold, the resistivity remains almost constant with an increase of filler content. Most of the 

previous researchers tried to determine the percolation threshold of conductive cement composite 

just after removing it from curing, which means when the Specimen is in SSD (wet) conditions. 

This study will experimentally investigate the percolation threshold of graphite powder for both 

dry and wet specimens. In this regard, a total of 7 mixture types specimens were prepared with 

varying graphite content of 0%, 5%, 10%, 15%, 20%, 25% and 30% by volume of cement paste, 

and then impedance was measured for both dry and wet specimens.  

The impedance value observed for dry and wet Specimens at 1-Hz AC frequency is 

selected and plotted against graphite content. For each graphite content, a total of 9 data points is 

obtained from the impedance analysis (For each mixture type, three specimens were prepared, 

and three different AC impedance analyses had been performed). Then the average of these 9 

data points is determined, representing the approximate resistivity of that mixture type. After 
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that, the average impedance was plotted with their corresponding graphite content in Figure 5.7 

for dry Specimens and in Figure 5.8 for wet Specimens.  

 

Figure 5.7: Impedance (Resistivity) variation with graphite content at Dry conditions. 

 

The percolation threshold is observed between 15%-20% by cement paste volume in dry 

and wet conditioned specimens. In addition, it has been observed from Figure 5.7, and Figure 5.8 

is that the rate of decrease in impedance is much higher for dry specimens compared to the wet 

specimens. For graphite content varying from 0%-30%, impedance for dry specimens varies 

from 1011 (-cm) to 102 (-cm), and for wet specimens the impedance varies from 104 (-cm) 

to 102 (-cm).    
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Figure 5.8: Impedance (Resistivity) variation with graphite content at Wet conditions. 

 

5.4 Investigating the Effect of Moisture and Degree of Saturation 

5.4.1 Effect of Moisture 

As expected, cement paste's moisture condition substantially influences both static 

resistivity and AC impedance of Specimen L (10% graphite by cement paste volume). The wet 

(SSD) resistivity/impedance is approximately four orders lower than the dry ones. In the case of 

impedance measurements, the dry Specimen’s average impedance is 1.04 × 107 (-cm), while 

the wet Specimen’s average impedance is 4.5 × 103 (-cm) at low (1-Hz) frequency. At high 

frequency, the dry Specimen’s impedance is 5.4 × 104 (-cm), while the wet Specimen’s 

impedance is 3.5 × 102 (-cm) (dry values obtained from Figure 5.1 and wet values obtained 
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from Figure 5.4). The ions in cement paste can move when the pores and capillaries are filled 

with water, and such ionic movements provide another conduction mechanism in cement paste.  

The phase angle for the dry Specimen is increased with frequency, and a wide variation is 

observed, ranging from 0 to 65. The phase angle decreases with frequency increases for the 

wet Specimen, and the variation was not linear, ranging from 45 to 21. The average phase 

angle for the dry Specimen at 1-MHz AC frequency is observed as 60, while at the lower 

frequency, it is almost zero. On the other hand, the average phase angle for the wet Specimen at 

1-MHz frequency is observed as 23, while at the lower frequency, it is close to 45 (dry values 

obtained from Figure 5.2 and wet values obtained from Figure 5.5). 

 

5.4.2 Investigating the Effect of Degree of Saturation   

Static resistivity and AC impedance for wet specimens represent that moisture plays a 

significant role in the electrical properties of conductive cement paste. Hence, it is worth 

investigating how these properties vary with different levels of moisture or commonly known as 

degrees of saturation (DOS). For this investigation, the Specimen was made fully saturated, and 

then moisture was removed from the Specimen in different ways such as air dry, oven heating. 

The summary of the moisture content, degree of saturation of specimens are shown in Table 5.1.  

Both static resistivity and AC impedance variation was observed at different moisture 

levels/conditions. 
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Table 5.1: Moisture level and corresponding DOS of Specimens 

Trials 1 2 3 4 5 6 7 8 9 10 

GP_0 (1) (0% graphite) 

Moisture 55.71 51.99 45.20 37.40 32.57 26.44 20.07 15.11 4.89 0.00 

Moisture (%) with 

compare to dry 

weight of specimen 

30.80 28.74 24.99 20.68 18.01 14.62 11.10 8.35 2.70 0.00 

Degree of Saturation 

(%) 

100.00 93.32 81.13 67.13 58.46 47.46 36.03 27.12 8.78 0.00 

GP_15 (1) (15% graphite) 

Moisture 50.49 46.00 40.23 33.73 28.40 21.27 15.89 11.23 3.94 0.00 

Moisture (%) with 

compare to dry 

weight of specimen 

26.25 23.92 20.92 17.54 14.77 11.06 8.26 5.84 2.05 0.00 

Degree of Saturation 

(%) 

100.00 91.11 79.68 66.81 56.25 42.13 31.47 22.24 7.80 0.00 

GP_20 (3) (20% graphite) 

Moisture 53.93 41.34 34.84 27.73 22.55 17.08 12.93 10.15 5.87 0.00 

Moisture (%) with 

compare to dry 

weight of specimen 

28.42 21.78 18.36 14.61 11.88 9.00 6.81 5.35 3.09 0.00 

Degree of Saturation 

(%) 

100.00 76.65 64.60 51.42 41.81 31.67 23.98 18.82 10.88 0.00 
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5.4.2.1 Investigating DOS effect through AC Impedance Measurement. The 

Specimen with no graphite (0% by volume of cement paste) has shown higher impedance values 

when there is no moisture/ the Specimen is at dry conditions. With the increase of moisture, the 

impedance is decreasing.  

