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Abstract 

The structural and durability performance of concrete depends on its hardened properties 

such as compressive strength and transport properties. These hardened properties depend 

on concrete’s mixture design and its fresh properties. For a given concrete mixture 

design, the fresh properties have the most significant influence on hardened and 

durability properties. In recent years, the electrical resistivity of fresh concrete has gained 

increasing attention as a performance index because of its practicality and the extent of 

information it potentially provides on fresh properties. In this research a comprehensive 

investigation on the relationship between the electrical resistivity of concrete with various 

mixture design properties was conducted. Impedance spectroscopy technique was used to 

monitor the electrical resistivity of various cement paste mixtures during first 2 hours 

after mixing before the setting time. The electrical conductivity and pH of the pore 

solutions extracted from fresh cement paste mixtures were also determined. The 

conductivity of pore solution extracted from some select hardened paste mixtures cured 

in sealed moisture condition was also obtained. These data were used to investigate the 

effect of various influential parameters such as (1) the effect of time on the electrical 

resistivity, (2) the effect of supplementary cementitious materials and chemical 

admixtures on the electrical resistivity, (3) the effect of w/c ratio on the electrical 

resistivity, (4) tortuosity and the relationship between electrical resistivity of paste and 

pore solution and (5) correlation between the pH and electrical conductivity of pore 

solution. In addition, a numerical model was proposed to estimate the electrical 

conductivity of pore solution and its variation with time during the fresh state before 

setting time based on the properties of mixture design and the chemical composition of 

the cementitious materials in the mixture.    
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1. Introduction 

1.1. Background 

The structural and durability performance of concrete depends on its hardened properties 

such as compressive strength and transport properties. These hardened properties depend 

on concrete’s mixture design (e.g. cementitious material content, water-to-cementitious 

material ratio or w/c) and fresh properties (e.g. slump, air content). For a given concrete 

mixture design, the fresh properties have the most significant influence on hardened and 

durability properties. In recent years, the electrical resistivity of fresh concrete has gained 

increasing attention as a performance index because of its practicality and the extent of 

information it potentially provides on fresh properties. However, since electrical 

resistivity of concrete is affected by a wide range of parameters related to the mixture 

design, it is not trivial to relate electrical resistivity of fresh concrete to other performance 

parameters. In general terms, this research provides a comprehensive investigation on the 

relationship between the electrical resistivity of concrete with various mixture design 

properties.     

Among two main components of fresh concrete, paste and aggregates, the former affects 

the electrical characteristics of concrete more than the latter, especially in the fresh state. 

The electrical resistivity of aggregates is much higher than that of the paste [1]; therefore, 

for practical purposes, they can be considered nonconductive within fresh concrete. 

Therefore, the focus of the current study is only on the fresh cement paste before setting 

time. 
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Figure 1.1. Relationship between the compressive strength and the electrical resistivity 
for pastes with different w/c ratios and different curing temperatures of 15, 20 and 30 °C 
[2]. 

Electrical resistivity measurements have been known to characterize the concrete 

behaviour as a non-destructive test since 1950s [3]. In recent years, the number of 

investigations on the subject has increased dramatically [4-15] For example, Xiao et al. 

[2] reported that the compressive strength of hardened paste at early age can be estimated 

accurately from associated electrical resistivity measurements, as shown in Fig. 1.1.  

 

w
/c

 

Resistivity (ohm.m) 
 

Figure 1.2. Relationship between w/c and electrical resistivity of pastes at early age [14]. 
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Similarly, the effect of w/c on electrical resistivity of cement paste has also been 

investigated by a number of researchers [5, 14, 16]. For example, Li et al. [14] suggested 

relationships between w/c ratio and electrical resistivity of cement paste as illustrated in 

Fig.1.2, which shows that at a fixed hydration age, a lower w/c ratio corresponds to a 

higher bulk resistivity of paste. However, the investigation did not consider the fresh state 

during first two hours and before setting initiates. Similar problem exists in other studies 

[7, 17] which mainly focus on electrical properties of concrete close to setting times and 

during hardening. Since electrical characteristics of the paste change with time due to 

ongoing chemical (hydration) reactions and microstructure development, the very fresh 

stage, during which the paste does not enter setting and subsequently hardening period 

(mostly during first 2 hours), requires separate broad study which lacks in literature. 

The Supplementary Cementitious Materials (SCM) and chemical admixtures (e.g. 

superplasticizers) are widely used to improve the properties of ordinary portland cement 

(OPC). Some of the advantages of these materials include improved workability, lowered 

cost, improved resistance to external attack in aggressive environments, and reduced heat 

of hydration and thermal shrinkage. Currently, the most commonly used SCMs are fly 

ash, silica fume and ground granulated blast furnace slag (henceforth, slag). The effect of 

these SCMs and chemical admixtures on the electrical resistivity of concrete or cement 

paste has been studied by some researchers [8-10, 15, 18]. For instance, Salem [9] 

observed that increasing silica fume replacement in OPC pastes decreases the 

conductivity at the early stage as shown in Fig. 1.3.  
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Figure 1.3. Conductance-Time curves of OPC plus silica fume paste mixtures. Ia, Ib, Ic 

and Id represent 10, 20, 30 and 50 percent silica fume replacement, respectively; for w/c 

of 0.70 at two temperatures: (a) 25°C; and (b) 45°C [9]. 

It should be noted that the electrical resistivity of cement paste is mainly determined by 

its liquid phase (i.e., the pore solution), which is considered to be orders of magnitude 

4 

 



 

more conductive than its solid phase (cementitious materials) [16]. Hence, studying the 

electrical resistivity of cement paste requires the study of pore solution 

conductivity/resistivity, which is a complex problem due to the laborious nature of the 

pore solution extraction process from the cement paste. A few studies have been carried 

out to study the pore solution electrical conductivity along with associated paste types [5, 

11, 12]. For example, Sant et al. [11] monitored the pore solution electrical conductivity 

during first 48 hours of mixing for only OPC paste with fixed w/c of 0.3 as shown in  Fig. 

1.4. However, the effect of the w/c and the incorporation of the SCMs was not studied. In 

general, no broad investigation was conducted on pore solution of different types of 

pastes, with and without SCMs and chemical admixtures, during very early stages after 

mixing (e.g. first 2 hours). Further research on the subject is required.     

 

 

Figure 1.4. Pore solution conductivity versus paste specimen age for a paste with w/c of 

0.3 [11]. 
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In Archie's law [19] the formation factor is defined as the ratio of electrical resistivity of 

sand stones 100% saturated with water to that of water contained in the pores which is a 

function of volumetric ratio of pores, i.e., porosity. Some researchers investigated 

applicability of Archie's law in cement paste in order to estimate porosity and 

subsequently w/c of paste from formation factor . For example,  Li et al. [5] extracted the 

pore solution of three OPC pastes with w/c of 0.3, 0.4 and 0.5 at fresh state to establish 

the formation factor-porosity relationship, as shown in Fig. 1.5. They showed that the 

formation factor of cement paste decreased with increasing w/c or porosity. However, the 

effect of chemical admixtures  or SCMs was not studied and only three w/c ratios were 

considered in their study. Therefore, further investigation on Archie's law in different 

cement paste mixtures was also included in this thesis. 

 

 

Figure 1.5. Formation factor of OPC pastes as a function of porosity [5].  
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1.2. Problem Definition 

Electrical resistivity of a cement paste at fresh state which is dominated by electrical 

properties of its pore solution, is concurrently affected by a number of factors as follows: 

w/c ratio which is designed in the mixture properties; the time of resistivity measurement 

which reflects the hydration progress and thus the concentration of ions released in pore 

solution; the types and associated physical and chemical properties of materials used in 

the mixture (i.e., OPC,  SCMs, water, and chemical admixtures); the dosages of SCMs 

and chemical admixtures used in the mixture properties; size, shape and distribution of 

solid particles (cementitious materials) in the pore solution; and the temperature of 

resistivity measurement. Therefore, even if an investigation focuses on a particular 

parameter (e.g. w/c ratio) affecting the electrical resistivity, other influential factors 

should also be taken into account because of simultaneous impact of them. Many 

researches have been conducted to study these effects as well as correlation of electrical 

resistivity of paste to its characteristics (e.g. compressive strength, setting times); 

however, they were not comprehensive enough and some contradictions were found in 

the literature, specially on the effect of w/c ratio on the cement paste electrical resistivity 

during fresh state. In addition, the laborious process of pore solution extraction for 

experimental measurement of electrical resistivity marks the considerable demand for a 

numerical model to estimate the conductivity of pore solution during fresh state. 

However, the numerical approach has not been accurate for pastes in the fresh state.     

In particular, the following gaps in the literature that define the problem addressed in this 

thesis are identified:  
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• Although the effect of w/c on paste resistivity was studied in a limited number of 

researches, specifically at fresh state, as it will be demonstrated in the literature 

review, there has been some disagreement with the reported conclusions. 

• The pore solution conductivity development with time during fresh state has not been 

studied systematically, and the researchers focused more on later stages (e.g. during 

setting and hardening). In addition, no numerical model has been proposed that 

estimates pore solution conductivity with respect to time before setting initiates. 

• There is no study comprehensive enough to consider the effect of type, various 

dosages, and physical properties (e.g. size and distribution, hydrodynamic viscosity) 

of the most commonly used SCMs (e.g. fly ash, silica fume and slag) and admixtures 

(e.g. superplasticizer) on the electrical resistivity of pore solution and paste at fresh 

state.  

• Applicability of the Archie's law in cement paste was studied only by a few 

researchers; however, they were not broad enough to cover the wide variety of w/c 

ratios and associated admixtures and SCMs in concrete.  

• No research has been conducted on the correlation between the pH and conductivity 

of pore solution at fresh state as an alternative measurement method.   

1.3. Objective and scope 

The overall objective of the current research is to investigate the gaps identified in 

literature regarding electrical resistivity measurements of fresh cement pastes and thus 

the scope of work conducted in this research is limited to fresh state. Specifically, the 
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main objective of this thesis is to evaluate the feasibility of the use of electrical resistivity 

measurements as an in-situ technique for the determination of w/c ratio of fresh concrete 

before or during pouring into formworks. Even though the w/c ratio is a critical 

parameter in quality control of concrete structures and determines the main strength and 

durability properties of hardened concrete, there is no in-situ method available for its 

prediction during construction; therefore, there is a considerable demand for such a tool 

by the construction industry. Eventually, the outcome of this research might result in the 

development of an affordable and easy-to-use handheld device for field application that 

correlates the ratio of fresh cement paste electrical resistivity to that of pore solution 

obtained from proposed model, formation factor F, to its w/c ratio. This development will 

provide engineers with a powerful tool to improve the quality of concrete used in new 

structures throughout the world.  

To achieve the above mentioned objective, a comprehensive experimental plan and a 

numerical model were developed to estimate the pore solution conductivity at fresh state. 

The effect of the w/c on pore solution and paste resistivity was explored for a wide range 

of w/c (i.e., from 0.30 to 0.55). The effect of the type and amount of chemical admixtures 

and SCMs in the paste mixture was extensively investigated; i.e., OPC pastes 

incorporated with superplasticizer, fly ash, silica fume and slag with three different 

dosages (low, medium and high) were included in the study. During the first 2 hours of 

paste age, three different time benchmarks (e.g. 30th, 60th and 90th minute) were selected 

to investigate the time effect on the electrical resistivity. Temperature was also monitored 

to normalize all the measured data such as resistivity and pH to a reference temperature 

of 25 °C. In addition, a reliable analytical model was proposed to predict the pore 
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solution conductivity with respect to time for different types of paste mixtures at fresh 

state before the setting time.     

1.4. Organization of the Thesis 

The chapters of this thesis are arranged as following: Chapter 1 provides a background on 

the research and presents the objectives and scope of the study; Chapter 2 reviews the 

previous studies on the electrical resistivity evaluation of cement-based materials and 

inferential parameters as well as the gaps in literature; Chapter 3 describes the 

experimental procedure conducted in the research; Chapter 4 presents the selected results 

and discussions on the experimental data; Chapter 5 proposes a numerical model to 

approximate the  pore solution conductivity during fresh state; Chapter 6 presents the 

conclusions and provides recommendations for future studies; Appendix A defines some 

technical terms used in the area of electrical resistivity; and Appendix B presents the 

supplementary results on the experimental data which are not given in Chapter 4 because 

of brevity. 
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2. Literature Review 

2.1. Introduction 

Electrical resistivity of concrete provides valuable information for engineers. Because it 

not only reflects the chemical reactions occurring between cementitous materials and 

water in concrete, but also indicates the physical properties and microstructure of its 

components (i.e., cementitious materials, water, and aggregates). For instance, lower 

electrical resistivity or higher electrical conductivity of concrete shows its higher 

vulnerability to aggressive ion penetration such as Cl- in an aggressive environment. 

Therefore, the durability of such concrete decreases which is an important criterion to 

meet the goals of sustainable development. Also, as discussed in Chapter 1, the 

mechanical properties of hardened concrete such as compressive strength were shown to 

have a strong correlation to its electrical resistivity; i.e., the higher the electrical 

resistivity of hardened concrete, the higher the compressive strength. Hence, the electrical 

resistivity measurement can be utilized as an in-situ method to determine the 

characteristics of concrete.    

The properties of hardened concrete such as permeability and compressive strength are 

significantly determined by its features at fresh state such as water-to-cementitious 

materials ratio, setting times or slump. Therefore, many investigations have been 

conducted to study the electrical resistivity of concrete at early stage and fresh state. 

Electrical resistivity of cement-based materials such as concrete, mortar or cement paste 

is affected by different criteria. Because of the cement hydration progress, the physical 

and chemical composition of concrete change over time; the temperature changes ions 
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mobility in the pore solution; the types of cementitious materials changes the rate of 

hydration and amount of ions released in the pore solution, the water-to-cementitious 

materials (w/c) affects the proportions of the pore solution compared to the solid particles 

with different orders of electrical resistivities; and the type of measurement technique 

used to determine the electrical resistivity of  concrete, mortar or cement paste can be the 

source of some inherent errors which can affect the accuracy of the measurements. 

Hence, the effect of all these factors on the electrical resistivity of fresh concrete should 

be taken into account to characterize appropriately the properties of fresh concrete.    

2.2. Application of electrical resistivity for fresh concrete  

Cement paste is the most significant component of concrete in the determination of the 

characteristics of hardened concrete and because of hydration process the cement paste 

characteristics are time dependent. In a same way the electrical resistivity of the cement 

paste also varies with time. Thus, electrical resistivity measurement can be used as a 

strong tool to estimate the characteristics of the cement paste such as its w/c or setting 

time. These characteristics practically are very important in construction industry, 

specifically at early age of hydration. 

2.2.1. Setting Time 

The setting time is an important factor in quality control of concrete. A desirable setting 

time should be long enough to provide the time for mixing, transporting, casting and 

finishing of fresh concrete for the construction crew. Typically, the initial and final 

setting times of concrete are measured by the penetration method that has been 
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standardized in ASTM C 403 [20]. The test is done on mortar which has been sieved 

from the fresh concrete. The initial setting time (ti) of concrete corresponds to the ending 

of plasticity state while the final setting time (tf) of concrete corresponds to onset of 

hardening. The initial and final setting time are determined by the times at which the 

penetration resistance reaches 3.5 and 26.7 MPa, respectively, when a designated needle 

penetrates 25.4 mm (1 in) into the mortar. There are some difficulties associated with this 

test such as extracting the mortar from concrete, time consuming test process and 

variance of results by different operators. However, the electrical resistivity measurement 

eliminates all above mentioned practical problems because it is done on concrete itself 

rather than mortar; it also continuously measures data immediately after mixing.  

The setting times of cement were studied using electrical technique as early as 1930s 

[21]. The retardation effect of superplasticizer incorporated pastes was later investigated 

[22, 23]. McCarter et al. [24] also used electrical resistivity measurement technique to 

monitor setting and hardening times.  

Li et al. [6] used a non-contact electrical resistivity measurement [4] to estimate the 

setting times of concrete as a function of minimum point (Pm) and the transition point (Pt) 

on resistivity-time curves as shown in Fig. 2.1. Pm represents the point on ρ-t curve which 

has minimum resistivity value that correlates to maximum conductivity. Pt on the other 

hand is defined on logarithmic scale ρ-t curve as the point located at maximum curvature 

that describes the transition in fresh concrete from setting to hardening and gaining 

strength. In Fig. 2.1, Mix 1, Mix 10 and Mix 3 represent concrete samples with the w/c of 

0.3, 0.4 and 0.3 containing 0.8% superplasticizer, respectively. 
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Figure 2.1. Electrical resistivity development of concretes to identify: (a) minimum point 

Pm on ρ-t curves; (b) transition point Pt on ρ-t (log scale) curves [6]. 

Li et al. [6] found the setting times of concrete samples by penetration method [20] along 

with their minimum time tm and transition time tt from resistivity measurement. These 

results are presented in Table 2.1. Using the regression analysis, they proposed a 

relationship between critical points and setting times derived from the penetration test. 
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The initial and final setting times were quantified as a function of the time of onset of 

hydration (tm) and time at which the transition point (tt) occurs as follows:  

21.8807 0.4429 , 0.8950i m tt t t R= + =                                                                                 (2.1) 

20.9202 0.2129, 0.9895f tt t R= + =                                                                                  (2.2) 

where ti and tf are the initial and final setting times, respectively.  

 

Table 2.1. Times of occurrence of critical points tm and tt in resistivity response and the 

setting times of concrete resulted from penetration test [6]. 
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Li et al. [14], using the electrical resistivity development curve and corresponding rate of 

electrical resistivity shown in Fig. 2.2, suggested that setting period (II) starts at initial 

setting time, tm, in which the resistivity of the paste is minimum and after this point it 

increases slowly because of the formation of Ettringite, CH and CSH up to the point that 

suddenly the rate of increase in resistivity (dρ/dt) considerably grows, ta, that is indicative of the 

final setting time and beginning of hardening.   
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Figure 2.2. Curves of different pastes with w/c of 0.3, 0.35 and 0.4 denoted by P0.3, 

P0.35 and P0.4; respectively, over 24 hrs: (a) Resistivity development; (b) Rate of 

resistivity development [14].  

Furthermore, in another study based on resistivity-time curves for different w/c pastes, Li 

et al. [5] suggested four stages of hydration shown in Fig. 2.6 as dissolving period (I), a 

competition period (II), a setting (III) and hardening period (IV). These different stages 

were defined by indicating specific points as their boundaries on ρ-t curves. M 

(t(m),ρ(m)) represents the minimum critical point; L (t(l),ρ(l)) indicates the point in time 

at which almost level (plateau) curve ends and resistivity starts to rise markedly and I 

(t(i),ρ(i)) shows the point of inflection at which concavity changes from upward to 

downward; i.e., the second derivative of resistivity with respect to time becomes zero.  
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(a) 

 

 

 

(b) 

Figure 2.3. Resistivity development versus time for paste with different w/c ratios; i.e., 

P0.3, P0.4 and P0.5 are paste samples with w/c of 0.3, 0.4 and 0.5, respectively; while 

P0.4-KCl is a paste incorporated with 1% KCl by mass in cementitous materials: a) 

during first 1440 minutes; b) during first 200 minutes [5].  
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Bekir at al. [13]  conducted the Vicat needle test to determine the initial and final setting 

time of pastes with and without SCMs such as fly ash, silica fume and slag. They 

reported that in general, the final setting time of pastes containing SCMs increased 

compared to that containing only OPC. This increase was mainly because of reduction in 

C3A component in the binder which exists in cement and plays a significant role in early 

hydration; i.e., the less the C3A hydrated products, the longer time it takes for paste to 

gain minimum strength for resisting to Vicat needle. On the other hand, although the 

initial setting time in fly ash and slag incorporated pastes showed slightly increase, the 

silica fume added pastes were observed to have noticeable increase. This different 

behavior in silica fume-containing pastes was related to the surface area (see Table 2.2) 

of silica fume (i.e., 14,000 cm2/g) compared to that of OPC, fly ash, and slag (BFS) 

which were 3312, 3126, and 4982, respectively. The water left for hydrating the cement 

decreases in the presence of much larger surface area due to higher absorption and as a 

result, cement particles hydration is retarded.  

Table 2.2. Physical and chemical properties of OPC and supplementary cementitious 
materials [13]. 
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Figure 2.4. Correlation of setting time (tini, tfin) resulted from penetration test and 

inflection time ratio Kt [25]. (Note: Squares and diamonds show final and initial setting 

times, respectively). 

Xiao et al. [25] concluded that the proposed inflection time ratio kt strongly correlates to 

initial and final setting times (defined by penetration test) of superplasticizer incorporated 

pastes with different dosages. This correlation was observed to be linear as shown in Fig. 

2.4, and can be used to estimate setting times of concrete samples containing 

superplasticizer via: 

ini tt aK b= +                                                                                                                    (2.3) 

fin tt cK d= +                                                                                                                    (2.4) 

where tini and tfin are the initial and final setting times, respectively; and a, b, c, and d are 

the regression analysis constants.   
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Figure 2.5. Electrical resistivity development of pastes with the w/c of 0.3 and containing 

0%, 0.1%, 0.15% and 0.2% retarder denoted by L0.0, L0.1, L0.15 and L0.2, respectively 

[26]. 

In addition, Li et al. [26] monitored the resistivity development of cement pastes  

incorporated with retarder of different dosages 0%, 0.1%, 0.15% and 0.2% (by weight 

with respect to the solid content) at the w/c ratio of 0.3 during first 24 hours. They 

concluded that the retarders delayed the development of electrical resistivity curve and 

consequently the initial and final setting times increased (Fig. 2.5).  
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2.2.2. Water-to-Cementitious Materials Ratio (w/c) 

The w/c ratio of concrete considerably affects physical and mechanical properties of 

hardened concrete. Even though the w/c ratio is a critical parameter in quality control of 

concrete structures and the strength gain and durability properties of hardened concrete, 

there is no reliable in-situ method available for its prediction during construction; 

therefore, there is a considerable demand for this in the construction industry. 

Li et al. [14] reported that higher w/c ratio can prolong the setting period and also delays 

the setting times of pastes (see Fig. 2.2). At each specific age of hydration, they 

suggested that relationship between resistivity of paste and w/c ratio followed a power 

trend as Y=AxB. The exponent B was always negative and it illustrated that at a fixed 

hydration age, a lower w/c ratio corresponded to a higher bulk resistivity (Fig. 2.2). 

Whittington et al. [16] also reported that increasing w/c ratio in concrete and cement 

paste resulted in decreasing of electrical resistivity and strength subsequently. 

Li et al. [5] concluded that bulk resistivity of the pastes depends on w/c ratio and lower 

w/c pastes always have higher resistivity than that for higher w/c pastes as shown in Fig. 

2.3. This conclusion was valid at any age in hydration process and is schematicly 

demonstrated in Fig. 2.6. 

In 2007, Li et al. [6] observed that increasing w/c ratio increases both initial and final 

setting times of concrete mixtures (Table 2.1).  
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Figure 2.6. Schematic representation of cement paste structure with time t and 

corresponding hydration degree α  [5]. 

Bekir at al. [13] found that for all the paste mixtures including paste without SCMs and 

pastes with SCMs such as fly ash, silica fume and blast furnace slag, increasing the 

water/binder (OPC plus SCMs) increases the electrical conductivity (decreases the 

electrical resistivity). Furthermore, rate of decrease in electrical conductivity is more for 

lower water/binder ratios than that of higher w/c ratios. 

Wei and Xiao [27] reported that for the fixed aggregate volume fraction Va , the concrete 

samples with lower w/c ratios have higher electrical resistivity than that of greater w/c 

ratios concrete (see Fig. 2.7). In addition, the rate of electrical resistivity rise with time 

(Ω.m/h) is higher for the lower w/c ratio concrete which is attributed to the less free water 

and more concentration of ions in hydration system to form hydration products compared 

to higher w/c ratio concrete.   
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Figure 2.7. Electrical resistivity versus time of hydration for two concrete samples with 

aggregate volume fraction of 60% [27]. 