   

Figure 5.9: Bode Plot showing (a) Impedance and (b) Phase Angle variation with different 

degrees of saturation of Specimen GP_0 (1) (0% graphite). 

  

At dry conditions, the rate of impedance change is much higher with the increase of 

frequency (as shown in Figure 5.9 (a)), indicating a higher capacitance effect at these conditions. 

This rate decreases with the addition of moisture levels. At dry conditions, the phase angle is also 

showing higher values. At almost 90% dry conditions, the phase angle is closed to dry phase 

angles at higher frequencies. Specimen containing 10% or more moisture shows almost a similar 

variation in phase angle and their ranges are practically the same (as shown in Figure 5.9 (b)). 

The effect of moisture variation is understandable from the imaginary vs. real impedance 

variation graph (as shown in Figure 5.10). The bulk-cement effect, moisture effect, and 

electrode-interface effects are clearly distinguishable from the graphs at higher moisture levels. 

Nyquist plots consist of multiple semi-circles at higher moisture levels. With the decrease of 
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moisture level, the semi-circle radius of the Nyquist plot tends to increase, indicating the increase 

in both real and imaginary impedance. However, the number of semi-circles is decreasing with 

the decrease in moisture level. The tailing effect is starting to disappear at the measurable 

frequency ranges (1 Hz to 1 MHz) with the reduction of moisture levels. However, if the 

measurement frequency ranges can increase to 0.1 Hz or 0.01 Hz, tailing behavior can be 

observed.  Almost the same phenomenon is observed for GP_0 (2) and GP_0 (3) specimens 

prepared from the same mix containing 0% graphite powder in the cement paste.  

 

Figure 5.10: Nyquist Plot showing Imaginary and Real Impedance variation with different 

degrees of saturation of Specimen GP_0 (0% graphite) 

 

The Specimen with 15% graphite shows that at a higher degree of saturation, the 

impedance is lower, and with the decrease of DOS, the impedance increases up to a certain level. 
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When the DOS decreases to 10%, the impedance reaches the maximum level. DOS lower than 

10% or when the Specimen is closing without moisture ranges, the impedance decreases (as 

shown in Figure 5.11 (a)). This phenomenon is repetitively observed for other specimens (GP_15 

(2) and GP_15 (3)) of the same mixture (15% graphite by cement paste volume). The reason can 

be attributed to the reduction of capacitance effect. Figure 5.11 (b) shows that DOS lower than 

10%, the phase angle is significantly smaller, and up to 10000 Hz of AC frequency. It is almost 

negligible, which implies that there is almost no capacitance effect at dry conditions.   

The Nyquist plot is shown in Figure 5.11 (c), depicting that the number of semi-circles 

disappears sequentially with the decrease of moisture content. Moreover, both imaginary and real 

impedance increases with the reduction of moisture content. However, at moisture content less 

than 20%, the Nyquist plot tends to be just a part of a semi-circle instead of representing the 

whole. The imaginary and real impedance are also started decreasing at lower moisture levels.  It 

can be seen from Figure 5.11 (c) that at no moisture level, both real and imaginary impedance is 

lower than that of moisture level 22%. Almost the same phenomenon is observed for the rest of 

the specimens (GP_15 (2) and GP_15 (3)) prepared from the same mix containing 15% graphite 

powder in the cement paste.  
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Figure 5.11: (a) Impedance (Bode Plot), (b) Phase Angle, and (c) Imaginary vs. Real Impedance 

(Nyquist Plot) variation with different degrees of saturation of Specimen GP_15 (15% graphite)  

 

Specimen with 20% graphite powder shows almost a similar impedance behavior 

observed for Specimen with 15% graphite. The Bode plot (as shown in Figure 5.12 (a) depicts 

that there is minimal effect of moisture at lower frequency ranges. The impedance value 

observed at this range is almost close enough, and a very slight difference is observed. When the 

moisture level is less than 30%, the impedance remains nearly constant with the increase of 

frequency. Beyond that moisture levels, impedance started to decrease with AC-frequency.  The 

effect of the degree of saturation is more tangible in the case of phase angle variations. With the 

increase of DOS, phase angle increases, and at no moisture level, the phase angle is almost in a 

negligible range, especially up to 100000 Hz AC-frequency.  

Nyquist plot (as shown in Figure 5.12 (c)) depicts almost the similar phenomena 

observed for Specimen with 15% graphite content. The number of semi-circles disappears with 

the decrease of moisture content. At moisture levels between 11-24%, both the real and 

imaginary impedance increases more rapidly, and lower than 11%, impedance started to 
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decrease. Moreover, the impedance value observed for this Specimen at any moisture level is 

much lower than compared to other specimens.    

 

 

Figure 5.12: (a) Impedance (Bode Plot), (b) Phase Angle, and (c) Imaginary vs. Real Impedance 

(Nyquist Plot) variation with different degrees of saturation of Specimen GP_20 (20% graphite). 

  

5.4.2.2 Investigating DOS effects through DC measurements. This section investigates 

the effect of the degree of saturation on the electrical properties of conductive concrete using 

discontinuous static resistivity measurements.   
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Figure 5.13: Static/DC Resistivity variation with different degree of saturation of (a) Specimen 

GP_0 (0% graphite) (b) Specimen GP_15 (15% graphite) (c) Specimen GP_20 (20% graphite). 