 

 

(a) 
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(b) 

Figure 2.8. Electrical resistivity versus w/c of concrete: a) No fly ash; b) 25 % fly ash [8]. 

Mancio et al. [8] conducted the electrical resistivity measurement test on concrete 

samples with  various w/c ratios of 0.3, 0.4, 0.5 and 0.6 with 0% and 25% of fly ash (Fig. 

2.8). They monitored electrical resistivity of fresh concrete during the first 2 hours using 

the Wenner probe. Based on the results of their experiments, it was reported that the 

electrical resistivity of fresh concrete increased with increasing w/c ratio. They suggested 

that at lower w/c ratios, the concentration of ions in pore solution was more and 

conductivity therefore increased which correlated to the lower electrical resistivity. 

However, this conclusion quite contradicts with data reported in the literature. The mix 

proportion of these samples presented in Table 2.3, indicated that in their experiments, 

the aggregate volume fraction also increased along with w/c ratio which most-likely is 

the governing effect on electrical resistivity rise not increase in w/c ratio. 
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Table 2.3. Mixture proportions of concrete samples [8]. 

Mixture  
no. w/c 

Fly ash 
replacement 

ratio 

Amounts (kg/m3) 
Aggregate 
fraction 

Va 
Cement Fly ash Water FA CA (%) 

1 0.30 0 722 0 217 557 858 54 

2 0.40 0 541 0 217 710 858 60 

3 0.50 0 433 0 217 802 858 64 

4 0.60 0 361 0 217 863 858 66 

5 0.30 0.25 541 180 217 557 858 54 

6 0.40 0.25 406 135 217 710 858 60 

7 0.50 0.25 325 108 217 802 858 63 

8 0.60 0.25 271 90 217 863 858 66 
Note: FA and CA are coarse and fine aggregates, respectively; and specific gravity of cement, fly ash, 

FA, and CA in g/cm3 are 3.15, 2.60, 2.68, and 2.68, respectively. 

 

2.3. Electrical resistivity measurement techniques for concrete, mortar and 

cement paste 

Conventionally, concrete was regarded as a conductor with resistance (Ω), and its 

resistance was measured by placing it in an electrical circuit between two electrodes that 

passed current from one to the other [1, 3, 28, 29]. In this setup the potential drop is 

measured, and the concrete impedance is defined as the ratio of the potential drop to the 

applied current. Two main problems which add errors to this conventional measurement 

technique are polarization of the specimen (if D.C. current is applied) and capacitive 

reactance effect (if A.C. current is applied). Polarization occurs due to flowing current 

through an electrolyte that results in the establishment of an opposite potential to the 
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applied potential at the electrodes. Concrete acts as a conductive electrolyte [30]; 

therefore, this phenomenon leads to the deviation of measured resistance from the actual 

resistance of concrete. On the other hand, because of the double-layer effect between 

electrode and electrolyte (concrete) [31] which acts as a capacitor, the measured 

impedance is resulted from both resistance and capacitive reactance of concrete [32]. 

Therefore, the determination of resistance component (i.e., the parameter of interest) 

becomes complicated. 

In 1985, Hughes et al. developed a new method [31] of measuring the electrical 

resistivity of the concrete, mortar and cement paste, which eliminated some of the 

difficulties associated with the conventional D.C. measurement technique. The setup of 

this method is illustrated in Fig. 2.9. A constant-current generator passes a square wave 

form alternative current through the concrete, mortar or cement paste specimen and holds 

the amplitude of the current constant regardless of its resistance.  

 
Figure 2.9. Block diagram of the electrolytic ohmmeter [31].  
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The term Cp in Fig. 2.9 is indicative of the capacitive reactance of the specimen in 

practice which along with the resistance of concrete composes the voltage across the 

specimen. Capacitance slows down the rate of change in current when reversed and 

consequently the peak voltage is less than the peak voltage of pure resistance until it is 

fully charged again (see Fig. 2.10). Hence, exactly at the moment in which voltage 

reaches the maximum value, two sample-and-hold circuits C and D take samples from 

positive and negative input analogue voltage at B, respectively. Both voltage values are 

recorded continuously by a differential amplifier. Furthermore, the A.C. current which is 

applied by constant-current generator has a very small amplitude of 0.5 mA and very 

short pulse time of 10 ms (constant frequency of 100 Hz) which both minimize the 

electrical field generated by polarization; i.e., the smaller the current amplitude as well as 

the higher the pulse frequency, the less the polarization effect. After using this method on 

different samples and comparing them to conventional D.C. and A.C. electrical resistivity 

measurements, Hughes et al. [31] concluded that the polarization effect increased, 

whereas the capacitive reactance decreased the measured resistivity of concrete, mortar or 

cement paste. Furthermore, capacitance increased with time and increasing the w/c ratio.  

In addition, it was reported [31] that by increasing w/c ratio for constant cement content 

as well as increasing the cement content for constant w/c ratio, the resistivity of concrete 

decreased. However, the decrease in resistivity of concrete for more cement content is 

most likely attributed to the less fraction of aggregates with quite larger resistivity values 

compared to that of cement paste which was not studied and considered. Also, the effect 

of magnitude of applied frequency on the capacitance effect was neglected.  
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Figure 2.10. Electrolytic ohmmeter mechanism: A) Applied current; B) Corresponding 

voltage across concrete [31].  

 

 

 

Figure 2.11. Schematic of non-contact resistivity measurement of cement paste [5]. 
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In 2001, Li et al [4] proposed a new technique to measure the electrical resistivity of 

cement-based materials to eliminate two main errors associated with resistance 

measurement of concretes and cement pastes using electrodes. The new method 

eliminated the electrodes used in conventional testing for resistivity, and rather used a 

transformer as shown in Fig. 2.11. The output or secondary coil in transformer is 

substituted with a ring and rectangular sectional area of cement paste specimen and this 

way the current passes though material without any contact of electrodes. In 2008, Li et 

al. [15]  used the same setup for non-contact electrical resistivity measurement; but on 

concrete samples with trapezoidal cross sections as shown in Fig. 2.12. 

 
Figure 2.12. Non-contact electrical resistivity measurement instrument and mold cross 
section [15]. 
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In this technique, the toroidal voltage inducted in concrete sample, V, and corresponding 

toroidal current, I, are measured and the resistance of concrete are obtained based on 

Ohm's law. In order to derive the resistivity of concrete having the cross sectional area 

details given in Fig. 2.12, Li et al. used the following equation: 

31 2 4 4

2 1 1 2 4 3 3

ln ln ln
2

rr r r rh V
r r r r r r r I

ρ
π
 

= − + + − − 
                                                                (2.5) 

In 2010, Mancio et al. used a four-electrode Wenner probe for the electrical resistivity 

measurement of concrete specimens [8] (Fig. 2.13). This way, the instrument applies an 

AC current with 1 kHz sinusoidal wave through the concrete sample when the probe is 

immersed in fresh concrete. If the applied current through outer electrodes connected to 

circuit is denoted by I0 and potential drop through concrete between inner electrodes is 

denoted by Vc (Fig. 2.13), the resistance Rc is given by Ohm's law. The electrical 

resistivity of concrete (ρc) can then be derived by knowing the geometry factor k (m) of 

the probe setup as:   

0

C
C C

VKR K
I

ρ = =                                                                                                                     (2.6) 

where the geometry factor (k) of probe as a function of electrodes spacing (a) is defined 

by: 

4K aπ=                                                                                                                          (2.7) 
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(a) 
 

 

(b) 

Figure 2.13. Electrical resistivity probe: a) actual probe; b) schematic shape [8].  

2.4. Effect of hydration or time on electrical resistivity 

The hydration process of cement-based materials has a complex mechanism. In concrete, 

it depends on various factors such as mixture proportions like w/c, physical and chemical 

properties of aggregates, chemical composition of cementitious materials and liquid 

phase, type of admixture, temperature, curing method (e.g. sealed curing, moist-curing). 

The cement paste is the most significant component in concrete that determines its fresh 

and hardened properties, and its characteristics are time dependent because of hydration 

process. As a result, in the study of the electrical resistivity of concrete especially in fresh 

state the effect of hydration time needs to be considered.. 

Electrical resistivity of concrete and cement paste increases as the hydration proceeds. 

This increase with time was reported by Whittington et al. [16] specifically after setting; 

however, they observed a decrease during first 5 hours (close to final setting time) of 

cement paste samples. They suggested that the resistivity decrease was either because of 
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heat release and temperature increase as a result of chemical reactions, or increase in 

concentration of ions in pore solution which decreased pore solution resistivity. Thus, 

resistivity measurement can be used as a potential method to estimate the degree of 

hydration in concrete.  

Based on resistivity-time curves for different w/c pastes, as shown in Fig. 2.3, Li et al. [5] 

suggested four stages of hydration: dissolving period (I), a competition period (II), a 

setting (III) and hardening period (IV) . These different stages were defined by indicating 

specific points as their boundaries on ρ-t curves (Fig. 2.3). M (t(m),ρ(m)) which 

represents the minimum critical point; L (t(l),ρ(l)) indicating the point in time at which 

almost level (plateau) curve ends and resistivity starts to rise markedly and I (t(i),ρ(i)) 

showing the point of inflection at which concavity changes from upward to downward; 

i.e., second derivative of resistivity with respect to time equals zero.  

In 2006, Li et al., using the electrical resistivity development curve (Fig. 2.2-a) as well as 

corresponding rate of electrical resistivity (Fig. 2.2-b) showed that four different periods  

can be described as follows [14]: 

1. Dissolution of ions (Period I) in pore solution because of chemical reactions 

between cement particles and water is dominant and consequently conductivity 

increases and correlates to decrease in resistivity up to initial setting time (tm). 

2. Setting period (II) starts at initial setting time, tm, in which the resistivity of the 

paste is minimum and after this point it increases slowly because of the formation 

of Ettringite, CH and CSH up to the point that suddenly the rate of increase in 
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resistivity (dρ/dt) considerably grows, ta, that is indicative of the final setting time 

and beginning of hardening.   

3. Acceleration period (III) occurs after ta in which the rate of change in electrical 

resistivity (dρ/dt)  is rapidly ascending. At the end of this period the rate reaches 

its peak, ti, which is corresponding to the inflection point on resistivity-time 

curve. 

4. Deceleration period (IV) starts  from ti and although the growth in resistivity 

continues, (dρ/dt)>0, the rate of change (dρ/dt) drops after this point. The 

chemical reaction is  converted to diffusion control reaction at transitional point ti.  

Li et al. [15] proposed a model to estimate the hydration degree α(t) of concrete by 

measuring the bulk resistivity ρ(t) and extracted pore solution resistivity ρ0(t) during first 

48 hours of concrete age. The estimated values from the model were close to the 

experimental results for porosity using Mercury Intrusion Porosimetry  (MIP) and degree 

of hydration based on Thermo-gravimetric analysis (TGA) conducted on dehydrated 

samples. The degree of hydration in TGA is defined as the fraction of chemically bonded 

water content at time t to that of completely hydrated cementitious materials. Considering 

ignition loss of cement (LC) and fly ash (LFA) and knowing the ratio of fly ash to the 

entire cemnetitious materials (β), the degree of hydration α(t) is expressed as via: 

105

950 .

( ) (1 (1 ) ) 1 /
( )

n
C FA

comp

W Wt L L
W C FA

α β β
 

= − − − −  + 
                                                       (2.8) 
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where α(t) is the degree of hydration at time t; W105 and W950 are sample weights at 

temperature 105 °C and 950 °C; and  
.( )

n

comp

W
C FA+

 is the chemical bonded water per 

gram completely hydrated cementitious material. The amount of chemically bound water 

for completely hydrated cement can be determined based on Bogues's equation [33]. The 

typical value of 0.23 for OPC was suggested by Taylor [34]. For fly ash incorporated 

cementitious material, this value was reported to be slightly less because of the dual 

effects of fly ash particles in the mixture; i.e.,  pozzolanic reaction and filler function 

[35].  

Li et al. [15] also established the ρ(t)-t and dρ(t)/dt-t curves for three different concrete 

mixtures with w/c ratio of 0.4 including 0%, 25% and 50% of class F fly ash which are 

shown by C0.4, C0.4FA25 and C0.4FA50, respectively, in Fig. 2.14. They observed that 

the similar hydration behavior found for cement pastes [5] is also valid for concrete 

samples; i.e., five stages of dissolution, competition of dissolution-precipitation, setting, 

hardening and hardening deceleration periods. 

Li et al. [14] proposed a model (Eq. 2.9) to find the porosity φ(t) of two-component 

system  using Archie's law [19]: 

( )

0

( ) ( )
( )

m tt t
t

ρ ϕ
ρ

−=                                                                                                              (2.9) 

1
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ln ( ) ln( ) ( )
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tm t m m mρ ρ
ρ ρ

−
= + −

−
                                                                             (2.10)  
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Figure 2.14. Bulk electrical resistivity and resistivity rate of fresh concrete with the w/c 

of 0.40: (a) Electrical resistivity development ρ(t)-t; (b) Rate of resistivity development 

dρ(t)/dt-t [15]. 
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where ρ1 and ρ2 are the bulk resistivity whereas m1 and m2 are m exponent values at 

initial recording point and at the age of 24 hours, respectively. Accordingly, calculating 

m from Eq. 2.10 and substituting it into Eq. 2.9 along with the measured bulk and pore 

solution resistivity at a specific time, corresponding porosity φ(t) at that time can be 

determined [15]. 

Powers and Brownyard [33] proposed a model to characterize the hydration process in 

paste which was assumed to have three components including unhydrated cement, 

hydration product and capillary pores that were considered as main conductive paths at 

early age. Li et al. [15] ignoring the hydration of class F fly ash at early age proposed the 

following model to correlate the degree of hydration to porosity:  

/( ) . ( ) . c h
Total

w c h

D Dw ct V t
D D D

α ϕ
 

= −  − 
                                                                                     (2.11) 

where w/c is the water to cementitious materials ratio; VTotal is the total volume of each 

constituent in the concrete; and Dw, Dc and Dh represent the density of pore solution, 

cement and hydrates, respectively. Assuming Dw=1.01 g/cm3, Dc=3.15 g/cm3, Dh=1.529 

g/cm3 [33] and w/c=0.4 for the mixtures studied by Li et al. [15] , they simplified the 

model in Eq. 2.11 to define the degree of hydration α(t) as a function of porosity φ(t). 

[ ]( ) 2.971 0.4 . ( )Totalt V tα ϕ= −                                                                                                                                   (2.12) 

The variation of degree of hydration derived from this model was plotted in Fig. 2.15. 

The estimated data were reasonably close to the results of dehydration conducted using 

thermo-gravimetric analysis.  
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Figure 2.15. Degree of hydration with time during first 48 hr for concrete samples [15]. 
(Solid curves are calculated from Eq. 2.12, whereas the points show the experimental 
results). 

Mancio et al. [8], based on the statistical analysis of their results presented in Table 2.4, 

suggested that the effect of time on the electrical resistivity of the concrete samples was 

insignificant during the first two hours after mixing; i.e., the change in electrical 

resistivity of fresh concrete during the first 2 hours was negligible. 

 Table 2.4. Electrical resistivity of concrete samples as a function of time and w/c [8]. 
 

  

2.12 

2.12 

2.12 
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Salem [9] also monitored the conductance (mS) of the OPC pastes containing silica fume 

during first 24 hours. As shown in Fig. 2.16, the Conductance-Time curves were reported 

to reveal two peeks, the first one was reported to be attributed to the beginning of OPC 

hydration and, the second peek on the other hand was attributed to the ettringite-

monosulfate transformation. 

 
Figure 2.16. Conductance-Time curves of OPC plus silica fume paste mixtures. Ia, Ib, Ic 

and Id represent 10, 20, 30 and 50 percent silica fume replacement, respectively; for w/c 

of 0.55 at two temperatures: (a) 25°C; and (b) 45°C [9]. 
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2.5. Pore solution (liquid phase) resistivity 

Cement paste matrix which can be regarded as conductive component of concrete 

compared to nonconductive aggregates, dominantly determines the electrical properties 

of the concrete. Nikkannen [30] reported that electrolytic conduction through cement 

paste controls resistivity of concrete and experimental data obtained by Monfore and 

Hammond and Robson [1, 3] verified this claim and suggested that ionic species such as 

OH-, K+, Na+, Ca2+ and SO4
2- in pore solution transport the  electrical charge through 

cement paste. 

On the other hand, the electrical resistivity of pore solution plays a significant role on the 

resistivity of paste matrix. Whittington et al. [16] supported this idea that pore solution 

determines the electrical resistivity of cement paste. However, they found it pretty 

speculative to sub-divide the cement paste to solution phase (conductive component) and 

solid phase (cement particles) at any specific hydration age because of constant change in 

the amount of solution phase and also the change in concentration of ions during the 

hydration process; i.e., the pore solution amount and associated ionic concentration are 

both time dependent.  

Li et al. [5] reported that from the alkali sulfates and cement particles, K+ and Na+ and 

SO4
2-  were dissolved into liquid immediately after mixing cement with water. The Ca2+ 

and OH-, Al and Si ions were released into liquid phase due to dissolution of free lime 

(CaO), C3S and C2S. However, the concentrations of the OH-, K+, Na+, Ca2+ and SO4
2-  

were dominant in total pore solution conductivity [36].  
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In another study, using a non-contact electrical resistivity measurement, Li et al. [26] 

monitored the resistivity development of cement pastes incorporated with a set retarder of 

different dosages 0%, 0.1%, 0.15% and 0.2% (by weight with respect to the solid 

content) at the w/c ratio of 0.30 during first 24 hours (see Fig. 2.5). They measured 

resistivity of the extracted pore solutions (ρ0(t)) of retarder incorporated paste samples at 

minimum point on bulk resistivity-time (tm) curve (Table 2.5). They concluded that with 

increase of retarder dosage, the ion concentration in pore solution increases and 

corresponding resistivity decreases at fresh state. However, this decrease in resistivity is 

most likely because of longer time of pore solutions extraction (16, 51, 81 and 178 

minutes) and more ions release in pastes with higher portion of retarders, which increases 

the conductivity, not the effect of greater dosage of retarders. 

 

Table 2.5. Electrical resistivity of liquid phase ρ0(tm) at minimum point time of pastes 

with w/c of 0.3 [26].  

Retarder dosage ρ0 (tm) Extracting time at tm 

 (%)  (Ω.m) (min) 

0.00 0.252 16 

0.10 0.245 51 

0.15 0.235 81 

0.20 0.229 178 
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Although the electrical resistivity of pore solution in a cement paste is dependent on ions 

concentration such as OH-, K+, Na+, Ca2+, Cl- and SO4
2-, Snyder et al. [12] proposed that 

by considering only concentrations of OH-, K+ and Na+ as governing ionic species [37, 

38], pore solution conductivity can be accurately predicted. The contribution of each ion 

to the total conductivity of pore solution differs from one to the other. Snyder et al. [12] 

showed that the contribution of each ion is a function of ion molar concentration (Ci) and 

the ionic strength (IM) which also depends on ion concentration.  

Equivalent conductivity is defined as the electrical conductivity per ionic concentration 

and denoted by λ (Scm2/mol). The electrical conductivity of pore solution can be 

expressed as weighted sum of equivalent conductivity for each ionic species such as OH-: 

i i iz Cσ λ=∑                                                                                                                 (2.13) 

where zi and Ci are the species valence and molar concentration, respectively. Although 

Eq. 2.13 shows a linear relationship between conductivity and molar concentration 

initially, since the equivalent conductivity itself is a function of ionic concentration, this 

relationship would not be linear anymore as discussed in the literature [39]. 

Snyder et al. [12] suggested that for each ionic species, the equivalent conductivity λi  is a 

portion of ultimate equivalent conductivity iλ
°  corresponding to the infinite dilution (C 

→ 0) as follows: 

1/21i
i mG I
λλ
°

=
+

                                                                                                              (2.14) 
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21
2m i iI z C= ∑                                                                                                                          (2.15) 

where Im is the ionic strength in mol/l; and Gi is the empirical coefficient in (mol/l)-1/2 

obtained from experiments at specific temperature.  

Considering Eqs. 2.13 to 2.15, it is concluded that the pore solution conductivity is 

directly proportional to square root of ion concentration (i.e., cσ ∝ ). Therefore, we 

can approximate conductivity of a pore solution before dilution (σ1) if we have the 

conductivity of pore solution after dilution (σ2) via: 

1 1

2 2

C
C

σ
σ

=                                                                                                                     (2.16) 

where C1 and C2 are the concentrations of ions in pore solution before and after dilution, 

respectively. 

Li et al. [14] measured electrical resistivity of the  pore solution extracted from cement 

pastes with w/c of 0.30, 0.35 and 0.40 which were denoted by S-P0.3, S-P0.35 and S-

P0.4, respectively (shown in Fig. 2.17). They concluded that resistivity of pore solution is 

linearly proportional to w/c ratio (Eq. 2.17); i.e., the lower w/c ratio results in lower pore 

solution resistivity. The higher pore solution conductivity in lower w/c pastes is most 

likely attributed to higher amount of ions per unit volume of pore solution.                                                                                               
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Figure 2.17. Electrical resistivity of pore solution (ρo) in cement paste samples with 

various w/c ratios [14].  

2.5 0.225o
w
c

ρ= −                                                                                                                              (2.17) 

2.6. Temperature effect on electrical resistivity  

When the resistivity measurement is used to describe the characteristics of fresh or 

hardened concrete such as setting time, compressive strength and durability, the accuracy 

of such measurement should be verified in order to have valid results to draw any 

conclusion. Effect of temperature on resistivity and subsequently normalization to a 

reference temperature have been of a great importance to researchers since either in the 

lab or field, the temperature at which the resistivity is measured varies due to ambient or 

curing temperature and seasonal change respectively. Temperature influences concrete 

resistivity by changing the ion mobility, ion-ion and ion-solid interaction, as well as ion 
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concentration in pore solution. Resistivity of concrete was reported to be inversely 

proportional to temperature [40, 41]; i.e., it decreases as temperature increases. 

A linear relationship in electrolytic solutions was suggested [42, 43] to be applicable for 

determining the resistivity of concrete at reference temperature θ (Eq. 2.18). However, 

this equation many years later was claimed to be only applicable over a low range of 

temperature variation around 5±  °C to the reference temperature [42].  

( )1 ( )Tθρ α θ ρ= + −                                                                                                     (2.18) 

where ρt and ρθ are resistivities of concrete at T °C and θ °C, respectively; α (°C-1) is the 

temperature coefficient of resistivity and was observed to be in 10-2 order (e.g. 0.021) 

[42, 43].  

Resistivity-Temperature relationship can also be expressed using Hinrichson-Rusch Law 

which is generally applicable for most refractory materials [16, 44] via:  

1 2

1 1( )

1 2

a
T Teρ ρ
−

=                                                                                                              (2.19) 

where ρ1 and ρ2 are resistivities of the concrete at temperature T1 and T2 in °K; and a is 

the experimental constant in °K. 

Whittington et al. [16], comparing experimental data and calculated data by proposed 

equations, concluded that the inverse relationship between ambient temperature and 

resistivity of concrete, mortar or cement paste can be estimated with high precision using 

either of Eq. 2.18 or 2.19.  
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Arrhenius law which was proposed to relate the activation energy Ea and temperature T 

to the rate of reaction in chemistry [45], has been also used by many researchers [46-48] 

as a popular method to describe the relationship between resistivity and temperature as 

follows: 

,

0

1 1

0

aE
R T T

T e
ρ

ρ ρ
  

−  
   =                                                                                                         (2.20) 

where ρT and ρ0 are resistivity values measured at temperature T (°K) and reference T0 

(°K), respectively; R is gas constant (8.314 J/mol.°K); and Ea,ρ is the activation energy 

for resistivity (J/mol).  

Activation energy Ea,ρ here is defined as amount of energy required to promote one mole 

of the ions such as OH-, K+ and Na+ in pore solution of concrete from equilibrium state to 

activated state to carry current flow under an electric field [49]. Activation energy is a 

parameter that reflects the temperature sensitivity of concrete resistivity; i.e., the larger 

the Ea,ρ is, the more sensitive to temperature the resistivity of the concrete would be.  