 

Figure 5.13 (a), the Specimen with 0% graphite, shows that the static resistivity increases 

with the decrease of degree of saturation. All three Specimens (GP_0 (1), (2), (3)) from this 

mixture exhibit a similar phenomenon. However, it was not possible to measure the resistivity 

values when DOS was lower than 20%. The resistivity values of the control specimen beyond 

that DOS limit are too high to the further side of measurement ranges of the device.  

Specimen with 15% graphite (as shown in Figure 5.13 (b)) shows that with the decrease 

of DOS, static resistivity increases, and when it’s starts becoming lower than 30%, the resistivity 

started to decrease. This trend was evident for the rest of the specimens and even Specimen with 
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20% graphite (as shown in Figure 5.13 (c)). However, in the specimen set N, the dry resistivity 

(at 0% DOS) and wet resistivity (at 100% DOS) are almost the same. In dry conditions, the 

conduction is due to the graphite particle. Whereas in the wet condition, the conduction is due to 

both moisture and graphite. Generally, wet resistivity is supposed to be lower than dry. Still, in 

this case, it is mainly affected by multiple factors such as capacitance and purity of water, which 

disable reducing resistivity.   

5.4.3 Summary of the effect of moisture on Electrical properties of conductive concrete 

Moisture plays a very significant role in the electrical properties of conductive concrete. It 

is evident from both DC and AC measurements that electrical resistivity increases with the 

decrease in DOS up to a certain level. For some specimens, this level is observed as 20% or lower 

than that. Below this DOS, electrical resistivity started to decrease, and this can be attributed to 

the reduction in capacitance effect provided by moisture. 

 

5.5 Conclusion 

In this chapter, the electrical characterization of conductive cement composite containing 

graphite powder has been performed through AC impedance spectroscopy. The study 

investigated the effect of graphite content for wet and dry specimens with different amounts of 

graphite powder in cement paste. It has been found that the effect of graphite powder is 

noticeable for specimens in both conditions.  

In dry specimens, both the impedance and the capacitance effect inside the cement paste 

are reducing with the addition of graphite powder. The Nyquist plot tends to show a fixed 

resistance value for higher concentrated graphite content (20% or more) while changing a slight 

capacitance value.  
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In the case of the wet specimens, the impedance observed was significantly lower than 

the dry specimens, and it decreases with the increase of graphite content in cement paste. 

However, the impedance reduction rate for dry specimens is much higher than for wet 

specimens. Moreover, there is always present the capacitance behavior inside the conductive 

cement paste in wet conditions even for higher concentrated graphite additives. The reason could 

be attributed to the presence of moisture inside it that playing a vital role in these characteristics. 

The results show that the percolation threshold for graphite added cement paste is between 

15%-20% by cement paste volume for both wet and dry specimens.    

The results also show that moisture plays a significant role in electrical resistivity 

measurement. For every test, Dry specimens show higher resistivity than wet specimens, as 

expected. It is evident from both DC and AC measurements that electrical resistivity increases 

with the decrease in DOS up to a certain level. For some specimens, this DOS level is observed as 

20% or lower than that. Below this DOS, electrical resistivity started to decrease, and this can be 

attributed to the reduction in capacitance effect provided by moisture. 
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CHAPTER VI 

 

 

ELECTRICAL EQUIVALENT CIRCUIT OF CONDUCTIVE CONCRETE 

 

 

6.1 Introduction 

AC impedance spectroscopy can be used for qualitative evaluation of the microstructure 

and electrical properties of the cement-based composite. However, the electrical mechanism in 

cement composite becomes very complicated when it is subjected to electrical voltage. These 

complex electrochemical systems can be a combination of parallel or series connections of 

resistor, capacitor, and inductor.  

The conductive cement composite comprises different additives, solids, liquid interfaces, 

minerals, and chemical components that can depict distinct electrical properties. These electrical 

properties can be represented by the mixture of different circuit elements inside it. Researchers 

have proposed several circuit models to represent the microstructural properties of cement-based 

materials. As per the authors' investigation, very few researchers have proposed equivalent 

circuit models for conductive cement composite.  

This study aims to offer electrical circuit models for cement composite with conductive 

graphite powder additives. Moreover, previous studies on electrical equivalent circuits for 

cement-based materials failed/were disregarded to represent the model for wet specimens and 

dry specimens separately. In this study, authors have tried several distinguished models to find a 

discrete representative equivalent circuit’s model for wet and dry specimens. The proposed 

models have been simulated using two widely recognized distinguish simulation software such 
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as EC Lab 10.2 and NOVA 2.1. The simulated results obtained for these two distinguished 

models showed similar outcomes, and therefore, simulation results obtained from EC lab 

software are presented in this article. 

6.2 Fundamental/Theoretical Background on Electrical Equivalent Circuit 

The main component of the Electrical equivalent circuit is Resistor, capacitor, and 

inductance. Apart from these three other components, such as Warburg resistance of charge 

diffusion, the constant phase element is also used to represent the electrical behavior of 

materials. In cement-based materials, a combination of Resistor and capacitor/constant phase 

elements are generally used to form electrical equivalent circuits. In Figure 6.1, the resistor, 

capacitor, and inductance components are shown.  

 

Figure 6.1: Three main components of Electrical Equivalent Circuit (a) Resistor (b) Capacitor (c) 

Inductor. 