Chrisp et al. [42] reported that the values of the Ea,ρ ranges from 16.9 to 42.8 kJ/mol in 

hardened concrete which are most likely different from fresh concrete. They showed that 

decreasing concrete's saturation degree increases activation energy. Furthermore, use of 

pozzolanic materials was demonstrated by McCarter et al. [47] to increase the activation 

energy compared to mixtures only containing OPC.  

Salem et al. [10] conducted the electrical conductivity measurement of the pastes during 

first 24 hours of hydration age at 30°C and 50°C. They found that electrical conductivity 
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of pastes at higher temperatures is always greater than that of lower temperatures which 

is attributed to acceleration effect of hydration reactions of cementitious materials. 

Yanbo et al. [7]  did an extensive investigation testing 200 concrete cylinders from 54 

mixtures to study temperature effect on resistivity. They conducted a Dynamic 

Temperature Test (DDT) from 10 °C to 45 °C and measured the corresponding resistivity 

at complete hydration (after 6 years) using a four point (Wenner) method. Some 

specimens were tested with 85% and 92% saturation degree (unsaturated) along with 

saturated specimens to take into account the effect of moisture content. As shown in Fig. 

2.18 for a concrete sample with w/c of 0.4, they observed that resistivity of concrete 

decreases with increasing temperature. They also found that for samples cured in lower 

saturation degree, resistivity of concrete is higher which was in agreement with literature 

[50, 51]; i.e., the higher the saturation degree is, the lower the electrical resistivity of 

concrete becomes. 

 

Figure 2.18. Resistivity variation with temperature for a concrete sample with w/c of 0.4 
(labelled by 41A) in saturated and unsaturated (85% and 92% relative humidity) curing 
conditions after 6 years [7]. 
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Table 2.6.  Equations suggested for Ea,ρ and ρ21 correlation based on the type of concrete 

mixture [7]. 

Equation Concrete Mixture Properties 

Eq. 2.22 
Concrete with ≥ 20% fly ash 

Concrete with > 50% slag 

Eq. 2.23 

Ordinary Portland cement (OPC) concrete 
High alkalinity concrete (HA) 
Concrete with < 20% fly ash 

Concrete with ≤ 50% slag 
 

Doing the regression analysis on Eq. 2.21 (Arrhenius law), parameters Ea,ρ and A were 

determined for  all the concrete mixtures.  

,

.( 273.15)
aE

R TAe
ρ

ρ
 
 + =                                                                                                           (2.21) 

where A is the resistivity when temperature T (°C) approaches infinity; i.e., T →∞ . 

From the obtained activation energy for each particular mixture, they also concluded that 

if resistivity at a reference temperature such as 21 °C (ρ21) is higher, the associated Ea,ρ 

also would be higher than that of a lower resistivity. Accordingly, by regression analysis, 

Eq. 2.22 and Eq. 2.23 were proposed [7] for two general mixtures whose properties are 

presented in Table 2.6. 

                                                                                  (2.22) 

                                                                                  (2.23) 

where activation energy is in (kJ/mol) and ρ21 is in kΩ.cm. 

, 213.7738 ln( ) 9.7518aE ρ ρ= +

, 216.0157 ln( ) 4.3121aE ρ ρ= +
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In addition, using Eq. 2.22 and 2.23, Yanbo et al. [7] calculated resistivity percentage 

change per °C for specimens with different ρ21. The results illustrated that for all of the 

concrete mixtures the resistivity change per °C is larger at a lower temperature than at a 

higher temperature as shown in Fig. 2.19.  

Knowing the alkalinity of cement and percentage of supplementary cementitious 

materials (see Table 2.6), Yanbo et al.'s equations presented above can be used to 

normalize concrete resistivity to a reference temperature regardless of other mixture 

properties such as w/c ratio and amount of aggregates. The activation energy used in the 

equations should be first determined based on ρ21 which reflects the w/c ratio and 

aggregates effect itself; i.e., the smaller the w/c ratio, the larger the ρ21 and hence, higher 

Ea,ρ. 

  

(a) 
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(b) 

Figure 2.19. Calculated percentage change in resistivity per °C using: a) Eq. 2.22; b) Eq. 
2.23 [7].  
 

2.7. Effect of supplementary cementitious materials and chemical 

admixtures on electrical resistivity 

The practice of using SCMs such as silica fume, fly ash and slag has been growing for the 

past three decades. They are mostly byproducts of other industrial processes. Their 

judicious use is desirable not only from the sustainable development point of view, but 

also for the technical benefits they provide to concrete. They are used to improve various 

characteristics of concrete in fresh or hardened state. Following, studies conducted on the 

effect of SCMs on the electrical resistivity of concrete in fresh state are presented.  

Li et al. [15] observed that fly ash containing concretes have higher electrical resistivity 

than that of concrete without fly ash until final setting time during which resistivity is 

governed by pore solution conductivity not the change of porosity (see Fig. 2.14). 
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Because fly ash retards and lessens the chemical reaction and hydration; thus, less ionic 

species are present in pore solution which leads to increase in resistivity. However, after 

final setting time and during hardening another mechanism occurs. At this stage and 

afterward because the governing factor in resistivity would be microstructure change due 

to the formation of hydration products, fly ash containing concrete shows smaller 

resistivity which indicates greater porosity as a result of less production of hydration 

products (solid phase). They also observed that higher replacement of fly ash in concrete 

resulted in lower associated resistivity. Additionally, the hydration degree, as shown in 

Fig. 2.15, was reported to be reduced [15] by adding fly ash as a replacement of 

cementitious materials.  

Mancio et al. [8] conducted the electrical resistivity measurement test on concrete 

samples with  various w/c ratios of 0.3, 0.4, 0.5 and 0.6 with 0% and 25% of fly ash. 

They monitored electrical resistive of fresh concrete during the first 2 hours using the 

Wenner probe. As shown in Fig. 2.8, they observed that for a fixed w/c ratio and 

aggregate volume fraction, electrical resistivity of fly ash incorporated fresh concrete 

(before setting and hardening time) were always higher than that of mixtures without fly 

ash. They reported that this higher resistivity is attributed to slow rate of pozzolanic 

reactions of fly ash which leads to a less ionic concentration in the pore solution. As a 

result, pore solution electrical resistivity increases which is a dominant parameter in 

determining the bulk resistivity of fresh concrete before hydration products formation.  

The silica fume addition leads to the formation of the CSH phases which are the result of 

active silica fume reaction with free Ca(OH)2 released as a cement hydration product 
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[52,53]. Salem et al. [10] studied electrical conductivity of the cement pastes made of 

slag and Cement Kiln Dust (SL/CKD ratio of 80/20) with and without silica fume. 

Conductance of specimens was measured during first 24 hours of hydration age. They 

observed that the conductance increased at very early age to a peek value and then 

decreased. It was reported that silica fume replacement from 2% to 20% resulted in 

increasing conductivity of paste, which was attributed to the higher hydraulic reactivity 

of silica fume compared to slag. In general higher reactivity of the cementitious materials 

results in more concentration of transporting ions in the pore solution.  

Furthermore, Salem in another study  [9] observed that increasing silica fume from 10 to 

50 percent replacement in OPC pastes decreased the conductivity at the early stage (see 

Fig. 2.16). This conductivity decrease was attributed to the delayed reactions of silica 

fume compared to OPC in hydration process. 

Bekir et al. [13] studied the electrical conductivity of cement pastes at early age (1 day). 

They investigated the effect of supplementary cementitious materials added to OPC such 

as fly ash, silica fume, and blast furnace slag (BFS). During the initial stage of hydration 

time (before hardening) the governing parameter for conductivity is the hydrolysis 

(dissolution) of the OPC components which results in releasing ions such as Ca2+, OH-, 

SO4
2-, and alkali ions (i.e. K+ and Na+) [9]. Bekir et al. [13] reported that at a certain w/c 

ratio, conductivity of the paste at early age decreases if it contains SCMs such as fly ash, 

silica fume and slag. They suggested that slower pozzolanic reaction with water and 

hence release of less ion as well as decreasing volumetric fraction of the liquid phase 

because of increased volume of solid phase due to less specific gravity of SCMs 
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compared to OPC, contributed to this decrease in conductivity. Also, it was reported that 

the rate of change in electrical conductivity decreased as the replacement ratio of SCM in 

total cementitious materials increased.  

Bekir at al. [13] also found that among the SCMs, the reduction in conductivity at early 

stage is more significant in fly ash, slag and silica fume, respectively. However, in 

advanced phase of hydration (i.e., hardening) fly ash and silica fume added pastes had 

lower electrical conductivity (more resistivity) than slag-blended admixtures because of 

their faster pozzolanic reactions compared to the pastes with slag [10].  

The application of retarders in concrete, as a chemical admixture, is to delay the setting 

time of mixture so that the workable period for construction team increases. Using a non-

contact electrical resistivity measurement [4], Li et al. [26] monitored the resistivity 

development of cement pastes  incorporated with retarder of different dosages of 0%, 

0.1%, 0.15% and 0.2% (by weight with respect to the solid content) at fixed w/c ratio of 

0.3 during first 24 hours. They reported that the minimum point (Pm) resistivity was not 

significantly affected by adding retarder from which it was concluded that the total 

number of ions soluble in water at the end of dissolution period was not considerably 

influenced by retarder incorporation. Whereas, after setting and hardening, the resistivity 

of pastes with higher dosage of retarder was always lower than that of lower content of 

retarder (see Fig. 2.5). Because the hydration products were formed slower in pastes 

containing retarder which led to porous media with less tortuosity and thus corresponding 

resistivity decreased.  
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For practical purposes, one of the key points in designing a concrete mixture is to select 

the most suitable superplasticizer in terms of type and optimum dosage. The workable 

period of concrete is desired to be more than mixing, transportation, cast into formworks 

and finishing time so that there will not be any practical difficulties as a result of setting 

and hardening of concrete. Therefore, the effect of superplasticizers can significantly 

favor this objective. Torrents et al. [23] qualitatively studied the effect of superplasticizer 

addition in OPC pastes. They monitored electrical resistivity of pastes with w/c of 0.33 

containing superplasticizer dosages of 0%, 0.5%, 1%, and 4% during first 24 hours of 

hydration age. It was reported that superplasticizer incorporation delays final setting time 

of OPC pastes and so the accelerated electrical resistivity gain. This was attributed to 

slower hydration rate of OPC in presence of superplasticizer which resulted in delayed 

formation of hydration products.    

Xiao et al. [25] adopted a similar method to a previous study [52] and developed it to 

select a suitable superplasticizer based on the results derived from electrical resistivity 

measurements. For the fixed w/c ratio of 0.3, using a non-contact electrical resistivity 

measurement technique, they monitored electrical resistivity development of pastes 

incorporated with different dosages of two types of superplasticizer SP1 (Naphthalene-

based) and SP2 (Polycarboxilate) during the first 24 hours as shown in Fig. 2.20. The 

saturation dosage (weighted ratio to cement mass) of each superplasticizer was chosen by 

Marsh cone test which suggested the maximum dosage to be used in cement paste or 

concrete (e.g. 0.8 % for SP1 and 0.25 % for SP2).  

55 

 



 

 

 

 

 

Figure 2.20. Electrical resistivity development and inflection point (ti) identification for 

control paste (P0) with: a) 0.8% of SP1; and b) 0.25 % of SP2 [25].  
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It was reported by Xiao et al. [25] that adding superplasticizer prolongs the setting time 

and decreases electrical resistivity of the cement paste. Accordingly, the best 

superplasticizer was claimed to be the one that could delay the setting time more to 

provide more workable period, as well as having rapid strength gain after hardening 

which corresponds to greater electrical resistivity at 24 hours of hydration age. Based on 

these criteria, they proposed inflection time ratio Kt and resistivity ratio Kr as follows: 

,
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t
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=                                                                                                                       (2.24) 
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=                                                                                                                    (2.25) 

where ti,SP and ti,P0 are inflection times of control paste without superplasticizer and paste 

incorporated with superplasticizer, respectively; ρ24,SP and ρ24,P0 are resistivity of control 

paste and paste containing superplasticizer, respectively. Xiao et al. [25] suggested that 

the superplasticizer which results in higher inflection time ratio Kt and resistivity ratio Kr 

would be the better and more cement compatible choice. 

Furthermore, Li et al. [6] tested 11 specimens with different mixture proportions. The 

results of resistivity measurements and corresponding time of critical points Pm 

(minimum point on resistivity-time curves) and Pt (maximum curvature point on log-scale 

resistivity-time curves) as well as conventional setting times obtained by penetration 

method are presented in Table 2.1. They concluded that superplasticizer in concrete 

performed as a retarder that deferred the initial and final setting times. It was also 
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observed that fly ash increased the initial and final setting times of concrete because of 

delay in the formation of hydration products due to delayed pozzolanic reactions.  

Li et al. [6] also observed that in the specimens containing CaCl2 as an accelerator, the 

initial and final setting times occurred earlier compared to concrete specimen without 

accelerator. It contributed to faster hydration products formation resulting from more 

Ca2+ presence in the paste. 

In addition, Li et al. [5] reported that 1% KCl by weight of cementitious materials, as an 

accelerator changed the fresh and hardened resistivity of paste with the same w/c ratio of 

0.4. Figure 2.3 illustrates that increasing ions concentration in liquid phase because of K+ 

and Cl- release at the fresh state resulted in a rise in conductivity and a drop in resistivity. 

However, after setting initiation time when porosity decreased because of solidification, 

the resistivity of KCl containing paste became higher than that of KCl-free paste with the 

same w/c ratio. This demonstrated the dominant role of microstructure change instead of 

ions concentration during the setting and hardening stages. 

2.8. Relationship between bulk electrical resistivity and pore solution 

resistivity: Archie’s Law and Formation Factor F  

The electrical resistivity of typical aggregates used in concrete ranges from 103 to 1012 

Ω.m [1], while that of a moist cement paste ranges from 10 to 13 Ω.m resulting in a range 

of 25-45 Ω.m for concrete electrical resistivity [16]. Since the resistivity of aggregates are 

several orders higher than paste resistivity, almost all current passes through cement paste 

with a much lower resistivity. Therefore, the resistivity of composite (ρm) such as 
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concrete, can be related only to its dominant component, paste matrix (ρp), and its 

fractional volume (φ) as follows [16]: 

p
m

ρ
ρ

ϕλ
=                                                                                                                         (2.26) 

where λ is a reduction factor which is less than 1 and is derived from experiment.  

In a composite material with a cement paste matrix and aggregates with a relative 

conductivity close to zero compared to the cement paste, the formation factor (F) is 

defined (Eq. 2.27) as the ratio of the composite resistivity ρx to the cement paste 

resistivity ρ1.  

1

xF ρ
ρ

=                                                                                                                           (2.27) 

Many researchers tried to establish a formula for formation factor F as a function of φ, 

fractional volume of cement paste matrix or in general, fractional volume of the 

conductive component. They are based on the assumptions made on the shape of the 

particles and their distribution in matrix. 

Maxwell [53] proposed the formation factor F for spherical particles in matrix with large 

distant compared to their radius as  

3
2

F ϕ
ϕ
−

=                                                                                                                      (2.28) 

Slawinski [54] derived an empirical relationship for spheres both in contact and dispersed 

as follows: 
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2(1.3219 0.3219 )F ϕ
ϕ
−

=                                                                                               (2.29) 

Fricke [55], studying particular sand as nonconductive particles, developed following F-φ 

relationship to be applicable for spheres, as well as oblate and prolate spheroids: 

( 1)xF
x

ϕ
ϕ

+ −
=                                                                                                               (2.30) 

where x can be obtained from experiments for a particular type of particle and is equal to 

2 for spherical particles. x is less than 2 for spheroids (e.g. the sand tested by Fricke [55] 

revealed x as 1.4).  

Although the concrete can be modeled as particles distributed in cement paste matrix, the 

size and shape of aggregates vary (not single size and shape particle) and therefore, more 

advanced approach is required. 

Archie [19], working on resistivity of consolidated and unconsolidated sandstones 

proposed Eq. 2.31 for sandstones 100% saturated with water as follows: 

0 m

w

F ρ ϕ
ρ

−= =                                                                                                                (2.31) 

where ρ0 is the resistivity of sandstone 100% saturated with water; ρw is the resistivity of 

water contained in the sandstone; φ is the fractional volume of water (conductive 

component) contained in the rock; and m is the shape factor.  

Pirson [56] suggested that exponent m ranges from 1.3 to 2.2 for slightly and highly 

cemented rocks. Atkins and Smith [57] generalized Archie's equation (Eq. 2.31) for 
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multi-size particles adding constant A which is indicative of the shape and distribution of  

aggregates: 

mF Aϕ−=                                                                                                                      (2.32) 

Whittington et al. [16], applying Archie's equation for continuously moist cure concretes 

of different mix proportions and w/c's, reported the following relationship:   

                                                                                                 (2.33) 

where 1.04 and 1.20 are respectively the values of A and m obtained in their study.   

Li et al. [5] measured resistivity of the extracted pore solution ρ0(t) of pastes with 0.3, 0.4 

and 0.5 w/c ratios at times of corresponding minimum critical points 21, 26 and 33 min, 

respectively. Using the Archie's law [19], they established relationship between 

formation factor F and porosity φ of pastes as follows: 

                                                                                                             (2.34) 

Li and Wei [14], from the electrical analogy point of view, considered the cement paste 

as a tow-component parallel materials; i.e., cementitious materials or solid content with a 

very high resistivity from 103 to 1012  Ω.m, as reported by Whittington et al. [16], and 

liquid content whose resistivity ranges from 0.25 to 0.35 Ω.m, as reported by Buenfeld 

and Newman [58]. Hence, if the liquid content, pore solution, is regarded as a conductive 

component compared to solid phase with conductivity close to zero, cementitious 

materials can be assumed as nonconductive component with volumetric fraction of Vnc.  

1.201.04F ϕ−=

1.80.68F ϕ−=
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For the 100% degree of saturation in which the entire volume of pores is filled with 

water, porosity (φ) equals the volumetric ratio of liquid or conductive component (Vc). 

Therefore, using the parallel resistants law (Rc and Rnc) to obtain the equivalent 

resistivity, cement paste bulk resistivity (ρ) can be expressed as follows [14]: 

1

c nc

a b
R R R
= +                                                                                                                 (2.35) 

1 2 11 m m
c nc c c

c nc c c c

C V C V C V V φ
ρ ρ ρ ρ ρ ρ
= + ≈ = =                                                                            (2.36) 

 where Rc, Rnc, and R are the resistances of pore solution, cementitious materials, and 

cement paste in Ω, respectively; ρc and ρnc are the resistivities of pore solution and 

cementitious materials in Ω.m, respectively, and a, b, C1 and C2 are the constants 

representing the geometry of the equivalent parallel model.                                                                       

Eq. (2.36) shows Archie's Law [19]  which was proposed in 1942 to relate the resistivity 

of sand stones saturated with conductive water to its porosity. Using electrical analogy 

above, one can see the application of Archie's Law for cement paste. A very significant 

point to note is that because of the hydration process, all terms in Archie's Law for the 

cement paste are the function of time (t) and therefore, they need to be determined at 

specific time; e.g. 30 minutes after mixing. Thus, to take into account the effect of time in 

cement paste, Eq. 2.37 was proposed [14]. It illustrates that the bulk resistivity of the 

cement paste increases as the pore solution resistivity increases or porosity decreases.   

( )( ) ( ) ( ) m t
ot t tρ ρ ϕ −=                                                                                            (2.37)   
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Figure 2.21. The average of normalized resistivity ( NR ) as a function of aggregate 

volume fraction (Va) for concrete samples [27]. 

Wei and Xiao [27] observed the same trend of cement paste for the electrical resistivity 

development with time in concrete with various aggregate volume fractions, Va; i.e., the 

curves dropped to a minimum point and then gradually increased with time which was 

governed by hydration process of its paste matrix. Therefore, they decided to study the 

relationship between electrical resistivity of concrete ρC,t and paste matrix ρP,t as a two 

component system; (1) aggregates (Va) and (2) paste matrix (1-Va). They expressed the 

normalized resistivity (NR) of concrete to its paste matrix as follows: 

,

,

C t

P t

NR
ρ
ρ

=                                                                                                                      (2.38) 
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This ratio can be considered as the formation factor defined in Archie's law. Wei and 

Xiao [2] suggested that the average of normalized resistivity NR  derived from 

reproducibility tests is time-independent (constant during first 24 hours) and w/c ratio 

also does not affect it. It only depends on the aggregate volume fraction Va and increases  

by increasing fraction of aggregates as shown in Fig. 2.21. Therefore, by measuring the 

electrical resistivity of concrete ,ρC, and knowing the volumetric fraction of aggregates, 

Va, electrical resistivity of paste, ρP,  can be determined via:  

                                                                                                 (2.39) 

 

2.9. Aggregate volume effect on the electrical resistivity         

The resistivity of typical aggregates in concrete are several orders higher than the paste 

resistivity [16]. Whittington et al. [16] concluded that the resistivity of concrete is almost 

entirely dependent on the resistivity of cement paste, because the resistivity of aggregates 

is infinite compared to that of the cement paste. Hence, the resistivity of the concrete as a 

composite material is about 3 to 4 times of resistivity of its cement paste. Therefore, the 

paste fraction in mixture design affects the resultant resistivity of concrete; i.e., increase 

in  percentage of paste (cement plus water) in concrete mixture increases the conductivity 

and decreases the corresponding resistivity [16]. 

Although Mancio et al. [8] did not study the effect of aggregate volumetric fraction in 

concrete, the mixture proportion of their samples presented in Table 2.3 reveals that in 

the experiments, the aggregate volume fraction (Va) also increased along with w/c ratio. 

1.5606(1 )C P aVρ ρ −= −
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Therefore, higher volumetric fraction of aggregates most-likely  was the governing effect 

on the electrical resistivity rise seen in Fig 2.8, not increase in w/c ratio as reported. 

Wei and Xiao [27] investigated the effect of aggregate volume on the electrical resistivity 

of fresh concrete during first 24 hours. Using a non-contact electrical resistivity 

measurement [4], they monitored electrical resistivity of sixteen different mixtures with 

various aggregate volume fraction from 0% to 70% at w/c ratios of 0.4 and 0.5. In Fig. 

2.22, the two digit number in samples labels indicates the w/c ratio followed by the 

volumetric fraction of aggregates; e.g. C41 and C50 represent concrete samples with w/c 

of 0.4, 10% aggregate volumetric fraction and w/c of 0.5, 0% aggregate volumetric 

fraction, respectively. The types of aggregates were same for all the mixtures (i.e., the 

coarse and fine aggregates were made of granite and quartz, respectively). Wei and Xiao 

[27] observed that for  each w/c ratio, increasing the aggregate volume fraction Va 

significantly increased the electrical resistivity; i.e., the higher the aggregate volume 

fraction, the higher the resistivity of concrete sample (see Fig. 2.22). They also found that 

the resistivity development trend for the concrete was similar to that for the paste. It 

dropped to a minimum value and gradually started to rise as cement hydrated which 

confirmed the dominant role of cement paste matrix in determining the electrical 

resistivity of concrete.  
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 (b) 

Figure 2.22. Electrical resistivity development with time during 24 hours for concrete 

samples with different aggregate volume fraction Va: a) w/c = 0.4,  b) w/c = 0.5 [27].  
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2.10. Summary and gaps in literature 

The electrical resistivity has been used to evaluate behavior of cement based materials 

such as cement paste, mortar or concrete as early as 1950s. The governing component 

and conductive portion in concrete has been observed to be cement paste with very low 

resistivity compared to aggregates. Therefore, to evaluate the characteristics of concrete 

using electrical resistivity method, the best approach is to focus on the conductive part of 

concrete; i.e., cement paste.  Based on this literature review, some gaps in the area of 

concrete electrical resistivity have been identified for further studies in this research as 

follows: 

2.10.1.  w/c ratio effect on electrical resistivity and applicability of Archie's law in 

fresh cement paste  

The bulk electrical resistivity of paste which has two components including liquid phase 

(pore solution) and solid phase (cementitious materials) is the function of pore solution 

resistivity (conductive component), volumetric fraction of pore solution, porosity, and 

tortuosity which can be obtained from experiments. This relationship (Eq. 2.31) was 

proposed and confirmed by Archie [19] for the porous rocks and some researchers later 

investigated applicability of that for hardened concrete. Electrical resistivity of pore 

solution and paste are time dependent because of chemical reactions. Accordingly, any 

conclusion about the effect of a specific parameter such as porosity should be drawn at a 

specific hydration age to eliminate the effect of hydration progress, release of ions and 

solidification. Li et al. [5] observed that resistivity of pore solutions extracted from pastes 

with w/c of 0.3, 0.4 and 0.5 at their times of minimum critical points (21, 26 and 33 
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minutes, respectively), increase by increasing w/c ratio. However, since the time itself 

affects the pore solution resistivity due to further dissolution of ions into pore solution, 

measurements should have been taken at a specific time to have more reliable data.  