 

6.2.1 Resistor 

The simplest component is Resistors which obey Ohm’s law. That means the voltage 

difference at two terminals of a resistor is proportional to the applied current.  

V = (R)(I) …………. (5) 

Where, V is the voltage difference, I is current, and R is the resistance. In Resistor, it doesn’t 

have any reactive part indicating no phase shift and is independent of Frequency.  



73 

 

ZR = R ……… (6) 

The Nyquist plot of a resistor is just a single point on the x-axis at any frequency. The typical 

impedance response of a pure resistor is shown in Figure 6.2. 

 

Figure 6.2: Impedance response of Resistor (100- Resistance) (a) Bode Plot (b) Nyquist Plot. 

6.2.2 Capacitor 

In the case of a capacitor, the voltage difference at two terminal points of an ideal 

capacitor is proportional to its charge. 

Q(t) = C × V ………… (7) 

Where, Q(t) is the total amount of charge in the capacitor, and C is the capacitance. The 

capacitor has purely reactive Impedance, and for an ideal capacitor, the resistance is equal to 

zero. In a capacitor, the Impedance has an inverse relationship with the Frequency that means 

Impedance decreases with the AC frequency increases. If w a DC voltage is applied to the 

capacitor, it will start charging, and after a particular time, it will be fully charged, and there will 

be no more current flow. In that instances, the Impedance will be infinity.  

ZC = (1/jC) …………. (8) 
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The Nyquist plot for an ideal capacitor will be a vertical line parallel to (-Z’’-axis). Since 

the real impedance/resistance for an ideal capacitor is zero and the phase angle will be equal to (-

90). The typical impedance response of a pure resistor is shown in Figure 6.3. 

 

Figure 6.3: Impedance response of an Ideal Capacitor (a) Bode Plot (b) Nyquist Plot. 

6.2.3 Simple R-C Circuits 

When these R and C circuits are in series, the total Impedance can be found by adding 

two impedance values obtained from the resistor and capacitor two components. 

Ztotal = ZR + ZC = R + (1/jC) …….. (9) 

 

 

Figure 6.4: Series R-C Circuit 
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Figure 6.5: Impedance response of a series R-C Circuit (a) Bode Plot (b) Nyquist Plot. 

 

In the case R-C in parallel connections, the reciprocal of total Impedance is equal to the 

additive of reciprocal of Resistor and Capacitor’s Impedance.  

1

 Ztotal
  = 

1

 ZR
  + 

1

 ZC
  = 

1

 R
 + jC = 

1 + jRC

R
  

 Ztotal = 
R

 1 + jRC
  ………… (10) 

From Eq. 10, it can be seen that if , that means at higher Frequency the Impedance 

reaches to almost zero and ideal circuits behaves like the capacitor (since at infinite Frequency 

the ideal capacitor’s Impedance is zero).  On the other hand, if 0, that means at lower 

Frequency the Impedance becomes equal to the resistance of the Resistor. An ideal capacitor in 

parallel with a resistor forms a semi-circle in the Nyquist plot (as shown in Figure 6.7 (b)) 

 

Figure 6.6: Parallel R-C Circuit 
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Figure 6.7: Impedance response of a Parallel R-C Circuit (a) Bode Plot (b) Nyquist Plot. 

 

6.2.4 Simplified Randle Circuit 

One of the most common electrical equivalent circuit models is Randle Cell. The 

components of this circuit include Rs (a solution resistance), Cd (double layer capacitance), and 

RC (charge transfer/polarization resistance). This model is the starting point for the more 

complex electrical equivalent circuit model of different materials. A typical Nyquist plot of a 

Randle cell is shown in Figure 6.9. 

 

Figure 6.8: A simple Equivalent Circuit/Randle Cell 
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Figure 6.9:  Typical Nyquist plot of a Randle cell 

 

6.2.5 Constant Phase Element 

In most of the materials, the capacitors do not behave as an ideal capacitor does. 

Especially for cementitious materials, the Nyquist plot doesn’t form a perfect semi-circle; 

instead, it takes the form of a circular arc whose center is slightly depressed to the real 

impedance axis ((Cabeza et al., 2002, McCarter and Brousseau, 1990, Ball et al., 2011) (shown 

in Figure 6.10). This is due to the dielectric dispersion in the system causing a decrease in the 

capacitance with AC frequency increases. This effect can be addressed in modeling the electrical 

equivalent circuit by replacing the capacitor with the constant phase element (CPE). The constant 

phase element is a complex circuit component, and it is frequency dependent. The impedance of 

a CPE can be expressed as: 

ZCPE = 
1

 Qo (j)a ……………. (11) 

Where Qo is a pseudo-capacitive coefficient,  = 2f angular frequency, f is the AC 

frequency. “a” is an arbitrary constant with having no physical meaning. It can take values from 

0  a  1. When a = 1, the constant phase element will behave like an ideal capacitor (C = Qo), 
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for a = 0 indicates a perfect resistor. When a  1, the double layer capacitor on a real cell behaves 

like a CPE and doesn’t behave as an ideal capacitor. Moreover, the semi-circle will be distorted, 

and the unit represents CPE is Fsa-1.    

 

Figure 6.10: Influence of CPE in Nyquist Plot ((McCarter et al. 2015) 
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Replacing the capacitor with CPE the simplified equivalent circuit or Randle cell is used 

for determining the electrical equivalent circuit of cement-based materials.  