Furthermore, they concluded [26] that with increase of retarder dosage, the ion 

concentration in pore solution increased and corresponding resistivity decreased (see 

Table 2.5). This conclusion contradicted with the fact that slower hydration reactions in 

greater dosages of retarder would result in less concentration of ions in pore solution and 

accordingly less conductivity which corresponds to more resistivity. This decrease in 

resistivity was most likely because of longer time of pore solutions extraction in pastes 

with higher portion of retarders (i.e., 16, 51, 81, and 178 minutes for 0.00%, 0.10%, 

0.15%, and 0.20% of retarder dosage, respectively) and thus more ions released as a 

result of hydration progress, which increased the conductivity, not greater dosage of 

retarders. Thus, the applicability of Archie's law in fresh cement paste, before setting 

time, has not been completely studied.  

The effect of w/c ratio on electrical resistivity of paste and concrete after setting and 

hardening was studied by several researchers [14, 17]. However, very few of them such 

as Li et al.  [5] studied the electrical resistivity at a very early age before setting time. 

Mancio et al. [8] came up with an contradictory conclusion that increasing w/c ratio in 

concrete samples increases electrical resistivity of concrete. However, the mixture 

proportion of these samples (Table 2.3) shows that in the experiments, the aggregate 

volume fraction also increased along with w/c ratio which most-likely is the governing 

effect on the electrical resistivity rise (as discussed in Section 2.9) not increase in w/c 

68 

 



 

ratio. Furthermore, the best approach to see the effect of w/c ratio would be using 

formation factor which reflects the ratio of bulk electrical resistivity to pore solution 

resistivity.  

2.10.2.  Effect of SCMs on electrical resistivity in fresh state  

Nowadays, the SCMs and chemical admixtures are inevitable portions of concrete 

products because of various technical and practical advantages. Their effect on the 

electrical resistivity of concrete has been investigated by several researchers [9, 10, 13, 

25]. However, the results from some researchers do not support the others' and some 

contradictions were observed in some cases which show the need for further study and 

work on this topic. On the other hand, the main focus of these studies was not on fresh 

state; they were more interested in hardening state (i.e., after setting time). For instance, 

Salem et al. [10] reported that by increasing w/c ratio of cement kiln dust-silica (CKD) 

fume incorporated pastes which represents their porosity, conductivity increased which 

correlates to decrease in resistivity. They concluded that this increase in conductivity was 

attributed to the increase of hydrolysis degree of CKD constituents leading to an increase 

in the concentration of ions in pore solution. However, this conclusion could be 

misleading because the concentration of ions per unit volume of paste decreased by 

increasing w/c ratio and the governing effect most likely is the greater portion of 

conductive phase (pore solution) compared to solid phase (i.e., physical effect) which 

eventually increased conductivity of the paste. In addition, Bekir et al. [13] also found 

that among the SCMs, the reduction in conductivity at early stage is more significant in 

FA compared to BFS and SF. This observation is not consistent with those reported by 
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other people. Therefore, extensive research on the effect of SCMs is still needed to clarify 

some of the existing inconsistency in the literature.  

2.10.3.  Simple model for the estimation of pore solution conductivity 

The cement paste can be regarded as a two-component system: conductive pore solution; 

and non-conductive cementitous materials [14, 16]. Thus, the charge transport occurs 

through the pore solution by the ions released as a result of chemical reaction between 

cementitous materials and water. Hence, the pore solution conductivity determines the 

corresponding resistivity of cement paste. However, the experimental measurement of 

pore solution conductivity is tiresome and time consuming because of laborious process 

of solution extraction from paste. Therefore, there is a considerable demand in 

construction industry for a simple model which can predict pore solution conductivity 

with time. But, there is no model in the literature that can accurately estimate pore 

solution conductivity during fresh state. Current study also proposed this model as well as 

its experimental validation for various paste mixtures including OPC incorporated with 

commonly used SCMs and superplasticizer.         

2.10.4.  Conductivity of pore solution versus time: Fresh and hardened state  

The laborious and time consuming procedure of pore solution extraction from cement 

paste, has probably been the reason that conductivity of pore solution has not been 

studied at various times of hydration age; this scenario is even more difficult for lower 

w/c ratio pastes specially in hardened state. If the variation of conductivity of pore 

solution with time could be monitored, it would provide researchers with very valuable 
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information about the progress of chemical reactions during hydration in cement paste. 

Therefore, current study also investigated the change of pore solution conductivity with 

time during fresh state as well as its comparison to hardened state conductivity.  

2.10.5. pH measurement as an alternative to obtain the conductivity of pore 

solution at fresh state 

The results from literature [12] suggested that the concentration of OH- in the pore 

solution as the most contributing ion to the conductivity, is dominant in total pore 

solution conductivity. The measurement of conductivity of pore solution is a tedious job 

because of the extraction process; however, pH measurement in fresh concrete or cement 

paste is fast and very easy and it provides the pH of the pore solution; i.e., the pH of 

concrete, cement paste and pore solution are identical. Therefore, development of a 

relationship between pH and conductivity of pore solution enables us to indirectly 

calculate pore solution conductivity from the pH of fresh cement paste or concrete, and 

the difficulties associated with the extraction of pore solution (i.e., tiresome and time 

consuming) are eliminated.      
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3. Experimental Plan 

3.1. Introduction 

In the current study, the main focus was the electrical behaviour of cement paste because 

it is the conductive component of concrete and its electrical characteristics play an 

important role on the electrical properties of fresh concrete. Therefore, all the 

measurements and monitoring were conducted on fresh paste during the first two hours 

after mixing before the initial setting time that occurs as a result of cement hydration. 

During this period the electrical resistance of the fresh concrete is relatively stable. Since 

the total conductivity/resistivity of the pore solution phase of the cement paste is related 

to the concentration and mobility of ions, in particular the hydroxide ion (OH-) [12], the 

pH of both cement paste and its pore solution were also measured at specific times to 

establish a relationship between pH and conductivity of pore solution. 

3.2. Materials 

Cement paste has solid (cementitious materials) and liquid (water) components. The 

water used in construction is usually tap water; however, in our tests the distilled water  

was used to have consistency among all mixtures and eliminate the effect of soluble ions 

in tap water. The conductivity of distilled water was 42.5 ₓ 10-3 mS/cm, which was quite 

low indicating that it did not contain any significant source of ions. It had several order of 

magnitude smaller conductivity than the paste and pore solution.  

Superplasticizers are frequently used in the concrete industry to increase the workability 

and reduce the water content of concrete mixtures. Therefore, it was important that the 
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effect of superplasticizer was also included in this research. One of the most common 

commercial superplasticizer manufactured by BASF (a chemical admixture company), 

called MasterGlenium 3030, was used in the cement paste mixtures tested in this 

experimental program. The density of "MasterGlenium 3030" was reported by the 

manufacturer to be close to that of water (i.e., about 1 g/cm3) and its conductivity was 

5.42 mS/cm. Since the superplasticizer was only about 1% (by mass) of the liquid phase, 

the corresponding conductivity in water was recorded as 102.7ₓ10-3 mS/cm, which was 

rather low, indicating that ionic concentration in the liquid phase before mixing with 

cementitious materials was not significant.  

The solid part of the paste (i.e., the cementitious materials), includes cement Type I as 

ordinary portland cement (OPC) according to the ASTM standard and supplementary 

cementitious materials (SCM). The chemical and physical properties of these materials 

are shown in Table 3.1. Three most commonly used SCMs were selected in our tests to 

take into account their effect on the electrical behavior of cement paste system: namely 

fly Ash, silica fume and slag in this study.  

3.3. Sample Preparation 

3.3.1. Cement paste mixtures 

Five types of cement paste mixtures were prepared in this study: (1) OPC, (2) OPC plus 

superplasticizer, (3) OPC plus fly ash, (4) OPC plus silica fume, and (5) OPC plus slag. 

Altogether, 54 different paste samples were prepared and tested. In addition, 17 repetitive 

pastes were made to test the reliability of the data obtained from experiments.  In Table 
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3.2, the detailed proportions of all 54 cement paste mixtures used in this study are 

presented. Labeling convention and the background on the selection of these mixtures are 

described below.    

Table 3.1. Chemical and physical properties of cementitious materials. 

 OPC Silica Fume Fly Ash Slag 

 (% of mass) (% of mass) (% of mass) (% of mass)  

Na2O 0.08 0.08 0.94 0.30 

MgO 3.23 0.47 1.28 10.09 

Al2O3 4.74 0.19 18.37 7.95 

SiO2 19.74 93.50 36.56 37.84 

P2O5 0.06 0.11 0.13 0.01 

SO3 3.06 0.04 0.63 0.48 

K2O 0.56 0.92 1.78 0.42 

CaO 63.68 0.30 3.56 39.09 

TiO2 0.26 0.02 0.80 0.79 

MnO 0.04 0.11 0.23 0.47 

Fe2O3 1.8 1.56 32.47 0.47 
Particle density 

(g/cm3)  3.14 2.30 2.70 2.90 

Fineness    
(cm2/g) 3555 195000 4500 5970 

Average size   
(μm) 10 0.1 15 45 
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Table 3.2. Detailed mixture proportion of the pastes.  

Paste ID w/c 
OPC W  SCM/SP SP FA Slag SF 

Test # 
 (g)  (g)  (%) (g)  (g)  (g) (g) 

P0.35 0.35 800 280 0 0 0 0 0 36 
P0.4 0.4 700 280 0 0 0 0 0 37 
P0.45 0.45 600 270 0 0 0 0 0 38 
P0.5 0.5 500 250 0 0 0 0 0 39 
P0.35-SP0.2 0.35 800 278.40 0.2 1.60 0 0 0 40 
P0.4-SP0.2 0.4 700 278.60 0.2 1.40 0 0 0 41 
P0.45-SP0.2 0.45 600 268.80 0.2 1.20 0 0 0 42 
P0.5-SP0.2 0.5 500 249.00 0.2 1.00 0 0 0 43 
P0.3-SP0.5 0.3 800 236.00 0.5 4.00 0 0 0 44 
P0.35-SP0.5 0.35 750 258.75 0.5 3.75 0 0 0 45 
P0.4-SP0.5 0.4 700 276.50 0.5 3.50 0 0 0 46 
P0.45-SP0.5 0.45 600 267.00 0.5 3.00 0 0 0 47 
P0.3-SP1.0 0.3 800 232.00 1 8.00 0 0 0 48 
P0.35-SP1.0 0.35 750 255.00 1 7.50 0 0 0 49 
P0.4-SP1.0 0.4 700 273.00 1 7.00 0 0 0 50 
P0.45-SP1.0 0.45 600 264.00 1 6.00 0 0 0 51 
P0.35-FA10 0.35 720 280 10 0 80 0 0 56 
P0.4-FA10 0.4 675 300 10 0 75 0 0 57 
P0.45-FA10 0.45 630 315 10 0 70 0 0 58 
P0.5-FA10 0.5 540 300 10 0 60 0 0 59 
P0.35-FA30 0.3 560 240 30 0 240 0 0 60 
P0.35-FA30 0.35 525 262.5 30 0 225 0 0 61 
P0.4-FA30 0.4 490 280 30 0 210 0 0 62 
P0.45-FA30 0.45 420 270 30 0 180 0 0 63 
P0.5-FA30 0.5 420 300 30 0 180 0 0 64 
P0.35-FA50 0.3 400 240 50 0 400 0 0 65 
P0.35-FA50 0.35 375 262.5 50 0 375 0 0 66 
P0.4-FA50 0.4 350 280 50 0 350 0 0 67 
P0.45-FA50 0.45 300 270 50 0 300 0 0 68 
P0.5-FA50 0.5 300 300 50 0 300 0 0 69 
P0.4-SF5 0.4 760 320 5 0 0 0 40 70 
P0.45-SF5 0.45 712.5 337.5 5 0 0 0 37.5 71 
P0.5-SF5 0.5 665 350 5 0 0 0 35 72 
P0.55-SF5 0.55 570 330 5 0 0 0 30 73 
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Table 3.2 (Continued). Detailed mixture proportion of the pastes. 

P0.4-SF10 0.4 720 320 10 0 0 0 80 74 
P0.45-SF10 0.45 675 337.5 10 0 0 0 75 75 
P0.5-SF10 0.5 630 350 10 0 0 0 70 76 
P0.55-SF10 0.55 540 330 10 0 0 0 60 77 
P0.4-SF15 0.4 680 320 15 0 0 0 120 78 
P0.45-SF15 0.45 637.5 337.5 15 0 0 0 112.5 79 
P0.5-SF15 0.5 595 350 15 0 0 0 105 80 
P0.55-SF15 0.55 510 330 15 0 0 0 90 81 
P0.35-SL10 0.35 720 280 10 0 0 80 0 82 
P0.4-SL10 0.4 675 300 10 0 0 75 0 83 
P0.45-SL10 0.45 630 315 10 0 0 70 0 84 
P0.5-SL10 0.5 540 300 10 0 0 60 0 85 
P0.3-SL30 0.3 560 240 30 0 0 240 0 86 
P0.35-SL30 0.35 525 262.5 30 0 0 225 0 87 
P0.4-SL30 0.4 490 280 30 0 0 210 0 88 
P0.45-SL30 0.45 420 270 30 0 0 180 0 89 
P0.3-SL50 0.3 400 240 50 0 0 400 0 90 
P0.35-SL50 0.35 375 262.5 50 0 0 375 0 91 
P0.4-SL50 0.4 350 280 50 0 0 350 0 92 
P0.45-SL50 0.45 300 270 50 0 0 300 0 93 

Weighing of cementitious materials was performed by a balance with 0.1 g precision, 

whereas the water and superplasticizer were weighed in 0.01 g precision. The 

superplasticizer dosages recommended by the supplier range from 0.2 % to 1.1 % of 

cement mass. In order to cover the entire suggested range of application, addition levels 

of 0.2%, 0.5% and 1.0% were selected in this study, corresponding to low, medium and 

high superplasticizer dosages, respectively. In the specimen labeling convention, the 

pastes containing superplasticizer were denoted by SP followed by dosage percentage 

(e.g. SP 0.2, which stands for paste with 0.2 % (by cement mass) of superplasticizer).  

For each SCM, such as fly ash, silica fume and slag, three different dosages were used in 

the experiments to cover the whole range of application from low, medium and high 
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dosages. Their dosage was defined by replacement in the total cementitious materials 

content; i.e., the percentage of SCM weight to the weight of cement plus SCM (i.e., total 

cementitious material content). Fly ash and slag were added at 10% (11.4% and 10.7% by 

volume for fly ash and slag, respectively), 30% (33.3% and 31.7% by volume for fly ash 

and slag, respectively) and 50% (53.8% and 52.0% by volume for fly ash and slag, 

respectively) replacement levels, while silica fume was used at 5% (6.70% by volume), 

10% (13.2% by volume) and 15% (19.4% by volume) replacement levels. In the labeling 

convention used in this study, the paste which is labeled as “FA30” corresponds to a 

paste containing 30% of fly ash. 

The water-to-cementitious materials ratio (w/c) of the mixtures ranged from 0.3 to 0.55 

with 0.05 increments to cover a wide range of possible w/c ratios used in the construction 

industry. In the labeling convention, the w/c is also designated; for instance, “P0.45-

SF15” identifies a paste containing 15% of silica fume (85% of OPC) with the w/c of 

0.45.  

3.3.2. Preparation of fresh paste 

Before mixing the materials, the mold and electrodes, conductive rods, which were in 

constant contact with the fresh paste during experiments were rinsed with distilled water 

and dried by delicate task wipers to make sure that no physical or electrical 

contamination was left on them. The bowl and blender used to batch the materials were 

made of stainless steel to make sure that no static electricity would be generated. The 

exact time of adding water, and subsequently mixing time, was recorded. Blending of 

mixture continued until homogeneous paste was obtained after about 4 minutes (see Fig. 
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3.1). The fixed volume of paste was then poured into the mold in a way that the height of 

fresh paste in the mold was constant for all of the mixtures within ±1.0 mm. 

3.3.3. Storage of hardened paste 

In order to test the pore solution of hardened cement paste, fresh cement paste samples 

were collected from each mixture after the electrical resistivity test and these samples 

were stored in sealed plastic bags so that the hardening of the cement paste occurred 

under sealed curing conditions, as shown in Fig. 3.2. This way, the loss of water content 

of the cement pastes during setting and hardening of cement was minimized. Fourteen 

selected hardened samples (i.e., P0.35, P0.5, P0.35-SP1.0, P0.45-SP1.0, P0.35-FA30, 

P0.5-FA30, P0.45-SF5, P0.55-SF5, P0.45-SF10, P0.55-SF10, P0.35-SL10, P0.45-SL10, 

P0.35-SL30, and P0.45-SL30) were used for pore solution extraction and chemical 

analysis of pore solution after setting to cover all five main groups of our paste mixtures, 

the effect of w/c change, as well as the variation in the SCM dosage. 

  
(a) 

  
(b) 

Figure 3.1. Fresh paste preparation: a) water addition to cementitious materials; b) 

homogenous paste after mixing.  
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Figure 3.2. Collection of hardened paste samples in a sealed curing condition. 

3.3.4. Solution extraction from fresh paste 

About 400 g of the fresh paste from each batch was collected for solution extraction. The 

liquid phase of the fresh paste can be separated out using different methods such as 

employing a centrifuge or vacuum pump.  In this research, a GAST vacuum pump with a 

maximum vacuum pressure of 760 mmHg was used to apply suction. Also an Erlenmeyer 

flask, funnel, sealing rubber and 3 layers of WhatmanTM filter papers (No 1001-185, 20-

25 μm) were used in the setup shown in Fig. 3.3 to perform the extraction process.  
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(a) 

 
(b)  

Figure 3.3. Solution extraction process from fresh paste: a) test setup to apply suction 

through vacuum pump; b) sample collection. 
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Before each extraction, the Erlenmeyer flask and funnel were completely rinsed and dried 

to make sure that there was no trace of solution or distilled water from the previous 

extraction. The extraction process was conducted at the 30th, 60th and 90th minute after 

mixing the materials, and it took an average of 6 minutes to collect about 20 ml of 

solution. The 6 minutes was the average time because the extraction time was highly 

dependent on the w/c of the mixture. When the extraction process was completed, the 

extracted solution was collected in plastic tubes with air-tight lids which had been labeled 

specifying the type of cement paste mixture (see Fig. 3.3).                                                                                                           

3.3.5. Solution extraction from hardened paste 

The pore solution of the hardened pastes, at about 5 months age, was extracted under 

high pressure using a pore press, which consists of several specially machined pieces of 

steel that are placed in an ordinary universal testing machine for purposes of pore 

solution extraction. Schematic of a typical pore press is shown in Fig. 3.4, which 

illustrates three main pieces labeled Parts A to C. Each hardened paste sample was 

crushed and placed in the dashed lined area in the interior of Part A. The applied load for 

the paste samples were between 100 and 150 kips in order to obtain about 2 ml of pore 

solution in the designated volume in Part B. Eventually, expressed pore solution was 

captured by a syringe attached to the Part B and collected in plastic tubes with air-tight 

lids.  
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Figure 3.4. Schematic shape of pore press (source: Benoit Fournier). 

3.4. Test Setup 

All the tests conducted on the samples can be classified in three main categories: (1) 

paste electrical resistivity test, (2) pore solution conductivity test, and (3) pH 

measurements, which are described in the following sections.  

3.4.1. Impedance spectroscopy 

The method used to measure the electrical resistivity of fresh paste is called impedance 

spectroscopy.  In this study, impedance spectroscopy test was performed such that a 
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concrete impedance measurement instrument was used to apply A.C. currents between 

two electrodes inside the sample (see Fig. 3.5) with sweeping frequencies from 1 Hz to 

30 kHz with logarithmic increments at 6 second intervals and measures the corresponding 

phase angle as well as drop in voltage, impedance. The choice of the frequency range was 

made based on the preliminary experiments, which are presented in Section 5.2.1. This 

way the resistance of cement paste material which corresponds to minimum phase angle 

values was obtained. In this study the resistance of cement paste was measured every four 

minutes after mixing for 2 hours in the room temperature (around 21°C). The internal 

temperature of paste was being also recorded to compensate the effect of temperature on 

the electrical resistivity of the paste. The temperature rise in the cement paste was caused 

by the heat release during the hydration of cement paste materials. This resulted in 

maximum of 4 °C increase in temperature after mixing the materials. All the values were 

normalized to a reference temperature of 25°C. The normalization process is explained in 

Chapter 5. In this study, Giatec RCONTM [59] device was used for performing impedance 

measurements.  

Fresh paste samples were poured into plastic cylinder molds with 75 mm diameter. The 

height of fresh paste in the mold was adjusted to 50 mm. The stainless steel electrodes 

were inserted into the paste and fixed to the top part of the mold with a plastic space 

holder to keep them parallel in upright position (Fig. 3.5). The distance between the rods 

was kept at 50 mm for all the tests. The electrical current only flowed through the 10 mm 

exposed area of the electrodes. As shown in Fig. 3.5, other areas of the electrodes were 

covered by shrink tube from top and epoxy coating from bottom to limit the passage of 

current only through the exposed areas. Temperature sensor was placed in the paste 
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outside the area between the electrodes to minimize the current flow distortion. Two 

alligator clips were then attached to the top end side of the electrodes and measurements 

started at around 7 minutes after mixing. Fig. 3.6 shows the test setup explained above 

while recording the data.   

In order to obtain the geometry factor of this test setup, a standard NaCl solution with a 

known conductivity of 20.0 mS/cm (resistivity=0.5 Ω.m) at 25°C was used. The selection 

of the type of the known conductivity solution was based on our initial knowledge on the 

range of the electrical resistivity of fresh cement pastes. Having the resistivity, ρ, of 

standard solution (0.5 Ω.m) and corresponding resistance R (Ω) taken from RCON, the 

geometry factor of our test setup was calculated via: 

ST
F

ST

RG
ρ

=                                                                                                                        (3.1) 

where GF is geometry factor in m-1; and RST and ρST are the resistance and resistivity of 

the standard solution, respectively. 

The consistency of the geometry factor was monitored before starting the test to ensure 

that no electrical leakage occurred from insulating parts of the rods and also the 

consistency in the geometrical configuration of the test setup such as the distance 

between the rods, their positions in the mold and the height of the rods. Figure 3.5 

schematically shows the details of the electrodes in the test setup.  
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Figure 3.5. Section of test setup for electrical resistivity measurement. 
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(a) 

 

  
(b) 

Figure 3.6. Paste sample resistivity measurement: a) electrodes anchored with spacer to 

keep them in parallel position; b) test setup for electrical resistivity measurement with 

RCON and temperature monitoring. 

3.4.2. Solution conductivity measurements 

The conductivity measurement was conducted on solutions extracted from fresh paste at 

different hydration ages of 30th, 60th and 90th minute as well as solutions squeezed out 

from hardened pastes at the hydration age of around 5 months using SymPHony SP90M5 

with a temperature sensor for temperature correction. The conductivity probe/cell and the 

instrument were calibrated to directly give the normalized conductivity of pore solutions 

at reference temperature of 25°C, while corresponding temperature also was recorded. In 

the calibration procedure, standard solution of NaCl with 20.0 mS/cm was employed to 

set cell coefficient of conductivity probe as well as linear temperature compensation α. 

Initially, at 25°C the cell coefficient was set in a way that the instrument provided the 

exact value of 20 mS/cm. Then, α was found by changing the temperature of one solution 
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while the instrument gives the constant value for 25°C conductivity. Accordingly, the 

temperature compensation factor of 0.013 °C-1 was obtained.  

Each measurement was conducted after rinsing the conductivity cell and drying it to 

make sure that no contamination had been left from the previous measurement. In order 

to make sure that measurement was taken conveniently without any movement, a 

benchtop probe fixture with a holder was used as shown in Fig. 3.7.  

 

 

Figure 3.7. Conductivity measurement test for pore solution. 
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The pore solution quantities, which were extracted from four out of fourteen hardened 

pastes (i.e., P0.35, P0.5, P0.35-SP1.0 and P0.45-SP1.0 samples) after about 5 months, 

were not enough to directly measure their conductivity with the instrument. Because the 

depth of the pore solution in plastic tube could not cover the entire volume of the 

conductivity cell, the instrument consistently under measured the conductivity. Thus, 

pore solutions extracted from hardened pastes were diluted with known volume of 

distilled water to indirectly calculate their conductivity. In a dilution process in which the 

number of ions is constant, we can estimate conductivity of a pore solution before 

dilution (σ1) if the corresponding conductivity of diluted pore solution (σ2) is known 

using Eq. 3.2. From Eq. 2.8 it is assumed that conductivity is directly proportional with 

square root of ions concentration via: 

1 1 2

2 2 1

C V
C V

σ
σ

= =                                                                                                            (3.2) 

where C1 and C2 are ions concentration (mol/l) before and after dilution, respectively; and 

V1 and V2 are solutions volume (l) before and after dilution, respectively.  

3.4.3. pH measurements 

The instrument used to conduct the pH measurements was also symPHony SP90M5, the 

same instrument employed for conductivity measurements. For the calibration, three 

buffer solutions of pH 10.00, 12.00 and 13.00 were used at 25°C, because they represent 

the range of pH of cement pastes and their pore solution that are investigated in this 

study. 
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3.4.3.1. Paste measurements 

Since the pH of the paste was time dependant as a result of ion dissolutions of various 

phases of cement, the measurements were conducted at 30th, 60th and 90th minutes after 

the completion of mixing the cementitious materials with water. After rinsing and drying 

to avoid the effect of contamination, the tip of the pH electrode was inserted into the 

paste. When the pH reading on the meter became stable, the pH value and associated 

temperature were recorded. The temperatures were used to normalize the pH readings to 

the reference temperature of 25 °C using a temperature compensation factor. Based on 

the experimental data we collected on the buffer solutions the temperature compensation 

factor of 0.01 °C-1 for pH corrections was used (Fig. 3.8).  

  

 
(a)  (b) 

Figure 3.8. pH measurement test for: a) paste; b) pore solution. 
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3.4.3.2. Pore solution measurements 

The pH of the pore solution samples extracted at specific times of 30th, 60th and 90th 

minutes after mixing was measured using the same pH meter. An electrode holder was 

also used to hold the pH probe/electrode in the solution, as shown in Fig. 3.8. After 

stabilization of the pH value, the pH value and temperature were recorded and were 

adjusted to the reference temperature of 25 °C using a temperature compensation factor 

of 0.01 °C-1. The pH of the pore solution for four hardened pastes, for which the volume 

was too low to completely cover the electrode, was indirectly calculated using the pH of 

the diluted solution as follows:  

1
1 2

2

( )VpH pH Log
V

= −                                                                                                    (3.3) 

where pH1 and pH2 are the pH of pore solution sample and diluted solution, respectively; 

and V1 and V2 are the know volume of pore solution sample and diluted solution, 

respectively.   
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4. Results and Discussion 

4.1. Introduction  

The fresh paste has two components including conductive pore solution (liquid phase) 

and nonconductive solid particles (solid phase). The solid phase also consists of cement 

particles and supplementary cementitious materials. The liquid phase is mainly composed 

of water, but in some cases, might also include small amounts of superplasticizer or 

water-reducer admixtures. The relationship between electrical resistivity of the paste (i.e., 

pore solution plus solid phase) and its pore solution can also be defined using Archie's 

law [19] through formation factor, F. The possibility of using this equation to obtain the 

electrical resistivity/conductivity of paste from that of the pore solution was investigated 

in this chapter. It should be noted that following section only includes the typical 

representative results (i.e., selected results) and the interpreted results are presented as 

part of the discussion section (i.e., section 4.3). The supplementary test results can be 

found in Appendix B.        

4.2. Selected Results  

4.2.1. Paste  

As mentioned in Section 3.4.1, the instrument that was used to measure the electrical 

resistivity of the paste, Giatec RCONTM [59], measures the impedance (Z) rather than the 

electrical resistance. In order to convert the impedance values to resistance (R), the 

capacitance effect should be eliminated, which occurs when the phase angle (φ) between 

the current and voltage is zero, as in the case of a pure resistor. In order to determine the 
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resistance of fresh paste, a preliminary study was conducted to determine the best 

frequency which corresponds to the lowest phase angle. In this study the frequency of the 

measurements were varied from 1 to 30,000 Hz. Figures 4.1 and 4.2 show the variation of 

impedance and phase angle, respectively, with frequency. Each sweeping cycle took 

around 3 minutes in RCONTM for a typical paste (OPC, w/c=0.45). The impedance 

spectra were recorded during the first two hours after mixing the materials. Fig. 4.1 

shows that the rate of change in impedance after 1000 kHz is negligible. In addition, as 

shown in Fig. 4.2, the phase angle decreases with increasing frequency. Therefore, the 

frequency of 30 kHz was chosen in this study to measure the electrical resistivity of fresh 

pastes. At this frequency, the phase angle of the measurements was around 4 degrees.  
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Figure 4.1. Impedance-frequency spectra in one cycle of frequency sweep. Although 
measurements were taken at different times, for clarity, data from only two sweeps (at 30 
minutes and 2 hours) are shown.  
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Figure 4.2. Phase angle-frequency spectra in one cycle of frequency sweep. Although 

measurements were taken at different times, for clarity, data from only two sweeps (at 30 

minutes and 2 hours) are shown. 

The geometry of the test setup affects the resistance measurement (R), while the electrical 

resistivity of the fresh paste (ρ) is independent from the geometry and is related to the 

property of the cement paste. The geometry factor (GF) of our test setup, which is shown 

in Fig. 3.5, was determined by using the standard NaCl solution with 20.0 mS/cm 

conductivity at 25°C. The linear compensation factor α was 0.013°C-1. Temperature of 

standard solution (T) and corresponding resistance (RST) were recorded by thermometer 

and Giatec RCONTM, respectively. The linear relationship for electrolytic solutions (Eq. 

4.1) was then used to find the resistivity of standard solution at temperature T as follows:  
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( )  1   · ST Tθσ σ α θ= + −                                                                                            (4.1) 

1
ST

ST

ρ
σ

=                                                                                                                      (4.2) 

where σST and σθ are the electrical conductivity (S/m) of standard solution at temperature 

T and reference temperature θ, respectively; and ρT is the electrical resistivity (Ω.m) of 

standard solution at temperature T. The geometry factor (GF) in m-1 can then be expressed 

via Eq. 3.1. The geometry factor was calculated every time before starting the tests to 

make sure that there was no significant change. When there was a change, the updated 

value was used to calculate the resistivity from the resistance. The geometry factor of our 

test setup was 54.6±0.2 m-1.  

Since the internal temperature of paste is variable during the first two hours after mixing, 

the measured resistivity values were normalized to a reference temperature of 25°C. 

Assuming resistivity changes linearly with temperature [42, 43], and assuming the same 

temperature compensation factor α of 0.013°C-1 similar to that of pore solutions, the 

normalization coefficient to reference temperature of 25°C from paste internal 

temperature was calculated through:  

25 25 TCρ ρ= ×                                                                                                                  (4.3) 

25 1 0.013(25 )C T= − −                                                                                                  (4.4) 

where C25 is the normalization coefficient of resistivity to 25 °C; and ρ25 and  ρT are the 

paste electrical resistivities at 25 °C and at temperature T, respectively. 
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The pH of the paste and its temperature was measured by a pH meter, symPHony 

SP90M5, and normalized to the reference temperature of 25 °C. The range of temperature 

variation in the cement pastes during the measurements was limited to 4 °C. The 

variation of pH with temperature observed experimentally in this range (4 °C) was almost 

linear. In the pH range of our pastes (around 13), increasing the temperature by 1 °C 

decreased the pH values by 0.01. Therefore, the temperature compensation factor α was 

set to -0.01 pH/°C to normalize the values given by the pH meter to the reference 

temperature of 25 °C, which was in agreement with the provided temperature 

compensation for buffer solutions.  

The typical results of resistivity and pH tests are presented in Table 4.1 and 4.2 for OPC 

plus 30% fly ash and OPC plus 0.5% superplasticizer, respectively. Since the resistivity 

and pH values are time dependent, the measurements were taken at 30th minute of 

hydration age to have comparable test results and eliminate the effect of time. Further 

details are discussed in Section 4.3.1. 

Table 4.1. Paste resistivity and pH results for OPC plus 30% fly ash at 30th minute after 

mixing.    

Paste ID w/c R  GF  ρT paste Tpaste  C25 
ρ25 paste pH 25 

paste (Ω) (m-1) (Ω.m) (◦C)  (Ω.m) 
P0.35-FA30 0.3 31.4 54.6 0.5751 24.9 0.9987 0.5743 13.33 
P0.35-FA30 0.35 29 54.6 0.5311 24.5 0.9935 0.5277 13.33 
P0.4-FA30 0.4 29 54.6 0.5311 24.3 0.9909 0.5263 13.29 
P0.45-FA30 0.45 29.1 54.6 0.5330 24.1 0.9883 0.5267 13.25 
P0.5-FA30 0.5 29.2 54.6 0.5348 23.8 0.9844 0.5265 13.22 
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Table 4.2. Paste resistivity and pH results for OPC plus 0.5% superplasticizer at 30th 

minute after mixing. 

Paste ID w/c 
R  GF  ρT paste Tpaste  C25 

ρ25 paste pH 25 
paste (Ω) (m-1) (Ω.m) (◦C)  (Ω.m) 

P0.3-SP0.5 0.3 27.7 54.6 0.5073 26.1 1.0143 0.5146 13.40 
P0.35-SP0.5 0.35 24.9 54.6 0.4560 25.8 1.0104 0.4608 13.37 
P0.4-SP0.5 0.4 23.9 54.6 0.4377 25.3 1.0039 0.4394 13.33 
P0.45-SP0.5 0.45 23.6 54.6 0.4322 24.9 0.9987 0.4317 13.32 

          

4.2.2. Pore solution 

The measurements of pore solution conductivity and pH were taken by the same 

instrument, symPHony SP90M5, and their associated probes which were able to monitor 

the temperature to normalize the recorded data to the reference temperature of 25 °C. 

Calibrating the instrument and conductivity probe with the standard NaCl solution of 

20.00 mS/cm resulted in linear temperature compensation factor (α) of 0.013 °C-1. Cell 

coefficient was precisely determined to three significant digits before each set of 

measurements. The calibration of pH electrode was conducted with buffer solutions and 

resulted in linear temperature compensation α of -0.01 pH/°C, which was in good 

agreement with that provided in the datasheet of the buffer solutions. 

The conductivity and pH measurements of the pore solutions extracted after 30 minutes 

from mixing the materials for two typical pastes are shown in Tables 4.3 and 4.4. The 

typical change of paste and pore solution resistivity with water to cement ratio were also 

plotted in Fig. 4.3 and 4.4 for these two paste samples.   
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Table 4.3. Pore solution conductivity/resistivity and pH results for OPC plus 30% fly ash 

at 30th minute of hydration age.  

Paste ID w/c 
σ25 pore solution ρ25 pore solution 

pH 25 pore solution 
 (mS/cm)  (Ω.m) 

P0.35-FA30 0.3 52.8 0.1894 13.33 

P0.35-FA30 0.35 50.7 0.1972 13.32 

P0.4-FA30 0.4 44.1 0.2268 13.30 

P0.45-FA30 0.45 41.3 0.2421 13.28 

P0.5-FA30 0.5 38.9 0.2571 13.26 
   

 

 

Table 4.4. Pore solution conductivity/resistivity and pH results for OPC plus 0.5% 

superplasticizer at 30th minute of hydration age. 

Paste ID w/c 
σ25 pore solution ρ25 pore solution 

pH 25 pore solution 

 (mS/cm)  (Ω.m) 

P0.3-SP0.5 0.3 75.4 0.1326 13.44 

P0.35-SP0.5 0.35 62.8 0.1592 13.42 

P0.4-SP0.5 0.4 57.2 0.1748 13.40 

P0.45-SP0.5 0.45 52.8 0.1894 13.37 
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Figure 4.3. Paste and pore solution resistivity variations with w/c and their ratio for OPC 
plus 30% fly ash at 30th min.  
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Figure 4.4. Paste and pore solution resistivity variations with w/c and their ratio for OPC 
plus 0.5% superplasticizer at 30th min. 
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The reproducibility of our experimental data was tested for some select pastes with 

varying water-cement ratios. The average of the test data from reproducibility tests as 

well as error bars with one standard deviation from average were plotted to make sure 

that our results were consistent (Fig. 4.5).    
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(c) 

Figure 4.5. Resistivity results from reproducibility tests and their average as well as error 

bars with 1 standard deviation from average: a) OPC plus 0.5% superplasticizer; b) OPC 

plus 10% silica fume; c) OPC plus 30% fly ash. 

The plots in Fig. 4.5 reveal that the resistivity of pore solution, dash dot line,  increases 

with increasing the w/c of paste which corresponds to decrease in pore solution 

conductivity. The descending trend in conductivity or ascending in the resistivity of pore 

solution by increasing the w/c was observed in all of the extracted samples (91 samples 

including reproducibility tests). The conductivity of pore solution is related to ions 

transport which depends on the concentration of ions in the pore solution. In other words, 

the more the w/c, the less the concentration of ions per unit volume of pore solution, 

which corresponds to a lower conductivity and higher resistivity. Hence, since pore 
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solution acts like an electrolytic solution, its conductivity only depends on chemical 

dissolution reactions resulting in ions release in pore solution.  

On the other hand, the resistivity of the paste which is the resistivity of a two-component 

matrix with pore solution as a liquid phase and cementitious materials as a solid phase, 

depends on pore solution conductivity (chemical effect) and  pores volume  in the matrix 

(physical effect) as well as solid microstructure (physical effect). Increasing the w/c of 

the paste increases the pore solution resistivity; hence, from the chemical perspective, 

resistivity of the paste should increase. However, higher amount of liquid in the paste 

results in lower amount of solid particles in the matrix; therefore, the paste resistivity 

should decrease from the physical point of view. Accordingly, these two contradicting 

effects determine whether the resistivity of paste would increase or decrease with 

increasing the w/c. This depends on which of these two effects is the governing factor. As 

it can be seen in Fig. 4.5, in most of the cases the physical effect was dominant; i.e., the 

higher w/c resulted in less paste resistivity. But, in some cases for high w/c ratios the 

chemical effect was governed and increase in pore solution resistivity masked the effect 

of pores volume (physical effect). This contradictory effect in paste resistivity trend 

suggested that we considered the resistivity ratio (i.e., the resistivity of the paste to the 

resistivity of pore solution) to evaluate the effect of w/c ratio. Fig 4.5 shows that by 

increasing the w/c in pastes, ratio of the pore solution resistivity to that of the paste, ρ2/ρ1, 

increases significantly. This ratio and its relationship with other influential parameters 

will be discussed in details later in Section 4.3.4. In this section only the selected test 

results representing the typical test data were presented. The supplementary test data are 

provided in Appendix B.   
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4.3. Discussion  

4.3.1. Effect of time  on conductivity/resistivity development  of fresh paste 

To investigate the effect of time after mixing the materials, during the first two hours 

before initiation of setting, five cement paste mixtures were selected all with the same 

w/c ratio of 0.45. This w/c is very common in construction industry and was in the 

middle of the w/c range (i.e., 0.3 to 0.55) that we used in this study. The time intervals at 

which the extraction of pore solution was preformed were 30th, 60th and 90th minutes after 

mixing the paste. For all of five paste mixtures (i.e., P0.45, P0.45-SP0.5, P0.45-FA30, 

P0.45-SF10, P0.45-SL30) the conductivity and pH tests on both paste and its pore 

solution were conducted and repeated to make sure that the data obtained from 

experiments were reliable and reproducible.  

The results of resistivity/conductivity measurements versus time are presented in Table 

4.5 and associated graphs were plotted in Fig. 4.6. Error bars with one standard deviation 

from average of replicate tests at each measurement time are shown in Fig. 4.6 in order to 

consider the error of the measured data in the analysis and discussions.  
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Table 4.5. Average resistivity of fresh paste and pore solution at 30th, 60th and 90th minute 
after mixing for paste mixtures with w/c of 0.45. 

Paste ID Time ρ25 pore solution ρ25 paste 

 (min)  (Ω.m)  (Ω.m) 

P0.45 
30 0.1895 0.4355 
60 0.1826 0.4228 
90 0.1786 0.4114 

 P0.45-SP0.5 
30 0.1946 0.4581 
60 0.1897 0.4534 
90 0.1863 0.4439 

P0.45-SF10 
30 0.1984 0.4714 
60 0.1887 0.4572 
90 0.1792 0.4471 

P0.45-FA30 
30 0.2376 0.5369 
60 0.2286 0.5260 
90 0.2213 0.5149 

P0.45-SL30 
30 0.2651 0.5886 
60 0.2592 0.5764 
90 0.2480 0.5620 
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(b) 

Figure 4.6. Electrical resistivity development with time during fresh state and error bars 

with one standard deviation from average for the paste mixtures with w/c of 0.45: a) pore 

solution; b) paste.  

The graphs in Fig. 4.6 exhibit a constant descending trend in the pore solution resistivity 

which was valid for all the paste mixtures. The decrease in resistivity corresponds to an 

increase in the electrical conductivity. During the first 2 hours after mixing, the electrical 

conductivity of the liquid component (i.e., pore solution) increases which is attributed to 

the chemical reactions between cementitious materials and the water present in the 

mixture. As distilled water, with its close-to-zero conductivity, is added to the 

cementitious materials, the oxides and alkalies in the cementitious materials react with 

water molecules. As a result, ions are released in the pore solution and the concentration 
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of ions increases.  Therefore, the electrical conductivity of the pore solution increases 

over time. The  increase of the electrical conductivity in the pore solution follows an 

exponential function in which  during the first few minutes right after mixing, it shows a 

sharp increase, while the rate of growth gradually decreases [14] due to the saturation of 

the pore solution with alkali and hydroxide ions 

On the other hand, the paste resistivity also decreased during this stage before setting as 

shown in Fig. 4.6. The decrease in resistivity during this period indicated that the ratio of 

volume of pore solution to that of solid particles is almost constant within two hours after 

mixing the cement paste before the time of setting. Whereas, during and after the setting 

time, because of  the formation of hydration products the ratio (porosity) is not constant 

and decreases [11, 15]. Therefore, the concentration of released ions in the pore solution 

has a dominant effect in reducing the resistivity of pastes in the fresh state.  

The pore solution conductivity gradually increases even after setting time and for the 

hardening state which corresponds to a constant descending order in pore solution 

resistivity. The results of conductivity of pore solution squeezed out from selected 

hardened paste samples at around 5 months age, are shown in Fig. 4.7. It reveals that pore 

solution conductivity for all types of paste mixtures significantly increases at hardened 

stage compared to that of fresh stage. Concentration of ions released into pore solution 

depends on quantity of them (moles) released as a result of reaction between cementitious 

material particles and water, the portion which is taken up by hydration products (i.e., 

CRPs  as discussed in section 4.2), and the pore solution volume which decreases after 

setting because of bound water in hydration products structures [37]. Therefore, the 
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increase in ions concentration at hardened state indicates that ions taken up which 

reduces ions concentration is not governing effect, while the decrease in pore solution 

volume as well as increase in the amount of ions because of hydration progress are 

dominant factors in increasing the corresponding ions concentration. However, Fig. 4.7 

shows that in samples with 10% of silica fume, the pore solution conductivity does not 

increase significantly. This can be most likely attributed to much higher potential of 

taking up the ions by C-S-H in samples with silica fume in which the ratio of Ca/Si drops 

significantly because of quite high percentage of SiO2 in chemical composition of silica 

fume particles [37]. Thus, lower ratio of Ca/Si in C-S-H products of silica fume 

incorporated pastes, increases ability to take up the released ions which results in lower 

increase in pore solution conductivity compared to other types of paste mixtures. In 

contrast, the paste resistivity initially drops to a minimum value during the fresh state and 

gradually increases during setting period  and significantly in hardening state [14]. This is 

related to the solidification process resulting from the formation of the hydration products 

as well as the reduction of pore solution volume in the paste system.  
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Fig. 4.7. Pore solution conductivity of selected paste mixtures at fresh state compared to 

that of hardened state at around 5 months old.  

4.3.2.  Effect of superplasticizer  and SCMs on pore solution conductivity  

To study the effect of chemical admixtures and SCMs on the conductivity of fresh paste 

system, the most commonly used SCMs (such as silica fume, slag and flay ash) as well as 

a polycarboxylate-based superplasticizer were used. The SCMs affect the characteristics 

of the solid phase in the cement paste system and the superplasticizer changes the 

characteristics of both the solid phase and the liquid phase compared to the control paste 

with only the ordinary portland cement and distilled water. The size of the SCMs 
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particles and their distribution in the water are different from those of the OPC. The 

superplasticizer changes the distribution of the cement particles and also the conductivity 

of the pore solution. In this research various paste mixtures with a constant w/c of 0.45 

was used to study the effect of these auxiliary materials on the resistivity of fresh paste 

system. All the measurements were conducted at 30th, 60th and 90th minute after mixing 

the materials. Besides, medium dosages of additives/admixtures that are commonly used 

in concrete industry were used as follows:  SP=0.5 wt% of cementitious materials, 

FA=30 wt% of cementitious materials, SF=10 wt% of cementitious materials and 

SL=30% of cementitious materials. The tests were conducted on three repeating mixtures 

and the average of results was calculated and reported. The results of pore solution 

conductivity tests were presented in Table 4.6 and the graphs were plotted in Fig. 4.8.  

 

Table 4.6. Pore solution conductivity of 5 main types of paste mixtures for 30th, 60th and 

90th minute of hydration age at w/c 0.45. 

Time σ25 Pore Solution (mS/cm) 

(min) P0.45 P0.45-SP0.5 P0.45-FA30 P0.45-SF10 P0.45-SL30 

30 52.78 51.38 42.08 50.40 37.72 

60 54.76 52.72 43.75 53.00 38.58 

90 55.99 53.68 45.19 55.80 40.32 
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Figure 4.8. Pore solution conductivity (σ pore solution) development with time for five 

general types of paste mixtures including OPC, OPC plus 0.5% superplasticizer, OPC 

plus 30% fly ash, OPC plus 10% silica fume and OPC plus 30% slag  at w/c 0.45.  

Fig. 4.8 shows that at the fresh state, the control mixture (OPC) has the highest pore 

solution conductivity compared to that of pastes containing SCMs; i.e., adding the SCMs 

such as fly ash, silica fume or slag reduces the electrical conductivity of pore solution. 