 

Figure 6.11: A typical Randle Cell element used to find equivalent circuit for cementitious 

materials. 

6.2.6 Electrical Equivalent Circuit Models proposed by other Researchers 

In this section, different electrical equivalent circuit model proposed and used by other 

researchers to model the responses of cementitious materials.  These models are presented in 

Table 6.1 
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Table 6.1: Different Electrical Equivalent Circuit used in other cement-based materials research 

 

 

Equivalent Circuit Purpose Authors 

(a) 

 

 

 Micro-cracking behavior in 

Fiber reinforced cement 

composite  

 to investigate the 

carbonation process of 

cement mortar  

 Corrosion 

Monitoring/chloride ion 

transportation 

 Understanding the 

microstructure of cement-

composite  

(Gu et al. 

1993a; 

McCarter and 

Brousseau 

1990; Dong et 

al. 2016b; Liu 

et al. 2017; He 

et al. 2018b) 

(b) 

 

 Understanding the 

microstructure of cement-

paste 

(MacPhee et 

al. 1996) 
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(c) 

 

 Understanding the 

microstructure of cement-

paste  

 

(Keddam et al. 

1997) 

(d) 

 

 Understanding the 

microstructure of cement-

paste  

 

(McCarter et 

al. 2015; Ball 

et al. 2011; 

Berrocal et al. 

2018b) 

(e) 

 

 

 Understanding the 

microstructure of cement-

paste  

 Electrical Characterization 

of Conductive (CNT) 

cement composite  

 Corrosion 

Monitoring/chloride ion 

transportation  

(Song 2000; 

Han et al. 

2012; Liu et 

al. 2017) 

(f) 

 

 Understanding the 

microstructure of cement-

paste 

(Cabeza et al. 

2002; Cabeza 

et al. 2006) 
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(g) 

 

 Understanding the 

microstructure of fiber-

reinforced cement-

composite 

(Torrents et al. 

2000; Torrents 

et al. 2001; 

Mason et al. 

2002) 

(h) 

 

 

 Understanding the 

microstructure of cement-

composite 

 Microstructural 

Characterization of 

Conductive cement 

composite  

(Cabeza et al. 

2002; Li and 

Li 2019) 

(i) 

 

 Understanding the 

microstructure of fiber-

reinforced cement-

composite 

(Hixson et al. 

2003) 

(j) 

 

 

 Understanding the 

microstructure of cement-

composite 

(Cruz et al. 

2013) 
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(k) 

 

 Chloride ion migration 

models in cement-

composite 

(Ravikumar 

and Neithalath 

2013; Vance 

et al. 2014) 

(l) 

 

 

 To investigate the 

carbonation process of 

cement mortar. 

 Understanding the 

microstructure of cement-

composite  

 Corrosion Monitoring  

(Dong et al. 

2014b; Dong 

et al. 2015; 

Dong et al. 

2016a; Dong 

et al. 2016b; 

Li et al. 2016; 

He et al. 

2018b; Kim et 

al. 2020) 

(m) 

 

 

 To investigate the 

carbonation process of 

cement mortar. 

 Chloride ion transportation  

(Dong et al. 

2014b; Dong 

et al. 2015; 

Dong et al. 

2016a; Dong 

et al. 2016b; 

Li et al. 2016; 

Dong et al. 

2018) 
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6.3 Electrical Equivalent Circuit for Dry Specimens 

In this section, an equivalent circuit model for dry cement composite has been proposed, 

and then evaluated its efficacy comparing with the experimental data. In Figure 6.12, the 

proposed equivalent circuit model for dry conductive cement composites is shown. In dry 

conditions, the AC impedance spectrum is consisting of the impedance of bulk cement composite 

(cement with graphite) and the impedance of interface between bulk and electrode. In the 

equivalent circuit, the bulk effect is represented by (R1(Q2/R2), and the electrode interface effect 

(n) 

 

 Corrosion 

Monitoring/chloride ion 

transportation  

(Liu et al. 

2017) 

(o) 

 

 To investigate chloride ion 

diffusion 

(Mercado-

Mendoza et al. 

2014b) 

(p) 

 

 

 detecting the breakage rate 

of microcapsules for self-

healing cementitious 

materials 

(Ren et al. 

2020) 



85 

 

is represented by (Q3/R3). The proposed equivalent circuit model is used to obtain fitted data for 

the control specimen and Specimen with 10%, 15%, and 20% graphite content compared with 

the dry experimental data. The comparison of dry experimental data and fitted model's data 

(including Bode plot, Phase angle, and Nyquist Plots) are shown in the following figures (Figure 

6.13, 6.14, 6.15, 6.16) 

  

Figure 6.12: Proposed Electrical Equivalent Circuit model for conductive cement composite 

specimens containing graphite powder at dry conditions.  
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Figure 6.13: Comparison between experimental and equivalent circuit fit of Specimen with 0% 

graphite at Dry Conditions (a) Bode Plot and Phase Angle (b) Nyquist Plot. (solid lines represent 

the fitting data and symbols represent the experimental data) 

 

Figure 6.14: Comparison between experimental and equivalent circuit fit of Specimen with 10% 

graphite at Dry Conditions (a) Bode Plot and Phase Angle (b) Nyquist Plot. (solid lines represent 

the fitting data and symbols represent the experimental data) 
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Figure 6.15: Comparison between experimental and equivalent circuit fit of Specimen with 15% 

graphite at Dry Conditions (a) Bode Plot and Phase Angle (b) Nyquist Plot. (Solid lines represent 

the fitting data and symbols represent the experimental data) 