This can be attributed to the concentration of released contributing ions such as OH-, K+ 

and Na+ to the electrical conductivity of the pore solution[13, 18]. When the SCM is 

added to the control mixture, the concentration of the released ions decreases because, 

before the setting, the only parameter that affects the pore solution conductivity is the 

concentration of ions in the pore solution. 
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The superplasticizer used in the experiments was a poly-carboxylate based admixture 

which increases the flowability and workability of paste and reduces the water required in 

mixture proportion as well as delaying the setting to give construction staff more time for 

pumping and compaction. The graph in Fig. 4.8 exhibits a small drop (around 4%) in 

pore solution conductivity values when the superplasticizer is used in the mixture. The 

amount of ions released from the chemical reactions between cementitious materials and 

water, are almost constant compared to the control mixture because of the same chemical 

composition of cementitious materials in solid component. Therefore, the concentration 

of ions in the pore solution does not change in the presence of super plasticizer. However, 

the dynamic viscosity (μ) of pore solution increases because of higher viscosity of 

superplasticizer compared to that of the distilled water. Increase in pore solution viscosity 

reduces ions transport [60]. Therefore, the equivalent conductivity of ions species 

decreases. In other words, having the same ionic concentration in a more viscous pore 

solution containing superplasticizer results in less pore solution conductivity. 

The silica fume incorporated pastes also have less pore solution conductivity than that of 

the OPC mixtures at earlier ages due to the lower concentration of released ions in the 

pore solution which delayed hydration reactions [9, 13]. However, as shown in Fig. 4.8, 

the rate of increase in pore solution conductivity due to the progress of chemical reactions 

(i.e., ion dissolutions) from silica fume particles in water is more than the OPC paste. 

This is most likely related to the fineness (cm2/g) of silica fume particles; the fineness of 

the silica fume particles is significantly higher compared to that of other cementitious 

materials such as OPC, fly ash and slag. The silica fume fineness or surface area is 

around 200,000 cm2/g, while the finesse of the OPC, fly ash and slag is about 4,000 
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cm2/g. The surface area of silica fume particles that are in contact with water is higher 

and therefore, the rate of ion dissolutions after mixing is higher compared to the OPC 

paste.  

Pastes with fly ash or slag have more significant drop in pore solution conductivity 

compared to OPC paste as shown in Fig. 4.8. The conductivity drop in slag incorporated 

pastes is the highest among all the paste mixtures. Because, the delayed reactions of these 

pozzolans with water results in less released ions in pore solution to that of OPC particles 

[10, 13]. Additionally, the lower conductivity of slag blended pastes compared to fly ash 

incorporated ones is most likely attributed to more delayed hydration in its particles as 

well as less alkalis (K2O and Na2O) contents in its chemical composition, which leads to 

less amount of ions released in pore solution. Thus, the concentration of alkali cations K+ 

and Na+ in pore solution decreases in both pastes containing fly ash and slag compared to 

that of OPC which is more significant in latter; i.e., huge drop in pore solution 

conductivity of slag incorporated pastes occurs.  

The slopes of lines in Fig. 4.8 also show that the rates of conductivity increase with time 

in all types of paste mixtures are in the same order except silica fume blended paste. The 

slope of the line for the silica fume paste is around twice of others. The rate of ion release 

during the hydration of solid particles is higher in silica fume which is most likely 

attributed to a major difference in its surface area which is around 50 times higher than 

that of other cementitious materials such as OPC, fly ash and slag. This quite high surface 

area results in faster rate of reactions with water.    
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4.3.3.  Effect of w/c on pore solution conductivity 

Water to cementitious materials ratio, w/c, in the paste mixtures is determined as the ratio 

between the mass of liquid phase/s to that of solid phase/s (i.e., cementitious binders). To 

observe and investigate the effect of w/c on the pore solution conductivity/resistivity of a 

particular type of paste, a certain hydration age was selected in order to eliminate the time 

effect in our experiments. Considering the conductivity increase with time as discussed in 

Section 4.3.1, 30th minute after mixing the materials was chosen as the most appropriate 

time for data comparison and analysis. The selected time during fresh state (i.e., around 2 

hours) should be closer to that of mixing of materials to make sure that setting has not 

initiated; however, during the very first few minutes the conductivity gain is too sharp 

and it is not practical to do the measurement accurately. Besides, the most common time 

of concrete pouring in ready mix concrete industry is around half an hour. Therefore, the 

age of 30-minutes after mixing was selected as the time of pore solution extraction and 

conductivity measurement. The results obtained at 30th minute for various paste mixtures 

are shown in Fig. 4.9.  

The range of w/c for each paste mixture was appropriately selected to achieve an 

adequate homogeneity and cohesiveness and avoid segregation in fresh paste. These 

factors limited the maximum and minimum w/c value used in this study. For instance, 

since silica fume considerably decreases the flowability of the paste whereas the 

superplasticizer improves its flowability. Therefore, the range of w/c for silica fume 

pastes was from 0.4 to 0.55 while the w/c ratio for superplasticizer incorporated pastes 

ranged from 0.3 to 0.45. 
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Figure 4.9. Pore solution conductivity versus w/c ratio for paste samples at 30th minute of 

hydration age.  

The graphs in Fig. 4.9 confirm descending trend for pore solution conductivity with 

increase in w/c for all paste mixtures; i.e. the higher the w/c of a paste is, the lower the 

corresponding pore solution electrical conductivity becomes. The reduced conductivity as 

a result of increasing the liquid content of the paste is attributed to the lower 

concentration of dissolved ions in the pore solution.  

The concentration of significant ions (i.e., K+ and Na+) in the pore solution is defined as 

the quantity of ions released into pore solution per unit volume (cm3) of the pore solution. 

For a certain type of paste mixture such as OPC or OPC plus silica fume, the liquid 

content increases at higher w/c ratios. As a result, at any hydration age (e.g., 30th minute), 
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the pore solution volume ncreases, while the amount of released K+ and Na+ ions into 

pore solution does not change since it is a function of reacted fraction of cementitious 

material as well as its total alkali contents (K2O and Na2O) which are both independent 

from w/c. Therefore, since by definition ionic concentration is inversely proportional to 

pore solution volume, when pore solution volume decreases with increasing w/c ratio, 

this corresponds to reduction in pore solution conductivity.  

4.3.4. Relationship between the electrical resistivity of paste and pore solution  

using Archie’s law 

The Archie's law was presented in 1942 for 100% saturated sandstones [19] and later 

further developed by Atkins and Smith [57] in the form of Eq. 2.27. Using the same 

approach for the fresh cement paste after mixing in which the saturation degree is close to 

100% and no water is bounded as well as no solid hydration product such as C-S-H is 

formed, the volume of liquid conductive phase equals that of pores in the paste media and 

therefore, Eq. 2.27 can be expressed in the following form: 

1

2

mF Aρ ϕ
ρ

−= =                                                                                                                (4.1) 

where ρ1 and ρ2 are the paste and pore solution resistivity, respectively; A is the constant 

tortuosity of the paste, m is the shape factor and φ is porosity defined as the fractional 

volume of the liquid conductive phase (w) in the paste matrix. Through this equation the 

electrical resistivity of fresh paste is related to the physical arrangement of highly 

resistive solid particles and the conductivity of the pore solution [16, 58]. 
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Table 4.7. Particle density of the materials used in the paste mixtures at 25 °C.  

Particle Density (g/cm3) 

Water Superplasticizer OPC Fly ash Silica fume  Slag 

1.00 1.00 3.14 2.70 2.30 2.90 

 

Having the weighted water to cementitious materials ratio, w/c, and the density of the 

solid and liquid substances, D, in Table 4.7 as well as the replacement ratio of 

supplementary cementitious materials, the porosity φ is calculated  as follows: 

w w

w c w OPC SCM

V V
V V V V V

ϕ = =
+ + +

                                                                                       (4.2) 

w

OPC SCM

w OPC SCM

w
D

m mw
D D D

ϕ =
+ +

                                                                                                 (4.3) 

where mOPC and mSCM are the weight (mass) of OPC and supplementary cementitious 

materials, respectively; and Dw is the liquid content density. Substituting the value of 

liquid content density from Table 4.7 (i.e., 1.00 g/cm3) into Eq. 4.3, it can be rewritten as 

follows: 

OPC SCM

OPC SCM

w
m mw
D D

ϕ =
+ +

                                                                                                    (4.4) 
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Given the total weight of the cementitious materials, c, and dividing the numerator and 

denominator by c and substituting into the Eq. 4.4  results in: 

/
(1 )/

OPC SCM

w c
R Rw c

D D

ϕ =
−

+ +
                                                                                              (4.5) 

where DOPC and DSCM are the particle density of the ordinary portland cement and 

supplementary cementitious material, respectively; and R is the SCM replacement ratio to 

the total cementitious materials; e.g. R is 0.1 for 10% silica fume incorporated paste 

mixture.  

Eq. 4.5 exhibits that porosity and w/c are directly proportional when DSCM and R are 

constants; i.e., the greater the designated w/c, the higher the paste porosity for a particular 

paste mixture. The following two sections describe the results of studying variation of the 

formation factor (F) in pastes with w/c and porosity.     

4.3.4.1. Linear approach (m=1) 

The linear approach to the Archie's law (Eq. 4.1) regards the particular condition in 

which exponent m is equal to 1. Accordingly, Eq. 4.1 can be simplified to Eq. 4.6 such 

that 

1 1
F A

ϕ= ×                                                                                                                                  (4.6)  

Defining inverse of Tortuosity as pore connectivity [11, 61], then: 

2

1

1
F

ρ βϕ
ρ

= =                                                                                                                   (4.7) 
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where ρ1 and ρ2 are the paste and pore solution resistivity, respectively; φ is the porosity 

of paste; and β is the pore connectivity. Connectivity factor β represents how close the 

paste behaves to parallel model resistors and it ranges from 0 to 1; i.e., the greater the β, 

the closer the paste behavior to that of parallel resistors (solid phase and pore solution) in 

an electrical circuit.  

To investigate the effect of w/c on the paste resistivity and its relationship with that of 

pore solution, resistivity measurements were conducted on different paste mixtures 30 

minutes after mixing. The typical results for paste mixtures with mid-dosage of SCMs or 

superplasticizer are shown in Fig. 4.10 and other results for low and high dosages can be 

found in Fig. B.1 in Appendix B.  
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 (b) 

Figure 4.10. Paste and pore solution resistivity as well as inverse of formation factor  

versus w/c at 30th minute of paste age: a) Ordinary Portland Cement;  b) OPC plus 0.5% 

superplasticizer; c) OPC plus 30% fly ash; d) OPC plus 10% silica fume; and e) OPC 

plus 30% slag. 

 

117 

 



 

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.18

0.23

0.28

0.33

0.38

0.43

0.48

0.53

0.58

0.25 0.3 0.35 0.4 0.45 0.5 0.55

1/
F

R
es

ist
iv

ity
 (Ω

.m
)

w/c

Pore Solution (ρ2)
Paste (ρ1)
1/F

 (c) 

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.16

0.21

0.26

0.31

0.36

0.41

0.46

0.51

0.35 0.4 0.45 0.5 0.55 0.6

1/
F

R
es

ist
iv

ity
 (Ω

.m
)

w/c

Pore Solution (ρ2)
Paste (ρ1)
1/F

(d)  

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.16

0.21

0.26

0.31

0.36

0.41

0.46

0.51

0.56

0.61

0.66

0.25 0.3 0.35 0.4 0.45 0.5

1/
F

R
es

ist
iv

ity
 (Ω

.m
)

w/c

Pore Solution (ρ2)
Paste (ρ1)
1/F

 
(e) 

Figure 4.10 (continued). Paste and pore solution resistivity as well as inverse of 

formation factor  versus w/c at 30th minute of paste age: a) Ordinary Portland Cement;  

b) OPC plus 0.5% superplasticizer; c) OPC plus 30% fly ash; d) OPC plus 10% silica 

fume; and e) OPC plus 30% slag. 
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Fig. 4.10 shows that if the liquid content of paste and thus its porosity increases, paste 

resistivity exhibits a small drop for the low and medium w/cs (0.3 to 0.4), while this drop 

reduces or becomes negligible for higher w/cs (0.4 to 0.55). This is attributed to the 

opposing factors affecting the paste resistivity with the change in w/c. From a chemical 

point of view, increase in w/c or porosity results in lower conductivity which corresponds 

to higher pore solution resistivity (as discussed in Section 4.3.3). However, from physical 

perspective, in higher w/c pastes, the portion of resistive phase (solid particles) decreases 

and so the connectivity; accordingly decrease in the paste matrix resistivity is anticipated. 

In other words, whenever the chemical effect is dominant (e.g. in a very high w/c in silica 

fume incorporated paste) the resultant paste resistivity increases; otherwise, the physical 

effect (i.e., φβ) governs the decrease in the paste resistivity.  This conclusion is quite 

different from that of Mancio et al. [8] in fresh concrete in which they reported that the 

electrical resistivity of fresh concrete always increases with increasing the w/c. However, 

in their concrete mixture proportions, they did not consider the volumetric fraction of the 

aggregates which was most likely the governing factor in increasing the electrical 

resistivity at higher w/cs. As shown in Fig. 4.10, in contrary to the paste resistivity, the 

inverse of formation factor (1/F), shows a promising ascending trend with w/c. 

The connectivity value (β) calculated from Eq. 4.7 is presented in Table 4.8 for the OPC 

pastes. Similar to the OPC pastes, the connectivity value of all paste mixtures increased 

with the increase of w/c. Therefore, the ratio of pore solution resistivity to that of the 

paste (1/F) was only affected by the physical effect and arrangement of solid particles in 

the pore solution; i.e. higher w/c resulted in higher porosity as well as higher connectivity 

and therefore, their product φβ  (i.e.,1/F) increased.  
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Figure 4.11. Inverse of formation factor, 1/F, versus time for pastes with the w/c of 0.45 

during the first 2 hours. 

 

Table 4.8. Variation of porosity φ and connectivity β with w/c for ordinary 

portland paste (OPC) at 30th minute of paste age. 

w/c φ 1/F β 

0.35 0.5236 0.3205 0.6121 

0.4 0.5567 0.3731 0.6702 

0.45 0.5856 0.4230 0.7223 

0.5 0.6109 0.4554 0.7454 
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Table 4.9. Inverse of formation factor, 1/F, versus time for pastes with the w/c of 0.45 

during the first 2 hours. 

Time 1/F=φβ 

(min) P0.45 P0.45-SP0.5 P0.45-FA30 P0.45-SF10 P0.45-SL30 

30 0.435 0.425 0.443 0.421 0.450 
60 0.432 0.418 0.435 0.413 0.450 
90 0.434 0.420 0.430 0.401 0.441 

  

The time effect on the paste and pore solution resistivity at the w/c of 0.45 was discussed 

in Section 4.3.1. It was found that both the paste and pore solution resistivity decrease 

with time during fresh state which was in agreement with reported data by Sant et al. in 

the literature for the w/c of 0.3 [11]. However, they did not study the formation factor 

variation during the first 2 hours and their focus was on the resistivity variation during 

the setting and hardening stage up until 48 hours. Therefore, further investigation was 

required to explore the fresh state variation of formation factor. 

The inverse of formation factor (1/F) was investigated in our study during first 2 hours 

for the w/c of 0.45. Tthe average results are presented in Table 4.9 and corresponding 

graphs are shown in Fig. 4.11. Although it was reported [11, 61] that after initial setting 

the porosity (φ) and connectivity (β) decrease significantly due to hydration products 

formation, Fig. 4.11 exhibits that during fresh state 1/F is plateau which indicates that φ 

and β are almost constant for the first 2 hour period and most likely till setting initiates. 

Hence, up until initial setting, the solid microstructure of paste (i.e., φ or β) does not 

change and chemical effect determines the paste resistivity. Therefore, resistivity of a 
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paste with certain w/c (e.g., 0.45), only depends on corresponding pore solution 

resistivity and because of decrease in pore solution resistivity with time due to higher 

ions concentration, paste resistivity also decreases (Fig. 4.6). 

4.3.4.2. Power approach 

The power approach considers the higher rate of decrease in formation factor F with 

respect to porosity (φ) for lower porosity values and it decreases gradually as the porosity 

of paste (i.e., the liquid content portion) increases. In other words, the concavity of F-φ 

graph would be upward which is consistent with the results of the experimental data. The 

typical results for pastes with low and high dosages of SCMs or superplasticizer  can be 

found in Fig. B.2 in Appendix B. In these figures, the formation factor of all paste 

mixtures decreased with increase in the porosity φ of the paste. 

The graphs and trend lines in Fig. 4.12 show that regardless of the paste  mixture, 

whether it is incorporated with SCMs such as fly ash, silica fume and slag or chemical 

admixture such as superplasticizer, Archie's law can be applied to correlate the paste 

resistivity (ρ1) to that of the pore solution (ρ2) through Eq. 4.8. The R2 value for all the 

paste mixtures was higher than 0.92 which indicated a promising correlation between the 

formation factor (F) and porosity (φ): 

1 2
mAρ ρ ϕ−=                                                                                                                    (4.8) 

where A is the tortuosity constant of paste obtained experimentally.  
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Figure 4.12. Formation factor versus porosity of fresh cement pastes at 30th minute of 

paste age: a) Ordinary Portland Cement (OPC);  b) OPC plus 0.5% superplasticizer; c) 

OPC plus 30% fly ash; d) OPC plus 10% silica fume; and e) OPC plus 30% slag.  

 

123 

 



 

 

y = 0.713x-2.05

R² = 0.988

1.90

2.10

2.30

2.50

2.70

2.90

3.10

3.30

3.50

3.70

3.90

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60 0.62 0.64

Fo
rm

at
io

n 
Fa

ct
or

 (F
)

Porosity (φ)  
(e) 

 

Figure 4.12 (Continued). Formation factor versus porosity of fresh cement pastes at 30th 

minute of paste age: a) Ordinary Portland Cement (OPC);  b) OPC plus 0.5% 

superplasticizer; c) OPC plus 30% fly ash; d) OPC plus 10% silica fume; and e) OPC 

plus 30% slag.  

Eq. 4.8 clearly illustrates the opposing effects of the rise in pore solution resistivity 

(directly proportional) and porosity (inversely proportional) resulted from increase in the 

w/c of the paste on the paste resistivity; i.e., for a particular mixture proportion of paste in 

which tortuosity A is constant, if w/c of paste increases, the paste resistivity decreases 

when physical effect (effect of φ) governs, whereas it increases when chemical effect 

(effect of ρ2) is dominant. The latter mostly occurs in high w/c ratios. 

From the established fitted curve for the OPC mixture, the values of 0.85 and 1.93 were 

obtained for the parameters A and m in Archie's law, respectively. They were  close to Li. 

et al’s values; i.e., 0.68 and 1.8 for A and m, respectively [5]. It is noted that the pore 
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solution extraction in that study was extracted at the time of minimum critical point, 

while our measurements were all conducted at 30th minute of hydration age which 

resulted in more reliable data. Furthermore, the m range in our results were in good 

agreement with the predicted values (1.3-2.2) by Pirson for cemented rocks [56].  

We also tried to fit one curve to all different paste mixtures to see how accurate the 

correlation still is for a simplified unified equation in terms of R2 value. Fig. 4.13 shows 

that the R2 value for all the samples would be 0.85 which is relatively high. If only one 

simplified equation is desirable in practice, the tortuosity A and exponent m of Archie's 

law should be taken as 0.79 and 1.99, respectively. 
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Figure 4.13. Formation factor versus porosity of fresh cement paste at 30th minute of 

paste age considering all different paste mixtures.  
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4.3.4.3. Tortuosity: 

Tortuosity is a parameter quantifying the extent of geometric complexity of a porous 

media. It characterizes the extent of convoluted pathways of electrical conduction (ions 

transport) through a porous media such as cement paste. In this study a reference value of 

1.99 for parameter m was selected in order to calculate and compare the tortuosity of 

various paste mixtures. By replacing φ-1.99 with φʹ in Eq. 4.1, the tortuosity can be 

calculated from the linear regression analysis as follows: 

1.99F A Aϕ ϕ− ′= =                                                                                                              (4.9) 

The regression analysis conducted on the OPC paste mixture data is shown in Fig. 4.14 as a 

typical example. Using this method the tortuosity values of all the paste mixtures were obtained 

and demonstrated in Fig. 4.15. 
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Figure 4.14. Regression analysis to calculate the tortuosity  of ordinary portland cement 

paste when exponent m is equal to 1.99. 
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Figure 4.15. Tortuosity values of paste mixtures  at fresh state. 

Fig. 4.15 depicts variation of tortuosity values for different paste mixtures  which shows 

the complexity of charge transfer in pore solution in the presence of various cementitious 

materials  particles  (solid  phase).  In  other  words,  the  greater  the  tortuosity  value  is,  the 

more complex pathway for electrical charge to pass among the solid particles would be, 

which depends on the size, roundness and distribution of particles in pore solution.  
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The OPC particles have the average size around 10 μm and they are relatively spherical. 

Although the amount of superplasticizer dosage is relatively small (around 1/1000th) of 

the cement mass, it increases the tortuosity value of the paste (Fig. 4.15). The increase in 

tortuosity is attributed to the distribution effect of superplasticizer molecules on cement 

particles. The cement particles naturally have tendency to aggregate while mixing with 

water and thus always a small portion of them remains together. However, the 

superplasticizer physically separates them by yielding electrostatic repulsion when 

absorbed to the cement particles. Consequently, a more complex pathway for charge 

transfer is provided due to the better distribution of cement particles in water which 

results in higher tortuosity. 

Fig. 4.15 illustrates that fly ash considerably reduced the tortuosity of the paste at fresh 

state. The average size of fly ash particles are about 15 μm which are a bit larger than 

cement particles  which result in less tortuosity, because less number of fly ash particles 

resist against the movement of  ions compared to the cement particles. On the other hand, 

the considerable reduction of tortuosity in fly ash-incorporated pastes can be also related 

to the spherical shape of its particles (roundness); i.e., for two particles with the same 

size, the one which has more angular/broken shape yields higher tortuosity.  

Silica fume particles average size is about 0.1 μm which are in the order of 1/100th  of the 

cement particles. They naturally have tendency to aggregate and are more rounded than 

cement particles. The former effect tends to increase the tortuosity, while the latter effect 

decreases it. Fig. 4.15 shows that these two opposing effects compensate each other in a 

way that resultant tortuosity from addition of silica fume does not change significantly 
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compared to that of cement particles and has no trend with increase in silica fume dosage. 

Therefore, although it is expected that because of very small size of silica fume particles, 

tortuosity increases, the roundness and aggregation effect decrease the tortuosity and 

none of them is dominant.    

Fig. 4.15 demonstrates that the addition of the slag to the paste resulted in a large 

reduction in the tortuosity values. The average particle size of slag is around 45 μm 

which is approximately 5 times larger than cement particles. Therefore, the number of 

slag particles per unit volume of the paste is about 1/25 times less than that of the cement 

particles. As a result, the length of ion movement pathways decreases and consequently, 

the tortuosity significantly decreases in the slag incorporated pastes at the fresh state. 

Although the roundness of slag is less than the cement particles because of sudden 

cooling procedure in their production, this effect is not dominant and the tortuosity value 

is governed by the size of slag particles.  The more the slag particles present in the paste 

mixture, the less the corresponding tortuosity would be.        

Since porosity φ directly depends on w/c through Eq. 4.5 and it is  a variable independent 

from the ratio of supplementary cementitous materials (R) and their density (DSCM), a 

simplified equation can be proposed from regression analysis on all the paste mixtures to 

correlate the formation factor F to the w/c in the Archie's through Eq. 4.10.  The results of 

this analysis are shown in Fig. 4.16. The separate set of results for each type of paste mixture are 

shown in Fig. B.3 in Appendix B.   
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Figure 4.16. Formation factor versus w/c ratio of fresh cement paste at 30th minute of 

paste age considering all different paste mixtures 

( / ) mF A w c −=                                                                                                                         (4.10) 

Fig. 4.16 illustrates R2 value of 0.86 for the F-w/c correlation and thus, even small 

improvement can be observed compared to that of F-φ correlation; i.e., 0.84 is improved 

to 0.86. Therefore, this simplified equation for all types of the paste provide a direct 

relationship between formation factor and w/c.  Using this approach, there is no need to 

know the density of supplementary cementitious materials and their replacement ratio in 

the mixture to calculate w/c from formation factor.    
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4.3.5.  pH and pore solution conductivity correlation 

In order to study the variation of pH with pore solution conductivity, pH measurement 

was conducted on paste and its pore solution and the recorded data were then normalized 

to the reference temperature of 25 °C. To investigate the effect of w/c on the pH of the 

pore solution, the data recorded at 30 minutes after mixing was considered. Besides, for 

the w/c of 0.45 the pH of the pore solution over time during the first two hours after 

mixing was monitored. In addition, to examine the variation in the recorded pH values, 

some repeating tests were performed. The average results for the w/c and time effect on 

the pH of the pore solution for the pastes with mid-dosage of SCMs and superplasticizer 

are shown in Fig. 4. 17 and 4.18, respectively. 
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Figure 4.17. pH of the pore solution versus w/c of the pastes at 30th minute after mixing. 
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Figure 4.18. pH development in pore solution with time for the pastes having w/c of  

0.45. 