 

It is evident from Figures 6.13, 6.14, 6.15, 6.16 that the fitting results obtained from the 

proposed model for dry specimens are matched thoroughly with the experimental data of 

corresponding specimen types obtained through AC impedance spectroscopy. The fitting is 

noticeable for different AC impedance graphs such as Nyquist plot, Bode Plot and Phase angle 

variation with AC frequency. Moreover, the models' results are well fitted for all specimens with 

lower or higher concentrated graphite contents. Therefore, the equivalent circuit proposed for dry 

conductive cement composite is very effective and reliable for studying the electrochemical 

system. The simulated parameters of the proposed equivalent circuits for different graphite 

contents are presented in Table 6.2. 
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Figure 6.16: Comparison between experimental and equivalent circuit fit of Specimen with 20% 

graphite at Dry Conditions (a) Bode Plot and Phase Angle (b) Nyquist Plot. (Solid lines represent 

the fitting data and symbols represent the experimental data) 

 

Table 6.2: Summary of Equivalent Circuit fitting results for Specimens at Dry Conditions 

Component 

(Units) 

Specimen with Graphite Content 

GP_0 GP_10 GP_15 GP_20 

R1 () 0.224 × 10-111 0.565 6 × 10-18 15.4 0.3817 × 10-12 

R2 () 98.17 × 109 1222 324.6 0.189 × 10-249 

Q2 (F. s^(a-1)) 9.147 × 10-12 42.07 × 10-12 59.9 × 10-9 -95.24 

a2 0.9278 1 0.6682 0 

R3 () 23049 90209 635.1 84.14 

Q3 (F. s^(a-1)) 26.52 × 10-12 0.2251 × 10-9 1.484 × 10-9 0.2736 × 10-9 

a3 0.4654 0.8309 0.4106 1 
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From Table 6.2, it is evident that the R2 (which represents the resistance of bulk cement 

composite) value decreases with the increase of graphite content, indicating the effectiveness of 

adding conductive additives in cement composite. Moreover, the value of a2 is also reduced with 

graphite content, which indicates that adding graphite powder reduces the constant phase 

elements values, thus eventually reducing the capacitance effect.  

 

6.4 Electrical Equivalent Circuit for Wet Specimens 

In this section, two different equivalent circuit models for wet cement composite have 

been studied, and then evaluated their efficacy comparing with the experimental data. The first 

model (as shown in Figure 6.17 (a)) had been proposed by McCarter et al. (2015) and Keddam et 

al. (1997) for cement composite. Their study measured the impedance just after 28 days of 

curing of specimens, which means the specimens were in wet conditions. The main drawback of 

their proposed equivalent circuit model is that they considered the water conduction elements 

(capacitance and resistance) in series to the bulk cement composite conduction elements. 

However, it is practical to assume that water creates a new conductive path inside the Specimen. 

The applied electrical charges are divided between these paths creating a parallel network to the 

bulk cement conduction path. 

Furthermore, there is a high possibility that the bulk conductive path is susceptible to be 

influenced and changed due to the presence of moisture. Moreover, the moisture can be 

composed of several circuit elements due to having chemicals, different dissolved solids, or 

biological components. Besides, the Nyquist plot of wet specimens comprises multiple semi-

circles indicating multiple circuit elements at wet conditions. This research has proposed a more 



90 

 

meaningful equivalent circuit for wet conductive cement composite considering all these issues. 

At first, an element for pore water is selected, and then the simulated results are compared with 

the experimental data (both the model and comparison are shown in the Appendix). The 

comparison showed that another element is necessary for the pore water portion to represent the 

water conduction path more accurately. Hence, two elements for the pore water portion are 

selected. The proposed equivalent circuit (as shown in Figure 6.17 (b)) becomes more 

representative of the microstructure of wet conductive cement composite.   

 

(a) 

 

(b) 

Figure 6.17: Electrical Equivalent Circuit model for conductive cement composite specimens 

containing graphite powder at wet conditions (a) Model-1 (Keddam et al., 1997, McCarter et al., 

2015, Ball et al., 2011, Berrocal et al., 2018a) (b) Model-2 proposed in this study.  
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Initially, it is assumed that the dry bulk conduction path is not influenced/affected by the 

moisture inside the specimen.  Hence, the value of components R1, R2, Q2, R3, Q3 obtained from 

the dry specimen (as presented in Table 6.2) fitting results can be used in the wet specimens' 

model. That is fixing components R1, R2, Q2, R3, Q3 values for simulation to obtain the other 

components' values.  

 

 

Figure 6.18: Comparison between experimental and equivalent circuit fit of Specimen with 15% 

graphite at Wet Conditions (fixing dry R1, R2, Q2, R3, Q3 values in the model) (a) Bode Plot (b) 

Phase Angle (c) Nyquist Plot. (Solid lines represent the fitting data and symbols represent the 

experimental data). 
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Additionally, without fixing the values of the component from dry specimens have also 

been performed to substantiate the initial assumption. The comparison of experimental and 

fitting results for these two analyses of the wet specimen with having 15% graphite content is 

shown in Figures 6.18, 6.19, and the model outcomes are presented in Table 6.2.   