Fig. 4.17 shows that regardless of the type of the paste mixture, whether it contains 

admixture or not, increasing the w/c of the paste reduces the pH value. The pH is the 

indication of the concentration of hydroxide ion (OH-) in the pore solution; i.e. the more 

the OH- concentration, the higher the corresponding pH of the pore solution. The 

reduction in the pH of the pore solution with increasing the w/c is attributed to the 

concentration of hydroxide ion released in the pore solution. The amount of hydroxide 

ion per unit volume of pore solution, ion concentration (mol/l), decreases in the pastes 

with increasing the w/c. This results in the lower pH of associated pore solution.  It is 

noted that the variation of pH versus w/c follows the same trend as the pore solution 

conductivity (σ) versus w/c  as discussed earlier in Section 4.3.3.  
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Fig. 4.18 reveals that the pH of pore solution over time for every paste mixture increases 

at the fresh state before the setting. Increase in the pH value indicates decrease in the OH- 

concentration. It is most likely attributed to the further dissolution of alkali phases of 

cementitious materials in the pore solution.  

Figures 4.17 and 4.18 also show that superplasticizer has no significant effect on the pH, 

whereas supplementary cementitious materials such as silica fume, fly ash and slag 

reduce the pH of the pore solution. The magnitude of pH reduction is the highest for slag 

and the lowest for silica fume and fly ash pH reduction is in the middle. It was also 

observed that the pH and conductivity of the pore solution followed the same trend; i.e., 

when pH increased the pore solution conductivity increased and vice versa. The 

correlation between the pore solution conductivity and the associated pH were 

investigated in Fig. 4.19. 
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Figure 4.19. Pore solution conductivity and pH correlation at fresh cement paste. 
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Figure 4.20. Paste and pore solution pH relationship in cement paste.  

The trend line and R2 value of 0.89 in Fig. 4.19 indicates a strong correlation between the 

conductivity and pH of the pore solution in cement paste mixtures at fresh state. As a 

result, the pore solution conductivity can be estimated from pH via:  

103.8( ) 1336pHσ = −                                                                                                  (4.11) 

where σ is the pore solution conductivity in mS/cm. This strong correlation between 

conductivity and pH in pore solution is attributed to the significant role of hydroxyl in the 

characteristics of pore solution [12]. The conductivity of the pore solution is directly 

related to the concentration of OH- [12] and  the pH of the pore solution is also directly 

proportional to the OH- concentration by definition as: 

 14 log ( )
OH

pH C −= +                                                                                                   (4.12) 
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where COH- is hydroxide ion concentration in mol/l.  

Although pH of the paste and that of the pore solution were not exactly the same values 

in the experiments, as seen in Fig. 4.20 their difference is negligible. Therefore, in 

practice, since the pore solution extraction is tiresome and time consuming, one can 

measure the pH of the paste with minimum amount of effort in a couple of seconds to 

determine the conductivity of the pore solution through Eq. 4.11.     

4.4. Summary 

The electrical charge transfer in liquid phase of cement paste (pore solution) directly 

depends on the ions concentration resulted from the dissolution of cementitious materials 

when reacted with water. At any time of hydration age during fresh state before initial 

setting time, the pore solution conductivity in all types of cement paste mixtures  showed 

descending trend with w/c; i.e., the higher the w/c of the paste, the lower the 

corresponding pore solution conductivity. Because with w/c increase the concentration of 

ions in pore solution decreases, which corresponds to drop in the pore solution 

conductivity.  

If the mass ratio of the liquid phase to that of the solid phase (i.e., w/c) is constant in a 

paste mixture, time has increasing effect on the pore solution conductivity. The rise in 

pore solution conductivity is attributed to the further progress of chemical reaction and 

dissolution of cementitious materials in water which results in higher concentration of 

ions in pore solution. Therefore, higher pore solution conductivity is resulted.  
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The chemical and mineral admixtures can affect the pore solution conductivity. The 

results of this study pointed out that all types of additives reduce the pore solution 

conductivity. However, the reduction is more significant in slag, fly ash, silica fume and 

superplasticizer incorporated pastes, respectively.  

On the other hand, paste electrical resistivity is a function of pore solution resistivity 

(chemical effect), water to cementitious material ratio as well as the size and distribution 

of the cementitious materials (physical effect); i.e., the higher pore solution resistivity 

and lower w/c in a paste results in higher paste resistivity. For each paste mixture as the 

pore solution resistivity decreases over time, the paste electrical resistivity drops in a 

same manner.  

By increasing the w/c in all paste mixtures initially a small drop in paste resistivity was 

observed; but it raised with further increase in w/c. This is most likely attributed to the 

opposing factors such as porosity, tortuosity and pore solution resistivity that all change 

when the w/c increases.  

Furthermore, the formation factor F which is the ratio of paste resistivity to that of pore 

solution exhibits descending trend with volumetric fraction of pore solution in the paste 

matrix (i.e., porosity φ). Therefore, the relationship between the formation factor and 

porosity can be defined through Archie's law (Eq. 4.1). The magnitude of formation 

factor is also affected by an experimental constant called tortuosity (A) which is related 

to the size and distribution of solid particles in the pore solution. The tortuosity increases 

in pastes with superplasticizer, whereas slag and fly ash incorporated pastes have 

reducing effect. Silica fume has almost the same tortuosity as the OPC pastes.  
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The pH index shows a strong correlation with the pore solution conductivity in paste 

mixtures at fresh state; i.e., as the pH of pore solution increases the pore solution 

conductivity increases and vice versa. Therefore, the pH measurement of the paste, which 

is much faster and easier than that of the pore solution, can be considered as an 

alternative method to estimate the conductivity of the pore solution.   
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5. Numerical Modeling to estimate the conductivity of pore solution 

5.1. Introduction 

Within a cementitious paste, the pore solution can be regarded as the conductive 

component while the solid cementitious materials, in comparison, might be assumed to 

have no electrical conductivity. Therefore, if the electrical conductivity of the pore 

solution is known, the electrical resistivity of the paste can be determined through the 

formation factor. Although the direct measurement of pore solution conductivity is 

possible through pore solution extraction processes, this is not a practical tool for aged 

pastes, particularly for those specimens with low w/c. Modeling pore solution 

conductivity, on the other hand, can be used to mitigate this issue.  This chapter provides 

the modeling approaches that are used in this thesis.  

5.2. Concentration of ionic species in pore solution 

A typical pore solution from paste or mortar (or concrete) contains a wide range of ions 

including Na+, K+, OH-, Ca2+, and SO4
2- [62]. Pore solution extraction studies show that 

typically the concentration of Na+, K+ and OH- are orders of magnitude larger than other 

ionic species such as Ca2+, and SO4
2- [12], and in most cases these minor species can be 

ignored for the purpose of electrical conductivity predictions. In some cases, however, it 

has been shown that SO4
2- concentration can be influential [63]; therefore, in this study 

its effect on the total pore solution conductivity was also taken into account and was not 

ignored during modeling. Struble [63], based on an experimental study on series of 

mortars ranging in age from 1 to 28 weeks, proposed the following relationship to 
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estimate SO4
2- concentration in cement pore solution from the known concentrations of 

Na+ and K+: 

2
4

2
0.06

SO Na K
C C C− + + = +                                                                                               (5.1) 

where CSO4
2-, CNa+, and CK+, are concentrations of SO4

2-, Na+, and K+, respectively.    

Following this, using the charge balance of the system, the OH- concentration, COH-, can 

be calculated via:  

2
4

(2 )
OH Na K SO

C C C C− + + −= + − ×                                                                                        (5.2) 

Taylor [37], using the experimental data from previous works and characterizing the 

hydration behavior of OPC and OPC plus fly ash pastes, mortars and concretes after 1 

day of mixing, proposed a model to predict Na+ and K+ concentration in the 

corresponding pore solution. The minimum data required for Taylor's model are the total 

alkali (Na2O and K2O) contents in the OPC and fly ash, the age in days, and the paste 

properties (i.e., water, cement and fly ash contents). The principle used in the model 

comes from the mass balance relationship: the amount of released alkali cation, mr, at any 

time of hydration equals to the quantity of the portion distributed and dissolved in the 

pore solution, md, plus the portion that is taken up by hydration products, mp [37]:  

r d pm m m= +                                                                                                                   (5.3) 

where all units are presented in mmoles. Eq. (5.3) can be rewritten as: 
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( )
rmC

V b P
=

+ ×
                                                                                                               (5.4) 

where C is the concentration of an ionic species (mol/l); V is the volume of pore solution 

(cm3); P is dimensionless ratio of calcium quantity (mmole) in relevant hydration 

products (C-S-H and AFm phases) that are able to take up alkali cations at any time t, 

denoted by CRP, to the calcium content at complete hydration , CRP ͚ , which was 

experimentally shown to be 791 mmoles for 100 g of OPC [37]; and b (cm3) is a constant 

called "binding factor" representing the potential of Na+ and K+ to be taken up  by CRP's. 

The values for Na+ and K+ were empirically determined 31.0 cm3 and 20.0 cm3, 

respectively [37].  

Based on the equation presented by Dalziel and Gutteridge for the hydration rates of  all 

four major clinker phases (i.e., alite or C3S, belite or C2S, ferrite or C4AF, and aluminate 

or C3A) [64], Taylor [37] proposed the following exponential function with respect to 

time to estimate the reacted fractions of cementitious materials (OPC and fly ash) 

considering different contribution of major clinker phases and hydration products to take 

up the alkali cations: 

1
2 31 exp ( )kF k t k = − − −                                                                                                (5.5) 

where F is the fraction of each major clinker phase reacted at time t (in days); and k1, k2 

and k3 are the empirical constants which gave the best agreement with Dalziel and 

Gutteridge's data [64]. The pore solution volume at any time per 100 g of cementitious 

materials, V, can be predicted as: 

140 

 



 

( / 100) bV w c V= × −                                                                                                        (5.6) 

where w/c is the water-to-cementitious materials ratio; and Vb is the volume (cm3 ) of 

bound water in the hydration products structure. Vb at complete hydration was 

approximated to be 31.6 g per 100 g of OPC [65].  

Table 5.1 provides the total contents of Na2O and K2O in each clinker phase, determined 

by scanning electron microscopy [66]; Table 5.2 provides the values of k1, k2 and k3 as 

reported by Taylor [37]. 

Table 5.1. Total contents of Na2O and K2O in four major clinker phases of OPC.  

 C3S C2S C3A C4AF 
 Na2O content (% of mass) 0.17 0.27 1.05 0.06 

K2O content (% of mass) 0.14 0.79 0.97 0.07 

 

 

Table 5.2. Empirical values of constants for OPC hydration at any age in days to be used 

in Eq. 5.5 [37]. 

 C3S C2S C3A C4AF Vb*  P ** 
 

k1 0.25 0.46 0.28 0.26 0.25 0.25 

k2 0.70 0.12 0.77 0.55 0.69 0.56 
k3 0.90 0.00 0.90 0.90 0.90 0.90 

(*) Fraction of 31.6 g/100 g OPC 

(**) CRP / CRP ͚ 
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Table 5.3. Modified empirical values of constants for OPC plus fly ash pastes in  Eq. 

(5.5) 

 C3S C2S C3A C4AF Vb1*  
 

k1 0.25 0.46-0.002*R 0.28 0.26 0.25 

k2 0.7+0.008*R 0.12-0.0007*R 0.77+0.008*R 0.55+0.012*R 0.69+0.008*R 

k3 0.90 0.00 0.90 0.90 0.90 
(*) Fraction of 31.6 g/100 g OPC 

When OPC is incorporated with fly ash with a replacement ratio R, some modifications 

should be taken into account. Studies on OPC plus fly ash pastes showed that fly ash 

accelerates C3S, C3A and C4AF hydration, while delaying that of C2S [64]. Taylor [37] 

applied this effect on k1 and k2 values in Eq. 5.5 as shown in Table 5.3.  

Furthermore, the volume of bound water Vb in Eq. (5.6) has two components if  paste 

contains fly ash: the volume of bound water due to cement hydration, Vb1, which is given 

in Table 5.3, and the volume of bound water of pozzolanic (fly ash) reactions, Vb2, which 

is defined as a fraction of fly ash reacted in 100 g of cementitious materials via: 

2 0.17bV A=                                                                                                                     (5.7) 

where A is the amount of fly ash (g) reacted in 100 g of cementitious materials.  

Additionally, the dimensionless ratio P, which is the ratio of the calcium in hydration 

products at any hydration age to that of complete hydration, is modified as follows:   

( )0.25 0.09
21 exp ( 0.9)P k T R = − − − ×                                                                              (5.8) 
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where k2 is given via: 

2 0.56 (0.0043 )k R= − ×                                                                                                  (5.9)                            

In addition, the specific abilities of C-S-H and AFm phases to absorb the alkali ions when 

incorporated with fly ash is considered by introducing constant bʹ [37] based on Bhatty 

and Greening's study [67] which provided the alkali ions concentration via:  

( ) ( )
rmC

V b P b A
=

′+ × + ×
                                                                                              (5.10) 

where bʹ values in cm3/g were determined empirically to be 3.0 and 3.3 for Na+ and K+, 

respectively. Assuming that only the glass fraction of the fly ash, G, is reactive and the 

crystalline constituents including mostly quartz and iron oxides are inert, Taylor [37] 

proposed Eq. 5.11 which was in agreement with the experimental data for fly ash reacted 

quantity from previous works [35, 64, 68]. 

( )1
21 exp kA k T G R = − − × ×                                                                                        (5.11) 

where k1 and k2 are given via: 

1 0.585 (0.0005 )k G R= − × ×                                                                                         (5.12) 

2 0.043 (0.0005 )k G R= − × ×                                                                                        (5.13) 

The calculations are defined per 100 g of binder (OPC plus fly ash). Thus, the fraction F 

which is obtained from Eq. 4.5 for OPC hydration (Table 4.2), should be multiplied by 
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(1-R/100) to take into account the effect of the reduced proportion of the OPC in the 

paste. 

The mr value used in Eq. 5.10 should be expressed in mmole for Na+ and K+. 

Accordingly, when the total weight of reacted Na2O and K2O are calculated in g, their 

amount can be converted in mmole using the associated molar mass. Then, based on the 

stoichiometry of their balanced chemical reaction with water molecules, as shown in Eq. 

5.14 and 5.15, the final released amount of alkali cations (Na+ and K+) in pore solution in 

mmole is twice of that of obtained Na2O and K2O.  

2 2 2 2Na O H O Na OH+ −+ → +                                                                                      (5.14) 

2 2 2 2K O H O K OH+ −+ → +                                                                                         (5.15)                                                                                                       

5.3. Calculation of pore solution conductivity 

The pore solution in a cement paste acts as an electrolyte whose electrical conductivity 

depends on its ionic concentration (i.e., the greater the concentration of the ions, the 

higher the corresponding total conductivity of pore solution). However, the relationship 

between the two was shown to be non-linear [39]. Although a number of accurate 

equations exist for predicting equivalent conductivity, λi, which is defined as conductivity 

per unit concentration for each ionic species, these relationships are rather complex with 

multiple parameters and coefficients that are difficult to predict [39]. However,  Eq. 2.14 

developed for 25 °C [39] is rather practical.  
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Table 5.4. Equivalent conductivity at infinite dilution λ° and conductivity coefficients G 

at 25°C 

Ionic species zλ° (S.cm2/mol) G (mol/l)-1/2 

Na+ 50.1 0.733 

K+ 73.5 0.548 

SO4
2- 79.0 0.877 

OH- 198.0 0.353 

Ca+2 59.0 0.771 

Cl- 76.4 0.548 
 

where IM is the ionic strength of pore solution and is defined by Eq. 2.15;  the values for 

Gi [12] and λ° [39] (defined in Eq. 2.14) at 25°C were determined from the best 

agreement between calculated data  and experimental ones, as shown in Table 5.4. 

The total electrical conductivity of pore solution, σcal, can be expressed as weighted sum 

of equivalent conductivity for each ionic species [49]:  

cal i i iz Cσ λ=∑                                                                                                              (5.16) 

where zi and Ci are the valence and molar concentration of ionic species, respectively. 

Based on Eq. 5.16, the most significant ionic species contributing to conductivity is OH- 

because of its rather large equivalent conductivity (198.0 S.cm2/mol) as well as its high 

concentration in the pore solution of cement-based materials. K+ and Na+ have rather 

high solubility in pore solution which results in rather high corresponding concentration 

even at fresh state [12]. Accordingly, they also contribute to the total pore solution 
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conductivity. The Ca2+ concentration was shown [38] to be around .001 mol/l whose 

conductivity can be neglected. The SO4
2- concentration can be estimated by Eq. 5.1 which 

gives negligible contribution to the total conductivity: i.e., around 1% of total pore 

solution conductivity. Therefore, if the concentrations of ions are known (either 

experimentally measured or using the proposed model such as the one discussed in 

Section 5.2), we only need to consider the contribution of  OH-, Na+ and K+ as dominant 

ionic species for prediction of the pore solution conductivity using Eq. 5.16.  The 

conductivity of very-low-volume pore solutions can be indirectly calculated from the 

conductivity of the diluted pore solution. During the dilution process since only distilled 

water is added to the pore solution, the number of ions are constant; thus, the 

concentration ratio of pore solution after dilution to that of before dilution would be 

inversely proportional to the volume ratios as follows:  

1 2

2 1

C V
C V

=                                                                                                                         (5.17) 

where C1 and C2 are ions concentration (mol/l) before and after dilution, respectively; and 

V1 and V2 are solutions volume (l) before and after dilution, respectively. 

5.4. Proposed model for conductivity of pore solution in fresh state 

5.4.1. Fresh state vs. hardened state 

Since the pore solution of cement-based materials can be regarded as electrolyte from 

electrical point of view, its electrical conductivity, σp, is influenced by containing ions 

including OH-, Na+, K+, SO4
2- and Ca2+. Therefore, the concentration of these species 
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determines the total electrical conductivity of pore solution. The concentration of each 

ionic species, C, is defined as its quantity (mole) per unit volume (l) of cement pore 

solution which is mainly water and can contain small fraction of other liquid admixtures 

such as superplasticizer. These ionic species are produced from cementitious materials 

after they are mixed with water. Thus, at any hydration age, the reacted portion of 

cementitious materials is the source of ions released in pore solution.  

As discussed in Section 5.2, three mechanisms are considered to characterize the scenario 

occurs in hydration of the cementitous materials resulting in ions dissolution in the pore 

solution: (1) release of ions which are produced from cementitious materials and depends 

on the total associated constituent compounds such as Na2O and K2O in the chemical 

composition and their fraction reacted at any particular time, mr; (2) a portion of released 

ions that is dissolved in the pore solution that contributes to the electrical charge 

transport, and consequently the conductivity of pore solution, md; (3) a portion of 

released ions that is taken up by hydration products including C-S-H and Afm phase both 

from OPC reaction and pozzolanic reactions, mp (adsorbed by hydration products 

structure and no longer exist in the pore solution). Consequently, this mechanism reduces 

the quantity of released ions which are able to contribute to the conductivity of pore 

solution.  

In the hardened state, after setting, at any hydration age, all three mechanisms above 

contribute to the quantity of ions in the pore solution because the solidification initiates 

after initial setting, and as a result, the hydration products are formed and increase as 

cement paste ages. The volume of pore solution on the other hand, decreases as hydration 
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products are formed because a fraction of water is trapped in hydration products structure 

as bound water, Vb. Therefore, at any specific time after mixing the materials, the 

quantity of ions dissolved in pore solution, should be calculated considering the 

adsorption effect of hydration products.  Additionally, the pore solution volume should 

also be modified from the initial liquid phase volume presents at the time of mixing to 

take into account the bound water effect.  

In the fresh state and before setting (approximately first 2 hours), no solidification occurs 

in the mixture; thus, all three mechanisms that are described above are not applicable. 

The moment liquid content is mixed with cementitious materials, the soluble compounds 

dissolve in pore solution. Releasing of ions occurs with an accelerated rate only during 

the first few minutes and continues during the paste age with a decelerated rate up to the 

initial setting [14]. Since no hydration product is formed during this period, no adsorption 

of ions takes place, and thus, all the released ions from cementitious materials are present 

in the pore solution. Consequently, they all contribute to the conductivity. On the other 

hand, the pore solution volume does not decrease during the fresh state and has the same 

volume as indicated in the mixture proportions because no water is trapped yet as bound 

water in hydration products.  

5.4.2. Proposed Model for pore solution conductivity at fresh state 

The model which is proposed in this section is intended to be used for fresh state of paste 

within the first two hours of mixing. It predicts the conductivity of pore solution by using 

the concepts discussed in Sections 5.2 and 5.3. In order to cover the effect of most 

commonly used supplementary cementitious materials used in industry, four different 
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types of pastes were considered (i.e., cementitious materials included OPC, fly ash, silica 

fume, and slag); and for the liquid phase, the effect of superplasticizer was taken into 

account. 

Since the chemical composition of cementitious materials used in the concrete varies, it 

should be considered in the model. Previous studies [12, 37] showed that the dominant 

ionic species in the pore solution conductivity of the cement-based materials are OH-, 

Na+ and K+. Therefore, all data required for this model are the mixture proportions, Na2O 

and K2O contents of cementitious materials, the relative hydrodynamic viscosity of 

superplasticizer to water which is denoted by μSP/μW  in this thesis, and the time t 

(minutes) at which the conductivity of pore solution is estimated.  

The model has two major steps as follows: the first step that predicts the concentration of 

dominant ions (i.e., Na+ and K+, OH-, and SO4
2-) in total pore solution conductivity; the 

second step that estimates the corresponding conductivity of pore solution from ionic 

concentration obtained at the first step. 

The mass balance principle was employed to find the amount of released alkali cations 

(Na+ and K+) from Na2O and K2O contents of cementitious materials. In the fresh state, 

since no hydration product is formed to take up the alkali cations, the same amount of 

released ions would dissolve in the pore solution as follows:  

r dm m=                                                                                                                         (5.18) 

Assuming the uniform distribution of ions in the pore solution, ionic concentration of 

species, C, can be obtained via: 
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rmC
V

=                                                                                                                          (5.19) 

where mr is the released amount of alkali cation in the pore solution (mmole) and V is the 

volume of pore solution (cm3). When the Na+ and K+ concentrations are found using Eq. 

5.19, the SO4
2- and OH- concentrations can be calculated using Eq. 5.1 and Eq. 5.2, 

respectively.  

The determination of mr for alkali cations from different cementitious materials is the 

most challenging step because it should consider the chemical reactions associated with 

all different cementitious materials dissolving in liquid phase and their various rates of 

reactions based on their initial Na2O and K2O contents. Adding supplementary 

cementitious materials would delay dissolution of ions in pore solution [13] and 

consequently reduces mr in OPC pastes containing fly ash, silica fume or slag. Besides, 

based on literature [14, 35, 37], solid particles reactions with water and consequently the 

pore solution conductivity has a sharp increase with time within the first minutes after 

mixing the materials, while it shows pretty smooth increase afterward until initial setting 

time. This variation with time suggests an exponential function for reacted fraction of 

cementitious materials. Furthermore, analytical model should satisfy the condition that 

the mr amount at time zero equals zero, because there is no significant ion in the liquid 

content at the moment the mixing initiates. Accordingly, the exponential function F was 

developed with respect to time t as follows: 

1
21 exp kF k t ′′ = − −                                                                                                        (5.20) 
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where F is the reacted fraction of each specific cementitious material; t is the time in 

minutes; and kʹ1 and kʹ2 are the empirical constants. 

To perform the calculation per 100 g of total cementitious materials, the replacement 

percentage associated with each cementitious material was used. OPC, fly ash, silica 

fume, and slag replacement per 100 g of total cementitous materials were denoted by 

ROPC, RFA, RSF, and RSL, respectively. Therefore, the total mr of Na+ or K+ released into 

pore solution in mmole was obtained using the reacted fraction F of total Na2O or K2O 

contents from chemical composition analysis as follows: 

 [ ]
32 10

r OPC OPC OPC FA FA FA SF SF SF SL SL SLm F mp R F mp R F mp R F mp R
M
×

= + + +                    (5.21) 

where M is the molar mass of alkali (i.e., Na2O or K2O)  in mol/g; F is the reacted 

fraction of alkali for each cementitious materials calculated by Eq. 5.20; and mp is the 

mass portion of alkali in chemical composition of each cementitous material (e.g. 0.08 % 

Na2O in OPC).  

The pore solution volume (V) per 100 g of cementitious materials, depends only on initial 

liquid content including water or water plus superplasticizer if it is present in the mixture. 

As discussed in section 5.4.1, there is no bound water during the fresh state to be 

subtracted from initial water amount and it is assumed that no water loss occurs due to 

evaporation. Since the density of the liquid content was around 1.00 g/cm3 at 25°C, the 

volume of pore solution per 100 g of cementitious materials can be expressed as: 

( / 100)V w c= ×                                                                                                             (5.22) 

151 

 



 

where w and c are the weight of liquid content (water plus superplasticizer) and entire 

cementitious materials in g, respectively. 

The concentration of Na+ and K+ was then calculated from Eq. 5.19 knowing mr from Eq. 

5.21. Subsequently, SO4
2- and OH- concentrations were obtained using Eq. 5.1 and 5.2, 

respectively.  

The total pore solution conductivity, σ, corresponding to above ions concentrations, can 

be obtained from Eq. 5.16 proposed for the pore solutions only filled with water with 

hydrodynamic viscosity, μ, of 0.8999 mPa.s at 25 °C [12]. However, the viscosity 

enhancers in concrete such as superplasticizer increase the pore solution hydrodynamic 

viscosity which results in decrease in pore solution conductivity [60]. Therefore, Eq. 5.23 

was used in our model to take into account the hydrodynamic viscosity of pore solution: 

( )w
cal i i i

p

z Cµσ λ
µ

= ∑                                                                                                      (5.23) 

where μw and μp are hydrodynamic viscosities (mPa.s) of the water and pore solution 

(water plus superplasticizer) at 25 °C, respectively; and σcal is the calculated pore solution 

conductivity based on the proposed model in this study. Therefore, if the liquid content of 

paste contains water plus superplasticizer, the weighted average of their hydrodynamic 

viscosities in the model can be calculated from  

( )p
R

w

SP W
w w

µ
µ

µ
= × +                                                                                                     (5.24) 
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where w, W, and SP are the weights (g) of liquid content, water, and superplasticizer, 

respectively; and μR is the relative hydrodynamic viscosity of the superplasticizer to that 

of water at 25 °C.    

5.4.3. Calibration of the model     

The basic Eq. 5.20, which was proposed to estimate the reacted fraction of each 

cementitious material, has two empirical constants kʹ1 and kʹ2. These constants were 

calibrated for each cementitious material so that the predicted pore solution conductivity 

provides the best agreement with experimental results of the selected pastes. The five 

selected pastes had the closest value of w/c ratio (0.45) to practical application in 

construction industry. In addition, the medium dosage of each supplementary 

cementitious material and superplasticizer were chosen; i.e. 30%, 10%, and 30% 

replacement in binder for fly ash, silica fume and slag, respectively, and 0.5% by OPC 

mass for superplasticizer were selected. The average conductivity data from three 

measurements at 25 °C at each time bench mark (i.e., 30th, 60th and 90th minute) were 

used for the calibration of the model as presented in Table 4.6. The total alkali (Na2O and 

K2O) contents as an input in the model for various cementitious materials were taken 

from chemical composition analysis presented in Table 5.5.  

Table 5.5. Total Na2O and K2O contents in cementitious materials from chemical 

composition analysis. 

 OPC Silica Fume Fly Ash Slag 

 (%) (%) (%) (%) 

Na2O 0.08 0.08 0.94 0.30 
K2O 0.56 0.92 1.78 0.42 
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The experimental results in Table 4.6 are plotted in Fig. 4.8, which was used for the  

calibration  of the model. Various findings can be observed from this figure. It shows that 

after 30 minutes from mixing, the increase in conductivity is smooth and almost linear. 

Also, all SCMs reduced the pore solution conductivity which can be attributed to their 

delayed reactions with water compared to OPC. The most significant reduction occurred 

when the paste was incorporated with slag. On the other hand, superplasticizer addition 

which increases the viscosity of pore solution, resulted in less conductivity values which 

were in agreement with literature [60]. Additionally, the rate of increase in conductivity 

was the same order for all types of pastes, except the one with silica fume whose rate was 

around twice of others.  

From the pure analytical point of view, constant kʹ2 in Eq. 5.20 is more indicative of 

magnitude of F, whereas constant kʹ1 mainly represents the rate of change in F. They are 

both directly proportional to F; i.e., the greater the constants, the higher the resultant F.  

Using data demonstrated in Fig. 4.8, the proposed model  was calibrated by selecting 

appropriate values for kʹ1 and kʹ2 (Table 5.6) in a way that the best agreement between the 

predicted results and the experimental ones obtained as shown in Fig. 5.1. It is noted that 

in our experiments when OPC was incorporated with slag especially in high dosage, slag 

retarded the rate of OPC reaction. This effect was taken into account using a modified 

equation for kʹ2 for OPC as presented in Table 5.6. 
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Table 5.6. Empirical constants obtained from calibration for OPC, fly ash, silica fume 

and slag in  Eq. 5.20.  

 OPC SF FA SL 

 kʹ1 0.170 0.290 0.160 0.140 

kʹ2 
2.20.76 exp(0.0002 ) 1SLR − × −   0.150 0.026 0.0015 

 

y = 1.003x
R² = 0.993

35.00

40.00

45.00

50.00

55.00

60.00

35.00 40.00 45.00 50.00 55.00 60.00

σ c
al

(m
S/

cm
)

σexp (mS/cm)

Samples with w/c of 0.45

Y=X

Linear (Samples with w/c of 0.45)

 

Figure 5.1. Calculated and experimental conductivity relationship after calibration of the 

proposed model for w/c of 0.45. 
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5.5. Experimental Validation 

The validity of the proposed model was tested for all 91 pore solution samples used in 

this study. The pore solution conductivity calculated from the model, σcal, were plotted 

versus those from our experimental data, σexp, in Fig. 5.2 to evaluate their agreement. The 

results showed that the model captured the experimental results data quite well; i.e., the 

linear trend line was almost the same as 45° line. The comparison between the estimated 

data and the experimental ones also indicated a strong correlation between these two 

data; i.e., R2 = 0.89. The same results marked separately for each type of the paste 

mixture used in this study are shown in Fig. 5.3. As seen, for very high dosage of slag 

(i.e., 50%) which is not a practical usage, the difference between the estimated and the 

experimental data are more significant compared to the rest of data in Fig. 5.3. Most 

probably the dissolution and hydration mechanisms and subsequently the concentration 

of ions in pore solution are significantly different at very high dosages of slag. Therefore, 

the accuracy of the proposed model for very high dosages of slag would be compromised.  
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Figure 5.2. Calculated pore solution conductivity from the proposed model versus those 

from experimental data. 
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Figure 5.3. Calculated pore solution conductivity from the proposed model versus those 

from the experimental data. 

5.6. Discussion 

The proposed model can successfully estimate the pore solution conductivity of various 

mixtures used in this study. It takes into account wide range of possible scenarios that 

exist for a paste mixture and predicts the time dependency of pore solution conductivity 

up to the initial setting time which is onset of solidification due to hydration products 
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formation. Further studies also need to be conducted to include the effect of other types 

of cementitious materials and admixtures on the accuracy of the model. 

The effect of w/c ratio which can vary from 0.35 to 0.55 is considered in the model. Since 

the less portion of liquid content (w) compared to total cementitious materials/binder (c), 

corresponds to lower amount of ions released per unit volume of pore solution, the 

resulting concentration of ions decreases. Consequently, the conductivity of pore solution 

decreases. This effect was considered in the model through the volume of pore solution 

per 100 g of binders in Eq. 5.22.   

Furthermore, the types of materials used in the mixtures categorized into five paste 

mixtures: OPC, OPC plus superplasticizer, OPC plus fly ash, OPC plus silica fume, and 

OPC plus slag. For each w/c ratio, at any particular time during fresh state, the control 

paste containing OPC and distilled water showed the highest conductivity which was 

attributed to faster reactions of cement particles compared to supplementary cementitious 

materials. Silica fume incorporated paste had the lowest drop in conductivity, while the 

drop in conductivity for slag and fly ash was quite significant, which exhibited more 

delayed pozzolanic reactions. As a result, less released ions in the pore solution that 

corresponds to less conductivity. For the pastes incorporated with 50% of slag in binder, 

the experimental values dropped significantly so that the calculated conductivities from 

the model were overestimated.  This high usage of slag is not practical in concrete 

industry and could even delay the dissolution of cement particles in the pore solution 

which results in very low concentration of ions and thus quite small conductivity. 

However, this effect is formulized in constant k2 of OPC. It is a function of RSL to take 
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into account the retarding effect of slag on cement particles reactions (Table 5.6).  The 

presence of superplasticizer in the pore solution was observed to have a small reduction 

effect on conductivity; e.g. from 54.76 to 52.72 at 60th min. In the model, it was assumed 

that this small drop is attributed to increase in hydrodynamic viscosity of liquid part  

which has been shown to have reduction effect on the conductivity [60]. However, this 

observation may be also related to the release of water molecules trapped between 

cement particles by superplasticizer. The contribution of additional water molecules in 

pore solution can decrease the concentration of ions. It is also assumed that 

superplasticizer has no effect on the amount of released ions from cementitious materials. 

The experimental and calculated conductivity of superplasticizer incorporated pastes 

exhibited good agreement as shown in Fig. 5.3.  

In addition, for the w/c of 0.45, the conductivity development with time during fresh state 

from 30th to 90th min suggested that rate of increase in pore solution conductivity for all 

types of pastes are in the same order, except silica fume whose rate is considerably higher 

(Fig. 4.8). This increase in conductivity is attributed to further reaction of cementitious 

materials particles with water. As shown in Fig. 5.4, the proposed model also exhibited 

that right after the mixing of materials corresponding to zero in time, pore solution 

conductivity has a quite sharp increase during the first few minutes, whereas the rate of 

the conductivity increase after the first few minutes drops significantly and thus pore 

solution conductivity smoothly increases over time until initial setting time. 
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Figure 5.4. Pore solution conductivity development over time calculated by the proposed 

model for paste mixtures with w/c of 0.45 during first 2 hours. 
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6. Conclusion and Future works 

6.1. Conclusions 

The main conclusions from this research are highlighted as follows: 

• Pore solution conductivity increases with time which corresponds to reduction in 

resistivity at fresh state of cement paste. As time proceeds, progress in chemical 

reactions of cementitious materials with water results in further dissolution of ions in 

pore solution; hence, the ions concentration in pore solution increases which are the 

source of electrical charge transfer and consequently the increase in pore solution 

conductivity. 

• By increasing the w/c of the pastes the conductivity of the pore solution at fresh state 

(i.e., 2 hours after mixing before the setting time) decreases, which is attributed to the 

less ions concentration released in pore solution. The decrease of ions concentration 

in pore solution results in decrease in conductivity which corresponds to increase in 

resistivity.  

• SCMs and superplasticizer reduce the corresponding pore solution conductivity at 30 

minutes after mixing during fresh state when added to the OPC paste. 

Superplasticizer lowers the pore solution conductivity by increasing the dynamic 

viscosity of pore solution which results in less electrical charge transfer in pore 

solution. SCMs delay the dissolution of released ions in pore solution because of 

retarding effect on chemical reactions between solid particles and liquid phase and 

consequently the pore solution conductivity decreases. The magnitude of the drop in 
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pore solution conductivity from the highest to the lowest is related to slag, fly ash, 

silica fume and superplasticizer, respectively. However, at later times during fresh 

state (e.g. longer than 90th minute), the higher rate of conductivity rise in silica fume 

(mS/cm.min) results in pore solution conductivity values close to that of the OPC. 

This considerable higher rate of conductivity development in silica fume is most 

likely attributed to it surface area (cm2/g) which is several times higher than that of 

the OPC, fly ash or slag.  

• Paste electrical resistivity decreases with time along with that of pore solution while 

their ratio, formation factor F, is almost constant during fresh state. The resistivity of 

the paste as a porous media is a function of pore solution resistivity (chemical effect) 

as well as w/c and solid microstructure (physical effect). Higher pore solution 

resistivity and lower w/c of paste correspond to higher paste resistivity. The 

formation factor only exhibits the physical effect and thus is affected by porosity and 

solid microstructure (e.g. particle size and distribution in the case of fresh cement 

paste). Therefore, the increase in paste electrical resistivity at later times is only 

attributed to increase in pore solution resistivity and the steadiness of formation factor 

over time at fresh state indicates the absence of solidification or microstructure 

change. 

• At fresh state, although the paste electrical resistivity shows a small drop by 

increasing w/c for low and medium range of w/c (i.e., <0.5), it rises again at very high 

w/c values (i.e., >0.5). Therefore, there is no constant descending order like the one 

was observed in the hardened state. This variation is attributed to opposing effect of 
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physical and chemical influential factors when the w/c increases; i.e., if w/c increases 

for a paste, the porosity which represents volumetric fraction of liquid content in 

paste matrix increases which results in drop in paste resistivity, whereas pore solution 

electrical resistivity increases which corresponds to a rise in the paste resistivity. As a 

result, when physical effect governs paste resistivity decreases; however. dominating 

the chemical effect (in very high w/c ratios) results in increase in paste electrical 

resistivity.  

• The formation factor F in a cement paste reveals a promising descending order with 

respect to w/c or porosity; i.e., the greater the w/c and subsequently porosity, the 

lower the corresponding formation factor. The F-w/c or F-φ relationship can be 

strongly correlated through Archie's law. So, using the proposed numerical model for 

pore solution conductivity as well as measuring the paste resistivity, w/c ratio can be 

estimated through the experimental correlation presented in this research.  

• The tortuosity which indicates the geometric complexity of electrical charge 

movement in the pore solution due to solid particles size and their distribution affects 

the magnitude of the formation factor. For a same porosity value, the larger particle 

size and the rounder particle shape as well as higher cement particle aggregation 

correspond to lower tortuosity. Accordingly, the tortuosity increases in paste mixtures 

with superplasticizer, whereas slag and fly ash incorporated pastes decrease the 

tortuosity of the cement paste system. Silica fume has almost the same tortuosity as 

OPC.  
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• pH of the cement paste exhibits a strong correlation with pore solution conductivity; 

i.e., similar to conductivity it increases over time and decreases with increase in the 

w/c of the pastes. Therefore, the pH measurement provides a faster, easier and 

accurate alternative to estimate the pore solution conductivity of concrete. 

• Based on the numerical model proposed in this study, the development of pore 

solution conductivity with time was characterized. It follows an exponential trend; 

i.e., within very first few minutes after mixing the materials, the pore solution 

conductivity increases with a sharp slope followed by a smooth increase (almost 

linear) until setting initiates .       

6.2. Recommendations for Future Work 

Following is the list of some research areas related to the course of this study that 

requires further investigation: 

• The experimental tests of this study were conducted on the most significant 

constituent of concrete, cement paste. However, the presence of aggregates in 

concrete and mortar affects their tortuosity and hence their electrical resistivity. 

Aggregates can also affect pore solution conductivity if  they are contaminated. 

Thus, the effect of aggregates needs  further systematic studies. 

• The cement used in this study was Ordinary Portland Cement (i.e., Type I or II) 

which is generally used in all pertinent construction projects. But, the electrical 

resistivity characteristics of other types of cements (e.g. Type III or Type V) also 

need to be investigated.  
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• In this research, it was assumed that volume of the pores between cementitous 

materials is fully filled with water. However, the presence of air voids (i.e., air 

content) can also affect the resistivity of cement paste which requires further 

studies. 

• Only the effect of superplasticizer as a chemical admixture was included in this 

study. This can be further extended to other types of admixtures such as 

accelerators, retarders, corrosion inhibitors or air-entraining admixtures.  

• The numerical model proposed in this study can estimate the pore solution 

conductivity only in the fresh state and before setting and hardening. It can be 

further developed for hardened state to take into account the effect of bound water 

and taken up of alkali cations by hydration products.    
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Appendix A: Basic Definitions  

A.1. Pore solution 

The cement paste matrix consists of two components; (1) solid particles or cementitious  

materials; (2) liquid component which mainly includes water and can contain minor 

amount of liquid chemical admixture such as superplasticizer. Since all the pores between 

solid particles are filled with liquid component, latter is referred as pore solution in this 

thesis.   

A.2. Porosity in the paste 

Porosity in a porous material such as rocks or soils is defined as the volumetric ratio of 

air voids to that of total material (i.e., solid, air and liquid). In a fresh cement paste, all the 

air voids (pores) are almost filled with water and saturation degree is 100 %. Therefore, 

the volume of water is equal to that of air voids and porosity (φ) in a cement paste is 

defined as the volumetric ratio of water content to that of water plus cemetitious 

materials. In Fig. A.1, the porosity is the ratio of the white area to shaded area plus white 

area.   

 

Figure A.1. Schematic representation of cement paste structure in fresh state.  
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A.3. Chemical and physical effect on paste resistivity 

The paste electrical resistivity is affected by pore solution electrical resistivity, porosity, 

and solid particles size and distribution in the liquid (water). Pore solution electrical 

resistivity/conductivity is resulted from ions dissolved into water as a result of chemical 

reaction of cementitious materials and water whereas porosity and solid particles size and 

distribution in water only represents the physical effect of cementitious materials in the 

paste. Accordingly, the former and latter are called chemical and physical effect, 

respectively.   

A.4. Formation factor F 

The formation factor was first proposed by Archie [19] for rocks saturated 100 % with 

water. It was defined as the ratio of rocks electrical resistivity to water electrical 

resistivity contained in them. However, the formation factor of cement paste in this 

research is defined as the ratio of paste electrical resistivity to corresponding pore 

solution electrical resistivity. The details are discussed in Chapter 2 of this thesis.      

A.5. Tortuosity 

The electrical resistivity is a material property which quantifies the ease of electrical 

charge transfer through the material; i.e., the easier movement of ions through the 

material results in the lower corresponding electrical resistivity. In a cement paste as a 

two-component system (i.e., solid particles and pore solution), the pore solution is the 

conductive component. The electrical transport occurs by the movement of ions in the 

cement pore solution among the solid particles. The solid particles act as barrier against 
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the charge transport and increase the resistivity. However, for a given porosity or solid 

particles content, electrical resistivity is also affected by the size, shape, and distribution 

of the solid particles. This factor is quantified as an experimental constant called 

tortuosity. Therefore, tortuosity in a cement paste indicates geometric complexity or the 

extent of convoluted paths for the movement of ions through solid particles. Fig. A.2 

shows how the roundness, the size (i.e., higher number of particles for certain porosity) as 

well as distribution of solid particles affects the tortuosity.  
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(a) 

  

(b) 

  

(c) 

  

(d) 

Figure  A.2.  Schematic  of  the  ions  transport  in  the  pore  solution  among  the  solid 

particles  with  the  same  porosity:  a) normal  distribution  of  particles;  b)  aggregated 

particles; c) round shape particles; and d) small size particles. 
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Appendix B: Supplementary Figures for Chapter 4 
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(d) 

Figure B.1. Paste and pore solution resistivity as well as inverse of formation factor  

versus w/c at 30th minute of paste age: a) OPC plus 0.2% superplasticizer; b) OPC plus 

1.0% superplasticizer; c) OPC plus 10% fly ash; d) OPC plus 50% fly ash; e) OPC plus 

5% silica fume; f) OPC plus 15% silica fume; g) OPC plus 10% slag; h) OPC plus 50% 

slag 
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(h) 

Figure B.1 (Continued). Paste and pore solution resistivity as well as inverse of formation 

factor  versus w/c at 30th minute of paste age: a) OPC plus 0.2% superplasticizer; b) OPC 

plus 1.0% superplasticizer; c) OPC plus 10% fly ash; d) OPC plus 50% fly ash; e) OPC 

plus 5% silica fume; f) OPC plus 15% silica fume; g) OPC plus 10% slag; h) OPC plus 

50% slag 
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Figure B.2. Formation factor versus porosity of fresh cement pastes at 30th minute of 

paste age: a) OPC plus 0.2% superplasticizer; b) OPC plus 1.0% superplasticizer; c) OPC 

plus 10% fly ash; d) OPC plus 50% fly ash; e) OPC plus 5% silica fume; f) OPC plus 

15% silica fume; g) OPC plus 10% slag; h) OPC plus 50% slag 
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Figure B.2 (Continued). Formation factor versus porosity of fresh cement pastes at 30th 

minute of paste age: a) OPC plus 0.2% superplasticizer; b) OPC plus 1.0% 

superplasticizer; c) OPC plus 10% fly ash; d) OPC plus 50% fly ash; e) OPC plus 5% 

silica fume; f) OPC plus 15% silica fume; g) OPC plus 10% slag; h) OPC plus 50% slag 
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Figure B.3. Formation factor versus w/c ratio of fresh cement pastes at 30th minute of 
paste age: a) OPC; b) OPC plus 0.2% superplasticizer; c) OPC plus 0.5% 
superplasticizer; d) OPC plus 1.0% superplasticizer ; e) OPC plus 10% fly ash; f) OPC 
plus 30% fly ash ; g) OPC plus 50% fly ash; h) OPC plus 5% silica fume; i) OPC plus 
10% silica fume ; j) OPC plus 15% silica fume; k) OPC plus 10% slag; l) OPC plus 30% 
slag ; m) OPC plus 50% slag 
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Figure B.3 (Continued). Formation factor versus w/c ratio of fresh cement pastes at 30th 
minute of paste age: a) OPC; b) OPC plus 0.2% superplasticizer; c) OPC plus 0.5% 
superplasticizer; d) OPC plus 1.0% superplasticizer ; e) OPC plus 10% fly ash; f) OPC 
plus 30% fly ash ; g) OPC plus 50% fly ash; h) OPC plus 5% silica fume; i) OPC plus 
10% silica fume ; j) OPC plus 15% silica fume; k) OPC plus 10% slag; l) OPC plus 30% 
slag ; m) OPC plus 50% slag 
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Figure B.3 (Continued). Formation factor versus w/c ratio of fresh cement pastes at 30th 
minute of paste age: a) OPC; b) OPC plus 0.2% superplasticizer; c) OPC plus 0.5% 
superplasticizer; d) OPC plus 1.0% superplasticizer ; e) OPC plus 10% fly ash; f) OPC 
plus 30% fly ash ; g) OPC plus 50% fly ash; h) OPC plus 5% silica fume; i) OPC plus 
10% silica fume ; j) OPC plus 15% silica fume; k) OPC plus 10% slag; l) OPC plus 30% 
slag ; m) OPC plus 50% slag 
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Figure B.3 (Continued). Formation factor versus w/c ratio of fresh cement pastes at 30th 
minute of paste age: a) OPC; b) OPC plus 0.2% superplasticizer; c) OPC plus 0.5% 
superplasticizer; d) OPC plus 1.0% superplasticizer ; e) OPC plus 10% fly ash; f) OPC 
plus 30% fly ash ; g) OPC plus 50% fly ash; h) OPC plus 5% silica fume; i) OPC plus 
10% silica fume ; j) OPC plus 15% silica fume; k) OPC plus 10% slag; l) OPC plus 30% 
slag ; m) OPC plus 50% slag 
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