 

 

Figure 6.19: Comparison between experimental and equivalent circuit fit of Specimen with 15% 

graphite at Wet Conditions (without fixing dry R1, R2, Q2, R3, Q3 values in the model) (a) Bode 

Plot (b) Phase Angle (c) Nyquist Plot. (Solid lines represent the fitting data and symbols 

represent the experimental data). 
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It is evident from Figure 6.18 that fixing components value from dry specimens doesn't 

fit very well with the wet specimens’ experimental results. In contrast, non-fixing fitting results 

matched perfectly with the experimental results (as shown in Figure 6.19). Moreover, Table 6.3 

represents the data of R1, R2, Q2, R3, Q3 obtained from the non-fixing models' outcomes 

indicating that these values are noticeably different from the dry specimen's values. This 

characteristic suggests that the initial assumption is not valid, and the bulk conduction path is 

also influenced by the presence of moisture inside the specimen.  

Therefore, for the rest of the analysis, non-fixing values methods have been used to find 

the simulated results for specimens with other graphite contents. The comparison among the 

experimental, model-1 and model-2 fitting results is shown in Figures 6.20, 6.21 and 6.22, and 

models’ outcomes are presented in Table 6.4 and Table 6.5  
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Table 6.3: Summary of Equivalent Circuit Model-1 and Model-2 fitting results for Specimens at 

Wet Conditions (fixing components values) 

Component 

(Units) 

Specimen with Graphite Content and Circuit types 

GP_15 

(fixing values for 

Model-1 and Model-2) 

GP_15 

(Wet-Model-1 

outcome) (without 

fixing values) 

GP_15 

(Wet-Model-2 outcome) 

(without fixing values) 

R1 () 15.4 4.394 0.9156 

R2 () 324.6 189 397.8 

Q2 (F. s^(a-1)) 59.9 × 10-9 0.1231 × 10-3 94.9 × 10-6 

a2 0.6682 0.4435 0.357 

R3 () 635.1 24.91 775.5 

Q3 (F. s^(a-1)) 1.484 × 10-9 29.8 × 10-6 2.425 × 10-3 

a3 0.4106 0.4406 0.5905 
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Figure 6.20: Comparison between experimental and equivalent circuit fit of Specimen with 0% 

graphite/control specimen at Wet Conditions (without fixing dry R1, R2, Q2, R3, Q3 values in the 

model) (a) Bode Plot (b) Phase Angle (c) Nyquist Plot. (Solid lines represent the fitting data and 

symbols represent the experimental data). 
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Figure 6.21: Comparison between experimental and equivalent circuit fit of Specimen with 10% 

graphite/control specimen at Wet Conditions (without fixing dry R1, R2, Q2, R3, Q3 values in the 

model) (a) Bode Plot (b) Phase Angle (c) Nyquist Plot. (Solid lines represent the fitting data and 

symbols represent the experimental data). 
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Figure 6.22: Comparison between experimental and equivalent circuit fit of Specimen with 20% 

graphite/control specimen at Wet Conditions (without fixing dry R1, R2, Q2, R3, Q3 values in the 

model) (a) Bode Plot (b) Phase Angle (c) Nyquist Plot. (Solid lines represent the fitting data and 

symbols represent the experimental data). 
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Table 6.4: Summary of Equivalent Circuit Model-1 fitting results for Specimens at Wet 

Conditions (without fixing components values) 

Component 

(Units) 

Specimen with Graphite Content 

GP_10 GP_15 GP_20 

R1 () 13.2 4.394 0.1047 × 10-3 

R2 () 200.5 189 25.22 × 10-6 

Q2 (F. s^(a-1)) 41.32 × 10-6 0.1231 × 10-3 0.7468 × 10-3 

a2 0.4957 0.4435 29.96 × 10-9 

R4 () 7498 194.6 11.41 

Q4 (F. s^(a-1)) 0.509 × 10-3 1.184 × 10-3 4.662 × 10-9 

a4 0.7322 0.9209 0.9983 

R3 () 29.22 24.91 84.26 

Q3 (F. s^(a-1)) 28.73 × 10-9 29.8 × 10-6 0.3315 × 10-3 

a3 0.861 0.4406 0.4048 



99 

 

Table 6.5: Summary of Equivalent Circuit Model-2 fitting results for Specimens at Wet 

Conditions (without fixing components values) 

Component 

(Units) 

Specimen with Graphite Content 

GP_10 GP_15 GP_20 

R1 () 0.07119 0.9156 54.03 

R2 () 241.5 397.8 44.64 

Q2 (F. s^(a-1)) 64.64 × 10-9 94.9 × 10-6 6.653 × 10-6 

a2 0.7434 0.357 0.7716 

R4 62.22 7.436 × 10-3 0.737 

R5 () 0.3782 86.24 6.321 

Q5 (F. s^(a-1)) 0.9292 × 10-3 21.58 × 10-9 0.4416 × 10-6 

a5 0.4864 0.6667 0.778 

R6 () 0.1194 × 109 296.4 1740 

Q6 (F. s^(a-1)) 24.94 × 10-6 10.06 × 10-6 0.398 × 10-3 

a6 0.5076 0.636 0.3445 

R3 () 5222 775.5 3.342 

Q3 (F. s^(a-1)) 0.496 × 10-3 2.425 × 10-3 27.47 × 10-6 

a3 0.7379 0.5905 0.516 

 

It is evident from Figures 18, 19 and 20 that both models matched almost perfectly with 

the experimental data. Bode Plot, Phase angle, and Nyquist plot are obtained similar to the 

experimental plots. Both models can be used to represents the equivalent circuit for wet 

specimens. Between these two models, the first model is simpler and easy to simulate. In 



100 

 

contrast, the second model is a little complex but comprehends more microstructural behavior of 

conductive cement composite, especially when it is in wet conditions.  

 

6.5 Conclusion 

In this chapter, one electrical equivalent circuit model for dry specimens and two 

electrical equivalent circuit models for wet specimens are proposed. Fitted results obtained from 

all of the models for different graphite content specimens are extracted and then compared with 

the experimental data. It has been found that the model proposed for dry specimens fitted 

perfectly with the experimental data. In the case of wet specimens, both Model-1 and Model-2 

give the best fitting with the experimental results. However, Model-2 represents very well the 

microstructure of wet conductive cement composite.      
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CHAPTER VII 

 

 

CONCLUSION AND FUTURE WORK 

 

 

7.1 Conclusion 

In this research, electrical properties of conductive cement paste were investigated 

through three steps: 1) comparisons of two measurement methods including static (DC) 

measurement and AC impedance spectroscopy, 2) the effect of graphite content and moisture, 

and 3) construction of equivalent circuits. The conductive cement paste specimens were prepared 

using graphite powder (F-516 Flake type) through dry mixing.  The graphite content varied from 

0%, 5%, 10%, 15%, 20%, 25%, 30% by volume of cement paste. The findings are summarized 

as follows: 

CHAPTER IV. Investigation on Electrical Properties Measurement Methods: Major 

findings from this chapter are: 

 Due to the charging effect in DC measurement, the measured resistivity values 

were not consistent in the case of continuous monitoring. The discontinuous static 

(DC) measurement shows relatively consistent resistivity values over time. 

However, the magnitudes of static resistivity data vary with the devices and 

different trials. The variations were high when specimens contain lower 

concentrations of conductive fillers. In case of higher graphite content, both 

methods provide consistent resistivity values.  
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 It can be presumed that polarization (charging effects) causes the inconsistent 

static resistivity of conductive concrete. Notably, at continuous resistivity 

measurements, charging effects play a vital role and cause an increase in 

resistivity over time. Also, the voltage of the current source plays a significant 

role, and the resistivity is affected by its variation. The resistivity is observed to 

be decrease with the increase in DC voltage. Therefore, the static resistivity 

measurements using DC are not fully capable of evaluating the electrical 

properties of conductive concrete, especially when the filler concentration is 

lower than forming a continuous conductive path.  

 On the other hand, the Bode plots and Nyquist plots obtained by AC impedance 

spectroscopy showed consistent results when the moisture condition is identical. 

These results indicate that the electrical properties of the conductive concrete 

need to be measured by AC impedance spectroscopy. It can be used as an 

essential tool for getting repetitive electrical properties in concrete.   

CHAPTER V. Electrical Characterization and Degrees of Saturation Effect Investigation: 

Major findings from this chapter are: 

 It has been found that the effect of graphite powder is noticeable for specimens in 

both dry and wet conditions. 

 In dry specimens, both the impedance and the capacitance effect inside the 

cement paste are reduced with the increase of graphite powder content. The 

Nyquist plot tends to show a fixed resistance value for higher concentrated 

graphite content (20% or more) while changing a slight capacitance value.  
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 In the case of the wet specimens, the impedance was significantly lower than the 

dry specimens, and it decreases with the increase of graphite content in cement 

paste. However, the impedance reduction rate for the dry specimens is much 

higher than for the wet specimens. Moreover, there is always present the 

capacitance behavior inside the conductive cement paste in wet conditions even 

for higher concentrated graphite additives. The reason could be attributed to the 

presence of moisture. 

 The results show that the percolation threshold for graphite added cement paste is 

between 15%-20% by cement paste volume for both wet and dry specimens.    

 The results also show that moisture plays a significant role in concrete 

conductivity. For every test, Dry specimens show higher resistivity than wet 

specimens, as expected. The electrical resistivity increases with the decrease in 

DOS up to a certain level. For some specimens, that DOS level is observed as 

20% or lower than that. Below this DOS, electrical resistivity started to decrease, 

and this can be attributed to the reduction in capacitance effect provided by 

moisture.  

 

 

CHAPTER VI. Electrical Equivalent Circuit of Conductive Concrete: Major findings 

from this chapter are: 

 In this study, one electrical equivalent circuit model for dry specimens and two 

distinguished equivalent circuit models for wet specimens are proposed. The 

simulation results obtained from all the models for different graphite content 



104 

 

specimens are compared with the experimental data. The results indicate that the 

proposed models successfully describe the electrical behaviors of conductive 

cement paste containing graphite additives.  

 It has been found that the model proposed for dry specimens matches perfectly 

with the experimental data.  

 In the case of wet specimens, both Model-1 and Model-2 show good agreements 

with the experimental results.   

 

7.2 Recommendation for Future Work 

Some possible recommendation for future work on electrical characterization of 

conductive concrete are listed below: 

 The effect of temperature on the electrical properties of conductive cement-

composite needs to be investigated using AC impedance Spectroscopy. 

 For practically implementing graphite powder in cement concrete, the effects of 

graphite powders on mechanical strength of concrete needs to be investigated 

since graphite is a hydrophobic material which may cause some reduction in the 

strength of concrete.  
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